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Abstract 
Episodic memory, everyday memory for events, is fundamental to our lives. We tested patients 
undergoing intracranial electroencephalography (intracranial EEG) monitoring for the 
localization of medically-refractory epilepsy on a well-characterized paradigm that requires 
episodic memory. Here we report that an anatomically diffuse network characterized by theta-
band (4-7 Hz) coherence is activated at the time of a choice that requires episodic memory. This 
distinct network pattern of oscillatory activity is absent in situations that do not require episodic 
memory. The episodic network we identified spans prefrontal and temporal lobes and coherence 
between these areas was greatest during memory encoding. Our data provide novel empirical 
evidence for a set of brain areas that supports episodic memory in humans.  
 
Significance Statement 
Synchronous oscillations of electrical fields are thought to support brain processes such as 
language, movement, memory and learning.  However, little is known about which types of 
synchronous oscillations are needed for which process.  We performed invasive recordings of 
electrical activity in patients undergoing surgical management for epilepsy while they perform 
different types of memory tasks.  We found synchronous oscillations in the theta band (4-7 Hz) 
correlate with performance in an episodic memory.  This pattern of oscillations activates a 
distinct network of brain regions from a task that does not require episodic memory.  This 
finding advances our understanding of the brain systems that support each process.   
 
Introduction 
 Memory for every day events – known as episodic memory – is integral to our daily lives 
and is critically affected in dementia and other neurological disorders. Although much is known 
about the parts of the brain involved in forming, storing, and retrieving episodic memories, much 
less is known about the patterns of neural activity that support this process in humans. One 
hypothesis derived from studies in animal models is that memories are formed and retrieved 
through dynamic interaction between distributed brain areas. Specifically, synchronous 
oscillations in electrical activity are thought to support mnemonic function by binding 
information from spatially-distinct parts of the brain into a functional network [1–4]. However, 
empirical support for this hypothesis in humans is scarce [5], particularly in the setting of 
invasive recordings which offer superior spatial resolution to scalp EEG and 
magnetoencephalography.  While some studies have examined synchronous oscillations in the 
setting of episodic memory [6,7] with invasive recordings, none have compared episodic and 
non-episodic memory to identify the types of oscillatory synchrony critical for each task. 
Accordingly, determining whether synchronous oscillations support human episodic memory 
would provide vital insight into this fundamental aspect of human cognition. 

Here we sought direct empirical support for this hypothesis by testing 7 patients 
undergoing intracranial EEG on episodic and non-episodic memory tasks. Recordings of neural 
activity were made while patients were tested on an object-in-place scene memory task 
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implemented on an iPad, allowing straightforward administration in the hospital setting. In the 
object-in-place scene memory task, multiple pairs of fractal visual targets are depicted on a 
colored background, representing a complex episode which includes target, location, contextual 
cues and time. Rapid learning of object-in-place scene discrimination problems assess episodic 
memory [8–10] and requires interaction between frontal and temporal cortex [11–13]. By 
contrast, replacing the scene component of the discriminations with a white background 
eliminates the contextual cues surrounding the targets. This results in memory being supported 
by non-episodic memory systems and removes the requirement for interaction of frontal and 
temporal cortex for normal performance [11,12].  The episodic memory task allows the subject 
to associate the target with nearby contextual information, but this information cannot be utilized 
in the non-episodic memory task. By testing patients with intracranial electrodes while 
performing episodic and non-episodic tasks, we demonstrate an anatomically diffuse theta band 
coherence network that appears to support episodic but not non-episodic memory in humans. 
Further, we provide novel empirical support in humans for the hypothesis that synchronous 
oscillations coordinate activity between brain regions and form them into a functional network.  
 
Activity During Performance of Episodic and Non-episodic Memory Tasks 

We recorded activity from 854 locations in the 7 subjects during performance of episodic 
and non-episodic memory tasks (Figure 1, Supplementary Table 1). Of these, 259 showed 
interictal discharges and 61 were located in the seizure onset zone (as determined by a board-
certified epilpetologist), and were excluded from further analysis. An additional 13 electrodes in 
the left hemisphere and 15 in the right hemisphere were excluded because they were located in 
white matter. Of the remaining 506 locations, 74 were in the left hemisphere and 432 in the right 
hemisphere (Supplementary Figure 1). The raw spectral power for each electrode was calculated 
as well as the pairwise coherence between each electrode and every other electrode for the delta 
[1,4) Hz, theta [4,8) Hz, alpha [8,15), and beta [15,30) bands. Spectral power and coherence 
were compared between episodic and non-episodic memory tasks to identify specific oscillatory 
signatures of episodic memory formation and retrieval.   
 
