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Top-down attention is the mechanism that allows us to selectively process goal-relevant aspects of a scene while
ignoring irrelevant aspects. A large body of research has characterized the effects of attention on neural activity
evoked by a visual stimulus. However, attention also includes a preparatory phase before stimulus onset in which the
attended dimension is internally represented. Here, we review neurophysiological, functional magnetic resonance
imaging, magnetoencephalography, electroencephalography, and transcranial magnetic stimulation (TMS) studies
investigating the neural basis of preparatory attention, both when attention is directed to a location in space and
when it is directed to nonspatial stimulus attributes (content-based attention) ranging from low-level features to
object categories. Results show that both spatial and content-based attention lead to increased baseline activity in
neural populations that selectively code for the attended attribute. TMS studies provide evidence that this preparatory
activity is causally related to subsequent attentional selection and behavioral performance. Attention thus acts by
preactivating selective neurons in the visual cortex before stimulus onset. This appears to be a general mechanism
that can operate on multiple levels of representation. We discuss the functional relevance of this mechanism, its
limitations, and its relation to working memory, imagery, and expectation. We conclude by outlining open questions
and future directions.
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Introduction
Our daily-life visual environments, such as city
streets and living rooms, contain a multitude of
objects. Out of this overwhelming amount of sensory information, our brains must efficiently select,
recognize, and act on those objects that are relevant to current goals. Consequently, visual stimuli
compete for neural representation: when one object
is favored, others are lost. Top-down attention is
thought to be the process that biases this competition in favor of those stimuli that are relevant
to current goals.1 These top-down attention biases
modulate visually evoked responses, as reviewed
elsewhere.2–5
But attention does not always start at the moment
a scene is processed by the visual system; it often
starts before, when internal goals are established. For
example, when crossing a road, we decide to look
out for (i.e., attend to) cars before physically looking

in both directions to inspect the scene for the presence of cars. This intuitive concept of preparatory
attention was described by William James as “The
image in the mind is the attention; the preperception [ . . . ] is half of the perception of the looked-for
thing.”6 Preparatory attention (also referred to as
attentional set, attentional template, or search image)
has subsequently played an important role in theories of attention.7–11 What are the neural mechanisms underlying preparatory attentional states?
One possibility that has gained substantial experimental support—and is the focus of this review—is
that preparatory attention acts through the selective
preactivation of the visual cortex, before stimulus
onset and thus in the absence of visual input.1,12
In this way, preparatory attention would bias visual
processing in favor of objects sharing this attribute
once the scene appears.13 The existence of preparatory attention–related activity in the visual cortex
has been relatively well established and accepted in
doi: 10.1111/nyas.13320
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the domain of spatial attention: focusing attention
on a location in space is accompanied by increased
baseline activity in parts of the visual cortex that
are visually responsive to input at the attended
location.14,15
In daily life, however, our goals are typically
related to nonspatial attributes, such as when looking out for cars or when searching for our keys.
Depending on what we look for and on the environment in which we find ourselves, these nonspatial attributes can range from low-level features
to high-level object categories. Here, we use the
term content-based attention (rather than featurebased attention) to refer to attention to nonspatial attributes of varying complexity. After briefly
reviewing the behavioral consequences of spatial
and content-based attention, we review evidence
for spatial and content-based preparatory attention
effects in the visual cortex from different cognitive
neuroscience methods. This is followed by discussions of the ways in which preparatory attention may
facilitate behavior, of preparatory attention effects at
different levels of the visual hierarchy, and of similarities and differences between preparatory attention
and related constructs, such as working memory
(WM), imagery, and expectation. We conclude by
outlining open issues and future directions.
The influence of spatial and content-based
attention on behavioral performance
A large body of psychophysical work has demonstrated that voluntary spatial attention can improve
performance in a range of perceptual tasks, including simple stimulus detection and localization,
discrimination, and identification.16 Perhaps most
famously, Posner et al.17 showed that prior information about the location of an upcoming stimulus
provided by a symbolic cue (e.g., specific digits referring to specific locations) speeds up simple detection responses. The use of symbolic cues, which
have no inherent spatial information but must be
actively interpreted by the observer, is necessary
to conclude that the effect indeed reflects voluntary rather than reflexive spatial orienting. Thus,
observers can actively use prior information about
the location of the upcoming stimulus to voluntarily direct spatial attention to the cued location. Further work adopting such spatial cueing paradigms
demonstrated that spatial attention improves both
response speed and perceptual sensitivity for a vari-
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ety of different stimuli and tasks, from improving
contrast sensitivity and luminance detection to orientation, letter, and form discrimination.18–20
Does content-based attention also, like spatial
attention, improve discrimination and detection
sensitivity? Most studies on the effect of prior information about stimulus content examined whether
advance knowledge of certain basic stimulus features, such as orientation, color, or motion direction (often referred to as feature-based attention)
can influence perceptual performance. As with topdown spatial attention, to conclude that such effects
reflect voluntary attention rather than involuntary
bottom-up processes (e.g., priming) it is necessary
that information about the upcoming stimulus is
provided by symbolic cues (e.g., words such as “vertical”) on a trial-by-trial basis.21 Studies following this approach provide clear evidence that prior
information about a specific stimulus feature (e.g.,
approximate stimulus orientation) can improve discriminability of this particular feature (e.g., distinguishing specific orientations22,23 ). Additionally,
when a target needs to be discriminated from highly
similar distractors, such as in difficult visual search
tasks, prior knowledge of target features improves
performance.24 Thus, similar to spatial attention,
content-based attention improves stimulus discrimination and identification.
