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Hippocampus-parietal cortex circuits are thought to play a crucial role in memory and attention, but their neural basis remains poorly
understood. We employed intracranial intracranial electroencephalography (iEEG) to investigate the neurophysiological underpinning
of these circuits across three memory tasks spanning verbal and spatial domains. We uncovered a consistent pattern of higher causal
directed connectivity from the hippocampus to both lateral parietal cortex (supramarginal and angular gyrus) and medial parietal
cortex (posterior cingulate cortex) in the delta-theta band during memory encoding and recall. This connectivity was independent of
activation or suppression states in the hippocampus or parietal cortex. Crucially, directed connectivity from the supramarginal gyrus to
the hippocampus was enhanced in participants with higher memory recall, highlighting its behavioral significance. Our findings align
with the attention-to-memory model, which posits that attention directs cognitive resources toward pertinent information during
memory formation. The robustness of these results was demonstrated through Bayesian replication analysis of the memory encoding
and recall periods across the three tasks. Our study sheds light on the neural basis of casual signaling within hippocampus—parietal
circuits, broadening our understanding of their critical roles in human cognition.
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Introduction

Episodic memory, the recollection of specific events and expe-
riences, is central to human cognition (Tulving 2002). The
formation of episodic memories is thought to be supported by
distributed brain circuits that integrate neural and cognitive
processes involved in encoding and recall of specific events and
experiences (Moscovitch et al. 2016). While the hippocampus
has been long recognized as a key brain structure for memory
formation (Burgess et al. 2002), a growing body of research
is uncovering a key role for the parietal cortex in memory
recall and recollection, expanding our understanding of the
neurocognitive processes involved in episodic memory (Vogt and
Pandya 1987; Wagner et al. 2005; Curtis 2006; Husain and Nachev
2007; Cabeza et al. 2008; Whitlock et al. 2008; Rolls 2018, 2019).
However, the electrophysiological correlates of their dynamic
circuitinteractions and specific spectral-temporal characteristics
of how hippocampus-parietal circuits operate during human
memory formation remain poorly understood.

Although previous studies predominantly emphasized the sig-
nificance of hippocampus—prefrontal circuits in episodic mem-
ory (Dickerson and Eichenbaum 2010; Moscovitch et al. 2016;
Eichenbaum 2017), there is growing evidence that hippocam-
pus-parietal circuits also play a pivotal role in episodic memory
(Simons et al. 2022). Despite its importance, this circuitry has
received comparatively less attention in the scientific literature,

leaving a significant gap in our understanding of its functional
relevance in memory encoding and retrieval. Our study aims to
address this gap by investigating the electrophysiological dynam-
ics between the hippocampus and the parietal cortex, thereby
contributing to a more comprehensive understanding of the neu-
ral mechanisms underlying episodic memory in the human brain.

Here, we leverage a large sample of intracranial EEG (iEEG)
recordings, from 96 participants and three separate memory
experiments, and investigate the temporal dynamics of signaling
between the hippocampus and multiple distinct anatomical
subdivisions of the parietal cortex. Spanning memory encoding
and recall across both verbal and spatial domains, our study
aims to unveil the causal dynamics of hippocampal-parietal
interactions, enriching our understanding of episodic memory’s
neural architecture and bridging important gaps in our current
knowledge.

Extensive research in rodents and nonhuman primates has
laid the groundwork for understanding the role of the hippocam-
pus and parietal cortex in spatial memory (SM). Single-neuron
studies in these models have identified the parietal cortex as a
key neural substrate for SM tasks (Andersen et al. 1985; Chen
et al. 1994; McNaughton et al. 1994; Crowe et al. 2004; Nitz 2006).
Further, lesion studies have not only reinforced the importance
of the parietal cortex in memory tasks (Barrow and Latto 1996;
Goodrich-Hunsaker et al. 2005; Rogers and Kesner 2006) but also
highlighted the crucial connectivity between the hippocampus
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and the parietal cortex for successful memory retrieval (Rogers
and Kesner 2007). These interactions are likely subserved by
direct anatomical pathways, as anterograde and retrograde trac-
ing studies in nonhuman primates have uncovered bidirectional
projections between the hippocampus and the parietal cortex
(Rockland and Van Hoesen 1999; Clower et al. 2001; Insausti
and Mufioz 2001), reinforcing their interconnected relationship.
However, a translational gap exists, as the electrophysiological
correlates of hippocampus-parietal circuit function have not been
fully explored in human studies, a limitation our research aims to
address.

In human studies, functional magnetic resonance imaging
(fMRI) has consistently shown that both the hippocampus and
the lateral parietal cortex are engaged during memory encoding
and recall, as evidenced by a multitude of studies (Buckner et al.
1998; Konishi et al. 2000; Gurd et al. 2002; Vincent et al. 2006;
Spreng et al. 2010; Summerfield et al. 2010; Auger and Maguire
2013; Miyamoto et al. 2013; Leech and Sharp 2014; Benoit and
Schacter 2015; Brodt et al. 2016; Brodt et al. 2018; Jonker et al. 2018;
Ciaramelli et al. 2020; Korkki et al. 2021). Event-related potentials
using scalp EEG recordings have illuminated the temporal aspects
of brain activity, highlighting the role of the parietal cortex in
successful memory retrieval (Paller et al. 1988; Paller et al. 1992;
Paller et al. 1995; Wilding and Rugg 1996; Rugg et al. 1998). Further
substantiating this line of inquiry, magnetoencephalography
(MEG) studies have suggested dissociable roles for delta, theta,
and beta rhythms within the parietal cortex during the recall of
episodic memory (Osipova et al. 2006; Seibert et al. 2011).

Building on this, human iEEG depth recordings have confirmed
the lateral parietal cortex’s role in episodic memory encoding
and recall, as reflected in enhanced high-gamma frequency band
activity (Gonzalez et al. 2015; Tan et al. 2020; Rubinstein et al.
2021). These studies also reveal a theta frequency band correla-
tion between hippocampus and parietal cortex in tasks involving
virtual spatial navigation (Ekstrom et al. 2005). Complementing
these findings, transcranial stimulation studies have illustrated
enhanced information flow between the parietal cortex and
the hippocampus, resulting in improved memory performance
(Crossman et al. 2019; Wang et al. 2014). However, the precise
nature of bidirectional interactions between the hippocampus
and lateral parietal cortex, along with their frequency specificity,
remains largely unexplored. Critically, the question of whether
hippocampus-parietal circuitry operates similarly in the verbal
and spatial domains has not been addressed. This leaves a critical
gap in our understanding of how the hippocampus interacts
with the various anatomical subdivisions of the parietal cortex
to support human episodic memory across different cognitive
contexts.

The human parietal cortex is marked by a unique hetero-
geneity, featuring subdivisions that have undergone significant
evolutionary expansion in comparison to rodents and nonhuman
primates (Goldring and Krubitzer 2020). Both the lateral and
medial parietal cortices have undergone significant expansion.
On the lateral surface, the supramarginal gyrus (SMG) is engaged
in a wide range of tasks requiring spatial attention. In contrast, the
angular gyrus (AG) is crucial for the retrieval of vivid details and
schema-based information (Corbetta 1998; Buckner et al. 2008;
Rugg and Vilberg 2013). Notably, neither rodent nor nonhuman
primate brains include an AG subdivision leaving unclear the
dynamic interactive roles these lateral parietal subdivisions play
in episodic memory. Furthermore, the AG and the posterior cin-
gulate cortex (PCC)/precuneus in the medial parietal cortex serve
as core nodes of the default mode network (DMN). This network is

typically deactivated during tasks that demand external attention
(Raichle et al. 2001; Greicius et al. 2003; Bressler and Menon 2010;
Zhang and Li 2012; Garrison et al. 2013), further suggesting a
demarcation of their roles in episodic memory. The anatomical
and functional complexity of the human parietal cortex neces-
sitates a more precise examination of its role in hippocampal-
parietal circuitry for memory formation (Sestieri et al. 2017). Our
study aims to fill this gap by investigating the electrophysiological
dynamics between the hippocampus and key subdivisions of the
parietal cortex, both in its lateral and medial aspects. This focus
allows for a more comprehensive understanding of hippocampal-
parietal circuits, addressing a critical, yet overlooked area in the
existing literature.

