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ABSTRACT

The precise and fleeting moment of rich recollection triggered by an environmental cue is
difficult to reproduce in the lab. However, epilepsy patients can experience sudden remi-
niscences after intracranial electrical brain stimulation (EBS). In these cases, the transient
brain state related to the activation of the engram and its conscious perception can be
recorded using intracerebral EEG (iEEG).

We collected various EBS-induced reminiscences for iEEG analysis, classifying them as
follows: no or weak details (familiarity); moderate details and context (semantic and per-
sonal semantic memories); high details and context (episodic). Nine brain areas were
selected within the temporal lobes (including the hippocampus and temporal neocortex,
ipsi- and contralateral) and the insula, defining a network (each area as a node). Functional
connectivity was measured by estimating pair-wise non-linear correlations between sig-
nals recorded from these brain regions during different memory events.

Seventeen reminiscences in six patients (2 episodic, 10 personal semantic, 2 semantic
memories, 5 familiar objects, 1 déja-révé) were compared to 18 control experiential phe-
nomena (unrelated to reminiscence), 18 negative EBS (which failed to elicit memories or
other phenomena) in the same locations, and pre-EBS baseline activity.

The global functional connectivity in the network was higher following EBS-induced
reminiscences than during baseline activity, control phenomena, or negative EBS. The

Abbreviations: AD, Afterdischarge; EBS, Electrical Brain Stimulation; CEP, Control Experiential Phenomenon; EP, Experiential phe-
nomenon; iEEG, Intracranial (or intracerebral) electroencephalogram; MRI, Magnetic Resonance Imagery; MWW, Mann Whitney Wil-
coxon test; NEG, Negative electrical brain stimulation; REM, Reminiscence (induced by EBS); SEEG, Stereoelectroencephalography.
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degree of connectivity increased with the complexity of memories; it was higher for
detailed and contextualized memories like episodic memories. More significant links
compared to baseline (edges with higher non-linear correlation relative to baseline) were

observed for episodic memories than for less contextualized memories. These increases in
connectivity occurred in all frequency bands, except the delta band.

Our results support understanding declarative memory retrieval as having a multi-
plexed organization. They also show that richer memories activated by intracranial EBS are
related to more complex connectivity patterns across medial and neocortical temporal lobe

structures.

© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

“I had entered the courtyard of the Guermantes mansion [...]. And at
the moment [...] I put my foot on a stone which was slightly lower
than its neighbor, all my discouragement vanished [...] again the
dazzling and indistinct vision fluttered near me [...] I recognised the
vision: it was Venice, of which my efforts to describe it and the
supposed snapshots taken by my memory had never told me any-
thing, but which the sensation which I had once experienced as I
stood upon the two uneven stones in the baptistery of St Marks’s
had, recurring a moment ago, restored to me complete with all the
other sensations linked on that day to that particular sensation.” A
memory of a specific moment in a journey to Venice was
suddenly awake in Proust’s mind (Proust, 1927). This vivid
experience was triggered by “uneven paving-stones in front of the
coach-house.”

Marcel Proust dissected the most influential examples of
the precise fleeting moment when the rich recollection and
vivid reinstatement of a past event is cued by a trigger, without
any effort of mental retrieval (Frankland et al, 2019;
Steinvorth et al.,, 2006; Tulving et al., 1983), such as cited
above. He also presented the now famous image of how
mouthful of a madeleine dipped in lime blossom tea led to a
sudden feat of mental time travel back to his childhood. Such
experiences can be observed in the course of what are called
“involuntary autobiographical memories” (Barzykowski &
Moulin, 2022; Bradley et al., 2013). These arise and “pop up”
in our minds without explanation or when we unexpectedly
encounter a stimulus in our environment (Curot et al., 2023).
The absence of conscious effort involved is interesting, as this
lack of intention might ensure the authenticity of the
retrieved information and limit the distortions that tend to be
inseparable from memory reconstruction (Conway & Pleydell-
Pearce, 2000; Schacter, 1999).

Involuntary autobiographical memories involves the acti-
vation of an engram (Frankland et al., 2019), i.e., the rein-
statement of “this specific pattern of connectivity between engram
cell ensembles distributed in multiple brain regions” (Tonegawa et
al., 2015), which has been instated during the encoding of the
initial experience. The engram was initially defined as the
neural substrate responsible for storing and recalling mem-
ories (Josselyn et al., 2017; Schacter et al., 1978). The sudden
uncovering of an engram constitutes one of the most intense,
although elusive, phenomenological experiences that link us
to our own past.

Unfortunately, exploring the neural dynamics and the
activation of the engram in humans remains a Holy Grail in
research on the brain, seemingly being forever out of reach.
How, that is, is it possible to capture such highly personal,
transient, involuntary, autobiographical memories? Despite
increasingly ecological experiments (Lemesle et al., 2022), the
memory paradigms available to us cannot gather all the
naturalistic characteristics of episodic memory, and even less
so in the case of involuntary autobiographical memories. In
any case, there is a pressing need for alternative ways to study
memory in humans in conditions that are closer to real life,
that s, at the same time that memory spontaneously unfolds.

Despite the elusive nature of such memories, some
epileptic patients can experience sudden involuntary remi-
niscences after intracranial electrical brain stimulation (EBS)
(Curot et al., 2017; Penfield & Perot, 1963). Penfield was the first
researcher to artificially activate such engrams in epileptic
patients while they were awake during surgery (Josselyn et al.,
2015; Penfield & Perot, 1963), but the observation of epileptic
patients spontaneously experiencing such reminiscence dates
back to the pioneering work of Hughlings-Jackson (1888).
Replacing environmental cues and without any effort on the
part of the subject, EBS triggers a transient brain state, which
can be recorded, or “trapped”, by intracranial EEG (iEEG). The
involuntary sudden projection in time and space induced by
such EBS makes these memories phenomenological experi-
ences that are very different from memories that have been
retrieved using classic memory tasks. Instead, they bear
greater resemblance with Proust’s experiences (Bartolomei et
al., 2016). Therefore, EBS is a unique method for ‘uncovering
the engram’ and gaining a better understanding of how
memories are stored and organized in the brain.

However, reminiscences are difficult to induce using EBS
(Curot et al., 2017). Their scarcity and their low reproducibility
have fueled a series of debates about their origin and about the
nature of the engram that they can activate. According to one
hypothesis, now considered a neuromyth (Loftus & Loftus,
1980; Yapko, 1994), the engram reactivated by EBS is literally
a tape recording comprising every detail the subject had
experienced in the past (Penfield & Perot, 1963). In the early
90’s, Gloor contradicted the tape recorder hypothesis, since
his own clinical experience of EBS had mainly resulted in
fragmentary memories (Gloor, 1990). He theorized that the
engram reactivated by EBS forms a matrix of neuronal net-
works “representing the substrate of a given experience”, but not
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the intact experience itself. A recent review of all reminis-
cences induced by EBS (Curot et al., 2017) showed that, in
agreement with Gloor’s suggestion, reminiscences can be
induced by EBS applied to different areas of the medial tem-
poral lobes, suggesting that activating any part of the matrix
can activate the whole matrix. Such a matrix could tolerate a
certain amount of degradation resulting from the passage of
time and epileptic activities. This theory accords with data on
the malleability of our memories (Conway, 2005) and their
semanticization over time, associated with progressive
decontextualization and loss of information (Cermak et al.,
1984; Chrysanthidis et al., 2022; Tulving, 1972). It predicts
that the whole matrix (i.e., the whole engram) would only
rarely be activated, because of degradation over time. It also
predicts, conversely, that the more nodes and connections
between nodes are activated, the more complex the memory
being retrieved should be, as the activated matrix should then
resemble the original matrix (Gloor, 1990).

Since Gloor’s research, a few case reports have focused on
the functional coupling that occurs between different nodes of
the network activated by EBS. They have revealed a higher
functional coupling in distributed temporal and extra-
temporal areas (Bartolomei et al., 2016), including synchroni-
zationin the thetarange (Barbeau etal., 2005). Recent reports of
memories induced by EBS in the fornix also suggested that
increasing the intensity of EBS could increase the details of
induced memory, thus the completeness of the engram that
was activated (Deeb et al., 2019). However, most EBS fail to
activate a full engram that would be exactly the same as during
the encoding experience (Curot et al., 2017), as predicted by
Gloor.

Here, referring to Gloor’s notion of a more or less “degraded
matrix”, we aimed test the hypothesis according to which the
complexity of memories induced by EBS is related to the
complexity of the connectivity pattern across brain areas
following EBS. We collected a wide range of memory types
induced by EBS, from poorly (semantic) to highly detailed and
contextualized (episodic) memories. We analyzed functional
connectivity between nine regions of interest in the medial
and lateral bilateral temporal lobes as well as in the insula
during involuntary memories and compared these with
baseline state and 1) negative EBS (not inducing memories)
and 2) EBS leading to other types of experiential phenomena,
in this case experiential phenomena devoid of mental imag-
ery, such as déja vu.

2. Methods
2.1. Participants

We firstidentified EBS-induced experiential phenomena in the
stereoelectroencephalography (SEEG) databases of two French
epilepsy surgery centers (Marseille and Toulouse) between
2003 and 2016. All patients had suffered from focal epilepsy,
and anticonvulsant drugs failed to control their seizures. The
exactlocation of the epileptogenic zone could not be identified
with confidence using non-invasive assessments (Isnard et al.,
2018). The study was approved by the local ethics committees

(the Institutional Review Board of the Assistance Publique des
Hopitaux de Marseille, C3BHV2, and the Toulouse University
Hospital Ethics Committee, CER No0.47-0913). Each patient
received detailed information about the objectives of the SEEG
technique prior to electrodes being implanted, signed
informed consent forms agreeing to the diffusion of their data
for scientific purposes. EBS is a standard clinical procedure that
is used for assessing the local propensity of the sampled brain
areas to induce seizures and for functional mapping.

Patients were retrospectively selected if: (1) they reported
experiential phenomena induced by EBS corresponding to
reminiscences with the inclusion criteria defined below; (2)
control experiential phenomenon induced by EBS and/or
negative EBS were available on the same locations; (3) EEG data
were of good quality; and (4) implantation included the nine
selected nodes defined below. We did not necessarily have a
reminiscence, a control experiential phenomenon, and a
negative EBS for each EBS location for each patient. Patient
CGT, for instance, experienced a reminiscence at one point
and, at another time, experienced no symptom following
rhinal EBS. No control experiential phenomenon was reported,
however.

2.2. Electrode implantation, locations, and regions of
interest

The choice of electrode locations was based solely on pre-
SEEG clinical hypotheses about the location of the epilepto-
genic zone. Semi-rigid multilead clinical depth electrodes
(DIXI Medical, France or Alcis, France) were implanted ster-
eotactically according to Talairach’s method (Talairach et al,,
1962). Each electrode was .8 mm in diameter and contained
5—-18 contacts (platinum/iridium) that were 2 mm long and
1.5 mm apart. The exact location of each contact was deter-
mined using post-operative CT scan/pre-operative MRI data
fusion, whose resolution allows a visual control of its
anatomical location in the gray or white matter (Bartolomei
et al., 2004; Evangelista et al., 2015) (Fig. 1B).

As tailored implantations are performed for each SEEG, the
global mapping of electrodes is specific to each patient. Our
aim was to analyze the statistical interdependencies between
bipolar signals exploring different regions of interest. To allow
comparisons across patients, contacts in similar locations had
to be selected. Therefore, we first selected nine locations (i.e.,
network nodes) a priori among the most frequently implanted
brain areas across patients and known to be broadly involved
in declarative memory networks (Figs. 1 and 2) (Cabeza &
Jacques, 2007; Dickerson & Eichenbaum, 2010). Each node
corresponds to a pair of adjacent macrocontacts located in the
gray matter, allowing bipolar recordings of intracranial iEEG.
As our aim was also to investigate specific interactions be-
tween the hippocampus and the temporal neocortex, the
majority of nodes was located inside the temporal lobes. We
added an insular node, as the insula may have a meta-
cognitive role in memory, being involved in self-awareness
(Cosentino et al., 2015; Craig, 2009). We considered hemi-
spheric lateralization in relation to the EBS site for connec-
tivity analyses (Fig. 1A): 7 nodes were retained ipsilateral to
stimulation (amygdala, hippocampus, rhinal cortex, temporal
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Fig. 1 — Selection of an a priori network of 9 nodes within homolateral and contralateral temporal lobes as well as the insula.
A: schematic location of each of the 9 nodes. B: Example of the 9 nodes location in a single patient. C: Locations of the
stimulations in all patients (EBS were pooled across patients). Numbers next to each node correspond to the number of EBS
applied on the node that could be collected (in blue: reminiscences; in light purple: control experiential phenomena; in light
brown: negative EBS). For instance, we could collect 5 reminiscences, 12 control experiential phenomena, and 9 negative
EBS induced by left amygdala EBS across all the patients. Note that EBS on the temporal pole could induce reminiscences in
several patients, but the temporal pole could not be included in the nodes because it had been implanted in patients
inconsistently. We did not collect any insular or temporal basal EBS that induced reminiscence or control experiential

phenomena.

basal cortex, inferior temporal gyrus [T3], superior and me-
dium temporal gyrus [T1/T2], insula) and two nodes were
contralateral (one node within medial temporal lobe, one
node within lateral temporal neocortex). Right and left
hemisphere nodes were pooled for connectivity analyses, and
details of the hemispheric lateralization of EBS site are avail-
able in Fig. 1C.

