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Abstract: It is becoming increasingly clear that demanding cognitive tasks rely on an extended network
engaging task-relevant areas and, importantly, disengaging task-irrelevant areas. Given that alpha activity
(8–12 Hz) has been shown to reflect the disengagement of task-irrelevant regions in attention and work-
ing memory tasks, we here ask if alpha activity plays a related role for long-term memory formation.
Subjects were instructed to encode and maintain the order of word sequences while the ongoing brain
activity was recorded using magnetoencephalography (MEG). In each trial, three words were presented
followed by a 3.4 s rehearsal interval. Considering the good temporal resolution of MEG this allowed us
to investigate the word presentation and rehearsal interval separately. The sequences were grouped in
trials where word order either could be tested immediately (working memory trials; WM) or later (LTM
trials) according to instructions. Subjects were tested on their ability to retrieve the order of the three
words. The data revealed that alpha power in parieto-occipital regions was lower during word presenta-
tion compared to rehearsal. Our key finding was that parieto-occipital alpha power during the rehearsal
period was markedly stronger for successfully than unsuccessfully encoded LTM sequences. This subse-
quent memory effect demonstrates that high posterior alpha activity creates an optimal brain state for
successful LTM formation possibly by actively reducing parieto-occipital activity that might interfere
with sequence encoding. Hum Brain Mapp 32:2045–2053, 2011. VC 2010 Wiley Periodicals, Inc.
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INTRODUCTION

Higher level cognition relies on the interplay between
various brain regions. Long-term memory (LTM) process-
ing is an example of a cognitive task engaging an
extended network (for a review [Paller and Wagner,
2002]). Given the high cognitive demands of LTM forma-
tion it is important that relevant memory structures are
engaged, but memory formation may also require the dis-
engagement of potentially interfering regions not involved
in the task [Daselaar et al., 2004; Otten and Rugg, 2001;
Uncapher and Wagner, 2009].
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Numerous studies have focused on identifying the
regions and temporal dynamics important for long-term
memory formation. Typically subsequent memory para-
digms are used to study declarative memory formation. In
these paradigms, a set of items is presented to the subjects
while brain activity is recorded. Later, memory for this
material is tested and brain activity associated with suc-
cessful versus unsuccessful memory encoding is character-
ized. Investigations using fMRI (functional Magnetic
Resonance Imaging) and PET (Positron Emission Tomogra-
phy) have revealed that in particular the medial temporal
lobe, inferior prefrontal cortex, and parietal regions sup-
port declarative memory formation [Brewer et al., 1998;
Davachi et al., 2001; Murray and Ranganath, 2007; Qin
et al., 2009; Staresina and Davachi, 2009; Wagner et al.,
1998]. Long-term memory formation has also been studied
by electrophysiological means. Studies on evoked
responses have identified a distributed network activating
�400 ms after stimulus presentation [Fernandez et al.,
1999; Khader et al., 2007; Sanquist et al., 1980; Takashima
et al., 2006]. In the frequency domain subsequent memory
effects have been found in various frequency bands.
Increases theta power [Hanslmayr et al., 2009; Klimesch
et al., 1996a; Osipova et al., 2006; Sederberg et al., 2003;
Summerfield and Mangels, 2005] and gamma power [Fell
et al., 2001, 2003; Gruber et al., 2004; Osipova et al., 2006]
have been associated with successful memory formation.
In contrast decreases in alpha [Hanslmayr et al., 2009; Kli-
mesch et al., 1996b; Sederberg et al., 2007; Weiss and Rap-
pelsberger, 2000] and beta power [Hanslmayr et al., 2009;
Sederberg et al., 2007] support memory formation. In these
studies the brain activity is analyzed when stimuli are pre-
sented. In the current study, we have separated the pre-
sentation and rehearsal interval. This allows us to focus on
brain activity associated with rehearsal only.

