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Neural activity preceding an event can influence subsequent memory formation, yet the precise cortical dynamics underlying this activity
and the associated cognitive states remain unknown. We investigate these questions here by examining intracranial EEG recordings as 28
participants with electrodes placed for seizure monitoring participated in a verbal paired-associates memory task. We found that,
preceding successfully remembered word pairs, an orientation cue triggered a low-frequency 2– 4 Hz phase reset in the right tempor-
oparietal junction with concurrent increases in low-frequency power across cortical regions that included the prefrontal cortex and left
temporal lobe. Regions that exhibited a significant increase in 2– 4 Hz power were functionally bound together through progressive
low-frequency 2– 4 Hz phase synchrony. Our data suggest that the interaction between power and phase synchrony reflects the engage-
ment of attentional networks that in large part determine the extent to which memories are successfully encoded.
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Introduction
Successful memory formation relies on a complex interaction of
various cognitive processes (Sekuler and Kahana, 2007). In the
study of human memory, a number of specific patterns of neural
activity linked to successful memory formation have been ob-
served after item presentation (Staudigl and Hanslmayr, 2013;
Yaffe et al., 2014). However, the functional state of the brain
before item presentation may also affect the reliability of memory
encoding. Such prestimulus influences may reflect optimal en-

coding states, attentional mechanisms, or motivation. Evidence
for the role of prestimulus activity has emerged from recent stud-
ies demonstrating active modulation of frontal event-related po-
tentials (Otten et al., 2006; Gruber and Otten, 2010), increases in
hippocampal and parahippocampal fMRI BOLD activation (Ad-
cock et al., 2006; Park and Rugg, 2010), and increases in hip-
pocampal theta oscillatory power (Guderian et al., 2009; Fell et
al., 2011) before item presentation.

Although these studies suggest that prestimulus neural activ-
ity contains relevant information for predicting later successful
encoding, it is not clear what cognitive processes such prestimu-
lus activity may represent. Are these changes specific to memory
encoding regions, such as the medial temporal lobe (MTL), or do
they reflect more distributed cortical processes, such as attention,
that would benefit subsequent memory formation? Most evi-
dence for prestimulus activity has focused on the hippocampus, a
critical structure for the formation of contextually defined mem-
ories (Squire et al., 2004; Manns et al., 2007). However, only a
limited number of studies have investigated prestimulus oscilla-
tory activity in neocortical regions (Otten et al., 2006; Gruber and
Otten, 2010; Addante et al., 2015). In addition, a number of ques-
tions regarding the precise spatiotemporal and network dynam-
ics of pre-stimulus activity are unresolved. If prestimulus activity
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Significance Statement

Here we investigate the spatiotemporal cortical dynamics that precede successful memory encoding. Using intracranial EEG, we
observed significant changes in oscillatory power, intertrial phase consistency, and pairwise phase synchrony that predict suc-
cessful encoding. Our data suggest that the interaction between power and phase synchrony reflects the engagement of attentional
networks that in large part determine the extent to which memories are successfully encoded.
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reflects engagement for an individual
stimulus (Haynes et al., 2007), rather than
a randomly fluctuating and generalized
arousal state (Linkenkaer-Hansen et al.,
2004), then the neural mechanisms un-
derlying this activity should exhibit a well
defined progression in time and space.
Whether such engagement is mediated
through changes in oscillatory power and
functional connectivity between ana-
tomic regions and which frequency bands
specifically contribute to this process re-
main unknown.

We investigate these questions here by
examining prestimulus changes in intra-
cranial EEG (iEEG) recordings as patients
with electrodes placed for seizure moni-
toring participated in a verbal paired-
associates memory task. We examine
oscillatory power, intertrial phase consis-
tency (ITPC), and phase synchrony in five
frequency bands to explore neural mech-
anisms distributed across cortical regions
that predict subsequent memory encoding. We find significant
increases in low-frequency 2– 4 Hz oscillatory power before the
presentation of word pairs during successful encoding, and, le-
veraging the high temporal resolution afforded by iEEG, we in-
vestigate the temporal dynamics of these changes throughout the
cortex. We then asked whether specific cortical regions demon-
strating increases in spectral power before successful memory
formation also exhibit increased pairwise phase synchrony. We
tracked the temporal evolution of these interactions to identify
evolving network dynamics that may reflect attentional processes
that optimize the functional state of the brain for successful
encoding.

Materials and Methods
Participants. Twenty-eight participants (17 males, 11 females; aged
33.1 � 2.64 years) with medication-resistant epilepsy underwent a sur-
gical procedure in which platinum recording contacts were implanted
subdurally on the cortical surface and deep within the brain parenchyma.
In each case, the clinical team determined the placement of the contacts
so as to best localize epileptogenic regions. Data were collected at three
different hospitals: (1) the Clinical Center at the National Institutes of
Health (NIH; Bethesda, MD); (2) the Hospital of the University of Penn-
sylvania (UP; Philadelphia, PA); and (3) Thomas Jefferson University
Hospital (TJ; Philadelphia, PA). The research protocol was approved by
the institutional review board at each hospital, and informed consent was
obtained from the participants and their guardians.