Figure 1:  In the episodic memory task, 2 fractal target images are presented on a colored 
background filled with randomly populated geometric figures.  If the subject selects the correct 
target, the target flashes for 3 seconds, followed by a 3 second Inter-trial Interval (ITI) before the 
next trial.  If the subject selects the wrong target, the wrong target is replaced with a black square 
that says “WRONG” and the correct target flashes for 3 seconds, followed by a 3 second ITI.  
There is a 16 trial block where the subject has never seen the exemplars before.  This 16 trial 
block is then repeated 4 times for a total of 80 trials.  The non-episodic memory task differs from 
the episodic memory task only in that the background is white rather than colored. 
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 To reduce the chance of false positives, we defined the threshold for statistical 
significance in four ways. First, for an effect to be marked as significant, there had to be a 
statistically significant difference in activity (by Bonferroni-corrected Student’s t-test) between 
the episodic and non-episodic tasks for at least 100 ms contiguously. Second, each effect had to 
be present and statistically significant in at least two of the seven subjects individually. Third, 
any effects had to correlate with performance (by Bonferroni-corrected Pearson’s R) during the 
time of significant difference in activity between the tasks. Fourth, any effects had to occur at a 
point where the activity had a significant imaginary component of complex coherence – a part of 
the wavelet used to extract the oscillations that ignores activity occurring at a zero time lag and 
thereby excluding effects of volume conduction [14]. 
 
Theta Band Coherence Increases Around the Choice Point in the Episodic Memory Task 

Applying these criteria, there was a significant and broadly anatomically distributed 
network of pairwise theta-band coherence that occurred exactly or very closely after the choice 
point and was closely related to behavioral performance in the episodic memory task (Figure 2A, 
2C).  This was specific to the episodic memory task, and not observed in other frequency bands. 
Further, the increase in theta band pairwise coherence is not observed in the non-episodic 
memory task.  Note that the effect is most distinct in the interaction between the frontal and 
temporal (medial and lateral) electrodes, but also includes interactions with the parietal and 
occipital cortices.  Although the alpha and beta frequency bands showed similar patterns, none 
were modulated to the same degree or showed such a tight relation to behavior (Supplementary 
Figure 1).  There were no significant effects observed in the delta band.  There is an increase in 
overall theta band power, particularly in the mesial temporal region, but there is no difference in 
theta band power between the tasks (Supplementary Figure 2).  Further, this effect occurs when 
the imaginary part of coherence – coherence modified to ignore activity occurring at a zero time 
lag – also shows a statistically significant increase (Supplementary Figure 3) indicating that the 
effect is not from volume conduction.  
 
Figure 2: (A) The proportion change in pairwise theta coherence between the two indicated 
brain regions (row and column labels) during the performance of the episodic memory (red) and 
non-episodic memory (blue) tasks.  The first vertical dotted line indicates the choice point.  The 
second vertical dotted line indicates the end of the trial.  A red or blue asterisk indicates a 
significant difference in theta coherence between the tasks (Bonferroni corrected p < 0.05 by 
Student’s t-test).  (B) The correlation between pairwise theta coherence between the two 
indicated brain regions (row and column labels) and percent correct during that trial block for the 
episodic memory (red) and non-episodic memory (blue) tasks. An red or blue asterisk indicates a 
significant correlation between theta coherence and performance (Bonferroni corrected p < 0.05 
by Pearson’s R).  (C) Maximum pairwise theta-coherence between the connected brain regions 
during the listed interval for the episodic memory task. (D) Maximum pairwise theta-coherence 
between the connected brain regions during the listed interval for the non-episodic memory task.  
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This anatomically broadly distributed network shows a negative correlation with trial 

block performance at the time of the choice (Figure 2B).  This indicates that early trial blocks 
where the performance was lower show a larger increase in theta pairwise coherence than later 
blocks where performance was higher, i.e. early in blocks where the subject must encode new 
exemplars, there is the greatest increase in pairwise theta coherence in this network.  The largest 
and sharpest negative correlations are observed between the frontal lobe and the temporal 
cortices, but the negative correlation with activity recruits the parietal and occipital lobes as well. 

