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and retrieval of episodic memories in humans
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opposition and offer insight into
similarities and differences between
species.

Saint Amour di Chanaz et al., 2023, Current Biology 33, 1836-1843

¢ CellP’ress


mailto:llfuentemilla@ub.edu
https://doi.org/10.1016/j.cub.2023.03.073
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2023.03.073&domain=pdf

¢ CelPress Current Biology

Gamma amplitude is coupled to opposed
hippocampal theta-phase states during the encoding
and retrieval of episodic memories in humans

Ludovico Saint Amour di Chanaz,-2 Alexis Pérez-Bellido,"-2 Xiongbo Wu, -2 Diego Lozano-Soldevilla,*

Daniel Pacheco-Estefan,> Katia Lehongre,® Estefania Conde-Blanco,” Pedro Roldan,” Claude Adam,?

Virginie Lambrecq,®8° Valerio Frazzini,®° Antonio Donaire,” Mar Carreiio,” Vincent Navarro,®-8.%:10

Antoni Valero-Cabré,®11.12:13 gnd Lluis Fuentemilla'-214.15.*

1Department of Cognition, Development and Educational Psychology, University of Barcelona, Pg Vall Hebrén 171, 08035 Barcelona, Spain
2Institute of Neurosciences, University of Barcelona, Pg Vall Hebrén 171, 08035 Barcelona, Spain

3Department of Psychology, Ludwig-Maximilians-Universitat Minchen, Munich, Germany

4Laboratory for Clinical Neuroscience, Centre for Biomedical Technology, Universidad Politécnica de Madrid, Crta. M40, Km. 38, Pozuelo de
Alarcén, Madrid 28223, Spain

5Department of Neuropsychology, Institute of Cognitive Neuroscience, Faculty of Psychology, Ruhr University Bochum, 44801 Bochum,
Germany

6Sorbonne Université, Paris Brain Institute — Institut du Cerveau, ICM, INSERM, CNRS, APHP, Pitié-Salpétriére Hospital, 47-83, Boulevard de
I’Hopital, 75651 Paris Cedex 13, France

“Epilepsy Program, Neurology Department, Hospital Clinic de Barcelona, EpiCARE: European Reference Network for Epilepsy, Institut
D’Investigacions Biomediques August Pi i Sunyer (IDIBAPS), C. de Villarroel, 170, 08036 Barcelona, Spain

8AP-HP, Epilepsy Unit, Pitié-Salpétriere Hospital, DMU Neurosciences, 47-83, Boulevard de I’'Hépital, 75651 Paris Cedex 13, France
9AP-HP, Département de Neurophysiologie, Hopital PitiéSalpétriere, DMU Neurosciences, 47-83, Boulevard de I'Hépital, 75651 Paris Cedex
13, France

10AP-HP, Center of Reference for Rare Epilepsies, Pitié-Salpétriere Hospital, 47-83, Boulevard de I’'Hopital, 75651 Paris Cedex 13, France
11Cerebral Dynamics, Plasticity and Rehabilitation Group, FRONTLAB team, CNRS UMR 7225, INSERM U1127, Paris, France

12Faculty of Health and Science, Cognitive Neurolab, Neuroscience and Information Technology Research Program, Open University of
Catalonia (UOC), Avinguda del Tibidabo, 39-43, 08035 Barcelona, Spain

13| aboratory for Cerebral Dynamics Plasticity and Rehabilitation, Boston University School of Medicine, 72 E Concord Street, Boston, MA
02118, USA

14Institute for Biomedical Research of Bellvitge, C/ Feixa Llarga, s/n - Pavell6 de Govern -Edifici Modular, L’Hospitalet de Llobregat, 08907
Barcelona, Spain

15 ead contact

*Correspondence: lIfuentemilla@ub.edu

https://doi.org/10.1016/j.cub.2023.03.073

SUMMARY

Computational models and in vivo studies in rodents suggest that the emergence of gamma activity
(40-140 Hz) during memory encoding and retrieval is coupled to opposed-phase states of the underlying hip-
pocampal theta rhythm (4-9 Hz).'"° However, direct evidence for whether human hippocampal gamma-
modulated oscillatory activity in memory processes is coupled to opposed-phase states of the ongoing theta
rhythm remains elusive. Here, we recorded local field potentials (LFPs) directly from the hippocampus of 10
patients with epilepsy, using depth electrodes. We used a memory encoding and retrieval task whereby
trial unique sequences of pictures depicting real-life episodes were presented, and 24 h later, participants
were asked to recall them upon the appearance of the first picture of the encoded episodic sequence.
We found theta-to-gamma cross-frequency coupling that was specific to the hippocampus during both
the encoding and retrieval of episodic memories. We also revealed that gamma was coupled to opposing
theta phases during both encoding and recall processes. Additionally, we observed that the degree of
theta-gamma phase opposition between encoding and recall was associated with participants’ memory per-
formance, so gamma power was modulated by theta phase for both remembered and forgotten trials,
although only for remembered trials the dominant theta phase was different for encoding and recall trials.
The current results offer direct empirical evidence in support of hippocampal theta-gamma phase opposition
models in human long-term memory and provide fundamental insights into mechanistic predictions derived
from computational and animal work, thereby contributing to establishing similarities and differences across
species.
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Figure 1. Experimental design and recording
locations

(A) On day 1, participants were presented with 3
blocks of 20 different picture series, each
including 4 pictures depicting a plausible suc-
cession of instances of a real-life episode (en-
coding phase). Participants were informed that
memory of the encoded episodes would be tested
after each encoding block on the same day (recall
day 1) and again 24 h later (recall day 2). Partici-
pants were informed that the recall phase con-
sisted of the presentation of the first picture of

Day 1
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(20 episodes)

each of the series and that they should verbally
recall the pictures associated with each of them.
They were asked to be as specific and precise as
possible, trying to recall the events in order and
mentioning the first image as the beginning of their

Day 2

Recall
(20 episodes)

story.
(B) Participants’ proportion of episodes that were
successfully remembered in the day 1 and day 2

Recall
(60 episodes)

X3

recall tests. In the boxplots the central mark is the
median, and the edges of the box are the 25" and