Whether, like spatial attention, content-based
attention also improves simple stimulus detection
(i.e., without the need to recognize the stimulus)
has been more controversial, with several studies
failing to obtain evidence for an effect on such
early levels of perceptual processing17,20 (for reviews,
see Refs. 21 and 25). One demonstration of an
influence of content-based attention on perceptual selection is the finding that attentional capture by irrelevant distractors is contingent on the
stimulus attributes observers look for.26 For example, when looking for a target defined by color,
abrupt-onset distractors do not capture attention,
while color distractors do. Conversely, when looking
for a target defined by abrupt onset, color distractors do not capture attention, while abrupt-onset
distractors do.26 Direct evidence for an effect of
content-based attention on detection performance
comes from recent work using accuracy-based measures of simple stimulus localization and detection,
showing that content-based attention can enhance
perceptual sensitivity.27–29 For example, Stein and
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Peelen29 provided participants with prior information about the orientation of an upcoming grating
through a word cue (e.g., “horizontal”) and found
that accuracy in detecting and localizing briefly presented, low-contrast targets was better when the
orientation of the target matched the word cue,
even though orientation was irrelevant to the detection task. The beneficial influence of content-based
attention appears to reflect a general mechanism
that can operate at different levels of abstractness of
stimulus content, from simple stimulus features to
basic-level object categories and even superordinate
categories.30,31
These findings demonstrate that content-based
attention can influence performance in even the
most basic perceptual tasks, similar to spatial
attention. This does not necessarily imply that
content-based and spatial attention rely on identical
cognitive and neural mechanisms. Indeed, there
is psychophysical evidence that content-based and
spatial attention modulate target processing in
distinct ways, suggesting different effects on the
neural population response.23,32 Neuroimaging and
neurophysiology studies, reviewed in the following
sections, have established the neural mechanisms
of preparatory spatial and content-based attention.
Neural evidence for preparatory activity
in the visual cortex
Single-cell electrophysiology
An important source of evidence for attention
effects in the visual cortex comes from single-cell
recordings in monkeys. A well-established finding
in this literature is that spatial attention increases the
firing rate in neurons with receptive fields (RFs) covering the attended location.4,12,16 Importantly, this
effect starts while animals prepare to detect a target
at a specific spatial location; that is, in the absence of
stimulation and before stimulus onset. In one study,
firing rates of neurons in areas V2 and V4 increased
by 30–40% when monkeys covertly attended to a
location inside the neurons’ RF in preparation of
a detection task, relative to when attention was
directed outside the RF.15 Spatial attention thus
increases the baseline firing rates of visual cortex
neurons in a spatially specific manner, providing
evidence for preparatory spatial attention effects in
the visual cortex.
Does a similar preparatory attention mechanism
exist when the attended dimension is not location
94

but a nonspatial stimulus attribute? To address this
question, Chelazzi et al.33,34 recorded activity of
inferotemporal (IT) neurons in monkeys performing a memory-guided visual search task on complex
stimuli, such as colored pictures, textures, and
patterns. A picture cue indicated the behaviorally
relevant object, and, after a brief blank delay, monkeys were required to saccade to the target object
within an array of multiple objects. IT neurons
are characterized by high-order visual-response
properties, such as selectivity for complex visual
patterns (colored shapes and textures) and large
RFs.35 Exploiting such properties, for each recorded
cell the authors selected a “good” stimulus (evoking
a strong response), a “poor” stimulus (evoking
little or no response), and a “neutral” stimulus
(evoking an intermediate response). During the
delay between the cue and the search array, in the
absence of visual stimulation, most cells (52%)
showed sustained higher activity (30–40% above
baseline levels) following the good stimulus cue
relative to the poor stimulus cue. If the target
changed on a trial-by-trial basis, this effect was
observed during the delay following the offset of
the cue; but, interestingly, if the target was constant
throughout a block of trials and therefore could be
predicted, this effect was observed even before cue
onset. Control experiments showed that changing
the type of response (from a saccadic movement to a
lever release) did not influence the content-specific
preparatory baseline increase. Furthermore, if the
cue was no longer behaviorally relevant, the effects
disappeared. These controls demonstrate that prestimulus baseline increases could not be attributed to
specific behavioral responses or long-lasting sensory
aftereffects, but rather reflected the maintenance
of specific behaviorally relevant representations in
preparation for a visual search task.
