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Intracranial recordings in humans
reveal specific hippocampal
spectral and dorsal vs. ventral
connectivity signatures

during visual, attention

and memory tasks

Jodo Castelhano’?, Isabel Duarte?, Inés Bernardino®?, Federica Pelle3, Stefano Francione?,
Francisco Sales* & Miguel Castelo-Branco?**

Invasive brain recordings using many electrodes across a wide range of tasks provide a unique
opportunity to study the role of oscillatory patterning and functional connectivity. We used large-scale
recordings (stereo EEG) within and beyond the human hippocampus to investigate the role of distinct
frequency oscillations during real-time execution of visual, attention and memory tasks in eight
epileptic patients. We found that activity patterns in the hippocampus showed task and frequency
dependent properties. Importantly, we found distinct connectivity signatures, in particular concerning
parietal-hippocampal connectivity, thus revealing large scale synchronization of networks involved

in memory tasks. Comparing the power per frequency band, across tasks and hippocampal regions
(anterior/posterior) we confirmed a main effect of frequency band (p=0.002). Gamma band activity
was higher for visuo-spatial memory tasks in the anterior hippocampus. Further, we found that alpha
and beta band activity in posterior hippocampus had larger modulation for high memory load visual
tasks (p =0.004). Three functional connectivity task related networks were identified: (dorsal) parietal-
hippocampus (visual attention and memory), ventral stream- hippocampus and hippocampal-frontal
connections (mainly tasks involving face recognition or object based search). These findings support
the critical role of oscillatory patterning in the hippocampus during visual and memory tasks and
suggests the presence of task related spectral and functional connectivity signatures. These results
show that the use of large scale human intracranial recordings can validate the role of oscillatory and
functional connectivity patterns across a broad range of cognitive domains.

It is well-known that the hippocampal formation plays a critical role in a wide set of cognitive tasks, particularly
in the memory encoding stage of verbal and visuospatial information®2. Functional specialization of distinct
subregions within hippocampus and the role of distinct oscillatory patterns and synchrony remain unclear but
the separation of functions of anterior and posterior regions of the hippocampus is well-recognized?-°. The
posterior hippocampus has been shown to be involved in spatial memory and navigation and responses in this
region index stimulus familiarity”. Such functions seem to be supported by strong connectivity with the thalamus,
parietal, posterior cingulate and occipito/temporal cortices®. The anterior hippocampus mediates more complex
memory functions and novelty processing”*'°. It sends and receives input from areas such as the dorsal and
medial prefrontal cortices”®!!. Although many studies have addressed the functions of hippocampus and its sub
regions using fMRI (e.g.'?) they lack temporal resolution to critically test the role of functional connectivity at
the millisecond time scale. The advantage to investigate the functional role of high and low frequency activity
patterns using invasive recordings is well recognized (e.g."*"'®) although previous studies focused on very specific
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Figure 1. Example of cognitive tasks. Patients performed a full set of tasks, including visuo-spatial memory and
visual tasks. From left to right: Benton judgment of line orientation; Benton face recognition; visual selective
attention—Bells test; Rey complex figure, (copy/encoding and recall); Corsi block-tapping test, a visual spatial
memory test and long term memory Corsi Supraspan). Please note that these faces are from the publicly
available Benton facial recognition test (https://pubmed.ncbi.nlm.nih.gov/29549569/).

and narrowly defined tasks. The investigation of cognitive performance using a broad set of tasks at time scales
relevant to behavior may shed light on the functional role of hippocampal activity in particular if one addresses
functional connectivity and not just patterning across distinct frequency bands. Invasive large scale recording
approaches, focusing on the functional connectivity of the hippocampus, across a broad range of tasks, might
constitute a relevant approach to disentangle the functional role of task related temporal activity patterns. How-
ever, there is no direct electrophysiological evidence showing task related hippocampal oscillatory activity and
large scale functional connectivity in humans performing cognitive evaluation tasks in real clinical settings.

We addressed this question by the analysis of task related oscillatory and synchronization patterns recorded
directly from the hippocampus and a large set of brain regions of epileptic patients with medication resistant
epilepsy in whom stereotactic electrodes had been implanted in the hippocampus for pre-surgical evaluation.
Patients submitted to stereo-electroencephalography (sEEG) have a 3D array of electrodes implanted in differ-
ent areas of their brain for localization of seizure foci'*-*!. Due to their higher spatial resolution, sensitivity and
signal-to-noise ratio these data provide a unique opportunity to study the dynamics of brain oscillations®>?*.
Previous reports found a crucial role of hippocampal slow EEG frequencies during sleep in the memory consoli-
dation processes?’. In the same line, our previous work and others demonstrated a link between theta oscillations
and self-motion information and spatial-memory*>? and an association between high-frequency patterning and
recognition memory'”?. In spite of the identified links between activity across different frequency bands and
distinct brain functions?”28, little is known in relation to their relevance to network organization, as defined by
functional connectivity approaches.

