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Abstract: In our daily lives, we are confronted with a large amount of information. Because only a
small fraction can be encoded in long-term memory, the brain must rely on powerful mechanisms to
filter out irrelevant information. To understand the neuronal mechanisms underlying the gating of
information into long-term memory, we employed a paradigm where the encoding was directed by a
“Remember” or a “No-Remember” cue. We found that posterior alpha activity increased prior to the
“No-Remember” stimuli, whereas it decreased prior to the “Remember” stimuli. The sources were
localized in the parietal cortex included in the dorsal attention network. Subjects with a larger cue-
modulation of the alpha activity had better memory for the to-be-remembered items. Interestingly,
alpha activity reflecting successful inhibition following the “No-Remember” cue was observed in the
frontal midline structures suggesting preparatory inhibition was mediated by anterior parts of the dor-
sal attention network. During the presentation of the memory items, there was more gamma activity
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for the “Remember” compared to the “No-Remember” items in the same regions. Importantly, the
anticipatory alpha power during cue predicted the gamma power during item. Our findings suggest
that top-down controlled alpha activity reflects attentional inhibition of sensory processing in the dor-
sal attention network, which then finally gates information to long-term memory. This gating is
achieved by inhibiting the processing of visual information reflected by neuronal synchronization in
the gamma band. In conclusion, the functional architecture revealed by region-specific changes in the
alpha activity reflects attentional modulation which has consequences for long-term memory encoding.
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INTRODUCTION

To retain the important information we encounter in our
daily lives, it is essential to filter relevant from irrelevant
information. This implies that efficient memory functioning
involves not only successful remembering but also success-
ful forgetting [Johnson, 1994; Van Hooff et al., 2009]. The
mechanisms controlling memory encoding have been inves-
tigated by directed forgetting, think/no-think or cued
encoding paradigms using various kinds of brain imaging
techniques [Anderson and Green, 2001; Anderson et al.,
2004; Bauml and Hanslmayr, 2010; Daselaar et al., 2004;
Depue et al., 2007; Fawcett and Taylor, 2008; Freunberger
et al., 2009; Hanslmayr et al., 2009a, 2010, Norby et al,,
2010; Wagner and Davachi, 2001; Wylie et al., 2008]. From
these studies, it is clear that the human memory system
engages and disengages various brain regions in order to
facilitate and prevent memory encoding. To understand the
physiological substrates of such mechanisms, oscillatory
dynamics might be relevant [Fell and Axmacher, 2011; Sie-
gel et al, 2012; Thut et al.,, 2012]. For example, neuronal
activity in the gamma band has been associated with active
processing, such as in memory maintenance and encoding
[Gruber et al., 2004; Jensen et al., 2007; Jerbi et al., 2009;
Lachaux et al., 2012; Osipova et al., 2006; Palva et al., 2010;
Park et al., 2011; Roux et al., 2012]. It has been suggested
that alpha band oscillations reflect active inhibition or dis-
engagement of task-irrelevant brain regions [Foxe and
Snyder, 2011; Foxe et al., 1998; Haegens et al., 2011; Hansl-
mayr et al, 2009a, 2012; Hsieh et al., 2011; Jensen and
Mazaheri, 2010; Jokisch and Jensen, 2007; Klimesch et al.,
2007; Meeuwissen et al., 2011b; Park et al., 2011; Roberts
et al., 2013]. Here, we hypothesized that oscillatory alpha
activity can serve to suppress the encoding of irrelevant
memories in a setting where new information has to be
either remembered or ignored. If the suppression fails, irrel-
evant memories might be created at the expense of memory
performance for the to-be-remembered items.

To this end, we have developed a novel long-term mem-
ory paradigm that affords the opportunity to examine brain
activity associated with active encoding or ignoring. A cue
directed subjects to either encode (remember) or ignore (no-
remember) an upcoming picture presented 2 s later. We

applied magnetoencephalography (MEG) to record the
ongoing brain activity in order to characterize oscillations
from regions associated with intentional memory encoding.
We hypothesized that posterior alpha activity following the
“No-Remember” cue will serve to suppress the encoding of
irrelevant information. As a consequence, individuals who
are better at suppressing the irrelevant information by pos-
terior alpha activity will benefit from an enhanced ability to
remember the relevant information. Finally, we predicted
that the cue-directed alpha band suppression would allow
for a stronger gamma band response during memory
encoding. In short, optimal performance requires the ability
to ignore irrelevant information by alpha band suppression
in order to remember relevant information.

MATERIALS AND METHODS
Participants

Thirty-one healthy, young, right-handed volunteers (15
males, 16 females, 25.0 = 3.2 years old) participated in this
study. However, eight participants who could not perform
the task (1 = 6; one subject fell asleep, two had a high False
Alarm rate comparable to the Hit rate and three misunder-
stood the task instructions), or had signals with excessive
superconducting quantum interference device (SQUID) noise
due to a malfunctioning of the MEG system (n=2) were
excluded from the analysis. This left datasets from 23 partici-
pants (11 males, 12 females) with a mean age of 24.8 =3.1
years to be analyzed. None of the participants had a history
of developmental, psychological, or neurological disorders.
They all had normal or corrected-to-normal vision. The pres-
ent study was approved by the Institutional Review Board
(IRB) at Seoul National University Hospital (IRB No. C-1007-
156-325). Written informed consent was obtained from all
participants after complete description of the study.

Stimuli

Six hundred and forty real-life photographs of land-
scapes and buildings were used. Pictures were obtained
from internet websites with resolutions exceeding 480 X
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Figure I.

A cued long-term memory paradigm. (A) In the encoding session,
subjects were presented memory items that were pictures of
landscapes or buildings. Prior to each item, a “Remember” or
“No-Remember” cue was presented, as indicated by the color of
the fixation cross. To ensure that the subjects attended the stim-
uli, we randomly presented perceptual decision trials. Subjects
were told that the “No-Remember” items would not be tested in
the recognition session. (B) In the recognition session, we pre-
sented, in random order, all the previous presented items (for
both cue types) together with previously unseen new items. The
subjects were instructed to indicate if they had seen the items in
the encoding session by pressing one of three button correspond-
ing to old, don’t know or new. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

640 pixels (the same stimuli used in Takashima et al.
[2006], which excluded well-known landscapes and build-
ings). The pictures with a visual angle of 8° horizontally
(334 X 250 pixels) were projected to a screen using
STIM2™ software (Compumedics Neuroscan, Charlotte,
NC). The stimuli were evenly divided into three sets to be
used for the conditions: “Remember” (R), “No-Remember”
(NR) and “New.” The “Remember” (R) and “No-
Remember” (NR) conditions were used in both the encod-
ing and recognition sessions and the “New” condition was
used only in the recognition session. The stimuli for these
three conditions were counterbalanced across subjects.
Also, the pictures of landscapes and buildings were
equally distributed for the conditions.