The attention-to-memory model provides a framework for
understanding the roles of the lateral parietal cortex in episodic
memory encoding and retrieval (Wagner et al. 2005; Cabeza
2008; Uncapher and Wagner 2009; Cabeza et al. 2011; Cabeza
et al. 2012). This model posits that the posterior parietal cortex
plays a critical role in episodic memory by integrating attentional
processes with memory encoding and retrieval. Recent research
has further refined the understanding of parietal contributions
to memory by identifying distinct roles for the SMG and AG.
The SMG is implicated in attentional processes during memory
encoding, while the AG is posited to play a more specific role in
orienting attention to familiar stimuli during retrieval (Daselaar
et al. 2004; Hutchinson et al. 2014; Gilmore et al. 2015). However,
the neural mechanisms underlying these processes remain
poorly understood, particularly in the context and dynamic
directed interactions of the SMG and AG with the hippocampus.
Additionally, the attention to memory model primarily focuses
on the lateral parietal cortex and does not fully address the
potential contributions of the medial parietal cortex, including
the PCC and precuneus. These medial regions are also implicated
in memory and attention processes and are key nodes in the
DMN, which typically deactivates during attention-demanding
tasks but plays a significant role in internally directed cognitive
processes, including episodic memory retrieval (Buckner et al.
2008; Menon 2023). Dynamic directed neural interactions between
the medial parietal cortex and the hippocampus are also poorly
understood, highlighting a critical gap in the current models of
episodic memory. We therefore sought to elucidate the distinct
and overlapping functions of the lateral and medial parietal
subdivisions and their interactions with the hippocampus during
memory encoding and retrieval.

We leveraged iEEG data from the UPENN-RAM consortium
(Solomon et al. 2019) to address critical gaps in our understand-
ing of the electrophysiological mechanisms underpinning hip-
pocampal-parietal cortex interactions in memory formation. This
dataset includes depth recordings from an extensive cohort of
individuals, allowing us to rigorously investigate the directionality
and frequency specificity of connectivity between the hippocam-
pus and multiple subdivisions of the lateral and medial parietal
cortices. We employed three distinct episodic memory experi-
ments: (i) a verbal free recall (VFR) task, in which participants were
presented with a sequence of words for subsequent verbal recall,
(ii) a categorized VFR (CATVFR) task, which similarly involved
encoding and recalling a sequence of words, but with the added
demands of categorical organization, and (iii) an SM task, wherein
participants were required to memorize the spatial location of
the objects for subsequent recall. These comprehensive datasets
afforded a unique opportunity to probe hippocampal-parietal
cortex interactions across memory encoding and recall periods
and multiple cognitive domains.
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The first objective of our study was to delineate the directed,
causal connectivity between the hippocampus and multiple sub-
divisions of the lateral and medial parietal cortex during verbal
and SM tasks. To accomplish this, we employed phase transfer
entropy (PTE) (Hillebrand et al. 2016; Lobier et al. 2014; Wang
et al. 2017), which provides a robust quantitative measure for
characterizing directional connectivity, capturing linear as well as
nonlinear dynamics in iEEG data (Menon et al. 1996; Lobier et al.
2014; Hillebrand et al. 2016). PTE is particularly well suited for our
study as it can assess time-delayed causal influences between
brain regions, making it an ideal tool for investigating the complex
interactions underlying memory processes.

Our second objective was to investigate the frequency
specificity of causal interactions between the hippocampus and
parietal cortex. Prior research across various species, including
rodents, nonhuman primates, and humans, have emphasized the
prominent functional roles of distinct frequency bands. Specifi-
cally, the delta-theta rhythm (0.5 to 8 Hz) has been identified as
crucial in hippocampal functions (Watrous et al. 2013; Ekstrom
and Watrous 2014; Neuner et al. 2014), while beta-band rhythms
(12 to 30 Hz) have been highlighted in lateral parietal cortex
operations (Brovelli et al. 2004; Engel and Fries 2010; Spitzer and
Haegens 2017; Stanley et al. 2018). It has been suggested that
delta-theta oscillations may facilitate synchronization between
the hippocampus and the parietal cortex (Ekstrom and Watrous
2014), while beta band oscillations may serve to coordinate
neuronal cortico-cortical signaling (Engel and Fries 2010; Spitzer
and Haegens 2017; Negron-Oyarzo et al. 2018).

However, the frequency specificity of directed causal inter-
actions between the hippocampus and parietal cortex during
verbal memory and SM remains an open question. In previous
research on hippocampal-prefrontal cortex circuits, information
theoretic analysis revealed greater causal information flow from
hippocampus to the prefrontal cortex in the delta-theta fre-
quency band (0.5 to 8 Hz); in contrast, prefrontal cortex to hip-
pocampus causal information flow was stronger in the beta band
(12 to 30 Hz) (Das and Menon 2021, 2022b). Building on this work,
we examined whether a similar profile of directional interactions
would hold in the case of hippocampal-parietal cortex circuits.
We hypothesized that the hippocampus would exert a stronger
causal influence on both the lateral and medial parietal cortex in
the delta-theta band. Conversely, we posited that the lateral pari-
etal cortex would have a stronger “top-down” causal influence on
the hippocampus in the beta band.

Our third objective was to probe regional profiles of neural
response in the hippocampus and the three specific parietal
cortex subdivisions. High-gamma band activity reflects localized,
task-related neural processing and is associated with synchro-
nized activity of local neural populations (Crone et al. 2001;
Edwards et al. 2005; Lachaux et al. 2005; Tallon-Baudry et al. 2005;
Sederberg et al. 2007b; Ray et al. 2008; Daitch and Parvizi 2018).
Moreover, increases in high-gamma power correlate with elevated
neuronal spiking and synaptic activity, making it a robust marker
for task-specific computations within local neuronal circuits (Ray
et al. 2008). We determined whether high-gamma band power in
these parietal subdivisions exhibits context-dependent variations
across two critical periods of memory formation—encoding and
recall. Given that memory encoding is largely influenced by exter-
nal stimuli, we anticipated distinct neural response patterns in
this period compared to memory recall, which is mainly internally
driven (Buckner et al. 2008; Andrews-Hanna 2012). Specifically, we
hypothesized that high-gamma power in the angular gyrus and
the PCC/precuneus, regions associated with the DMN, would be
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reduced during encoding, reflecting the externally driven nature
of the task. Conversely, we expected an increase in high-gamma
power during recall, which requires more internally oriented cog-
nition. Furthermore, we expected the SMG, which is more engaged
in tasks requiring adaptive external response, to show differential
modulations in high-gamma power during both encoding and
recall periods. These analyses aimed to provide complementary
information on the differential roles played by these brain regions
in the orchestration of episodic memory formation.

Our final objective was to assess the robustness and repli-
cability of our findings across three distinct episodic memory
experiments, encompassing the verbal and spatial domains.
Replicability poses a significant challenge in the field of
neuroscience, and this issue is particularly acute in invasive iEEG
studies, where difficulty of acquiring data, small sample sizes, and
lack of data sharing often hinder the generalizability of findings.
To address this “reproducibility crisis,” we employed Bayesian
analysis, which provides a robust quantitative approach that
allows for the explicit quantification of evidence for or against a
given hypothesis (Verhagen and Wagenmakers 2014; Ly et al. 2019;
Nikolakopoulos and Ntzoufras 2021). Specifically, we used Bayes
factors (BFs) to evaluate the strength and consistency of our
findings across verbal memory and SM tasks. The BF provides
a powerful metric for comparing the likelihood of the observed
data under different hypotheses, offering a rigorous measure of
the evidence supporting the replication of effects. This analysis
allowed us to provide a comprehensive assessment of the
generalizability of our findings.

Our study offers new insights into the neurophysiological
mechanisms that govern cognitive processes, specifically high-
lighting the role of hippocampal-parietal cortex interactions
in both encoding and recall of verbal and spatial information.
Crucially, the robustness and generalizability of our findings
were confirmed through their replication across three distinct
experiments spanning verbal and spatial domains, emphasizing
the importance of hippocampal-parietal interactions in a broader
context of human cognition.