Here, we aimed at investigating from the electrophysiological point of view the human hippocampus and
a large set of brain regions oscillatory responses to cognitive evaluation tasks. We aim to identify task relevant
spectral and synchrony signatures within the hippocampus. To this end we take advantage of concomitant neu-
ropsychological assessment. We hypothesized that distinct cognitive tasks (with different cognitive and memory
load) should be distinctly related to the power and synchrony of the various frequency bands (alpha, beta, low
and high gamma) in the hippocampus and the regions connected to this structure®.

In this study, we show that alpha and beta bands activity in posterior hippocampus are modulated by the cog-
nitive load of the task (lower power for simpler visuoconstructive tasks e.g. copy Rey figure). Moreover, gamma
oscillations are differentially modulated by tasks type in the anterior hippocampus. We identified distinct task
related connectivity patterns, in particular concerning parietal-hippocampal connectivity. Overall, our results
provide evidence for the critical role of task related spectral signatures and connectivity patterns stemming from
the hippocampus.

Results

Experiment design and electrode localization. We performed invasive recordings from eight human
patients with intracranial depth electrodes. We examined neuronal oscillatory activity and synchrony while
patients were performing classical cognitive tasks often used in neuropsychological assessment encompassing
visuo-spatial memory, visual perception and search (Fig. 1, for details see “Methods”).

Tables 1 and 2 summarize the behavioral outcome of each task, contacts location and further demographic
and clinical information of each patient.

We recorded these intracranial data while patients were task engaged (example video available as supplemen-
tary material 1, (patient wearing a cap and positioned to prevent identification). This real-time scenario in long
recording periods provides a unique opportunity to evaluate the brain in a naturalistic manner, unlike other less
ecological and more rigid experimental approaches®.

Depth electrode localization was determined based on the co-registered pre and post-implantation imaging
procedure (CT and MRI). Localization of each electrode and contacts was visually confirmed by an experienced
neurosurgeon (S.E). In all subjects, there were at least four contacts located in the hippocampus. See Fig. 2 for
arepresentation of all implanted electrodes and a three dimensional reconstruction showing all contacts within
the hippocampus.

Time-activity patterns in hippocampus for distinct cognitive tasks. To assess the prediction that
distinct tasks have different spectral signatures within the hippocampus, we analyzed data containing different
types of task (visuo-spatial memory, and visual attention). After baseline correction for the time window preced-
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Subj1 | Subj2 | Subj3 |Subj4 | Subj5 |Subj6 |Subj7 |Subj8

Chronological age 51 39 23 30 34 26 45 35

Education level (years) 8 17 12 18 13 13 9

Gender F M M M F F M M

Reference value

JLO 24 28 25 24 25 27 24 17 Cut-off: 19

Benton face recogniton 43 45 49 50 50 52 43 39 M: 41-54
RCF—copy Rey 11.5 32 36 33 34 29 28 26 M:32, SD:1.8
RCF—recall Rey 14.5 25 18 24.5 22 24 12.5 15 M:22.9, SD:2

Bell’s test—selective attention 33 34 35 35 35 32 28 M: 35
Corsi—visuospatial memory 2 4 2 4 4 3 3 2 Standardized scores
Corsi Supraspan—long term mem | 0 4 3-4 3 4 0 Standardized scores

Table 1. Demographic and neuropsychological characterization. Raw scores as well as the reference values are
presented for the neuropsychological tests except for the Corsi test in which the standardized scores are shown
(0=severe impairment; 1 =inferior to the mean; 2-3 = mean values; 4 =above percentile 50). Subj subject,
JLOjudgment of line orientation, RCF Rey complex figure, M mean, SD standard deviation.

