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Abstract

Human data collected using noninvasive imaging techniques have established the importance of
parietal regions towards episodic memory retrieval, including the angular gyrus and posterior
cingulate cortex. Such regions comprise part of a putative core episodic retrieval network. In
free recall, comparisons between contextually appropriate and inappropriate recall events (i.e.
prior list intrusions) provide the opportunity to study memory retrieval networks supporting
veridical recall, and existing findings predict that differences in electrical activity in these brain
regions should be identified according to the accuracy of recall. However, prior iEEG stud-
ies, utilizing principally subdural grid electrodes, have not fully characterized brain activity
in parietal regions during memory retrieval and have not examined connectivity between core
recollection areas and the hippocampus or prefrontal cortex. Here, we employed a data set
obtained from 100 human patients implanted with stereo EEG electrodes for seizure mapping
purposes as they performed a free recall task. This data set allowed us to separately ana-
lyze activity in midline versus lateral parietal brain regions, and in anterior versus posterior
hippocampus, to identify areas in which retrieval-related activity predicted the recollection of
a correct versus an incorrect memory. With the wide coverage afforded by the stereo EEG
approach, we were also able to examine interregional connectivity. Our key findings were that
differences in gamma band activity in the angular gyrus, precuneus, posterior temporal cortex,
and posterior (more than anterior) hippocampus discriminated accurate versus inaccurate recall
as well as active retrieval versus memory search. The left angular gyrus exhibited a significant
power decrease preceding list intrusions as well as unique phase-amplitude coupling properties,
whereas the prefrontal cortex was unique in exhibiting a power increase during list intrusions.
Analysis of connectivity revealed significant hemispheric asymmetry, with relatively sparse left—
sided functional connections compared to the right hemisphere. One exception to this finding
was elevated connectivity between the prefrontal cortex and left angular gyrus. This finding
is interpreted as evidence for the engagement of prefrontal cortex in memory monitoring and
mnemonic decision—making.

Keywords: Core Recollection Network, Intracranial EEG, Gamma Oscillations, Phase
Synchrony, Phase-Amplitude Coupling

1. Introduction

Numerous non—invasive imaging studies have provided evidence for the importance of pari-
etal lobe locations to the retrieval of episodic memories. Both midline and lateral regions,
namely the posterior cingulate cortex and angular gyrus, are critical hubs within a putative
core episodic memory retrieval (recollection) network, along with medial prefrontal areas, the
parahippocampal cortex, and temporal areas.?6:5%10:19:31 Thege studies have demonstrated that
activity in this network covaries with the amount of retrieved information and that the content
of retrieved memory items can be decoded from activity in this network. Remarkably, parietal
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regions within this network also exhibit retrieval-related activation that is independent of the
specific type of memory item (i.e. spatial information, verbal memories, and autobiographical
memories).1*2742 Studies using intracranial EEG have shown that autobiographical memory
retrieval modulates medial-lateral parietal connectivity.'?

Based upon the properties of the recollection network determined using noninvasive studies,
especially the observation that network regions are sensitive to the fidelity of recollected infor-
mation,*® one would predict that activity within this network would distinguish correct versus
contextually inappropriate memory retrieval in episodic memory paradigms. Contrary to this
prediction, however, previous analyses of high—frequency activity (HFA defined as gamma band
power: 44-100 Hz) during episodic memory retrieval suggest that the parietal cortex exhibits
a nonspecific HFA increase and only weakly discriminates between contextually appropriate
versus inappropriate recollection®” (using list intrusions to operationalize contextually inap-
propriate recollection). The somewhat surprising implication of these data (in light of these
aforementioned models of a recollection network) were that the hippocampus, but not the pari-
etal cortex, represents contextual information in episodic memory. This tension between iEEG
observations and models derived principally from noninvasive human data was the central mo-
tivation for our analysis, as we believe that the aggregation of electrodes from multiple parietal
locations (including Rolandic, opercular, angular, supramarginal, SPL, and midline structures
from both hemispheres) attenuated dissociable contributions from ventral versus dorsal and
medial versus lateral parietal lobe locations. In addition, no studies have characterized brain
connectivity during correct versus failed recollection using intracranial EEG. Investigating elec-
trophysiological patterns of fronto—parietal connectivity during episodic memory could test how
frontal regions (such as the dorsolateral prefrontal cortex) interact with the recollection network
to provide a hypothesized monitoring function during episodic retrieval.184

The features of our dataset, including simultaneous frontal and parietal recording locations,
bore the potential to link together these complementary theoretical treatments by identifying
specific areas within the recollection network that are potential targets of frontal lobe modu-
lation. Finally, previous investigations have not compared retrieval-related activity between
the anterior and posterior hippocampus for correct versus failed recall. Examination of this
issue with more precise electrode localization than has been achieved previously can inform
theories of hippocampal longitudinal specialization, and build on our prior work suggesting
that retrieval-related processes preferentially activate posterior hippocampal locations.3¢:3°