The studies reviewed here show that preparing to
detect a stimulus in an array results in increased firing rates of those visual cortex neurons that code for
the dimension that distinguishes the target from distractors, both when the dimension is spatial location
and when it is a nonspatial attribute, thus revealing
similarities in the neural basis of preparatory attention to space and content.
Functional magnetic resonance imaging
Human functional magnetic resonance imaging
(fMRI) studies have built on these findings,
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investigating top-down attention effects in the
whole visual system using more complex tasks. Initial studies focused on the effects of top-down spatial
attention on visual cortex responses. A key finding
was that covertly attending to a location in space,
in the absence of visual stimulation, results in topographically specific blood oxygen level–dependent
(BOLD) signal increases: voxels in the visual cortex containing a representation of the attended
location (as established by retinotopic mapping)
increased their activity levels before stimulus
onset.14,36–39
Subsequent fMRI studies investigated whether
similar effects may be found for attention to nonspatial attributes, such as low-level features, object
shape, and object category.40–54 In an early study,
Chawla et al.40 revealed feature-specific activity
increases in preparation of a feature-detection
task. A cue instructing subjects to attend to either
color or motion elicited BOLD activity increases
in motion-sensitive areas (V5) in the “attend
motion” condition and in color-sensitive areas
(V4) in the “attend color” condition. Therefore,
during the preparatory phase, neuronal activity
increased above baseline levels in brain regions
specialized for the analysis of that specific stimulus
dimension. Studies employing more complex
stimuli extended these results to attention to other
object attributes.41,45–48,52,53 For example, Stokes
et al.53 used multivariate pattern analysis (MVPA)
to provide evidence for shape-specific preparatory
activity patterns in the lateral occipital complex:
classifiers trained to discriminate activity patterns
elicited by different visually presented shapes (“X”
versus “O”) could differentiate which of these
shapes participants were subsequently preparing to
detect in visual noise. In another study,47 participants were instructed, using word cues, to detect
faces or houses. Activity in face- and house-selective
regions of high-level visual cortex increased in
response to the cue in a category-selective manner.
To study whether such anticipatory responses play a
role in more naturalistic visual search tasks, Peelen
and Kastner46 measured brain activity patterns
in participants who were cued to detect cars or
people in cluttered natural scenes. Results showed
that activity patterns in the object-selective cortex
(OSC) distinguished the two preparatory states.
Importantly, the strength of this effect in the OSC
(but not in the early visual cortex (EVC)) predicted
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both the speed and the accuracy with which participants detected the objects, linking preparatory
fMRI activity to behavioral performance.
Taken together, fMRI studies have provided convincing evidence for preparatory spatial attention
and preparatory content-based attention in the
visual cortex. Using a variety of tasks, and targeting
different levels of representation (from low-level features to object category), studies have consistently
demonstrated that attention to nonspatial stimulus attributes evokes activity in those parts of the
visual cortex that are selectively responsive to these
attributes. Multiple studies have shown a positive
correlation between the magnitude or selectivity of
prestimulus activity in the visual cortex and behavioral performance.41,42,46,47,52,53
Magnetoencephalography/
electroencephalography
A well-known limitation of fMRI is its slow temporal
resolution, making it insensitive to oscillatory neural activity occurring at subsecond resolution, which
is increasingly recognized as playing an important
role in attention.2,55–58 Magneto- and electroencephalography (MEG/EEG) studies, capitalizing on
the excellent temporal resolution of MEG/EEG,
have provided intriguing evidence for the involvement of oscillatory activity in preparatory attention. In the context of spatial attention, several
studies have found evidence for retinotopically specific alpha-band (7.5–12.5 Hz) activity modulations
during the prestimulus period: the power of activity in the alpha band is increased over occipital
sensors contralateral to the to-be-ignored location
and decreased over occipital sensors contralateral
to the to-be-attended location.59–71 Alpha activity
increases may reflect the suppression of irrelevant
and potentially distracting information, reducing
excitability and gating the transmission of information to further processing stages.63,65,72 Alternatively,
top-down changes in alpha activity may be a secondary consequence of target upregulation,73 with
alpha activity decreases reflecting increased spatial
attention71 and enhanced neuronal excitability.74
Interestingly, recent studies show that these
preparatory alpha inhibition/release mechanisms
operate similarly for content-based attention. For
example, Snyder and Foxe75 measured EEG activity
while participants performed a feature-detection
task similar to the task used in the fMRI study
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by Chawla et al.40 reviewed above. They asked
subjects to pay attention to the color or motion of a
random dot display via a word cue and found that
prestimulus alpha activity increased over ventral
visual regions when color was the irrelevant feature;
conversely, alpha activity over dorsal regions
increased when motion was the irrelevant feature,
consistent with how the visual system segregates
the processing of motion and color information to
dorsal and ventral regions, respectively.76,77 Another
study78 showed that prestimulus alpha power over
the dorsal visual cortex increased when participants
maintained a representation of face identity (putatively engaging the ventral visual cortex), relative to
when they retained a template of their orientation
(putatively engaging the dorsal visual cortex)
in preparation of a discrimination task. Finally,
Knakker et al.79 investigated attentional selection
of spatially overlapping face/word stimuli, cueing
the relevant category before stimulus onset. In line
with the left-hemisphere lateralization of word
processing, prestimulus alpha power increased over
the right occipitoparietal cortex when words were
attended relative to when faces were attended.
