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Asymmetric Frequency-Specific Feedforward and Feedback
Information Flow between Hippocampus and Prefrontal
Cortex during Verbal Memory Encoding and Recall
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Hippocampus and prefrontal cortex (PFC) circuits are thought to play a prominent role in human episodic memory, but the precise
nature, and electrophysiological basis, of directed information flow between these regions and their role in verbal memory formation
has remained elusive. Here we investigate nonlinear causal interactions between hippocampus and lateral PFC using intracranial EEG
recordings (26 participants, 16 females) during verbal memory encoding and recall tasks. Direction-specific information theoretic anal-
ysis revealed higher causal information flow from the hippocampus to PFC than in the reverse direction. Crucially, this pattern was
observed during both memory encoding and recall, and the strength of causal interactions was significantly greater during memory
task performance than resting baseline. Further analyses revealed frequency specificity of interactions with greater causal information
flow from hippocampus to the PFC in the delta-theta frequency band (0.5-8 Hz); in contrast, PFC to hippocampus causal information
flow were stronger in the beta band (12-30 Hz). Across all hippocampus-PFC electrode pairs, propagation delay between the source
and target signals was estimated to be 17.7 ms, which is physiologically meaningful and corresponds to directional signal interactions
on a timescale consistent with monosynaptic influence. Our findings identify distinct asymmetric feedforward and feedback signaling
mechanisms between the hippocampus and PFC and their dissociable roles in memory recall, demonstrate that these regions preferen-
tially use different frequency channels, and provide novel insights into the electrophysiological basis of directed information flow dur-
ing episodic memory formation in the human brain.
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verbal memory encoding and recall

(s )

Hippocampal-PFC circuits play a critical role in episodic memory in rodents, nonhuman primates, and humans.
Investigations using noninvasive fMRI techniques have provided insights into coactivation of the hippocampus and PFC dur-
ing memory formation; however, the electrophysiological basis of dynamic causal hippocampal-PFC interactions in the
human brain is poorly understood. Here, we use data from a large cohort of intracranial EEG recordings to investigate the
neurophysiological underpinnings of asymmetric feedforward and feedback hippocampal-PFC interactions and their nonlin-
ear causal dynamics during both episodic memory encoding and recall. Our findings provide novel insights into the electro-
physiological basis of directed bottom-up and top-down information flow during episodic memory formation in the human
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(Eichenbaum, 2017; Rutishauser et al., 2021). Impairments in hip-
pocampal-PFC circuit interactions are prominent in psychiatric
and neurologic disorders (Meyer-Lindenberg et al, 2005;
Dickerson and Eichenbaum, 2010; Uhlhaas and Singer, 2012),
highlighting a critical need for understanding of their electrophysi-
ological mechanisms in the human brain. In the past decade,
investigations using noninvasive functional magnetic resonance
imaging (fMRI) techniques have provided consistent evidence for
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coactivation of the hippocampus and multi-
ple PEC subdivisions during a wide range of
tasks involving memory encoding and recall
(Rugg and Vilberg, 2013; Moscovitch et al.,
2016). However, the electrophysiological ba-
sis of dynamic causal hippocampal-PFC
interactions in the human brain are poorly
understood as fMRI does not have the requi-
site temporal resolution to address this ques-
tion. Here, we use data from a large cohort of
intracranial EEG (iEEG) recordings to inves-
tigate feedforward and feedback causal infor-
mation flow between the hippocampus and
distinct subdivisions of the PFC, and its fre-
quency specificity, during memory encoding
and subsequent recall of verbal materials. We
operationalize causality as follows: a brain
region has a causal influence on a target if
knowing the past history of temporal signals
in both regions improves the ability to pre-
dict the target’s signal in comparison to
knowing only the target’s past (Granger,
1969; Lobier et al., 2014) (see Materials and
Methods).

Multiple lines of evidence from studies
in rodents and nonhuman primates have
pointed to tight anatomic and functional
links between hippocampus and PFC as key
neural pathways for memory and learning.
Anterograde and retrograde tracing studies
in rodents have uncovered projections from
the hippocampus to the PFC (Jay and
Witter, 1991; Hoover and Vertes, 2007).
Similarly, studies in rhesus monkeys have
demonstrated direct tracts linking the
hippocampus to the PFC (Goldman-Rakic
et al, 1984; Lavenex and Amaral, 2000).
Recent studies using diffusion-weighted imag-
ing and resting-state fMRI have confirmed
intrinsic hippocampus connectivity with the
PFC in both macaques and humans (Croxson
et al,, 2005; Qin et al,, 2016).

In conjunction with delineation of anatomic tracts between
the hippocampus and PFC, electrophysiological studies in
rodents have reported strong theta (4-8 Hz) and delta (0.5-4 Hz)
frequency band oscillations in the hippocampus (Siapas et al.,
2005; Eichenbaum, 2017; Roy et al, 2017; Schultheiss et al.,
2020). Rodent electrophysiological studies have also revealed
synchronized activity between hippocampus and PFC in these
frequency bands during spatial memory tasks (Simons and
Spiers, 2003; Jones and Wilson, 2005; Benchenane et al., 2010;
Place et al, 2016; Spiers, 2021). Compared with studies in
rodents, the electrophysiological signatures of hippocampal-PFC
circuits have been less well investigated in nonhuman primates,
but recent reports have emphasized bidirectional information
flow between the hippocampus and PFC associated with accurate
spatial memory performance (Brincat and Miller, 2015; Cruzado
et al., 2020). Together, these findings suggest that coordinated
interactions between the hippocampus and PFC are critical for
spatial learning and memory across species (Eichenbaum, 2017).