With the goal of providing a more precise anatomical characterization of electrophysiological
activity during episodic memory retrieval (including connectivity information), we analyzed a
data set derived from 100 subjects who performed free recall after implantation of intracranial
electrodes via the stereo EEG technique. We utilized prior list intrusions in the free recall
paradigm as a behavioral contrast;?***3” we compared HFA aggregated across subjects within
one of nine predefined regions of interest in both hemispheres. The regions were the anterior
hippocampus, posterior hippocampus, angular gyrus, supramarginal gyrus, posterior cingu-
late, precuneus, anterior temporal cortex, posterior lateral temporal cortex, and dorsolateral
prefrontal cortex. Thus, we included regions both within and outside of the core episodic rec-
ollection network. We tested hypotheses directly motivated by previous human noninvasive
experiments, namely the putative importance for accurate memory retrieval of left posterior
parietal cortex, midline parietal regions, and the hippocampus. Although we did not have
sufficient representation in medial prefrontal regions or parahippocampal cortex to characterize
the entire recollection network, we were able to take advantage of the broad coverage afforded
by stereo EEG to analyze connectivity among network members including the hippocampus
and angular gyrus. We also analyzed anterior temporal and dorsolateral prefrontal regions to
provide a contrast with activity from core recollection network regions and look for evidence of
modulation of prefrontal connectivity according to retrieval success. We also directly contrasted
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left versus right angular gyrus activity and network connectivity separately for left and right
hemispheres, as well as comparing anterior versus posterior hippocampal activity. In addition,
we analyzed phase-amplitude coupling during contextually appropriate versus inappropriate
retrieval. We discuss how our data fit with different views of the processes underlying prior list
intrusions, including the involvement of prefrontal control mechanisms.?'*! We situate our find-
ings within the context of existing theories of episodic memory retrieval?’:?*37 and hippocampal
longitudinal specialization.3¢:3?

2. Materials and Methods

2.1. Participants

100 subjects with medication resistant epilepsy who underwent stereoelectroencephalogra-
phy surgery with the goal of identifying their ictal onset region(s) participated in the study.
Participants came from the University of Texas Southwestern (UTSW) epilepsy surgery pro-
gram across a time span of 4 years. Subjects had intracranial depth electrodes implanted at
locations specified by the neurology team, and electrodes were laterally inserted into the speci-
fied regions with robotic assistance.'® Final electrode localization in the frontal, temporal, and
parietal subregions was determined by post-operative expert neuroradiology review. We ob-
tained written and informed consent from each patient. Protocols were approved by the UTSW
Institutional Review Board on Human Subjects Research. In 8 subjects, the language dominant
hemisphere was determined to be bilateral or could not be ascertained via preoperative fMRI;
the remainder were determined to have left hemisphere dominant language function. Subjects
able to complete one full session of free recall with at least 10% correct retrievals were included.
Seizure localization in such a large dataset was quite diverse, including frontal, temporal, and
occipital onset locations. Electrodes from hemisphere of evident radiographic abnormalities in-
cluding temporal sclerosis or previous neurosurgery were excluded from analysis. We aggregated
electrodes into a set of nine regions, namely the anterior hippocampus, posterior hippocampus,
angular gyrus, supramarginal gyrus, posterior cingulate, precuneus, anterior temporal cortex,
posterior lateral temporal cortex, and dorsolateral prefrontal cortex. All regions had at least
15 subjects contributing data to each region. Depth electrodes were Ad-tech or PMT depth
electrodes 0.8 mm in outer diameter, with form 10 to 14 recording contacts arrayed at 4-5mm
intervals along the shaft of the electrode (number of contacts is uniformly 10 with variable
spacing for Ad-tech electrodes, but 10-14 with uniform spacing for PMT electrodes depending
upon the overall depth of insertion).

Region | No. of Subjects | No. of Electrodes
AH 51 209
PH 46 148
AG 33 169
SMG 41 206
Prec 43 119
PC 52 108
AT 49 468
PLT 48 293
LPFC 41 337

Table 1: The number of subjects and electrodes included in this study per region.

2.2. Free Recall Task

Participants performed a verbal free recall task, in which lists of 12 or 15 high—frequency,
non-semantically related nouns were chosen from a pool without replacements (http://memory .
psych.upenn.edu/Word_Pools)**3"46 and presented on a screen one at a time for 1.6 seconds,
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each followed by a 1 second blank screen. Each list was followed by a 30 second math dis-
tractor period where participants answered arithmetic problems in the form of A + B 4+ C =
7?7, Participants were explicitly instructed to recall only items from the immediately preceding
list and not from other lists. After the distraction period, participants attempted to recall as
many words as possible from the list just presented to them in no particular order within a 30
second retrieval period. This procedure was repeated 25 times per session, and each participant
completed on average 2 sessions throughout their stay with unique lists. Recall responses were
manually scored to identify correct retrievals versus intrusions. Extra list intrusions (items
never presented on other lists) were separated from prior list intrusions (items presented on
previous lists). In the analyses described below, we included contrasted activity associated
with correct recalls and prior list intrusions (PLIs) only.

2.3. Retrieval Data Analysis

Intracranial EEG was sampled at 1kHz on a Nihon—Kohden 2100 clinical system under
a bipolar montage with the most medial white matter contact on individual electrodes as
reference. We applied an offline noise detection algorithm to filter out noise and possible
interictal activity.?> EEG data were sampled at 500Hz. We analyzed two classes of retrieval
events in our analysis: correctly retrieved items and PLIs. In addition, we selected other
epochs to represent deliberation activity (see below). Retrieval events had to be preceded
by at least 1500 ms in which no other verbalization occurred to be included in the analysis,
following previously published methods.?” For this analysis, 74% (8063 out of 10969) of these
retrieval events met this criterion. For both correct retrieval and PLI events, the analysis epoch
comprised the 1000 ms preceding the onset of vocalization. Deliberation events,?” comprised
500 ms epochs selected at random from the retrieval period with the constraint that they were
preceded and followed by 1500 ms in which no vocalization occurred. For the analysis of these
deliberation periods, we precisely followed previously published methods.>3” Each included
participant met a threshold of at least 10 correct retrievals and 10 PLIs to be considered in the
analysis.