2.3. SEEG recordings and electrical brain stimulations

Signals were recorded on a 128-channel Deltamed™ (Mar-
seille) or Micromed system (Toulouse), sampled at 256 Hz or
512 Hz with no digital filter. Two hardware filters (high-pass
filter, cut-off frequency: .16 Hz at —3 dB; first-order low-pass
filter, cut-off frequency: 97 Hz at —3 dB) were applied to avoid
aliasing. During the clinical procedure, high frequency (50 Hz)
or low frequency (1 Hz) EBS (pulse duration 1 msec) were
applied in a bipolar fashion to most contacts in the gray
matter and to some contacts in the white matter (according to
the information required by the clinician), generally over a
period of 5s for high-frequency EBS and 10s for low-frequency
EBS. The current was gradually increased from .5 to 2.5 mA
from one EBS to another (following standard clinical param-
eters in French epilepsy centers described in (Isnard et al,,
2018)). Patients could be at rest or, for example, reading a
magazine, and did not perform any specific cognitive tasks
during EBS. They were not aware of when an EBS was applied.
The standard protocol included mock trials in which patients

were asked whether they had felt anything when no EBS was
applied. Each site was stimulated a varying number of times
depending on clinical constraints and initial EBS results. The
phenomena reported in this study are those collected during
this standard clinical procedure. We excluded EBS that trig-
gered seizures and EBS exclusively in white matter. We re-
ported whether an afterdischarge (AD) followed the EBS (Fig. 3,
Tables 2 and 3, Supplementary Table). AD is defined as tran-
sient EEG changes after EBS, easily observed on intracranial
recordings and corresponding to a burst of epileptiform ac-
tivity induced by EBS (Kovac et al., 2016; Liu et al., 2017). AD
can be confined to the electrodes that are stimulated, but can
also spread to other brain areas, with or without clinical
symptoms.

2.4. Classification of experiential phenomena

We analyzed the content of each memory, using detailed in-
terviews of each patient reviews of the videos synchronized
with EEG. We classified them as reminiscence, control experiential
phenomena (CEP), or negative EBS (NEG). This classification was
based solely on their semiology (their content and their phe-
nomenology), and not on the EEG. We selected only EBS that
induced a reminiscence in patients who also experienced at
least one EBS inducing CEP and/or one NEG in the same
location. REM was defined by the following criteria, as
described in our previous studies (Curot et al., 2017, 2018) and
relating to involuntary memories: (1) visual or auditory

networks, Cortex, https://doi.org/10.1016/j.cortex.2024.11.015
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Fig. 2 — Illustration of how functional connectivity was computed. A- Illustration of the pre- and post-EBS epochs for iEEG
recorded in the left hippocampus and left inferior lateral cortex after stimulation of the left amygdala. Two examples of
overlapping sliding windows are illustrated. B- An example of the evolution of functional connectivity as assessed by the h2
value for each sliding window along each epoch between the iEEG recorded in the same regions as A, but here filtered in the
theta band. MMT: anonymized label of the patient. C- Example of functional connectivity (h2 values) across all nodes after
different EBS, for iEEG filtered in the alpha band (patient MMT). Amy: Homolateral amygdala; BT: Homolateral basal
temporal cortex; Hip: Homolateral hippocampus; Ins: Homolateral insula; Lat: Contralateral temporal lateral neocortex;
Med: Contralateral medial temporal lobe; Rh: Homolateral rhinal cortex; T1, T2: Homolateral superior and medium temporal

gyri, respectively.

content or both, which could be more or less elaborate; (2)
relation with memory; (3) induced by EBS. We then classified
these memories according to the type of memory they belong
to, based on modern conceptions of long-term memory, from
non-contextualized and generic semantic memories to
episodic memories that were highly detailed and contextual-
ized in time and space (Moscovitch et al., 2005; Renoult et al.,
2012; Tulving, 2002). We distinguished between autobiograph-
ical episodic memories, personal semantics, semantic memories,
familiar elements, and déja-révé (Curot et al., 2017, 2018) (Table
2). CEP included other experiential subjective phenomena
that are not memories induced by EBS. They were all devoid of
mental imagery and could not be defined as memories. In this
category, we gathered: (1) déja vu and déja vécu (respectively,
subjective sense of familiarity or feeling of recollection for an
objectively new situation, without any content or mental
imagery (Illman et al., 2012)); (2) feeling of strangeness; (3)
transient amnesia; and (4) familiar odor devoid of any other
mental content (no mental imagery, no sense of recollection,
no accurate contextualization in time and space). NEG did not

induce any particular experiential phenomena or clinical
signs.
2.5. Selection of periods of interest (epochs)

For each EBS, two epochs were selected (Fig. 2A): (1) a baseline
epoch, lasting 20 sec before the stimulation (ending at the
onset of the EBS); (2) a post-EBS epoch, lasting 5 sec, beginning
immediately after the end of the EBS artefacts and corre-
sponding to either an REM, an NEG, or a CEP. Following pre-
vious studies (Barbeau et al., 2005; Bartolomei et al., 2012, 2016,
2019; Popa et al., 2019), we chose not to analyze EEG during EBS
in order to avoid EBS artefacts. Baseline epochs with interictal
epileptic discharges were not included. It is difficult to identify
the precise onset of the memory and mental imagery in our
patients, as it may start any time from the beginning of the
EBS to some seconds after. However, even when reminis-
cences started during the EBS artefact, videos time-locked on
the EEG strongly suggested that memory reinstatement per-
sisted in the few seconds after EBS.

networks, Cortex, https://doi.org/10.1016/j.cortex.2024.11.015
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A - Semantic memory induced by left amygdala EBS followed by an afterdischarge (patient 6 - MMT)
Baseline / 50 Hz, 1 mA “It made me think about a cartoon... a little fish..”
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Fig. 3 — Examples of raw iEEG signals during three 50 Hz EBS instances lasting 5 sec of the medial amygdala in the same
patient (Patient 6 — MMT). A — EBS of the left amygdala induced a semantic memory (MMT_R1). The patient reported, “I have
nausea ... It made me think about a cartoon ... There was a little fish ... In a bowl ... ” This description corresponds to a
French TV advertisement for chocolate yogurts. The intensity of EBS was 1 mA. An afterdischarge occurred immediately
after EBS within medial temporal areas before quickly propagating to the left lateral temporal cortex and insula. B — EBS of
the left amygdala (same contacts as before) induced another semantic memory (MMT_R3). The patient described, “Oh ... A
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2.6. Functional coupling (h2)

Computing non-linear correlations between the EEG signals
allows us to estimate the statistical relationships between
signals and interpreting results in terms of functional
coupling, i.e., functional correlations, between neural as-
semblies. Non-linear regression analysis, i.e., h2 coefficient
(Wendling et al., 2001), was used to study the functional
connectivity between the nine nodes selected (Fig. 2B). The h2
method has been used efficiently for epileptic activity (Arthuis
et al., 2009; Evangelista et al., 2015; Lagarde et al., 2018),
experiential phenomena (Bartolomei et al., 2012, 2016) and
other subjective phenomena (ecstatic hallucinations, body
perception illusions) induced by EBS (Bartolomei et al., 2019;
Popa etal., 2019; Scholly et al., 2022). It is a pair-wise approach
that measures interdependency between 2 iEEG signals, X and
Y, independently of the type of relation between them. It
considers the amplitude of Y as a function of the amplitude of
X using a non-linear (piecewise linear) regression curve and
estimates the variance of Y that is explained, or predicted, by
X according to this regression curve (Wendling et al., 2001).
The h2 coefficient has values between 0 (no correlation) and 1
(maximal correlation) (Fig. 2B and C). Low h2 values denote
that signals X and Y are independent, whereas high h2 values
mean that both signals are dependent. To cope with the non-
stationarity of iEEG signals and transient abrupt changes
induced by EBS, the analysis of pre- and post-EBS epochs uses
sliding windows (Fig. 2A). Sliding windows last 1 sec with an
overlap of .5 sec. An h2 value is retained for each window
sliding on the signal. Regression methods are robust methods
for estimating functional relationships, validated in various
forms of models (Wendling et al., 2009), especially on the SEEG
signal (Bartolomei et al., 2016; Bratu et al., 2021; Liégeois-
Chauvel et al., 2014).

The analyses were computed on bipolar signals recorded
from two adjacent contacts located in each area, on the
broadband iEEG (providing a global estimation of non-linear
interdependencies) and on signals filtered in five five-
frequency bands (Hamming Finite Impulse Response (FIR) fil-
ters): delta (.5—3.4 Hz); theta (3.4—7.4 Hz); alpha (7.4—12.4 Hz);
beta (12.4—24 Hz); and gamma (24—97 Hz) (example in the theta
bandin Fig. 2B, in the alpha band in Fig. 2C). We applied a 50 Hz
notch filter. We thus obtained functional connectivity graphs
where h2 values allow us to infer the strength of the link be-
tween two nodes in each frequency band. We used the Any-
wave software and its plugins to compute h2 coefficients
(Colombet et al., 2015) and Matlab software (Natick, MA) for
further analyses. Note that a bipolar montage may decrease
the power in lower frequency bands (Parish, Michelmann, &
Hanslmayr, 2023). Here, we chose a bipolar montage as in
previous studies using a similar methodology (Bartolomei et
al., 2016; Evangelista et al., 2015). The impact of different

possible montages (7 possibilities were described in Parish,
Michelmann, & Hanslmayr, 2023) is beyond the scope of this
article.

2.7.  Average power and wavelet coherence

In parallel to the connectivity analyses, we computed the
mean power in five frequency bands using a wavelet trans-
form across different epochs (Supplementary Figures). For
each patient, the mean power (1V?) was calculated separately
for the pre-EBS and post-EBS epochs at each node, comparing
reminiscence and non-reminiscence periods.

A grand average power spectrum was derived across all
nodes during EBS-induced recollection, in comparison to
baseline epochs and CEP. We also analyzed spectral coherence
between each node for the reminiscence, CEP, and baseline
conditions with a particular focus on key links between the
rhinal cortex and hippocampus—regions commonly involved
in reminiscences during EBS. These analyses were performed
using Matlab software (Natick, MA), excluding patient 1 due to
EEG format incompatibility.

2.8. Statistical and network analyses

A network is a mathematical representation of a complex
system defined by a collection of nodes and links (or edges,
i.e., functional or effective connections) between pairs of
nodes (Rubinov & Sporns, 2010). We used different comple-
mentary measures from h2 computations to reflect the vari-
ations in connectivity between pairs of nodes induced by EBS
inside the network. Details about these different measures are
available in previous studies (Bartolomei et al., 2012, 2016,
2019; Popa et al., 2019).

As a first network measure, we estimated the mean func-
tional connectivity of the network by computing the distribution
of all h2 values across all nodes. We computed all pair-wise
interactions from the nine nodes (72 connections). We
computed a mean of all these h2 values across all pairs of
nodes separately over the baseline epochs and the post-EBS
epochs for each condition (reminiscence, CEP, and negative
epochs), on broadband signals and in each frequency sub-
band in order to assess whether variations in connectivity
depended on the frequency and/or were specific to one fre-
quency. We used paired Wilcoxon tests to compare baseline
epochs with related post-EBS epochs, and an unpaired Mann
Whitney Wilcoxon (MWW) test to compare the different types
of post-EBS epochs (Python, sci.py library). A P-value of <.05
was considered significant. The dataset included a limited
number of epochs despite drawing on the largest database of
reminiscences compiled to date. We therefore treated each
test in isolation and did not control for multiple comparisons.
Note that we also provide several lines of results that all

memory of I don’t know what ... It looks like cotton candy ... And a strange feeling in the throat ... An acidity ... ” The
intensity of EBS was .8 mA. No afterdischarge occurred. C — EBS of the left amygdala (same contacts as before) did not induce
a memory phenomenon (MMT_C6). Instead, the patient felt anxious, nauseous, and experienced a subjective onset of a
seizure. There was no memory content, and no afterdischarge was observed. The intensity of EBS was .8 mA. Note that EBS
artifacts are not visible on the amygdala since the bipolar contact chosen for analysis within the amygdala was not the
bipolar contact. Only the last seconds of baseline are depicted here.

networks, Cortex, https://doi.org/10.1016/j.cortex.2024.11.015
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Table 1 — Patients' clinical characteristics and number of reminiscences experienced.

