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Glossary
Selective attention Goal-directed focus on task-relevant
information while ignoring other irrelevant information.
Top-down enhancement Targeted upregulation of neural
representations of relevant information.

Top-down suppression Downregulation of neural
representations of irrelevant information.
Working memory System for actively maintaining and
manipulating relevant information over a short period of
time.

Introduction

Amid a sea of incoming sensory stimulation, it is essential to
prioritize the processing of those few pieces of information that
are most relevant to one’s current behavioral goals. The con-
trolled regulation of sensory processing is known as top-down
modulation, reflecting the influence that higher-order attentional
control systems exert upon lower-level perceptual systems. This
construct can be further broken down into two components that
operate in tandem. Top-down enhancement refers to the targeted
upregulation of neural representations of relevant information,
whereas top-down suppression refers to the downregulation of
neural representations of irrelevant information. In some cases,
the neural suppression of unattended representations may be a
direct consequence of the enhancement of relevant representa-
tions, due to competitive processing dynamics between neural
ensembles with different spatial receptive fields or stimulus-
selectivity profiles (Desimone & Duncan, 1995; Lavie, 2005;
Pinsk, Doniger, & Kastner, 2004). But in other cases, top-down
enhancement and suppression appear to operate as indepen-
dently controlled processes (Gazzaley, Cooney, Rissman, &
D’Esposito, 2005; Luck et al., 1994; Moher, Lakshmanan,
Egeth, & Ewen, 2014) that may utilize distinct brain networks
(Chadick & Gazzaley, 2011; Suzuki & Gottlieb, 2013).

Neuroscientific studies often make a distinction between the
source and site of top-down modulation. The source can be
thought of as the region(s) of the brain – often in frontoparietal
cortices – that represents information about one’s current atten-
tional priorities and sends signals to lower-level perceptual areas
to influence processing in accordance with these priorities
(Gilbert & Li, 2013; Miller & D’Esposito, 2005; Moore, 2006).
The regions that receive these modulatory signals and conse-
quently show attention-dependent changes in their level of
activity can be thought of as the sites of modulation. Although
many insights into the mechanisms of attentional control have
come from neurophysiological studies of nonhuman animals
(reviewed in Gilbert & Li, 2013), in this article, we focus on
insights that have emerged from neuroimaging studies in
humans. We further limit our review to studies examining the
suppression component of top-down control, with an emphasis
on data from functional magnetic resonance imaging
(fMRI) and electroencephalography/magnetoencephalography
(EEG/MEG). Since themajority of studies on top-down suppres-
sion have used visual tasks, wewill concentrate on findings from

the visual domain. We note, however, that task-irrelevant repre-
sentations in any modality can be willfully suppressed, includ-
ing the representations of motor action plans.

Selective Attention

Selective attention refers to the goal-directed focus on task-
relevant information while ignoring other irrelevant informa-
tion. Although some common mechanisms may support the
selective allocation of attention in different domains, neuro-
imaging studies of selective attention often use tasks that
require participants to regulate the processing of a particular
kind of information, such as spatial locations, perceptual fea-
tures, whole objects, or internally maintained representations
(e.g., items held in working memory). We will now consider
each of these four expressions of selective attention in turn.