2.4. Oscillatory Power Analysis

Oscillatory power at 46 logarithmically spaced frequencies between 2 to 100 Hz was extracted
using a Morlet wavelet transformation (wave number = 6) applied to the EEG obtained from
all electrodes during pre-retrieval and deliberation epochs (see above). To avoid possible edge
effects, a 1000 ms buffer was applied to each side of the signal.3” Power values were also ex-
tracted 200 ms before word onset during the encoding period and used to normalize the power
of the retrieval events relative to the mean and standard deviation of the encoding events.
Normalization was carried out within each experimental session, following previously published
methods.?” Retrieval events of each category (correct retrievals and PLIs) were combined by
averaging all event power values within each electrode. For each subject, all possible electrodes
within a region of interest were aggregated so that a subject contributed a single data point
for each region of interest. Each subject’s data was then averaged across gamma band fre-
quency (44-100 Hz) and time (1000 ms before vocalization). We then aggregated all subjects
within a region and directly compared the distributions of gamma activity values for PLIs
and correct retrieval events using a pairwise t—test. This gamma frequency range was used to
match previously published methods and to limit the number of multiple comparisons, with
this band thought to serve as a proxy for neural activation.?” To calculate significance values,
we performed a within region shuffle procedure to generate a distribution of 1000 p values and
compared it to the true distribution to determine the likelihood that a correct retrieval versus
PLI difference in a each region occurs by chance. The final p values were corrected for multiple
comparisons using the false discovery rate (FDR). This procedure was repeated for the delib-
eration analysis, for which the number of deliberation events was matched to the number of
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correct retrievals by randomly selecting 1000 msec epochs separated from vocalization events.?”
Deliberation events were compared to both correct retrieval and PLI events individually, and
the final p values were corrected for multiple comparisons as well.

2.5. Phase—-Amplitude Coupling

Phase—amplitude coupling was extracted using the modulation index method.*” The phase
from two low—frequency bands (2-5, 4-9 Hz) and the amplitude from a gamma band range (40—
70 Hz) was extracted using a Hilbert transformation during the correct retrieval and PLI event
period.'?3* Two theta bands were used because of existing observations that hippocampal PAC
occurs in the lower frequency range, while in the cortex it occurs in the higher range.>* The
phase—amplitude distribution was then constructed by first creating 18 equally spaced phase
bins between —7 and 7 radians. We then separated the amplitude of each sample in accordance
with the phase bin of the low—frequency band. We then normalized the amplitudes within
each bin by dividing by the total averaged amplitude. Shannon entropy and subsequently the
Kullback—Leibler distance were calculated, and the MI was obtained by dividing the Kullback—
Leibler distance by the maximum entropy value.*” MI values were calculated on a trial-by-trial
basis, normalized using a z-transformation, and averaged within electrode. For each subject, all
possible electrodes within a region of interest were aggregated so that a subject contributes a
single data point for each region of interest. We then aggregated all subjects within a region and
MI values were compared using a pairwise t-test. Like the power analysis, we utilized a within
region shuffle to compare the true statistic to the distribution of 1000 null statistics generated
to establish significance. We adopted a strict threshold of .01 to determine significant PAC.
The preferred phase was extracted by taking the mean phase of correctly retrieved events in
electrodes that showed a significant MI difference between the two conditions. Specifically, we
used the real and imaginary components of the phase distribution as independent variables in a
regression equation with the amplitude as the dependent variable. We converted the resulting
regression coefficients to obtain a representation, across time, of a single phase value that best
predicted power at higher frequencies (40-70 Hz) within each electrode.>! After aggregating
across subjects, we tested the phase distribution using a Rayleigh test.*?

2.6. Connectivity Analysis

In this analysis, we sought to identify functional connectivity, meaning phase coherence be-
tween two regions that is significantly different depending upon whether an individual retrieves
a correct item or a PLI. Functional connectivity measurements were extracted using the phase
locking value (PLV) method.?® Phases were extracted from all trials for each region-region pair.
PLV was calculated by calculating a mean resultant vector length (Equation 1) across all trials
for both correct retrieval and PLI conditions. A PLV difference between the two conditions
was calculated to establish a functional connectivity metric.4® Each electrode pair underwent a
permutation test of significance by applying the shuffling procedure described previously*® to
obtain a single phase locking statistic (PLS) distribution for each electrode pair (a functional
connectivity measurement). PLS values were normalized using a z-transformation, then aver-
aged across all possible pairwise electrode combinations within a subject so that each subject
only contributed one data point for each region-region comparison. Each subject’s data was
then average across theta band frequency (3-9 Hz) and time (1000 ms before vocalization).
The functional connectivity was averaged across this theta frequency band to follow previously
reported studies and limit the number of multiple comparisons.*® To test for network-wide
significance, we generated 1000 null PLS distributions derived from the shuffied trials to gen-
erate chance network statistics. The null distribution underwent every operation as the true
PLS distribution. PLS values from the PLI/correct retrieval comparison for a given connec-
tion underwent a permutation test and were compared to the null distribution to establish
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network-level significance. Overall, larger z-PLS value indicated greater functional connec-
tivity in correctly retrieved trials, while a smaller z-PLS value indicated greater functional
connectivity in intrusion trials. We adopted a strict threshold of .01 to determine significant
connectivity between region-region pairs. Phase lag was calculated by identifying the peak time
of the functional connectivity value for each region—region electrode pair, and extracting the
mean relative phase across all correctly retrieved events at that time point. Mean phases were
then aggregated across electrodes and analyzed using a Rayleigh test. Note on theta frequency
ranges: Based on existing data for PAC, we separated the phase-providing frequency range into
two separate bands for this analysis. However, for the connectivity analysis, we used a single
broad 3-9 Hz frequency in order to precisely follow previously published methods.

