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The role of neuronal synchronization in selective attention

Thilo Womelsdorf and Pascal Fries

Attention selectively enhances the influence of neuronal
responses conveying information about relevant sensory
attributes. Accumulating evidence suggests that this selective
neuronal modulation relies on rhythmic synchronization at local
and long-range spatial scales: attention selectively
synchronizes the rhythmic responses of those neurons that are
tuned to the spatial and featural attributes of the attended
sensory input. The strength of synchronization is thereby
functionally related to perceptual accuracy and behavioural
efficiency. Complementing this synchronization at a local level,
attention has recently been demonstrated to regulate which
locally synchronized neuronal groups phase-synchronize their
rhythmic activity across long-range connections. These results
point to a general computational role for selective
synchronization in dynamically controlling which neurons
communicate information about sensory inputs effectively.
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Introduction

Voluntary ‘top-down’ attention is a key mechanism to
select relevant subsets of sensory information for detailed
and effective processing and to actively suppress distract-
ing irrelevant sensory information. The behavioural con-
sequences of attentional selection are manifold and
include faster processing and reaction times, higher
accuracy levels, enhanced sensitivity for fine changes
and increased apparent contrast. These behavioural con-
sequences of attention are accomplished by highly selec-
tive modulation of neuronal responses at two spatial
scales of processing: within and across cortical regions.
First, attention enhances the neuronal representation of
attended sensory input within the local neuronal popu-
lations that are tuned to the attended spatial [1] or featural
[2] dimensions. Second, selective attention regulates
the communication among neuronal groups in spatially

distant areas, ultimately enhancing effective interactions
among those neuronal groups that convey the behaviou-
rally relevant information [3].

Growing evidence suggests that both of these neuronal
characteristics of selective attention depend on selective
neuronal synchronization. Attention selectively modulates
which neurons synchronize their responses with the rhyth-
mic fluctuation of a local functional group of neurons that
represents the attended stimulus feature or position. Like-
wise, the influence of selective attention to shape neuronal
interactions among distant neuronal populations is likely to
recruit selective synchronization. Such long-range synchro-
nization of locally enhanced neuronal representations has
long been implicated in attention, but only recent studies
demonstrate that neuronal representations that pertain to
attended, relevant information are mutually phase-syn-
chronized across long distances.

In this article we review evidence, gathered over the past
two years from animal and human studies, that suggests a
functional role for local and long-range selective synchro-
nization of rhythmic neuronal activity. The view emer-
ging from these studies is that synchronization might
reflect a basic computational principle that underlies
the dynamic control of effective interactions along selec-
tive subsets of the anatomically possible neuronal con-
nections [4].

Selective synchronization and spatial
attention

Investigating the influence of selective attention on
neuronal synchronization depends on tasks in which there
is identical sensory stimulation across conditions but
covert attention is directed to different aspects of this
sensory input. Based on such tasks, visual cortical neurons
that have receptive fields overlapping with an attended
stimulus synchronize their spiking responses more
strongly with the local field potential (LFP) than do
neurons that are activated by a non-attended stimu-
lus [5]. This early finding from monkey visual area V4
has recently been extended by showing a rather continu-
ous relationship between the strength of selective syn-
chronization and behavioural performance [6°°]. In this
study, attention was spatially cued to select one of two
stimuli to detect a colour change of the attended stimulus.
The speed of detecting the behaviourally relevant colour
change in an attended stimulus varied across trials and
could be partially predicted by the degree of synchroni-
zation in response to that stimulus. Notably, synchroniza-
tion in the gamma-frequency band (40-100 Hz) predicted
the speed of change detection shortly before the colour
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change had occurred. This finding suggests that the
processing or the signalling of a sensory change is more
efficient when it is handled by an area that is engaged in
enhanced gamma-band synchronization [6°°].

Importantly, the influence of local synchronization of
behavioural responses was spatially selective: neurons
activated by an unattended stimulus showed the lowest
synchronization when the monkeys were particularly fast
in detecting changes of the attended stimulus that were
outside their neuronal receptive fields [6°°]. Thus, the
strength of synchronization is modulated at a fine spatial
scale in the visual cortex, being upregulated and down-
regulated for neuronal groups that process relevant and
distracting information, respectively. This finding rules
out a possible influence of globally increased synchroni-
zation during states of enhanced alertness and arousal
(compare with [7-9]).

