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Editorial on the Research Topic

High-Frequency Oscillations in the Hippocampus as Biomarkers of Pathology and Healthy
Brain Function

Functional and anatomical aspects of the hippocampus are unique compared to other brain regions.
Brain signals recorded from this structure are indicators for function especially memory, but
also diseases like epilepsy or dementia. The hippocampus was the first structure in which High
frequency oscillations (HFO > 80 Hz) were discovered. From recent research it is also the place
where HFO are most abundant. This discovery raises an important question: are these oscillations
reflecting function or pathology?

A clear link between HFO and pathology has been found for patients with epilepsy. Animal
models suggest that epileptic HFO only occur in rodents that develop spontaneous seizures after
induced status epilepticus. If HFOs are detected in the tissue during the invasive pre-surgical
examination in patients with refractory epilepsy, the resection of this tissue is a specific predictor
for postoperative seizure freedom. While first identified over the hippocampus, the validity of HFO
as biomarker for epilepsy extends to all other brain lobes.

Similarly, there is no question that HFO contribute to important physiological functions in
the hippocampus. Physiological HFO were first identified in rat hippocampus, where ripples
(80-250 Hz) contribute to spatial processing. The visual cortex and the somatosensory cortex
abound with HFO that seem unrelated to the epileptogenicity of the tissue—they mask possible
pathological HFO and render HFO analysis not applicable in these brain areas. HFO are certainly
a part of the repertoire of oscillations in the healthy cortex.

Therefore, in the MTL, both pathological and healthy HFO are of high scientific interest
and we have to pose the following question: Is the co-existence of physiological and epileptic
HFO a confounding factor for using HFO in diagnostics? Can the overlap in frequencies also be
an opportunity to learn about both function and pathology in the hippocampus? We therefore
designed a Research Topic with a specific focus on these questions. In the following papers you will
find a wide range of methods and questions all aimed to discuss “High-Frequency Oscillations in
the hippocampus as biomarkers of pathology and in healthy brain function.”

Contributions in this special issue span from improvements in the methodology of analyzing
HFO to investigating the link between HFO and function/pathology. At this point, there is no
agreement on the actual definition and mechanisms of HFO. These questions are first addressed
from a signal processing perspective (Thomschewski et al.) and from a physiological perspective
to advance our understanding on a microscopic level (Naggar et al.; Weiss et al.). Naggar et al.
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FIGURE 1 | Overview of relationships between HFO and pathology, memory function, performed cognitive tasks, 1Q, physiological activity, and epileptogenicity
described by the papers in this Research Topic. Each paper is represented by a color. HS, hippocampal sclerosis; HC, hippocampus; epi, epileptic; FRandR, fast
ripples combined with ripples; R, ripple; FR, fast ripple; SW, slow waves; 1, increase/positive relation; =, no effect; |, decrease/negative relation.

showed that in rat brains hippocampal slices HFOs had the
highest amplitude over the CA3c region. Weiss et al. showed
that epileptiform ripples occurred mostly during the on-off
state transition of hippocampal slow waves. Additionally, one of
the contributions reviews how different EEG frequencies have
been linked to memory and come to the conclusion that t
higher frequencies appear most interesting to study memory
functioning (Arski et al.).

Several contributions in this collection aim to shed light on
the differences between physiological and epileptic HFO. In
this effort two principal approached were used. First, studies
analyzed changed in HFO occurrence and rate during cognitive
tasks. Second, HFO were not analyzed as stand-alone events but
in their occurrence with other markers like epileptic spikes or
sleep spindles.

Cimbalnik et al. show in 24 patients with bilateral stereo-EEG
implantations that cognitive tasks reduced epileptiform activity
in the diseased hippocampus. At the same time, brain activity
in the healthy hippocampus shifted toward higher frequencies.
With machine learning they created a predictive model for the
diseased hippocampus based on HFOs, connectivity and spikes.

A set of studies focused on comparing distribution and
changes in subsets of ripples, namely in isolated ripples
(maybe physiological), spindle-ripples (likely physiological) and
epileptic spikes coupled ripples. Bruder et al. focused on
describing the occurrence of sleep-spindle coupled ripples.
The latter are believed to be a subset of ripples, linked to
physiological task. In the present study they were identified
most frequently but not limited to the hippocampal structure.
As second study investigated how cognitive tasks modulate the
above described ripples subtypes (Lachner-Piza et al.). While
cognitive tasks reduced the number of isolated ripples in the
diseased hippocampus, no effect was observed for ripples co-
occurring with spikes. Most importantly, authors found a positive

correlation between performance improvement and spindle-
ripple rates in a spatial navigation task. This finding suggests that
spindle ripples actually select a physiological subpopulation of all
HFO. Moreover, that rates of physiological HFO might allow us
to measure function.

Interestingly, a similar correlation could not be found in
other studies, which may relate to the specific definition of what
is an epileptic HFO or a physiological HFO. Thomschewski
et al. found no relation between performance of memory
tasks and number of automatically detected HFOs. Agudelo
Valencia et al. also showed no relation between ripples (either
normal or prolonged) and IQ scores. As a further null-
finding, Boran et al. did not find an effect of cognitive
tasks on HFO rates. More specifically fast-ripples co-occurring
with ripples were not altered during the task. This finding
is reassuring, as ripples with fast ripples can be used for
pre-surgical evaluations and seem to occur independent of
behavioral changes.

In keeping with the tradition of HFO as biomarker for
epilepsy, several contributions in the collection focus on the
relation of HFO with the underlying pathology and epileptic
activity. In the past several studies focused on the question
whether HFO are linked to abnormal “lesional” brain tissue in
general more specifically reflect the epileptic potential of this
tissue. Agudelo Valenca et al. confirmed that high HFO rates
occur in brain regions with hippocampal sclerosis. Interestingly
the same was not true for areas which only showed atrophy. In the
study of Schonberger et al. fast ripples, but not ripples or spikes,
could predict the epileptogenic focus in case of dual pathology
(lesions and hippocampal sclerosis). Boran et al. reported a
higher HFO rate in the seizure onset zone not only during deep
sleep but even during wakefulness while performing cognitive
tasks. These studies can be viewed as additional evidence that
HFO are not just reflecting general anatomical changes but
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are more specific for epilepsy. One contribution reports that
HFO might even serve as predictors of imminent seizures in
10 out of 27 patients, mostly with temporal lobe epilepsy (Scott
etal.).

Neuroscientists and epileptologists have long known
that physiological function and epileptic activity co-exist in
the human brain even within small substructures like the
hippocampus. The present collection of articles focusses
on investigating the value of HFO in this triangle between
different cognitive functions and brain pathology. Figure 1
summarizes the different interactions investigated. As expected,
this summary cannot give a final answer to all open questions
and some findings are slightly contradictory. If anything,
these papers confirm the complex relations between HFOs
and physiological functioning as well as with pathology
and epileptogenicity.

Overall we have to keep in mind that the term HFO
simply describes a frequency band and not all oscillations
in this frequency serve the same purpose. Thereby, this
Research Topic exemplifies the current research directions
in the fields of HFO in healthy brain function and in
epilepsy. It can be seen as guide suggesting new methods and
pathways to separating physiology and pathology within the
epileptic hippocampus.
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Medicine at UCLA, Los Angeles, CA, United States, ° Department of Neuroradiology, Thomas Jefferson University,
Philadelphia, PA, United States, ° Department of Neurosurgery, Thomas Jefferson University, Philadelphia, PA, United States,
” Department of Neurosurgery, David Geffen School of Medicine at UCLA, Los Angeles, CA, United States, © Department of
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Ripple oscillations (80-200Hz) in the normal hippocampus are involved in memory
consolidation during rest and sleep. In the epileptic brain, increased ripple and fast ripple
(200-600Hz) rates serve as a biomarker of epileptogenic brain. We report that both
ripples and fast ripples exhibit a preferred phase angle of coupling with the trough-peak
(or On-Off) state transition of the sleep slow wave in the hippocampal seizure onset zone
(SO2). Ripples on slow waves in the hippocampal SOZ also had a lower power, greater
spectral frequency, and shorter duration than those in the non-SOZ. Slow waves in the
mesial temporal lobe modulated the baseline firing rate of excitatory neurons, but did
not significantly influence the increased firing rate associated with ripples. In summary,
pathological ripples and fast ripples occur preferentially during the On-Off state transition
of the slow wave in the epileptogenic hippocampus, and ripples do not require the
increased recruitment of excitatory neurons.

Keywords: sleep, high-frequency oscillation, slow wave, epilepsy, hippocampus, ripple, fast ripple

INTRODUCTION

In the epileptic brain, ripple oscillations (80-200 Hz) exhibit increased rates in epileptogenic
mesial-temporal regions (1, 2). In the normal brain, ripples are important in memory consolidation
during rest and sleep (3). Neocortical ripples during the trough-peak (or On-Off) state transition
of the non-rapid eye movement (NREM) sleep slow wave are found at a higher density in
epileptogenic tissue and are considered pathological (4-6) (Figures 1A,B). In the epileptogenic

Frontiers in Neurology | www.frontiersin.org

8 March 2020 | Volume 11 | Article 174


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2020.00174
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2020.00174&domain=pdf&date_stamp=2020-03-24
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:rstaba@mednet.ucla.edu
https://doi.org/10.3389/fneur.2020.00174
https://www.frontiersin.org/articles/10.3389/fneur.2020.00174/full
http://loop.frontiersin.org/people/11892/overview
http://loop.frontiersin.org/people/857343/overview
http://loop.frontiersin.org/people/896534/overview
http://loop.frontiersin.org/people/888365/overview
http://loop.frontiersin.org/people/894928/overview
http://loop.frontiersin.org/people/232338/overview
http://loop.frontiersin.org/people/236800/overview
http://loop.frontiersin.org/people/3296/overview
http://loop.frontiersin.org/people/496481/overview
http://loop.frontiersin.org/people/820793/overview
http://loop.frontiersin.org/people/687181/overview
http://loop.frontiersin.org/people/250030/overview
http://loop.frontiersin.org/people/101569/overview

Weiss et al.

Ripple Interaction With Slow Waves

A Ripples on Slow Waves B y
Peak-Troudh Hypothesis
eak- Iroug Trough-Peak pathological ripples and fast ripples occur
predominantly during trough to peak.
peak to trough trough to peak
physiological HFO pathological HFO
100 pv ]100 ny 0° 0°
200 msec 200 msec
300 pv 200 pv
M\/\/\N\N\/\M \ A WN/W\/V\NV\/WWW 20 wv 180° 180°
50 msec 50 msec
Hippocampus ,
Probability Density Function of HFO Preferred Phase Angle of Coupling With Slow Wave D H Ippocampus
=60 electrodk =04 electrod
c1 SOZ (7 aeoay  C2 NSOZ (ssecoay ©3  SOZ/NSOZ
fast ripple n=2,910 fastripple n=1,577 - r!pp:e igé . N=37 Subjects
— ripple n=33,835 — ripple n=46,851 —ripple _x107 SOZ: 33,835 ripples on slow waves
% 004 % 004 8 2 NSOZ: 46,851 ripples on slow waves
120 'E
003 2‘ 15 ‘
150 02 30 150 30 a
’é‘
180 o 180 o s
v -
o .
210 330 2w‘u 330 o 02
01
240 300 240 300
270 270
E1 E2 E3
02 0.16 0.25
= NSOZ = NSOZ = NSOz
=50z — 507 =50z
Zo1s 2012 2
3 3 3 0.15
8 8 8
Q o1 O 008 8
(=% a o
005 0.04 0.05
80 120 160 200 0 50 100 150 200 4 6 8 10
Frequency (Hz) Duration (msec) Log, (Ripple Power)
FIGURE 1 | Fast ripples and ripples in the hippocampal seizure-onset zone (SOZ) are coupled with the trough-peak of the slow wave and exhibit distinct properties.
(A) Example of ripples on slow waves during the peak-trough (or Off-On; left) and trough-peak (or On-Off; right) transition, (middle) ripples at an expanded time scale,
(bottom) band-pass filtered ripples. (B) lllustration of main hypothesis pathological ripples and fast ripples preferentially occur during the trough-peak transition of the
slow wave. (C) Normalized circular histogram [i.e., probability density function(PDF)] of fast ripple (yellow) and ripple [SOZ: red, non-SOZ(NSQZ): blue] preferred phase
angle of coupling with respect to the slow wave measured in the SOZ (C1) and NSOZ (C2). A direct comparison of ripple preferred phase angle of coupling in the SOZ
and NSOZ is shown in (C3) where arcs represent regions where the SOZ PDF exceed the NSOZ PDF (red) and vice versa (blue). (D) Three dimensional scatter plot of
ripple on slow wave properties in the SOZ (red) and NSOZ (blue). (E) Normalized histogram of the ripple on slow wave properties in the SOZ (red) and NSOZ (black).

mesial temporal lobe, however, it is not clear if specific phases of
the slow wave are associated with the generation of pathological
ripples or fast ripples (200-600 Hz) (7, 8).

In the normal rat hippocampus CAl, ripples superimpose
on sharp waves (<3mV, 30-150ms duration), which have
the largest negative polarity in stratum radiatum and
positive polarity in stratum pyramidale and oriens (9).
Ripples are associated with a 5- to 6-fold increase in

stratum pyramidale principal cell firing and 2- to 3-fold
increase in stratum pyramidale and oriens non-principal
firing. Both cell types discharge during the ripple trough,
but non-principal cell firing is shifted a half-cycle with
respect to principal cell discharges (10-12). Normal ripples
are involved with memory consolidation and generated
preferentially during the Off-On transition of the neocortical
slow wave (13).
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In the rat epileptogenic hippocampus, ripples can
superimpose on interictal spikes (>4mV, <30ms) or on
interictal spikes that have a positive polarity in stratum
radiatum and negative polarity in stratum pyramidale and oriens
(9, 14). Pathological ripples represent summated principal cell
discharges with reduced non-principal firing (15-17) and could
occur during On-Off transition of the slow wave.

Separating normal and pathological ripples in clinical studies,
as in rat studies, would require electrodes with high spatial
resolution, unit recordings, and precise anatomical localization of
recording sites (18). This is not possible with clinical intracranial
EEG (iEEG) electrodes, but these electrodes can record ripples
during sleep slow waves and, combined with microelectrode
recordings, could identify differences in EEG and unit firing
that help to separate normal and pathological ripples. In the
current study, we hypothesized that in the human epileptogenic
hippocampus (i.e., seizure onset zone or SOZ), pathological
ripples are generated during a preferred phase of the NREM
sleep slow wave and involve a different level of principal cell
firing than hippocampal ripples outside the SOZ. To evaluate this
hypothesis, we analyzed iEEG and single unit recordings from the
mesial temporal lobe of patients with drug-resistant focal epilepsy
during NREM sleep.

METHODS

iEEG recordings that contained large amplitude slow wave
activity associated with NREM sleep were retrospectively
collected from 37 patients with mesial temporal or neocortical
focal epilepsy. All patients underwent intracranial monitoring
with depth electrodes between 2014 and 2018 at the University
of California Los Angeles (UCLA) and Thomas Jefferson
University (TJU) for the purpose of localization of the SOZ
(Supplementary Table 1). The inclusion criteria for this patient
cohort were a minimum of 4h of interictal EEG recorded
overnight that contained NREM sleep lasting between 10 and
60 min, sampled at 1 or 2kHz, and was relatively free of muscle
artifact. The 4-h recording criterion was used to exclude pre-ictal,
ictal, and post-ictal episodes and to ensure sufficient epochs of
slow wave sleep.

A second patient cohort included iEEG and single unit
recordings from Behnke-Fried hybrid macro-micro electrodes
obtained from five patients with focal epilepsy at UCLA who were
monitored between 2007 and 2010 (19). In this second cohort,
each of the macroelectrodes contained eight 40 um platinum-
iridium microwires that were designed to extend 3-5 mm beyond
the distal tip and record extracellular wide bandwidth (1-
6,000 Hz), local field potentials (LFP), and neuronal spikes
(Supplementary Table 2). Both cohorts consisted of patients
with mesial-temporal lobe and neocortical epilepsy who had
similar medical histories and clinical features. This retrospective
study was approved by the UCLA and TJU institutional review
boards. All patients gave informed consent prior to participating
in this research.

Data Acquisition
The UCLA recordings were referenced to scalp electrode Cz,
and the TJU recordings were referenced to an iEEG electrode

positioned in the white matter per clinical protocol. Local field
potential recordings were referenced locally to a ninth non-
insulated microwire and synchronized with the iEEG recordings
using a TTL pulse (19). For these sleep study recordings the iEEG
recordings were synchronized with EOG and EMG recordings
and the iEEG signals were referenced to earlobe electrodes
for accurate comparison with scalp recordings (19). These
recordings were part of a prior, larger study that included analysis
of neocortical slow waves (19). NREM sleep was characterized
by the predominance of irregular, large amplitude EEG activity
comprised of slow waves, K-complexes, and spindles. Clinical
iEEG sleep recordings at both UCLA and TJU (0.016-600 Hz)
were acquired from 7 to 16 contact depth electrodes using
a Nihon-Kohden 256-channel JE-120 long-term monitoring
system (Nihon-Kohden America, Foothill Ranch, CA, USA) for
patient cohort one, and a stellate EEG amplifier (XLTEK, San
Diego, CA, USA) for patient cohort two. LFP recordings were
acquired using a Neuralynx Cheetah (Neualynx, Bozeman, MT,
USA) at a sampling rate of 28/30kHz and bandpass-filtered
between 1 and 6,000 Hz (19).

Neuroimaging

The positions of surface and depth electrode contacts were
obtained for all subjects from post-implantation computed
tomography (CT) scans. Pre-implantation volumetric TI1-
weighted magnetic resonance imaging (MRI) scans were co-
registered to the CT scans as well as to the Montreal Neurological
Institute 152 (MNI152) standard brain to enable comparison of
recording sites in a common space across subjects. Anatomic
locations of the recording sites were derived by converting MNI
coordinates to Talairach coordinates and querying the Talairach
daemon. The SOZ was defined by visual inspection of ictal iEEG
by clinicians at each of the data collection sites.

Slow Wave-HFO Detection and

Quantification

All iEEG recordings were imported from EDF format into
Matlab v2017b (Natick, MA, USA). Subsequent processing steps
for those recordings from macroelectrodes deemed suitable on
the basis of visual inspection using Micromed™ Brainquick™
(Veneto TV, Italy) were performed using custom software
developed in Matlab. The custom software generated HFO and
EEG spike annotations in Brainquick™ that could be used to
visually validate the accuracy of the detector (20).

In brief, the HFO detector reduced muscle and electrode
artifacts in the iEEG recordings using a custom independent
component analysis (ICA)-based algorithm (21). After applying
this ICA-based method, ripples were detected in the referential
and bipolar montage iEEG recordings per contact by utilizing
a Hilbert detector, in which (i) a 1,000th order symmetric
finite impulse response (FIR) band-pass filter (80-600 Hz) was
applied, and (ii) a Hilbert transform was applied to calculate
the instantaneous amplitude of this time series according to the
analytic signal z(t), described in Weiss et al. (20) and Shimamoto
etal. (21).

z(t) =a(t)eig (1) (1)
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where a(t) is the instantaneous amplitude and o(t) is the
instantaneous phase of z(t). Following the Hilbert transform,
(iii) the instantaneous HFO amplitude function [a(t)] was
smoothed using moving window averaging, (iv) the smoothed
instantaneous HFO amplitude function was normalized using
the mean and standard deviation of the time series, and (v)
a custom statistical threshold defined by the skewness of the
normalized time series was used to detect the onset and offset of
discrete/potential events.

HFO-like events can arise due to Gibbs phenomenon,
i.e., high-pass filtering sharp transients, including epileptiform
spikes. To distinguish authentic HFO during slow waves from
authentic HFO on EEG spikes or spurious HFO due to
filter ringing, we used a custom algorithm that performed
topographic analysis of time-frequency plots for each HFO (22).
The algorithm also measured the power, spectral content, and
duration of each HFO. Both true HFO on EEG spikes and
spurious HFOs were discarded from further analysis.

We identified ripple on slow wave (RoSW) events using
the following approach. We first applied an optimized
Hamming-windowed FIR band-pass filter between 0.1 and
2 Hz (eegfiltnew.m; EEGLAB, https://sccn.ucsd.edu/eeglab) to all
the iEEG recordings optimally reducing phase distortion (6, 23).
We then calculated the normalized instantaneous amplitude of
the Hilbert transformed band-pass filtered signal (Equation 1).
We used independent onset and offset normalized minimum
amplitude (z-score) and duration criteria defined on the basis of
visual inspection of the algorithm results to identify epochs in
which slow oscillatory epochs appeared (6). After identifying the
slow epochs, the corresponding epoch time stamps were used to
classify the RoSW.

Calculation of Ripple Phasors During Sleep

Slow Wave
To assess phase-amplitude coupling we transformed each HFO
into a HFO phasor (6), as described in Equation (2).

T
vel = Z a(t) e'*® (2)
t

where v is the vector strength of the phasor, theta its preferred
slow-wave phase angle, and a(t) and o(f) the respective
instantaneous HFO amplitude iEEG slow wave phase during the
ripple across its duration [t:T], where ¢ is the onset of the HFO
and T is the offset. Thus, the preferred phase angle represents the
mean phase angle of coupling between the ripple and slow wave.

Single Unit Analysis

Extracellular action potentials were detected by high-pass
filtering the microelectrode recordings above 300Hz and
applying a threshold at 5 SD above the median noise level (19).
Detected events were categorized as noise, single-, or multi-unit
activity using superparamagnetic clustering for unsupervised
classification of each spike waveform (19). The stability of unit
firing throughout the recording was assessed by inspecting the
spike waveforms and inter-spike interval histograms. An inter-
spike interval histogram with a clear refractory period of 2ms

or greater was considered a putative single unit; otherwise it was
considered multiunit activity.

For each single unit mean action potential waveform we
measured the peak amplitude asymmetry, a measurement of
the relative differences in the peaks prior to and following the
depolarizing spikes, the duration between the trough and the
following peak, and half-width duration at half amplitude of
the action potential waveform (19). We quantified single unit
firing before, during, and after RoSW to generate binary vectors
of the action potentials in 1-ms bins. For a 10 min episode of
NREM sleep we computed the instantaneous phase value of
the slow wave activity with respect to each action potential,
and then repeated this analysis after removing action potentials
associated with a ripple, i.e., action potentials within 250 ms a
ripple. This interval surrounding the ripple was based on an
analysis that found 47 £ 28% of all ripples occurred with an
inter-ripple interval of <500 ms. Spike trains were smoothed with
a 100 ms Gaussian kernel and then down-sampled to 100 Hz
for comparison with ripples. A long-duration kernel was used
because of the relatively sparse unit firing.

Statistical Analysis

We used a non-linear, logistic mixed effects model to derive
the probability for predicting the SOZ using the sin and cos of
the slow-ripple phase angle and controlling for the following:
duration, spectral frequency, and power of the ripple; and
patients gender, race, seizure type, seizure location, montage,
reference electrode, risk factor, and MRI and PET findings.
We used a log transformation on variables with non-normal
distributions. Measures were clustered by patient by the random
effect model. The analysis was stratified by anatomical location.
P-values <0.05 were considered statistically significant. All
analyses will be performed using SAS v. 9.4 (SAS Institute Inc.,
Cary, NC, USA).

A linear, mixed effects model in SAS v. 9.4 was used to
analyze changes in firing rate during the slow-ripple events
(ripple peak amplitude +25 ms) with respect to baseline firing.
Two sets of analyses were performed. The first considered
trials clustered by unit then by patient using unit-within-patient
nested random effects. In the second, units were clustered by
electrode using electrode-within-patient nested random effects.
The models controlled for location, spectral frequency and power
of the ripples, slow wave-ripple coupling as defined by slow wave
peak-trough or trough-peak distribution, and location within the
SOZ (i.e., etiology). Similar models were used to test the baseline
firing rate and the overall firing rate.

RESULTS

We analyzed iEEG recordings during NREM sleep episodes
from 37 patients with medically refractory epilepsy and
electrodes implanted the hippocampal gray matter
(Supplementary Table 1). To examine if the phase of the
slow wave correlates with the generation of fast ripples and
ripples (Figures 1A,B) first we compared the probability density
function (PDF) of the phase angles of coupling between fast
ripples and slow waves (Figure 1C1), and the PDF of ripples

in
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and slow waves in the seizure onset zone (SOZ, Figure 1Cl1). We hypothesized that ripples on slow waves (RoSW) in
Fast ripples were phase locked with the slow wave (Rayleigh’s  the SOZ would have different spectral frequency, power, and
test, Z = 33.4, p < le-9) at a mean phase angle of 334 &= 121°  duration than those in the NSOZ because pathological ripples
and a maxima of 310° [trough-peak]. Ripples also exhibited  with distinct properties should be over expressed in the SOZ.
strong phase locking with the slow wave (Z = 418, p < le-9)  Analysis of these properties revealed an overlap of values between
at a mean phase angle of 356 £ 121° and a maxima at 310° RoSW in the SOZ and NSOZ (Figures 1D,E). In spite of the
(Figure 1C1). By comparison, fast ripples in the NSOZ were not  overlap, however, the LRM found RoSW in the hippocampus
nearly as strongly phase locked as those in the SOZ (Figure 1C2,  SOZ had a higher spectral frequency (Figure 1E1, p < 0.001),
Rayleigh’s test, Z = 9.16, p = le-4). The mean phase angle for fast ~ shorter duration (Figure 1E2, p < 0.005), and lower power
ripples in the NSOZ was 19 & 130° and the maxima was 290°  (Figure 1E3, p < 0.005) than those recorded in the NSOZ.
(Figure 1C2). Ripples in the NSOZ were strongly phase locked ~ As predicted by the LRM, there were more RoSW between 90
to the slow wave but not as strong as in the SOZ (Z = 176, p  and 200° (peak-trough) transition with lower spectral content
< le-9), and at a different mean phase angle of 42 & 140° and  (Figure 2C), a longer duration (Figure 2A), and greater power
maxima of 10° (Figure 1C2). (Figure 2B) in the NSOZ than in the SOZ (Figure 2). Other
Next, we compared ripples in the SOZ to those in the NSOZ  factors in the LRM, such as recording montage (referential or
(Figure 1C3). The PDF for ripples in the SOZ indicated ripples  bipolar), electrode reference, and clinical metadata, did not affect
were more likely to occur between 240 and 10° [trough-peak]  these results.
of the slow wave, whereas in the NSOZ ripples were more Evidence suggests slow waves modulate unit firing and,
likely to occur between 90 and 200° [peak-trough] of the slow  in the hippocampus, RoSW could have a stronger effect on
wave (Figure 1C3). A comparison of the ripple phase angles  unit firing both in the SOZ and, possibly, remote brain
in the SOZ and NSOZ using both circular statistical methods  areas. To evaluate unit firing modulation, we analyzed slow
(Kuipers p < 0.001) and a logistic regression model (LRM, p  waves and ripples recorded from the most distal contact on
< 0.0001) confirmed that the phase angles for ripple-slow wave  the macroelectrode and single unit firing from the adjacent
coupling in the SOZ and NSOZ were distinct. The remaining  microelectrode during NREM sleep from five patients with
analyses focused on ripples since, unlike fast ripples, they support ~ medically refractory epilepsy (Supplementary Table2). We
physiological functions such as memory consolidation during  isolated 59 (39 in SOZ and 20 in NSOZ) putative excitatory
sleep in the hippocampus, and our objective was to distinguish ~ and one inhibitory single unit on the basis of waveform
physiological from pathological ripples. morphology and firing rate characteristics from 430 min of
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FIGURE 2 | Longer duration, higher power, lower spectral content ripples on slow waves (RoSW) during the peak-trough transition were more frequent in the
hippocampal non-seizure onset zone (NSOZ) than the SOZ. Histograms quantifying the number of RoSW events binned by (A1,A2) duration, (B1,B2) spectral power,
and (C1,C2) spectral frequency and by the phase angle of coupling recorded from the NSOZ (top row) and the SOZ (bottom row).
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sleep recorded in these 5 patients from hippocampal and extra-
hippocampal structures.

First we analyzed unit firing modulation during all slow wave
activity and then repeated the analysis after removing action
potentials associated with ripples (see section Methods). For the
39 neurons in the SOZ, unit firing was strongly modulated by the
slow wave (Z = 45.4, p < le-9) and the highest firing probability
was at a mean phase angle of 332 £ 80° (n = 109,559). After
ripple-related (i.e., = 250 ms) action potentials were removed
the modulation of unit firing remained, but the magnitude was
lower (Z = 26.6, p < 1e-9) and the mean phase angle was similar
(357 &£ 80°; n = 76,158). For the 20 neurons in the NSOZ, unit
firing was also modulated by the slow wave, but the magnitude
was much lower than in the SOZ (Z = 12.6, p < 0.001) and the
highest firing probability shifted to 25 4= 80° (n = 38,019). After
removing ripple-related action potentials, unit firing modulation
decreased (Z = 9.74, p < 0.001) but the mean phase angle was
similar (50 £ 80°; n = 28,080).

Next, we examined the firing rate from all of the excitatory
single units during RoSW using a linear mixed-effects model.
The lone inhibitory unit precluded any meaningful analysis
of this cell type. We found that all 59 excitatory single units
firing increased at the time of the RoSW (n = 62,040 RoSW,
p < 0.001, Figure 3A). Moreover, the increase in the excitatory
neuron firing rate correlated with greater iEEG RoSW power
(F = 41.26, p < 0.001, Figure 3A1) and was dependent on
unit identity (i.e., unit number, p < 0.005). Neither the location
of the unit nor the SOZ had an effect on excitatory firing,
demonstrating that individual single units had diverse firing
properties during the local RoSW. Thirteen out of fifty-nine of
the units (22%) consistently fired during each RoSW recorded by
the macroelectrode.

Similar to hippocampal RoSW in the larger cohort of patients,
ripples occurred during all phase angles of the slow wave
irrespective of the neuroanatomic location of the macroelectrode.
Thus, for the next analysis, we separated RoSW in to two
distributions, labeled Distl and Dist2, based on the phase-
amplitude coupling results illustrated in Figure 1C3. Distl
consisted of RoSW during the trough-peak (250-70°) transition
and Dist2 were RoSW during the peak-trough (70-250°)
transition (Figure 3B). The axis was shifted slightly to reflect
the deviation evident in the data. Analysis found an increase
in spike firing during RoSW with respect to baseline that was
similar for Distl and Dist2 (p = 0.11, Figure 3C). Neither the
neuroanatomical location of the single unit nor the location
of the SOZ had an effect on excitatory unit firing during the
RoSW (p > 0.05).

Lastly, the firing rate of the excitatory single units preceding
and following RoSW (£500ms) was significantly greater in
Distl than in Dist2 (p < 0.001, Figure 3C), as expected based
on the robust change in firing rates associated with different
phases of slow wave activity (19). The increased baseline firing
rate of excitatory single units for RoSW in Distl was not
significantly correlated with the neuroanatomical location of
the excitatory single unit (p > 0.05) or the location of the
SOZ (p > 0.05).

A1 Mesial Temporal
N= 59 Single Units

)

2

=

8 0.5

<] ]

g g

5 2

o Q

® %)

3 )
©

§ &

3 2

() [=%

g (7]

= 0

o5

o

o

A2 .
n=62,040 ripples on slow waves
) r *k
(0]
2
b 0-2'—'—\/‘—/-/\/_’-“
=
Q.
&
(O]
©
o 0.1
(0]
-
e
(%)
0 0.5 1
time (sec)
B
Ripple Ripple
event #1 event #2
90° 90°
/v\y;/\o/
Single J))) 1}
Unit
c Baseline Baseline
——dist1=32,553 ripples on slow waves
8\ —dist2=29,487 ripples on slow waves
»n
S
U) *k "
o A/J\/W
202 N\
0,
2
3]
c 0.1
(@)}
£
=
L
0 0.5 1

Time (sec)

FIGURE 3 | Mesial temporal lobe single unit spiking increases proportional to
the RoSW power recorded from the adjacent macroelectrode, and units are
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FIGURE 3 | only weakly modulated by the On and Off state. (A) Mesial
temporal single unit spike rates increased around RoSW onset (p < 0.001,
A1,A2). The increase in firing was proportional to the power of the RoSW
recorded by the macroelectrode (p < 0.001, A1). (B) lllustration of derivation of
single unit firing on the unit circle and definition of distribution 1 (DIST1) and
DIST2. Note the two RoSW events and corresponding phasors on the unit
circle. (C) Baseline mesial temporal single unit spike rate was greater for
RoSW in DIST1 (cyan) than RoSW in DIST2 (blue, p < 0.001). However, the
increase in the firing rate during the ripple with respect to the baseline firing
was not statistically different. **p < 0.001.

DISCUSSION

We show in the hippocampal SOZ and NSOZ, fast ripples occur
preferentially during the trough-peak or On-Off state transition
of the slow wave. In the SOZ, RoSW also have a higher probability
of coupling during the On-Off state, but in the NSOZ, RoSW are
more likely to couple during the Off-On state transition. The wide
range of phase angles associated with RoSW could be due to a
mixture of pathological and normal ripples in epileptogenic and
irritative tissue (1-3). Hippocampal RoSW during the On-Off
state transition found here is consistent with results of neocortical
RoSW in prior studies that show that ripples in the SOZ or
resected regions are more likely to be coupled to the On-Off
state, whereas ripples in healthy brain regions are more likely to
be coupled to the Off-On state (4-6). These results may signify
that the On-Off transition provides a more powerful depolarizing
volley that promotes their generation (19).

The mechanisms responsible for ripple and fast ripple
coupling with the slow wave were not fully elucidated in this
study. The increase in excitatory single unit firing was similar
for RoSW during the Off-On and the On-Off transition, but
ripples during the On-Off transition had higher background
firing rates. It is unlikely ripples alone could explain differences
in background firing since removal of ripple-related firing
only reduced, but did not eliminate, firing modulation. Rather,
unit firing is also modulated by the slow wave and the fact
that modulation of excitatory unit firing was stronger in the
SOZ could be one factor contributing to the generation of
pathological ripples.

Overall, only a minority of recorded neurons participated
in ripple generation as reflected by the weak, yet significant,
modulation (24). Interestingly, recent work in epileptic rats
found pathological ripples recruit fewer neurons than ripples in
healthy rats (25). Thus, in patients with epilepsy, pathological
ripples might also recruit fewer neurons than normal ripples.
This concept is inconsistent with a prior report (26) and what
would be expected during fast ripples (15). However, in support
of this concept, we found hippocampal ripples in the SOZ
had lower spectral power and higher spectral frequency than
ripples in the NSOZ, and spectral power was proportional to the
increase in excitatory neuron firing (27). Fast ripples and unit
firing were not studied here due to the challenges of isolating
single unit waveforms during the fast ripple field potential, which
represents population spikes consisting of summated neuronal
spikes (15). Our results of RoSW in the NSOZ recapitulate other

studies of normal hippocampal ripples on sharp waves that occur
preferentially during the Off-On state transition (13). We also
found longer duration ripples in the NSOZ than in the SOZ,
which is consistent with the results from others (28).

In clinical epilepsy, the hippocampus may not be the ideal
location to utilize slow wave phase-amplitude coupling to
distinguish normal from pathological ripples (5). One reason
may be that local slow waves propagate throughout the mesial
temporal lobe and only moderately influence baseline firing rate
(19). Another could be the architecture of the hippocampus
and non-orthogonal orientation of the electrodes in relation
to the cell layers and dipole generators. This could increase
variability between patients and the slow wave On-Off state
transition. Despite these technical issues, quantifying phase-
amplitude coupling between slow waves and fast ripples has
been shown to correlate with severity of epileptogenicity in
patients with epileptic spasms (29), and our study suggests
that these measures could also assist in surgical planning for
mesial-temporal lobe epilepsy. RoOSW phase-amplitude coupling
may also assist researchers in identifying physiological ripples
associated with memory encoding, consolidation, and recall
in the human hippocampus. Our results are similar to those
from human memory studies and suggest phase-amplitude could
provide additional information for identifying physiological
ripples in the human hippocampus (30).
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Field potential oscillations reflect repetitive firing and synaptic activity by ensembles of
neurons in certain areas of the brain. They can be distinguished as slow (e.g., alpha,
delta, and theta), fast (e.g., beta and gamma), and high frequency oscillations (HFOs).
Neuronal oscillations are involved in a variety of physiological and pathophysiological
states such as cognition, consciousness, and seizures. The laminar structure of rat
hippocampus affords a way to study these oscillations in hippocampal slices. Rat ventral
hippocampal brain slices were cut and maintained in a recording chamber that permitted
64 simultaneous extracellular recordings in the presence of artificial CSF. Brief single
stimulus pulses were applied with bipolar electrodes to the CA3 or CA1 regions of
hippocampus. Single pulses triggered epileptiform population events that included HFOs
in the 150-250Hz range in the presence of GABAa receptor blockade or kainic acid.
HFOs also occurred spontaneously in the presence of kainic acid. The oscillations had
the largest amplitude in the CA3c cell layer, regardless of the drug, and were synchronized
throughout the cell layer. AMPA receptor blockade stopped these HFOs, whereas NMDA
receptor blockade did not. Gap junction activation did not restore HFOs in the presence
of AMPA receptor blockade. Our findings suggest that a population of excitatory neurons
in CA3c may be a primary focus of seizure-like activity in Ammon’s Horn. We suggest
that the interconnection of CA3c is different from the rest of CAS3.

Keywords: CA3c, ripples, very fast oscillations, bicuculline, kainic acid, carbenoxolone, gap junctions,
electrode array

INTRODUCTION

Field potential oscillations reflect synchronized rhythmic synaptic potentials and/or firing by
populations of neurons. High frequency oscillations (HFOs), in some studies referred to as
“ripples,” exist in the 80-600 Hz range. It has been proposed that this broad frequency range
reflects different kinds of activity, and recent reviews have outlined the possibilities for HFO
generation involving synaptic and non-synaptic mechanisms as well as the challenges associated
with identification of mechanism in brain (1, 2). HFOs can be observed in limbic structures and all
over neocortex (3-6) in both pathologic contexts like seizures (7, 8) and in normal contexts such
as cognition and sleep (9, 10). The oscillatory periods tend to be of shorter duration and amplitude
on account of the neuronal synchrony necessary to achieve them (11).
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Pathologic HFOs tend to be of higher frequency than
physiologic HFOs (7) and are thought to be a feature of the
seizure onset zone in patients with epilepsy (12, 13). HFOs of
around 200 Hz have been described under normal conditions in
the CA1 pyramidal cell layer of awake immobile rats.

Population bursts of the CA3 network occurring during
eating, drinking, slow-wave sleep, and awake immobility are
thought to be field excitatory post-synaptic potentials (EPSPs)
that depolarize CA1 pyramidal cells via the Schaffer collaterals
(10) and the dentate gyrus (14). These in turn are thought to
produce the HFOs in the 200 Hz range in normal rats (9). The
bursts of sinusoidal activity last 5 to 15 cycles with peak-to-peak
amplitudes less than 500 microvolts (10).

Laminar profiles of these oscillations have shown that the
oscillations restrict themselves to the pyramidal cell layer with
almost no phase lag over 2 mm distance (15), even up to 5mm
in the rat (10). The ability to extend over this amount of space
essentially shows there is an underlying network that must
generate the oscillations, as it cannot arise from single neurons
with propagation from cell to cell (16).

Two main hypotheses have been offered as the mechanism for
these oscillations (1, 2). One is that there is a synaptic basis for the
oscillations with both excitatory and inhibitory control (9, 15).
The other hypothesis states that gap junctions are responsible for
the oscillations (17, 18). A third and contributing theory posits
there may be some role for local field effects in the amplitude of
the oscillation (19).

Evidence supporting a synaptic mechanism has shown that
the oscillations are related to variations in pyramidal cell and
interneuron activity (20). High frequency 200 Hz oscillations
within CA1 reflect synchronized IPSPs in the perisomatic region
of CA1 pyramidal cells (15). The probability of pyramidal cell
firing is greatest during the negative peaks of the oscillations,
indicating a degree of excitatory synchrony. Thus, long-range
inhibitory control superimposed over a depolarizing input can
produce synchronized oscillations (10). In addition to high-
density connection basket cells that produce local inhibition,
long-range inhibitory control via interneurons with axonal
length of 20 to 100 mm has been described (21). Evidence against
the synaptic hypothesis includes the presence of 150-200 Hz
oscillations in the absence of extracellular calcium ions, which are
required for chemical synapses (17).

Evidence for the gap junction hypothesis includes abolition
of the HFOs in the presence of gap junction blockers, including
halothane, carbenoxolone, and octanol (17). However, multiple
blockers have been used since specific gap junction blockade has
not been achieved (22). Spontaneous HFOs have been shown to
be less frequent in connexin 36-deficient mice (22). There is also
evidence of electrical coupling between hippocampal principal
cells (23-25), which suggests the presence of gap junctions.
The oscillations are thought to arise via gap junctions between
axons of pyramidal cells (18). In one study, gap junctions were
identified in mossy fibers in CA3b (total of 10 axoaxonic pairs)
and CA3c (one axoaxonic pair) using electron microscopy and
immunogold labeling (26).

In a study of mouse brain slices, D’Antuono et al. (27) showed
that HFOs occurred in slices disinhibited with picrotoxin,

depended on non-NMDA glutamatergic receptors, did not
depend on gap junction availability, and could occur in isolated
dentate gyrus sub-slices. These authors did note that initiation of
HFO/ripple activity appeared to be in either CA3 or entorhinal
cortex, depending upon the particular slice being studied. These
results point away from inhibitory circuits or gap junctions for
HFO generation.

We sought to explore the origins of HFO in rat brain slices
where would could apply 64-electrode array recordings to define
the spatio-temporal distribution of high frequency oscillations
and relate them to their inhibitory and excitatory controls.

MATERIALS AND METHODS

All procedures were approved by the University’s Animal Care
and Use Committee and conform to NIH guidelines.

Slice Preparation and Maintenance
Male Sprague-Dawley albino rats (150-200g; 3-5 weeks old)
were anesthetized with halothane and decapitated. Each brain
was removed from the skull, bisected, and placed briefly in ice
cold artificial CSF. Thick slices of tissue (about 1-2 mm thick)
were cut horizontally from the intact hemispheres with its dorsal
face at about the level of the hippocampal genu. These thick
sections were mounted in a Leica VT1000S sectioning system
(Leica; Nussloch, Germany), which was used to cut brain slices
for physiological study (350-400 um). Final slices were simple
horizontal sections trimmed with a cut perpendicular to the
midline on the rostral side of area CA3 and the level of the
slices corresponded to a range of about 2.6-4.6 mm above the
interaural line (28). Slices were maintained in a holding chamber
containing oxygenated artificial cerebrospinal fluid (see below).
From the holding chamber, single slices were placed in
the MED64 chamber (Panasonic MED64; Osaka, Japan). The
MED64 chamber is a 22mm diameter well formed from a
plastic ring cemented to a glass base that contains the electrodes.
Conductive strips embedded in the glass base terminate in
platinum-platinum black electrodes that are nearly flush with
the well floor. Flow is regulated such that slices are just below
an interface configuration. The perfusion solution (1 ml/min)
was composed of (in mM): NaCl 125, KCI 2.5 to 5, CaCl, 1.7,
MgCl, 1.2, NaHCOs3 26, and glucose 10; pH 7.4 when exposed to
95% O3 and 5% CO,. The temperature of the MED64 chamber
was maintained at 30°C by warming the perfusate with an
inline heater. The ventral horizontal slice preparation contains
area CAl and many of the surrounding areas, including: CA3,
subiculum, presubiculum, and entorhinal cortex (29-31).

Recording and Stimulating Techniques

The MED64 chamber allows simultaneous extracellular
recordings from 64 electrodes (50 um squares). Each electrode
is a platinum black-plated square embedded in the floor of the
recording chamber. Inter-electrode distances (center to center)
were 100, 150, or 300 wm. Recording electrode impedances
are 22 kQ (at 1kHz) and each is referred to a set of four
reference electrodes in the periphery of the chamber that are
electrically connected. The recording electrodes are arranged
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in an 8 x 8 array embedded on the bottom of the chamber.
Brief stimulating pulses were delivered using platinum-iridium
parallel bipolar stimulating electrodes (150 pm tip separation;
FHC; Bowdoinham, ME) with <100 k2 electrode impedances.
Stimuli were biphasic pulses (50-100 s in total duration)
applied to the CA3 or CAl regions of hippocampus through
constant current stimulus isolation units. The bipolar stimulating
electrode was placed from the top side of the slice. Data were
digitized at 20 kHz per channel and stored on disk using MED64
Conductor software. Events could be viewed offline using the
MED64 Conductor software.

Pharmacology

All drugs were applied to the bath by adding them to the
perfusate reservoir. The concentrations given are concentrations
that exist in the reservoir and were achieved in the recording
chamber over a period of minutes. Recordings in the presence of
all drugs were taken after sufficient time for equilibration in the
recording chamber. Equilibration was apparent in recordings as a
change in evoked response. Bicuculline (bicuculline methiodide;
50 wM), AP-5 (DL-(2)-2- amino-5-phosphonopentanoic acid;
40uM), CPP (3  ((RS)-2-carboxypiperazin-4-yl)-propyl-
1-phosphonic  acid; 20uM), carbenoxolone (100 wM)

and CNQX (6-cyano-7-nitroquinoxaline-2,3-dione or 6-
cyano-7-nitroquinoxaline-2,3-dione disodium; 20 M), and
trimethylamine (TMA; 4mM) were obtained from Sigma
(Sigma-Aldrich; St. Louis, MO). Kainic acid (15nM) was
obtained from Abcam (Cambridge, MA). Some batches of
CNQX were obtained from Tocris Bioscience (Ellisville, MO).
Bicuculline was used to antagonize GABA4 receptors, and kainic
acid was used as a kainate receptor agonist. AP-5 and CPP were
used as NMDA receptor antagonists, and CNQX was used as an
AMPA receptor antagonist. Carbenoxolone was used to block
gap junctions and TMA was used to activate gap junctions.

Data Analysis

Analysis of the electrode recordings was done using Matlab with
the Signal Processing Toolbox (Mathworks; Natick, MA) as well
as with the Joint Time-Frequency Analyzer software (National
Instruments; Austin, TX).

Color spectrograms of raw data from individual recordings
were made using the Joint Time Frequency Analyzer software.
The recordings chosen were the ones with greatest amplitude
oscillation, as found by using the Fast Fourier Transform (FFT).
High frequency oscillations were noted to all be within the 150-
250 Hz range, and beginning and end times of the oscillations

FIGURE 1 | High frequency oscillations in the presence of bicuculline. HFOs can be observed in rat hippocampal slices containing CA3, CA1, subiculum and dentate
gyrus. (A) depicts field potentials evoked by a single stimulus pulse applied in area CA3 (black square in the cell layer). (B) Maximum amplitude and frequency were
recorded in area CA3. The color grid indicates the exact location of recording electrodes. The dark red color of the calibration spectrum represents the maximum
oscillation amplitude (right panel) and maximum log of the amplitude (left panel) for the CA3 stimulating site. (C,D) show the same oscillations, this time evoked by a
single pulse applied at stimulating site in area CA1 (black square in the proximal stratum radiatum of mid-CA1, i.e., close to the cell layer).
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were found using a set threshold amplitude within this range
from instantaneous FFTs. The time of maximum oscillatory
amplitude in the 150-250 Hz range was also located. In total, 20
slices (17 rats) with oscillations after application of bicuculline
and 13 slices (10 rats) after application of kainic acid (all slices
under electrical stimulation) were studied in this way. A total of 6
slices (4 rats) with kainic acid displayed spontaneous oscillations,
and these were also analyzed in the same fashion.