75" percentiles. Each dot on both plots represents
a single participant. Dashed lines on the boxplot
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RESULTS AND DISCUSSION

Ten participants (6 females, age 29.5 + 11.7 years; mean + SD)
with drug-resistant epilepsy participated in a 2-day encoding
and recall episodic memory task (Figure 1A). Participants stud-
ied a series of 60 different episodes of 4 picture image se-
quences, each depicting a plausible succession of instances of
a real-life episode that they had to recall immediately (recall
day 1) and then again 24 h later (recall day 2), cued with the first
image of each episode. Memory accuracy was assessed by
counting the number of pictures from each episode that was
correctly included in the recall phase (3 being the maximum
value to reach per episodic series). We then obtained a memory
score for each episode that ranged from O (i.e., no pictures
included in the recall) to 3 (i.e., all pictures included in the recall),
given that the recall of the first picture was non-informative of
memory retrieval as it was always displayed as a cue during
the recall. The total number of recalled pictures for each episode
was then used to categorize whether that episode was remem-
bered or forgotten. We categorized episodes that included 2 or
3 pictures in their recall as “remembered,” and when partici-
pants recalled 0 pictures or 1 picture from the episode, we cate-
gorized those as “forgotten.” As expected, participants remem-
bered on average more episodes in the recall task on day 1

(mean = SD, 64.9% + 18.1%) than in the recall task on day 2
(mean = SD, 53.2% =+ 16.5%) (paired t test, t(9) = 2.89,
p = 0.02) (Figure 1B; Table S1). We also observed that the num-
ber of cases in which pictures from an episode were recalled in
an incorrect order, or when these included pictures from other
episodes, was infrequent in both recall day 1 (6.0% + 4.10%)
and recall day 2 (5.83% + 2.97 %) tests, and the number of errors
in their recall did not differ between these two tests (t(9) = 0.16,
p = 0.87), thereby indicating that participants were accurate in
their remembered episodes.

While participants performed the task, we recorded direct
hippocampal activity via implanted depth electrodes (Figure 1C),
thereby allowing us to examine hippocampal neurophysiological
mechanisms that supported episodic memory encoding
and retrieval in humans. Previous work using intracranial
electroencephalographic (iIEEG) recordings from human hippo-
campus revealed increases of high-frequency gamma power
(~40-120 Hz), an established correlate of firing rates of individual
neurons,''"® increase during encoding’* and retrieval, either in
recognition'® or in recall'® memory tasks. We thus carried out
a single-trial time-frequency analysis on hippocampal EEG
data during the encoding of episodes and at their recall on day
2, and we computed the relative gamma power increases and
decreases corrected with respect to a 0.5-s baseline window
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Figure 2. Hippocampal gamma power during memory encoding and
recall

(A) Group-averaged changes in spectral power elicited during memory en-
coding and recall.

(B) Time-frequency t value map of gamma power increase and decrease at
encoding and at recall. Thick black lines depict the cluster that resulted as
being statistically significant at encoding and at recall (p < 0.05, cluster
statistics).

(C) Cluster-averaged gamma power at encoding and recall for remembered
and forgotten episodes. Paired t test-associated p values between conditions
associated are displayed. For all boxplots, the central mark is the median, and
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(STAR Methods). This analysis revealed that marked gamma-
band (~40-140 Hz) power increase from ~0.3 to 1.3 s during
memory encoding and recall (Figures 2A and S1), which
proved to be statistically significant (cluster statistics at encod-
ing, tsum = 1699.1, tyeax = 5.97, p = 0.002; cluster statistics at
recall, tsym = 2503.0, tyeax = 6.8, p = 0.006) after correcting for
multiple comparisons using a cluster-based non-parametric
method (Figure 2B; STAR Methods). However, a comparison of
the cluster-averaged gamma power increase for episodes that
were remembered and forgotten revealed that the magnitude
of the increase was similar between conditions (repeated mea-
sures ANOVA, all F < 0.5), both during memory encoding (paired
ttest: t(9) = —0.48, p = 0.64) and recall (t(9) = 1.35, p = 0.20) (Fig-
ure 2C). Additional analysis accounting for picture order within
the episode confirmed that gamma power increase was consis-
tent throughout encoding and similarly elicited by episodes that
would be later remembered or forgotten (Figure S1). This con-
trasts with earlier findings that showed greater hippocampal
gamma power response during the encoding of words from a
list that were later remembered, compared with those that
were forgotten,14 or the correct identification of a color-associ-
ated background of a word during a recognition task.'®> While it
would be reasonable to expect performance-dependent hippo-
campal gamma power modulations in our study too, there are
important differences between the previous and our task design.
Here, we asked participants to encode and recall the complete
sequence of visual pictures depicting the unfolding of a realistic
and schema-consistent episode, and we distinguished between
remembered and forgotten episodes based on the participants’
abilities to recollect the pictures verbally, remaining agnostic to
the likely possibility that they successfully recognized the picture
cues even in the forgotten trials. Thus, our task design may be
less sensitive in isolating the gamma power differences between
successful and unsuccessful memory performance revealed in
previous studies.

We next asked whether the increase in gamma power seen
during episodic encoding and during recall was coupled to the
ongoing hippocampal theta-phase states. Hippocampal theta
oscillations have been related to the dynamics of memory func-
tion,'"~** and specifically to the interplay between encoding and
retrieval."® In theta-based hippocampal models, the phase of
ongoing theta oscillations separates encoding and retrieval
and determines the different plasticity regimes that memory en-
coding and retrieval require.’ Prior rodent studies reported evi-
dence that modulations within the gamma band distinguishing
encoding from retrieval,?®>” and the study of theta on humans
showed a preferential phase for encoding and recall,?%2°° high-
lighting the intrinsic property of the hippocampus to shift its dy-
namics toward encoding and retrieval, even when the same
perceptual experience is present during the two tasks (e.g.,
Long et al.®"); however, direct evidence of whether human hippo-
campal gamma-modulated activity in memory processes is
coupled to opposed-phase states of the ongoing theta rhythm
remains elusive.

the edges of the box are the 25" and 75" percentiles. Each dot represents the
value for an individual participant in each condition. Dashed lines on the
boxplots connect the value of an individual in the two conditions.