N

1 )
PLV(t) = D ettt (1)

n=1

3. Results

3.1. Comparison of HFA during correct versus incorrect memory retrieval

We investigated the electrophysiology of episodic memory retrieval by comparing gamma
(44-100 Hz) power (HFA) preceding correctly recalled items and prior list intrusions in a free
recall task. Our dataset (consisting of 100 unique individuals) permitted us to differentiate
patterns among parietal lobe locations in both hemispheres. We aggregated electrodes into a set
of nine regions, namely the anterior hippocampus (AH), posterior hippocampus (PH), angular
gyrus (AG), supramarginal gyrus (SMG), posterior cingulate (PC), precuneus (Prec), anterior
temporal cortex (AT), posterior lateral temporal cortex (PLT), and dorsolateral prefrontal
cortex (DLPFC). The number of individuals contributing electrodes to each of the regions
is included in Figure 1. We analyzed the serial position of correctly recalled items and list
intrusions in both encoding and retrieval to distinguish any behavioral effects between the two
retrieval classes. We observed a strong PLI primacy effect in both the encoding serial position
and the position that the word was retrieved. The proportion of PLIs stemming from the
encoding of primacy items significantly exceeded that expected by chance (p < 0.001, binomial
test), but was not different than the proportion of correct retrievals made from primacy items
overall (p = 0.48). 28% of PLI events occurred in the first two output positions (Figure 1E), a
proportion significantly less than the proportion of correct retrieval events occurring in the first
two output serial positions (y? = 93.64, p< 0.001). However, to look for any confounding effect
of serial position, we compared HFA during PLI events for early (first two) versus later serial
positions. Across all regions, there was no significant difference (t(445)=-0.0772, p < 0.5308).
Furthermore, we compared all PLI events to both early and late correct retrieval events. We
found both early and late correct retrieval events were significantly different than PLI events
(t(982)=3.6899, p < 0.0001 and t(982)=3.7070, p < 0.0001, respectively).
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Figure 1: Summary of free recall task and electrode distributions for subjects. (A) Example of a
single free recall trial. The time bin from 1000 ms before retrieval vocalization was used for analysis. (B) Brain
plot showing the number of subjects per given brain region. Each region had a minimum of 15 subjects included
in the analysis. All analyses conducted at the subject level (single data point per subject per region). (C) CT
scan showing laterally inserted electrodes from a representative subject. (D) Histogram of PLI words based on
encoding serial position and proportion of repeated PLIs retrieved to unique PLIs retrieved. (E) Histogram
of output serial position for both event categories and proportion of first and second retrieved items (first two
output serial positions) at which correct retrievals and PLIs occurred. (F) Comparison of the delta power of
retrieval events with output serial position (OSP) <= 3 and OSP > 3. Error bars are standard error of the
mean. This was not significant (p < 0.4582).
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HFA differences characterize a memory retrieval network

We sought to define a retrieval network according to two criteria: 1) significantly greater
oscillatory power preceding correct retrieval as compared to list intrusions and 2) greater oscil-
latory power preceding correct retrieval as compared to a deliberation condition in the retrieval
phase of the free recall task.” The deliberation periods comprise epochs during which no recalled
item was vocalized within 1500 msec, and in prior publications, these have been characterized
as periods of ‘memory search.”” All power values were normalized using a period of a blank
screen during item encoding following previously published methods.?” Results are shown in
Figure 2. Regions that exhibited a significant difference in HFA included left and right poste-
rior (but not anterior) hippocampi, right angular gyrus, bilateral precuneus and right posterior
lateral temporal cortex. These findings are consistent with previous reports in that we observed
a significant HFA difference in the hippocampus,®” but here this hippocampal effect appears to
be driven by greater retrieval-related differences in the posterior hippocampus. Using the data
from those subjects in whom there were both anterior and posterior hippocampal contacts (N=
41, Figure 2B), a pairwise t-test with shuffle procedure indicated that the posterior hippocam-
pal power increase was significantly greater (t(40) = 2.9932, p = 0.0018). Power differences
were broadly significant across core retrieval network locations,*? and, notably, were specific
for the angular but not the supramarginal gyrus. We directly compared power during correct
retrieval for the angular versus supramarginal gyri, as these regions have previously shown to
exhibit different patterns during memory retrieval. We found the angular gyrus power increase
to be significantly greater(t(14)=1.9041, p = 0.0336). While only the right angular gyrus sur-
vived FDR correction for both comparisons (retrieval vs. PLI, retrieval vs. deliberation), the
pattern of the effect was similar and direct left versus right angular gyrus comparison was not
significant (t(31) = 1.1666, p < 0.1261).
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Figure 2: Overview of high frequency activity during correct retrieval. (A) Brain plot showing (in
yellow) regions that show a significant power increase during correct retrieval events in compared to both PLI
and deliberation events. (B) Individual region comparison plots comparing average normalized power during
correct retrieval events. Error bars are standard error of the mean. PH vs AH power as well as AG vs SMG
power was significantly different (p < 0.0018 and p < 0.0336 respectfully). Left vs Right AG power was not
significant (p < 0.1261).(C) Mean difference of HFA during correct and incorrect memory retrieval sorted in
200ms time bins. A best fit line (4th degree polynomial) was applied to each region to show the temporal
dynamics of the HFA differences during retrieval.

