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Abstract: The subsequent memory paradigm, according to which cerebral activity for later remem-
bered (LR) and later forgotten (LF) items is contrasted, can be used to characterize the processes neces-
sary for successful memory encoding. Previous simultaneous electroencephalography/functional
magnetic resonance imaging (EEG/fMRI) memory studies suggest an inverse relationship between
frontal theta band power and the blood oxygenation level dependent (BOLD) signal in the default
mode network (DMN). The principal aim of this EEG/fMRI study was to test the hypothesis that this
putative theta-DMN relationship is less evident in LF compared with LR trials. Fourteen healthy par-
ticipants performed an episodic memory task in which pictorial stimuli were presented during encod-
ing, and categorized (as LR or LF) by subsequent memory performance. For each encoding trial, the
mean of the Hilbert envelope of the theta signal from 400 to 800 ms after stimulus presentation was
calculated. To integrate the EEG and fMRI data, general linear models (GLMs) were used to assess the
extent to which these single-trial theta values (as modulators of the main effect of stimulus) predicted
DMN BOLD signal change, using: (i) whole-head univariate GLMs and (ii) GLMs in which the out-
come variable was the time-course of a DMN component derived from spatial independent component
analysis of the fMRI data. Theta was significantly greater for LR than LF stimuli. Furthermore, the
inverse relationship between theta and BOLD in the DMN was consistently stronger for LR than LF
pictures. These findings imply that theta oscillations are key to attenuating processes which may other-
wise impair memory encoding. Hum Brain Mapp 34:2929–2943, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Great variability exists in the degree to which we later
remember events despite their apparent experiential simi-
larity. Neural activity at the time of sensory experience is
crucial to the encoding process. Successful encoding is
contingent upon the translation of sensory percepts to in-
ternal representations which are in turn bound into acces-
sible, enduring traces in the subjective environment [Paller
and Wagner, 2002]. Behavioral evidence suggests that mul-
tiple interacting factors shape encoding: attention, novelty,
and emotional arousal all modulate memory performance
[Canli et al., 2000; Kelley et al., 1998; Murdock, 1960].
Memory formation relies on the modification of synaptic
connections. This modification or plasticity is more likely
at times of coordinated activity of neural populations
[Buzsaki and Draguhn, 2004]. This coordinated activity
typically increases the power of oscillations observable in
data recorded using electroencephalography (EEG).
Increased oscillations in the theta band (3–8 Hz) have been
robustly reported during memory processing. Observed
associations between frontal midline theta oscillations and
cognitive load in spatial learning, spatial navigation,
verbal, and spatial working memory and item recognition
[Gevins et al., 1997; Jensen and Tesche, 2002; Onton et al.,
2005; Weidemann et al., 2009], suggest that theta oscilla-
tions play a generalized role in memory processing.

Key to the experimental examination of memory encod-
ing is the subsequent memory (SM) paradigm, in which
neural responses to specific events are recorded and catego-
rized according to a later retrieval test, thus providing a
measure of differential neural activity according to memory
performance [Paller and Wagner, 2002]. Klimesch et al.
[1997] reported SM effects on the theta power measured
over frontocentral midline electrodes during a verbal mem-
ory test. Increased theta coherence between frontal and
posterior electrodes has also been observed for later
remembered (LR) compared with later forgotten (LF)
words [Weiss et al., 2000]. This literature highlights the util-
ity of frontal midline theta in SM prediction. Intracortical
recordings have identified neuroelectric SM effects in other
brain structures. It has been recently observed, from elec-
trodes implanted within the hippocampus and amygdala of
presurgical eplilepsy patients, that the strength of phase-
locking of local field theta oscillations to single neuron
spikes predicts episodic memory performance [Rutishauser
et al., 2010]. This observation provides a mechanistic expla-
nation of plasticity-induced changes in task-related oscilla-
tions observed at the scalp. Furthermore, there is growing
evidence in favor of cross-spectral SM effects, particularly
between theta and gamma (>25 Hz) oscillations. The
strength of theta-gamma comodulation in CA3 of the rat
hippocampus of item-context learning has been found to
increase as memory performance increases [Tort et al.,
2009]. This finding concurs with the work of Sederberg
et al. [2003], who used subdural recording in humans, and
observed concomitant SM effects in post-stimulus theta and

gamma in right frontal and temporal cortex electrodes. In a
magnetoencephalography study, Osipova et al. [2006] used
a pictorial episodic memory task and similarly observed
SM effects specific to theta and gamma in response to pic-
tures, with these effects being maximal in parietal regions
between 300 and 1,200 ms post stimulus.

Blood oxygenation level dependent functional magnetic
resonance imaging (BOLD fMRI) has also been used to
investigate SM effects. Wagner et al. [1998] found greater
activity for LR than LF words in left inferior prefrontal
and fusiform cortex and medial temporal lobe regions.
Brewer et al. [1998] found comparable, but right-lateral-
ized SM effects when studying complex visual scenes. SM
effects of increased amygdala activation have also been
observed in response to emotionally arousing scenes
[Canli et al., 2000]. An important finding was also made
by Otten and Rugg [2001], who reported that regions
including the medial parietal, dorsolateral prefrontal cor-
tex, and bilateral angular gyrus were more activated dur-
ing the encoding of LF compared with LR words. This
finding bucked the trend for a positive relationship
between activation and SM performance and suggested
that activation in these areas actually impaired effective
encoding. Daselaar et al. [2004] found differential activity
in a similar pattern of regions, but crucially proved that
their findings could be attributed to an error-related
attenuation of patterns of deactivation shown during suc-
cessful encoding. Recently, Anticevic et al. [2010] used a
working memory task with distractor stimuli presented in
the maintenance phase to identify two networks with dis-
sociable functional roles and in both of which increased
deactivation of activity at the time of encoding was predic-
tive of better memory performance. The first of these, the
default mode network [DMN; Raichle et al., 2001] is an
intrinsically correlated, distributed network typically com-
prising medial frontal, precuneus, posterior cingulate and
bilateral angular gyrus, and has consistently been shown
to be deactivated during cognitive task performance and
preferentially activated at times of rest and introspection
[McKiernan et al., 2003; Raichle et al., 2001]. Suppression
of activity here and concomitant attentional allocation to
encoding-relevant regions provides a simple explanation
for previous results [Daselaar et al., 2004; Otten and Rugg,
2001]. The second preferentially deactivated network iden-
tified by Anticevic et al. [2010] was found bilaterally at the
temporoparietal junction (TPJ), spanning principal regions
of the ventral attention network [VAN; Corbetta et al.,
2002], which is activated by behaviorally salient stimuli
acting to orient attention to the external environment. Sup-
pression of this region may aid goal-directed task perform-
ance by reducing interference effects of distractor stimuli.
In summary, it is increasingly clear that successful mem-
ory formation relies not only on preferential activation of
structures directly related to memory processes, but also
on preferential deactivation of task-irrelevant structures.