While previous studies have concentrated on brain ac-
tivity and regions contributing to long-term memory for-
mation, less is known about the modulation of activity in
regions not directly important for memory formation.
Recent electroencephalography (EEG) and MEG findings
support the notion that oscillatory activity in the alpha
band (�10 Hz) plays an important functional role by dis-
engaging task-irrelevant regions [Jokisch and Jensen, 2007;
Kelly et al., 2006; Klimesch et al., 2007; Sauseng et al.,
2009; Thut and Miniussi, 2009; Van Der Werf et al., 2008]
but see [Palva and Palva, 2007]. In particular, increased
alpha activity in task-irrelevant regions was related to
optimal performance in a somatosensory working memory
task [Haegens et al., 2009]. A recent EEG study reported
stronger alpha activity associated with LTM encoding of
objects and letter strings [Khader et al., 2010].

We set out to investigate the functional role of alpha ac-
tivity for long-term memory encoding and working mem-
ory maintenance during stimulus presentation and
rehearsal, respectively. Therefore, we used a paradigm
that allowed us to investigate LTM encoding and working
memory maintenance of word sequences while we

recorded the MEG activity. Our main aim was to quantify
how posterior alpha activity reflected successful memory
formation during encoding and rehearsal of the word
sequences both in terms of time course and neuronal
sources.

METHODS

Participants

Twenty-five participants (14 females, 11 males) gave
written informed consent to participate in this study. All
participants reported to be right handed, native Dutch
speakers and had no history of neurological or psychiatric
disorders including dyslexia.

Stimuli

We obtained 2,119 high frequency (>90 occurrences per
million) concrete nouns with a word length of 2–13 letters
from the Celex database (http://celex.mpi.nl/) and the
Dutch spoken word corpus (http://lands.let.kun.nl/cgn/).
The collected set of words was divided in three categories
with the lowest (average frequency: 157), intermediate (av-
erage frequency: 346), and highest word frequencies (aver-
age frequency: 2,507). All trials contained three words, one
randomly picked from each category to match the sequen-
ces for word frequency. Words from each category were
equally distributed over first, second, and last position in
the sequence. Each word in the set was shown only once
to each subject. To minimize repetition of word combina-
tions which are very easy to learn (like ‘‘steak’’ ‘‘pepper’’
‘‘plate’’) over subjects, eight lists with stimuli were made.
Because of differences in individual performance, blocks
with 9 (complete task contained 35 blocks) and 11 (com-
plete task contained 29 blocks) sequences were designed.
Six participants did the 11-sequences version of the task
and the remaining 19 subjects did the 9-sequences version.
This ensured an appropriate balance between the number
of later remembered and forgotten trials.

Experimental Design

The task contained 35 (or 29) blocks and each block had
three parts. In the first part, subjects were instructed to
encode the order of three words in each of the 9 (or 11)
sequences in LTM (‘‘LTM trials’’). The three words were
presented sequentially (0.6 s/word) followed by a re-
hearsal interval of 3.4 s (Fig. 1A). Subjects were instructed
to encode the order of the three words in long term mem-
ory. We suggested them to make sentences of the three
words to make it easier to remember the order. The next
trial started immediately after the rehearsal interval.

In the second part of a block, subjects were instructed to
maintain the order of the words in WM (‘‘WM trials’’). Ei-
ther 6 or 7 sequences were presented. This part contained

r Meeuwissen et al. r

r 2046 r



two types of trials: trials with three different words (Load 3,
‘‘house’’ ‘‘leg’’ ‘‘book’’) and trials with a word repeated three
times (Load 1, ‘‘flower’’ ‘‘flower’’ ‘‘flower’’). Subjects main-
tained these sequences during the 3.4 s rehearsal interval
and were not explicitly tested. Additional probe WM trials
(20% of the total number) were included randomly to test
whether the subjects maintained the words. In these trials
subjects had to reconstruct the sequence immediately after
the rehearsal interval. For Load 3 trials, testing was the
same as for the LTM retrieval described below. For Load 1
trials, the same or a different word was shown (3 times)
and subjects were asked to give an ‘‘old/new’’ response.