In an effort to more accurately anatomically localize this theta band coherence network, 
analogous comparisons were constructed for pairwise coherence between all the regions in the 
DKT40 Atlas [15] as well as the hippocampus and amygdala.  The peak height of the increase in 
theta band coherence during the episodic task was calculated for the interval between 1 second 
before and 1 second after the choice.  This is indicated in Figure 3.  The maximum theta 
coherence increase between each brain region is shown.  The areas with maximal increase 
involved in this network include medial orbitofrontal, pars opercularis, superior frontal, rostral 
anterior cingulate, precuneus, inferior temporal, and parahippocampal gyri along with the 
hippocampus and the amygdala.  Similarly, the network in which the increase in pairwise theta 
coherence was the greatest also corresponds to the greatest negative correlations with 
performance (Figure 4). 
 
Figure 3: The lower triangle indicates the peak height of the increase in theta band pairwise 
coherence between the brain regions listed (row and column) in the episodic memory task during 
the period between one second before and one second after the choice.  The color bar above the 
figure indicates the proportion change.  White boxes surround connections that show a 
statistically significant difference between the episodic and non-episodic memory tasks.  Gray 
boxes indicate connections for which there was no data.  The maximal increase in pairwise theta 
coherence between the depicted region and other parts of the network around the choice point 
during performance of the episodic memory task is depicted on the brains. 
 
Figure 4: The lower triangle indicates the maximum depth of the negative correlation with 
performance and pairwise coherence between the brain regions listed (row and column) in the 
episodic memory task during the period between one second before and one second after the 
choice.  For clarity only connections with an increase of 1.25-fold or greater are depicted.   The 
color bar above the figure indicates the correlation value.  Warm colors indicate a stronger 
negative correlation.  The maximal negative correlation coefficient between the depicted region 
and other parts of the network around the choice point during performance of the episodic 
memory task is depicted on the brains. 
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Theta Band Coherence Increases Around the Trial End in the Non-Episodic Memory Task
 Comparison of the episodic and non-episodic memory tasks showed that a theta band 
network is activated around the choice point in the episodic but not the non-episodic memory 
task.  However, theta band activation does occur at a different point in the trial during the non-
episodic memory task.  Figure 2A and 2D also show significant increases in pairwise theta band 
coherence between the frontal, parietal, occipital and lateral temporal lobes.  This effect occurs 
during the last two seconds of the trial – following the choice and immediately prior to the inter-
trial interval.  Further, the size of the theta band coherence increase in the non-episodic memory 
task is positively correlated with performance (Figure 2B).  There is a statistically significant 
increase in theta band power in the frontal lobe during this period, and a trend toward 
significance in the other included regions (Supplementary Figure 2).  However, the imaginary 
part of coherence is also greater than baseline during this period (Supplementary Figure 3), 
suggesting that the effect is not related to volume conduction. 
 
Figure 5: The lower triangle indicates the peak height of the increase in theta band pairwise 
coherence between the brain regions listed (row and column) in the non-episodic memory task 
during the last two seconds of the trial.  The color bar above the figure indicates the proportion 
change.  White boxes surround connections that show a statistically significant difference 
between the episodic and non-episodic memory tasks.  Gray boxes indicate connections for 
which there was no data.  The maximal increase in pairwise theta coherence between the 
depicted region and other parts of the network around the trial end during performance of the 
non-episodic memory task is depicted on the brains. 
 
 To further isolate anatomical specificity of this effect, the peak height of the increase in 
theta band coherence during the non-episodic memory task was calculated for the interval of the 
2 seconds at the end of the trial.  The maximum theta coherence increase between each brain 
region is shown.  Figure 5 shows an overlapping but different network is activated during the 
control task including, medial orbitofrontal, pars orbitalis, superior frontal, postcentral, inferior 
parietal, supramarginal, lateral occipital, entorhinal and fusiform cortex.  Hippocampus and 
amygdala are much less involved than the version of the task requiring episodic memory.  These 
brain regions correspond to the areas of maximal positive correlation with performance (Figure 
6).  Thus, analysis of the pairwise theta coherence during the version of the task that does not 
require episodic memory shows an independent network, activated late in the trial that positively 
correlates with performance.  
 
Figure 6: The lower triangle indicates the maximum positive correlation with performance and 
pairwise coherence between the brain regions listed (row and column) in the non-episodic 
memory task during the last two seconds of the trial.  For clarity only connections with an 
increase of 1.25-fold or greater are depicted.   The color bar above the figure indicates the 
correlation value.  Warm colors indicate a stronger positive correlation.  The maximal positive 
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correlation coefficient between the depicted region and other parts of the network around the trial 
end during performance of the non-episodic memory task is depicted on the brains. 
 
