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Summary

High-frequency oscillations (HFOs) of the electrical brain activity have attracted considerable
attention. By the term HFOs, as we know them today, we mean frequencies of brain activity over > 80
Hz. HFOs represent not only the electrical manifestation of neuronal events but, above all, the very
effective mechanisms of brain function. HFOs play a pivotal role in synchronizing local and distributed
neuronal networks, as is critical for normal brain function. These oscillations can be detected by both
non-invasive and invasive electroencephalography (EEG). However, most published papers have
presented HFOs results from invasive EEG due to a significantly better signal-to-noise ratio using this

approach.

HFOs represent a heterogeneous group of (patho)physiological phenomena, including different
oscillations classified by many criteria, most often frequency. Furthermore, oscillations can be classified
according to the mechanisms of origin, pathogenicity or physiological function, location, morphology,

duration, amplitude, entropy, and other characteristics.

In clinical medicine, HFOs have been predominantly studied in epileptology due to the need to
detect HFOs by invasive EEG monitoring, used to evaluate intractable focal epilepsies. At first, HFOs
were considered to be mainly pathological events occurring primarily in the area responsible for seizure
generation. Thus, the first substantial application of HFOs took place in the context of epilepsy surgery
in order to find out and remove this pathological area. This is now followed by other applications such
as assessment of epilepsy severity and antiepileptic therapy monitoring. Over the past years, HFOs were
also found in vast areas of the human brain distant from the epileptic network, having a physiological
role. HFOs and the mechanisms of their formation are currently attracting considerable attention to
research in identifying the epileptogenic region of the brain on the one hand, and on the other hand, in

studying their physiological function within cognitive functions, memory, movement control, and others.

This submitted habilitation thesis represents a summary of current knowledge regarding HFOs
and a collection of the author's previously published research (as the principal author or co-author)
relevant to the topic. The author significantly contributed to all the presented papers, whether in
elaborating on the methodology, the analysis of the included subjects’ clinical data, the description of
the exact anatomical localization of the intracerebral electrodes contacts, interpretation of the research

results, and last but not least, the writing of the manuscripts.

In the following text, it will be discussed the phenomena of both pathological
and physiological HFOs. Following the introduction, the second and third chapters will focus on
HFO detection and genesis. Further, two basic subgroups of HFOs, ripples and fast ripples,
will be described. In detail, their role in both epileptogenesis and physiological processes
will be discussed. Finally, very high-frequency oscillations will be introduced, the latest discovery in
this field.
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CHAPTER 1

Introduction to high-frequency oscillations

A neuron's ability to generate an action potential with millisecond accuracy depends on the
rapid fluctuation of its membrane potential. Field potential oscillations reflect synchronized rhythmic
synaptic potentials and/or repetitive firing by neuronal ensembles and populations in specific brain
areas. From the very beginning of the development of neurophysiology and electroencephalography
(EEG), low, and especially in recent years, high-frequency oscillations of the electrical activity of the
brain have attracted considerable attention. These oscillations represent not only the electrical
manifestation of neuronal events but, above all, the very effective mechanisms of brain function, e.g.,
the processing of information in various cognitive processes and consciousness (Buzsaki, 1992).
Neuronal oscillations span a wide range of spatial and temporal scales that extend beyond traditional
clinical EEG (Worrell et al., 2008). It was actually one of the ideas originally proposed by Hans Berger
(1929) that fast brain activity changes as recorded in the human EEG may be related to specific mental
activities. However, according to Berger, the high-frequency range includes 20 Hz and higher
frequencies, nowadays usually called the high beta or the gamma band. The conventional range of EEG
analysis usually involves frequencies below 40 Hz. By the term high-frequency oscillations (HFOs), as
we know them today, we mean frequencies much higher (> 80 Hz), as will be mentioned below. The
discovery that EEG contains useful information at higher frequencies (above the traditional 80Hz limit)
has profoundly impacted our understanding of brain function (Zijlmans et al., 2012). The study of the
mechanisms underlying the origin of oscillations brings not only new knowledge of the physiological
functions of the brain but also makes it possible to understand the pathophysiology of a number of

diseases, including epilepsy.

In the introduction, it should be noted and emphasized that brain neuronal oscillations represent
a very heterogeneous group of (patho)physiological phenomena, which includes different oscillations
that can be classified by many criteria, most often frequency. Furthermore, oscillations can be classified
according to the mechanisms of origin, pathogenicity or physiological function, location, morphology,
duration, amplitude, entropy, and other characteristics (Jiruska & Bragin, 2011; Jefferys et al., 2012;
Matsumoto et al., 2013; Pail et al., 2017, 2020; Cimbalnik et al., 2019, 2020). However, a
necessary attributes of HFOs are rhythmicity, repetitive character, and at least four waves within one

oscillation (Worrell et al., 2012).

For a very long time, neurophysiology has focused on the study of brain activity and oscillations
whose frequencies were only up to 30 Hz and were empirically divided into four basic frequency bands.
These bands are traditionally referred to as Greek letters: delta (up to 3.5Hz), theta (4-7.5Hz), alpha (8-
13Hz), and beta (14-30Hz) (Schomer & Lopes da Silva, 2017). However, the situation changed after



discovering an activity whose frequency was above the upper limit of these traditional frequencies,
which was a breakthrough in brain research. The HFOs discovery was made possible mainly by using
intracranial electrodes implanted for presurgical diagnostics in epileptic patients, which offer the unique
opportunity to study neural activity from also deep brain structures. Hence, HFOs have first been studied
concerning epileptic diseases. Nevertheless, studies over the past decades suggested that high-
frequency oscillations might have an essential role in both normal and pathological brain function (Engel
et al., 2009).

The main representatives of these higher oscillations are gamma oscillations (30-80 Hz), high-
frequency oscillations (HFOs, 80-600 Hz) (Buzsaki, 1992; Bragin et al., 1999a,b; Worrell et al., 2008;
Engel Jr. et al., 2009), and very high-frequency oscillations (VHFOs, above 600 Hz), which have been
discovered lately (Usui et al., 2010; Brazdil et al., 2017). However, it is important to note that the
classification of higher oscillations by frequency is currently very variable, and the boundaries between
different types of oscillations are not clearly defined and differ in individual publications. Some authors
consider gamma brain activity as a high-frequency activity. The majority of works, contrariwise, set a
lower limit for high-frequency activity from 80 Hz and 100 Hz, respectively. Therefore, we will talk about

high-frequency oscillations as a higher activity than 80 Hz in this work.

Higher oscillations, especially HFOs, and mechanisms of their origin, are currently attracting
much attention to research focused on studying cognitive functions, memory, movement control, and
others. Gamma frequency oscillations (GFOs, ~30-80 Hz), the first studied type of oscillations, play a
dominant role in these physiological functions, especially learning and memory. The published studies
implicate GFOs and synchrony as a fundamental mechanism of percept binding, and as such, they play
a critical role in brain function (Buzsaki & Chrobak, 1995; Buzsaki & Wang, 2012; Kucewicz et al., 2017).
Gamma oscillations are the mechanism that allows modulation of neuronal activity, synchronization of
neuronal activity both locally and between distant areas of the cortex, and phase coding of information.
These processes represent a highly efficient, metabolically undemanding mechanism for combining
multisensory stimuli in their processing (Buzsaki & Chrobak, 1995; Buzsaki & Wang, 2012; Jiruska, 2013;

Kucewicz et al., 2017).

High-frequency oscillations (80-600 Hz) have been firstly recorded in rat hippocampus and
parahippocampal gyrus (Buzsaki et al., 1992; Chrobak & Buzsaki, 1996). Since the end of the last
century, also human HFOs in frequencies over 80 Hz have been repeatedly identified in recordings from
invasive EEG monitoring (employing microwires, depth macro electrodes, or subdural strips/grids) in
epileptic patients (Bragin et al., 1999a,b; Staba et al., 2002; Worrell et al., 2004, 2008; Urrestarazu et al.,
2007; Jacobs et al., 2008, 2009; Bagshaw et al., 2009; Brazdil et al., 2010; Crépon et al., 2010; Usui et
al., 2010; Brazdil et al., 2017). These short-lasting phenomena (20-100 ms) are above all a result of the
synchronization of neuronal populations, are generally split into two categories according to their

frequency: ripples (R), ranging between 80-250 Hz, and fast ripples (FR), in the range of 250-600 Hz



(Bragin et al., 1999a, Worrell et al., 2008). Similar to HFOs, VHFOs are further divided into subgroups
(Brazdil et al., 2017): very fast ripples; up to 1000 Hz, and ultra fast ripples; over 1000 Hz (Fig.1).
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Figure 1: Demonstration of individual HFOs (ripples and fast ripples), very and ultra fast ripples in time-frequency

analysis (Brazdil et al., 2017)

These human HFOs were first recorded with microwires (diameter = 40 ym, that extended
beyond the tip of clinical depth electrodes) from mesiotemporal structures (hippocampus and entorhinal
cortex) in patients with mesiotemporal lobe epilepsy (MTLE) during interictal periods by the group of
Bragin and Engel at the University of California (Bragin et al., 1999a; Staba et al., 2002). Lately, the
breakthrough in clinical HFO research was made by Gotman's group, Montreal Neurological Institute
(MNI), who observed interictal HFOs in the seizure onset zone using small broadband depth electrodes
(contact area 0.8 mm?) (Jirsch et al., 2006). These observations were later confirmed by Worrell et al.
(2008) using standard subdural macro electrodes (contact area 9.4 mm?) and recording from a more
extended brain area. Until now, there has been an increasing number of papers demonstrating the
relationship between HFOs and epileptogenic brain tissue. Research from multiple groups reported
increased rates of interictal HFOs in the seizure onset zone (SOZ), including high-gamma (Worrell et al.,
2004), ripples (Urrestarazu et al., 2007; Worrell et al., 2008; Jacobs et al., 2008, 2009, 2010), and fast
ripples (Bragin et al., 1999a,b; Bragin et al., 2002a,b; Staba et al., 2002). HFOs were often observed at
the time of epileptic spikes (approximately up to 80 %); less of them occurred entirely independently on
spikes in timing and localization (Urrestarazu et al., 2007; Frauscher et al., 2017). HFOs were also found
using standard macroelectrodes not only interictally but also during the ictal period and occur

predominantly in the region of primary epileptogenesis and SOZ (Jirsch et al., 2006). Ictal HFOs



spanning ripple and fast ripple frequency (and high gamma) bands have been repeatedly implicated in
seizure generation in human focal epilepsy (Fisher et al., 1992; Traub et al., 2001; Grenier et al., 2003;
Worrell et al., 2004; Jirsch et al. 2006). HFOs appear to be a good indicator of disease activity (Zijlmans
et al., 2009) and possibly predict outcome after epilepsy surgery (Jacobs et al., 2010).

HFOs play a pivotal role in synchronizing local and distributed neuronal networks, as is critical
for normal brain function. These functional couplings are transient (with a duration in the order of
hundreds of milliseconds), dynamic (the strength of association between two cortical regions has a time-
varying nature) and frequency-specific, neuronal groups oscillate in specific bands according

to a precise phase relationship (Le Van Quyen & Bragin, 2007; Worrell et al., 2012).

HFOs were predominantly studied in epileptology because of the need of HFO detection by
invasive EEG monitoring (used in evaluating intractable focal epilepsies). Thus, the first substantial
application of HFOs took place in the context of epilepsy surgery. This is now followed by other
applications such as assessment of epilepsy severity and antiepileptic therapy monitoring (Frauscher et
al., 2017).

Over the past years, HFOs were also found in vast areas of the human brain distant from the
epileptic network (the seizure onset or irritative zone), having a physiological role as it will be shown
further (Axmacher et al., 2008; Carr et al., 2011; Girardeau & Zugaro, 2011; Lachaux et al., 2012; Buzsaki
& Lopes da Silva, 2012; Nagasawa et al., 2012; Matsumoto et al., 2013; Alkawadri et al., 2014; Kucewicz
et al., 2014, Pail et al., 2017, 2020).

HFOs and the mechanisms of their formation are currently attracting considerable attention to
research in identifying the epileptogenic region of the brain on the one hand, and on the other hand, in

studying their physiological function within cognitive functions, memory, movement control, and others.