The rest of the data analysis was conducted with Matlab.
Descriptive statistics of each slice among all electrodes included
(1) the time of greatest oscillatory activity, (2) the amplitude
of the oscillation given by the power of the FFT, and (3)
the frequency of the oscillatory activity. As a measure of
sustainability of the oscillation, (4) the amount of time from
greatest oscillatory activity to the end of the oscillation was
calculated. For a given slice, the above parameters were calculated
for each of the 64 channels over 8 representative sweeps,
which could be found in a subset of the slices (An exception
was made in 2 of the slices with spontaneous oscillations in
kainic acid, for which only 5 or 6 events could be recorded).

The results were subsequently averaged across the 8 sweeps
for each channel. A series of short time Fourier transforms
(STFTs) were calculated for each channel to identify the time
of peak oscillatory activity in the high frequency oscillation
frequency range. The presence of high frequency oscillations
was determined with an amplitude threshold of the FFT in the
HFO range that was initially verified manually as the absence
of significant oscillation. The 13 ms of data before and after the
calculated time were mean detrended, and the point at which
the oscillations reached an absolute maximum in magnitude
was taken to be the precise peak time of oscillations. The
amplitude of the oscillations was determined as the amplitude
of the FFT at that time. Alternatively, the voltage difference
between the largest peak and valley of the oscillations was used
as a measure of the amplitude of the oscillations; this was
done to compare slices with bicuculline or kainic acid that had
CPP or AP-5 added to them. To calculate the frequency, the
three oscillations before and after the peak oscillatory time were
located using a threshold-lockout algorithm and their frequency
was averaged. The end oscillatory time was found by taking
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FIGURE 2 | High frequency oscillations in the presence of kainic acid. HFOs could be observed in rat hippocampal slices bathed in kainic acid. (A) shows field
potentials evoked by a single stimulus pulse, which is shown in (B). Stimulus electrode location is distal stratum radiatum in mid-CA1, i.e., away from the cell layer.
Raw amplitude data is denoted by the color spectrum of the electrode grid. (C,D) demonstrate spontaneous high frequency oscillations in the presence of kainic acid.
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consecutive FFTs after the peak oscillatory time and finding the
first FFT over the 150-250 Hz range to return as below the
set threshold.

déhtate

FIGURE 3 | High frequency oscillations are maximal in area CA3c. The
channel with greatest oscillatory activity was found for each slice and
correlated with its anatomical position. Both bicuculline- (red O; N = 17 slices)
and kainic acid- (black X; N = 13 slices) treated slices showed maximal
oscillatory in area CA3c, most notably in the cell layer.

The above methods could not be used for the slices to which
kainic acid was applied, since some of them had their peak
time too early in the sweep. Instead, the methods described
below were used. Results from these calculations were validated
by applying them to data from bicuculline-treated slices and
comparing to existing calculations from the previous methods
described. As with the slices in the bicuculline bath, calculations
were averaged over 8 sweeps of the 64-channel data. Each sweep
and channel had to have the beginning and end of oscillatory
activity identified by hand after applying a band-stop filter of 0-
70 Hz. The sum of the absolute value of the points between the
selected points was taken as the full-wave rectified area under the
curve. This value was divided by the length of time of oscillation
to yield average amplitude, or intensity, of the oscillations. The
peak time of oscillation was taken as the point at which the
oscillation reached its maximum absolute value. The length of the
oscillations from peak to end of the oscillations could then also be
determined. The frequency of the oscillations was determined by
taking the frequency with maximum amplitude in the FFT of the
entire oscillatory period.

Color maps of oscillation intensity over all 64 electrodes were
also made. These could be superimposed upon the slice images to
appreciate the areas of greatest oscillatory activity. Depth profile
plots of a single sweep were made by examining an electrode row
or column of interest perpendicular to the cell layer. The signals
from these channels were mean detrended, band-stop filtered
(0-70Hz), and subsequently plotted. The voltage at a specific
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FIGURE 4 | Frequency of the oscillations decrease over time. Color spectrograms and raw data of representative recordings from the electrode with greatest
oscillatory activity are shown in (A-C). Start and end frequencies, as well as duration of oscillatory activity over time, are shown determined from the electrodes with
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point in time was taken as the value of the filtered data at that
time point for each of the electrodes. In a manner similar to
the depth profiles, profile plots along the cell layer were made.
Electrodes along the cell layer were located, and their data was
band-pass filtered (70-350 Hz) and subsequently plotted. Peaks
and valleys were found within the oscillations of each electrode
using a threshold-lockout algorithm.

Cross-correlation between electrodes along the cell layer and
the electrode with maximal oscillatory activity was calculated.
First, for each sweep analyzed, the collection of electrodes along
the cell layer was identified. Four sweeps from each slice were
taken and band-stop filtered (0-70 Hz). Using MATLAB’s xcorr
function, the 7 and lag values were calculated for the electrodes
compared to the electrode with most oscillatory activity. For
bicuculline-treated slices, the data used was from the peak of the
oscillation until its end of each individual channel. Data from
the beginning to end of the oscillations in kainic acid-treated
slices could be used. Maximum r? values with their associated
lag times were taken. The resulting values were averaged across
the sweeps. Distances between each of the electrodes in the
slices were calculated, which allowed for creating a composite
correlation using data from all slices.

Data are reported as means £ SD, unless the measurements
are means themselves, in which case data are reported as means
=+ SEM. All statistics were computed with Minitab 18 (Minitab,
Inc.,, State College, PA, USA). Unless otherwise noted, parameters
calculated from slices with bicuculline or kainic acid (triggered or
spontaneous) were compared using ANOVA with Tukey’s post-
hoc analysis. Paired t-tests were used to compare bicuculline-
and kainic acid-treated slices before and after the addition of
CPP or AP-5. In general, a p-value < 0.05 was considered to be
statistically significant. Significant p-values are denoted in figures
with asterisks (*).

RESULTS

Spatio-Temporal Description of
Hippocampal HFOs

A total of 41 animals were used, with 41 bicuculline-treated
slices (31 rats) and 13 kainic acid-treated slices (10 rats).
Single pulses in the presence of bicuculline (Figure 1) or kainic

acid (Figure 2) triggered epileptiform events that contained
episodes of high frequency oscillations lasting 50-150 ms. Of
the kainic acid-treated slices, 6 slices (4 rats) had spontaneous
oscillations for at least 5 sweeps (Figure 2). Stimulation at CA3
and CA1 produced similar responses (Figure 1), with oscillations
of maximal amplitude in area CA3c for both kainic acid—and
bicuculline—treated slices (Figure 3).

Oscillations began 25-125ms from the beginning of
stimulation. They appeared to be maximal in frequency at their
beginning and decrease in frequency over time. The amplitude
of oscillations was maximal in the middle of the oscillatory
period (Figure 4).

The frequency of HFOs and the duration of the oscillatory
period were measured at the channel in which the oscillations
had greatest amplitude (Figure 5). Peak frequency was 196 + 22,
227 £ 21, and 233 = 24 Hz for bicuculline triggered (n = 20;
17 rats), kainic acid triggered (n =13; 10 rats), and kainic acid
spontaneous events (n = 6; 4 rats), respectively. There was no
difference in duration of the oscillations (bicuculline triggered
54 4 24 ms vs. kainic acid triggered 36 £ 18 ms vs. kainic acid
spontaneous 55 £ 22 ms), although there was a trend toward a
difference in these groups p = 0.07. Post-hoc analysis revealed the
trend to be a difference in the triggered bicuculline and kainic
acid treated slices (p = 0.08).

Oscillations appeared to originate from the cell layer in
both bicuculline- and kainic acid-treated slices (Figure 6). Depth
profile analysis showed reversal of the voltage just apical to the
cell layer of CA3c or other segments of CA3. The apical negativity
in voltage profiles is consistent with excitatory synaptic activity
and was consistent across spontaneous and evoked HFOs seen in
disinhibited slices or slices activated by kainic acid. Moving along
the cell layer, the temporal shifting of peaks suggests a spread
velocity of < 1 m/s (1 mm/ms) (Figure 7), also consistent with
spread times for epileptiform activity in hippocampus [e.g., (32)].

The oscillatory coherence decreased with distance from
the channel of maximal oscillatory amplitude along the cell
layer (Figure 8A), yet with little to no lag in all slices
except for kainic acid-treated slices with spontaneous oscillation
(Figure 8B). There appeared to be greater correlation over larger
distances among bicuculline-treated slices than kainic acid-
treated slices.
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FIGURE 5 | Frequency and duration characteristics of oscillations in the presence of bicuculline or kainic acid. Slices with kainic acid (either triggered events or
spontaneous) had a higher starting and peak frequency than those slices with triggered events in bicuculline after post-hoc analysis (*p < 0.004 and 0.001,
respectively). The frequency at the end of the oscillations were different for only the triggered bicuculline and kainic acid slices after post-hoc analysis (‘o = 0.004).
There was no difference in duration of the oscillations, although there was a trend toward a difference between spontaneous and triggered oscillations in the presence

of kainic acid (post-hoc analysis p = 0.058).
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FIGURE 6 | Coarse voltage depth profile analysis in the presence of bicuculline or kainic acid. (A,D) show images of slices in bicuculline and kainic acid, respectively.
Recordings of electrodes marked in red in those images are shown in (B,E,G) for triggered activity in bicuculline, triggered activity in kainic acid, and spontaneous
activity in kainic acid, respectively. (C,F,H) plot the raw voltages marked by the red lines going through the records in (B,E,G), respectively to show a phase reversal
over the cell layer. Stimulus location in (A) is the white matter near the fimbria, below the cell layer. Stimulus location in (D) is stratum radiatum in mid-CA1.

We made recordings of evoked HFOs in CA1l of 13 slices (6
rats) after CA3 was cut off from the rest of the slice. Oscillations
occurred as part of triggered events in CA1, but these were not as
well synchronized as events recorded in CA3 or in CA1 of intact
slices. This is illustrated in Figure 9.

Pharmacology of Hippocampal HFOs

Comparison of all channels in slices in bicuculline and kainic
acid was undertaken. The time to peak oscillatory activity after
electrical stimulation was greater in the bicuculline-treated slices
than in the kainic acid-slices (Table 1; 80 &+ 9 vs. 33 &+ 6ms;
Student’s ¢-test, p = 0.003). HFOs in bicuculline were slower than

those in kainic acid in general (p < 0.002). The time from the
peak frequency to the end of the oscillation was not different
between groups, but spontaneous oscillations appeared to last
longer than triggered ones in kainic acid (p = 0.058).
Comparison of oscillations before and after application of CPP
to 6 slices (6 rats) bathed in bicuculline was performed. Also, in
slices bathed in bicuculline (6 slices; 5 rats) and kainic acid (5
slices; 5 rats), the effect of application of AP-5 was evaluated. As
shown in Table 2, there was significant increase in frequency after
application of CPP to slices bathed in bicuculline (174 & 3 vs. 184
=+ 3 Hz; p=0.0033). Increase in frequency was also observed after
application of AP-5 to slices bathed in bicuculline (169 £ 3 vs. 178
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FIGURE 7 | Coarse voltage profile analysis over the cell layer in the presence of bicuculline or kainic acid. (A,D) show images of slices in bicuculline and kainic acid,
respectively. Recordings of electrodes over the cell layer marked in pink in those images are shown in (B,E,G) for triggered activity in bicuculline, triggered activity in
kainic acid, and spontaneous activity in kainic acid, respectively. The electrodes marked in dark red in (A,D) denote the sites of greatest overall oscillatory activity.
(C,F,H) plot the time at which the recordings reach their peaks and troughs [marked in red circles in (B,E,G), respectively]. These show little to no lag of the oscillation
along the cell layer. Stimulus location in (A) is the white matter near the fimbria, below the cell layer. Stimulus location in (D) is stratum radiatum in mid-CA1.

=+ 3Hz; p = 0.011), and the time to the end of the oscillation was
decreased (46 % 3 vs. 36 &= 3 ms; p = 0.043). There was no change
in any of measured parameters to slices bathed in kainic acid after
application of AP-5.

Application of CNQX to bicuculline-treated slices caused
cessation of the oscillations (Figure 10A). A desynchronization
effect similar to that described by Foffani et al. (33) is evident
as the CNQX effect develops. Addition of TMA to these slices
increased spontaneous single and multi-unit spiking activity,

but did not restore high frequency oscillations (Figure 10B).
And, further addition of carbenoxolone abolished the single
and multi-unit spiking activity (Figure 10C). The addition of
carbenoxolone to slices with only bicuculline did not cause
cessation of the oscillations, but it did decrease the frequency
of spontaneous episodes of oscillatory activity during recordings.
In 8 slices (8 rats), carbenoxelone tested in bicuculline-exposed
slices did not disrupt HFOs. Interestingly, the only effect that
we detected was that occasionally, the stimulus trigger pulse
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FIGURE 8 | Correlation of oscillations with the origin site in CA3. The
recordings along the cell layer were compared with recordings from the
maximal oscillatory activity for all slices. (A) shows that for recordings with
both drugs, correlation of the oscillations decreases as a function of distance
over the cell layer. It appears to decrease faster in slices bathed in kainic acid
than those in bicuculline. The lag time compared to the maximal oscillatory
electrode appeared to be constant over the cell layer, as in (B).

did not trigger a population event. The maximal failure rate
was 1 failure/3 stimulus trigger pulses. Population events that
did occur were indistinguishable in duration, amplitude, or
frequency characteristics from events triggered in the presence
of bicuculline only.

DISCUSSION

Using the laminar characteristic of the rat hippocampus, the
rat hippocampal slice model is ideal for studying HFOs in
hippocampus. We found HFOs to occur either after direct
electrical stimulation in the presence of GABA, receptor
blockade or kainic acid, or spontaneously in the presence
of kainic acid. These oscillations had the largest amplitude

and earliest onset in area CA3c cell layer, regardless of the
drug, and their synchronization/spread extended over distances
greater than 1 mm. The frequency of the oscillations was in
the 150-250 Hz range, and the frequency decreased over time
within a single oscillatory epoch. HFOs also tended to be
higher frequency and the oscillatory period lasted longer in
the presence of kainic acid than in the presence of a GABA,
receptor blocker. NMDA antagonism did not significantly alter
oscillations either in the presence of GABA, blockade or in
kainic acid, except for a small increase in the frequency of the
oscillations. Oscillations appeared to require AMPA receptor
activity, as the HFOs stopped in bicuculline with the addition
of an AMPA receptor antagonist, although there was still action
potential activity in the slices. Addition of a gap junction
opener increased the single and multi-unit action potential
activity, but did not restore HFOs. Collectively, we conclude
that ~ 200Hz HFOs depend upon glutamatergic synaptic
transmission for synchronization of action potentials generated
by various mechanisms, including disinhibition, convulsant
action, and possibly the presence of gap junctions. Disruption
of either the mechanism of synchronization or the action
potential activity substrate to be synchronized can eliminate
these HFOs.

Importance of CA3c in High Frequency

Oscillations

Others have recorded HFOs simultaneously in areas such
as CA3 and CAl (34) in normal behaving rats or in
areas such as entorhinal cortex, dentate gyrus, and CA3
in disinhibied brain slices (27), this is the first study of
HFOs in rat hippocampus with high spatial resolution of
activity as a result of multiple simultaneous recordings from
multiple hippocampal structures. The results of our spatio-
temporal analysis suggest that there may be an important
difference in the way pyramidal cells are interconnected
in CA3c, and that this region may be involved in the
generation of high frequency oscillations in hippocampus,
which may contribute to the epileptogenic properties area
CA3 in hippocampus. The difference in connectivity likely
reflects quantitative difference in either strength or frequency of
excitatory connections.

This quantitative difference in synaptic connectivity is further
supported by our data that oscillations were less pronounced
in CAl after CA3 was physically removed from the slice by
microknife cut. As illustrated, HFOs occurred as part of the CA1
events, but the amplitude was less and higher frequency features
were evident as a result of activity losses in a manner consistent
with the mechanism proposed by Foffani et al. (33).

With a relatively high density recording array, the laminar
profiles of HFO are available in each structure together
with accurate timing data for studies of activity spread.
The variance in proposed mechanisms and locations of
origin suggest that multiple forms of HFOs may exist in the
hippocampus, but our finding of very similar properties
for HFOs facilitated by disinhibition or by glutamate
receptor activation suggests that there may be regional
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FIGURE 9 | HFOs evoked in CA1 after removal of CA3 from the slice. (Left) shows filed potentials evoked by a single stimulus pulse applied to the alveus on the CA3
(proximal) side of CA1 after area CA3 was separated from the slice by knife cut, which is shown in (Right). The amplitude and synchrony of HFOs in CA1 under these
conditions was less than HFOs observed in CAS or in CA1 in intact slices.

TABLE 1 | Characteristics of hippocampal triggered and spontaneous VFOs in presence of bicuculline or kainic acid.

Triggered Bic Triggered KA Spontaneous KA p-value p-value p-value p-value
N=12) (N=11) (N =6) (B-KA) (B-KAs) (KA-KAs) (all)
Peak time of oscillatory activity (ms) 80+9 33+6 N/A N/A N/A N/A 0.0003
Frequency of peak oscillatory activity (Hz) 172 £ 2 182 +£2 184 £ 2 0.001 0.002 0.828 0.0003
Time to end of oscillation (ms) 42 £3 33+4 50+8 0.31 0.47 0.058 0.065

Bic, bicuculline; KA, kainic acid (triggered); KAs, kainic acid (spontaneous).

differences that emerge when the primary initiation point  Proximal CA3b and the CA3c subregions send their axons
is removed. predominantly to the CA1 region. A fraction of collaterals also

Our data include area CA2 in nearly all recordings (see  project to the dentate gyrus (36, 37). Our spatial account of
Figures 1, 2, 7 as examples). Whereas, Oliva et al. (35) showed  the oscillations can be explained, therefore, on the basis of
that CA2 appeared to be the origin for synchronous activity, in ~ hippocampal connectivity.

our recordings, CA2 did not lead CA3c in the oscillations no Interestingly, the study by Foffani et al., which demonstrated
matter what the stimulus location was nor if the HFOs were part  the emergence of very high frequency oscillations from HFOs or
of spontaneous events. ripple activity (33) also points to CA3c as a spatial focal point.

One possible explanation for the localization of oscillations ~ As HFOs are the required substrate for very high frequency
in area CA3 is the likelihood that mossy fiber axons have  oscillations, it is to be expected that their spatial localization
the highest density in this part of the slice. In addition, overlaps. Further, this points to a linkage between normal
axonal gap junctions have been demonstrated in mossy fibers =~ HFOs and what may be considered pathological very high
(26) and may contribute to pyramidal cell synchronization.  frequency oscillations.
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TABLE 2 | Effect of CPP or AP-5 to slices bathed in bicuculline or kainic acid.

Bicuculline CPP p-value
Bicuculline + CPP (N = 6)
Peak time of oscillatory activity (ms) 73+13 61+7 0.32
Amplitude of oscillatory activity (au) 183+£9 20+ 14 0.30
Peak-to-valley oscillation amplitude (mV) 0.19+0.04 022+0.05 0.16
Frequency of peak oscillatory activity (Hz) 174+ 3 184+ 3 0.0033
Time to end of oscillation (ms) 37+5 28+ 2 0.17

Bicuculline AP-5 p-value
Bicuculline + AP-5 (N = 6)
Peak time of oscillatory activity (ms) 86+ 12 92 +8 0.50
Amplitude of oscillatory activity (au) 10+£3 15+4 0.14
Peak-to-valley oscillation amplitude (mV) 0.18 £0.02 0.20 £0.02 0.24
Frequency of peak oscillatory activity (Hz) 169+ 3 178 £3 0.011
Time to end of oscillation (ms) 46 +£ 3 36 +3 0.043

Kainic acid AP-5 p-value
Kainic acid + AP-5 (N = 5)
Peak time of oscillatory activity (ms) 26+ 4 26 +4 0.87
Amplitude of oscillatory activity (au) 486 + 111 597 £ 213 0.54
Peak-to-valley oscillation amplitude (mV) 0.37 £0.06 058 +£0.13 0.11
Frequency of peak oscillatory activity (Hz) 192 + 13 192 + 12 0.93
Time to end of oscillation (ms) 44 +10 28+ 3 0.22

Synaptic Control of High Frequency

Oscillations

Our study indicates that either GABA 4 inhibition or activation of
kainate receptors is sufficient for the emergence of robust HFOs.
Our data indicate that oscillations require AMPA receptors, but
not NMDA receptors, the latter of which has previously been
shown (17). Our findings are further supported by evidence that
HFOs are dependent on both inhibitory and excitatory control
(20), and they can thus be driven by loss of one or gain of
the other.

In optogenetically induced HFOs, loss of excitation of
increases in inhibition aborted the oscillations (38). The
increased frequency of the oscillations while inhibition is still
present in the slice illustrates a paradoxical effect of inhibition
of increasing the circuit’s frequency. The difference in duration of
the events under disinhibition and excitation suggests an intrinsic
oscillatory circuit that is modulated more by inhibition than by
limitation of excitation. This may be related to the observation
that HFOs occurred spontaneously in the presence of kainic acid
but not bicuculline.

HFO activity was triggered from multiple sites within
hippocampus (different subregions and different layers within
subregions) and all stimulus sites led to the same finding that
oscillations appeared to originate in area CA3c (see Figure 3).
Direct and antidromic activation of neurons certainly occurred
with our single pulse stimulation. The best evidence for this is
the single population spike that remains after CNQX exposure

(Figure 10). The long latency for population events containing
high frequency oscillations (Figure 1) when stimuli were applied
to CAl is another indicator that cell-to-cell connectivity
(synaptic or otherwise) is necessary for the generation of events
containing HFOs.

Gap Junctions Affect Neuronal Activity but

Not Neuronal Synchrony

Our work shows that while gap junctions may impact
the frequency of firing of neurons in a population, the
synchronization of that activity does not appear to require gap
junctions. Specific gap junction blockade cannot be done with
precision with any available drug, and therefore, while a number
of gap junction “blockers” can stop HFOs (17), this may be
due to other effects of the various gap junction blockers. Gap
junction activation in the presence of glutamate blockade did
not aid in HFO formation, but did increase the overall amount
of neuronal activity. Gap junction blockade clearly reduced the
amount of neuronal activity (Figure 10C). These results are
consistent with the view that both a means to generate activity
and a means to synchronize such activity are necessary for
population oscillations. Our findings clearly illustrate how gap
junction activity can contribute to the presence of neuronal
activity that might become synchronous, but gap junctions do
not appear to be the synchronization mechanism. Glutamate
receptors appear to be the critical synchronization mechanism.
We speculate that if gap junctions do exist in mossy fibers at
mixed chemical and electric synapses and the mossy fiber density
is greatest in CA3 (26), gap junctions in area CA3c may thus
account for our observation that HFOs originate and have such
large amplitudes in area CA3c.

Clinical Significance

HFOs are known to occur frequently in mesial temporal lobe
epilepsy (39). These areas are additionally thought to be an
indicator of the seizure onset zone independent of interictal
spikes (40). Further, seizure outcomes have been found to be
better with removal of a larger extent of tissue with HFOs
(41). However, the scale at which HFOs are detected cannot
easily resolve particular hippocampal substructures. Our work
contributes to the idea that HFOs arising within the mesial
temporal lobe reflect epileptogenicity in that we show a specific
circuit that is pre-disposed to HFO generation in the setting
of abnormal excitation or disinhibition. We propose that this
intrinsic circuit may play a role in the generation of HFOs and
epileptogenicity in mesial temporal lobe epilepsy.

Limitations

One limitation of this work is that while HFOs exist in normal
and pathologic contexts, this study uses a brain slice model to
study them. Additionally, the effects of synaptic disinhibition
or excitation on generation of HFOs may not necessarily reflect
synchrony in the generation of seizures. However, this study does
nonetheless describe an intrinsic circuit that may be important in
seizure generation.
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FIGURE 10 | Gap junction and synaptic control over high frequency oscillations. (A) shows a triggered HFO in the presence of bicuculline and AP-5 in the top tracing.
Addition of CNQX caused cessation of the oscillations in the bottom tracings. The addition of TMA to these slices increased activity, but did not restore high frequency
oscillations, as shown in the tracings in (B). Further addition of carbenoxolone abolished the increased activity, as in the tracings in (C). An image of the slice used is
shown in (D). The electrode used for stimulation is marked with an asterisk (at the end of CA3 inside the hilus), and the electrode used for recordings in (A,B,C)
is circled.
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Rationale: Patients with dual pathology have two potentially epileptogenic lesions:
One in the hippocampus and one in the neocortex. If epilepsy surgery is considered,
stereotactic electroencephalography (SEEG) may reveal which of the lesions is
seizure-generating, but frequently, some uncertainty remains. We aimed to investigate
whether interictal high-frequency oscillations (HFOs), which are a promising biomarker of
epileptogenicity, are associated with the primary focus.

Methods: We retrospectively analyzed 16 patients with dual pathology. They were
grouped according to their seizure-generating lesion, as suggested by ictal SEEG.
An automated detector was applied to identify interictal epileptic spikes, ripples
(80-250Hz), ripples co-occurring with spikes (IES-ripples) and fast ripples (250-500 Hz).
We computed a ratio R to obtain an indicator of whether rates were higher in the
hippocampal lesion (R close to 1), higher in the neocortical lesion (R close to —1), or
more or less similar (R close to 0).

Results: Spike and HFO rates were higher in the hippocampal than in the neocortical
lesion (o < 0.001), particularly in seizure onset zone channels. Seizures originated
exclusively in the hippocampus in 5 patients (group 1), in both lesions in 7 patients
(group 2), and exclusively in the neocortex in 4 patients (group 3). We found a significant
correlation between the patients’ primary focus and the ratio Riast ripples, i.€., the
proportion of interictal fast ripples detected in this lesion (o < 0.05). No such correlation
was observed for interictal epileptic spikes (p = 0.69), ripples (p = 0.60), and IES-ripples
(o = 0.54). In retrospect, interictal fast ripples would have correctly “predicted” the
primary focus in 69% of our patients (p < 0.01).

Conclusions: We report a correlation between interictal fast ripple rate and the primary
focus, which was not found for epileptic spikes. Fast ripple analysis could provide helpful
information for generating a hypothesis on seizure-generating networks, especially in
cases with few or no recorded seizures.

Keywords: epilepsy, dual pathology, stereotactic electroencephalography, interictal, high-frequency oscillations,
fast ripples
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HFOs in Dual Pathology

INTRODUCTION

Temporal lobe epilepsy is the most frequent cause for drug-
resistant seizures (1). These patients have a higher chance of
achieving seizure freedom if treated by epilepsy surgery rather
than prolonged medical therapy (2, 3) and surgical outcomes
are better if imaging revealed a potentially epileptogenic lesion
(4, 5). Some individuals, however, have two lesions: One in the
hippocampus and another one in the neocortex. In these “dual
pathology” (6) patients, it is often unclear which lesion is seizure-
generating, or if both lesions have such potential. Stereotactic
electroencephalography (SEEG) may be helpful, but especially
if only few seizures were captured, remaining uncertainty is
considerable (7)—and patients rarely become seizure-free (1).

Even more in such scenarios, analysis of interictal activity
may contribute substantially to presurgical evaluation. Most
clinicians have focused on interictal epileptic spikes for decades
and resection of spike-generating tissue correlates to some degree
with post-surgical outcome in neocortical epilepsy (8). More
recent studies suggest that high-frequency oscillations (HFOs),
divided into ripples (80-250 Hz) and fast ripples (250-500 Hz),
might have additional value when it comes to understanding
epileptic networks and identifying epileptic foci. Resection of
HFO-generating areas was associated with seizure-free outcome
in several collectives (9-12), their rates increased after reduction
of antiepileptic medication (13) and they may be involved in
seizure generation (14-17). Many key studies on HFOs relied on
visual identification, which is extremely time-consuming. During
the past years, however, several automatic detectors have been
developed (18-22). These tools now enable us to analyze HFOs
in a clinical routine setting.

In this study, we hypothesized that interictal HFOs are
associated with the seizure-generating lesion in patients
with dual pathology. We applied an automated detector,
compared spike, and HFO rates between the two lesions
and examined whether this ratio correlates with the primary
focus, as identified by ictal SEEG. Finally, we reviewed
individual patients to estimate the value of our tool for
clinical decision-making.

METHODS
Patient Selection

We considered all patients with drug-resistant temporal lobe
epilepsy who, as part of their evaluation for epilepsy surgery,
had undergone stereotactic electroencephalography (SEEG)
recordings at the Freiburg Epilepsy Center between 2012 and
2019. From these, subjects with two potentially epileptogenic
lesions on neuroimaging were selected. All our patients had one
lesion in the hippocampus and the other one in the temporal
neocortex on the same side. In a few patients, radiologic findings
were equivocal or only suggestive of a lesion. From these, we
only included subjects with a lesion confirmed by histology. This
study was approved by the Ethics Commission at the University
Medical Center Freiburg and written informed consent was
obtained from all patients.

Grouping of Patients

Depth electrodes (Ad-Tech Medical Instrument Corporation,
Racine, WI) had been implanted based on their estimated value
for clinical decision-making. Electrode contacts located inside
the hippocampal or neocortical lesion were identified based on
post-implantation MRI. We grouped our patients according to
their seizure-generating lesion (Figure 1):

e Group 1: All recorded seizures in the
hippocampal lesion

e Group 2: Some seizures generated in the hippocampal and
some in the neocortical lesion, or onset more or less
simultaneous in the two lesions

e Group 3: All recorded seizures

neocortical lesion.

generated

generated in the
Grouping was performed based on our patients’ medical reports
only. Thus, regarding the decision of whether a seizure originated
from the hippocampus or neocortex, we relied on the assessment
of a board-certified neurologist who was blind to the purpose of
this study.

Interictal SEEG Data

SEEG was recorded with a Neuvo system (Compumedics,
Abbotsford, Victoria, Australia). The sampling rate was 2kHz
and a low-pass filter with 800 Hz cut-off frequency was applied.
For each patient, we selected a 1-h segment of slow-wave sleep,
at least 2h before and after a seizure. To determine if a contact
was considered part of the seizure onset zone (SOZ), or not
(non-SOZ), we used the judgement the independent clinical
neurophysiologist made at the time of recording and clinical
decision making.

Detection of Interictal Epileptic Spikes and
HFOs

We applied a recently developed automatic detector (23) to
determine the rates of interictal epileptic spikes (IES), ripples
(80-250Hz), ripples co-occurring with spikes (IES-ripples),
and fast ripples (250-500 Hz). This algorithm is based on a
support vector machine, which is combined with a radial basis
function kernel for non-linear classification. Simulated IES from
a publicly available database (24) and visually identified HFOs
were used for training. This detector has been tested against
simulated and visually identified gold standards and, regarding
HFOs, benchmarked against previously published algorithms.
A detailed description of this method can be found in the
original publication.

Ratio R and Rgast ripples in Individual

Patients

We computed a ratio R of mean rates (hippocampus—
neocortex)/(hippocampus + neocortex) for each of these events.
Thus, we obtained an indicator of whether

e events were more frequent in the hippocampal lesion (R close
to1)

e more or less similar in the two lesions (R close to 0) or

e more frequent in the neocortical lesion (R close to —1).
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Step 1:

Identification of patients n = 16 patients

with dual pathology

Step 2:

Grouping according to Where is the seizure-

primary focus generating lesion? Neocortex
Neocortex

Group 3
n = 4 patients

Step 3:
Automated detection
of IEDs and HFOs i

More events in

0<R<=1 hippocampal lesion
Step 4:
Calculate ratio R
of IED and HFO rates rate, - Trate eocorex o Similar rate in
for each patient R= » R=0

rateppocampus + M 1cocortex hippocampal and neocortical lesion

More events in
0>R>=-1 . .
neocortical lesion

Step 5: . .
Final result at group level: Null hypothesis: gg:rggﬁgrﬁh;si:]stérictal
Association of IEDs and HFOs No correlation f : : . .
: : N . biomarker with seizure-generating lesion
with seizure-generating lesion? 1 1
L]
x o . x
So{ +—p— 2 o]
© ° ° ©
o . . 14
'1 T T T '1 T T T
1 2 3 1 2 3
Seizure-generating lesion Seizure-generating lesion
1 -Hc, 2 - He/Neoc, 3 - Neoc. 1 - Hc, 2 - Hc/Neoc, 3 - Neoc.

FIGURE 1 | Study design. Patients with dual pathology were identified (step 1) and grouped according their seizure-generating lesion, as revealed by ictal SEEG (step
2). We then performed automated detection of interictal spikes and HFOs (step 3) and computed a ratio of rates R to obtain an indicator of whether events were more
frequent in the hippocampal lesion (R close to 1), more or less similar (R close to 0) or more frequent in the neocortical lesion (R close to —1) (step 4). Finally, we

examined if this ratio R, i.e., occurrence of our interictal biomarkers, was associated with the group that the patients had been assigned to, i.e., their
seizure-generating lesion (step 5).
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TABLE 1 | Clinical data.

ID Hemisphere Hippocampal lesion Neocortical lesion Surgery 12-month outcome Seizure-generating
(Engel class) lesion (group)
1 L HS FCD / / 1
2 R HS FCD ATL 1B 1
3 R HS Gliotic area/gray-white blurring ATL IA 2
4 R HS FCD ATL IA 1
5 L Hc malformation FCD / / 2
6 L HS FCD EL + Hc resection B 2
7 R HS FCD ATL A 2
8 R HS FCD ATL IIA2 1
9 R HS FCD ATL IA 3
10 R HS Gliotic area/gray-white blurring ATL VB 2
11 L Hc malformation Meningoencephalocele Temporal pole resection IA 3
12 L HS Mild MCD ATL IA 1
13 R Hc gliosis FCD ATL IA 3
14 R Hc gliosis Meningoencephalocele Temporal pole resection + AH A2 3
15 R HS Mild MCD ATL IAP 2
16 R Hc gliosis Mild MCD ATL IAP 2

If 12-month outcome was not available, 3-month? or 6-month? outcome has been specified. AH, amygdalohippocampectomy; ATL, anterior temporal lobectomy; EL, extended
lesionectomy; FCD, focal cortical dysplasia; Hc, hippocampus; HS, hippocampal sclerosis; L, left; R, right; y, years.

To explore the diagnostic value of fast ripple analysis in
individual patients, those were finally ranked according to their
Reast ripples- If Reast ripples Was an ideal biomarker, group 1 patients
would have the top 5 values, group 3 patients the bottom 4 values,
and group 2 patients would have values in between. For each
subject, we thus determined retrospectively which primary focus
might have been “predicted” as follows:

® Ryt ripples amMong top 5: Seizures generated exclusively in the
hippocampal lesion (group 1)

® Ryt ripples among bottom 4: Seizures generated exclusively in
the neocortical lesion (group 3)

® Ryt ripples in between (i.e., not among top 5 or bottom 4):
Seizures generated in both lesions (group 2).

Statistical Analysis

A significance level of 5% was chosen. The data was considered to
be not normally distributed. We therefore specified the median
as a measure of central tendency and the range as a measure
of dispersion. The two-sided Mann-Whitney-U-test was applied
to compare unpaired data. We performed Spearman’s rank
order correlation to examine the relationship between the group
to which our patients had been assigned, i.e., their seizure-
generating lesion, and the ratio R, i.e., the proportion of interictal
epileptic spikes or HFOs detected in this lesion. These analyses
were performed using SPSS (IBM, Armonk, NY).

A permutation test was conducted to examine whether
Reast ripples Might have predicted the seizure-generating lesion
in individual patients significantly better than chance [see e.g.,
(25, 26) for other examples of a permutation test]. To this end, we
randomly shuffled the three group labels (5 x “17,7 x “2”, and 4

x “3”) between our 16 patients and then determined the number
of correct “predictions;,” which was between zero (no patient
assigned correctly) and 16 (all patients assigned correctly). This
procedure was repeated 100,000 times to compute a distribution
of “surrogate” correct predictions. Finally, we compared our
“empiric” number of correct predictions to this distribution to
estimate the probability of obtaining such a result by chance. This
part of our analysis was implemented in Matlab (Mathworks,
Natick, MA).

RESULTS

Patients and Their Seizure-Generating
Lesions

We reviewed 115 patients with drug-resistant focal epilepsy who,
as part of their evaluation for epilepsy surgery, had undergone
SEEG recordings. Sixteen subjects (8 females, 8 males; age:
median 39 years, range 12-53 years, see Table 1 for more clinical
data) fulfilled inclusion criteria. The mesial temporal lesion was
usually hippocampal sclerosis (n = 11), while the most frequent
neocortical pathology was focal cortical dysplasia (n = 9) or
a mild malformation of cortical development (n = 3). Most
of our patients were treated by anterior temporal lobectomy,
a minority received selective surgery of the hippocampal or
neocortical lesion. We then grouped our patients according to
their primarily seizure-generating lesion, as suggested by ictal
SEEG: Seizures originated exclusively from the hippocampal
lesion in five patients (group 1), from both hippocampus and
neocortex in 7 patients (group 2) and exclusively from the
neocortical lesion in four patients (group 3).
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Spike and HFO Rates in Hippocampal vs.

Neocortical Lesions

First, we compared the rates of interictal epileptic spikes and
HFOs between the two lesions. Spikes, ripples, ripples co-
occurring with spikes (IES-ripples) and fast ripples occurred
significantly more often in electrode contacts located in the

hippocampal lesion as compared to the neocortical lesion
(Figure2; p < 0.001; hippocampus: n = 60, neocortex:
n = 124 channels; Mann-Whitney-U-test). When seizure
onset zone (SOZ) and non-SOZ channels were analyzed
separately, a significant difference was found inside the
SOZ (Spikes: p < 0.05, ripples: p < 0.05, IES-ripples: p

often in channels located in the hippocampal lesion.

Interictal epileptic spikes Ripples Fast ripples
50 507 p <0.001 50
p <0.001
401 401 40
p <0.001
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FIGURE 2 | Rates of interictal spikes and HFOs in hippocampal vs. neocortical lesion. Note that spikes (left), ripples (middle), and fast ripples (right) occurred more
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FIGURE 3 | Association of interictal fast ripples with seizure-generating lesion. No significant correlation was observed for interictal spikes (left). Note the significant
correlation between ratio R, i.e., the proportion of fast ripples detected in a lesion, and the group that the patient had been assigned to, i.e., its seizure-generating
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< 0.001, fast ripples: p < 0.01; hippocampus: n 47,
neocortex n 46 channels; Mann-Whitney-U-test), but
not for non-SOZ contacts (Spikes: p 0.20, ripples: p
0.93, IES-ripples: p 0.61, fast ripples: p 0.39;
hippocampus: n = 13, neocortex n = 78 channels). Hippocampal
lesions thus tend to generate more spikes and HFOs than
neocortical lesions—and this difference seems to be specific to
SOZ channels.

Correlation of Spike and HFO Rates With

Seizure-Generating Lesion

Keeping in mind this finding, it seemed rather unlikely that
finding a higher spike or HFO rate in a patient’s hippocampal
lesion would indicate that this lesion also generates seizures.
We therefore calculated the ratio R for each subject and
examined if R, i.e., the proportion of spikes or HFOs detected
in a lesion, correlates with the group to which the patient
had been assigned, i.e., seizure genesis in this lesion. Such a
correlation was found for interictal fast ripples (Figure 3; r =
—0.52; p < 0.05; Spearman’s rank order correlation), but not
for spikes (r = —0.11; p = 0.69), ripples (r = —0.14; p =

0.60), or IES-ripples (r = —0.17; p = 0.54). Of note, these
analyses were performed on interictal data from all electrode
contacts located in either of the two lesions—thus, R was
calculated independent from any information on the patient’s
seizures. In summary, our findings suggest that R ripples 18
a biomarker which is specifically associated with the seizure-

generating lesion.

Diagnostic Value for Individual Patients
Finally, we aimed to explore whether an analysis of interictal
fast ripples could be of diagnostic value for individual patients.
If fast ripples were a good biomarker, Ry ripples Would be high
in most subjects with seizures originating from the hippocampal
lesion and low in those with neocortical onset (Figure 4).
As we retrospectively estimated performance by a data-based
approach, we obtained correct “predictions” in 11 of our patients
(69%; p < 0.01, permutation test; Table 2). Correct or incorrect
predictions were not obviously linked to a distinct pathology.
Thus, fast ripple analysis might classify above chance, but
performance would be impaired due to the overlap between
different groups.

Patient 2, Group 1,
Primary focus:
Hippocampus

Patient 11, Group 3,
Primary focus:
Neocortex

Hippocampal Lesion

Neocortical Lesion

FIGURE 4 | Two exemplary patients. (Upper row) Patient 2 had her primary focus in the hippocampal lesion. MRI showed hippocampal sclerosis (upper left) and a
temporal lobe FCD (upper right, white box). Ictal SEEG suggested that seizures were only generated in the hippocampal lesion and interictal fast ripples were more
frequent in the hippocampus (R = 0.61; red box). (Lower row) Patient 11 had his primary focus in the neocortical lesion. MRI showed a hippocampal malrotation
(lower left, white box) and a temporal lobe meningoencephalocele (lower right). Ictal SEEG suggested that seizures were only generated in the neocortical lesion and
interictal fast ripple rate was more or less similar (in this case slightly higher in the neocortical lesion; R = —0.05; yellow box).
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TABLE 2 | Interictal fast ripple analysis and seizure-generating lesion in individual
patients.

Ratio Patient ID  Seizure-generating Seizure- Prediction
Réast ripples lesion (group), as  generating lesion correct?
revealed by ictal (group), as
SEEG “predicted” by
ratio Riast ripples

0.61 2 1 1 Yes
0.60 12 1 1 Yes
0.36 13 3 1 No
0.34 1 1 1 Yes
0.27 10 2 1 No
0.25 3 2 2 Yes
0.20 5 2 2 Yes
0.15 15 2 2 Yes
0.14 4 1 2 No
0.05 8 1 2 No
0.02 7 2 2 Yes
0.02 16 2 2 Yes
0.01 9 3 3 Yes
0.01 14 3 3 Yes
—0.05 6 2 3 No
—0.05 11 3 3 Yes

To estimate the performance value of our tool, we ranked our subjects according to their
ratio of rates R. For each individual, we then retrospectively determined if Reast ripples Would
have correctly “predicted” the seizure-generating lesion. An ideal biomarker would sort
group 1 patients to the top of this table, group 3 patients to its bottom and group 2
patients in between. 11 patients (69%) were assigned correctly (o < 0.01). See Methods
section for a detailed description of our approach.

DISCUSSION

The main novel findings of this study are that in patients with
dual pathology (1) interictal spikes and HFOs are more frequent
in the hippocampal pathology, particularly in seizure onset
zone channels, (2) fast ripples are associated with the seizure-
generating lesion, and (3) might have some diagnostic value for
individual patients.

Hippocampal Lesions Generate More

Spikes and HFOs

We report that spike and HFO rates were higher in hippocampal
than in neocortical lesions—and that this difference is specific
to the seizure-onset zone (SOZ). This result is consistent
with a previous study suggesting that HFOs are primarily an
indicator of epileptogenicity (27, 28). Analyzing subjects with
dual pathology, we could now directly compare biomarker
occurrence between the two lesions. Most of our patients had
hippocampal sclerosis and focal cortical dysplasia. Therefore, our
results may not be representative of other pathologic entities,
such as e.g., post-ischemic alterations or tumors. At the end,
we can only speculate on the main reasons for which the
seizure-generating portion of lesions in the hippocampus might
generate more HFOs: Its complex architecture, with several
distinct three-layered sub-regions, contrasts with six-layered

neocortex in healthy individuals. Hippocampal sclerosis and
focal cortical dysplasia are furthermore due to a fundamentally
different pathogenesis. In some patients, it was hard to clearly
delineate the neocortical lesion; it could thus be hypothesized
that sometimes our electrodes did not record from tissue
with maximum pathogenicity. Finally, the hippocampus is
suited best for generation of physiological HFOs (29-31), and
network alterations associated with epilepsy might exploit this
machinery—a concept that has also been proposed e.g., for spike-
wave seizures (32).

Association Between Interictal Fast

Ripples and Seizure-Generating Lesion
Since the hippocampus in general (31, 33), and hippocampal
lesions in particular, tend to generate more HFOs than the
neocortex, it is not trivial to compare the epileptogenicity of these
two regions—observing slightly higher rates in the hippocampus
e.g., does not indicate that this is the primary focus. Nevertheless,
we report that in patients with dual pathology, the potential of
a lesion to be seizure-generating correlates with its potential to
generate fast ripples. This conclusion was based on calculations
of the ratio R, which adjusts for the fact that hippocampal lesions
have in general higher fast ripple rates. Such a correlation was
not found for interictal spikes, ripples, or ripples co-occurring
with spikes (IES-ripples). These findings are in line with previous
work suggesting that HFOs might identify epileptogenic tissue
better than spikes (9, 34). It is still subject to debate which of
the HFO subgroups is suited best as a biomarker, but a popular
notion is that ripples lack specificity, possibly because some of the
events are physiological. One strategy to overcome this problem
could be to analyze ripples associated with spikes, which may
perform better in distinct clinical scenarios (23, 34). The other
main approach has been to focus on fast (10) and very fast
ripples (35, 36): Those might only rarely be physiological (31),
thus be more specific, and also be involved in seizure generation
(15, 16, 37). Our present study clearly supports this view of fast
ripples as a biomarker with unique properties—at least in distinct
clinical scenarios.

Value for Clinical Decision-Making in

Individual Patients

We report that two variables correlate at the group level.
But from a clinician’s point of view, the question is: Could
this biomarker be useful for decision-making in individual
patients? Presurgical workup in dual pathology aims to evaluate
whether both lesions can generate seizures—if so, anterior
temporal lobectomy is often recommended, whereas more
restrictive surgery might be considered if concordant findings
suggest that only one lesions has seizure-generating potential
and even more if the second lesion is not clearly visible on
MRI. Based on data obtained in this study, we estimated
that interictal fast ripples might have correctly predicted
the seizure-generating lesion in 69% of the patients. This
approach permits only to crudely estimate the value of our
tool, which seems to perform better than chance, but no
better than traditional elements of presurgical evaluation. At
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present, HFOs are rarely studied in a clinical routine setting,
but we hope that application of a publicly available detector
will promote such analyses. In summary, interictal fast ripples
could be considered to obtain complementary information on
seizure-generating networks—especially in cases with few or no
recorded seizures.