Together, these results provide further evidence
for preparatory attention effects in the visual cortex, now measured as changes in oscillatory activity in the alpha frequency band. They suggest that
prestimulus alpha modulations in the visual cortex
may constitute a general mechanism of attentional
selection, where increases in alpha power index
functional inhibition and decreases in alpha power
reflect release from inhibition. Like the behavioral,
neurophysiology, and fMRI results reviewed above,
results from MEG/EEG reveal a remarkable similarity between spatial and content-based preparatory
attention mechanisms.
Transcranial magnetic stimulation
The neural evidence reviewed so far is correlational
in nature, showing various neural correlates
of preparatory attention in the visual cortex.
An important question is whether preparatory
neural activity is directly (i.e., causally) related to
subsequent attentional selection and behavioral
performance or whether this activity is purely
epiphenomenal. Transcranial magnetic stimulation
(TMS) is a useful tool to address this question
because it allows for the disruption of neural activity
with sufficient temporal and anatomical resolution
96

to ensure that activity is disrupted before stimulus
onset and at location- or content-selective brain
regions hypothesized to be involved in preparatory
attention. A challenge of this technique, however,
is that any disruption by TMS is short-lived,
potentially allowing for the reinstatement of topdown attention signals. Nevertheless, several recent
studies have used this approach to provide evidence
for a causal relationship between preparatory
neural activity in the visual cortex and behavioral
performance.
Studying preparatory spatial attention, Romei
et al.80 applied rhythmic TMS over occipitoparietal
areas at alpha frequency (10 Hz) before stimulus
onset, thereby entraining oscillatory activity at this
frequency. Relative to TMS at control frequencies
(5 and 20 Hz), such alpha stimulation had a retinotopically specific inhibitory effect: it impaired target
visibility in the visual hemifield contralateral to the
stimulated hemisphere but enhanced it ipsilaterally.
The spatial and frequency specificity of these results
provide strong evidence that preparatory oscillatory
activity in retinotopically organized visual cortex is
causally involved in stimulus detection.
TMS has also provided evidence for causal
involvement of content-based preparatory activity
in attentional selection. In two experiments, Reeder
et al.81 followed up on an earlier fMRI study that
localized preparatory activity for naturalistic visual
search to a region in the posterior temporal cortex (pTC).46 Applying TMS over this region 100
or 200 ms before stimulus onset, while participants
were preparing to detect cars or people in natural scenes, impaired search performance relative to
TMS over control regions (vertex and EVC). Importantly, these effects were specific to category-level
search: relative to prestimulus TMS over the EVC,
prestimulus TMS over the pTC impaired the accuracy of category-level search, while no difference
was observed in a control task in which participants
detected individual exemplars based on lower-level
features.
These TMS results indicate that preparatory
activity in the visual cortex directly facilitates subsequent stimulus detection; inhibiting this activity (or entraining inhibitory activity) results in
impaired behavioral performance in detection and
visual search tasks. Given the unique value of this
technique in providing causal evidence, more TMS
studies are needed to characterize the causal role
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of spatial and content-based preparatory attention.
Furthermore, systematically varying the timing of
the TMS pulse relative to scene onset would allow
for testing when top-down signals can be reinstated
after these have been disrupted.
How does preparatory activity facilitate
perception?