See also Figures S1, S3, and S4.
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Figure 3. Hippocampal theta-gamma phase-amplitude coupling
during memory encoding and recall

(A) Group-averaged phase-amplitude comodulogram computed during
memory encoding and recall. x axis indicates phases modulating the signal,
and the y axis represents the modulated amplitude.

(B) Phase-to-amplitude t value map during encoding and recall. Thick black
lines depict the cluster that resulted statistically significant during encoding
and recall (p < 0.05, cluster statistics).

(C) Cluster-averaged PAC strength for remembered and forgotten episodes
during encoding and recall. Paired t test-associated p values between con-
ditions associated are displayed. For all boxplots, the central mark is the
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To address this issue, we first examined whether hippocampal
gamma oscillations exhibited phase-amplitude coupling (PAC)
with ongoing theta phase during encoding and during retrieval
in our data. We assessed the existence of theta-gamma PAC
by using a comodulogram method as described in Tort et al.,*?
which allows for PAC to be scanned from several narrow-filtered
frequencies within the theta and gamma frequency bands. We
then quantified the magnitude of PAC in each frequency pair
by using the so-called mean vector length (MVL) method®®
(STAR Methods), which has been found to be relatively robust
to signal-to-noise over time for EEG segments of few seconds.**
The results of this analysis revealed that hippocampal gamma-
band amplitude during memory encoding and during memory
recall was modulated by the ongoing theta-phase state
(Figures 3A and S2). Cluster-based statistics confirmed a statis-
tically significant theta-gamma PAC cluster, comprising ampli-
tude modulations in the ~40-110 Hz frequency range that
were coupled to ~4-9 Hz phases during encoding (cluster statis-
tics: tgym = 181.7, tgeak = 5.51, p < 0.001) and amplitude modula-
tions at ~50-90 Hz frequency range that were coupled to the
ongoing theta phases within the ~4-10 Hz frequency range dur-
ing recall (cluster statistics: tgym = 139.9, tpeax = 5.48, p < 0.001)
(Figure 3B). Theta-gamma PAC was also detected during recall
on day 1 (i.e., in the test that took place a few minutes after en-
coding) (Figure S3). However, the degree of PAC between mem-
ory conditions did not differ statistically (repeated measures
ANOVA, all F < 0.3; encoding, t(9) = 0.49, p = 0.63; recall, t(9) =
0.54, p = 0.59) (Figure 3C). Additional control analyses showed
that theta oscillations were present during encoding and recall
(Figure S1); that encoding theta-gamma PAC was similar
throughout the sequence of encoded pictures and between
memory conditions (Figure S4); that theta-gamma PAC could
not be identified in other brain regions outside the hippocampus,
such as in the middle temporal gyrus (Figure S4); and that the
lack of theta-gamma PAC differences could not be explained
by signal-to-noise properties derived from hippocampal
evoked-potential responses, elicited during encoding and recall
in the task (Figure S1).

The results presented thus far show that hippocampal gamma
is effectively coupled to the ongoing theta-phase state, but it is
not predictive of episodic memory formation and retrieval. Our
analysis, however, does not account for the possibility that
gamma-amplitude modulation to theta phases occurs at distinct
phases at encoding and at recall, as it would be predicted by
theta-phase hippocampal models.' To test theta phase opposi-
tion, we developed an index, the “mean opposition vector index”
(MQVI), allowing us to statistically assess the existence of
PAC opposition between two experimental conditions (STAR
Methods). Briefly, MOVI is the MVL of an alternate distribution,
calculated as the difference between the two compared distribu-
tions. Each participant had an experimental MOVI value that was
tested against 1,000 surrogate values after shuffling across tri-
als. These experimental values, as well as the surrogate values,
were averaged, and we obtained an experimental MOVI value to

median, and the edges of the box are the 25 and 75" percentiles. Each dot
represents the value for an individual participant in each condition. Dashed
lines on the boxplots connect the value of an individual in the two conditions.
See also Figures S2-5S4.
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Figure 4. Hippocampal theta-gamma phase preference and mean opposition vector index (MOVI)

(A) Representative example of raw (LFP) and filtered (theta and gamma) hippocampal recordings from one of the participants of the study during encoding and at
recall. The PAC wave shows where on the theta cycle there is an increase in gamma activity for the example trial.

(B) Polar distribution of averaged gamma amplitude (z) across participants over theta phases within the significant cluster of PAC found at encoding and at recall.
Error bars represent standard error across participants. Grand average across participants is depicted by the thick red line.

(C) Individual distribution of hippocampal gamma amplitude over a cycle of theta at encoding and recall for remembered trials. Participants’ distributions have
been realigned to the mean angle direction of encoding, and the recall distributions have been realigned relative to each participant’s encoding distribution for this
figure only.

(D) Average distribution of hippocampal gamma amplitude over theta phase for all patients for remembered trials. Shaded area represents the SEM across
participants.

(E) Experimental value of MOVI (red star) compared with surrogate value for all participants for remember trials.

(F) Individual distribution of hippocampal gamma amplitude over a cycle of theta at encoding and recall for forgotten trials. Participants’ distributions have been
realigned to the mean angle direction of encoding, and the recall distributions have been realigned relative to each participant’s encoding distribution for this
figure only.

(G) Average distribution of hippocampal gamma amplitude over theta phase for all participants for forgotten trials. Shaded area represents the standard error
across participants. Note that the lack of phase preference in the plot does not reflect a lack of PAC but the degree of variability in phase preference across
participants.

(H) Experimental value of MOVI (red star) compared with surrogate value for all participants for forget trials.

See also Figures S2-54.

test against a distribution of surrogates. We Z scored the exper-
imental value and obtained a p value by identifying the fraction of
surrogate MOVI values that was smaller than the experimental
value (STAR Methods). We found significant gamma-band activ-
ity coupling to opposed-theta-phase states during memory
encoding and recall (z = 2.29, p = 0.009) (Figures 4A, 4B,
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and S2). This theta-gamma PAC opposition was statistically
significant for remembered episodes (z = 2.85, p = 0.002)
(Figures 4C and 4D) but not for forgotten episodes (z = 0.98,
p = 0.16) (Figures 4E and 4F) or for the interaction remembered
versus forgotten (t(9) = 0.76, p = 0.49). This result indicates
that gamma power was modulated by theta phase for both
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remembered and forgotten trials, although only for remembered
trials the dominant theta phase was different for encoding and
recall trials.

