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It has been claimed that the coordination of neuronal oscillations differing in frequency is
relevant for cognition. However, the validity of this claim has scarcely been investigated.
Recent studies revealed that cross-frequency phase coupling and modulations of alpha-
power dissociate between retention of relevant and suppression of irrelevant information in
visual working memory (WM). We summarize these important results, and discuss possible
implications for understanding the neural mechanisms of WM constraints.
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1. Introduction

Mainly based on behavioral assessments, cognitive theories
traditionally assume a fixed upper limit for the available
storage space in WM (Luck and Vogel, 1997; Miller, 1956).
Estimates for capacity limits thereby range from 4 (±1)
(Cowan, 2001; Luck and Vogel, 1997) to 7 (±2) items (Lisman
and Idiart, 1995; Miller, 1956). Recent neuroscientific investi-
gations point to interacting neuronal processes that jointly
limit performance in WM tasks (D'Esposito, 2007; Zimmer,
2008). Accordingly, efficient performance on WM tasks
requires at least the maintenance of relevant information
over a short time-period and, at the same time, inhibition of
distracting, non-task relevant information from entering
visual awareness (Gazzaley et al., 2005; Vogel et al., 2005).

From the mid 1990s onwards, the so-called ‘change-
detection paradigm’ (CD-paradigm, e.g. Luck and Vogel, 1997)
has become a popular tool for studying properties of WM in
neuroscience. In CD tasks, observers are presented with a
memory display that contains a variable amount of informa-
tion (e.g. colored squares). After a brief retention interval (e.g.,
around 1 s) a probe display asks the participant to judge
whether the currently presented information has changed
relative to the representation retained in WM. Since the initial
report (Luck and Vogel, 1997), this paradigm has been
repeatedly applied to investigate neuronal activity related to
WM retention (for a recent review see, Drew et al., 2006).

In a recent development, Vogel and Machizawa (2004)
included cues prior to the onset of thememory display to direct
the observers' attention to information in only one visual

B R A I N R E S E A R C H 1 3 7 5 ( 2 0 1 1 ) 9 3 – 1 0 2

⁎ Corresponding author. Max Planck Institute for Human Development, Center for Lifespan Psychology, Lentzeallee 94, 14195 Berlin,
Germany. Fax: +49 30 82406 939.

E-mail address: werkle@mpib-berlin.mpg.de (M. Werkle-Bergner).

0006-8993/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.brainres.2010.12.048

ava i l ab l e a t www.sc i enced i r ec t . com

www.e l sev i e r . com/ loca te /b ra i n res

http://dx.doi.org/10.1016/j.brainres.2010.12.048
mailto:werkle@mpib-berlin.mpg.de
http://dx.doi.org/10.1016/j.brainres.2010.12.048


hemifieldwhile simultaneously presenting to-be-ignored infor-
mation in the uncued hemifield (e.g., Fig. 1A). This procedure
enabled the identificationof anegative posterior EEG slow-wave
that reflects neuronal activity associated with WM retention
(Ikkai et al., 2010) and the ability to filter distracting
information (Vogel and Machizawa, 2004), the so-called
contra-lateral delay activity (CDA). Nevertheless, due to
strong interactions between perceptual and attentional
demands in CD tasks (Bays and Husain, 2008; Emrich et al.,
2009; Fukuda and Vogel, 2009), it remained difficult to
separate mechanisms related to item selection from mech-
anisms related to retention proper.

Although the working memory system is often conceptu-
alized to comprise mechanisms for maintenance and utiliza-
tion of information (e.g., Baddeley, 1992; Baddeley, 2000), here,
we strongly focus on the retention aspect and its
corresponding neural correlates. More precisely, the present
review article reports on recent evidence for possible oscilla-
tory neuronal correlates of inhibition and retention mecha-
nisms relevant for successful WM performance as derived
from MEG/EEG research (for a recent review on physiological
studies please refer to Duzel et al., 2010). In the following, we
specifically focus on studies relating the amplitude of alpha

oscillations to inhibition of distracting information and the
synchronized co-activation of low-frequency theta and high-
frequency beta and gamma oscillations to WM-maintenance.
Finally, the two phenomena reported in recent WM-studies
are then related to an intermediate model of workingmemory
constraints.

2. Alpha oscillations and inhibition of
distracting information

The alpha rhythm is supposed to arise from cortico-thalamic
(Nicolelis and Fanselow, 2002; Silberstein et al., 2001; Steriade,
1999) or cortico-cortical network activity (Bollimunta et al.,
2008; Nunez et al., 2001). So far, a concise physiological model
of potential alpha generators remains to be established
(Jensen and Mazaheri, 2010). But, however, according to one
interpretation, oscillations like the alpha rhythm are likely
induced by inhibitory inter-neurons (Buzsáki and Chrobak,
1995; Crunelli and Leresche, 1991), and represent fluctuations
between excitatory and inhibitory phases that are relevant for
neural communication (Klimesch et al., 2007a). Accordingly,
alpha oscillations seem to supportWMperformance indirectly

Fig. 1 – Alpha amplitude increase and inhibition of distracting information. A) The classic change-detection paradigm from
Vogel andMachizawa (2004) as used in the study by Sauseng et al. (2009). The subject's task is tomemorize the cued item array.
B) The retention interval was analyzed for oscillatory differences. The topographical maps of alpha amplitude of the differences
between ‘memorize left’minus ‘memorize right’ items are shown (=lateralized alpha activity). Items presented on the left lead
to an amplitude decrease on the right (contralateral) and to an increase on the left (ipsilateral) side and vice versa. The difference
is stronger for load 4 compared to load 2. C) Memory capacity can be predicted by lateralized amplitude modulations. Higher
alpha amplitudes ipsilateral to the attended hemifield improvememory performance. D) The lateralized alpha-amplitude effect
is influenced by the number of irrelevant items.
Data are from Sauseng et al. (2009). Curr. Biol.
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by filtering out irrelevant information and preventing inter-
ference from conflicting stimuli (Klimesch et al., 2007a; Rihs et
al., 2007; Tuladhar et al., 2007).

As can be derived from recent electrophysiological inves-
tigations, behaviorally relevant alpha effects can either appear
prior or after stimulus onset. Both phenomena are likely to
interact (Klimesch et al., 2007b) and can be interpreted as a
top-down mechanism that gates the processing of stimulus
representations (Jensen and Mazaheri, 2010). Here, we raise
the claim that during effective retention of representations
alpha oscillations suppress distracting environmental input.