Limitations and Outlook

The current study has some limitations and additional work
is needed to fully investigate the role of HFOs in patients
with dual pathology. A sample size of 16 subjects only permits
to detect pronounced differences. Besides, our study is purely
retrospective. Especially when it comes to estimating the value
of fast ripples in individual patients, we would have needed
more subjects for a thorough analysis and our tool might have
performed worse if tested in another sample of patients. Finally,
it should be considered that the reference to which we compared
our HFO data was the seizure-generating lesion, as determined
by SEEG, and not post-surgical outcome because most of our
patients were treated by anterior temporal lobectomy. This
implies that patients grouped as “hippocampal” or “neocortical”
could have seizures originating from the other lesion that
had just not been captured—or that, after resection of the
primary focus, the “secondary” lesion might start to generate
seizures. These limitations can only be overcome by a larger,
if possible prospective, study that relates HFO data to post-
surgical seizure outcome. Before we move on to this step, it
may be interesting to analyze additional aspects of HFOs, e.g.,
the temporal relationship between events from the two lesions.
Such an approach could not only yield a diagnostic tool for dual
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Background: High frequency oscillations (HFOs) have attracted great interest among
neuroscientists and epileptologists in recent years. Not only has their occurrence
been linked to epileptogenesis, but also to physiologic processes, such as memory
consolidation. There are at least two big challenges for HFO research. First, detection,
when performed manually, is time consuming and prone to rater biases, but when
performed automatically, it is biased by artifacts mimicking HFOs. Second, distinguishing
physiologic from pathologic HFOs in patients with epilepsy is problematic. Here we
automatically and manually detected HFOs in intracranial EEGs (iEEG) of patients with
epilepsy, recorded during a visual memory task in order to assess the feasibility of the
different detection approaches to identify task-related ripples, supporting the physiologic
nature of HFOs in the temporal lobe.

Methods: Ten patients with unclear seizure origin and bilaterally implanted
macroelectrodes took part in a visual memory consolidation task. In addition to
iEEG, scalp EEG, electrooculography (EOG), and facial electromyography (EMG) were
recorded. IEEG channels contralateral to the suspected epileptogenic zone were
inspected visually for HFOs. Furthermore, HFOs were marked automatically using an
RMS detector and a Stockwell classifier. We compared the two detection approaches
and assessed a possible link between task performance and HFO occurrence during
encoding and retrieval trials.

Results: HFO occurrence rates were significantly lower when events were marked
manually. The automatic detection algorithm was greatly biased by filter-artifacts.
Surprisingly, EOG artifacts as seen on scalp electrodes appeared to be linked to many
HFOs in the iIEEG. Occurrence rates could not be associated to memory performance,
and we were not able to detect strictly defined “clear” ripples.

Conclusion: Filtered graphoelements in the EEG are known to mimic HFOs and thus
constitute a problem. So far, in invasive EEG recordings mostly technical artifacts and
filtered epileptiform discharges have been considered as sources for these “false” HFOs.
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Detection Approaches of Temporal HFOs

The data at hand suggests that even ocular artifacts might bias automatic detection in
invasive recordings. Strict guidelines and standards for HFO detection are necessary
in order to identify artifact-derived HFOs, especially in conditions when cognitive tasks
might produce a high amount of artifacts.

Keywords: high-frequency oscillations, visual memory, invasive EEG, electroencephalography, epilepsy

1. INTRODUCTION

High frequency oscillations (HFOs) have gained considerable
interest amongst neurologists and neuroscientists in the last
decade. These relatively new electroencephalographic (EEG)
markers are defined as single events of at least four oscillations
with a frequency above 80 Hz that clearly stand out from the
background EEG (1). Classically, HFOs have further been divided
into two subgroups: ripples (80-250 Hz) and fast ripples (250-
500 Hz; 2). Given these criteria, a high signal-to-noise ratio is
key when attempting to detect HFOs. Hence, the first findings of
HFOs stem from invasive EEG (iEEG) recordings with micro- or
macroelectrodes (2-7).

As these recordings are only performed during presurgical
evaluation in patients with drug resistant epilepsies, their
occurrence has naturally been studied and linked to epilepsy and
many findings indicate a link between HFOs and epileptogenity,
both during ictal (8, 9) and interictal states (10-12). Besides
there association with epilepsy, several studies also suggested
an existence of a second HFO population, reflecting physiologic
processes (3, 13-17). Especially entorhinal and hippocampal
ripples have been associated with memory consolidation in
animals (18, 19) and humans (20-23).

Albeit these numerous investigations, the detection of HFOs
remains a highly debatable subject, and many aspects need to
be considered. Besides technical considerations regarding the
signal-to-noise ratio and data sampling (24-26), choosing the
actual method of detection can be difficult. Considering the
mentioned criteria (1), visual inspection requires enlarging
the signal both in time scale and amplitude in order to
discern these discrete events from the background EEG (27).
Screening the data in such a way is highly time-consuming and
visual detection can further be biased by the raters’ subjective
assessment of what “clearly stands out from the background
EEG” (28, 29).

In contrast, automatic HFO detection is fast and objective. In
facts, there exist a plethora of automatic detection algorithms
for HFOs (30-34). Though considerably minimizing the time
necessary to perform HFO detection, automatic detectors are
prone to biases from signal artifacts (35-39), and they are
seldom accurate on datasets they have not been trained on
(24, 40). Furthermore, automatic detection algorithms are unable
to differentiate between HFOs occurring as single elements and
HFOs that are coupled with epileptiform discharges.

Given its more adaptive and strict results, manual detection
may thus be necessary when dealing with data containing
different (physiologic and pathologic) HFO populations and
artifacts. For instance, when wanting to detect physiologic HFOs
that are evoked by cognitive paradigms in patients with epilepsy.

In the study at hand, we analyzed such a dataset. Using a dataset
described by Axmacher et al. (20), we investigated stimulus-
induced HFOs during encoding and retrieval to demonstrate
possible differences between the two approaches of HFO
detection, as well as to take advantage of the high sensitivity of
automatic detectors and the specificity of a manual review when
trying to link ripple occurrence to memory performance.

For this purpose, we assessed for both detection approaches:
(1) whether ripple occurrence rates during encoding or retrieval
phases differed between correct and incorrect responses in
the memory task; (2) whether the event rates detected during
encoding were predictive for the performance in the subsequent
retrieval trials on a trial level; and (3) whether the amount of
detected events was related to the response times in the memory
task. We hypothesized the results to differ between automatically
detected and manually detected events. Assuming that automatic
detection results in less valid detections, we hypothesized
that event rates revealed no or less of an association with
memory performance as compared to events detected visually.
Confirming our hypothesis would emphasize the importance for
an accurate detection in order to differentiate physiologic, e.g.,
memory-related, from pathologic HFOs.

2. METHODS

2.1. Subjects and Experimental Procedure
Ten patients with pharmacoresistant temporal lobe epilepsies
(five women, mean age = 39.4 years, SD = 10.83), enrolled
in a study that took place at the University Hospital Bonn
between 2004 and 2006, were retrospectively analyzed. All
patients received bilateral intracranial EEG (iEEG) recordings for
presurgical evaluation. Patients enrolled in the study were asked
to perform a visual memory task on a recording day previous
to which no seizures had been experienced for 24 h. Detailed
information on the patient sample may be found in Table 1. The
study was approved by the local ethics committee, and all patients
gave written informed consent before participating.

The visual working memory task contained two encoding as
well as one retrieval phase, intertwined by a nap time. During
encoding, patients were presented with 80 pictures of either
landscapes or houses. Each image was presented for 1,200 ms
with a variable interstimulus interval of 1,800 £ 200 ms. In
order to ensure that patients stayed focused they were asked to
indicate via button press whether they saw an image depicting
a house or landscape. After this initial encoding phase, patients
were asked to rest in a darkened room for 60 min and try to
nap. Following a pause of 15 min after this period of resting there
was another encoding phase with 80 novel images. After another
break of 15 min, patients were presented with all 160 images they
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TABLE 1 | Patient information.

Subject Age Gender  Structural lesion Seizure type(s) Onset SOZ (iEEG) Further remarks
(years) age
P1 45 Hippocampal sclerosis right Focal non-motor impaired 13 Right
awareness seizures temporo-mesial
P2 34 Hippocampal sclerosis right Focal non-motor impaired n\a Right
awareness seizures + ftoTCS temporo-mesial
P3 54 Hippocampal sclerosis left Focal aware non-motor seizures 9 Left
+ focal motor impaired temporo-mesial
awareness seizures + ftoTCS
P4 33 Hippocampal sclerosis + Focal non-motor impaired n\a Left Left sided speech
hypometabolism (FDG) temporal awareness seizures + ftbTCS temporo-mesial dominance (WADA)
left
P5 44 MRI negative; hypometabolism Focal aware non-motor seizures 18 Left temporo-polar  Right handed
(FDG) temporo-polar left
P6 46 Hippocampal sclerosis + Focal motor and non-motor 11 Left Right handed, bilateral
hypometabolism (FDG) temporal impaired awareness seizures temporo-mesial speech (WADA)
mesial and polar left
p7 47 Hippocampal sclerosis right; Focal aware motor seizures + n\a Right
discrete hypometabolism (FDG) ftoTCS temporo-mesial
temporo-polar left
P8 45 Hippocampal sclerosis and Focal non-motor impaired 6 Bitemporal
hypometabolism (FDG) temporal ~ awareness seizures
right
P9 18 Hippocampal sclerosis left Focal motor and non-motor n\a Most prominently Hint of right-sided
impaired awareness seizures left hippocampal sclerosis
temporo-mesial
P10 28 Hippocampal sclerosis and Focal motor impaired awareness n\a Right Ictal aphasia

temporo-polar dysplasia right

seizures

temporo-mesial

SOZ, seizure onset zone; IEEG, intracranial electroencephalography; f, female; m, male; ftbTCS, focal to bilateral tonic clonic seizures; FDG, fluorodeoxyglucose; MRI, magnetic resonance

imaging.

had learned previously plus an addition of 80 unlearned images.
During this retrieval phase, patients were asked to indicate
whether they recognized the presented images from the encoding
phases before.

2.2. iEEG Recordings and HFO Detection

Invasive EEG recordings were performed via inserted
multicontact depth electrodes (AD-Tech; 10 platinum-iridium
contacts each). Depth electrodes were inserted from a posterior
approach into the hippocampus and rhinal cortex, and electrode
locations were documented via post-implantation MRI scans.
Furthermore, six patients (patients 1, 4, 5, 6, 8, and 10) received
also ECoG (24-102 channels, mean = 45.67) recordings,
covering additional temporal lobe areas. In all of these cases,
strips covered at least the anterior temporal cortex as well as the
lateral temporal cortex. Patients 6 and 10 only received unilateral
depth electrode implantations, but had additional large ECoG
grids over the respective other hemisphere. In patient 10, depth
electrodes were implanted in the left hemisphere and thus could
be included in the analyses. In addition to the described invasive
EEG recordings, 3-7 scalp electrodes, vertical and horizontal eye
movements, an ECG, as well as a facial electromyogram were
recorded in each patient during the experiment. Invasive EEG
channels were recorded at a sampling rate of 1,000 Hz, and a
linked mastoid signal served as reference.

For each patient one encoding and the respective retrieval
session were exported to .edf format and then imported to an in-
house built software called MEEGIPS (41), for HFO detection.
The individual encoding recordings lasted between 305 and 387 s
(mean = 329.3 s), whereas the retrieval phase lasted between
903 and 1,011 s (mean = 927 s). On average, HFO analysis was
performed on 21 min of EEG data for each participant. The
imported EEG data was then analyzed in two ways. First, events
of interest were marked visually by one experienced rater, and
second, another person conducted an automatic HFO detection.

For visual inspection, the EEG data, as well as additional
EMG, ECG, and EOG channels, were prepared in two ways: First,
the data was high-pass filtered at 0.1 Hz, and a FIR multiline
band reject filter was applied in order to filter out the powerline
noise at 50 Hz as well as its respective harmonics. This data was
considered the “raw signal.” Second, the data was filtered between
80 and 250 Hz to extract the ripple-band signal, which will be
referred to hereafter as the “filtered EEG.” For inspection, both
of these signals were displayed next to each other on a screen,
and the time cursor was synchronized. Up to eight iEEG channels
at a time and the additional EMG, ECG, and EOG channels
were visually inspected. In addition to the EEG signals, small
windows for the empirical mode decomposition, the discrete
Fourier transform, the discrete wavelet power density, and
the continuous wavelet transform, calculated from any marked
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segment of the raw signal, were displayed on the right of the
screen. iIEEG channels with continuous artifacts corrupting the
signal and channels with a generally poor signal-to-noise ratio
were excluded.

Ripples were then marked according to the following criteria:
(1) consisting of at least four consecutive oscillations both seen
in the filtered signal and in the empirical mode decomposition;
(2) displaying a regular morphology clearly discernable from
the background EEG; (3) revealing an isolated “blob” either
in the discrete wavelet power density (DWPD) or in the
continuous wavelet transformed signal (CWT; 37); (4) showing
a superimposed fast activity in the raw data; and (5) not directly
linked to artifacts observed in the EEG, EMG, ECG or EOG
channels. Based on these criteria three event categories were
identified and marked: (i) ripples, fulfilling all criteria; (ii) unclear
HFOs (uHFO), events that did not meet all criteria based on
signal quality or unclear evidence of artifacts; and (iii) artifacts,
generating ripples meeting the described criteria except the last
one. All detected ripples and uHFOs were additionally discussed
in the team in order to rigorously exclude all false positive events.

For the automatic detection, the data was decomposed into
empirical mode functions (two intrinsic mode functions with a
maximum of 100 iterations; 42). Events of interest were detected
using an RMS detector with a sliding window size of 10 samples
and 1-s-sized statistics segments. The properties for events of
interest were fixed as follows: minimum duration of >12 ms;
RMS transition threshold of 2SD and a peak threshold of 3SD.
Events separated by <30 ms were combined taken into account a
standard deviation square root. The detected events were then
classified based on Stockwell’s S-transformation (43) for the
frequency range of 80-250 Hz, and a Tukey window was applied
to segments 1 s around the center of each event of interest. Events
of interest were classified as ripples (autoR) based on a maximum
power ratio between the trough and the high-frequency peak of
90%, and a minimum high-frequency to low-frequency peak ratio
of 20%. The process of automated HFO detection using these
methods has been described in detail by Burnos et al. (44).

2.3. Statistical Analysis

The events, detected automatically and visually, were then
exported together with the experimental markers and analyzed
using MATLAB (release R2019a, The Mathworks, Massachusetts,
USA). Rates for all autoR, ripples, uHFO, artifacts, as well as all
events detected manually in cumulation were summarized for
each encoding and retrieval trial and for each individual patient.
Trials were defined as segments starting with stimulus onset and
lasting until either patients responded via button press or the next
stimulus was presented. In a next step, retrieval trials were paired
with their respective encoding trials and grouped into trials
with correctly and incorrectly retrieved items (i.e., correct “old”
vs. incorrect “new” decisions for previously presented items).
Finally, the event rates were related to the respective number
of trials and iEEG channels per patient as well as to the lengths
of each trial. Thus, we ended up with relative event rates for
encoding and retrieval trials corrected for the trial lengths in
seconds and for the number of iEEG channels analyzed. For
statistical analysis, only events from temporal sites within the

hemisphere contralateral to the suspected epileptic zone were
considered. In patient 8, we considered the right hemisphere
to contain the epileptogenic zone due to the imaging findings,
despite seizure onset zones observed in both temporal lobes.

The resulting event matrices were imported into R (45).
Statistical analysis aimed at answering three questions to test
the general hypothesis. First, we wanted to investigate whether
there was a general difference between correct and incorrect
trials for the rates of detected events during the retrieval phase.
For this purpose, the mean event rates for correct and incorrect
trials during retrieval for each patient were entered into a rank-
based ANOVA-type test from the package “nparLD” (46) with
the two within-subject factors response accuracy (correct vs.
incorrect) and event type (all manual events, artifacts, uHFOs,
ripples, autoR).

Second, we analyzed whether the rate of events detected
during encoding was predictive for the correctness in the
subsequent retrieval trials on a trial level. For this purpose,
we calculated a generalized linear model with the retrieval trial
accuracy as dependent variable and the event rates as predictive
factor. Patients were considered as a random factor, in order to
take into account variations in baseline events across subjects.
Furthermore, we calculated Kendall’s correlation between the
number of correct trials and the mean event rates per second
and estimated a confidence interval using the bias corrected and
accelerated bootstrap method with 10,000 bootstrap samples to
assess an effect at the group level.

Third, we tested whether the amount of detected events
during encoding or retrieval impacted the response time in
the retrieval phase. For this we calculated Kendall’s correlation
between response times and event occurrence rates for each
patient individually. We then tested the null hypothesis that the
median of these correlations was zero, using a sign test/binomial
test: The fact that under the null hypothesis, the number of
correlations smaller than zero follows a binomial distribution
with probability 0.5 allows for an easy calculation of p-values.
Correcting for multiple comparisons (13 statistically significance
tests) using the Bonferroni method, the adjusted p-threshold was
setat 0.0038, in order to avoid an increased family wise error rate.

3. RESULTS

All event rates per second for both encoding and the
corresponding correct or incorrect retrieval trials are presented
in Table 2. No events fulfilled all five criteria to being marked
as ripples in the channels of interest. We did detect a small
number of unclear HFOs in some of the patients that adhered
to most criteria, but could potentially be connected to non-
cerebral electrophysiological origins. Figure1 shows such an
uHFO, whereas a clear ripple detected on the ipsilateral site of
the suspected epileptic focus in patient 6 is depicted in Figure 2.
Notably, not all trials could be taken into consideration, as there
were some missing responses during retrieval in patients 1, 2, 5,
and 8.

Regarding possible differences in event occurrence rates
during retrieval, we did not observe a difference between correct
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TABLE 2 | Event rates per second and iEEG channel, detected during encoding and retrieval in correct (top rows) and incorrect (bottom rows) trials.

Encoding events/sec.

Retrieval events/sec.

Subject Chans. Trials Resp. time
autoR Man. events Artifact uHFOs autoR Man. events Artifact uHFOs
p1 o4 36 1.312 0.657 0.017 0.017 0 0.735 0 0 0
43 1.428 0.657 0.021 0.021 0 0.682 0.018 0.018 0
po 10 35 1.208 0.353 0.188 0.188 0 0.376 0.071 0.071 0
4 1.2 0.261 0.065 0.065 0 0.258 0 0 0
P3 10 28 0.99 0.544 0.089 0.053 0.035 0.711 0 0 0
28 1.032 0.605 0.051 0.019 0.033 0.696 0.049 0.042 0.007
pa o4 44 0.953 0.535 0.061 0.058 0.004 0.633 0.014 0.014 0
36 0.943 0.668 0.077 0.069 0.009 0.656 0.023 0.023 0
p5 s 47 0.931 0.247 0.032 0.029 0.003 0.531 0.012 0.012 0
32 1.101 0.295 0.011 0.01 0.001 0.498 0.024 0.024 0
PE 0 17 0.915 1.048 0.077 0.055 0.022 0.904 0.127 0.122 0.005
63 0.851 0.992 0.112 0.09 0.023 0.816 0.059 0.057 0.002
b7 10 29 0.965 0.32 0.127 0.127 0 0.55 0.072 0.072 0
27 0.923 0.362 0.191 0.191 0 0.417 0.04 0.04 0
Pg 0 2 0.997 0.521 0 0 0 0.365 0.023 0.023 0
42 1.152 0.448 0.077 0.077 0 0.512 0.015 0.015 0
P9 10 30 1.044 0.447 0 0 0 0.444 0 0 0
26 1.082 0.525 0 0 0 0.555 0 0 0
P10 o4 17 1.221 0.211 0.124 0.124 0 0.65 0.114 0.144 0
63 1.139 0.239 0.25 0.25 0 0.37 0.071 0.071 0

*Chans., Nr. of channels; Trials, Nr. of trials; Resp. time, mean response time during retrieval; autoR, automatically detected ripples; man. events, all manually detected events,; uHFOs,

unclear HFOs.

and incorrect trials (Fjo = 0.108, p = 0.743). There was,
however, a main effect for the event type (Fj 291,00 = 81.514, p
< 0.001). As can be seen in Figure 3, automatic ripple detection
resulted in higher rates across all subjects, regardless of trials
being correct or incorrect. Finally, we did not observe an
interaction effect between response type and event type (F}.138,00
=0.135, p = 0.746). This difference between event types, to some
degree, possibly stems from artifactual HFO-like events being
marked as ripples. In fact, we have observed plenty of artifacts
to mimic HFOs even in the iEEG channels. Especially eye-
movements often resulted in such artifactual ripples (see Figure 4
for an example).

A higher event rate for automatically detected events was
also observed when looking at event rates during encoding.
Considering single encoding trials in relation to performance in
the corresponding retrieval trials later on, one does not detect
an effect for correct vs. incorrect responses (see Figure 5). As
such, analysis revealed no predictive values for any of the event
types detected during encoding with regards to the later response:
autoR (z = —0.767, p = 0.443), manual events (z = —0.515,
p=0.607), artifacts (z = —0.475, p = 0.635), uHFOs (z = —0.337,
p = 0.736). Different baseline rates for patients were taken into
account for this analysis, as we expected general differences
across patients (see Figure 6). However, in none of the patients
the event rate during encoding seemed to affect the response in
the respective retrieval trials.

Estimated group correlations between event rates and the
number of correct trials corrected for the overall number of

trials per patient was weak for all event types. Automatically
detected event rates revealed no direction of correlation (t = 0;
CI: —0.684-0.563). Ripple-mimicking artifacts were, however,
slightly negatively correlated (r = —0.27; CI: —0.73-0.15),
which also is mirrored in the correlation of all manual events
(t = —0.18; CI: —0.537-0.373). In contrast, uHFOs did not
reveal a negative correlation with the number of correct trials
(t =0.083; CI: —0.462-0.632).

Finally, we analyzed a relationship between response times
and event rates during retrieval trials as well as during the
respective encoding trials. The median correlation coefficients
for each patient are depicted in Figure 7. Probability testing
suggested a trend for retrieval trials with more artifacts and
respectively more overall manual events to be longer (both with
Md t = 0.094, p = 0.039). Other than that, no relationships
between event rates and response times for any of the event
occurrence rates more extreme than the random binomial
probability of 0.5 have been found.

4. DISCUSSION

In the present study we aimed at assessing a relationship between
the occurrence of stimulus-induced ripples and performance
in a visual memory task in order to evaluate two detection
approaches for HFOs. We incorporated both, automatic and
manual ripple detection and analyzed the iEEG during encoding
and retrieval periods of a task, that had previously been reported
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FIGURE 1 | Event of interest defined as unclear HFO by the team as morphology was not regular. Time frequency analyses revealed no clear blob suggesting the
potential ripple to be nested in an equally high-frequency noise. The raw signal is depicted at the top with the discrete wavelet power density and the continuous
wavelet transformation plotted underneath. At the bottom the signal is filtered between 80 and 250 Hz.

to induce meaningful HFOs in the resting period between the
task phases (20).

Importantly, manual detection did not reveal any events
to occur in the iEEG channels contralateral to the suspected
epileptogenic zone fulfilling all strict criteria defined for ripples.
In contrast, automatic detection revealed significantly higher
numbers of events detected in the chosen segments. This
discrepancy seems to be caused by a high number of artifacts
falsely detected as ripples. In any case, statistical analysis,
did not reveal a relationship between task performance and
event occurrence rates derived from either detection approach.
There was no significant difference between correct and
incorrect trials, and also event occurrence during encoding
was not predictive of the accuracy in the respective retrieval
trials. Furthermore, analyses did not suggest an association
between event rates and the time needed to respond during
retrieval, either.

In the first part of this section we will elaborate on the
incorporated detection strategies, and discuss discrepancies in
the detected ripple rates, taking into account important sources
of falsely detected events. In the second part, we will briefly
discuss physiologic explanations for our findings, especially
the lack of manually detected ripple events. Finally, we will

consider some limitations to this investigation before drawing an
overall conclusion.

4.1. Manual vs. Automatic Detection of
HFOs

Ever since the first examinations of HFOs, the exact way of
detection has left room for debate. The gold standard of visual
data inspection and manual marking by one or more raters
is highly uneconomic in terms of time and resources needed
(12). Furthermore, detecting events that are defined as clearly
discernible from the background EEG is subjective, introducing
a bias that can be well-appreciated when considering the high
variability in events detected by different raters on the same
data (29).

Several automatic detection algorithms have been developed
to overcome these problems (25, 30-34), making it easier than
ever to conduct HFO analyses. However, automatic detection
algorithms are not without flaws in their own respect. First of
all, algorithms are usually developed and trained on specific data
sets, leading to them offering good results in optimal conditions,
i.e., a high signal-to-noise ratio and relatively clean data (24, 40).
Furthermore, for each algorithm there are numerous settings,
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FIGURE 2 | Ripple detected on the epileptogenic site of patient 6. The raw signal is depicted at the top with the discrete wavelet power density, the continuous
wavelet transformation, and an empirical mode decomposition (FO) plotted underneath. At the bottom the signal is filtered between 80 and 250 Hz.

that can be altered, making it difficult to compare findings
derived from the use of different algorithms and settings.

Second, and more importantly, automatic detection is prone
to false-positive detections, resulting from artifacts and sharp
transients, that can mimic HFOs after filtering (24, 36, 37), as
wells as from a high-frequency noise in the data (24, 35, 38, 39).
Even in invasive EEG recordings, which are considered to seldom
contain biological artifacts, automatic HFO detection seems to
produce a (comparably) high number of false positives.

There have been reports of muscle contractions, body
movements and ocular artifacts to corrupt EEG data recorded
from deep in the brain (39, 47). Furthermore, eye movements
have also been shown to elicit artifacts in brain regions close
to extra-ocular muscles (35, 48), appearing as HFO-like events.
In line with these reports, we also found ripple-like events to
coincide with eye-movements and, when filtered, EOG revealed
similar HFO-like derivates as iEEG channels, suggesting eye
movement-related ripples to also appear in the iEEG. Taking
into account additional channels, such as EOG and EMG, highly
increased the number of events defined as artifact-derived HFOs
in our data.

Comparing both detection approaches, manual detection led
to only few events being considered as possible ripples in our
data. Taking into account additional channels, such as EOG and

EMG, highly increased the number of events defined as artifact-
derived HFOs. Considering these additional channels may be
crucial when opting for HFO detection, even in intracranial EEG
data. While the strict visual detection led to a high specificity,
automatic detection appeared to produce a very high number of
false positives. These findings underline the pitfalls of automated
HFO detection. Preprocessing the data with special emphasis on
reducing artifacts or training algorithms to acknowledge artificial
HFOs might prove helpful to increase the specificity of detection
algorithms (49, 50).

Given the lack of visually detected clear ripples, and the
extreme discrepancy between the detection approaches, further
point to a need for a more precise definition of what truly
constitutes an HFO. While a very strict definition, as applied
in our manual detection, leads to very few or even no clear
HFOs to be detected, it may serve as a basis to align detection
strategies between different rater, research groups, and different
detection algorithms. Besides, the methodological and technical
interpretation of our findings, there are also some physiologic
explanations for the lack of manually detected ripples in our data.

4.2. Memory Task-Related HFO Occurrence
Neither of the two incorporated HFO detection approaches
yielded event rates, that could be linked to performance during
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encoding or retrieval in the visual memory task. It should be
noted, however, that we correlated event rates across all analyzed
channels with memory performance and did not subselect
specific channels. Furthermore, we were unable to manually
detect clear ripples in the data. This finding is notable, given the
numerous notions of spontaneous HFO occurrence in memory-
related brain areas (3, 14, 15, 20). One explanation for the
incompatible findings could be that our manual detection criteria
were extremely strict (maybe too strict) and missed physiologic
ripples that did not conform to the ideal pattern. Another
explanation could lie in the fact, that these studies all investigated
HFOs during periods of rest and sleep.

Sleep has been suggested to offer a unique window into
memory consolidation via hippocampal reactivation (18, 51—
53), and thus might offer an increased probability to record
memory-related HFOs. Especially hippocampal ripples being
nested in sleep spindles have been suggested to be crucial
for long-term potentiation and memory consolidation (22,
54, 55). Furthermore, resting and sleep EEG may provide
data with a higher signal-to-noise ratio. Especially, high
background noise and artifacts, that might have also been
induced by the task, can lead to a number of false-positives for

automatic detectors (24, 56). This would explain the discrepancy
between the automatic and manual detection, as visual
inspection would not have considered events embedded within a
noisy background.

On another note, continuous high frequency activity in the
background EEG has been suggested to reflect physiological
activity distinctive for certain brain regions (57). This is in line
with reports of high gamma band activity (including frequencies
that fall into the ripple band) being related to memory (58, 59).
These studies further point to a weakness in detecting single HFO
events, as ripple band activity might be not only easier to detect
during memory tasks, but also reveal important links to memory
processes. Thus, a shift in focus from single oscillatory events to
frequency band characteristics when studying cognition may be
promising. Distinguishing HFOs from high frequency activity in
this context may have the further benefit of ruling out epilepsy-
related HFOs confounding the events of interest (60, 61).

4.3. Limitations

There are some limitations to the study at hand, some of which
have already been outlined in the discussion. First, performing
a manual detection with one rater only may result in very
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FIGURE 4 | Eye movement-related ripple-like event on the left temporal lobe of patient 1. The raw signal is depicted at the top with the discrete wavelet power density
and the continuous wavelet transformation plotted on the side. At the bottom the signal is filtered between 80 and 250 Hz.

stable event detections across recordings, however multiple raters
might have increased the sensitivity of visual detection. Since
all unclear events and marked ripples were discussed in the
team, specificity would not have changed with multiple raters,
though. Second, differences between the two detection strategies
have to be interpreted with caution, bearing in mind that we
chose two very extreme approaches. The visual detection was
performed strictly, with events of interest only being marked as
ripples in case of no doubt. In contrast, the automatic detection
algorithm’s settings were chosen to increase sensitivity in order to
make the differences between both detection strategies as visible
as possible.

Third, the external reference used (linked mastoids) may have
contributed to the artifact contamination of our iEEG data. The
impact of the reference electrodes have already been described,
and to this end a bipolar montage might have resulted in less
artifactual events (24, 35, 62), which would have impacted the
data for both detection strategies, however. Finally, numbers of
trials between patients differed, especially with respect to correct
and incorrect trials. Thus, the statistical sample was small for
some analyses. This fact in connection with the small number of
events for some types likely led to a low statistical power, which
even carefully selected statistical tests may not have been able
to compensate. Regardless of these limitations, there are some
conclusions that can be drawn from the obtained results.

4.4. Conclusion

Our findings suggest grave differences between automatically
and manually detected events. Our analysis suggests automatic
detection to be highly affected by false ripples derived
not only from technical but also from physiologic artifacts.
Recording additional facial EMG as well as EOG channels
seems beneficial for the identification of false ripples even
in iEEG data. Future automated detection algorithms should
implement artifact matching in these additional channels, in
order to improve specificity. Also developing a preprocessing
pipeline in order to clean the data of artifacts before
automatic algorithms detect HFOs could be a potential
aim for future studies. Until then, guidelines for a more
strict and careful visual inspection are needed to ensure
comparable results, especially when dealing with conditions
that seldom offer ideal data, for instance when performing
cognitive paradigms.

Finally, we were not able to visually detect clear ripples,
and other event types, including automatically detected ripples,
could not be related to memory processes. Therefor, it
remains questionable whether HFOs as single events can be
exclusively identified as physiologic biomarkers. For now high
frequency activity rather than single high frequency events
may present a more suitable surrogate marker for cognition.
Being also less affected by epileptogenity as well as artifacts,
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it is also less time-consuming to investigate high frequency
band activity, thus offering another promising approach for
future studies.
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The electrophysiological EEG features such as high frequency oscillations, spikes and
functional connectivity are often used for delineation of epileptogenic tissue and study
of the normal function of the brain. The epileptogenic activity is also known to be
suppressed by cognitive processing. However, differences between epileptic and healthy
brain behavior during rest and task were not studied in detail. In this study we investigate
the impact of cognitive processing on epileptogenic and non-epileptogenic hippocampus
and the intracranial EEG features representing the underlying electrophysiological
processes. We investigated intracranial EEG in 24 epileptic and 24 non-epileptic
hippocampi in patients with intractable focal epilepsy during a resting state period
and during performance of various cognitive tasks. We evaluated the behavior of
features derived from high frequency oscillations, interictal epileptiform discharges
and functional connectivity and their changes in relation to cognitive processing.
Subsequently, we performed an analysis whether cognitive processing can contribute
to classification of epileptic and non-epileptic hippocampus using a machine learning
approach. The results show that cognitive processing suppresses epileptogenic activity
in epileptic hippocampus while it causes a shift toward higher frequencies in non-epileptic
hippocampus. Statistical analysis reveals significantly different electrophysiological
reactions of epileptic and non-epileptic hippocampus during cognitive processing,
which can be measured by high frequency oscillations, interictal epileptiform discharges
and functional connectivity. The calculated features showed high classification potential
for epileptic hippocampus (AUC = 0.93). In conclusion, the differences between
epileptic and non-epileptic hippocampus during cognitive processing bring new insight
in delineation between pathological and physiological processes. Analysis of computed
iIEEG features in rest and task condition can improve the functional mapping during
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pre-surgical evaluation and provide additional guidance for distinguishing between
epileptic and non-epileptic structure which is absolutely crucial for achieving the best
possible outcome with as little side effects as possible.

Keywords: pharmacoresistant epilepsy, high frequency oscillation (HFO), interictal epileptiform discharge,
functional connectivity, hippocampus, cognitive processing

INTRODUCTION

Epilepsy is one of the mostcommon chronic neurological diseases
(1) and approximately one third of epileptic patients suffer from
a medically intractable form. Those patients are candidates for
intracranial EEG (iEEG) monitoring and subsequent surgical
treatment of their condition.

The hippocampus is a brain structure that is often involved
in temporal lobe epilepsy (TLE). In particular, hippocampal
sclerosis is often found in TLE, even though it is not clear whether
it is the primary cause of epilepsy, its alteration or consequence
(2). Nonetheless, its surgical removal often leads to improvement
of the epileptic condition and substantial reduction of seizures
(3). The correct determination of epileptic hippocampus and
whether the particular hippocampus or its part should be
removed can improve the outcome of epileptic surgeries and
reduce the unnecessary removal of possible healthy tissue.

In the end of the last millennium, high frequency oscillations
(HFO) emerged as a marker of normal function of the brain
and epileptic activity (4, 5). Since then, numerous studies have
been conducted to evaluate their potential for localization of
epileptogenic tissue from iEEG signals (6-11). The distinction
of pathological HFO and normal HFO based on their features
has been investigated but the results never showed that their
separation is possible (12, 13).

The hippocampus is the brain structure where the first HFO
were described (4). Physiological HFO in the hippocampus
are often studied as markers of cognitive processes and
as part of memory formation (14). On the other hand,
epileptic hippocampus is often abundant with pathologic HFO
(15). It is, therefore, likely that both types of HFO occur
simultaneously in epileptic hippocampus and physiological HFO
are likely to interfere with the interpretation of the pathological
HFO occurrence.

Another iEEG phenomenon connected to epileptogenic tissue
and the hippocampus are interictal epileptic discharges (IEDs).
They have been proven to be insufficiently specific for the
pathological tissue (16), they propagate across multiple brain
structures or are generated in zones not generating seizures
(green spikes) (17) and can even occur in non epileptic
hippocampus (6).

Apart from distinct electrophysiological events such as IEDs
and HFO, high frequency functional brain connectivity in ripple
and fast ripple frequency range has been used both for studying
normal function of the brain and epileptogenic areas (18, 19).

Abbreviations: iEEG, intracranial EEG; TLE, temporal lobe epilepsy; HFO,
high frequency oscillation; IED, interictal epileptiform discharge; EH, epileptic
hippocampus; NEH, non- epileptic hippocampus; SEEG, stereo EEG.

The mentioned high frequency iEEG features represent
different underlying electrophysiology. In recent years, the
use of machine learning algorithms that combine the diverse
information carried by the iEEG features have been shown
to outperform the single feature approaches in localization
tasks (20-23).

In this study we investigated iEEG features during resting
state and task performance to elucidate the impact of cognitive
processing on underlying brain electrophysiology under the
hypothesis that HFO, IEDs and functional connectivity are
modulated differently by cognitive processes in epileptic (EH)
and non-epileptic (NEH) hippocampus. The secondary goal of
this study was to provide evidence whether these modulations
can contribute to better classification of epileptic and non-
epileptic hippocampus.

MATERIALS AND METHODS

Subjects

The study was carried out on the data of 36 patients (17 females)
with age ranging from 22 to 58 (mean: 37.4 £ 11.3) suffering
from medically intractable focal epilepsies. All patients provided
a written consent to participate in the study approved by the
Ethics Committee of St. Anne’s University Hospital in Brno
and Masaryk University. Patient information is summarized in
Table 1. In most patients, chronic anticonvulsant medication
was reduced slightly for the purposes of video-EEG monitoring.
All methods were performed in accordance with the relevant
guidelines and regulations.

Recordings

All patients participating in this study underwent stereotactic
depth electrode implantation as part of their presurgical
evaluation for treatment of pharmacoresistant focal epilepsy. The
localization of the electrodes was determined solely by clinical
needs. Used electrodes were either DIXI or ALCIS (diameter =
0.8 mm; inter-contact distance = 1.5mm, contact surface area
= 5 mm?; contact length = 2mm). All used electrodes were
MRI compatible. The acquired iEEG was low-pass filtered and
downsampled from 25kHz to 5,000 Hz for subsequent storage
and analysis. The used recording reference was the average of
all intracranial signals. We analyzed hippocampal stereo EEG
(SEEG) during an awake resting interictal period and various
simple cognitive tasks.

Behavioral Tasks

Oddball Task

The oddball task was performed similarly to the previous study by
Polich (24). Subjects were seated in a moderately lit room with a
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TABLE 1 | Study subjects overview with regard to individual hippocampi.

Analyzed hippocampus Epilepsy side Epilepsy type Engel outcome MRI Histopathology
Epileptic N = 22 Left N =8 Temporal N = 22 Engel IAN =12 Normal N = 6 FCDN =3
Right N = 9 Engel II-IIN =6 Abnormal N = 16 HSN=8
Bilateral N = 5 NAN =4 Negative N = 5
NAN =6
Non-epileptic N = 23 LeftN =12 Temporal N = 16 Engel IAN =10 Normal N = 5 AVM N =1
Right N = 11 Extratemporal N = 7 Engel II-IIN =12 Abnormal N = 18 FCDN =9
NAN =1 HSN=5
Heterotophy N = 1
Negatvie N = 4
NAN =3

FCD, focal cortical dysplasia; AVM, arteriovenous malformation; HS, hippocampal sclerosis; NA, not available.

Some subjects had both epileptic and non-epileptic hippocampi.

monitor screen positioned approximately 100 cm in front of their
eyes. During the task, they were requested to focus their eyes on
the small fixation point in the center of the screen. A standard
visual oddball task was performed: three types of stimuli (target,
frequent, and distractor) at a ratio of 1:4.6:1, were presented
in the center of the screen in random order. The number of
targets was 50. Clearly visible yellow capital letters X (target),
O (frequent), and various other capital letters (distractor) on a
black background were used as experimental stimuli that were
presented for 500 ms. The task was divided into four blocks,
each block consisted of 12 or 13 target stimuli. The interstimulus
interval randomly varied between 4 and 6s. Each subject was
instructed to count the target stimuli in their mind and to report
the calculated number after each block.

Go/NoGo Task

The Go/NoGo task was replicated from work of Albares et al.
(25). Experimental stimuli, i.e., white capital letters A and B, were
displayed in the center of the black screen for 0.2 s, followed by a
black screen for 2s. Each letter was preceded by a red or green
fixation cross presented with a random duration of 2-6s. The
red fixation cross was followed by the letter A (Go stimulus) or
B (NoGo stimulus) with an equal probability. The green fixation
cross was always followed by the letter A (Go stimulus). The red
cross was twice as common as the green one. In total, 72 NoGo
stimuli and 144 Go stimuli were presented, divided into four
blocks of the experiment. Participants were instructed to press
a button as quickly as possible on Go stimuli and to suppress this
action when a NoGo stimulus appeared. Before the experiment,
participants completed a short practice.

Ultimatum Game Task
The Ultimatum Game task was previously used in an fMRI study
by Shaw et al. (26). It presents a simple paradigm to investigate
dyadic interaction. The patient was randomly assigned to the role
of a Proposer or a Responder. The opposite role was assigned to
a nurse willing to participate in the game. Roles were fixed for
all rounds.

Each round of the ultimatum game started with the Proposer
being given 4's to choose one of two divisions of a sum of money
(of 100 CZK, i.e,~€4) that differed in the degree of inequity,

between themselves and the Responder. After this fixed period,
the Proposer’s offer was highlighted for 4s, during which the
Responder could either accept or reject the proposal. If they
accepted it, then the money was divided accordingly, but if they
rejected it, then neither player received any payoft. After this 4-s
period, the Responder’s decision was then presented for a final 4 s.

The exact same procedure was followed on control rounds,
but the choice set comprised two alternative divisions of different
colors between the players; rather than dividing a sum of money,
Proposers were required to choose the color they preferred for
themselves and the color that should go to the Responder, and the
Responder then accepted or rejected that offer. Both players were
instructed that control rounds had no monetary consequence.
Each round ended with a jittered inter-trial interval, with a
fixation cross presented pseudo-randomly for 2-4s. All stimuli
were presented to both players simultaneously—Responders saw
the initial choice set from which Proposers selected their offer,
and Proposers saw the Responder’s accept/reject decision. Players
were instructed at the start that they would receive the outcome of
six rounds selected at random. At no point was any information
given to participants on the number of rounds remaining in the
task. The whole experiment consisted of two functional runs
performed successively in a single session. The two runs together
comprised 120 rounds of the experimental condition and 60
rounds of a control condition.

Mismatch Negativity
Mismatch negativity (MMN) protocol was based on studies
of (27-29).

We recorded a passive task of attention called MMN protocol
to find out the presence of MMN/MMN-like response in aiming
structures. Each patient lay on the bed in a semi-sitting position
with eyes opened. Patients task was to concentrate voluntary
selective attention on watching a self-selected movie and ignore
the tones of auditory stimulation, no further information was
received. Simultaneously, auditory stimulation was presented
binaurally through loudspeakers (~2m far from ears) in
parameters of roving paradigm (frequent and infrequent stimuli).

Frequent and infrequent stimuli (standard and deviant tones
of 50/100ms duration) were randomly presented with the
presentation probability of 0.8/0.2. Interstimulus intervals’ (ITS)
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duration was 2,000 ms. All tones were 54 dB (SD =+ 4, adjusted
subjectively for patient’s comfort) SPL, frequency 1,000 Hz, and
with jump increase and gradual decrease of the tones’ course.
The experiment protocol lasted 17 min. This part of investigation
was focused on the preattentive detection mechanism on the
unconscious level for auditory stimuli which is illustrated by
Mismatch negativity.

Determination of Anatomical Location

To localize the MRI compatible electrode contacts in patients’
brains the preoperative MRI was coregistered with postoperative
MRI/CT using a custom made Matlab (The MathWorks, Inc.)
based on Statistical Parametric Mapping module. After the
software coregistration the brain volume was transformed to
MNI space and the MNI coordinates of individual contacts
were determined. The coregistered volume was used to
estimate he anatomical location of each contact by two clinical
neurologists using Co-Planar Stereotaxic Atlas of the Human
Brain (Talairach-Tournoux system). Only the contacts clearly
located in the hippocampus were included in the analysis
of iEEG.

Selection of Hippocampi

The hippocampi in individual patients were classified as epileptic
or non-epileptic specifically, according to the results of a
standard visual analysis of interictal and ictal SEEG recordings. If
contacts implanted in the hippocampus were included in seizure
onset zone (SOZ) the hippocampus was classified as epileptic.
Conversely, if all contacts implanted in the hippocampus
were outside of SOZ and did not exhibit excessive spiking
(<50 per 10 min) they were classified as putative non-epileptic
hippocampi. The putative non-epileptic hippocampi with spiking
above the threshold were visually reviewed whether the IEDs
were propagated from other brain structures. The putative non-
epileptic hippocampi that generated IEDs were excluded from
the analysis.

Data Processing and Feature Extraction

The iEEG data were processed by automated algorithms that were
already used in other published studies. The Python codes of
these algorithms are part of the ElectroPhYsiology Computation
Module (EPYCOM) and can be found online at https://gitlab.
com/icrc-bme/epycom.

HFO Detection

The automated detection of HFO was performed by an algorithm
used in our previous studies (30, 31). A statistical window of 10's
was used to compute z-scored amplitude envelopes using Hilbert
transforms in a series of logarithmically spaced frequency bands
(300 bands between 60 and 800 Hz). The detection of putative
HFO was done by thresholding the amplitude envelopes by three
standard deviations above the mean in each frequency band. The
detections overlapping in temporal domain in adjacent frequency
bands were joined into one HFO detection obtaining temporal
and spectral span of the putative HFO. Final detections were
obtained by selecting HFO that have time span >4 cycles at
their peak frequency and HFO with minimal frequency at 60 Hz

were discarded to remove false positive detections of spikes. HFO
amplitude, peak frequency and duration were extracted along
with the HFO detections. The detector thresholds were chosen
to achieve high sensitivity in order to detect physiological HFO
which were shown to have smaller amplitude than pathological
HFO (12).

Detected HFO were split into broadband ripple (R; 80-
250 Hz) and fast ripple (FR; 250-600 Hz) HFO based on their
dominant frequency. Subsequently, HFO rate, mean relative
amplitude, duration and dominant frequency per 10 min was
calculated for each channel and R/FR and used as features.

IED Detection
IED detection was done using the spike detector developed by
Barkmeier et al. (32). The detector utilizes filtration in two
frequency bands. 20-50 Hz band to detect putative spikes and 1-
35 Hz band to determine scaling factor which is used to scale the
data in all iEEG channels and to determine amplitude and slope
thresholds for final spike detections.

The spike rate and mean spike amplitude per 10 min was
calculated for each channel.

Functional Connectivity Calculation
Recorded signals were filtered in ripple (80-250Hz) and fast
ripple (250-600 Hz) frequency bands and non-overlapping 1-s
sliding windows were used to calculate linear correlation and
relative entropy to estimate functional connectivity between
iEEG signals recorded by adjacent contacts on an electrode
implanted in the hippocampus. For iEEG signals X and
Y, the linear correlation was calculated as corr(X,Y)
cov(X,Y)/std(X)-std(Y), where cov stands for covariance and std
for standard deviation. The relative entropy was calculated as
REN(X,)Y) = sum[pX-log(pX/pY)], where pX is a probability
distribution of investigated signal and pY is a probability
distribution of expected signal.

The connectivity metrics were calculated for R and FR
frequency bands and mean value per channel was used in
subsequent processing as an iEEG feature.

Statistical Analysis and Machine Learning
All statistical analyzes and machine learning tasks in this study
were performed using custom-made Python scripts, open-source
statistical libraries (scipy, statsmodels) and machine learning
libraries (scikit-learn).

Statistical Analysis

Paired t-tests were carried out to evaluate the changes in iEEG
features between resting state and during task performance when
the patients were under cognitive load for EH and NEH. The
statistical difference between EH and NEH during rest and
cognitive processing was tested with Mann-Whitney test.

To assess the potential of individual signal features for
discrimination of epileptic and non-epileptic hippocampi the
receiver operating curve (ROC) and its area under the curve
(AUC) was calculated for values during resting state, task
performance and for difference of values between resting state
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TABLE 2 | Mean values and standard deviations of iEEG features per channel in EH and NEH channels during rest and cognitive task performance.