The studies reviewed here provide evidence that
preparatory activity in the visual cortex facilitates
the attentional selection, detection, and recognition
of visual stimuli. How might preparatory activity
facilitate these processes? One possibility is that the
processing of the cue automatically primes the representation of the target object or, in the case of
spatial attention, its location, leading to enhanced
visual sensitivity. Automatic priming is particularly
relevant to consider for facilitatory effects observed
in studies using exact image cues that depict the target object or when the target dimension is blocked
so that the target is repeated across trials.21 But a
priming account cannot be fully excluded in studies
using symbolic cues (e.g., a word indicating the target object) either: activating the semantic representation of the object (reading the word) may spread to
sensory systems, thereby potentially facilitating the
perceptual processing of the primed object.27 However, automatic priming (or spreading of activation)
does not fully explain the spatial and content-based
preparatory attention findings reviewed here. For
example, studies have shown that sustained preparatory activity in the visual cortex is only observed
when the cue is actively maintained in preparation
for a subsequent visual task33,34,49 and that preparatory activity in response to a symbolic cue reflects
the specific requirements of the subsequent detection task.81 These and other findings are not in line
with automatic priming accounts.
Rather, we interpret findings of preparatory visual
cortex activity as primarily reflecting voluntary
attention-related activity. This activity has a clear
purpose: it serves to bias processing in favor of
attended items,1 such that items that are attended
gain a competitive advantage proportional to the
degree to which they match the internal attentional
state. In the context of a visual search task, topdown attention biases have been shown to highlight relevant locations in the scene in parallel, preceding saccades to these locations.82 These findings
confirm predictions of the guided search model, in
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which spatial attention is serially directed to locations in a scene based on an activation map that
integrates top-down and bottom-up feature maps.83
Content-selective preparatory attention in the visual
cortex may thus constitute a neural correlate of the
top-down feature map. The finding that preparatory attention activates the same neural populations
that respond to bottom-up visual input supports the
hypothesized integration of top-down and bottomup feature maps.
Importantly, however, to be most effective in
guiding attention to targets, preparatory attention
would need to be directed to those representations
that optimally distinguish the target from the distractors rather than simply activate the representation of the target.84–88 We would thus predict that
preparatory attention effects in the visual cortex for
the same target differ as a function of the expected
distractor set (e.g., scene context). For example, different shape features are diagnostic of the presence
of people in a forest as compared with a desert. Finding evidence for distractor-dependent preparatory
activity would provide further support for the idea
that preparatory activity reflects attentional processes rather than automatic priming, which would
not be influenced by distractor properties.
In summary, we interpret visual cortex activity in
preparation for challenging detection or discrimination tasks as reflecting a voluntary attention mechanism that serves to prioritize the processing of the
target, allowing the observer to efficiently achieve
behavioral goals. Nevertheless, more work is needed
to directly link preparatory activity in the visual cortex to subsequent attentional selection, for example
by demonstrating that preparatory attention
reflects the demand for attentional selection (e.g.,
degree of clutter89 ) and that it reflects properties
that optimally distinguish targets from distractors.
Preparatory attention across the visual
hierarchy
Throughout this review, we have seen similarities
between spatial and content-based preparatory
attention and among different levels of contentbased preparatory attention, including attention
to orientation, color, shape, and object category.
As such, preparatory attention appears to be a
general mechanism that operates across levels of the
visual hierarchy: preparatory activity is observed
in those regions (or neurons) that represent the
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Figure 1. Schematic overview of three stages of attentional selection (from left to right) based on different goals (different rows).
Goals are prompted by words indicating the task-relevant dimension (left panels). Preparatory attention is the process of internally
activating task-relevant representations in the visual cortex (middle panels), leading to attentional selection in subsequently
presented scenes (right panels). Preparatory attention to different stimulus attributes recruits corresponding neural populations in
the visual cortex: retinotopically specific activity for spatial attention, orientation-selective activity in the primary visual cortex for
attention to orientations, color-selective activity in the visual cortex (e.g., V4) for attention to colors, and category-selective activity
in high-level visual cortex (e.g., the inferior temporal (IT) cortex) for attention to object categories.

task-relevant stimulus, ranging from low-level
feature representations in the EVC to object
category representations in the high-level visual
cortex (Fig. 1). Furthermore, preparatory attention
is observed not only for anatomically coarsely
organized dimensions (e.g., space) but also for
dimensions that are organized at a finer anatomical
scale, such as object shape53 or object category.46
This raises the question of whether there are
any limits on what can be selectively attended.