Altogether, the current study provides evidence in humans
that hippocampal gamma couples to opposed-phase states of
the ongoing theta rhythm activity in episodic memory during en-
coding and during retrieval. The present findings thus constitute
empirical support for the computational models that show that
the emergence of gamma oscillations at opposed-phase states
of the underlying theta rhythms may be optimal for acquiring
new memories and retrieving existing memories.” "’

While hippocampal theta-gamma PAC is well documented in
task-based mnemonic processing in rodents,>’~'%?>%° evi-
dence in humans has been compromised by the limited access
to the direct sampling of hippocampal activity with intracranial
EEG recordings. Notably though, the existing data converged
in showing that hippocampal theta-phase coding scheme is a
core mechanistic conduit in memory function®®2°*%°" and that
human hippocampal theta-gamma PAC underlies working mem-
ory®®° and the recall of list words.*° The current findings further
extend this literature by providing novel evidence that human hip-
pocampal gamma activity functionally shifts to distinct theta-
phase states to support episodic encoding or retrieval.

In line with previous studies examining memory-based hippo-
campal activity from intracranial recordings in humans,'>*" we
found an increase in power for a broad high-frequency range
(~40-120 Hz) activity at encoding and at retrieval. Rodent
research studying the dynamic interaction of the entorhinal cor-
tex and the CA1 and CA3 subfields within the hippocampal
network identified that encoding and retrieval may in fact engage
two distinct gamma bands, a slow band (~30-50 Hz) and a fast
band (~60-100 Hz), each of them functionally locked to different
theta-phase states.® In this study, the size of the intracranially
implanted electrodes and the rare occasions whereby the ento-
rhinal cortex is sampled in clinical settings challenged the possi-
bility of reliably separating slow and fast gamma activity within
the entorhinal-hippocampal CA1/CA3 network in humans (but
see Griffiths et al.*? and Wang et al.**).

Our findings also point to the possibility that gamma coupled
to alower and a higher hippocampal theta rhythm during encod-
ing and recall, respectively (Figure 3). Interestingly, human hip-
pocampal theta has been reported to be slower than rodents’
theta and there may be two functionally and anatomically distinct
rhythms, a slower (~3 Hz) and faster (~7 Hz) theta.**** We
explored whether low theta was also coupled with gamma at
different phases during encoding and recall, but we did not
find evidence for theta phase opposition at low theta (Figure S4).
A recent study in humans has shown that oscillations within the
theta range varied along the longitudinal axis of the hippocam-
pus, with theta range being slower in the anterior hippocampus
and faster at the posterior hippocampus.“® Our study, which
included hippocampal activity indistinctively from electrodes
located at anterior and middle hippocampal regions (Figure 1C),
may have perhaps blurred together the low and high theta oscil-
lations. Nevertheless, the extent to which low and fast theta
showed different theta-gamma PAC dynamics in memory would
be an interesting question to explore in future studies. Address-
ing this issue adequately, though, would require a rich recording
sampling of the hippocampus activity along its longitudinal axis.

¢ CellP’ress

In sum, current findings provide new insights into the func-
tional role of hippocampal theta-gamma cross-frequency
coupling in human episodic memory. We report that gamma os-
cillations are coupled to the peak of the ongoing theta rhythm
during memory encoding and to the trough of theta at its
retrieval. Additionally, we show that the degree of theta-gamma
phase opposition was associated with memory performance.
Thus, our findings provide the first direct empirical evidence in
support of hippocampal theta-gamma phase opposition models
subtending human long-term episodic memory, bridging an
important gap between existing computational, rodent, and hu-
man evidence.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

MATLAB https://uk.mathworks.com/products/matlab.html 2021a

PsychToolbox3.0 http://psychtoolbox.org/ 2017

FieldTrip Toolbox https://www.fieldtriptoolbox.org/ v.06/02/2017 v.12/05/2020

CircStat Toolbox https://www.jstatsoft.org/article/view/v031i10 N/A

EEGLab Toolbox https://sccn.ucsd.edu/eeglab/index.php 2019.1

Freesurfer Toolbox https://surfer.nmr.mgh.harvard.edu/ V6

SPM12 ToolBox https://www.fil.ion.ucl.ac.uk/spm/software/spm12/ N/A

Permutest function https://uk.mathworks.com/matlabcentral/fileexchange/ 1.0.0
71737-permutest?requestedDomain=

Experiment Code https://github.com/DMFresearchlab/OppositionPhase/tree/ N/A
main/Scripts

Analysis Code https://github.com/DMFresearchlab/OppositionPhase/tree/ N/A
main/ScriptsReviewPaper

Other

Experiment material https://github.com/DMFresearchlab/OppositionPhase/tree/ N/A

main/ImagesForTask

RESOURCE AVAILABILITY

Lead contact
For further information or requests, contact should be directed towards the lead contact, Lluis Fuentemilla (llfuentemilla@ub.edu).

Materials availability
This study did not generate new, unique reagents or materials. New analysis techniques are part of the code supplied in the data and
code availability section.