In humans, a large body of fMRI studies have consistently
reported coactivation of the hippocampus and multiple PFC
regions during both spatial and verbal memory tasks (Dobbins et
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a, iEEG recording sites in hippocampus and two prefrontal cortex subdivisions investigated in this study. b, Event
structure and timing of memory encoding and recall task phases. 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 (for details, see Materials and
Methods). HIPP: hippocampus, MFG: middle frontal gyrus and IFG: inferior frontal gyrus subdivisions of prefrontal cortex.

al., 2002; Simons and Spiers, 2003; Dickerson and Eichenbaum,
2010; Rugg and Vilberg, 2013; Qin et al., 2014; Moscovitch et al.,
2016), and hippocampus-PFC coactivation is also associated with
better memory performance (Kumaran et al., 2009). Various meas-
ures of functional connectivity between the hippocampus and PFC
have also been associated with memory recall (van Kesteren et al.,
2010; Preston and Eichenbaum, 2013; Qin et al., 2014), but their
electrophysiological basis is poorly understood. Studies using non-
invasive magnetoencephalography in humans have suggested that
hippocampal-PFC coherence in the delta-theta frequency band is
associated with successful memory integration (Guitart-Masip et
al., 2013; Backus et al., 2016; Spaak and de Lange, 2020). Studies
using iEEG have reported increased hippocampal-PFC theta band
synchronization associated with spatial memory retrieval (Watrous
et al,, 2013; Ekstrom and Watrous, 2014; Neuner et al., 2014) and
have hinted that a similar process may apply to verbal memory
recall as well (Anderson et al., 2010).

Although these studies have provided significant insights into
hippocampal and PFC engagement in human episodic memory,
the precise pattern of “bottom-up” and “top-down” dynamic
causal interactions and frequency-dependent direction of infor-
mation flow is not known because of the poor temporal
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resolution of fMRI and paucity of deep brain electrophysiological
data from multiple brain regions. Furthermore, compared with
spatial memory, there have been comparatively far fewer investi-
gations of hippocampal-PFC interactions associated with epi-
sodic memory encoding and recall of verbal materials, a domain
with no equivalents in rodent and nonhuman primate models.
To address this challenge, we used iEEG data from the UPENN-
RAM study (Solomon et al.,, 2019), which includes depth record-
ings sampled at a high temporal resolution of 1 KHz from a large
cohort of individuals, to probe the directionality of information
flow between the hippocampus and multiple subdivisions of the
left lateral PFC.

The first goal of our study was to determine directed causal
information flow between the hippocampus and PFC during
verbal episodic memory. We investigated the directionality of in-
formation flow between these regions during encoding and sub-
sequent recall of a list of words using phase transfer entropy
(PTE) (Lobier et al., 2014; Hillebrand et al., 2016; Wang et al.,
2017). PTE provides a robust and powerful measure for charac-
terizing information flow between brain regions based on phase
coupling; and crucially, it captures linear as well as nonlinear
intermittent and nonstationary causal dynamics in iEEG data
(Menon et al., 1996; Lobier et al., 2014; Hillebrand et al., 2016).

Our analysis focused on hippocampus interactions with two
distinct PFC areas encompassing inferior frontal gyrus (IFG) and
middle frontal gyrus (MFG) in left hemisphere regions, which
have been implicated in prior fMRI studies of verbal episodic
memory (Wagner et al., 2001; Dobbins et al., 2002). We hypothe-
sized that the hippocampus would show directional causal influ-
ence on the PFC, compared with resting baseline. We further
predicted that causal influences of the hippocampus on the PFC
would be stronger, compared with the reverse direction, during
memory encoding; in contrast, causal influences of IFG subdivi-
sion of the PFC on the hippocampus would be stronger, com-
pared with the reverse direction, during memory recall based on
the hypothesized role of this region in controlled memory re-
trieval (Hasegawa et al., 1999; Wagner et al., 2001; Dobbins et al.,
2002; Badre et al., 2005; Badre and Wagner, 2007).

Our second goal was to investigate the frequency specificity
of causal interactions between the hippocampus and PFC.
Although no consensus has emerged on the role of specific fre-
quencies in synchronization of neural responses between the hip-
pocampus and PFC (Brincat and Miller, 2015; Lam et al., 2016;
Moreno et al., 2016; Schoffelen et al., 2017), studies in rodents,
nonhuman primates, and humans have pointed to prominent
functional roles of the delta-theta rhythm (0.5-8 Hz) in the hip-
pocampus (Watrous et al., 2013; Ekstrom and Watrous, 2014;
Neuner et al,, 2014) and beta band rhythm (12-30Hz) in pre-
frontal and parietal cortices (Brovelli et al., 2004; Engel and Fries,
2010; Spitzer and Haegens, 2017; Stanley et al., 2018; Boran et al.,
2019). This has led to the suggestion that delta-theta oscillations
may preferentially contribute to synchronization of the hippo-
campus with the PFC (Ekstrom and Watrous, 2014), while beta
band oscillations synchronize the PFC with other cortical and
subcortical brain areas (Engel and Fries, 2010; Spitzer and
Haegens, 2017). However, the frequency specificity of causal
interactions between the hippocampus and PFC in these two fre-
quency bands associated with verbal memory formation has not
been directly examined before. Based on the emerging literature,
we test the hypothesis that the hippocampus has a stronger feed-
forward causal influence on the PFC in the delta-theta band,
whereas the PFC has stronger “top-down” causal influence on
the hippocampus in the beta band.
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Table 1. Participant demographic information

Participant ID Gender Age
185 M 20
193 M 37
195 M 44
196 M 18
200 M 25
203 F 36
204 F 25
207 F 39
222 F 20
223 F 42
228 F 58
230 F 56
232 M 27
236 F 51
240 F 37
247 F 61
260 F 57
264 F 52
275 M 4
283 F 29
286 F 57
292 F 39
297 M 24
298 F 24
299 M 43
310 M 20

Our analysis revealed novel, behaviorally and functionally rel-
evant, insights into the neurophysiological basis of the human
hippocampal-PFC interactions and its role in both memory
encoding and recall.

Materials and Methods

UPENN-RAM iEEG recordings. iEEG recordings from 102 patients
shared by Kahana and colleagues at the University of Pennsylvania
(UPENN) (obtained from the UPENN-RAM public data release under
release ID Release_20171012, released on October 12, 2017) were used
for analysis (Jacobs et al., 2016). Patients with pharmaco-resistant epi-
lepsy 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 (http://memory.psych.upenn.
edu/RAM). Before data collection, research protocols and ethical guide-
lines were approved by the Institutional Review Board at the participat-
ing hospitals, and informed consent was obtained from the participants
and guardians (Jacobs et al., 2016). Details of all the recording sessions
and data preprocessing procedures are described by Kahana and col-
leagues (Jacobs et al., 2016). Briefly, iEEG recordings were obtained
using subdural grids and strips (contacts placed 10 mm apart) or depth
electrodes (contacts spaced 5-10 mm apart) using recording systems at
each clinical site. iEEG systems included DeltaMed XITek (Natus), Grass
Telefactor, and Nihon-Kohden EEG systems. Electrodes located in brain
lesions or those that corresponded to seizure onset zones or had signifi-
cant interictal spiking or had broken leads were excluded from analysis.