Materials and methods
UPENN-RAM iEEG recordings

iEEG recordings from 249 patients shared by Kahana and
colleagues at the University of Pennsylvania (UPENN) (obtained
from the UPENN-RAM public data release) were used for analysis
(Jacobs et al. 2016). Patients with pharmaco-resistant epilepsy
underwent surgery for removal of their seizure onset zones.
iEEG recordings of these patients were downloaded from a
UPENN-RAM consortium-hosted data-sharing archive (URL:
http://memory.psych.upenn.edu/RAM). Prior to data collection,
research protocols and ethical guidelines were approved by
the Institutional Review Board at the participating hospitals
and informed consent was obtained from the participants and
guardians (Jacobs et al. 2016). Details of all the recordings sessions
and data preprocessing procedures are described by Kahana
and colleagues (Jacobs et al. 2016). Briefly, iEEG recordings were
obtained using subdural grids and strips (contacts placed 10 mm
apart) or depth electrodes (contacts spaced 5 to 10 mm apart)
using recording systems at each clinical site. iEEG systems
included DeltaMed XlTek (Natus), Grass Telefactor, and Nihon-
Kohden EEG systems. Electrodes located in brain lesions or those
that corresponded to seizure onset zones or had significant
interictal spiking or had broken leads were excluded from
analysis.
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Anatomical localization of electrode placement was accom-
plished by coregistering the postoperative computed CTs with the
postoperative MRIs using FSL (FMRIB [Functional MRI of the Brain|
Software Library), BET (Brain Extraction Tool), and FLIRT (FMRIB
Linear Image Registration Tool) software packages. Preoperative
MRIs were used when postoperative MRIs were not available. The
resulting contact locations were mapped to Montreal Neurological
Institute (MNI) space using an indirect stereotactic technique
and OsiriX Imaging Software DICOM viewer package. We used
the Brainnetome atlas (Fan et al. 2016) to demarcate the left
hemisphere subdivisions of the parietal cortex (SMG, AG, and PCC/
precuneus) (Cabeza et al. 2008; Hutchinson et al. 2009) and
the hippocampus. We first identified electrode pairs in which
there were at least four patients with electrodes implanted
in each pair of brain regions of interest encompassing SMG,
AG, PCC/precuneus, and hippocampus (Tables 2-4). The lack of
sufficient number of participants and electrode pairs precluded
analyses of two other important subdivisions of the lateral
parietal cortex, namely, the superior parietal lobule and the
intraparietal sulcus. Out of 249 individuals, data from 96
individuals (aged from 18 to 64, mean age 38.6 +12.3, 51 females)
were used for subsequent analysis based on electrode placement
in supramarginal gyrus, angular gyrus, PCC/precuneus, and
hippocampus. Gender differences were not analyzed in this study
due to lack of sufficient male participants for electrodes pairs
for hippocampus-SMG, hippocampus-AG, and hippocampus—
PCC/precuneus interactions (Table 4).

Original sampling rates of iEEG signals were 500, 1,000, 1,024,
and 1,600 Hz. Hence, iEEG signals were downsampled to 500 Hz, if
the original sampling rate was higher, for all subsequent analysis.
The two major concerns when analyzing interactions between
closely spaced intracranial electrodes are volume conduction and
confoundinginteractions with the reference electrode (Burke et al.
2013). Hence, bipolar referencing was used to eliminate confound-
ing artifacts and improve the signal-to-noise ratio of the neural
signals, consistent with previous studies using UPENN-RAM iEEG
data (Burke et al. 2013; Ezzyat et al. 2018). Signals recorded at
individual electrodes were converted to a bipolar montage by
computing the difference in signal between adjacent electrode
pairs on each strip, grid, and depth electrode and the resulting
bipolar signals were treated as new “virtual” electrodes originating
from the midpoint between each contact pair, identical to
procedures in previous studies using UPENN-RAM data (Solomon
et al. 2019). Line noise (60 Hz) and its harmonics were removed
from the bipolar signals using a fourth order two-way zero-
phase lag Butterworth filter, and finally, each bipolar signal was
Z-normalized by removing mean and scaling by the standard devi-
ation. For filtering in the delta-theta and beta frequency bands,
we used a fourth-order two-way zero-phase lag Butterworth filter
throughout the analysis.

iEEG VFR and SM tasks
VFR task

Patients performed multiple trials of a “free recall” experiment,
where they were presented with a list of words and subsequently
asked to recall as many as possible from the original list (Fig. 1a)
(Solomon et al. 2017; Solomon et al. 2019). The task consisted of
three periods: encoding, delay, and recall. During encoding, a list
of 12 words was visually presented for ~30 s. Words were selected
at random, without replacement, from a pool of high-frequency
English nouns (http://memorypsych.upenn.edu/Word_Pools).
Each word was presented for a duration of 1,600 ms, followed
by an interstimulus interval of 800 to 1,200 ms. After a 20 s
postencoding delay, participants were instructed to recall as many

words as possible during the 30 s recall period. Average recall
accuracy across patients was 24.8% =+ 9.7%, similar to prior studies
of verbal episodic memory retrieval in neurosurgical patients
(Burke et al. 2014). The mismatch in the number trials therefore
made it difficult to directly compare causal signaling measures
between successfully versus unsuccessfully recalled words. From
the point of view of probing behaviorally effective memory
encoding, our focus was therefore on successful encoding and
recall consistent with most prior studies (Watrous et al. 2013; Long
etal. 2014). We analyzed iEEG epochs from the encoding and recall
periods of the free recall task. For the encoding periods, 1,600 ms
iEEG recordings immediately following the stimulus presentation
were analyzed (Solomon et al. 2019). For the recall periods, iEEG
recordings 1600 ms prior to the vocal onset of each word were
analyzed (Solomon et al. 2019). Recall epochs that overlapped
with the prior recall epoch were excluded from analysis. Data
from each trial were analyzed separately, and specific measures
were averaged across trials.

CATVFR task

This task was very similar to the VFR task. Here, patients per-
formed multiple trials of a “categorized free recall” experiment,
where they were presented with a list of words with consecutive
pairs of words from a specific category (for example, JEANS-COAT,
GRAPE-PEACH, etc.) and subsequently asked to recall as many
as possible from the original list (Fig. 1b) (Qasim et al. 2023).
Similar to the uncategorized VFR task, this task also consisted
of three periods: encoding, delay, and recall. During encoding,
a list of 12 words was visually presented for ~30 s. Semantic
categories were chosen using Amazon Mechanical Turk. Pairs of
words from the same semantic category were never presented
consecutively. Each word was presented for a duration of 1,600 ms,
followed by an interstimulus interval of 750 to 1,000 ms. After
a 20 s postencoding delay, participants were instructed to recall
as many words as possible during the 30 s recall period. Average
recall accuracy across patients was 27.0% + 11.9%. Similar to the
uncategorized VFR task, we focused on trials corresponding to
successful encoding and recall. Analysis of iEEG epochs from the
encoding and recall periods of the categorized free recall task was
same as the uncategorized VFR task.

SM task

Participants performed multiple trials of an SM task in a virtual
navigation paradigm (Jacobs et al. 2016; Goyal et al. 2018; Lee et al.
2018) similar to the Morris water maze (Morris 1984). The envi-
ronment was rectangular (1.8:1 aspect ratio) and was surrounded
by a continuous boundary (Fig. 1c). There were four distal visual
cues (landmarks), one centered on each side of the rectangle, to
aid with orienting. Each trial (96 trials per session, 1 to 3 sessions
per subject) started with two 5 s encoding periods, during which
subjects were driven to an object from a random starting location.
At the beginning of an encoding period, the object appeared and,
over the course of 5 s, the subject was automatically driven
directly toward it. The 5 s period consisted of three intervals: first,
the subject was rotated toward the object (1 s), second, the subject
was driven toward the object (3 s), and, finally, the subject paused
while at the object location (1 s). After a 5 s delay with a blank
screen, the same process was repeated from a different starting
location. After both encoding periods for each item, there was a
5 s pause followed by the recall period. The subject was placed in
the environment at a random starting location with the object
hidden and then asked to freely navigate using a joystick to the
location where they thought the object was located. When they
reached their chosen location, they pressed a button to record
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Task design and iEEG recording sites