Concurrent acquisition of EEG and fMRI data (EEG/
fMRI) provides a means of noninvasively resolving the
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temporal and spatial characteristics of brain activity, while
controlling for attention, training, and habituation effects
associated with the independent acquisition of EEG and
fMRI data. It is therefore a potentially valuable technique
for consolidating oscillatory and hemodynamic SM find-
ings. However, it should be stressed that the eradication
of artifacts in EEG recordings made during concurrent
fMRI, including those due to cardio-ballistic effects and
the MR-gradients, remains a challenge. Several techniques
have been developed to improve artifact correction
through both optimized image acquisition and postpro-
cessing [Allen et al., 1998, 2000; Mullinger et al., 2008] and
the successful use of simultaneous EEG/fMRI to investi-
gate regional activity associated with neural oscillations
and their cognitive modulation relies on the elimination of
these artifacts.

Simultaneous EEG/fMRI has been used to reveal a puta-
tive negative relationship between variations in frontal
midline theta oscillatory power and DMN BOLD activity
both during cognitively demanding working memory
tasks and at rest. Scheeringa et al. [2008] employed inde-
pendent component analysis (ICA), a data-driven blind-
source separation method that identifies spatial patterns
on the basis of their maximal temporal independence, to
define a frontal midline theta component of EEG data
acquired during rest. Using a general linear model (GLM)
approach, and a regressor created by convolving continu-
ous theta values with the canonical hemodynamic
response function (HRF), they observed that fluctuations
in convolved theta power were significantly negatively
correlated with BOLD signal in the DMN, and that there
were no significant positive correlations in any brain
region. Developing this approach to investigate the effect
of task-related theta, Scheeringa et al. [2009] observed that
theta-related variation in the maintenance period of a
Sternberg working memory task was similarly negatively
correlated with DMN BOLD activity. Michels et al. [2010]
also reported an inverse relationship between single-trial
theta and DMN BOLD during working memory retention.
Despite growing evidence of a theta-DMN relationship,
details of its modulation by memory performance are yet
to be reported. Here, we investigate subsequent episodic
memory effects in simultaneously-acquired EEG/fMRI
data with the aim of addressing three principal
hypotheses:

1. memory encoding performance as judged by a later
retrieval test can be predicted from single-trial frontal
midline theta power measured during encoding;

2. variation in this single-trial theta value is negatively
correlated with the BOLD signal within regions that
together comprise the DMN, including medial pre-
frontal, posterior cingulate, precuneus, and bilateral
angular gyrus; and

3. the robustness of the hypothesized theta-DMN rela-
tionship will be stronger for correctly compared with
incorrectly remembered items.

METHODS

Participants

All subjects gave informed written consent prior to par-
ticipation in this study, which was approved by our local
ethics committee and performed in compliance with the
Declaration of Helsinki. Twenty-two participants were
recruited to take part in an episodic memory fMRI experi-
ment. Incomplete data were collected for four participants:
two aborted the scan session; and two were excluded as
corruption of the EEG marker data-files prevented data
analysis. During analysis a further four participants were
excluded because, after rejecting artifactual trials on the
basis of the EEG data, there remained fewer than 10 error
trials. This was considered too few to construct a meaning-
ful time-frequency average for LF trials or assess theta SM
effects. The final study group therefore consisted of 14 par-
ticipants [6 males, 28 � 8 years (mean age � standard
deviation)]. All participants had normal sight or sight that
was corrected to normal using the optic fiber goggle sys-
tem employed during the fMRI study. Participants
reported no history of mental illness or neurological injury
and were not prescribed medication at the time of study.

Experimental Task

The experimental task was a shortened version of the
episodic-memory task described by Gruber et al. [2008]
which was programmed using Presentation (Neurobeha-
vioral Systems, USA). Subjects took part in two 16-min
sessions of the task, which is illustrated schematically in
Figure 1. Totally, 250 colored pictures of ‘‘living’’ or ‘‘non-
living’’ objects were selected from a standard picture
library (Hemera Photo-Objects 5000). Fifty of these were
used exclusively for training purposes and 200 for the
fMRI experiment. Pictures used in the first session were
excluded from the second session. Each session comprised
a 6.5-min encoding phase, followed by a 30-s rest period
and a 9-min retrieval phase. All visual stimuli were pre-
sented using an optic fiber goggle system (Nordic Neuro
Lab, Norway). Participants were instructed to attend to a
central fixation cross at all interstimulus periods. The
encoding phase comprised 40 trials. Each began with pre-
sentation of a randomly selected picture for 1.2 s on a
black background in either the top or bottom half of a
grid. Directly after stimulus presentation, participants
were presented with the question: ‘‘living or non-living?’’
for 1.5 s, during which time they were required to make a
button-press judgment. Each trial finished with a rest pe-
riod of a pseudo-randomly assigned duration of between 3
and 5 s. The retrieval phase consisted of 60 trials. Each
trial began with one of 60 pictures (40 shown in the encod-
ing phase, 20 new) being presented for 2 s in the center of
the screen. Participants were then presented with an
empty grid to which they were required to make a source
and retrieval judgment within 2 s. For pictures judged
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‘‘old,’’ a trackerball (fORP, Cambridge Instruments, UK)
was used to move a cursor from the mid-point of the
screen to the section of the grid in which the picture was
remembered to have been in the encoding phase. A button
was then pressed. All button responses were performed
with the right index finger. For pictures judged ‘‘new,’’ the
trackerball was used to move the cursor to the exterior of
the grid and the button similarly pressed. A rest period of
duration 3–5 s concluded the retrieval trials. To ensure
sufficient sampling of the BOLD signal baseline, 10 addi-
tional null trials of a pseudo-randomly determined dura-
tion of 10–15 s were included in both the encoding and
retrieval phases.