Anatomical localization of electrode placement was accomplished by
coregistering the postoperative 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 postopera-
tive MRIs were not available. The resulting contact locations were
mapped to 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 IFG, MFG, and the
hippocampus (Greicius et al., 2003). Other important brain regions,
such as the dorsal anterior cingulate cortex (dACC) and the dorsal
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Table 2. Number of electrode pairs used in PTE analysis”
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Network pairs No. of electrodes No. of participants

Participant IDs (gender/age)

HIPP-IFG 98 8
HIPP-MFG 178 9

207 (F/39), 223 (F/42), 230 (F/56), 236 (F/51), 240 (F/37), 297 (M/24), 298 (F/24), 299 (M/43)
195 (M/44), 207 (F/39), 223 (F/42), 228 (F/58), 230 (F/56), 240 (F/37), 247 (F/61), 298 (F/24), 299 (M/43)

“HIPP: hippocampus; IFG: inferior frontal gyrus; MFG: middle frontal gyrus.

medial prefrontal cortex (dmPFC), were excluded
from analysis because of lack of sufficient elec-
trode placement in these areas. Of 102 individu-

(a) IFG

Encoding

als, data from 26 individuals (aged from 18-61 1.5 1.5
years, mean age 37.7 * 13.7 years, 16 females) sesese
. 1.3 13
were used for subsequent analysis based on elec-
trode placement in IFG, MFG, and the hippo- 1.1 1.1
campus. Gender differences were not analyzed in L 0.9 W 0.9
this study because of lack of sufficient male par- o o
ticipants for electrode pairs for brain regions (e. 0.7 0.7
g., hippocampus-IFG and hippocampus-MFG 0.5 05
had only 2 male patients each; see Table 2). ' ’
iEEG signals were sampled at 1000 Hz. The
two major concerns when analyzing interactions HIPP—IFG IFG—HIPP HIPP=IFG  IFG—HIPP
between closely spaced intracranial electrodes are
volume conduction and confounding interactions
with the reference electrode (Burke et al., 2013). (b) MFG
Hence, bipolar referencing was used to eliminate
confounding artifacts and improve the signal-to- Encoding
noise ratio of the neural signals, consistent with 15 15
previous studies using UPENN-RAM iEEG data 13 13
(Burke et al.,, 2013; Ezzyat et al., 2018). Signals 1.1 1.1
recorded at individual electrodes were converted
. . . w 0.9 w 0.9
to a bipolar montage by computing the difference [ E
in signal between adjacent electrode pairs on 807 & 07
each strip, grid, and depth electrode and the 0.5 0.5
resulting bipolar signals were treated as new “vir- 03 0.3 %o
tual” electrodes originating from the midpoint

between each contact pair, identical to proce-
dures in previous studies using UPENN-RAM
data (Solomon et al., 2019). Line noise (60 Hz)
and its harmonics were removed from the bipolar
signals; and finally, each bipolar signal was Z-
normalized by removing mean and scaling by the
standard deviation. For filtering, we used a
fourth-order two-way zero phase lag Butterworth
filter throughout the analysis.

iEEG verbal memory encoding and recall, and
resting-state task conditions. 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 (see Fig. 1). Details of the task
are described elsewhere (Solomon et al., 2017, 2019). Average recall ac-
curacy across patients was 25.5 = 8.7%, 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 unsuc-
cessfully recalled words. From the point of view of probing behaviorally
effective memory encoding, our focus was therefore on successful recall
consistent with most prior studies (Watrous et al., 2013; Long et al,,
2014). We analyzed iEEG epochs from the encoding and recall periods
of the “free recall” task as well as intertrial intervals when participants
were given no explicit cognitive task, similar to previous iEEG studies
(Miller et al., 2009; Yanagisawa et al., 2012; Horak et al., 2017; Norman
et al, 2017). For resting state, we extracted 10 s iEEG recordings
(epochs) before the beginning of each trial. To reduce boundary and car-
ryover effects, we discarded 3 s each of iEEG data from the beginning
and end of each epoch, resulting in multiple 4 s epochs (Das and
Menon, 2020). The encoding and recall epochs were 30 s for each trial.
Each encoding trial consisted of 12 words each of 1.6 s duration (see Fig.
1). For the recall periods, iEEG recordings 1.6 s before the vocal onset of
each word were analyzed (Solomon et al., 2019). Data from each trial

Figure 2.

HIPP—MFG MFG-—HIPP

HIPP—-MFG MFG-—HIPP

Causal directed information flow between hippocampus and PFC measured using PTE. a, The hippocampus
showed higher causal directed information flow to the IFG (HIPP — IFG) during memory encoding and recall, compared
with the reverse direction (IFG — HIPP) (n=98). b, The hippocampus also showed higher causal directed information
flow to the MFG (HIPP — MFG) during memory encoding and recall, than the reverse direction (MFG — HIPP) (n =178).
Only successfully recalled words are included. On each box, the middle mark indicates the median, and the bottom and
top edges of the box indicate the 25th and 75th percentiles, respectively. Whiskers extend to the most extreme data points
not considered outliers. ***p << 0.001 (two-way ANOVA).

were analyzed separately, and specific measures were averaged across tri-
als. The duration of memory encoding and recall, and resting-state trials
were matched to preclude trial-length effects.

iEEG analysis of power spectral density. To calculate average power,
we first filtered the iEEG time-series in the frequency band of interest
and power, after removing the linear trend, was calculated as the sum of
the squares of the amplitudes of the iEEG time-series divided by the
length of the time-series.

iEEG analysis of PTE and causal dynamics. PTE is a nonlinear mea-
sure of the directionality of information flow between time-series and
can be applied as a measure of causality to nonstationary time-series
(Lobier et al., 2014). Information flow described here relates to signaling
between brain areas and does not necessarily reflect the representation
or coding of behaviorally relevant variables per se. 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 conducted a
stationarity test of the iEEG recordings (unit root test for stationarity)
(Barnett and Seth, 2014) and found that the spectral radius of the autore-
gressive model is very close to 1, 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, instanta-
neous phases were first extracted using the Hilbert transform. Let {x/}
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from the Hilbert transform for electrodes
from a given pair of brain areas were time-

Recall vs. rest

shuffled so that the predictability of one time-
series from another is destroyed, and PTE
analysis was repeated on these shuffled data to
build a distribution of surrogate PTE values
against which the observed PTE was tested
(p < 0.05).