With regard to spatial WM, Sauseng et al. (2009) recently
demonstrated that the amplitude of alpha oscillations sys-
tematically increases with load during the retention interval
in a cued CD paradigm. Critically, this increase was more
pronounced at sites ipsi-lateral to the attended hemifield than
at contra-lateral sites at which stimulus processing/mainte-
nance is expected to occur (cf. Fig. 1). In addition, the
lateralized alpha load effect was strongly correlated with
individual WM capacity. Importantly, a follow-up experiment
revealed that the lateralized alpha power increase was
specifically driven by the amount of to-be-ignored informa-
tion and not by the amount of to-be-maintained items.

These findings were further corroborated by application of
repetitive transcranial magnetic stimulation (rTMS) in two
separate experiments. Specifically, rTMS over cortical sites –
processing irrelevant information – increased WM perfor-
mance. Intriguingly, this effect was specific to 10 Hz as
compared to 15 Hz rTMS, supporting the claim that entrain-
ment to alpha frequenciesmay provide the physiological basis
for the reported behavioral improvements. It could also be
argued that this effect can be attributed to TMS interfering
with item representations leading to reduced competition.
This cannot be ruled out so far but seems unlikely because the
effect was specific to 10 Hz stimulation when compared to
15 Hz and sham, thus linking to the inhibition-timing hypoth-
esis of alpha oscillations (Klimesch et al., 2007a). Nevertheless,
the study by Sauseng et al. (2009) therefore provides evidence
for a situation in which alpha entrainment reflects an active
rather than a passive (or random) phenomenon that enables
suppression of interfering environmental input during reten-
tion that is beneficial for WM performance.

In addition to the CD task, many variants of the Sternberg
memory scanning paradigm (Sternberg, 1966) have been used
to study WM capacity limits. The Sternberg task generally
consists in presenting a certain amount of items (either
sequentially or simultaneously) that have to be encoded and
held inmemory over a short retention period. Increased alpha
synchronization has been observed over areas not directly
related to maintenance of items (Klimesch et al., 1999;
Tuladhar et al., 2007), suggesting that alpha serves not as a
mechanism primarily involved in retaining relevant
information.

Along similar lines, Freunberger et al. (2009) applied a
version of the Sternberg paradigm in which participants
received cues prior to stimulus-onset at encoding that
indicated whether the upcoming item would have to be
remembered or not. Analysis of amplitude modulations of
ongoing alpha oscillations revealed a stronger increase for not-
remember items as compared to remember items. This effect

was already present within the cue-target interval and
persisted during stimulus presentation. Those observations
suggest that items that should not be encoded and stored for
later retrieval receive more inhibitory supply (Klimesch et al.,
2007a) which is reflected in enhanced alpha amplitude.

A possible function for amplitude modulations of alpha
rhythms relevant for WM is further suggested by studies
measuring visual perception performance (e.g., Babiloni et al.,
2006; Ergenoglu et al., 2004; Hamm et al., 2010; Hanslmayr et
al., 2007; Mathewson et al., 2009) and spatial attention (e.g.,
Foxe et al., 1998; Freunberger et al., 2008; Rihs et al., 2007;
Sauseng et al., 2005; Thut et al., 2006). For example, Hanslmayr
et al. (2007) briefly presented letters that had to be categorized.
In this task, detection performance could be predicted by the
pre-stimulus alpha amplitude, that is, relatively high alpha
amplitude prior to stimulus presentation was associated with
detection failures. In an MEG study investigating oscillatory
correlates of behavioral errors (Mazaheri et al., 2009), in-
creased pre-stimulus alpha amplitude was shown to be
indicative for an upcoming error (Go–NoGo task). In these
examples, an increased amplitude of alpha oscillations prior
to stimulus appearance had a detrimental effect on perfor-
mance. In those studies, the strength of alpha amplitudes
seemingly varies “by chance” on a random trial-by-trial basis
(Mathewson et al., 2009; Mazaheri and Jensen, 2008), or may
reflect a trait factor that varies between individuals (e.g.,
Hanslmayr et al., 2007).

Alternatively, however, alpha oscillations may rather
reflect top-down processes in the service of attentional
control. This suggestion is in line with findings from spatial
attention tasks, inwhich the amplitude of alpha oscillations in
response to the attentional cue is generally higher on sites
that are not involved in target processing (Foxe et al., 1998;
Freunberger et al., 2008; Rihs et al., 2007; Sauseng et al., 2005;
Thut et al., 2006) but also enhances the probability of detecting
the upcoming contra-lateral target stimuli. This interpretation
could recently been corroborated by studies that combined
spatial attention manipulations with the TMS method (Capo-
tosto et al., 2009; Romei et al., 2010). Also here, the results
suggest that top-down modulated alpha rhythms are not a
mere correlate of visual perception but a mechanism that
influences the perceptual fate of an upcoming stimulus.

Taken together, the reviewed studies from the fields of
WM, perception, and spatial attention cumulate on the
suggestion that alpha oscillations may serve a common
control mechanism related to the inhibitory gating of infor-
mation processing (Jensen andMazaheri, 2010; Klimesch et al.,
2007a).

3. Functional similarity of slow event-related
potentials and amplitude modulations of neural
oscillations for attentional control of working
memory contents

Whether oscillatory activity influences or even generates
event-related potentials is still under debate (e.g., Klimesch
et al., 2006, 2009; Sauseng et al., 2007), but, functional
similarities between early evoked potentials and oscillatory
activity suggest the plausibility of a direct link (Freunberger et
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al., 2008). Theoretical considerations assume that both, pre
and post-stimulus oscillatory activity can modulate or gener-
ate evoked potentials (Klimesch et al., 2007b).

Current findings reveal striking similarities between slow
evoked potentials like the CDA and 10 Hz alpha oscillations
(Nikulin et al., 2007). Furthermore, asymmetric modulations of
alpha oscillations are currently discussed as a potential origin of
the CDA (Mazaheri and Jensen, 2006, 2010; van Dijk et al., 2010).
According to thisview, amplitudemodulationsof ongoingalpha
oscillations occur asymmetrically (non-sinusoidal) around
baseline implying that oscillatory peaks are strongermodulated
than troughs (or vice versa). As the power of alpha oscillations
usually decreases after stimulus presentation averaging over
trials would result in a slow drift reflected in the event-related
potential (Mazaheri and Jensen, 2008). A different viewpoint
holds that the non-zero mean of oscillations and not an
asymmetry of peaks and troughs is responsible for the
generation of slow potentials (Nikulin et al., 2010). Thus, in
how far alpha and CDA are ‘causally’ related remains an open
question. Nevertheless, van Dijk et al. (2010) convincingly
demonstrated that the CDA shares functional similarities with
lateralized posterior alpha activity (i.e. both, CDA and alpha
power, increase with increasing WM load), possibly pointing to
the same set of WM-relevant neural processes. Together with
recentCDAevidenceonattention (DrewandVogel, 2008; Emrich
et al., 2009), these findings strengthen the interpretation that
CDA and alpha amplitude modulations during WM perfor-
mance reflect attentional resource allocation, rather than
retention per se.