Paired-associates task. Each patient participated in a paired-associates
task (Fig. 1A). Participants were asked to study a list of word pairs and
then were later cued with one word from each pair, selected at random.
Participants were instructed to vocalize the partner of each cue word.
Lists were composed of four pairs of common nouns, chosen at random
and without replacement from a pool of high-frequency nouns. Words
were presented sequentially and appeared in capital letters at the center of
the screen. Study word pairs were separated from their corresponding
recall cue by a minimum lag of two study and/or test items. During the
study period (encoding), each word pair was preceded by an orientation
cue (a row of capital X letters) that appeared on the screen for 300 ms,
followed by a blank interstimulus interval (ISI) of 750 ms with a jitter of
75 ms. Word pairs were then presented on the screen for 2500 ms, fol-
lowed by a blank ISI of 1500 ms with a jitter of 75 ms. During the test
period (retrieval), one randomly chosen word from each study pair was
shown, and the participant was asked to recall the other word from the

pair by vocalizing a response into a microphone. Each cue word was
preceded by an orientation cue (a row of question marks) that appeared
on the screen for 300 ms, followed by a blank ISI of 750 ms with a 75 ms
jitter. Cue words were then presented on the screen for 3000 ms, followed
by a blank ISI of 4500 ms. Participants could vocalize their response any
time during the recall period after cue presentation. Vocalizations were
recorded digitally and then scored manually for analysis. Responses were
designated as correct, intrusions, or passes. Passes were categorized when
no vocalization was made or when the participant vocalized the word
“pass.” Intrusion and pass trials were designated as incorrect trials. A
single experimental session contained up to 25 lists. We excluded all
subjects with recall percentages below 15% from subsequent analyses.

iEEG recordings. Data were collected in collaboration with three dif-
ferent hospitals. Although each hospital used the same general implan-
tation procedures and data-acquisition techniques, our analysis had to
account for technical details that varied by institution. iEEG data were
recorded using a Nihon Kohden (NIH and TJ) or Nicolet (UP) EEG data
acquisition system. Depending on the amplifier and the discretion of the
clinical team, EEG signals were sampled at 1000 or 2000 Hz. Signals were
referenced to a common contact placed subcutaneously, on the scalp, on
the mastoid process, or intracranially. All recorded traces were resampled
at 1000 Hz, and a fourth-order 2 Hz stop-band Butterworth notch filter
was applied at 60 Hz to eliminate electrical line noise. The testing laptop
sent �5 V digital pulses via an optical isolator into a pair of open lines on
the clinical recording system to synchronize the electrophysiological re-
cordings with behavioral events.

We collected electrophysiological data from a total of 2218 subdural
and depth recording contacts (PMT Corporation; AdTech). Subdural
contacts were arranged in both grid and strip configurations with an
intercontact spacing of 10 mm. Hippocampal depth electrodes (six to
eight linearly arranged contacts) were placed in three patients. Contact
localization was accomplished by coregistering the postoperative com-
puted tomographies with the postoperative MRIs using both Functional
MRI of the Brain (FMRIB) Software Library BET (for Brain Extraction
Tool) and FLIRT (for FMRIB Linear Image Restoration Tool) software
packages and mapped to both Montreal Neurological Institute (MNI)
and Talairach space using an indirect stereotactic technique and OsiriX
Imaging Software (Digital Imaging and Communications in Medicine
viewer package). The resulting contact locations were subsequently pro-
jected to the cortical surface of an MNI N27 standard brain (Dykstra et
al., 2012). Preoperative MRIs were used when postoperative MR images
were not available.

We analyzed iEEG data using bipolar referencing to reduce volume
conduction and confounding interactions between adjacent electrodes.

Figure 1. Paired-associates verbal memory task. A, In each trial, a pair of words is presented on the screen during encoding.
Pairs are preceded by an orientation cue, a row of X letters. During retrieval, one word from each pair is presented, and participants
are instructed to vocalize the associated word. B, Electrode coverage across 28 participants. Colors correspond to the number of
participants with electrodes contributing to each spatial ROI. ROIs with less than five participants were excluded from group
analyses. C, Average mean response times for correct (Corr), intrusion (Int), and pass (Pass) trials across all participants. Error bars
represent SEM.

13578 • J. Neurosci., October 7, 2015 • 35(40):13577–13586 Haque et al. • Oscillatory Power and Synchrony Precede Successful Memory



We defined the bipolar montage in our dataset based on the geometry of
iEEG electrode arrangements. For every grid, strip, and depth probe, we
isolated all pairs of contacts that were positioned immediately adjacent to
one another; bipolar signals were then found by differencing the signals
between each pair. The resulting bipolar signals were treated as new
virtual electrodes (henceforth referred to as electrodes), originating from
the midpoint between each contact pair. All subsequent analyses were
performed using these derived bipolar signals. In total, our dataset con-
sisted of 2329 electrodes (918 left hemispheric, 1411 right hemispheric;
Fig. 1B).