Results

Causal information flow from the
hippocampus to PFC during successful
memory encoding

We first examined dynamic causal influ-

HIPP—IFG (rest)

(a) IFG
Encoding vs. rest
15 1.5
13 1.3
11 1.1
E 0.9 E 0.9
0.7 0.7
0.5 5 0.5
0.3 0.3
! HIPP- ;IF(; (encode) HIPP rl;:G (rest) ! HIPP >IF£G (recall)
(b) MFG
Encoding vs. rest
15 15
13 1.3
1.1 14
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0.3 00 0.3 ‘o

1 R R
HIPP—MFG (encode) ~ HIPP—MFG (rest)

Figure 3.

extreme data points not considered outliers. ***p < 0.001 (two-way ANOVA).

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 {)'} can be given by the following:

PTE,_, = Zp%%mé’)log(W) )

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 SD x M " and
delay 7 was set as 2M/M=, where SD is the average SD of the phase
time-series {x/} and {)/'} and M= is 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 7 and the num-
ber 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
Computing). 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 differen-
ces) and (1|Subject) models the random repeated measurements within
the same participant. ANOVA was used to test the significance of find-
ings with FDR corrections for multiple comparisons (p < 0.05). Similar
mixed-effects statistical analysis procedures were used for comparison of
power spectral density across task conditions.

Finally, we conducted surrogate analysis to test the significance of
the estimated PTE values (Hillebrand et al., 2016). The estimated phases

1 . .
HIPP—MFG (recall)  HIPP—MFG (rest)

Causal directed information flow from HIPP to PFC during memory encoding and recall, compared with resting
state. a, The hippocampus showed higher causal directed information flow to the IFG (HIPP — IFG) during both memory
encoding and memory recall, compared with resting-state baseline (n = 98). b, The hippocampus also showed higher causal
directed information flow to the MFG (HIPP — MFG) during both memory encoding and memory recall, compared with rest-
ing-state baseline (n = 178). Only successfully recalled words are included. On each box, the middle mark indicates the median,
and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. Whiskers extend to the most

ences of the hippocampus on the IFG
and MFG nodes of the PFC during the
memory encoding period of a verbal
episodic memory task in which partici-
pants were presented with a sequence of
words and asked to remember them for
subsequent recall (see Materials and
Methods; Tables 1 and 2; Fig. la,b).
Briefly, the task consisted of three peri-
ods: 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://memory.psych.upenn.edu/Word_
Pools). Each word was presented for a
duration of 1600 ms, followed by an
interstimulus interval of 800-1200 ms.
After a 20 s postencoding delay, partici-
pants were instructed to recall as many words as possible during
the 30 s recall period.

We used PTE (Lobier et al., 2014) to compute broadband
(0.5-160 Hz) causal influence from the hippocampus to the IFG
and MFG in the PFC and vice-versa. During successful memory
encoding, the hippocampus had higher broadband causal influ-
ences on both the IFG (F(;,157=41.79, p<<0.001) and MFG
(F(1,346)=80.33, p <0.001) nodes than the reverse (Fig. 2a and
Fig. 2b, respectively). However, causal influence of the hippo-
campus on the IFG and MFG nodes did not differ from each
other during successful memory encoding (F(271)=0.11,
p > 0.05). Causal influence of the IFG on the hippocampus was
higher than the causal influence of the MFG on the hippocampus
during successful memory encoding (F(; »74)=24.14, p < 0.001).
These results demonstrate that the hippocampus has asymmetric
causal information flow to both the IFG and MFG during suc-
cessful memory encoding.

Causal information flow from the hippocampus on PFC
during successful memory recall

Next, we examined causal influences of the hippocampus on
the PFC during the recall phase of the verbal episodic mem-
ory task in which participants recalled the words they had
seen during the memory encoding phase (Fig. 1b; see
Materials and Methods). During successful memory recall,
the hippocampus had higher broadband causal influences on
both the IFG (F(1,187) =40.47, p < 0001) and MFG (F(1,346) =
70.69, p <0.001) than the reverse (Fig. 2a and Fig. 2b,
respectively). However, causal influence of the hippocampus
on the IFG and MFG did not differ from each other during


http://memory.psych.upenn.edu/Word_Pools
http://memory.psych.upenn.edu/Word_Pools

8432 - ). Neurosci., October 6, 2021 - 41(40):8427-8440

Das and Menon e Hippocampal-Prefrontal Cortex Information Flow

successful memory recall (F(,71)= (a) IFG
0.01, p>0.05). Causal influence of the
IFG on the hippocampus was higher Encoding Recall
than the causal influence of the MFG on 18 18 .
the hippocampus during successful mem- 16 ol 16
ory recall (F( 274)=28.91, p <0.001). These B

’ . 14 1.4
results demonstrate that the hippocampus w R o - W
has asymmetric causal information flow to g 12 ’ ‘ B 12
both the IFG and MFG subdivisions of the 1 1
PFC during successful memory recall. £ o

08 N 0.8
Causal information flow from the : : : 0.6 : :
hi . HIPP—IFG IFG—HIPP HIPP—IFG  IFG—HIPP
ippocampus on PFC during memory
encoding and memory recall, compared
with resting state (b) MFG
We next investigated changes in causal
influences of the hippocampus on the IFG Encoding Recall
and MFG during memory encoding and 18 ' . . I 18 ot
recall, compared with the resting state. 1.6 1 1.6 i
Our analysis revealed that the causal influ- 14 % % ] 1.4 b
ences of the hippocampus on the IFG and w12 i - | w12 20 i
MEG were higher during both the success- E y E 2 )
ful memory encoding and recall task con- o £
diti . . 0.8 0.8
itions compared with the resting state R

(F(1,187) =28.70, F(1,187) =11.94, F(1,346) = e & 06 "
57.65, F(1346)=32.05, respectively; p < 0.4

0.001 in all cases) (Fig. 3). These results
demonstrate that the hippocampus has
asymmetric causal information flow to
both the IFG and MFG during task con-
ditions compared with resting baseline.