CHAPTER 2

Detection of high-frequency oscillations

Electroencephalography (EEG) plays a principal role in the non-invasive evaluation of the brain's
functional state and invasive presurgical evaluation of patients with intractable focal epilepsy.
Localization of focal epileptic brain is critical for successful epilepsy surgery. While ripples are
considered to be a signature of both normal and pathological brain processes, fast ripples are believed
to primarily reflect the neuronal substrates of epileptogenesis and epileptogenicity (Engel et al., 2009).
Both are detectable most often and in the best manner invasively, as it will be discussed in more detail.
Based on this fact, there is an intense interest in HFOs recorded with invasive electroencephalography
as potential biomarkers to improve epileptogenic brain localization and resective surgery (to be

discussed in the chapter on pathological HFOs).

There are several types of labelings; HFOs, high-frequency activity (HFA), and high-frequency
power (HFP), in the literature, describing different frequency ranges and types of high-frequency brain
electrical activity (Buzsaki & Silva, 2012). The term HFA was recently suggested to encompass both
HFOs and HFP (Burke et al., 2015). However, the concept of HFOs and high-frequency power is
unfortunately confused in individual studies; the terms are often conflated, or their distinction is ignored
in the literature (Cimbalnik et al., 2016); see further.

Neuronal oscillations of functional networks in the human brain occur over a wide range of
spatial and temporal scales (Worrell et al., 2012). HFOs can be recorded using extracellular microwire
electrodes (~10 to 50 pm), which are widely used to record the neural activity spanning single neuron
to collective oscillations of large neuronal assemblies (Buzsaki, 2004). HFOs can be highly localized
within a radius of ~150 ym surrounding to more spatially extended activity; up to 10 mm (Kajikawa &
Schroeder, 2011). Intracranial studies using microelectrodes showed that HFOs are transient (ripples:
19-360 ms and fast ripples: 6-53 ms) local field potentials oscillations (ripples: 120-1050 pV and fast
ripples: 100-1250 uV), which are localized to small tissue volumes (<1 mm) (Bragin et al., 2002a,b). Also,
standard clinical subdural or intracerebral macro electrodes (surface area: 1-10 mm?) can be used to
record HFOs, recording from a more extended brain area (Urrestarazu et al., 2007; Worrell et al., 2008;
Brazdil et al., 2010; Crépon et al., 2010). These studies reported that the HFO generator is very small
below 1 mm? using microelectrodes, compared to that in the range of 1 or a few cm?® using macro
electrodes (Bragin et al., 2002a,b; Andrade-Valenca et al., 2011). Nevertheless, using these types of
macro electrodes, the recorded signal consists of a spatial average of locally generated local field
potentials and volume conducted activity (Kajikawa & Schroeder, 2011) and not of single-neuron action

potentials or multi-unit activity (Worrell et al., 2012). There is also a combination of these two systems,



hybrid electrode systems that combine clinical macro electrodes with additional experimental
microelectrodes (Bragin et al., 2002a,b; Worrell et al.,, 2008). Although studies have previously
demonstrated that especially fast ripples are often localized to sub-millimeter scales (Bragin et al.,
2002a,b), a correlation between electrode size and HFO detections was not observed (Chétillon et al.,
2011). However, it is still unclear whether HFOs assessed with microelectrodes represent the same
phenomena as HFOs detected with macro electrodes (Frauscher et al., 2017), as the patterns of the
HFOs detected by EEG are quantitatively different from those detected by microwires (Worrell et al.,
2008). According to Worrell's study, a larger surface area of macroelectrodes leads to spatially
undersampling HFO activity (especially FR) compared to microwires. Sufficient detection of FR might
be explained by the subtle and discrete clusters of abnormally bursting neuronal cell assemblies, not
homogeneously distributed over the whole epileptogenic tissue. These neuronal populations could
generate FR not visible in standard stereo-electroencephalography (SEEG) (Bragin et al., 2003). One
must always keep in mind the possible low signal-to-noise ratio and the limited sampling frequency that

reduces FR's successful detection.

For clinical application, it would be preferable to record fast oscillations noninvasively.
Noteworthy, in recent studies, the evidence of HFOs recorded from scalp electrodes has appeared
(Kobayashi et al., 2010; Andrade-Valenca et al., 2011; Melani et al., 2013). This was an unexpected and
surprising result, given the small HFO generator size of 100-200 ym and a much larger area of the
synchronized cortex (at least 6 to 9 cm?), which is required for the corresponding activity to appear on
the scalp (Tao et al., 2005). It is unlikely that the HFOs described in intracranial studies could be visible
on the scalp in this context. Nevertheless, it is essential to note that the skull does not filter high
frequencies; only because of the skull's distance and resistivity, which attenuates an already
small activity, it makes their recording less likely (Frauscher et al., 2017). A recent simulation study,
showed that HFOs could be detected within the lower noise level of the ripple band (80-200 Hz), even

though their median amplitude on scalp EEG recordings is > 10 times smaller than interictal epileptiform

discharges and is consistent with cortical generators of approximately 1 cm (Frauscher et al., 2017).

This finding was confirmed by a study using data from simultaneous scalp EEG and intracranial
recording, which confirmed that scalp HFOs derive from cortical HFOs (Zelmann et al., 2014). In the
SOZ, the rates and proportion of channels with gamma and ripple oscillations were found higher,
suggesting that they could be used for the SOZ identification as interictal EEG scalp markers (Andrade-
Valenca et al., 2011). These oscillations (mostly co-occurred with spikes) are less sensitive but much
more specific and accurate than alone spikes to delineate the SOZ (Andrade-Valenca et al., 2011; Melani
et al,, 2013). Nevertheless, as the authors themselves state, this correlation is particularly high for
neocortical epilepsy, not for seizures originated in deep mesial structures. In a recent study, it was shown
that it might be feasible to record even frequencies > 250 Hz using subdermal electrodes (Pizzo et al.,
2016). Moreover, great caution should be taken when evaluating these oscillations as blinks, saccadic
eye movements, and various muscle activities typically result in notable increases in gamma power (>25

Hz) and contaminate the recorded signal in the HFO spectrum (Worrell et al.,, 2012; Xiang et



al., 2014). However, gradually, there is increasing evidence that HFOs are useful for measuring
disease activity and assessing treatment response using non-invasive EEG. The contribution of non-
invasive methods for measuring epileptogenicity is particularly promising in children because they show
high scalp HFO rates (Frauscher et al., 2017).

Another possibility of non-invasive methods is to use magnetoencephalography to detect high-
frequency activity and HFOs (Xiang et al., 2009; van Klink et al., 2016). The results demonstrated high
concordance of detected events with lesions as identified by MRI in 70 % of subjects and with the SOZ
as identified by invasive EEG (Xiang et al, 2009; Frauscher et al, 2017). In one
published work, magnetoencephalogram recordings of likely physiological ripple and fast ripples

oscillations in the human somatosensory cortex have been reported (Curio et al., 1994).

Nevertheless, invasive EEG recordings performed in the sense of presurgical epilepsy
evaluation in people with drug-resistant epilepsy provide us with excellent data for examining high-
frequency oscillations in the EEG, as they have a high signal-to-noise ratio and are less sensitive to
artifacts compared to non-invasive recording techniques (Thomschewski et al., 2019). Invasive EEG in
humans is only obtained in clinical situations where direct recording from the brain is required, as it is
commonly performed only in epileptic patients requiring diagnostic localization for surgical treatment.
Studies investigating HFOs in the human epileptic brain have primarily utilized standard clinical subdural
or depth macro electrodes. The electrode cross-sectional area determines the scale of spatial sampling,
and at this time, however, the optimal electrode cross-section and spacing for mapping epileptic brain

is unknown (Worrell et al., 2012).

The technical aspects of HFO detection have been examined by different research groups (see
reviews e.g., Worrell et al., 2012; Zijimans et al., 2017). The detection of HFOs is a challenging task,
primarily due to their usual low signal-to-noise ratio, their association with epileptic activity, and the still
open questions regarding their nature and definition (Thomschewski et al., 2019). These issues will be
discussed further. New recording technologies (digital electronics and computing) have advanced so
that, at high temporal and spatial resolutions, HFOs can be registered in human focal epilepsy (Worrell
et al.,, 2012). When recording, for an appropriate temporal sampling, we need a recording with a low
noise level for high frequencies (Worrell et al., 2012; Schomer & Lopes da Silva, 2017; Zijimans et al.,
2017). The limiting factor for detecting higher frequency activities and oscillations, in particular, is the
sampling frequency of registered EEG. The higher the used sampling frequency is, the higher activity
can be detected in the EEG. To adequately sample the temporal dynamics of HFOs, a reasonable
approach is sampling at about 4-5 times higher than the upper frequency of interest since several
samples are needed to form the wave shape (Schomer & Lopes da Silva, 2017; Zijilmans et al., 2012).
Preferentially, a sampling frequency of 2,000 Hz or above should be used for studying HFOs (Zijimans
etal., 2012). Only the technological progress made it possible to use a higher sampling frequency, which
made signal processing complicated due to the amount of data analyzed. Also, because of the deluge

of multichannel data generated by these experiments, the development of modern data mining



techniques was required to extract meaningful information relating to time, frequency, and space
(Worrell et al., 2012). Fortunately, the technical challenges of data transfer, storage, and analysis of large
terabyte data sets are now possible (Worrell et al., 2012). Regarding spatial sampling, the literature
suggests that clinical SEEG electrodes have several advantages (robust HFO measurements, their
sampling scale, and surgical safety record), which represents a good compromise between micro-
and macro-scales (Bragin et al., 1999b; Urrestarazu et a, 2007; Worrell et al., 2008; Worrell et al.,
2012; Zijlmans et al., 2017; Thomschewski et al., 2019).

The detection and labeling of interictal and ictal HFOs can be broadly categorized into three
groups: a) expert manual review (time-consuming, not feasible for large data sets, considered the
gold standard, but subjective, associated with low inter-reviewer reliability); b) supervised detection
(high sensitivity and low specificity automated detection combined with expert review); c)
unsupervised detection (fully automated detection and data labeling, requires high specificity and
sensitivity detectors) (Gardner et al., 2007; Worrell et al., 2012; Zelmann et al., 2012; von Ellenrieder et
al., 2016). A common approach to account for inter-reviewer reliability is to consider more than one
reviewer, checking for consistency in the markings (Gardner et al., 2007; Worrell et al.,, 2012;

Zelmann et al., 2012; von Ellenrieder et al., 2016).

Visual analysis and expert reviewers are the gold standards for evaluating invasive EEG
signals and HFOs. Even though it is not a perfect solution (very time-consuming, requires expertise,
and might be subjective), it is a reasonable approach given that these experts are the clinical users
of EEG and that they are considered as the gold standard when identifying other electrophysiological
signals (spikes, seizures,...). Considering the mentioned HFO criteria (Jacobs et al., 2012; Worrell et
al., 2012), visual inspection requires enlarging the signal both in time scale and amplitude in order
to discern these discrete events from the background EEG (Thomschewski et al., 2020). In
HFO rating, it is crucial to control for inter-reviewer reliability and consistency in the
markings (Zelmann et al., 2012). Visual analysis, however, entails serious obstacles, making
HFO assessment impossible for clinical routine (Frauscher et al., 2017).

To overcome these issues, various detectors have been developed and validated over the
last few years (see review Zijlmans et al., 2017). Regarding using automated detectors, there are
used two basic approaches. One possibility is that the supervised training algorithm is used for
optimizing the parameters of the detector; it means that all detected events are validated by an expert
reviewer (Worrell et al,, 2012). Conversely, some of the researchers consider the output of the
detector as the "true" HFOs. However, this approach requires high specificity and sensitivity
detectors by setting strict and precise parameters (e.g., restricting the number of oscillations above

certain energy levels) (Staba et al., 2002).