Data and code availability

® The data reported in this study cannot be deposited in a public repository as it countervails to a legal prohibition (the data are
confidential medical records).

o Experimental material for the cognitive task has been deposited on an open repository on GitHub (GitHub: https://github.com/
DMFresearchlab/OppositionPhase/tree/main/ImagesForTask) and is publicly available as of the date of publication.

o All original code has been deposited on an open repository on GitHub (https://github.com/DMFresearchlab/OppositionPhase/
tree/main/ScriptsReviewPaper ) and is publicly available as of the date of publication.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ten epilepsy patients (6 females, age 29.5 + 11.7 years - mean + SD) implanted with depth electrodes as part of their diagnostic
assessment for pharmaco-resistant focal epilepsy participated in our study. Recordings were performed in two hospitals: the Hopital
Pitié-Salpétriere in Paris (France) and the Hospital Clinic - IDIBAPS in Barcelona (Spain). Electrode placement was exclusively guided
by the clinical needs of localizing the seizure onset zone and consider the indications and feasibility of ulterior surgical resections.
Participant selection was based on the following inclusion criteria: 1) normal 1Q; 2) electrodes implanted in the hippocampus contra-
lateral to or outside of the epileptogenic region were included for the analysis of neurophysiology signals. The study was conducted
according to the Declaration of Helsinki and approved by the local ethics committee, and all patients provided written informed
consent.
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METHOD DETAILS

Data collection

The experiment was conducted in a sound-attenuated room in the hospital, with participants sitting upright in a comfortable chair or
on their bed. The stimuli were presented on a 13-inch portable computer, placed on an overbed table at approximately 60 cm dis-
tance in front of the patients. Patients used the keyboard of the laptop to complete the behavioral task, and their responses were
recorded. Trial onsets and offsets TTL triggers were sent to the EEG amplifier via a parallel port or an Arduino simulating a parallel
port. In Paris, the recordings were performed using the ATLAS amplifier (Atlas, Neuralynx, Bozeman, MO; 160 channels at 4096 Hz;
bandpass filter between 0.1 Hz and 1000 Hz). The macroelectrodes (AdTech, Wisconsin) used consisted of 4-12 platinum contact
electrodes with a diameter of 1.12 mm and length of 2.41 mm, with nickel-chromium wiring. The distance between the centre of 2
contacts was 5 mm. In Barcelona the recordings were performed using a clinical EEG system (Natus Quantum LTM Ampilifier)
with a 1024Hz sampling rate and an online bandpass filter from 0.1Hz to 4000Hz. Intracerebral electrodes (Microdeep, DIXI Medical)
were used for recordings. Each multielectrode had 8 to 18 contacts, spaced 5 mm and 1 to 2 mm long with a diameter of 0.8 mm.
Verbal recalls were recorded with an audio recorder placed on the overbed table next to the laptop computer used to record
responses.

Experimental design

The experiment was conducted on two consecutive days (Figure 1A). On day 1, participants were presented with 3 blocks of 20
different episodic sequences each including 4 pictures depicting a plausible succession of instances of a real-life episode (encoding
phase). Participants were instructed to encode the temporally extended episodes, whereby each single-exposure episode was itself
composed of four discrete and unique picture stimuli assembled into an unfolding episode. They were also informed that their mem-
ory of each of the pictures within the episodes would be tested briefly after each encoding block (recall day 1) on the same day and
again 24h later (recall day 2).

In the encoding phase, participants were presented with a total of 60 different episodic sequences separated into 3 different
blocks. Each episode included 4 different pictures presented sequentially. The trial structure was as follows: each trial started
with the text presentation of “New Episode” for 1 s which marked the start of a new encoding episode. Each picture was then sequen-
tially presented on a grey screen for 2.5 s and preceded by a black fixation cross in the centre of the screen for 1 s. A fixation cross
was displayed again for 2 s after the 4th picture, after which participants were instructed to rate, on a keyboard (keys 1, 2, 3 and 4),
how much the sequence was emotionally salient to them. The emotional salience had to be rated on a scale from 1 (no salience or
boring) to 4 (very salient). An inter-trial interval of 2 s was inserted before the start of the next encoding trial.

After each encoding block of 20 episodes, participants had a short break and started the recall phase (day 1). Participants were
informed that the recall phase consisted of the presentation of the first picture of each of the series and that they should verbally recall
the pictures associated with each of them. They were asked to be as specific and precise as possible, and to try to recall the pictures
in the exact same order as they were presented, and to mention the first image as the beginning of their recall. Patients answered in
their native language which was French in the Hopital Pitié-Salpétriére in Paris and Spanish or Catalan in the Hospital Clinic — IDIBAPS
in Barcelona. Each recall trial event began with a 1 sec text presentation on the screen that depicted “New memory”. After a black
fixation cross in the centre of the screen for 1 s, the first picture of one of the encoded episodes was presented for 3 s, serving as a cue
to prompt the verbal recall of the rest of the pictures in that episodic sequence. Participants were instructed to withhold their recall of
the associated episode until the picture image was replaced by a message saying, “Can you recall the episode?”, which lasted a
maximum of 80 s to allow them to take their time to recall the episode if needed. An external recorder positioned on the table adjacent
to the laptop was used to record their verbal responses; however, since it was not connected to the laptop, the reaction times for the
answers were not obtainable. Participants could press the spacebar to end the trial when they had finished the recall. Participants
were instructed beforehand to explicitly say “I do not remember” after the picture image disappeared if nothing could be remem-
bered that was associated with the picture cue. A short break of 5-10 minutes separated the start of the new encoding-recall block.

On day 2, participants were instructed that the cued recall task would be repeated (recall on day 2) and it would follow the same trial
structure as in the recall phase on day 1. All 60 first pictures from the encoded series were presented in blocks of 20 trials, which were
separated by a short 5-10 minutes break.

The presentation order of the series in the encoding phase was randomized for each participant and presented in a shuffled order
on each round of recall on day 1. The order of the presentation of the picture cues from the 60 episodes was also shuffled for each
participant. The task was programmed on Matlab R2017b using the Psychtoolbox3 toolbox.*”

Electrode selection

Based on anatomical and functional criteria, one pair of hippocampal depth electrode contacts per participant was selected for an-
alyses. Depth electrodes were implanted stereotaxically, and laterally via the temporal lobe. The presence of electrodes in the hip-
pocampus was assessed with the examination of a computed tomography (CT) and (post-electrode removal) Magnetic Resonance
Imaging (MRI) T1 scans. Cerebral atlases of each patient were obtained with the parcellation of the preoperatory T1 using Freesurfer
(https://surfer.nmr.mgh.harvard.edu). The CT was then co-registered to the T1 and contact tags and names were placed manually
using fieldtrip toolbox for ECoG and sEEG recordings (https://www.fieldtriptoolbox.org/). Confirmation of contact placement was
then obtained with a co-registration of the post-operatory T1 to the preoperatory T1 and via superposition of the electrode placement
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matrix to the realigned post-operatory T1, and manual correction of the misplaced contact tags. Selection of channels was done in
native space to prevent errors due to distortions while converting in MNI space. MNI space conversion was then done to have a
generalized view of the patient’s channels of interest. Since channels were referenced to the adjacent more distal contact along
the electrode (bipolar referencing) channels of interest were selected on the bases of three main criteria (in this order of decreasing
importance): (1) the channel of interest or the referenced one had to be in the hippocampus; (2) if more than one channel was eligible,
hence fulfilled the prior criterion, to avoid using white matter references, hence limit noise from other brain areas, we privileged the
channel that had an adjacent distal referencing contact also in the hippocampus®; Finally, (3) if more than one pair of adjacent chan-
nels were eligible, we selected those that had the least amount of epileptic activity according to the Artifact Rejection procedure
(please see section below for details).

