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Previous studies in electrophysiology have provided consistent evidence for a relationship between neural oscillations in different
frequency bands and the maintenance of information in working memory (WM). While the amplitude and cross-frequency coupling of
neural oscillations have been shown to be modulated by the number of items retained during WM, interareal phase synchronization has
been associated with the integration of distributed activity during WM maintenance. Together, these findings provided important
insights into the oscillatory dynamics of cortical networks during WM. However, little is known about the cortical regions and frequencies
that underlie the specific maintenance of behaviorally relevant information in WM. In the current study, we addressed this question with
magnetoencephalography and a delayed match-to-sample task involving distractors in 25 human participants. Using spectral analysis
and beamforming, we found a WM load-related increase in the gamma band (60 – 80 Hz) that was localized to the right intraparietal lobule
and left Brodmann area 9 (BA9). WM-load related changes were also detected at alpha frequencies (10 –14 Hz) in Brodmann area 6, but
did not covary with the number of relevant WM-items. Finally, we decoded gamma-band source activity with a linear discriminant
analysis and found that gamma-band activity in left BA9 predicted the number of target items maintained in WM. While the present data
show that WM maintenance involves activity in the alpha and gamma band, our results highlight the specific contribution of gamma band
delay activity in prefrontal cortex for the maintenance of behaviorally relevant items.

Introduction
Working memory (WM) is a fundamental cognitive function
that permits the maintenance of sensory information over a
short period of time (Baddeley, 2003). Theoretical work sug-
gests that temporally correlated activity in recurrent cell as-
semblies may sustain sensory information in the absence of
external input (Hebb, 1949). In addition, synchronous fluctu-
ations of neural activity have been suggested to bind the activ-
ity of cortical cell assemblies (Buzsáki and Draguhn, 2004).
Accordingly, neural oscillations have been proposed as a
mechanism to maintain the neural representations of sensory
information during WM (Jensen et al., 2007).

Support for this hypothesis was first provided by WM studies
in humans (Tallon-Baudry et al., 1998) and nonhuman primates
(Pesaran et al., 2002), which reported a sustained increase of
oscillatory activity in the gamma frequency range during the
memory period of delayed response tasks. Subsequently, a large
body of evidence has documented a parametric relationship be-
tween the amplitude of oscillatory activity at theta, alpha, beta,
and gamma frequencies and the number of WM items memo-
rized during memory-scanning tasks (Jensen and Tesche, 2002;
Howard et al., 2003; Onton et al., 2005; Meltzer et al., 2008),
visuospatial WM (Busch and Herrmann, 2003; Sauseng et al.,
2005, 2009; Palva et al., 2011), and auditory WM (Leiberg et al.,
2006).

Delay activity in the theta band (Jensen and Tesche, 2002;
Meltzer et al., 2008) and the gamma band (Howard et al., 2003;
Meltzer et al., 2008; Palva et al., 2011) have both been associated
with the active maintenance of sensory representations during
WM. In contrast, modulations of spectral power at alpha fre-
quencies have been assigned different roles. While some studies
have related delay activity in the alpha band with the functional
inhibition of task-irrelevant brain areas (Jensen et al., 2002;
Jokisch and Jensen, 2007; Medendorp et al., 2007; Sauseng et
al., 2009; Van Der Werf et al., 2010), others have linked alpha-
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band activity directly to processes underlying WM mainte-
nance (Busch and Herrmann, 2003; Herrmann et al., 2004;
Sauseng et al., 2005; Leiberg et al., 2006; Palva et al., 2011). In
addition to the contribution of individual frequency bands,
theoretical and empirical studies have implicated the coupling
between oscillation frequencies as a mechanism for WM
maintenance. Specifically, theta-nested gamma-band oscilla-
tions have been proposed to sequentially code the order of
WM items (Lisman and Idiart, 1995), which is supported by
intracranial EEG recordings (Axmacher et al., 2010) as well as
by scalp-recorded EEG/MEG data (Sauseng et al., 2009; Fuen-
temilla et al., 2010).

More recently, EEG and MEG studies have mapped the oscil-
latory networks during WM retention. In these studies, gamma-
band delay activity was localized to core regions of the WM
network, previously identified by functional magnetic resonance
imaging (fMRI) (Wager and Smith, 2003), including occipital,
parietal, somatosensory, prefrontal, and frontal areas (Jokisch
and Jensen, 2007; Medendorp et al., 2007; Haegens et al., 2010;
Van Der Werf et al., 2010; Palva et al., 2011), and was found to
correlate with individual WM capacity, i.e., the maximal number
of items that can be held in WM (Palva et al., 2011). Similarly,
source modeling approaches to alpha-band delay activity have
reported networks directly involved into WM maintenance
(Palva et al., 2011), while other studies showed modulations of
alpha-band activity outside the WM network (Jokisch and Jen-
sen, 2007; Medendorp et al., 2007; Haegens et al., 2010; Van Der
Werf et al., 2010). Finally, interareal phase synchrony at alpha,
beta, and gamma frequencies has been reported to be promi-
nently involved into the maintenance of neural object represen-
tations (Palva et al., 2010).