Hippocampus type EH NEH EH NEH
Task Rest Cognitive task

R/10min 120.1 + 141.92 44.94 £+ 37.07 64.84 £ 79.77 2113 £ 14.71
FR/10min 214.16 + 327.25 44.28 +50.18 137.15 £ 176.33 35.39 + 24.36
R amplitude [-] 6.87 +1.26 5.35 +0.93 6.28 + 1.06 4.95 + 0.81
FR amplitude [-] 6.62 + 1.26 5.15 + 0.86 6.12 + 0.93 5.05 + 0.54
R frequency [HZ] 176.75 £ 13.83 153.99 + 17.42 175.69 £+ 11.37 156.96 + 18.25
FR frequency [Hz] 399.6 + 28.81 400.05 £ 30.43 412,24 £29.2 412.36 £ 22.14
R duration [ms] 34.56 £ 4.13 38.09 £ 4.2 34.41 £ 3.61 35.78 £ 4.19
FR duration [ms] 18.19 £ 2.68 156.11 £ 3.35 17.11 £ 2.69 14.07 +1.86
IED/10 min 1568.84 + 154.96 44.81 £+ 54.86 105.08 £ 127.74 16.27 £ 31.74
IED amplitude V] 378.61 + 152.44 339.8 + 172.27 370.88 + 139.48 320.24 +214.9
R linear correlation [-] 0.43 + 0.21 0.43 £ 0.26 0.44 +0.21 0.44 +0.27
FR linear correlation [-] 0.49 +0.22 044 +0.2 0.51+0.24 0.48 +0.17
R relative entropy [-] 0.29 + 0.26 0.1+ 0.05 0.19+0.15 0.08 + 0.04
FR relative entropy [-] 0.15+0.15 0.06 + 0.03 0.1 +0.08 0.05 + 0.02

The statistical evaluation of differences between the values in this table are shown in Figure 1.

and task performance. Hanley-McNeil test was used to determine
the ROC:s significantly different from chance (AUC = 0.5).

The statistical tests were carried out per channel for each task
individually as well as for all the tasks grouped together. In case
one subject performed multiple tasks, the mean value of iEEG
features across all performed tasks was calculated for statistical
testing. To verify that the statistics are not influenced by a
subgroup of channels with outlying iEEG features we performed
the same analysis per hippocampus where the median of iEEG
features from all hippocampal channels was used.

The chosen significance level for all statistical tests was
a=0.05.

Machine Learning

The iEEG features with ROC significantly different from chance
(AUC = 0.5) either for resting state, task performance or
difference between the two states were used to create an SVM
model for classification of EH and NEH channels. Only the
grouped task ROC values were used for this analysis. To
decorrelate the features we used principal component analysis
(PCA) during training and testing of the model.

The SVM model was trained and tested in a similar fashion
as in our previous work (22) where we performed leave-
one-patient-out cross validation for localization of contacts in
epileptogenic tissue. Here we use leave-one-hippocampus-out
cross validation. The SVM model was trained on all data
apart from one hippocampus which was used for classification
by the trained model. To optimize the SVM performance,
linear and radial basis function kernels were tested and their
hyperparameters were tuned by an iterative grid search approach.
The performance of the model was evaluated by mean ROC
and corresponding AUC calculated from ROCs of each leave-
one-hippocampus-out iteration. The evaluated hippocampus was
classified as pathologic if the mean probability for classification of

the channels as pathologic exceeded 50%. To assess whether iEEG
features during rest, cognitive task or the difference between
the two states carry different information the SVM model was
created separately for each group and for all groups joined.

RESULTS

Statistical Analysis

The total number of analyzed channels was 254 (140 EH,
114 NEH) in 45 analyzed hippocampi (22 EH, 23 NEH). The
numerical results for all iEEG features are summarized in Table 2
while the results of individual statistical tests are visualized in
Figure 1.

HFO

The influence of cognitive processing on HFO was evaluated
by comparing the difference in HFO features during resting
state and cognitive task performance (Figure 1A). The rate of
R was significantly reduced both in EH and NEH as a result of
cognitive processing while FR rate was reduced only in EH and
remained practically unchanged in NEH. The HFO amplitude
was significantly reduced by cognitive processing in EH for both
explored HFO groups but in NEH this trend was observed only
in the R range. The evaluation of cognitive task influence on HFO
duration revealed that the duration was significantly shorter in R
band only in NEH and in FR in both NEH and EH. The frequency
of HFO in EH and NEH was significantly higher during cognitive
stimulation in FR while in R band the significant change occurred
only in NEH.

To inspect how HFO features are different between EH and
NEH the analysis during resting state and cognitive tasks was
performed (Figure 1B).

During resting state, the rate and amplitude of HFO was
significantly lower in NEH than in EH in both frequency bands.
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FIGURE 1 | Statistical evaluation of the impact of cognitive processing on iEEG features and evaluation of iEEG feature potential for classification of EH and NEH. The
results are visualized for per channel and per hippocampus evaluations. The stars represent the level of significance as marked on the colorbars. Non significant
results are marked by “ns.” (A) Color-coded paired t-test significance level of iIEEG features in EH and NEH as a result of cognitive stimulation. (B) Color-coded
significance between EH and NEH during resting state period and cognitive task. (C) Color-coded values of ROC-AUC for classification of EH. ***(p < 0.0001), “**(p
< 0.001), *(p < 0.01), *(p < 0.05), ns (p < 1).

The duration of HFO in EH compared to NEH was significantly ~ to resting state where they were significantly lower in NEH both
longer in the R band but significantly shorter in the FR band.  for R and FR. The duration of R was significantly increased in
Significantly lower HFO frequencies in NEH were observed for ~ NEH and, conversely, decreased in FR. HFO frequency during
R band but the difference in FR band was insignificant. During  cognitive task was significantly different only in R band, where
task performance, the HFO rate and amplitude changed similarly ~ the NEH exhibited lower HFO frequencies.
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The analysis of HFO features utility for classification of IED

EH and NEH was assessed by ROC-AUC during rest, during  The changes in IED occurrence and amplitude as a result of
cognitive task and by the change between the two states  cognitive task performance was evaluated in a similar fashion
(Figure 1C). More than half of the explored HFO features were ~ as HFO. IED rate was significantly reduced during task in EH
significantly better than chance (14 out of 24). The HFO rate = and NEH. Conversely, the amplitude of spikes was not influenced
and amplitude along with R frequency and FR duration showed  neither in EH nor in NEH.

the highest classification potential both during resting state and The rate of IED, and IED amplitude were significantly higher
task performance. in EH during resting state and task performance.
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While IED amplitude did not exhibit an ROC significantly
better than chance, IED rate reached similar values of AUC as
HFO rate and amplitude and was significant for resting state and
task performance.

Functional Connectivity

The changes in functional connectivity resulting from cognitive
stimulation were estimated by linear correlation and relative
entropy in the R and FR band. Linear correlation significantly
increased during cognitive task in NEH in the R band. In the
FR band the significant increase was observed in EH and NEH.
The effect on relative entropy was reversed as it was significantly
decreased in both bands and hippocampus types.

During resting state, linear correlation was significantly
increased in EH compared to NEH only in the FR band while
relative entropy was increased in both frequency bands. During
cognitive task, relative entropy remained significantly increased
in EH but linear correlation did non exhibit any significant
difference between EH and NEH.

Hippocampus classification ROC-AUC of linear correlation
was slightly higher in FR range but the ROCs were not
significantly different from chance. On the other hand, relative
entropy showed similar performance as HFO rate and amplitude
with highly significant ROCs.

Per hippocampus analysis yielded similar results to
per channel bases (Figurel) with some tests showing
nonsignificant results where per channel results were significant.
This is a natural effect of performing statistical tests on
fewer samples.

Machine Learning

The features with ROC significantly different than chance
during rest, task or the difference between the two states
were chosen for the SVM model creation (Figure 1C). The
top performing features and their correlation is presented
in Figure 2.

The best performing SVM model hyperparameters were
determined by an iterative grid search approach (Table 3). This
approach was performed for iEEG features during rest, during
task performance, the difference between the two states and for
all feature groups joined.

ROC-AUC for classification of EH and NEH channels was
calculated for each feature group. The lowest AUC was revealed
for rest-task feature differences, followed by features during

TABLE 3 | Best performing SVM hyperparameters for individual groups of
features and for their aggregate.

Group Kernel (] Gamma AUC
Only rest Linear 0.001 - 0.90
Only task Linear 0.001 - 0.92
Only diff rbf 0.1 10 0.79
All rbf 0.1 0.01 0.93

resting state and task performance. Combination of all features
resulted in the highest AUC.

DISCUSSION

Functional brain connectivity is commonly characterized
by activity synchronization of neuronal subpopulations.
Widespread neuronal networks including studied hippocampus
are thought to be coordinated into synchronous oscillations,
HFO during cognitive phenomena but also pathologic epileptic
processes. In the presented study we investigated how the iEEG
features are influenced by cognitive processing in EH and NEH.
We subsequently used the results of this analysis to create an
SVM model for classification of channels as EH and NEH.

The higher HFO rate and amplitude in EH during rest and
task suggest the possible absence of pathological HFO in NEH
and corroborates the results of previous studies (6, 12, 13, 33,
34). Higher resting state R frequency in EH compared to NEH
is likely the result of imperfect labeling of FR as R due to
the strict frequency boundary of 250 Hz and thus reflects the
presence of pathological FR in EH. Some authors have put
forward a hypothesis that pathological ripples are only slower
fast ripples (11). In NEH, the longer R duration during rest
and task performance is not surprising (35, 36). Nevertheless,
these results contradict other previously published results (6, 12).
This discrepancy might be caused by the fact that the work of
Matsumoto et al. was mainly focused on motor cortex which
might produce physiological HFO exhibiting disparate features
from those in the hippocampus due to histologically different
underlying tissue. Conversely to R, FR were longer in EH both
during resting state and cognitive task performance reflecting the
presence of pathological oscillations (12).

Cognitive processing induced reduction of HFO rates in EH
and NEH across all explored frequency bands apart from FR
in NEH. The observation that cognitive processing causes R
rate decrease and no change in FR in NEH could be the result
of decrease in number of R and increase of FR rates observed
by Kucewicz et al. (30) in multiple structures including the
hippocampus. As other studies previously suggested (37, 38),
we hypothesize that the decrease of HFO rate and amplitude in
EH as a result of cognitive processing is caused by suppression
of epileptic activity in this structure. HFO changes within
affected structures may suggest an increased involvement of the
preserved normal hippocampal neurons that are active in some
physiological cognitive processing and a reduced involvement of
the synchronously bursting neurons within the epileptic network
that are generating pathological HFO (38). The same explanation
can be applied to similar results of possible pathologic ripple
reduction in EH. In contrast to EH, the suppression of R rates
and amplitude in NEH might be caused by shift of general
HFO frequency toward FR band and, therefore, reduction of
HFO amplitude and rate. This shift is further supported by the
increased R and FR frequency along with shorter R and FR
duration in NEH. It is likely that some residual physiological
function remains in EH and the effect of reduction of epileptic
activity is mingled with the shift observed in NEH.
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IED rate was influenced in a similar way as R, being
significantly higher in EH during rest as well as during
cognitive task and decreased during cognitive task in both
types of hippocampus which might reflect the suppression in
epileptic activity not only in the hippocampus but also in non
hippocampal structures from which the IEDs propagated to
NEH. As was shown, specific tasks can suppress focal discharges
over the brain regions that mediate the cognitive activity in
question (37). IED amplitude was higher in EH than in NEH for
both states which is an expected result.

Increased FR linear correlation in resting state EH could
be ascribed to functional isolation of epileptic tissue as
previously reported (18, 39). The increase in local FR linear
correlation during cognitive task likely reflects high neuronal
synchronization which is manifested through increased rate
of FR HFO (30). Conversely to linear correlation, relative
entropy was shown in our previous studies to reflect pathological
processes (22, 23). This effect is further confirmed by the results
in this study. Decrease in relative entropy during cognitive
task further supports the hypothesis that cognitive processing
suppresses pathological activity in the brain.

The AUC for classification of NEH and EH using resting
state features in an SVM showed good performance. The
task performance shower slightly higher AUC suggesting that
the changes occurring during cognitive stimulation might
carry unique information for localization of hippocampal
epileptogenic tissue. The highest AUC was achieved when the
SVM model was created with a combination of rest, task and
difference features.

We show statistically different electrophysiological reactions
of epileptic and non-epileptic hippocampus, which can be
measured by HFO, IED and functional connectivity. We propose
a hypothesis that cognitive processing reduces pathological
electrophysiological activity in EH. Whether this effect is tied
directly to stimuli presented to the patient and whether it
is present in other brain structures remains to be explored.
Analysis of the computed iEEG features in rest and task condition
can improve functional mapping during pre-surgical evaluation
and provide additional guidance for distinguishing between
epileptic and non-epileptic structure which is absolutely crucial
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Working memory (WM) deficits are pervasive co-morbidities of epilepsy. Although the
pathophysiological mechanisms underpinning these impairments remain elusive, it is
thought that WM depends on oscillatory interactions within and between nodes of large-
scale functional networks. These include the hippocampus and default mode network
as well as the prefrontal cortex and frontoparietal central executive network. Here, we
review the functional roles of neural oscillations in subserving WM and the putative
mechanisms by which epilepsy disrupts normative activity, leading to aberrant oscillatory
signatures. We highlight the particular role of interictal epileptic activity, including interictal
epileptiform discharges and high frequency oscillations (HFOs) in WM deficits. We
also discuss the translational opportunities presented by greater understanding of the
oscillatory basis of WM function and dysfunction in epilepsy, including potential targets
for neuromodulation.

Keywords: working memory, epilepsy, neural networks, high frequency oscillations, hippocampus

INTRODUCTION

Epilepsy is a serious neurological condition that affects millions worldwide (Guerrini, 2006).
While epilepsy is characterized by seizures, deficits in working memory (WM) are also pervasive
(Motamedi and Meador, 2003; Holmes, 2013; Nickels et al., 2016) and associated with significant
morbidity and diminished quality of life (Danguecan and Smith, 2017). The burden of WM
impairment in epilepsy is underscored by the ubiquitous need for WM in adaptive functioning
and cognition. In particular, WM encompasses the capacity to transiently retain information to
guide goal-directed behavior (Baddeley, 1992). As such, WM is implicated in a host of higher
cognitive processes and skills. Indeed, WM impairment has been associated with difficulties in
academic outcomes, attention deficits, and memory impairment in children and adults with
epilepsy (Fastenau et al., 2004; van Rijckevorsel, 2006; Fuentes and Kerr, 2016).

Abbreviations: AEDs, anti-epileptic drugs; Al anterior insula; dACC, dorsal anterior cingulate cortex; DAN, dorsal
attention network; dIPFC, dorsolateral prefrontal cortex; DMN, default mode network; EEG, electroencephalography; fMRI,
functional magnetic resonance imaging; FP-CEN, frontoparietal central executive network; FLE, frontal lobe epilepsy; HFOs,
high frequency oscillations; IEDs, interictal epileptiform discharges; IPL, inferior parietal lobe; IPS, intraparietal sulcus; IQ,
intelligence quotient; LEV, levetiracetam; LTD, long-term depression; LTM, long-term memory; LTP, long-term potentiation;
MFG, middle frontal gyrus; mPFC, medial prefrontal cortex; MS-DBB, medial septum-diagonal band of Broca; MTL, medial
temporal lobe; PCC, posterior cingulate cortex; PFC, prefrontal cortex; PPC, posterior parietal cortex; rs-MRI, resting-stating
magnetic resonance imaging; SFG, superior frontal gyrus; SN, salience network; SV2A, synaptic vesicle protein 2A; TCI,
transient cognitive impairment; TLE, temporal lobe epilepsy; TPM, topiramate, WM, working memory.
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Notably, epilepsy surgery can render an individual seizure-
free, but may not improve WM (Helmstaedter and Kurthen,
2001). Therefore, there is an unmet need to better understand
these impairments and to develop treatments targeting WM
function in individuals with epilepsy. Translational opportunities
are afforded greater understanding of first, the neural substrates
underlying WM function, and second, the pathophysiological
mechanisms by which epileptic activity disrupts these dynamics.

Converging evidence from multiple modalities including
resting-state and functional magnetic resonance imaging (rs-
MRI and fMRI) and intracranial electroencephalography (EEG)
demonstrates that WM relies on oscillatory interactions within
and between nodes of canonical, large-scale functional networks,
including the frontoparietal central executive network (FP-
CEN), salience network (SN), and default mode network
(DMN) (Liang et al, 2016). These oscillatory interactions
occur in various frequencies, including the theta, alpha, and
gamma bands. Importantly, the activity of each functional
network and oscillatory frequency is specialized to subserve
different subprocesses of WM (Von Stein and Sarnthein,
2000). In particular, theta oscillations in the hippocampus and
prefrontal cortex (PFC) are thought to be critical to WM
function, mediating the encoding, maintenance, and retrieval
of stimuli as well as their governing central executive processes
(Kahana et al., 2001; Sauseng et al., 2010).

The causes of WM impairment in epilepsy remain elusive
and likely multifactorial. There may be primary dysfunction
of underlying brain circuitry comorbid with epilepsy. Indeed,
neurocognitive deficits often predate the onset of seizures and the
diagnosis of epilepsy (Austin et al., 2001). Conversely, recurrent
seizures, epileptiform discharges, and transient epilepsy-related
events, such as high frequency oscillations (HFOs) may affect
coordinated functional interactions between and within cortical
regions subserving WM (Holmes and Lenck-Santini, 2006; Ewell
et al., 2019). In addition, anti-epileptic drugs (AEDs), and
particularly topiramate (TPM), have also been implicated in WM
impairment (Kockelmann et al., 2003; Lee et al., 2003; Jansen
et al,, 2006; Ciantis et al., 2008; Szaflarski and Allendorfer, 2012;
Yasuda et al., 2013; Tang et al., 2016; Wandschneider et al., 2017;
Hu et al., 2019; Callisto et al., 2020).

The current review maps the literature pertaining to the
oscillatory and large-scale network basis of WM and its
impairment in epilepsy. We describe the current literature
linking regional and spectral specificity to WM function. The
mechanisms by which epilepsy may interfere with normative
network function are summarized and explored. The current
work provides a framework for WM function and dysfunction
in epilepsy with a view toward expanding understanding of this
fundamental process and informing future research into better
treatments for affected individuals.

WORKING MEMORY

Working memory is a cognitive system that subsumes the ability
to encode, maintain, manipulate, and retrieve information in
a transient manner (Roux and Uhlhaas, 2014). This system is

limited in capacity and operates across a range of cognitive
tasks to facilitate goal-oriented behavior (Baddeley, 1992). The
conceptual underpinnings of WM have been described in
several models (Table 1; Baddeley and Hitch, 1974; Cowan,
1988; Ericsson and Delaney, 1999; Shah and Miyake, 1999;
Repovs and Baddeley, 2006; Lovett et al., 2012). A particularly
influential framework of WM is described in the multi-
component model, proposed by Baddeley and Hitch (1974)
and later revised by Repov$ and Baddeley (2006). The multi-
component model of WM assumes four functional components:
the central executive, the phonological loop, the visuospatial
sketchpad, and the episodic buffer (Baddeley and Hitch, 1974;
Repov$ and Baddeley, 2006; Figure 1).

The central executive serves as the attentional component
of WM, supervising and coordinating the two subsidiary
storage systems: the phonological loop and the visuospatial
sketchpad. These systems are domain-specific, enabling the
temporary storage and rehearsal of verbal and visuospatial
information, respectively. The phonological loop and the
visuospatial sketchpad are both comprised of a passive limited-
capacity store (e.g., phonological store, visual cache), which holds
information for a few seconds before the memory trace fades,
and an active rehearsal process (e.g., articulatory control process,
inner scribe), which rehearses and manipulates information
(Baddeley, 1992; Logie, 2011). The episodic buffer is responsible
for integrating information across domains and serves as the
intermediary system between WM and long-term memory
(LTM) (Baddeley and Hitch, 1974; Repov$ and Baddeley, 2006).

The importance of WM is indexed by its role in supporting
higher cognitive processes, including learning, memory,
planning, reasoning, language comprehension, mathematical
abilities, and spatial processing (Baddeley, 2003; Raghubar et al.,
2010; Logie, 2011). Given the ubiquity of WM in cognitive
processes, impairment in WM is debilitating and underlies a host
of learning and developmental difficulties in children and can
lead to functional challenges in adults (Jeffries and Everatt, 2004).

LARGE-SCALE NETWORKS
SUBSERVING WM

Working memory is mediated by a distributed network of cortical
and subcortical regions (Wager and Smith, 2003; Owen et al,,
2005; Rottschy et al., 2012). A core WM network, comprised
of frontal and parietal cortices, has been identified by several
meta-analyses of neuroimaging studies (Wager and Smith, 2003;
Owen et al,, 2005; Rottschy et al., 2012). This frontoparietal
network is associated with the central executive of WM and
is known as the FP-CEN (Collette et al., 1999; Kondo et al,
2004; Li et al, 2004; Osaka et al., 2004; Sauseng et al., 2005;
Palva et al, 2010). The function of the FP-CEN includes
resource allocation during the simultaneous execution of two
tasks (e.g., dual task coordination), modification of WM contents
according to internal or external inputs (e.g., updating processes),
and decision-making in the context of goal-directed behavior
(Miller and Cohen, 2001; Collette and Van Der Linden, 2002).
Cortical regions that are consistently implicated in the FP-CEN
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TABLE 1 | Summary of prominent WM models.

Models of WM Authors Components Access to WM information Description

Multi-component Baddeley and Central executive Modality-specific buffers Central executive supervises stored information in
Hitch, 1974; Phonological loop Long-term memory activation ~modality-specific buffers (e.g., verbal in phonological
Repovs and Visuospatial sketchpad loop and visuospatial in visuospatial sketchpad)

Baddeley, 2006 Episodic buffer

Embedded-processes Cowan, 1988; Central executive
Shah and Miyake, Active memory
1999 Focus of attention

Central executive
Task goal

Adaptive Control of
Thought — Rational (ACT-R)
Long-term Working
Memory (LT-WM)

Lovett et al., 2012

Ericsson and
Delaney, 1999

Experience-related retrieval
cues

Long-term memory activation

Long-term memory activation

Long-term memory activation

Episodic buffer integrates information across modalities
and activates long-term memory information

Central executive activates long-term memory
information (e.g., active memory)

Subset of active memory becomes focus of attention
Central executive activates long-term memory
information relevant to task goals

Experience-related retrieval cues in short term memory
activate long-term memory information

Visuospatial
Sketchpad

Episodic

Long-Term
Memory

Buffer

Inner
Scribe
Visuospatial Visual
Stimulus E> Cache
Central
Executive
Verbal |:“> Phonological
Stimulus Store

Control

Articulatory

Process

Phonological
Loop

and long-term memory.

FIGURE 1 | Schematic representation of the multi-component model of WM. The central executive supervises the two domain-specific subsystems, the
phonological loop and the visuospatial sketchpad. Within these sub-systems, the phonological store and visual cache serve as limited-capacity stores and the
articulatory control process and inner scribe rehearse information. The episodic buffer integrates information across domains and enables interactions between WM

include the dorsolateral prefrontal cortex (dIPFC) and posterior
parietal cortex (PPC)/intraparietal sulcus (IPS) (Baddeley, 2003;
Seeley et al., 2007; Braunlich et al., 2015).

The FP-CEN interacts with other functional networks during
WM tasks, including the SN, the dorsal attention network (DAN),
and the DMN. WM demands modulate these interactions,
mediating between the internally oriented activity of the DMN
and the externally oriented activities of the FP-CEN, the SN, and
the DAN (Liang et al., 2016).

The SN comprises the anterior insula (AI)/frontoinsular
cortex and dorsal anterior cingulate cortex (dACC)/middle
frontal gyrus (Braunlich et al., 2015). The SN is responsible for
the detection of salient stimuli (Seeley et al., 2007). Notably,
salience detection by the SN is not engendered in a task-specific
manner and can encompass cognitive, homeostatic, or emotional
salience (White et al., 2010). It is postulated that the FP-CEN
selectively operates on salient stimuli detected by the SN (Seeley
etal., 2007). These FP-CEN-mediated operations are task-specific
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and include maintaining and manipulating relevant stimulus
representations in WM (Braunlich et al., 2015). Braunlich et al.
(2015) demonstrated these dissociable WM functions of the SN
and the FP-CEN using principal components analysis and fMRI
during delayed-match-to-category and delayed-match-to-sample
tasks. The authors identified a network comprising regions of
the SN, which demonstrated a pattern of activity consistent
with orienting to and processing of complex information. These
regions of the SN exhibited rapid hemodynamic response peaks
following stimulus onset and increased activity during conditions
requiring item processing. The authors also identified a network
comprising regions of the FP-CEN, which demonstrated a pattern
of activity consistent with decision-making. These regions of
the FP-CEN exhibited slower responses following stimulus
onset and increased activity during categorization, which relies
on stimulus maintenance and manipulation (Braunlich et al,
2015). Conceivably, integration of the FP-CEN and the SN is
necessary for these WM-related processes, which encompass both
stimulus detection and selective maintenance and manipulation
of relevant stimuli (Gong et al, 2016). Indeed, resting-state
coupling between core regions within the FP-CEN and the SN
contributes to WM performance (Fang et al., 2016).

The DAN is comprised of important nodes in the frontal eye
fields, premotor cortex, and superior parietal lobe (Braunlich
et al., 2015). The DAN is closely associated with sensorimotor
regions and is characterized by externally oriented activity,
playing a key role in visuospatial perceptual attention (Dixon
et al., 2018). The FP-CEN co-activates with the DAN during
externally oriented WM tasks. Here, both networks attend to
relevant stimuli in the environment (Elton and Gao, 2014).

The DMN is primarily comprised of the medial prefrontal
cortex (mPFC), posterior cingulate cortex (PCC), and
inferior parietal lobe (IPL) (Liang et al, 2016). The DMN
is characterized by internally oriented activity and is involved
in mentalizing, spontaneous cognition, and self-referential
processing (Dixon et al, 2018). The DMN is negatively
correlated with FP-CEN activity during WM (Clare Kelly
et al, 2008) and opposing patterns of connectivity can be
observed within these two networks during WM processing
(Liang et al., 2016). For instance, connectivity within the FP-
CEN increases with WM load, whereas connectivity within
the DMN decreases with WM load (Liang et al., 2016).
Interestingly, the SN facilitates switching between the FP-
CEN and the DMN during WM. This switching enables the
SN to allocate attentional and WM-related resources to the
most salient stimuli among internal (i.e, DMN-related) and
external (i.e., FP-CEN-related) events (Sridharan et al., 2008;
Menon and Uddin, 2010). Notably, the SN becomes more
integrated with both the FP-CEN and the DMN as WM load
increases (Liang et al., 2016).

The DMN and the FP-CEN are further divided into sub-
systems that are relevant to WM. The DMN is comprised of
two sub-systems, the dorsal medial sub-system and the medial
temporal sub-system (Andrews-Hanna et al., 2014). The dorsal
medial sub-system is involved in mentalizing and social cognition
and comprises the dorsal medial PFC, the temporoparietal
junction, the lateral temporal cortex, and the temporal pole

(Andrews-Hanna et al., 2014). The medial temporal sub-
system is involved in past and future autobiographical thought,
episodic memory, and contextual retrieval, and comprises the
hippocampus, the parahippocampal cortex, the retrosplenial
cortex, the posterior IPL and the ventromedial PFC (Andrews-
Hanna et al, 2014). The medial temporal sub-system, and
particularly the hippocampus, is implicated in WM.

The hippocampus plays an important role in novelty detection
(Knight, 1996) and associative binding (Wallenstein et al,
1998; Yonelinas, 2013) and is consistently recruited during
the encoding, maintenance, and retrieval of novel or complex
information in WM (Karlsgodt et al., 2005; Cashdollar et al.,
2009; Leszczynski, 2011). The activity of hippocampal neurons
is thought to represent a conjunction of task-relevant features in
WM, including those of a non-spatial origin (Deadwyler et al,,
1996). Notably, recent findings demonstrate that hippocampal
firing during WM could differentiate between success and error
trials during stimulus encoding, predict workload during WM
maintenance, and predict behavioral response during retrieval
(Boran et al., 2019). Further evidence for the role of the
hippocampus in WM derives from anatomical and behavioral
dissociations, which demonstrate that lesions of the hippocampus
or its extrinsic connections adversely affect WM performance
(Olton and Feustle, 1981; Deadwyler et al., 1996). Additionally,
the hippocampus serves as a locus of interaction between
WM and LTM, supporting the encoding of information from
WM into LTM and the retrieval of information from LTM
into WM. Indeed, activation of the hippocampus during the
maintenance of information in WM is predictive of subsequent
LTM performance (Ranganath et al., 2005). Given the role of the
hippocampus in associative binding and WM-LTM interactions,
it is thought that the hippocampus contributes to the underlying
substrate of the episodic buffer in WM.

The FP-CEN also comprises two subnetworks, FP-CEN
subnetwork A and FP-CEN subnetwork B. Each subnetwork
is associated with either the DAN or the DMN (Elton and
Gao, 2014; Dixon et al,, 2018; Murphy et al.,, 2020). FP-CEN
subnetwork A is preferentially associated with the DMN and
mainly consists of the rostrolateral PFC, middle frontal gyrus
(MFG), and superior frontal gyrus (SFG) (Kam et al., 2019).
During internally oriented WM tasks, the FP-CEN subnetwork
A disengages with the DAN and engages with the DMN.
Conversely, the FP-CEN subnetwork B is preferentially associated
with the DAN and mainly encompasses the inferior frontal
sulcus and the posterior aspect of the superior frontal sulcus
(Kam et al., 2019). During externally oriented WM tasks, the
FP-CEN subnetwork B disengages with the DMN and engages
with the DAN. Together, the complementary processes of the
FP-CEN subnetworks are thought to segregate external stimuli
from internal trains of thought during WM (Elton and Gao, 2014;
Dixon et al., 2018; Murphy et al., 2020).

In addition to the WM trends that emerge with specialization
of the functional networks, material-specific lateralization has
previously been demonstrated in the WM network as a collective
(Sauseng et al., 2005), although these effects are less robust
in children. The phonological loop is associated with left
hemispheric activation (Smith et al., 1996; Sarnthein et al., 1998;
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Clark et al, 2001), and neuroimaging studies have identified
the supramarginal gyrus (BA 40) as the phonological store
and Broca’s area in the left IFG (BA 6/44) as the articulatory
control process (Paulesu et al., 1993; Baddeley, 2003; Papagno
et al., 2017). Conversely, the visuospatial sketchpad is associated
with right hemispheric activation (Smith et al., 1996), and
neuroimaging studies have identified the right inferior parietal
cortex (BA 40) as the visual cache and the right premotor cortex
(BA 6) and right inferior frontal cortex (BA 47) (Baddeley, 2003)
as regions of the inner scribe (Baddeley, 2003; Figure 2).

NEURAL OSCILLATIONS

Working memory processing depends on interactions between
neuronal ensembles within WM networks (Klimesch et al., 2010).
These interactions are subserved by the intrinsic oscillatory
character of neuronal ensembles (Fries, 2005). As neuronal
ensembles oscillate, they undergo rhythmic changes in neuronal
excitability, which enable and suppress their ability to send
and receive information (Buzsaki and Draguhn, 2004). For
information to be propagated from one neuronal ensemble
to another, the two ensembles must be excitable in the
same temporal window (Fries, 2005). Neuronal coherence,
the synchronization of the oscillating ensembles, facilitates
information propagation by establishing a transient network with
shared temporal windows for communication (Fries, 2005).

Neural oscillations are subdivided into canonical bands
based on frequency. These frequency bands include delta
(1-4 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta (15-30 Hz),
and gamma (>30 Hz). Neural oscillations serve specialized
functions in WM according to their frequency (Figure 3). Low
frequency synchronization is observed between distant brain
regions and is thought to underlie context-driven, top-down
WM processes including executive control (Von Stein and
Sarnthein, 2000). Conversely, high frequency synchronization is
observed between local brain regions and is thought to underlie
stimulus-driven, bottom-up WM processes including perception
(Von Stein and Sarnthein, 2000).

Certain properties of neural oscillations can be modulated
by WM, including the oscillatory amplitude and phase.
The oscillatory amplitude is related to the power, which
is the squared amplitude of the oscillation. Power reflects
the number of neuronal units that are synchronously active
and indicates the extent of task involvement: task-relevant
oscillations exhibit increased amplitudes, whereas task-irrelevant
oscillations exhibit decreased amplitudes (Klimesch et al,
2008). The oscillatory phase refers to the timing of neuronal
excitability and is an important mechanism determining
whether information is propagated within the task-relevant
network. A neuron is unlikely to generate action potentials
during the phase of low excitability, whereas a neuron is
very likely to generate action potentials during the phase
of high excitability (Fries, 2005). By extension, oscillating
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FIGURE 2 | Anatomical mapping of the multi-component model of WM and hubs of WM-related networks.
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FIGURE 3 | Overview of specialized oscillatory functions in WM.

neuronal ensembles fire synchronously during the excitatory
phase. Consequently, targeted neuronal ensembles receive the
information synchronously, and information is propagated
throughout the network (Klimesch et al., 2010).

In a similar vein, oscillatory phase can synchronize over large
distance or modulate local oscillatory amplitude to facilitate the
integration of information into WM. It is posited that phase
synchronization among task-relevant brain regions can serve
to integrate information across multiple spatial scales (Fries,
2005). Phase-amplitude cross-frequency coupling, wherein the
amplitude of a fast oscillation is modulated by the phase of a
low-frequency oscillation, is thought to integrate information
across multiple temporal scales within local cortical networks
(Fell and Axmacher, 2011).

OSCILLATORY BASIS OF WM
Theta

Theta oscillations are well-studied in the rodent brain, where
they are particularly prominent in the hippocampus (Kahana
et al., 2001). Hippocampal theta emerges when the rodent
engages in exploratory behavior (Vanderwolf, 1969). Studies
probing the medial septum-diagonal band of Broca (MS-DBB),
a generator of the hippocampal theta rhythm, additionally
suggest that theta oscillations in the rodent hippocampus are
associated with WM function (Kahana et al., 2001). Their
findings demonstrate that lesions of the MS-DBB eliminate
the hippocampal theta rhythm and induce WM impairment
(Olton et al., 1979; Mizumori et al., 1990), whereas addition of
cholinergic agonists to the MS-DBB increases the hippocampal
theta rhythm (Lawson and Bland, 1993) and enhances WM
performance (Markowska et al., 1995).

The discovery of hippocampal place cells, which fire when
a specific location of the environment is traversed, further
facilitated investigations into the role of hippocampal theta
in WM (OKeefe and Recce, 1993). Several experiments
demonstrated that theta sequences, which compress the
behavioral order of place cells within a theta cycle, represent
trajectories or spatial paths in the environment (Gupta et al,
2012; Wikenheiser and Redish, 2015; Kay et al., 2020). These
theta sequences can vary considerably in their individual
trajectory representations, wherein some sequences are confined
to a narrow range around the rat’s current position while others
project further beyond. It is postulated that these modulations
occur according to the behavioral demands of WM. Indeed, in
rats performing a value-guided decision-making task, the extent
to which theta sequences projected ahead of the rat’s current
position varied on a moment-by-moment basis depending on
the rat’s goals (Wikenheiser and Redish, 2015). These results
challenge the notion that place cells represent simple aspects of
spatial and episodic memories. Conversely, it could be suggested
that place cells comprise a complex system that is involved in
behaviorally relevant transitions between WM and LTM.

Evidence for the functional relevance of theta oscillations
in WM has since been extended to the human brain, where
theta is thought to underlie WM processing in both local
circuits and distributed neuronal ensembles. Previous findings
demonstrate that local modulations in theta power and phase
contribute to the processing and organization of WM contents,
whereas long-range theta coherence integrates WM sub-
processes (Sauseng et al., 2010).

Local Theta Activity
In local circuits, theta oscillations provide optimal neuronal
ambiance for the processing of WMe-related information
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(Sauseng et al., 2010). Notably, cortical theta power increases
during WM encoding and is sustained during the retention
period until retrieval (Raghavachari et al., 2001; Raghavachari
et al., 2006). Theta activity additionally increases parametrically
with WM load in prominent nodes of the WM network,
including frontal regions of the FP-CEN and the hippocampus
(Jensen and Tesche, 2002). Collectively, these synchronous
theta signatures have been interpreted as a gating mechanism,
enhancing attention and prioritizing relevant information during
WM processing (Gevins et al., 1997; Raghavachari et al., 2001;
Riddle et al., 2020).

Converging evidence suggests that local instantaneous theta
phase in the hippocampus organizes WM contents. First,
hippocampal theta plays a role in phase-dependent plasticity,
essentially determining the likelihood of a stimulus to undergo
long-term potentiation (LTP). Importantly, LTP is theorized to
strengthen the connectivity between neurons and is considered
a synaptic mechanism for the encoding of a stimulus into
WM (Klimesch and Doppelmayr, 1996). Previously, it has
been demonstrated that LTP is preferentially induced at theta
rhythm periodicity (Greenstein et al., 1988) and particularly at
the positive phase of the theta rhythm (Pavlides et al., 1988).
Indeed, in region CA1 of the hippocampus, LTP can be induced
by stimulation on the peak, but not the trough, of the theta
rhythm recorded in stratum radiatum in slice preparations,
urethane-anesthetized rats, and awake rats (Holscher et al., 1997;
Hyman et al., 2003).

Second, hippocampal theta plays a role in phase-dependent
coding of information. In rodents, spatial WM information
is represented by the alignment of hippocampal place cell
firing to specific phases of theta band activity (O’Keefe
and Recce, 1993). In humans, Hasselmo et al. (2002) have
proposed a model wherein hippocampal theta phase segregates
encoding and retrieval phases in WM. In this model, WM
encoding is associated with the trough of theta recorded
at the hippocampal fissure - equivalent to the peak of
theta recorded in stratum radiatum - when there is strong
synaptic input from the entorhinal cortex into the stratum
lacunosum-moleculare. Here, there is weak synaptic input
from region CA3 of the hippocampus, however these same
synapses show a strong capacity for LTP. Collectively, these
phenomena enable the encoding of afferent information from
the entorhinal cortex, while preventing interference from
previously encoded information arising from region CA3 of
the hippocampus. Conversely, retrieval is associated with the
peak of theta recorded at the hippocampal fissure — equivalent
to the trough of theta recorded in stratum radiatum - when
there is relatively weak synaptic input from the entorhinal
cortex into the stratum lacunosum-moleculare (Hasselmo et al.,
2002). Here, there is strong synaptic input from region CA3
of the hippocampus, however these same synapses show
a weaker capacity for LTP and tend to undergo long-
term depression (LTD). Collectively, these phenomena enable
retrieval of previously encoded information, while preventing
further encoding of retrieval activity. The model proposed by
Hasselmo et al. (2002) has been corroborated by evidence
which demonstrates that theta oscillations exhibit a phase

difference of 180° between WM encoding and retrieval
(Rizzuto et al., 2006).

Third, hippocampal theta is phase-locked to WM-related
stimuli (Givens, 1997; Tesche and Karhu, 2000; Rizzuto et al.,
2003). Phase-locking occurs when the presentation of a WM-
related stimulus causes the phases of an ongoing hippocampal
theta oscillation to re-align or reset. In a seminal study, Givens
(1997) demonstrated that phase resetting of the hippocampal
theta rhythm in rodents occurs exclusively in response to WM-
related stimuli, which are actively processed in the hippocampus,
and not in response to reference memory-related stimuli. Givens
(1997) hypothesized that this resetting phenomenon allows
the hippocampus to experience a wave of depolarization at
precisely the time that relevant sensory stimuli arrive in the
hippocampus from the entorhinal cortex. Specifically, the phase-
locking of theta oscillations would allow for later arriving and
more highly processed sensory information to be potentiated or
reverberated through several autoassociative theta cycles, which
would ultimately facilitate the encoding of sensory information
into WM. McCartney et al. (2004) corroborated this hypothesis,
demonstrating that phase resetting of the hippocampal theta
rhythm promotes optimal conditions for WM-related stimuli to
be encoded and potentiated into memory.

Phase resetting has since been demonstrated in humans with
similar manifestations, wherein the presentation of a behaviorally
relevant stimulus in WM, such as a list item or probe, is
followed by phase-locking in neocortical (Rizzuto et al., 2003)
and hippocampal (Tesche and Karhu, 2000; Kleen et al., 2016)
oscillations. This phase-locking has been reported in various
frequencies, including delta, theta, and alpha bands (Rizzuto
et al,, 2003; Kleen et al., 2016). Notably, Kleen et al. (2016)
observed that the degree of phase resetting in delta, theta, and
alpha bands correlated with WM performance.

Interestingly, emerging evidence suggests that the properties
of phase-locking in the theta band during WM are dependent
on item content and load (Kaminski et al., 2020). In low loads,
neurons phase-lock to the theta rhythm only when their preferred
item is in WM, whereas in higher loads, the phase of the theta
rhythm that neurons phase-lock to depends on whether the
preferred item is in WM (Kaminski et al., 2020). These findings
describe a putative mechanism by which theta phase could
orchestrate hippocampal neural activity to successfully maintain
multiple items in WM (Kaminski et al., 2020).

Long-Range Theta Coherence

Long-range theta coherence is thought to integrate WM sub-
processes (Sauseng et al., 2010). Synchronous theta activity
is consistently reported between frontal and temporo-parietal
regions during the encoding, maintenance, and retrieval of
WM information (Sarnthein et al., 1998; Sauseng et al., 2004;
Wu et al, 2007). Furthermore, this oscillatory phenomenon
has material-specific manifestations. For instance, Sauseng
et al. (2004) reported that the encoding of visual information
is characterized by theta coupling between the dIPFC and
right posterior temporal regions, whereas during retrieval of
verbal and visuospatial information, theta coupling occurs
between prefrontal and bilateral temporo-parietal regions.
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Sarnthein et al. (1998) reported similar findings during the
retention of verbal and visuospatial information, wherein theta
coupling was observed between the PFC and posterior association
cortex. Notably, interregional theta synchronization could play
a role in integrating multi-modal information. Wu et al.
(2007) used EEG to investigate phase synchronization in a
WM task, wherein participants retained verbal information
(e.g., letters), visuospatial information (e.g., locations), or
bound information from both modalities (e.g., letters and
locations). The authors found that theta phase synchronization
increased between bilateral frontal regions and between the
left frontal and right temporal-parietal regions during the
maintenance of bound verbal and visuospatial information
relative to segregated information (Wu et al., 2007). In these
collective findings, long-range theta coherence between frontal
and temporo-parietal regions likely serves to integrate processes
that underly the storage of sensory information (e.g., temporo-
parietal activity) and processes that underly the maintenance and
updating of current relevant information (e.g., frontal activity)
(Sarnthein et al., 1998).

Experiments in rodents support the postulation that theta
coherence between the PFC and the hippocampus supports WM
performance (Hyman et al., 2005; Jones and Wilson, 2005a,b;
Kleen et al., 2011). In particular, mPFC neurons can be entrained
to the hippocampal theta rhythm, and this entrainment is
implicated in learning and memory during WM processing. In
fact, mPFC cells that are actively involved in behavioral tasks are
predisposed to fire entrained to the hippocampal theta rhythm
(Hyman etal., 2005). Indeed, it has previously been demonstrated
that a subset of neurons in the mPFC that predict the turn
choices of a rat during a WM task are more strongly phase-
locked to hippocampal theta than non-predicting cells (Fujisawa
and Buzsédki, 2011). Furthermore, it has been observed that the
most robust instances of mPFC phase precession coincide with
enhanced CA1-mPFC coherence and occur during behavioral
epochs, which demand the transfer of information from CA1 to
mPFC (Jones and Wilson, 2005a).

Moreover, long-range theta synchronization between frontal
and temporo-parietal regions could reflect central executive
functions mastering WM sub-components (Sauseng et al., 2010).
In this framework, theta coupling would enable the frontal
central executive to access posterior, modality-specific storage
sub-systems during WM (Sauseng et al, 2010). In line with
this postulation, Sauseng et al. (2005) reported increased theta
coupling between fronto-parietal regions with increasing central
executive demands. Furthermore, there is substantial evidence
for long-range theta coherence during attentionally demanding,
central executive-dependent tasks, including between the FP-
CEN subnetwork A and the DMN during internal attention
(Kam et al., 2019) and within the FP-CEN during mental
arithmetic, which requires mental manipulation of information
and continuous updating of the WM store (Sauseng et al.,
2010). Further support for this postulation derives from recent
evidence which demonstrates that communication between the
medial temporal lobe (MTL) and the PFC is bi-directional
(Johnson et al., 2018). This bi-directional communication is
facilitates central executive functions in WM by coordinating

PFC-guided parallel processing of incoming information and
MTL-dependent information prioritization in space and time
(Johnson et al., 2018).

Alpha
Alpha oscillations are prominent in sensory regions and the
thalamus (Roux and Uhlhaas, 2014). Alpha synchronization
is consistently observed in posterior regions during the
maintenance of WM (Jensen et al., 2002; Klimesch et al., 2010;
Bonnefond and Jensen, 2012; Riddle et al., 2020), and this activity
increases parametrically with WM load (Jensen and Tesche,
2002). Recently, these findings have been recapitulated in a
larger-scale WM network, wherein load-dependent alpha-theta
coupling was observed between the hippocampus and parietal
scalp electrodes during WM maintenance (Boran et al., 2019). It
is posited that these collective alpha signatures reflect functional
inhibition of task-irrelevant brain regions (Jensen et al., 2002;
Jokisch and Jensen, 2007; Klimesch et al., 2010; Bonnefond
and Jensen, 2012; Roux and Uhlhaas, 2014; Riddle et al.,
2020). Indeed, studies probing visuospatial attention and WM
demonstrate that attention directed toward one visual hemifield
is expressed as an ipsilateral increase and/or a contralateral
decrease of posterior alpha power (Medendorp et al., 2007).
Interestingly, recent evidence suggests that the inhibitory
function of alpha applies to both exogenous and endogenous
information; irrelevant exogenous information is suppressed
from being encoded into WM, whereas endogenous information
that is already encoded into memory is suppressed when it is no
longer relevant to guide future behavior (Riddle et al., 2020).
Conversely, alpha desynchronization reflects a release from
functional inhibition and is often associated with activation
processes related to attention (Michels et al., 2008). For instance,
stimulus monitoring during WM is characterized by alpha
desynchronization in nodes of the DAN. This desynchronization
facilitates external attention, allowing regions of the DAN
to engage in neural processing that enables the detection of
relevant stimuli in the environment (Cona et al., 2020). On
a similar vein, alpha desynchronization is thought to support
the attentional demands of the WM central executive (Michels
etal,, 2008). Indeed, short-range alpha coherence between frontal
regions in the FP-CEN decreases with central executive needs,
allowing these regions to fulfill increased attentional demands
(Sauseng et al., 2005).

Gamma

Gamma oscillations are detectable in cortical regions and
some subcortical regions (Roux and Uhlhaas, 2014). Gamma
synchronization occurs in local circuits and has previously
been associated with perception and feature integration (Singer
and Gray, 1995; Von Stein and Sarnthein, 2000). It is further
posited that these gamma signatures could reflect the neuronal
correlate of maintained WM representations (Jokisch and Jensen,
2007). In line with this postulation, sustained gamma oscillatory
activity has been reported during the retention of various
domains of stimuli, including visual, visuospatial, auditory,
and somatosensory information (Roux and Uhlhaas, 2014).
Moreover, gamma oscillations synchronize with increasing WM
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load, and this activity occurs in the hippocampus and key nodes
of the FP-CEN that are integral to WM maintenance (Howard
et al., 2003; Palva et al., 2010, 2011; Van Vugt et al., 2010;
Roux et al., 2012).