To visualize the selected contacts across our sample, we normalized each participant’s post-implantation MRI along with their co-
registered pre-implantation MRI to MNI space using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/). To facilitate the visualization of con-
tacts across the group, a 5-mm-radius sphere was created around each contact’s centre point and overlaid across participants
(Figure 1C).

Data preprocessing and artifact rejection

We first down-sampled raw EEG data from all participants to 1000 Hz. Then, we extracted epochs of EEG data from -2 to +4 s from
stimulus onset for all stimuli (picture images) and plotted each EEG trial data to perform a visual inspection to identify epileptic activity
with the help of an epileptologist. We recognized interictal spikes and epileptic activity, characterized by high amplitude EEG signals
that were disruptive of previously ongoing activity. We then plotted each trial’s spectral power (30 — 140 Hz) to evaluate the presence
of noise in the time-frequency domain. Trials containing epileptic activity or noise were removed from further analysis. This resulted in
47.8 + 10.8 (Mean + SD) trials for image 1, 48.5 + 10.8 trials for image 2, 49.6 + 8.3 trials for image 3, 50.8 + 8.3 trials for image 4 and
52.9 + 10.0 trials for recall, being kept for analysis on average across patients, for a total of 60 trials per stimulus. We then re-refer-
enced each contact to the closest contact on the same electrode (bipolar re-referencing, details explained above) and performed a
second visual inspection of the LFPs and the spectral power data to ensure all epileptic spikes had been successfully removed
throughout our priori Artifact Rejection procedure.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioural analysis

Participants’ memory accuracy was assessed by analysing the verbal recall on day 1 and day 2. For each episode, each picture was
counted as remembered or forgotten. A picture was counted as remembered when participants mentioned an action or an item that
clearly depicted the content of the picture. We then obtained a memory score for each episode that ranged from O (i.e., no pictures
included in the recall) to 3 (i.e., all pictures were included in the recall), given that the recall of the first picture was non-informative of
memory retrieval as it was always displayed as a cue during the recall. The total number of pictures correctly recalled for each
episode was then used to categorize whether that episode was remembered or forgotten. We categorized episodes that included
2 or 3 correctly recalled pictures as ‘remembered’ and ‘forgotten’ when participants recalled either none or a single picture from
the episode. When pictures were correctly recalled in an episode, we also assigned a number from 2 to 4 to each of them to index
the correspondence to the order position in the sequence at encoding. This allowed us assessing for the possibility that remembered
pictures were recalled in an incorrect order during the recall (e.g., permutation errors). We also coded if pictures from one encoded
episode were erroneously recalled in another one at test (e.g., false alarms).

To evaluate the extent to which recalled episodes in the immediate test were consistent to those recalled in the delayed test, we
performed a linear regression analysis at the individual level using the number of pictures recalled in the immediate test as a depen-
dent variable and the number of pictures recalled in the delayed test as an independent measure. If the pictures recalled in the delay
recall test from each of the episodes scaled according to the recalled pictures at the immediate test, then the slope of this relationship
should be positive and differ from 0. This analysis revealed that this was the case, as the slopes were positive (mean + SD, 0.73 + 0.16)
and significantly above 0 (t(9) = 14.62, p < 0.001). These results indicate that the number of recalled images per episode was consis-
tent in the recall test on day 1 and on day 2.

On average, participants rated the encoded episodes as emotionally neutral (mean + SD, 2.46 + 0.69; Participant 9 had to be
excluded from this analysis because of with the recording of button presses during the encoding phase). Ratings were similar for
remembered and forgotten episodes as a function of memory accuracy in the immediate (remembered: 2.49 + 0.73 and forgotten:
2.46 + 0.68, paired t-test t(8) = 0.18, p = 0.86) and in delayed recall test (remembered: 2.47 + 0.78 and forgotten: 2.46 + 0.59, paired
t-test t(8) = 0.05, p = 0.96). These results indicate that participants’ episodic engagement did not affect successful memory accuracy
in our experiment.

Number of iEEG trials included in the analyses

We quantified the number of trials from each of the 4 pictures at encoding and at recall that were included in the iEEG analyses after
artifact rejection and have them compared across memory conditions for each of the recall tests. We statistically assessed this issue
at encoding by running a repeated measures ANOVA including two within-subject factors, memory type (remembered, forgotten) and
picture position (1%, 2"9, 3, 4" in the episodic sequence). We used a paired-t test at recall as a statistical test for this issue.

e3 Current Biology 33, 1836-1843.e1-e6, May 8, 2023


http://www.fil.ion.ucl.ac.uk/spm/

Current Biology ¢? CellP’ress

This statistical approach revealed that the number of iEEG trials included in the analysis of the immediate recall test was, as ex-
pected, greater in the ‘remembered’ than in the ‘forgotten’ condition (repeated measures ANOVA, main effect of memory
F(1,9) = 5.25, p = 0.048). This analysis also showed a statistically significant memory X picture position interaction (F(3,27) = 3.81,
p = 0.02; but not a main picture position effect F(3,27) = 0.84, p = 0.48), which indicated that the difference in the number of iEEG
trials between conditions was not homogeneous throughout the picture sequence. Similarly, a paired t-test confirmed there were
more trials in the ‘remembered’ than in the ‘forgotten’ conditions during the recall phase (t(9) = 2.71, p = 0.02). For completeness,
we detailed the number of trials in the immediate recall test: 'remembered’ condition: 29.7 + 10.5 for image 1, 31 + 12.4 for image
2,32.2 +10.4 forimage 3, 32.6 + 11.5 forimage 4 and 35.6 + 9.66 for the recall phase. The number of trials included in the ‘forgotten’
condition was 18.1 = 11 forimage 1, 17.5 =+ 5 forimage 2, 17.4 + 9.9 for image 3, 18.2 + 9.2 for image 4 and 19.1 + 10.01 for the recall
phase.