(a) Experiment 1 — VFR

(i) Task design (ii) Electrode locations
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Fig. 1. Task design of the encoding and recall periods of the memory experiments, and iEEG recording sites in the HIPP, with the lateral and medial nodes
of the parietal cortex. a) Experiment 1, VFR: i) task design of memory encoding and recall periods of the VFR experiment (see Materials and Methods
for details). Participants were first presented with a list of words in the encoding block and asked to recall as many as possible from the original list
after a short delay. ii) Electrode locations for HIPP with lateral nodes (top panel) and HIPP with medial nodes (bottom panel), in the VFR experiment.
b) Experiment 2, CATVFR: i) task design of memory encoding and recall periods of the categorized VFR experiment (see Materials and Methods for
details). Participants were presented with a list of words with consecutive pairs of words from a specific category (for example, JEANS-COAT, GRAPE-
PEACH, etc.) in the encoding block and subsequently asked to recall as many as possible from the original list after a short delay. ii) Electrode locations
for HIPP with lateral nodes (top panel) and HIPP with medial nodes (bottom panel), in the categorized VFR experiment. ¢) Experiment 3, SM: (i) task
design of memory encoding and recall periods of the SM experiment (see Materials and Methods for details). Participants were shown objects in various
locations during the encoding period and asked to retrieve the location of the objects during the recall period. Modified from Jacobs et al. (2016) with
permission. ii) Electrode locations for HIPP with lateral nodes (top panel) and HIPP with medial nodes (bottom panel), in the SM experiment. Venn
diagram shows overlap of the number of subjects across the three experiments. HIPP, hippocampus; SMG, supramarginal gyrus; AG, angular gyrus; PCC,
posterior cingulate cortex; Pr, precuneus.
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their response. They then received feedback on their performance
via an overhead view of the environment showing the actual and
reported object locations. Average recall accuracy across patients
was 48.6% £ 4.2%.

Similar to the VFR task, only trials corresponding to successful
memory encoding and recall are considered in our analysis. We
analyzed 5 s iEEG epochs from the encoding and recall periods of
the task. Data from each trial were analyzed separately, and spe-
cific measures were averaged across trials, similar to the VFR task.

iEEG analysis of high-gamma power

We first filtered the signals in the high-gamma (80 to 160 Hz)
frequency band (Raccah et al. 2018) and then calculated the
square of the filtered signals as the power of the signals (Kwon
et al. 2021). Signals were then smoothed using 0.2 s windows with
90% overlap (Kwon et al. 2021) and normalized with respect to
0.2 s prestimulus periods.

iEEG analysis of PTE and causal dynamics

PTE is a nonlinear measure of the directionality of connectivity
between time series and can be applied as a measure of causality
to nonstationary time series (Lobier et al. 2014). The PTE measure
is in contrast to the Granger causality measure, which can be
applied only to stationary time series (Barnett and Seth 2014). We
first carried out a stationarity test of the iEEG recordings (unit
root test for stationarity [Barnett and Seth 2014]) and found that
the spectral radius of the autoregressive model is very close to
one, indicating that the iEEG time series is nonstationary. This
precluded the applicability of the Granger causality analysis in
our study.

Given two time series {x;} and {y;}, where i=1,2, .., M, instan-
taneous phases were first extracted using the Hilbert transform.
Let {x'} and {y'}, where i = 1,2,...,M, denote the corresponding
phase time series. If the uncertainty of the target signal {y’}at
delay 7 is quantified using Shannon entropy, then the PTE from
driver signal {x/} to target signal {y"} can be given by

—
=]
N

PTE, ,y = Zp (yf’ﬂ,yf,x?) log (W) ,

p (V5,17

where the probabilities can be calculated by building histograms
of occurrences of singles, pairs, or triplets of instantaneous phase
estimates from the phase time series (Hillebrand et al. 2016). For
our analysis, the number of bins in the histograms was set as
3.49 x STD x M~'? and delay t was set as 2M/My., where STD is
average standard deviation of the phase time series {x'} and {y'}
and M. are the number of times the phase changes sign across
time and channels (Hillebrand et al. 2016). PTE has been shown to
be robust against the choice of the delay r and the number of bins
for forming the histograms (Hillebrand et al. 2016).

Statistical analysis

Statistical analysis was conducted using mixed effects analysis
with the ImerTest package (Kuznetsova et al. 2017) implemented
in R software (version 4.0.2, R Foundation for Statistical Comput-
ing). Because PTE data were not normally distributed, we used
BestNormalize (Peterson and Cavanaugh 2018), which contains
a suite of transformation-estimating functions that can be used
to optimally normalize data. The resulting normally distributed
data were subjected to mixed effects analysis with the following
model: PTE~ Condition + (1|Subject), where Condition models the
fixed effects (condition differences) and (1|Subject) models the
random repeated measurements within the same participant.

Before running the mixed-effects model, PTE was first averaged
across trials for each channel pair. We modeled brain region pairs
(Figs 3 and 5, for example, HIPP =>» SMG versus SMG => HIPP),
performance (Fig. 6, higher- versus lower-performing individuals),
or individual brain regions (Fig. 7, for example, HIPP versus SMG)
as fixed effects (Condition). Electrode placements in different brain
areas of the patients were determined by the neurosurgeons,
and therefore, the sample sizes used in the linear mixed effects
modeling were dependent on the available number of electrodes
in a given brain region or pair of brain regions. Analysis of variance
(ANOVA) was used to test the significance of findings with false
discovery rate (FDR) corrections for multiple comparisons across
task conditions, frequencies, and brain regions (P < 0.05). Similar
mixed-effects statistical analysis procedures were used for com-
parison of high-gamma power across task conditions, where the
mixed-effects analysis was run on each of the 0.2 s windows.

Based on prior structural MRI and fMRI studies that have found
reduced DMN activity and connectivity (Damoiseaux et al. 2008;
Spreng and Turner 2013; Turner and Spreng 2015; Ward et al. 2015)
and reduced hippocampal effective connectivity during memory
processing over the lifespan, we also examined the effect of
age on PTE by including it as a covariate in our linear mixed-
effects model as PTE ~ Condition + Age + (1|Subject). We did not find
a significant effect of age on the directed connectivity that we
observed in any frequency band or task (all Ps>0.05), and our
frequency-specific directed connectivity results were still signif-
icant even after using age as a covariate (all Ps < 0.05), indicating
the robustness of our results.

Finally, we conducted surrogate analysis to test the significance
of the estimated PTE values (Hillebrand et al. 2016). The estimated
phases from the Hilbert transform for electrodes from a given
pair of brain areas were time-shuffled so that the predictability of
one time series from another is destroyed, and PTE analysis was
repeated on this shuffled data to build a distribution of surrogate
PTE values against which the observed PTE was tested (P <0.05).

Bayesian replication analysis

We used replication BF (Verhagen and Wagenmakers 2014; Ly
et al. 2019) analysis to estimate the degree of replicability for
the direction of causal influence for each frequency and task
condition and across task domains. Analysis was implemented
in R software using the BayesFactor package (Rouder et al.
2009). Because PTE data were not normally distributed, as
previously, we used BestNormalize (Peterson and Cavanaugh
2018) to optimally normalize data. We calculated the replication
BF for pairwise task domains. We compared the BF of the joint
model PTE(task1 + task2) ~ Condition + (1|Subject) with the BF of
individual model as PTE(taskl) ~ Condition + (1|Subject), where
taskl denotes the VFR (original) task and task2 denotes the
categorized VFR, or SM (replication) conditions. We calculated
the ratio BF(task1 + task2)/BF(task1), which was used to quantify
the degree of replicability. We determined whether the degree
of replicability was higher than 3 as a BF of at least 3 indicates
evidence for replicability (Jeffreys 1998). A BF of at least 100 is
considered as “decisive” for degree of replication (Jeffreys 1998).

Results

Causal influences from the hippocampus to
parietal cortex in delta-theta band during
memory encoding

Based on previous IEEG studies that have reported signifi-
cant delta-theta frequency (0.5 to 8 Hz) band activity in the
hippocampus during recall of information from recently encoded

20z AINf €2 U0 Josn AsIoaun pIoypuels Aq 22281 LL//8Z8BYG/L/YE/RI0IME/100180/100 dNO"0lWapEDE//:SARY WOl POPEO|UMOQ



Table 1. Participant demographic information (total 96

participants).