 
Discussion 
We examined the oscillatory activity and synchrony during the performance of an episodic 
memory task versus a non-episodic memory task in 7 patients undergoing intracranial EEG for 
surgical management of epilepsy. Based on synchrony in the theta band, we identify an 
anatomically broad network including the frontal, temporal and parietal lobes (Figure 2). This 
network shows activation in theta coherence at the choice point during the episodic memory task, 
and the degree of activation negatively correlates with task performance. This suggests increased 
theta coherence may be related to a learning signal to help consolidate the episode for later 
retrieval.  The anatomic network identified here conforms to lesion data in non-human primates 
and humans [10–12,16,17] and with the anatomical connectivity between the prefrontal cortex 
and the hippocampus and amygdala [18]. It is also consistent with the results of fMRI 
experiments [19] and scalp recordings [20–22] during episodic memory tasks which show a 
broad network including elements of the mesial temporal, prefrontal and parietal cortices.  The 
inclusion of parts of the parietal lobe, particularly the precuneus, which has produced conflicting 
results in imaging studies during episodic memory [19,23] but has been previously shown to 
participate in a synchronous network during episodic memory [6], is consistent with a role for 
the parietal lobe in episodic memory retrieval. 

An overlapping but different network including parts of the temporal and parietal lobes 
was activated during the performance of the non-episodic memory task (Figures 2 and 3).  This 
network positively correlated with performance.  We note that few of these brain regions outside 
the temporal lobe have been implicated by lesion studies in the performance of the non-episodic 
memory task.  We hypothesize that this effect may be related to activation of an attentional 
network that supports but is not required for performance of non-episodic tasks.  It could also 
reflect greater engagement of episodic memory systems once object-reward associations have 
been acquired by subcortical, "habit" memory systems [24].  Whatever the functional 
significance of this network, the differentiation in anatomical components, timing relative to 
stimulus onset, and association with task performance indicates its distinctiveness from the 
network that is triggered by episodic memory. 
 Our results build on prior human intracranial recordings that have highlighted a role for 
synchronous oscillations in episodic memory [6,7]. For instance, Watrous et al.[6] show 
successful memory retrieval – using either spatial or temporal cues – increases 1-10 Hz phase 
synchrony diffusely throughout the brain with a hub in the parahippocampal gyrus. For the 
retrieval of place information, phase synchrony was highest at 1-4 Hz, where as it was highest in 
the 7-10 Hz range for information about time of retrieval, and this synchronization differentiated 
successful and unsuccessful retrieval. Here, by including hippocampal electrodes and a non-
episodic memory task, we show that very different networks are recruited during episodic and 
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non-episodic processes. Notably, we found that during episodic memory, activity is divergent 
between the entorhinal cortex and the parahippocampal gyrus and between the hippocampus and 
entorhinal cortex.  Similarly, Burke et al.[7] show in a word encoding and retrieval task that theta 
phase synchrony increases between the (predominantly left) temporal and the prefrontal lobes, 
followed by a prolonged and large decrease.  These synchrony changes are much more 
prominent in successful than unsuccessful encoding.  However, they also did not include a non-
episodic comparison task.  By doing so in this study, we were able to compare the networks 
involved in the two tasks and relate our findings to lesion data about the brain regions required 
for task performance. Finally, these results extend previous reports that have examined phase 
amplitude coupling and phase coding in the setting of episodic memory [25], perceptual 
categorization [26] and contextual responding [27], all of which show the importance of these 
nested oscillations in episodic memory encoding, but did not analyze network participation at 
distant sites. 

Our findings also provide unique insight into the how different synchronous networks are 
recruited in two neuropsychologically well-characterized behavioral tasks that require different 
forms of memory.  The finding that the theta band coherence network includes the sites that have 
been demonstrated in lesion studies to be required for task performance does not prove that theta 
coherence is required for episodic memory, but it does add additional weight to this hypothesis.  
Further it provides a clear time course for the requirement for synchronous oscillation and may 
represent the neurophysiologic basis through which diverse brain regions are recruited into a 
functional network.   

It is important to address possible confounds to these results including the effect of 
volume conduction and activity caused by motion of the arm.  It is unlikely that these results are 
secondary to volume conduction for two reasons.  First, intervening brain regions between the 
frontal and temporal lobes such as the insular cortex do not show theta band coherence, contrary 
to what would be expected if the effect was due to volume conduction.  Second, analysis of the 
imaginary part of coherence removes the presence of synchronous activity at a zero time lag, and 
the activity remains different from baseline in this analysis.  Likewise, it is unlikely that the 
observable effect is because of motion of the arm towards the target for several reasons.  First, 
the motion is essentially identical in the episodic and non-episodic memory task, yet the two 
tasks activate very different networks.  Second, the effect in the non-episodic memory task 
appears at the trial end, after motion has ceased.  Third, the effect appears in both hemispheres, 
regardless of the arm that was used to make the choice. 