Spectral power. To quantify changes in spectral power during the pre-
stimulus encoding period, we bandpass filtered the iEEG signal for every
electrode in five frequency bands: (1) 2– 4 Hz (delta/low theta); (2) 4 – 8
Hz (theta); (3) 9 –15 Hz (alpha); (4) 13–25 Hz (beta); and (5) 45–95 Hz
(gamma). We used a Hilbert transform to obtain a continuous-time
complex valued representation of the filtered signal. We squared and log
transformed the magnitude of the continuous-time complex valued Hil-
bert transform to generate a continuous measure of instantaneous
power. We separately aligned each encoding event to word presentation
(1500 ms before to 500 ms after) and to the presentation of the orienta-
tion cue (750 ms before to 1650 ms after). We binned the continuous
time transforms into 500 ms epochs spaced every 100 ms (80% overlap)
and averaged the instantaneous power within each epoch. To account for
changes in power across experimental sessions, we z transformed power
values separately for each frequency and session using the mean and SD
of the average power of 500 randomly drawn 500 ms epochs from that
session.

Phase synchrony and intertrial phase coherence. To obtain an estimate of
inter-electrode phase synchrony, we first extracted the instantaneous
phase of the complex valued Hilbert transform, �(t, f ), for every elec-
trode and frequency band, f. For every frequency band, we calculated a
phase-locking value (R� pq) between the continuous-phase series of two
electrodes, �p(t, f ) and �q(t, f ) (Lachaux et al., 1999):

R� pq� f � �
1

S
� �

t�1

S

ei��P�t,f ���q�t,f ��� ,

where S is the total number of samples from all trials in the temporal
epoch of interest. We separately obtained a phase-locking value for cor-
rect and incorrect trials for every temporal epoch, frequency band, and
pair of electrodes.

To obtain an estimate of ITPC, we again used the instantaneous phase
of the complex valued Hilbert transform, �p(t, f ), for every electrode and
frequency band, f. In this case, for every frequency band, we calculated
phase consistency (R� p) of a single electrode across trials at each sample of
the instantaneous-phase signal (Lachaux et al., 1999):

R� p� f � �
1

N
� �

t�1

N

ei��P�t,f�� ,

where N is total number of correct or incorrect trials. We calculated ITPC
as the average R� p(f ) within each temporal epoch for each frequency band
and electrode.

For phase synchrony and ITPC, comparisons between correct and
incorrect trials can be biased by mismatched trial counts. To compare
values between conditions in an unbiased manner, we used a bootstrap
procedure (Staudigl et al., 2015). We randomly subsampled trials from
the condition with the larger number of trials to match the number of
trials in the other condition. We repeated this procedure 500 times and
calculated the phase synchrony or ITPC during each iteration. We as-
signed the average value of these iterations as the final value for the
higher-trial-count condition and used this average bootstrapped value
for comparison with the lower-trial-count condition.

Across-participant analysis in predefined anatomic regions. We investi-
gated prestimulus encoding changes in predefined anatomic regions that
have been implicated in vision (Leube et al., 2001), attention (Corbetta
and Shulman, 2002; Corbetta et al., 2008), executive control (Smith and
Jonides, 1999), and memory encoding (Burke et al., 2013). For each
subject, we identified all electrodes within a visual perception region

[Brodmann area (BA) 17–BA 19], a frontal attention region (BA 8 –BA
9), a parietal attention region (BA1, BA7, BA 39 –BA 40), an executive
control region (BA 10 –BA12), and an MTL region (BA 34 –BA 37 and
hippocampus depth electrodes). We assessed differences in spectral
power between correct and incorrect trials within these predefined re-
gions using a permutation procedure identical to what we used for indi-
vidual regions of interest (ROIs) (see below, Statistical Analyses of
Individual ROIs).

Spatial ROIs for whole-brain analysis. With iEEG, the precise place-
ment of electrodes is different for each participant, which limits our
ability to examine spatially resolved effects across subjects. We overcame
this limitation by spatially smoothing electrode effects using 760 spatial
ROIs that were spaced evenly every 9.98 � 0.02 mm on the cortical
surface of an MNI N27 standard brain. For each participant, we averaged
the measured responses from all electrodes that were within 12.5 mm of
a given ROI. Most electrodes contributed to more than one ROI, and
most ROIs included either zero or more than one electrode per subject.
When performing whole-brain analyses across participants, only ROIs
that contained electrodes from five or more participants were evaluated.

To visualize the whole-brain results, we rendered cortical topographic
plots based on the values computed at each ROI. For each vertex of the
3D rendered image of the standard brain, we computed the average value
of all ROIs that were within 12.5 mm of that vertex. For topographic plots
demonstrating significant differences between trials types, all colored
regions, independent of color intensity, indicate two-tailed significance
at the p � 0.05 level as determined by the nonparametric clustering-
based procedure described below.