Treisman10,90 proposed several diagnostic criteria
for defining features that are separately attended,
including the criterion that neural populations
are selectively tuned to the feature (also see
Ref. 91). In Treisman’s model, the question of which
object attributes count as features is an empirical question and partly depends on the experience of the observer. For example, extensive
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experience with particular objects or object categories might increase (and create) neural selectivity for the features characterizing these objects,92
resulting in efficient attentional selection.93,94 This
is exemplified by the efficient detection of familiar object categories (e.g., animals, vehicles, people,
cars) in natural scenes. In these tasks, attention is
unlikely to be directed to a specific low-level feature, yet detection is highly efficient when preparatory attention is available.31,95,96 One possibility is
that, through experience, neurons in the high-level
visual cortex have become selectively tuned to these
object categories.97,98 Alternatively, experience may
increase the efficiency of attending to a set of features that together are diagnostic of the presence of
the category,10 thus reflecting efficient parallel attentional guidance by multiple separately represented
features.11 More work is needed to establish what
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these features are, particularly for naturalistic visual
search.99
Drawing on the analogy with spatial attention,
Maunsell and Treue3 note that efficient implementation of feature-based attention might require
a topographic organization of the feature, which
would limit the potential set of features that can
be attended. A related factor that may determine
the efficiency with which features guide attention is
the spatial specificity of the feature representations
in the visual cortex; activity in feature-selective neurons with small RFs (i.e., low-level features represented in the EVC) is most informative about the
feature’s location. This is confirmed by behavioral
studies showing that attentional selection is most
efficient when attention can be directed to low-level
features, for example when search is for a specific
image as compared with a broader category.100–103
However, this does not rule out that contentbased attention can also act on object representations at higher levels of the visual hierarchy.104 This
may be necessary in many real-world situations in
which targets are viewed from different angles and
distances. Furthermore, low-level features are often
shared by other objects in a scene and may thus
not be diagnostic of the target. Therefore, we expect
that in naturalistic environments attention acts on
intermediate-level shape representations that are to
some extent invariant to changes in viewpoint and
scale.105 These representations may be located in
areas beyond the EVC yet still show coarse retinotopic specificity.106–109 A currently debated topic is
whether preparatory attention can also be directed
to conceptual-level representations, such as superordinate categories like furniture or food.110–116 In the
current framework, this would be possible as long as
there is a set of mid- or high-level shape (or texture,
or color) features that characterize the category.
For abstract categories that lack such characterizing visual features altogether, preparatory attention
in the visual cortex is unlikely to be an efficient
mechanism of attentional guidance.24,102
Relation between preparatory attention
and other cognitive processes
The observation of visual cortex activity in the
absence of sensory stimulation is not a unique feature of preparatory attention but has also been
found in tasks designed to study WM maintenance,
mental imagery, and expectations. Such top-down
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activation of content- and location-specific visual
representations may thus represent a general mechanism supporting multiple cognitive processes.
However, the exact nature of top-down driven
visual cortex activity may differ between tasks and
paradigms, as described below. Thus, despite sharing certain neural mechanisms, preparatory attention, WM, mental imagery, and expectations may
not simply be different labels referring to the same
phenomenon but rather at least partially distinct
cognitive processes.
Working memory
Several authors have highlighted the overlap
between the constructs of attention and WM.117–119
This similarity is evident in the tasks used for studying preparatory attention and WM. In a typical WM
task, a memory cue needs to be maintained over
a retention interval with no sensory stimulation.
Some attribute of the memory cue is then compared
to a memory probe. Thus, in both preparatory attention and WM tasks, some task-relevant attribute
of a cue needs to be maintained during a delay
period. Accordingly, whenever there is a temporal
delay between setting a search goal and target detection, attentional preparation involves WM.120 Conversely, attention can dynamically modulate WM
content to prioritize task-relevant internal representations during the retention interval.45
Given this close relationship between the two
constructs, it may not be surprising that visual
cortex activity has been found both during attentional preparation and during WM maintenance.
Indeed, there is evidence from monkey electrophysiology that delay period activity in the IT
cortex supports the temporary maintenance of
content-specific representations for stimuli, such
as colors,121–123 orientations,124 shapes,125 colored
textures and patterns, images,126–128 and other
complex stimulus dimensions.129–132 For example, using a delayed match-to-sample task with
colors, Fuster and Jervey122,123 found that, during the retention interval, a set of IT neurons
exhibited content-specific delay activity, presumably reflecting the maintenance of a specific color
in WM. Furthermore, cooling of this area impaired
both neural firing during the retention period and
WM performance.121,133 Similarly, MVPA of human
fMRI data has revealed color- and orientationspecific delay activity during WM maintenance,
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even in early visual areas.43,49,134 Finally, TMS over
the visual cortex modulates WM performance135,136
and influences subsequent attentional selection.137
The tight link between preparatory attention and
WM maintenance is consistent with theoretical
frameworks, such as the biased competition model.