4. Cross-frequency coupling of theta and beta/
gamma mirrors retention of relevant information

Regarding oscillatory brain activity, it has frequently been
shown that alpha but also theta (~6 Hz) oscillations increase in
amplitude with increasing load during maintenance in WM
tasks (e.g., Gevins et al., 1997; Grimault et al., 2009; Jensen et
al., 2002; Jensen and Tesche, 2002; Klimesch et al., 1999, 2007a;
Raghavachari et al., 2001). Accordingly, different types of theta
amplitude modulations were reported to subserve a variety of
cognitive processes including sustained attention, working
memory maintenance, episodic encoding/retrieval processes
(see Buzsáki, 2005; Kahana et al., 2001; Klimesch et al., 1994;
Klimesch, 1996; Klimesch et al., 1996; Klimesch, 1999;
Klimesch et al., 2001, 2005, 2007a, 2008), and may induce
long-term potentiation (LTP), the candidate cellular-molecular
mechanism for the formation of enduring memory traces
(Greenstein et al., 1988; Huerta and Lisman, 1995). Further-
more, numerous studies provide evidence that theta oscilla-
tions are relevant to control WM-contents by providing an
organizing principle for the relevant memory representations
(for review see Sauseng et al., 2010).

Mounting evidence suggests a hierarchical organization of
neuronal oscillations (i.e., oscillations of different frequencies
are nested in a sense that the faster rhythm is coupled to the
phase of the slower one) as a coding scheme to efficiently
structure the information flow in the brain (Basar et al., 2001;
Canolty and Knight, 2010; Schroeder and Lakatos, 2009;
Whittingstall and Logothetis, 2009). To date, the interplay

between oscillations of different frequencies has mainly been
studied in the hippocampal region (Axmacher et al., 2010;
Buzsaki and Draguhn, 2004; Jutras and Buffalo, 2010; Lisman,
2005; Mormann et al., 2005) and, such methods have barely
been applied to MEG/EEG data from humans.1 Only recently,
hierarchically organized task-relevant oscillatory activity has
also been reported for human neocortex during performance
of cognitive tasks using subdural (Canolty et al., 2006) and
surface electrode recordings (Demiralp et al., 2007; Kaminski
et al., in press; Palva et al., 2010; Sauseng et al., 2008; Sauseng
et al., 2009; Schack et al., 2005).

The amplitude of oscillations may reflect the number of
neurons synchronously firing within a specific network,
whereas the phase determines the timing of neural activity
(Fries, 2005; Klimesch et al., 2007a; Palva and Palva, 2007).
According to this line of reasoning, phase-based measures
capture the efficient segregation and integration of informa-
tion carried by different cell-assemblies in a temporal code. By
this, not only the amplitude but also the oscillatory phase is a
marker of information encoding during perception and
memory (Busch et al., 2009; Freunberger et al., 2009; Klimesch
et al., 2010; Rizzuto et al., 2003; Rizzuto et al., 2006; Siegel et al.,
2009).

With regard toWM especially the phase of theta oscillations
seems well suited to act as coordinator to which higher-
frequency oscillations can entrain to (Jensen and Colgin, 2007;
Kahana et al., 2001; Mormann et al., 2005). In direct support of
this conjecture, Axmacher et al. (2010) conducted a sequential
memory task (Sternberg paradigmwith faces) and intracranially
recorded neuronal activity from the hippocampus in epileptic
patients. Specifically, the authors analyzed phase-to-amplitude
couplings (for methodological details see also, Canolty et al.,
2006) and demonstrated stronger theta-locked gamma ampli-
tudemodulationsduringWMmaintenance (Fig.2A). Inaddition,
higher WM load was related to a significant decline of the
modulating theta frequency (Fig. 2B).

A second parameter analyzed by the authors was the
modulation width which is the phase range of the modulating
theta frequency that has impact on the beta/gamma ampli-
tude. The assumption that a higher memory load would show
up in a more extended theta phase range was not supported.
But, most interestingly, the variation of modulation phase
across trials decreased with increasing memory demands and
themodulation width predicted shorter reaction times in load

1 Currently several approaches to detect oscillatory co-activation
of different frequency bands (e.g. theta-to-gamma coupling) have
been developed (for an overview, see Canolty and Knight, 2010;
Jensen and Colgin, 2007; Penny et al., 2008). A detailed description of
the different approaches is unfortunately beyond the scope of the
current review. We want to point out that the different cross-
frequency coupling measures have to be applied and interpreted
with caution as it could be shown that they encompass variable
sensitivity to true couplings (e.g., Penny et al., 2008) or could even
produce artefactual results under certain conditions (e.g. Kramer
et al., 2008). The interested reader may be kindly referred to the
original publications. Nevertheless, we are convinced that, beside
the difficulties in deciphering the best measure for cross-frequency
interactions, studying the interaction between oscillatory patterns
provides valuable insights in mechanisms of information proces-
sing in the brain.
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1 conditions (Fig. 2C). This finding indicates that a nesting of
multiple beta/gamma cycles into one theta period requires
high precision and, thus, low variation.

Along similar lines, Sauseng et al. (2009) reported theta-
phase locked modulations of gamma power in a CD task by
means of scalp-recorded EEG. However, in their study load

Fig. 2 – Gamma amplitude is coupled to theta phase during working memory maintenance. A) Memory scanning paradigm
(Sternberg task) with faces. B) During WM-maintenance (top) stronger cross-frequency coupling (expressed as a modulation
index, for details see Canolty et al., 2006) can be observed compared to a baseline (bottom). C) The frequency of the modulating
lower frequency oscillation decreases as a function of load. D) Phase-variance (circular variance refers to variability for circular
data like phase angles) declines with increasing memory load. A higher precision (less variance) of the modulating phase is
thus required for increasing memory demands.
Adapted from Axmacher et al. (2010). PNAS.
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variations did not influence the phase-to-amplitude coupling.
Rather, increasing retention demands were reflected in a tight
phase-to-phase coupling of theta and gamma oscillations (for
an overview about different types of cross-frequency interac-
tions and their relative advantages/disadvantages, see Jensen
and Colgin, 2007; Penny et al., 2008; Tort et al., 2010). Moreover,
theta:gamma phase-locking (a) was more pronounced contra-

lateral to the cued hemifield; (b) was enhancedwith increasing
load; and (c) predicted individual WM performance. Thus, the
cross-frequency coupling observed in these studies appears as
a direct marker for WM maintenance (see Fig. 3).