To keep the stimulus characteristics for the WM trials
the same as during the LTM trials, 20% additional test
trials where randomly included amongst the LTM encod-
ing trials in the first part of each block.

In the third part of each block, participants were asked to
reconstruct the sequences they learned in the encoding part;
for example [‘‘house,’’ ‘‘leg,’’ ‘‘book’’] (Fig. 1B). Every word

was represented by a button. In the example ‘‘leg’’ is repre-
sented by button 1, ‘‘house’’ by button 2, and ‘‘book’’ by
button 3. To give the correct response button 2 should be
pressed first, then button 1 and finally button 3. In addition
20% catch trials were added. Here, one of the words was
replaced by a word from another sequence (Fig. 1C). Partici-
pants had to indicate the catch trials with new word combi-
nations by pressing button 4. The catch trials were added to
enforce that subjects encoded the full word sequence.

Procedure

Participants came to the laboratory twice at two succes-
sive days. On the first day, the task was explained to them
and they practiced the task for about half an hour. To
reduce variance caused by usage of different strategies, we
suggested subjects to subvocally construct sentences of the
three words in each trial to remember the order later on.
Depending on performance during the practice session,

Figure 1.

The paradigm consisted of 35 (or 29) blocks. A: During mem-

ory encoding three words were presented followed by a re-

hearsal interval. Immediately after the rehearsal interval the

next word list followed. A block consisted of three parts. For

the first part (9 or 11 trials; ‘‘LTM trials’’), subjects were

informed that they later would be tested on the order of the

word lists. In the second part followed 6 (or 7) trials (‘‘WM tri-

als’’) where subjects could be tested on word order immediately

after the rehearsal interval. B: In the third part, participants had

to reproduce the order of the words encoded in LTM earlier in

the block. Three words were shown each represented by a but-

ton. Subjects had to reconstruct the sequence by pressing the

buttons in the correct order. C: Extra sequences, not presented

in the LTM encoding part, were added as catch trials in the re-

trieval part. When participants detected a new word combina-

tion, they were instructed to press button 4.
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participants got the easy or difficult version of the task (9
versus 11 trials per block). We aimed at about 70% cor-
rectly recalled sequences for each participant.

On the second day, the full experiment was performed
while brain activity was recorded using MEG [Hansen
et al., 2010]. Word lists were counter-balanced over sub-
jects and days. Brain activity was recorded by a 275 axial
gradiometer MEG system (VSM/CTF systems, Port Coqui-
tlam, Canada) while the subjects were in supine position.
The data were low pass filtered at �250 Hz and sampled
at 1,200 Hz. Bipolar electrodes were attached to record the
electrocardiogram (ECG) and electrooculogram (EOG).
Three coils were placed respectively at the nasion and in
both ear canals to determine the head position. The re-
cording sessions lasted about 2 h with a 15 min break half
way. After the experiment participants were asked to fill
in an evaluation form to check which strategies they
applied to encode the sequences.

Finally, an anatomical MRI scan was acquired using a
1.5 T (Siemens, Magnetom Avanto) or a 3T (Siemens, Mag-
netom Trio) MRI scanner. To realign the MEG source
reconstructions and the structural MRI data, ear plugs con-
taining oil with vitamin E were placed in the ear canal
during MRI acquisition.

Data Analysis

The MEG data were analyzed using Fieldtrip; a Matlab
toolbox developed at the Donders Institute for Brain,
Cognition and Behaviour (website: http://www.ru.nl/
neuroimaging/fieldtrip). First, trials contaminated with
muscle or SQUID artifacts were rejected. After artifact
rejection, there were at least 50 trials per condition per
dataset left to be used for further analysis. Eye and heart
beat artifacts were removed from the data using independ-
ent component analysis (ICA).

Spectral Analysis

Time-frequency representations of power (TFRs; 4–32
Hz) based on a sliding time window (steps of 50 ms) were
computed from data segments recorded during the presen-
tation of the words (2.2 s) and the rehearsal interval
(3.4 s). The length of the time window was adapted to the
frequency and contained four cycles (i.e. 400 ms for 10 Hz;
200 ms for 20 Hz). Prior to Fourier analysis, a Hanning
taper with the same length as the time window was multi-
plied to each data segment. Absolute differences between
spectra were reported.