Participant ID Gender Age
002 F 49
003 F 39
006 F 20
008 F 55
010 F 30
014 F 47
015 F 54
018 M 47
021 M 34
024 F 36
030 M 23
032 F 19
033 F 31
034 F 29
035 F 45
036 M 49
044 M 58
049 F 52
050 M 20
051 F 24
052 F 19
054 M 23
059 F 44
063 M 23
065 F 34
066 M 39
067 F 45
069 M 26
070 F 40
073 M 60
074 M 24
075 M 50
076 M 29
080 F 43
081 F 33
083 F 49
084 M 25
089 M 36
092 M 44
094 M 47
101 F 26
102 M 34
111 M 20
114 F 31
119 F 26
120 F 33
122 F 48
124 F 40
125 F 44
130 M 57
134 M 64
135 M 47
137 F 21
138 M 41
144 M 53
147 M 47
151 M 36
153 M 38
154 F 36
158 F 45
161 F 53
163 M 45
164 M 37
168 M 24
174 M 29

(Continued)

Das and Menon | 7

Table 1. Continued.

Participant ID Gender Age
175 M 34
177 F 23
180 F 21
187 F 51
190 F 57
193 M 37
195 M 44
196 M 18
203 F 36
204 F 25
207 F 39
221 M 57
223 F 42
227 M 32
228 F 58
230 F 56
232 M 27
234 M 25
236 F 51
239 M 27
240 F 37
245 M 30
247 F 61
260 F 57
279 F 57
286 F 57
292 F 39
297 M 24
298 F 24
299 M 43
302 M 48

memories (Watrous et al. 2013; Ekstrom and Watrous 2014) and
based on our recent findings where we found higher directed
causal influence from the hippocampus to the prefrontal cortex
than the reverse, in delta-theta frequency band during both
encoding and recall, and across verbal and spatial episodic
memory domains (Das and Menon 2021, 2022b), we first
investigated the dynamic causal influences of the hippocampus
on SMG, AG, and PCC/precuneus and vice versa in the low-
frequency delta-theta band. We computed PTE from SMG, AG,
and PCC/precuneus to the hippocampus and, in the reverse
direction, during episodic memory encoding, and recall in the
delta-theta band. We focused on dynamic interactions between
the left hemisphere hippocampus and the parietal cortex. This
focus was necessitated by the limitation that our iEEG data had
inadequate coverage in the right hippocampus and right parietal
cortex.

VFR task

Participants were presented with a sequence of words and asked
to remember them for subsequent recall (Materials and Methods,
Tables 1, 2, and 5, Fig. 1a). Briefly, the task consisted of three peri-
ods: encoding, delay, and recall (Solomon et al. 2019). During
encoding, a list of 12 words was visually presented for ~ 30 s. Each
word was presented for a duration of 1,600 ms, followed by an
interstimulus interval of 800 to 1,200 ms. After a 20 s postencoding
delay, participants were instructed to recall as many words as
possible during the 30 s recall period.

Surrogate data analysis revealed that causal influence from
the hippocampus to the SMG, AG, and PCC/precuneus and the
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Table 2. Number of electrode pairs used in PTE analysis in the VFR task. HIPP, hippocampus; SMG, supramarginal gyrus; AG, angular
gyrus; PCC, posterior cingulate cortex, Pr, precuneus.

Network pairs Number of Number of Participant IDs (gender/age)
electrode pairs (n) participants

HIPP-SMG 184 23 003 (F/39), 010 (F/30), 035 (F/45), 049 (F/52), 054 (M/23), 065 (F/34), 066 (M/39), 080 (F/43), 111
(M/20), 114 (F/31), 120 (F/33), 134 (M/64), 135 (M/47), 138 (M/41), 151 (M/36), 161 (F/53), 164
(M/37), 174 (M/29), 195 (M/44), 236 (F/51), 240 (F/37), 297 (M/24), 299 (M/43)

HIPP-AG 72 13 010 (F/30), 032 (F/19), 033 (F/31), 111 (M/20), 120 (F/33), 134 (M/64), 154 (F/36), 161 (F/53), 174
(M/29), 195 (M/44), 203 (F/36), 230 (F/56), 240 (F/37)

HIPP-PCC/Pr 53 12 010 (F/30), 049 (F/52), 054 (M/23), 114 (F/31), 134 (M/64), 135 (M/47), 138 (M/41), 203 (F/36), 236

(F/51), 240 (F/37), 297 (M/24), 299 (M/43)

Surrogate data distribution in the delta-theta frequency band

(a) Experiment 1 — VFR

Encoding Recall
AG PCC/Pr SMG AG PCC/Pr
4 4 4 4
sxlo 15><10 4><10 3><10
3
10 2
2
5 1
1
0 0 0
0.5 1 1.5 15 1.5 0.5 1 15 0.5 1 15 0.5 1 15
PTE PTE PTE PTE
(b) Experiment 2 — CATVFR
Encoding Recall
SMG AG PCC/Pr SMG AG PCC/Pr
4 4 4 4 4 4
15><10 6><10 4><1() x10 3><10 3><10
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3
10 4 2 2
2 5
5 2 1 1
i1}
0 0 0 0 0 0
0.5 1 15 0.5 1 15 0.5 1 15 0.5 1 1.5 0.5 1 15 0.5 1 1.5
PTE PTE PTE PTE PTE PTE
(c) Experiment 3 — SM
Encoding Recall
SMG AG PCC/Pr SMG AG PCC/Pr
4 4 4 4 4 4
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Fig. 2. Surrogate data analysis results related to directed causal influence from the hippocampus to the parietal cortex (red) and the reverse (blue for
supramarginal gyrus, cyan for angular gyrus, and orange for PCC/precuneus) in the delta-theta band, during a) VFR, b) CATVFR, and c) SM experiments.
Surrogate data analysis revealed that causal influence from the hippocampus to the SMG, AG, and PCC/precuneus and the reverse were significantly
enhanced compared to those expected by chance during both encoding and recall periods, and across the three experiments (all Ps < 0.05).

reverse were significantly higher than those expected by chance
(P <0.051n all cases) in the delta-theta frequency band, indicating
bidirectional causal influence between the hippocampus and
the parietal cortex in delta-theta band (Fig.2a). Next, we
tested the hypothesis that the strength of causal influences
from the hippocampus to parietal cortex would be higher than
the reverse in the delta-theta band. This analysis revealed
that the hippocampus had higher causal influences on SMG
[F(1, 341)=110.78, P < 0.001, Cohen’s d = 1.14], AG [F(1, 130) = 69.65,
P <0.001, Cohen’s d=1.47], and PCC/precuneus [F(1, 93)=72.97,

P<0.001, Cohen’s d=1.77] than the reverse, during memory
encoding (Fig. 3a).

CATVFR task

We next examined directed causal influence from the hippocam-
pus to the SMG, AG, and PCC/precuneus during memory encoding
in the categorized VFR task. In the CATVFR task, participants
were presented with a list of words with consecutive pairs of
words from a specific category (for example, JEANS-COAT, GRAPE-
PEACH, etc.) and subsequently asked to recall as many as possible
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Directed signaling in the delta-theta frequency band

(a) Experiment 1 — VFR
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Fig. 3. Directed connectivity between hippocampus and SMG, AG, and PCC/precuneus in delta-theta band (0.5 to 8 Hz). a) Experiment 1, VFR: The
hippocampus showed higher causal influences on the SMG (HIPP =» SMG) (n=184), AG (HIPP => AG) (n=72), and PCC/precuneus (HIPP = PCC/Pr)
(n=53) during both memory encoding and recall, compared to the reverse direction (SMG = HIPP, AG = HIPP, and PCC/Pr =2 HIPP, respectively). b)
Experiment 2, CATVFR: The hippocampus showed higher causal directed influence on the SMG (HIPP =2 SMG) (n=87), AG (HIPP = AG) (n=50), and
PCC/precuneus (HIPP =» PCC/Pr) (n=31) during both memory encoding and recall, compared to the reverse direction (SMG =2 HIPP, AG =2 HIPP, and
PCC/Pr => HIPP respectively). c) Experiment 3, SM: The hippocampus also showed higher causal influences on the SMG (HIPP =» SMG) (n = 100), AG (HIPP
=> AG) (n=19), and PCC/precuneus (HIPP = PCC/Pr) (n=31) during both memory encoding and recall, compared to the reverse direction (SMG = HIPP,
AG => HIPP, and PCC/Pr = HIPP respectively). ***P < 0.001 (linear mixed-effects ANOVA, FDR-corrected).

from the original list (Materials and Methods, Tables 1,3, and 6,
Fig. 1b) (Qasim et al. 2023). Similar to the uncategorized VFR task,
this task also consisted of three periods: encoding, delay, and
recall. During encoding, a list of 12 words was visually presented
for ~30 sec. Each word was presented for a duration of 1,600 ms,
followed by an interstimulus interval of 750 to 1,000 ms. After a
20 s postencoding delay, participants were instructed to recall as
many words as possible during the 30 s recall period.