Together, these findings provide important evidence for the
functional relationship between neural oscillations in different
frequency ranges and the maintenance of information during
WM. However, it is currently unclear which cortical networks

and frequencies contribute to the maintenance of behaviorally
relevant WM information. This question is important because
the storage capacity of WM is highly limited (Cowan, 2001), and
interindividual differences in WM capacity critically depend on
the ability to separate behaviorally relevant from irrelevant infor-
mation (Vogel et al., 2005).

To examine this question, we recorded MEG data during the
delay period of a visuospatial DSM task with distractors that
made it possible to identify delay activity that was specific to the
maintenance of behaviorally relevant items (see Fig. 1). We em-
ployed spectral analysis as well as a beamforming approach to
identify the cortical sources of delay activity in different fre-
quency bands. A decoding approach was employed to assess the
contribution of delay activity in parietal and prefrontal areas
to the maintenance of behaviorally relevant versus irrelevant
information.

Materials and Methods
Participants and visuo-spatial WM task. MEG recordings were collected
from 25 (10 females; age range, 18 –32 years) adult participants with
normal or corrected to normal vision. Written informed consent was
obtained before the beginning of the experiment, and all experimental
procedures were in agreement with the guidelines of the university’s
ethics committee. Participants performed a delayed match to sample task
(Fig. 1). The sample stimulus consisted of three red discs (load 3), three
red and three blue discs (distractors), or six red discs (load 6), which were
presented for 0.4 s. This was followed by a maintenance phase of 1.2 s and
the test stimulus (0.4 s), a single item whose position was either identical
or different from the positions of the items in the sample stimulus. The
prestimulus period varied between 3.5 and 1.5 s to prevent temporal
expectation. Participants performed 150 trials per condition, and the
order of trials was randomized across conditions. Participants pressed
one of two buttons to indicate whether the position of the test item was a
match or a nonmatch and were instructed to memorize only the posi-
tions of red discs and to ignore blue discs. Hand assignment was coun-
terbalanced across participants, and behavioral responses were recorded

Figure 1. The visuospatial working memory task. a, Example of a trial with distractors during the encoding. On one-third of the trials, participants were shown three red discs together with three
blue discs (distractors), and participants were asked to memorize the positions of the red discs only and to ignore the positions of the blue discs. In the remaining trials, distractors were absent and
either three or six red discs were presented. After a maintenance phase of 1.2 s, a test item was presented at a position identical (match) or different (nonmatch) to the sample array. b, Example of
the memory arrays for the three conditions: load 3, distractor, and load 6. c, Sample traces of bandpass (60 – 80 Hz)-filtered MEG signals during the load 3, distractor, and load 6 conditions from one
single subject. The recording comprises the baseline, encoding, delay, and retrieval periods. Note the enhanced oscillations in the gamma frequency in the delay phase of the load 6 condition.
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using a fiber-optic response device (Lumitouch, Photon Control). After
responding, participants had the possibility to blink for 1 s before the
next trial started.

MEG data acquisition and preprocessing. MEG signals were recorded
continuously using a 275-channel whole-head system (Omega 2005,
VSM MedTech) in a synthetic third order axial gradiometer configura-
tion. MEG signals were sampled at 1.2 kHz and bandpass filtered at
0.01– 600 Hz. The electrooculogram was recorded to monitor horizontal
and vertical eye movements. Before and after each run, the subject’s head
position relative to the gradiometer array was measured using three fi-
ducial coils (one coil over the nasion and two coils at 1 cm distance from
the left and right tragus). Interindividual deviations of head orientations
from the mean remained below 8° (range for x coordinates, �0.86 to 0.85
cm; range for y coordinates, �1 to 0.88 cm; range for z coordinates:
�1.64 to 1.74 cm). MEG signals were preprocessed and analyzed using
Matlab 2008b (MathWorks) and the open source Matlab toolbox field-
trip (http://www.ru.nl/fcdonders/fieldtrip/). Preprocessing included
bandpass filtering of the MEG recordings (Butterworth filter fourth or-
der) between 0.1 and 250 Hz as well as detrending and subtraction of the
DC offset. The continuous recording was segmented into data epochs
including the baseline (1.5 s), the encoding (0.4 s), and the maintenance
(1.2 s), as well as the recognition (0.4 s) phase of the task (3.5 s per trial).
Data epochs for match and nonmatch trials were pooled together, and
only trials with correct responses were considered for further analyses.
An automatic artifact detection and rejection algorithm from the field-
trip toolbox was used to exclude epochs contaminated by eye blinks,
muscle activity, or sensor jump artifacts. The average number of trials per
condition across participants included for analysis was 87 of 150 trials
(58%) [SD � 23 (15%)].

Structural MRI data acquisition. Structural MRIs were obtained with a
3T Siemens Allegra scanner device (Siemens) using the standard circu-
larly polarized birdcage head-coil and a T1 sequence. Three participants
met an exclusion criterion for MRI scans and were not included for
source analyses.