Source Analysis

To identify the sources of the oscillatory activity, we
applied a beamforming approach using an adaptive filter-
ing technique (Dynamic Imaging of Coherent Sources,
DICS) [Gross et al., 2001]. First, cross-spectral density
matrices were obtained from the Fourier transformed data
for both conditions. Then, for each subject a realistically

shaped single-shell description of the brain was con-
structed based on the anatomical MRI [Nolte, 2003]. Each
participant’s brain volume and a brain volume based on a
template MRI in MNI (Montreal Neurological Institute)
coordinates were divided into a regular 1 cm three-dimen-
sional grid. Subsequently, each individual’s MRI was
warped to the template MRI using SPM2 (http://www.
fil.ion.ucl.ac.uk/spm), and the inverse of that warp was
applied to the individual’s dipole grids. Because of this
warping, a specific grid point is at the same location in the
MRIs of all participants and in the template MRI. Next,
per participant the lead field was calculated for each grid
point. Using the cross-spectral density matrix and the lead
field matrix, a spatial filter was calculated for each grid
point. By applying the filter to the Fourier transformed
data, the power at each grid point was estimated. The esti-
mated power was averaged per condition for each partici-
pant and the relative difference between the averages of the
respective conditions was overlaid on the participants MRI.
This analysis was applied to the data recorded during the
rehearsal interval in the LTM part of the task where signifi-
cant differences in alpha power were identified in the sen-
sor level analysis; i.e., 0.5–3.0 s at 10 � 2 Hz.

Statistical Analysis

To compare conditions, we applied statistical tests to the
interval �1.7–0.0 s during word presentation and the inter-
val 0.5–3.0 s during rehearsal of the words (t ¼ 0 s is start
of the rehearsal interval). A nonparametric cluster-based
randomization test was applied to the sensor and source
level data [Maris and Oostenveld, 2007]. This test controls
for Type 1 errors in situations involving multiple compari-
sons by clustering neighboring channels or grid points
which show the same effect. Sensors/grid points became
part of a cluster when the t-value of the difference
between the conditions exceeded a threshold (P < 0.05).
When the clusters were formed, the cluster-level statistic
was defined as the sum of the t-values of the sensors/grid
points in the cluster. The cluster with the maximum sum
(summed t-values in a cluster) was used as a test statistic.
To make the randomization null-distribution, the following
step was repeated 1,000 times: per participant the averages
for both conditions were randomly divided over two
groups and the maximum cluster level statistic was calcu-
lated. Last, the test statistic was compared to the random-
ization null-distribution.

RESULTS

Subjects were instructed to encode and maintain the
order of three words per sequence. Each block consisted of
LTM memory encoding trials (9 or 11) where subjects knew
that they later would be probed for word order. Then fol-
lowed WM trials (6 or 7) requiring the subjects to be ready
to reproduce the order information at the end of each trial.
Finally during LTM retrieval subjects were asked to recon-
struct the word sequences from the encoding part (see Fig. 1).
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Each subject performed 35 (or 29) of these blocks containing
respectively 315 (or 319) LTM trials and 210 (or 203) WM trials.

Behavioral Results

Participants remembered the order of the words-triplets
successfully in 64.6% � 10.2% of the trials. This is clearly
above chance level which is 16.6%. In the LTM and WM
parts of each block, catch trials were added immediately
after the rehearsal interval to check if the word order was
maintained correctly. Respectively 96.0% � 3.6% and
94.4% � 6.4% of these trials were retrieved correctly for
the LTM and WM part.