Statistical analyses of individual ROIs. For each participant, we calcu-
lated the trial-averaged z-scored spectral power and ITPC at each elec-
trode. We did this separately for correct and incorrect trials at each
frequency band and temporal epoch. We then spatially smoothed the
power and ITPC values of each electrode by converting to ROIs as de-
scribed above. For each participant, we were left with an average correct
and an average incorrect value in each ROI at each temporal epoch and
frequency band. Phase synchrony is a pairwise measure between two
ROIs. For phase synchrony, we defined one set of ROIs as a seed region
and then calculated phase synchrony between that seed region and all
other ROIs across the cortical surface at each temporal epoch and fre-
quency band.

We performed a random-effects statistical analysis at each ROI across
participants. Our null hypothesis was that, across participants, the brain
region represented by each ROI showed no difference in power, ITPC, or
phase synchrony during correct versus incorrect trials. We tested this
hypothesis using a nonparametric permutation procedure in which the
participant is the unit of observation (Maris and Oostenveld, 2007). For
each ROI, a minimum of five participants contributed trial-averaged
correct and incorrect values. We computed the true mean difference
between correct and incorrect trials across participants using these val-
ues. We then randomly permuted the participant-specific averages (cor-
rect vs incorrect) within each participant and recomputed the mean
difference. For n participants, this results in an empiric distribution of 2n

possible mean differences that are all equally probable under the null
hypothesis. We generated the empiric distribution from a minimum of
32 (n � 5 participants) and a maximum of 1000 permutations for every
ROI. We compared the true mean difference in each ROI to the mean and
SD of this empiric distribution to generate an across-participant z score
for each ROI. We converted each z score to a p value using a normal
cumulative distribution function. This p value represents the likelihood
that the true mean difference at an individual ROI represents a departure
from the null hypothesis. However, this p value for each individual ROI
does not take into account the multiple comparisons that are made in
space (across ROIs) or time (across epochs) and therefore is not reported
in the text.

Space–time correction for multiple comparisons. To correct for multiple
comparisons across ROIs (space) and temporal epochs (time), we used a
nonparametric cluster correction method that incorporates biophysi-
cally motivated constraints into the cluster test statistic (Maris and Oost-
enveld, 2007). Specifically, the method assumes that a true effect at any
given ROI is likely to be observed across consecutive temporal epochs at
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that ROI because of temporal averaging and, similarly, that a true effect is
likely to be observed at adjacent ROIs because of spatial averaging. The
first step in defining space–time clusters is to threshold the across-
participant values derived from the statistical analysis of individual ROIs
described above. We used a z-score threshold of 1.645 for each ROI in
each temporal epoch, applied separately to positive and negative effects.
A space–time cluster is defined as an ROI with two or more consecutive
temporal epochs that surpassed this threshold and/or two or more adja-
cent ROIs (ROIs within 12.5 mm of each other) that surpassed this
threshold at a particular epoch. For each identified cluster, we defined
our cluster test statistic to be the sum of the z scores for all ROIs within
that space–time cluster.

Space–time clusters were also calculated for 1000 permutations of the
participant-specific trial averages, and the maximum cluster test statistic
of each permutation was used to create an empiric distribution for sig-
nificance testing. For each permutation, the same set of participant-
specific trial labels were used for all ROIs and time epochs so that the
biophysically motivated constraint of spatiotemporal contiguity was ex-
pressed in the empiric distribution. We determined whether a true clus-
ter test statistic was significant by comparing it with the empiric
distribution of maximum cluster test statistics. In this manner, signifi-
cant clusters can arise from large differences between correct and incor-
rect trials that extend over a small region of space and time or from
smaller differences that persist over larger regions. Cluster test statistics
with p � 0.05 were considered significant and corrected for multiple
comparisons.

Some significant clusters were spatially constrained to a specific brain
area, but more often a single large cluster included multiple brain areas,
each of which had significant differences at seemingly different temporal
epochs. To examine the spatiotemporal evolution of changes in spectral
power, ITPC, and phase synchrony, we partitioned large significant clus-
ters into distinct brain regions. Hence, each partitioned region was a
subset of ROIs from the larger cluster that had been corrected for multi-
ple comparisons in space and time. Plots of temporal evolution for each
partitioned region represent the average and SEM of the differences in
ITPC, synchrony, and z-scored power across participants. Temporal ep-
ochs for each partitioned region were deemed significant, and corrected
for multiple comparisons, if the larger cluster included at least one ROI
from the partitioned region at that epoch.

Results
Twenty-eight participants with intracranial electrodes for seizure
monitoring participated in a verbal paired-associates task (Fig.
1A,B). Participants studied 216 � 19 word pairs and successfully
recalled 34.8 � 3.5% words with a mean response time of 1908 �
106 ms. On 13.7 � 1.9% of trials, participants responded with an
incorrect word (intrusions). The mean response time for intru-
sions was 2826 � 121 ms. For the remaining study word pairs,
participants either made no response to the cue word or vocalized
the word “pass.” Participants vocalized the word “pass” with a
mean response time of 3467 � 179 ms (Fig. 1C). We compared
the recall rate for pairs immediately after the presentation of
successfully encoded pairs to the overall recall rate. We found no
significant difference across participants (t(54) � 0.34, p � 0.05),
indicating that word pairs were not remembered consecutively. A
one-way ANOVA also revealed no significant effect of study-test
lag on recall probability (F(4,155) � 1.06, p � 0.38).