Here, an attentional template is thought to be held
active in WM138–142 until the successful completion
of the task.86
However, although attention is often biased by
WM content,143–146 not all information held in
WM influences the deployment of attention,147–150
demonstrating that the two constructs can be dissociated.151 For example, the capacity of preparatory attention may be smaller than the capacity of WM.152 Other studies have shown reduced
sustained delay activity for WM content that is
not immediately relevant (or attended),153,154 indicating the existence of “activity-silent” storage
mechanisms.155–157 Also, the specific kind of information carried by delay activity in the visual cortex
presumably differs between tasks typically used to
study preparatory attention and WM. In WM tasks,
this representation needs to enable an efficient comparison of the memory cue with the memory probe.
When preparing to search for a target in a multielement display or in a cluttered scene, by contrast, the
attentional template needs to optimally distinguish
the target from the distractors. Such task-specific
goals and strategies, as well as differences in advance
information and expectations, seem to require at
least partially different neural mechanisms. A flexible coding scheme of top-down induced visual
cortex activity may thus support both preparatory
attention and WM, with the actual neural implementation depending on specific task parameters.
Mental imagery
Voluntary generation of a mental image of an object
or an event is associated with visual cortex activity that mimics activity during actual perception
of the same stimulus.158–167 Similar to preparatory
attention and WM maintenance, mental imagery
thus also involves visual cortex activity that is purely
top-down driven, generated in the absence of sensory stimulation. There are several lines of evidence
for a functional and neural overlap between mental imagery and WM.164 Mental imagery is one
strategy to complete visual WM tasks, and more
vivid imagery is linked to better performance in
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visual WM tasks.168,169 Furthermore, an MVPAbased fMRI study found that classifiers trained
on grating orientations held in WM could accurately decode which grating orientations participants formed and rotated in mental imagery.158
This demonstrates that similar patterns of visual
cortex activity support WM maintenance and mental imagery.
Considering the overlap between imagery and
WM and the link between WM and preparatory
attention, could preparatory visual cortex activity in
attention tasks reflect mental imagery? This depends
on the definition of mental imagery, an intuitive
concept that has been notoriously difficult to pin
down.170 Although it is difficult to imagine mental imagery without attention, preparatory attention is unlikely to reflect mental imagery defined
in a narrow sense—as vivid conscious experience
of specific mental images. In studies testing for this
type of imagery, participants are instructed to create
and/or transform a specific mental image, whereas
in preparatory attention studies participants are
asked to prepare for detecting or discriminating a
stimulus; in these tasks there is no incentive to put
effort into consciously creating a vivid mental image
(and this is not the experience one has when performing these tasks). Furthermore, in many dailylife situations, creating a specific mental image of the
target object would be inefficient because targets
in real-world scenes rarely match an exact image.
Recent studies have confirmed that a vivid mental
imagery strategy is inefficient for search in natural scenes.46,81 And, as discussed above, preparatory attention would need to take into account both
target and distractor properties rather than only
reflecting the target object. However, when defining
mental imagery in a broad sense, as “thinking about
how something looks,” this term would encompass
processes such as WM and preparatory attention.
In this case, it is important to note that preparatory attention-related activity has been shown to be
directly relevant for subsequent task performance;
that is, findings of preparatory activity are not just
(i.e., epiphenomenal) imagery.
Expectation
Until recently, the terms attention and expectation were often used more or less interchangeably.14,17,29,171 Indeed, spatial attention and
content-based attention have often been studied by
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manipulating prior expectations about the likely
location or content of an upcoming stimulus. Following the terminology adopted in the present
review, preparatory attention refers to situations
where these expectations are relevant for an upcoming search, detection, or discrimination task. In this
framework, visual cortex activity elicited by expectations about task-relevant stimulus attributes is a
neural correlate of attentional preparation.
Interestingly, recent research has experimentally
dissociated the two constructs. In particular, expectation has been defined as the (implicit or explicit)
knowledge of the probability of occurrence of a stimulus, independent of its task relevance. Attention, by
contrast, refers to the relevance of a stimulus for an
upcoming task, independent of its probability.172
Defined in this way, expectation and attention have
distinct effects on stimulus-evoked visual cortex
activity: attended stimuli elicit stronger responses
than unattended stimuli, whereas expected stimuli
elicit weaker responses than unexpected stimuli.173
Preparatory effects of expectation and attention may
also differ,73,174 but more work is needed to directly
compare the distinct influence of content-specific
expectation and attention on visual cortex activity
before stimulus presentation.
