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Figure 4. Spectral power dynamics of memory encoding and retrieval. For each MTL
subregion and hippocampal subfield, the spectral power during successful vs. unsuccessful
encoding or retrieval epochs was computed in the theta (4-8 Hz) and high-frequency activity (30-
90 Hz) bands. For encoding periods, powers were averaged in the 400-1100 msinterval, and
between -500-0 msfor retrieval periods, which were the periods featuring the most prominent
network-wide power change (see Methods for details). The t-statistic indicating the relative
power during successful versus unsuccessful encoding or retrieval is mapped to acolor, with
reds indicating increased power and blues indicating decreased power. These colors are
displayed on schematics of MTL and hippocampal anatomy for encoding and retrieval conditions
(rows), and theta or HFA bands (columns). Asterisksindicate significant (P < 0.05) memory-

related power modulation, FDR corrected across tested regions. Centrally, time-frequency
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spectrograms are shown for the unaveraged power datain three key regions. left EC, left PRC,

and left CAL.
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Figure5. Functional theta (4-8 Hz) connectivity of general task engagement. A. Adjacency
matrices for all assessed intraaM TL connectionsin task versus baseline conditions (l€ft,
encoding; right, retrieval). Red colors indicate enhanced coherence during task periods, blue
indicates decreased coherence. Gray shaded cells had fewer than 5 subjects' worth of data, or
self-connections that were not assessed (i.e. the diagonal). B. Z-scored node strength for each
MTL subregion, computed only on ipsilateral connections. Node strength reflects the total sum
of connections between a given region and all other regions. Left hippocampus and right PRC
were FDR-corrected P < 0.05 significant hubsin both encoding and retrieval conditions,
indicating enhanced connectivity to those regions during general task engagement. C. Line
thickness indicates significance level after FDR correction for multiple comparisons across
region pairs (faded lines indicate uncorrected significance if connecting to a hub node, see B). D.

Same as C, for theretrieval vs. basdine contrast.
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M ethods

Participants

For connectivity analyses, 108 patients with medication-resistant epilepsy underwent a surgical
procedure to implant subdural platinum recording contacts on the cortical surface and within
brain parenchyma. Contacts were placed so as to best |ocalize epileptic regions. Data reported
were collected at 8 hospitals over 3 years (2015-2017): Thomas Jefferson University Hospital
(Philadelphia, PA), University of Texas Southwestern Medical Center (Dallas, TX), Emory
University Hospital (Atlanta, GA), Dartmouth-Hitchcock Medical Center (Lebanon, NH),
Hospital of the University of Pennsylvania (Philadelphia, PA), Mayo Clinic (Rochester, MN),
National Institutes of Health (Bethesda, M D), and Columbia University Hospital (New Y ork,
NY). Prior to data collection, our research protocol was approved by the Institutional Review
Board at participating hospitals, and informed consent was obtained from each participant.

Free-recall task

Each subject participated in adelayed free-recall task in which they studied alist of words with
the intention to commit the items to memory. The task was performed at bedside on a laptop.
Analog pulses were sent to available recording channels to enable alignment of experimental
events with the recorded iEEG signal.

Therecall task consisted of three distinct phases: encoding, delay, and retrieval. During
encoding, lists of 12 words were visually presented. Words were selected at random, without
replacement, from a pool of high frequency English nouns
(http://memory.psych.upenn.edu/WordPools). Word presentation lasted for a duration of 1600
ms, followed by a blank inter-sitmulus interval of 750 to 1000 ms. Before each list, subjects were
given a 10-second countdown period during which they passively watch the screen as centrally-
placed numbers count down from 10. Presentation of word lists was followed by a 20 second
post-encoding delay, during which time subjects performed an arithmetic task during the delay in
order to disrupt memory for end-of-list items. Math problems of the form A+B+C=7? were
presented to the participant, with values of A, B, and C set to random single digit integers. After
the delay, arow of asterisks, accompanied by a 60 Hz auditory tone, was presented for a duration
of 300 msto signal the start of the recall period. Subjects were instructed to recall as many words
as possible from the most recent list, in any order, during the 30 second recall period. Vocal
responses were digitally recorded and parsed offline using Penn Total Recall
(http://memory.psych.upenn.edu/Total Recall). Subjects performed up to 25 recall listsin asingle
session (300 individual words).