However, the number of iEEG trials included in the analysis in the remembered and forgotten condition in the delay recall test
showed to be not statistically different (repeated measures ANOVA: main effect of memory F(1,9) = 0.39, p = 0.55; main effect of pic-
ture order F(3,27) = 0.84, p = 0.48; interaction memory x picture order F(3,27) = 0.71, p = 0.55). Similarly, the number of trials included
in the iEEG analysis was equivalent in the recall phase for the remember and forget conditions ((9) = 0.81, p = 0.44). For complete-
ness, here we detail the number of iEEG trials in each condition for the delayed recall test: ‘remembered’ condition: 25.5 + 11.5 for
image 1, 22.3 + 10.1 for image 2, 27 = 11 for image 3, 27.4 + 11.7 for image 4 and 28.9 + 11.42 for the delayed recall phase. The
number of trials included in the ‘forgotten’ condition was 22.3 + 10.1 for image 1, 22.7 + 8.7 for image 2, 22.6 + 9.1 for image 3,
23.4 + 8.6 forimage 4 and 24 + 10.16 for the delayed recall phase.

These results are important as they ensure that the iEEG findings reported in the current study, which compared hippocampus
iEEG signals for encoding and delay recall phases, cannot be simply explained by the difference in the number of analysed trials be-
tween the remembered and forgotten conditions.

Hippocampal gamma power analysis

Data analysis of spectral power was performed using Fieldtrip’® and standard MATLAB functions on the 6 s iEEG epochs selected
during the preprocessing stage. The 6 s time window included -2 s from picture onset to avoid padding on low frequencies in the
targeted smaller temporal window of 2.5 s from picture onset in subsequent analysis. Frequency decomposition of the data was per-
formed via Fourier analysis based on sliding time windows (moving forward in 10 ms increments). We applied a multi-tapering pro-
cedure and a DPSS filter with a fixed window length of 500 ms and seven orthogonal Slepian tapers, resulting in a spectral smoothing
of ~ = 10 Hz. The resulting power maps were decibel corrected with the average of the -0.5 s prestimulus baseline. For statistical
analysis of power maps, we used a non-parametric cluster-based permutation procedure implemented in FieldTrip*? and searched
for power fluctuations against artificial data created by time-shuffling the experimental data. We tested the experimental data against
the time-shuffled data in a cluster-based permutation test where labels of the experimental and artificial data were randomly shuffled
across participants 1000 times without repetition of combinations. The alpha level was set to 5% across analyses, and parametric
t-tests were two-tailed.*® Spectral power (but also PAC and MOVI described below) was studied within a window of 2.5 s from picture
onset. During encoding, the 2.5 s corresponded to the time window of each of the pictures in the sequence and, during recall, this
time window corresponded to the time window where the cue picture was on the screen. This way, the results at encoding and recall
could be comparable in terms of temporal signal-to-noise properties of the iEEG signal and frequency resolution of the analyses.

Phase-amplitude coupling (PAC) analyses
For the identification of PAC on EEG data elicited by picture encoding and at recall, we first filtered the epochs with the function
‘eedfilt’ from the EEGlab toolbox of Matlab.®' Low frequencies (4 — 12 Hz) were filtered with a window of 0.3 times the frequency
of interest, centred on each frequency step. Similarly, high frequencies (30 — 140 Hz) were filtered with a window of 0.7 times the
frequency of interest. This allowed for better sensitivity and allowed A(hf) to be always higher than the maximum phase of coupling
(low frequency + delta (LF)). Variable bandwidth of phase and amplitude has been shown to increase sensitivity reducing false neg-
atives. It also maintains the equilibrium between the bandwidth of high frequencies needing to be higher than twice the central low
frequency, to avoid biases toward slow-modulating rhythms.>? Filtered data was z normalized to trial average to ensure that all
observed effects were not driven by an Event-Related Potential (ERP). After filtering, we extracted the angle of the Hilbert transform
of low frequencies and calculated the phase. High-frequency amplitudes were calculated by the square of the Hilbert envelope.
To quantify phase-amplitude coupling we calculated the mean amplitude of each high-frequency per low-frequency phase bin in
18 different bins of 20 degrees each (e.g., Tort et al.,*> Pacheco Estefan et al.,®” Staresina et al.,*® and Heusser et al.>*) for each trial of
each patient. Each trial was then transformed into a probabilistic distribution (sum = 1) by dividing each bin by the sum of all bins. We
then averaged the distributions over trials and calculated the Modulation Index (M) using the Mean Vector Length (MVL) method,>’
which takes the absolute value of the mean complex vector of binned amplitudes to increase specificity towards unimodal phase-
amplitude coupling. Similar results were obtained using the Kullback-Leibler Distance with Shannon’s entropy approach as a mea-
sure of non-uniformity®’**> However, we noted that this method could create a bias towards lower modulating frequencies by picking
up on bimodal coupling events that originate from higher modulating phases. Therefore, the data reported in our study are the results
obtained with the MVL approach. To create surrogate distributions, each amplitude trial was cut at arandom timepoint —excluding the
first and last 10% of timepoints - and the two obtained amplitude time series were permuted. The time-shuffled amplitude was then
binned with its corresponding non-shuffled phase, hence leading to a random phase preference for each trial. The MVL of this
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random distribution was then calculated in the same fashion as for the experimental trials. We repeated this procedure 1000 times
and stored the MVL values of each iteration and participant. We then demeaned PAC data, both real and surrogates in order to
perform t-scoring and statistical testing. To confirm that this normalization procedure did not affect the statistical structure of the
data we performed a correlation test and observed a rho value of 1 between the original PAC data and the demeaned PAC data.