Importantly, gamma oscillations can couple with theta or
alpha oscillations to form a distinct oscillatory code that is
specialized for a type of WM information. A theta-gamma code
is thought to underlie the maintenance of sequential WM items
and be related to a frontohippocampal network (Axmacher et al.,
2010; Roux and Uhlhaas, 2014). In a framework proposed by
Lisman and Idiart, individual WM items are represented by single
gamma periods, which are nested into a single theta period. Here,
the sequence of WM items is coded via the phase relationship
between theta and gamma. Corroborating evidence of a theta-
gamma code has been reported by Axmacher et al. (2010), who
demonstrate that the maintenance of multiple items in WM
is accompanied by load-dependent theta-gamma coupling in
the hippocampus.

Additionally, an alpha-gamma code is thought to underlie
the maintenance of sensory-spatial WM items. Roux and
Uhlhaas (2014) propose that this oscillatory code is related
to a thalamocortical network, comprising the PFC, parietal
cortex, and thalamus. In this framework, gamma oscillations
underlie the maintenance and read-out of relevant WM items,
whereas alpha oscillations are involved in the inhibition of task-
irrelevant WM items. In contrast to theta-gamma interactions,
there is little evidence that directly portrays this alpha-gamma
activity. However, Roux et al. (2012) review convincing evidence,
which demonstrates that if WM contents are changed from
multiple sequentially ordered items to discrete visual or spatial
information, theta activity is replaced by alpha activity.

WM IN EPILEPSY

Working memory impairment is well-documented in both
children (Hernandez et al., 2002; Myatchin and Lagae, 2011;
Sherman et al,, 2012; Braakman et al, 2013; Longo et al,
2013) and adults (Hermann and Seidenberg, 1995; Black et al,,
2010; Mwangala et al., 2018) with epilepsy. WM impairment
is common across epilepsy types, manifesting in primary
generalized epilepsies (Swartz et al, 1994), temporal lobe
epilepsy (TLE) (Stretton and Thompson, 2012), and frontal
lobe epilepsy (FLE) (Swartz et al., 1994). In both childhood
and adulthood epilepsies, several factors are associated with
greater risk of WM impairment, including younger age at seizure
onset, longer duration of epilepsy, higher seizure frequency, and
AED polytherapy (Meador, 2002; Black et al., 2010; MacAllister
et al,, 2012; Sherman et al., 2012; Fuentes and Kerr, 2016).
Nonetheless, individuals with recently diagnosed epilepsies or
well-controlled, benign epilepsies are also vulnerable to WM
impairment (Myatchin and Lagae, 2011). In childhood epilepsies,
WM impairment is a key feature distinguishing the cognitive
profiles of children with epilepsy from healthy controls on formal
intelligence tests (Sherman et al., 2012). Furthermore, WM
impairment is implicated in all areas of academic achievement
(Fastenau et al., 2004; Fuentes and Kerr, 2016). In adulthood

epilepsies, the most frequently reported cognitive complaints
are related to WM processing as well as mental slowness,
attention deficits, and memory impairment (van Rijckevorsel,
2006). Notably, subjective cognitive impairment is associated
with objective measures in WM and no other cognitive domains
(Feldman et al., 2018).

WM NETWORKS IN EPILEPSY

Normative WM networks are perturbed in epilepsy. These
perturbations are marked by changes in functional connectivity
between regions in the WM network. It is posited that
hypoconnectivity within the epileptic WM network indicates
network dysfunction, whereas hyperconnectivity has previously
been interpreted as an indicator of network dysfunction, network
reorganization, or a compensatory mechanism (Gutierrez-Colina
et al., 2020). In the literature, studies probing network changes in
epilepsy report heterogenous findings.

In resting-state fMRI, hypoconnectivity has been observed
between the FP-CEN and the SN, as well as within the FP-CEN,
the SN, and cerebellar regions (Gutierrez-Colina et al., 2020).
Conversely, hyperconnectivity has been reported within frontal
regions and also between interhemispheric frontal and parietal
regions in the same modality (Gutierrez-Colina et al., 2020).
In task-based measures, hypoconnectivity has been observed in
a specific subset of frontal lobe connections in children with
FLE, including local connections (e.g., within the frontal lobe)
and distant connections (e.g., between the anterior cingulate
cortex of the SN and the superior parietal lobe of the DAN)
(Braakman et al., 2013). Additionally, children with TLE show
less activation in the FP-CEN (Oyegbile et al., 2018) and less
de-activation in the DMN relative to healthy controls (Oyegbile
et al,, 2019). Importantly, these collective resting-state and task-
based signatures have been associated with worse measures of
WM, suggesting that aberrant connectivity may underpin WM
deficits in epilepsy.

PATHOPHYSIOLOGICAL MECHANISMS
OF WM IMPAIRMENT IN EPILEPSY

A multitude of factors likely contributes to WM impairment
in epilepsy, including the epileptogenic substrate, recurrent
seizures, interictal epileptic activity, and AED therapy (Motamedi
and Meador, 2003; Sherman et al., 2012; Ibrahim et al., 2014).
Here, the putative contributions of interictal epileptic activity and
AED therapy will be reviewed.

Interictal Epileptiform Discharges

Interictal epileptiform discharges (IEDs) are spikes, sharp
waves, or spike-wave complexes that occur without observed
clinical seizures (Noachtar and Rémi, 2009). IEDs can induce
a phenomenon known as transient cognitive impairment
(TCI). In TCI, the occurrence of an IED is accompanied
by a transient disturbance in neural processing and cognitive
function (Aarts et al., 1984; Binnie, 1993). Previous works
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suggest that WM is particularly vulnerable to IED-induced
TCI (Hutt and Gilbert, 1980; Aarts et al., 1984; Binnie et al.,
1987). This increased vulnerability could be attributed to the
characteristically high information processing demands of WM
(Aldenkamp and Arends, 2004).

Transient cognitive impairment is demonstrable in 50% of
patients who exhibit IEDs during a WM task (Binnie, 1993).
The nature of the WM impairment is dependent upon where the
IED occurs in the brain (Holmes, 2014). Material-specific deficits
have previously been reported, wherein right-hemispheric IEDs
are associated with errors in non-verbal WM tasks and left-
hemispheric IEDs are associated with errors in verbal WM
tasks (Aarts et al., 1984; Binnie et al., 1987). Interestingly, IEDs
occurring in the mesial temporal lobe have been associated
with a 6% decline in WM performance (Krauss et al., 1997).
However, it is to be noted that even the occurrence of local
IEDs could have widespread effects in the brain. For instance,
IEDs could propagate from the hippocampus to the PFC and
prevent synchronization between these structures during key
WM steps (Corkin, 2001). In a similar vein, it has recently been
demonstrated that hippocampal IEDs induce spindles in the
mPFC and that both IED frequency and coupling with mPFC
spindles are correlated with the degree of memory impairment
(Gelinas et al., 2016).

Working memory impairment is additionally dependent upon
the timing of the IED during WM. For instance, Kleen et al.
(2010, 2013) observed that hippocampal IEDs were related to
decrements in WM retrieval, but not encoding, in both rats
and humans. Given that WM retrieval is dependent upon the
functioning and integrity of intrahippocampal circuitry, this
WM sub-process could be particularly sensitive to disruption
following hippocampal IED. Conversely, WM encoding could be
buffered by other cortical structures, such as the PFC or primary
sensory areas, the latter of which could hold lingering stimulus
representations (Kleen et al., 2013).

Studies leveraging intracranial EEG have helped elucidate
putative mechanisms of IED-induced WM impairment. The
occurrence of an IED in the hippocampus is followed by a
sustained reduction of action potentials for a period of up to
2 s. Moreover, when IEDs occur in flurries, action potential
firing could be reduced for a period of up to 6 s (Zhou et al,
2007). This IED-induced inhibitory wave disrupts WM-related
oscillatory signatures in the hippocampus, resulting in reductions
of hippocampal gamma (Urrestarazu et al., 2006) and theta power
(Fu et al,, 2018). By extension, IEDs could conceivably disrupt
the organization and functioning of WM networks. Indeed, large-
scale network changes precede (Ibrahim et al., 2014) and follow
IEDs (Lengler et al., 2007; Ibrahim et al., 2014; Dahal et al., 2019).
Moreover, the vulnerability of network topologies to IEDs has
previously been associated with worse neurocognitive outcomes
(Ibrahim et al., 2014).

High Frequency Oscillations

Pathological high frequency oscillations (HFOs) are transient
events detectable in the interictal EEG (Engel et al., 2009).
These phenomena have recently emerged as biomarkers of
epileptogenicity (Jacobs et al., 2012). Further evidence suggests

that HFOs may perturb neural processing that is critical to WM,
akin to the effects of IEDs (Ewell et al., 2019; Liu and Parvizi,
2019; Sun et al., 2020). The neurophysiological underpinnings
of HFO-induced WM impairment remain elusive. However, it is
conceivable that their pathophysiological mechanisms resemble
those of IEDs, encompassing disruptions of oscillatory network
activity (Brennan and Ahmed, 2019).

Indeed, HFOs have been shown to disrupt hippocampal
network function in a rodent model of epilepsy (Ewell et al.,
2019). To probe the effects of HFOs on the hippocampal network,
Ewell et al. (2019) leveraged high-density single unit and local
field potential recordings from the hippocampi of behaving rats
with and without chronic epilepsy. The authors reported that
the occurrence of HFOs in the epileptic hippocampus impaired
spatial coding during foraging behavior via the induction of
spurious, uninformative action potentials and the transient
reduction of hippocampal theta power (Ewell et al., 2019).

Evidence of HFO-induced TCI has recently been extended to
humans, where it has been demonstrated that the occurrence
of HFOs in epileptic tissue results in a cognitive refractory
state (Liu and Parvizi, 2019). Liu and Parvizi (2019) leveraged
intracranial EEG recordings from non-lesional epileptic tissue
to probe the effects of HFOs on stimulus-locked physiological
activity. The authors observed normative physiological responses
to relevant cognitive stimuli in epileptic tissue. However, these
physiological responses were more likely to be “seized” (i.e.,
delayed or missed) when HFOs occurred around the onset
of the relevant cognitive stimulus (850-1050 ms prior to
stimulus onset, until 150-250 ms following stimulus onset).
Furthermore, HFOs in the MTL affected memory performance.
The authors concluded that a relevant cognitive stimulus will fail
to activate epileptic tissue if it arrives within a shared temporal
window as an HFO; this failure to activate the tissue is the
pathophysiological mechanism underlying the impaired memory
performance (Liu and Parvizi, 2019).

Notably, it has recently been demonstrated that the removal
of HFO-generating tissue is associated with post-operative
cognitive improvement in children with epilepsy (Sun et al,
2020). To probe whether the number of HFOs in pre- and
post-resection intracranial EEG was associated with clinically
relevant cognitive improvement, Sun et al. (2020) retrospectively
reviewed intracranial EEG data and neuropsychological scores
from children who were seizure free after epilepsy surgery. The
authors found that children with clinically relevant, improved
intelligence quotients (IQ) had significantly more HFOs in the
resected tissue and fewer HFOs in the post-resection intracranial
EEG relative to children with clinically irrelevant improvements
(Sun et al., 2020).

AEDs

Another potential cause of impaired WM in patients with
epilepsy is treatment with AEDs. AED treatment in epilepsy
protects against seizures by modulating neuronal excitability
(Rogawski and Loscher, 2004). AEDs generally provide
satisfactory control of seizures for most patients (Rogawski and
Loscher, 2004), however AED tolerability within the cognitive
domain is variable: some agents result in psychomotor slowing,
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reduced vigilance, and WM impairment (Motamedi and Meador,
2004), whereas others are associated with enhanced WM (Eddy
etal., 2011). Two AEDs that have consistently been implicated in
WM function are TPM and levetiracetam (LEV).

Topiramate is an AED with multiple mechanisms of action,
including the potentiation of GABAergic neurotransmission,
inhibition of voltage-dependent sodium and calcium currents,
blockage of AMPA/KA receptors, and enhancement of potassium
currents (Czapinski et al.,, 2005). TPM therapy has previously
been associated with WM impairment (Kockelmann et al., 2003;
Lee et al., 2003; Jansen et al., 2006; Ciantis et al., 2008; Szaflarski
and Allendorfer, 2012; Yasuda et al.,, 2013; Tang et al., 2016;
Wandschneider et al,, 2017; Hu et al, 2019; Callisto et al,,
2020). WM performance deteriorates following initiation of
TPM therapy (Hyman et al, 2003), and discontinuation of
TPM therapy is associated with significant improvements in
WM (Kockelmann et al., 2003; Lee et al., 2003). Functional
neuroimaging studies report that TPM therapy is associated
with decreased activation in FP-CEN frontal regions (Jansen
et al., 2006; Ciantis et al., 2008; Szaflarski and Allendorfer, 2012;
Wandschneider et al., 2017) and impaired deactivation of regions
in the DMN during WM (Szaflarski and Allendorfer, 2012;
Yasuda et al., 2013; Tang et al., 2016; Wandschneider et al., 2017).
Recent evidence suggests that the severity of TPM-related WM
impairment is modulated by TPM plasma concentration and
WM capacity (Callisto et al., 2020). Interestingly, WM capacity
is negatively associated with the WM-load modulation of alpha
power, and the administration of TPM weakens this association
(Hu et al., 2019).

Levetiracetam is an AED with a unique mechanism of action,
which involves binding a protein known as synaptic vesicle
protein 2A (SV2A) (Lynch et al., 2004), which mediates calcium-
dependent vesicular neurotransmitter release (Nowack et al,
2010). LEV is derived from piracetam, a drug that seems to
improve learning, memory, and attention (Genton and Van
Vleymen, 2000). Piracetam has previously been used to treat
memory disturbances in age-related cognitive function or decline
(Israel et al., 1994) and aphasia (Huber et al., 1997). It is posited
that piracetam derivatives could influence the metabolism of
cortical regions responsible for language and attention (Piazzini
et al,, 2006). Indeed, LEV therapy has previously been associated
with improvement in verbal fluency (Piazzini et al., 2006)
and WM (Lépez-Gongora et al., 2008; Operto et al, 2019).
Interestingly, LEV treatment decreases centrotemporal spike-
associated activation in Rolandic epilepsy (Zhang et al., 2018),
and neuroimaging findings demonstrate that LEV therapy is
associated with restoration of normative activation patterns
during WM (Wandschneider et al., 2014).

The mechanism by which LEV supports WM function
is unclear. Notably, both LEV and piracetam belong to
the pyrrolidine class of drugs, which exhibit low toxicity,
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Motivation: There is an ongoing search for definitive and reliable biomarkers to forecast
or predict imminent seizure onset, but to date most research has been limited to EEG with
sampling rates <1,000 Hz. High-frequency oscillations (HFOs) have gained acceptance
as an indicator of epileptic tissue, but few have investigated the temporal properties
of HFOs or their potential role as a predictor in seizure prediction. Here we evaluate
time-varying trends in preictal HFO rates as a potential biomarker of seizure prediction.

Methods: HFOs were identified for all interictal and preictal periods with a validated
automated detector in 27 patients who underwent intracranial EEG monitoring. We
used LASSO logistic regression with several features of the HFO rate to distinguish
preictal from interictal periods in each individual. We then tested these models with
held-out data and evaluated their performance with the area-under-the-curve (AUC) of
their receiver-operating curve (ROC). Finally, we assessed the significance of these results
using non-parametric statistical tests.

Results: There was variability in the ability of HFOs to discern preictal from interictal
states across our cohort. We identified a subset of 10 patients in whom the presence
of the preictal state could be successfully predicted better than chance. For some of
these individuals, average AUC in the held-out data reached higher than 0.80, which
suggests that HFO rates can significantly differentiate preictal and interictal periods for
certain patients.

Significance: These findings show that temporal trends in HFO rate can predict the
preictal state better than random chance in some individuals. Such promising results
indicate that future prediction efforts would benefit from the inclusion of high-frequency
information in their predictive models and technological architecture.

Keywords: epilepsy, seizure prediction, preictal identification, high frequency oscillation, ROC analysis
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INTRODUCTION

One of the most debilitating aspects of epilepsy is the uncertainty
patients feel, not knowing when the next seizure will occur.
Though seizures themselves account for an extremely small
percentage of an individual’s time (Cook et al., 2013), the constant
threat of a seizure can make the planning of normal day-to-day
activities an impossibility for some (Bishop and Allen, 2003). This
has led many investigators to search for methods to predict when
seizure might occur (Mormann et al., 2005; Freestone et al., 2015,
2017; Gadhoumi et al., 2016; Kuhlmann et al., 2018a).

While “seizure prediction” has been an attractive research
subject for decades, early efforts had many unforeseen challenges.
While there was evidence that EEG changed in the minutes or
hours before seizures (Mormann et al., 2005), it was difficult
to prove that these measures could work prospectively. A
major breakthrough occurred when rigorous statistics were
developed—the key was to show that a given algorithm could
outperform random chance (Mormann et al., 2007; Snyder et al.,
2008). Several studies then followed using this method and were
able to show that intracranial EEG signals could predict the
preictal state better than chance (Cook et al., 2013; Karoly et al,,
2017; Kuhlmann et al.,, 2018b). Critical in that work was the
unprecedented collection of months of continuous EEG in a
clinical trial in Australia, which allowed for rigorous long-term
statistics (Cook et al., 2013; Kuhlmann et al., 2018b). That dataset
has become a crucial tool in later work, including international
competitions (Kuhlmann et al., 2018b), as prediction algorithms
have made many further improvements (Alexandre Teixeira
et al,, 2014; Karoly et al,, 2017; Truong et al., 2018; Stojanovic
et al., 2020). However, the data also have two important
limitations: the data were acquired at low sampling rate (200 Hz)
that does not allow analysis of high-resolution EEG signals,
and more importantly, since the trial ended no similar chronic
recordings have been collected.

Thus, while there have been many very promising results in
the field of seizure prediction, most work has been focused on a
single dataset of long-term, low-resolution intracranial EEG. The
results have proven that seizure prediction is possible in many
patients but clearly are far from optimal. One potential avenue
for further improvement is the possibility that higher-resolution
EEG could hold greater information. In particular, over the past
20 years it has become increasingly apparent that high-frequency
oscillations (HFOs) are a powerful biomarker of epilepsy (Jacobs
etal., 2012; Zijlmans et al., 2012; Frauscher et al., 2017; Jacobs and
Zijlmans, 2020). HFOs consist of short (<100 ms) oscillations
in the 80-500-Hz frequency band and require sampling rates
of at least 2,000 Hz for accurate identification (Gliske et al.,
2016a). HFOs are more likely to occur in the epileptogenic
zone (Jacobs et al., 2012) and may help guide surgical decisions
(Cho et al.,, 2014; Holler et al., 2015; Fedele et al., 2017; van ’t
Klooster et al., 2017). One relatively unexplored aspect of HFOs
is that their characteristics can also change in the 30 min prior to
seizure initiation in certain individuals (Jacobs et al., 2009; Pearce
etal,, 2013). These preliminary studies were constrained by small
patient cohorts and datasets that were not as specific as currently
available methods (Blanco et al., 2010, 2011). Nevertheless, the

evidence from those studies motivate using HFOs to identify the
preictal state.

Utilizing population-level inference and a large clinical
dataset, our group recently found several features of HFO rates
that were highly correlated with the preictal state (Scott et al.,
2020). In that work, we averaged the HFO response over all
available data per patient and compared the responses during
interictal and preictal epochs; several patients had significant
results. However, in order to utilize HFOs to identify the
preictal state prospectively, a different analysis is necessary. The
HFO response in a given segment of data must be compared
individually to that of other segments, rather than in aggregate
as in that prior work.

Robust implementation of seizure detection algorithms
requires several months of continuous recording, as was
accomplished by the Neurovista trial in Australia (Cook et al.,
2013). Such data with a sufficient sampling rate to detect HFOs is
currently impossible to attain. Until such devices are available,
the only alternative is to utilize inpatient intracranial EEG
monitoring, which lasts <2 weeks. Although such data are vastly
inferior, they are also the only current option. Until implantable
devices with >1,000 Hz sampling rate are available, the role of
HFOs in the specific context of seizure prediction must first be
evaluated using only the limited intracranial monitoring data
available, which is our goal herein.

With this study, we evaluate the preliminary usefulness of
HFOs in patient-specific seizure prediction. We employ state-
of-the-art automated HFO detection methods on the entire
recorded intracranial EEG data of a clinically diverse cohort
of 27 patients. With more than 10 million detected HFOs in
this dataset, we use various features of HFO rates as predictors
in patient-specific preictal classification models. With robust
machine learning methods and statistical techniques to validate
our results, we find that 10/27 patients have excellent classifier
performance. These results are limited due to the short recording
periods but were very promising. While the technology does
not yet exist that would allow a full prospective analysis using
high-resolution data, these results motivate future studies that
incorporate such technology in the next generation of seizure
prediction devices.

METHODS

Patient Population

To form our patient cohort, we looked at all patients with
refractory epilepsy who had undergone intracranial EEG (iEEG)
monitoring at the University of Michigan from 2016 to 2018. In
order to ensure that sufficient data was available for training and
testing our models, we required patients with the following: (1)
a defined seizure onset zone, (2) at least three recorded seizures
that were each preceded by non-zero HFO rates, and (3) the
availability of at least 24h of data; applying these criteria to
the 32 available patients resulted in 27 patients. The study was
approved by the local IRB, and all patients in the study consented
to have their EEG data de-identified for later analysis. Of note, all
data were acquired under standard clinical procedures, and the
current work was done retrospectively: no data from this research
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TABLE 1 | Clinical data.

Subject Age Sex ILAE Seizure Pathology/ Number of intracranial Total Total Mean HFO rate Number of Responder window
outcome focus implant type channels recorded number (#/min./channel) seizures subset
(hemisphere, time (hours) HFOs (window duration,
region) min.)
Total ECoG  depth S0z s0oz ouT Total Used Training Testing 30 15 10
UMHS-0018 41 M Ib LF CD 32 0 32 59.8 108,510 4.18 0.54 3 3 2 1
UMHS-0019 59 F I RT Gliosis 106 106 0 2 168.8 170,946  2.30 0.19 5 3 2 1
UMHS-0020 45 F I RT MTS 25 0 25 171.2 54,254  0.38 0.12 7 7 5 2
UMHS-0021 30 M Il RT Gliosis, PVNH, 46 0 46 13 179.5 394,398 1.98 0.50 9 7 5 2
PMG
UMHS-0023 29 M NR LT, P PVNH/Neuropace 69 41 28 29 164.3 390,134 0.86 0.37 20 9 6 3
UMHS-0024 31 M NR LLRT Neuropace 75 55 20 16 177.2 1,649,380 3.40 1.71 28 11 7 4
UMHS-0025 17 F I LT Gliosis 20 20 207.7 270,125 1.75 0.86 10 5 3 2
UMHS-0026 22 F NR RT PVNH 52 52 246.2 382,201 1.28 0.45 40 10 7 3 X X X
UMHS-0027 26 M NR L Diffuse VNS 91 81 10 205.2 1,601,359 1.90 1.41 97 11 7 4
UMHS-0028 14 F | RT Tumor: Glioma 53 47 6 79.7 140,782 2.95 0.42 7 6 4 2 X X X
UMHS-0029 48 M NR LT, Occ. Neuropace 91 91 0 22 226.3 847,560 0.60 0.71 14 7 5 2
UMHS-0030 5 M 1} LT MTS, Gliosis 100 100 0 146 330,614 0.98 0.56 33 21 14 7 X X
UMHS-0031 13 M | LT Gliosis, Tumor: 99 99 0 6 180 263,676 117 0.39 9 4 3 1
NF1
UMHS-0032 41 F | RF CD 32 32 3 184.3 295,865 3.79 0.96 8 4 2
UMHS-0033 5 F Il RIns. CD, Gliosis 74 74 4 120.7 233,883 1.40 0.38 28 5 3 X X
UMHS-0034 33 F | RF Gliosis 32 32 1 136.3 448,718  2.58 1.26 17 16 11 5 X
UMHS-0035 50 F | LT Gliosis 57 57 0 2 162.7 108,147 0.73 0.21 7 4 3 1 X
UMHS-0036 43 M NR LLRT CD/Neuropace 54 54 2 172.5 347,928 1.34 0.60 18 12 8 4
UMHS-0039 47 M NR RP CD/Neuropace 90 0 90 10 155.2 266,422  1.02 0.23 19 9 6 3
UMHS-0040 14 F | LP CD, Gliosis 63 55 8 8 196.7 323,180 0.38 0.66 7 7 5 2 X
UMHS-0041 32 F | RF CD 71 0 71 9 176.5 43,350  0.27 0.04 36 3 2 1
UMHS-0043 28 M I RT Gliosis 86 0 86 9 182.2 386,967 1.34 0.42 46 16 " 5 X X
UMHS-0044 45 F NR LT P Neuropace 76 0 76 6 170.2 414,195 1.29 0.47 13 5 3 2
UMHS-0045 17 F NR LLRT Neuropace 94 0 94 15 331.5 631,551  0.79 0.25 6 6 4 2 X
UMHS-0046 23 F | LF CD 30 0 30 9 139.3 16,5675 0.15 0.04 17 5 3 2
UMHS-0048 22 F NR LLRT Neuropace 86 0 86 8 141.8 404,972 276 0.33 23 8 5 3 X X X
UMHS-0049 53 F NR LLRT Neuropace 94 0 94 15 176.8 287,303  0.98 0.16 17 5 3 2
Totals/ 1,798 732 1,066 230 4658.6 10,812,995 1.58 0.53 544 214 143 71 5 8 6
averages
172.5 400,481 20 8 5 3

Number of unique responders: 10 (37%).

M/F, male, female; L/R, left/right; T, temporal; F, parietal; F, frontal; Occ, occipital; NR, not resected; CD, cortical dysplasia; MTS, medial temporal sclerosis; PVNH, periventricular nodular heterotopia; PMG, polymicrogyria; VNS, vagal
nerve stimulator; DNET, dysembryoplastic neuroepithelial tumor; NF1, neurofibromatosis type 1.
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had any effect on the clinical care. Further summary of the patient
population is found in Table 1.

Data Acquisition

All intracranial recordings were sampled at 4,096 Hz with a
Quantum amplifier (Natus Medical Inc., Pleasanton, CA); the
electrodes implanted for monitoring consisted of subdural grid,
depth, and stereo-EEG electrodes, as deemed appropriate for
each patient during standard clinical care. All recordings were
referenced to a lab-standard instrument reference placed midway
between Fz and Cz when first recorded and then were re-
referenced for HFO detection using common average referencing
(Gliske et al., 2016b), which was applied to all electrodes of the
same type, e.g., all depths or all grids or strips together. The
treating epileptologist determined which channels comprised the
seizure onset zone (SOZ channels), as well as the onset and
offset times of all seizures; we obtained these metadata through
the official clinical report for a given patient. Channels within
the resected volume of tissue (RV channels) were identified and
labeled through consultation with the neurosurgeon and by pre-
and post-op imaging comparisons if available. Any channel that
was not labeled as an SOZ or RV channel was labeled as an OUT
channel. Note that a seizure prediction algorithm should have
knowledge of the SOZ and OUT channels available, as it must
be trained on previous seizures and would be implemented after
these studies are completed. It is also important to note that the
SOZ is what was determined by the reading clinician and does not
depend upon being the true epileptogenic zone. We incorporated
the analysis of OUT channels as a conservative way to account for
diagnostic uncertainty and see if other channels also had useful
information. Channels labeled as RV that did not overlap with
the SOZ were not used in our analysis, in order to maintain a
more conservative analysis.

Data Analysis

All data analysis was conducted with custom MATLAB
(Mathworks, Natick, MA) and C++ functions and scripts.
As described in detail below and shown in the block process
diagram of Figure 1, this analysis consisted of several steps:
first, automated HFO detection was performed on all patient
data. Then, several features across consecutive time windows of
varying duration were computed from HFO rates. These features
were used to train a logistic regression model to distinguish
preictal vs. interictal states. The algorithm was cross validated
with held-out data and compared vs. random chance. Model
performance was quantified using ROC curves.

Automated HFO Detection

All HFOs were identified with a validated automated detector
(Gliske et al., 2016b) with additional modifications described
further below. In summary, this detector is based upon the
original “Staba” RMS-based detector (Staba et al., 2002) which
then increases the specificity by redacting detections that overlap
in time with several EEG artifacts such as sharp transients,
electrical interference and noise, and artifacts from signal
filtering. To further increase HFO specificity, we excluded
detected events with waveforms consistent with features of
muscle (EMG) artifact, using another validated algorithm (Ren

et al,, 2019) as in our previous work (Scott et al., 2020). Of note,
these algorithms have previously been shown to be similar to
human reviewers (Gliske et al., 2016b, 2020).

We also modified the data processing pipeline of our
automated detector to ensure that it functioned appropriately
within the unique constraints of seizure prediction. Most
automated detectors operate by processing incoming EEG data
in successive epochs of fixed length, e.g., 10 min, and then assess
the background activity of the entire epoch to determine a
threshold for detecting HFOs within that epoch. That process
cannot happen in real-time nor (pseudo)prospectively, because
evaluating a potential HFO at a specific point in time requires
knowledge of background activity that has yet to occur. Such a
process would not be possible for prospective seizure prediction,
in which there should be no knowledge of the future. To address
this constraint, we modified the detection algorithm to work
prospectively. First, we approximated real-time detection by only
detecting HFOs for 30's at time. Second, we still used 10 min of
EEG to calculate the background, but use the previous 10 min
of EEG data, relative to the end of each of data segment. In
effect, the algorithm is identical to the previous one except it
only reports the HFOs that are detected during the final 30's of
a 10 min segment, and the same process is repeated by sliding
the 10-min window forward 30s. One outcome of this is that
the first HFOs detected in any given data file start after the first
10 min of recording. With these adaptations, our automated HFO
detection was better suited to the constraints of seizure prediction
and more closely resembled a real-time process. Further—and
perhaps most importantly for preictal HFO detection—these
changes also prevented seizure activity from influencing the
detector (see section Feature Data Labeling and Exclusion). We
compared these results to those of the original detector, and there
was no appreciable difference in HFO rate (data not shown),
which is expected since there were no changes inherent to the
detector itself, but rather how it was fed data.

Computation of HFO Rate

In order to investigate temporal variations in HFO rate with
sufficient resolution, we approximated HFO rate (which we
define as the number of HFOs per minute per channel) in both
SOZ and OUT channel groups as a continuous function of time
(cHFO rate). The cHFO rate was obtained by calculating the
estimated HFO rate during 1 min of data, then sliding the 1-
min window forward 1s and recalculating. This sliding window
method approximates a continuous HFO rate with a 1-s time
resolution. The sliding window was applied to all SOZ or OUT
channels, which were grouped separately. For a given window
segment and channel group, the HFO rate was computed by
summing the number of HFOs occurring across all channels
of the same group; this value was then divided by the total
number of channels in that respective group, which resulted in
an estimate of the average cHFO per channel within each group
(SOZ or OUT).

Features of HFO Rate

The advantage to using cHFO rate as computed above—rather
than averaging it over longer periods—is that the temporal
resolution of cHFO rates can reveal fluctuations and patterns in
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FIGURE 1 | Schematic diagram showing overall data analysis workflow. (A) General analysis workflow. After automated HFO detection, continuous HFO rates (cHFO
rate) are computed in both the SOZ and OUT channel groups. Next, several statistical quantities (features of HFO rate) are computed from cHFO rates in three “feature
windows” of different durations: 30-, 15-, and 10-min feature windows. After labeling this feature data as either preictal or interictal, observations that remain after an
exclusion process are randomly divided into training and test data sets. Training data is used to train predictive LASSO logistic regression models, which are then
tested with unseen testing data. The performance of each model with this testing data is assessed by computing the test AUC value, which, when averaged over 10x
cross-validation runs for each of the three feature windows, are finally compared across patients; these results are visualized in Figure 3. (B) Example HFO detection,
“responder” patient UMHS-0040. The HFO waveform is displayed on the left, while its time—frequency decomposition (computed with the Morse wavelet) is visualized
on the right. (C) Example of cHFO rates computed for patient UMHS-0040. Continuous HFO rates (cHFO rate—defined as HFOs/min/channel) are computed in both
the SOZ and OUT channel groups separately. The rate features used in the proceeding Table (D) are computed from these cHFO trajectories in 30-, 15-, and 10-min

features. Abbreviations shown in this table are used throughout the text.

segments. (D) Table of rate features. Eight features are applied to cHFO rates per channel group (SOZ and OUT channel groups), which yields a total of 16 rate

HFOs down to the scale of a second—which could be important
in characterizing preictal trends. We quantified the temporal
variation of cHFO rates with several descriptive statistics,
including mean, variance, linear slope, quartiles, skewness, and
kurtosis across a given epoch of time. We also compared linear
trends in cHFO rates using the slope extracted from linear
regression applied to cHFO rates for a given epoch of time. All
these values were computed separately in SOZ and OUT channel
groups across three different epochs of time: 30, 15, and 10 min,
which we call “feature windows.” The feature windows were
designed to account for possible differences in seizure horizons
between patients, as we hypothesized that the duration of any
preictal state would not be constant across the entire cohort. All
features were computed from the start of a given data file in
consecutive 1-min intervals. Each feature window was analyzed
independently of the others throughout the entirety of the study.

Feature Data Labeling and Exclusion

In machine learning, classification algorithms used in prediction
need labeled observations of data in order to train their models.
In this case, we label data as either interictal or preictal. Based on

our prior data showing HFO features changing up to 30 min prior
to seizures (Pearce et al., 2013; Scott et al., 2020), we defined the
“preictal period” as the 31 min prior to the start of the seizure.
The extra minute occurs because we inserted a buffer of 1 min
just prior to seizure onset, which accounts for some interrater
variability in seizure onset time (Abend et al., 2011).

For each of the feature windows (10, 15, or 30 min), the
“preictal” windows were defined as the last window immediately
prior to the seizure, but not including any of the 1min just
before seizure onset. Because the calculations slide forward
in 1-min steps, this means each “preictal” feature window
ends between 1 and 2min prior to the clinician-determined
seizure onset time. For each feature window length, we only
included the one “preictal” window immediately before the
seizure. Because our prior data suggested up to 30 min could
be considered as the physiological preictal period, to be
conservative we ignored data during that period that was
not in the “preictal” feature window. Data from those times
(the two previous 10-min windows and one previous 15-
min window) were discarded from both the preictal and
interictal analysis.
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“Interictal” was defined as all data starting 11 min after a
seizure until 31 min prior to the next seizure, which allows a 1-
min buffer for uncertainties in the start/stop times of the seizure.
We note that some research has shown that the preictal state may
extend beyond 30 min (Litt et al., 2001; Stacey et al., 2011), so this
definition is conservative and may not capture all differences. We
calculated an “interictal” feature window for every consecutive
epoch (i.e., every 30 min for the 30-min feature window; every
10 min for the 10-min feature window).

There were other limited circumstances that we excluded from
analysis. To ensure that seizures were evaluated independently of
other seizures, such as when multiple seizures occur sequentially,
we redacted preictal observations falling within peri-ictal extent
(11 min postictal or 31 min preictal) of other seizures. Further,
we also redacted any observation that overlapped with periods of
incomplete or missing data, which could result from gaps within
a file or from a file’s end. Finally, considering our modifications
to the HFO detector, any data observation overlapping with the
first 10 min of a given data file was also redacted, as HFOs are not
detected for the first 10 min.

Logistic Regression Model

We used a logistic regression model to classify preictal vs.
interictal data. Logistic regression determines the probability
that given data is from a specific labeled class and has been
used in seizure prediction studies previously (Mirowski et al.,
2009). It also has the advantage of allowing us to analyze the
relative contributions of each feature, rather than being a “black
box” approach. We trained models for each of the three feature
windows (10, 15, 30 min) using 2/3 of the data and then testing
on the remaining 1/3. This process was cross-validated 10 times
for each feature window by randomly selecting different interictal
and preictal data, and re-running the training and testing step,
for a total of 30 models per patient. Random selection, rather
than chronological, was used because of the limitations of this
dataset: unlike in the Neurovista dataset that had months for the
recordings to stabilize (Ung et al., 2017), our data is limited to 2
weeks of inpatient monitoring. This unavoidably leads to some
variability over time due to various factors such as medication
taper, sleep disturbances, and the settling of electrodes (Zijlmans
et al., 2009; Ung et al, 2017; Gliske et al., 2018). Here, we
used random selection to reduce the influence of these factors
on overall model performance, but this also may reduce the
effectiveness of the model.

In order to facilitate the models helping to determine which
coefficients were most useful in forecasting seizures, we used
LASSO logistic regression (Mirowski et al., 2009; Tibshirani,
2011; Lu et al., 2020) to create the predictive models used in
our study. Specifically, in Matlab we used the lassoglm function,
with the following general syntax: lassoglm(XTrain, yTrain,
“binomial,” “CV;” k), where XTrain is the feature vector, yTrain
is a binary vector with “0” for interictal and “1” for preictal,
and k is chosen as the number of seizures within the training
data. This function inherently cross-validates the trained model
based upon the number of seizures k, which reduces overfitting.
In general, LASSO introduces a penalty on the absolute value of
the coeflicients, and optimizes the model by iterating through

different penalty parameters to find the lowest error, while
removing coefficients that have minimal effects (Tibshirani,
2011). Thus, one outcome of the training step is to identify
which features were the most important for identification of the
preictal state.

Assessing Predictive Performance

Each cross-validation iteration tests whether the predictive model
can correctly classify novel preictal vs. interictal data. We
computed the ROC curve for each iteration, then computed the
arithmetic mean of all the areas under the curve (AUC) across
all 10 iterations. A random predictor would have an AUC of 0.5,
while a successful predictor should have an AUC higher than
0.5. We chose a nominal threshold of 0.6 to show the minimal
improvement above 0.5 that would be meaningful. However,
that threshold is subjective so we then tested the significance
of each AUC using bootstrapping by randomizing preictal and
interictal labels (n = 1,000). The statistical significance of these
average AUC was determined by taking the harmonic mean of
the bootstrap p-values (Wilson, 2019), a procedure used in meta-
analysis to combine p-values from multiple tests. Successful tests
were those in which the average AUC was >0.6 and p < 0.05.
We note that in clinical practice an AUC of 0.6 might be difficult
to implement successfully on its own; however, it is comparable
with prior seizure prediction work in standard EEG (Mormann
et al., 2005; Freestone et al.,, 2015, 2017; Gadhoumi et al., 2016;
Kuhlmann et al., 2018a).

RESULTS

Our heterogeneous patient cohort was comprised of individuals
with a variety of ages, clinical etiologies and pathologies, and
seizure foci. Out of 32 original patients in our database,
four patients (UMHS-0037,—0038,—0042,—0047) were excluded
because of either insufficient recorded seizures or undefined
seizure onset zones. One patient in particular (UMHS-0022)
had seizures with no HFOs prior to onset; this patient was
also excluded, which left a total of 27 patients remaining for
further analysis. Across these 27 patients, we detected more
than 10 million HFOs across over 190 total days of intracranial
EEG recordings. Over 210 seizures and 3,800 h of interictal data
(average of 8 seizures and 141h per patient) were used to train
and test our classification models.

Comparison of Test AUC Values

We first assessed the general responses across all cross validation
models in all patients. Over the 27 patients, with 30 models each
(810 total), the model successfully converged to a solution in
403 instances (49.8%). The non-converging solutions are easily
identified because all coeflicients for HFO features are 0, and it
is obvious that the model could not be used. In such cases, we
conservatively assigned them a testing AUC value of 0.5 (and
a bootstrap p-value equal to 1)—the same performance as a
random predictor. The remaining patient models were composed
of linear combinations of HFO rate features. As shown in the
histogram of Figure 2, the distribution of test AUC values for
these models overall showed significant variability and spread
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FIGURE 2 | Distribution of test AUC values for tested models. This histogram
of testing AUC values, computed for all tested models individually over all
patients and feature windows, is skewed toward predictive performance that is
better than random chance, i.e., values higher than 0.5.

from 0.5 (AUC test—maximum: 0.97, minimum: 0.024, median:
0.64). The skew of this distribution toward values >0.5 suggests
that a significant portion of models that used HFO features
could perform better than random chance at identifying the
preictal period.

We evaluated the consistency and reliability of this result
within patients by determining if its average test AUC was at
least 0.6 and if the average bootstrapped p-value was < 0.05.
These values are shown with statistical significance noted in the
bar plots of Figure 3. We found that 10 out of the 27 patients
had a significant response in at least one of the feature windows.
We denote these 10 patients as “responders,” and their average
predictive response was robust and consistent. The presence of
this subset of patients in our cohort suggests that there are
measurable changes in preictal HFO rate preceding epileptic
seizures that deviate from interictal trends. This finding shows
that HFOs can act as a temporal biomarker of seizure onset in
some patients.

Within the responder group, 4 were significant in only one
feature window, while the rest had multiple. We compared the
three windows (10, 15, 30 min) and found no evidence that
the performance of one window was better than any other—
either by how frequently it was significant in these patients, or
by how high its overall performance was (Chi-square test: p =
0.61; Kruskal-Wallis test: p = 0.737). All responders and their
significant windows are identified in Figure 3 and in Table 1. The
p-value and associated asterisks indicating statistical significance
in Figure 3 were based on individual bootstrap tests and not
corrected for multiple comparisons.

Significance of Responder Predictors
We investigated which features contributed to the significant
predictive response observed in responder patients. Overall,

both the combination and relative magnitude of HFO features
in responder models varied significantly between patients,
feature windows, and even between different cross-validation
runs. Considering this variability, we could not evaluate
feature importance directly by the raw coefficient values that
resulted from LASSO logistic regression. Instead, we calculated
how often a given feature was included among models—
specifically, how often its corresponding coefficient was non-
zero. In this manner, we considered the most commonly
used features to be the most important to differentiating the
preictal state from other interictal observations—whether its
associated output coefficient was positive (which would indicate
increased likelihood of an imminent seizure resulting from an
increase in the feature’s value) or negative (i.e., decreased seizure
likelihood from a feature’s increase). These frequencies of non-
zero model coefficients per feature are shown by a feature
window in Figure4 and are sorted in order from most to
least common within responder models. Though we did not
evaluate feature magnitude directly, we note that the medians
of all responder SLOPE-SOZ features by patient and feature
window were all positive, which reinforces our prior findings
that gradually increasing HFO rates anticipate seizure onset
(Scott et al., 2020).

While there were some observed differences in which features
were the most common between window durations, there
were no statistically significant differences in feature frequency
across the three feature windows (Kruskal-Wallis: p = 0.64).
In terms of the most important features, the linear slope
of HFO rate in the SOZ (Slope-SOZ) was most important
in both the 30- and 15-min windows. Also common among
important features were those computed from cHFO rates in
OUT channels—channels that might be traditionally considered
as less involved in pathological brain networks. Yet, there were
no statistical differences in frequency between SOZ and OUT
channel features (rank-sum tests: p = 0.34, = 0.24, = 0.42
for 30-, 15-, and 10-min windows, respectively), even though
SOZ features were highest ranked across feature windows,
with an average cumulative frequency almost 14% greater
than that of OUT channel features. This suggests that HFO
rates could be used to identify the preictal state regardless of
their location.

Clinical Factors of Responders

Considering the clinical outcomes of responders, four were ILAE
class I, two were class II, there was one class III, and the others
were not resected. Comparing various clinical factors, there
was no statistical evidence for differences in the composition
of responder patients compared to the rest of the cohort. The
ratio of temporal to extra-temporal seizure foci in responders
was similar to other that of other patients (Fisher exact test:
p = 0.68), and while there appeared to be a difference in the
pathology of resected responders favoring gliosis, this was not
significant in comparison to the rest of the cohort (Fisher exact
test: p = 0.14). Despite lacking a clinical factor to differentiate
this group from the rest of the population, based on our results,
we estimate the relative proportion of responders in a given
population is 19-55% of patients (95% binomial confidence
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FIGURE 3 | Bar chart of average test AUC values by patient and feature window. Ten individual responder patients have significant predictive performance (average
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given AUC by random chance, not whether the magnitude of the AUC itself is high.
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interval with a test sample of 10/27), which demonstrates
that patients with potential for significant HFO rate predictive
performance could comprise a substantial portion of a large
clinical cohort.

DISCUSSION

In this first-of-its-kind study, we combined advanced automated
HFO detection with the intracranial data of a large clinical
cohort to investigate the potential use of high-frequency
oscillations in seizure prediction. Across patients, we found a
significant variation in the ability of time-varying properties
of HFO rate to discern a preictal state. After applying a
statistical benchmark to the average predictive performance of
all models across our cohort, a subset of patient responders
was identified that had consistent predictive performance
better than random chance. The identification of these 10
individuals represents a novel finding and is our study’s
most important result. It provides firm support that high-
frequency oscillations can function as a temporal biomarker
of seizure onset and additionally gives preliminary evidence
that seizure prediction using HFOs is not only possible
in a clinical context; it can hold significant potential for
certain patients.

Another important outcome is the identification of which
HFO rate features are the most useful. Ranked by their frequency
in responder models across multiple windows of time, the most
important predictive features of HFO rate included linear slope,
variance, and the first quartile cHFO rate within the feature
window. The most common feature was the linear slope, which
measures gradual changes in HFO rate (either increasing or
decreasing), suggesting that these changes are centrally important
in determining if a seizure is imminent. One surprising finding
was that even HFOs outside the SOZ were useful features.
Note that it is not possible to compare relative magnitude of
these feature coefficients directly because of the considerable
model variability between patients, feature windows, and cross-
validation runs. We analyzed the 10 responders and found
that three of them had clinical situations in which the OUT
channels were likely to be pathological. One patient had a
known secondary seizure focus not included in the official
SOZ (UMHS-0026), while another had high HFO activity in
a non-resected hippocampus that was likely dual pathology
from a parietal lesion (UMHS-0040). However, the OUT
features were not restricted just to those patients, and thus our
finding of predictive value of HFO features outside the SOZ
is an intriguing finding. This result suggests that HFOs even
outside the SOZ provide important information on identifying
impending seizures.

The test AUC values of responder patients we report are
within the ranges presented in several seizure prediction studies,
notably Brinkmann et al. (2016), Karoly et al. (2017), and
Kuhlmann et al. (2018b). There is one caveat to using the
AUC metric in seizure prediction, as the inherent imbalance of
interictal and preictal data can increase the reported specificity.
In order to compare our work with other studies, however,

this was an acceptable limitation for our analysis. While
no prior work has evaluated HFOs for seizure prediction,
there is evidence for a “preictal state” (Stacey et al, 2011).
HFOs have been shown to have different signal features
(Pearce et al, 2013; Bandarabadi et al., 2019) and changes
in rate 30min before seizures (Scott et al., 2020). Further,
some studies have shown distinct changes in high-frequency
activity preceding seizure onset; some have also suggested
that HFOs could be linked to seizure-generating mechanisms
(Worrell et al., 2004).