Subj 1 Subj 2 Subj 3 Subj4 Subj 5 Subj 6 Subj 7 Subj 8
Age of seizure 22 12 8 24 11 18 22 14
onset
sEEG date 2013 2013 2012 2015 2013 2015 2015 2015
Electrodes related | Right centro- | Left occipito- | Right fronto- Temporal Left temporal and Right temporo- Right occipito- Ri

. : . ight fronto-polar
to seizure temporal temporal temporal neocortical centro-temporal parietal temporal
Hemisphere Right Left Right Right Left Right Right Right
Locs hip ant B2 B3 B4 B5 B2 B3 B4 B5 B6 B2 B3 B4 B5 B2 B3 B4 B5 B6 B1 B2 B3 B4 B2 B3 B4 B5B6 52-56
Locs hip post C3C4C5 C3C4C5C6 C2C3C4C5 C3C4C5 C2C3C4C5 C3C4C5 C4C5Cé6
BentonFace LongTerm

JLO recog Recall Rey mem Visuospatialmem | Sel.Attention Copy Rey
Accepted trials
Avg. (SEM) 112(22) 99 (37) 48 (7) 116 (34) 71 (10) 52 (22) 68 (20)
Rejected trials | 37 60 11 55 17 37 33
Avg

Table 2. Patients clinical characterization and acquisition details. Rejected trials represent the trials discarded
to epileptic artefact rejection. Subjsubject, Avgaverage, SEM standard error of the mean.

ing each task, we identified the peaks defined as the max magnitude 2 Standard Deviation above mean baseline
magnitude, to derive a count measure of the number of task related peaks that passed the Z score threshold. We
found task related patterns of activation for the distinct individual contacts. For sake of simplicity, these results
are summarized in Fig. 3 by showing the activity per condition and contact in radial plots. We expected to find
an effect of memory load as well as task dependent effects in the anterior and posterior hippocampus. Differ-
ences between Anterior Hippocampus and Posterior Hippocampus were indeed found (e.g. recall of the Rey
figure specifically recruited the posterior hippocampus unlike the simple copy of the same figure). Significance
of neuronal response patterns (number of peaks above threshold) suggests the involvement of the hippocam-
pus in the following tasks: (Wilcoxon non-parametric Z scores and p values for Task activation): Benton JLO,
7Z=3.99 p=0.000067; Benton Face Z=5.29 p=1.2033E-7; Copy Rey Z=3.83 p=0.00013; Long Term Memory
(Corsi Supraspan) Z=4.358 p=0.000005; Visuo Spatial Memory (Corsi) Z=5.04 p=4.6049E-7; Visual Selective
Attention (search) Z=5.34 p=9.4624E-8; Recall Rey Z=5.82 p=5.7382E-9.

Intracranial recordings reveal task dependent oscillatory activity within human hippocam-
pus. Neuronal networks typically exhibit activity in distinct oscillatory bands with distinct locations and
putative roles in the brain®. We thus explored neuronal activity patterns in the time-frequency domain®-**. We
found different activity modulation patterns as a function of task as summarized in Fig. 4. We investigated pat-
terns of change across four main bands (alpha, beta, low and high gamma). Statistical analysis (Friedman test)
comparing the power per frequency band, tasks and hippocampal regions (anterior/posterior) confirmed a main
effect of frequency band (posterior Hippocampus: p=0.002 for Rey recall and visual selective attention tasks;
Anterior Hippocampus: p =0.044 for Benton Face Recognition, p=0.005 for Copy Rey, p=0.032 for visuospatial
memory (Corsi), p=0.000 for visual selective attention and recall Rey tasks).

Further analysis confirmed that hippocampal regions activated in a task and frequency dependent manner. In
the lower frequency bands, we found mainly differences between tasks involving higher memory and/or execu-
tive load and tasks requiring simple visual analysis (Copy Rey and Simple visual search) (Fig. 4). Accordingly,
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Figure 2. Localization of the implanted electrodes and contacts within hippocampus. (a) Example of all

the contacts for four patients (to prevent cluttering we did not plot all subjects’ positions). All locations were
co-registered on a brain in Talairach space. (b) 3D reconstruction of the contacts position in the standard brain.
Contacts within the hippocampus of each individual participant were transformed to the standard brain and
are represented as red spheres and with different colors per patient in the hippocampus volume reconstruction.
Dark grey represents the volumetric reconstruction of the hippocampus. (c) Example of the locations of two
contacts (Bl and C1) used during our data analysis. In (c), contacts are represented in their native image space.
See the supplemental material 2 for a video of those hippocampus locations.

we found a pattern of larger activation in alpha and beta bands in posterior hippocampus for tasks with larger
cognitive load as compared to tasks with simpler visual demands (lower power for gradually simpler visual tasks;
Spearman correlation rho =-0.248 p=0.004). For example, visually guided copy of the Rey figure task yielded
lower alpha and beta power when compared to Recall (F=3.31 p<0.019), Benton JLO (F=4.55 p=0.007) and
visuospatial memory (Corsi) (F=4.65 p=0.007) tasks.