Alpha Band Activity was Suppressed During

Word Presentation Compared With the

Rehearsal Interval

Time-frequency representations (TFRs) of power were cal-
culated and averaged for the respective conditions: LTM
remembered, LTM forgotten, WM Load 3, and WM Load 1.
The average power in the alpha band over all trials and
conditions revealed relatively little alpha activity during
stimulus presentation followed by a significant increase of
alpha activity during the rehearsal interval over posterior
sensors (P < 0.0001, Fig. 2A). The alpha activity was signifi-
cantly more suppressed for LTM compared to WM trials
during the presentation interval (�1.7–0.0 s; P < 0.0001).
During the rehearsal interval there was no significant differ-
ence in alpha power between LTM and WM trials.

Alpha Power was Stronger for WM Load 3

Compared With WM Load 1 Trials During the

Rehearsal Interval

We then compared the TFRs of WM Load 3 and Load 1 tri-
als during the word presentation and rehearsal interval. During
presentation of the words there was no significant difference in
alpha power between the two conditions; however, in the
rehearsal interval we observed an increase in alpha power with
increasing memory load. The alpha power increase appeared
strongest between 0.5 and 2.0 s (Fig. 2C). The cluster random-
ization procedure showed a significant effect (0.5–3.0 s;
P ¼ 0.01) over parietal and occipital sensors (Fig. 2B).

Alpha Power was Stronger for Later

Remembered Compared With Later Forgotten

Sequences During the Rehearsal Interval

Next, we compared the TFRs of power for the word pre-
sentation and rehearsal interval with respect to later
remembered and later forgotten LTM trials. During stimu-
lus presentation, we did not find a significant difference
between these two conditions. The same comparison
revealed significantly stronger alpha power during the re-
hearsal interval between 0.5 and 3.0 s for the remembered
compared to forgotten trials (0.5–3.0 s; P < 0.0001) (Fig.
2E). The topography displayed the strongest effect at

Figure 2.

Sensor analysis during the rehearsal interval. A: Average alpha
power (8–12 Hz) in occipital and parietal sensors for all condi-
tions (LTM, later remembered; LTM, later forgotten; WM Load
3 and WM Load 1) during presentation of the words and the re-
hearsal interval. B: The topography of the difference in alpha
power when comparing WM Load 3 and WM Load 1 during the
rehearsal interval. Marked sensors are part of the significant
cluster (P < 0.001) in this contrast. C: Time-frequency repre-
sentation of the difference in oscillatory activity (4–32 Hz)
between WM Load 3 and WM Load 1 trials during the rehearsal
interval (t ¼ 0–3.4 s) averaged over parietal and occipital sen-
sors is shown. D: Topography of the alpha power when compar-
ing LTM later remembered and LTM later forgotten trials during
the rehearsal interval. This comparison revealed strong alpha
power (8–12 Hz) between 0.5 and 3.0 s associated with success-
ful memory formation. Marked sensors are part of the significant
cluster (P < 0.001) when comparing later remembered and for-
gotten trials. E: A time-frequency representation of the average
alpha power increase over parietal and occipital sensors.
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sensors over occipital and parietal regions (Fig. 2D). To
identify the dominant source of this subsequent memory
effect we applied a beamforming approach. The relative
difference in source level power was then subjected to a
cluster-randomization procedure. Figure 3 shows the rela-
tive difference in power between later remembered and
later forgotten trials for the significant cluster (P ¼ 0.006).
The source is consistent with the topography of the effect
measured at the sensor level. It included mainly grid
points in the occipital cortex (>60% of the grid points in
BA 17, 18, and 19) but also in parietal areas (50–60% of the
grid points in BA 7 and 39). Note, however, that the spa-
tial extend of the source cannot be estimated reliably. This
is an inherent limitation of source modeling caused by the
inverse problem [Hansen et al., 2010].

Theta Power was Stronger for Later

Remembered Compared With Later Forgotten

Sequences During Stimulus Presentation

Next to modulations of alpha activity, the time-frequency
representation of power demonstrated a modulation in
theta band activity (4–8 Hz) during presentation of the
words. Interestingly the theta activity peaked at the time of
word presentation rather than after (Fig. 4A). When com-
paring later remembered and later forgotten trials, we iden-
tified a subsequent memory effect in the theta band (Fig.
4B). Theta power was significantly increased over frontal
and temporal sensors during presentation of the words
(�1.7–0.0 s, P ¼ 0.002) (Fig. 4C). No significant subsequent
memory effect was found during the rehearsal interval in
the theta band. We also tested for differences in the alpha
and beta band during stimulus presentation; however, the
task dependent effects were constrained to the theta band.