Conclusions and future directions
Taken together, the studies reviewed in this paper
provide overwhelming support for the idea that
preparatory attention involves changes in visual cortex activity. These changes cannot be attributed to
bottom-up responses because they are also observed
in the absence of visual stimulation and when using
symbolic or auditory cues. Intriguingly, preparatory attention effects appear highly similar for spatial and content-based attention: these types of
attention similarly affect behavior and are similarly reflected in increased baseline activity in neural populations coding for the attended (spatial or
nonspatial) attribute, and both are accompanied
by changes in the power of activity in the alpha
frequency band. Finally, both location- and contentspecific preparatory activity are critical for behavior, as the strength and selectivity of this activity
are correlated with behavioral measures and their
disruption leads to impairments in behavioral performance. Preparatory attention is thus reflected in
the top-down activation of visual cortex neurons
coding for attributes distinguishing targets from
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distractors. This may serve as an internally generated bias that modulates the processing of subsequent visual input in favor of stimuli sharing
the attended attribute—the top-down component
of the biased competition model of attention1 —
thereby guiding spatial attention to likely target
locations.11,83 Research over the past 25 years has
provided converging evidence for preparatory attention by employing different methods, species, and
tasks, as reviewed here. This research has provided new insight into the basic mechanisms of
preparatory attention and has started to reveal how
these mechanisms may operate in more naturalistic
situations.104 The research reviewed here also raises
many further questions that remain to be addressed.
We highlight some of these questions below.
Finally, we should note that, although we have
emphasized the similarities between preparatory
content-based and spatial attention, there are several fundamental ways in which these dimensions
differ. Space is a core principle of neural organization that is replicated across regions, not only
within the visual system but across the brain as well.
This makes it relatively easy to connect corresponding locations across visual, attention, and motor
systems.3 Indeed, spatial attention may be closely
related to motor planning,175–177 whereas contentbased attention does not have this relationship with
the motor system. Ultimately, through eye movements, attentional selection takes place in space.178
What is the source of preparatory attention in
the visual cortex?
An important question that has increasingly generated interest concerns the source of top-down
activity in the visual cortex: which regions drive
preparatory activity in the visual cortex? What is
the mechanism of communication? A large body of
research has implicated a network of regions in the
frontal and parietal cortices in the top-down control
of spatial attention (for reviews, see Refs. 2 and 179–
183). Several studies find that a similar network may
also control attention to nonspatial attributes.184–188
For content-based attention, the prefrontal cortex
(PFC) has been considered a putative source region,
as neurons in the monkey PFC carry information
about the attended stimulus during the prestimulus period.189–191 In humans, the inferior frontal
junction has been identified as a candidate source
region of content-based attention.192,193 Many open
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questions remain, however. What is the role of parietal cortex regions implicated in WM?194 Are there
different sources for attention to different types of
content (e.g., low-level features versus categories)?
How are source regions connected to the visual cortex so as to selectively modulate activity in overlapping neural populations? What is the role of rhythmic synchronization in the communication between
source and target regions?56,180
Under what circumstances is preparatory
attention in the visual cortex observed?
The top-down activation of the visual cortex in
preparation for a detection or discrimination task
is a voluntary and effortful process that comes at
a metabolic cost. This raises the question of the
circumstances under which preparatory attention
in the visual cortex is observed. For example, how
does this depend on the motivational state of the
observer? What is the role of the perceptual load
of the search display?195,196 Specifically, are preparatory attention effects still observed when there is
little competition and the target is easy to find? For
a full understanding of the functional relevance of
preparatory attention, it would be important for
future studies to investigate the circumstances that
trigger preparatory attention in the visual cortex
and whether (or how) this differs for spatial and
content-based attention.
How does preparatory attention function in the
real world?
Most studies reviewed here used highly simplified
stimuli and artificial tasks; in the real world we are
not cued to detect a stimulus in a briefly flashed
display. Real-world scenes are rich and cluttered, yet
despite this clutter visual search in natural scenes
is highly efficient.197 It will be of great interest to
investigate the extent to which optimized attentional preparation contributes to this efficiency.104
For example, scene context provides information
about the likely visual appearance of objects at different locations in the scene (e.g., as a function of
depth), information that may be incorporated by
preparatory attention mechanisms. Furthermore,
knowing the category of a scene (e.g., through rapid
processing of scene gist198 ) gives information about
the likely distractor objects found in the scene, information that can be used to optimize the attentional
template.104 Another important difference between
attention in typical experimental paradigms and
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attention in the real world is that the real world is a
continuous and dynamic environment. When looking out for targets in real-world scenes, the attentional template needs to be maintained across saccades and be protected against intervening stimuli, a
process that may rely on the PFC.190 Finally, it is still
largely unknown how semantic and episodic memory influence preparatory attention.199 To conclude,
now that the basic mechanisms of preparatory attention are relatively well established, as reviewed here,
it is important to bring this knowledge to more
naturalistic situations, investigating how preparatory attention mechanisms function in real-world
environments.
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