Patient Age, Epilepsy  Hand. SOZ: Lesion: MRI result, Locations of EBS: Reminiscences: CEP: NEG: Nb Experiential
Gender  duration Hemisphere, hemisphere Locations, Nb of EBS, type Nb of EBS of EBS phenomenon in
location hemiphere usual seizures:
yes/no (type)
Patient 1 48, F 34 R Temporal, L Normal Entorhinal, L 6 (4 personal-sem, 2 4 2 Yes (déja vu,
MPM familiarity) prescience)
Patient 2 30, F 10 R Temporal, B Periventricular Entorhinal, R 1 (déja-revé) 1 1 Yes (déja vu)
CCBM heterotopia, B
Patient 3 23, F 7 R Temporal, B HS, R Hippocampus, R 1 (personal-sem) 1 0 No
MST
Patient 4 41, F 33 R Temporal, L Normal Entorhinal- 1 (personal-sem) 0 1 No
CGT perirhinal, R
Patient 5 37,M 35 R Temporal, B Temporal Hippocampus, L; 2 (1 episodic, 1 0 5 Yes (déja vu, feeling
SMT Cavernoma, R/ Amygdala, L personal-sem) of strangeness)
Hippocampal
dysmorphia, L
Patient 6 33, F 17 R Temporal, L HS, L Entorhinal, R; 6 (1 episodic, 1 12 ¢ Yes (déja vu)
MMT Amygdala, L; personal-sem, 3

Temporal pole, L

familiarity, 1
semantic)

B: Bilateral; CEP: Control experiential phenomena; Hand.: Handedness; HS: Hippocampal Sclerosis; L: Left; NEG: Negative EBS; nb: number; Perso-sem: Personal semantics; R: Right; y/n: yes/no.
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Table 2 — Reminiscences induced by EBS.

Patient EBS Reminiscence Type EBS Stimulated  AD: hemisphere, EBS EBS Intensity
Location (bipolar hemisphere location/duration frequency duration (mA)
microcontact) (sec) (sec)

Patient 1 Patient: I saw myself as if I was in a yellow room thatI  Personal Entorhinal (TB'1-2) L L, Hc, amygdala, 50 Hz 5 1
MPM_R1 have already seen. [...] A yellow room that reminds me of semantics temporal pole/4

a hotel ... No, a hospital room. [...] I saw a bed, a yellow

wall. The same yellow color as in the 60s. Doctor: Did you

see an image, a personal souvenir? Patient: Yes. [ ...] it

seems that it was a hospital room. There was an iron

bed. [ ...] it is old.
Patient 1 Patient: I saw something I have already seen. [...]itwasa Familiarity Entorhinal (TB'1-2) L L, He, amygdala, 50 Hz 5 1
MPM_R2 building and a floor. [...] I had the feeling of having temporal pole,

already seen it, but I cannot say it was that building at lateral temporal

that place. [...] I saw the floor, I just saw the floor. It was a cortex/4

building from the 60s.
Patient 1 Patient: Oh, this can’t be! it comes back. It is the same  Personal Entorhinal (TB'1-2) L L, Hc, amygdala, 50 Hz 5 1
MPM_R3 room again. This can’t be. But where was I? [...] Doctor: semantics temporal pole/5

Was it still a hospital room? Patient: Yes. Doctor: What

color? Patient: Yellow.
Patient 1 Patient (reading a sentence about politics during the Personal Entorhinal (TB'1-2) 1L L, Hc, amygdala, 50 Hz 5 1.2
MPM_R4 EBS): 2pm! 2 pm! [...] That's still this story! [...] The same. semantics temporal pole/3

I saw the same corridor style. [...] Doctor: Was it a

memory? Patient: Yes, but which one? [...] I said on

purpose that it was 2 pm, because I felt it had taken place

at 2 pm. [...] Doctor: And was that corridor rather dark?

Patient: No, the same: yellow.
Patient 1 Patient: It has returned to the room. Doctor: What has  Personal Entorhinal (TB'1-2) L L, He, amygdala, 50 Hz 5 1.2
MPM_R5 returned to the room? Patient: I have returned to the semantics rhinal cortex

room. [...] This one, with that pattern (showing the temporal pole/9

window of the hospital room), with grids. [...] The first

one, the hospital room. Doctor: Was it the same room as

the one where you saw yourself? The one that was

yellow? Patient: Yes.
Patient 1 Patient: The same [...] The same room as earlier. [...] It  Familiarity Entorhinal (TB'1-2) L L, He/4 50 Hz 5 .8
MPM_R6 was visual, something I know.
Patient 1 Patient: It’s starting again. [...] Like the other day. [...] Familiarity Entorhinal (TB'1-2) L L, Hc, amygdala, 50 Hz 5 .8
MPM_R7 The same room, the same style. Doctor: Was it yellow? temporal pole/12

Patient: Yes.
Patient 2 Patient: As if I had experienced something. I don’t know Personal Entorhinal R R, Hc, amygdala/6 50 Hz 5 1
CGT_R1 why but it brought me back to work. [...] As if it was semantics /Perirhinal (TB’2—3)

something I had experienced earlier [...] the feeling of
having already experienced that at work. I sw myself in
the hall.

(continued on next page)
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Table 2 — (continued)

Patient EBS

Reminiscence

Type

EBS
Location (bipolar
microcontact)

Stimulated
hemisphere

AD: hemisphere,
location/duration
(sec)

EBS EBS
frequency duration
(sec)

Intensity
(mA)

Patient 3
MST_R1

Patient 4

CCBM_R1

Patient 5
SMT_R1

Patient 5
SMT_R2

Patient 6
MMT_R1

Patient: Here I feel pain (shows her epigastric region) [...]
And again, it makes me feel like when I have seizures: I
mean, I'm physically in one place and then ... I'm not in
the same place. I saw myself in Pibrac at my
grandmother’s place.

Patient (reading): Now, I had a reminiscence of a dream I
had a few days ago. Doctor: What was this dream like?
Patient: Well, I was like in a closed room and everything
...Akind of ... Inaroom, Ifelt... It was very fleeting, I felt
the atmosphere of the room in which I was in that dream
... Doctor: You felt the atmosphere but did you see the
room? Patient: Yes. I saw the color. An orange color. [...]
It could be a dream I had yesterday or two days ago.
Patient: Yeah, I feel something there. [...] Something I
have already seen. Doctor: Can you explain it to me
better? Patient: An image already seen in another life.
[...] A picture of a place ... well, a place, a road where you
have already been in your life. Doctor: Can you describe
what you have seen? Patient: I saw Pibrac. Yeah, I saw
Pibrac. The main street. [ ...] Doctor: Where you “there”?
Patient: Yeah. [ ...] I am in front of the bar “St Germaine”,
that’s what it’s called. I Walk in front of the bar between
the “Catalan” (the greengrocer) and St. Germaine (the
cathedral) in Pibrac on the main street. Not far from the
church and I walk. Doctor: Did it last long? Patient: No,
five to 6 sec. Doctor: Was it associated with an emotion?
Patient: Yes, a feeling of well-being.

Patient: I feel pain there (showing her upper abdomen).
Doctor: Pain and what else? Patient: Something I have
already seen. [...] A memory, an appointment. Images
that come back in my head, of a place [...] like the car
park, close to here. [...] I felt meeting people at a festival,
in a car park, with all my friends, before getting to the
place. Doctor: Would you be able to localize that car
park? Patient: Yes, Purpan. Patient (pointing out of the
window to the supermarket car park near the hospital
which is called Purpan) [...] It created an already-seen
picture with the bus, with all the colleagues, the cars ...
There was the bus, several cars ... We are going to leave
... But the more we talk of it the more I lose that image.
Patient: I have nausea [...] It made me think about a
cartoon ... There was a little fish ... In a bowl ... it
reminds me of another seizure .... Doctor: Does it remind
you something of your life? Patient: No ...

Personal
semantics

Déja-revé

Personal
semantics

Episodic

Familiarity

Hc (A'2-3)

Entorhinal (T’B1-2)

Amygdala (A'2-3)

Hc (B'2—-3)

Amygdala (A'2-3)

R

R, medial temporal
lobe/3

R, Hc, rhinal cortex/2

L, Hc, amygdala,
rhinal cortex/40

L, whole temporal
lobe/40

50 Hz 5

50 Hz 5

50 Hz 5

50 Hz 5

50 Hz 5

Between 1 and 2

o1

\

XXX (XXXX) XXX XTIL¥0D



ST0'TT¥20C ¥33102°(/9T0T 0T /310°10p//:5d1Y ‘X3310D ‘S3I0MIDU

x9[dwod 03 paje[al 218 UOHIB[NWIS UlRIq [BILI}DS[3 [BIURIDRIIUL A PIdNPUI SSLIoWwSW Xa[dWo) “Te 19 “*[ 301Ny Sk S[d1IE SIY} 931D 3Ses[d

Patient 6 Patient: I have a memory of a bathroom ... you know, the Personal Amygdala (A'2-3) L = 50 Hz 5 .5
MMT_R2 faucets named Roca® ... [...] with the writingon it. [...]] semantics

saw the window of the bathroom furniture shop [...]

used to pass often in front of it, when I lived in Lorca in

Spain, between 13 and 21 years old.

Patient 6 Patient: Oh ... A memory of I don’t know what ... It looks Familiarity Amygdala (A’2-3) IL = 50 Hz 5 .8
MMT_R3 like cotton candy ... And a strange feeling in the throat ...

An acidity ...
Patient 6 Patient: I've got a memory ... A memory that came back Familiarity Temporal pole (A'2 L = 50 Hz 5 .8
MMT_R4 in my head ... A little girl who is spinning around herself -3)

... Doctor: Like dancing? Patient: Yes, with her arm like
that ... (she mimes her arms in the air). Doctor: Did you
know her? Patient: I don’t know. [...] she had a pink

dress. Doctor: Was she in a familiar place? [...] patient: I
Think I have already seen her. But I don’t know where,

when ...
Patient 6 Patient: I have a feeling of déja vécu ... like whenlhad an Personal Entorhinal (A’2—3) R = 50 Hz 5 1.5
MMT_R5 asthma attack [...] [ had tubes (showing her nose). Idon’t semantics

know how to explain ... This is a memory. [...] L had tubes
up my nose. I felt like tingling in the nose. Doctor: Was it
a specific asthma attack or did it remind you of the usual
sensation during asthma attacks? Patient (hesitating): A

sensation ...
Patient 6 Patient: I have a memory of having already heard Semantic Temporal pole (TP’4 1L = 50 Hz 5 1.5
MMT_R6 something, a dialogue ... with an image that lasted a very —5)

short time. I think it was an image of “back to the future”
... with the same boy I think ... He was talking about hair
... Doctor: Is this a movie you know well? Patient: Not so

much. I have seen it ... twice. [...] The last time it was

before going to the hospital.
Patient 6 Patient: F*** ... (grimacing, as if she felt nausea).Doctor: Episodic Amygdala (A’2-3) L L, temporal lobe/32 50 Hz 5 1.5
MMT_R7 What do you feel? Patient: I don’t know. [...] I had like a

memory of a seizure, a memory in my throat. It reminds
me of something I experienced when I had a seizure,
when my mum or my dad took me to the hospital ... I
think it was in Toulouse or Agen ... I didn’t know where I
was and I had a lot of nausea ... I don’t remember if it
was my mum or my dad ... I remember a psychiatric
hospital ...

AD: Afterdischarge; CEP: Control experiential phenomena; EBS: Electrical brain stimulation; Hc: Hippocampus; L: Left; NEG: Negative EBS; R: Right; Rhinal: Entorhinal and perirhinal cortices. The
different EBS were named with the patients' initials + R for Reminiscences/N for Negative EBS/C for Control EBS. Note that two different patients found themselves projected to the small town of
Pibrac, not far from Toulouse, known for its cathedral and Saint Germaine, who is said to have performed a few miracles in the 16th and 17th centuries in France...
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Table 3 — Control experiential phenomena.

Patient_EBS Reminiscence Location Hemisphere AD: hemisphere, EBS EBS Intensity
stimulated location/duration (sec) frequency duration (sec) (mA)

Patient 1 Patient: Something but it is not déja vécu. Entorhinal (TB'1-2) L = 50 Hz 5 1
MPM_C1
Patient 1 A feeling of déja lu (already read). Entorhinal (TB'1-2) L L, Hc, rhinal cortex/7 50 Hz 5 1
MPM_C2
Patient 1 Déja vu. Entorhinal (TB'1-2) L L, Hc/4 50 Hz 5 .8
MPM_C3
Patientl Déja vu. Entorhinal (TB'1-2) I L, Hc, rhinal cortex, 50 Hz 5 .8
MPM_C4 temporal pole/6
Patient 3 A feeling of anxiety without any reminiscence. Hc (A’2-3) R = 50 Hz 5 6
MST_C1
Patient 6 Patient: Oh ... (grimacing) ... A burning smell .... Amygdala (A'2-3) 1L, = 50 Hz 5 .8
MMT_C1
Patient 6 Patient (reading a Harry Potter book): I had difficulty reading. = Amygdala (A’2—3) L = 1Hz 40 3
MMT_C2 I can feel this when I have a seizure.
Patient 6 Patient (reading a Harry Potter book): I have difficulty Amygdala (A'2-3) 1L, = 1Hz 40 3.5
MMT_C3 reading ... I feel tingling in my nose ... I see the words, I can

read them but I don’t understand what it means ...
Patient 6 Patient: I feel dizziness. I feel like a memory lapse ... No, like =~ Amygdala (A’2—3) L = 1Hz 10 3
MMT_C4 a “white hole” ... I was thinking about an old hospitalization

for a video-EEG and suddenly I --- I don’t know I had the

feeling of forgetting ...
Patient 6 Patient (talking about the movie she had watched the day Amygdala (A'2-3) L = 1Hz 40 3
MMT_C5 before): Forgetting! l know what I want to say butI can’t. Like

during a seizure. The story isn’t coming back to me.
Patient 6 Patient: The same feeling as the beginning of seizure, Amygdala (A’2-3) Iy = 50 Hz 5 .8
MMT_C6 anxiety, nausea ...
Patient 6 Patient: Nausea, a particular smell. I don’t know what itis. = Amygdala (A’2—3) 1L, = 50 Hz 5 .5
MMT_C7 [...] It stinks. A DesTop® smell (caustic product).
Patient 6 Patient: Nausea, an odor, a bad taste. [...] An unpleasant Amygdala (A’2-3) 1L, L, Hc, rhinal cortex 50 Hz 5 1
MMT_C8 sensation ...
Patient 6 Patient: I feel nausea ... and a smell of alcohol ... a dizziness =~ Amygdala (A’2—3) 1L, = 50 Hz 5 .5
MMT_C9 ... flashes in my eyes and a strange sensation.
Patient 6 Patient: I feel something light. The same thing I felt a Amygdala (A’2-3) L = 50 Hz 5 3
MMT_C10 moment ago, but lighter. Nausea ...
Patient 6 Patient: A strange sensation, dizziness, like the beginningof = Amygdala (A'2—3) Iy = 1Hz 10 3
MMT_C11 a seizure.
Patient 6 Patient: F*** ... It's a sensation I've already had. It’s ... It's Amygdala (A’2-3) L L, Hc, amygdala, rhinal cortex 50 Hz 5 1
MMT_C12 disappearing. There is a smell mixed with nausea. [...] There

was no memory but a feeling of déja vu.
Patient 6 Patient (reading the Harry Potter book): Ahhh! I want to Amygdala (A'2-3) L L, He, amygdala, 50 Hz 5 1.5
MMT_C13 vomit. F*** [...] I feel nauseous. I get the impression that I rhinal cortex, temporal pole

am in “Harry Potter” ... 'm nauseous ... I feel nervous ... very
nervous ... A bad taste ...