In addition to using reaction time as a measure of beha-
vioural performance, a recent study [10°°] successfully
used an error analysis based on gamma-band synchroni-
zation to predict the spatial focus of attention in macaque
visual cortex. Taylor e /. cued attention to one of two
visual shapes, both of which changed continuously
throughout the trial. Monkeys had to track the cued
shape to detect the reoccurrence of its first outline.
Epidurally-recorded field potentials revealed a strong
attentional effect, with enhanced gamma-band synchro-
nization in response to the attended shape within visual
area V4. This effect was stronger for correct trials than for
miss trials, and the degree of synchronization also pre-
dicted whether the monkey was paying attention to the
distractor, ultimately demonstrating that the strength of
synchronization indexes which stimulus the monkey
attended.

Attention and gamma-frequency
synchronization in humans

The aforementioned studies from macaque cortex
demonstrate that the degree of synchronization indexes
whether a spatially confined, local neuronal group is
processing an attended stimulus effectively. This con-
clusion is also consistent with recent results from
electroencephalography (EEG), magnetoencephalogra-
phy (MEG) and intracortical EEG in humans demonstrat-
ing enhanced gamma-band oscillatory activity for
attended versus non-attended stimuli in the visual cortex
[11°], the auditory cortex [12-16] and the somatosensory
cortex [17°-19] (see also [20]). For example, tactile selec-
tive attention to a spatially cued versus non-cued Braille
pattern has been found to enhance induced gamma-
frequency power in primary somatosensory cortex [17°].
This finding extends an earlier report of attentional
modulation of synchronization in secondary somatosen-
sory cortex in monkeys during a non-spatial Go—No-Go
task [21].

Recent EEG and MEG recordings in humans also
complement the results from monkey cortex about the
functional relevance of gamma-band oscillations, by
demonstrating a relationship to response times [22] and
accuracy [16]. Although macroscopic EEG and MEG
recordings in humans are limited in how precisely they
can locate the cortical sources of the observed attentional
effects, they have the advantage of enabling the functional
coupling to be analyzed across distant cortical areas. With
regard to attentional processing, this is demonstrated in a
recent human EEG study [23°°], which cued attention to
either global or local letter stimuli and reports phase syn-
chronization selectively among bilateral parietal sites
during global attention suggestive of selective interhemi-
spheric integration.

Feature-based attention and selective
synchronization

Attention does more than synchronize the responses of
neurons based on the spatial proximity of their receptive
fields to the focus of attention. Recent evidence demon-
strates that attention to a particular feature selectively
synchronizes the responses of those sensory neurons that
are tuned to the attended feature. Bichot ez al [24°°]
recorded neuronal spiking responses and LLFPs in macaque
visual area V4 while monkeys searched in multi-stimulus
displays for a target stimulus defined by colour, shape or
both. When monkeys searched, for example for a red
stimulus, by shifting their gaze across stimuli on the dis-
play, the receptive fields of the recorded neurons could
encompass either non-target stimuli (e.g. of blue colour) or
the target stimulus (red) before the time when the monkey
detected the target. The authors found that neurons syn-
chronized to the LFP more strongly in response to their
preferred stimulus feature when it was the attended target
feature of the search rather than a distractor feature.

Thus, attention enhanced synchronization of the responses
of neurons that shared a preference for the attended target
feature — and did so irrespective of the spatial location of
attention [24°°]. This feature-based modulation was also
evident during a conjunction search task involving targets
that were defined by two features: when monkeys searched
for a target stimulus that had a particular orientation and
colour (e.g. a red horizontal bar), neurons with a preference
for one of these features enhanced their neuronal synchro-
nization [24°°]. This enhancement was observed not only
in response to the target that had the defined colour and
shape in conjunction but also in response to distractors that
shared one feature with the target (e.g. red colour). This
finding corresponds well with the behavioural con-
sequences of increased difficulty and search time needed
for conjunction-defined targets.

"This study [24°°] strongly suggests that feature salience is
indexed not only by changes in firing rates (e.g. [25]) but
also by selectively synchronizing neuronal responses as a
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function of the similarity between their feature prefer-
ences and the attended stimulus feature. This idea of
feature-similarity to determine the selective attentional
gain pattern has been outlined before for modulation of
neuronal spiking responses in parietal area M'T [25,26]. It
should be noted that information about feature salience
needs to be combined with spatial information to guide
the actual visual search ultimately to the correct target
location. It will therefore be interesting to see in future
studies how neuronal groups that represent the salient
feature communicate with neuronal groups that index
spatial salience and guide eye movements.