Prestimulus oscillatory power in the frontal lobe predicts
subsequent memory
The neural activity that precedes successful memory encoding
may result from a number of mental processes, including atten-
tion and executive control. As such, we performed an across-
participant analysis in predefined anatomic regions (see
Materials and Methods) to compare the difference in spectral
power between correct and incorrect trials. We averaged power

changes over the entire prestimulus period, from �1000 to 0 ms
before word-pair presentation. We found significant increases
during correct trials in low-frequency 2– 4 Hz power in a pre-
defined frontal attention region during the prestimulus period
(Fig. 2A). We did not observe significant differences during the
prestimulus period in a predefined parietal attention, executive
control, visual perception, or MTL region. We examined the time
course and frequency range of this effect in a single electrode on
the inferior frontal gyrus of an individual participant. Correct
trials were associated with significant increases in low-frequency
(2–7 Hz) power and significant decreases in high-frequency (16 –
128 Hz) power before word-pair presentation (p � 0.05, permu-
tation test; Fig. 2B).

Spatiotemporal dynamics of low-frequency power predict
subsequent memory
To explore the spatiotemporal dynamics of prestimulus differ-
ences in spectral power with greater temporal and spatial resolu-
tion across subjects, we investigated these differences during
overlapping 500 ms temporal epochs using finely spaced ROIs
that covered the whole brain (see Materials and Methods). We
identified contiguous clusters of ROIs in space and time that
exhibited a significant difference in spectral power between cor-
rect and incorrect trials (p � 0.05, permutation procedure, cor-
rected for multiple comparisons; see Materials and Methods).
During correct trials, we observed significant increases in low-
frequency power that began in the right and left prefrontal cortex
(PFC) and right temporoparietal junction (TPJ) 1300 – 800 ms
before pair presentation and that ended in the left posterior tem-
poral lobe by the time of word-pair presentation (Fig. 2C, right).
Also during correct trials, we observed significant decreases in
high-frequency power in the left PFC 1300 to 800 ms before pair
presentation and the right inferior frontal lobe by the time of
word-pair presentation (data not shown).

Our ROI-based whole-brain analysis identified multiple brain
areas with significant differences in low-frequency power across
participants. Across incrementing temporal epochs, the brain ar-
eas showing significant differences changed (Fig. 2C, right), sug-
gesting that different anatomic regions exhibit increases in low-
frequency power with different time courses. To examine this, we
identified all ROIs that showed significant increases in low-
frequency power at any time point and partitioned these ROIs
into a right TPJ (BA 1 and BA 40), a left PFC (BA 8 –BA 12), and
a left temporal lobe region. Across participants, we found that
significant increases in right TPJ low-frequency power occurred
early during the prestimulus period (1250 to 750 ms before pair
presentation; Fig. 2D). We also found that low-frequency power
exhibited significant increases in the left PFC and left temporal
lobe during most of the prestimulus period.

Spatiotemporal dynamics of low-frequency power show
task responsiveness
Given that these changes occur after presentation of an orienta-
tion cue, we were also interested in understanding whether the
prestimulus period showed changes in response to the cue inde-
pendent of successful encoding. For each participant, we com-
pared the average spectral power across all trials (in this case,
combining correct and incorrect trials) after cue presentation,
which occurs 1050 � 75 ms before pair presentation, to a baseline
period comprising 500 ms epochs sampled randomly throughout
the session. We identified brain areas that exhibited a significant
difference between the task and baseline (p � 0.05, permutation
procedure; see Materials and Methods). We found significant
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bilateral increases in low-frequency (2– 4
Hz) power that began in the inferior tem-
poral lobes 1300 to 800 ms before pair
presentation and extended to the parietal
and frontal lobes 800 to 300 ms before pair
presentation (Fig. 3, right). Notably, these
task-responsive increases did not origi-
nate in left frontal regions that exhibited
significant differences between correct
and incorrect trials during the prestimu-
lus period (Fig. 2C).

Phase reset marks the onset of memory-
related power changes
Because the orientation cue in our task is
presented 1050 � 75 ms before pair pre-
sentation, we investigated whether the
early increases in power are related to the
orientation cue that is visually presented

Figure 2. Low-frequency prestimulus power changes in space and time predict memory formation across participants. A, Prestimulus differences in low-frequency (2– 4 Hz) power
between correct and incorrect trials across participants in frontal attention (Attn Fro.), parietal attention (Attn Par.), executive control (Exec.), visual (Vis.), and MTL regions during the
prestimulus period. Regions showing significantly greater power during correct trials are indicated with a red circle ( p � 0.05, permutation procedure). B, Exemplar prestimulus spectral
power from a single electrode on the inferior frontal gyrus for correct (left) and incorrect (middle) trials and the difference between them (right). Significant differences between correct
(Corr) and incorrect (Incorr) trials are unmasked. C, Prestimulus differences in low-frequency (2– 4 Hz) power between correct and incorrect trials across the whole brain during three
prestimulus temporal epochs (left). ROIs exhibiting significant ( p � 0.05, corrected for multiple comparisons) differences across participants are shown (right). D, Time evolution of
average power differences between correct and incorrect trials for the right TPJ, left PFC, and left temporal lobe regions that were identified using our whole-brain analysis (C). Significant
temporal epochs are indicated with a red circle ( p � 0.05, corrected for multiple comparisons in space and time). Word pair and cue onset are indicated by the dashed line and gray region,
respectively. Error bars represent SEM across subjects.