In addition, several aspects of these experiments suggest caution in over-generalizing 
these results.  First, because of limitations in the sampling rate of the behavioral output 
(behavioral flags were determined manually on the clinical video -- 30 fps), we did not attempt 
to evaluate effects that occurred at frequencies greater than 30 Hz, which are likely functionally 
significant [7,27–29].  Second, brain coverage with electrodes was dictated by clinical necessity.  
There was relatively less coverage of the left hemisphere as compared to the right because non-
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dominant lesions are more eligible for resective surgery.  As a consequence, we could not 
determine whether observed effects were more prominent in the left or the right hemisphere.   
 An influential theory posits that that synchronous oscillations support cognitive functions 
by binding information from distant parts of the brain into a functional network [1–4]. Here we 
show that episodic memory is associated with synchronous activity in a network comprising 
distant brain regions in frontal, temporal, and parietal lobes. The degree of activity in this 
network correlates with the accuracy of choices dependent on episodic memory, and choices 
based on non-episodic memory processes do not require the same network.  The size of the 
network is much larger than what would be suggested by lesion studies, and more closely 
matches the results of fMRI [19]. Thus, our data provide empirical support for the hypothesis 
that synchronous activity binds together diverse brain areas into distinct functional networks to 
support cognition in humans. 
 
Methods 
Subjects 
7 patients undergoing surgical management for treatment of medically refractory epilepsy were 
consented for participation while undergoing intracranial EEG.  The study was conducted 
according to the principles of the Declaration of Helsinki, and the consent documentation and 
procedure were approved by the Mount Sinai Hospital Institutional Review Board (IRB).  
Descriptive information about the subjects is in Supplementary Table 1. 
 
Task 
The subjects were tested using an implementation of the episodic and non-episodic memory 
tasks on a iPad 2 (Apple, Inc., Cupertino, CA).  The iPad was placed before the subject on each 
testing day at eye level at approximately 20-30 cm away.  Environmental distractors were 
minimized during testing by closing the patient’s room door and preventing them from talking.  
The task involves the presentation of a two colored fractal target images [30] presented on 
colored background with randomly generated geometric figures (episodic memory task) or a 
white background (non-episodic memory task) (Figure 1).  Evidence from lesion studies in 
humans and non-human primates suggest that an intact prefrontal cortex, medial temporal lobe, 
and interaction between the two, are required for performance of the episodic memory but not 
the non-episodic memory task [11].  The same two colors were used to generate the two target 
fractals, and these colors were balanced against to the background to maximize discriminability 
for the Scenes task.  The size of the targets was 100 x 100 pixels on a screen size of 1024 x 768 
pixels.  Targets were randomly distributed on the screen such that at least 700 pixels separated 
their centers, and the location of both targets was maintained throughout testing for each target.  

 During each trial, 2 fractal target images are presented on the background from the 
beginning of the trial.  The subject then selects one of the two targets.  If the subject selects the 
correct target, the target flashes for 3 seconds, followed by a 3 second Inter-trial Interval (ITI) 
before the next trial.  If the subject selects the wrong target, the wrong target is replaced with a 
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black square that says “WRONG” and the correct target flashes for 3 seconds, followed by a 3 
second ITI.  There is an initial 16 trial block where the subject has never seen the exemplars 
before.  Performance during the initial presentation block was balanced such that the subject 
would necessarily get 50% of the trials correct, and their choices were propagated throughout the 
rest of testing.  The 16 trial block was then repeated 4 times for a total of 80 trials.     
 
Data Collection and Pre-Analysis 
Electrophysiological data was collected for all subjects using the clinical equipment, a XLTEK 
128 EMU headbox connected to the Natus XLTEK EMU40 amplifier (Natus Medical 
Incorporated, Pleasanton, CA).  Sampling rates were between 500 and 1028 Hz.  The behavioral 
flags were correlated with the recording data using the Natus Database software.  The three 
behavioral flags were the time of trial start, the choice point, and the end of the trial.  These were 
manually placed in the recording files by reviewing the associated video recording (sampled at 
30 fps).  The resultant files were pruned and parsed into trials based on the behavioral flags.  The 
video of testing was reviewed, and trials were the subject was distracted, talked during the trial, 
or waited greater than 10 seconds before making a selection were excluded from further 
analyses.  All pre-analysis and analysis was performed on MATLAB (Mathworks, Natick, MA) 
using the FieldTrip software library [31]. Recordings for each trial were referenced to the 
moving average of all electrodes.  Each trace was locally detrended.  60 Hz noise was removed 
using a notch filter.    
 