Electrocorticographic recordings

IEEG signal was recorded using depth electrodes (contacts spaced 5-10 mm apart) using
recording systems at each clinical site. IEEG systems included DeltaMed XITek (Natus), Grass
Telefactor, and Nihon-Kohden EEG systems. Signals were sampled at 500, 1000, or 1600 Hz,
depending on hardware restrictions and considerations of clinical application. Signals recorded at
individual electrodes werefirst referenced to a common contact placed intracranially, on the
scalp, or mastoid process. To eliminate potentially confounding large-scale artifacts and noise on
the reference channel, we next re-referenced the data using the common average of all depth
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electrodesin the MTL that were used for later analysis. Channels exhibiting highly non-
physiologic signal due to damage or misplacement were excluded prior to re-referencing.

Anatomical localization

To precisaly localize MTL depth electrodes, hippocampal subfields and MTL cortices were
automatically labeled in a pre-implant, T2-weighted MRI using the automatic segmentation of
hippocampal subfields (ASHS) multi-atlas segmentation method®. Post-implant CT images were
coregistered with presurgical T1 and T2 weighted structural scans with Advanced Normalization
Tools®2, MTL depth electrodes that were visible on CT scans were then localized within MTL
subregions by neuroradiologists with expertisein MTL anatomy. MTL diagrams were adapted
with permission from Moore, et al. (2014)%.

Data analyses and spectral methods

To obtain coherence values between electrode pairs, we used the MNE Python software
package®, a collection of tools and processing pipelines for analyzing EEG data. The coherence
(Cyy) between two signalsisthe normalized cross-spectral density (Equation 1); this can be
thought of asthe consistency of phase differences between signals at two el ectrodes, weighted by
the correlated change in spectral power at both sites.

_ | Sxy
Cyy = | SxSyy | (@)

Where Sy is the cross-spectral density between signals at electrodes x and y; S and Sy are the
auto-spectral densities at each electrode. Consistent with other studies of EEG coherence™®, we
used the multitaper method to estimate spectral density. We used a time-bandwidth product of 4
and a maximum of 8 tapers (tapers with spectral energy less than 0.9 were removed), computing
coherence for frequencies between 4-50 Hz, avoiding the 60 Hz frequency range that may be
contaminated by line noise. For theta analyses which comprise the majority of this paper,
coherence estimates were averaged between 4-8 Hz. For supplemental analyses, gamma was

averaged between 30-50 Hz.

To assess the subsequent memory effect (SME) coherence between MTL regions, we computed
inter-electrode coherences for each encoding trial during the 1.6-second word presentation
window. To assess coherence relative to a pre-task baseline period, we computed inter-electrode
coherences for 1.0-second windows during the baseline “ countdown” period and compared to
1.0-second windows from 0.5-1.5 seconds during the word presentation interval, to avoid strong
effects driven by stimulus onsets. Similarly, 1.0-second memory retrieval intervals were
compared to 1.0-second “unsuccessful memory search” windows (see “Retrieval analyses’).
Between 4-50 Hz, we extracted 74 frequencies in the 1.6-second windows and 47 frequenciesin
the 1-second windows.

To ascertain whether there was significant coherence relative to unsuccessful encoding (i.e. the
SME) or relative to anon-task baseline, we first computed inter-el ectrode coherences for all
possible pairs of MTL electrodes in each subject, for al trials. For each pair, the distribution of
all coherences for all unsuccessful trials was compared to the distribution of successful trials
with a 2-sample t-test. T-statistics were then averaged across electrode pairs that spanned a pair
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of MTL subregions (either hippocampal subfields or MTL cortices), generating an average t-
statistic for each pair of MTL regions in which a given subject had electrodes. Next, t-statistics
were averaged across subjects (region pairs with fewer than 5 subjects were not analyzed; see
Supplemental Figure 1 for subject counts per pair, which ranged from 5-77).