AD: Afterdischarge; EBS: Electrical brain stimulation; L: Left; R: Right; Hc: Hippocampus; Rhinal: integrates entorhinal and perirhinal cortices.
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support the same conclusions. The unit of comparison in each
test is individual trials.

As a second network measure, we analyzed the number of
significant links (=edges) between nodes after EBS relatively to pre-
EBS period. The number of significant links reflects the changes
in functional coupling (higher coupling or decoupling) induced
by EBS. For each pair of signals (X,Y), we retained the maximal
h2 value across delays and across directions (X to Y or Y to X)
and compared the h2 values of the post-EBS epochs relative to
the h2 values of the pre-EBS epoch. For this, we calculated the
Z-scores between the h2 sets during the post-EBS epochs and
their respective baseline (pre-EBS epoch). Statistical signifi-
cance was assessed using a Mann Whitney Wilcoxon non-
parametric paired U-test between sets of responses with a
threshold of p < .05. We only considered undertaking further
analysis on significant links that corresponded to a higher
connectivity during post-EBS epoch than during baseline
epoch. The unit of comparison in each test is individual trials.

3. Results

We collected 43 EBS in 16 patients from our two epilepsy cen-
ters (transcripts are available in an open-source database, DOI:
10.6084/m9.figshare.4733026). Among these, 19 reminiscences
in six patients met the inclusion criteria (Table 1). All were
induced by medial temporal lobe EBS: 2 episodic memories, 10
personal semantics, 2 semantic memories, 5 related to familiar
objects and 1 déja-révé. Two of these were not processed
further because of numerous EEG artefacts or owing to acci-
dental suspension of iEEG recordings (MPM_R7 and MMT_R4).
Eighteen EBS inducing control experiential phenomena, i.e,,
unrelated to memory, were selected (10 feelings of strange-
ness, 3déja vu, 3 familiar odor, 2 feelings of transitory memory
loss). These were all gathered from only two patients, as none
were available from other patients from the same patient
group. Eighteen negative EBS, i.e., not inducing any phenom-
ena, were also selected from five out of six patients from the
same group. Details of EBS parameters and locations along
with excerpts from patient statements are available in Tables 2
and 3, Supplementary table, and Fig. 1. Examples of raw iEEG
signal during different EBS instances in the same patient are
provided in Fig. 3. The mean power in each frequency band
during reminiscence and non-reminiscence epochs is avail-
able in Supplementary Figs. 1 and 2.

3.1.  Mean functional connectivity

In the broadband iEEG, the mean functional connectivity
across the 9 nodes was significantly higher during reminis-
cence epochs than baseline (paired Wilcoxon test, T = 40,
p = .048) and control experiential phenomenon epochs (un-
paired Mann Whitney U-test, U = 88, p = .006). The observed
difference exhibited only marginal significance (U = 111,
p = .055). However, the mean functional connectivity across
the nine nodes was significantly higher during reminiscence
epochs than during negative epochs in the theta (U = 101,
p = .027), alpha (U = 57, p = .0004), beta (U = 94, p = .01), and
gamma bands (U = 98, p = .02). It was also significantly higher
than during and control experiential phenomenon epochs in

the theta (U =76, p =.003), alpha (U =71, p = .002), beta (U = 94,
p = .01), and gamma range (U = 98, p = .02) (Fig. 4, Table 4 for
detailed h2 values and statistics).

In sum, reminiscences were associated with increased
functional connectivity in a wide temporal network that
included temporal regions, but also extra-temporal struc-
tures, such as the insular cortex.

3.2. Number of significant functional links

Next, we assessed whether there were changes in functional
connectivity by assessing the number of connections between
nodes that differed significantly from pre-EBS baseline, for
different frequency bands. Mann Whitney Wilcoxon U-tests
were used to determine whether the difference condition and
the pre-EBS baseline were significant. As we were comparing
the different types of memory, from the most complex to the
simplest, with the control or negative EBS, we do not provide
statistics regarding differences between the conditions
themselves. Indeed, there were too few EBS in each case to do
so in any meaningful way. An illustration of this approach for
three different types of outcomes following EBS is provided in
Fig. SA. Functional correlation on filtered signals across all
nodes varied according to the type of memory (Fig. 5B). It was
higher for episodic memories than for personal semantics and
even higher than for familiar memories.

As in the previous analysis, this result shows that func-
tional connectivity is increased throughout a global network
for reminiscences, especially during episodic memory.

3.3. Networks involving the hippocampus or neocortical
structures

We then considered functional connectivity, as assessed by
the mean h2 between nodes, within different substructures
belonging to the temporal lobes, especially considering the
hippocampus for its importance in episodic memory. We have
not provided statistics comparing conditions, because there
were too few EBS in each case. As illustrated in Fig. 6, a higher
functional connectivity (mean h2 value) was observed be-
tween the hippocampus and the inferior temporal gyrus (T3),
in the theta, alpha, and beta bands for episodic memories and
personal semantics, compared to semantic memories, control
experiential phenomena, and negative EBS (Fig. 6A). A higher
functional connectivity for episodic memories was also
observed between the hippocampus and the temporal basal
neocortex (BT) in the theta and alpha bands (Fig. 6B) as well as
with T1/T2 (Fig. 6C). Variable functional connectivity accord-
ing to the type of reminiscence was also observed between
neocortical structures themselves. In particular, greater con-
nectivity was observed for episodic and personal semantic
memories in the theta, alpha, and gamma bands, compared to
semantic memories, control experiential phenomena, and
negative EBS (Fig. 6D).

3.4. Functional networks operating across multiple
frequency bands

The grand average power spectrum and coherence were
computed across all contacts and patients during
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Fig. 4 — Mean functional connectivity across all 9 nodes (mean h2 coefficient). Increased functional connectivity was specific
to reminiscences in the broadband iEEG and in different frequency bands, with the exception of the delta band. Each dot

represents an experiential phenomenon.

Table 4 — Functional connectivity and statistics relative to reminiscences across the nine nodes for each type of epochs

within all patients.

H2 range in Delta power Theta power Alpha power Beta power = Gamma power
Broadband
Reminiscence .29+/.03 .56 + .03 .34 + .03 .27 + .03 .20 + .03 11 + .02
Baseline .27 £ .03 55+.01 31+.04 24 + .01 .17+/.01 .08 + .01

(versus reminiscence, (T =40, p =.048)> (T =52, p = .145)
Wilcoxon test)
Controls
(versus reminiscence,
Mann Whitney U-test)
Negative
(versus reminiscence,

Mann Whitney U-test)

25 +.04
(U =88, p = .006)°

56 + .01
(U =158, p = .35)°

31 +.02

.27 + .05
(U =111, p = .055)*

.56 + .02
(U=158,p=.35)

.31 +.03

(T = 23, p = .006)°

(U =76, p = .003)"

(U =101,

(T=21,p=.005? (T=20,p=.004)" (T =12, p = .001)"
24 + .01

(U =71, p = .002)

A7+/.01
(U=94,p = .01)°

.08 + .005
(U =98, p = .02)°

24 + .01
p =.027)* (U =57, p = .0004)

17+/.01
(U =94, p = .01)°

.08 + .007
(U =98, p = .02)*

& p < .05, uncorrected.

reminiscences, CEP, and baseline states, with the exception of
patient 1 due to EEG format issues (Fig. 7, Supplementary
Fig. 3). These analyses revealed an increase in power across
multiple frequency bands during reminiscences (mean of all
reminiscences), an effect not observed during CEP or baseline
conditions (mean of all baselines) (Fig. 7A—B).

For example, coherence between the rhinal cortex and
hippocampus (on the side homolateral to the EBS) was
analyzed across all patients (excluding patient 1). This anal-
ysis demonstrated an enhancement in coherence across
multiple frequency bands during reminiscences (mean of all

reminiscences) (Fig. 7C, Supplementary Fig. 3). However, sta-
tistical tests were not conducted due to the limited number of
trials.

4. Discussion

In the current study, we analyzed the iEEG recorded
concomitantly with the largest reported collection of EBS-
induced reminiscences in epileptic patients. Until we con-
ducted our research, the analysis of functional connectivity
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Fig. 6 — Functional coupling involving the hippocampus (A, B, C) and between temporal neocortical structures (D). We
focused these illustrations on the analyses of the functional connectivity (broadband iEEG and different frequency bands)
between several temporal nodes for all reminiscences (classified according to memory type), control experiential EBS, and
negative EBS. A- Functional connectivity (mean h2) between the hippocampus (Hip) and the basal temporal (BT) cortex
across different frequency bands and according to memory types. B— As above, but between the hippocampus and the
inferior lateral temporal cortex (T3). C— As above, but between the hippocampus and the superior and medium lateral (T1 &
T2) neocortex. D- As above, but between temporo-basal and lateral neocortical cortices (including superior [T1], medium

[T2], and inferior [T3] temporal gyri).

during memories induced by EBS had only ever been per-
formed in one patient at a time (Barbeau et al., 2005;
Bartolomei et al., 2016a). We performed functional connec-
tivity analyses during the moment related to the reactivation
of the engram. Our sample included rich, vivid episodic
memories as well as less contextualized semantic or personal
semantic memories. Collecting this range of samples enables
us to compare the functional networks related to each type of
memory depending on their complexity. Through analyzing
the mean connectivity of the number of significant connec-
tions, we obtained convergent evidence for specific connec-
tivity changes during the reactivation of episodic memory,
characterized by a broader and more richly connected
network in several frequency bands.

4.1. Reminiscences induced by EBS: an original and
unique way to uncover the engram

The study of memory is typically conducted using experi-
mental tasks. While this approach has generated extensive

data, memory assessed in this way may differ from how it is
used in everyday, natural settings (Bruce, 1985). For instance,
Neisser (American Association for Research into Nervous and
Mental Diseases & Neisser, 1997) emphasized the distinction
between memory as a storage system and memory actively
utilized in the present.