The objective of the mentioned approaches is to detect HFO events that can be distinguished
from ongoing background activity (Jacobs et al., 2012). Thus, a logical approach is to compare the
energy of the signal with an energy threshold. The oscillatory events can be visualized by applying a

band-pass filter to restrict the range of frequencies under consideration and to increase the time and



amplitude scales. Many detectors use forward and backward filtering to eliminate phase distortion
(Gardner et al., 2007). Another possibility is an EEG time-frequency map, which can show the amount
of high-frequency activity (Fig.2; Zijlmans et al., 2012). It is important to consider that automatic detector
design is based on a definition and description of HFOs, usually on at least four waves within one
oscillation in a frequency range from 80 to 600 Hz that "distinctively" stand out from the background

signal (Zijlmans et al. 2017).
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Figure 2: Visualization of HFOs by applying a band-pass filter and power envelope analysis to restrict the range of frequencies,

and time-frequency map

When the energy of the filtered local field potential (LFP) is statistically larger than the threshold
during a specific interval, the segment is considered as a possible HFOs (Staba et al., 2002; Gardner et
al., 2007; Crépon et al., 2010; Worrell et al., 2012; Zelmann et al., 2012). Finally, in order to designate
high-frequency activity as an oscillation, it should have a rhythmic and repetitive character in addition to

high frequency (Worrell et al., 2012). Unfortunately, there is no unity in this classification, and the



individual papers differ among themselves in the number of a minimum number of repetitions of
individual waves within one oscillation. Furthermore, there is no consensus in individual studies whether
HFOs should be a band-limited event, or as we can say an isolated event in the time-frequency map (as
in Crépon et al., 2010) or it can be a broadband event, and it could contain a variety of frequencies
within a range (e.g., Staba et al., 2002; Worrell et al. 2008).

Several mathematical approaches were established to improve ictal and interictal EEG analysis
(Staba et al., 2002; Gardner et al., 2007; Worrell et al., 2008; Tito et al., 2009; Ayala et al., 2011; Blanco
etal., 2011; Nikulin et al., 2011; Zijlmans et al., 2017). Algorithms for detection of spontaneous or induced
HFOs commonly require at least four waves within one oscillation of sinusoidal like morphology in the
filtered signal (above 80 Hz) that stand out from the ongoing background activity (with energy more
abundant than the 95 percentile), and at least 25 ms inter-event interval settings the range of HFO
amplitude (10-1000 yV) and duration (30-100 ms) reported spans a wide range (Worrell et al., 2012).
The emphasis must always be on differentiating true HFOs from the high-frequency power changes
associated with increased neuronal firing (Ray et al., 2008; Schomburg et al., 2012; Waldert et al., 2013)
and band-pass filtering of interictal epileptiform sharp waves and nonspecific transients (Bénar et al.,
2010; Worrell et al., 2012; Cimbalnik et al., 2016), will be discussed below.

Most HFOs are found within sharp EEG components (Urrestarazu et al., 2007; Jacobs et al.,
2008; Crépon et al., 2010). Nevertheless, artifactual high-frequency activities can also be caused by
Fourier spectral decomposition of a rapidly changing intracerebral EEG signal by high-pass filtering
these sharp components of epileptiform discharges (spikes or sharp waves). Therefore, they include a
wide range of high-frequency components that usually induce a broadband increase in the high-
frequency power but without actual HFOs in the non-filtered local field potential (Urrestarazu et al., 2007;
Bénar et al., 2010; Worrell et al., 2012). The transient being the result of all those harmonics' additive
superposition, a narrow band filter will generate spurious oscillations in the transient vicinity. That is why
these inauthentic oscillations might cause bias in the data (Worrell et al., 2012). These phenomena are
well known, firstly reported over a century ago by Gibbs (Gibbs, 1899) and referred to as "Gibbs'
phenomena". Therefore, defining the frequency range of interest, for example (~80-600 Hz), and what
type of high-frequency activity is being analyzed is critical when reporting results (Cimbalnik et al., 2016),

to avoid the detection of these false oscillations (Bénar et al., 2010).

One aspect that is very important when using automatic HFO detection is artifact removal
(Frauscher et al., 2017). Furthermore, recent studies showed that filtered extracellular action potentials
(e.g., muscle activity, eye-movements) 'contaminate' high-frequency activity (Ray et al., 2008;
Schomburg et al., 2012; Waldert et al., 2013; Thomschewski et al., 2020). The high-frequency power
from these sources is due to the high-frequency Fourier components required to represent the raw data
and should not be confused with actual data oscillations or true HFOs. In the extreme case of data
discontinuity (e.g., a square wave signal), the Fourier component sums at the discontinuity do not die

out as higher frequency terms are added, a phenomenon referred to as "Gibbs' artifact" (Gibs, 1899;
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Cimbalnik et al., 2016). Further, the impact of the external reference electrodes (e.g., linked mastoids)
have already been described, as this approach used may contribute to the artifact contamination of
invasive EEG (iEEG) data. To this end, a bipolar montage might have resulted in less artifactual events
(Thomschewski et al., 2020). Moreover, future automated detection algorithms should implement artifact
matching in additional EMG and EOG channels in order to improve detected event specificity

(Thomschewski et al., 2020).

For this reason, assessing HFOs during sleep is advisable, as artifacts are lowest then
(Frauscher et al., 2017). Nevertheless, in our published studies, we had to compare data from
wakefulness, as we did not have data from sleep in the included subjects. Even so, our results are in line
with the published data. In our studies that began later but which are not part of this habilitation, we have
already analyzed data also in sleep and monitored the behavior of HFOs and their characteristics

concerning sleep and wakefulness (both rest and performing task).

The detectors that efficiently eliminate false HFO markings by phase correlation of band-pass
filtered signal with a low pass filtered signal, which leads to a clear distinction of pure ("true") oscillations,
are needed (Cimbalnik et al., 2018).

The raw EEG signal (Fig.3) analysis process used in our studies was as follows. In the first step,
the signal is band-pass filtered by a sequence of overlapping frequency bands. Each filtered band is

processed separately in the subsequent steps.

8
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Figure 3: Raw signal - spike with HFO.

First, the amplitude envelope of the filtered signal is calculated using a Hilbert transform (Fig.4).
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Figure 4: Top - Band pass filtered signal. Bottom - Amplitude envelope of the filtered signal.

Second, the band passed signal and the band passed signal with lower frequency cut off are
converted to cosine representation of the signal cycles, and the correlation between them is calculated
in the sliding window (Fig. 5). The metric serves to eliminate higher amplitude in filtered signal related

to Gibb's phenomenon, such as spikes and other sharp transients.
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Figure 5: The band passed signal (top), the band passed signal with lower frequency cut off are converted to cosine
representation of the signal cycles (middle), and the correlation between them is calculated in the sliding window (bottom).

The third step of metric calculation consists of calculating the dot product of the normalized

signal amplitude envelopes and frequency stability metric, thus obtaining a signal that takes into account
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both amplitude and frequency features of the analyzed signal (Fig. 6).
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Figure 6: Top - Dot product of the normalized signal amplitude envelopes. Bottom - Frequency stability metric.

HFO detection is performed by applying a threshold to the product metric and a cascade of

min/max thresholds based on previous HFO detections done by expert reviewers.
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Figure 7: Examples of correct positive detection (top) and false-positive detection (bottom).

In individual studies, when investigating electrophysiological brain recordings, it is necessary to
distinguish HFP and HFOs terms. The term HFOs should be reserved only to describe true high-

frequency local field potential oscillations in the intracerebral EEG, which are oscillations visible in the
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raw recording and not the high-frequency Fourier components from a band-pass filter. This HFP has a
low correlation with the raw signal in the frequency band of interest (Worrell et al., 2012). The confusion
of these terms can lead to different results, as both terms designate and express something else. In
focal epilepsy with multiple spikes and sharp waves, HFP is more widely distributed than the occurrence
of HFOs (Cimbalnik et al., 2016). As Jacobs et al. (2016) demonstrated, the HF power increase during

spikes is less specific for the SOZ than visually identified individual HFO events.

There is a critical need for data and computer code sharing to create reproducible research
and advance the use of HFOs biomarkers in brain mapping (Cimbalnik et al., 2016). So far, it has not
been possible to compare the results from different laboratories, which differ in particular in the
methodology of HFO detection (definition of HFOs, expert visual review vs. proprietary detectors;
long vs. short datasets; a number of patients). Comparing detectors on a single dataset is essential
to analyze their performance and to emphasize the issues involved in validation. Furthermore,
the detectors are optimized for the dataset for which they were designed. Therefore, it is advisable
to train and validate the detector on a dataset with similar characteristics to the one of interest
because what is valid in one center would probably not be valid for another place (Worrell et al.,
2012; Zelmann et al., 2012; Thomschewski et al., 2019). When comparing results from different
centers, it is crucial to take into account not only the difference in the optimization of the detectors
but also the electrode size, the number and distribution of the contacts, the sampling rate and
filters, and the quality of the data (Worrell et al., 2012). All these aspects affect the generating
reproducible results. To this date, a multicentre prospective study has not been
conducted to validate the used detectors and determine the clinical utility of HFO
biomarkers, which is needed for the translation of HFO electrophysiological biomarkers to

clinical practice (Cimbalnik et al., 2016).

As intracerebral EEG recordings are primarily limited to patients with focal epilepsy thus, the
specificity of intracranial recorded spikes, sharp waves, and HFOs as biomarkers of the epileptogenic

brain remains challenging (Worrell et al., 2012).

If we summarize it all, objective, consistent, accurate labeling of epileptiform activity in large-
scale recordings requires automated detectors. Automated detectors help significantly decrease the
time required to detect HFOs and reduce the bias that human raters cause. Nonetheless, the definition
of a gold standard for HFO detection is needed (Zelmann et al., 2012; Worrell et al., 2012; Zijimans et
al., 2017). Several HFO studies have been published concerning the visual quantification or automated

detection of ripples and fast ripples. Nevertheless, the optimal algorithm for HFO study in macro and

micro EEG recordings has not yet been determined.
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Commentary on published paper

Electroencephalography (EEG) plays a principal role in the non-invasive and invasive evaluation
of the brain's functional state. Invasive EEG recordings performed in subjects with drug-resistant
epilepsy in the context of presurgical epilepsy evaluation provide us with excellent data for investigating

high-frequency oscillations in the EEG.

High-frequency oscillations are a type of brain activity that represents the electrical
manifestation of neuronal events, but above all, the very effective brain function mechanisms in both
physiological and pathological conditions. Based on this fact, there is intense interest in HFOs recorded
by electroencephalography, particularly within epileptology. In epilepsy, detected HFOs are used mainly
to identify the area responsible for seizure generation (epileptogenic zone), the seizure onset zone
(SO2Z), respectively (Worrell et al., 2004; Jacobs et al., 2008). As it was mentioned, there are several

options for detecting HFOs; automatic, visual, and a combination of both (Worrell et al., 2012).

Although it seems possible to identify the SOZ with high specificity by looking at only 5-10 min
of interictal HFO activity (Urrestarazu et al., 2007; Jacobs et al., 2008; Andrade-Valenca et al., 2011), it
is still a lot of data that an expert reviewer has to go through and evaluate. In addition to that, we should
mention that more repeated measurements eliminate accidental interferences and refine the
measurement. Efforts should still be made to analyze more extended periods of EEG. Therefore,
automatic detection has been developed to reduce a neurophysiologist's work and time evaluating EEG
data. This approach also enables more objective marking of HFOs and more easily identifies HFOs on

all channels.

In the presented study, we compared the possible contribution, in SOZ detection, of simple
visual assessment of intracerebrally recorded HFOs with standard automated detection. The SOZ was
defined in the contacts, which showed the first electroencephalographic ictal activity. We decided to

compare the fully automated version because most clinicians will probably use this method.

We analyzed SEEG recordings from patients with medically intractable focal epilepsies, both
temporal and extratemporal. Independently using simple visual assessment and automated detection of
HFOs, we identified the depth electrode contacts with maximum occurrences of ripples and fast ripples.
The SOZ was determined by independent visual identification in standard SEEG recordings, and the

congruence of results from visual versus automated HFO detection was compared.

Our study confirmed that conventional intracranial EEG macro electrodes (sampling rate 1 kHz)
can be used for HFO detection in both temporal and extratemporal lobe epilepsies. However, based on
our current knowledge, the sampling frequency used in this study for fast ripple analysis was insufficient.

Simple visual assessment of SEEG traces and standard automated detection of HFOs seemed to
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contribute comparably to the identification of the SOZ in patients with focal epilepsies. Nevertheless,

automated detection has the considerable advantage of saving time.