We observed a relative decrease in HFA during erroneous retrieval common throughout
parietal brain locations as well as the anterior but not posterior hippocampus. We noted a
significant HFA power decrease in the left angular gyrus, whereas the opposite pattern was
observed in the bilateral prefrontal cortex, in which both successful retrieval and list intrusions
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exhibited a relative HFA power increase. This is visible in Figure 3, which shows the HFA
patterns across the brain for each condition. We tested for differences across all brain regions in
these PLI HFA values, revealing a significant effect of brain region across all subjects (F(8,508)
= 2.64, p = 0.007) with a significant difference observed between right prefrontal (HFA increase
during PLI) and left angular gyrus (HFA decrease during PLI) (t(42) = 3.7858, p = .00024). We
plotted the timecourse of PLI versus correct retrieval HFA differences in Figure 2 by separately
comparing HFA distributions across subjects after binning recorded power values (200 msec bin
width). For the angular gyrus, this revealed a stable pattern across time, from 1000 msec to
200 msec prior to vocalization of retrieved items. In the posterior hippocampus, by contrast,
there was a bimodal response, with a peak in PLI/correct differences occurring earlier in time
(1000 msec before vocalization) and again immediately preceding vocalization.

In contrast to the above pattern, we observed a significant difference between deliberation
and PLI activity in the left posterior cingulate region, driven by power increase during the
deliberation phase rather than relative suppression of HFA preceding list intrusions (t(32) =
2.5835). This pattern (strong HFA increase during the deliberation period) is relatively unique
across the data set, possibly reflecting earlier onset of retrieval related activity in the posterior
cingulate cortex rather than an HFA power increase immediately preceding item retrieval. The
precuneus exhibited a weaker HFA increase during deliberation, but notably this region in both
hemispheres exhibited the strongest HFA power increases for correct retrieval events (F(8,508)
= 3.94, p = 0.002). This is visible in Figure 3.
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Figure 3: High—frequency activity during correct and incorrect memory retrieval. (A) Brain plots
of average zZHFA for Correct Retrieval, PLI, and Deliberation condition. (B) Bar plots depict average zHFA in
Retrieval, PLI, and Deliberation epochs (corrected p < 0.05, t—test with shuffle procedure). Astricks denotes
significance (* <.05, ** < 0.01, *** < 0.001)

3.2. Phase—Amplitude Coupling

For our next analysis, we examined phase-amplitude coupling (PAC) in these same regions.
We focused on phase—amplitude interactions between theta and high gamma oscillations (4070
Hz). Based upon previous observations of different patterns of PAC in the hippocampus and
neocortex, we used the 2-5 Hz range in the hippocampus and 4-9 Hz in the cortex for the
phase-providing frequency band.'?3* We compared PAC during the retrieval of contextually
appropriate and inappropriate memories across subjects using the modulation index method?*’
(see Methods). Results are illustrated in Figure 4. In the posterior hippocampus and most
cortical regions, we observed significantly greater PAC for correctly retrieved memories relative
to PLIs (uncorrected p value < 0.01). The exception was the left inferior parietal lobule regions
(AG and SMG): although it exhibited greater gamma power preceding correct recall events
compared to PLIs, PAC was greater during incorrect memory retrieval (blue color in Figure 4).
We extracted the preferred phase for coupling for each region during correct retrieval events,
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aggregated these values across subjects, and tested the phase distributions using a Rayleigh
test, looking for non—uniformity in the preferred phase information.

We observed no significant effect in any region, consistent with a uniform phase distribution
across subjects. Thus, although PAC distinguished between the two classes of recall events,
there was heterogeneity across subjects for the preferred phase of theta—gamma coupling.

A)

z-Score

Power

- /2 0 /2 n
Phase Bins

Figure 4: Phase—Amplitude Coupling during true versus false memory retrieval. (A) Brain plot of
significant z—transformed modulation index difference between true and false memory retrieval. Warm colors
indicate greater PAC during correct memory retrieval. (B) Preferred phase distribution of all significant PAC
regions. Positive PAC regions (top) shows preferred phase distribution of all correctly retrieved events. Negative
PAC regions (bottom) shows preferred phase distribution of PLI events. (C) Representative example of phased—
binned power distribution for one trial in the posterior hippocampus (MI = 0.3).

3.3. Phase Synchrony

Our dataset allowed us to test for connectivity relationships among our regions of interest,
including cortico-hippocampal interactions. We examined connectivity in both hemispheres
during correct versus incorrect retrieval, employing the PLV method to quantify connectivity
differences for each subject®#6 in the 3-9 Hz frequency range following previous publications*®
(see Methods). The results of these analyses are summarized in Figure 5. We observed a robust
hemispheric asymmetry: connections where connectivity was elevated for correct recall vs. PLIs
were more frequent in the right hemisphere (average functional connectivity 0.55 versus 1.31,
p < 0.034) Contrary to our a priori expectations, we did not observe strong hippocampal—
angular gyrus connectivity distinguishing retrieval success, although we did observe greater
connectivity for the left hippocampus with the precuneus, a region that exhibited strong effects
in our power analysis. The only connection for the left angular gyrus that increased with
correct recall was with the prefrontal cortex (red connection in Figure 5A), a finding we address
further in the Discussion. In the right hemisphere, angular gyrus connectivity was increased for
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several connections, including the precuneus, posterior cingulate, and prefrontal cortex (but not
the hippocampus). The right prefrontal cortex exhibited connectivity modulated by retrieval
success with two regions implicated in our analysis of HFA, namely the right angular gyrus and
precuneus.