MRI Data Acquisition

Blood oxygenation level-dependent (BOLD) datasets
were acquired on a 3 Tesla Philips Achieva MRI scanner
(Philips, Netherlands). To enhance sensitivity, dual-echo
gradient-echo echo-planar images (GE-EPI) were acquired
[Gowland and Bowtell, 2007; Posse et al., 1999], using an
eight-channel SENSE head coil with SENSE factor 2 in an-
terior–posterior direction, TE1/TE2 20/48 ms, flip angle
85�, 255 � 255 mm field of view, with an in-plane resolu-
tion of 3 mm � 3 mm and a slice thickness of 4 mm, and
TR 3,000 ms. At each dynamic time point a volume dataset
was acquired consisting of 40 contiguous axial slices
acquired in descending order. The number of slices and
TR were selected to facilitate synchronization of the EEG

and scanner clocks [Mandelkow et al., 2006]. Totally, 330
dynamic time points were acquired during the entire fMRI
paradigm. A magnetization prepared rapid acquisition
gradient echo image with 1mm isotropic resolution, 256 �
256 � 160 matrix, TR/TE 8.1/3.7 ms, shot interval 3 s, flip
angle 8�, SENSE factor 2 was also acquired for each partic-
ipant for image registration.

Electrophysiological data acquisition

EEG data from 31 scalp electrodes positioned according
to the international 10–20 system of electrode location
were recorded with an MR-compatible electrode cap
equipped with Ag/AgCl electrodes (Braincap MR, Brain
Products, Germany). An additional electrode was placed
under the right eye to monitor eye movements. The
upper-limit of electrode impedance was 10 kX. EEG data
were digitized and amplified using an MR-plus amplifier
(Brain Products, Germany) and recorded using Brain
Vision Recorder (BVR; Version 1.10, Brain Products, Ger-
many) with a 5 kHz sampling rate. Acquisition of EEG
data was synchronized with MR data acquisition (Syncbox,
Brain Products, Germany) and scanner trigger pulses were
lengthened to facilitate their recording with BVR. Presenta-
tion event codes were additionally imported into the BVR
data file. ECG data were acquired using an MR-compatible
four-channel vector cardiogram system (VCG; Philips,
Netherlands) and sampled at 500 Hz [Chia et al., 2000].
Respiratory data were recorded using an MR-scanner

Figure 1.

Illustrative schematic of task, depicting the stimulus timings of an encoding-phase trial (top) and

a retrieval-phase trial (bottom). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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pneumatic belt (Philips, Netherlands) and sampled at
500 Hz.

Data Analysis

EEG pre-processing and primary analysis

Gradient artifacts were cleaned from EEG data using av-
erage artifact subtraction [Allen et al., 1998, 2000] in Brain
Vision Analyzer (Version 1.05, Brain Products, Germany).
Data were then band-pass filtered between 0.1 and 40 Hz,
with an additional notch filter applied at 50 Hz to remove
the mains-artifact. R-peak markers derived from the VCG
were aligned with the EEG data [Mullinger et al., 2008].
Data were then down-sampled to 250 Hz and imported
into EEGlab [Delorme and Makeig, 2004] for pulse artifact
correction by means of optimal basis sets within the fMRIB
plugin [Niazy et al., 2005], using the VCG derived R-peak
markers. To eliminate eye movements, an automatic elec-
tro-oculargram artifact correction method using blind
source separation was applied (AAR toolbox, EEGlab
plugin; http://www.cs.tut.fi/�gomezher/projects/eeg/
index.htm). Single-trial data were calculated by segmenting
from 1,000 ms pre- to 1,996 ms post-presentation of the
encoding picture, with events classified on the basis of the
SM test as being either LR or LF pictures. LF pictures

included both those pictures for which the location was
incorrectly remembered and those which were incorrectly
designated as new. Analysis focused upon EEG data
recorded at FCz because of the sensitivity of this site to SM
effects [Klimesch et al., 1997]. Events containing within-
event voltage differences exceeding 50 lV were excluded,
as were trials deemed improbable because they exhibited a
relative kurtosis exceeding five standard deviations.

Visualization of the data in time-frequency space was
afforded by the calculation of LR- and LF-specific event-
related spectral perturbations [ERSPs; Makeig, 1993] using
EEGlab [Delorme and Makeig, 2004]. This technique calcu-
lates the power (dB) at a given frequency and latency rela-
tive to a time-locking event of interest, which was in this
instance the presentation of the encoding stimuli. Within
each of 100 frequency bins from 3 to 40 Hz, event-related
shifts in the power spectrum were assessed using a wave-
let comprising three cycles of a sinusoidal wave at the cen-
tral frequency of the bin. The use of variable cycle length
permits better frequency resolution at high frequencies
than techniques using constant cycle length [Delorme and
Makeig, 2004]. Single-trial ERSPs were calculated from
1,000 ms pre- to 1,996 ms post-stimulus, averaged across
trials and averaged across participants. Group-averaged
ERSPs (Fig. 2) revealed distinct early (0–400 ms after stim-
ulus presentation) and late (400–800 ms) frontomedial

Figure 2.

Group time-frequency plots for visual stimuli presented during

encoding and classified on the basis of subsequent memory per-

formance. Left shows data for later remembered (LR) while

middle shows later forgotten (LF) pictures. Right shows time-

frequency points where significant (P < 0.01 uncorrected) sub-

sequent memory effects were observed. All data presented

were measured at FCz. Color-bar depicts power at each time-

frequency point. Scalp maps depict power distribution at the

demarcated time-frequency point. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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theta increases (3–7.5 Hz). This frequency range was there-
fore used to represent theta. Statistical comparison (of LF-
LR) confirmed previous reports that SM effects were maxi-
mal in this later window [Osipova et al., 2003]. On this ba-
sis, single-trial theta values in the later time window were
recorded and used for integrating EEG and fMRI analyses.

Single-trial theta was calculated by first band-pass filter-
ing cleaned EEG data recorded at FCz between 3 and 7.5
Hz, using a two-way least squares finite impulse response
filter, and then baseline-correcting between �200 and 0
ms, with this baseline averaged across both trial types to
minimize the influence of between-condition differences in
prestimulus activity on poststimulus measures. Hilbert
transforms provide a measure of amplitude modulation of
oscillatory processes. The mean of the Hilbert envelope of
theta from 400 to 800 ms was recorded for each event.
Theta values were Z-transformed (prior to categorization)
for use in later EEG/fMRI integratory analyses to assess
differential memory effects.