0.15-0.15
 Avg. Power Trials - Baseline (z-score)

Avg. Power Task Diff. (2-4 Hz) Sig. Avg. Power Task Diff. (2-4 Hz)

-1300 to -800 ms

-800 to -300 ms

Figure 3. Low-frequency prestimulus power predicts task responsiveness across participants. Prestimulus differences in low-
frequency (2– 4 Hz) power between all trials and baseline (left). ROIs exhibiting significant ( p � 0.05, corrected for multiple
comparisons) differences across participants are shown (right).
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in the task. Previous studies have demon-
strated that attention to visual cues may
elicit a phase reset in the local field poten-
tial signal (Daitch et al., 2013). We time-
locked our data to the orientation cue and
investigated differences in ITPC between
correct and incorrect trials. Using our
ROI-based whole-brain analysis, we
found significant increases in low-
frequency ITPC in correct compared with
incorrect trials after cue presentation in
the right TPJ, a right temporooccipital
(TO) region, and a right temporal lobe
region (p � 0.05, permutation procedure;
Fig. 4A). We did not observe significant
differences in ITPC in any other anatomic
region or frequency band (p � 0.05, per-
mutation procedure). We reexamined
spectral power time-locked to the cue pre-
sentation and confirmed that a similar
pattern of activation was observed when
locked to pair presentation. The time
course of cue-locked ITPC differences
suggests that the right TPJ is one of the
earliest sites of a phase reset that precedes
successful memory encoding (Fig. 4B).

Spatiotemporal dynamics of pairwise
phase synchrony predict
subsequent memory
We investigated whether the widespread
oscillatory power and phase effects reflect
increased functional connectivity be-
tween brain regions. We defined two seed regions, the right TPJ
and the left PFC, that exhibited significant increases in spectral
power in the prestimulus period during correct encoding. For
each seed region, we examined the differences in low-frequency
pairwise phase synchrony across all brain ROIs for correct versus
incorrect trials. During correct trials, the right TPJ exhibited sig-
nificant increases in low-frequency phase synchrony with the
right frontal lobe from the time of cue presentation to 950 ms
after cue presentation (p � 0.05, permutation procedure; Fig.
5A). Also during correct trials, the left PFC seed exhibited signif-
icant increases in low-frequency phase synchrony with the right
frontal lobe and the left dorsolateral PFC at the time of cue pre-
sentation, followed by later increases in phase synchrony with
regions in the left parietal and temporal lobes 550 –1050 ms after
cue presentation (p � 0.05, permutation procedure; Fig. 5B).

We examined the time course of phase synchrony among
brain areas deemed significant using our ROI-based whole-brain
analysis. Specifically, we examined the temporal evolution of
phase synchrony between four pairs of regions: (1) a right TPJ
and right frontal region; (2) a left PFC and right frontal region;
(3) a left PFC and left parietal region; and (4) a left PFC and left
temporal region (Fig. 5C). The time course of phase synchrony
increase appeared to be different for these four pairs of regions,
with some areas synchronizing near the onset of the orientation
cue, some synchronizing immediately before the word-pair pre-
sentation, and some synchronizing throughout the entire pre-
stimulus period.

Because the temporal lobe, and particularly the MTL struc-
tures, have been implicated in a number of studies investigating
prestimulus changes during memory encoding (Guderian et al.,

2009; Fell et al., 2011), we were also interested in understanding
the changes in functional connectivity with this region. We cre-
ated a new seed region comprising all left MTL ROIs and exam-
ined the differences in low-frequency phase synchrony across all
brain regions for correct versus incorrect trials. During correct
trials, we found significant increases in low-frequency phase syn-
chrony with the left PFC and lateral temporal lobe (p � 0.05,
permutation procedure; Fig. 6A). The time course of these
changes revealed significant increases in low-frequency phase
synchrony between the left MTL and the left PFC 850 –1350 ms
after cue presentation, which coincides with when the word pair
was presented.

The observed significant increases in pairwise phase syn-
chrony across anatomic regions suggest a temporal progression
of functional connections that precede successful encoding. To
investigate this, we calculated the time at which the difference
between correct and incorrect trials peaked for each pair of iden-
tified seed regions evaluated in Figures 5C and 6B. Across partic-
ipants, we found a significant effect of anatomic connections on
the time of peak increase in pairwise synchrony (F(3,18) � 3.87,
p � 0.03, repeated-measures ANOVA). A temporal progression
of functional connections starts with the right TPJ and frontal
cortex, involves the right and left frontal cortices, and ends with
functional connections between the left PFC and the left parietal
and temporal lobes (Fig. 6C). This procession starts at orienta-
tion cue onset and ends at the time of word-pair presentation
during correct trials.