The precise physiological foundation of these and other
couplingmechanisms remain to be discovered (Buzsáki, 2006).
For example, not only cross-frequency but also cross-regional

Fig. 3 – Phase and amplitude of gamma are locked to theta. A) Schematic illustration of theta:gamma coupling. The coupling can
be analyzed as a phase:amplitude modulation or as a phase:phase modulation. B) High-frequency amplitudes were sorted to
theta phases and the amount of phase-locking was calculated. C) Hemispheric differences in theta:gamma phase-locking
predict memory capacity.
Figures adapted from Sauseng et al. (2009). Curr. Biol.
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couplings reflecting the integration of distributed functional
networks (Varela et al., 2001) were shown to bemarkers ofWM
capacity (e.g., Palva et al., 2010). Moreover, a study by
Griesmayr et al. (2010) provided evidence that WM sub-
processes are integrated by interregional theta:gamma phase
coupling. In this study frontal midline theta was coupled to
distributed gamma networks at frontal and left parietal
electrode siteswithin the retention interval of a verbal delayed
match to sample task.

5. Implications for models of capacity limits
in WM

We summarized recent findings on neural correlates of
successful WM maintenance primarily focusing on processes
of inhibition and retention. The reported findings have
implications for understanding capacity limits in WM.

Currently, two viewpoints dominate the discussions about
the nature of WM capacity limits: the discrete slot model
suggests an upper capacity limit for a fixed number of items,
independent of their complexity (Awh et al., 2007; Luck and
Vogel, 1997; Rouder et al., 2008; Vogel et al., 2001). In contrast,
the flexible resource model suggests capacity limits to arise
from overtaxing a shared resource. This view posits that an
increasing number of items can be stored at the cost of
decreasing resolution for each single item (Bays and Husain,
2008; Bays et al., 2009; Wilken and Ma, 2004).

Classical CDA findings can be interpreted in support of
the fixed-slots model, but not of the resource model (Fukuda
et al., 2010). This is based on the observation that behavioral
capacity estimates, as well as CDA amplitudes show an
increase with increasing WM load, until an asymptotic limit
of about four items is reached (e.g., Vogel and Machizawa,
2004; Vogel et al., 2005). Very similar interpretations can be
derived from neuroimaging studies showing an association
between the number of item representations to be main-
tained in WM and activity in the intra-parietal sulcus (Todd
and Marois, 2004; Todd and Marois, 2005; Xu and Chun,
2006).

The assumptions of discrete models are consistent with
computational models of WM suggesting that theta-phase-
locked gamma oscillations may provide a temporal coding
scheme for memory maintenance (Jensen and Lisman, 1998;
Lisman and Idiart, 1995). In these models, several memory
items are bound together within different high frequency
gamma cycles (Raffone and Wolters, 2001; Siegel et al., 2009)
and the whole sequence of a memory set is repeated in theta
cycles. It was suggested that such a coding scheme would
enable the generation of LTP in hippocampal areas during
sequence learning (Jensen and Lisman, 2005). A major
consequence of such a cortical multi-item WM buffer would
be that short-term memory capacity is constrained by the
number of gamma cycles fitting within one theta cycle. The
memory capacity would be predicted by the low:high frequen-
cy ratio, whichwould determine an upper storage limit. It thus
could be argued that an increasing memory load would result
in a slowing of theta frequency allowing for the encoding of
more items, which are represented by gamma cycles that are
nested in theta cycles (Jensen and Lisman, 1998).

In support of this theoretical framework Axmacher et al.
(2010) showed a slowing of the modulating theta frequency
with increasing memory demands.

Furthermore, the tight phase-to-phase coupling observed
by Sauseng et al. (2009) and the tenser phase width and lower
phase variancewith increasingmemory load (Axmacher et al.,
2010) are consistent with the hypothesis that phase informa-
tion is crucial for keeping multiple items in WM distinct and
separable. Another finding by Axmacher et al. (2010) was that
the frequency ratio between the high and the low frequency
was constant at ~4. This finding seemingly contradicts the
proposed Jensen and Lisman model but, most interestingly,
predicts the suggested visual memory span of 4 (±1) (Cowan,
2001). In a recent approach by Kaminski et al. (in press) theta/
gamma ratios were determined individually and also pre-
dicted memory capacity. Thus, it seems that with respect to
different task demands (memory for faces, letters or spatial
locations), subject pools (patients versus healthy subjects) or
recording methods (intracranial vs. surface recordings) no
completely homogenous findings regarding cross-frequency
couplings are derived so far. A future topic for research in this
field refers to the questions what physiological mechanism
exactly drives the ratio of low:high frequencies, possibly on a
trial-by-trial basis. This would promote the question of
whether low:high couplings reflect a mechanistic synchroni-
zation between oscillations functionally serving WM-reten-
tion or a mere statistical dependence between filtered signals
(see Canolty and Knight, 2010 for a discussion).

However, some of the evidence summarized here chal-
lenge the assumption of discrete slots, and support the multi-
component framework, which posits that multiple processes
jointly limit performance onWM tasks (e.g., Barton et al., 2009;
Fukuda et al., 2010). Specifically the results by Sauseng et al.
(2009) demonstrate a clear distinction between oscillatory
neuronalmechanisms related to suppression of irrelevant and
retention of relevant information that interactively influence
WM performance. An intermediate model may therefore
assume that a limited number of slots determine the
maximum number of representations held in memory, while
the resolution of the representation is determined by available
attentional resources (Awh et al., 2007; Barton et al., 2009; for a
recent review, see Fukuda et al., 2010; Zhang and Luck, 2008).
Thus, a two-factor model may be needed to explain WM
performance. This view is consistent with recent neuroima-
ging studies reporting dissociable neural mechanisms that
contribute to WM performance (Song and Jiang, 2006; Xu and
Chun, 2006; Xu, 2007; Xu, 2009; Xu and Chun, 2009).

6. Conclusions

The reviewed findings suggest an intermediate model of WM
capacity limits. According to this view, attentional resources
may be implemented in the brain by alpha amplitude fluctua-
tions (Grimault et al., 2009; Klimesch et al., 2007a; Sauseng et al.,
2005; Thut and Miniussi, 2009). Alpha activity may serve as an
attentional ‘gatekeeper’ that allocates priority to certain stimuli
for WM storage by enabling an optimal signal-to-noise ratio,
thus reducing possible interference with conflicting sensory
input (Bays and Husain, 2008; Bays et al., 2009; Jokisch and
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Jensen, 2007; Payne and Kounios, 2009), a function of utmost
importance for successful WM performance.