Power at gamma frequencies was higher for demanding visuo-spatial memory and Judgement of line ori-
entation (JLO) tasks, in particular in the anterior hippocampus (p =0.007). High gamma activity at posterior
Hippocampus was mainly related to JLO tasks. Our results are consistent with the notion that neural oscillatory
activity at different frequency bands changes in a task and hippocampal region dependent manner.

Functional connectivity stemming from the hippocampus is task dependent. To understand
the functional connectivity associated with these memory related tasks, we computed the data imaginary coher-
ence (iCoh; a measure of synchrony representing connectivity between brain regions). We found task dependent
patterns of connectivity between the hippocampus and different brain regions. Accordingly, iCoh measures
revealed significant differences in sSEEG functional connectivity networks between conditions (p(FDR) < 0.025).
Most relevant results are illustrated in Fig. 5 for a representative subject, and highlight neural synchrony pat-
terns that match predicted functional relationships across regions. We identified functional connectivity net-
works involving parietal regions for the tasks requiring visual processing tasks (this effect could be detected in
6 patients with corresponding electrode locations). The hippocampal connectivity with ventro-temporal areas
is particularly increased for tasks requiring complex visual form processing, in particular during the Benton
Face task as expected (p(FDR) <0.025). Furthermore, the anterior hippocampus show higher connectivity to
pre-frontal and central areas while in the other hand the posterior hippocampus shows larger connectivity with
parietal and temporal regions, in a task dependent manner.
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Figure 3. Time domain activity variation per task within the human hippocampus (anterior and posterior
partitions) reveals distinct patterns of specificity across tasks. Time activity magnitude peaks per hippocampus
individual contact and task condition are represented. Time-activity peaks for the different tasks were defined
as the max magnitude 2SD above mean baseline magnitude. We then count the number of peaks over threshold
per task and statistical analysis revealed significant task activation above the baseline (dotted grey line in the
plots). Plots represent normalized data and each task maximum magnitude (scale is 0:0.25:1 for the individual
plots and 0:0.2:1 for the superimposed plot). The last panel represent all tasks overlaid for sake of visual
comparison and report the number of subjects (N) contributing to each contact results. Note that distinct
contacts within hippocampus have high preference for different tasks.

Discussion

We demonstrate here that high-resolution recordings directly from human hippocampus'** can be used to map
task related activity, and in particular task related oscillatory patterns evoked by visual tasks with or without
memory load. To our knowledge, this is the first study including SEEG analysis of oscillatory activity and of func-
tional connectivity with wide spatial coverage of patients performing distinct cognitive tasks for long periods.
By analyzing electrical activity in the time and frequency domains®'®, we found task dependent frequency and
synchrony patterns that shed a new light on hippocampus function and connectivity’. We found that although the
observed patterns are consistent with evidence suggesting that memory traces are organized in a topographical
manner®’ but also shows that even tasks without memory constraints activate the hippocampus.

This work is quite distinct from previous studies that have used short-lived visual stimuli and task
designs**%%7. We have used an approach that takes advantage of the invasive large scale recordings while patients
perform distinct visual and/or memory related tasks for long periods of time. We were able to visualize patterns
of activation and functional connectivity of the human hippocampus during real-life recordings and this provides
a new framework to understand the role of the hippocampus in cognition!"*.

We demonstrated that at any given location in the hippocampus there is specific preference for task type.
During cognitive tasks, brain shows changes in power in specific frequency ranges®. We found e.g. power at
gamma frequencies was higher for tasks with high memory and/or attentional load, in particular in the anterior
hippocampus. Simpler tasks such as copy Rey Figure showed the lowest modulation profile in the hippocampus.
The posterior hippocampus showed a significant largest modulation as a function of visual task complexity, in
particular in the alpha and beta ranges. Beta oscillations in the anterior hippocampus were less task discrimi-
native than gamma oscillations. Our approach using state of the art methods proved it is possible to analyze
comprehensively neural activity evoked by long lasting cognitive tasks>*"*” realized in standard clinical settings.

Importantly, we were able to investigate the functional connectivity of the networks involved in those tasks
and investigate their task dependence, and highlight relevant processing streams, such as parietal-hippocampal
connectivity in tasks requiring high visual attentional and/or memory load.