Figure 4.

Causal information flow from the
hippocampus to PFC in the delta-theta
frequency band

Based on previous findings from iEEG studies which have
reported significant delta-theta frequency (0.5-8 Hz) band activ-
ity in the hippocampus during recall of verbal, temporal, and
spatial information from recently encoded memories and hippo-
campal-PFC interactions during spatial memory recall (Watrous
et al., 2013; Ekstrom and Watrous, 2014; Neuner et al., 2014), we
next investigated the dynamic causal influences of the hippocam-
pus on the PFC nodes and vice-versa in the low frequency
delta-theta (0.5-8 Hz) band (for results in the 0.5-12 Hz fre-
quency band, see Fig. 4). We computed PTE from the PFC
nodes to the hippocampus and, in the reverse direction,
during successful memory encoding, and recall in the delta-
theta (0.5-8 Hz) frequency band. This analysis revealed that
the hippocampus had higher causal influences on the IFG and
MFG subdivisions of the PFC than the reverse during both success-
ful memory encoding and recall conditions (F( g5 =30.83,
F1,186)=11.68, F(1345=66.30, F(1345=48.34, respectively; p<
0.001 in all cases) (Fig. 5). These results demonstrate a key role for
delta-theta frequency signaling underlying higher causal influences
of the hippocampus on the PFC.

Causal information from the PFC to the hippocampus in the
beta frequency band

Next, we examined frequency-specific information flow between
the hippocampus and PFC based on emerging findings in nonhu-
man primates regarding cortical signaling in the beta frequency
(12-30 Hz) band during cognition (Engel and Fries, 2010). We
computed PTE from the PFC nodes to the hippocampus, and in

HIPP-MFG MFG—HIPP

HIPPMFG MFG-—HIPP

Causal directed information flow between hippocampus and PFC in the delta-theta-alpha (0.5-12 Hz) frequency
band. a, Hippocampus — IFG during memory encoding and reall (n = 98). b, Hippocampus — MFG during memory encod-
ing and recall (n = 178). Hippocampus nodes had higher causal influences on both IFG and MFG nodes than the reverse during
both memory encoding and recall in the delta-theta-alpha frequency band. Only successfully recalled words are induded. On
each box, the middle mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percen-
tiles, respectively. Whiskers extend to the most extreme data points not considered outliers. ***p << 0.001 (two-way ANOVA).

the reverse direction, during successful memory encoding, and
recall in the beta frequency (12-30Hz) band. This analysis
revealed that the IFG had higher causal influences on the hippo-
campus during both successful memory encoding (F(; 159 =
62.13, p<<0.001) and recall conditions (F(s9)=24.72, p<<
0.001). Similarly, the MFG also had higher causal influences on
the hippocampus during both successful memory encoding
(Fasae = 59.14, p<0.001) and recall (F(j4s =603, p<0.05)
(Fig. 6). These results demonstrate a key role for beta frequency
signaling underlying higher causal influences of both the IFG and
MFG subdivisions of the PFC on the hippocampus.

Surrogate data analysis of causal information flow between
the hippocampus and the PFC
Finally, we conducted surrogate data analysis to test the signifi-
cance of the estimated PTE values compared with PTE expected
by chance (see Materials and Methods). The estimated phases
from the Hilbert transform for electrodes from pairs of brain
areas were time-shuffled, and PTE analysis was repeated on these
shuffled data to build a distribution of surrogate PTE values
against which the observed PTE was tested. This analysis
revealed that causal information flow from the hippocampus to
the IFG and MFG nodes and the reverse were significantly
higher than those expected by chance (Fig. 7) (p <0.05 in all
cases) in broadband for both successful memory encoding and
recall, indicating bidirectional causal information flow between
the hippocampus and the PFC in broadband.

Frequency-specific surrogate data analysis further revealed
that causal information flow from the hippocampus to the IFG
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Figure 5.

and MFG nodes and the reverse were significantly higher than
those expected by chance (Fig. 8) (p < 0.05 in all cases) in the
delta-theta frequency band for both successful memory encoding
and recall, indicating bidirectional causal information flow
between the hippocampus and the PFC in delta-theta band.
Analysis in the beta frequency band revealed that causal informa-
tion flow from the hippocampus to the IFG and MFG nodes and
the reverse were significantly lower than those expected by
chance (Fig. 9) (p < 0.05 in all cases) for both successful memory
encoding and recall, indicating significantly lower predictability
of one brain area from the other than expected by chance, in this
frequency band.

These results demonstrate that all reported effects in this
study arise from causal signaling that is significantly enhanced
above chance levels.

Power spectral density during memory encoding and recall
compared with resting-state
Finally, we compared the power spectral density (see Materials
and Methods; Table 3) in the hippocampus and the IFG and MFG
nodes of the PFC across resting-state, memory encoding, and
memory recall conditions. As with analyses reported above, the
duration of task and rest trials were matched to ensure that differ-
ences in network dynamics could not be explained by the differen-
ces in the duration of the trials. This analysis revealed that power
across the three conditions do not differ from each other in any
region (hippocampus/IFG/MFG) (all p values > 0.05).

Previous studies have suggested that power in the high-
gamma band (80-160 Hz) is correlated with fMRI BOLD signals

HIPPMFG MFG->HIPP

Causal directed information flow from hippocampus to PFC in the delta-theta (0.5-8 Hz) frequency band. a, Causal directed in-
formation flow from hippocampus to IFG (HIPP — IFG) was greater during both memory encoding and recall, compared with the reverse
direction (IFG — HIPP) (n=98). b, Similarly, causal directed information flow from hippocampus to MFG (HIPP — MFG) was greater dur-
ing both memory encoding and recall, compared with the reverse direction (MFG — HIPP) (n=178). Only successfully recalled words are
included. On each box, the middle mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percen-
tiles, respectively. Whiskers extend to the most extreme data points not considered outliers. ***p << 0.001 (two-way ANOVA).