Additionally, studying the retrieval of “long-term” mem-
ories (older than a month) is challenging because most clas-
sical tasks involve a short delay of a few minutes between
encoding and retrieval (Oedekoven et al., 2017). Autobio-
graphical memory retrieval is typically assessed using word or
photograph cues, or open-ended questions (Crovitz &
Schiffman, 1974; Kopelman et al., 1989; Levine et al., 2002;
Piolino, 2008). While these methods provide valuable infor-
mation, they are susceptible to various distortions (Schacter,
2012). Virtual reality tasks (Pacheco Estefan et al., 2019) and
video-clips (Bird et al., 2015; Chen et al., 2017) are more
naturalistic often result in artificial or incomplete experiences
of agency and autonoetic consciousness (Markowitsch &
Staniloiu, 2011; Metcalfe & Son, 2012). Moreover, inducing

and middle panels, h2 values before MWW (Mann Whitney Wilcoxon) statistics. Only mean h2 values > .4 (high
connectivity (Bartolomei et al., 2016; Scholly et al., 2022)) are reported on the graphs to simplify visualization. Statistics
were, however, performed on every h2 value between every node. On the right panel, only significantly different
connectivity after MWW statistics appear on the graph (p < .05). B- The mean number of significant links (MWW non-
parametric paired U-test between functional connectivity during baseline and during reminiscence between two nodes,
p < .05) varied according to the type of the reminiscence. It was higher for episodic memories than for personal semantics,
and even higher than for familiar memories, for most frequency bands except in the delta band. Dots represent outliers.
Amy: Homolateral amygdala; BT: Homolateral basal temporal cortex; Hip: Homolateral hippocampus; Ins: Homolateral
insula; Lat: Contralateral temporal lateral neocortex; Med: Contralateral medial temporal lobe; Rh: Homolateral rhinal
cortex; T1, T2: Homolateral superior and medium temporal gyri, respectively.
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Fig. 7 — Grand average power and coherence during reminiscences, control experiential phenomena (CEP), and baseline
state. A- The average power spectrum was computed across all contacts and patients (with the exception of patient 1 due to
EEG format issues). This analysis demonstrated an increase in power across multiple frequency bands during
reminiscences (mean of all reminiscences), an effect that was not observed during CEP or baseline conditions (mean of all
baselines). A detailed view of the alpha and theta bands is provided to highlight these changes. B- A similar analysis was
conducted in patient 6 (MMT), which also confirmed the power increases in multiple frequency bands during reminiscence
epochs. C- Coherence between the rhinal cortex and hippocampus (on the side homolateral to the EBS) was analyzed across
all patients (again, excluding patient 1). This analysis revealed an enhancement in coherence across multiple frequency
bands during reminiscences (mean of all reminiscences). However, no statistical tests were conducted due to the limited
number of trials. This figure is intended as an illustration, highlighting the involvement of various frequency bands during
reminiscence episodes.

voluntary or incidental retrieval does not isolate the transient most experimental memory tasks. It seems as if the stimula-
moment characteristic of involuntary autobiographical tions directly activate the engram (Gloor, 1990). During these

memory (Steinvorth et al., 2006). This brief moment is espe- “pop-up” involuntary autobiographical memories, the inten-

cially difficult to capture with techniques that have slow tion to remember is absent, which minimizes bias in the

temporal resolution, such as fMRI (Bird et al., 2015; Chen et al., processes being explored.

2017). With this in mind, reminiscences induced by EBS represent
Although not perfectly ecological, EBS that induces remi- an incomparable alternative way to trap the immediacy of the

niscences provides an alternative method to study memory uncovering of the engram with a high spatio-temporal reso-
compared to classical experimental tasks. The involuntary lution. This method is, of course, also subject to a number of
memories we observe have unique characteristics: patients limitations, which will be discussed below.

are unexpectedly and involuntarily overwhelmed by these

“pop-up” memories, similar to involuntary autobiographical 4.2. A gradual complexity of the engram according to the
memories (Barzykowski & Moulin, 2022; Curot et al., 2023). memory type

Their attention is abruptly redirected inward. Furthermore,

patients often report a strong sensation of temporal and/or In previous studies, memories were often mixed with other
spatial projection into their past, a feeling typically absent in experiential phenomena, such as déja vu, despite a different
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phenomenology and probable specific networks (Curot et al.,
2017; Bartolomei et al., 2004; [llman et al., 2012; Curot et al.,
2019; O'Connor & Moulin, 2008; Moulin, 2017). Here, we clas-
sified memories according to their content and degree of
contextual information. This original approach enables us to
establish the existence of a connectivity gradient depending
on the nature of the reminiscence.

The major result provided by the current study supports
the idea that global functional connectivity varies according
to the complexity of the content of memories. Global
functional connectivity was higher for EBS that induced
memories than for negative EBS. Global functional connec-
tivity was, however, also higher for EBS that induced
memories than for EBS that induced other control experi-
ential phenomena. In this case, the subjects experienced a
phenomenon, but this phenomenon was devoid of content,
such as déja vu. This reinforces the idea that EBS-induced
memories are related to the activation of a more global
and complex network, at least as defined in this study (a
network made of nine nodes located mainly in the temporal
lobes and also including the insula). In addition, we provide
evidence (though not statistical analysis, owing to the low
number of EBS in each case) that global functional con-
nectivity was higher for more complex memories than for
less complex ones, with a decreasing gradient of global
complexity from episodic memories (memories that may
include varying amounts of sensory and visual details, with
an emotional content and located in time and space), to
personal semantics (corresponding to autobiographical
knowledge devoid of contextualization and sense of recol-
lection) and to familiar memories. The complexity of func-
tional connectivity in the networks activated during the
brief period of reminiscence therefore seems to follow a
gradient related to the richness of the memory that
emerges.

Semantic and episodic memory has sometimes been
considered as two systems relying on specific networks each.
In our dataset, a relative gradual functional connectivity was
evidenced, from semantic to episodic memories, between
widespread temporal areas in both mean connectivity at the
global network scale or in the number of connections between
nodes. Such a gradation resonates with theories that assume a
continuum between different memory systems (Barzykowski
& Moulin, 2022; Greenberg & Verfaellie, 2010; Renoult et al.,
2012, 2019) and the evidence of interactions between seman-
tic and episodic memory during retrieval (Greve et al., 2007;
Weidemann et al., 2019). It matches recent fMRI evidence that
demonstrates a gradual magnitude of activation within a
common network of brain regions, from general to autobio-
graphical facts, from autobiographical facts to repeated
events, and from repeated events to unique events (Tanguay
et al., 2023). A progressive semanticization of episodic mem-
ories would lead to the gradual formation of generic episodes
with loss of both information and specificity (Cermark et al,,
1983; Piolino et al., 2006). Personal semantics integrates par-
tial contextual information (Renoult et al., 2012), whereas se-
mantic memories and familiar elements are devoid of it.
Consequently, the amount of information, i.e., neural activity,
they recruit, may be more significant for episodic than per-
sonal semantic or semantic memory.

4.3.  The engram and largescale multiple interactions
between medial temporal and neocortical areas

In his 2015 review, Tonegawa et al. proposed that “‘Engram
cells’ are a population of neurons that are activated by learning, have
enduring cellular changes as a consequence of learning, and whose
reactivation by a part of the original stimuli delivered during
learning results in memory recall. ‘Engram complex’ refers to the
whole engram for a given memory that is stored in a set of engram
cell populations connected by an engram cell pathway” (Tonegawa
etal., 2015). Intracranial EEG studies of induced reminiscences
may be well suited to study the engram complex, by spanning
large-scale networks within the human brain.

Our results confirm that interaction between medial tem-
poral and neocortical regions takes place during the activation
of the engram and recollection. It is only in these regions that
reminiscences are induced. Functional connectivity at the
global scale network increased during ecphory, both assessed
through mean connectivity or a number of significant links
compared to baseline. Likewise, the mean functional con-
nectivity between the hippocampus and the temporal
neocortex was higher during episodic memories in most fre-
quency bands.

The comparison of the different types of memory also
suggests that there may be variable functional connectivity
between the hippocampus and neocortical structures,
depending on the richness of the memories. These results are
coherent with models (McClelland et al., 1995), electrophysi-
ological data (Buzsaki, 1996; Fuentemilla et al., 2014; Griffiths
et al, 2021; Kohler et al, 1998), and fMRI experiments
(Steinvorth et al.,, 2006), which assume that recollecting
episodic memories requires coordination between distributed
brain areas, including medial temporal lobes, in particular the
hippocampus and bilateral neocortical regions. The dense
connections of the hippocampus with association cortices
enables integrating multimodal sensory information
(Andrews-Hanna et al.,, 2010; Kahn et al., 2008) and remem-
bering through the reactivation of patterns of the sensory-
specific cortical regions that were engaged during encoding
(Danker & Anderson, 2010; Polyn et al., 2005; Tanaka et al.,
2014; Wheeler et al., 2004; Wing et al., 2015). In accordance
with the description of distinct patterns of medial temporal
lobe functional connectivity according to the vividness of
reinstated autobiographical memories (Sheldon et al., 2016),
vividness could modulate similarities and differences be-
tween the nodes that are recruited for ecphory. This is highly
coherent with current network theories postulating that the
emergence of a cognitive moment relies on the coordination
of scattered mosaics of functionally specialized brain regions
(Buzsaki, 2004; Eichenbaum et al., 2007; Sporns, 2014; Varela
et al., 2001). EBS would recreate such mosaics, which are
specific to the engram.

4.4.  Multiple frequencies for one engram

Here, we demonstrated that connectivity increases in
different frequency bands during ecphory. Mean connectivity
after EBS was higher for reminiscences than other types of EBS
and baseline states in the theta, alpha, beta, and gamma
bands. A variation of the mean connectivity according to the
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content of the memory was also observed in these frequency
bands. This effect appears to be robust, as we observed power
changes across different frequency bands in association with
the increase in correlation. These power shifts reinforce the
observation that frequency-specific interactions play a key
role in modulating neural connectivity. By linking the power
changes in these bands to the increase in correlation, we gain
a clearer understanding of how diverse neural rhythms
contribute to large-scale synchronization during brain activ-
ity. The involvement of changes in different frequencies be-
tween the during experiential
phenomena has already been observed, such as increased
correlations between the hippocampus and rhinal cortex in
the theta and beta bands during déja vu (Bartolomei et al,,
2012).

Changes in several frequency bands converge with the
findings of a wealth of literature that support that theta os-
cillations play a crucial role in binding distributed cortical
representations and mediating a dynamic link between hip-
pocampal and neocortical assemblies, allowing recollection
(Griffiths et al., 2021; Guderian et al., 2005; Herweg et al., 2016;
Klimesch et al., 2001; Nyhus & Curran, 2011; Steinvorth et al,,
2010). We also observed a trend towards increased coherence
between the hippocampus and rhinal cortex during reminis-
cences in the low frequencies and gamma band, in contrast to
CEP and baseline. Higher phase synchrony in the theta band
predicted more detailed visual imagery during the retrieval of
vivid autobiographical memories (Fuentemilla et al., 2014).
Theta-gamma coupling controls the transfer of information
throughout the entorhinal-hippocampal network and
temporally organizes sequences of events within each theta
cycle (Colgin, 2015; Lisman & Idiart, 1995; Lisman & Jensen,
2013). Theta synchronization could reflect preferentially
episodic memory processes, whereas alpha synchronization
and desynchronization could be related to semantic long-
term memory (Klimesch, 1999).

The power and phase at different frequencies would
contribute to distinct neural representations during retrieval
(e.g., spatial versus temporal information) (Siegel et al., 2012;
Watrous et al, 2013). Electrophysiological studies have
already suggested that episodic, semantic, and familiarity
information are reflected by different frequencies (Gruber
et al.,, 2008; Hanslmayr et al., 2009; Klimesch et al., 1994). Our
results suggest that synchronization has a concomitant role in
multiple frequency bands (not limited to theta/gamma) in
supporting different types of information and handling the
complexity of memories. They fit the hypothesis of “multi-
plexed” memories (Knight & Eichenbaum, 2013; Watrous &
Ekstrom, 2014), even though our results do not allow us to
specify what information is underpinned by each frequency.

We focused our analyses on increased functional con-
nectivity between different brain areas, whereas the degree
of desynchronization between the lateral temporal and
medial nodes in these different frequency bands may also
support specific information. In fact, neocortical alpha/beta
desynchronization and hippocampal theta/gamma synchro-
nization are thought to interact to enable the successful
encoding and retrieval of episodic memories (Griffiths et al.,

same two structures

2021; Hanslmayr et al., 2016). The role of higher fre-
quencies, or oscillations, such as ripples, should also be
explored. It has been shown, for example, that sharp-wave
ripples (70—180 Hz) activate the reinstatement of cortical
representations during a free episodic memory retrieval task
(Norman et al., 2019).

Unfortunately, because non-linear correlation analyses
lack specificity about the nature of the coupling, they do not
clarify whether the coupling relies on coupled oscillations,
cross-region phase amplitude coupling, or any time lag be-
tween regions. Future work involving cross-regional cohero-
grams, cross-frequency coupling, and phase synchronization
analyses between pairs of nodes may help to address these
relationships.

4.5. Access to the engram

The literature has long focused on a debate about how and
from where the engram could be activated by EBS and has
suggested a unique “entry” point from which the engram can
be activated. Penfield suggested that it is the lateral neocortex
(Penfield & Perot, 1963), whereas Bancaud et al. argued that this
was located in the medial temporal lobe (Bancaud et al., 1994).
Gloor (1990) put forward a more subtle view, namely that EBS
has “the capacity to recreate the totality of a given experience when
only a fragment of the network is activated”. While Gloor may not
have put enough emphasis on the neocortical-medial tempo-
ral dialogue, he theorized that the engram artificially reac-
tivated by EBS is a matrix of neuronal networks that tolerate a
certain amount of degradation resulting from the passage of
time and epileptic activities. He hypothesized that the induc-
tion of memories by EBS should depend on the activation of a
specific pattern of connectivity in widely distributed neural
networks. This matrix may be composed of sparse activated
and inhibited neuronal populations, representing the sub-
strate of a specific previous event, but in a hazy version. This
matrix could tolerate considerable amounts of degradation
across time, equivalent to a reduction in connectivity and in
the number of recruited nodes. Fragmentary but recognizable
memories could arise from activating a degraded matrix. In the
light of our results and of recent understandings, this finding
could be expressed, in other words, by the fact that “low
episodic” and “more semantic” memories emerge following
the activation of a network with a lower connectivity. In this
sense, our results fit with Gloor’s hypothesis.