A) Right B)
\’Pﬂi,,,nP‘LT ZScore  subjects
- 3
* Left vs Right Connectivity
A
. ) 1.5
Sig.
5 ]
1
N
0 30 [
()]
c
3 [
SR :: 0.5
2
v
0
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All "

Figure 5: Connectivity analysis during true vs false memory retrieval. (A) Connectivity plots of
retrieval network, showing connectivity difference between correct and incorrect retrieval events. Top row
shows only significant connections (uncorrected p < 0.01, PLS difference with permutation procedure). Bottom
row shows all connections regardless of magnitude. Warm colors indicate increased connectivity for successful
retrieval, cool colors indicate less connectivity. Outer ring of circular plots scaled according to the number
of subjects contributing data to each region. (B) Direct comparison of all left and right connectivity values
aggregated across all connections. Mean PLS value shown. This was significant (p < 0.034).

For region—region pairs exhibiting a significant correct versus incorrect difference in connec-
tivity, we extracted the mean phase lag across trials (extracted at the time—point of maximum
synchrony between regions for the condition of greater functional connectivity for each pair
(e.g. successful retrieval), see Methods). The mean lag values at these timepoints were then
aggregated across all electrode pairs, resulting in the rose plots illustrated in Figure 5. We
observed consistent phase offsets between several functionally connected regions, most notably
on the left for the angular gyrus—PFC (mean difference of 5.8 radians, uncorrected p < 0.001).
In the right hemisphere, we observed both posterior and anterior hippocampus connections
with the anterior temporal cortex exhibit a consistent phase offset (mean= 2.2 and 3.5 radians
respectively, p < 0.05 p < 0.001). Furthermore, we observed that posterior hippocampus—
posterior lateral temporal (mean= 3.2 Rads, p < 0.0001), posterior lateral temporal-angular
gyrus (mean= 4.9 radians,p < 0.05), and posterior cingulate-supramarginal gyrus (mean =
2.7 radians, p < 0.001) all exhibited a strong non-uniform phase offset. Without consistent
phase differences across multiple regions, we were not able to estimate the relative timing of
activation across the whole retrieval network. However, we did observe that in the right tem-
poral cortex, the phase offset for PH—posterior temporal connection was 3.2 versus 3.5 radians,
which may indicate a posterior-to-anterior sequence of activation relative to the hippocampus
during correct retrieval. The PLT-AG connection (4.9 radians) suggests activity in this region
may follow that of the lateral temporal cortex during retrieval. We acknowledge however that
interpretation of the timing of activation using these phase lags requires an assumption that
connections occur within one cycle of the relevant oscillation. Characterization of timing of
activation based on phase information requires a different method such as phase-slope index or
dynamic causal modeling for more definitive inferences.

12


https://doi.org/10.1101/2020.05.27.120097
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.120097; this version posted May 30, 2020. The copyright holder for this preprint
(which was not 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 aCC-BY-NC-ND 4.0 International license.

LP-AG Left * LP-AG Right LP-SMG Right LP-Prec Right LP-AT Right
90

80

270

Avg. Time Offset: 16.51ms

LP-PLT Left PH-AT Right * PH-PLT Right *
2

Avg. Time Offset: 10.01ms Avg. Time Offset: 6.199ms Avg. Time Offset: 9.065ms
AH-PLT Right Prec-SMG Right PC-AG Right

PH-Prec Left
920

Avg. Time Offset: 7.906ms Avg. Time Offset: 14.32ms

Figure 6: Phase Lag Distribution for significant region-region pairs Phase lag distributions for region—
region pairs. Significant non-uniform distribution of phase lags are denoted with an asterisk and provide a mean
phase lag (plotted in a black line).

4. Discussion

fMRI investigations have provided evidence for the existence of a core episodic memory re-
trieval network, incorporating the hippocampus, left angular gyrus, posterior cingulate, medial
prefrontal cortex, posterior middle temporal gyrus, and parahippocampal cortex.26:°0:10:19:31 Yy
took advantage of a unique stereo EEG data set that included a large number of intracranial
electrodes in medial and lateral parietal structures, the hippocampus, and prefrontal cortex in
the same individuals to examine oscillatory changes and functional connectivity during con-
textually correct versus contextually incorrect (PLIs) free recall. As compared to a previous
publication®” (which included a subset of our data, 12/100 subjects) where only a very modest
effect of recall accuracy was identified in parietal cortex, the present data set included substan-
tially greater representation of mnemonically relevant parietal locations, including the posterior
cingulate, precuneus, and angular gyrus. Overall, the pattern of HFA selectivity for correct
versus incorrect memory retrieval was broadly consistent with previous reports,®” although the
aggregation of parietal regions may have led to an attenuation of the HFA effect in previ-
ous data. However, for select regions in the parietal cortex, especially the angular gyrus and
precuneus, we observed a scaling effect, by which power is greater during successful retrieval
compared to both list intrusion events and activity during deliberation. By contrast, HFA in
the posterior cingulate cortex was elevated both during deliberation and successful retrieval,
which may be indicative of a role for this region in memory search as suggested by noninvasive

13


https://doi.org/10.1101/2020.05.27.120097
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.05.27.120097; this version posted May 30, 2020. The copyright holder for this preprint
(which was not 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 aCC-BY-NC-ND 4.0 International license.

data.*? The posterior hippocampus and angular gyrus by contrast did not exhibit this pattern.