Notably, results in human MEG subjects are beginning to
complement the reported feature-based selective effects
on gamma-frequency synchronization and extend them to
attentional selection of coherent objects [27-29]. For
example, Miiller and Keil [28] found spatially confined
enhanced synchronization in response to an attended
versus a non-attended colour that was presented in a
sequence of coloured checkerboard stimuli, and Pavlova
et al. [29] showed that object-based attention to coherent
versus scrambled biological motion stimuli enhanced
gamma-frequency synchronization in right parietal and
frontotemporal cortex.

Selective long-range neuronal interactions
during attentional processing

The aforementioned evidence is largely restricted to local
gamma-band synchronization, indicating that neuronal
representations of behaviourally relevant sensory infor-
mation are enhanced relative to those of other sensory
information. However, recent studies are beginning to
demonstrate that cortical circuits also recruit synchroni-
zation to render the interactions of neuronal groups from
distant cortical areas effective.

One set of studies shows selective phase synchronization
and desynchronization in frontoparietal and frontotem-
poral cortical regions during target selection in attentional
blink paradigms [30,31]. Attentional blink describes the
failure to detect the second of two targets in rapid serial
streams of sensory input when both targets are separated
by less than ~500 ms. This failure to detect the second
target has been associated with reduced phase synchro-
nization in the beta-frequency band [30], whereas a
separate study reported enhanced gamma-band synchro-
nization preceding correct detection of second targets
[31]. These results suggest that beta- and/or gamma-
frequency synchronization during target processing could
subserve effective integration within a broad and distrib-
uted attention network (see also [32]).

The suggestion that beta-frequency phase synchronization
subserves long-range functional coupling is supported
by further lines of evidence. The failure of attentional
target selection in the attentional blink paradigm [33] and

attentional lapses in general [34] are typically attributed to
restrictions of functional interactions in a frontoparietal
attention network rather than to processing limitations at
sensory processing stages. Consequently, the observed
relationship between long-range beta-band synchroniza-
tion and target selection could reflect changes in effective
neuronal communication within this network. This sugg-
ested role of beta-frequency synchronization has also been
derived from earlier studies reporting inter-areal beta
synchronization during Go-No-Go tasks in cats [35,36],
during sensorimotor integration in monkeys [37], and in
humans during task intervals that require selective spatial
attention [20] and perceptual integration [38,39].

It should be noted that synchronization at beta frequen-
cies is not the sole candidate for mediating long-range
interactions between cortical areas, and it might also have
more specific functional roles within local neuronal
groups. For example, recent reports link beta synchroni-
zation in primary visual cortex, but not in extrastriate
visual areca V4, to the maintenance of a visual percept [40]
(see also [41]). Furthermore, in a working-memory con-
text, beta synchronization in area V4 has been linked to
successful maintenance of a remembered shape [42].

Theta- and gamma-frequency
synchronization: an interface of attentional
and mnemonic processing?

The previous sections surveyed evidence suggesting that
gamma-band synchronization indexes whether a sensory
stimulus is processed effectively. A similar conclusion
follows from recent studies suggesting that gamma-band
synchronization indexes whether a sensory stimulus is
successfully encoded in short-term and long-term mem-
ory. In various memory paradigms, the strength of
stimulus-induced gamma-band synchronization could
predict later memory of that stimulus [43-49]. This
capability to predict successful encoding is not restricted
to synchronization in the gamma-frequency band: it is
frequently accompanied by modulation of oscillatory
activity in the theta-frequency band (4-8 Hz) [46,48] or
is exclusively present at the theta rhythm [50].

Although the comodulation of gamma-frequency and
theta-frequency oscillation could be coincidental, it is
more likely to be a relevant functional signature of
inter-areal coupling of attentional and memory processes.
The strength of gamma-band synchronization has been
shown to be modulated by the theta rhythm [51,52].
Interestingly, theta-frequency oscillations have been
shown to carry stimulus-specific information in the visual
cortex and are related to successful working-memory
performance in monkeys [53], rats [54,55] and humans
[56]. Particularly noteworthy in this regard is the finding
that hippocampal theta activity is likely to exert directed
influences on distant cortical sites [54,57]. The functional
significance of this intriguing finding and its relationship
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to attentional processes in the frontal cortex is strongly
suggested by a carefully controlled study in rats trained on
a spatial working-memory task. Jones and Wilson [54]
analyzed task epochs with a spatial working-memory load
requiring the rat to utilize learned spatial associations to
decide whether a leftward or rightward turn would lead to
reward, and they compared such ‘free-choice’ epochs
with ‘forced-choice’ epochs, which were void of the
memory and decision demand. Their results not only
showed stronger cross-correlations of prefrontal to hippo-
campal spiking responses during correct free-choice
epochs but also revealed significant phase synchroniza-
tion of prefrontal spiking responses to the theta rhythm of
the hippocampal LFP. Moreover, phase-locked spiking
responses in prefrontal cortex distinguished which choice
(i.e. leftwards versus rightwards) was made [54]. Thus, in
addition to being selective to task epochs that resulted in
successful integration of memorized spatial information
into current movement plans, inter-areal phase synchro-
nization also conveyed information about the actual
choice that was made.