Spatial Suppression

Spatial selective attention refers to the ability to prioritize the
processing of information occurring at a particular location of
space. In neuroimaging studies, themechanisms of spatial atten-
tion are often studied by instructing participants to covertly
attend to stimuli in one hemifield while maintaining a central
fixation. This procedure capitalizes on the contralateral organi-
zation of cortical visual processing, such that the magnitude of
attentionalmodulation can be indexed by the respective levels of
activity in the contralateral (attended) and ipsilateral (ignored)
hemifields. In many cases, it is of further interest to examine the
modulation of activity associatedwith specific locations within a
hemifield. This can be accomplished by exploiting the retinoto-
pic organization of visual cortex and identifying areas that are
tuned to particular angular positions and eccentricities that cor-
respond to the locations of attended or unattended stimuli.
Using this general approach, fMRI studies have identified a
‘center-surround’ organization inmultiple visual cortical regions
(Bressler, Fortenbaugh, Robertson, & Silver, 2013; Muller &
Kleinschmidt, 2004; Tootell et al., 1998) such that blood oxygen
level-dependent (BOLD) activity to a target location is enhanced,
but BOLD activity to surrounding locations is suppressed. The
magnitude of surround suppression may vary depending on the
particular visual region in question and the eccentricity of the
irrelevant visual stimulus. Whereas dorsal regions (e.g., area V5
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and posterior parietal cortex (PPC)) exhibit greater peripheral
suppression, ventral regions (areas V1–V4 and lateral occipital
cortex) yield greater suppression at more central eccentricities
(Bressler et al., 2013), resulting in a center-surround profile akin
to a ‘Mexicanhat function’ (Hopf et al., 2006). The phenomenon
of surround suppression can beobtained even in the absence of a
perceptual target stimulus; the covert allocation of attention to a
specific spatial location is sufficient to evoke surround suppres-
sion (Silver, Ress, & Heeger, 2007). Nor does the phenomenon
require the presence of any distracting stimuli in the periphery
(Boehler, Tsotsos, Schoenfeld, Heinze, &Hopf, 2011). That said,
surround suppression may be more pronounced when periph-
eral distractors are present (Heinemann, Kleinschmidt, &Muller,
2009). Furthermore, as task difficulty increases, visual cortical
activity to proximal distractors is more attenuated than neural
responses to distractors at more distal eccentricities (Parks, Beck,
& Kramer, 2013). Similarly, the lateral geniculate nucleus (LGN)
of the thalamus has been shown to decrease BOLD activity to
unattended locations, and the magnitude of this suppression
effect increases as task difficulty increases (O’Connor, Fukui,
Pinsk, & Kastner, 2002). Such findings suggest that top-down
factors may play a role in specifying the need for additional
suppression at the spatial locations of potentially distracting
stimuli and showcase that suppressionmayoperate at the earliest
stages of visual processing, which include the LGN (O’Connor
et al., 2002), pulvinar (Strumpf et al., 2013), and V1 (Tootell
et al., 1998). Indeed, neuroimaging techniques with higher tem-
poral resolution, such as EEG and MEG, have found that sur-
round suppression effects emerge as early as 50–150 ms post
stimulus onset (Hopf et al., 2006; Slotnick, Hopfinger, Klein, &
Sutter, 2002).

Whereas spatially selective regions in visual cortex are well
established as sites of top-down suppression, many regions
have been proposed as sources of these top-down signals
(Corbetta & Shulman, 2002; Gilbert & Li, 2013). For instance,
in anticipation of a potentially distracting stimulus that an
observer has reason to believe will appear at a particular loca-
tion, a network of frontoparietal regions are mobilized to
proactively suppress processing at that location, including the
frontal eye fields (Couperus & Mangun, 2010; Seiss, Driver, &
Eimer, 2009), inferior frontal junction (IFJ) (Sylvester, Jack,
Corbetta, & Shulman, 2008), superior frontal and angular gyri
(Ruff & Driver, 2006), and precuneus (Payne & Allen, 2011).
Recent progress in understanding the differential contributions
of frontal and parietal structures has come from experiments in
monkeys using neurophysiological recordings and reversible
inactivation (Suzuki & Gottlieb, 2013). This work has con-
firmed that although both the lateral parietal cortex and the
dorsolateral prefrontal cortex (DLPFC) help guide the selection
of relevant spatial targets, neural ensembles in DLPFC play a
uniquely important role in mediating the long-range inhibi-
tion of distracting visual input. The importance of DLPFC
activity for visuospatial distractor suppression has also been
noted in human neuroimaging work (Toepper et al., 2010).
Although we have focused on studies examining visual proces-
sing, there are data to suggest that the source of top-down
spatial suppression may be modality-independent, such that
irrelevant sensory cortical representations of visual, auditory,
or tactile location may be attenuated by common attentional
control mechanisms (Seiss, Gherri, Eardley, & Eimer, 2007).