One of our previous studies confirmed that the engram can
be artificially activated by various subcomponents or struc-
tures of the memory networks (Curot et al., 2017). A critical
finding is that we observed more reminiscences following
rhinal cortex EBS compared to other brain areas. This suggests
that the rhinal cortex may serve as a primary gateway for
inducing reminiscences through stimulation. However, EBS
does not fully replicate a “complete” engram identical to the
original encoding experience and the qualitative nature of
memories largely depends on the site of stimulation: EBS of
the rhinal cortex predominantly induces personal semantic
reminiscences, whereas only hippocampal EBS elicits episodic
memories.
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4.6. Limitations

By common standards, this study is underpowered. It was not
possible to control for multiple comparisons and the distribu-
tion of the experiential or control conditions across patients
was not equal, despite this study gathering the largest data-
base of reminiscences to date. This is mainly due to the scarcity
of reminiscences induced by EBS. EBS only rarely induce
reminiscences and, when they do, not all epilepsy centers keep
these data (testimonies of the reminiscence and iEEG), nor can
all centers share them. For this reason, future progress in the
field will rely on collective efforts being undertaken to create a
shared database. Importantly, all our results went in the same
direction and appeared to corroborate our hypothesis that
more complex memories were related to more complex net-
works. We therefore believe that the study of reminiscences
induced by EBS provides a valuable contribution to refining our
understanding of how human memory works. It points to-
wards valuable hypotheses that can be tested in future
collaborative studies. Critically, despite current limitations, it
is a novel way to study the electrophysiological correlates of
memory as it spontaneously unfolds. To our knowledge, no
other method is even close to achieving this.

Itis also not always easy to fully characterize what patients
experience. This requires both know-how and neuropsy-
chologists trained in the field of memory. Moreover, these
data were acquired from patients with drug-refractory epi-
lepsy, and we have not yet explored how this patient group
may have impacted our results. That said, the results we ob-
tained are congruent with the literature in healthy subjects.
The results obtained from cognitive iEEG studies are further-
more generally considered to agree with other studies (Fox
et al,, 2018; Han et al., 2023; Jonas & Rossion, 2023; Mercier
et al., 2022; Parvizi & Kastner, 2018).

While we assessed differences between post-EBS and pre-
EBS baseline periods, our data do not permit us to explore a
hypothetical relationship between the endogenous coupling
observed in the pre-stimulus baseline period and the likeli-
hood of EBS triggering episodic recollection. It is conceivable
that the subject’s baseline state, potentially favoring intro-
spective situations, may influence this process. One possibil-
ity is that reminiscences are induced only when EBS is applied
during specific brain states (Curot et al., 2020), such as more
introspective or relaxed states, or when the default mode
network is already activated.

5. Conclusion

Reminiscences induced by EBS can be considered as snap-
shots of our memory engram. This study suggests that
memories induced by EBS are not random artifacts: the higher
the global connectivity and the number of temporal nodes
that were recruited in different frequency bands, the more
complex memories were. It supports a “multiplexed” view of
connectivity related to the content of memories. Further an-
alyses in larger collections of reminiscences are required to

explore what type of information is underpinned by each
frequency band.

CRediT authorship contribution statement

Jonathan Curot: Writing — review & editing, Writing — original
draft, Visualization, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization. Vincent Dornier:
Methodology, Formal analysis. Luc Valton: Writing — review &
editing, Investigation, Data curation. Marie Denuelle: Writing
—review & editing, Investigation, Data curation. Alexis Robin:
Writing — review & editing, Visualization. Florence Rulquin:
Writing — review & editing, Investigation. Jean-Christophe
Sol: Resources, Investigation. Amaury De Barros: Resources,
Investigation. Agnes Trébuchon: Resources, Investigation.
Christian Bénar: Writing — review & editing, Software, Meth-
odology. Fabrice Bartolomei: Writing — review & editing, Re-
sources, Methodology, Investigation, Conceptualization.
Emmanuel J. Barbeau: Writing — review & editing, Validation,
Supervision, Methodology, Conceptualization.

Data/code availability

The verbatim reports of experiential phenomena from our
entire database are publicly accessible at https://figshare.com/
articles/dataset/Memory_scrutinized_through_electrical .
brain_stimulation_a_review_of_80_years_of_experiential
phenomena_Curot_et_al 2017_/4733026?fille=17545268.

The code for h2 coefficient computation and related ana-
lyses is publicly available at https://meg.univamu.fr/wiki/
AnyWave.

Due to ethical restrictions, anonymized EEG data cannot be
publicly archived. Readers interested in accessing the data are
encouraged to contact the lead author, Dr. Jonathan Curot.
Access will be granted to identified individuals in compliance
with ethical guidelines governing the reuse of sensitive data.

Funding

None.

Conflict of Interest

The authors have no conflicts of interest.

Acknowledgements

We are grateful to Jean Regis and Romain Caron, both neuro-
surgeons based in Marseille. We thank Martin Deudon, Elodie
Despouy, Gwendoline Garguier, Jean-Albert Lotterie, and
Simona Celebrini for their help in analyzing or collecting data
and Patrick Chauvel, Catherine Liégeois-Chauvel, Jérémie

networks, Cortex, https://doi.org/10.1016/j.cortex.2024.11.015

Please cite this article as: Curot, J., et al., Complex memories induced by intracranial electrical brain stimulation are related to complex




CORTEX XXX (XXXX) XXX 21

Pariente, Louise Tyvaert, and Chris Moulin for their valuable
comments and inspiration.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cortex.2024.11.015.

Appendix
This is among the last of the manuscripts which is passing

through as the initial checklist was in place before STS and
STR was introduced.

REFERENCES

American Association for Research into Nervous and Mental
Diseases, Neisser, U. (1997). The ecological study of
memory. Philos Trans R Soc London Ser B Biol Sci., 352(1362),
1697-1701.

Andrews-Hanna, J. R., Reidler, J. S., Sepulcre, J., Poulin, R., &
Buckner, R. L. (2010). Functional-anatomic fractionation of the
brain’s default network. Neuron, 75(4), 550—562. https://
doi.org/10.1016/j.neuron.2010.02.005

Arthuis, M., Valton, L., Rgis, J., Chauvel, P., Wendling, F.,
Naccache, L., Bernard, C., & Bartolomei, F. (2009). Impaired
consciousness during temporal lobe seizures is related to
increased long-distance cortical-subcortical synchronization.
Brain: a Journal of Neurology, 132(Pt 8), 2091—2101. https://
doi.org/10.1093/brain/awp086

Bancaud, J., Brunet-Bourgin, F., Chauvel, P., & Halgren, E. (1994).
Anatomical origin of deja vu and vivid “memories” in human
temporal lobe epilepsy. Brain: a Journal of Neurology, 117(Pt 1),
71-90. https://doi.org/10.1093/brain/117.1.71

Barbeau, E., Wendling, F., Régis, J., Duncan, R., Poncet, M.,
Chauvel, P., & Bartolomei, F. (2005). Recollection of vivid
memories after perirhinal region stimulations:
synchronization in the theta range of spatially distributed
brain areas. Neuropsychologia, 43(9), 1329—1337. https://doi.org/
10.1016/j.neuropsychologia.2004.11.025

Bartolomei, F., Barbeau, E., Gavaret, M., Guye, M., McGonigal, A.,
Regis, J., & Chauvel, P. (2004). Cortical stimulation study of the
role of rhinal cortex in deja vu and reminiscence of memories.
Neurology, 63(5), 858—864. https://doi.org/10.1212/
01.WNL.0000137037.56916.3F

Bartolomei, F., Barbeau, E. J., Nguyen, T., McGonigal, A., Régis, J.,
Chauvel, P., & Wendling, F. (2012). Rhinal-hippocampal
interactions during déja vu. Clinical Neurophysiology: Official
Journal of the International Federation of Clinical Neurophysiology,
123(3), 489—495. https://doi.org/10.1016/j.clinph.2011.08.012

Bartolomei, F., Lagarde, S., Scavarda, D., Carron, R., Bénar, C. G., &
Picard, F. (2019). The role of the dorsal anterior insula in
ecstatic sensation revealed by direct electrical brain
stimulation. Brain Stimulation, 12(5), 1121-1126. https://
doi.org/10.1016/j.brs.2019.06.005

Barzykowski, K., & Moulin, C. (2022). Are involuntary
autobiographical memory and déja vu natural products of
memory retrieval? The Behavioral and Brain Sciences, 16(3),
615—616.

Bird, C. M., Keidel, J. L., Ing, L. P., Horner, A. ]., & Burgess, N. (2015).
Consolidation of complex events via reinstatement in
posterior cingulate cortex. The Journal of Neuroscience: the

Official Journal of the Society for Neuroscience, 35(43),
14426—14434. https://doi.org/10.1523/JNEUROSCI.1774-15.2015

Bradley, R.]., Moulin, C. . A., & Kvavilashvili, L. (2013). Involuntary
autobiographical memories. Psychologist, 26(3), 190—193.

Bratu, F., Oane, 1., Barborica, A., Donos, C., Pistol, C., Daneasa, A.,
Lentoiu, C., & Mindruta, I. (2021). Network of autoscopic
hallucinations elicited by intracerebral stimulations of
periventricular nodular heterotopia : An SEEG study. CORTEX,
145, 285—294. https://doi.org/10.1016/j.cortex.2021.08.018

Bruce, D. (1985). The how and why of ecological memory. 114(1),
78-90.

Buzsdki, G. (1996). The hippocampo-neocortical dialogue. Cerebral
Cortex, 6, 81-92.

Buzsdki, G. (2004). Large-scale recording of neuronal ensembles.
Nature Neuroscience, 7(5), 446—451. https://doi.org/10.1038/
nnl233

Cabeza, R., & Jacques, P. S. (2007). Functional neuroimaging of
autobiographical memory. Trends in Cognitive Science, 11(5).
https://doi.org/10.1016/j.tics.2007.02.005

Cermak, L. S. (1984). The episodic-semantic distinction in
amnesia. In L. R. Squire, & N. Butters (Eds.), The neuropsychology
of memory (pp. 55—62). Guilford Press.

Cermark, L. S., & O’Connor, M. (1983). The anterograde and
retrograde retrieval ability of a patient with amnesia due to
encephalitis. Neuropsychologia, 21(3), 213—234.

Chen, J., Leong, Y. C,, Honey, C. ], Yong, C. H,, Norman, K. A,, &
Hasson, U. (2017). Shared memories reveal shared structure in
neural activity across individuals. Nature Neuroscience, 20(1),
115—-125. https://doi.org/10.1038/nn.4450

Chrysanthidis, N., Fiebig, F., Lansner, A., & Herman, P. (2022).
Traces of semantization, from episodic to semantic memory
in a spiking cortical network model. eNeuro, 9(4), 1—17. https://
doi.org/10.1523/ENEURO.0062-22.2022

Colgin, L. L. (2015). Theta-gamma coupling in the entorhinal-
hippocampal system. Current Opinion in Neurobiology, 31,
45-50. https://doi.org/10.1016/j.conb.2014.08.001

Colombet, B., Woodman, M., Badier, J. M., & Bénar, C. G. (2015).
AnyWave: A cross-platform and modular software for
visualizing and processing electrophysiological signals. Journal
of Neuroscience Methods, 242, 118—126. https://doi.org/10.1016/
j.jneumeth.2015.01.017

Conway, M. A. (2005). Memory and the self. Journal of Memory and
Language, 53(4), 594—628. https://doi.org/10.1016/
j.jml.2005.08.005

Conway, M. A., & Pleydell-Pearce, C. W. (2000). The construction
of autobiographical memories in the self-memory system.
Psychological Review, 107(2), 261—288. https://doi.org/10.1037//
0033-295X

Cosentino, S., Brickman, A. M., Griffith, E., Habeck, C., Cines, S.,
Farrell, M., Shaked, D., Huey, E. D., Briner, T., & Stern, Y. (2015).
The right insula contributes to memory awareness in
cognitively diverse older adults. Neuropsychologia, 75, 163—169.
https://doi.org/10.1016/j.neuropsychologia.2015.05.032

Craig, A. D. (2009). How do you feel - now? The anterior insula and
human awareness. Nature Reviews. Neuroscience, 10(1), 59—70.
https://doi.org/10.1038/nrn2555

Crovitz, H. F., & Schiffman, H. (1974). Frequency of episodic
memories as a function of their age. British Poultry Science, 4(5),
517-518. https://doi.org/10.3758/BF03334277

Curot, J., Busigny, T., Valton, L., Denuelle, M., Vignal, J. P.,
Maillard, L., Chauvel, P., Pariente, J., Trebuchon, A.,
Bartolomeli, F., & Barbeau, E. J. (2017). Memory scrutinized
through electrical brain stimulation: A review of 80 years of
experiential phenomena. Neuroscience and Biobehavioral
Reviews, 78(April), 161—177. https://doi.org/10.1016/
j.neubiorev.2017.04.018

Curot, J., Pariente, J., Hupé, J. M., Lotterie, J., Mirabel, H.,
Barbeau, E. J., Curot, J., Pariente, J., & Hupé, J. M. (2019). Déja vu

networks, Cortex, https://doi.org/10.1016/j.cortex.2024.11.015

Please cite this article as: Curot, J., et al., Complex memories induced by intracranial electrical brain stimulation are related to complex




22 CORTEX XXX (XXXX) XXX

and prescience in a case of severe episodic amnesia following
bilateral hippocampal lesions. Memory, 0(0), 1-16. https://
doi.org/10.1080/09658211.2019.1673426

Curot, J., Roux, F.-E., Sol, J., Valton, L., Pariente, J., & Barbeau, E. J.
(2020). Awake craniotomy and memory induction through
electrical stimulation : Why are Penfield’ s findings not
replicated in the modern era. Neurosurgery, 0(0), 1—8. https://
doi.org/10.1093/neuros/nyz553

Curot, J., Servais, A., & Barbeau, E. J. (2023). Intracranial electrical
brain stimulation as an approach to studying the (dis)
continuum of memory experiential phenomena. Behavioral
and Brain Sciences, 46, e362.