Both, theta and alpha oscillations seem to reflect control
processes serving the memory system but may not be unique
to WM. As stated recently (Klimesch et al., 2008), more
complex measures that capture low:high frequency coupling
might provide the proper tool to study phenomena related to
WM maintenance in a strict sense. Especially in situations
with increasingmemory demands, the high frequency rhythm
is enforced to tightly couple to certain phases of low-
frequency oscillations to enable and enhance segregation
between different memory items. Specifically, phase:phase
coupling measures are well suited to reveal tightly synchro-
nized interactions and by this represent an alternative tool
that adds knowledge to previous findings on phase:amplitude
measures. Along these lines, theta-to-beta/gamma couplings
emerge as a neural code for successful retention of relevant
information in WM.

Acknowledgments

The preparation of this article was partially financed by the
Max Planck Society and a grant from the German Research
Foundation (DFG, HE 3347/3-1). B.G. is recipient of a DOC-
fFORTE-fellowship of the Austrian Academy of Sciences at the
University of Salzburg (P_145001_10).

R E F E R E N C E S

Awh, E., Barton, B., Vogel, E.K., 2007. Visual working memory
represents a fixed number of items regardless of complexity.
Psychol. Sci. 18, 622–628.

Axmacher, N., Henseler, M.M., Jensen, O., Weinreich, I., Elger, C.E.,
Fell, J., 2010. Cross-frequency coupling supports multi-item
working memory in the human hippocampus. Proc. Natl Acad.
Sci. USA 107, 3228–3233.

Babiloni, C., Vecchio, F., Bultrini, A., Romani, G.L., Rossini, P.M.,
2006. Pre- and poststimulus alpha rhythms are related to
conscious visual perception: a high-resolution EEG study.
Cereb. Cortex 16, 1690–1700.

Baddeley, A., 1992. Working memory. Science 255, 556–559.
Baddeley, A.D., 2000. Short-term and working memory. In:

Tulving, E., Craik, F.I.M. (Eds.), The Oxford Handbook of
Memory. Oxford University Press, Oxford, pp. 77–92 (Vol.).

Barton, B., Ester, E.F., Awh, E., 2009. Discrete resource allocation in
visual workingmemory. J. Exp. Psychol. Hum. Percept. Perform.
35, 1359–1367.

Basar, E., Basar-Eroglu, C., Karakas, S., Schurmann, M., 2001.
Gamma, alpha, delta, and theta oscillations govern cognitive
processes. Int. J. Psychophysiol. 39, 241–248.

Bays, P.M., Husain, M., 2008. Dynamic shifts of limited working
memory resources in human vision. Science 321, 851–854.

Bays, P.M., Catalao, R.F., Husain, M., 2009. The precision of visual
workingmemory is set by allocation of a shared resource. J. Vis.
9 (7), 1–11.

Bollimunta, A., Chen, Y., Schroeder, C.E., Ding, M., 2008. Neuronal
mechanisms of cortical alpha oscillations in awake-behaving
macaques. J. Neurosci. 28, 9976–9988.

Busch, N.A., Dubois, J., VanRullen, R., 2009. The phase of ongoing
EEG oscillations predicts visual perception. J. Neurosci. 29,
7869–7876.

Buzsaki, G., Draguhn, A., 2004. Neuronal oscillations in cortical
networks. Science 304, 1926–1929.

Buzsáki, G., Chrobak, J.J., 1995. Temporal structure in spatially
organized neuronal ensembles: a role for interneuronal
networks. Curr. Opin. Neurobiol. 5, 504–510.

Buzsáki, G., 2005. Theta rhythm of navigation: link between path
integration and landmark navigation, episodic and semantic
memory. Hippocampus 15, 827–840.

Buzsáki, G., 2006. Rhythms of the Brain. University Press, Oxford.
(Vol.).

Canolty, R.T., Edwards, E., Dalal, S.S., Soltani, M., Nagarajan, S.S.,
Kirsch, H.E., Berger, M.S., Barbaro, N.M., Knight, R.T., 2006. High
gamma power is phase-locked to theta oscillations in human
neocortex. Science 313, 1626–1628.

Canolty, R.T., Knight, R.T., 2010. The functional role of
cross-frequency coupling. Trends Cogn. Sci. 14, 506–515.

Capotosto, P., Babiloni, C., Romani, G.L., Corbetta, M., 2009.
Frontoparietal cortex controls spatial attention through
modulation of anticipatory alpha rhythms. J. Neurosci. 29,
5863–5872.

Cowan, N., 2001. The magical number 4 in short-term memory: a
reconsideration of mental storage capacity. Behav. Brain Sci.
24, 87–114 (discussion 114–85).

Crunelli, V., Leresche, N., 1991. A role for GABAB receptors in
excitation and inhibition of thalamocortical cells. Trends
Neurosci. 14, 16–21.

D'Esposito, M., 2007. From cognitive to neural models of working
memory. Philos. Trans. R. Soc. Lond. B Biol. Sci. 362, 761–772.

Demiralp, T., Bayraktaroglu, Z., Lenz, D., Junge, S., Busch, N.A.,
Maess, B., Ergen, M., Herrmann, C.S., 2007. Gamma amplitudes
are coupled to theta phase in human EEG during visual
perception. Int. J. Psychophysiol. 64, 24–30.

Drew, T., Vogel, E.K., 2008. Neural measures of individual
differences in selecting and tracking multiple moving objects.
J. Neurosci. 28, 4183–4191.

Drew, T.W., McCollough, A.W., Vogel, E.K., 2006. Event-related
potential measures of visual working memory. Clin. EEG
Neurosci. 37, 286–291.

Duzel, E., Penny, W.D., Burgess, N., 2010. Brain oscillations and
memory. Curr. Opin. Neurobiol. 20, 143–149.

Emrich, S.M., Al-Aidroos, N., Pratt, J., Ferber, S., 2009. Visual search
elicits the electrophysiological marker of visual working
memory. PLoS ONE 4, e8042.

Ergenoglu, T., Demiralp, T., Bayraktaroglu, Z., Ergen, M., Beydagi,
H., Uresin, Y., 2004. Alpha rhythm of the EEG modulates visual
detection performance in humans. Cogn. Brain Research. 20,
376–383.

Foxe, J.J., Simpson, G.V., Ahlfors, S.P., 1998. Parieto-occipital
similar to 10 Hz activity reflects anticipatory state of visual
attention mechanisms. NeuroReport 9, 3929–3933.