Experimental Paradigm and Procedure

The experiment was divided into a training followed by
an experimental block. Each block consisted of encoding,
interference, and recognition sessions (Fig. 1). In the train-
ing block, the stimuli from “No-Remember” (NR) were
not tested in the recognition session. Thus the subjects
were naive about the later test on the “No-Remember”
(NR) items in the recognition session of the experimental
block.

In the encoding session of the main experiment, 440 pic-
tures (220 pictures for respectively the “Remember” and
“No-Remember” conditions) were presented. First a cue

period was shown for 2 s, in which the color of the fixa-
tion cross indicated either to remember (e.g., blue,
“Remember”) or not to remember (e.g., yellow, “No-
Remember”) the upcoming picture. The color of the cue
was counterbalanced across subjects. After the instruction
cue, a picture was presented for 1 s, followed by an inter-
trial interval (ITI) of 1 s (Fig. 1A). In 10% of the trials inde-
pendent of the cue, we asked the subjects to make a per-
ceptual decision to ensure that the subjects perceived the
presented stimuli. In these trials, subjects had to decide
whether the picture was a landscape or a building as
prompted by a question shown after the picture. To pre-
vent motor preparation confounds, they were instructed to
press the left or right button (left or right index finger) as
instructed by the question screen. This question screen
was turned off as soon as a response was given, but was
displayed for a maximum of 4 s. The perceptual decision
trials were not used in the MEG analysis.

A short interference task followed the encoding session
in order to reduce recency effects for about 5 min. In this
task, the subjects were presented with an arithmetic equa-
tion involving addition or subtraction following by a num-
ber on a next screen. They were instructed to indicate by
button press whether the number was correct or incorrect
according to the equation.

In the recognition session, the 440 stimuli, including per-
ceptual decision trials from the encoding session (220 stim-
uli in each condition), were randomly intermixed with 200
new stimuli (Fig. 1B). Each picture was presented for 4 s
and the subjects were instructed to indicate if the picture
was presented before (old) or not (new). The fixation
screen then followed (1 s). The subjects used the index,
middle, and ring fingers of the right hand which was
already associated with the appropriate response (i.e., old,
don’t know, and new) before the experiment. This proce-
dure was also well trained during the training block. The
fingers associated with the three responses were counter-
balanced across subjects. To reduce guesses, they were
instructed to press the don’t know button when they were
uncertain. Subjects were supposed to respond old even if
they remembered that the item was associated with a
“No-Remember” cue, i.e., they were instructed to respond
as old or new independently of the cue. The picture disap-
peared as soon as a response was made, but was dis-
played for not more than 4 s.

Before the main experiment, the subjects were trained in
a block in which 160 pictures, of which 10% were percep-
tual decision stimuli, were presented during an encoding
session. Only the pictures for “Remember” trials were
tested for recognition, along with 50 new stimuli as foils.
This procedure was the same as in the main experimental
phase; however, the “No-Remember” items were not
tested in the recognition session of the training phase. As
such the subjects were aware that they later would be
tested on the “Remember” stimuli but not the “No-
Remember” stimuli. This was intended to trick subjects
into believing that they would not be tested on the “No-
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Remember” stimuli. Further, the large number of stimuli
used in the main experiment (440 during the encoding)
reduced the chances that subjects encoded the
“Remember” and “No-Remember” cues along with a
given picture. In short, as confirmed by the behavioral
results, our design promoted a strategy in which more
“Remember” than “No-Remember” stimuli were encoded.
The total duration of the experiment was ~100 min,
including the training phase and halfway break (~20 min)
between training and main experiment. After the experi-
ment, all participants were debriefed in a post-experimental
interview, and asked to describe the strategies they used.

Behavioral Analysis

The response trials from the recognition session were
characterized as follows. The old and new responses from
the “Remember” condition were labeled as R-hits and R-
misses, respectively, those from the “No-Remember” con-
dition as NR-hits and NR-misses, and those from the
“New” condition (the memory foils) as false alarms and
correct rejections. The encoding trials were categorized
according to subsequent recognition as later R-hits and
later R-misses for the “Remember” condition, and later
NR-hits and later NR-misses for the “No-Remember” con-
dition. Later NR-hits come from old responses as a result
of unsuccessful inhibition of memorization whereas later
NR-misses come from new responses most likely as a
result of successful inhibition of memorization as well as
fading of the specific memory.

MEG Measurement

Electromagnetic brain activity was recorded using a
whole-head MEG Neuromag (VectorView™, Elekta Neu-
romag Oy, Helsinki, Finland) acquisition system installed
at the MEG center of Seoul National University Hospital.
It consists of 306 sensors arranged in triplets of two planar
gradiometers and one magnetometer. Data were sampled
continuously at 1200 Hz (following a 300 Hz low-pass fil-
ter). The vertical and horizontal electrooculogram (EOG)
was also measured with EOG electrodes placed near the
outer canthus and beneath the left eye for subsequent
exclusion of eye movements and blinks artifacts. The elec-
trocardiogram (ECG) was also recorded to remove cardiac
artifacts from the data. Before entering the electromagneti-
cally shielded and sound attenuated room, head position
indicator (HPI) coils were sparsely attached on the head of
each subject, and anatomical landmarks such as nasion
and bilateral preauricular points were spatially identified
by 3D digitizer (FASTRAKTM, Polhemus, Colchester, VT).
Then the subject’s head position was registered by localiz-
ing HPI coils in the MEG device. This allowed the sources
reconstructed from the MEG to be superimposed on struc-
tural MR images of each individual with high precision.
Before data analysis, a Maxwell filter (Signal Space Separa-

tion), which separates brain-related and external inference
signals, was applied to reduce the confounding influence
of biological and environmental noises [Taulu and Simola,
2006; Taulu et al., 2005].

Structural MR Image Acquisition

Structural magnetic resonance (MR) images (T1-
weighted gradient-echo pulse sequence) were acquired at
3.0 T using a Siemens Trio Tim scanner (Siemens, Erlan-
gen, Germany) with the following parameters: 1.0 X 0.98
X 0.98 mm? voxels; 208 sagittal slices.