We examined the electrophysiological
basis of directed information flow
between the hippocampus and PFC
during memory formation in humans
using depth iEEG recordings from the
UPENN-RAM cohort (Solomon et al.,
2019). Leveraging one of the largest
samples to date, from 26 participants,
187 electrodes, and 276 electrode pairs,
our analysis first focused on broadband
signatures of causal interaction, as
investigations using canonically defined frequency bands can
miss aperiodic (1/f) components that might have major
influence on signaling between brain regions (Donoghue et
al., 2020). Direction-specific information theoretic analysis
revealed that the hippocampus has higher causal influence
on both the left hemisphere IFG and MFG subdivisions of
the PFC than the reverse, and this pattern was observed dur-
ing both the encoding and recall phases of the verbal episodic
memory task. Causal information flow from the hippocam-
pus to PFC increased significantly during memory process-
ing, compared with resting baseline, and surrogate data
analysis revealed that the strength of information flow was
significantly above chance levels.

Our analysis further revealed frequency specificity of
hippocampus-PFC interactions and a dissociation between
feedforward and top-down information flow in the delta-
theta and beta bands. We found that feedforward causal
influences from the hippocampus to PFC in the delta-theta
frequency band were higher, compared with the reverse
direction, during both memory encoding and memory
recall. In contrast, top-down causal influences from the
PFC to hippocampus were higher, compared with the
reverse direction, in the beta frequency band during both
memory encoding and memory recall. Our findings provide
novel insights into asymmetric directionality of informa-
tion flow between the hippocampus and the PFC during ep-
isodic memory formation in the human brain.
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Directionality of information flow
between the hippocampus and the
PFC during verbal memory
formation

The first goal of our study was to char-
acterize the directionality of informa-
tion flow between the hippocampus
and the PFC during cognition. Our
analysis focused on left hemisphere hip-
pocampus, IFG, and MFG aligned with
hemisphere lateralization of verbal epi-
sodic and semantic memory processes
(Wagner et al, 2001; Dobbins et al,
2002). The left hippocampus and PFC
are coactivated during encoding and
recall of verbal stimuli in memory (van
Kesteren et al, 2010; Preston and
Eichenbaum, 2013; Qin et al, 2014).
However, the directionality of informa-
tion flow between the hippocampus
and PFC during memory encoding and
recall is not well understood as fMRI, the
mainstay of hippocampus-PFC investi-
gations in humans, lacks requisite tem-
poral resolution for probing causal
circuit dynamics.

To address this question, we used
PTE, which provides a robust and
powerful tool for characterizing infor-
mation flow between brain regions
based on phase coupling (Lobier et al.,
2014; Hillebrand et al., 2016; Wang et
al., 2017). We used PTE rather than
phase locking or coherence, which have
been used previously to probe hippo-
campal-PFC interactions in rodents
(Jones and Wilson, 2005; Benchenane
et al., 2010), since phase locking or
coherence measures do not probe causal
influences and cannot address how
one region drives another. Instead, our
study examined the direction of infor-
mation flow between the hippocampus
and the PFC using robust estimators of
the direction of information flow. PTE
assesses with the ability of one time-se-
ries to predict future values of other
time-series, thus estimating the time-
delayed causal influences between the
two time-series, whereas phase locking
or coherence can only estimate “instan-
taneous” phase synchronization, but not
predict the future time-series. Crucially,
PTE is a robust, nonlinear measure
of directionality of information flow
between time-series (Lobier et al., 2014;
Hillebrand et al., 2016). A brain region
has a stronger causal influence on a tar-
get if knowing the past phase of signals
in both regions improves the ability to
predict the target’s phase compared
with knowing only the target’s past
phase. PTE has several advantages
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Figure 6. Causal directed information flow between hippocampus and PFC in the beta (12-30 Hz) frequency band. a, Hippocampus
— IFG (HIPP — IFG) during memory encoding and recall (n = 98). b, Hippocampus — MFG (HIPP — MFG) during memory encoding
and recall (n=178). Both IFG and MFG nodes had higher causal influences on the hippocampus than the reverse during both memory
encoding and recall in the beta frequency band. Only successfully recalled words are induded. On each box, the middle mark indicates the
median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. Whiskers extend to the most
extreme data points not considered outliers. ***p << 0.001; *p << 0.05; (two-way ANOVA).
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Figure 7.  Sumogate data analysis to test the statistical significance of the observed PTE values compared with those obtained by chance
in broadband. a, Hippocampus — IFG (HIPP — IFG) during memory encoding and reall. b, Hippocampus — MFG (HIPP — MFG) dur-
ing memory encoding and recall. Blue represents the distribution of the surrogate PTE values. Red represents the observed PTE for HIPP —
[FG/MFG. Green represents the observed PTE for IFG/MFG — HIPP. The estimated phases from the Hilbert transform for a given pair of
brain areas were time-shuffled, and PTE analysis was repeated on these shuffled data to build a distribution of surrogate PTE values against
which the observed PTE was tested (p << 0.05).
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Figure 8. Surrogate data analysis to test the statistical significance of the observed PTE values compared with those
obtained by chance in delta-theta band. a, Hippocampus — IFG (HIPP — IFG) during memory encoding and recall. b,
Hippocampus — MFG (HIPP — MFG) during memory encoding and recall. Blue represents the distribution of the surrogate
PTE values. Red represents the observed PTE for HIPP — IFG/MFG. Green represents the observed PTE for IFG/MFG — HIPP.
The estimated phases from the Hilbert transform for a given pair of brain areas were time-shuffled, and PTE analysis was
repeated on these shuffled data to build a distribution of surrogate PTE values against which the observed PTE was tested
(p<0.05).