Estimation of spectral power and statistical analysis. All spectral quan-
tities were estimated using multitapers as implemented in the Matlab-
based open source toolbox Chronux (Mitra and Bokil, 2008) (http://
chronux.org/). The power spectrum of MEG delay activity was estimated
using a 1.2 s window (from 0.4 to 1.6 s) with a spectral concentration of
4 Hz using 4 Slepian data tapers for frequencies below 20 Hz and with a
spectral concentration of 10 Hz using 10 Slepian data tapers for frequen-
cies above 20 Hz. All spectral quantities of delay activity were normalized
by the spectrum of baseline activity and expressed in values of relative
change according to

Norm( f) � (St( f) � Sb( f))/Sb( f),

where St( f ) corresponds to the spectrum of delay activity and Sb( f )
corresponds to the spectrum of baseline activity. Time–frequency repre-
sentations of delay activity were calculated using a 500 ms window that
was stepped by 50 ms between estimates through the trial with the time
index aligned to the center of the analysis window. Trials were aligned in
time to the onset of the sample stimulus. In analogy to the normalization
of the power spectrum, time–frequency representations were normalized
by the time–frequency representations of baseline activity according to

Norm(t,f) � (St(t,f) � Sb(tf))/Sb(t,f),

where St(t,f) and Sb(t,f ) correspond to the time-frequency representa-
tion of task and baseline activity, respectively. Normalized spectral quan-
tities of delay activity were tested for significant task effects using a
cluster-based randomization procedure implemented in the FieldTrip
toolbox (Oostenveld et al., 2011).

Task-specific modulations of spectral power in both frequency bands
were assessed using a one-way ANOVA for repeated measures. This ap-
proach is sensitive to a main effect of the experimental conditions reflect-
ing differences in the means between the load 3, distractor, and load 6
conditions across participants. The alpha level chosen for statistical sig-
nificance at sensor level was alpha � 0.025 (corrected) and the alpha level

chosen for statistical significance at source level was alpha � 0.001 (un-
corrected). All subsequent steps in the statistical analysis were computed
using the MATLAB statistics toolbox. The first 200 ms of the delay period
were not considered for post hoc comparisons of delay activity to exclude
encoding related activity captured by half the length of the sliding win-
dow. A Bonferroni-correction was applied to post hoc comparisons (two-
sided dependent t test) to adjust the alpha level for multiple comparisons.

To examine relationships between spectral power, reaction times
(RTs), and WM capacity, we selected sensors characterized by significant
differences in delay activity across experimental conditions. Power values
in the alpha (10 –14 Hz) and gamma (60 – 80 Hz) frequency ranges were
then correlated with RTs and WM capacity (K).

Beamforming. A frequency domain beamformer (Gross et al., 2001)
was used to localize the sources of oscillatory activity in the alpha and
gamma frequency bands. The cross-spectral density matrices of each
participant were computed for center frequencies at 12 � 2 Hz (alpha)
using 3 Slepian data tapers and at 70 � 10 Hz (gamma) using 19 Slepian
data tapers based on common filters.

Common filters were computed for trials pooled across conditions on
2 s time windows, including 1 s of the baseline period (from �1.6 to �0.6
s) and 1 s of the maintenance phase (from 0.6 to 1.6 s). The beamformer
was then computed for baseline and delay time segments of 1 s for each
condition separately with a regularization parameter of lambda � 1%.
Poststimulus activation effects were normalized with baseline activity
according to

Norm(x,y,z) � (Bt(x,y,z) � Bb(x,y,z))/Bb(x,y,z),

where Bt(x,y,z) corresponds to the beamformer of the delay phase and
Bb(x,y,z) corresponds to the beamformer of baseline activity. Normal-
ized source activity was tested for significant task effects using the cluster-
based randomization procedure described earlier.

Computation of source grids. The forward solution for each participant
was estimated from individual head models using a common dipole grid
in MNI space that was warped onto the anatomy of each participant and
a realistic single-shell volume conductor model (Nolte, 2003). Cortical
segmentation and surface reconstruction were performed using SPM2
(http://www.fil.ion.ucl.ac.uk/spm) as well as spatial alignment of struc-
tural MRIs and functional maps. We computed between-subjects
cluster-based randomization test statistics (Maris and Oostenveld, 2007)
to measure task effects across conditions for each grid point and each
frequency band. Only the peak voxels were selected for the subsequent
reconstruction of virtual channels.

Computation of virtual channels. For each frequency band, the sensor-
level data were bandpass filtered using a fourth-order, zero-phase,
forward-reverse, digital Butterworth filter, and source-level time courses
of these band-limited signals were reconstructed using the real-valued
frequency-specific beamformer coefficients. The dominant dipole direc-
tion of the time courses was then extracted using eigenvalue decomposi-
tion, and spectral power for each frequency band was computed from
band-limited time–frequency representation using multitaper.