Electrode Localization  
Localization of electrodes was performed using pre-operative MRIs and post-operative CTs.  
Coregistration of MRI and CT was performed using FreeSurfer 
(http://surfer.nmr.mgh.harvard.edu/), and the location of each electrode was selected on the post-
operative CT.  A parcellated image of the patient’s cortical surface was generated using 
FreeSurfer from the T1 series of the pre-operative MRI.  Cortical parcellation is by the DKT40 
Atlas 27.  The position of the electrodes was then projected onto the cortical surface, and the 
brain region identified was used as each electrodes location.  Confirmation of correct location 
was performed using images taken during the surgery.  The report from the recording was 
reviewed, and those electrodes that showed interictal discharges or those within the seizure onset 
zone were excluded from all subsequent analyses. 
 
Analysis 
Because the behavioral flags were established using the video recording of the subject 
performing the task, analysis focused on frequency bands lower than 30 Hz, because of concern 
that averaging due to inexact behavioral flag placement would obscure relevant effects.  
Consequently all trial traces were downsampled to 100 Hz.  Spectral powers were calculated 
using the FieldTrip using a complex Morlet wavelet transformation (wavelet width = 7).  
Spectral power was calculated for all electrodes from between 1 to 30 Hz, calculated at 1 Hz 
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increments.  Pairwise coherence between each electrode and every other electrode was calculated 
using a complex Morlet wavelet for delta [1,4) Hz, theta [4,8) Hz, alpha [8,15), and beta [15,30) 
bands.  Subsequently, coherence refers to the modulus of complex coherence from this analysis.  
Where specified, the term imaginary part of coherence refers to the imaginary part of complex 
coherence from the Morlet wavelet transformation, an analysis which isolates those parts of 
coherence that occur at a non-zero phase lag, excluding the possibility of contamination with 
volume conduction [14].  Average spectral power and coherence was calculated for each subject 
for each electrode (or pair of electrodes) for each 16 trial block. 
 
Statistical Analysis 
The results of calculations for spectral power – grouped by frequency band -- and coherence 
between each electrode at each frequency band were grouped according to the anatomical 
location of the electrodes.  Large grouping including the lobe in which each electrode was 
located and smaller grouping – divided by the cortical parcellation and subcortical segmentation 
of the subject’s brain imaging.  Each measure was subjected to three statistical tests.  First, the 
coherence or spectral power at a particular band (divided by the mean at that band for that trial 
block) was calculated for each block and anatomic location/pairing.  At each time point, whether 
the activity was different between the episodic and non-episodic memory tasks for each time 
point (a 1/100 second bin) was evaluated using a Student’s t-test.  This was calculation was 
synced to two time points (trial start and choice point) for all the subjects combined and for each 
subject individually.  Second, the coherence and spectral power at a particular band (divided by 
the mean at that band for that trial block) was correlated with performance during that block 
using Pearson’s R.  (The first block was excluded because the subjects had never seen the 
exemplars during this block.)  This was calculated synced each time point (trial start and choice 
point) in all time bins (a 1/100 second bin) for all the subjects combined and for each subject 
individually.  Finally, the imaginary part of coherence, which isolates those parts of coherence 
that occur at a non-zero phase lag [14], was calculated synced each time point (trial start and 
choice point) in all time bins (a 1/100 second bin) for all the subjects combined and for each 
subject individually.  This measure applies only to the coherence calculations, not to the spectral 
power.  The results of this calculation were tested to determine whether at each time point, the 
activity differed from 1 – indicating the baseline imaginary coherence between regions at that 
band – to determine whether changes in activity occur at a non-zero time lag.  The results of all 
statistical tests were corrected for multiple comparison’s using Bonferroni correction.  The total 
number of statistical tests was 4,301,328, so the p-value criterion was < 1.16E-8.  The total 
number of statistical tests of each type are listed in Supplementary Table 2. 
 
Acknowledgements 
The authors would like to acknowledge Dr. Brad Voytek, PhD for comments on an earlier draft.  
We would like to acknowledge Dr. Matthew Shapiro for the use of computational resources.  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/


Finally, we would like to thank the Leon Levy Foundation and the NINDS R25 (NS8440304) for 
continuing financial support. 
 