Despite our positive result, it must be noted that our
overall methodology has a number of inherent constraints
that limit our findings from being more widely applicable to
seizure prediction in general. First, this analysis was based
upon processing several minutes of data at a time (10, 15, or
30 min) rather than analyzing features of individual HFOs. There
are a wide range of HFO features that could be incorporated
into future prediction algorithms. Next, we note that “true”
seizure prediction would involve choosing a specific algorithm
and testing accuracy prospectively, which was not done here.
Second, this method requires HFOs to be present and enough
seizures to develop a predictive model; five of our cohort of
32 did not meet this standard. Finally, as stated before these
data are limited to only 2 weeks immediately postoperatively
during varied medication changes, which is known to be
insufficient to have consistent EEG signals and sometimes
even atypical seizures. Several of our patients had inconsistent
results, but with so few seizures it is impossible to predict
whether this would stabilize to an effective solution with more
data. A much longer dataset under standard living conditions
would be necessary to develop robust algorithms, but such
data are not physically possible at present. Future work with
a larger dataset could also incorporate additional features of
the HFOs themselves (e.g., signal features such as frequency
data), as well as previous prediction algorithms using standard
EEG. This type of synergistic analysis on larger datasets could
have much greater chance at a clinically realizable seizure
prediction algorithm.

CONCLUSION

Our results show that HFOs can function as a temporal
biomarker of seizure onset. We show that changes in the
HFO rate are capable of identifying the preictal state up to
30 min before a seizure in some patients. As a preliminary
study, our findings are a foundation for future work pursuing
individualized seizure-specific prediction efforts, which we
envision could eventually function as a tool inside advanced
implanted neuromodulation devices that utilize patient-
specific and  seizure-specific prediction methodologies.
Advancement of this HFO seizure prediction framework,
however, will require the availability of many chronic high-
sampling rate intracranial recordings. While this technology
does not yet exist, recent technological improvements have
brought it closer to realization—which is sufficient impetus
to further investigate HFOs both as a temporal biomarker
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of epilepsy, and as a potentially powerful predictor of
epileptic seizures.
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Introduction: High frequency oscillations (HFO) are promising biomarkers of epileptic
tissue. While group analysis suggested a correlation between surgical removal of HFO
generating tissue and seizure free outcome, HFO could not predict seizure outcome
on an individual patient level. One possible explanation is the lack of differentiation
between physiological and epileptic HFO. In the mesio-temporal lobe, a proportion of
physiological ripples can be identified by their association with scalp sleep spindles.
Spike associated ripples in contrast can be considered epileptic. This study investigated
whether categorizing ripples by the co-occurrence with sleep spindles or spikes
improves outcome prediction after surgery. Additionally, it aimed to investigate whether
spindle-ripple association is limited to the mesio-temporal lobe structures or visible
across the whole brain.

Methods: We retrospectively analyzed EEG of 31 patients with chronic intracranial EEG.
Sleep spindles in scalp EEG and ripples and epileptic spikes in iIEEG were automatically
detected. Three ripple subtypes were obtained: SpindleR, Non-SpindleR, and SpikeR.
Rate ratios between removed and non-removed brain areas were calculated. We
compared the distinct ripple subtypes and their rates in different brain regions, inside and
outside seizure onset areas and between patients with good and poor seizure outcome.

Results: SpindleR were found across all brain regions. SpikeR had significantly higher
rates in the SOZ than in Non-SOZ channels. A significant positive correlation between
removal of ripple-events and good outcome was found for the mixed ripple group
(rs = 0.43, p = 0.017) and for ripples not associated with spindles (rs =0.40, p = 0.044).
Also, a significantly high proportion of spikes associated with ripples were removed in
seizure free patients (p = 0.036).

Discussion: SpindleR are found in mesio-temporal and neocortical structures,
indicating that ripple-spindle-coupling might have functional importance beyond
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mesio-temporal structures. Overall, the proportion of SpindleR was low and separating
spindle and spike associated ripples did not improve outcome prediction in our patient
group. SpindleR analysis therefore can be a tool to identify physiological events but needs
to be used in combination with other methods to have clinical relevance.

Keywords: high frequency oscillations, ripples, sleep spindles, epileptic spikes, post-surgical outcome, refractory

epilepsy

INTRODUCTION

Around 30% of patients continue to suffer from epileptic seizures
after optimized medical treatment (1). Their best chance to
achieve seizure freedom is epilepsy surgery offering success rates
of up to 80% (2). Epilepsy surgery aims to resect all epileptic
tissue including the seizure onset zone (SOZ), which is defined
as the area of the cortex that generates seizures at a given
point in time (3). In patients in whom non-invasive diagnostics
cannot securely identify epileptic regions, intracranial video-EEG
(iEEG) monitoring is considered the gold standard to localize the
primary epileptic focus (4).

High frequency oscillations (HFO, ripples: 80-250 Hz, fast
ripples: 250-500 Hz) are promising EEG markers of epileptic
tissue (5-9). HFO rates were repeatedly shown to be higher in
the SOZ (5, 6, 10, 11) and the resection of HFO-generating areas
correlated with a good postsurgical outcome in several studies
(9, 12, 13). These findings were confirmed by a meta-analysis
of Holler et al. reviewing 11 HFO studies (14). Furthermore,
HFO were considered superior to spikes in delineating the SOZ
by some studies (6, 15). Nevertheless, the question whether
epileptic spikes or HFO are more reliable biomarkers of epileptic
tissue is still controversial. For instance, Roehri et al. found no
benefits in using HFO instead of spikes for delineating the SOZ,
especially on a single patient level. Furthermore, the analysis of
HFO co-occurring with spikes could improve the delineation of
epileptogenic areas (16-18).

Several retrospective analysis have shown that removing
HFO-generating areas correlates well with favorable postsurgical
outcome in group analyses (19). In the clinical context outcome
prediction is only relevant if it can be performed prospectively
and on a single-patient basis. Results show that HFO can
correctly predict outcome in some but not all patients (12, 13, 20).

Several pitfalls have been identified when using HFO to
delineate epileptic areas. One of the most commonly named
challenges is the co-existence of physiological and epileptic HFO.
As Engel and co-workers pointed out early on, a simple frequency
analysis does not allow us to safely separate physiological HFO.
Identification of physiological HFO in the human brain is
complicated for two reasons. First of all, for ethical reasons
all patients investigated with iEEG are suffering from epilepsy
and might have widespread brain abnormalities. Identifying
clearly healthy brain regions and certain physiological HFO
is challenging but can be accomplished as has been recently
demonstrated by Frauscher et al. (19). Their atlas of physiological
HFO activity suggests that physiological HFOs are visible over
most brain regions in agreement with other recent studies that
could show physiological HFO activity originating not only

from mesio-temporal regions but also from central and occipital
regions (21, 22). Identifying HFO in clearly healthy brain tissue
however does not help to overcome the second challenge, which
is to separate physiological and epileptic HFO in regions of the
SOZ and those with clear epileptic activity. In these regions
either advanced analysis of HFO frequency and amplitude
characteristics (23-25) or coupling analysis to co-occurring EEG
phenomena has been successfully used (26, 27).

One approach for identifying physiological HFO that has been
previously explored by our group is the analysis of spindle-ripple
coupling (25). At this point, spindle-ripple association has been
shown for physiological ripples in mesio-temporal structures
(27-29). Clemens and co-workers stated that thalamo-cortical
sleep spindles—functionally linked to periods of reduced sensory
input—enable a secure timeframe for information transfer
from the HC to the neocortex (30, 31). Ripples nested into
single troughs of spindles are believed to enable a temporally
synchronized memory-transfer from the HC to neocortical
areas for long-term storage (30, 32, 33). The formation of
spindle-ripple events is thought to be supported by neocortical
slow oscillations (<1Hz) which organize the occurrence of
both thalamocortical spindles and hippocampal ripples (as
illustrated in Figure 1). By analyzing the oscillatory features of
a mixed group of ripple-range HFO, our group found that HFO
associated with sleep spindles have different amplitude features
than those with spikes and in the SOZ. Their lower amplitude
could be used to separate mesio-temporal ripples from other
ripples (25, 34).

It remains unclear, if spindle associated ripples also occur
outside mesio-temporal structures and might support other
cognitive functions. In the current paper we therefore
aim to investigate ripple-spindle association across the
brain including temporal neocortical, frontal, parietal, and
occipital areas. We hypothesize that sleep spindle-ripple-links
might support information transfer across brain regions for
different functional purposes. Moreover, we investigate whether
systematic separation of ripples associated with spindles and
spikes can improve surgical seizure outcome prediction in our
patient population.

METHODS

Patient Selection

One hundred and eight patients received chronic intracranial
EEG (iEEG) at Freiburg Epilepsy Center between January 2012
and December 2017. The decision for implantation and the exact
placement of the invasive electrodes was solely based on the
clinical needs and results of a multidisciplinary surgical case
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FIGURE 1 | Schematic illustration of thalamic sleep-spindles and hippocampal ripples nesting in the depolarizing up-states of neocortical slow oscillations.

conference. All EEG recordings were evaluated independently =~ Netherlands) software via 2nd Butterworth filter with a cut-oft-
of this study by experienced neurophysiologists, who also  frequency of 0.5Hz. All files were then converted into “edf”-
determined the extent of the SOZ (3). HFO were not clinically  format for automatic detection.

used for delineating the epileptogenic area. The study was

Valid.ated by the Ethics Committee of the Freiburg University Detection and Division of Ripple Subtypes
Medical Center. . . : .
: ) ) o Automatic detection of ripples and spikes was performed on

For this study, inclusion criteria were: at least one electrode . . . .

. . . iEEG, while frontal and parietal sleep spindles were detected
in the mesio-temporal structures, simultaneous scalp EEG for . . .
i ) ) on the simultaneous scalp EEG. For both analysis previously
sleep spindle detection and an EEG sampling rate of 2kHz. bli
o > ) ) published detectors were used (38, 39). These detectors are based
For outcome prediction we also only included patients which o e . . .

d fter iEE di on the multivariate classification of iEEG epochs using kernelized
underwent surgery after iEEG recording. support-vector-machines. The features used for the multivariate
classification described the amplitude, waveform and frequency
characteristics of the iEEG epochs and were also based on the
raw, filtered and wavelet-transformed signals. The description
of the feature calculation and selection is described in the
corresponding publications, as well as the procedures followed
for the training, validation and testing of the detectors. We used
a custom MATLAB 2018b script to determine ripples coinciding
with spikes and sleep-spindles.

The first 5min of each EEG segment were then visually
examined to exclude any EEG artifacts i.e., background noise.
Ripples were categorized into four subtypes: all ripples, ripples
coincident with scalp sleep spindles (SpindleR), ripples not
coincident with scalp spindles (Non-SpindleR) and ripples
coincident with epileptic spikes in the same iEEG channels
(SpikeR). Ripples coincident with both spindles and spikes were

EEG Segment Selection excluded as we were not able to categorize them as either epileptic
or physiological.

Recording Methods

Intracranial depth electrodes with five to 18 contacts and a
diameter of 0.8 mm made of Platinum/Iridium (Dixi Medical,
Besancon, France) were implanted. Intracranial EEG was
recorded with a digital video system called “Profusion EEG
Software” (Compumedics Limited, Abbotsford Victoria,
Australia) and sampled with a 2kHz rate using a digital
low-pass filtering with a cutoff frequency of 800 Hz. Ten- to
twenty-system scalp EEG combined with electrooculogram
and electromyogram was installed the second day after iEEG
implantation. The different sleep stages were determined
independently from this study by experienced EEG technologists
according to the American association of sleep medicine (AASM)
guidelines (35).

As spikes and HFO occur more frequently in slow-wave-sleep

(36) and sleep spindles are found predominantly in slow wave

sleep stage N2 (37), we chose N2-EEG periods for all analyses. ~ Clinical Data

For each patient 30 min of EEG with at least 60 min distance to  Clinical information on lesion, epilepsy type, EEG, imaging

epileptic seizures were selected. results and postsurgical outcome were collected from the
The EEG data was transformed into a binary format and  electronic patient record system. All patients had at least 12

high-pass-filtered using the “ASA” (ANT Neuro, Enschede,  months of postsurgical seizure follow-up.
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All patients received MRI while the electrodes were in
place as well as 3 months after epilepsy surgery. MRI with
electrodes in place were used to locate channels and assign
them to one brain region. Both MRI were co-registered using
SPM software to visualize which contacts were located in the
surgical cavity. This analysis allowed us to clearly decide whether
a contact was located within or outside the surgical area.
In <5% of the channels a clear allocation was not possible
and these were excluded from analysis. Examples would be
contacts directly located at the border of a resection or in brain
areas that can be considered as functionally disconnected after
the resection. All EEG-contacts were divided into surgically
removed channels (RemCh) or channels remaining after surgical
intervention (Non-RemCh).

Statistical Analyses
Figure 2 summarizes the methodological approach of this study.

Descriptive Statistics

In our descriptive analysis we examined the rates of the
ripple subtypes in mesio-temporal (amygdale, hippocampal,
parahippocampal) and neocortical (frontal, parietal, temporal
occipital) regions. The rate per minute of the different ripple
subtypes for each channel (all Ripples, SpindleR, SpikeR and
Non-SpindleR was calculated. Additionally, the rates in SOZ vs.
Non-SOZ channels of each subtype were calculated.

Correlation With Surgical Outcome

First, we performed a Wilcoxon rank sum test to compare rates
of different event types in different brain regions and patient
outcomes as listed below:

- mesio-temporal vs. neocortical channels

- SOZ vs. Non-SOZ-channels

- patients with a good post-surgical (Engel I) vs. a bad post-
surgical outcome (II-IV).

Significance level was set at o = 0.05.

To evaluate whether the proportion of removed events
correlated with the surgical seizure outcome several ratios were
calculated between removed and non-removed areas:

1. Ratios between rates of each ripple subtype (ev) in surgically
removed channels (RemCh) vs. non-removed channels (Non-
RemCh) were calculated for each ripple-subtype (all Ripples,
SpindleR, SpikeR, Non-SpindleR), separately.

ZRemCh Rate (ev) — ZNonRemCh Rate(ev)
Z[RemCh,NunRemCh] Rate(ev)

Ratio Rate (ev) =

Following the methods of Jacobs et al. (12) a value close
to +1 states that the majority of ripples has been removed,
and therefore the patient should have a good postsurgical
outcome. A value close to —1 states that the majority of ripples
remained unchanged, so the postsurgical outcome should
be poor. A value around zero indicates that the amount of
removed ripples equates approximately the amount of non-
removed ripples.

2. Patient-specific thresholds (high-rate ratios) according to the
upper-fence-method of Akiyama et al. (40) were calculated
to focus on areas with high HFO activity. The-upper-fence-
method enabled us to identify channels with high rates of
HFO. Ratios for these high-rate channels were calculated in
the same way as the ratios for all channels.

3. We calculated if the removal of all SOZ channels
(#ChannSOZRem) would result in a better postsurgical
outcome than their non-removal (#ChannSOZNonRem).

#ChannSOZRem — #ChannSOZNonRem
#ChannSOZRem + #ChannSOZNonRem

RatioSOZ =

This ratio increases as the proportion of removed to non-
removed channels increases. A value close to +1 indicates, that
the majority of ripples lay within the SOZ, so after resection
patients with a high SOZ-Ratio should have a good postsurgical
outcome, if the SOZ and the HFO-generating tissue overlapped.
A value close to —1 states that the majority of ripples lay outside
the SOZ, these patients should have a poor postsurgical outcome.

Spearman correlations were performed for all described ratios
and the post-surgical outcome (Engel I-IV). The significance level
of all analyses was set at a2 = 0.05.

RESULTS

Thirty one patients met the study inclusion criteria (see Table 1
for clinical information). All patients showed ripples, spikes and
sleep spindles in the automatic detections.

In total 2,291 iEEG channels were analyzed, 187 of these were
located in mesio-temporal structures, 2,104 in the neocortex.
Overall, 767,763 ripples were detected. Of these 82,717 (10.77%)
were SpindleR (Spindle-coincident-ripple), 143,416 (18.68%)
SpikeR (Spike Ripples), 572,953 (74.63%) Non-SpindleR (ripples
outside spindles) and 511,743 (66.65%) Non-cR (ripples not
coincident with spikes or spindles). Ripples coincident with
spindles and spikes (29,887; 3.89%) were excluded from the
analysis as it was unclear whether to classify them as physiological
or epileptic.

In total, 457,995 (59.65%) ripples were found in the temporal
neocortex (TNC), followed by the frontal neocortex (FNC:
128688 ripples; 16.76%), the occipital neocortex (ONC: 50,914
ripples; 6.63%), the hippocampus (HC: 46,397 ripples; 6.04%),
the parietal neocortex (PNC: 38,642 ripples; 5.03%), the amygdala
(A: 31,264 ripples; 4.07%) and the parahippocampal structures
(PHC: 13,863 ripples; 1.81%).

Ripple Distribution Across Brain Regions
Table 2 shows all rates of the ripple subtypes in different
brain regions (see Table 2 in for detailed information), Figure 3
additionally illustrates the distribution of SpindleR and SpikeR.
Figure 4 shows the percentage of SpindleR, SpikeR, and Non-
CoincidentRipples of the sum of ripples in the specific brain
regions, respectively.

Notably none of the ripple subtypes was exclusive to one
brain region. Ripples associated with spindles were visible over
all brain regions and not exclusively observed in the mesio-
temporal structures.
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FIGURE 2 | It summarizes the methodological approach of this study. We used scalp and intracranial EEG (DE, depth electrodes) of the video-EEG-monitoring of
patients with refractory epilepsy. The raw EEG data was then visually examined to exclude channels in white matter or with too many artefacts. Afterwards, sleep
spindles were automatically detected in frontal/parietal scalp EEG contacts; ripples and spikes were automatically detected in intracranial EEG. Rate ratios (mirroring
the extent of removal of HFO generating tissue) were calculated for All Ripples, ripples outside spindles (Non-SpindleR) and Spike-Ripples. All included patients
received surgery and a 1 year-follow-up. We hypothesized, that the removal of brain tissue generating ripples outside spindles would lead to a good postsurgical
outcome after 12 months, whereas the remaining of respective tissue would lead to a bad postsurgical outcome.

Mesio-temporal channels showed significantly higher rates in
all four ripple subtypes than neocortical channels according to
the Wilcoxon rank-sum tests (p = 0.015 in SpindleR, p < 0.001
in all Ripples, Non-SpindleR and SpikeR) (see Figure 5). All four
ripple subtypes showed higher rates in the SOZ channels than
in Non-SOZ-channels (p = 0.039 in SpindleR, p < 0.001 in all
Ripples, Non-SpindleR, and SpikeR (see Figure 6).

The average SOZ ratio over the entire cohort was 0.60 %
0.43. Patients, in which SOZ channels were removed, showed a
significantly better outcome than patients with remaining SOZ
channels (Wilcoxon rank sum test: p = 0.024) (see Figure 7).

The Spearman correlation concerning the SOZ channel
ratio showed a significant correlation between removal of SOZ
channels and good outcome: rg = 0.350, p = 0.030.

Correlation Between Surgical Outcome
and Removal of HFO Subtypes

The following average rate ratios were obtained for the different
ripple subtypes over the entire cohort: All ripples: —0.29 =+ 0.33;
Non-SpindleR: —0.29 =+ 0.33; SpikeR: —0.07 =+ 0.46.

Considering all channels, significantly higher ratios for spike-
ripple removal were seen in patients with seizure free vs. poor
outcome (p = 0.04). No significant differences were seen for the
other ripple subtypes (see Figure 8).

Considering only channels with high rates of HFO as
determined by the upper fence method, a significantly higher
proportion of ripples were removed in seizure free patients
compared to those with poor outcome. This significant difference
was comparable for all ripples (p = 0.02), Non-SpindleR
(p = 0.03) and SpikeR (p = 0.04) (see Figure 9).

The Spearman correlations between the removal of the
different ripple events and a good post-surgical outcome did not

show significant correlations when all channels were analyzed:
All ripples (r; = Spearman’s rank correlation coefficient = 0.22,
p = 0.24), Non-SpindleR (rs = 0.16, p = 0.39), Spike-ripples
(rs = 0.33, p = 0.07), ripples not coincident with other events
(rs =0.17, p = 0.36), and SpindleR (rs = 0.21, p = 0.25).

When only considering high rate channels, the Spearman
correlations showed significant correlations between removal
of ripple events in high rate ripple channels and seizure free
outcome. This was strongest for all ripples (r; = 0.43, p = 0.02)
and Non-SpindleR (r; = 040, p = 0.03), but borderline
significant for SpikeR (rs = 0.35, p = 0.05).

DISCUSSION

The present study demonstrates that ripples are associated
with sleep spindles not only in the mesio-temporal regions
but across the brain. Overall, this ripple subtype is rather
infrequent and probably only represents a small subpopulation
of physiological ripples. As previously described, we could show
a correlation between the removal of ripple generating tissue
and seizure free outcome. Without restricting the data to areas
with frequent ripples, this analysis was only significant for
ripples associated with spikes as has been suggested by Roehri
et al. (16). Thresholding the data for areas with high ripple
rates was highly effective in our population in increasing the
correlation between outcome and ripple removal, as has been
described previously (40). This correlation was independent of
whether we looked at the mixed event group or subpopulations
of ripples. Therefore, the separation of spindle associated
ripples did not lead to the hypothesized improvement of
outcome correlation.
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TABLE 1 | Summary of clinical and demographic data.

Pat.Nr. Age at OP Gender Type of Seizure MRI Type of surgery

1 49 M FAS no lesion R sAHC

2 23 F FAS, FIAS, FBTCS R HS R T-pole resection, AHC

3 34 F FAS, FIAS, FBTCS NF1, ganglioglioma WHO| L F pall lesionectomy

4 44 F FAS, FIAS, FBTCS Bil TP MEC L T-pole resection

5 46 M FIAS, FBTCS FCC R Ant T-pole resection, AHC
6 39 M FAS, FIAS, FBTCS R FCD tmp, L T NC lesion R F lesionectomy

7 60 F FAS, FIAS, FBTCS Bil TP MEC, L T P lesion L T-pole resection, sphen Enceph resection
8 49 M FAS, FIAS, FBTCS R O bas FCD R O T resection

9 51 F FAS, FIAS, FBTCS RHS, TAFCD R Ant T-pole resection, AHC
10 40 F FAS, FIAS, FBTCS R HS R T-pole resection, AHC

11 18 F FAS, FIAS L TFCD, HS L T-pole part resection, AHC
12 25 M FAS, FIAS, FBTCS L T M lesion, possible FCD L lesionectomy, HC

13 12 M FAS, FIAS R T possible FCD R T-pole resection, AHC

14 56 F FAS, FIAS R A GC lesion, possible FCD R Ant lesionectomy GC

15 12 M FAS, FIAS tuber sclerosis, NCN R pall T-pole resection, AHC
16 34 F FAS, FIAS, FBTCS R sphen MEC R T-pole resection, AHC

17 17 M FAS, FIAS, FBTCS R T Pol AC, F B lesions R F resection, T-pole

18 24 F FAS, FIAS, FBTCS no lesion L sAHC

19 52 F FAS, FIAS, FBTCS possible postembolic lesions infratent L T-pole part resection, AHC
20 29 M FAS, FIAS, FBTCS Bil T-pol sphen MEC, L possible FCD L T-pole resection

21 31 F FAS, FIAS Bil HS R T-pole resection, AHC

22 55 M FAS, FIAS, FBTCS L T-pol possible FCD L T-pole part resection

23 27 M FAS, FBTCS R possible TAE R GTS resection

24 55 M FIAS, FBTCS L T P MEC, thal infarct 2008 L T-pole resection

25 22 M FAS RHS R sAHC

26 28 F FAS, FIAS L FCC, Bil white matter lesions L T-pole resection, AHC

27 33 F FAS, FIAS, FBTCS no lesion R T-pole part resection

28 53 M FAS, FIAS, FBTCS R T-pol possible FCD R T-pole part resection, AHC
29 38 M FAS, FIAS Bil HS L pall sAHC

30 22 F FAS, FIAS, FBTCS PCA WHO?I R T resection, AHC

31 13 M FAS, FIAS no lesion R T-pole resection, AHC

AC, arachnoidal cyst; AHC, amygdalohippocampectomy; Ant, anterior; B, basal; Bil, bilateral; Enceph, encephalon; F, frontal; FAS, focal aware seizure; FBTCS, focal to bilateral
tonic-clonic seizure; FCC, Fissura choroidea cyst; FCD, focal cortical dysplasia; FIAS, focal impaired awareness seizure; GC, gyrus cinguli; GTS, gyrus temporalis superior; HS,
hippocampal sclerosis; infratent, infratentorial; L, left; M, mesial; MEC, meningoencephaloceles; NF1, neurofibromatosis 1, NC, Neocortex; NCN, nevus cell nevi; O, occipital; PCA,

pylocytic astrocytoma; pol, polar; R, right; SAHC, selective AHC; sphen, sphenoidal; T, temporal; TAE, teleangieectasia; thal, thalamus; tmp, temporomesiopolar.

Occurrence of SpindleR in Different Brain
Regions

The first goal of this study was to examine whether spindle
associated ripples could be found outside of mesio-temporal
structures, as SpindleR have thus far only been reported from
mesio-temporal sites (25, 30, 31, 41). Our results suggest that
SpindleR can be found across all brain regions. In a second
step the anatomic distribution of SpindleR, Non-SpindleR, and
SpikeR was assessed.

While it is well-known that the correlation between sleep
spindles and ripples in MTL structures is part of the process that
allows information transfer from mesio-temporal to neocortical
structures (30-32), it remains unclear whether there is a
functional spindle-ripple-coupling in neocortical areas. Possibly,
neocortical SpindleR fulfill a similar task of information-transfer
over wide distances in the brain. However, there is evidence that

slow waves, sleep spindles and ripples are functionally connected
(42-44). Ellenrieder et al. found a connection of slow waves
with mesio-temporal ripples but also with neocortical ripples
outside the SOZ (45). Another study showed that neocortical
physiological HFO tend to occur with 0.5-1Hz slow waves,
whereas epileptic HFO tend to occur with another type of slow-
waves with frequencies between 3 and 4 Hz (22). According to
these results it is likely that physiological neocortical ripples may
also occur during sleep spindles.

Overall, the proportion of ripples associated with sleep
spindles is low. This is the case for contacts inside and outside
the SOZ, as well as for contacts with and without epileptic
spikes. It is therefore very likely that SpindleR only represent
a subtype of physiological ripples expressed in the brain. At
this point no study has investigated a correlation between
function and SpindleR. It remains therefore an open task to
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TABLE 2 | Average ripple rate/minute + SD (standard deviation) for All Ripple, SpikeR, SpindleR, and Non-SpindleR.

@ Ripple Rate/min All Ripple (R) SpikeR SpindleR R outside Spindles
A 414 + 2.67 1.95 +3.44 1.20 £ 1.00 9.26 £ 7.49
HC 427 +2.76 2.07 + 3.53 1.19 £ 1.00 9.63 £ 7.71
PHC 411 +£2.73 1.97 £ 342 1.12 £ 0.85 9.256 £ 7.48
TNC 428 +2.78 2.09 £+ 3.59 1.20 £ 1.00 9.564 £ 7.75
FNC 4.15 4+ 2.69 1.96 + 3.43 119+ 1.00 9.31 £ 7.51
PNC 3.83 + 2.60 1.83 £3.24 1.09 £ 0.82 8.57 +£7.13
ONC 4,32 + 2,81 2.13 +3.63 1.21 £ 1.01 9.63 + 7.83

A, Amygdala; HC, Hippocampus; PHC, Parahippocampus; TNC, Temporal Neocortex; FNC, Frontal Neocortex; PNC, Parietal Neocortex; ONC, Occipital Neocortex.
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FIGURE 3 | Distribution of Spindle-Ripple (SpindleR) and Spike-Ripple (SpikeR) in different brain areas. SpindleR and SpikeR were more frequent in mesio-temporal
structures than in neocortical structures. Mesio-temporal lobe: A, amygdala; HC, hippocampus; PHC, parahippocampal; Neocortex: TNC, temporal neocortex; F,
frontal neocortex; P, parietal neocortex; O, occipital neocortex.
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FIGURE 4 | Percentage distribution of the three different ripple subtypes in mesio-temporal and neocortical channels. The amount of SpikeR was higher in

mesio-temporal structures compared to the amount of SpindleR, whereas the amount of SpikeR and SpindleR was more alike in the neocortex. Mesio-temporal lobe:
A, amygdala; HC, hippocampus; PHC, parahippocampal; Neocortex: TNC, temporal neocortex; F, frontal neocortex; P, parietal neocortex; O, occipital neocortex.

correlate specific functions like memory performance with the  ripples co-occurred with spikes and sleep spindles at the same
proportion of SpindleR expressed over a certain brain region.  time. This phenomenon is hard to explain but might be an
It will also have to be assessed whether SpindleR are somehow  indicator that physiological ripples occur in epileptic regions
linked to other physiological ripples such as those coupled with ~ and might be visible at the same time as epileptic spikes. This
slow waves. In the present study a very small percentage of is in line with the observation that SpindleR clearly occur over
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FIGURE 5 | Rates of four different ripple subtypes in mesio-temporal and neocortical channels. Mesio-temporal (MTL) channels showed significantly higher rates of all
four ripple subtypes than neocortical (NC) channels. The share of likely pathological ripples [Spike-ripple (SpikeR) and ripples outside spindles (Non-SpindleR)] was
significantly higher in the mesio-temporal contacts. SpindleR, Spindle-Ripples.
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FIGURE 6 | Rates of different ripple subtypes in SOZ and Non-SOZ channels. All Ripple subtype rates were significantly higher in SOZ (=seizure onset zone) channels
than in Non-SOZ channels. (SpindleR, Spindle-ripples; SpikeR, spike-ripples; Non-SpindleR, ripples outside spindles).

SOZ areas again suggesting that regions generating physiological ~ areas capable of generating seizures. Moreover, it demonstrates
and epileptic activity have substantial overlap. This has been  the complexity of separating physiological from epileptic HFO.
suggested by other studies (20), which could not show that high A pure separation by looking at healthy vs. epileptic brain tissue
rates of epileptic spikes and HFO necessarily correlate with poor ~ might fall short of describing the actual coexistence of both event
cognitive function. types within the same brain region.

Ripple Subtypes in the SOZ Correlation Between Surgical Removal of

The results of this study showed that all ripple types are most Ripple Generating Areas and the

frequent in mesio-temporal regions as described before (6, 45). Postoperative Seizure Outcome

Moreover, our results are similar to many previous studies in It was one important goal of this study to see whether the
regard to ripple rates being significantly higher inside than  identification of SpindleR as one group of physiological ripples
outside the SOZ (7, 13, 46-50). As expected, SpikeR and Non-  would improve specificity of HFO as a biomarker for epileptic
SpindleR showed significantly higher rates in the SOZ. Consistent  tissue and therefore improve the prediction of postsurgical
with recent findings, SpikeR were especially more frequent in  seizure outcome. This hypothesis was based on several studies
SOZ channels than in channels outside the SOZ (51). A previous  suggesting sleep spindle associated ripples being most probable
study from our group suggested that physiological ripples occur ~ physiological HFO models (25, 30, 31, 34, 41). The results
and can carry function in SOZ areas (52). It might explain why  in this study fail to show clear improvement of outcome
in this study SpindleR were seen slightly more frequently in the  correlation when only analyzing those HFO that are not linked
SOZ. This underlines the fact that function can take placein brain  to sleep spindles.
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FIGURE 8 | Rate ratios of three ripple subgroups with good vs. bad outcome.
The ratio of removed Spike-Ripples were significantly higher in patients with a
good (Engel |) compared to patients with a bad postsurgical outcome (Engel
II-IV). No significant differences in ratios for Ripples outside spindles and All
Ripples between both patient groups were seen. Significant difference to the
correspondent boxplot (same colour).

As expected, the correlation between HFO removal and
surgical outcome was strongest when focusing on spike
associated ripples (16, 51). Moreover, results improved when

applying a thresholding technique that allows only considering
areas with high rates of HFO (20, 40). The categorization
of SpindleR therefore does not allow to sufficiently separate
physiological and epileptic ripples in all those events that are not
coupled to an epileptic spike. The most likely explanation for
this observation is that various types of physiological HFO exist
and that their characteristics and coupling to other physiological
rhythms largely varies as does their function and location.

To actually improve the outcome correlation, it might
therefore be essential to combine several techniques to classify
ripples as physiological or epileptic. Previous studies suggested
that the timing in which ripples are coupled to slow waves
is one way to identify physiological ripples (45). Another way
might be to analyze several sleep stages as only epileptic ripples
are suppressed during phasic REM sleep. Liu and coworkers
additionally suggest that epileptic ripples have more stereotypic
characteristics than physiological ones (53). The technique
presented in this study can identify ripples associated with
spikes and sleep spindles in a fully automated way. If these
analyses can be combined with other techniques, separation of
more physiological ripples might be possible. Independent of
this, further research will have to aim at providing a better
understanding of influences such as brain region, structural brain
abnormalities and epilepsy duration on the occurrence and shape
of physiological HFO. The virtual brain atlas project initiated by
Frauscher and co-workers is one step in this direction (19).

Methodological Considerations
There are several limitations of this study, which might have
contributed to the above-discussed findings.
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First, we only included patients which had electrodes
implanted in the mesio-temporal structures as it was unclear at
the beginning of this project whether spindle-ripple-association
existed outside the mesio-temporal region. This was not limited
to patients with temporal lobe SOZ but results in more patients
with temporal lobe epilepsy than others. The predominance of
contacts in the mesio-temporal structures might have increased
the overall number of ripples detected in this study as HFO
in general have highest rates in these structures. It is however
unlikely that this selection influenced the correlation analysis
between ripple removal and outcome, as predominance of ripples
in SOZ and surgical areas was visible independent of the location
of the SOZ and resection. Additionally, like many previous
studies (14) this study had a retrospective design and did not aim
to predict surgical outcome prospectively. This design does not
provide strong information for translation into clinical use and if
a future method of ripple classification should be more successful
it would be mandatory to test this method prospectively.

Our study shows that distinct ripple subtypes can be separated
by analyzing co-occurrence with spikes and spindles. The
analysis was focused on analyzing subtypes of events in each
channel, separately analyzing interactions between neighboring
or distant channels. At this point it remains unclear whether
these subtypes also show distinct network characteristics. While
HFO were considered very focal events in the past, most recent
research suggests that they might show propagation similarly
to the well-described propagation of epileptic spikes. Recent
studies have differentiated ripple-subtypes according to their
role as “onset-ripples” and “spread-ripples;,” suggesting that
removing ripples that initiated the propagation (onset-ripples)
were associated with a good outcome, whereas removing areas
where ripple spread were not (54, 55). Network characteristics
and propagation phenomenon of HFO have also been discussed
as a result of studies using intraoperative EEG prior and after
surgery to analyze HFO. These studies suggest that HFO have
network interactions. More specifically HFO visible in the
postsurgical EEG might be different in locations from those in
the pre-surgical EEG and more relevant for the surgical outcome
prediction (50). At this point it is unclear whether HFO networks
and propagation is limited to specific anatomical structures and
whether network characteristic of HFO are distinct for epileptic
and physiological events. Using spindle-ripple analysis could
shed future light into this question.

In the present study we focussed on the analysis of scalp
sleep spindles using an automated detector that has been
modified to application in patients with epilepsy (38, 39). This
is important as automated detection tools developed in healthy
subjects might not work reliably to detect spindles in scalp EEG
that are recorded simultaneous to intracranial EEG in patients
with chronic epilepsy. It is well-known that epilepsy influences
sleep phenomena and can alter sleep spindle characteristics
(56). Epilepsy might reduce the occurrence of sleep spindles.
This has been described to be most prominent in times of
frequent seizures (57), generalized epilepsies (56), and in those
patients with large cortical malformations (58). It can therefore
not be excluded that the analyzed patients had reduced sleep
spindle occurrence compared to healthy subjects. Most patients

however had very focal or no structural abnormalities and we
selected EEG periods with the longest time interval away from
seizures that could be selected. The fact that we could find sleep
spindles and SpindleR in all our patients therefore suggests that
SpindleR analysis is possible in patients with chronic refractory
focal epilepsy.

CONCLUSION AND OUTLOOK

The observation that SpindleR occur in brain regions beyond
the mesio-temporal areas will be relevant when it comes to
understanding functional importance of ripple oscillations as
well as using HFO as biomarkers in patients with epilepsy.
Extending the questions of this study, spindle-ripple analysis
might be useful to identify functionally active brain regions
during the pre-surgical diagnostics. A possible correlation
of mesio-temporal HFO and memory performance has been
examined before (52). An approach for future studies might
therefore be the assessment of various cognitive functions and
the occurrence of SpindleR.

It has been shown that HFO analysis is not limited to
intracranial EEG and that HFO can also be seen in scalp
recordings. The identified scalp HFO have a clear intracranial
correlate as could be shown in simultaneous scalp-intracranial
(59, 60) and EEG-MEG recordings (18). Data suggests that both
physiological and epileptic HFO can be seen in scalp EEG (61).
Papadelis et al. could show that HFO localization was comparable
between invasive and non-invasive methods (62). While scalp
HFO clearly co-occur with spikes it is unclear whether there
is also a possible temporal coupling with sleep spindles. In the
present study no scalp HFO analysis was performed as this
is difficult to achieve with automated methods. Moreover, our
recordings were too long for visual scalp HFO analysis. Future
studies however could focus on scalp HFO spindle correlation
and on better understanding which intracranial HFO are visible
on the scalp.

Overall, SpindleR are most likely one type of physiological
ripple activity generated by the brain. As has been hypothesized,
spindle-ripple coupling most likely serves information transfer
between brain lobes. Evidence in this study suggests that
the value of SpindleR alone to identify physiological ripples
on pre-surgical diagnostics is limited. A combination of
different methodological approaches including the identification
of SpindleR to differentiate between epileptic and physiological
HFO is therefore more promising.
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Epileptic High-Frequency Oscillations
in Intracranial EEG Are Not
Confounded by Cognitive Tasks
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Rationale: High-frequency oscillations (HFOs) in intracranial EEG (IEEG) are used to
delineate the epileptogenic zone during presurgical diagnostic assessment in patients
with epilepsy. HFOs are historically divided into ripples (80-250 Hz), fast ripples (FR,
>250 Hz), and their co-occurrence (FRandR). In a previous study, we had validated the
rate of FRandRs during deep sleep to predict seizure outcome. Here, we ask whether
epileptic FRandRs might be confounded by physiological FRandRs that are unrelated
to epilepsy.

Methods: We recorded iEEG in the medial temporal lobe MTL (hippocampus, entorhinal
cortex, and amygdala) in 17 patients while they performed cognitive tasks. The
three cognitive tasks addressed verbal working memory, visual working memory, and
emotional processing. In our previous studies, these tasks activated the MTL. We
re-analyzed the data of these studies with the automated detector that focuses on the
co-occurrence of ripples and FRs (FRandR).

Results: For each task, we identified those channels in which the HFO rate was
modulated during the task condition compared to the control condition. However, the
number of these channels did not exceed the chance level. Interestingly, even during
wakefulness, the HFO rate was higher for channels within the seizure onset zone (SO2)
than for channels outside the SOZ.

Conclusion: Our prospective definition of an epileptic HFO, the FRandR, is not
confounded by physiological HFOs that might be elicited by our cognitive tasks. This
is reassuring for the clinical use of FRandR as a biomarker of the EZ.

Keywords: epilepsy surgery, seizure onset zone, epileptogenic zone, medial temporal lobe, working memory,
emotional processing, hippocampus, amygdala

INTRODUCTION

When considering epilepsy surgery, the recording of intracranial EEG (iEEG) is a standard
procedure to identify the seizure onset zone (SOZ; Jobst et al., 2020). There is accumulating
evidence that high-frequency oscillations (HFOs > 80 Hz) in the iEEG are a reliable biomarker
of epileptogenic tissue, bearing the potential to guide the surgical treatment of drug-resistant focal
epilepsy (Jacobs et al., 2009; Fedele et al., 2016, 2017a, 2019; van 't Klooster et al., 2017; Jacobs and
Zijlmans, 2020; Chen et al., 2021).

Frontiers in Human Neuroscience

www.frontiersin.org 101

February 2021 | Volume 15 | Article 613125


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://doi.org/10.3389/fnhum.2021.613125
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2021.613125&domain=pdf&date_stamp=2021-02-24
https://creativecommons.org/licenses/by/4.0/
mailto:johannes.sarnthein@usz.ch
https://doi.org/10.3389/fnhum.2021.613125
https://www.frontiersin.org/articles/10.3389/fnhum.2021.613125/full
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

Boran et al.

HFO Unaffected by Cognitive Processing

First reports in groups of patients showed that HFOs have
higher rates in electrode contacts within the SOZ than outside
the SOZ (non-SOZ; Jacobs et al., 2009). In individual patients, the
aim is to delineate the epileptogenic zone (EZ). The EZ is defined
as the area of the cortex whose resection leads to seizure freedom.
HFOs have been shown to indicate the EZ both in intraoperative
ECoG (Fedele et al., 2016, 2017b; van ’t Klooster et al., 2017;
Weiss et al., 2018; Boran et al., 2019¢) and in presurgical iEEG
recordings (Akiyama et al., 2011; Fedele et al, 2017a) while
the results of a clinical trial are still pending (van 't Klooster
et al., 2015). Furthermore, the HFO rate in surface EEG mirrors
epilepsy severity (Boran et al., 2019d; Fan et al., 2020; Klotz et al.,
2021).

HFOs are historically divided into ripples (80-250 Hz), fast
ripples (FRs, >250 Hz), and their co-occurrence (FRandR).
HFOs were first detected in the medial temporal lobe (MTL) of
rodents, independent of epilepsy but associated with cognitive
function (Buzsaki, 2006). Furthermore, HFOs occur in central
and occipital brain regions without a relationship to epilepsy
(Frauscher et al., 2018). These HFOs were therefore termed
physiological HFOs. Unfortunately, different studies use the
term “HFO” for different phenomena (Noorlag et al., 2019).
The distinction between a physiological HFO and an epileptic
HFO, which indicates the EZ, is a matter of ongoing research
(Cimbalnik et al.,, 2018, 2020; Frauscher et al., 2018; Weiss
et al, 2019, 2020; Arnulfo et al, 2020; Gliske et al.,, 2020;
Pail et al., 2020). Can an epileptic HFO be confounded with a
physiological HFO? The distinction has important implications:
Confounding might entrain an erroneous delineation of the EZ
and, in consequence, suboptimal surgical decisions.

To improve the clinical applicability of HFO, ideas on good
practice have been summarized (Fedele et al., 2019; Chen et al.,
2021). First, an epileptic HFO must aim to delineate the EZ and
be validated against seizure outcome. Second, there must be a
prospective definition of what should be marked as an epileptic
HFO, as can be achieved by an automated detector (Fedele et al.,
2016, 2017a; Weiss et al., 2018; Boran et al., 2019¢,d; Nariai et al.,
2019). Third, the data epochs should be carefully selected. In
clinical research, presurgical iEEG data is usually selected from
artifact-free epochs during deep sleep.

The detection of HFOs has been facilitated by automated
or semi-automated detection algorithms (Remakanthakurup
Sindhu et al.,, 2020. Of note, the vast literature on detection
algorithms reflects the vast variety of definitions of what is
considered to be an HFO. Here we apply a fully automated
definition of HFOs, which we previously optimized on visual
markings in a dataset of the Montreal Neurological Institute
(Burnos et al, 2016b) and then validated on independently
recorded data from Zurich (Fedele et al., 2017a). In that
study, FRandRs turned out to predict seizure freedom after
resective epilepsy surgery with the highest accuracy (Fedele
et al, 2017a). In a further study on an independent dataset
from Geneva, we again found high accuracy for outcome
prediction (Dimakopoulos et al., 2020). From these studies,
we deduce that FRandR are the best definition of an
epileptic HFO in iEEG and therefore focus our analysis
on FRandR.

Furthermore, we define as a physiological HFO an oscillation
whose occurrence does not reflect the pathology and that may
be induced by a cognitive task (Axmacher et al., 2008; Kucewicz
et al., 2014; Arnulfo et al., 2020).

In the present study, we address the distinction between
epileptic and physiological HFOs in the human MTL. For the
selection of data, we build on earlier studies where we asked
patients to perform cognitive tasks while we recorded iEEG.
In these earlier studies, we recorded and associated the firing
of single neurons with task performance, thereby confirming
that the tasks were indeed activating regions of the MTL in
the patients of this study (Boran et al, 2019a, 2020b). The
datasets are published for re-analysis (Boran et al., 2019b, 2020a;
Dimakopoulos et al., 2020; Fedele et al., 2020a, 2021).

We hypothesized that our prospective definition of an
epileptic FRandR (Fedele et al, 2017a) is not confounded by
physiological HFOs in the MTL. As our null hypothesis, the rate
of FRandRs should be unaffected by the cognitive processing
during task performance. We found a null result, i.e., cognitive
processing did not modulate the FRandR rate greater than
expected by chance.

MATERIALS AND METHODS

Subjects

The subjects were patients with epilepsy (17 subjects, age
18-56 years, 10 males, Table 1) that had iEEG electrodes
implanted in their MTL during the presurgical diagnostic
workup. All subjects had a normal or corrected-to-normal vision
and were right-handed as confirmed by neurophysiological
testing. Each subject performed at least one of the cognitive tasks.

Data Acquisition and Selection

Depth electrodes (1.3 mm diameter, eight contacts of 1.6 mm
length, and spacing between contact centers 3 mm or
5 mm; Ad-Tech!, Racine, WI, UDA) were stereotactically
implanted into the amygdala, hippocampus, and entorhinal
cortex bilaterally (Table 1). iEEG was recorded against a
common reference at a sampling frequency of 4,000 Hz with the
ATLAS recording system (0.5-1,000 Hz pass-band, Neuralynx,
www.neuralynx.com). For HFO analysis, iEEG signals were
resampled at 2,000 Hz and transformed to a bipolar montage.
We removed channels with high noise levels or many artifacts
and invalid trials.

In paralle]l to the iEEG data presented here, we used
microelectrodes and high-resolution equipment to record
neuronal firing, which has been reported previously (Fedele et al.,
2017a; Boran et al., 2019a, 2020b).