The significant disadvantages of visual inspection are that it is much work to assess all of the
channels in all of the patients, and it requires experienced reviewers. The widespread clinical use of
HFOs will only be possible if some kind of reliable automated or semiautomated method for their
identification is implemented (Worrell et al., 2008; Crépon et al., 2010). A semiautomated method allows
the removal of artifacts and the possible modification of the duration of the detected HFOs, and it could
be used for all types of recordings. Nevertheless, most clinicians probably would use the fully automated
version. Automatic detection (objective, a consistent method with accurate labeling of epileptiform
activity in large-scale recordings) is crucial for the HFO investigation as biomarkers of epileptogenic
tissue and is likely necessary to propel future clinical applications (Zelmann et al., 2012; Worrell et al.,
2012). The time-consuming visual assessment of HFOs, which prevented their clinical application in the

past, might now be overcome by validated computer-assisted algorithms (Frauscher et al., 2017).

Furthermore, according to this study, it seemed that when using macro electrodes in neocortical
extratemporal epilepsies, the SOZ might be better determined (higher specificity) by the ripple range
than by fast ripples. This bias was probably related to the lower sensitivity of macroEEG for fast ripple
detection (Worrell et al., 2008) and the lower sampling frequency used. Nevertheless, Crépon et al.
(2010) implied that neocortical epileptic networks do not have to generate fast ripples if the
hippocampus is not involved in this network. Actually, pathological HFOs are generated by remote
pathologically interconnected neuron clusters (Bragin et al., 2002a). These findings contradict other
recent studies (Jacobs et al., 2008, 2009; Brazdil et al., 2010) in which fast ripples were detected in the
pathological neocortex (focal cortical dysplasia), although fast ripples were observed with a lower rate

or were a less specific marker for SOZ than in the mesiotemporal regions.

In summary, we proved standard automated detection of HFOs, in comparison with visual
analysis of HFOs, achieves comparable results, and enables the evaluation of HFO characteristics
(several frequency bands, changes in time, changes concerning seizures) in whole data. Automated and
visual detection of HFOs yields comparable identification of the SOZ. This detection allows general
purpose and objective evaluation without any bias from the neurophysiologist's experiences and
practice.

Due to the detection of HFOs in pathological and non-pathological areas, this study highlights
the importance of establishing methods to distinguish pathologic HFOs from physiologic HFOs to their

further use in clinical epileptology.
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1. Introduction

Electroencephalography (EEG) plays a principal role in the
non-invasive and invasive presurgical evaluation of patients with
intractable epilepsy. EEG is used mainly to identify the area
responsible for seizure generation, the seizure onset zone (SOZ).
Several mathematical approaches were recently established to im-
prove ictal and interictal (especially invasive) EEG analysis (Staba
et al,, 2002; Gardner et al., 2007; Worrell et al., 2008; Tito et al.,
2009; Ayala et al., 2011; Nikulin et al., 2011).

Interictal high-frequency oscillations (HFO) in frequencies over
80 Hz have been recently identified in recordings from invasive
EEG monitoring (employing microwires, depth macroelectrodes,
or subdural strips/grids) in epileptic patients (Bragin et al., 1999;
Staba et al., 2002; Worrell et al., 2004, 2008; Urrestarazu et al.,
2007; Jacobs et al., 2008, 2009; Bagshaw et al., 2009; Brazdil
et al., 2010; Crépon et al., 2010). These HFO were first recorded
with microwires from mesiotemporal structures in patients with
mesiotemporal lobe epilepsy (MTLE) during interictal periods
(Bragin et al., 1999; Staba et al., 2002). Urrestarazu et al. (2007) ob-
served interictal HFO in the SOZ using small broadband depth elec-
trodes (contact area 0.8 mm?); these observations were later
confirmed by Worrell et al. (2008) using standard subdural macro-
electrodes (contact area 9.4 mm?) and recording from a more
extended brain area.

These short-lasting phenomena (20-100 ms), a result of the
synchronization of neuronal populations, are generally split into
two categories according to their frequency: ripples (R), ranging
between 80-200 Hz, and fast ripples (FR), in the range of 200-
500 Hz (Bragin et al., 1999). Their occurrence increases during
non-REM sleep (Staba et al., 2004; Bagshaw et al., 2009). Very high
frequency oscillations (VHFO), ranging from 1000-2500 Hz, were
recently observed (Usui et al., 2010) using subdural electrodes.

Ripples are considered to be a signature of both normal and
pathological brain processes; fast ripples are believed to reflect pri-
marily the neuronal substrates of epileptogenesis and epileptoge-
nicity (Engel et al., 2009). In humans, ripple oscillations were
observed in the processes important for memory consolidation in
the hippocampus and parahippocampal structures (Bragin et al.,
1999; Axmacher et al., 2010). Physiological HFO at about 600 Hz
were noticed in the neocortex during somatosensory stimulation
(Curio et al., 1997).

Interictal HFO are to a high degree spatially localized to the
SOZ; this was confirmed in observations with both microwires
and macroelectrodes (Worrell et al., 2004; Jacobs et al., 2008),
and less are linked to lesions (Jacobs et al., 2009). Ictal HFO occur
predominantly in the region of primary epileptogenesis (SOZ),
and less are found in areas of secondary seizure spread (Jirsch
et al., 2006). Based on the results of previously published papers,
it seems that the SOZ can be determined with high specificity
through the evaluation of 10 min of HFO activity (Jacobs et al.,
2008; Zelmann et al., 2009; Andrade-Valenga et al., 2012).

Most HFO are seen predominantly at the same time as spikes
(Engel et al., 2003; Urrestarazu et al., 2007; Worrell et al., 2008).
Although the SOZ is characterized by concomitant spiking activity
(high sensitivity), spikes are often seen outside the SOZ as well
(low specificity) (Jacobs et al., 2008). For this reason, many studies
have focused on interictal HFO and their role in both identifying
the SOZ and differentiating it from surrounding remote areas,
which is critical for successful resective epilepsy surgery. HFO
occurrence (both interictal and ictal) within the SOZ seems to be
more sensitive and specific than spikes (Jacobs et al., 2008;
Zijlmans et al., 2011). Thus, interictal HFO could be a better marker
of epileptogenicity than interictal spikes. HFO (particularly FR)
seem to occur especially within pathological mesial temporal

structures as the area responsible for seizure generation and in
neocortical epileptogenic structures as well, although less often
(Jacobs et al., 2008). In our recent study, the combination of HFO
detection rates with power spectral analysis clearly demonstrated
the capacity of HFO to detect the SOZ in patients with extratempo-
ral focal cortical dysplasia (Brazdil et al., 2010).

A large amount of data is generated during long-term invasive
video EEG monitoring, and for that reason a widespread clinical
use of HFO will only be possible if some kind of reliable automated
or semiautomated method for their identification is implemented.
The advantage of simple visual assessment is in the simplicity.
However, the major disadvantages of visual inspection are that it
is a lot of work to assess all channels in all patients, it is inevitably
subjective, and it requires experienced reviewers.

The automatic detection which was developed to reduce work
for the neurophysiologist also enables more objective marking of
HFO and more easily identifies HFO on all channels. Several HFO
studies have been published concerning the visual quantification
or automated detection of ripples and fast ripples. Nevertheless,
the optimal algorithm for HFO study in macroEEG recordings has
not yet been determined.

The aim of the study was to compare the probability of detect-
ing the SOZ with HFO by simple visual assessment and intracere-
brally recorded HFO with standard automated detection. We
decided to compare the fully automated version because this
method is probably what most clinicians would use.

2. Methods
2.1. Subjects

The main demographic and clinical characteristics of all
subjects are shown in Table 1. We studied 20 consecutive patients
(including all of the patients from our center who underwent
resection; we knew the histology results and the EEG sampling fre-
quency we used enables HFO evaluation) with medically intracta-
ble focal epilepsies (12 females; 8 males) and a mean age of
31 years (SD=10.3; range 12-47 years). All of the subjects had
been referred to the Brno Epilepsy Center, Department of Neurol-
ogy. All the subjects fulfilled the diagnostic criteria for medically
intractable temporal lobe epilepsy (TLE) or extratemporal lobe epi-
lepsy (ETLE); 10 subjects had TLE and 10 subjects had ETLE. The
diagnosis was made according the ILAE criteria (Commission on
Classification and Terminology of ILAE, 1989). The majority of sub-
jects had no history of precipitating events. Five subjects with TLE
had meningoencephalitis, perinatal asphyxia, mushroom poison-
ing, prematurity, and prolonged delivery before the first seizure;
one subject with ETLE suffered from commotio cerebri. Two sub-
jects had a history of febrile convulsions. The majority of subjects
had a history of complex partial seizures, in 8 subjects with spo-
radic seizure generalization (GTCS). The mean age at seizure onset
was 13.3 (SD = 8.7; range 0.75-36 years) (Table 1).

All of the subjects had been routinely investigated, including
long-term continuous noninvasive and invasive video EEG
monitoring, MRI, and neuropsychological testing. The diagnosis
of unilateral TLE/ETLE in our subjects was based on a concordance
of history data, ictal and interictal EEG findings, ictal semiology,
neuropsychology, and neuroimaging findings. Some of the subjects
revealed structural lesions on MRI scans (see Table 1). Most of the
subjects had not undergone previous intracranial surgery. One sub-
ject had extirpation of pilocytar astrocytoma within the parieto-
occipital region 2 years before SEEG and re-operation; a partial
anterior corpus callosotomy had been performed in one subject
due to atonic seizures that afterward disappeared. Prior to invasive
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Table 1
Demographic and clinical data.
Subject Gender Age Febrile  Age at Seizure MRI (signs of) Type Brain Region SOZ Intervention/ Outcome
at seizures seizure frequency/ and side lobes histopathology (Engel)
SEEG onset monthly of explored
epilepsy and
number of
implanted
electrodes
1 F 35 - 15 CPS 100 FCD parietal operculum  E/R F(3),1(1), Right parietal Lesionectomy/ 1A
P(5), T(1) operculum FCD IIA (3.5 years)
2 M 39 - 11 CPS 100 Negative E/R F(7) Right inferior Cortical 1A
frontal gyrus resection/FCD (3 years)
A
3 M 47 - 3 CPS 60, + Negative E/R F(4), T(3), Right Cortical 1A
[(1),P(1) frontoorbital resection/FCD (3 years)
cortex, mesial 1A
frontopolar and
lateral
prefrontal
cortex
4 M 18 + 3 CPS 10 Negative E/R F(9),P(2), Right precentral Pericentral 1A
0 (1) sulcus topectomy/FCD (3 years)
A

5 F 24 - 20 SPS 500 Asymmetric gyrification E/R F (4),P(3) Right precentral Partial IVB
within right SMA gyrus lesionectomy (2.5 years)

6 F 12 — 25 CPS 80 Lesion of right E/R F(5), T(3) Right Lesionectomy A
orbitofrontal cortex orbitofrontal (1 year)

cortex

7 M 23 - 15 CPS 10 + Right frontopolar E/R F(4),F Right fronto- Lesionectomy/ IVA
tuberous sclerosis (3), P (1), polar region FCD IIB (2 years)

T(1), T
(1),0'(1)
8 M 29 - 17 CPS 15 + Negative E/L T (4), T Left occipital Cortical IVA
(1), P (1), pole resection (2 years)
P (1), 0
(2)

9 F 35 — 11 CPS 23 FCD in right superior E/R F(6),P (1), Right mesial Lesionectomy/ 1A
frontal gyrus, F (3) and lateral FCD IA (2 years)
postoperative changes prefrontal
after partial anterior cortex
callosotomy

10 F 23 - 13 SPS 2 + Local atrophy and gliosis  E/L T (2), P’ Left Reoperation, IA (1 year)
in trigone of left lateral (1)0' (2) parietooccipital  lesionectomy/
ventricle after bounder and reparative
extirpation of pilocytar occipital lobe changes after
astrocytoma within extirpation of
parieto-occipital region pilocytar

astrocytoma

11 F 29 - 24 CPS 10 DNET or ganglioglioma  T/R T(3), T (3) Right AMTR/DNET 1B
within right amygdala hippocampus grade | (1.5 years)