Bibliography 
1.  Buzsáki G, Draguhn A. Neuronal oscillations in cortical networks. Science. 2004;304: 

1926–9. doi:10.1126/science.1099745 
2.  Engel AK, Gerloff C, Hilgetag CC, Nolte G. Intrinsic Coupling Modes: Multiscale 

Interactions in Ongoing Brain Activity. Neuron. 2013;80: 867–886. 
doi:10.1016/j.neuron.2013.09.038 

3.  Siegel M, Donner TH, Engel AK. Spectral fingerprints of large-scale neuronal 
interactions. Nat Rev Neurosci. Nature Publishing Group; 2012;13: 121. 
doi:10.1038/nrn3137 

4.  Womelsdorf T, Schoffelen J-M, Oostenveld R, Singer W, Desimone R, Engel AK, et al. 
Modulation of neuronal interactions through neuronal synchronization. Science (80- ). 
2007;316: 1609–12. doi:10.1126/science.1139597 

5.  Johnson EL, Knight RT. Intracranial recordings and human memory. Curr Opin 
Neurobiol. NIH Public Access; 2015;31: 18–25. doi:10.1016/j.conb.2014.07.021 

6.  Watrous AJ, Tandon N, Conner CR, Pieters T, Ekstrom AD. Frequency-specific network 
connectivity increases underlie accurate spatiotemporal memory retrieval. Nat Neurosci. 
Nature Research; 2013;16: 349–356. doi:10.1038/nn.3315 

7.  Burke JF, Zaghloul KA, Jacobs J, Williams RB, Sperling MR, Sharan AD, et al. 
Synchronous and Asynchronous Theta and Gamma Activity during Episodic Memory 
Formation. J Neurosci. 2013;33.  

8.  Gaffan D. Against memory systems. Philos Trans R Soc Lond B Biol Sci. The Royal 
Society; 2002;357: 1111–21. doi:10.1098/rstb.2002.1110 

9.  Gaffan D. Dissociated effects of perirhinal cortex ablation, fornix transection and 
amygdalectomy: evidence for multiple memory systems in the primate temporal lobe. Exp 
Brain Res. Springer-Verlag; 1994;99: 411–422. doi:10.1007/BF00228977 

10.  Aggleton JP, McMackin D, Carpenter K, Hornak J, Kapur N, Halpin S, et al. Differential 
cognitive effects of colloid cysts in the third ventricle that spare or compromise the fornix. 
Brain. 2000;123 ( Pt 4: 800–15. Available: 
http://www.ncbi.nlm.nih.gov/pubmed/10734011 

11.  Browning PGF, Gaffan D. Prefrontal cortex function in the representation of temporally 
complex events. J Neurosci. 2008;28: 3934–40. doi:10.1523/JNEUROSCI.0633-08.2008 

12.  Browning PGF, Easton A, Buckley MJ, Gaffan D. The role of prefrontal cortex in object-
in-place learning in monkeys. Eur J Neurosci. 2005;22: 3281–91. doi:10.1111/j.1460-
9568.2005.04477.x 

13.  Wilson CRE, Gaffan D, Browning PGF, Baxter MG. Functional localization within the 
prefrontal cortex: missing the forest for the trees? TINS. 2010;33: 533–40. 
doi:10.1016/j.tins.2010.08.001 

14.  Nolte G, Bai O, Wheaton L, Mari Z, Vorbach S, Hallett M, et al. Identifying true brain 
interaction from EEG data using the imaginary part of coherency. Clin Neurophysiol. 
Elsevier; 2004;115: 2292–307. doi:10.1016/j.clinph.2004.04.029 

15.  Klein A, Tourville J. 101 Labeled Brain Images and a Consistent Human Cortical 
Labeling Protocol. Front Neurosci. Frontiers; 2012;6: 171. doi:10.3389/fnins.2012.00171 

16.  Gaffan D, Parker A. Interaction of Perirhinal Cortex with the Fornix-Fimbria: Memory for 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/


Objects and ``Object-in-Place’' Memory. J Neurosci. 1996;16: 5864–5869. Available: 
http://www.jneurosci.org/cgi/content/abstract/16/18/5864 

17.  Simons JS, Spiers HJ. Prefrontal and medial temporal lobe interactions in long-term 
memory. Nat Rev Neurosci. Nature Publishing Group; 2003;4: 637–648. 
doi:10.1038/nrn1178 