Data Analysis

The data analysis was performed in Matlab 2012a
(MathWorks, Natick, MA) using the Fieldtrip open source
Matlab toolbox developed at the Donders Institute for
Brain, Cognition and Behavior, Center for Cognitive Neu-
roimaging, Nijmegen, The Netherlands [Oostenveld et al.,
2011] (http://fieldtrip.fcdonders.nl), and custom scripts.
Before the analysis, the data were downsampled at 600 Hz
after applying a low-pass filter at 200 Hz for the computa-
tional reason. Trials contaminated by ocular artifacts,
SQUID jump and muscle artifacts were manually rejected
using visual inspection. Additionally, remaining electroo-
culographic (EOG) and electrocardiographic (ECG) arti-
facts were reduced using independent component analysis
(ICA). The recorded ECG helped identifying magnetocar-
diographic (MCG) components. After the artifact rejection
the number of trials for later R-hits, later R-misses, later
NR-hits, and later NR-misses were on average 90, 67, 51,
and 103 trials, respectively. This also means that the num-
ber of trials rejected because of eye movement are not dif-
ferent between “Remember” (157 trials) and “No-
Remember” (154 trials) conditions, i.e., there were not
more trials rejected for the “No-Remember” than the
“Remember” trials, as would have been the case if subjects
systematically had closed their eyes or made saccades
away for the “No-Remember” cue.

Spectral Analysis

For lower frequencies, time-frequency representations of
power (1-32 Hz) were computed based on a sliding time
window (steps of 50 ms) from the data segments covering
the whole trial length: cue (2 s), item (1 s), and inter-trial
interval (1 s). The length of the sliding time window was
adapted to the frequency, and contained four cycles (i.e.,
AT =4/f, e.g. 400 ms for 10 Hz). Prior to the Fourier trans-
formation, the data from the sliding time windows were
multiplied by a Hanning taper, resulting in adaptive spec-
tral smoothing of Af ~1/AT. For high frequency ranges
(20-200 Hz), a fixed time window of 200 ms was used
together with a multitaper approach involving three
orthogonal Slepian tapers, which resulted in a spectral
smoothing of ~10 Hz [Percival and Walden, 1993]. The
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grand-averaged power values were then calculated for the
different conditions and then compared. When conditions
are compared, we normalized the power value by the
mean of the two conditions.

Source Analysis

To identify the sources of the oscillatory activities we
applied a beamforming approach based on an adaptive
spatial filter (dynamic imaging of coherent sources, DICS)
[Gross et al.,, 2001]. Cross-spectral density matrices were
calculated from the Fourier transformed data for each con-
dition. We used a Hanning taper for the 10 Hz alpha
band, resulting in 3 Hz smoothing for a 500 ms window
and three Slepian tapers for the gamma frequency (80 Hz)
resulting in a 10 Hz spectral smoothing. Realistically
shaped single-shell descriptions of the brains were con-
structed from each individual’s MRI. The brain volume of
each individual subject was divided into a grid with a 0.8
cm resolution and normalized to the template MNI brain
(International Consortium for Brain Mapping, Montreal
Neurological Institute, Canada) using SPMS8 (http://
www.filion.ucl.ac.uk/spm). The lead field was calculated
for each grid point. Then, a spatial filter was constructed
for each grid point using the cross-spectral density matri-
ces for the frequency of interest and the lead fields. The
spatial distribution of power of oscillatory activities was
estimated in each condition albeit the cross-spectral den-
sities were calculated for the data combined.

Statistical Analysis

The statistical significance of the spectral power changes
was assessed using a cluster-based nonparametric random-
ization test [Maris and Oostenveld, 2007] which effectively
controls the Type I-error rate with respect to multiple com-
parisons over sensors, frequency, and time. This is achieved
by clustering neighboring sensors, time, and frequency
points. For the first-level statistics, sensors, frequency and
time-points below a threshold (¢ test; P < 0.05) were identi-
fied from the f statistics and subsequently spatially contigu-
ous points in terms of sensor, frequency and time-points
below this threshold were defined as a cluster. Then, the
sum of the f values for a given cluster was used for the
cluster-level statistics. By randomization of the data between
conditions across the subjects, the cluster-level ¢ statistics
were created from 5,000 randomization routines. For the
second-level statistics, the P value was estimated according
to the proportion of the randomization distribution exceed-
ing the observed maximum cluster-level statistics.

RESULTS

The MEG data from the encoding session were analyzed
for cueing effects, ie., comparison between “No-
Remember” and “Remember” cues and subsequent mem-
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Figure 2.
Behavioral results from the recognition session. The hit-rate was
significantly higher for R-hits (items preceded by a “Remember”
cue) compared to NR-hits (items preceded by a “No-
Remember” cue). The false alarm rate for completely new items
was also relatively low. In short, subjects respectively remem-
bered and ignored the items according to the cue.

ory effects. The encoding trials were categorized according
to subsequent recognition as later R-hits and later R-misses
for the “Remember” condition, and later NR-hits and later
NR-misses for the “No-Remember” condition (see
“behavioral analysis” in the Material and Methods section).

Behavioral Performance

The behavioral data from the recognition session are
reported in Figure 2. The recognition rate for items pre-
ceded by the “Remember” cue, ie., R-hits (56.7% * 3.2%)
was significantly greater than for items preceded by the
“No-Remember” cue, i.e., NR-hits (33.3% * 2.2%) (paired t
test; to2) =123, P<0.001). Both the R-hits and NR-hits
were significantly greater than the false alarm rate
(24.2% £2.0%) (tpy =145 P<0.001 and tg) =90,
P <0.001, respectively). These results demonstrate that the
subjects remembered more items following the
“Remember” cue compared to the “No-Remember” cue.
Further the low false alarm rate indicates that guessing
was relatively low during retrieval. The don’t know
responses were rated as 5.0% *5.3%, 6.4% *=7.0%, and
6.3% *+6.7% for “Remember,” “No-Remember,” and
“New” conditions respectively and these trials were not
included in the further analyses.

For perceptual decision trials, R-hits (56.5% *2.9%) for
the “Remember” cued items were significantly higher than
for NR-hits (30.0% *=2.9%) for the “No-Remember” cued
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items (paired t test: f»5 =9.2, P <0.001). The mean accu-
racy for judging the perceptual decision trials was high,
ie, 98.0%=*=0.5% for the “Remember” cue and
87.0% +1.6% for the “No-Remember” cue. Albeit this
effect was significantly different, subjects were able to per-
form the perceptual decisions with high accuracy demon-
strating that the subjects were attentive during the course
of the experiment.