Active functional role of alpha-frequency
desynchronization

So far in this review, we have associated selective atten-
tion with gamma-, beta- and theta-band synchronization,
which all seem to be involved in establishing and sustain-
ing effective neuronal communication. Interestingly, an
active functional role for efficient attentional processing is
also emerging for the alpha-frequency band (8-12 Hz) in
the form of spatially selective desynchronization.

Alpha-band synchronization is typically reduced during
attentional processing [5,17°,28,58-60]. Recent human
EEG studies [61,62°,63] extend this observation by
reporting that the degree of alpha-frequency desynchro-
nization during pre-target intervals of visuospatial atten-
tion tasks indicates how fast a subsequent target stimulus
is processed. For example, reaction times to a peripherally
cued target stimulus are partially predicted by the later-
alization of alpha-frequency activity in the second before
target appearance [62°]. Although this predictive effect
was based predominantly on reduced alpha-band
responses over the hemisphere that was processing the
attended position, recent studies suggest that alpha-band
oscillations are selectively enhanced within local neuronal
groups that are processing distracting information (i.e.
relating to a stimulus at an unattended location) [64,65].
According to these findings, rhythmic alpha-band syn-
chronization might have an active role in preventing
effective local neuronal processing. Although this sugges-
tion might be attractive and pave the way for new empiri-
cal tests on the function of the alpha band, it should be
noted that alpha-band modulation might also have more
specific roles in the functional integration of neuronal
activity that are not easily reconciled with the suggested
view (e.g. [35,40,66]).

Conclusion

Recent years have witnessed a wealth of evidence show-
ing that selective neuronal synchronization has functional
consequences for perceptual performance and beha-
vioural efficiency during selective attentional processing.
Spatial and feature-based attention selectively shapes
which neurons synchronize their responses within local
neuronal groups. The strength of synchronization can be
used to predict behavioural response speed [6°°,16,22],
perceptual accuracy [10°°,18,30,31,41,42] and which con-
ditions confer selective advantages for memory formation
[46-48,59]. This evidence suggests that synchronization
is instrumental for establishing a selective neuronal
representation of behavioural relevance. However, it
should be noted that these functional implications of
enhanced synchronization are still mostly correlational
in nature. Few studies have yet attempted to go beyond
correlational evidence by investigating the functional
consequences of experimentally enhancing or reducing
the level of synchronization (e.g. [67,68]).

An intriguing insight from recent research pertains to the
functional role of the selective inter-areal synchronization
that underlies selective attention and working memory.
Responses of neuronal groups in separate areas synchro-
nize dynamically during task epochs that require selective
functional integration [23°%,30,37,52,54,55,69]. This evi-
dence strongly suggests that long-range oscillatory
coupling is crucial for promoting selective neuronal com-
munication and that selective attention could be the key
mechanism underlying such dynamic control of effective
neuronal interactions [4]. However, it is apparent that this
evidence is still sparse and is derived from studies that
used highly heterogeneous task contexts and implicated
different frequency bands as the substrate for long-range
oscillatory coupling. It will therefore be particularly
important in future studies to clarify the functional role
of oscillatory coupling at different frequencies.

Notably, the aforementioned accumulation of evidence
that rhythmic synchronization has a crucial functional role
in selective attention has been paralleled by increasingly
detailed insights about the physiological origin of rhyth-
mic neuronal synchronization. For example, at the net-
work level, synchronization seems to emerge from
inhibitory interneuron networks that can control the gain
of spiking responses [32,70-75]. At the level of single
neurons, recent studies illustrate how precise timing
information is conveyed and sustained even at high
oscillation frequencies [76,77], and how oscillatory
coupling of interneurons is actively made robust against
external influences [78-80].

These studies suggest that basic physiological character-
istics render rhythmic synchronization particularly suited
to establish and sustain the functional coupling of selec-
tive groups of neurons [4,73,81]. These mechanisms seem
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to be recruited by attention to render selective subsets of
neuronal interactions effective. The basic physiological
processes that underlie neuronal synchronization also
provide a promising new perspective on the possible ways
in which attention might exert its selective influence
within neuronal circuits.
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