Single trial decoding of gamma-band source activity. Sixty to eighty hertz
single trial source activity was decoded from the integral of the power
time course in this frequency band during the memory period (from 0.6
to 1.6 s) using linear discriminant analysis (Duda et al., 2001). The dis-
criminant function was trained on a random selection of trials (90%),
while the remaining trials (10%) were used to assess the classification hit
rate. This procedure was repeated 1000 times, and the probability of a
correct classification was expressed as the average classification hit rate
across iterations. To assess the statistical significance of the classification
results, we computed D-prime values for the decoding of load 3 and load
6 trials for each participant. We computed d� as previously proposed
(Stanislaw and Todorov, 1999):

d� � z(P(Y�s)) � z(P(Y�n)),

with z(P(Y�s)) being the z-score of the hit rate, and z(P(Y�n)) being the
z-score of the false alarm rate. We defined the hit rate as the proportion of
correctly classified trials, and the false alarm rate as the proportion of
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trials that were falsely classified. Thus for load 3 the hit rate was computed
as the proportion of correctly decoded load 3 trials, and the false alarm
rate as the proportion of load 6 trials that were falsely classified as load 3
and vice versa. This approach was applied to the results of the single trial
decoding for gamma-band delay activity in the intraparietal lobule (IPL)
and Brodmann area 9 (BA9) for each participant.

Results
Behavioral performances
The hit rate and reaction times were analyzed for the three differ-
ent conditions (Table 1). There was a significant difference in the
hit rates (�(2,777)

2 � 21.9, p � 0.0001, Kruskal–Wallis one-way
ANOVA). Post hoc comparisons revealed a decrease in the hit rate
between load 3 and load 6 (z � 4.19, p � 0.0001, post hoc Mann-
Whitney U test; corrected), as well as between load 6 and the
distractor condition (z � 3.83, p � 0.001, post hoc Mann–Whit-
ney U test; corrected). No differences were found for hit rates in
the load 3 and distractor conditions (z � 0.44, p � 0.05, post hoc
Mann–Whitney U test; corrected). Furthermore, no differences
were found for reaction times (F(2,77) � 0.9, p � 0.05, one-way
ANOVA).

Spectral power at sensor level
Delay activity revealed a peak in the alpha (10 –14 Hz) and
gamma (60 – 80 Hz) frequency ranges. In both frequency bands,
activity was significantly elevated above baseline (p � 0.001; cor-
rected; t test; Fig. 2a,b) and modulated across task conditions
(p � 0.025; corrected; ANOVA). Delay activity between 0.6 and
1.6 s showed a significant increase of gamma-band power during
load 6 as compared with both load 3 and the distractor condition
(p � 0.001; corrected; post hoc t test; Fig. 3a,b), while there was no
difference between the distractor condition and load 3 (p � 0.05;
post hoc t test).

The increase in gamma-band power between load 3 and
load 6 was correlated with WM capacity (r � 0.48, p � 0.05),
i.e., the maximal number of items each individual could hold
in WM (Rouder et al., 2011). In addition, there was a signifi-
cant relationship between the increase in gamma-band power

between load 3 and load 6 and the difference in reaction times
between both conditions (r � �0.46, p � 0.05). A similar
correlation was found for the increase in gamma-band power
between load 6 and the distractor condition and WM capacity
(Fig. 4a,b; Table 2). Gamma-band delay activity in each con-
dition alone, however, did not correlate with reaction times
(load 3, r � 0.22 p � 0.05; distractor, r � 0.3, p � 0.05; load6,
r � �0.03; p � 0.05).

Alpha-band delay activity was characterized by a different re-
lationship with WM load and reaction times (Fig. 4a, Table 2).
While spectral power was increased in load 6 and the distractor
condition relative to load 3 (p � 0.01; corrected; post hoc t test;
Fig. 5b), there was no difference between load 6 and the distractor
condition (p � 0.05; post hoc t test). Alpha-band power in the
distractor (r � 0.46, p � 0.05) and load 6 (r � 0.47, p � 0.05)
conditions showed a positive correlation with reaction times (Fig.
4c,d), but there was no relationship between the increase in
alpha-band delay activity between load 3 and load 6 as well as
between the distractor condition and load 6 and individual WM
capacity (Table 2).

We did not observe significant changes relative to baseline in
the theta (4 –7 Hz) and beta bands (15–30 Hz; Fig. 2a,b), except
for a transient increase of beta oscillations (20 –28 Hz) from 0.75
to 1.2 s (Fig. 3a). This beta activity was positively correlated with
alpha-band oscillations across conditions and participants (aver-
age correlation coefficient r � 0.55, SD � 0.3). Thus, 20 –28 Hz
delay activity likely reflects harmonics of oscillations in the 10 –14
Hz range.