Alpha Band Activity for “No-Remember’’ Versus
“Remember” Task Conditions

We first set out to identify electrophysiological modula-
tions according to the “No-Remember” versus the
“Remember” cue. Before comparing the conditions, the
absolute power in the alpha band increased for both the
“No-Remember” (Fig. 3A) and “Remember” (Fig. 3B) cues,
however, the increase was stronger in the “No-Remember”
cue condition. In particular, the absolute alpha power was
strong during the cue presentation interval. During item
presentation the alpha power decreased, but more so for
the “Remember” compared to the “No-Remember” condi-
tion. We found a highly robust alpha power increase over
posterior regions when comparing the trials for the “No-
Remember” to the “Remember” cues. Figure 3C shows a
time-frequency representation of power for 20 posterior
sensors over the parieto-occipital areas. This effect was
present during the cue interval and increased further
during the item presentation (f=8-12 Hz; t=1-2 s and
t=2-3 s; P<0.05). The modulation in the alpha band is
consistent with numerous reports on memory encoding
[Bonnefond and Jensen, 2012; Freunberger et al.,, 2009;
Hanslmayr and Staudigl, 2014; Hanslmayr et al., 2009b;
Khader et al., 2010; Meeuwissen et al., 2011b; Park et al.,
2011; Payne et al., 2013]. We thus focused the subsequent
analysis on the 10 Hz band (8-12 Hz when considering
spectral smoothing) considering the 1 s time interval just
prior to the memory item onset. The topographical distri-
bution of the alpha power difference for the “No-
Remember” and “Remember” cues during the cue interval
is shown in Figure 3D. This difference was found to be
highly significant (cluster-level permutation controlling for
multiple comparisons over sensors, P <0.001). Note that
the widespread cluster reflects the robustness of the effect
in terms of signal to noise ratio, rather than the spatial
extent per se of the underlying neuronal source which is
shown in Figure 3E. This is an inherent feature of the
cluster-randomization framework in which the size of a
given cluster is not directly interpretable. Next, we identi-
fied the neuronal sources reflecting the difference in the
alpha band during the cue interval (1-2 s) using a beam-
former analysis (Fig. 3E). We found that the alpha power
increase was dominated by extended sources mainly in
posterior parietal regions (cluster-level permutation,
P <0.05) included in the dorsal attention network [Fox
et al., 2006]. When comparing the contrast for the forgotten
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Figure 3.

The posterior alpha power (10 Hz) for the “No-Remember” cue
compared to the “Remember” cue. Time-frequency representa-
tions for the “No-Remember” (A) and the “Remember” (B) cue
conditions averaged over 20 posterior sensors. (C) A time-
frequency representation of power calculated for 20 posterior sen-
sors revealed a strong increase in the alpha band when comparing
the “No-Remember” to the “Remember” cue (normalized by the
mean of the two conditions). This effect was pronounced in the cue
interval (0-2 s), but also during item presentation and beyond
(P < 0.05). (D) Topographical distribution of alpha power increases
during the cue interval (10 Hz; 1-2 s) was found in a huge cluster
including most sensors (cluster-level permutation, P = 0.0002). (E)
Source reconstruction using a beamforming technique of the “No-
Remember” versus “Remember” effect (10 Hz; 1-2 s). The alpha
power increase was localized in posterior parietal regions (cluster-
level permutation, P < 0.05). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

trials only (NR-misses vs. R-misses), we found the same
modulation as in Figure 3 (data not shown).

Correlation Between Alpha Band Difference and
Behavioral Performance

Next we set out to investigate the behavioral relevance of
the cue-related alpha power modulation. We correlated the
alpha power difference for the cueing effect with the mem-
ory performance (assessed by the standard d-prime measure
calculated by R-hits versus false alarm rates) as well as com-
pliance (assessed by the standard d-prime measure calcu-
lated by R-hits versus NR-hits rates). By compliance we
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Figure 4.

The relationship between cue-related alpha band modulation and
behavioral performance. (A) The correlation between alpha power
modulation (“No-Remember” versus “Remember” cue; 10 Hz; 1-2
s) from signals in the posterior parietal cortex (local maxima of the
source reconstruction of “No-Remember” versus “Remember”
cue in Fig. 3E; MNI coordinates x, y, z=[—8, —58, 32]) and mem-
ory performance (assessed by the standard d-prime measure calcu-
lated by R-hits versus false alarm rates) over subjects was highly
significant (r=0.52, P=0.01). (B) The same correlation as in (A)
with respect to compliance (assessed by the standard d-prime mea-
sure calculated by R-hits versus NR-hits rates) over subjects was
also highly significant (r=0.66, P < 0.001). (C) The regression val-
ues between the difference in the alpha band at source level (“No-
Remember” versus “Remember” cue; 10 Hz; 1-2 s) and compliance
(cluster-level permutation, P < 0.05). We found that subjects with a
stronger difference in cue-directed alpha activity in posterior parie-
tal regions were also the subjects who were able to perform the
task better. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

here imply encoding intention according to the cue. As a
first step, we used the beamformer approach as a spatial fil-
ter to extract the alpha band activity from posterior parietal
cortex. The spatial filter was centered at the location produc-
ing the maximal cue directed difference in the alpha band
(as in Fig. 3E; left posterior parietal cortex; MNI coordinates
x, Y, z=[—8, =58, 32]). The cue-directed difference in the
alpha band was correlated with memory performance over
subjects (memory performance: r =0.52, P =0.01, Fig. 4A).
When we correlated the same cue-directed alpha power dif-
ference with compliance over subjects, we also found a
highly significant effect (compliance: r = 0.66, P < 0.001; Fig.
4B). Figure 4B might indicate that the subjects are divided in
two groups according to compliance. However, since this
was not the case for memory performance (e.g., Fig. 4A) we
have not pursued this further.

Next, we performed the analysis using the beamformer
approach applied to the full discretized brain volume. We
did this by calculating the regression coefficients for the
difference in alpha activity (“No-Remember” versus

“Remember” cue) and the measure for compliance at
every grid point in the brain volume. These values were
subjected to a cluster randomization analysis (testing for
nonzero regression coefficients while controlling for multi-
ple comparisons over grid points) that revealed a signifi-
cant cluster in posterior parietal cortex extending to visual
and temporal areas (cluster-level permutation, P <0.05;
Fig. 4C). These findings demonstrate that subjects who
upregulate their alpha band activity in visual processing
regions are the ones who successfully prevent the forma-
tion of irrelevant memories.

Subsequent Memory Effect in the Alpha Band for
Later Forgotten Versus Later Remembered
Trials

Next, we investigated the brain activity associated with
subsequent memory effect regardless of the task condi-
tions. Thus we sorted the encoding trials according to
whether they were later forgotten or later remembered. In
the first part of the analysis to be reported below, we com-
bined the “No-Remember” and “Remember” cues.