12 F 41 — 9 months  CPS 80 Bilateral hippocampal T/R F(5), T(5) Right AMTR 1A
sclerosis, blurring of the hippocampus (1.5 years)
gray-white matter
junction in right
temporal pole

13 F 26 - 3 CPS 3 + Blurring of the gray- T/L FG)T Left AMTR 1A
white matter junction in 3), P (1) temporopolar (1.5 years)
left temporal pole region

14 M 23 - 14 CPS 80 Chorioidal fissure cyst T/L T(2)/F (3), Left AMTR/FCD 1A IVB

T (5) temporopolar (1 year)
region

15 F 28 - 13 CPS 10 Meningoencephalocele T/L T (6) Left AMTR and IB
and hypotrophy of left temporopolar plastic surgery (2 months)
temporal pole region of skull base

16 F 46 - 36 CPS 10 Negative T/L F (2), T Left AMTR 1A (1 year)

(6) hippocampus

17 F 47 - 17 CPS 18 Postischemic gliotic T/R F(1), T(5), Right AMTR/FCD IA A
changes within left T (2) hippocampus (1.5 years)
parieto-occipital and
right occipital area

18 M 35 - 23 CPS 5 + Abnormal gyrification of T/R T(5),F(1), Right AMTR 1A (1 year)
the base of right T (2) hippocampus
temporal lobe

19 M 40 + 8 CPS 20 + Left hippocampal T/L F(3), T(3) Left AMTR/HS 11
sclerosis F3),T hippocampus gradus IV Lsin. (2 years)
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(continued on next page)
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Subject Gender Age Febrile  Age at Seizure MRI (signs of) Type Brain Region SOZ Intervention/ Outcome
at seizures seizure frequency/ and side lobes histopathology (Engel)
SEEG onset monthly of explored
epilepsy and
number of
implanted
electrodes
20 F 19 — 16 CPS 2 + Negative T/L T (7) Left AMTR IVB
temporopolar (1 year)
region

CPS - complex partial seizure; + — sporadic ictal generalization; SOZ - seizure onset zone; SMA - supplementary motor area; DNET - dysembryoplastic neuroepithelial
tumor; FCD - focal cortical dysplasia; AMTR - anteromedial temporal resection; E - extratemporal; T - temporal; R - right; L - left; FCD - focal cortical dysplasia; F - frontal;

P - parietal; T - temporal; O - occipital, I - insular; ' - left.

EEG, two subjects underwent the implantation of a vagus nerve
stimulation system with unfavorable seizure frequency outcome.
Informed consent was obtained from each participant after all of
the procedures were fully explained. The study received the ap-
proval of the local ethics committee.

2.2. SEEG

Preoperative invasive SEEG were obtained from all of the
subjects. The sites of electrode placements were individualized
according to seizure semiology, clinical history, noninvasive EEG
investigations, and neuroimaging results. Several standard multi-
contact depth electrodes (ALCIS with a diameter of 0.8 mm, a con-
tact length of 2 mm, and intercontact intervals of 1.5 mm; the
surface area of each contact 5 mm?) were orthogonally implanted
in each subject to localize the seizure origin (see Table 1). The exact
positions of the electrode contacts in the brain were verified using
postplacement MRI with electrodes in situ. In each subject, the SOZ
was determined by a standard visual analysis of ictal SEEG record-
ings. The SOZ was defined as the contacts that showed the first
electroencephalographic ictal activity.

A total of 10 min of artifact-free interictal SEEG data (recorded
during wakefulness) was analyzed for each subject. The EEGs were
low-pass filtered at 450 Hz and sampled at 1024 Hz. A reference
montage with linked earlobes as a reference was used for the
analysis.
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2.3. Selection of subsequently analyzed contacts

In each subject, 6-12 recording contacts with the maximum of
interictal spikes were visually selected for further HFO analysis (by
co-authors RK and IT). The contacts with spikes were chosen since
non-spiking channels are not usually seen in the SOZ (Jacobs et al.,
2008). The SOZ was always included and at least 2 probes were in-
volved. Only these contacts were analyzed in the visual assessment
and automated detection of HFO. The number of analyzed contacts
was limited by the possibilities of visual analysis. The visual anal-
ysis is time consuming and the same contacts should be analyzed
with both detections. The SOZ selection was blinded to the other
co-authors. The only information given was that one contact
should be in the SOZ. The selection of this contact was the aim in
the next blind analysis.

2.4. Visual assessment of HFOs in resting awake SEEG

A simple visual inspection (analogous to an “EEG reading”) of
10-min resting awake SEEG recordings from the 6-12 chosen con-
tacts was performed independently by two co-authors (MB and
PD) blinded to the results of SOZ detection by a standard analysis
of ictal SEEG (a minimal number of oscillations - 4 waves). The
contacts with detected HFOs by both reviewers were included in
the analysis and the remaining detected oscillations were excluded
from the study. HFO detection was performed independently in
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Fig. 1. The demonstration of detection of HFO by simple visual assessment and standard automated detection. There are presented raw data, visual HFO detection in two
frequency ranges, R (80-200 Hz) and FR (200-450 Hz) and automated detection of HFO (according to the algorithm by Gardner et al. (2007)) based on line length.
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Table 2
Contacts within the identified SOZ and with the maximum occurrence of ripples and fast ripples.
Subject SOZ according to SEEG Visual analysis Automated detection Outcome
Ripples Fast ripples Ripples Fast ripples
1 Po7 - inferior parietal lobulus Po7 Po7 Po7 Po7 A
(3.5 years)
2 L8 - inferior frontal gyrus L8 - L8 - IA (3 years)
3 04,5 - orbital gyri 05 05 05 09 - orbital gyri A
(3 years)
4 L7 - precentral sulcus L7 L7 L7 L7 A
(3 years)
5 X13,14 - precentral gyrus X13,14 - - - IVB
(2.5 years)
6 07-13 - orbital gyri 013 013 013 013 IIIA (1 year)
7 P7-13 frontopolar area P9 - P9 01 - anterior IVA
cingulate gyrus (2 years)
8 K'5 - occipital gyrus K'5 K'5 K'5 D’5 - medial IVA
temporal gyrus (2 years)
9 P2 - superior frontal gyrus P2 P2 P2 - A
(2 years)
10 S'8 — middle orbital gyrus H’3 - lingual gyrus H'3 S'8 H'4 - lingual gyrus IA (1 year)
11 B1-4 - middle hippocampus B'2 - middle B2 B2 B2 IB
hippocampus (1.5 years)
12 B1-2 - middle hippocampus B1 C'1 - posterior B1 B1 1A
hippocampus (1.5 years)
13 P'1-2 temporal pole B’2 - middle B2 P11 B2 1A
hippocampus (1.5 years)
14 Tp’4-10 - temporal pole Tp'8 B’1 - middle Tp'8 Tp'8 IVB
hippocampus (1 year)
15 B’9 - temporal cortex B’'1 - middle B9 B'1 - IB
hippocampus (2 months)
16 B’1-5 - middle hippocampus - - - IA (1 year)
17 B3 - middle hippocampus B3 D4 - posterior B3 A
hippocampus (1.5 years)
18 B1-3 - middle hippocampus, C1-3 - posterior  C1 C1 C1 IA (1 year)
hippocampus
19 C'1-3 - middle hippocampus B1 - anterior B1 B1 Il (2 years)
hippocampus
20 Tp’ temporal pole B’3 middle C'2 - posterior Tp'3 IVB
hippocampus hippocampus (1 year)

Electrodes on the left side are indicated by primes; SOZ - seizure onset zone.

two frequency ranges, R (80-200 Hz) and FR (200-450 Hz). In each
subject, the contacts with maximum occurrence of HFO in each
subgroup (R and FR) were identified. (See for an example Fig. 1.)

2.5. Automated detection of HFOs in resting awake SEEG

Automated detection of HFO (according to the algorithm by
Gardner et al. (2007)) based on line length was performed by our
program co-authors (JH and PJ). As the first step, the signal was fil-
tered in the given pass band (R <80;200 Hz> and FR <200;450 Hz>,
after that the line length was computed in the moving window
(length of window R 50 ms, FR 10 ms) as the sum of absolute dif-
ferences in signal. The threshold level was given as the 97.5 per-
centile of line length amplitude. The distribution function was
given by analysis over all epoch. Only the peaks, that were longer
than 40 ms at R or 15 ms at FR were counted.

The number of detected events significantly depends on the
parameters used. If finding the exact number of ripples and fast
ripples is the main aim, the parameters must be optimized. We
wanted to define the SOZ contact only; this contact should be dom-
inant with a wider area of parameters. Small changes of parame-
ters were tested, and if the SOZ contact selection was changed by
a minor change in parameters, the data was marked as nondetect-
able (See for an example Fig. 1).

2.6. Statistical analysis

The results of different approaches (in the detection of the SOZ
by means of HFO in 10-min resting awake SEEG) were compared.
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The concordance between simple visual assessment and automatic
detected electrodes (with the predominant occurrence of
HFO - the highest rate) with the detection of the SOZ by visual
analysis of ictal recordings were determined.

We used a binomial cumulative distribution function to assess
the significance of the number of agreements between the two
methods (visual analysis of R x SOZ; visual analysis of FR x SOZ;
automated detection of R x SOZ; automated detection of FR x SOZ;
visual analysis of R x automated detection of R; visual analysis of
FR x automated detection of FR).

3. Results

The results of HFO detection by different diagnostic approaches
are shown in Tables 2 and 3.

The contacts with R were found in 18 subjects [90%] and FR in
15 [75%] (Table 3). The correctness of detection and comparison
of visual and automated detection may be verified by two points
- according to the SOZ definition from SEEG and good outcome.

Table 3
The results of different diagnostic approaches.

Outcome Visual analysis Automated detection
Ripples Fast ripples Ripples Fast ripples

I-1Iv 13/6/1 9/7/4 14/4/2 10/5/5

I-11 4/4/1 3/4/2 7111 4/2/3

nI-1v 9/2/0 6/3/2/ 7/3/1 6/3/2

Numbers: proper detection/false detection/nondetection of SOZ.
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Only 9 patients (47.4%) in whom the presumed SOZ was removed
had good outcomes (Engel I and II). One patient underwent only
limited resection, and his outcome was Engel IVB. Ten patients
had poor outcome or partial improvement (Engel III or IV).

3.1. Ripples

The contact with the maximum R rate as defined by automated
detection correctly identified the SOZ in 14 out of 20 subjects
[70%]. A simple visual assessment of SEEG records in the appropri-
ate frequency range correctly identified the SOZ in 13 out of 20
subjects [65%] (Table 3). In terms of the epilepsy type, the contacts
with highest R rate were defined within the SOZ in 9 cases of ETLE
(both for visual and automated detection), but in only 4/10
(visually) and 5/10 (automated detection) cases of TLE.

According to the postsurgical outcome, the removal of identi-
fied contacts with the highest rate of automatically detected rip-
ples resulted in Engel I for 6 patients, in Engel II for 1 patient, in
Engel III for 4 patients, and in Engel IV for 3 patients; visually iden-
tified R resulted in Engel I for 3 patients, in 1 patient Engel II, in
Engel IIl for 5 patients, and in Engel IV for 4 patients (Tables 2
and 3).

3.2. Fast ripples

The specificity of both approaches was lower for FR detection.
The contact with the maximum FR rate obtained from automated
analysis correctly identified the SOZ in 10/20 [50%]; visual analysis
correctly identified the SOZ in 9/20 subjects [45%] (Table 3).

The SOZ was revealed by means of FR in ETLE in 6/10 subjects
visually and 4/10 subjects by automated detection. In 10 subjects
with TLE, the contacts with the highest FR rate were seen within
the identified SOZ only in 3/10 subjects visually or 6/10 subjects
by automated detection.

According to the postsurgical outcome, the removal of identi-
fied contacts with the highest rate of automatically detected fast
ripples resulted in Engel I for 3 patients, in Engel II for 1 patient,
in Engel III for 4 patients, and in Engel IV for 2 patients; visually
identified FR resulted in Engel I for 2 patients, in Engel II for 1
patient, in Engel III for 5 patients and in Engel IV for 1 patient.