When interpreting electrophysiological data that contrasts list intrusions with correct re-
trieval events in episodic memory, one must bear in mind the different scenarios that may give
rise to incorrect recall. One possibility is that a study item becomes bound to the context as-
sociated with a later—occurring list,2®°2 giving rise to a strong but contextually—inappropriate
memory representation. This could occur, for example, if the study item was incidentally re-
trieved during the presentation of a subsequent study list, leading to false binding of the item to
the new, inappropriate context. One would, however, predict that prior list intrusions generated
by such false binding would elicit strong hippocampal activation, but this is inconsistent with
reports that hippocampal activity discriminates between list intrusions and correctly retrieved
items and is not consistent with our findings in which hippocampal activity predicts successful
retrieval. 234437 The other two possibilities are 1) PLI events represent relatively weak memories
that, for some reason, elude post-retrieval monitoring®"?®5% or 2) that PLIs represent strong,
highly accessible memories that are devoid of temporal context. Our behavioral data (shown
in Figure 1) suggest that PLI items are often presented (at encoding) in early serial positions.
Given the link between primacy items and rehearsal, this may suggest that such ‘primacy PLI’
items represent strong but acontextual memories. This interpretation is reinforced by the ten-
dency of some individuals to repeat PLI items across multiple lists and to retrieve a significant
fraction of primacy items in the first serial position at retrieval. This tendency is consistent
with the second model (strong acontextual memories), however this pattern is not universal
for list intrusions: 75% of PLI events come from later serial positions during encoding and
are verbalized during the latter output positions at the time of retrieval. We believe that this
latter group of PLIs are likely to be more weakly encoded, consistent with model (1). It is likely
that the HFA and connectivity patterns we observe reflect a mixture of these divergent mecha-
nisms for PLI generation. Ultimately, a different episodic memory paradigm that incorporates
confidence ratings may help resolve this issue.

With this in mind, we conclude from the prevalence of PLIs from later serial positions in our
data (and similarity of the pattern observed in the hippocampus and AG) that the HFA recall
accuracy effect in the angular gyrus constitutes direct electrophysiological evidence that AG
activity supports episodic memory via participating in the representation of content of retrieved
items or their context. This inference is broadly consistent with noninvasive data describing the
core recollection network. The angular gyrus has been shown to exhibit BOLD signal changes
that track both the amount and ‘fidelity’ of recollected information, and as such, we expected
to observe successful retrieval-related effects consistent with our findings (and similar to the
pattern observed in the posterior hippocampus).'®4%5! If by contrast the AG is more sensitive
to subjective aspects of experience, we would have more likely observed similar activation for
list intrusions versus successful retrieval events. The difference we identified between successful
retrieval and PLI events was driven by a significant HFA decrease for list intrusions. This
observation may be consistent with experiments that report increased memory errors when
r'TMS is applied to the angular gyrus,*>® insofar as one possible effect of rTMS would be to
depress HFA in this region in turn eliciting the same pattern as occurs during list intrusions in
our data.

Although our findings for AG activity were broadly consistent with existing noninvasive
data, it should be noted that in our data we did not observe a significant right/left difference
in this effect for the angular gyrus. This comparison has not previously been tested directly to
our knowledge using brain recordings. We expected that the contrast used in this experiment
would elicit greater oscillatory differences for the left AG. It should be noted however that
previous findings using cued recall paradigms report no clear left/right distinctions, and that
studies do not often directly test left /right differences but report only those that pass statistical
thresholds.'® Further experimentation examining left versus right angular gyrus patterns for
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cued retrieval paradigms may help resolve the differences in our analysis versus previous fMRI
investigations of the core retrieval network, as well as to test for electrophysiological evidence
that angular gyrus activity is proportional to the amount of retrieved information rather than
more straightforward success-related effects.!”

PAC in the angular gyrus has not previously been reported during memory retrieval, but our
expectation was that we would observe greater PAC during correct than incorrect recall because
PAC is hypothesized as a mechanism to integrate item and context information during memory
retrieval. %820 Insofar as PLIs represent a failure to integrate these two classes of information,
lower magnitude of PAC in the angular gyrus would have been consistent with this hypothesized
mechanism. This is not what we observed for the left angular gyrus, although we did identify a
PAC increase during correct memory retrieval in other brain areas that exhibited an HFA recall
accuracy effect (most notably, in the left posterior hippocampus). Thus, PAC may not be the
mechanism by which the angular gyrus specifically integrates different features of an episodic
memory representation during memory retrieval. Alternately it might be that such integration
occurs on such a small spatial scale that it was undetectable given the spatial resolution afforded
by our distribution of electrodes within and between participants. In relation to this point, it is
noteworthy that it has been proposed that the angular gyrus comprises multiple, functionally
distinct subregions.?®! Finer-grained spatial sampling of angular gyrus activity, such as that
afforded by 64 channel micro electrode arrays, might help resolve this question.?” In sum, our
unexpected PAC finding for the left angular gyrus requires further investigation.