To assess the significance of these average t-statistics, we used a nonparametric permutation
procedure. We shuffled the original grouping of “successful” vs. “unsuccessful” trials and
recomputed the grand average SME t-statistics (i.e. across all el ectrode pairs and subjects) for
each of 1000 shuffles. The result isadistribution of null averaged t-statistics, against which the
true statistic is compared to generate a z-score or p-value (reported in adjacency matricesin
Figures 3, 4, 6-8). Our use of a permutation procedure here obviates the need for variance-
stabilizing transformations on coherence values, like a Fisher transformation.

The same statistical procedure was used to compute the difference between encoding and non-
task baseline (Figures 6-7) and retrieval vs. unsuccessful memory search, or retrieval vs. non-
task baseline (Figure 8).

Network analyses

To visualize networks of intra-MTL connectivity, the z-scored coherence for each MTL pair is
depicted as an adjacency matrix, which represents the full set of connections between all nodes
(here, MTL regions) in anetwork. To ascertain which connections are significant among the full
set of connections, we Benjamini-Hochberg FDR correct the p-values associated with each
connection. To determine which MTL regions act as significant “hubs,” or regions that have
enhanced connectivity to many other nodes in the network, we use the node strength statistic
from graph theory (Equation 2)%:

ki = EjeNWij 2

Where k is the node strength of nodei, and w;; refers to the edge weight between nodesi and j. N
isthe set of al nodes in the network. In this paper, we only use ipsilateral MTL regionsto
compute the node strength of each region, so asto better reflect the engagement of aregion with
itsimmediate neighbors. The z-scored connectivity between MTL regionsis used as the edge
weight. To assess the significance of a hub, we used edge weights derived from each of the 1000
null networks, generated by shuffling the original trial labels (see “Data analyses and spectral
methods’). For each region, the true node strength is compared to the distribution of null node
strengths to derive a z-score or p-value.

Analysis of spectral power

To determine the change in spectral power associated with successful memory encoding or
retrieval, we convolve each electrode’ s signal with complex-valued Morlet wavelets (5 cycles) to
obtain power information. To preprocess the data, we downsampled each signal to 256 Hz and
notch filtered at 60 Hz with a fourth-order 2 Hz stop-band Butterworth filter. For theta power, we
used 5 wavelets spaced 1 Hz (4-8 Hz), and for high-frequency activity (HFA) we used 13
wavelets spaced 5 Hz (30-90 Hz). For the encoding period analysis, each wavel et was convolved
with 4000 ms of data, spanning -1200 ms to 2800 seconds after onset of each word (word
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presentation lasts 1600 ms). The leading and trailing 1000 ms are clipped after convolution to
remove edge artifacts.

For each electrode in each subject, we log transformed and z-scored power within each session
of the free-recall task, which comprises approximately 300 trials. Power values were next
averaged into non-overlapping 100 ms time bins spanning thetrial. To assess the statistical
relationship between power and later recollection of a word (the power SME), power values for
each electrode, trial, time, and frequency were separated into two distributions according to
whether the word was later or not remembered, a Welch' s t-test was performed to compare the
means of the two distributions. The resulting t-statistics were averaged across electrodes that fell
inacommon MTL region (either hippocampal subfields or MTL cortices), generating an average
t-statistic per subject. Finaly, for al MTL regions with more than 5 subjects’ worth of data (all
regions except right CA3 met this criteria), we performed a 1-sample t-test on the distribution of
t-statistics against zero. The result isat-statistic that reflects the successful encoding-related
change in power across subjects. We report these t-statistics in time-frequency plotsin Figure
5B, or, after first averaging power over time and into frequency bands, as barplotsin Figure 5A.

Retrieval analysis

To find out whether principles of brain function uncovered in the memory encoding contrast
generalize to different cognitive operations, we further analyzed connectivity in aretrieval
contrast. Thiswas donein amanner similar to Burke, et al. 2014%°, as follows. For each subject,
we identified any 1000 msinterval during the recall period after which no response vocalization
occurred for at least 2 seconds, and compared the coherence or power in these “unsuccessful
memory search” intervals to the 1000 ms of activity immediately prior to successful item
recollection. All other analyses for computing coherence networks or power SM Es were matched
exactly with methods described in “ Data analyses and spectral methods’ or “Analysis of spectral
power.”
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