Surrogate data analysis revealed that causal influence from
the hippocampus to the SMG, AG, and PCC/precuneus and
the reverse were significantly higher than those expected by
chance (P<0.05 in all cases) in the CATVFR task, indicating
bidirectional causal influence between the hippocampus and
the parietal cortex during this task (Fig. 2b). We then tested
the hypothesis that the strength of causal influences from the
hippocampus to parietal cortex would be higher than the reverse.
This analysis revealed that the hippocampus had higher causal
influences on SMG [F(1, 158)=26.67, P <0.001, Cohen’s d=0.82],
AG [F(1,83)=44.08,P <0.001, Cohen’s d = 1.45], and PCC/precuneus
[F(1, 57)=35.86, P<0.001, Cohen’s d=1.59] than the reverse
(Fig. 3b).

SM task

We next examined dynamic causal influences of the hip-
pocampus on the parietal cortex in the SM task. In this task

(Materials and Methods, Tables 1,4, and 7, Fig. 1c), participants
performed multiple trials of a spatial memory task in a virtual
navigation paradigm (Jacobs et al. 2016; Goyal et al. 2018; Lee et al.
2018) similar to the Morris water maze (Morris 1984). Participants
were shown objects in various locations during the encoding
periods and asked to retrieve the location of the objects during
the recall period.

Surrogate data analysis revealed that causal influence from
the hippocampus to the SMG, AG, and PCC/precuneus and the
reverse were significantly higher than those expected by chance
(P <0.05 in all cases) during the encoding periods in the SM task,
indicating bidirectional causal influence between the hippocam-
pus and the parietal cortex during memory encoding (Fig. 2c).
Similar to the VFR tasks, the hippocampus had higher causal
influences on SMG [F(1, 192)=151.77, P <0.001, Cohen’s d=1.78],
AGF(1,32)=17.63,P <0.001,Cohen’s d = 1.48],and PCC/precuneus
[F(1,56)=199.58, P <0.001, Cohen’s d = 3.76] than the reverse, dur-
ing SM encoding (Fig. 3c).

Causal influences from the hippocampus to
parietal cortex in delta-theta band during
memory recall

VER task

Surrogate data analysis revealed that causal influence from the
hippocampus to the SMG, AG, and PCC/precuneus and the reverse
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Table 3. Number of electrode pairs used in PTE analysis in the categorized VFR task. HIPP, hippocampus; SMG, supramarginal gyrus;
AG, angular gyrus; PCC, posterior cingulate cortex, Pr, precuneus.

Network pairs Number of Number of
electrode pairs (n) participants

Participant IDs (gender/age)

HIPP-SMG 87 11 035 (F/45), 065 (F/34), 066 (M/39), 092 (M/44), 111 (M/20), 114 (F/31), 119 (F/26), 135 (M/47), 144
(M/53), 174 (M/29), 240 (F/37)
HIPP-AG 50 7 021 (M/38), 032 (F/19), 111 (M/20), 119 (F/26), 174 (M/29), 230 (F/56), 240 (F/37)

HIPP-PCC/Pr 31 114 (F/31), 135 (M/47), 240 (F/37), 245 (M/30)

Table 4. Number of electrode pairs used in PTE analysis in the SM task. HIPP, hippocampus; SMG, supramarginal gyrus; AG, angular
gyrus; PCC, posterior cingulate cortex, Pr, precuneus.

Network pairs Number of Number of Participant IDs (gender/age)
electrode pairs (n) participants
HIPP-SMG 100 8 010 (F/30), 049 (F/52), 052 (F/19), 054 (M/23), 065 (F/34), 066 (M/39), 114 (F/31), 124 (F/40)
HIPP-AG 19 5 010 (F/30), 021 (M/34), 032 (F/19), 033 (F/31), 124 (F/40)
HIPP-PCC/Pr 31 5 010 (F/30), 049 (F/52), 054 (M/23), 114 (F/31), 124 (F/40)

Table 5. Number of electrodes in each node used in high-gamma power analysis in the VFR task. HIPP, hippocampus; SMG,
supramarginal gyrus; AG, angular gyrus; PCC, posterior cingulate cortex, Pr, precuneus.

Number of
participants

Number of
electrodes (n)

Brain regions Participant IDs (gender/age)

HIPP 108 40 002 (F/49), 003 (F/39), 010 (F/30), 032 (F/19), 033 (F/31), 035 (F/45), 049 (F/52), 054 (M/23), 063
(M/23), 065 (F/34), 066 (M/39), 080 (F/43), 089 (M/36), 111 (M/20), 114 (F/31), 120 (F/33), 122 (F/48),
134 (M/64), 135 (M/47), 137 (F/21), 138 (M/41), 151 (M/36), 154 (F/36), 161 (F/53), 164 (M/37), 168
(M/24), 174 (M/29), 195 (M/44), 203 (F/36), 207 (F/39), 223 (F/42), 228 (F/58), 230 (F/56), 236 (E/51),
240 (F/37), 247 (F/61), 292 (F/39), 297 (M/24), 298 (F/24), 299 (M/43)

003 (F/39), 010 (F/30), 015 (F/54), 030 (M/23), 035 (F/45), 036 (M/49), 044 (M/58), 049 (F/52), 050
(M/20), 054 (M/23), 059 (F/44), 065 (F/34), 066 (M/39), 067 (F/45), 069 (M/26), 070 (F/40), 074
(M/24), 075 (M/50), 080 (F/43), 084 (M/25), 094 (M/47), 102 (M/34), 111 (M/20), 114 (F/31), 120
(F/33), 125 (F/44), 130 (M/57), 134 (M/64), 135 (M/47), 138 (M/41), 147 (M/47), 151 (M/36), 153
(
(

SMG 230 54

M/38), 158 (F/45), 161 (F/53), 163 (M/45), 164 (M/37), 174 (M/29), 177 (F/23), 193 (M/37), 195
M/44), 204 (F/25), 232 (M/27), 234 (M/25), 236 (F/51), 240 (E/37), 260 (E/57), 286 (F/57), 297 (M/24),
299 (M/43)

010 (F/30), 032 (F/19), 033 (F/31), 034 (F/29), 036 (M/49), 050 (M/20), 059 (F/44), 069 (M/26), 070
(F/40), 081 (F/33), 083 (F/49), 084 (M/25), 094 (M/47), 101 (F/26), 111 (M/20), 120 (F/33), 134 (M/64),
147 (M/47), 154 (F/36), 158 (F/45), 161 (F/53), 174 (M/29), 187 (F/51), 195 (M/44), 196 (M/18), 203
(F/36), 230 (E/56), 240 (F/37), 260 (E/57)

006 (F/20), 010 (F/30), 018 (M/47), 030 (M/23), 044 (M/58), 049 (F/52), 051 (F/24), 054 (M/23), 070
(F/40), 074 (M/24), 076 (M/29), 081 (F/33), 084 (M/25), 094 (M/47), 101 (F/26), 114 (F/31), 134
(M/64), 135 (M/47), 138 (M/41), 153 (M/38), 158 (F/45), 175 (M/34), 193 (M/37), 196 (M/18), 203
(F/36), 204 (F/25), 236 (F/51), 240 (F/37), 286 (F/57), 297 (M/24), 299 (M/43)

AG 72 29

PCC/Pr 76 31

were significantly higher than those expected by chance (P <0.05
in all cases) during the recall periods in the VFR task, indicating
bidirectional causal influence between the hippocampus and the
parietal cortex during memory recall (Fig. 2a).