For statistical testing, we t-scored the real PAC across patients and identified clusters of contiguous pair of frequencies that
showed to be significant at a threshold set to 2.5%. We repeated the process for each surrogate matrix and obtained a distribution
of 1000 t-sums representing the maximum possible cluster in surrogate data. We only considered significant clusters in the empirical
data whose summed t-values exceeded 95% of the surrogate distribution of t-sums.

Mean Opposition Vector Index (MOVI)

To test whether PAC for the memory encoding and memory recall periods rested on different phases of theta, we used an adaptation
of the MVL approach described elsewhere® on the difference between two distributions of amplitude per phase bin. We denoted
Distriba and Distribg two distributions of amplitude per phase bin. Distributions A and B were calculated in the following way: we
denoted f4 and f, as the frequencies for amplitude and phase respectively of one condition. Within the significant cluster of PAC
of the said condition, we filtered data for each pair of frequencies as following the same procedure implemented to estimate PAC
and created a binned distribution of mean amplitude per phase bin, averaged over trials. The distributions of each pair of frequencies
were normalized to a probabilistic distribution (sum = 1) to avoid having different magnitudes of amplitude in function of the different
frequencies. Once we had a distribution for each pair of frequencies, we averaged all the distributions across frequencies to obtain
one single distribution with the average phase preference of the PAC cluster. The second distribution was obtained the same way but
by extracting pairs of frequencies from the PAC cluster of its specific condition. In this way, we obtained 2 distributions of mean
amplitude per phase bin A and B that each represented the mean amplitude per phase bin of their PAC cluster.

We then calculated MOVI as follows:

1- First, we calculated the difference between Distrib, and Distribg.

2- We added to this difference twice the mean of a uniform distribution with the same number of phase bins noted as: 2 x nJTS to
have only positive values that were similar to a probabilistic distribution (sum = 1). However, since the resultant distribution
came from the difference between two distributions, if opposed, the difference between the peak and the through of this
new distribution would have twice the magnitude of either of the original distributions A and B.

3- To correct for this issue, we divided the result by 2 to keep the magnitude of modulation of the alternative distribution Distribp

similar to the magnitude of the two distributions it compares.
The complete formula used to calculate the alternative distribution was:

(Distrib — Distribg) +2 * -
2

Distr ibD,‘ff =

4- To avoid having false positives and greater effects due to the difference in two distributions, the resulting alternative distribu-
tion was normalized to a probabilistic distribution (sum = 1) by dividing each phase bin by the sum of all bins.
5- We calculated MOVI as the MVL of the resultant distribution Distribp; as follows:

> Ampyin * €

Movi = nbins

where Ampyin is the amplitude of each phase bin and 6, is the angle of each phase bin and nbins is the number of phase bins and
MOVI was the calculated MVL of this distribution. The basic premise of MOVI is that if two distributions are opposite, the alternative
distribution will be a resulting one with higher MVL than either of the original distributions. If two distributions are in the same direction,
then the resultant distribution should be flat and MOVI would be low. And, if one distribution has very low PAC in the surrogate trials,
MOVI would be similar to the one obtained from the experimental (real) PAC, avoiding, therefore, finding false positives due to a one
directional PAC amplitude in the data.

For the statistical analysis of MOVI, we averaged the experimental MOVI value across patients and the surrogate distributions over
patients and then compared the 1000 surrogate scores with the experimental value using a z transformation of the experimental
value, which was computed as the experimental MOVI value minus the mean of the surrogate MOVI values, over the standard de-
viation of the surrogate MOVI distribution ( [z = (MOVexp - mean(MOVIsurr)/std(MOVIsurr)] ). We obtained a p-value associated to the
z value by identifying the fraction of surrogate MOVI values below the experimental MOVI value. We considered significant an exper-
imental MOVI value that was greater than 95% of surrogate MOVI values. Surrogates for MOVI were computed independently for
each dataset A or B by shuffling trial labels 1000 times.

We used MOVI instead of more traditional methods for measuring distribution distance®> ™" because we wanted our measure to be
dependent on the PAC strength between frequency pairs, and to be sensitive enough to pick on amplitude-driven opposition in angle
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preference. Other phase opposition indexes such as inter-trial coherence (ITC) or pairwise phase consistency (PPC) do not take into
account PAC strength, as they rely on the unit normalization of vectors and might lead to phase opposition reports for frequency pairs
where PAC is low or even absent, but with phase spuriously opposed. Furthermore, from a methodological point of view, methods
such as ITC rely on the density of occurrences®®°® that does not consider coupling strength of angle preference and where each trial
is summarized into a single unit-normalized vector that does not take into account the overall distribution of amplitude per phase but
rather only detects the peak, which may compromise the results (i.e., inflating type | and type Il errors). Instead, MOVI is a measure
that considers the average distribution across trials and that relies on common effects in terms of PAC and phase preference such as
the Kullback-Leibler Distance (DKL) and the Jensen-Shannon Divergence (JSD), a symmetrical adaptation of the DKL, thereby
improving the sensitivity to study theta-gamma phase opposition in task designs like ours. In fact, similar results were obtained using
the DKL approach. DKL has been commonly used to compute the modulation index during PAC with an adaptation of the Shannon
entropy formula, comparing an experimental distribution to a uniform distribution. However, DKL is used to assess the difference
between two distributions A and B with the following formula:

DKL(AB) = A xlog (g)

To implement DKL in our data, we filtered and binned the data following the same procedure described in the MOVI subsection of
the methods section of the main manuscript. However, we now directly compared the distributions without passing by an alternate
distribution like in MOVI. The results using DKL replicated the ones described in the main paper using MOVI. More specifically, the
use of DKL revealed significant gamma band activity coupling to opposed theta phase states during memory encoding and recall
(z = 3.48, p = 0.002) and that theta-gamma PAC opposition was statistically significant for remembered episodes (z = 2.97,
p = 0.003) but not for forgotten episodes (z = 0.51, p = 0.27). These results provide converging evidence of theta-gamma phase
opposition using two distinct analytical approaches in our data.
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