Freunberger, R., Höller, Y., Griesmayr, B., Gruber, W., Sauseng, P.,
Klimesch, W., 2008. Functional similarities between the P1
component and alpha oscillations. Eur. J. Neurosci. 27,
2330–2340.

Freunberger, R., Fellinger, R., Sauseng, P., Gruber,W., Klimesch,W.,
2009. Dissociation between phase-locked and
nonphase-locked alpha oscillations in a working memory task.
Hum. Brain Mapp. 30, 3417–3425.

Fries, P., 2005. A mechanism for cognitive dynamics: neuronal
communication through neuronal coherence. Trends Cogn.
Sci. 9, 474–480.

Fukuda, K., Vogel, E.K., 2009. Human variation in overriding
attentional capture. J. Neurosci. 29, 8726–8733.

Fukuda, K., Awh, E., Vogel, E.K., 2010. Discrete capacity limits
in visual working memory. Curr. Opin. Neurobiol. 20,
177–182.

Gazzaley, A., Cooney, J.W., Rissman, J., D'Esposito, M., 2005.
Top-down suppression deficit underlies working memory
impairment in normal aging. Nat. Neurosci. 8, 1298–1300.

100 B R A I N R E S E A R C H 1 3 7 5 ( 2 0 1 1 ) 9 3 – 1 0 2



Gevins, A., Smith, M.E., McEvoy, L., Yu, D., 1997. High-resolution
EEGmapping of cortical activation related to working memory:
effects of task difficulty, type of processing, and practice.
Cereb. Cortex 7, 374–385.

Greenstein, Y.P., Pavlides, C., Winson, J., 1988. Long-term
potentiation in the dentate gyrus is preferentially induced in
the theta rhythm periodicity. Brain Res. 438, 331–334.

Griesmayr, B., Gruber, W.R., Klimesch, W., Sauseng, P., 2010.
Human frontal midline theta and its synchronization to
gamma during a verbal delayed match to sample task.
Neurobiol. Learn. Mem. 93, 208–215.

Grimault, S., Robitaille, N., Grova, C., Lina, J.M., Dubarry, A.S.,
Jolicoeur, P., 2009. Oscillatory activity in parietal and dorsolateral
prefrontal cortex during retention in visual short-termmemory:
additive effects of spatial attention and memory load. Hum.
Brain Mapp. 30, 3378–3392.

Hamm, J.P., Dyckman, K.A., Ethridge, L.E., McDowell, J.E.,
Clementz, B.A., 2010. Preparatory activations across a
distributed cortical network determine production of express
saccades in humans. J. Neurosci. 30, 7350–7357.

Hanslmayr, S., Aslan, A., Staudigl, T., Klimesch, W., Herrmann,
C.S., Ba?uml, K.H., 2007. Prestimulus oscillations predict visual
perception performance between and within subjects.
Neuroimage 37, 1465–1473.

Huerta, P.T., Lisman, J.E., 1995. Bidirectional synaptic plasticity
induced by a single burst during cholinergic theta oscillation in
CA1 in vitro. Neuron 15, 1053–1063.

Ikkai, A., McCollough, A.W., Vogel, E.K., 2010. Contralateral delay
activity provides a neural measure of the number of
representations in visual working memory. J. Neurophysiol.
103, 1963–1968.

Jensen, O., Lisman, J.E., 1998. An oscillatory short-term memory
buffer model can account for data on the Sternberg task.
J. Neurosci. 18, 10688–10699.

Jensen, O., Gelfand, J., Kounios, J., Lisman, J.E., 2002. Oscillations in
the alpha band (9–12 Hz) increase with memory load during
retention in a short-term memory task. Cereb. Cortex 12,
877–882.

Jensen, O., Tesche, C.D., 2002. Frontal theta activity in humans
increases with memory load in a working memory task. Eur. J.
Neurosci. 15, 1395–1399.

Jensen, O., Lisman, J.E., 2005. Hippocampal sequence-encoding
driven by a cortical multi-itemworkingmemory buffer. Trends
Neuroscience. 28, 67–72.

Jensen, O., Colgin, L.L., 2007. Cross-frequency coupling between
neuronal oscillations. Trends Cogn. Science. 11, 267–269.

Jensen, O., Mazaheri, A., 2010. Shaping functional architecture by
oscillatory alpha activity: gating by inhibition. Front. Hum.
Neuroscience. 4, 12.

Jokisch, D., Jensen, O., 2007. Modulation of gamma and alpha
activity during a working memory task engaging the dorsal or
ventral stream. J. Neurosci. 27, 3244–3251.

Jutras, M.J., Buffalo, E.A., 2010. Synchronous neural
activity and memory formation. Curr. Opin. Neurobiol. 20,
150–155.

Kahana, M.J., Seelig, D., Madsen, J.R., 2001. Theta returns. Curr.
Opin. Neurobiol. 11, 739–744.

Kaminski, J., Brzezicka, A., Wrobel, A., in press. Short term
memory capacity (7+/−2) predicted by theta to gamma cycle
length ratio. Neurobiol. Learn. Mem.

Klimesch, W., Schimke, H., Schwaiger, J., 1994. Episodic and
semantic memory: an analysis in the EEG theta and
alpha band. Electroencephalogr. Clin. Neurophysiol. 91,
428–441.

Klimesch, W., 1996. Memory processes, brain oscillations and EEG
synchronization. Int. J. Psychophysiol. 24, 61–100.

Klimesch, W., Doppelmayr, M., Russegger, H., Pachinger, T., 1996.
Theta band power in the human scalp EEG and the encoding of
new information. NeuroReport 7, 1235–1240.

Klimesch, W., 1999. EEG alpha and theta oscillations reflect
cognitive and memory performance: a review and analysis.
Brain Res. Rev. 29, 169–195.

Klimesch, W., Doppelmayr, M., Schwaiger, J., Auinger, P., Winkler,
T., 1999. ‘Paradoxical’ alpha synchronization in amemory task.
Cogn. Brain Research. 7, 493–501.

Klimesch, W., Doppelmayr, M., Stadler, W., Pöllhuber, D., Sauseng,
P., Röhm, D., 2001. Episodic retrieval is reflected by a process
specific increase in human electroencephalographic theta
activity. Neurosci. Lett. 302, 49–52.

Klimesch, W., Schack, B., Sauseng, P., 2005. The functional
significance of theta and upper alpha oscillations. Exp. Psychol.
52, 99–108.

Klimesch, W., Hanslmayr, S., Sauseng, P., Gruber, W.R., 2006.
Distinguishing the evoked response from phase reset: a
comment to Makinen et al. Neuroimage 29, 808–811.