Alternative methods of assessing single-trial theta oscil-
latory activity for subsequent EEG/fMRI integratory anal-
ysis include projecting the EEG data into source-space or
characterizing multivariate features of the EEG signal in
whole-scalp topographies. For example, ICA of EEG data
has been previously used with success in this context
[Scheeringa et al., 2009]. Discussion of an ICA-derived
theta EEG/fMRI analysis is presented as Supporting Infor-
mation 1 and Supporting Information Figure 1.

fMRI: preprocessing, general linear models, and

independent component analysis

fMRI data preprocessing was performed using SPM8
(Statistical Parametric Mapping, Wellcome Department of
Imaging Neuroscience, University of London, UK). Data
were corrected for slice-timing differences and spatially
realigned. Movement parameters were assessed for each
participant, and participants were excluded if movement
exceeded 3 mm. A single dataset was produced from a
weighted summation of the dual-echo dynamic time
course [Gowland and Bowtell, 2007; Posse et al., 1999].
Retrospective physiological correction of this dataset was
then performed (RETROICOR; Glover et al., 2000), before
coregistration of the dataset with subject-specific anatomi-
cal MR data, normalization to SPM template and spatial
smoothing using a Gaussian kernel with a 5 mm full
width at half maximum. A high-pass temporal filter was
applied to minimize effects of low-frequency physiological
and scanner-derived confounds.

First-level, event-related analyses were performed using
individually specified general linear model (GLM) design
matrices, which modeled the time course of the BOLD
response associated with the presentation of the visual
stimuli, by convolving a series of rectangles of 2 sec dura-
tion with the canonical hemodynamic response function.
Two regressors (per session) were included for encoding
stimuli, which were categorized as LR or LF stimuli; two

regressors were included for the retrieval stimuli, which
were categorized as those presented in the encoding phase
and those new to the retrieval phase. Regressors for the
temporal derivatives of each of these predictors were also
included to allow for the possibility of small latency varia-
tions in the activated areas. Realignment parameters were
included in the GLMs as covariates of no interest. From
these models, first-level contrast images for the activation
related to LR and LF stimuli were calculated and entered
into second-level random effects analyses.

In a further analysis, group spatial independent compo-
nent analysis (ICA) was performed on the preprocessed
BOLD data (Infomax algorithm; GIFT toolbox; http://
icatb.sourceforge.net). Twenty spatial components were
identified. Spatial correlation of these components with the
DMN mask incorporated within GIFT was assessed. All
components with a significant spatial correlation (P <
0.05) with the DMN were further investigated in relation
to theta oscillatory activity (as is described in Section
EEG/fMRI data integration).

EEG/fMRI data integration

A whole-head univariate GLM analysis was performed
to test the hypothesis that trial-by-trial theta variation pre-
dicted BOLD signal changes more strongly for LR than LF
events. This was achieved by including single-trial theta
values, calculated as described above (Section EEG prepro-
cessing and primary analysis), as parametric modulators of
the LR and LF stimuli in models otherwise identical to
those described above (Section fMRI: preprocessing, gen-
eral linear models, and independent component analysis).
A session-specific mean value was entered as the paramet-
ric modulator value for those trials identified as being arti-
factual in the EEG analysis. For each participant, a contrast
image was computed to evaluate whether there were any
regions whose activity was predicted by theta variation in
relation to LR stimuli. Equivalent contrast images were also
computed to assess the effect of theta variation in relation
to LF stimuli. In addition, contrast images were computed
to test whether theta differentially predicted BOLD for LR
and LF events by subtracting the effect of theta related to
one encoding stimulus class from the effect of theta related
to the other. These contrast images were then included
within second-level random-effects analyses to test the hy-
pothesis that theta variation predicted BOLD activity for
the group. Both positive and negative correlates of theta
were examined throughout the analysis.

To assess explicitly the relationship between single-trial
theta and BOLD activity in the DMN while minimizing
the problem of multiple comparisons inherent in whole-
head, univariate voxel analyses, regression analyses were
performed on the multiple spatial components that signifi-
cantly correlated with the DMN mask provided by GIFT
using the same design matrices as those used in the uni-
variate EEG/fMRI analysis described above. The DMN
mask in GIFT is a whole-brain weighted Z-score image
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with Z-score peaks in core DMN regions including the
precuneus, bilateral angular gyrus, and ventral and supe-
rior medial PFC. Resulting beta values associated with LR
stimulus effect, LF stimulus effect, LR stimulus theta, and
LF stimulus theta were recorded for each individual. One
sample T-tests were performed for each of these variables
for each DMN component so as to assess whether the
regression coefficients for these variables differed from
zero for the group.

To assess whether these beta values differed according
to SM performance and/or the DMN component being
investigated, two repeated-measures analysis of variance
(rmANOVA) analyses were performed. In the first, beta
values for LR stimulus and LF stimulus were entered for
all DMN components. Using SM performance and inde-
pendent component as within-subject factors, this rm-
ANOVA tested whether beta values associated with the
stimulus differed according to memory performance and/
or according to the DMN component in question.

In a second rmANOVA analysis, beta values for LR
stimulus theta and LF stimulus theta were entered, again
using SM performance and DMN component as within-
subject factors, this rmANOVA tested whether the theta
prediction of DMN activity differed according to SM per-
formance and/or the DMN component in question.

RESULTS

Behavior

Participants performed with a mean accuracy of 96.7% in
the encoding judgment and 69.7% in the subsequent re-
trieval test. For the encoding period, response times (RTs)
for the correct responses were significantly shorter than
those for incorrect responses (T(13)¼3.30, P ¼ 0.003). No sig-
nificant SM difference in RT was observed in the retrieval
judgment. Behavioral results are summarized in Table I.

Frontal Theta SM Effects

Figure 2 illustrates group mean time-frequency power
changes at FCz for LR and LF stimuli. Increased theta
power is evident for both LR and LF stimuli from 0 to 400

ms post stimulus with no significant between-condition
differences. In a later window from 400 to 800 ms signifi-
cant SM effects are observed with increased theta power
for LR compared to LF stimuli. As is depicted in the right-
hand portion of Figure 2, this effect is centered on 7 Hz
from approximately 500–600 ms post stimulus. The scalp
maps in Figure 2 depict the scalp distribution of theta
power in this time window and highlight that this effect
was focused on FCz. An additional significant SM effect
was also observed at �16 Hz from 100 to 300 ms post
stimulus with LF exhibiting enhanced beta power when
compared with LR pictures. The mean Hilbert-transformed
3–7.5 Hz signal between 400 and 800 ms post stimulus
presentation was greater for LR than LF stimuli (LR theta:
1.43 � 0.22 dB (mean � standard deviation); LF theta: 1.24
� 0.24 dB; SM effect: T(13) ¼ 2.84, P ¼ 0.010).