DISCUSSION

In this study, we have investigated oscillatory activity
during LTM encoding of word-sequences using MEG. The
alpha activity was relatively low during the 2.2 s word
presentation interval but increased during the 3.4 s re-
hearsal interval. Our key finding was stronger alpha activ-

ity during the rehearsal interval for later remembered
compared to later forgotten word-sequences. We identified
the sources of the alpha activity in occipital areas extend-
ing into superior and ventral parietal regions. During

Figure 3.

Source analysis during the rehearsal interval. Source reconstruction of the subsequent memory effect

in the alpha band (8–12 Hz, 0.5–3.0 s) is shown. Later remembered and forgotten trials are com-

pared. A highly significant cluster (P ¼ 0.006; corrected) was identified in occipital and parietal areas.

Figure 4.

Analysis of theta band activity. A: Average theta power (4–8 Hz)

over significant sensors, per condition during presentation of

the three words and the rehearsal interval. B: Average time-fre-

quency representation over sensors in the significant cluster (P

¼ 0.002) when comparing oscillatory activity between later

remembered and forgotten trials during presentation of the

words. An increase in theta band activity can be observed. C:

The topography of the increase in theta power. Marked sensors

indicate the significant cluster.
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word presentation, activity in the theta band was larger
for remembered compared with forgotten trials over fron-
tal and temporal areas.

The finding that an alpha power increase reflects subse-
quent memory could be a surprise to many, since alpha
often is expected to decrease with cognitive efforts. Con-
sistent with previous studies on working memory and
attention we propose that the alpha power increase reflects
an active disengagement of posterior regions not required
for the task [Fu et al., 2001; Jensen et al., 2002; Tuladhar
et al., 2007; Worden et al., 2000]. This disengagement could
serve to reduce the processing of visual input [Mathewson
et al., 2009; van Dijk et al., 2008]. It could also reflect active
suppression of top-down generated activity in visual
regions. The consequence of inhibiting the posterior task-
irrelevant regions might be to allocate resources to mem-
ory regions involved in rehearsal. This interpretation is
consistent with a recent fMRI study demonstrating that a
decrease in BOLD activity in the occipital cortex has posi-
tive effects on memory performance under acute psycho-
logical stress [Henckens et al., 2009]. Stress led to a
hypervigilant state with more occipital cortex processing.
This result supports the notion that memory formation is
impaired when the visual system is ‘‘over-engaged,’’ e.g.,
in a hypervigilant state. To what extend this effect is
reflected in alpha activity is not yet known but could be
investigated by combined EEG and fMRI recordings.

In the WM part of the task, we found stronger alpha ac-
tivity during the rehearsal period for Load 3 compared
with Load 1. This replicates earlier studies reporting an
increase in posterior alpha activity with memory load [Jen-
sen et al., 2002; Sauseng et al., 2005; Scheeringa et al., 2009;
Tuladhar et al., 2007]. In addition, we found lower alpha
activity for LTM trials compared with WM trials during
the word-list presentation. This suggests that the visual
system is more engaged for the more demanding LTM
task during the actual word presentation. In sum, these
effects support the notion that demanding tasks not
requiring visual processing result in an increase in poste-
rior alpha; however, during periods of stimulus presenta-
tion alpha activity is suppressed to allow optimal flow of
visual information.