Klimesch, W., Sauseng, P., Hanslmayr, S., 2007a. EEG alpha
oscillations: the inhibition-timing hypothesis. Brain Res. Rev.
53, 63–88.

Klimesch, W., Sauseng, P., Hanslmayr, S., Gruber, W., Freunberger,
R., 2007b. Event-related phase reorganization may explain
evoked neural dynamics. Neurosci. Biobehav. Rev. 31,
1003–1016.

Klimesch, W., Freunberger, R., Sauseng, P., Gruber, W., 2008.
A short review of slow phase synchronization and memory:
evidence for control processes in different memory systems?
Brain Res. 1235, 31–44.

Klimesch, W., Sauseng, P., Gruber, W., 2009. The functional
relevance of phase reset: a comment to Risner et al. (2009): The
visual evoked potential of surface alpha rhythm phase.
Neuroimage 47, 5–7.

Klimesch, W., Freunberger, R., Sauseng, P., 2010. Oscillatory
mechanisms of process binding in memory. Neurosci.
Biobehav. Rev. 34, 1002–1014.

Kramer, M.A., Tort, A.B., Kopell, N.J., 2008. Sharp edge artifacts and
spurious coupling in EEG frequency comodulation measures.
J. Neurosci. Methods 170, 352–357.

Lisman, J., Idiart, M., 1995. Storage of 7 +/− 2 short-term memories
in oscillatory subcycles. Science 267, 1512–1515.

Lisman, J., 2005. The theta/gamma discrete phase code occurring
during the hippocampal phase precession may be a more
general brain coding scheme. Hippocampus 15, 913–922.

Luck, S.J., Vogel, E.K., 1997. The capacity of visual workingmemory
for features and conjunctions. Nature 390, 279–284.

Mathewson, K.E., Gratton, G., Fabiani, M., Beck, D.M., Ro, T., 2009.
To see or not to see: prestimulus alpha phase predicts visual
awareness. J. Neurosci. 29, 2725–2732.

Mazaheri, A., Jensen, O., 2006. Posterior alpha activity is not
phase-reset by visual stimuli. Proc. Natl Acad. Sci. USA (PNAS)
103, 2948–2952.

Mazaheri, A., Jensen, O., 2008. Asymmetric amplitude
modulations of brain oscillations generate slow evoked
responses. J. Neurosci. 28, 7781–7787.

Mazaheri, A., Nieuwenhuis, I.L.C., Dijk, H.v., Jensen, O., 2009.
Prestimulus alpha and mu activity predicts failure to inhibit
motor responses. Hum. Brain Mapp. 30, 1791–1800.

Mazaheri, A., Jensen, O., 2010. Rhythmic pulsing: linking ongoing
brain activitywithevoked responses. FrontHumNeurosci. 4, 177.

Miller, G.A., 1956. The magical number seven plus or minus two:
some limits on our capacity for processing information.
Psychol. Rev. 63, 81–97.

Mormann, F., Fell, J., Axmacher, N., Weber, B., Lehnertz, K., Elger,
C.E., Fernandez, G., 2005. Phase/amplitude reset and
theta–gamma interaction in the human medial temporal lobe
during a continuous word recognition memory task.
Hippocampus 15, 890–900.

Nicolelis, M.A., Fanselow, E.E., 2002. Thalamocortical optimization
of tactile processing according to behavioral state. Nat.
Neurosci. 5, 517–523.

101B R A I N R E S E A R C H 1 3 7 5 ( 2 0 1 1 ) 9 3 – 1 0 2



Nikulin, V.V., Linkenkaer-Hansen, K., Nolte, G., Lemm, S., Muller,
K.R., Ilmoniemi, R.J., Curio, G., 2007. A novel mechanism for
evoked responses in the human brain. Eur. J. Neurosci. 25,
3146–3154.

Nikulin, V.V., Linkenkaer-Hansen, K., Nolte, G., Curio, G., 2010.
Non-zero mean and asymmetry of neuronal oscillations have
different implications for evoked responses. Clin. Neurophysiol.
121, 186–193.

Nunez, P.L.,Wingeier, B.M., Silberstein, R.B., 2001. Spatial-temporal
structures of human alpha rhythms: theory, microcurrent
sources, multiscale measurements, and global binding of local
networks. Hum. Brain Mapp. 13, 125–164.

Palva, J.M., Monto, S., Kulashekhar, S., Palva, S., 2010. Neuronal
synchrony reveals working memory networks and predicts
individual memory capacity. Proc. Natl Acad. Sci. USA 107,
7580–7585.

Palva, S., Palva, J.M., 2007. New vistas for [alpha]-frequency band
oscillations. Trends Neurosci. 30, 150–158.

Payne, L., Kounios, J., 2009. Coherent oscillatory networks supporting
short-term memory retention. Brain Res. 1247, 126–132.

Penny, W.D., Duzel, E., Miller, K.J., Ojemann, J.G., 2008. Testing for
nested oscillation. J. Neurosci. Meth. 174, 50–61.

Raffone, A., Wolters, G., 2001. A cortical mechanism for binding in
visual working memory. J. Cogn. Neurosci. 13, 766–785.

Raghavachari, S., Kahana, M.J., Rizzuto, D.S., Caplan, J.B., Kirschen,
M.P., Bourgeois, B., Madsen, J.R., Lisman, J.E., 2001. Gating of
human theta oscillations by a working memory task. J.
Neurosci. 21, 3175–3183.

Rihs, T.A., Michel, C.M., Thut, G., 2007. Mechanisms of selective
inhibition in visual spatial attention are indexed by alpha-band
EEG synchronization. Eur. J. Neurosci. 25, 603–610.

Rizzuto, D.S., Madsen, J.R., Bromfield, E.B., Schulze-Bonhage, A.,
Seelig, D., Aschenbrenner-Scheibe, R., Kahana, M.J., 2003. Reset
of human neocortical oscillations during a working memory
task. Proc. Natl Acad. Sci. USA (PNAS) 100, 7931–7936.

Rizzuto, D.S., Madsen, J.R., Bromfield, E.B., Schulze-Bonhage, A.,
Kahana, M.J., 2006. Human neocortical oscillations exhibit
theta phase differences between encoding and retrieval.
Neuroimage 31, 1352–1358.

Romei, V., Gross, J., Thut, G., 2010. On the role of prestimulus alpha
rhythms over occipito-parietal areas in visual input regulation:
correlation or causation? J. Neurosci. 30, 8692–8697.

Rouder, J.N., Morey, R.D., Cowan, N., Zwilling, C.E., Morey, C.C., Pratte,
M.S., 2008. An assessment of fixed-capacity models of visual
working memory. Proc. Natl Acad. Sci. USA 105, 5975–5979.