(a) IFG
5 4
25 x 10 10 %10 .
2 8-
15 6
1 4
0.5 2
0 o 0
0.4 0.6 0.8 1 0.5 0.6 0.7 0.8 0.9 1
PTE PTE
(b) MFG
5 S
4 x10 . 25 x 10 .
3 2
15
2
1
5 0.5
0 — 0 -
0.4 0.6 0.8 1 0.5 0.6 0.7 0.8 0.9 1
PTE PTE

Figure 9. Surrogate data analysis to test the statistical significance of the observed PTE values compared with those
obtained by chance in beta band. a, Hippocampus — IFG (HIPP — IFG) during memory encoding and recall. b, Hippocampus
— MFG (HIPP — MFG) during memory encoding and recall. Blue represents the distribution of the surrogate PTE values. Red
represents the observed PTE for HIPP — IFG/MFG. Green represents the observed PTE for IFG/MFG — HIPP. The estimated
phases from the Hilbert transform for a given pair of brain areas were time-shuffled, and PTE analysis was repeated on these
shuffled data to build a distribution of surrogate PTE values against which the observed PTE was tested (p < 0.05).
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over Granger causal analysis (Barnett
and Seth, 2014), as it (1) can capture
nonlinear interactions, (2) can estimate
causality between nonstationary time-
series, (3) is more accurate and com-
putationally less expensive than trans-
fer entropy, and (4) estimates causal
interactions based on phase, rather
than amplitude, coupling (Schreiber,
2000; Lobier et al., 2014; Hillebrand et
al., 2016).

We examined causal influences be-
tween the hippocampus and the PFC
during a verbal episodic memory task in
which participants had to subsequently
recall a list of words (Solomon et al,
2019). Average recall accuracy across
patients was 25.5 = 8.7%, similar to prior
studies of verbal episodic memory re-
trieval in neurosurgical patients (Burke
et al., 2014). The mismatch in the num-
ber trials therefore made it difficult to
directly compare causal signaling meas-
ures between successfully versus unsuc-
cessfully recalled words. From the point
of view of probing behaviorally effective
memory encoding, our focus was there-
fore on successful recall consistent with
most prior studies (Watrous et al., 2013;
Long et al., 2014). Age- or gender-related
effects were not analyzed in our study
because of lack of sufficient male partici-
pants for electrode pairs for brain regions
(e.g., hippocampus-IFG and hippocam-
pus-MFG had only 2 male patients each;
Table 2).

PTE revealed significantly higher
broadband causal influence of the hippo-
campal electrodes on the IFG and MFG
electrodes than the reverse during both
successful encoding and successful recall
of words in the episodic memory task.
Moreover, causal information flow of
the hippocampus on the PFC was signi-
ficantly higher during both memory
encoding and recall, compared with the
resting state. Our findings are consistent
with and extend a previous report in a
sample of 3 participants suggesting a
trend toward higher causal influence of
the hippocampus on bilateral PFC elec-
trodes during episodic memory recall
(Anderson et al.,, 2010). Using a much
larger sample of 26 participants localized
to the left hemisphere, we found that hip-
pocampal influence on the PFC was sig-
nificantly higher than the reverse, during
both episodic memory encoding and
recall. Furthermore, this pattern was
observed in both the IFG and MFG sub-
divisions of the PFC, and causal influen-
ces of the hippocampus on the IFG and
MFG did not differ from each other,
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Table 3. Number of electrodes in each node used in power spectral density analysis”
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Brain No. of No. of

regions electrodes’ participants  Participant IDs (gender/age)

HIPP 44 13 195 (M/44), 203 (F/36), 207 (F/39), 223 (F/42), 228 (F/58), 230 (F/56), 236 (F/51), 240 (F/37), 247 (F/61), 292 (F/39), 297 (M/24), 298 (F/24),
299 (M/43)

IFG 49 13 200 (M/25), 204 (F/25), 207 (F/39), 223 (F/42), 230 (F/56), 236 (F/51), 240 (F/37), 260 (F/57), 264 (F/52), 286 (F/57), 297 (M/24), 298 (F/24),
299 (M/43), 310 (M/20)

MFG 94 2 185 (M/20), 193 (M/37), 195 (M/44), 196 (M/18), 200 (M/25), 204 (F/25), 207 (F/39), 222 (F/20), 223 (F/42), 228 (F/58), 230 (F/56), 232

(M/27), 240 (F/37), 247 (F/61), 260 (F/57), 264 (F/52), 275 (M/41), 283 (F/29), 286 (F/57), 298 (F/24), 299 (M/43)

“HIPP: hippocampus; IFG: inferior frontal gyrus; MFG: middle frontal gyrus.

*The encoding session file for subject 185 was missing. For the memory encoding task, the number (n) of electrodes was 91 for MFG.

(a) Hippocampus (b) MFG
149 ! 149
16
110 _110
N 5 N
S z
> = >
3 85 48 g 85
9] 5 ©
> 3 =
@ 50 o 50
[T [T
2
25 25
1
0 320 640 960 1280 1600 0 320 640 960 1280 1600
Time (ms) Time (ms)
() IFG
149 7
6
110
¥ 5
> =
8 85 4 %
N o
g 50 =
[T
2
25

0 320 640

960 1280 1600

Time (ms)

Figure 10.

Spectrograms of iEEG activity during memory encoding. @, Hippocampus (n = 44). b, MFG (n=91). ¢, IFG (n =49). Red vertical line indicates presentation of word. Each word

was presented for ~1.6 s. Line frequencies have been removed from y axis, and y axis has been adjusted accordingly for visualization.

neither during successful memory encoding nor during suc-
cessful memory recall. Although previous fMRI studies
have emphasized a greater role for the left IFG in controlled
recall of verbal materials (Hasegawa et al., 1999; Wagner et
al., 2001; Dobbins et al., 2002; Badre et al., 2005; Badre and
Wagner, 2007), the present iEEG findings point to involve-
ment of both the IFG and MFG. Our findings thus provide
robust electrophysiological evidence for dynamic causal
influence of the hippocampus on both the IFG and MFG
subdivisions of the PFC during both memory encoding and
recall.

Frequency-specific directionality of information flow
between the hippocampus and the PFC

The second goal of our study was to investigate the frequency
specificity of directional information flow between the hippo-
campus and the PFC. Based on previous reports in rodents and
nonhuman primates, we focused on delta-theta (0.5-8 Hz) and
beta (12-30 Hz) bands, as enhanced local field potentials in these
frequency bands have been identified in the hippocampus and
PFC, respectively (Engel and Fries, 2010; Watrous et al., 2013;
Ekstrom and Watrous, 2014; Stanley et al., 2018; Boran et al,,
2019). Previous iEEG studies have reported significant delta-
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Figure 11.