The notion that increased alpha power reflects disen-
gagement originates from several MEG and EEG findings
on attention and working memory [Klimesch et al., 2007].
Studies on covert attention have found that alpha power
decreases in engaged areas, while alpha power increases
are found in nonengaged areas [Fu et al., 2001; Kelly et al.,
2006; Rihs et al., 2007; Worden et al., 2000]. Similar findings
have been reported in WM studies [Haegens et al., 2009;
Jokisch and Jensen, 2007; Sauseng et al., 2009]. For instance
in studies described above, increased alpha power with
WM Load is explained as increased disengagement of irrel-
evant areas [Jensen et al., 2002; Scheeringa et al., 2009;
Tuladhar et al., 2007]. A recent study on somatosensory
delayed-match-to-sample WM revealed a positive effect of
alpha activity on performance [Haegens et al., 2009].

Increased alpha activity ipsilateral to the engaged hand
during maintenance reflected successful performance. All
these results are in line with the functional inhibition hy-
pothesis in which alpha synchronization reflects top-down
inhibitory control [Klimesch et al., 2007; Thut and Miniussi,
2009]. Alternatively one might suggest that the alpha
power increase is a direct correlate of the neuronal mecha-
nism responsible for the task at hand; in this study LTM
encoding and WM maintenance (see e.g. [Kolev et al., 2001;
Maltseva et al., 2000; Palva and Palva, 2007; Sewards and
Sewards, 1999]). We find such an interpretation less likely
since it cannot account for the findings demonstrating an
increase in alpha power in task-irrelevant regions.

This report is one of the first human electrophysiological
studies suggesting that the disengagement of occipital-pa-
rietal areas during rehearsal is important for optimal LTM
encoding. Related results have been found in an EEG
study using letter strings and line drawings as memory
items [Khader et al., 2010]. Other studies found a decrease
in alpha activity during presentation of the stimuli to cor-
relate with successful encoding in LTM [Hanslmayr et al.,
2009; Klimesch et al., 1996b; Sederberg et al., 2007; Weiss
and Rappelsberger, 2000]. In our study, we did not find a
significant difference in alpha activity during presentation
of the words. This might be explained by the fact that the
current study relies on creating associations between the
presented words rather than remembering the individual
items. This implies that memory encoding during the re-
hearsal period is more important than during the presenta-
tion interval for the task we have applied.

Studies applying fMRI have identified both BOLD
increases and decreases in parietal and occipital areas
associated with subsequent memory [Daselaar et al., 2004;
Davachi et al., 2001; Henckens et al., 2009; Kim et al., 2010;
Otten and Rugg, 2001; Wagner and Davachi, 2001]. In par-
ticular, the picture has emerged that BOLD activity in
superior parietal cortex reflects memory formation
whereas activity in ventral parietal areas is detrimental for
memory formation [Uncapher and Wagner, 2009]. How-
ever, the alpha source we identified reflecting subsequent
memory formation included the occipital lobe and
extended into both posterior superior and ventral parietal
regions. We attribute the difference between the fMRI
studies and our MEG findings to the fact that the time re-
solution of MEG allows us to distinguish the stimulus pre-
sentation and rehearsal intervals. Because of the slow time
resolution of the BOLD signal, stimulus presentation and
rehearsal intervals are typically not separated in fMRI
studies. Thus, we believe that our findings are not in con-
tradiction to the existing literature, but rather they contrib-
ute new complementary insight.

Last we identified a subsequent memory effect in the
theta band during the word presentation interval. We
identified the subsequent theta band effect in frontal and
temporal areas. This finding is consistent with previous
reports [Hanslmayr et al., 2009; Osipova et al., 2006; Seder-
berg et al., 2003; Summerfield and Mangels, 2005]. It
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should be mentioned that the theta effect is present during
the visual presentation of the words only. Given that the
presentation of words also is associated with evoked
responses which might have frequency content in the theta
band, the effect might be partly explained by ERFs reflect-
ing subsequent memory [Paller and Wagner, 2002; Rugg
and Allan, 2000].

CONCLUSION

Our key finding is that strong parieto-occipital alpha ac-
tivity predicts successful long-term memory encoding.
This suggests that active inhibition of parieto-occipital
regions is a necessity for optimal task performance. We
posit that this inhibition serves to reduce potential interfer-
ing visual input and allocate processing resources to brain
areas responsible for LTM encoding.
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