The spectral analysis for the subsequent memory effect
is shown in Figure 5. A time-frequency representation of
power for 20 posterior sensors over the parieto-occipital
regions when comparing later forgotten to later remem-
bered trials showed a strong alpha power increase during
both the cue and item presentation (P < 0.05; Fig. 5A). The
posterior alpha power (8-12 Hz) during the cue interval
(1-2 s) was highly significant when comparing the later
forgotten to the later remembered trials as shown in Fig-
ure 5B (cluster-level permutation controlling for multiple
comparisons over sensors, P =0.008). When localizing the
alpha power difference during the cue interval using a
beamformer analysis, we identified an extended source in
posterior parietal regions (relative power increase with
respect to the mean; Fig. 5C). When this difference was
statistically tested, it revealed frontal midline structures
including the left supplementary motor area (SMA (Brod-
mann Area 6); MNI coordinates x, y, z=[—32 —8 72];
cluster-level permutation, P <0.05; Fig. 5D). The exact
location from the randomization analysis should be inter-
preted with caution since it probably only reveals a peak
in an extended network. We concluded that successful
memory encoding is associated with a relative decrease in
alpha power in an extended area overlapping with the
dorsal attention network.

Subsequent Memory Effect in the Alpha
Band for the “No-Remember” Cue

Given our interests in functional inhibition by alpha
band activity in long-term memory task, we considered
brain activity in the cue interval for the “No-Remember”
cue. Specifically we compared later correctly forgotten tri-
als, ie., later NR-misses to later unintentionally
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Figure 5.

The posterior alpha power (10 Hz) for the later forgotten com-
pared to the later remembered trials. (A) A time-frequency rep-
resentation of power calculated for 20 posterior sensors showed
a strong increase in the alpha band when comparing the later for-
gotten to the later remembered trials (normalized by the mean of
the two conditions) in the encoding session. The strong alpha
power increase was observed in the cue interval as well as during
item presentation (P < 0.05). (B) Topographical distribution of
alpha power increase during the cue interval (10 Hz; 1-2 s) was
found in posterior and central sensors (cluster-level permutation,
P =10.008) for the later forgotten versus the later remembered
trials. (C) Source reconstruction using a beamformer approach to
localize the alpha power for later forgotten versus later remem-
bered trials during the cue interval (10 Hz; 1-2 s). The alpha
power for the later forgotten trials was relatively increased com-
pared to the later remembered trials (relative power increase
with respect to the mean). (D) Statistical testing of the source
reconstruction in (C) revealed the involvement of frontal midline
structures including the left supplementary motor area (SMA
(Brodmann Area 6); MNI coordinates x, y, z=[—32 —8 72];
cluster-level permutation, P < 0.05). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

remembered trials, i.e., Later NR-hits. When we compared
these conditions, we found a significant increase in alpha
power predictive of later NR-misses during the cue inter-
val with respect to 12 central sensors (f=8-12 Hz; t =1-2
s; P<0.05; Fig. 6A). The topographical distribution of
alpha power centered at 10 Hz during cue interval (1-2 s)
was focused over central regions (permutation, P < 0.05,
uncorrected; Fig. 6B). When we localized this effect using
a beamformer and found an alpha power increase in fron-
tal midline structures including the left supplementary
motor area (SMA (Brodmann Area 6); MNI coordinates x,
y, z=[—26, —4, 80]; P <0.05, uncorrected; Fig. 6C). The

left lateralized source in supplementary motor cortex sug-
gests a differential involvement of the extended motor sys-
tem. However, this is not likely to reflect preparation of
button responses in the perceptual decision task since they
were independent of the memory cueing. Even though
this effect was not significant when controlling for multi-
ple comparisons, it did include sensors from the cluster
identified when comparing all the later forgotten versus
later remembered trials in Figure 5B. Statistical power is
lost when only considering the “No-Remember” cue trials.
We therefore consider the effect reliable and conclude that
the modulation in the alpha band reflects the predicted
inhibition of irrelevant memory encoding.

We next asked if subjects having a larger difference in
alpha band power between later NR-misses and later NR-
hits are also the subjects who are better at ignoring the
“No-Remember” items. To do so, we performed a regres-
sion analysis considering the alpha band differences from
the beamformer applied to each grid point in the full brain
volume (later NR-misses versus later NR-hits; f=8-12 Hz;
t=1-2 s) and the compliance measure (the same analysis
as in Fig. 4C). As demonstrated in Figure 7A, this revealed
correlations in posterior parietal regions. The effect was

‘No-Remember’ cue: Later Forgutten minus Later Remembered
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Figure 6.
Alpha band activity for subsequent memory effect in the “No-

Remember” condition, i.e., later correctly forgotten trials (later
NR-misses) versus later unintentionally remembered trials (later
NR-hits). (A) A time-frequency representation of power calcu-
lated for 12 central sensors (Neuromag sensor labels: 042, 043,
063, 071, 072,073,074, 104, I I I, 114, 182, 221) when compared
the later NR-misses to the later NR-hits (normalized by the mean
of the two conditions) revealed an alpha power increase during
the cue interval as well as item presentation (P < 0.05). (B) Topo-
graphical distribution of the alpha power increase (10 Hz; 1-2 s)
for the later NR-misses versus the later NR-hits was found over
central sensors (P < 0.05, uncorrected). (C) For the same com-
parison, a beamformer analysis revealed frontal midline structures
including the left supplementary motor area (SMA (Brodmann
Area 6); MNI coordinates x, y, z=[—26 —4 80]; P < 0.05, uncor-
rected). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7.

The relationship between cue-related alpha band modulation for
subsequent memory effect in the “No-Remember” condition, i.e.,
later NR-misses versus later NR-hits and compliance during cue
interval (I-2 s). (A) The regression results between source level
difference in the alpha band for the subsequent memory effect in
the “No-Remember” condition (later NR-misses versus later NR-
hits) and compliance. This showed a similar trend as the regression
values for the cueing effect (“No-Remember” cue versus
“Remember” cue; Fig. 4C) albeit weaker (permutation, P < 0.05,
uncorrected). (B) The correlation between the alpha band effect
for subsequent memory effect in the “No-Remember” condition
(later NR-misses versus later NR-hits) and compliance over sub-
jects. Here, we selected a grid point of the local maxima of poste-
rior parietal cortex (precuneus; MNI coordinates x, y, z = [0, —72,
64]) from regression analysis in (A). This revealed a significant posi-
tive correlation (r = 0.52, P=0.01). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

consistent with the cueing effect observed in Figure 4C
albeit not significant when controlling for multiple com-
parisons. To further illustrate the results, we computed the
correlation between power values from a location in brain
volume and compliance over subjects. We here selected a
grid point of the local maxima of posterior parietal cortex
(precuneus; MNI coordinates x, y, z=[0 —72 64]) from the
regression analysis in Figure 7A. This computation
revealed a significant positive correlation between power
and compliance (r=0.52, P =0.01; Fig. 7B). Although this
location is included in the sources in Figures 3E and 4C,
the correlation should be considered as a trend given it
was not robust when considering multiple comparisons.
We also compared the subsequent memory effect in the
alpha band for the “Remember” condition i.e., later R-hits
versus later R-misses. Even though trends were present con-

sistent with the previous results, no significant effects were
identified when taking multiple comparisons into account.