The concordance between the obtained results (for both R and
FR) and the identified SOZ was not significant for either used meth-
ods. The highest agreement between the results and the SOZ was in
automated detection in the R range in 14/20 subjects (p = 0.058
uncorrected, 0.348 corrected for multiple comparison). An impor-
tant discrepancy between both approaches was surprisingly fre-
quent: in the R range this was present in 5 subjects and in the FR
range in 7 subjects. The significance of the number of agreements
between visual analysis and automated detection was not statisti-
cally significant in either R or FR ranges.

4. Discussion

The diagnostic value and the usefulness of interictal HFO, and
especially of fast ripples, were suggested by Bragin et al. (1999).
Our study confirms that conventional intracranial EEG macroelec-
trodes (sampling rate 1 kHz) can be used for HFO detection in both
TLE and ETLE. However, as described in simultaneous recordings
using macroelectrodes and microwires (Worrell et al., 2008), the
patterns of the HFO detected by EEG is quantitatively different
from those detected by microwires. The FR are spatially localized
to a region of less than 1 mm? (Bragin et al., 2003), and thus spatial
averaging of focal field potentials (larger surface area of macroelec-
trodes) leads to spatially undersampling HFO activity (fewer FR are
disclosed by macroelectrodes than by microwires) (Worrell et al.,

2008). These observations contrast with those of Jacobs et al.
(2008), who published similar frequency findings of HFO with
macroelectrodes as had been seen previously in microwires; the
detection of HFO was even higher due to the spatial recording abil-
ity. Nevertheless, Jacobs did not simultaneously study microwires,
and the electrodes used in the study had smaller contact areas than
standard multicontact depth macroelectrodes and the subdural
electrodes used by Worrell. To compare both methods (visual
and automatic) we used previously recorded data with the advan-
tage of knowledge of the histology results and outcomes. We had
to compare data from wakefulness, as we did not have data from
sleep in these patients, even though we know that HFO are more
stable in sleep and the likelihood for artifact contamination is
lower during sleep. Nevertheless, the differences of HFO rates
(between the SOZ and other remote areas) were disclosed in wake-
fulness period as significant (Bagshaw et al., 2009).

Electrodes with HFO were visually detected in most of our
subjects (19/20 for R and 16/20 for FR). Ripples and fast ripples oc-
curred within and outside the SOZ. The sensitivity of both analyses
(simple visual assessment and automated detection) was equiva-
lent. The concordance between R and the identified SOZ was higher
than between FR and the SOZ. This bias is probably related to the
lower sensitivity of macroEEG for FR detection (Worrell et al.,
2008). Other explanations might be the use of limited sampling
rate or low signal to noise ratio in EEG, as with patient 16. It should
also be mentioned that HFO in spikes might tend more towards the
ripple range and thus explain the better result for ripples than fast
ripples (Bénar et al., 2010).

Ripples denote the SOZ (using both visual assessment 9/10 and
automated detection 9/10) better outside the mesiotemporal
structures; the use of FR as the predictor of SOZ in this type of
epilepsy might be confusing.

Crépon et al. (2010) implied that neocortical epileptic networks
do not have to generate HFO if the hippocampus is not involved in
this network. These findings contradict other recent studies (Jacobs
et al., 2008, 2009; Brazdil et al., 2010) in which FR were detected in
the pathologic neocortex (FCD), although FR were observed with a
lower rate or were a less specific marker for SOZ than the mesio-
temporal regions.

The false positive results (the results that were discordant with
the actual SOZ) were found in R range, and were high in both meth-
ods, especially in TLE subjects. The explanation for this outcome is
that ripples are very likely physiological for mesiotemporal struc-
tures, even though their confirmation in the extratemporal struc-
tures may contribute to detecting the SOZ (Brazdil et al., 2010).

Fast ripples are predominantly specific for the epileptic mesial
temporal cortex as the result of a damaged physiological network
(producing ripples), and thus this neuronal pathologic network
(interconnected principle neurons within epileptogenic areas) en-
ables the production of hypersynchronous events at frequencies
above 200 Hz. This pattern may thus be specific for mesiotemporal
SOZ (Bragin et al., 1999; Staba et al., 2004; Urrestarazu et al., 2007,
Worrell et al., 2008; Crépon et al., 2010) and hippocampal atrophy/
sclerosis (Staba et al., 2002; Crépon et al., 2010). In 10 subjects
with TLE, FR were observed in the denoted SOZ in only 4 subjects
visually and in 6 subjects by means of automated detection. Suffi-
cient detection of FR (in addition to low signal to noise ratio and
limited sampling rate) and false positivity might be explained by
the subtle and discrete clusters of abnormally bursting neuronal
cell assemblies (not homogeneously distributed over the whole
epileptogenic tissue), which could generate FR not visible in stan-
dard SEEG (Bragin et al., 2003), as well as by the spatial propaga-
tion of these patterns to other areas (Crépon et al., 2010). HFO
may be also generated by neuronal clusters outside the SOZ (Jacobs
et al., 2008). Whether these FR (outside the SOZ) represent poten-
tially epileptogenic areas is unclear (Jacobs et al., 2009). Although
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in 10 subjects a contact with dominant FR was not detected, or was
disclosed (by automated detection) in a region other than that of
the identified SOZ, 3 subjects had outcome IV according to Engel’s
classification, and 2 subjects had level III. Only 9 patients (47.4%) in
whom the presumed SOZ was removed had good outcomes (Engel I
and II).The poor outcome in the subjects might be caused by
responsible pathology localized in a different region, and a favor-
able outcome might be expected if this HFO generating tissue were
removed (Jacobs et al., 2010; Wu et al., 2010; Akiyama et al., 2011;
Modur et al., 2011). The extent of SOZ may not correspond with the
extent of the epileptogenic zone. The epileptogenic zone may in-
clude the actual epileptogenic zone (generating seizures before
surgery) as well as a potential epileptogenic zone which is an area
of the cortex that may generate seizures after the presurgical SOZ
has been resected (Rosenow and Liiders, 2004). It seems that for
good postsurgical outcome, it is more important to detect the epi-
leptogenic zone than the SOZ (Zijlmans et al., 2012), but further re-
search is necessary. Problems may also arise if the electrode
contact is not placed exactly in the SOZ and we identify the first
EEG change during seizures from a contact actually distant from
the actual SOZ.

Most HFO are found within sharp components (Urrestarazu
et al., 2007; Jacobs et al., 2008; Crépon et al., 2010). Artifactual high
frequency activities can be also caused by high-pass filtering these
sharp components (spikes or sharp waves) of epileptiform dis-
charges and therefore include high-frequency components that
usually induce a broadband increase in the high frequency (Urre-
starazu et al., 2007; Bénar et al., 2010) and therefore these inau-
thentic oscillations might cause bias in the data. These false HFO
must be eliminated if an accurate count of R and FR is the main
aim. The false HFO has the same time occurrence as a correspond-
ing spike, and the power spectrum for the given time interval is
monotonically decreases. We did not eliminate the false HFO with
automatic or visual detection. With automated detection, we
tested the common occurrence of spikes and HFO after analysis.
The common occurrence was supposed if there was any overlap-
ping of spikes and HFO. We detected 65% common occurrence over
all subjects and analyzed channels with R and spikes, and 57% with
FR and spikes. Nevertheless, whether or not these events were in-
cluded, the results would not be changed (Urrestarazu et al., 2007,
Jacobs et al., 2008). Subjects with spikes localized in one well-
restricted region benefit from a higher probability of being seizure
free than subjects with spikes generated in multiple pathologic
areas (Bautista et al., 1999). This indicates that this abnormal pat-
tern also represents an important pathology, and its importance in
the neuronal network should not be omitted.

Several automated algorithms were introduced for automati-
cally detecting and classifying HFO in human intracranial EEGs
(Staba et al., 2002; Nelson et al., 2006; Gardner et al., 2007; Firpi
et al., 2007; Blanco et al., 2010; Nikulin et al., 2011). In summary,
different results can be obtained from varied parameter settings
for automated HFO pattern detection, not merely with regard to
the relative number (rate) of HFOs but also in the number of HFOs
for particular contacts (and thus differences among regions). This
algorithm as well as all algorithms to detect spontaneous HFOs
typically has low specificity and manual review is needed to re-
move false positives. The optimal algorithm for HFO study is still
being determined. Undoubtedly the elaboration of this algorithm
is highly complex. We hypothesized that each region of epileptic
brain tissue (primarily the mesiotemporal structures in compari-
son with neocortex) might produce specific HFO patterns. Different
neocortical seizure-onset patterns and attributes recorded by
intracranial EEG were presented with regard to the anatomic loca-
tion or pathologic substrate (Lee et al., 2000). The different results
of R and FR depending on the region of epilepsy (TLE compared to
ETLE) may be seen in our study.
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Automatic detection may be used for different reasons, such as
to count R and FR, to classify patients, to detect seizures (Ayala
et al.,, 2011; Cabrerizo et al., 2012), to predict seizures, and to as-
sess the SOZ. A simple algorithm for automated HFO detection con-
tributes comparably (similar sensitivity) to the visual identification
of the SOZ. For the future, we think a more complex algorithm
would be useful, where the training and more overlapped fre-
quency bands will be used, as according to our experience (time
frequency analysis of data with sampling frequency 5 kHz) the fre-
quency of events is subject specific and events may exist in the fre-
quency area over 500 Hz.

5. Conclusion

When using macroelectrodes in neocortical extratemporal epi-
lepsies, the SOZ might be better determined (higher specificity)
by the ripple range than by fast ripples. However these results
might be influenced by the acquisition system used. Simple visual
assessment of SEEG traces (filtered in frequency ranges 80-200 Hz
and 200-450 Hz) and standard automated detection of HFO con-
tribute comparably (similar sensitivity) to the identification of
the SOZ in subjects with focal epilepsies. Nevertheless, automated
detection has the considerable advantage of saving time. The major
disadvantages of visual inspection are that it is a lot of work to as-
sess all of the channels in all of the patients and it requires experi-
enced reviewers. The widespread clinical use of HFO will only be
possible if some kind of reliable automated or semiautomated
method (Worrell et al., 2008; Crépon et al., 2010) for their identi-
fication is implemented. A semiautomated method allows for the
removal of artifacts and the possible modification of the duration
of the detected HFO, and it could be used for all types of recordings,
nevertheless most clinicians probably would use the fully auto-
mated version. The evaluation of SEEG recordings does not require
the control of a whole long-term invasive video EEG; it is possible
to identify the SOZ with a high specificity by looking at only 5-
10 min of interictal HFO activity (Urrestarazu et al., 2007; Jacobs
et al., 2008; Andrade-Valenga et al., 2012). Nevertheless, we should
mention that more repeated measurements eliminate accidental
interferences. We hypothesized that each region of epileptic brain
tissue (primarily the mesiotemporal structures in comparison with
neocortex) might produce specific HFO patterns. This might be also
clarified by using several frequency bands, not only R and FR. It
seems that for a good postsurgical outcome, it is more important
to detect the epileptogenic zone than the SOZ by means of HFO
(Zijlmans et al., 2012), but further research is necessary.

In summary, standard automated detection of HFO, in compar-
ison with visual analysis of HFO, achieves analogous results and
enables the evaluation of HFO characteristics (several frequency
bands, changes in time, changes in relation to seizures) in whole
data. This detection allows general purpose and objective evalua-
tion without any bias from the neurophysiologist’s experiences
and practice.
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CHAPTER 3

Mechanisms of high-frequency oscillations genesis

Functional connectivity within the brain is commonly characterized by activity synchrony of
neuronal subpopulations. These functional couplings are transient (with a duration in the order of
hundreds of milliseconds), dynamic (the strength of association between two cortical regions has a time-
varying nature), and frequency-specific (neuronal groups oscillate in specific bands according to a
precise phase relationship) (Le Van Quyen & Bragin, 2007; Worrell et al., 2012). In epilepsy, synchrony

is believed to play an essential role in forming epileptic networks and generating seizures.

Traditionally, only the postsynaptic currents (Buzsaki et al., 2012) are said to be the primary
source of electrical activity in the brain since their relatively long duration (i.e., the long time constant)
in conjunction with pyramidal neuron arrangement allows temporal and spatial summation of these
potentials. These potentials can be registered with the help of extracellular electrodes, including

electrodes located far away from the source, within the brain, or on the surface of the brain or scalp.