Spectral power at source level
Task-related differences in gamma-band power (p � 0.001; un-
corrected; ANOVA) were localized to left BA9 (MNI coordinates:
�2, 52, 40) and right IPL (MNI coordinates: 30, �48, 32).
Gamma-band power in BA9 was increased during the load 6
condition as compared to the distractor and load 3 conditions
(p � 0.001; corrected; post hoc t test; Fig. 6a,b). However, there
was no difference between load 3 and the distractor condition
(p � 0.05; post hoc t test). In the IPL, gamma-band power was
enhanced in the load 6 and distractor conditions relative to load 3
(p � 0.001; corrected; post hoc t test; Fig. 6c,d) but reached similar
amplitudes in the load 6 and the distractor condition (p � 0.05;
post hoc t test).

Task effects ( p � 0.001; uncorrected; ANOVA) in the alpha
band were localized to BA6 (MNI coordinates: 42, 10, 58; Fig.
6e), which contributes to premotor cortex. Alpha power in
BA6 increased in the load 6 and distractor conditions relative
to load 3 ( p � 0.001; corrected; post hoc t test). As for gamma-
band power in the IPL, alpha-band activity in BA6 did not
differ between load 6 and the distractor condition ( p � 0.05;
post hoc t test; Fig. 6e).

Predicting WM load from single trial 60 – 80 Hz
source activity
To identify the cortical area whose activation predicts the num-
ber of items maintained in WM, linear discriminant analysis was
applied to 60 – 80 Hz activity during behaviorally successful trials
in BA9 and IPL. We first decoded gamma activity from load 3 and
load 6 trials and then applied the same classifier to gamma-band
activity during distractor trials to estimate the probability of dis-
tractor trials being classified as load 3 and load 6 across trials for
each participant. Assuming that 60 – 80 Hz oscillations reflect the
maintenance of behaviorally relevant items in WM, we predicted
that gamma-band activity during behaviorally successful trials

Table 1. Means and standard deviations for behavioral performance

Behavioral measure

Experimental conditions

Load 3 Distractor Load 6

Hit rate (%) 95.7 (5.4) 95.4 (4.5) 86.1 (11.2)
RTs (ms) 653.9 (154.4) 663.6 (151.3) 710 (163.5)

Figure 2. MEG power spectrum of delay activity. a, Power spectrum for frequencies from 4 to
20 Hz. b, Power spectrum for frequencies from 20 to 200 Hz. x-axis represents frequency and
y-axis represents power. Spectral power is expressed in percent change relative to baseline
activity. The solid horizontal black lines mark the frequency bands considered for analysis. The
shaded area around the curve corresponds to SEM.
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with distractors should have a higher probability to be classified
as load 3 than as load 6.

The average probability of a correct assignment of load 3 trials
was 59% (SD across participants, 10%) in BA 9 and 56% (SD
across participants, 10%) in the IPL. Load 6 trials were correctly
decoded with an average probability of 55% (SD across partici-

pants, 8%) in BA 9 and 57% (SD across participants, 9%) in the
IPL (Fig. 7a). The decoding performance reported in the present
study corresponds to performance levels reported by classifica-
tion approaches in fMRI data (Knops et al., 2009). Decoding
performance for gamma-band source activity in the IPL was not
significantly different from zero across participants for load 3
(t(21) � 1.6, p � 0.05). However, decoding of delay activity for
load 6 trials in the IPL was significant (t(21) � 3.35, p � 0.01). In
BA9, the distribution of d� values was significantly different from
zero across participants in both conditions (load 3: t(21) � 3.29,
p � 0.01; load 6: t(21) � 3.1, p � 0.01).

To test the hypothesis that 60 – 80 Hz oscillations are corre-
lated with the maintenance of behaviorally relevant WM items,
we predicted class membership (load 3 vs load 6) for distractor
trials using the same discriminant function as for the classifica-
tion of load 3 and load 6 trials. We found that gamma-band
activity in BA 9 predicted the amount of behaviorally relevant
information maintained in WM with 17 of 22 (77%) participants
showing a probability of distractor trials being classified as load 3
greater than chance (p � 0.01; corrected; two-sided binomial
test). In IPL, distractor trials were classified as load 3 trials in only
10 (45%) of 22 participants (p � � 0.05; two-sided binomial
test). The mean classification probability for distractor trials in
the IPL to be classified as load 3 was 49% (SD, 15%), whereas in
BA9 the mean probability of distractor trials to be classified as

Figure 3. MEG spectrograms for 20 –120 Hz activity. a, Two-dimensional plots of the spectrograms for each condition. Note the transient increase of 10 –14 Hz harmonic activity in the 20 –28
Hz range. x-axis represents time and y-axis represents frequency. Spectral power is expressed in percent change relative (Rel. change) to baseline activity. b, Gamma-band activity was significantly
modulated by task conditions in 100 (38%) sensors ( p � 0.025; corrected; ANOVA). c, 60 – 80 Hz activity averaged across trials. The shaded area around the traces corresponds to the SEM. The light
gray region marks the temporal interval of significant differences between conditions ( p � 0.001; corrected; post hoc t test).