In conclusion, an analysis of the subsequent memory
effect for the “No-Remember” trials revealed that alpha
activity in the cue interval serves to prevent encoding of
the irrelevant memory items. This alpha band modulation
is predictive of performance over subjects.

Gamma Band Activity for “No-Remember”’
Versus “Remember”’ Task Conditions

Given the well-known role of gamma band activity in
active information processing in cognitive tasks [Fell and
Axmacher, 2011; Fries et al., 2007; Jensen et al., 2007; Jutras
and Buffalo, 2010; Park et al., 2011; Roberts et al., 2013], we
extended the analysis to the higher frequency bands. First
we investigated gamma band activity for the “Remember”
versus the “No-Remember” cue. In the cue interval, we did
not find any significant effects; however, during the item
presentation period, we found a highly robust gamma
power increase in posterior regions when comparing the
“Remember” to the “No-Remember” encoding trials (aver-
aged over 8 posterior sensors in Fig. 8B; f=40-100 Hz;
t=2-3s; P <0.05; Fig. 8A). The effect was somewhat broad-
band (40-100 Hz) and lasted for about 1 s with an onset of
about 200 ms after item presentation. The topographical dis-
tribution of the gamma power difference for the
“Remember” compared to the “No-Remember” cue at sen-
sor level revealed a highly significant effect over posterior
regions (cluster-level permutation, P = 0.01; Fig. 8B). Source
reconstruction of the gamma power increase was localized
in posterior parietal cortex, extending into temporal areas
bilaterally (maximum MNI coordinates x, y, z = [24 —48 72];
cluster-level permutation, P <0.05; Fig. 8C). This source
overlaps strongly with the source reflecting the reverse
effect in the alpha band during the cue interval (Fig. 3E).
These results demonstrated that the encoding of the to-be-
remembered items is associated with an increase in gamma
band activity.

Gamma Band Activity for Later Remembered
Versus Later Forgotten Trials

Next we examined the subsequent memory effect
regardless of the “Remember”/“No-Remember” cue by
comparing the later remembered to the later forgotten tri-
als. We found a robust gamma power increase during
item presentation which reflected the subsequent memory
effect (averaged over five posterior sensors with power
increase in Fig. 9B; f=40-100 Hz; t=2-3 s; P <0.05; Fig.
9A). When we focused on the 80-Hz band power (70-90
Hz when considering spectral smoothing) during item pre-
sentation (2-3 s), the activity was most pronounced in pos-
terior sensors. While consistent with the cueing effect in
Figure 8B, it was however not significant when controlling for
multiple comparisons over sensors (P < 0.05, uncorrected; Fig.
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Figure 8.

Modulations of high-frequency power for the “Remember” to the
“No-Remember” cue. (A) A time-frequency representation of
power when comparing the “Remember” to the “No-Remember”
cue (normalized by the mean of the two conditions) calculated for
eight posterior sensors marked in (B). Ve observed a robust differ-
ence in the gamma band during item presentation (P < 0.05). (B)
The topography of the gamma band difference at 80 Hz when com-
paring the “Remember” to the “No-Remember” condition during
item presentation (2-3 s). We found a significant difference over
posterior regions (cluster-level permutation, P=0.01). (C) Source
reconstruction using a beamformer approach to localize the gamma
power increase during item presentation (80 Hz; 2-3 s) revealed
sources in posterior parietal cortex, extending into temporal cortex
bilaterally (maximum MNI coordinates x, y, z=1[24 —48 72];
cluster-level permutation, P < 0.05). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

9B). Next, the source reconstruction of this activity has shown
that gamma power for later remembered was increased than
the later forgotten trials over posterior parieto-occipital
regions (relative power increase with respect to the mean; Fig.
9C). When this difference was statistically tested, it revealed
posterior parietal cortex including precuneus (MNI coordi-
nates x, y, z = [8 —48 56]; P < 0.05, uncorrected; Fig. 9D). Albeit
not significant when controlling for multiple comparisons
over grid points, the regions of the subsequent memory effect
in the gamma band overlapped strongly with the subsequent
memory effect in the alpha band (Fig. 5C).

Correlation Between Alpha Power During Cue
Interval and Gamma Power During Item
Presentation

As we hypothesized, alpha power increased during the
cue interval in response to the “No-Remember” instruction
and gamma power increased during item presentation in
response to the “Remember” instruction. Motivated by
this fact, we were interested in the relationship between
these two oscillatory modulations. To find this relation-
ship, we performed a correlation analysis between alpha

power during cue interval (1-2 s; Fig. 3E) and gamma
power during item presentation (2-3 s; Fig. 8C) for the
“Remember” versus “No-Remember” cue condition. The
source analyses in the previous analyses for both the alpha
and gamma band effects produced sources in the precu-
neus. An analysis involving the overlapping sources of the
cueing effect in the alpha band (Fig. 3E) and the gamma
band (Fig. 8C) confirmed a common source in the precu-
neus (data not shown). Thus we investigated the relation-
ship between the power in these two bands using signals
from the precuneus (WFU PickAtlas; available from
http:/ /fmri.wfubmc.edu/software/PickAtlas). This region
includes large portion of posterior parietal cortex and it
overlaps with central areas of the dorsal attention network.
The alpha power during the cue interval (1-2 s) and
gamma power during the item presentation (2-3 s) were
extracted from the grid points in left and right precuneus
using the beamformer approach and the “Remember”
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Figure 9.

Modulations of high-frequency power for the later remembered
compared to the later forgotten trials. (A) A time-frequency repre-
sentation of power when comparing later remembered to the later
forgotten trials (normalized by the mean of the two conditions) cal-
culated for five posterior sensors with power increase in (B)
(P < 0.05). (B) Topographical distribution of gamma power during
item presentation (80 Hz; 2-3 s) increased over posterior sensors.
(C) Source reconstruction using the beamformer approach for the
later remembered versus the later forgotten trials (80 Hz; 2-3 s).
The gamma power for the later remembered trials was relatively
increased compared to the later forgotten trials over posterior
parieto-occipital regions (relative power increase with respect to
the mean). (D) Statistical testing of the source reconstruction in
(C) revealed the involvement of posterior parietal cortex including
precuneus (MNI coordinates x, y, z=[8 —48 56]; P < 0.05, uncor-
rected). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 10.