Discussion
Our data demonstrate that increases in low-frequency 2– 4 Hz
oscillatory power, ITPC, and phase synchrony arise before the
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presentation of word pairs that are encoded successfully in mem-
ory. These oscillatory changes begin in the right TPJ and bilateral
PFC and terminate in the left temporal lobe. These patterns of
cortical activation exhibit a well defined onset and offset. We
found that the regions exhibiting increases in low-frequency os-
cillatory power were bound together through progressive low-
frequency phase synchrony that involved the MTL by the time of
word presentation. An orientation cue preceding each trial trig-
gered these changes, suggesting that the activation of this func-
tional network may reflect attentional mechanisms that optimize
memory encoding.

Our results add to a growing literature examining changes in
neural activity that precede and influence episodic memory for-
mation (Adcock et al., 2006; Otten et al., 2006; Guderian et al.,
2009; Park and Rugg, 2010; Fell et al., 2011; Uncapher et al., 2011;
Burianová et al., 2012). These studies have focused primarily on
changes in fMRI BOLD activation (Adcock et al., 2006; Park and
Rugg, 2010; Addante et al., 2015) and oscillatory changes within

the hippocampus (Guderian et al., 2009; Fell et al., 2011). Our
results extend these findings in several ways. First, our data build
on the observed link between low-frequency hippocampal oscil-
lations and memory (Squire et al., 2004; Manns et al., 2007; Stau-
digl and Hanslmayr, 2013) by demonstrating prestimulus
oscillatory changes distributed across multiple cortical regions.
This implicates the involvement of cognitive processes that may
modulate memory formation (Sekuler and Kahana, 2007). Sec-
ond, our data exploit the high temporal resolution captured by
iEEG to demonstrate the specific spatiotemporal dynamics of
these prestimulus changes. Third, our data show that prestimulus
changes in low-frequency power are accompanied by changes in
pairwise phase synchrony that correlate with successful memory
encoding.

We examined all frequencies in our study, but only oscillatory
power, ITPC, and phase synchrony between 2 and 4 Hz exhibited
significant increases before successful memory encoding. Our re-
sults are consistent with previous studies suggesting that lower-
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frequency bands may modulate long-range
coupling between distant areas (Liebe
et al., 2012; Saalmann et al., 2012). Low-
frequency oscillations can entrain to the
rhythm of behavioral tasks to optimize per-
formance in an energy-efficient manner
(Lakatos et al., 2008; Daitch et al., 2013). Be-
cause the time between presentation of the
orientation cue and word pairs was 	1 s,
phase-locked low-frequency activity may
maximize excitability and enhance subse-
quent memory encoding (Lakatos et al.,
2008). Whether this frequency band repre-
sents a distinct delta band is still unknown,
because recent evidence suggests that hu-
man theta oscillations extends to this range
(Lega et al., 2012). We did not observe sig-
nificant cortical changes in prestimulus os-
cillatory power in the traditional theta band
as has been implicated in the hippocampus
(Guderian et al., 2009; Fell et al., 2011). We
also found that gamma oscillatory
power decreased in many regions in
which we observed increased low-
frequency power and synchrony. Inter-
estingly, this pattern of low-frequency
increases and high-frequency decreases
in oscillatory power is reversed after
item presentation during successful en-
coding (Burke et al., 2013; Greenberg et
al., 2015).

Our data suggest that one possible in-
terpretation of the observed prestimulus
changes in oscillatory power and network
synchrony is activation of attentional net-
works that promote successful memory
encoding (Sekuler and Kahana, 2007;
Gazzaley and Nobre, 2012). During the
relatively long encoding period, participants certainly have
many opportunities to attend to and encode the presented
word pairs. However, we note that the observed changes in
prestimulus activity seen in our data and in previous studies
suggest the presence of preparatory neural processes. The spa-
tial regions in which these preparatory changes are observed
overlap with anatomical locations implicated in attention
(Corbetta and Shulman, 2002; Corbetta et al., 2008). Indeed,
when we tested specifically whether predefined attentional
regions exhibit significant differences in prestimulus spec-
tral power, we found significant increases during correct
encoding.

We observed significant increases in 2– 4 Hz ITPC in the
right TPJ and right TO region immediately after the orienta-
tion cue. Functional imaging studies have implicated the right
TPJ in a ventral attention network (VAN) that preferentially
responds to unexpected yet task-relevant stimuli and serves to
reorient attention (Corbetta and Shulman, 2002; Corbetta et
al., 2008). We found that this bottom-up attentional network
was activated in our task in response to the orientation cue
(Corbetta et al., 2008; Uncapher et al., 2011; Burianová et al.,
2012). ITPC may represent the neural mechanism by which
cognitive networks flexibly reconfigure to respond to new
stimuli (Lakatos et al., 2008; Daitch et al., 2013), but we did
not observe significant increases in ITPC in any other brain

region. In regions that are not specifically responsive to the
input stimulus, changes in ITPC may be modulatory, rather
than driving (Lakatos et al., 2008), and may not be evident in
the macroscopic iEEG recordings. However, we cannot ex-
clude the possibility that they occur.