Electrode Localization

Electrode localization and clinical data were taken from the
published datasets (Boran et al., 2019b, 2020a; Fedele et al.,
2020a, 2021). In brief, the patients were implanted with iEEG
electrodes in MTL at Universititsspital Zirich. Electrodes were
localized using postimplantation CT scans and postimplantation
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structural T1-weighted MRI scans. For each subject, the CT scan ‘;:; 2 g
was registered to the postimplantation scan as implemented in 8 wx . ox , L x ox x ’(§)
FieldTrip (Oostenveld et al., 2011; Stolk et al., 2018). In the <
coregistered CT-MR images, the electrode contacts were visually 3
marked. The contact positions were normalized to the MNI 2 i‘
space and assigned to a brain region using the Brainnetome 3 8
Atlas (Fan et al, 2016). Also, depth electrode positions were ‘_i g %
verified by the neurosurgeon (LS) after merging preoperative 2 § £
MRI with postimplantation CT images of each subject in =Bl xoxoxx P e e ' §
the plane along the electrode (iPlan Stereotaxy 3.0, Brainlab, 5
Miinchen, Germany). We grouped electrodes according to their 2 g
anatomical region (Hipp: hippocampus, Ent: entorhinal cortex, i =
Amg: amygdala) and whether they were recorded within the g > g
SOZ or outside the SOZ. Figure 1 shows the localization of 52 g
. . . o 2 2}
the electrode tips projected on a parasagittal plane (MNI space S E | xxxxxx XXX 1 1 4 1 1|8
x=—25.2 mm). %
8
Clinical Data and SOZ - z 3
Patients underwent a presurgical diagnostic workup at Cj £ g
Schweizerische Epilepsie-Klinik. The clinical information was 2« ;L:» - o B 3 @
taken from the hospital patient records. The SOZ was defined by < EdaZad & T g9
experienced epileptologists independent of the studies. § S rACIC cS5ECE 27 o |E2
:%w << T << o < < ;g,g
Tasks Activating the MTL Guided iEEG g 5
Data Selection 5 L EEEE & < 5 <
Our selection of iEEG data was guided by whether we had found % D_I_} D_I_—_} ; D_I_—_} ; D_I_} - D_I_—_} 2 §
neuronal firing in the same subjects that were associated with task = o ocaoaoao o o a €3
performance (Boran et al., 2019a, 2020b; Fedele et al., 2020b). § § § § § § T § éé § Z 2
Our previous analysis of neuronal firing in the MTL served g T F 0T E I K 3 § g
to characterize task demand and to predict subject behavior, g 8 S— Eﬂ 8 8 8 & 8 o 8 £ 8 &« <
thus demonstrating the involvement of MTL in cognitive task g R EEE R N S é—‘;
performance. Only then we could be assured that this structure 2. i3I8 E FEEZ S é
of MTL in this subject was actually engaged in task processing. % 3 rrrccctctoceda 22
S § 333533333233¢3 %% 88
Verbal Working Memory Task Sl TITTTTTITTITEIE <3
To activate verbal working memory, we used a modified = ;1:)3 §
Sternberg task where the subject had to memorize a string = _ 35
of letters (Figure 2A; Boran et al, 2019a). The number of é g}_ §§
letters in the string determined the working memory load (low 2 28 2% = 3 § 3 § 288G *% é
workload: four letters; high workload: six or eight letters; 50 trials = 229 _ £5:858 3 28808 o N
per session; 36 sessions in total). The mean duration of recording 2 2% 23803838 ® TEED %-(g
in each subject was 23.3 min. The behavioral results of the 3 ? (% g % § %% %f:j g c f:é c g % g g S5
subjects were as expected from a working memory task: the rate g 2 gS8ecs88L28¢8 § = § 8888 §§
of correct responses decreased with set size from 4 (98.5% correct 2 5 2o2f0o58528 _DE S _DE gogog/88
responses) to set sizes of 6 (90.5%) and 8 (84.7%). The mean § §§
response time for the correct trials (1630 trials) increased with g 9
workload (48 ms per item). We analyzed a total of 773 MTL z 5 o § 5 o o %'Eé § %E § § 5 oo § ool 8 ;:
channels from nine sub)ect‘s for this task (Table 1). B3 S 5S8S0500500883583F § IS
We have reported earlier (Boran et al., 2019a) that for the 2 g <
same task in the same subjects, we found neurons in the MTL % g §
that fired persistently during the maintenance period. Some of 2| 8 D O D T OO O - glé
these neurons increased their firing rate for a high workload. We fj% < T oAy T araeoaTeaao T’
could also decode the workload of single trials from the neuronal @ g §
population firing in the MTL. As a robust finding, hippocampal MER - §
iEEG activity and hippocampal-cortical synchronization was 3 5F £8
high for trials with high workload and not for trials with B 32 craovovornono 2 8220 x (58
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FIGURE 1 | Electrode localization. Anatomical locations of the tips of the depth electrodes in Montreal Neurological Institute’s MNI152 space (Methods) for (A)
verbal working memory task; (B) visual working memory task; (C) fearful faces task. Locations are projected on the parasagittal plane x = —25.2 mm and are
color-coded (cyan, hippocampus; magenta, entorhinal cortex; and yellow, amygdala).

fearful faces

four letters. Therefore, trials with four letters were taken as the
control condition.

Visual Working Memory Task

To activate visual working memory, we used a change detection
task where the subject had to memorize an array of colored
squares (Figure 2B; Boran et al., 2020b). The number of squares
determined the working memory load (low workload: one or
two squares; high workload: four or six squares; 192 trials
per session). For each subject, the duration of the session was
11.5 min. The rate of correct responses decreased with set size
from a set size of 1 (98% correct responses) to 2 (99%), 4 (88%),
and 6 (73%). The mean response time for the correct trials
(2,678 trials) increased with set size (118 ms/item). We analyzed
a total of 178 MTL channels from nine subjects for this task
(Table 1).

We have reported earlier (Boran et al, 2020b) that for
the same task in the same subjects, we found neurons in the
MTL that fired persistently and increased their firing rate for
trials with a high workload during the maintenance period.
Neuronal population firing in the MTL during maintenance
distinguished workload and we could decode workload of single
trials. Therefore, trials with one or two squares were taken as the
control condition.

Fearful Faces Task

To activate the amygdala during emotional processing, we
presented fearful faces as dynamic visual stimuli (Figure 2C;
Fedele et al., 2020b). For trials of the aversive condition
(eight trials), a 24 s block of short video clips (2-3 s) of fearful
faces were shown. Video clips of fearful faces were extracted from
thriller and horror movies and contained faces of actors showing
fear. For trials of the control condition (nine trials, 24 s each), the
video clips were from neutral landscapes. Each trial started with
a repeated baseline of a 2 s video of a neutral landscape and there
were seven sessions in total. For each subject, the duration of the
task was 7 min.

We have reported earlier (Fedele et al., 2020b) that for the
same task in the same subjects, for the aversive compared to
the control condition, amygdalar high gamma power (>60 Hz)
increased during the first 2 s and delta power (1-4 Hz) decreased
for up to 18 s. Also, neuronal firing increased during the aversive
condition. The high correlation of these measures with the
BOLD response in the same subjects (Schacher et al., 2006)
points to high gamma, delta, and neuronal firing being the
electrophysiological counterparts to the observed increase in
BOLD response during emotional processing in the amygdala.
Since the task was designed to activate the amygdala (Schacher
etal,, 2006) and we found task-related neuronal firing only in the
amygdala of these subjects (Fedele et al., 2020b), we here report
only iEEG data from the 12 amygdalar channels of these subjects
(Table 1).

Automated HFO Detection

We used the prospective HFO detector previously validated to
predict seizure outcome from iEEG recorded during intervals
of NREM sleep (Fedele et al., 2017a). The detector captures the
morphology of an HFO and was developed on data from the
Montreal Neurological Institute (Burnos et al., 2016b). In brief,
the detector has a baseline detection stage and an HFO detection
stage that are performed separately for ripples and FRs (Burnos
et al,, 2016b). In the baseline detection stage, the segments of
the signal corresponding to the baseline are determined using
Stockwell entropy. The amplitude threshold is defined using
these segments. In the HFO detection stage, events, where the
filtered signal exceeded the amplitude threshold for at least 20 ms,
were defined as ripples. Similarly, events, where the filtered signal
exceeded the amplitude threshold for at least 10 ms, were defined
as FR. Furthermore, we defined a FRandR as the co-occurrence
of a ripple and an FR (Fedele et al., 2017a). Figure 3 shows a
representative example of a ripple, an FR, and the corresponding
FRandR.

Similar to HFO detection during intervals of NREM sleep,
HFOs were detected on the continuous data recorded while the
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FIGURE 2 | Trial structures for the cognitive tasks. (A) Verbal working memory task. In this task, sets of consonants were presented and had to be memorized.
Each trial (50 trials per session) started with a fixation period (1 s), followed by the presentation of a letter string (encoding, 2 s). The number of letters presented
determined WM workload (task condition/high workload: six or eight letters; control condition/low workload: four letters). The encoding period was followed by a
delay (maintenance, 3 s). After the delay, a probe letter was shown, and subjects indicated whether the probe was presented during the encoding period (In/Out). (B)
Visual working memory task. In this task, visual working memory was examined using a change detection task. In each trial (192 trials per session), a fixation period
(2-5 s) was followed by the presentation of the memory array of colored squares (encoding, 0.8 s). The number of squares determined WM workload (task
condition/high workload: four or six squares; control condition/low workload: one or two squares). The encoding period was followed by a delay (maintenance 0.9 s).
After the delay, a probe array was shown, and subjects indicated whether the probe array differed from the memory array (Same/Different). (C) Fearful faces. In this
task, amygdalar response to fear was examined using fearful faces. Alternating blocks of fearful faces (task condition, eight trials) and neutral landscapes (control

condition, nine trials) were shown. Each block lasted 24 s and consisted of short video clips of 2-3 s. Video clips of fearful faces were extracted from thriller and
horror movies and contained faces of actors showing fear. In each trial, the block was preceded by a repeated baseline of 2 s of a neutral landscape.

subject performed the tasks. We used the timestamps of the
HFOs to assign them to trials of task or control conditions.
We computed the rate of ripples, FRs, and FRandRs during the
cognitive tasks for each channel separately. We use the term HFO
to comprise all three types of HFO (ripple, FR, and FRandR).

HFO Rate Comparison Between Task and

Control Conditions

We tested whether the HFO rates were modulated during the
task condition as compared to the control condition. The choice
of control condition was based on the design of the tasks and
our previous reports of single neuron firing in the same patients
(Boran et al., 2019a, 2020b; Fedele et al., 2020b). To assure that
subjects were actually engaged in the task, we only used trials
where the subject responded correctly.

For the verbal working memory task (Boran et al., 2019a), we
compared the HFO rate during maintenance for low workload
trials (set size 4) and high workload trials (set size 6 or 8) within
each anatomical region.

For the visual working memory task (Boran et al., 2020b), we
compared the HFO rate during maintenance for low workload

trials (set size 1 or 2) and high workload trials (set size 4 or 6)
within each anatomical region.

For the fearful faces task (Fedele et al., 2020b), we compared
the HFO rate during the presentation of stimuli for trials
with fearful faces (aversive condition) and trials with neutral
landscapes (neutral condition).

Statistics

To assess the significance of the difference of HFO rates
across task conditions, we used the Wilcoxon rank-sum test.
Next, we determined the number of channels where the HFO
rate increased or decreased significantly (Wilcoxon rank-sum
test). Furthermore, to assess the significance of the number of
channels showing any effect, we used a permutation test with
scrambled labels: we created a null distribution estimated from
n > 200 permutations on data with scrambled labels. For the
permutation test, the iEEG of each task condition was considered
as 1 bin; we did not split the iEEG further. The minimum p-value
is limited by the number of permutations as p = 1/(number
of permutations + 1). Reported p-values were based on the
percentage of values in the empirically estimated null distribution
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FIGURE 3 | Representative example of ripple, FR, FRandR. A ripple co-occurring with a fast ripple (FRandR) is shown (A) in the wideband signal, (B) the signal
filtered in the ripple band (80-250 Hz), and (C) the signal filtered in the FR band (250-500 Hz). (D) The instantaneous frequency spectrum is smooth and does not
allow a distinction between ripples and FR, in agreement with our earlier finding (Fedele et al., 2017a).

that was exceeded by the observed value. For all tasks and
channels, we performed the analysis separately for all types of
HEFOs (ripples, FRs and FRandRs).

RESULTS

HFO Rate Does Not Differ Between Task

and Control Condition
To test our primary hypothesis, we identified channels where
the HFO rate was modulated by the task condition compared

to the control condition. The median HFO rate over all the
tasks was 4.14, 2.38, and 0.07 events/min for ripples, FRs, and
FRandRs, respectively. The absolute and relative numbers of
channels where task condition changed the HFO rate either up
or down is given in (Figure 4).

For the verbal working memory task, ripple rates increased or
decreased for the task condition (six or eight letters) compared
to the control condition (low workload trials with four letters)
during maintenance for a few channels. Figure 4A shows the
number of channels for all subjects that show an increase (red
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bars) or decrease (blue bars) in ripple rate with the workload
for each anatomical region. For hippocampus, entorhinal cortex,
and amygdala, 22, 1 and 3 channels had ripple rates that differed
with workload (p <0.05, Wilcoxon rank-sum test for individual
channels). However, there is a large number of channels in
each MTL region. We, therefore, tested the significance of the
number of channels that show any effect by comparing against
a random distribution. The number of channels with ripple
rates that were modulated by the task for any MTL region
was not significant (p = 0.5150, p = 1.0000, and p = 0.9750,
permutation test against scrambled labels). Likewise, several
channels show FR (Figure 4B) and FRandR (Figure 4C) rates
that are modulated by the task. Similarly, these numbers did not
exceed the chance level for any region (p >0.05, permutation test
against scrambled labels).

For the visual working memory task, we also found channels
with modulation in HFO rate during the task (Figure 4;
task condition, four or six squares; control condition, one or
two squares). With the same statistical approach as above, the
number of these channels did not exceed the chance level for any
MTL region (for ripples, p = 0.3450, p = 0.6650, and p = 0.1750,
permutation test against scrambled labels).

During the presentation of the fearful faces, there was
one channel where ripple rate increased or decreased for the task
condition, respectively. Similar to the working memory tasks, the
number of channels that showed such effect was not significant
(p = 0.1000, permutation test against scrambled labels).

There was no significant difference between channels
recorded from the left or the right hemisphere of the brain.
There was no significant association between channels in the
five subjects that performed more than one task.

Overall, the number of channels in the MTL with HFO rates
that were modulated by the task was not greater than expected
by chance.

HFO Rate During Task Performance Differs

Between SOZ and Non-SOZ
In addition to our primary hypothesis, we tested whether HFO
rates were higher within the SOZ than outside the SOZ.

For the verbal working memory task, the HFO rate in the
SOZ (213 channels) exceeded the HFO rate outside the SOZ
(560 channels) for ripples (Figure 5; p = 1.486 x 10~°, Wilcoxon
rank-sum test), FRs (p = 0.0128, Wilcoxon rank-sum test) and for
FRandRs (p = 2.207 x 10~%, Wilcoxon rank-sum test).

Similarly, for the visual working memory task, HFO rates
were higher within the SOZ (56 channels) than outside the SOZ
(122 channels) for ripples (p = 0.0374, Wilcoxon rank-sum test),
FRs (p = 0.0008, Wilcoxon rank-sum test) and for FRandRs
(p = 0.0044, Wilcoxon rank-sum test).

For the fearful faces task, HFO rates were higher within the
SOZ (three channels) than outside the SOZ (nine channels). Due
to the small number of channels, this difference did not reach
significance for ripples (p = 0.3727, Wilcoxon rank-sum test),
FRs (p = 0.1000, Wilcoxon rank-sum test) and for FRandRs
(p = 0.3455, Wilcoxon rank-sum test).

For individual subjects, HFO rates average over tasks were
higher within the SOZ than outside the SOZ for FRand R

in only 8/17 subjects (FR 6/17; ripple 7/17). When averaging
over all subjects and tasks, HFO rates were higher within the
SOZ (77 channels) than outside the SOZ (197 channels) for
ripples (p = 0.0114, Wilcoxon rank-sum test), FRs (p = 0.0008,
Wilcoxon rank-sum test) and FRandRs (p = 0.0001, Wilcoxon
rank-sum test).

DISCUSSION

When comparing HFO rate between task and control condition,
HFO rates did not change greater than expected by chance. This
favors our main hypothesis: there was no indication that the
HFOs as prospectively defined in (Fedele et al., 2017a) were
confounded by physiological HFOs. As an additional finding
on the group level, HFO detected during active wakefulness
were found to be more abundant in the SOZ and therefore also
reflected pathology.

Methodological Considerations

Our primary methodological consideration is the definition of
an HFO. We used our automated HFO detector which was
designed to analyze long-term iEEG recordings during NREM
sleep (Burnos et al., 2016b). The detection algorithm has been
validated to predict seizure outcome after resective epilepsy
surgery with good accuracy (Burnos et al., 2016b; Fedele et al.,
2017a). Here we used this detector “off-label” on awake subjects
performing cognitive tasks.

We based our prospective definition of a clinically relevant
HFO on the co-occurrence of a ripple and a fast ripple (FRandR),
where the majority of FRandR show an instantaneous frequency
spectrum that does not distinguish between ripples and FR
(Figure 3; Fedele et al., 2017a). We thus ignored the traditional
distinction between ripples (80-250 Hz) and FR (250-500 Hz;
Lévesque et al, 2018; Chen et al., 2021). As expected, the
FRandR rate was much lower than the rates of ripples and
FR separately.

In our HFO analysis, we used a bipolar montage, i.e., we
subtracted the signal from two adjacent electrode contacts and
considered the difference as a recording channel. The subtraction
eliminates spatially extended background activity and artifacts,
above all the line hum and its harmonics. Because of the small
amplitude of HFOs (Fedele et al., 2017b), this subtraction was
mandatory in all the datasets from several institutions that
we analyzed (Burnos et al.,, 2016b; Fedele et al., 2016, 2017b;
Dimakopoulos et al., 2020). Furthermore, the bipolar montage
affects our certainty concerning the spatial origin of an HFO.
On the mm scale, there is evidence that HFOs are generated
by a tissue area in the millimeter range (Boran et al., 2019¢;
Zweiphenning et al., 2020). In principle, a FRandR might result
from the superposition of a ripple at one contact and an FR at the
other contact of a recording channel (spacing <5 mm) (Zaveri
et al., 2006), if one would assume that FRandR were composed
of distinct entities. On a larger scale, the bipolar montage ensures
that the HFO is generated in the vicinity of the two contacts and
not somewhere between one contact and the recording reference
(spacing ~5 cm). This agrees with the clinical standard where the
SOZ is detected in a bipolar montage.
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FIGURE 4 | HFO rate does not change with task condition. Percentage of channels with changes in (A) ripple, (B) FR, and (C) FRandR rates with task conditions
during cognitive tasks. Left: verbal working memory task. Channels with modulation of HFO rates for the task condition (six or eight letters) vs. the control condition
(four letters). From a total of 443 channels analyzed in the hippocampus, in 198 there were FRandRs detected. In five of these channels, the FRandR rate increased,
and in one channel FR, and R rate decreased (198-5-1). Middle: visual working memory task. Channels with modulation of HFO rates for the task condition (four or
six squares) vs. the control condition (one or two squares). Right: fearful faces task. Channels with modulation of HFO rates for fearful faces condition vs. control
condition. The percentage of channels with increase or decrease with task conditions do not reach significance for any HFO type or task (permutation test with
scrambled labels).

Finally, we addressed the problem of multiple comparisons. A
large number of channels entered the analysis and a significant
modulation of some channel’s HFO rate would be expected
simply by chance as a spurious effect. We, therefore, applied
computational statistics to calculate the statistical significance of
the percentage of channels where the cognitive tasks modulated
HFO rate either up or down. We found that this number of
channels was not greater than expected by chance.

Physiological and Epileptic HFOs
Spontaneous physiological HFOs were first described in
the hippocampus (Buzsdki, 2006). In neocortical areas,

somatosensory stimulation elicited physiological HFOs
(Burnos et al, 2016a; Fedele et al, 2017c). Spontaneous
physiological HFO in the neocortex were mainly observed in
central and occipital areas (Nagasawa et al., 2012; Frauscher
et al,, 2018). An attempt to distinguish individual physiological
and epileptic HFOs by their morphology proved unsuccessful
(Burnos et al., 2016b). For clinical applications of HFOs,
distinguishing physiological and epileptic HFOs is a major
concern. Including physiological HFOs in the analysis
may lead to an erroneous estimation of the EZ, resulting in
suboptimal surgical decisions and suboptimal clinical outcomes
(Chen et al., 2021).
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FIGURE 5 | HFO rate is higher within the SOZ than outside the SOZ during task performance. (A) Ripple, (B) FR, and (C) FRandR rates for channels within and
outside the SOZ for each cognitive task (verbal WM: verbal working memory task, visual WM: visual working memory task, fearful faces: fearful faces task). The
rightmost columns show average HFO rates over all the tasks and all sessions for each channel within and outside the SOZ. Over the patient group, HFO rates for
channels within the SOZ are higher than for non-SOZ channels for all HFO types for the memory tasks and the average over all the tasks (p <0.05, Wilcoxon
rank-sum test). **p < 0.001, *p < 0.01, *p < 0.05.

FRandR Rate Was Not Modulated by Task result (Figure 4). While we found the same null result for all
Performance three types of HFO (ripple, FR, and FRandR), we focus our
As our main result, the FRandR rate during task performance fiiscussi.onlon FRandR because FRandR had .the highest accuracy
did not change greater than the chance level, ie, a null in predicting seizure outcome after resective epilepsy surgery
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(Fedele et al., 2017a). From this null result, we conclude that
FRandRs are not confounded by task-related HFOs. We discuss
this conclusion because of the following questions.

Do these subjects perform these tasks without activating
the brain regions where we record from? To prove that the
recordings are indeed from activated brain areas, we have
selected iEEG data from subjects where we had reported
task-related neuronal firing in the MTL of the same subjects
(Boran et al., 2019a, 2020b; Fedele et al., 2020b). This assured us
that these subjects activated their MTL to perform the tasks.

Are FRandR valid biomarkers for epileptogenic tissue? In our
search for an automated definition of an epileptic HFO, we aimed
to predict the seizure outcome after resective epilepsy surgery
(seizure-free vs. not seizure-free postoperatively; Fedele et al.,
2019). Here, FRandR turned out to have the highest accuracy
(Fedele et al., 2017a). Our approach is different from other
approaches in the literature (Chen et al., 2021). For example,
several studies in humans define the distinction of physiological
and epileptic HFOs by assuming that an HFO that occurs in
the SOZ is epileptic, while an HFO outside the SOZ or in the
sensory or motor cortices is physiological (Cimbalnik et al.,
2018; Frauscher et al., 2018; Weiss et al., 2019, 2020; Gliske
et al.,, 2020; Remakanthakurup Sindhu et al., 2020). Similarly,
we found increased FRandR activity in the SOZ (Figure 5).
Thus, we deduce from the results presented in Figure 5 and
more comprehensive results presented earlier (Fedele et al,
2017a; Dimakopoulos et al., 2020), that FRandRs are indeed valid
biomarkers of epileptogenic tissue.

How can this null-result be reconciled with the finding of
physiological HFOs reported in other studies? Some studies use
cognitive tasks and define as HFOs those oscillations in the
HFO frequency band that are modulated by cognitive processing
(Axmacher et al., 2008; Kucewicz et al., 2014; Jacobs et al., 2016;
Cimbalnik et al., 2018, 2020; Arnulfo et al., 2020; Pail et al,
2020). These findings are in discrepancy with our null result,
where we found no evidence for rate modulation of FRandRs
by the cognitive tasks. The discrepancy might be reconciled by
noting that the absence of evidence does not mean the evidence
of absence. In the other studies, subjects performed other tasks.
Our data are publicly available and can be tested for physiological
HFOs (Boran et al., 2020b, 2019a; Fedele et al., 2020a, 2021). Still,
it is conceivable that we recorded physiological FRandRs as well.
However, these must have been masked by the consistently high
rate of epileptic FRandRs whose overall rate was not modulated
in a statistically significant way. This indicates that the number of
physiological FRandRs, if at all present, must be small compared
to the number of epileptic FRandRs.
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Human High-Frequency-Oscillations (HFO) in the ripple band are oscillatory brain activity
in the frequency range between 80 and 250 Hz. HFOs may comprise different subgroups
that either play a role in physiologic or pathologic brain functions. An exact differentiation
between physiologic and pathologic HFOs would help elucidate their relevance for
cognitive and epileptogenic brain mechanisms, but the criteria for differentiating between
physiologic and pathologic HFOs remain controversial. In particular, the separation of
pathologic HFOs from physiologic HFOs could improve the identification of epileptogenic
brain regions during the pre-surgical evaluation of epilepsy patients. In this study, we
performed intracranial electroencephalography recordings from the hippocampus of
epilepsy patients before, during, and after the patients completed a spatial navigation
task. We isolated hippocampal ripples from the recordings and categorized the ripples
into the putative pathologic group iesRipples, when they coincided with interictal spikes,
and the putative physiologic group isolRipples, when they did not coincide with interictal
spikes. We found that the occurrence of isolRipples significantly decreased during the
task as compared to periods before and after the task. The rate of iesRipples was not
modulated by the task. In patients who completed the spatial navigation task on two
consecutive days, we furthermore examined the occurrence of ripples in the intervening
night. We found that the rate of ripples that coincided with sleep spindles and were
therefore putatively physiologic correlated with the performance improvement on the
spatial navigation task, whereas the rate of all ripples did not show this relationship.
Together, our results suggest that the differentiation of HFOs into putative physiologic
and pathologic subgroups may help identify their role for spatial memory and memory
consolidation processes. Conversely, excluding putative physiologic HFOs from putative
pathologic HFOs may improve the HFO-based identification of epileptogenic brain
regions in future studies.

Keywords: high-frequency oscillations, ripples, interictal epileptiform spikes, sleep spindles, hippocampus,
cognition, memory consolidation, spatial memory

INTRODUCTION

High Frequency Oscillations (HFO) are an electrographic manifestation of hyper-synchronized
neurons and are subdivided into Ripples and Fast-Ripples according to the frequency range of
the oscillations (80-250 and 250-500 Hz, respectively) (1, 2). In the field of epilepsy, Ripples
and Fast-Ripples were initially considered improved biomarkers of epileptogenic networks (3-8).
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However, recent research has drawn a more complex picture
(9-11) and has highlighted the importance of being able to
differentiate between physiologic and pathologic HFOs.

Interictal Epileptic Spikes (IES) are another type of epileptic
biomarker. IES are common in patients with epilepsy, have a
waveform of a fast transient, are commonly generated in epileptic
cortex and reflect a hyper-excitability of neural networks (12).
IES are very sensitive but not specific to epileptogenic areas
(13, 14). Ripples are known to coincide temporally and spatially
with IES to some extent. These IES coincident Ripples appear
to have different amplitude and waveform characteristics when
compared to Ripples associated with physiologic events such as
sleep spindles (15). IES coincident Ripples may be more sensitive
to the seizure-onset-zone than Fast-Ripples and also more
specific to it than Ripples occurring in isolation from IES (16).
IES coincident Ripples may better predict post-surgical outcomes
than Ripples not coinciding with IES (17) and Ripples coinciding
with IES showed the highest correspondence with the resected
volume in seizure-free patients as compared to other HFO
subgroups (18). Moreover, a combined marker composed of IES
and HFO occurrence rates appeared to be useful for estimating
the epileptogenic zone (11). Together, the coincidence with IES
may constitute a good criterion for separating pathologic Ripples
from physiologic Ripples.

Sleep spindles are a third type of electrographic pattern which
is observed in the human electroencephalogram (EEG) recorded
with scalp or implanted electrodes (19). Sleep-spindle events
have a distinct oscillatory waveform with durations between 0.5
and 3.0s and frequencies between 11 and 16 Hz (20-22). Sleep
spindles are generated and controlled by thalamic networks,
with several hypotheses linking them to gating functions of
sensory information flow. However, so far, the complete and
definitive functional meaning of sleep spindles remains to be
explored (23). Amongst others, sleep spindles may be relevant for
memory consolidation during sleep, particularly when coupled
to hippocampal Ripples (24-32). The occurrence rate of sleep
spindle-coupled Ripples during sleep may thus reflect the
intensity of memory consolidation.

Based on this prior knowledge, we hypothesized in the current
study that hippocampal ripples could be differentiated into
a putatively pathologic subgroup (iesRipples) and a putatively
physiologic subgroup (isolRipples) based on their temporal and
spatial coincidence with IES: iesRipples should coincide with an
IES temporally (i.e., occurring within the duration of an IES)
and spatially (i.e., when recorded on the same channel as an
IES), whereas isolRipples should occur in isolation. Moreover, we
hypothesized that ripples temporally co-occurring with ipsilateral
hippocampal sleep spindles (spindleRipples) could serve as a
marker for memory-consolidation processes. In our analyses, we
therefore assessed whether the occurrence rates of iesRipples and
of isolRipples were altered during the spatial navigation task. The
spatial navigation task required the patients to form associative
memories between objects and their corresponding locations
and thus imposed an increased cognitive demand on the
patients. Since physiological ripples are associated with cognitive
functioning, we hypothesized that the rate of isolRipples should
be altered during the task, whereas the activity of iesRipples

should be unaffected. Additionally, in patients who performed
the spatial navigation task on two consecutive days, we assessed
the correlation between the occurrence rate of spindleRipples
in the intervening night and the performance improvement of
the patients between both days. Based on the proposed role
of sleep spindle-coupled ripples in memory consolidation, we
hypothesized that a higher rate of spindleRipples should be
associated with a greater performance improvement.

METHODS

Patient Selection

Participating patients (Table 1) suffered from pharmaco-resistant
focal epilepsy and underwent intracranial EEG (iEEG) recordings
from the hippocampus to identify their seizure onset zone at the
Freiburg Epilepsy Center, Germany. The clinical decision for the
implantation of iEEG electrodes was made individually for each
patient in cases when the epileptogenic zone remained unclear
using non-invasive methods. All patients gave their informed
consent to participate in a study aiming at the identification of
electrophysiological correlates of cognitive processing, including
a spatial navigation task. A total of 19 patients performing the
spatial navigation task were included in the current study, 9 of
which completed the spatial navigation task on two subsequent
days. All patients gave their written informed consent and the
study was approved by the Ethics Committee of the Freiburg
University Medical Center.

Spatial Navigation Paradigm

The spatial navigation paradigm was adapted from previous
studies (33-35). In this paradigm, the patients performed an
object-location memory task navigating freely in a circular
virtual environment. The environment comprised a grassy plain
bounded by a cylindrical cliff. Two mountains, a sun, and several
clouds provided patients with distal orientation cues. Patients
completed the task on a laptop using the arrow keys for moving
forward and turning left and right and the spacebar to indicate
their response. Patients were asked to complete up to 160 trials
but were instructed to pause or quit the task whenever they
wanted. At the very beginning, patients collected eight everyday
objects (randomly drawn from a total number of 12 potential
objects) from different locations in the arena. Objects appeared
one after the other. Afterward, patients completed variable
numbers of trials, depending on compliance. Each trial consisted
of four different phases (Figure 1). First, one of the eight objects
was presented for 2s (cue presentation). Afterwards, patients
were asked to navigate to the associated object location within the
virtual environment (retrieval). After patients had indicated their
response via a button press at the assumed object location, they
received feedback depending on response accuracy. Response
accuracy was measured as the distance between the remembered
location and the correct location (drop error). Last, the object was
presented in the correct location, and patients had to collect the
object from there to further improve their associative memory
between the object and its location. After each trial, a fixation
crosshair was shown for a variable duration of 3-5s. Triggers
were detected using a phototransistor attached to the screen
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TABLE 1 | Patient information.

Patient ID Age Sex Paradigm No. Duration pre-, intra- and No. hippocampal Implantation
No. trials post-paradigm phases bipolar channels side
(m)
1 45 F 1 51 48 4 Bilateral
2 34 M 1 129 51 3 Right
2 162 45
3 28 F 1 160 51 3 Right
2 131 53
4 36 F 1 91 53 1 Right
2 85 39
28 M 1 160 47 2 Left
29 M 1 160 54 4 Bilateral
2 160 48
7 44 F 1 54 21 5 Bilateral
2 60 43
23 F 1 98 41 4 Bilateral
9 25 F 1 151 72 2 Left
2 81 39
10 27 F 1 76 36 2 Left
11 32 M 1 91 57 3 Right
2 114 45
12 48 M 1 126 64 1 Left
13 49 M 1 160 81 4 Bilateral
14 25 F 1 82 46 3 Right
15 29 M 1 102 42 1 Right
16 49 M 1 54 39 4 Bilateral
17 43 M 1 102 57 1 Left
18 27 F 1 31 18 1 Right
2 75 39
19 19 M 1 160 58 4 Bilateral
2 160 50

marking onsets and offsets of the cue presentation phase. The
intra-paradigm period of the iEEG was then delimited by the
first and last phototransistor triggers. We calculated the patients’
performance in each trial as the ratio between the drop error and
the largest possible drop error (maximum random drop error):

Drop Error

Performancesinole Trial = 1 — -
f ee T Maximum Random Drop Error

The largest possible drop error in a given trial was determined
by creating one million random locations within the virtual
environment and then selecting the location with the
largest Euclidean distance to the correct object location.
The performance for the entire paradigm was calculated as the
median performance across all trials.

Identification of Hippocampal and White
Matter Channels
Preimplantation and post-implantation MRI scans were available

for all patients. Electrode localization was performed using FSL
(https://fsl.tmrib.ox.ac.uk/fsl/fslwiki/FSL) and PyLocator (http://

pylocator.thorstenkranz.de/). The post-implantation MR image
was coregistered with the preimplantation MR image. Next, the
preimplantation MR image was skull-stripped and normalized to
MNI space, and the same normalization matrix was applied to
the post-implantation MR image. Normalized post-implantation
images were visually inspected using PyLocator, and channel
locations were manually identified. For the analyses in this study,
we only considered electrode channels located in the right or
left hippocampus.

Detection of Ripples, isolRipples,
iesRipples, and IES

Intracranial EEG data were recorded using “Profusion EEG
Software” (Compumedics Limited, Abbotsford Victoria,
Australia). Original signals were low-pass filtered at 800 Hz and
sampled at 2kHz using Cz as a hardware reference. All signal
analyses were performed using bipolar montages.

The detection of Ripples and IES on the hippocampal iEEG
signals was accomplished by using automatic detectors (36),
which were based on multivariate classifications of iEEG epochs
using kernelized support-vector-machines. The spectral analysis
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of these detections was performed using the Morlet wavelet — power contribution within that one of the spectral peak (i.e.,
transform, the maximum and minimum frequencies clustering  the frequency with the maximum power contribution) +/- the
the events’ power corresponded to those frequency-bins with a  standard deviation of the power across all frequency bins.

The automatic detectors were run on time-selected segments
of the hippocampal iEEG signals. These segments corresponded
to the pre-, intra- and post-paradigm phases. The intra-paradigm
phase was delimited by the first and last cue-presentation triggers.
The duration of the pre- and post-paradigm phases was the
same as for the intra-paradigm phase. The pre-paradigm phase
ended 30 min before the start of the intra-paradigm phase and
the post-paradigm phase started 30 min after the end of the
intra-paradigm phase.

The automatic detectors provided discrete events of the classes
Ripples and IES. Each event comprised a start time and an end
time. We used custom scripts in MATLAB 2018b that determined
the temporal and spatial coincidence of the Ripples and IES in
order to identify ripples belonging to the class iesRipples. Ripples
which were not coincident with IES formed the class isolRipples.
For each class of ripples, we then calculated their occurrence
rate per minute in each of the hippocampal channels. If a

Cue Presentation

Re-encoding

Feedback
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FIGURE 2 | Determining the hippocampal activity for Patient 16 and each event class. Firstly, the automatic detections of Ripples, iesRipples, isolRjpples, and IES
were used to characterize each channel (y-axes) with their occurrence rate per minute (heat-maps). The specific brain region Hippocampus (red channel labels) was
then characterized by the average occurrence rate across all hippocampal channels. The average hippocampal activity for each event class and the pre-, intra- and
post-paradigm segments is shown in parentheses on the x-axis.
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using the data from all 19 patients. In patients who performed
the task on two consecutive days, we only used the data from
the first day for this analysis in order to avoid that these patients
had a stronger effect on the statistical results. A mixed ANOVA
was conducted to test for main effects and interactions between
the factors “time period” (pre-, intra- and post-paradigm phase)
and “ripple class” (isolRipples vs. iesRipples) on the occurrence
rate of hippocampal ripples. In a post-hoc analysis, we firstly
used a two-tailed, non-parametric Wilcoxon signed rank test to
analyze whether the occurrence rates differed (i) between the pre-
paradigm and the intra-paradigm phase, (ii) between the intra-
paradigm phase and the post-paradigm phase, and (iii) between
the control phases pre-paradigm and post-paradigm; at this stage
no correction for multiple comparisons was applied since the
families (i.e., pre vs. intra, intra vs. post, pre vs. post) had no
repeated analyses (i.e., @ = 0.05) (37). Finally, as part of the
same post-hoc analysis, we performed either a subsequent left-
tailed or a right-tailed Wilcoxon signed rank test to analyze if the
activity-difference between phases corresponded to an increase
or a decrease; at this stage a Bonferroni correction was applied
to the significance threshold (ie., & = 0.025) since two null
hypotheses were considered (two-tailed and one-tailed Wilcoxon
signed rank tests).

Detection of spindleRipples

The spindleRipple events corresponded to those Ripples which
were temporally and spatially coincident with hippocampal
sleep spindles. The detection of hippocampal sleep spindles was
achieved using an automatic detector (38) based on multivariate
classifications of iEEG epochs using kernelized support-vector-
machines. We used a custom MATLAB 2018b script to determine
coinciding ripples and sleep spindles, which then composed the
class spindleRipples. Only ripples that were completely within
the start and end time of a sleep spindle were considered to be
temporally coincident. The spatial coincidence of a ripple and
a sleep spindle was present if they were both hippocampal and
ipsilateral. All ripples complying with these rules of temporal and
spatial coincidence comprised the spindleRipples class.

We estimated the occurrence rate of spindleRipples in patients
who performed the spatial navigation task on two consecutive
days. For all these patients, we used the data between 10:00 pm
of the first day and 6:00 am of the second day to estimate the
occurrence rate of spindleRipples. This time period was selected
with the aim of maximizing the inclusion of non-rapid eye
movement N2 sleep stages, since the occurrence and power of
sleep spindles is highest during this sleep stage (21, 23, 39, 40).
If a patient had more than one hippocampal electrode channel,
we averaged the channel-specific spindleRipple rates across the
different channels to obtain one overall occurrence rate, which
quantified the number of spindleRipples per minute.

Analysis of spindleRipples and Their
Correlation With Spatial Navigation

Performance
This analysis was only performed with the data from the
patients who performed the spatial navigation task on two

consecutive days. To test whether the occurrence rates of
spindleRipples could be a marker of memory consolidation of
the associative object-location memories that the patients formed
during the spatial navigation task, we calculated the correlation
between spindleRipple rates and the difference in performance
obtained on days 1 and 2 (performance A). A non-paired,
non-parametric, left-tailed Mann-Whitney U test was applied
to each patient using all their trials from days 1 and 2 to test
if the performance A was significant. The correlation between
the hippocampal spindleRipple rates and the performance A
was measured using Spearman’s rank correlation coefficient. As
a control, we quantified this relationship while controlling for
the potential effect of the number of trials on day 1 using a
partial correlation.

RESULTS

Navigation Paradigm

A total of 19 patients completed the spatial navigation task (day
1). A subgroup of nine patients completed the spatial navigation
task also on the subsequent day (day 2). The performance
from each patient was measured as the median performance
across all trials. For day 1, the maximum, minimum and mean
performance corresponded to 86% (patient 9), 48% (patient 7)
and 67 £ 11% (mean =+ SD), respectively (Figure 3A).

In the subgroup of the 9 patients conducting the paradigm
on two consecutive days, the maximum, minimum and mean
performance on day 1 corresponded to 86% (patient 9), 48%
(patient 7), and 72 £ 12%, respectively. On day 2, the maximum,
minimum, and mean performance corresponded to 93% (patient
9), 53% (patient 7), and 79 £ 13%, respectively (Figure 3B).
All patients showed a significant performance improvement,
when comparing day 1 with day 2 (left-tailed Mann-Whitney
U, all p < 0.025).

Detection of isolRipples and iesRipples

The automatic detection on the hippocampal channels generated
an average of 1,762 Ripple events and 1,042 IES events per
patient across the pre-, intra- and post-paradigm phases. Of
these Ripples, 74% occurred isolated from IES and were thus
labeled isolRipples; the remaining 26% of the Ripples occurred
spatially and temporally coinciding with an IES and were
thus labeled iesRipples. A depiction of example waveforms and
the corresponding spectrograms of isolRipples and iesRipples is
provided in Figure 4.

A challenge when detecting HFOs is the correct handling
of fast transients which, when filtered, can produce artifacts
resembling authentic HFOs (41, 42). A depiction of the waveform
and spectrogram of the IES detections is provided in Figure 4 in
order to show the handling of fast transients by the automatic
detectors and to allow the comparison with the spectrogram
from the detected Ripples. The isolRipples showed a distinct
increase in power within a narrow band which resembled a blob
in the spectrogram, the tuples (Hz) consisting of the spectral-
peak, blob-lower-frequency and blob-higher-frequency for the
single-event, averaged-events and patients-average were (117,
82, 144), (109, 82, 144), and (109, 88, 144), respectively. This
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FIGURE 3 | Performance in the spatial navigation paradigm. (A) Median performance across trials obtained by the 19 patients on their first (or only) day of conducting
the spatial-navigation task. (B) The line plots depict the median performance across trials for each of the nine patients that conducted the spatial navigation paradigm
on 2 consecutive days (day 1 and 2). The bar plots depict the average across patients.

A Patient 19, single events
Isolated Ripples IES Ripples IES
<= s s
s z 42 26
845 = | 4
§ g Sas
K )
2 il S 38 > 44
20 10
3 =
S0 3
» °
g o g°
k] 3
= 4 =
E 5169
250 12
< 10
200 >
ts P E
§ I 150 ¢ %
- 4
é 100 2 :
50
0.4 0.3 0.2 0.1 0 0.1 0.2 03 0.4 0.5
Time (s) Time (s)
B Patient 19, average across events
Isolated Ripples IES Ripples
682 PP _69 T T T T PP T T T T _. 168 IES
2 2 2
£ E E
® 68 ® 68 © 16.75
g N et g g
g g g _
£ g | S . = L e
- - RS 3., — S
10 4
S 8 2 S
3 2 22
° ® " °
g 4 g go W
S K S
> > >
10 2

250 2 250 15
o o £
8 _ 200 8 _ 200 18
2 T 2. 0w s
£ Zaso '88 s 0s g 8
EEg < Ez © 55
S 5 s
se 100 - 100 o Sa
50 50
05 04 03 02 01 0 01 02 03 04 05 05 04 03 02 01 0 01 02 03 04 05
Time (s) Time (s) Time (s)
c All Patients, average across events
Isolated Ripples IES Ripples
i 2 250 i 2 250 IES
1
53 200 et 200 T
w s 2. 0w 2. 5 S
z E¢ T 1s0 £2 T s 5% 5
z £EE sEE = Ez
- 0553 * §5 ~ 55
gt 2 100 o 2% 100 0 2a
50 50
05 04 03 02 01 0 01 02 03 04 05 05 04 03 02 01 0 01 02 03 04 05 05 04 03 02 01 0 01 02 03 04 05
Time (s) Time (s) Time (s)

FIGURE 4 | Detected hippocampal ripples and spikes. (A) Selected events from each event type: the- first row shows the waveform from the raw EEG, the second
row shows the waveform from the bandpassed EEG (80-250 Hz), the third row shows the spectrogram from each event-type obtained using a Morlet wavelet
transform. (B) Average event-types from patient 19. (C) Grand average of the three event-types from all patients.

blob-like power increase was also shown by iesRipples when
considering only patient 19. The same tuples for iesRipples were
(82, 82,102), (102, 82, 144), and (109, 82, 165), respectively.

The spectrogram of the IES depicted in the third column
of Figure4 showed typical spectral characteristics of a fast-
transient, which much like a single pulse are represented
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in all frequency bins when analyzed by a time-frequency
transformation. The key characteristic that differentiates a
filtering artifact from a real HFO event is then this blob-like,
narrow-band power increase which is shown by the spectrograms
of both isolRipples and iesRipples.

The events forming the averages in Figure 4 were centered
using their maximum peak. Hence a peak was formed at the
center of the raw averages while surrounding samples were
canceled because of varying pre- and post-event waveforms
across events.

Modulation of Ripple Activity by Increased
Cognitive Demands During the Spatial

Navigation Task

The mixed ANOVA test showed a non-significant main effect of
time period (pre-, intra-, post-paradigm) (F = 0.679, p = 0.510),
a significant main effect of the ripple class (isolRipples, iesRipples)
(F = 8.948, p < 0.005), and a significant interaction between
both factors (F = 4.069, p < 0.025). To further understand this
interaction, we performed post-hoc analyses (Wilcoxon signed
rank tests).

We found no significant differences in the occurrence rates
of allRipples for the pair-wise comparisons (pre-paradigm vs.
intra-paradigm, p < 0.717; intra-paradigm vs. post-paradigm,
p < 0.243; pre-paradigm vs. post-paradigm, p < 0.314). Hence,
the increased cognitive load exerted by the spatial-navigation
paradigm did not modulate the activity from the allRipples
event class.

For isolRipples, the comparison pre-paradigm vs. intra-
paradigm showed a significant difference (p < 0.043), the
subsequent right-tailed test showed a significance of p <
0.022, hence the isolRipples presented an activity decrease
when transitioning from the pre- to the intra-paradigm phase.
Similarly, the comparison of isolRipples from the intra-paradigm
vs. post-paradigm phase showed a significant difference (p <
0.007), the subsequent left-tailed test showed a significance
of p < 0.004. Hence, the isolRipples presented an activity
increase when transitioning from the intra- to the post-paradigm
phase. When comparing the occurrence rates of isolRipples
during the control phases pre-paradigm and post-paradigm,
no significant difference was found (p > 0.314). In summary,
the increased cognitive load exerted by the spatial navigation
paradigm did modulate the activity from the isolRipples in
a way that their activity was reduced during the paradigm
(Figure 5), additionally, the isolRipples activity returned to
the pre-paradigm control values after the phase of increased
cognitive load.

We found no significant differences in the occurrence rates
of iesRipples for the pair-wise comparisons (pre-paradigm vs.
intra-paradigm, p > 0.277; intra-paradigm vs. post-paradigm,
p > 0.295; pre-paradigm vs. post-paradigm, p > 0.260).
Thus, the increased cognitive load exerted by the spatial
navigation paradigm did not modulate the activity from the
iesRipples event class.

For IES, we found no significant differences for the pair-wise
comparisons pre-paradigm vs. intra-paradigm (p > 0.778) and

intra-paradigm vs. post-paradigm phase (p > 0.260); however,
the IES activity from the control phase pre-paradigm was
significantly different from the post-paradigm activity (p <
0.022), the subsequent left-tailed test showed a significance of
p < 0.012. These results suggest that the IES activity was not
modulated by the increased cognitive load, however the IES
activity from the post-paradigm control phase was higher than
the IES activity during the pre-paradigm control phase.

The results described in this section are also shown in Table 2
and summarized in Figure 5.

Improvement in Performance and the
Correlation With spindleRipples

An example of a detected sleep spindle is presented in Figure 6.
The performances obtained by the patients when conducting the
spatial navigation task on days 1 and 2 are presented in Table 3.

As previously mentioned, all the patients’ performance for
the navigation task improved on day 2 when comparing it with
day 1 (left-tailed Mann-Whitney U all p < 0.025). During the
night between the two sessions of the spatial navigation task,
hippocampal Ripples were detected and their occurrence rate
(incidences per minute) was obtained. We found that the activity
from the allRipples event class showed no correlation with the
patients’ performance improvement when repeating the spatial
navigation task (rho = 0.13, p = 0.74; controlling for the number
trials on day 1: rho = 0.05, p = 0.90). In contrast, the occurrence
rate of the detected spindleRipples showed a significant positive
correlation with performance improvement (rho = 0.73, p =
0.03; controlling for the number of trials on day 1, rho = 0.77,
p < 0.03) (Figure 7).