Figure 4. Relationship between spectral power and behavioral performances. a, Linear re-
gression between the increase of gamma band (60 – 80 Hz) delay activity from load 6 relative to
load 3 and WM capacity. b, Linear regression between the increase of 60 – 80 Hz delay activity
from load 6 relative to load 3 and the increase in reaction times from load 6 to load 3. c, Linear
regression between alpha-band (10 –14 Hz) delay activity and reaction times in the distractor
condition. D, Linear regression between 10 and 14 Hz delay activity and reaction times in the
load 6 condition. rel. change, Relative change.

Table 2. Correlations between spectral power at sensor level and behavioral
performances

Difference in delay activity WM capacity (K) Reaction time difference (ms)

Load 6 � Load 3
10 –14 Hz �0.39 0.27
60 – 80 Hz 0.49* �0.46*

Load 6 � Distractor
10 –14 Hz �0.26 0.18
60 – 80 Hz 0.3 �0.31

WM-capacity indexes individual WM capacity for load 6. Reaction time differences reflect the individual increase in
RTs between load 6 and load 3 as well as between load 6 and the distractor condition. *p � 0.05.
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load 3 was 59% (SD, 19%). Furthermore, the probability of dis-
tractor trials to be classified as load 3 was significantly higher in
BA 9 as compared to the IPL (p � 0.01, two-sided t test). These
results suggest that the number of behaviorally relevant items
maintained in WM can be decoded from 60 to 80 Hz source
power in BA 9 (Fig. 7b).

Discussion
In the present study we investigated the relationship between
oscillatory activity in the 4 –200 Hz frequency-range and the
maintenance of behaviorally relevant WM representations. Our
findings show that gamma-band (60 – 80 Hz) delay activity in left
prefrontal cortex (PFC) codes for the number of relevant items
maintained in WM, because neither 60 – 80 Hz activity in parietal
cortex nor alpha (10 –14 Hz) delay activity in BA 6 was charac-
terized by a consistent relationship between oscillation amplitude
and the number of target items. Thus, our study suggests that
gamma oscillations in PFC are critically implicated in the main-
tenance of relevant WM information.

WM-delay activity of alpha and gamma-band oscillations at
sensor level
In line with previous studies (Tallon-Baudry et al., 1998; Pesaran
et al., 2002; Howard et al., 2003; Jokisch and Jensen, 2007; Meltzer
et al., 2008; Haegens et al., 2010; Van Der Werf et al., 2010), we
report an increase of oscillatory activity in the gamma frequency
band during the retention phase. Furthermore, 60 – 80 Hz delay
activity was observed to increase with WM load, which is consis-
tent with data obtained from intracortical recordings in humans
(Howard et al., 2003).

Interestingly, when only three of six presented items were
relevant, the analysis of gamma-band activity revealed a corre-
spondence between the oscillation amplitude and the number of
target items. This relationship was not found for spectral power
in the alpha band because a similar amplitude increase occurred
between the distractor condition and load 6, suggesting that only
60 – 80 Hz delay activity is sensitive to the number of relevant

WM items. Furthermore, correlations with RTs and WM-
capacity suggest that gamma-band activity had a facilitatory ef-
fect on WM performance.

This relationship was not found for alpha-band activity.
Consistent with previous studies (Jensen et al., 2002; Meltzer
et al., 2008; Sauseng et al., 2009; Palva et al., 2011), alpha-band
oscillations were modulated by WM load because 10 –14 Hz
activity increased between load 3 and load 6 but correlated
negatively with RTs. Together with previous evidence that has
interpreted alpha-band activity over motor areas in human
EEG data as the inhibition of motor areas (Pfurtscheller et al.,
1997) and studies showing that alpha-band delay activity in-
creases over task-irrelevant brain regions (Pfurtscheller et al.,
1997; Worden et al., 2000; Jokisch and Jensen, 2007; Meden-
dorp et al., 2007; Sauseng et al., 2009; Haegens et al., 2010),
our data suggest that alpha-band oscillations are not involved
in the active maintenance of WM representations. Instead, a
more likely function of increased 10 –14 activity could be the
inhibition of cortical areas involved into the preparation or
execution of motor actions. This interpretation is consistent
with reports of focally increased 11–13 Hz activity during the
inhibition of motor memory traces (Hummel et al., 2002) and
the association between increased alpha-band power and
slower behavioral responses in the current study.

Alpha- and gamma-band WM networks
Further support for the distinct contributions of alpha- and
gamma-band oscillations toward the maintenance of relevant
WM representations was obtained through the identification of
the underlying cortical sources. Previous MEG studies have re-
ported a WM load-specific strengthening of oscillatory delay ac-
tivity in prefrontal and parietal areas that correlated with
individual WM capacity (Palva et al., 2011), suggesting that ac-
tivity in these brain areas is implicated in the maintenance of WM
representations. In agreement with these findings, we report
WM-related changes of gamma-band source activity in the left
BA9 and the right IPL.