BOLD Correlates of Task

Both LR and LF stimuli elicited activation in a diverse
cortical network including significant clusters within vis-
ual regions including bilateral lingual gyrus, in the supple-
mentary motor area and cingulate cortex, and in bilateral
inferior frontal gyrus (IFG) and bilateral thalamus (Table II
and Fig. 3). Clusters included peak voxels in right parahip-
pocampal gyrus for both stimulus types. Significant deacti-
vation of medial frontal areas, precuneus and bilateral
angular gyrus was observed in association with both stim-
ulus types (Table II and Fig. 3). Whole-head examination
of SM effects, derived from a contrast of LR-LF pictures,
revealed no significant clusters at an uncorrected voxel-
level threshold of P < 0.05. In light of the severe loss of
statistical power due to the need for stringent correction
for multiple comparisons in voxel-based analyses of the
entire brain, a region of interest (ROI) analysis was con-
ducted in limbic regions in which SM effects were demon-
strated in a recent meta-analysis (Spaniol et al., 2009). This
analysis is reported in Supporting Information 2 and indi-
cates a trend for greater BOLD activation during LR com-
pared with LF trials in the right amygdala.

Theta Modulation of BOLD

Univariate voxel-based analysis

The late theta signal during encoding exhibited a signifi-
cant negative correlation with BOLD in the medial frontal
gyrus during LR trials (Fig. 4a and Table III). In LF trials
the correlation was less consistent (Fig. 4a). Explicit com-
parison of theta-BOLD relationships for LR and LF stimuli
revealed a cluster centered in medial frontal gyrus where
this SM difference was observed to be significant (Fig. 4b
and Table III). The whole-brain analysis revealed no
regions in which the theta signal exhibited a significant
positive correlation with BOLD in either trial type. In the
ROI analysis of the right amygdala described in

TABLE I. Task performance

Judgment

Response

Correct Incorrect

% RT (s) % RT (s)

Encoding 96.7 (1.7) 0.62 (0.11) 3.3 (1.7) 1.03 (0.46)
Retrieval 69.7 (9.5) 0.95 (0.12) 30.3 (9.5) 0.88 (0.10)

Accuracy of response during the encoding and retrieval phases of
the episodic memory task. Response times (RTs) are given as the
group-mean of the single-subject median results. Values in brack-
ets denote the standard deviation.
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Supporting Information 2, positive modulation of BOLD
by theta was significantly greater for LR than LF stimuli.

DMN ICA analysis

Figure 5 depicts the three spatial components that corre-
lated significantly with the DMN mask from GIFT. Com-

ponent A, which exhibits a ring-like distribution on
account of missing voxels in ventral prefrontal cortex
caused by signal dropout due to susceptibility effects in
this area, is centered on medial frontal gyrus (correlation
with DMN: R ¼ 0.371, P < 0.01); component B on medial
and superior frontal gyrus, ACC, bilateral insula, and
bilateral angular gyrus (R ¼ 0.563, P < 0.01); and

TABLE II. Selected foci of task-induced activation and deactivation in response to

later remembered (LF) and later forgotten (LF) stimuli during encoding

Contrast Region (Brodmann area)

MNI coordinates
Local maximum

T-valueX Y Z

(A)Task-induced activations
LR > baseline Lingual gyrus (18) 16 �80 �10 11.05

Lingual gyrus (18) �14 �82 �12 9.93
Middle occipital gyrus (19) 34 �84 16 9.97
Fusiform gyrus (37) 34 �48 �18 9.79
Inferior parietal lobule (40) �44 �40 56 10.03
Supplementary motor area (6) 4 0 62 6.88
Cingulate cortex (32) �8 12 40 6.54
Inferior frontal gyrus (13) 36 22 8 6.83
Inferior frontal gyrus (13) �34 22 8 6.43
Thalamus �10 �12 6 5.94
Thalamus 10 �14 0 7.36
Parahippocampal gyrus (35) 30 �28 �22 7.17

LF> baseline Lingual gyrus (18) 14 �80 �10 9.61
Lingual gyrus (18) �14 �82 �12 9.62
Middle occipital gyrus (19) 28 �88 14 8.91
Fusiform gyrus (37) 34 �48 �20 8.32
Inferior parietal lobule (40) �46 �40 56 6.82
Supplementary motor area (6) 2 0 62 6.66
Cingulate cortex (32) �2 12 44 7.41
Inferior frontal gyrus (13) 36 22 8 7.81
Insula (13) �28 26 6 5.03
Thalamus �10 �18 6 7.40
Thalamus 12 �14 2 8.40
Parahippocampal gyrus (30) 16 �46 �2 7.46
Amygdala 30 �2 �22 4.89

(A) Task�induced deactivations
LR < baseline Anterior cingulate cortex (32) �4 39 8 4.49

Medial frontal gyrus (10) 10 50 2 4.18
Superior frontal gyrus (9) 10 50 30 2.94
Middle frontal gyrus (8) �36 20 52 3.68
Middle frontal gyrus (8) 36 28 48 5.40
Angular gyrus (39) �44 �70 36 4.55
Angular gyrus (39) 52 �66 34 2.39
Posterior cingulate cortex (31) �8 �52 24 3.22
Posterior cingulate cortex (31) 2 �50 28 3.67

LF < baseline Medial frontal gyrus (10) �4 58 14 6.41
Superior frontal gyrus (9) �4 52 30 4.03
Middle frontal gyrus (8) �30 28 50 4.35
Middle frontal gyrus (8) 18 28 56 3.02
Angular gyrus (39) �48 �70 30 6.48
Angular gyrus (39) 52 �64 36 3.25
Posterior cingulate cortex (31) �6 �44 38 3.02
Precuneus (7) �8 �62 30 3.83

T-values describe peak voxels within significant clusters of task-induced activation and deactivations.
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component C on medial frontal gyrus, posterior cingulate
cortex, precuneus, and bilateral angular gyrus (R ¼ 0.343,
P < 0.01). BOLD activity in these components was
robustly observed to be negative in association with
presentation of encoding stimuli irrespective of their sub-
sequent memory (Table IV). rmANOVA revealed a signifi-
cant within-subject effect of the component (F(2,13) ¼ 7.59,
P ¼ 0.007), but no SM effect.