As a control, we also computed correlations between the
occurrence rate of ripples and the performance values on both
days in order to present evidence that the association was
presumably due to the learning process and not simply related to
the patients’ general performance level. These correlations were
not significant (for performance on day 1 and allRipples rate, rho
= 0.17, p = 0.68; performance on day 1 and spindleRipples rate,
rho = —0.14, p = 0.74; performance on day 2 and allRipples rate,
rho = 0.32, p = 0.41; performance on day 2 and spindleRipples
rate, rho = 0.05, p = 0.91).

DISCUSSION

In this study, we examined the activity of putatively physiologic
and pathologic ripples in the human hippocampus during
a spatial navigation task. We differentiated between the
two groups of ripples by analyzing their coincidence
with interictal spikes. We found that the rate of the
putatively physiologic ripples, isolRipples, decreased during
the task as compared to pre- and post-task phases,
whereas the putatively pathologic ripples, iesRipples, did
not show this effect. In addition, the ripples associated
with hippocampal sleep spindles, spindleRipples, showed a
positive correlation with the performance improvement of
patients who completed the spatial navigation task on two
consecutive days.
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FIGURE 5 | Modulation of the event-classes by the increased cognitive load. The bar plots show pairs of activity differences between phases (Activity A), i.e.,
difference between the intra- and pre-paradigm phase (orange) and difference between the intra- and post-paradigm phase (blue), for each patient and using each of
the event-classes. The bar plots with a negative value indicate a decrease in activity when entering or leaving the period of increased cognitive load (i.e.,
intra-paradigm phase). The bar plots with a positive value indicate an increase in activity during the paradigm when compared to the pre- or post-paradigm phases.
The hippocampal isolRipples were the only event-class to show a significant modulation by the navigation task, presenting an activity decrease when comparing the
intra-paradigm occurrence rates with those from both the preceding (pre-paradigm, p < 0.043) and succeeding (post-paradigm, p < 0.007) control phases.

In summary, the increased cognitive demands from the
spatial navigation task exerted differential effects on iesRipples
and isolRipples; these results [in addition to previously published
evidence showing iesRipples as the most and isolRipples as the
least accurate estimator of the epileptogenic-zone (18)] hence
provide further evidence to support the putatively physiologic
and pathologic nature initially attributed to isolRipples and
iesRipples. Furthermore, our study suggests that ripples
associated with sleep spindles may constitute a marker of
memory-consolidation processes.

Our analysis was focused on the hippocampus, as it plays a
major role for both spatial navigation (24-30) and declarative
memory formation (43-50) and is a candidate region for
generating epileptic activity (51, 52) and is therefore often
assessed for the decision making and planning for surgical
epilepsy therapy.

Our first goal was to analyze the activity of putative
physiologic and putative pathologic Ripples during periods when
the cognitive load was higher than normal and then compare
this activity with controls coming from periods with a lower
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TABLE 2 | Ripple and IES activity in the pre-, intra- and post-paradigm iEEG segments.

Patient ID iEEG Average hippocampal occurrence rate / min

segment

duration

(min)

All Ripples isolRipples iesRipples IES
Pre Intra Post Pre Intra Post Pre Intra Post Pre Intra Post

1 48 9.06 8.30 8.34 7.21 6.16 6.55 1.85 2.13 1.80 4.80 4.14 5.05
2 51 2.82 3.73 3.09 2.03 2.24 2.27 0.79 1.49 0.82 2.85 3.17 2.78
3 51 7.81 7.50 8.30 6.82 6.86 7.53 0.99 0.64 0.77 3.32 3.48 4.04
4 53 7.54 6.77 9.41 4.52 3.68 5.53 3.02 3.09 3.88 3.99 3.69 5.46
5 47 15.02 14.02 14.30 13.12 12.43 12.63 1.90 1.59 1.67 6.67 8.29 7.98
6 54 8.04 7.86 7.73 5.00 3.78 4.55 3.04 4.08 3.17 4.42 4.93 514
7 21 9.74 9.70 10.43 9.40 9.40 10.16 0.34 0.30 0.27 5.81 5.84 5.74
8 41 12.81 25.79 21.01 4.58 5.85 5.21 8.23 19.94 15.79 11.84 25.37 19.60
9 72 11.64 10.85 11.28 10.80 10.28 10.78 0.84 0.56 0.49 5.92 4.61 5.47
10 36 11.04 7.65 12.37 6.21 4.54 7.09 4.83 3.1 5.28 14.17 10.51 14.49
11 57 7.29 8.43 8.95 5.07 4.99 5.26 2.22 3.43 3.69 3.61 4.77 4.71
12 64 18.11 13.97 18.24 16.25 10.48 156.37 1.87 3.48 2.87 5.02 4.41 5.27
13 81 16.41 156.51 17.00 16.57 15.05 14.88 0.84 0.46 212 6.95 6.19 7.88
14 46 7.41 7.71 7.27 4.66 4.58 4.61 2.75 3.13 2.66 8.14 8.68 8.46
15 42 20.81 22.01 24.22 17.54 156.95 19.48 3.27 6.06 4.73 7.36 9.56 8.83
16 39 12.66 7.65 9.83 7.19 4.46 8.09 5.46 3.19 1.74 9.29 5.96 5.11
17 57 16.71 16.08 156.19 14.43 15.58 13.39 1.27 0.49 1.80 6.98 5.99 8.43
18 18 21.05 23.82 20.49 3.00 2.55 2.83 18.05 21.27 17.66 31.15 30.21 31.43
19 58 10.27 11.08 10.70 8.58 9.23 9.45 1.69 1.80 1.26 5.99 6.49 5.39
Avg 49.3 11.85 12.02 12.53 8.53 7.80 8.72 3.33 4.22 3.81 7.80 8.23 8.49
Std.Dev. 14.73 4.80 6.03 5.38 4.63 4.34 4.57 3.95 5.81 4.64 6.17 7.05 6.62
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FIGURE 6 | Hippocampal sleep spindle from Patient 4.
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TABLE 3 | Performance improvement and hippocampal Ripple and spindleRipple activity.

Patient Perf. day Perf. day Performance Improvement All Ripples spindleRipples No. Trials No. Trials
code 1 2 A (Mann- (Occ. (Occ. day 1 day 2
Whitney U, Rate/min) Rate/min)
p-value)
2 79.6 89 9.4 4.9 x 1072 7.19 0.70 129 151
3 73.3 75.7 2.4 9.1 x 1073 8.3 0.36 160 130
4 70.4 80.5 10.1 49 x 10710 13.86 1.00 90 84
6 85.3 92 6.7 4.8 x 10720 14.75 0.75 160 160
7 48.4 53.3 4.9 1.3 x 1072 12.16 0.64 53 59
9 85.9 92.5 6.6 7.2 x 10718 14.67 1.83 150 80
11 62.8 78.7 15.9 8.0 x 10719 15.74 2.81 9 113
18 76.8 82.5 5.7 1.0 x 1072 23.3 0.06 30 74
19 61.5 68.5 7 3.7 x107°° 10.18 212 160 160
All-Riool A Differentiation of Pathologic and
-Ripples spindleRipples . . .
15 . " . Physiologic Ripples
< . < -7 C
@ 7 o P Numerous publications have reported, for both the human
14 Ls . . .
§10 Xt (%10 e® .7 and non-human brain, on the occurrence of Ripples during
% R % o 9 PY) wakefulness and while conducting cognitive tasks (43-50);
g 50 .7 = 5 .@ despite this, to our knowledge, only the studies from (47)
o " 1 [ rho:0.05,p<0.90 Q- 0~’ ® |+ rho:0.77, p <0.03| and those from the Brazdill group (48-50), have analyzed
5 10 15 20 25 0 1 2 3 the effects of cognitive processes on the activity of putatively
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FIGURE 7 | Occurrence Rates of the event-class all hippocampal ripples and
spindleRipples and their correlation with the patients’ difference in
performance when comparing day 1 and 2 (i.e., performance A).

demand on cognitive functioning. During these periods with
a lower cognitive demand, all patients stayed in their hospital
bed in the fairly quiet and stable environment of their room.
It can thus be assumed that cognitive demands during these
periods were indeed lower than during the spatial navigation task.
Furthermore, all hippocampal activities reported corresponded
to the average across the duration of the pre-, intra-, and post-
paradigm phases; short increases of cognitive-load during the
control phases would have been averaged out. In contrast, during
the intra-paradigm phase it is conceivable that the reported
average was derived from a period of a constant and increased
cognitive-load.

The periods selected as controls before and after the
paradigm showed no difference in the activity from either
allRipples, isolRipples, or iesRipples, which in the case of
the allRipples and iesRipples, as previously mentioned,
evidences a lack of modulation exerted by the period of
increased cognitive-load. In the case of isolRipples however, this
equivalence between controls also shows that the isolRipples
activity was modulated by the increased cognitive-load
and then returned to the levels previous to the conducted
navigation task.

physiologic and putatively pathologic Ripples during the awake
state and in humans. The study from (50) presents the largest
patient cohort with 36 patients and will thus be considered
for further discussion. This study explored if the effect of
cognitive load in the form of different tasks (visual oddball,
Go/NoGo, Ultimatum Game, Mismatch Negativity) on putative-
pathologic ripples (i.e, ripples from epileptic hippocampi,
hereinafter referenced as pathoBrazRipples) differed from the
effect on putative-physiologic ripples (i.e., from non-epileptic
hippocampi, hereinafter referred to as physioBrazRipples). Both
pathoBrazRipples and physioBrazRipples were reported to show
a significant activity reduction when transitioning from the
pre- to the intra-paradigm phase, however this reduction
was more significant for the physioBrazRipples than for the
pathoBrazRipples when averaging the activity across the analyzed
hippocampal channels.

Our results agree with (50) in that both isolRipples and
physioBrazRipples showed a decrease in their activity during the
intra-paradigm phase when compared to either the resting states
pre-paradigm or post-paradigm. Our results disagree with (50)
in that in contrast to the decrease in activity of pathoBrazRipples
during the task, our iesRipples did not show any modulation
exerted by the increased cognitive load. The differences between
our results and those from (50) are likely due to the fact that
neither approach is exhaustive, i.e., both approaches are likely to
increase the proportion of physiologic to pathologic Ripples but
it is still possible that this formed sub-groups of Ripples are not
exclusively physiologic or pathologic.

Another recent study, (47), examined ripple-occurrence rates
across two cognitive tasks and a resting state during wakefulness.
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This study detected ripples firstly in the time domain by
thresholding the power in the ripple band, and secondly by only
accepting those detections with spectral power bursts narrowed
down to the ripple range. This procedure used for the removal
of potential artifactual ripples will produce detected events with
spectral characteristics resembling those from our isolRipples
class (Figure 4). Interestingly, in agreement with our findings for
isolRipples, the results from (47) showed their ripple occurrence-
rate to be higher during the resting state than during the
cognitive tasks.

Modulation of IES Activity

Interactions between epileptic activity and cognition have been
discussed for many years (53). We compare our results with
those obtained by other studies analyzing IES activity changes
during cognitive tasks. The studies from (54-56) give evidence
that cognitive tasks and movements can change the properties
of epileptogenic networks and thus the occurrence of IES, these
studies however provide disagreeing conclusions on the activity
patterns followed by the reported IES. The work from (54)
reported a reduction of the spike rate during successful encoding
while conducting a visual recognition memory task in amygdala,
hippocampus, and temporal cortex. In agreement with the latter
study, (55) showed a decrease of IES activity during movement
in two patients with a focal cortical dysplasia in the pre- and/or
post-central gyrus. The more recent study by (56) presented an
increase of temporal lobe interictal spikes in the hippocampus
during a spatial memory task and both in hippocampus and
lateral temporal lobe during an episodic memory task.

In contrast with the mentioned conflicting studies, our
results did not show any significant modulation, whether
increasing or decreasing, of the IES activity during the period
of increased cognitive load. We did find, however, a difference
between the control phases pre-paradigm and post-paradigm.
The difference in activity from our control periods then calls
for a further exploration of the importance of selecting a
control period, which can then allow the comparison of results
between studies.

Correlation of spindleRipples and Memory

Consolidation

The fact that all patients improved their performance when
repeating the spatial-navigation paradigm provides evidence that
the used paradigm did in fact exert a cognitive load which lead
to the learning of newly acquired information. Interestingly,
we found a strong correlation between spindleRipple activity
and performance improvement.

To our knowledge only one other study has analyzed Ripple-
rates and their correlation with cognitive-performance. This
study from (24) analyzed the rates of ripples in the hippocampus
and rhinal cortex during a short nap of 1h, a set of images
was presented pre- and post-nap and then again at the control
stage, where patients had to distinguish known from novel
images. Their results showed firstly, that the ripple events were
circumscribed to the frequency range between 80 and 120 Hz.
Secondly, that the ripple rate in the hippocampus was on
average 1.90/min. Thirdly, that only rhinal, but not hippocampal

ripples were correlated with the number of correctly recognized
items. Our results differ from (24) in that our average rate of
hippocampal ripples is higher (Table 3, allRipples: 13.35/min,
spindleRipples: 1.14/min), which can be explained by the different
detection methods used (amplitude thresholding vs. multivariate
analysis). Our results slightly differ with (24) in that the
frequency range of the detected ripples was circumscribed to
a broader frequency range spanning between 88 and 144 Hz
for the isolRipples, and 82 to 165Hz for the iesRipples. An
important agreement between our results and those from (24) is
that hippocampal ripples, when undifferentiated (i.e., allRipples),
do not present a correlation with performance improvement
(measured by the difference in performances obtained pre-sleep
and post-sleep).

The strong correlation shown by the spindleRipples with
the performance improvement provides further evidence for
their involvement in memory consolidation processes, moreover,
these findings may contribute to the separation of physiological
and non-physiological high frequency oscillations in the
human hippocampus.

Limitations
This study presents a grand average of the Ripple activity during
cognitive load and does not look into more local phenomena
which could arise at specific time points, e.g., the isolRipples’
activity dynamics at specific time intervals after cue-presentation.
The selection of spindleRipples was based on mere co-
occurrence, however previous research has shown that Ripples
strongly cluster around the troughs of the sleep spindles
(15, 25, 26). A selection of spindleRipples while considering
their clustering around the spindle trough could provide a
more depurated sub-set of Ripples promoting the memory-
consolidation mechanism.

CONCLUSIONS

In conclusion, the proposed method for the differentiation of
physiological and pathological Ripples could help to understand
the neural processes that allow the brain to execute cognitive
functions such as spatial navigation and may also help to identify
specific forms of ripples as biomarkers of epileptogenicity and
ictogenicity. We also presented evidence supporting the role
of sleep spindle-coincident ripples in memory consolidation
processes, which may contribute to better understand the neural
interactions allowing the storage of newly acquired information
in the brain.
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Temporal lobe epilepsy (TLE) is the most common form of refractory focal epilepsy and is
often associated with hippocampal sclerosis (HS) and cognitive disturbances. Over the
last decade, high frequency oscillations (HFOs) in the intraoperative electrocorticography
(ioECoG) have been proposed to be biomarkers for the delineation of epileptic tissue
but hippocampal ripples have also been associated with memory consolidation.
Healthy hippocampi can show prolonged ripple activity in stereo- EEG. We aimed to
identify how the HFO rates [ripples (80-250Hz, fast ripples (250-500 Hz); prolonged
ripples (80-250Hz, 200-500 ms)] in the pre-resection ioECoG over subtemporal area
(hippocampus) and lateral temporal neocortex relate to presence of hippocampal
sclerosis, the hippocampal volume quantified on MRI and the severity of cognitive
impairment in TLE patients. Volumetric measurement of hippocampal subregions was
performed in 47 patients with TLE, who underwent ioECoG. Ripples, prolonged ripples,
and fast ripples were visually marked and rates of HFOs were calculated. The intellectual
quotient (IQ) before resection was determined. There was a trend toward higher rates
of ripples and fast ripples in subtemporal electrodes vs. the lateral neocortex (ripples:
2.1 vs. 1.3/min; fast ripples: 0.9 vs. 0.2/min). Patients with HS showed higher rates of
subtemporal fast ripples than other patients (Z = —2.51, p = 0.012). Prolonged ripples
were only found in the lateral temporal neocortex. The normalized ratio (smallest/largest)
of hippocampal volume was correlated to pre-resection IQ (- = 0.45, p = 0.015). There
was no correlation between HFO rates and hippocampal volumes or HFO rates and
IQ. To conclude, intra-operative fast ripples were a marker for HS, but ripples and fast
ripples were not linearly correlated with either the amount of hippocampal atrophy, nor
for pre-surgical 1Q.

Keywords: high frequency oscillations, epilepsy surgery, mesial temporal lobe epilepsy, hippocampal volumetry,
cognition

INTRODUCTION

Temporal lobe epilepsy (TLE) is the most common epileptic syndrome of focal refractory
epilepsy and is subcategorized in neocortical and mesial temporal epilepsy (MTLE). MTLE
is often associated with hippocampal sclerosis (HS) (1). Neurosurgery is a therapeutic option
for patients with focal refractory MTLE, with a high chance of seizure freedom (2, 3).
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Intraoperative electrocorticography (i0oECoG) can be used to
demarcate the epileptogenic tissue and guide the neurosurgeon in
verification whether the hippocampus is affected and the extent
of the temporal resection that is required (4).

High frequency oscillations (HFOs) (ripples: 80-250 Hz, fast
ripples: 250-500 Hz) are a new electrophysiological biomarker
in the i0ECoG (5). Ripples and fast ripples have been identified
at the seizure onset zone, occurring both interictally and
ictally, suggesting a relationship with the mechanisms of seizure
onset (6). However, relatively long periods of high amplitude
ripple activity occurring in healthy hippocampi were not
associated with epilepsy and may relate to physiological brain
functioning (7, 8). For this reason, recently a new type of
HFO has been proposed: prolonged ripples, described as a
ripple event lasting more than 200ms (9, 10). Nonetheless,
the differentiation between physiological and pathological HFOs
in the hippocampus remains challenging and the overall
significance of this biomarker is unclear.

MTLE, and HS in particular, is strongly associated with
memory and cognitive impairment (11). The degree of
hippocampal atrophy in HS is negatively associated with memory
loss and IQ (12, 13). We compare fast ripples, ripples and
prolonged ripples in subtemporal strip electrodes and lateral
neocortical electrodes to hippocampal volume, HS and 1Q. We
hypothesize that increased fast ripples and decreased prolonged
ripples are associated with a reduced hippocampal volume
on MRI and are related to the severity of IQ impairment
in MTLE.More specifically, we expect an increased rate of
pathological HFOs, i.e., fast ripples and short ripples and a
decreased rate of prolonged ripples to be associated with reduced

hippocampal volume and IQ score. This study will provide
insight on the relationship between electrophysiology, pathology
and cognitive function in TLE, in an attempt to enable prediction
of the effects of removing the hippocampus on seizure outcome
and cognitive functioning.

MATERIALS AND METHODS
Study Population

People who underwent surgical resection of the hippocampus
in the UMC Utrecht between 2008 and 2017 were selected
from the RESPect database (Registry for Epilepsy Surgery
Patients in the UMC Utrecht). Patients were included when
they had a diagnosis of MTLE, underwent ioECoG with a
sampling frequency of 2,048 Hz, and had surgical resection of the
hippocampus. Only patients with subtemporal strip electrodes
recording the entorhinal cortex of the parahippocampal gyrus
(aimed at recording the hippocampal activity) available for HFO
analysis (Figure 1) and a pre-operative 3DT1 and FLAIR or T2
MRI available for hippocampus volumetry were selected. We
excluded patients with dual pathology and continuous burst
suppression on the ioECoG. We determined if the side of surgery
was in the dominant hemisphere, using clinical information on
handedness and results from fTCD, fMRI and Wada tests. In our
center, no language lateralization test is performed if the planned
resection does not include possible Wernicke’s areas.

The Medal Ethical Committee of the UMC Utrecht waived the
need for informed consent for all retrospectively collected data
before 2018 and approved the use of coded data in the RESPect
database for retrospective research.

@®CAl

@®CA2/3

oCAL

©® GC-ML-DG
HATA

© Fimbria
Parasubiculum

@ Presubiculum

@ Subiculum

@ Molecular layer

@ Hippocampal fissure
Hippocampal tail

FIGURE 1 | Overview of ioECoG grid placement in anterior temporal lobe surgery. A 4x5 grid is placed on the lateral convexity of the right anterior temporal lobe (blue
in A-C), and a 1x8 strip is placed under the base of the temporal pole (arrow in A)The three deepest contacts of the subtemporal strip sample the hippocampus and
the entorhinal cortex and are analyzed separately (green in C). (D) Example of Freesurfer segmentation of hippocampal subregions.
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Pathology

Pathology findings were classified into five categories: HS, central
nervous system (CNS) tumors (incl. DNETSs), malformations
of cortical development [incl. focal cortical dysplasia (FCD)],
other (incl. cavernoma, vascular abnormalities, gliosis) and no
abnormalities. Subsequently, patients were dichotomized in two
groups based on pathology: HS group (ILAE type 1, 2, or 3) and
non-HS group (pathological results from hippocampus showing
normal tissue or neurons with reactive gliosis only).

MRI Acquisition

The clinical pre-surgical MRI scans were performed in the UMC
Utrecht with Philips MRI-scanners with a protocol designed
for epilepsy patients. The parameters of the sequences, the field
strengths and the planes changed over time and could be different
amongst patients. This study includes 1T, 1.5T, 3T, and 7T
scans. All patients had a 3D T1 scan, with a maximum isotropic
resolution of 1mm. T2 scans could be 3D T2, 3D FLAIR,
or FLAIR scans and T2 scans in axial or sagittal plane. The
images were saved as DICOM files and converted to Nifti for
further analysis.

Hippocampal Volumetry

Image processing and volumetric measurement of hippocampal
subregions was done using FreeSurfer image analysis (version
6.0). An automated segmentation of the hippocampal subregions
was performed based on a 3D T1-weighted scan and a 3D
FLAIR sequence. In case there was no 3D FLAIR available,
a FLAIR sequence was used and in absence of a FLAIR
any available presurgical T2-weighted scan with the highest
resolution was used. Volumes of the following subregions
were calculated: CAl, CA3, CA4, subiculum, presubiculum,
parasubiculum, granule cells in the molecular layer of the dentate
gyrus (GC-ML-DG), hippocampal tail, fimbria, hippocampal
amygdaloid transition area (HATA), hippocampal fissure and
the total hippocampus. The hippocampal segmentations in
different planes were reviewed for correctness in the Freesurfer
imaging software (Figure 1D, Freeview; https://surfer.nmr.mgh.
harvard.edu/). All volumes were corrected by division over
the total intracranial volume to be able to compare across
patients, therefore all volumes are reported as percentage of total
intracranial volume (% ICV). As a quick check of the validity
of the automated volumetry, we compared volumes of the CA1,
CA3, and CA4 subregions between patients with HS ILAE type
1 and ILAE type 2 (14), expecting more pronounced atrophy of
the CA1 region in ILAE type 2. For further analysis, the ratio of
the total hippocampal volume was calculated by dividing the total
hippocampal volume of the surgical side by the non-surgical side.
This ratio appeared larger than 1 for some people, indicating a
larger hippocampus on the surgical side. To be able to perform
correlation analysis, we also computed the normalized ratio of the
total hippocampal volume, by dividing the smallest hippocampus
by the largest hippocampus, irrespective of the surgical side.

Intra-Operative ECoG Recordings
IoECoG was recorded using 2 x 4,4 x 5, or 4 x 8 electrode-grids
placed directly on the anterior laterotemporal cortex and one

1 x 8 electrode-strip placed subtemporally over the entorhinal
cortex of the parahippocampal gyrus toward the hippocampus
(Figure 1). The grids and strips (Ad-Tech, Racine, WI, USA)
consist of platinum electrodes, embedded in silicone, with a
contact surface of 4.2 mm? and an inter-electrode distance of
1 cm. Recordings were made with a 64 channel EEG system
(MicroMed, Veneto, Italy) at 2,048 Hz sampling rate with an
anti-aliasing filter at 538 Hz. The signal was recorded referenced
to an external electrode placed on the mastoid. Propofol was
used as an anesthetic during surgery and was interrupted during
recording until a continuous ioECoG background pattern was
achieved. The ioECoG was repeated after the resection. Only the
pre-resection ioECoG recording, sampling the anterior temporal
pool plus hippocampus, was used for analysis.

HFO Analysis

The last minute of i0ECoG recording was selected for analysis
to diminish propofol effect and artifacts. HFOs were visually
marked by one reviewer (PA) and checked by a second reviewer
(MZ). Marking was performed in Stellate Harmonie Reviewer
in a bipolar montage. The display was split vertically with an
80 Hz high-pass filter and an amplitude of 5 ©V/mm on the left
side and a 250 Hz high-pass filter and 1 pV/mm on the right
side. Ripples and fast ripples were marked if they clearly stood
out from the baseline and contained at least four consecutive
oscillations (15). An event was considered a prolonged ripple if
there existed a clear oscillatory event lasting between 200 and
500 ms on the ripple screen (10). Rates of ripples, fast ripples and
prolonged ripples were divided between subtemporal, if located
on the first three channels of the strip, and neocortical, if located
on other channels. Rates were calculated as the total number
of events per channel divided by the total number of analyzed
subtemporal, respectively, neocortical channels for each patient.
The rates (events/minute) of HFOs were used for further analysis.

Cognitive Assessments

Routine neuropsychological evaluation was performed in
the year before surgery to assess the pre-surgical cognitive
functioning of the patients. Standardized intelligence and
cognitive tests, according to the age of the patient were applied.
The Dutch versions of the Wechsler Intelligence Scale of
Children IIT (WISC-III) (for children between 6 and 15 years)
and the Wechsler Adult Intelligence Scale IIT (WAIS-III)
(for patients age 16 or older) were administered by a clinical
neuropsychologist to assess the total intellectual quotients (IQ),
verbal IQ and performal IQ.

Statistical Analyses

A non-parametric Wilcoxon signed rank test was used to
compare the volume of each hippocampal subregion between
surgical and non-surgical side and to compare HFO rates
between subtemporal and neocortical channels. Mann-Whitney
U tests were used to test for differences in hippocampal
ratios and HFO rates between HS and non-HS patients. We
compared localization of epilepsy in dominant or non-dominant
hemispheres to IQ scores and HFO rates (Mann-Whitney
U). We used a Spearman’s Rho test for correlations between
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TABLE 1 | Patient demographics.

HS Non-HS
CNS tumor MCD Other No abnormalities
No. 10 16 4 11 6
Gender (No. female) 6 9 2 6 3
Age at surgery [Mn (range)] 26 (12-59) 15 (4-53) 49 (19-62) 40 (12-61) 32 (8-47)
Age at onset [Mn (range)] 6 (0-12) 9 (0-39) 20 (1-48) 20 (1-56) 18 (4-39)
Surgical side (L:R) 6:4 5:11 2:2 3:8 3:3

HS, hippocampal sclerosis; CNS, central nervous system; MCD, malformation of cortical development; L, left; R, right; Mn, mean.

HFO rates and hippocampal volumes and HFO rates and IQ
scores. Hippocampal volumes and IQ scores showed a normal
distribution, so differences between ILAE type 1 and type 2
volumes were assessed with an independent sample ¢-test, and
correlation between the hippocampal volumes and IQ was
assessed with a Pearson correlation test. P-values <0.05 were
considered to indicate statistical significance. We did not correct
for multiple comparisons because this study is exploratory in
nature and most comparisons are complementary, and sensibly
planned based on hypotheses arising from existing evidence.
Statistical analysis was performed in IBM SPSS Statistics 25 (IBM
Corp., Armonk, NY).

RESULTS

Population

Sixty-two patients diagnosed with MTLE had surgical resection
of the hippocampus with ioECoG with grid and strip electrodes
recorded at 2,048 Hz between 2008 and 2017. Thirteen patients
had to be excluded from analyses because they presented
dual pathology [FCD and HS (n = 5), cavernoma and HS
(n = 3), glioma and HS (n = 3), Sturge-weber syndrome
and HS (n = 1), glioneuronal tumor, ganglioglioma and FCD
(n = 1)]. Two patients were excluded because of the presence
of burst suppression in the epochs. Analyses were performed
in 47 patients with an average age of 28 (range 2-62 years),
of whom were 26 female. Nineteen patients underwent left
temporal lobectomy (40%). Pathology results showed 10 patients
with HS, 16 with a CNS tumor, four with a malformation
of cortical development, 11 with other abnormalities and six
without abnormalities (Table 1). Forty-four patients were right-
handed, 28 had one or more language lateralization investigations
(Wada n = 18, fTCD n = 14, fMRI n = 14), including
all three left-handed patients. One left-handed patient had a
right dominant hemisphere, one left-handed patient and two
right-handed patients had bilateral language localization (based
on fTCD + fMRI). The other 24 patients who underwent
language lateralization were left dominant. Twenty patients
had a dominant hemisphere surgery, assuming all right-handed
patients without Wada, fTCD or fMRI were left dominant.

Hippocampal Volumetry
Six patients had a tumor located in or close to the hippocampus,
which made reliable segmentation of hippocampal subregions

impossible. These six patients were excluded in volumetry
statistics. For the remaining 41 patients the total hippocampus on
the surgical side was significantly smaller than the hippocampus
on the nonsurgical side (median 0.22 vs. 0.23%, Z = —2.57,
p = 0.01). When splitting into subregions, the CA1, CA3, CA4,
hippocampal tail, subiculum, GC-ML-DG, fimbria, and HATA
were smaller on the surgical side.

In HS-patients, the total hippocampus on the surgical
side was significantly smaller compared to the nonsurgical
side. All subregions except for the presubiculum and fimbria
were significantly smaller on the surgical side (Figure 2A). In
patients without HS, there was no significant difference in total
hippocampal volume between the surgical and nonsurgical side.
Only the hippocampal tail was significantly smaller on the
surgical side than on the nonsurgical side (median 0.03 vs. 0.04%,
Z = -2.19, p = 0.028, Figure 2B).

Eight out of the 10 hippocampal sclerosis patients were ILAE
type 1, the other two were ILAE type 2 (CA1 predominant). The
mean volumes of the CA1, CA3 and CA4 areas were all non-
significantly smaller in type 2 than in type 1 HS, but the difference
was most prominent in CA1 [0.036% of ICV vs. 0.027% of ICV,
t (8) = 1.50, p = 0.17] and CA3 [0.011% of ICV vs. 0.0086% of
ICV, t (8) = 2.02, p = 0.08]. The difference in mean volume of
the CA4 area was less pronounced (type 2 HS volume was 91% of
type 1 HS volume).

The ratio of the total hippocampus of the resected hemisphere
divided by the non-resected hemisphere was on average 0.9. This
ratio was lower for HS compared to non-HS patients (median
0.78 vs. 0.99, Z = —4.19, p < 0.001) (Figure 3). Twenty-one of
41 patients had a resected hippocampus that was more than 10%
smaller than the non-resected hippocampus. Seven patients had
a resected hippocampus that was more than 10% larger than the
non-resected hippocampus. Three of them showed tumor mass,
one had an MCD, two had other pathology and in one pathology
showed no abnormalities.

HFO Analysis

A total of 835 bipolar channels (657 grid and 178 strip) was
analyzed (mean 18 (range: 10-35) per patient). A total of 1598
ripples (n = 37, mean 6.0 channels with events per patient),
259 fast ripples (n = 22, mean 3.2 channels with events
per patient) and 285 prolonged ripples (n = 23, mean 2.8
channels with events per patient) were identified. Nine patients
showed no HFOs at all, an additional 15 patients showed no
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FIGURE 2 | Comparison of volume [in % of total intracranial volume (ICA)] of hippocampal subregions surgical (blue) and nonsurgical (pink) hemispheres for
hippocampal sclerosis patients (HS) (A) and non-hippocampal sclerosis (non-HS) patients (B). The total hippocampus and many subregions were smaller in the

surgical hemisphere compared to the nonsurgical hemisphere in the HS group, but

not in patients without HS (* = statistically significant, p < 0.05).

fast ripples. One patient showed only prolonged ripples. Fast
ripples were located only subtemporal, only lateral neocortical
or both subtemporal and lateral neocortical in eight, eight and
six patients respectively. Ripples were located only subtemporal
in seven, only lateral neocortical in 10 and both subtemporal
and lateral neocortical in 20 patients. Six of the 10 patients
with HS showed subtemporal fast ripples and seven showed
subtemporal ripples.

There seemed to be a trend toward higher HFOs rates in
the subtemporal compared to neocortical channels (ripples: 2.1
vs. 1.3/min, Z = —1.28, p = 0.20; fast ripples: 0.9 vs. 0.2/min,

Z = —1.74, p = 0.08; Figure 4). Prolonged ripples were only
found in the lateral neocortical channels.

HFOs and HS Both HS patients and non-HS patients showed
fast ripples in the subtemporal channels, but the rate in non-
HS patients was so low that the median rate was 0.0/min. The
fast ripple rates in the subtemporal channels in HS patients were
significantly higher than in non-HS patients (median 0.3 vs.
0.0/min, Z = —2.51, p = 0.012).

HFOs and hippocampal volume There was no significant
correlation between lateral neocortical or subtemporal ripple, fast
ripple, or prolonged ripple rates and the total volume or any of

Frontiers in Neurology | www.frontiersin.org

130

March 2021 | Volume 12 | Article 645925


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Agudelo Valencia et al.

HFOs, Hippocampal Volume and 1Q

the subregions of the removed hippocampus or the (normalized)
ratio of total hippocampal volumes (Figure 5). When specifically
looking into patients with HS (n = 10), there was no significant
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FIGURE 3 | Ratio of total hippocampal volume (surgical side divided by
non-surgical side) of each patient and median (horizontal lines) of HS (black)
and non-HS (blue) patients. The ratio was significantly smaller for patients with
HS compared to non-HS patients (o < 0.001).

correlation between total hippocampal volume and fast ripple
rate in subtemporal channels (Spearman’s r = 0.44, p = 0.21),
nor between any of the subregions and subtemporal ripple or fast
ripple rates. There was also no difference between the presence
of lateral neocortical or subtemporal ripples or fast ripples (yes
vs. no) and the total volume of the resected hippocampus or the
(normalized) ratio of total hippocampal volumes.

Intellectual Coefficient
Total IQ was available in 33 patients who underwent routine
pre-surgical neuropsychological assessment. Twenty-two of them
also had the verbal and performal IQ reported. Total, verbal
and performal IQ did not differ between dominant hemisphere
epilepsies and non-dominant hemisphere epilepsies (total 1Q
p 0.16; verbal IQ p = 0.74 and performal P 0.41).
Hemispheric dominance did not yield different subtemporal or
lateral temporal neocortical ripple, fast ripple or long ripple rates.
The total IQ showed a significant correlation to the
normalized ratio of total hippocampal volume (r 0.45,
p = 0.015, Figure 6), indicating a lower IQ in patients with a
lower normalized ratio, and therefore a larger left-right difference
of hippocampal volume. The pre-surgical verbal IQ showed the
same significant correlation (r = 0.51, p = 0.024), while the pre-
surgical performal IQ showed no significant correlation (r = 0.29,
p = 0.23). Total, verbal and performal IQ did not differ between
dominant hemisphere epilepsies and non-dominant hemisphere
epilepsies (total IQ p = 0.16; verbal IQ p = 0.74 and performal IQ
p = 0.41). There was also no difference in pre-surgical total IQ
between patients with a right or a left sided temporal resection.
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FIGURE 4 | Violin plot of ripple (A) and fast ripple (B) rates in subtemporal and neocortical channels. Each character represents a patient, different characters
represent different pathologies. The width of the violin represents the number of dots at a certain y value. Although not significant, there is a trend toward higher HFO
rates in the subtemporal compared to the neocortex (ripples: 2.1/min vs. 1.3/min, Z = —1.28, p = 0.20; fast ripples: 0.9/min vs. 0.2/min, Z = —1.74, p = 0.08) (MTS,
mesiotemporal sclerosis; CNS, central nervous system; MCD, malformation of cortical development).

Frontiers in Neurology | www.frontiersin.org

131

March 2021 | Volume 12 | Article 645925


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Agudelo Valencia et al.

HFOs, Hippocampal Volume and 1Q

x
3
c 5 £
r=0.13 a r=0.06 r=-0.05 4 r=-011 gb r=-0.03
£ ° p=045 £ . p=071 ° p=072 * p=049 § ° p=086
S 2
E . 8 £ £ <4
s 1o £ g3 s
- S0 . 8 £
5 . g o g3
=3 o ¥
L N : : 2
s 5 s . £ * 2 52
] . E 2 s = 2 .
2 ° . .. . N . g . =, . 4, .
a 3 . . o s . E= o °
& . ¢« 5 & e 2 4 o » o o *° . .
. o .
0]e 8 Sdftie e o’ 2 {e L S e % le B aetdecm oo E ol & MenasocemBbor o S0l & edeWdeonwas
K]

015 020 025 030 035
Volume hippocampus (% ICV)

015 020 025 030 035
Volume hippocampus (% ICV)

0.15 0.20

Volume hippocampus (% ICV)

0.25 0.30 035 0.15 0.20 0.25 030

Volume hippocampus (% ICV)

0.35 0.15 0.20 0.25 0.30 035

Volume hippocampus (% ICV)

90
Total IQ Total IQ

%
3
2

= r=0.09 r=-025 r=-013 r=-022 55 r=0.10

£ * p=0e2 3 . * p=016 . p=04s _* . p=022 8 p=0.60

s £ c 5 g

T, : g g 3

o

-3 210 =10 . 83 g

£ 3 © @ @

] g 5 < EE

5 . £ a o =

510 M g . £ 2 ]

2 s 2 . § §2

5 & 5 S5 o 2 . .

3 s . o § L c 31 . % .

s . . « 8 . . .. 2 N o . . a' .

= . S . 4 2 . @ oo

o S e . ” &
0]® e Tl Nl et . Z 0 w30V ma o ° 010 oo Ceme 20 S%me s o6 FTole® e cltbmoenw o o Go{® e om nseVelt . °
50 70 110 50 70 % 110 50 70 0 110 50 70 %0 110 50 70 %0 110

FIGURE 5 | Correlations between HFO rates and volume of resected hippocampus (upper row), and HFO rates (subtemporal and lateral temporal neocortical
channels) and total pre-resection IQ (lower row). None of the Spearman correlations was significant. FRs, fast ripples; Chnn, channel; lat., lateral; temp., temporal.
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FIGURE 6 | Correlation between pre-resection total IQ and normalized
hippocampal ratio (smallest/largest). Each dot represents a patient, the blue
line is the fitted linear regression line. There is a positive correlation between
pre-resection total IQ and normalized hippocampal ratio, indicating a lower 1Q
when the left-right hippocampal volume difference is lager (Spearmans

r= 0.45,p=0.015).

The total IQ showed a non-significant trend toward a positive
correlation with the volume of the removed hippocampus
(r = 032, p = 0.095). There was no significant correlation
between neocortical or subtemporal ripple, fast ripple, or long
ripple rates and total IQ (Figure 5). Hemispheric dominance did
not yield different subtemporal or neocortical ripple, fast ripple
or long ripple rates.

DISCUSSION

Patients with HS showed higher rates of subtemporal fast ripples
than other patients. We found no relation between HFO rates
and hippocampal volumes or IQ. We found a trend toward
higher rates of HFOs in the subtemporal channels compared to
the neocortex, and significantly higher fast ripple rates in the
subtemporal channels in patients with HS. Prolonged ripples
were only found in the neocortex. Patients with a large left-right
difference in hippocampal volumes had a lower pre-surgical IQ.

As expected, our data showed volume reduction of the
ipsilateral total hippocampus in HS patients, supporting the
results from other studies (12, 16—18). This volume reduction was
present in almost all subregions (CA1, CA3, CA4, hippocampal
tail, subiculum, GC-ML-DG, fimbria and HATA), in agreement
with previous studies (12, 18, 19). The distribution of atrophy
is in line with the typical volume loss pattern described by
histopathological studies (1, 18). We found only atrophy of
the hippocampal tail in a subselection of non-HS patients.
Interestingly, in 17% of the patients (all non-HS; three with
tumors, one MCD, two other and one without pathological
abnormalities) the resected hippocampus was >10% bigger than
the non-resected hippocampus. An explanation for a bigger
hippocampus on surgical side could be ipsilateral swelling, for
example due an subtle underlying pathology (e.g., FCD or
tumor), or contra-lateral atrophy, as has been described for the
amygdala in MTLE without HS (20, 21). We did not analyze
amygdala volumes in this study. We found a lower pre-resection
IQ was associated with a lower total volume of the resected
hippocampus, which was expected as both worsen with longer
duration of epilepsy (22).

Fast ripples arose at a higher rate in the HS- vs. non-HS
patients. This is in line with previous studies that found higher
rates of fast ripples in patients with hippocampal sclerosis (15,
23, 24). Even though the mechanisms underlying the generation

Frontiers in Neurology | www.frontiersin.org

132

March 2021 | Volume 12 | Article 645925


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Agudelo Valencia et al.

HFOs, Hippocampal Volume and 1Q

of HFOs are still unclear (6), it is suggested that this is due
to excitotoxicity occurring in HS (25). Ex vivo studies have
found high levels of extracellular potassium (K™) in the sclerotic
hippocampal tissue generating fast ripples, but no fast ripples
were found in a non-HS group with the same levels of Kt
(26). Neuronal loss would interrupt the recapture pathway of
KT, leading to an accumulation of K in extracellular spaces
that influence neuronal excitability and high frequency neuronal
activity in the sclerotic hippocampus (26).

HFO rates did not correlate with hippocampal volumes. This
is in contrast with other studies that found an association between
fast ripples rate and atrophy (25) or fast ripples to ripples rate
ratio and atrophy (27) with the degree of hippocampal atrophy.
Our data shows that the fast ripple rate in the subtemporal
channels is higher in case of hippocampal sclerosis, but the
rate was not linearly related to the amount of atrophy. We
know that HFOs are related to the seizure frequency at that
time point (28). Seizure frequency is not necessarily related
to the amount of atrophy at that time point, but mainly to
the duration of epilepsy (22). We do not have information
about current seizure frequency of this cohort but this could
explain our findings. The reason for the discrepancy with
previous literature might also be the difference in the recording
methods. We used subtemporal strip macro electrodes to sample
the entorhinal cortex which covers the hippocampus, while
both studies that found a correlation used micro-electrodes
stereotactically inserted in the hippocampus. Worrell et al. (23)
compared HFO rates recorded with micro- and macroelectrodes
and hypothesized that these differences in ripples and fast ripples
rate are due to the spatial undersampling of focal HFO activity
with macro-electrodes. Our study included only 10 patients with
hippocampal sclerosis, which might be too small to show a
relation between hippocampal volume and HFO rates.

Recent research performed on sEEG recordings, has suggested
that continuous rippling (with a longer duration > 200 ms)
found in mesiotemporal and occipital areas is independent
of epileptogenicity as they do not correlate with the seizure
onset zone, lesions or surgical resection area. Thus continuous
rippling might reflect a particular type of physiological discharge
(7-10). The hippocampus above all other structures typically
generates physiological ripples, which are involved in memory
consolidation, and their occurrence is strongly linked to
neocortical slow waves during natural sleep (29, 30). Although
propofol anesthesia is a sleep-like state that also shows slow
waves, these waves are, in comparison to natural sleep, more
spatially blurred and without spindling in comparison to natural
sleep (31).

We marked prolonged ripples in an attempt to differentiate
between physiological and pathological ripples. We found
prolonged ripples only in lateral temporal, neocortical,
channels. This is in contrast with other sEEG studies, that
found physiological ripples in presumed normal hippocampi
(29). Earlier studies have shown that differentiation between
individual physiological and pathological ripples based on
duration alone is not adequate (30, 32, 33), but our hypothesis
was that the majority of the prolonged ripples would be
physiological. The fact that we did not record prolonged

ripples from the hippocampus means either that physiological
ripples were not prolonged, or the hippocampus did not
produce physiological ripples due to the surgical circumstances
including administration of propofol before the recording.
It is remarkable in this context that we do not remember
seeing the typical pattern of continuous ripples in the
hippocampal areas that can be seen in SEEG recordings
(7). We did not see this in our intra-operative data, neither
in this study, neither in previous studies nor in the onsite
intra-operative review of HFOs for the HFO trial (34). We are
used to seeing prolonged ripples in neocortical grid electrodes
covering Broca’s area, the central area and occipital area. This
difference from sEEG recordings may result from the surgical
conditions and would be interesting to study in more detail in
the future.

We chose IQ as measure for cognitive function, even though
hippocampal pathology affects memory most specifically. We
did this because of the wide age range and diversity in testing,
which always included an IQ score but not always a numerical
memory score. IQ gives the measurement of the patient’s general
cognitive functioning and can be corrected for age. It has been
demonstrated that patients with MTLE not only encounter
memory deficits, but also impairment in all their cognitive
functions (11). We recently showed that children in whom
the area showing fast ripples on ioECoG was removed, had
better chance at IQ improvement after surgery, irrespective of
seizure recurrence (35). To date studies have only found the
relationship between high HFO rates with memory impairment
in MTLE (36, 37) while the role of HFOs in overall cognitive
functioning have not been documented yet. In this study we
could not confirm the relation between HFO rates and cognitive
functioning. Since we do not have a cohort with MRIs of
control subjects without epilepsy, we could not quantify the
amount of atrophy compared to a normal hippocampus. When
patients have bilateral atrophy, this will also affect the ratio of
the hippocampal volume, which will be closer to one the more
equally both hippocampi are affected. We tried to minimize
this effect by focusing most on between-subject analyses on
the volume of the resected hippocampus, corrected by total
intracranial volume.

The use of intra-operative ECoG recordings has several
limitations for data analysis and interpretation. First, in
contrast to extra-operative recordings, intra-operative recordings
are usually 3-4min, of which the first minutes are often
contaminated by burst suppression (38-40). Availability of
epochs longer than 1 min might have resulted in different HFO
rates with especially more chance to capture fast ripples. Second,
intra-operative ECoG recordings are limited to recording
the presumed affected hippocampus, making it impossible to
compare HFO rates between hippocampi. Third, we used the
HFO rates on the first three channels of the subtemporal
strip recording the entorhinal cortex of the parahippocampal
gyrus as a proxy for the hippocampus. We considered the
hippocampus to be the source of events observed on the first
three channels of the subtemporal strip, because on these
channels typical hippocampal spikes, similar to those in sEEG,
can be seen. At least part of the signal however arises from
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the overlapping entorhinal cortex, which can also show HFOs
and atrophy, but is often secondarily to hippocampal atrophy
(41). This could explain why we did not find a correlation
between hippocampal volume and subtemporal strip HFOs.
We did not analyze the volume of the entorhinal cortex as it
was often affected by the epileptogenic lesion. SEEG records
directly from within hippocampi and the electrode positions
are verified by MRI. It would be of interest to investigate how
these intra-operative HFO rates relate to extra-operative HFO
rates in the same patient. To conclude, we found increased
fast ripple rates on the subtemporal channels in ioECOG in
patients with HS, but ripple, fast ripple or prolonged ripple
rates did not correlate with the hippocampal volume nor
with IQ. We found prolonged ripples only in neocortical
but not in subtemporal channels, and they were not related
to IQ or volume reduction. Further research is needed to
understand prolonged ripples and their role played in epilepsy
and cognition.
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