Feature-Based Suppression

Suppressing features during selective attention usually implies
ignoring elementary parts of an object, such as its color, motion,
and shape. Similar to spatial suppression, the site of top-down
feature suppression is typically the region(s) of the sensory
cortex representing the to-be-ignored stimulus features. In the
visual domain, attention to features is known to modulate
neural activity in areas V1–V3, color-selective region V4, and
motion-selective region V5 (Chawla, Rees, & Friston, 1999;
Maunsell & Treue, 2006; Polk, Drake, Jonides, Smith, & Smith,
2008; Saenz, Buracas, & Boynton, 2002). There is some indica-
tion that the suppression of irrelevant features is associated with
the modulation of neural activity during the earliest stages of
visual cortical processing, as indexed by the P1 component
(!100 ms post stimulus onset) of the EEG event-related poten-
tial (ERP) (Moher et al., 2014). In the case of color and motion
stimuli, this early measure of attentional modulation is thought
to arise in feature-selective areas V4 and V5, respectively
(Schoenfeld et al., 2007). Moreover, suppression of the P1
component may be most prominent in the presence of compet-
ing stimuli, when the behavioral incentives for feature-based
selection are heightened (Valdes-Sosa, Bobes, Rodriguez, &
Pinilla, 1998; Zhang & Luck, 2009). Importantly, suppressing
irrelevant features during the P1 component is not contingent
on concurrent spatial filtering processes (Akyurek & Schubo,
2013). Indeed, feature-based attentional selection may operate
throughout the visual field in a global manner, regardless of
spatial attention processes (Moher et al., 2014; Saenz et al.,
2002; Zhang & Luck, 2009) and even in the absence of direct
visual stimulation (Serences & Boynton, 2007).

Despite some evidence for early acting effects (Moher et al.,
2014), ERP markers of feature suppression in the visual cortex
are not consistently observed in all people prior to 200 ms post
stimulus onset (Zanto&Gazzaley, 2009; Zanto, Toy,&Gazzaley,
2010). Indeed, in one study, only individuals with superior
working memory abilities suppressed the P1 (!100 ms) and
N1 (!170 ms) response to irrelevant visual features (Zanto &
Gazzaley, 2009). Another EEG study found that while
suppression of prefrontal activity was observed !130 ms post
stimulus onset, suppression in the visual cortex was not seen
until!225 ms post stimulus onset (Daffner et al., 2012). This is
in line with a previous report that feature-based suppression in
the visual cortex occurs during later processing stages andmay be
the consequence of feature-based enhancement prior to suppres-
sion (Andersen &Muller, 2010). To reconcile conflicting reports
as to when top-down feature suppression operates, two mecha-
nismshavebeenproposedbased on task set (Moher et al., 2014).
One mechanism enables rapid enhancement of relevant
features, followed by suppression of irrelevant features, when
the target feature changes frequently over time. The other mech-
anism can suppress early visual processes when task-relevant
stimuli remain consistent over time. Importantly, both mecha-
nisms permit attentional modulation (i.e., attend> ignore) of
early visual processes, one through enhancement and one
through suppression. Whereas additional research will be
required to address this theory, it supports the suggestion that
feature-based suppression may act to both proactively prevent
the allocation of attention to irrelevant features and reactively
terminate attentional allocation (Sawaki, Geng, & Luck, 2012) in
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circumstances where it has been involuntarily captured by
salient distractors (Sawaki & Luck, 2013).