As with the whole-head univariate analysis, event-
related theta signal significantly modulated the relation-
ship between the trial event and BOLD signal during LR
trials but exerted a significantly weaker modulatory effect
during LF trials (Table IV). A significant negative relation-
ship between late theta and DMN BOLD was only
observed for LR stimuli, with the strongest relationship
found for component B in response to these stimuli. The
rmANOVA revealed an overall SM effect (F(1,13) ¼ 5.43,
P ¼ 0.037), but no significant between-component effect.
Similarly, despite some variation in the degree to which
theta predicted BOLD for LR stimuli for the components
studied, the overall (component � memory performance)
interaction was not significant.

DISCUSSION

Concurrent EEG/fMRI recording during the execution
of a cognitive task provides a unique means of studying
the effect of a measurable behavioral manipulation on os-

cillatory activity, regional hemodynamic responses and the
interaction of oscillatory and hemodynamic measures. A
principal focus of the current study was the investigation
of oscillatory power changes in the theta band during the
encoding of pictorial stimuli. Frontal midline theta
increases were observed during encoding, with these
increases found to be significantly greater for LR com-
pared to LF pictures. Investigation of time-frequency space
showed a significant SM effect at �7 Hz and a latency of
500–600 ms post stimulus presentation, while explicit ex-
amination of the mean theta signal between 400 and 800
ms post stimulus also confirmed greater theta power for
LR than LF pictures. Frontal midline SM effects have pre-
viously been reported during word encoding [Klimesch
et al., 1997; Weiss et al., 2000]. Furthermore, Osipova et al.
[2003] reported parietal theta SM differences for pictorial
stimuli to be maximal from 300 to 1,200 ms. The latency of
our findings is therefore broadly congruent with previous
observations.

Frontal theta power has previously been delineated as a
marker of mental effort and increased attentional demands
[Sauseng et al., 2007]. In addition, Luu and Tucker [2001]
observed that theta power increased over somatomotor
regions following known-error responses, while Makeig
et al. [2004] found increased theta power directly following
manual responses to target stimuli. These findings suggest
that theta plays a role in context updating. Both directed
attention and context updating are vital aspects of success-
ful memory encoding. Increased frontal theta power for

Figure 3.

Activation observed during processing of visual encoding stimuli

relative to baseline. Random-effects group data for stimuli that

are later remembered (LR; top) and later forgotten (LF; bottom)

in the subsequent memory test. Both activations and deactiva-

tions presented are significant at uncorrected voxel threshold of

P < 0.001. Data are overlaid on a standard averaged T1-

weighted MR-image displayed according to neurological conven-

tion. Positive T-score values are defined in the colorbar located

on the left, negative T-scores in the right-hand color-bar. Itali-

cized numbers denote MNI Z co-ordinate of the axial slice

shown. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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LR compared with LF pictures can be explained by these
processes being more prevalent at times of LR stimulus
presentation. It has been proposed that theta band oscilla-
tions underlie long-range communication between frontal
midline and concurrently active brain regions [von Stein
and Sarnthein, 2000]. Increased theta band coupling
between frontal midline and posterior sensory regions has
also been observed at times when a manual response
requires increased integration of visual and sensory infor-
mation [Sauseng et al., 2007]. In light of these findings, it
is plausible that frontal theta acts to recruit other task-rele-
vant regions. Furthermore, it could be argued that the
increased theta power for LR pictures represents an
increased capacity to recruit the other brain regions neces-
sary for successful memory encoding.

In addition to memory effects on frontal midline theta,
perhaps the most striking oscillatory memory effect was
increased beta (�16 Hz; 100–300 ms post stimulus) for LF
compared with LR stimuli. Increases in beta power have
been observed at the cessation of sensory stimulation [for
example, Stevenson et al., 2011], with this beta bounce-
back phenomenon hypothesized to represent a refractory
gating period during which sensory processes are inhib-
ited. Increased beta power could speculatively prevent
memory encoding. No SM effects were observed in the
gamma band in the current study. While gamma effects
have been observed during working memory using EEG/
fMRI [Michels et al., 2010], robust and accurate measure-
ment of this low amplitude signal is complicated by
acquiring EEG within the scanner. Investigation of the pu-
tative relationship between theta phase and gamma ampli-
tude [Canolty et al., 2006]—which complements theories of
memory formation [Lisman and Idiart, 1995]—and investi-
gation of concomitant hemodynamic fluctuation is never-
theless an important objective for future EEG/fMRI-based
memory research.

Investigation of BOLD correlates of encoding revealed
patterns of task-induced activation and deactivation
broadly unaffected by SM performance. A previous posi-
tron emission tomography study reported increased activ-
ity in regions including ACC, IFG, parahippocampal
gyrus, and inferior parietal lobule (IPL) during encoding
[Fujii et al., 2002]. These regions were similarly activated
in response to encoding stimuli during this study.

Significant activation of the cingulate cortex (BA32) and
anterior insula/IFG was observed in response to encoding
stimuli. Current models of directed task performance sug-
gest that these regions together comprise a coherent net-
work, whose activity indexes the orientation, maintained
vigilance, and higher-order executive processes fundamen-
tal to goal-directed task performance [Dosenbach et al.,
2006]. It has been proposed that together these regions
make up a ‘‘salience network,’’ responding to stimuli on
the basis of their cognitive, emotional, or homeostatic sali-
ence [Seeley et al., 2007]. Given this theoretical function, it
is perhaps surprising that activity here did not predict SM
performance. It is, however, consistent with previous find-
ings of coherent activity in this network following passive
sensory stimulation [White et al., 2010] and may suggest
that salience in this broad sense need not be consciously
perceived.

It has been proposed that the salience network enables
the brain to switch between external and internal

TABLE III. Clusters significantly inversely predicted by theta during encoding

Contrast Region (Brodmann area) MNI coordinates (x,y,z) Peak T-value FWE-corrected P-value

LR Medial frontal cortex (10) �6,44, 8 8.20 9 � 10�7

LR<LF Medial frontal cortex (10) �10, 48, 10 5.05 1 � 10�4

Cluster significance shown for clusters present at a voxel-level uncorrected threshold of P < 0.01.