Moreover, the hippocampus had higher causal influences
on SMG [F(1, 342)=143.55, P<0.001, Cohen's d=1.30], AG [F(1,
130)=70.70, P <0.001, Cohen’s d=1.48], and PCC/precuneus [F(Z,
93)=45.80, P<0.001, Cohen’s d=1.40] than the reverse, during
memory recall (Fig. 3a).

CATVFR task

Causal influence from the hippocampus to the SMG, AG, and
PCC/precuneus and the reverse were significantly higher than
those expected by chance (P <0.05 in all cases) during the
recall periods in the CATVFR task, indicating bidirectional causal

influence between the hippocampus and the parietal cortex
during memory recall (Fig. 2b).

The hippocampus also had higher causal influences on SMG
[F(1, 160)=51.29, P <0.001, Cohen’s d=1.13), AG (F(1, 89)=55.81,
P <0.001, Cohen’s d=1.58], and PCC/precuneus [F(1, 57)=53.37,
P <0.001, Cohen’s d =1.93] than the reverse, during memory recall
(Fig. 3Db).

SM task

Causal influence from the hippocampus to the SMG, AG, and
PCC/precuneus and the reverse were significantly higher than
those expected by chance (P <0.05 in all cases) during the recall
periods in the SM task, indicating bidirectional causal influence
between the hippocampus and the parietal cortex during SM
recall (Fig. 2¢).
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Table 6. Number of electrodes in each node used in high-gamma power analysis in the categorized VFR task. HIPP, hippocampus; SMG,
supramarginal gyrus; AG, angular gyrus; PCC, posterior cingulate cortex, Pr, precuneus.

Brain regions = Number of Number of Participant IDs (gender/age)
electrodes (n) participants

HIPP 55 22 021 (M/38), 032 (F/19), 035 (F/45), 065 (F/34), 066 (M/39), 089 (M/36), 092 (M/44), 111 (M/20), 114
(F/31), 119 (F/26), 135 (M/47), 144 (M/53), 174 (M/29), 180 (F/21), 207 (F/39), 228 (F/58), 230 (F/56),
236 (F/51), 239 (M/27), 240 (F/37), 245 (M/30), 247 (F/61)

SMG 181 36 015 (F/54), 035 (F/45), 036 (M/49), 044 (M/58), 050 (M/20), 065 (F/34), 066 (M/39), 067 (F/45), 069
(M/26), 074 (M/24), 075 (M/50), 092 (M/44), 094 (M/47), 102 (M/34), 111 (M/20), 114 (F/31), 119
(F/26), 130 (M/57), 135 (M/47), 144 (M/53), 147 (M/47), 158 (F/45), 163 (M/45), 174 (M/29), 190
(F/57), 204 (F/25), 221 (M/57), 227 (M/32), 236 (F/51), 240 (F/37), 260 (F/57), 279 (F/57), 286 (F/57),
302 (M/48)

AG 63 19 021 (M/38), 032 (F/19), 036 (M/49), 050 (M/20), 069 (M/26), 083 (F/49), 094 (M/47), 111 (M/20), 119
(F/26), 147 (M/47), 158 (F/45), 174 (M/29), 187 (F/51), 190 (F/57), 221 (M/57), 230 (F/56), 240 (F/37),
260 (F/57), 302 (M/48)

PCC/Pr 33 12 044 (M/58), 074 (M/24), 094 (M/47), 114 (F/31), 135 (M/47), 158 (F/45), 204 (F/25), 227 (M/32), 236

(F/51), 240 (F/37), 245 (M/30), 286 (F/57)

Table 7. Number of electrodes in each node used in high-gamma power analysis in the spatial memory task. HIPP, hippocampus; SMG,
supramarginal gyrus; AG, angular gyrus; PCC, posterior cingulate cortex, Pr, precuneus.

Brain regions =~ Number of Number of Participant IDs (gender/age)
electrodes (n) participants

HIPP 31 12 010 (F/30), 021 (M/34), 032 (F/19), 033 (F/31), 049 (F/52), 052 (F/19), 054 (M/23), 065 (F/34), 066
(M/39), 089 (M/36), 114 (F/31), 124 (F/40)

SMG 89 18 010 (F/30), 014 (F/47), 015 (F/54), 030 (M/23), 044 (M/58), 049 (F/52), 050 (M/20), 052 (F/19), 054
(M/23), 065 (F/34), 066 (M/39), 067 (F/45), 069 (M/26), 074 (M/24), 075 (M/50), 114 (F/31), 124
(F/40), 177 (F/23)

AG 34 14 008 (F/55), 010 (F/30), 014 (F/47), 021 (M/34), 024 (F/36), 032 (F/19), 033 (F/31), 034 (F/29), 050
(M/20), 069 (M/26), 073 (M/60), 083 (F/49), 101 (F/26), 124 (F/40)

PCC/Pr 42 13 006 (F/20), 010 (F/30), 018 (M/47), 024 (F/36), 030 (M/23), 044 (M/58), 049 (F/52), 051 (F/24), 054

(M/23), 074 (M/24), 101 (F/26), 114 (F/31), 124 (F/40)

Similar to the VFR tasks, the hippocampus had higher causal
influences on SMG [F(1, 192) =157.25, P <0.001, Cohen's d=1.81],
AG [F(1,33)=16.94,P < 0.001, Cohen’s d = 1.44], and PCC/precuneus
[F(1,57)=160.71, P < 0.001, Cohen’s d =3.36] than the reverse, dur-
ing SM recall (Fig. 3c).

These results demonstrate a key role for delta-theta frequency
signaling underlying higher causal influences of the hippocam-
pus on the parietal cortex during both memory encoding and
recall conditions.

Replication of causal directed connectivity
between the hippocampus and the parietal
cortex across memory domains in the
delta-theta band

We used replication BF analysis to estimate the degree of repli-
cability of direction of causal influence across multiple tasks and
domains (Table 8). Specifically, we used the posterior distribution
obtained from the VFR (original) dataset as a prior distribution for
the test of data from the CATVFR and SM (replication) datasets (Ly
et al. 2019) (see Materials and Methods for details).

Encoding

Findings corresponding to the directed connectivity between
the hippocampus and the SMG (BFs 1.44e+4 and 1.16e+32 for
CATVEFR and SM, respectively), AG (BFs 1.44e+5 and 1.85e+2 for
CATVFR and SM, respectively), and PCC/precuneus (BFs 9.46e+8
and 1.61e+16 for CATVFR and SM, respectively) during memory

encoding were replicated in the delta-theta band across tasks
(Table 8).

Recall

Findings corresponding to the directed connectivity between
the hippocampus and the SMG (BFs 1.10e+11 and 3.59e+29 for
CATVFR and SM, respectively), AG (BFs 4.29e+8 and 9.88e+1 for
CATVFR and SM, respectively), and PCC/precuneus (BFs 9.55e+8
and 7.31e+12 for CATVFR and SM, respectively) during memory
recall were also replicated in the delta-theta band across tasks
(Table 8).

These results demonstrate very high replicability of directed
causal influences from the hippocampus to the parietal cortex
nodes in the delta-theta frequency band, during both memory
encoding and recall conditions.

Causal influence from the hippocampus to the
parietal cortex in the beta frequency band during
memory encoding

Next, we examined directed connectivity between the hip-
pocampus and the parietal cortex in the beta frequency (12
to 30 Hz) band based on emerging findings in nonhuman
primates regarding cortical signaling in the beta band during
cognition (Engel and Fries 2010) and based on our recent findings
where we found higher directed causal influence from the
prefrontal cortex to the hippocampus than the reverse, in beta
frequency band during both encoding and recall, and across
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Table 8. Replicability of findings of causal interactions of the hippocampus with SMG, AG, and PCC/Pr across VFR, CATVFR, and spatial
memory domains. (a) Memory encoding and (b) memory recall. The VFR task was considered the original dataset and the CATVFR and
SM tasks were considered replication datasets and BF for replication was calculated for pairwise tasks (VFR vs. T, where T can be
CATVEFR or SM task). SMG, supramarginal gyrus, AG, angular gyrus, PCC, posterior cingulate cortex, Pr, precuneus.