Our connectivity analysis did not uniquely identify brain regions hypothesized to partici-
pate within a core episodic retrieval network using the PLI versus correct retrieval contrast. In
both hemispheres, we did not observe significant direct hippocampal-angular gyrus functional
connectivity with this comparison. It should be noted that our data set did not include suf-
ficient representation of entorhinal or parahippocampal contacts in both hemispheres to test
whether these regions provide a mechanism by which parietal regions communicate with mesial
temporal structures. We would expect to observe such connections, especially for the left pos-
terior cingulate which is densely connected to the parahippocampal cortex but did not exhibit
extensive connectivity in our analysis.'* However, we did observe an intriguing connection be-
tween the lateral prefrontal cortex and angular gyrus in both hemispheres. Given evidence of
the participation of this region in the fronto—parietal control network (FCN), one intepretation
of our findings is that the drop in connectivity during PLI events with the AG may be the
mechanism underlying failed monitoring which then results in retrieval errors. This hypothesis
will require further investigation, but is also supported by the purported role of the FCN in
retrieval monitoring.?*

The power increase we observed during PLI events in the frontal cortex has some motivation
in existing noninvasive human data that have operationalized monitoring activity by eliciting
weak or ambiguous memory signals.?? Although, in our data this power increase was visible for
both correct retrieval events and list intrusions. Further clarification of prefrontal oscillatory
activity during episodic memory retrieval may require paradigms that require individuals to
make judgments regarding whether retrieved items are of appropriate or inappropriate context
(in which individuals signal when they have retrieved an item but realize it is from the wrong
list). It should be emphasized that all of our data were drawn from the lateral prefrontal cortex,
as the number of midline prefrontal electrodes in our data set was relatively small and thus
excluded. One might hypothesize that midline regions would be able to discriminate successfully
between true and false memories based upon results from noninvasive studies,*® contrary to our
observations. More generally, previous work suggests we should observe distinct patterns of
HFA and connectivity for medial versus lateral prefrontal regions, as the former but not the
latter have been implicated as part of a core retrieval network.

Perhaps our most striking observation was the hemispheric asymmetry in the connectiv-
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ity data (Figure 5). We observed a greater fraction of connections significantly modulated by
retrieval success in the right hemisphere, especially for connectivity increases. In itself, the
finding of a hemispheric asymmetry is perhaps unsurprising given that the present free recall
task relies heavily on language (although we did not observe this in our result comparing os-
cillatory power across conditions), but the direction of the asymmetry is arguably the opposite
of what might have been anticipated. While several regions exhibited theta frequency connec-
tivity decreases concurrent with HFA increases as previously described, this pattern was not
universal in our data.!” HFA power and theta connectivity increases occurred simultaneously
in bilateral hippocampi and the right posterior cingulate region. Additionally, an expanded
data set incorporating medial PFC electrodes (or even the thalamus) may identify this area is
a critical hub uniting the hippocampus (with which it has direct anatomical connectivity) and
parietal lobe locations.!!

Retrieval-related HFA was relatively greater in the posterior as compared to anterior hip-
pocampus. A link between posterior hippocampal HFA and memory retrieval has been previ-
ously reported by us®6* (using iEEG) and others®=Y (using fMRI data), although not specif-
ically for correct versus incorrect recall. This finding could be interpreted as supportive of a
view in which the posterior hippocampus participates in pattern completion preferentially due
to greater representation of Ca3 subregions proportionally in the posterior hippocampus,3®3° al-
though it should be noted that previous investigations of recollection—related effects within the
retrieval network have identified activation principally in the head and body of the hippocam-
pus.?3 In our data set, there was not sufficient representation of electrodes localized definitively
to different hippocampal subfields to test for subfield-related differences in retrieval activation.

The free recall task should provide data for neurophysiological activity during 'bottom up’
memory search utilizing internally directed attention,”® however our data set did not include
extensive electrode representation in the most dorsal aspects of the superior parietal lobule to
directly compare angular gyrus versus SPL activity during deliberation. Understanding the
patterns we observed and placing them within the context of a recollection network model will
require further investigation, especially the comparison of free recall data with cued retrieval
paradigms, as such tasks may place different demands upon internal mechanisms for cue gener-
ation preceding recollection. However, in our data, the best evidence for internal cue generation
comes from the left posterior cingulate region which exhibited a significant HFA power increase
during memory search (Figure 3), as well as to a lesser extent the bilateral precuneus. HFA
observed in the latter structure may be consistent with the proposed contribution of the SPL
as described above, although it should be noted that we observed an HFA increase preceding
correct retrieval in this region as well (in fact, the largest HFA increase across all regions, Figure
3) which may imply a contribution both in memory search and the representation of features
of the memory items themselves. As discussed above, these findings also relate to possible
interactions among brain networks, including the core retrieval network with the frontopari-
etal control and salience networks. The use of brain stimulation to disrupt retrieval processes
may be a useful tool for the investigation of these interactions, as suggested by findings of
autobiographical'? and episodic memory processing. While parietal stimulation does not elicit
reminiscences (unlike mesial temporal stimulation), focused disruption of specific subregions of
the retrieval network (angular gyrus versus cingulate cortex versus precuneus for example) may
further uncover specific contributions to retrieval processing.

5. Conclusion

Using a unique dataset, we demonstrate that the hippocampus, angular gyrus, and pre-
cuneus exhibit a selective HFA increase preceding contextually appropriate versus inappropri-
ate free recall. These findings are reinforced by connectivity data, including our finding that
prefrontal-parietal connectivity distinguishes correct retrieval from list intrusions. Our results
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inform the understanding of this important brain network and provide evidence for medial
(posterior cingulate) versus lateral (angular gyrus) differences in retrieval-related activity in
parietal cortex consistent with existing models describing the role of the parietal lobe in episodic

memory.
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