Figure 4.

Theta negatively predicts frontomedial blood oxygenation level

dependent signal. A: Regions exhibiting a negative relationship

with theta during encoding for later remembered (LR; top) and

later forgotten (LF; bottom) pictures; (B) depicts regions exhib-

iting a more negative relationship with theta for LR compared

to LF pictures. Images are overlaid onto a standard T1-weighted

brain image. Color-bars denote T-values. Italicized numbers

denote MNI Z co-ordinate for axial images above and apply to

both sections of figure. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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monitoring systems of function [Sridharan et al., 2008]. In
the task used here, it potentially acts to enhance the sup-
pression of certain regions during the encoding of stimuli.
Frontal midline, posterior cingulate, precuneus, and bilat-
eral angular gyrus were deactivated during encoding of
both LR and LF pictures. These regions together make up
the DMN, task-induced deactivation of which is a robust
feature of fMRI data [Raichle et al., 2001]. No significant
difference in DMN deactivation was observed according to
SM performance. However, Anticevic et al. [2010] reported
performance-related deactivation of DMN during working
memory, with increased DMN deactivation at times of effi-
cacious encoding. The absence of this effect in the current
data may perhaps best be explained by differences in the
respective tasks. While individual trials are temporally dis-
tinct within a Sternberg task, it is possible that the ongoing
nature of the experimental task used here may render the
Sternberg a more sensitive tool for probing this
phenomenon.

Encoding-related activation in medial temporal lobe
structures was limited to the parahippocampal gyrus.
While activation of additional medial temporal lobe struc-
tures such as hippocampus may have been predicted in
view of their putative memory function, its absence here
can be explained by a previous fMRI report which sug-
gested that these structures are more activated during re-
trieval than encoding of stimuli [Mandzia et al., 2004].
Furthermore, in light of the notion that these medial tem-
poral lobe structures make up a subsystem of the DMN
with a proposed function of prospective thought and
related visual imagery [Andrews-Hanna et al., 2010; Grei-
cius et al., 2004; Vincent et al., 2008], and the temporal
characteristics of the current task, it is possible that these
regions were activated throughout the experiment, thus
hindering detection of their activation in relation to encod-
ing stimulus presentation.

We were unable to replicate the findings of Cansino and
colleagues [2002] who observed increased BOLD activation

TABLE IV. Default mode network (DMN) stimulus presentation and theta effects

Component

Encoding stimuli: main effects

Later remembered Later forgotten

Beta T P Beta T P

(a) Relationship between encoding stimuli presentation and DMN BOLD activity
A �1.48 (0.27) �5.39 1 � 10�4 �1.24 (0.20) �3.276 3 � 10�5

B �1.06 (0.30) �3.51 0.004 �0.65 (0.30) �2.316 0.047
C �0.98 (0.24) �4.13 0.001 �0.57 (0.28) �3.71 0.069

(a) Relationship between encoding stimuli theta power and DMN BOLD activity
A �0.20 (0.11) �1.84 0.089 �0.03 (0.29) �0.099 0.922
B �0.44 (0.14) �3.09 0.009 0.08 (0.27) 0.286 0.779
C �0.35 (0.15) �2.27 0.041 0.12 (0.26) 0.460 0.653

Beta values represent the relationship between DMN BOLD activity and (a) main effect of stimulus; and (b) parametric modulator val-
ues for theta. Beta values are taken from the GLM including both convolved task effects and theta parametric modulators. T-values
denote results from one sample T-tests of the beta values in the whole group. All T-tests were performed with 13 degrees of freedom.
P-values are two-tailed. Bracketed values denote standard error of the mean.

Figure 5.

Independent components with significant spatial correspondence with the default mode network

from GIFT. T-distribution maps are overlaid on a standard T1-weighted MR image. The left colorbar

depicts Z-scores for component A, middle for component B and right for component C. All maps

are thresholded at Z ¼ 1.5. Italicized numbers below each slice show its MNI Z co-ordinate. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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for LR compared to LF pictures in regions including right
lateral occipital cortex, left superior temporal gyrus and
left IFG. While these previous observations are credible
and the current negative finding may reflect nothing more
than a lack of power, there are also many situations in
which there is imperfect mapping of measured changes in
neuronal activity and overt behavior, and as such an
improvement in task performance is not universally
accompanied by increased BOLD activity. Task practice,
for example, robustly attenuates BOLD increases [Koch
et al., 2006; Landau et al., 2004; Van Raalten et al., 2008],
in a manner which has been shown to bear little relation-
ship to behavior [Landau et al., 2004]. It is also relevant
that in certain situations an elevated BOLD response has
been evinced as indicative of increased inefficiency of
response. It is well established that at low working-mem-
ory loads individuals with schizophrenia exhibit increased
BOLD activity compared to controls in regions including
the dorsolateral prefrontal cortex and ACC [Callicott et al.,
2000; Glahn et al., 2005; Manoach et al., 1997, 1999]. These
increases are believed to represent a mechanism by which
these individuals compensate for inefficiencies of neuronal
function - allocating increased resources, while achieving
lower or comparable accuracy [Callicott et al., 2000]. EEG
reflects activity within neural ensembles that is synchro-
nous on a millisecond time scale [Buzsaki, 2006], whereas
this is not necessarily true of the BOLD signal. If during
LR trials, neural activity in task-relevant brain regions is
precisely synchronized, it would be expected that the mag-
nitude of the BOLD signal would correlate with the mag-
nitude of EEG oscillations. On the other hand, in LF trials,
poorly synchronized activity would be expected to make a
greater contribution to the BOLD signal. The BOLD signal
averaged across trials might be no less in LF trials, but the
correlation with EEG oscillations would be lower. Thus,
concurrent EEG/fMRI might provide an indication of the
degree to which local neural activity is precisely
synchronized.