(a) Memory encoding

(i) Delta-theta

HIPP =2 SMG > SMG = HIPP
HIPP => AG > AG => HIPP

HIPP => PCC/Pr > PCC/Pr => HIPP
(ii) Beta

HIPP =2 SMG < SMG =2 HIPP
HIPP => AG < AG => HIPP

HIPP => PCC/Pr < PCC/Pr => HIPP
(b) Memory recall

(i) Delta-theta

HIPP = SMG > SMG =2 HIPP
HIPP => AG > AG => HIPP

HIPP => PCC/Pr > PCC/Pr => HIPP
(ii) Beta

HIPP = SMG < SMG = HIPP
HIPP =2 AG < AG => HIPP

HIPP =» PCC/Pr < PCC/Pr => HIPP

1.44e+4 1.16e+32
1.44e+5 1.85e+2
9.46e+8 1.61le+16
6.91e+25 1.30e+34
2.53e+16 2.36e+7
6.64€+5 5.15e-1
1.10e+11 3.59e+29
4.29e+8 9.88e+1
9.55e+8 7.31e+12
4.86e+11 2.18e+29
7.32e+11 1.99e+8
8.19e+1 3.88e+1

verbal and spatial episodic memory domains. We computed
PTE from the parietal cortex nodes to the hippocampus, and
in the reverse direction, during encoding and recall in the beta
frequency band.

VFR task

Surrogate data analysis revealed that causal influence from
the hippocampus to the SMG, AG, and PCC/precuneus and
the reverse were significantly reduced compared to those
expected by chance (P<0.05 in all cases) (Fig.4a). Crucially,
SMG [F(1, 343)=249.25 P<0.001, Cohen’s d=1.71], AG [F(1,
129)=167.3, P<0.001, Cohen’s d=2.28], and PCC/precuneus
[F(1, 92)=40.78, P<0.001, Cohen’s d=1.33] had higher causal
influences on the hippocampus than the reverse, during memory
encoding (Fig. 5a).

CATVFR task

Surrogate data analysis revealed that causal influence from
the hippocampus to the SMG, AG, and PCC/precuneus and the
reverse were significantly reduced compared to those expected
by chance (P<0.05 in all cases) (Fig.4b). Crucially, SMG [F(1,
161)=132.77, P<0.001, Cohen’s d=1.82), AG [F(1, 98)=142.37,
P <0.001, Cohen’s d=2.41], and PCC/precuneus [F(1, 57)=29.49,
P<0.001, Cohen’s d=1.44] had higher causal influences on
the hippocampus than the reverse during memory encoding
(Fig. 5b).

SM task

Surrogate data analysis revealed that causal influence from the
hippocampus to the SMG, AG, and PCC/precuneus and the reverse
were significantly reduced compared to those expected by chance
in the SM task (P <0.05 in all cases) (Fig. 4c). Crucially, similar to
the VFR tasks, SMG [F(1, 191)=276.92, P <0.001, Cohen’s d =2.41],
AG[F(1,32)=73.29,P < 0.001, Cohen’s d =3.01], and PCC/precuneus
[F(1,56)=7.39, P<0.01, Cohen’s d=0.73] had higher causal influ-
ences on the hippocampus than the reverse, during spatial mem-
ory encoding (Fig. 5c).

Causal influence from the hippocampus to the
parietal cortex in the beta frequency band during
memory recall

VFR task

Surrogate data analysis revealed that causal influence from
the hippocampus to the SMG, AG, and PCC/precuneus and the
reverse were significantly reduced compared to those expected
by chance (P<0.05 in all cases) (Fig.4a). Crucially, SMG [F(Z,
344)=1225.68, P<0.001, Cohen’s d=1.62], AG [F(1, 129)=186.1,
P <0.001, Cohen’s d=2.40], and PCC/precuneus [F(1, 92)=6.25,
P <0.05, Cohen’'s d=0.52] had higher causal influences on
the hippocampus than the reverse, during memory recall
(Fig. 5a).

CATVFR task

Causal influence from the hippocampus to the SMG, AG, and
PCC/precuneus and the reverse were significantly reduced com-
pared to those expected by chance (P <0.05 in all cases) (Fig. 4b).
Crucially, SMG [F(1, 160)=52.84, P<0.001, Cohen’s d=1.15], AG
[F(1, 98)=114.09, P <0.001, Cohen’s d=2.16], and PCC/precuneus
[F(1,57)=6.51, P <0.05, Cohen'’s d =0.67] had higher causal influ-
ences on the hippocampus than the reverse, during memory recall
(Fig. 5b).

SM task

Causal influence from the hippocampus to the SMG, AG, and
PCC/precuneus and the reverse were significantly reduced
compared to those expected by chance (P<0.05 in all cases)
(Fig. 4c). Crucially, similar to the VFR tasks, SMG [F(1, 192) =230.41,
P <0.001, Cohen’s d=2.19], AG [F(1, 32)=61.55, P < 0.001, Cohen’s
d=2.79], and PCC/precuneus [F(1, 54)=20.03, P <0.001, Cohen’s
d=1.22] had higher causal influences on the hippocampus than
the reverse, during SM recall (Fig. 5¢).

These results demonstrate that causal influences of the pari-
etal cortex on the hippocampus are relatively enhanced, com-
pared to the reverse, during both memory encoding and recall
conditions in each of the three tasks.
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Fig. 4. Surrogate data analysis results related to directed causal influence from the hippocampus to the parietal cortex (red) and the reverse (blue
for supramarginal gyrus, cyan for angular gyrus, and orange for PCC/precuneus) in the beta band, during a) VER, b) CATVFR, and c) SM experiments.
Surrogate data analysis revealed that causal influence from the hippocampus to the SMG, AG, and PCC/precuneus and the reverse were significantly
reduced compared to those expected by chance during both encoding and recall periods, and across the three experiments (all Ps < 0.05).

Replication of causal directed connectivity
between the hippocampus and the parietal
cortex across memory domains in the beta band
We next repeated the replication BF analysis to estimate the
degree of replicability of directed connectivity across multiple
tasks and memory domains in the beta frequency band (Table 8).

Encoding

Findings corresponding to the directed connectivity between
the hippocampus and the SMG (BFs 6.91e+25 and 1.30e+34 for
CATVEFR and SM, respectively) and AG (BFs 2.53e+16 and 2.36e+7
for CATVFR and SM, respectively) were replicated in the beta
band across tasks (Table 8). Findings corresponding to the directed
connectivity between the hippocampus and the PCC/precuneus
was replicated for the CATVEFR task in the beta band (BF 6.64e+5)
(Table 8).

Recall

Findings corresponding to the directed connectivity between
the hippocampus and the SMG (BFs 4.86e+11 and 2.18e+29 for
CATVFR and SM, respectively), AG (BFs 7.32e+11 and 1.99e+38 for
CATVEFR and SM, respectively), and PCC/precuneus (BFs 8.19e+1
and 3.88e+1 for CATVFR and SM, respectively) during memory
recall were also replicated in the beta band across tasks (Table 8).

Together, these results demonstrate very high replicability of
relatively enhanced directed connectivity from the lateral and

medial parietal cortex nodes to the hippocampus in the beta
frequency band, during both memory encoding and recall con-
ditions.

Directed causal influence from the SMG to the
hippocampus during encoding influences
memory performance

We examined whether the directed connectivity between the
hippocampus and the parietal cortex is dependent on mem-
ory performance. For this, we estimated the differential causal
influence for the high and low memory performers. We defined
high and low memory performers based on whether their recall
accuracy was higher or lower than the median recall accuracy,
respectively.

VFR task

We found that causal influence from the SMG to the hippocampus
increased for the high compared to low memory performers dur-
ing memory encoding [F(1, 170) = 28.60, P < 0.001, Cohen'’s d =0.82]
in the delta-theta frequency band (Fig. 6a).

CATVFR task

Causal influence from the SMG to the hippocampus also
increased for the high compared to low memory performers
during memory encoding in the CATVFR task [F(1, 81) =
32.19, P<0.001, Cohen’s d=1.26] in the delta-theta band
(Fig. 6D).
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