The source of feature-based attentional modulation arises
from a frontoparietal network akin to that mobilized during
spatial attention, suggesting that these two forms of attention
may rely on a unified top-down control system (Corbetta &
Shulman, 2002; Egner et al., 2008; Maunsell & Treue, 2006).
Although spatial attention and feature-based attention elicit
BOLD activity in overlapping frontoparietal regions, subre-
gions of this network are thought to underlie specialized spa-
tial or feature-based components (Giesbrecht, Woldorff, Song,
& Mangun, 2003; Slagter et al., 2007). These specialized
subdivisions of attentional control are prominent in the
PPC (Schenkluhn, Ruff, Heinen, & Chambers, 2008) and
may be represented by spatially distributed and intermixed
populations of PPC neurons (Greenberg, Esterman, Wilson,
Serences, & Yantis, 2010). However, it is unclear whether
these subregions are uniquely specialized for suppressing,
and not enhancing, neural responses to features. There is con-
siderable evidence from lesion studies to indicate that the
prefrontal cortex (PFC) is involved in top-down feature sup-
pression, just as in spatial suppression, which operates on the
sensory cortex across modalities (e.g., vision, auditory, and
somatosensory) (reviewed in Knight, Staines, Swick, and
Chao (1999)). However, it should be noted that PFC lesions
also affect top-down enhancement abilities, which may reflect
the diffuse nature of lesions rather than a reflection of over-
lapping control regions.

Compared to studying the consequences of naturally occur-
ring brain lesions, research approaches that aim to temporarily
perturb brain activity in healthy adults offer a more focal
approach to assess top-down mechanisms. For instance, the
application of transcranial magnetic stimulation (TMS) to the
IFJ (which includes the posterior DLPFC) resulted in increased
P1 activity in the visual cortex to irrelevant visual features and
decreased P1 activity to relevant features (Zanto, Rubens,
Thangavel, & Gazzaley, 2011), suggesting that enhancement
and suppression may arise from the same source or from
closely neighboring subregions. In the parietal cortex, TMS to
the intraparietal sulcus (IPS) has been reported to selectively
disrupt the ability to suppress visual cortical activity in
response to distraction (Mevorach, Hodsoll, Allen, Shalev, &
Humphreys, 2010), whereas TMS to IPS during spatial atten-
tion disrupted the enhancement of visual activity (Capotosto,
Babiloni, Romani, & Corbetta, 2009). Thus, the role of IPS may
differ for spatial and feature-based attention. Alternatively,
differences in the exact site of IPS stimulation could have
affected dissociable subregions mediating top-down enhance-
ment and suppression. In support of a functional dissociation,
enhancement and suppression of visual features have been
observed to arise in overlapping parietal network regions that
operate in distinct alpha band (8–12 Hz) frequencies (Bridwell
& Srinivasan, 2012).

Object-Based Suppression

Visual objects are perceptual entities composed of multiple
featural elements, such as color, shape, and texture, that can
be identified based on the structured relationship between
these features. It has been proposed that the act of selecting a

particular feature of an object to attend to results in the auto-
matic selection of the object as a whole, including task-
irrelevant features (O’Craven, Downing, & Kanwisher, 1999;
Sohn, Papathomas, Blaser, & Vidnyanszky, 2004). However,
using a negative priming task, it has been shown that object
discrimination performance declines when a constituent fea-
ture of the object (i.e., color or motion) was previously ignored
(Nobre, Rao, & Chelazzi, 2006). This suggests that the atten-
tional control processes that mediate the suppression of irrel-
evant features may operate in a manner that is at least partially
independent from object-level selection mechanisms.