Sauseng, P., Klimesch, W., Stadler, W., Schabus, M., Doppelmayr,
M., Hanslmayr, S., Gruber, W.R., Birbaumer, N., 2005. A shift of
visual spatial attention is selectively associated with human
EEG alpha activity. Eur. J. Neurosci. 22, 2917–2926.

Sauseng, P., Klimesch,W., Gruber,W.R., Hanslmayr, S., Freunberger,
R., Doppelmayr, M., 2007. Are event-related potential
components generated by phase resetting of brain oscillations?
A critical discussion. Neuroscience 146, 1435–1444.

Sauseng, P., Klimesch, W., Gruber, W.R., Birbaumer, N., 2008.
Cross-frequency phase synchronization: a brain mechanism of
memory matching and attention. Neuroimage 40, 308–317.

Sauseng, P., Klimesch,W., Heise, K.F., Gruber,W.R., Holz, E., Karim,
A.A., Glennon, M., Gerloff, C., Birbaumer, N., Hummel, F.C.,
2009. Brain oscillatory substrates of visual short-term memory
capacity. Curr. Biol. 19, 1846–1852.

Sauseng, P., Griesmayr, B., Freunberger, R., Klimesch, W., 2010.
Control mechanisms in working memory: a possible function of
EEG theta oscillations. Neurosci. Biobehav. Rev. 34, 1015–1022.

Schack, B., Klimesch, W., Sauseng, P., 2005. Phase synchronization
between theta and upper alpha oscillations in a working
memory task. Int. J. Psychophysiol. 57, 105–114.

Schroeder, C.E., Lakatos, P., 2009. Low-frequency neuronal
oscillations as instruments of sensory selection. Trends
Neurosci. 32, 9–18.

Siegel, M., Warden, M.R., Miller, E.K., 2009. Phase-dependent
neuronal coding of objects in short-term memory. Proc. Natl
Acad. Sci. USA 106, 21341–21346.

Silberstein, R.B., Nunez, P.L., Pipingas, A., Harris, P., Danieli, F.,
2001. Steady state visually evoked potential (SSVEP)
topography in a graded working memory task. Int. J.
Psychophysiol. 42, 219–232.

Song, J.H., Jiang, Y., 2006. Visual working memory for simple and
complex features: an fMRI study. Neuroimage 30, 963–972.

Steriade, M., 1999. Coherent oscillations and short-term plasticity
in corticothalamic networks. Trends Neurosci. 22, 337–345.

Sternberg, S., 1966. High-speed scanning in human memory.
Science 153, 652–654.

Thut, G., Nietzel, A., Brandt, S.A., Pascual-Leone, A., 2006.
Alpha-band electroencephalographic activity over occipital
cortex indexes visuospatial attention bias and predicts visual
target detection. J. Neurosci. 26, 9494–9502.

Thut, G., Miniussi, C., 2009. New insights into rhythmic brain
activity from TMS-EEG studies. Trends Cogn. Sci. 13, 182–189.

Todd, J.J., Marois, R., 2004. Capacity limit of visual short-term
memory in human posterior parietal cortex. Nature 428,
751–754.

Todd, J.J., Marois, R., 2005. Posterior parietal cortex activity predicts
individual differences in visual short-term memory capacity.
Cogn. Affect. Behav. Neurosci. 5, 144–155.

Tort, A.B., Komorowski, R., Eichenbaum, H., Kopell, N., 2010.
Measuring phase-amplitude coupling between neuronal
oscillations of different frequencies. J. Neurophysiol. 104,
1195–1210.

Tuladhar, A.M., Ter Huurne, N., Schoffelen, J.M., Maris, E.,
Oostenveld, R., Jensen, O., 2007. Parieto-occipital sources
account for the increase in alpha activity with working
memory load. Hum. Brain Mapp. 28, 785–792.

van Dijk, H., van der Werf, J., Mazaheri, A., Medendorp, W.P.,
Jensen, O., 2010. Modulations in oscillatory activity with
amplitude asymmetry can produce cognitively relevant
event-related responses. Proc. Natl Acad. Sci. USA 107, 900–905.

Varela, F., Lachaux, J.P., Rodriguez, E., Martinerie, J., 2001. The
brainweb: phase synchronization and large-scale integration.
Nat. Rev. Neurosci. 2, 229–239.

Vogel, E.K., Woodman, G.F., Luck, S.J., 2001. Storage of features,
conjunctions and objects in visual working memory. J. Exp.
Psychol. Hum. Percept. Perform. 27, 92–114.

Vogel, E.K., Machizawa, M.G., 2004. Neural activity predicts
individual differences in visual working memory capacity.
Nature 428, 748–751.

Vogel, E.K., McCollough, A.W., Machizawa, M.G., 2005. Neural
measures reveal individual differences in controlling access to
working memory. Nature 438, 500–503.

Whittingstall, K., Logothetis, N.K., 2009. Frequency-band coupling
in surface EEG reflects spiking activity inmonkey visual cortex.
Neuron 64, 281–289.

Wilken, P., Ma, W.J., 2004. A detection theory account of change
detection. J. Vis. 4, 1120–1135.

Xu, Y., Chun, M.M., 2006. Dissociable neural mechanisms
supporting visual short-term memory for objects. Nature 440,
91–95.

Xu, Y., 2007. The role of the superior intraparietal sulcus in
supporting visual short-term memory for multifeature objects.
J. Neurosci. 27, 11676–11686.

Xu, Y., 2009. Distinctive neural mechanisms supporting visual
object individuation and identification. J. Cogn. Neurosci. 21,
511–518.

Xu, Y., Chun, M.M., 2009. Selecting and perceiving multiple visual
objects. Trends Cogn. Sci. 13, 167–174.

Zhang,W., Luck, S.J., 2008. Discrete fixed-resolution representations
in visual working memory. Nature 453, 233–235.

Zimmer, H.D., 2008. Visual and spatial working memory: from
boxes to networks. Neurosci. Biobehav. Rev. 32, 1373–1395.

102 B R A I N R E S E A R C H 1 3 7 5 ( 2 0 1 1 ) 9 3 – 1 0 2


	Brain oscillatory correlates of working memory constraints
	Introduction
	Alpha oscillations and inhibition of �distracting information
	Functional similarity of slow event-related potentials and amplitude modulations of neural oscillations for attentional con...
	Cross-frequency coupling of theta and beta/gamma mirrors retention of relevant information
	Implications for models of capacity limits in WM
	Conclusions
	Acknowledgments
	References