Curot, J., Valton, L., Denuelle, M., Vignal, J. P., Maillard, L.,
Pariente, J., Trébuchon, A., Bartolomei, F., & Barbeau, E. J.
(2018). Déja-révé: Prior dreams induced by direct electrical
brain stimulation. Brain Stimulation, 11(4), 875—885. https://
doi.org/10.1016/j.brs.2018.02.016

Danker, J. F., & Anderson, J. R. (2010). The ghosts of brain states
past: Remembering reactivates the brain regions engaged
during encoding. Psychological Bulletin, 136(1), 87—102. https://
doi.org/10.1037/20017937

Deeb, W., Salvato, B., Almeida, L., Foote, K. D., Amaral, R,
Germann, J., Rosenberg, P. B., Tang-Wai, D. F., Wolk, D. A.,
Burke, A. D., Salloway, S., Sabbagh, M. N., Chakravarty, M. M.,
Smith, G. S., Lyketsos, C. G., Lozano, A. M., & Okun, M. S.
(2019). Fornix-region deep brain stimulation—induced
memory flashbacks in alzheimer’s disease. The New England
Journal of Medicine, 381(8), 783—785. https://doi.org/10.1056/
NEJMc1905240

Dickerson, B. C., & Eichenbaum, H. (2010). The episodic memory
system: Neurocircuitry and disorders.
Neuropsychopharmacology: Official Publication of the American
College of Neuropsychopharmacology, 35(1), 86—104. https://
doi.org/10.1038/npp.2009.126

Eichenbaum, H., Yonelinas, A. P., & Ranganath, C. (2007). The
medial temporal lobe and recognition memory. Annual Review
of Neuroscience, 30, 123—152. https://doi.org/10.1021/ja064902x

Evangelista, E., Bénar, C., Bonini, F., Carron, R., Colombet, B.,
Régis, J., & Bartolomei, F. (2015). Does the thalamo-cortical
synchrony play a role in seizure termination? Frontiers in
Neurology, 6. https://doi.org/10.3389/fneur.2015.00192. SEP.

Fox, K. C. R, Foster, B. L., Kucyi, A., Daitch, A. L., & Parvizi, J.
(2018). Intracranial electrophysiology of the human default
network. Trends Cognitive Science, 22(4), 307—324. https://
doi.org/10.1016/j.tics.2018.02.002

Frankland, P. W, Josselyn, S. A., & Kohler, S. (2019). The
neurobiological foundation of memory retrieval. Nature
Neuroscience, 22(10), 1576—1585. https://doi.org/10.1038/s41593-
019-0493-1

Fuentemilla, L., Barnes, G. R., Diizel, E., & Levine, B. (2014). Theta
oscillations orchestrate medial temporal lobe and neocortex
in remembering autobiographical memories. Neuroimage, 85,
730—737. https://doi.org/10.1016/j.neuroimage.2013.08.029

Gloor, P. (1990). Experiential phenomena of temporal lobe
epilepsy. Brain: a Journal of Neurology, 113(6), 1673—1694.
https://doi.org/10.1093/brain/113.6.1673

Greenberg, D. L., & Verfaellie, M. (2010). Interdependence of
episodic and semantic memory: Evidence from
neuropsychology. Journal of the International Neuropsychological
Society: JINS, 16(5), 748—753. https://doi.org/10.1017/
51355617710000676

Greve, A., van Rossum, M. C. W., & Donaldson, D. I. (2007).
Investigating the functional interaction between semantic and
episodic memory: Convergent behavioral and
electrophysiological evidence for the role of familiarity.
Neuroimage, 34(2), 801—-814. https://doi.org/10.1016/
j.neuroimage.2006.07.043

Griffiths, B. J., Martin-Buro, M. C., Staresina, B. P., & Hanslmayr, S.
(2021). Disentangling neocortical alpha/beta and hippocampal
theta/gamma oscillations in human episodic memory
formation. Neuroimage, 242(August), Article 118454. https://
doi.org/10.1016/j.neuroimage.2021.118454

Gruber, T., Tsivilis, D., Giabbiconi, C., & Mu, M. M. (2008).
Induced electroencephalogram oscillations during source
memory : Familiarity is reflected in the gamma band ,
recollection in the theta band. Journal of Cognitive
Neuroscience, 20(6), 1043—1053.

Guderian, S., & Diizel, E. (2005). Induced theta oscillations
mediate large-scale synchrony with mediotemporal areas
during recollection in humans. Hippocampus, 912, 901-912.
https://doi.org/10.1002/hipo.20125

Han, B., Shen, L., & Chen, Q. (2023). How can I combine data from
fMRI, EEG, and intracranial EEG?. In Intracranial EEG: A guide for
cognitive neuroscientists (pp. 239—256). Springer.

Hanslmayr, S., Spitzer, B., & Ba, K. (2009). Brain oscillations
dissociate between semantic and nonsemantic encoding of
episodic memories. Cerebral Cortex, July, 1631—1640. https://
doi.org/10.1093/cercor/bhn197

Hanslmayr, S., Staresina, B. P., & Bowman, H. (2016). Oscillations
and episodic memory: Addressing the synchronization/
desynchronization conundrum. Trends in Neurosciences, 39(1),
16—25. https://doi.org/10.1016/j.tins.2015.11.004

Herweg, N. A, Apitz, T., Leicht, G., Mulert, C., Fuentemilla, L., &
Bunzeck, N. (2016). Theta-alpha oscillations bind the
hippocampus, prefrontal cortex, and striatum during
recollection: Evidence from simultaneous EEG—{MRI. The
Journal of Neuroscience: the Official Journal of the Society for
Neuroscience, 36(12), 3579—3587. https://doi.org/10.1523/
JNEUROSCI.3629-15.2016

Hughlings-Jackson, J. (1888). On a particular variety of epilepsy
(“intellectual aura”), one case with symptoms of organic brain
disease. Brain: a Journal of Neurology, 11(2), 179—207.

Illman, N.a., Butler, C. R., Souchay, C., & Moulin, CJ a (2012). Déja
experiences in temporal lobe epilepsy. Epilepsy Research
Treatment, 2012, 1-15. https://doi.org/10.1155/2012/539567

Isnard, J., Taussig, D., Bartolomei, F., Bourdillon, P., Catenoix, H.,
Colnat-coulbois, S., Denuelle, M., Derrey, S., Devaux, B.,
Dorfmdiller, G., Gilard, V., Guenot, M., Job-chapron, A.,

Lebas, A., Maillard, L., Mcgonigal, A., Minotti, L.,
Montavont, A., & Navarro, V. (2018). French guidelines on
stereoelectroencephalography (SEEG). Neurophysiologie
Clinique, 48(1), 5—13. https://doi.org/10.1016/
j.neucli.2017.11.005

Jonas, J., & Rossion, B. (2023). What are the contributions and
challenges of direct intracranial electrical stimulation in
human cognitive neuroscience?. In Intracranial EEG: A guide for
cognitive neuroscientists (pp. 607—638). Springer.

Josselyn, S. A., Kohler, S., & Frankland, P. W. (2015). Finding the
engram. Nature Reviews. Neuroscience, 16(9), 521—534. https://
doi.org/10.1038/nrn4000

Josselyn, S.a., Kohler, S., & Frankland, P. W. (2017). Heroes of the
engram. The Journal of Neuroscience: the Official Journal of the
Society for Neuroscience, 37(18), 4647—4657. https://doi.org/
10.1523/JNEUROSCI.0056-17.2017

Kohler, S., McIntosh, A. R., Moscovitch, M., & Winocur, G. (1998).
Functional interactions between the medial temporal lobes
and posterior neocortex related to episodic memory retrieval.
Cerebral Cortex, 8(5), 451—461. https://doi.org/10.1093/cercor/
8.5.451

Kahn, I., Andrews-Hanna, J. R, Vincent, J. L., Snyder, A. Z., &
Buckner, R. L. (2008). Distinct cortical anatomy linked to
subregions of the medial temporal lobe revealed by intrinsic
functional connectivity. Journal of Neurophysiology, 100(1),
129—139. https://doi.org/10.1152/jn.00077.2008

networks, Cortex, https://doi.org/10.1016/j.cortex.2024.11.015

Please cite this article as: Curot, J., et al., Complex memories induced by intracranial electrical brain stimulation are related to complex




CORTEX XXX (XXXX) XXX 23

Klimesch, W. (1999). EEG alpha and theta oscillations reflect
cognitive and memory performance: A review and analysis.
Brain Research Review, 29(2—3), 169—195. https://doi.org/
10.1016/50165-0173(98)00056-3

Klimesch, W., Doppelmayr, M., Yonelinas, A., Kroll, N. E. A,,
Lazzara, M., Rohm, D., & Gruber, W. (2001). Theta
synchronization during episodic retrieval: Neural correlates of
conscious awareness. Cognition Brain Research, 12(1), 33—38.
https://doi.org/10.1016/50926-6410(01)00024-6

Klimesch, W., Schimke, H., & Schwaiger, J. (1994). Episodic and
semantic memory: An analysis in the EEG theta and alpha
band. Electroencephalography and Clinical Neurophysiology, 91(6),
428—441. https://doi.org/10.1016/0013-4694(94)90164-3

Knight, R. T., & Eichenbaum, H. (2013). Multiplexed memories: A
view from human cortex. Nature Neuroscience, 16(3), 257—258.
https://doi.org/10.1038/nn.3341

Kopelman, M. D., Wilson, B. A., & Baddeley, A. D. (1989). The
autobiographical memory interview. Journal of Clinical and
Experimental Neuropsychology, 11(5), 724—744.

Kovac, S., Kahane, P., & Diehl, B. (2016). Clinical Neurophysiology
Seizures induced by direct electrical cortical stimulation —
mechanisms and clinical considerations. Clinical
Neurophysiology: Official Journal of the International Federation of
Clinical Neurophysiology, 127(1), 31—39. https://doi.org/10.1016/
j.clinph.2014.12.009

Lagarde, S., Roehri, N., Lambert, I., Trebuchon, A., McGonigal, A.,
Carron, R., Scavarda, D., Milh, M., Pizzo, F., Colombet, B.,
Giusiano, B., Medina Villalon, S., Guye, M., Bénar, C. G., &
Bartolomei, F. (2016). The “Proust phenomenon™: Odor-evoked
autobiographical memories triggered by direct amygdala
stimulation in human. Cortex; a Journal Devoted To the Study of
the Nervous System and Behavior, 90, 173—175. https://doi.org/
10.1016/j.cortex.2016.12.005

Lagarde, S., Roehri, N., Lambert, I., et al. (2018). Interictal
stereotactic-EEG functional connectivity in refractory focal
epilepsies. Brain: a Journal of Neurology, 141(10), 2966—2980.
https://doi.org/10.1093/brain/awy214

Lemesle, B., Barbeau, E. ., Milongo Rigal, E., Denuelle, M., Valton, L.,
Pariente, J., & Curot, J. (2022). Hidden objective memory deficits
behind subjective memory complaints in patients with
temporal lobe epilepsy. Neurology, 98(8), E818—E828. https://
doi.org/10.1212/WNL.0000000000013212

Levine, B., Svoboda, E., Hay, J. F., Winocur, G., & Moscovitch, M.
(2002). Aging and autobiographical memory: Dissociating
episodic from semantic retrieval. Psychology and Aging, 17(4),
677—689. https://doi.org/10.1037/0882-7974.17.4.677

Liégeois-Chauvel, C., Bénar, C., Krieg, J., Delbé, C., Chauvel, P.,
Giusiano, B., & Bigand, E. (2014). How functional coupling
between the auditory cortex and the amygdala induces
musical emotion: A single case study. Cortex; a Journal Devoted
To the Study of the Nervous System and Behavior, 60, 82—93.

Lisman, J. E., & Idiart, M. A. (1995). Storage of 7+/-2 short-tern
memories in oscillatory subcycles. Science (80), 267, 1512—1515.
https://doi.org/10.1126/science.7878473. March.

Lisman, J. E., & Jensen, O. (2013). The theta-gamma neural code.
Neuron, 77(6), 1002—1016. https://doi.org/10.1016/
j.neuron.2013.03.007

Liu, C, Yu, T, Ren, Z. W,, Xu, C. P.,, Wang, X. Y., Qiao, L., Ni, D. Y.,
Zhang, G.J., & Li, Y.]. (2017). Properties of afterdischarges from
electrical stimulation in patients with epilepsy. Epilepsy
Research, 137, 39—44. https://doi.org/10.1016/
j.eplepsyres.2017.09.002. September.