Similar to spatial and feature-based attention, object-based
attention can modulate activity throughout the visual cortex
(i.e., V1–V5) (Ernst, Boynton, & Jazayeri, 2013; Pratte, Ling,
Swisher, & Tong, 2013). Not surprisingly, object-based attention
results in particularly strong modulatory effects in higher-level
visual regions known to contribute to object recognition, such
as the lateral occipital complex (Kourtzi & Kanwisher, 2001), the
fusiform face area (Kanwisher, McDermott, & Chun, 1997), and
the parahippocampal place area (PPA) (Epstein & Kanwisher,
1998). Notably, the latter two structures exhibit suppressed
BOLD activity when young adult participants are instructed to
ignore face and scene stimuli, respectively (Gazzaley, Cooney,
McEvoy, Knight, & D’Esposito, 2005). Older adults, in contrast,
show a complete failure to appropriately suppress activity in
these regions, despite a preserved ability to enhance activity in
these regions for relevant stimuli (Gazzaley, Cooney, Rissman
et al., 2005). Using EEG to evaluate the temporal dynamics of
these modulatory effects, neural suppression of irrelevant face or
scene stimuli was observed as early as the P1 in younger adults,
but not in older adults (Clapp, Rubens, & Gazzaley, 2010;
Gazzaley et al., 2008). This selective suppression deficit occurred
even when older adults were explicitly provided with prior
knowledge of which upcoming stimuli would be relevant and
irrelevant (Zanto, Hennigan, Ostberg, Clapp, & Gazzaley,
2010). Taken together, these findings suggest that object-based
suppression mechanisms may be dissociable from object-based
enhancement mechanisms, with only the former being
impaired by cognitive aging. However, it is unclear if older
adults’ difficulty with suppression can be attributed to a prob-
lem with inhibitory control per se or whether it could be
explained by diminished cognitive resources available to main-
tain and act upon one’s current attentional priorities, resulting
in the overprocessing of irrelevant information when it is ini-
tially encountered (Rissman, Gazzaley, & D’Esposito, 2009).

The source of object-based top-down modulation is gener-
ally thought to arise from the same general frontoparietal
network that supports spatial and feature-based attention
(Corbetta & Shulman, 2002). Although the DLPFC is consis-
tently observed to be involved in object-based selective atten-
tion processes in the context of distraction (Postle, 2005), there
is conflicting evidence as to its functional role. Some research
suggests that the DLPFC serves to enhance task-relevant object
representations but does not contribute to the suppression of
distractors (Egner & Hirsch, 2005; Feredoes, Heinen, Weiskopf,
Ruff, & Driver, 2011), while other studies have shown the
DLPFC may suppress neural activity to irrelevant objects and
not enhance activity to task-relevant targets (Minamoto,
Osaka, & Osaka, 2010; Zanto, Chadick, Satris, & Gazzaley,
2013). Thus, it is possible that distinct subregions exist within
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DLPFC that serve to enhance or suppress distant sensory rep-
resentations. Some fMRI data in support of this possibility used
a functional connectivity analysis with the left PPA as a ‘seed’
region to identify two nearby, yet distinct, foci in the left
DLPFC (!2 cm apart) that were associated with scene
enhancement and scene suppression, respectively (Gazzaley
et al., 2007).

In addition to DLPFC involvement in top-down object
suppression, the ventrolateral PFC (VLPFC) is also known to
facilitate the resolution of competition between simulta-
neously active representations (Badre & Wagner, 2007; Jha,
Fabian, & Aguirre, 2004; Nelson, Reuter-Lorenz, Persson,
Sylvester, & Jonides, 2009). For example, the VLPFC suppresses
the negative impact of distractors on long-term memory per-
formance (Wais, Kim, & Gazzaley, 2012) through functional
interactions between the VLPFC, hippocampus, and visual
cortex (Wais, Rubens, Boccanfuso, & Gazzaley, 2010). Of
note, a high working memory load results in increased distrac-
tor processing concomitant with increased BOLD activity in
the DLPFC, VLPFC, and visual cortex (de Fockert, Rees, Frith, &
Lavie, 2001), highlighting the role of the DLPFC and VLPFC in
resolving attentional conflict between relevant and irrelevant
objects and suggesting that top-down suppression may be
subject to central capacity limitations (Rissman et al., 2009).

Internally Directed Suppression

Internally oriented attention refers to the act of focusing on
representations that are not present in the sensory environ-
ment. Examples include attending to information that has
been retrieved from long-term memory, refreshed from work-
ing memory, generated via mental imagery, or produced

during mind wandering (i.e., undirected thinking). Not only
will refreshing a working memory trace enhance BOLD activity
in category-selective visual cortex such as the PPA, but also
simultaneous suppression occurs in at least some category-
selective cortical regions that are not refreshed (Johnson &
Johnson, 2009). There are data to suggest that the fronto-
parietal sources of memory suppression signals for internal
representations might be similar to those observed during
external stimulus suppression. Specifically, increased BOLD
activity in the DLPFC and PPC has been observed during
tasks in which participants are explicitly instructed to block
the retrieval of a given memory or to forget something that has
already been learned (Anderson et al., 2004; Bastin et al., 2012;
Benoit & Anderson, 2012; Gagnepain, Henson, & Anderson,
2014; Hanslmayr et al., 2012; Paz-Alonso, Bunge, Anderson, &
Ghetti, 2013). These frontoparietal structures in turn act to
suppress hippocampal activity and sensory/perceptual repre-
sentations, ultimately resulting in increased forgetting.