It is believed that research into the mechanisms of high-frequency oscillation genesis will also
make it possible to understand the mechanisms responsible for the development of epileptic seizures
and epilepsy, as well as the new knowledge of the physiological functions of the brain. Neocortical
networks that perform critical physiological functions are organized across spatial scales from sub-
millimeter cortical columns to centimeter-scale lobar structures. The brain's ability to generate
oscillations at 80 Hz and higher is a fascinating phenomenon, reflecting collective oscillations of large
neuronal assemblies — local field potentials oscillations (LFP). Mechanisms generating the extracellular
currents responsible for the LFP are varied but primarily reflect synaptic activity (Buzsaki et al., 2003).
Unfortunately, it is challenging to directly associate LFP characteristics (e.g., frequency, amplitude,
entropy, waveform morphology, etc.) with mechanisms, physiology, or pathology (Worrell et al., 2012).
HFOs are likely generated by multiple, possibly not exclusive, mechanisms occurring at the cellular and
network level, with interneurons playing a complex role (Jiruska et al., 2017), which will be more

precisely discussed further.

Neural brain networks show numerous patterns of oscillatory activity. HFOs refer to distinct
types of brain activity occurring in a frequency band ranging from 80 Hz to 600 Hz (Jefferys et al. 2012;
Zijimans et al., 2012). To gain deeper insight into the function of these network oscillations in neuronal
signal processing, the underlying cellular mechanisms need to be uncovered (Hajos & Paulsen, 2009).
The underlying mechanisms of HFOs have been the subject of much research, both those associated

with normal brain processes (Buzsaki, 2015) as well as with epileptic processes (Jefferys et al., 2012).
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One of the HFO formation theory suggests that high-frequency activity is primarily generated
by interneurons (Buzsaki & Chrobak, 1995; Fries et al., 2007; Buzsaki & Wang, 2012). Some types of
interneurons (mainly basket cells) are equipped with mechanisms that predispose to the genesis of
high-frequency activity (Buzsaki & Chrobak, 1995). Results from published research on the
physiology of cortical interneurons suggested that through their interconnectivity, interneurons can
maintain large-scale oscillations at various frequencies (4-12 Hz, 40-100 Hz, and 200 Hz) (Buzsaki &
Chrobak, 1995). From this, neuronal not only gamma-band synchronization appears to be a
fundamental mode of neuronal activity (Fries et al., 2007). Membrane properties and the presence of
specific ion channels allow interneurons to generate high-frequency action potentials over a relatively
long duration (Buzsaki et al., 1983). The axons of interneurons create numerous synaptic endings on
membranes of pyramidal neurons (Klausberger & Somogyi, 2008), and therefore a single interneuron
can control the activity of a large number of pyramidal neurons. Finally, this property is enhanced by
interneurons' ability to have wide axonal projections with several targets, including other interneurons
(Jirudka, 2013). This can lead to the creation of an extensive network, where individual neurons
communicate with each other through both chemical synapses and non-synaptically through gap-
junctions (Traub et al., 2003; JiruSka, 2013). Such interneuronal activity induces through GABAergic
connections a sequence of rapid post-synaptic inhibitory potentials (IPSPs) that synchronized and
summated, are extracellularly recorded as physiological HFOs. An example may be physiological
hippocampal ripples (and underlying sharp wave-ripple /[SPWR/ complexes) which appear to reflect
summated synchronous IPSPs generated by subsets of interneurons regulating the discharges of
principal cells (Buzsaki et al., 1983; Bragin et al., 1995; Ylinen et al., 2005; Brazdil et al., 2015). In
addition to the classical pyramidal excitability control, interneurons play a crucial role in the
genesis of brain oscillations - rhythmogenesis (Jiruska, 2013). These oscillations are driven
by interneuronal activity and can facilitate temporal coding, fast processing, and flexible routing

of neuronal activity, which are necessary, e.g., for cognition (Fries et al., 2007; Jiruska et al., 2017).

According to the theory of 'cell assembly', transient synchrony of anatomically distributed
groups of neurons underlies the processing of both external sensory input and internal
cognitive mechanisms (Harris et al., 2003). Network oscillations are considered instrumental in
synchronizing the activity of anatomically distributed neuron populations (Buzséki & Chrobak, 1995).
The basic idea is that interneuronal networks impose an oscillatory synaptic input onto the principle
cells. Such oscillations impose a periodic fluctuation of principal cells' membrane potential close
to, but below, threshold (Buzsaki & Chrobak, 1995). The rhythmic high-frequency inhibitory
potentials generated on pyramidal cells' membranes create a time window during which only
specific pyramidal neurons can be active, and cell assemblies are synchronized (Harris et al., 2003;
Singer & Gray, 1995). Active neurons that are involved in a particular cognitive process (processing
relevant information) can overcome inhibition and generate action potentials. At a specific timescale,
the cooperative activity is optimal for information transmission and storage in cortical circuits (Harris et
al., 2003). This temporal window corresponds with the pyramidal neuronal membrane time constant,

the cortical oscillation cycle, and the time window for synaptic plasticity (Harris et al., 2003).
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The timing of action potential development in relation to the oscillation cycle phase depends on the
intensity of activation of the individual neuron (Buzsaki & Chrobak, 1995). Conversely, neurons not
involved in the information processing have a reduced probability of action potentials occurring
during the oscillation cycle (JiruSka, 2013). Thus, oscillation has the ability to reduce the level of
neuronal noise that could interfere with the processing of the information (Fries et al., 2007). Activation
of the neuron during a specific phase of the oscillation cycle enables the so-called phase coding of
information. It represents a very effective mechanism to combine information from individual stimuli into
adequate units and thus create a complex image of the stimulus, e.g., stimulus awareness, shape, color,
movement etc. (Singer & Gray, 1995; Jiruska, 2013). In such combined interneuronal-principal cell
systems, interneuronal networks provide precision timing of the action potentials of principal cells, and
the information is contained in the temporal sequence of their spike occurrences (Buzsaki &
Chrobak, 1995). If these rapid synchronized inhibitory postsynaptic potentials appear on the
membranes of a large population of pyramidal cells synchronously, they can be registered in the
extracellular record as high-frequency oscillations (Buzsaki et al., 1983; Bragin et al., 1995; Ylinen
et al., 2005; Hajos & Paulsen, 2009). It is believed that the above-described ways of the genesis of
oscillations apply to the formation of physiological HFOs (Jiruska, 2013).

The second theory of high-frequency oscillations suggests that a single cycle of oscillation is an
extracellular manifestation of the synchronization of the action potentials of principal cells, summated
field excitatory postsynaptic potentials (EPSPs) (Bragin et al., 2000; Foffani et al., 2007; Ibarz et al., 2010;
Jefferys et al., 2012). It is now considered that pathological HFOs, whether they are ripples or fast
ripples, reflect mainly these principal cell action potentials (Foffani et al., 2007; Draguhn et al., 1998;
Ibarz et al., 2010; Bragin et al., 2011; Demont-Guignard et al., 2012). Several structural, molecular, and
functional changes have been found within epileptic neuronal networks. These changes have the
potential to increase neuronal and tissue excitability and generate pathological HFOs (Jiruska & Bragin,
2011).

The first condition for the formation of these HFO events that can be registered extracellularly
is synchronization in milliseconds of fast-firing within the population of interconnected neurons that leads
to the formation of an episode of high-frequency population spikes (Jiruska et al., 2017). Synaptic
connections between neurons, particularly recurrent excitatory synaptic transmission, are one of these
mechanisms (Dzhala & Staley, 2004). These structural changes are conditioned by, e.g., sprouting of
axon collaterals and formation of autapses (Jiruska & Bragin, 2011). Pathological high-frequency
oscillations were found to be generated spontaneously only in those neuronal networks in which the
recurrent excitatory collateral system among principal cells is significant, including the neocortex, the
CA3 region of the hippocampus, and the basolateral amygdala (Hajos & Paulsen, 2009). In brain areas
lacking local recurrent connections among excitatory cells, such as the dentate gyrus and the CA1
region of the hippocampus, higher oscillations appear to depend on extrinsic rhythmic inputs (Csicsvari

et al., 2000; Hajos & Paulsen, 2009). Other mechanisms that can ensure rapid synchronization are of
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non-synaptic origin (Jefferys, 1995; Jefferys et al., 2012). These mechanisms include gap junction
coupling (Draguhn et al., 1998; Traub et al., 2001), ephaptic interactions - a synchronizing mechanism
that depends on the specific geometric organization and tight cellular arrangement (Anastassious et
al., 2001; Jiruska et al., 2017) or the influence of local electric fields (Grenier et al., 2003, Jefferys,
1995). All these mechanisms have been proven experimentally, and some of them are applied only in
pathological conditions (Jiruska, 2013). It is evident from these mechanisms that the oscillation
frequency resulting from the synchronization of high-frequency voltages of action potentials of
pyramidal neurons will correspond to the frequency of these and will depend primarily on membrane
properties and neuronal excitability (Ibarz et al., 2010). The generation of oscillations appears related
to the dysbalance between tonic excitation, increased by the activation of NMDA or/and AMPA
receptors (Draguhn et al., 1998; Yaari & Beck, 2002; Traub et al., 2005) and tonic inhibition (GABAA
receptor-mediated inhibition) of interneurons (Kéhling et al., 2000; Khazipov et al., 2003), which is the
basic principle of seizure generation. Nevertheless, one recent study indicates that oscillations require
only AMPA receptors, but not NMDA receptors, the latter of which has previously been shown (Naggar
et al., 2020).

The second condition is principal neurons' ability to generate high-frequency bursts of action
potentials (JiruSka, 2013). For example, principal neurons in the CA3 region of the hippocampus may
generate salvage action potentials at a frequency of 200-300 Hz during eating, drinking, slow-wave
sleep, and awake immobility (Chrobak, 1996; Traub et al., 2001; Ibarz et al., 2010), and some neocortical
pyramidal neurons have similar properties (Kucewicz et al., 2014). The ability to generate high-
frequency oscillations is one of the fundamental properties of epileptic neurons (Yaari & Beck, 2002).
These neurons have undergone molecular and structural changes that have led to alteration of
expression of some ion channels (e.g., sodium, potassium, calcium) (Bernard et al., 2004; Yaari & Beck,
2002), or their subunits, resulting in increased excitability of epileptic neurons and the ability to generate
bursts of action potentials spontaneously (Jiruska, 2013). A typical intracellular manifestation of epileptic
neurons is extensive membrane depolarization known as paroxysmal depolarization shift (Johnston &

Brown, 1981), during which bursts of high-frequency potentials are generated (Jiruska, 2013).

HFO frequency can be determined purely from cellular behavior, i.e., from the principal cells'
potential firing rate. These are called 'pure' HFOs (Ibarz et al., 2010). Notably, the mentioned theories
do not explain the origin of high-frequency oscillations with frequencies around 500 Hz and higher
(Bragin et al., 2002; Ibarz et al., 2010; Jiruska et al., 2010b). These are frequencies from the fast ripple
(250-600Hz) band and above (i.e., very high-frequency oscillations) that occur very specifically in
chronic endogenous epileptogenic tissue (Bragin et al., 2002b; Jiruska et al., 2010b; Jiruska & Bragin,
2011; Staba et al., 2002, Brazdil et al., 2017). With a few exceptions (Timofeev et al., 2002), the vast
majority of neurons are unable to generate synchronized action potentials at such a high frequency, as
mechanisms of action potential generation with such a high firing rate do not generally allow it (Jiruska,
2013). When these oscillations occur, network mechanisms must be applied, where the high oscillation

is the result of interaction between individual neuronal subpopulations (Jiruska, 2013). It is assumed that
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the mechanism of high-frequency oscillation with frequencies beyond the physiological limits is the
result of the summation of the activity of independent neuronal subpopulations of synchronized neurons
that have a phase delay (Jefferys et al., 2012; Jiruska et al., 2013). The suggestion is that multiple
populations of neurons in epileptic focus possess decreased spike-timing reliability, which results in out-
of-phase firing (Jiruska & Bragin, 2011). Individual neuronal subpopulations generate low-frequency
oscillations, but there is a phase delay between each subpopulation activity (Foffani et al., 2007; Ibarz et
al., 2010; Jiruska et al., 2010a), and so detected HFOs are much higher in the extracellular space. These

oscillations are called 'emergent' HFOs (lbarz et al., 2010; Jiruska et al., 2010a).