In general, we found that the anterior hippocampus shows higher connectivity to frontal and central areas
while in the other hand the posterior hippocampus is connected within a network comprising parietal and to
some extent temporal regions, in a task dependent manner. These results are consistent with known posterior
and anterior hippocampus anatomical connectivity”®!!. In spite of the limitations implied by the clinical settings
the large amount of subject specific contact locations, renders this a quite important dataset (with more than
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Figure 4. Trial-by-trial average power patterns at different frequencies and task conditions. The trim-mean
power at different frequency bins was computed across whole task duration. We computed the results separately
for each contact and averaged them per hippocampal region. (a) The power per task is shown. (b) Boxplots
represent the area under the curve for the alpha, beta, low gamma and high gamma frequency bands. Plots show
the data per task separated by the anterior and posterior regions of the hippocampus. Note the task dependent
power values and the downward trend as simple visual demands dominate (AUC—area-under-the-curve).
Significant differences are marked with * as follows: *** p <0.000, **p <0.007, *p <0.04.
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Figure 5. Graphical representations of contact pairs showing significant connectivity. Data plotted are an
example from one subject (Subj3) for all the different tasks, iCoh (p(FDR) <0.025); each map represent the links
between hippocampal regions and other brain regions during the correspondent task. Note the task dependent
connectivity patterns, in particular the occipital and parietal-hippocampal connectivity, generalizable for 6
patients. For the sake of simplicity, connectivity map plots are separated by task and overlaid in the last panel.
See more individual plots in supplementary material 3.
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1200 locations recorded in the brain) that leverages to the millisecond time scale information from brain con-
nectome projects. Our results provide a framework for future studies of the interplay of task related oscillatory
modulations in the hippocampus role and functional connectivity'"'.

This work basic identified three functional sets of task related connections: (dorsal) parietal-hippocampus,
ventral stream- hippocampus and hippocampal frontal connections providing a functional connectivity perspec-
tive at the millisecond time scale. The translation the approaches used here to understand brain reorganization
in the clinical setting?? remains an open possibility and the present work is a promising step to the study of brain
connectivity during real-life tasks.

Methods
Subjects and neuropsychological tasks. Patients with medication-resistant epilepsy had been submit-
ted to stereo-electroencephalography (sEEG) with a 3D array of electrodes implanted in different areas of their
brain for localization of seizure foci for possible surgical resection'®-?!. Electrodes were implanted for diag-
nostic purposes using a computerized tomography-based stereotactic insertion technique?**® and the Hospital
Niguarda Milano team collected data. The institutional review boards of the Hospital Niguarda Milano (Comi-
tato Etico Milano Area 3) approved the research protocol. Research was performed in accordance with all rel-
evant guidelines/regulations, in accordance with the Declaration of Helsinki. An informed consent was obtained
from the subjects and all the data were acquired and analyzed following the European data protection rules.
Eight patients (age: 33.5+10.9 years; 3 Female) had implanted depth electrodes with contacts reaching
the hippocampus region. The placement of the electrodes was strictly determined by the clinical criteria and
patient needs. Each patient underwent then a comprehensive neuropsychological evaluation by an experienced
psychologist and simultaneous intracranial data were recorded while they performed a set of cognitive tasks
(Fig. 1). We recorded the invasive data continuously and synchronized with video recording of the assessment
sessions. The neuropsychological evaluation included: Benton Judgment of line orientation (matching a pair
of angled lines with a set of lines representing different angles—visuospatial perception) (JLO:*?); Benton face
recognition (matching a target face with a set of faces—visual perception and recognition) (BFRT;*); the Bells
test (cancellation task—selective attention)*'; Rey Complex Figure (copy and recall tasks—visuoconstructive
and visual memory, respectively) (RCF;*?); Corsi Block-tapping test* (tapping a sequence of blocks in the same
or in the inverse order as the examiner showed—visuospatial working memory and supraspan—Long term
memory). Video recordings were used to define the beginning and end of each task. An experienced psycholo-
gist and a biomedical engineer performed that job independently. We only included for the analysis of each
task the patients that were able to perform the task within the normal scoring range (see Table 1 for details on
behavioural outcomes).

Depth electrode localization. Electrodes were localized in each patient using co-registered pre-implan-
tation and post-implantation structural T1-weighted MRI scans and computed tomography scans®**#°. For
each participant, the post- and pre-implantation scans were co-registered using a nine-parameter rigid body
transformation (Slicer 4.3.1 software with default parameters). A standard hippocampus mask was then used
for help determining exact electrode locations. This allowed for visualization and accurate identification of elec-
trode/contact locations in each participant’s space. An experienced neurosurgeon (author S.E) then selected and
labeled the hippocampus contacts of each participant in a semi-automated manner, guided by the anatomical
atlas of the hippocampus. Table 2 summarizes the SEEG acquisition and clinical characterization of each par-
ticipant.