Correlations between alpha power during cue interval (I-2 s) and
gamma power during item presentation (2—3 s) for the cueing effect.
(A\) Correlation between alpha power during cue interval (I-2 s) and
gamma power during item presentation (2-3 s) when comparing
“Remember” cue to “No-Remember” cue condition. The power val-
ues were derived using a beamformer approach, averaging signals
from within the precuneus (ROI analysis; left and right precuneus
from the WFU PickAtlas; see insert). Ve observed a significant nega-
tive correlation for these values (r = —0.44, P = 0.03). (B) The corre-
lation analysis in the source domain between alpha power during cue
interval (1-2 s) and gamma power during item presentation (2-3 s)
when comparing “Remember” cue to “No-Remember” cue condi-
tion. The correlation analysis was performed at every grid point in
brain volume and confirmed the negative correlation in posterior
parietal cortex (local maxima: precuneus; MNI coordinates x, ¥,
z=1[14, —68, 72]; r= —0.54, P < 0.05, uncorrected). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

versus “No-Remember” difference was calculated. Then,
these alpha and gamma power values were correlated
over subjects. This procedure revealed a significant nega-
tive correlation (r = —0.44, P = 0.03; Fig. 10A).

To identify the brain regions with the strongest correla-
tions, we performed the correlation analysis using the
power values from subjects obtained from every grid point
in the brain volume using the beamformer approach. We
found negative correlations in posterior parietal cortex
(local maxima: precuneus; MNI coordinates x, y, z=[14,
—68, 72]; r=—0.54, P<0.05 uncorrected; Fig. 10B). The
location is consistent with the regions where the alpha and
gamma sources were identified in the previous analysis.
We concluded that subjects in which the alpha band power
decreases during a “Remember” cue are also subjects in
which the gamma band power increases during encoding.

DISCUSSION

The aim of the current study was to test whether alpha
oscillations provide a mechanism for gating long-term

memory encoding. A cue indicated whether pictorial items
should be encoded or not. Our first finding was that alpha
power in the cue interval already prior to presentation of
the memory items was predictive of memory formation.
The power increase in the alpha band when comparing
the “No-Remember” to the “Remember” trials was
observed both during the cue and item presentation inter-
vals (see Figs. 3C and 5A). Second, we found that alpha
activity in posterior parietal regions increased dramatically
for the “No-Remember” compared to the “Remember”
cue, prior to the item presentation. Subjects with the
strongest cue-directed alpha power increase performed
better on the memory task. Further, during item presenta-
tion, we found that there was stronger induced gamma
activity for the “Remember” compared to the “No-
Remember” condition. Importantly, the decrease of alpha
power before the presentation of the item correlated with
the increase in gamma activity during memory encoding
when “Remember” was compared to the “No-Remember”
condition.

Several studies have demonstrated strong interactions
between attention and long-term memory encoding
(reviewed in Chun and Turk-Browne [2007]). In this study
we demonstrated that attentional gating to the long-term
memory storage is reflected by prestimulus modulations
in the alpha band. Importantly, we demonstrated that sub-
jects with a better ability to modulate their posterior alpha
activity also were subjects with better memory perform-
ance. In future studies it would be of great interest to
investigate memory problems in various disorders such as
ADHD (attention-deficit/hyperactivity disorder) and MCI
(mild cognitive impairment) as well as in normal aging
[Wais et al., 2012] might be explained by an inability to
properly modulate the alpha band activity. A second
major finding was that the pre-stimulus alpha modulation
was predictive of the post-stimulus gamma band modula-
tion. Also the degree of modulation was predictive of
memory performance. This suggests that the brain state
defined by the alpha band activity has a causal influence
on the memory encoding reflected by activity in the
gamma band.

Alpha Activity in Posterior Parietal Regions
Gates Memory Encoding

Our sensory systems are constantly exposed to large
amount of information of which only little is of relevance
for our behavior. To remember the relevant information, it
is essential to have powerful mechanisms that filter out
irrelevant information prior to encoding. Our findings sug-
gest that posterior alpha activity is under top-down con-
trol and serves to actively gate information to long-term
memory. This interpretation is consistent with previous
findings from attention and working memory studies sup-
porting the idea that posterior alpha activity gates the
information flow in an anticipatory manner [Bonnefond
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and Jensen, 2012; Foxe and Snyder, 2011; Freunberger
et al., 2009; Hanslmayr et al., 2009a; Hsieh et al., 2011;
Jensen and Mazaheri, 2010; Klimesch et al., 2007; Park
et al., 2011; Payne et al., 2013; Roberts et al., 2013]. From
a physiological perspective, this gating is achieved
through inhibition. For instance, it has been shown that
both neuronal firing and the BOLD signal are reduced
with a local increase in the alpha activity [Goldman
et al., 2002; Haegens et al., 2012; Laufs et al., 2003]. Also,
both visual detection and phosphene detection are
reduced as posterior alpha activity increases [Hanslmayr
et al., 2007; Mathewson et al., 2009; Romei et al., 2008;
Stokes et al., 2012; van Dijk et al., 2008]. We extend these
principles by demonstrating that alpha power increase
during memory cueing reflects the intentional inhibition
of visual processing. This inhibition prevents the encod-
ing in long-term memory. Further we showed that the
decrease in alpha power during the cue interval was
complemented by an increase in gamma power during
item presentation. We therefore propose that alpha
power modulation sets the state of the network control-
ling the subsequent encoding reflected by gamma band
synchronization [Gruber et al., 2004; Jutras and Buffalo,
2010; Osipova et al., 2006]. We found the alpha band
modulation to be most robust in the dorsal attention net-
work including posterior parietal regions. This is in good
agreement with neuroimaging studies demonstrating the
involvement of parietal regions in tasks requiring top-
down attentional control [Corbetta and Shulman, 2002;
Giesbrecht et al.,, 2003; Hopfinger et al., 2000; Marzetti
et al., 2013; Slagter et al., 2007]. It should be noted that
the alpha band modulation is somewhat widespread and
does somewhat vary when comparing the different con-
ditions (cf. Figs. 4, 5, and 6); however, the sources do
consistently overlap with the dorsal attention network
[Fox et al., 2006]. The control of the memory encoding
reflected by alpha band modulation should therefore be
attributed to the dorsal attention network rather than a
single region per se.

It is debated to what extend impaired memory encoding
is explained by interference or inhibition [Bauml and
Hanslmayr, 2010]. It could be argued that reduced mem-
ory encoding after the “No-Remember” cue is explained
by a strategy in which subjects deliberately engage in
other mental processes to prevent encoding. For instance it
has been demonstrated that tasks not requiring attention
to the environment result in increased alpha activity [Ray
and Cole, 1985]. As such, the posterior alpha increase
might reflect inhibition of visual processing as being a con-
sequence of a strategy where the subjects engage in inter-
nal mental processes or even the rehearsal of the previous
memory item.