18.  Aggleton JP, Wright NF, Rosene DL, Saunders RC. Complementary Patterns of Direct 
Amygdala and Hippocampal Projections to the Macaque Prefrontal Cortex. Cereb Cortex. 
Oxford University Press; 2015;25: 4351–73. doi:10.1093/cercor/bhv019 

19.  Spaniol J, Davidson PSR, Kim ASN, Han H, Moscovitch M, Grady CL. Event-related 
fMRI studies of episodic encoding and retrieval: Meta-analyses using activation likelihood 
estimation. Neuropsychologia. 2009;47: 1765–1779. 
doi:10.1016/j.neuropsychologia.2009.02.028 

20.  Klimesch W, Doppelmayr M, Russegger H, Pachinger T. Theta band power in the human 
scalp EEG and the encoding of new information. Neuroreport. 1996;7: 1235–40. 
Available: http://www.ncbi.nlm.nih.gov/pubmed/8817539 

21.  Weiss S, Rappelsberger P. Long-range EEG synchronization during word encoding 
correlates with successful memory performance. Brain Res Cogn Brain Res. 2000;9: 299–
312. Available: http://www.ncbi.nlm.nih.gov/pubmed/10808141 

22.  Sederberg PB, Kahana MJ, Howard MW, Donner EJ, Madsen JR. Theta and gamma 
oscillations during encoding predict subsequent recall. J Neurosci. 2003;23: 10809–14. 
Available: http://www.ncbi.nlm.nih.gov/pubmed/14645473 

23.  Cavanna AE, Trimble MR. The precuneus: a review of its functional anatomy and 
behavioural correlates. Brain. Oxford University Press; 2006;129: 564–583. 
doi:10.1093/brain/awl004 

24.  Wimmer GE, Braun EK, Daw ND, Shohamy D. Episodic Memory Encoding Interferes 
with Reward Learning and Decreases Striatal Prediction Errors. J Neurosci. 2014;34.  

25.  Lega B, Burke J, Jacobs J, Kahana MJ. Slow-Theta-to-Gamma Phase–Amplitude 
Coupling in Human Hippocampus Supports the Formation of New Episodic Memories. 
Cereb Cortex. 2016;26: 268–278. doi:10.1093/cercor/bhu232 

26.  Watrous AJ, Deuker L, Fell J, Axmacher N. Phase-amplitude coupling supports phase 
coding in human ECoG. Elife. eLife Sciences Publications Limited; 2015;4: e07886. 
doi:10.7554/eLife.07886 

27.  Voytek B, Kayser AS, Badre D, Fegen D, Chang EF, Crone NE, et al. Oscillatory 
dynamics coordinating human frontal networks in support of goal maintenance. Nat 
Neurosci. Nature Research; 2015;31: 1–10. doi:10.1038/nn.4071 

28.  Gonzalez A, Hutchinson JB, Uncapher MR, Chen J, LaRocque KF, Foster BL, et al. 
Electrocorticography reveals the temporal dynamics of posterior parietal cortical activity 
during recognition memory decisions. Proc Natl Acad Sci U S A. National Academy of 
Sciences; 2015;112: 11066–71. doi:10.1073/pnas.1510749112 

29.  Lega BC, Jacobs J, Kahana M. Human hippocampal theta oscillations and the formation 
of episodic memories. Hippocampus. Wiley Subscription Services, Inc., A Wiley 
Company; 2012;22: 748–761. doi:10.1002/hipo.20937 

30.  Miyashita Y, Higuchi S, Sakai K, Masui N. Generation of fractal patterns for probing the 
visual memory. Neurosci Res. 1991;12: 307–11. Available: 
http://www.ncbi.nlm.nih.gov/pubmed/1660991 

31.  Oostenveld R, Fries P, Maris E, Schoffelen J-M. FieldTrip: Open source software for 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/


advanced analysis of MEG, EEG, and invasive electrophysiological data. Comput Intell 
Neurosci. Hindawi Publishing Corporation; 2011;2011: 156869. 
doi:10.1155/2011/156869 

 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/


Training 

Interval

(3 sec)

Inter-trial 

Interval 

(3 sec)

Variable 

Time to 

Selection

Correct Trial

Error Trial

Episodic

Memory 

Task

Correct Trial

Error Trial

Non-

Episodic 

Memory

Task

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/


Theta Pairwise Coherence

Comparison between Tasks

Theta Pairwise Coherence, 

Correlation with Performance

A B

C

D

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 19, 2017. ; https://doi.org/10.1101/140251doi: bioRxiv preprint 

https://doi.org/10.1101/140251
http://creativecommons.org/licenses/by/4.0/