Data collection and pre-processing. Intracranial EEG data were acquired using a Nihon Kohden
EEG2100 system, acquiring 192 channels at 1000 Hz sampling frequency per subject. Patients are chronically
recorded (with overall more than 1200 locations recorded in the brain) and the administration of the cognitive
battery described above is performed during 1 or 2 session of 1 to 2 h each, depending on the patient’s charac-
teristics. All the data were analysed in MATLAB combined with open source toolboxes (EEGLAB*; HERMES?;
BrainNet Viewer*®). Neuronal recordings were band-pass filtered from 0.1 to 350 Hz using a zero phase delay
finite impulse response (FIR) filter with Hamming window for subsequent analyses.

Time—frequency analyses of recordings from the hippocampus. We divided the data into blocks
containing different tasks (Rey Figure: copy and recall; Benton tasks: JLO and Face Recognition; Corsi: visuos-
patial and long term memory; and Bells test: visual selective attention). We hypothesized that during cognitive
tasks electrical activity in the hippocampus shows changes in power and synchrony in specific frequency ranges.
We then performed Time-frequency analysis between 5 and 80 Hz as described elsewhere?®* in 4 s epochs.
We defined the baseline time-window as the blocks between tasks (minimum 2 min). There were no seizures
recorded in any of the epochs, all epochs were visually inspected for artifacts (e.g., epileptiform spikes) and any
signal blocks with artifacts were removed from analysis (Table 2 summarizes the number of trials used/rejected
per condition). To extract separate frequency components and examine neuronal responses, induced oscilla-
tions were detected by frequency band of interest (Theta 4-8 Hz, Alpha 8-12 Hz, Beta 15-25 Hz, low-Gamma
30-45 Hz, high gamma 55-80 Hz) in the hippocampal contacts. Significant induced oscillations were detected
in a frequency by frequency basis with a statistical criteria that was as follows: the maximum magnitude of the
oscillatory activity should be two times above the mean baseline values, in the Z-score sense. We applied this
threshold for each individual contact on the hippocampus and subject (8 contacts per subject on average). We
calculated the Z-score to overcome possible limitations with the baseline activity and to reduce the weight of a
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single patient activity. The area under the curve for the envelope of each frequency component was also com-
puted on a trim mean of the epochs to obtain a power measure summary of the oscillatory activity.

Additionally, imaginary coherence® (iCoh, measure of the linear relationship of two time-series, a conserva-
tive measure of synchronization/connectivity between contacts that has the advantage of decomposing the flow
of oscillatory activity between brain regions with less influence of the volume conduction) was computed for
all the contact pairs (hippocampus contacts to all the other contacts) and for each task for the whole frequency
range 5-80 Hz. This was performed using the HERMES toolbox*” with an overlapping window of 10%, lag of 200
for all individual frequency points. The thresholded results were visualized using the BrainNet viewer network
visualization tool*.

Statistical analyses. We report intracranial EEG recordings from the hippocampus of epilepsy patients.
TF data within each trial were normalized by converting each data point into a z-score relative to the entire
trial time-series. The computed z-scores were then baseline corrected by subtracting an average of prestimulus
baseline data points.

We used non-parametric statistical tests (Wilcoxon) to assess significant task modulations. We computed
statistical analysis (Friedman test) comparing the power per frequency band, tasks and hippocampal regions
(anterior/posterior). The alpha value was set to 0.05 and false discovery rate correction for multiple comparisons
was applied whenever applicable. Moreover, to assess the correlation between task difficulty and power activ-
ity, non-parametric correlations (Spearman test) were performed between task memory load and power area-
under-the-curve. Regarding connectivity, each pair of iCoh values was assessed for significance from zero by
employing the commonly used method of surrogate statistics with 1000 surrogates and connectivity was plotted
at a thresholded of p <0.025. To further confirm the strength of the effects we calculated the effect size (Cohen’s
d) of the power differences per task condition and these were: 0.24 for Copy Rey, 0.35 for Visuospatial Memory,
0.45 and 0.47 for the Benton Face recognition and Benton JLO respectively; 0.55 for the long term memory,
0.76 for the Recall of the Rey figure and 0.79 for the Sel. Attention. On average the effect size was d=0.51+0.2.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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