Other data, however, suggest that the top-down control
mechanisms for regulating attention to stimuli in the external
environment may be distinct from those involved in searching
one’s memory and attending to the contents that are retrieved
(Ciaramelli, Grady, Levine, Ween, & Moscovitch, 2010; Sestieri,
Shu, & Corbetta, 2010). Indeed, these externally and internally
oriented attentional control systems may even compete, such
that engagement of one system transiently suppresses the other
(Huijbers, Pennartz, Cabeza, & Daselaar, 2009; Sestieri et al.,
2010). That said, there are data to indicate that some executive
control regions such as the DLPFC (Christoff, Gordon, Small-
wood, Smith, & Schooler, 2009) and IPS (Cabeza et al., 2011)
are actively engaged during both external stimulus processing
and introspective mentation. An important direction for future

1. Anderson et al. (2004)
2. Bastin et al. (2012)
3. Clapp et al. (2010)
4. Gazzaley et al. (2007)
5. Hanslmayr et al. (2012)

6. Mevorach et al. (2010)
7. Minamoto et al. (2010)
8. Payne & Allen (2011)
9. Pas-Alonso et al. (2013)
10. Ruff & Driver (2006)

11. Sylvester et al. (2008)
12. Toepper et al. (2010)
13. Wais et al. (2012)
14. Zanto et al. (2011)
15. Zanto et al. (2013)
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Figure 1 Sources of top-down suppression. Colored circles estimate locations of reported fMRI and/or TMS effects that are associated with
suppression of neural activity in the sensory cortex. Colors of the circles represent the neural region, the number inside each circle represents the
referenced article, and a dashed line around some circles indicates that the reported activity was medial to the cortical surface and has been
projected outward for display purposes. The numbers in parentheses (left of the color legend) reflect the number of studies (out of the 15 reported) that
identified that neural region as a source of top-down suppression.
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research will be to better characterize the control processes that
support the dynamic toggling of top-down suppression of the
internal and external world, achieving the appropriate balance
between these seemingly opposing cortical networks (Spreng,
Sepulcre, Turner, Stevens, & Schacter, 2013).

Summary

Top-down suppression mechanisms operate on sensory corti-
ces and serve to downregulate neural activity to unimportant
information. The frontoparietal sources of these modulatory
signals appear to be largely consistent across different types of
to-be-ignored information, such as spatial locations, features,
objects, or internal representations (Figure 1). Top-down sup-
pression effects act rapidly and influence multiple stages of
perceptual processing, including activity in the early visual
cortex. Moreover, these effects often emerge in anticipation of
a forthcoming stimulus, thereby enabling efficient suppression
of neural activity to irrelevant items, reducing competition,
and optimizing the pursuit of one’s goals.

See also: INTRODUCTION TO ACQUISITION METHODS: Basic
Principles of Electroencephalography; Basic Principles of
Magnetoencephalography; Obtaining Quantitative Information from
fMRI; INTRODUCTION TO COGNITIVE NEUROSCIENCE:
Response Inhibition; Salience/Bottom-Up Attention; Short-Term
Memory; Working Memory; Working Memory–Attention Interplay;
INTRODUCTION TO SOCIAL COGNITIVE NEUROSCIENCE:
Mindfulness: Mechanism and Application; INTRODUCTION TO
SYSTEMS: Face Perception; Motion Perception; Neural Codes for
Shape Perception; Primate Color Vision; Visuospatial Attention;
Working Memory.
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