Loftus, E. F., & Loftus, G. R. (1980). On the permanence of stored
information in the human brain. The American Psychologist, 35,
409—-420. https://doi.org/10.1037/0003-066X.35.5.409. May.

Markowitsch, H. J., & Staniloiu, A. (2011). Memory, autonoetic
consciousness, and the self. Consciousness and Cognition, 20(1),
16—39. https://doi.org/10.1016/j.concog.2010.09.005

McClelland, J. L., McNaughton, B. L., & O’Reilly, R. C. (1995). Why
there are complementary learning systems in the
Hippocampus and neo-cortex: Insights from the successes
and failures of connectionists models of learning and
memory. Psychological Review, 102(3), 419—457.

Mercier, M. R., Dubarry, A. S., Tadel, F., Avanzini, P.,

Axmacher, N., Cellier, D., Vecchio, M. del, Hamilton, L. S.,
Hermes, D., Kahana, M. J., Knight, R. T., Llorens, A,
Megevand, P., Melloni, L., Miller, K. J., Piai, V., Puce, A.,
Ramsey, N. F., & Schwiedrzik, C. M. (2022). Advances in human
intracranial electroencephalography research, guidelines and
good practices. Neuroimage, 260(June), Article 119438. https://
doi.org/10.1016/j.neuroimage.2022.119438

Metcalfe, J., & Son, L. K. (2012). Anoetic, noetic, and autonoetic
metacognition. In The foundations of metacognition (pp.
289-301). Oxford, UK: Oxford University Press.

Moscovitch, M., Rosenbaum, R. S., Gilboa, A., Addis, D. R.,
Westmacott, R., Grady, C., McAndrews, M. P., Levine, B.,
Black, S., Winocur, G., & Nadel, L. (2005). Functional
neuroanatomy of remote episodic, semantic and spatial
memory: A unified account based on multiple trace theory. ]
Anat, 207(1), 35—66. https://doi.org/10.1111/j.1469-
7580.2005.00421.x

Moulin, C. (2017). The cognitive neuropsychology of déja vu. Routledge.

Norman, Y., Yeagle, E. M., Khuvis, S., Harel, M., Mehta, A. D., &
Malach, R. (2019). Hippocampal sharp-wave ripples linked to visual
episodic recollection in humans. https://doi.org/10.1126/
science.aax1030

Nyhus, E., & Curran, T. (2011). NIH public access. Psychology, 34(7),
1023-1035. https://doi.org/10.1016/
j.neubiorev.2009.12.014.Functional

O’Connor, A. R, & Moulin, C. J. A. (2008). The persistence of
erroneous familiarity in an epileptic male: Challenging
perceptual theories of déja vu activation. Brain and Cognition,
68(2), 144—147. https://doi.org/10.1016/j.bandc.2008.03.007

Oedekoven, C. S. H., Keidel, J. L., Berens, S. C., & Bird, C. M. (2017).
Reinstatement of memory representations for lifelike events
over the course of a week. Scientific Reports, 7(1), 1—12. https://
doi.org/10.1038/s41598-017-13938-4

Pacheco Estefan, D., Sanchez-Fibla, M., Duff, A., Principe, A,
Rocamorag, R., Zhang, H., Axmacher, N., & Verschure, P. F. M. J.
(2019). Coordinated representational reinstatement in the
human hippocampus and lateral temporal cortex during
episodic memory retrieval. Nature Communications, 10(1).
https://doi.org/10.1038/541467-019-09569-0

Parish, G. M., Michelmann, S., & Hanslmayr, S. (2023). How Should
I Re-reference My Intracranial EEG Data?. In Intracranial EEG: A
Guide for Cognitive. In Neuroscientists (pp. 451—473). Cham:
Springer International Publishing.

Parvizi, J., & Kastner, S. (2018). Promises and limitations of human
intracranial electroencephalography. Nature Neuroscience,
21(4), 474—483. https://doi.org/10.1038/s41593-018-0108-2

Penfield, W., & Perot, P. (1963). The brain’s record of auditory and
visual experience: A final summary and discussion. Brain: a
Journal of Neurology, 86(4), 595—696.

Piolino, P. (2008). Evaluation et prise en charge des troubles de
mémoire autobiographique en neuropsychologie. Des
amnésies organiques aux amnésies psychogenes. Marseille:
Solal, 339—-388.

Piolino, P., Desgranges, B., Clarys, D., Guillery-Girard, B.,
Taconnat, L., Isingrini, M., & Eustache, F. (2006).
Autobiographical memory, autonoetic consciousness, and
self-perspective in aging. Psychology and Aging, 21(3), 510—525.
https://doi.org/10.1037/0882-7974.21.3.510

Polyn, S. M., Natu, V. S., Cohen, J. D., & Norman, K. A. (2005).
Category-specific cortical activity precedes retrieval during
memory search. Science (80), 310(5756), 1963—1966. https://
doi.org/10.1126/science.1117645

networks, Cortex, https://doi.org/10.1016/j.cortex.2024.11.015

Please cite this article as: Curot, J., et al., Complex memories induced by intracranial electrical brain stimulation are related to complex




24 CORTEX XXX (XXXX) XXX

Popa, I, Barborica, A., Scholly, J., Donos, C., Bartolomei, F.,
Lagarde, S., Hirsch, E., Valenti-Hirsch, M. P., Maliia, M. D.,
Arbune, A. A., Daneasa, A, Ciurea, J.,, Bajenaru, O. A., &
Mindruta, 1. (2019). Illusory own body perceptions mapped in
the cingulate cortex—an intracranial stimulation study.
Human Brain Mapping, 40(9), 2813—2826. https://doi.org/
10.1002/hbm.24563

Proust, M. (1927). Finding time again, trans. I. Patterson (Vol. 187).
Search Lost Time.

Renoult, L., Davidson, P. S. R., Palombo, D. J., Moscovitch, M., &
Levine, B. (2012). Personal semantics: At the crossroads of
semantic and episodic memory. Trends in Cognitive Science,
16(11), 550—558. https://doi.org/10.1016/j.tics.2012.09.003

Renoult, L., Irish, M., Moscovitch, M., & Rugg, M. D. (2019). From
knowing to remembering: The semantic—episodic distinction.
Trends in Cognitive Science, 23(12), 1041—1057. https://doi.org/
10.1016/j.tics.2019.09.008

Rubinov, M., & Sporns, O. (2010). Complex network measures of
brain connectivity: Uses and interpretations. Neuroimage, 52(3),
1059—1069. https://doi.org/10.1016/j.neuroimage.2009.10.003

Schacter, D. L. (1999). The seven sins of memory - insights from
psychology and cognitive neuroscience. The American
Psychologist, 54(3), 182—203.

Schacter, D. L. (2012). Constructive memory: Past and future.
Dialogues in Clinical Neuroscience, 14(1), 7—18.

Schacter, D. L., Eich, J. E., & Tulving, E. (1978). Richard Semon’s
theory of memory. Journal of Verbal Learning Verbal Behaviour,
17(6), 721—743. https://doi.org/10.1016/S0022-5371(78)90443-7

Scholly, J., Gras, A., Guye, M., Bilger, M., Valenti Hirsch, M. P.,
Hirsch, E., Timofeev, A., Vidailhet, P., Bénar, C. G., &
Bartolomei, F. (2022). Connectivity alterations in emotional
and cognitive networks during a manic state induced by direct
electrical stimulation. Brain Topography, 35(5—6), 627—635.
https://doi.org/10.1007/s10548-022-00913-0

Sheldon, S., Farb, N., Palombo, D. J., & Levine, B. (2016). Intrinsic
medial temporal lobe connectivity relates to individual
differences in episodic autobiographical remembering. Cortex;
a Journal Devoted To the Study of the Nervous System and Behavior,
74, 206—216. https://doi.org/10.1016/j.cortex.2015.11.005

Siegel, M., Donner, T. H., & Engel, A. K. (2012). Spectral fingerprints
of large-scale neuronal interactions. Nature Reviews.
Neuroscience, 13(2), 121—134. https://doi.org/10.1038/nrn3137

Sporns, O. (2014). Contributions and challenges for network
models in cognitive neuroscience. Nature Neuroscience, 17(5),
652—660. https://doi.org/10.1038/nn.3690

Steinvorth, S., Corkin, S., & Halgren, E. (2006). Ecphory of
autobiographical memories: An fMRI study of recent and
remote memory retrieval. Neuroimage, 30(1), 285—298. https://
doi.org/10.1016/j.neuroimage.2005.09.025

Steinvorth, S., Wang, C., Ulbert, I., Schomer, D., & Halgren, E.
(2010). Human entorhinal gamma and theta oscillations
selective for remote autobiographical memory. Hippocampus,
173, 166—173. https://doi.org/10.1002/hipo.20597

Talairach, J., Bancaud, J., Bonis, A., Szikla, G., & Tournoux, P.
(1962). Functional stereotaxic exploration of epilepsy.
Stereotactic and Functional Neurosurgery, 22(3—5), 328—331.
https://doi.org/10.1159/000104378

Tanaka, K. Z., Pevzner, A., Hamidi, A. B., Nakazawa, Y.,

Graham, J., & Wiltgen, B. J. (2014). Cortical representations are
reinstated by the Hippocampus during memory retrieval.

Neuron, 84(2), 347—354. https://doi.org/10.1016/
j-neuron.2014.09.037

Tanguay, A. F. N., Palombo, D. J., Love, B., Glikstein, R,
Davidson, P. S. R., & Renoult, L. (2023). Personal semantic,
general semantic, and episodic memory: Shared and unique
neural correlates. Elife, 12, Article e83645.

Tonegawa, S., Liu, X., Ramirez, S., & Redondo, R. (2015). Memory
engram cells have come of age. Neuron, 87(5), 918—931. https://
doi.org/10.1016/j.neuron.2015.08.002

Tulving, E. (1972). Episodic and semantic memory. Organization of
memory/Academic Press, 1, 381—403, 1.

Tulving, E. (2002). Episodic memory: From mind to brain. Annual
Review of Psychology, 53(1), 1—25. https://doi.org/10.1146/
annurev.psych.53.100901.135114

Tulving, E., Voi, M. E. L., Routh, D. A,, & Loftus, E. (1983). Ecphoric
processes in episodic memory [and discussion]. Philosophical
Transactions of the Royal Society of London B Biological Sciences,
302(1110), 361—371. https://doi.org/10.1098/rstb.1983.0060

Varela, F., Lachaux, J. P., Rodriguez, E., & Martinerie, J. (2001). The
brainweb: Phase synchronization and large-scale integration.
Nature Reviews Neuroscience, 2(4), 229—239. https://doi.org/
10.1038/35067550

Watrous, A.J., & Ekstrom, A. D. (2014). The spectro-contextual
encoding and retrieval theory of episodic memory. Frontiers in
Human Neuroscience, 8, 1—15. https://doi.org/10.3389/
fnhum.2014.00075. February.

Watrous, A. J., Tandon, N., Conner, C. R, Pieters, T., &

Ekstrom, A. D. (2013). Frequency-specific network connectivity
increases underlie accurate spatiotemporal memory retrieval.
Nature Neuroscience, 16(3), 349—356. https://doi.org/10.1038/
nn.3315

Weidemann, C. T., Kragel, J. E,, Lega, B. C., Worrell, G. A,,
Sperling, M. R., Sharan, A. D., Jobst, B. C., Khadjevand, F.,
Davis, K. A., Wanda, P. A,, Kadel, A., Rizzuto, D. S., &
Kahana, M. J. (2019). Neural activity reveals interactions
between episodic and semantic memory systems during
retrieval. Journal of Experimental Psychology. General, 148(1),
1-12. https://doi.org/10.1037/xge0000480

Wendling, F., Ansari-Asl, K., Bartolomei, F., & Senhadji, L. (2009).
From EEG signals to brain connectivity: A model-based
evaluation of interdependence measures. Journal of
Neuroscience Methods, 183(1), 9—18. https://doi.org/10.1016/
j.jneumeth.2009.04.021

Wendling, F., Bartolomei, F., Bellanger, J. J., & Chauvel, P. (2001).
Identification de réseaux épileptogénes par modélisation et
analyse non linéaire des signaux SEEG. Clinical
Neurophysiology, 31(3), 139—151. https://doi.org/10.1016/S0987-
7053(01)00255-6

Wheeler, M. E., Petersen, S. E., & Buckner, R. L. (2004). Memory’s
echo: Vivid remembering reactivates sensory-specific cortex.
Proceedings of the National Academy of Sciences, 97(20),
11125-11129.

Wing, E. A, Ritchey, M., & Cabeza, R. (2015). Reinstatement of
individual past events revealed by the similarity of distributed
activation patterns during encoding and retrieval. Journal of
Cognitive Neuroscience, 27(4), 679—691. https://doi.org/10.1162/
jocn

Yapko, M. D. (1994). Suggestibility and repressed memories of
abuse: A survey of psychotherapists' beliefs. The American
Journal of Clinical Hypnosis, 36(3), 163—171.

Please cite this article as: Curot, J., et al., Complex memories induced by intracranial electrical brain stimulation are related to complex

networks, Cortex, https://doi.org/10.1016/j.cortex.2024.11.015