In short, our results provide important new insights into
how the encoding of visual information can be prevented.
We suggest the alpha band modulation reflects a filter
mechanism allowing us to remember only the relevant
information when operating in a complex world.

Better Memory Performers had an Improved
Ability to Modulate the Posterior Alpha Power

Individuals who remembered more of the relevant infor-
mation at the expense of the irrelevant information
showed better memory performance. Thus individuals
who are better at flexible suppressing the irrelevant items
will benefit in terms of remembering the relevant items.
To understand this mechanism from a physiological per-
spective, we found that individuals with a stronger differ-
ence in the cue-directed alpha activity in posterior parietal
regions were also those with better memory performance.

Gamma Increase in Parietal Regions for the
“Remember” Cue During Item Presentation

We observed a gamma band increase when comparing
the “Remember” versus “No-Remember” condition during
memory encoding. Several regions including parietal-
occipital-temporal areas accounted for this gamma band
activity. Gamma band activity is typically associated with
active neuronal processing in attention and memory tasks
[Fell and Axmacher, 2011; Fries et al., 2007; Jensen et al.,
2007; Jutras and Buffalo, 2010; Park et al., 2011; Roberts
et al., 2013] and it has been shown that spiking phase-
locked to gamma oscillations facilitates synaptic plasticity
[Wespatat et al., 2004]. Further, neuronal synchronization
in the gamma band in a given region has been proposed
to result in a stronger feed-forward drive [Salinas and Sej-
nowski, 2001]. In the context of our study, a stronger feed-
forward drive could promote memory encoding. We
found a trend toward a subsequent memory effect in the
gamma band during item presentation. The reliability of
the effect is likely to increase with more trial numbers.
Nevertheless, the gamma band subsequent memory effect
is consistent with several previous reports [Gruber et al.,
2004; Meeuwissen et al., 2011a; Osipova et al., 2006].

Considering broadband nature of gamma band activity
in our study, there is a debate to what extend it may rep-
resent spectral leakage of multiunit activity rather than
genuine oscillatory activity [Buzsaki et al.,, 2012; Ray and
Maunsell, 2011; Scheffer-Teixeira et al., 2013]. The current
data does not allow us to resolve this issue; however, we
consider both phenomena interesting. Gamma band oscil-
lations have been implicated in neuronal communications
[Fries et al., 2007] whereas high-frequency multiunit activ-
ity has been proposed to directly reflect neuronal process-
ing [Canolty and Knight, 2010].

Cue-induced Alpha Power Modulation Predict
Encoding-Related Gamma Activity

As we argue above, the alpha power decreases in the cue
interval to open the gate to the memory system, whereas
the gamma power increases during item presentation to facili-
tate memory encoding. Our analysis revealed that the
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encoding-related alpha decrease observed when comparing
the “Remember” to the “No-Remember” condition predicted
the gamma band increase over subjects. This effect was
observed in posterior parietal regions included in the dorsal
attention network. We suggest that the inhibitory control by
the alpha activity sets the state of the network determining the
subsequent memory processing reflected in the gamma band.

Alpha Activity in Frontal Midline Structures
Might Prevent Encoding of Irrelevant
Information

When we compared the brain activity for later correctly
forgotten to later remembered trials regardless of task condi-
tions, we found significant alpha power increase in frontal
structures including the supplementary motor area (SMA)
which also partly overlap with the dorsal attention network.
The same regions were found in the subsequent memory
effect for the “No-Remember” cue condition (later NR-
misses > later NR-hits). This finding is consistent with previ-
ous studies suggesting that the SMA plays an inhibitory role
[Aron, 2011; Boy et al., 2010; Chen et al., 2009, 2010; Ikeda
et al., 2000; Konishi et al., 2011; Mostofsky et al., 2003; Shad-
mehr and Holcomb, 1999; Sumner et al.,, 2007]. It is well
known that the SMA being part of the dorsal attention net-
work is not only involved in motor-related functions, but is
also involved in attention and memory [Chein and Fiez,
2001; Cole and Schneider, 2007; Hopfinger et al., 2000;
Ortuno et al., 2005; Simon et al., 2002]. A meta-analysis by
Kim [2011] on subsequent memory effects in fMRI studies
revealed that the SMA was consistently found to be involved
in successful memory formation. This modulation in the
BOLD signal might be related to the prestimulus alpha
power decrease for the later remembered items regardless of
task conditions and the NR-hits in our study. The cue-
related activity in our paradigm could be translated into
internally generated actions for the preparation of memory
items to be remembered or not. This resembles cue-driven
cognitive operations in other types of paradigms [Aron,
2011; Jaffard et al., 2007; Mostofsky et al., 2003]. Future work
is required to better understand how the alpha activity pro-
duced in frontal regions and posterior parietal cortex are
associated. Even though this effect was not significant when
controlling for multiple comparisons, it did include sources
from the cluster identified when comparing all the later for-
gotten versus later remembered trials in Figure 5. Statistical
power is lost when only considering the “No-Remember”
cue trials. We therefore consider the effect reliable and con-
clude that the modulation in the alpha band reflects the pre-
dicted inhibition of irrelevant memory encoding.

Oscillatory Brain Activity Predicting
Memory Encoding

Prestimulus oscillatory activity has been found to pre-
dict memory encoding in other studies as well [Addante

et al., 2011; Fell et al.,, 2011; Gruber et al., 2013; Guderian
et al., 2009]. For instance, Gruber et al. [2013] recently
reported that encoding-related theta activity reflected
memory encoding in an EEG study using a monetary
reward expectancy paradigm. Guderian et al. [2009] also
found theta band activity to predict episodic encoding in
an MEG study. In addition to theta power enhancement,
Fell et al. [2011] observed alpha power enhancement for
successful memory encoding before stimulus presentation
in an intracranial EEG study. They suggested that theta
and alpha band activity reflects top-down control in prep-
aration for memory processing. Consistently, we suggest
that alpha band activity in the dorsal attention network is
predictive of memory encoding.

CONCLUSION

In conclusion, posterior alpha activity gates memory
encoding. Memory is improved if one manages to block
out irrelevant information by an increase in alpha activity.
Finally, alpha and gamma activities interact such that a
decrease in the alpha band activity allows for stimulus-
induced memory encoding reflected in the gamma band.
As such, posterior alpha activity might play an important
role in real-life situations where we are confronted with
massive amounts of information. Under such circumstan-
ces, it is essential to have powerful mechanisms that sup-
press the irrelevant input so that the relevant information
can be remembered. Future work employing measures of
cross-frequency coupling between brain regions may shed
further light on the network properties and interactions
between oscillations in different frequency bands.
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