Spectrograms of iEEG activity during memory recall. a, Hippocampus (n = 44). b, MFG (n = 94). ¢, IFG (n =49). Zero in the x axis denotes recall of a word. Shown is 1.8 s seg-

ment immediately preceding recall of a word for each brain region; 1.6 s segment immediately preceding vocal onset of a word was considered for analysis. Line frequencies have been

removed from y axis, and y axis has been adjusted accordingly for visualization.

theta frequency (0.5-8 Hz) band activity in the hippocampus dur-
ing recall of verbal, temporal, and spatial information from
recently encoded memories (Foster et al., 2013; Jacobs et al,
2016; Goyal et al., 2018; Solomon et al., 2019), but the frequency
specificity of causal hippocampal-PFC signaling in the human
brain associated with memory encoding and recall has not been
well understood. Our analysis revealed two key dissociations in
the frequency-specific directionality of information flow between
the hippocampus and PFC.

In the delta-theta band, we found that the hippocampus had
higher causal influences on the PFC, compared with the reverse
direction; this pattern was observed during both verbal memory
encoding and memory recall. This finding is consistent with
reports of delta-theta frequency band hippocampal-PFC syn-
chronization during spatial memory recall (Watrous et al.,
2013; Ekstrom and Watrous, 2014; Bohbot et al., 2017).
Crucially, we extend previous reports by demonstrating
directed causal influences from the hippocampus to PFC
during verbal memory processing. In contrast, we found an
opposite pattern in the beta band with higher PFC causal
influences on the hippocampus, compared with the reverse
direction; again, this pattern was observed during both mem-
ory encoding and recall.

The pattern of frequency-specific directed causal information
flow observed in the present study converges surprisingly well on
findings from electrocorticogram recordings in a hierarchy of
left hemisphere primate visual areas (Bastos et al., 2015). In this
study, which involved 2 macaque monkeys performing a visuospa-
tial attention task, it was found that feedforward influences were
carried by delta-theta band synchronization, while feedback influen-
ces were carried by beta band synchronization. Furthermore, theta
rhythms promoted information flow in the feedforward direction
during bottom-up processing, whereas beta rhythms promoted in-
formation flow in the reverse direction because beta influences in
the top-down direction were significantly diminished when
attention was directed away to the left (ipsilateral) visual field.
Our findings indicate a similar pattern of frequency-specific
directed causal information flow linking hierarchical inflow
between the hippocampus and PFC. Top-down information
flow from the PFC in the beta band may contribute to transi-
tioning latent neuronal ensembles into “active” representa-
tions (Spitzer and Haegens, 2017) as well as the subsequent
maintenance of information in cell assemblies (Engel and
Fries, 2010), while delta-theta rhythms in the hippocampus
may signal pattern completion associated with memory recall
that is conveyed to multiple PFC regions (Eichenbaum, 2017).
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In sum, these results suggest that the hippocampus and PFC
exert feedforward and feedback influences through distinct fre-
quency channels and that delta-theta and beta rhythms have dif-
ferent synchronization properties. This frequency-dependent
directionality of information flow may provide a mechanism by
which hippocampus and PFC circuits function in concert albeit
via parallel signaling mechanism pathways, which reflect their
distinct roles in episodic memory formation.

PTE, rather than power spectral density, underlies causal
information flow

PTE, as used in the present study, provides a robust measure of
direction of information flow between electrode pairs (Lobier et
al,, 2014; Hillebrand et al., 2016). Previous findings using multie-
lectrode array recordings in both humans and animal models
have established that phase, rather than amplitude, is crucial for
both spatial and temporal encoding of information in the
brain (Lachaux et al., 1999; Kayser et al., 2009; Siegel et al.,
2009; Lopour et al.,, 2013; Ng et al.,, 2013). Consistent with
this, we found no differences in overall power across the three
conditions (resting-state, memory encoding, and memory
recall) in any of the three brain regions (hippocampus, MFG,
and IFG) examined here. Together, these results suggest that
PTE, rather than power spectral density, underlies causal in-
formation flow reported here.

Signal propagation and temporal delays between the
hippocampus and PFC

Across all hippocampus-PFC electrode pairs, the propagation
delay 7 between the source and target signal estimated by the
PTE analysis was 17.7 ms. 7 here corresponds to the mean tem-
poral distance between phase reversals across all electrode pairs
(see Materials and Methods). This delay refers to the embedding
delay used in the PTE analysis, and does not necessarily corre-
spond to the signal propagation delay. Nevertheless, a back of
the envelope calculation indicates a close correspondence
between the two. The average interelectrode (Euclidean) distance
between hippocampus and PFC electrodes in our study was 70.5
mm (actual white matter tracts will be longer). Histologic studies
of axonal tracts in primate lateral PFC have suggested a conduc-
tion velocity of ~5.4 mm/ms (Caminiti et al., 2013). This results
in an axonal transmission time of 13.05 ms, which together with
a synaptic transduction time of 3-5 ms matches the delay 7 used
in the PTE analysis quite well. Thus, the temporal delays used in
our study are physiologically meaningful and correspond to
directional hippocampus-PFC signal interactions on a timescale
consistent with monosynaptic influence.

In conclusion, our study advances foundational knowledge of
directed information flow between the hippocampus and PFC
during verbal episodic memory in humans. Using high temporal
resolution iEEG recordings from a large cohort of participants,
we uncovered distinct feedforward and feedback signaling mech-
anisms between the hippocampus and PFC. Our study also
revealed frequency specificity of causal feedforward and feedback
interactions between the hippocampus and PFC. Our findings
provide novel insights into dynamic causal interactions that sub-
serve episodic memory in the human brain and help advance
knowledge of the operating principles of circuit mechanisms in
verbal memory encoding and recall. More broadly, our findings
provide a template for probing the neural circuit basis of hippo-
campal-PFC dysfunctions, which are prominent in psychiatric
and neurological disorders.
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