A principal finding of this article is of an inverse rela-
tionship between theta and DMN BOLD activity during
encoding. This effect is independently observed in analy-
ses using GLMs applied to univariate whole-head voxel
data and GLMs applied to multivariate independent com-
ponent data (Figs. 4 and 5). These findings appear to con-
firm several correlation analyses of local oscillatory and
BOLD responses. Scheeringa et al. [2008, 2009] previously
reported anticorrelation of frontal theta and DMN BOLD
signal during rest and working memory using EEG/fMRI.
Niessing et al. [2005] reported a negative relationship
between low frequency (delta and theta) local field poten-
tial oscillations measured in cat primary visual cortex and
BOLD activity in the same region during the presentation
of a grating stimulus. Mukamel et al. [2005] reported a
similar phenomenon in human auditory cortex: BOLD ac-
tivity negatively correlated with low frequency field poten-
tials and positively correlated with gamma. Kilner et al.
[2005] suggested that local BOLD activity is a function of

the spectral profile of neuro-electric activity. A shift of
local activity from predominantly low to predominantly
high frequency causes increased energy dissipation and
associated increased BOLD activation, while the converse
shift is less energetically demanding therefore producing a
relatively decreased BOLD response. In an EEG/fMRI
study of theta in working memory, Scheeringa et al. [2008]
identified the ACC node of the DMN as the most likely
theta source, and further suggested that activity in this
region modulates the activity in the rest of the coherent
network. Beamformer and distributed source models also
point to this DMN region [Ishii et al., 1999; Miwakeichi
et al., 2004]. On the basis of these findings, it is likely that
the frontal theta recorded currently has a medial frontal
DMN source.

Localized, event-related synchronization of alpha oscilla-
tions has been observed over nontask-relevant brain
regions at times when a learnt response is purposefully
withheld [Klimesch et al., 1997]. This, coupled with the
finding that widespread event-related desynchronization
of alpha follows release of this top-down control [Sauseng
et al., 2005], lends support to the theory that the alpha sig-
nal carries information with respect to current top-down
inhibitory state [Klimesch et al., 2007]. It is plausible that
an analogous mechanism is discernible in the theta range,
permitting theta to modulate DMN activity in a contextu-
ally relevant manner.

Our findings from the whole-head univariate analysis
imply that the strongest negative relationship between
theta power and DMN BOLD signal is found in the medial
frontal node of the DMN. The maximal inverse theta rela-
tionship with BOLD is observed in medial frontal gyrus
(Fig. 4a; Table III) for LR pictures and it is here that the
most significant SM effect is observed (Fig. 4b). The ICA
findings suggest an inverse relationship between theta
modulation and activity in the three DMN components
which all have positive loadings over medial frontal
regions (Fig. 5; Table IV). It has recently been suggested
that the DMN comprises a core system with hubs in these
anterior medial prefrontal and medial parietal cortices
[Andrews-Hanna et al., 2010]. It has also been proposed
that this core system interacts with two functionally and
anatomically distinct subsystems: one termed the ‘‘dorsal
medial PFC subsystem’’ comprising dorsal medial PFC
and temporoparietal junction; and the other ‘‘medial
temporal lobe system’’ comprising ventral PFC, posterior
IPL, hippocampal formation, and retrosplenial cortex
[Andrews-Hanna et al., 2010; Buckner et al., 2009]. The
frontal focus of components A and C and the site of the
univariate inverse correlation with theta for LR pictures
map well onto the anterior medial PFC hub. Tract-tracing
reveals that the rhesus monkey homologue of this region
has connections with regions including ventro- and dorso-
medial PFC, PCC and retrosplenial cortex [Barbas et al.,
1999]. This region has also been shown to exhibit high lev-
els of both local and long distance functional connectivity
[Sepulcre et al., 2010]. There is therefore support for the
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notion that frontal midline theta exerts a suppressive effect
on medial PFC which is then transmitted to other DMN
regions.

In both the whole-head univariate (Fig. 4; Table III) and
spatial ICA (Table IV) analyses, event-related theta signal
significantly modulated the relationship between the trial
event and BOLD signal during LR trials but exerted a sig-
nificantly less strong modulatory effect during LF trials.
(Consistent findings are also presented in Supporting In-
formation 1 and Supporting Information Figure 1, which
report the relationship between BOLD and theta in a com-
ponent identified using temporal ICA of the EEG data.)
Our results suggest that successful storage in memory
depends on the relevant neural events occurring at the
right time (on a millisecond scale) in addition to the right
location. The lack of significant main effect of trial type in
predicting BOLD is consistent with the expectation that
BOLD signal is not sensitive to the precise timing of neu-
ral events, and hence BOLD signal itself is a relatively
poor predictor of successful storage in memory. As a ca-
veat to these results it should be stated that the number of
trials contributing to the LR and LF conditions differed, as
more stimuli were correctly remembered than forgotten.
This potentially reduces the power to detect a relationship
between theta and DMN activity for LF trials. A more cog-
nitively challenging task could potentially reduce this
trial-number imbalance. Furthermore, these analyses assess
linear theta-BOLD relationships. While this approach is
justified on the basis of previous studies consistently
reporting linear relationships between frontocentral theta
and medial prefrontal BOLD at rest [Scheeringa et al.,
2008] and during working memory performance [Michels
et al., 2010; Scheeringa et al., 2009], it is also possible that
differences in nonlinear contributions could lead to a dif-
ference in the goodness of fit to the linear model for the
LR and LF trial types.

Theta source localization using beamforming techniques
provides a feasible means of further investigating this SM
difference in the inverse theta-DMN relationship. How-
ever, the application of a beamformer to the current data-
set is considered suboptimal on account of the relatively
small number of data channels and reduction in data
dimensionality caused by the EEG preprocessing artifact-
rejection procedures. Together these factors reduce the in-
terference rejection properties of the beamformer. Future
work would be improved by the optimization of experi-
mental design for this purpose [Brookes et al., 2008] and
application of eigenspace beamformers to address these
issues [Sekihara et al., 2002].

This work, in agreement with several other recent publi-
cations [Michels et al., 2010; Scheeringa et al., 2009], high-
lights the potential of EEG/fMRI for studying
relationships between task-modulated, event-related oscil-
latory activity and regional hemodynamic responses. In
demonstrating that the inverse relationship between theta
and DMN response is less significant for LF compared
with LR items, it provides evidence that disturbance of

this relationship underlies poor memory performance. The
observed primacy of the medial frontal region of the DMN
in this relationship furthers our understanding of func-
tional specialization within the DMN. It is evident that
theta oscillations play a crucial role, not only in the
recruitment of task-relevant structures, but also in the
dampening of processes which may otherwise obstruct
goal-directed brain function.
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