Figure 5. MEG spectrograms for 6 –20 Hz activity (same convention as in Fig. 2). a, Two-dimensional plots of the spectrograms for each condition. x-axis represents time and y-axis represents
frequency. Spectral power is expressed in percent change relative to baseline activity. b, Alpha-band power was significantly modulated across task conditions in 137 (58%) sensors ( p � 0.025;
corrected; ANOVA). c, Ten to fourteen hertz activity averaged across trials ( p � 0.01; corrected; post hoc t test). Rel. change, Relative change.
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In both cortical regions we observed an increase of gamma-
band delay activity with WM load. However, the analysis of
source activity revealed that the correspondence between oscilla-
tion amplitude and the number of target items was specific to
activity in BA9. This was confirmed by a decoding approach ap-
plied to single-trial delay activity at source level which showed
that 60 – 80 Hz activity in BA9 covaried with the number of rele-
vant items, which was not the case in the IPL.

Our results thus suggest a specific contribution of gamma-
band activity in left BA9 toward the maintenance of relevant
items in visuospatial WM. This conclusion is consistent with
electrophysiological recordings in nonhuman primates
(Rainer et al., 1998) and lesion studies in humans (du Bois-
gueheneuc et al., 2006) and nonhuman primates (Funahashi et

al., 1993), as well as the specific effect of
disrupting WM maintenance through
transcranial magnetic stimulation in
PFC (Feredoes et al., 2011), which high-
light the importance of left PFC for the
maintenance of behaviorally relevant
WM representations.

In the alpha band, task effects were lo-
calized to right BA6, a region comprising
the premotor cortex and the supplemen-
tary motor area (SMA), which has been
shown to be critically involved in the plan-
ning and inhibition of motor plans (Sum-
ner et al., 2007). These results further
support the interpretation of 10 –14 Hz
delay activity as a mechanism to protect
memory traces from interfering prepara-
tory motor activity.

Relationship to previous
neurophysiological WM theories
and empirical findings
Previous work suggests that successful
WM maintenance involves a distributed
network of cortical areas (Miller and Desi-
mone, 1994; Palva et al., 2010, 2011). In
line with these findings, we report delay
activity at alpha- and gamma-band fre-
quencies in parietal and frontal regions.
However, our data suggests that only
gamma-band activity in BA 9 contributes
toward the maintenance of behaviorally
relevant WM items.

WM delay activity at gamma and
alpha-band frequencies in distinct nodes
of the WM-network in our study can be
integrated with recent data from invasive
and noninvasive electrophysiological re-
cordings. Thus, gamma-band activity in
parietal cortices could be related to topo-
graphic maps that code for the spatial
memories of saccades (Blatt et al., 1990;
Ben Hamed et al., 2001). This is sug-
gested by the fact that gamma-band ac-
tivity in IPL was modulated by the
number of stimuli presented in the
memory array but not by the number of
relevant items, which suggests that the
modulation of 60 – 80 Hz activity re-

flects a scanning and maintenance of the spatial position of
possible WM locations.

Accordingly, gamma-band activity in IPL may reflect the
activity of memory fields (Funahashi et al., 1989) that have
been suggested to synchronize at gamma frequencies to
strengthen their input on downstream targets in the oculomo-
tor network (Van Der Werf et al., 2010). Based on this hypoth-
esis, we propose that the coupling between PFC-IPL through
coherent oscillations (Fries, 2005) may serve as a link for the
readout of behaviorally relevant stimuli positions. This inter-
pretation is consistent with memory fields in the PFC which
have been reported to be critically implicated in the control of
memory guided oculomotor responses during WM (Fu-
nahashi et al., 1993) and with our findings that fluctuations of

Figure 6. Delay activity at cortical source level. a, b, Images of the differences in 60 – 80 Hz activity (0.6 to 1.6 s) across task
conditions during the delay period for the left BA 9 (a) and the intraparietal lobule (b). Effects are separately shown for the two
brain regions and are displayed on axial, sagittal, and coronal sectional views of the MNI template brain. The locations of BA 9 and
IPL are marked for orientation. All functional maps display dependent F values thresholded at p � 0.001 (uncorrected). c, d, Time
course of 60 – 80 Hz activity for peak voxels averaged across trials in BA 9 (c) and IPL (d). The light gray region corresponds to the
temporal interval of significant differences between conditions ( p � 0.001; corrected; post hoc t test). c, In BA9 there was a
significant increase of 60 – 80 Hz activity from 0.6 to 1.6 s during load 6 as compared to the load 3 and distractor conditions, while
activity during load 3 and the distractor was similar. d, In contrast, in the IPL 60 – 80 Hz delay activity was increased during load 6
and the distractor as compared to load 3 and did not differ between the distractor and load 6 condition. e, Statistical map of the
differences in 10 –14 Hz activity (0.6 to 1.6 s) across task conditions during the delay period for Brodmann area 6. f, Time course of
10 –14 Hz source activity averaged across trials for BA 6. Source activity in the 10 –14 Hz range was significantly elevated during the
delay (0.6 to 1.6 s) in the distractor and load 6 conditions as compared to load 3 and remained similar in the distractor and load 6
conditions.
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gamma-band activity in PFC allowed
the decoding of the number behavior-
ally relevant items.