In our data, the left PFC exhibited significant prestimulus
increases in low-frequency power after the orientation cue and
significant increases in pairwise phase synchrony with multi-
ple cortical regions. We did not observe left PFC activation
strictly in response to the task. Together, these findings sug-
gest that initial prestimulus activation of the left PFC may play
an important role in preparing cortical networks for successful
memory formation. One possibility is that the left PFC is part
of a larger left hemispheric dorsal attention network (DAN)
that has been implicated previously in biasing cognitive re-
sources in a top-down manner based on behavioral goals
(Corbetta and Shulman, 2002; Corbetta et al., 2008). Activa-
tion of the DAN, which includes regions of the frontal lobe,
parietal lobe, and frontal eye fields, may predict subsequent
task performance (Sapir et al., 2005; Corbetta et al., 2008). Our
data could not assess activity in the superior parietal lobe, a
key region in the DAN, given the limited number of partici-
pants with electrodes in that area. Nevertheless, left frontal
activation, and subsequent synchrony with and activation of

Figure 6. Low-frequency pairwise phase synchrony with the left MTL. A, Differences in low-frequency (2– 4 Hz) pairwise
synchrony between correct (Corr) and incorrect (Incorr) trials between a left MTL seed region (green) and all brain regions (left).
ROIs exhibiting significant ( p � 0.05, corrected for multiple comparisons) differences across participants are shown (right). B,
Time evolution of average differences in low-frequency (2– 4 Hz) pairwise synchrony across participants between the left MTL and
left PFC. Significant temporal epochs are indicated with a red circle ( p � 0.05, corrected for multiple comparisons in space and
time). Error bars represent SEM across subjects. C, Schematic representation of the temporal progression of significant low-
frequency (2– 4 Hz) pairwise synchrony between the right TPJ, right frontal (RF), left PFC, left parietal (LP), and left MTL regions.
Arrows are color coded with the mean peak time of increased pairwise phase synchrony. Significant increases in low-frequency ITPC
are observed in right TPJ, right TO, and right temporal lobe (RT) regions.
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the temporal lobe, suggests the possible involvement of a top-
down network during successful encoding.

The presentation of the behaviorally relevant orientation
cue may in fact activate both networks (Corbetta et al., 2008).
Like the right TPJ, we also observe activation of the left PFC in
response to the bottom-up orientation cue. In addition, a
component of the activity observed here involves the right
PFC, which has been noted as a possible link between the VAN
and DAN (Fox et al., 2006). Importantly, we found that the
PFC of both networks were bound through synchronous low-
frequency oscillations, providing a possible mechanism by
which the two networks may communicate. Indeed, previous
evidence has demonstrated that the two networks are con-
nected functionally (Uncapher et al., 2011; Burianová et al.,
2012; Daitch et al., 2013).

How such activity bridges the gap between attention and
memory before item encoding remains unclear (Cabeza et al.,
2008). Top-down visual attention may increase the firing rate
of neurons in goal-relevant areas, mediate communication
between cortical regions by increasing synchrony, reduce ex-
traneous noise, or amplify neural representations of certain
features (Fries et al., 2001; Buschman and Miller, 2007;
Baldauf and Desimone, 2014). The diversion of attentional
resources to enhance memory may operate in a similar way as
its sensory counterparts (Gazzaley and Nobre, 2012). There-
fore, top-down attention may prepare the hippocampus for
specific encoding processes (Uncapher and Rugg, 2009). Our
results support this hypothesis in a number of ways. The func-
tional connections we observed here progressed from core
regions of the VAN to regions of the left hemispheric DAN and
ultimately terminated in the temporal lobe and MTL struc-
tures. Oscillatory coupling between the cortex and hippocam-
pus has been identified previously with successful encoding
(Fell et al., 2001; Ekstrom and Watrous, 2014), and so the
synchrony we observed at the time of word presentation may
reflect the final step in communication between attentional
and encoding networks.

Together, our data suggest that prestimulus low-frequency
oscillatory power and phase synchrony are coordinated across
multiple cortical regions to promote memory encoding. How
well participants attend to the unexpected cue in our task in
large part determines to what extent these networks are acti-
vated and hence how well they encode subsequent associa-
tions. In the absence of such a bottom-up stimulus, it is
possible that attentional network activation would not be as
robust. Therefore, our data provide a link between attentional
processes and episodic memory formation and suggest that
low-frequency cortical oscillatory power and functional con-
nectivity may be the neural mechanism through which this
link occurs. Hence, our data provide insight into how pre-
stimulus cortical network activity may optimize functional
brain states in preparation for successful encoding.
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