The interpretation of gamma-band
delay activity as the maintenance and
readout of spatial maps coding for WM
locations is further supported by the lo-
calization of alpha-band delay activity
in BA6. Transcranial magnetic stimula-
tion of SMA has been observed to im-
pair the ability to reproduce memorized
gaze positions (Müri et al., 1995), and
neurons in pre-SMA have been impli-
cated in the organization of oculomotor
sequences (Isoda and Tanji, 2004).
From this perspective, alpha-band oscil-
lations in SMA in our study could be
involved in the inhibition of oculomo-
tor movements, as these could interfere
with WM locations maintained in pari-
etal cortex.

The distinct roles of alpha- and
gamma-band oscillations in the present
study suggest that these findings may be
specific to visuospatial WM and may not
apply to other WM paradigms. This could
be one explanation for the absence of sig-
nificant task effects in the theta band in
our study that has been prominently im-
plicated in neurophysiological WM theo-
ries (Lisman, 2010). Previous studies that
have reported a relationship between WM load and the modula-
tion of theta-band oscillations have investigated WM-delay ac-
tivity during tasks that typically require the maintenance of
sequential WM representations, i.e., Sternberg tasks (Jensen and
Tesche, 2002).

Methodological limitations of source localization
The pattern of lateralization of both alpha- and gamma-band
activity can be considered consistent with previous studies that
have emphasized the role of the left PFC for the maintenance of
relevant items in WM (Rainer et al., 1998; du Boisgueheneuc et
al., 2006). In addition, right IPL activity has been shown to be
critical for visuospatial WM (Yamanaka et al., 2010), while the
lateralization of activation foci to the right hemisphere occurs
with increasing executive demands that could account for in-
creased alpha-band delay activity in BA 6 (Wager and Smith,
2003).

We would like to note, however, that we cannot completely
exclude the possibility that the pattern of source localizations
may have been affected by the constrains of the spatial beam-
former employed in the current study. Although the estimation
of neural source signals using inverse modeling reduces the cross
talk between sensors at the scalp surface, the output of spatial
beamformers can suffer from signal cancellation and cross-talk
effects that can affect the identification of sources (Gross et al.,
2001).

Conclusion
The aim of the current study was to identify the frequencies
and cortical regions that contribute to the maintenance of
behaviorally relevant WM representations. The present find-
ings provide novel evidence for a frequency and anatomically

specific relationship between 60 and 80 Hz activity in the left
BA9 and the maintenance of relevant WM representations. In
addition, the current study provides evidence for spectral
changes at alpha- and gamma-band frequencies in parietal
cortex and premotor cortex. However, delay activity in these
areas was not found to be implicated in the maintenance of
relevant WM items.

Our findings also highlight that MEG source data can be used
to predict the amount of behaviorally relevant information main-
tained in WM from single-trial fluctuations of gamma-band os-
cillations in PFC. Studies with fMRI have shown that fluctuations
in the BOLD signal can decode the content of WM from delay
activity in early visual areas (Harrison and Tong, 2009). The pres-
ent results suggest that MEG source data can be used as well to
predict the content of WM, suggesting that noninvasively re-
corded brain oscillations allow functional links between oscilla-
tory activity and cognitive processes.

In future studies, it will be interesting to investigate coherence
between oscillations in the IPL and BA9 to test whether the read-
out of relevant information is mechanistically implemented
through gamma-band synchronization between memory fields
in parietal and prefrontal areas. In addition, decoding approaches
applied to eye position data in combination with spectral mea-
sures of delay activity in parietal cortex and prefrontal cortex may
help to further clarify the mechanistic function of gamma-band
activity in the IPL and BA9.

Finally, we believe that the current findings are also impor-
tant for future research that investigates the pathophysiology
of neuropsychiatric disorders such as schizophrenia. Aberrant
PFC activity has been linked to recall deficits in working mem-
ory (Goldberg et al., 1989), a core deficiency in schizophrenia.
In addition, there is evidence that gamma-band activity is

Figure 7. Single trial decoding of 60 – 80 Hz delay activity. a, Each dot represents classification performance in BA 9 (blue) and
IPL (red) for each participant. Horizontal axis is the probability that a trial corresponding to load 6 is decoded correctly. Vertical axis
is the probability that a trial corresponding to load 3 is decoded correctly. Line plots show the histograms of participant counts for
the decode in each condition. b, Decoding of distractor trials for 60 – 80 Hz delay activity in BA9 (blue) and IPL (red). Vertical axis
is the count of participants for which single trial gamma-band source activity in the distractor condition was decoded as load 3 or
as load 6. Delay activity in BA 9 corresponding to distractor trials was decoded as load 3 with a probability of p � 0.77 ( p � 0.025;
corrected; two-sided binomial test), while in the IPL distractor trials had equal probability ( p � 0.5) to be decoded as load 3 or load
6 ( p � n.s.; two-sided binomial test).
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impaired in patients with schizophrenia (Uhlhaas and Singer,
2010), suggesting a possible contribution of dysfunctional
gamma-band oscillations in PFC toward WM impairments in
the disorder.
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