The currently accepted explanations for the several network mechanisms that are responsible
for the out-of-phase firing are reduced spike time-variability, uncorrelated firing, delayed activation,
disconnected neural populations, or complex network connectivity patterns with a high level of
clustering due to the presence of hub neurons (Jiruska et al., 2017). One of the candidate mechanisms
is also a neuronal loss (Foffani et al., 2007; Staba et al., 2007). It is believed that the death of several
neurons may disrupt non-synaptic synchronization, which requires a small distance and close
organization between neurons. Loss of neurons can disrupt this type of synchronization and
disintegration of the population into two or more functionally independent subpopulations (Jiruska,
2013). The basis for this hypothesis is the observation that the incidence of high-frequency oscillation
positively correlates with the severity of hippocampal sclerosis and negatively correlates with the
number of cells in the hippocampus (Staba et al., 2007), probably by decreasing the synchronizing effect
of ephaptic interactions (Foffani et al., 2007). A recent study, however, has shown that cell loss is not
the major necessary factor for FR generation, but it may further contribute to their genesis (Jiruska et
al., 2010b). Other mechanisms that can reduce the level of phase synchronization within a single
neuronal population and increase the frequency of oscillations are synaptic noise, the level of which is
amplified in epileptic tissue (Foffani et al., 2007) or disturbed topology of synaptic connections due to
epileptic axonal rearrangement (Foffani et al., 2007; Jefferys et al., 2012; Jiruska & Bragin, 2011; Jiruska,
2013).

Clearly, some of the mechanisms involved in the generation of high-frequency oscillations
require specific structural and functional changes that can be observed in tissue that has undergone
epileptogenic rearrangement (Jiruska & Bragin, 2011). It is progressively recognized that HFOs are
generated by multiple mechanisms at both cellular and network-level (Jiruska et al., 2017). Since HFOs
are closely associated with epileptogenic tissue and ictogenesis, understanding their cellular and
network mechanisms could provide useful information about epileptogenic networks' organization and
how seizures emerge from these networks' abnormal activity (Jiruska et al., 2017). HFO pathogenesis
has historically been studied mainly in patients with temporal lobe epilepsy and animal models that

mimic this disease.

Further explanations of the possible fast ripple genesis are provided by computational models.

Even within the microscopic scale of epileptic fast ripples in the hippocampus, thousands of cells are

30



involved, well beyond the resolution offered by conventional microelectrode arrays. Therefore,
computational models have been necessary to guide research into HFO mechanisms (Jiruska et al.,
2017). Previous modeling work had identified some potential mechanisms of fast ripples genesis: gap
junction networks, ephaptic interactions, fast synaptic transmission, disrupted inhibitory coupling with
asynchronous groups of firing cells (Foffani et al., 2007; Ibarz et al., 2010, Jefferys et al., 2012); activated,
but weakly synchronized pyramidal cells (increase in NMDA conductance) (Demont-Guignard et al.,
2012). Some studies have proposed mechanisms for the transition of physiological to epileptic HFOs
through the loss of inhibition (reduction of GABAergic connections from interneurons) (Fink et al., 2015),
or increased synaptic activity, or increased coupling from gap junctions and recurrent synapses (Stacey
et al., 2009). The computational models also showed that at HFOs with frequencies below 250 Hz, both
epileptic and physiological processes can produce HFOs with identical peak frequencies (Fink et al.,
2015). The neuronal network can synchronize and produce HFOs. Nevertheless, fast ripple oscillations
are a generic feature of highly active, desynchronized neurons or networks (Fink et al., 2015). Finally,
large groups of hyper-excitable, hyper-synchronized pyramidal cells produce spikes, but if the
connectivity of cells is disrupted, then cells would fire out of phase and produce fast ripples (Jiruska et
al., 2017). Therefore, cell activity is not necessarily synchronized, but heterogeneous firing is typical for
pathological HFOs (Jiruska et al., 2017).

Next to cross-location interactions between individual oscillations, analyzes of HFOs revealed
that brain oscillations also interact across different spectral scales, resulting in various cross-frequency
coupling dynamics. E.g., the phase of low-frequency rhythms (4-8 Hz) during cognitive tasks modulates
the amplitude of higher frequency oscillations (80-150 Hz); called phase-amplitude modulation (Canolty
& Knight, 2010). Two forms of cross-frequency phase interactions have been described, an amplitude-
independent phase-locking of n cycles of one LFP to m cycles of an independent LFP (Palva et al., 2005)
and 'nested oscillations' (Canolty et al., 2010). Based on published data, it has been suggested that
global brain processes operate in a slow 'rhythmic mode' and use these differential excitability states as
a mechanism of amplifying relevant activities at a small scale and suppressing irrelevant ones
(Schroeder & Lakatos, 2009).

It is well documented that both ripples and fast ripples can be either physiological or
pathological. HFOs, especially fast ripples, are a generic phenomenon of neural networks that have
some complex relationship with epileptic processes. Although HFO potential biomarker value is very
strong, it is clear that merely focusing on the peak frequency of HFOs may not be sufficient to determine

whether they are pathological (Jiruska et al., 2017). Moreover, the brain's electrophysiological activity is
not consistent across time and is affected by different states of vigilance (Staba et al., 2002). Since most

of the knowledge about the genesis of HFOs comes from animal models of temporal epilepsy, whether
similar pathophysiological principles are involved in HFOs of neocortical origin needs to be clarified
(Jiruska et al., 2017).

31



CHAPTER 4

Ripples

When we refer to ripples, we mean the slowest oscillations in the HFO band, specifically between
80-250 Hz. HFOs, especially ripples, were firstly observed in invasive EEG recordings in normal animal
models at the end of the 20th century (Buzsaki et al., 1992). Beyond the gamma frequency range,
hippocampal ripple frequency oscillations (~250 Hz) are believed to play an essential role in memory
function (Buzsaki et al., 1992). The presence of interictal HFOs of nonepileptic nature spontaneously
emerging without external sensory stimuli during slow-wave sleep has been described in several human
ECoG studies using macro- and micro-electrodes (Axmacher et al., 2008; Nagasawa et al., 2012; Le Van

Quyen et al., 2016).

Physiological ripples are observed primarily in hippocampal-entorhinal networks of rodents,
monkeys, and humans during quiet wakefulness, and slow-wave sleep (Buzséki et al., 1992; Skaggs et
al., 2007; Le Van Quyen et al., 2016), and have been linked to replay and consolidation of previously
acquired information. Paraphrasing it, pyramidal cells display transient network oscillations in the ripple
range (200 Hz) during behavioral immobility and slow-wave sleep (Buzsaki et al., 1992). Afterwards,
Axmacher et al. (2008) reliably found that memory consolidation and generation of ripples occurred not
only during sleep but also during waking states. They occur predominantly during negative half-waves
of slow neocortical oscillations (Axmacher et al., 2008). These types of ripples appear to reflect
summated synchronous inhibitory postsynaptic potentials (IPSPs) occurring during high-frequency
bursts of inhibitory neurons regulating the discharges of principal cells. Simultaneously, multisite
recordings revealed temporal and spatial coherence of neuronal activity during population oscillations,

reflecting the state of network synchronization (Buzsaki et al., 1992).

More specifically, ripples commonly co-occur with large amplitude sharp waves ("sharp wave
ripples" - SWR), which were first registered in the CA1 region of the hippocampus and parahippocampal
areas and have similar properties to gamma oscillations (Buzsaki et al., 1992), one of the best
understood locally-generated network patterns (Hajos & Paulsen, 2009). These sharp-wave ripples are
fast oscillations with a frequency in the range of 140-220 Hz, superimposed on the sharp waves that are
generated in the CA3 region of the hippocampus (synchronized firing of CA3 cells) and spread along
the CA1-subicular-entorhinal axis (Chrobak & Buzsaki, 1996). Results from cross-correlation analysis
confirmed that hippocampal events are closely locked to rhinal events and are consistent with findings
on the transmission of ripples from the hippocampus into the rhinal cortex (Axmacher et al., 2008).
These physiological oscillations result from phasic inhibitory input on the soma of pyramidal cells

(Chrobak & Buzsaki, 1996) together with rhythmic excitatory potentials (Maier et al., 2010) and phase-
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locked firing (Csicsvari et al., 2000). Perisomatic inhibitory cells provide prominent rhythmic inhibition
to CA3 pyramidal cells and are themselves synchronized primarily by excitatory synaptic inputs derived
from the local collaterals of CA3 pyramidal cells (Hajos & Paulsen, 2009). The recruitment of this
recurrent excitatory-inhibitory feedback loop during hippocampal HFOs suggests that local oscillations
control when and how many and which pyramidal cells will fire during each HFO cycle (Hajos & Paulsen,
2009). Inhibitory interneurons would then secure an orderly recruitment of pyramidal cells (Klausberger
& Somogyi, 2008) together, perhaps with contributions to synchrony from gap junctions (Traub et al.,

2003) and the ephaptic entrainment of neurons by large sharp-wave fields (Anastassiou et al., 2010).

Axmacher et al. (2008) were the first who recorded ripples in humans during a cognitive task
and suggested that ripples are indeed related to behavioral performance. Co-activation of hippocampal
and neocortical pathways during sharp-wave ripples may be crucial for memory consolidation and
replay of previously acquired information (Buzsaki et al., 1992; Axmacher et al., 2008). In this context,
the hippocampus serves as a model substrate for addressing fundamental questions about the

population co-operativity of neuronal ensembles (Buzsaki & Chrobak, 1995).

Ripples has been studied in detail, and it has been shown to have been implicated in the process
of declarative memory formation and reactivation of memory tracks (O'Neill et al., 2010). In two
subsequent steps, the development of declarative memories was suggested to occur. While initial
encoding, which occurs while receiving intense sensory input, involves the formation of transient
representations via fast synaptic plasticity in the hippocampus (accompanied by prominent theta and
gamma oscillations). The consolidation (accompanied by HFOs) refers to the transfer of information into
the neocortex, where more stable networks are built (Buzsaki et al., 1992; Fries et al., 2007).
Furthermore, this is also accompanied by findings that hippocampal ripples are significantly locked to
the phase of hippocampal delta band activity (Axmacher et al., 2008). This might provide a mechanism
for itself reported phase-locking to slow neocortical oscillations, which correspond to alternating states
of enhanced and reduced cortical excitability (up- and down-states) due to membrane potential
fluctuations (Axmacher et al., 2008). Subsequent work supported the concept that HFOs are associated
with phasic increases of neural activity, namely during slow-wave oscillations, which is linked to
hippocampal-neocortical information transfer during consolidation. It was suggested that such patterned
activity in the sleeping brain (slow-wave sleep) could play a role in the offline processing of cortical
networks and memory consolidation (Le Van Quyen et al., 2016). In detail, this offline processing mode
is linked to hippocampal neurons fire in large asynchronous population bursts called sharp waves
superimposed by high frequency 'ripple' oscillations (SWR events; Buzsaki et al., 1992; Hajos & Paulsen,
2009). Besides, Axmacher and colleagues (2008) observed consistently and frequently ripples also
during the waking state. However, we must point out it was a resting state, not awake exploratory

behavior.

There is a growing consensus that episodic and spatial memories both include the encoding of

complex associations in hippocampal neuronal circuits through SWR events, which could coordinate
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the reactivation of memory traces and direct their reinstatement in cortical circuits (O'Neill et al., 2010).
The studies suggest that such SWR-driven reactivation of brain-wide memory traces could underlie
memory consolidation (O'Neill et al., 2010). Loss of ability to generate these oscillations or disruption of
their mechanisms results in a variety of cognitive deficits, such as perceptual grouping, attention-
dependent stimulus selection, routing of signals across distributed cortical networks, sensory-motor
integration, working memory, and perceptual awareness (Uhlhaas & Singer, 2006). Alterations of
cerebral oscillations have been shown in several neurological and psychiatric diseases, such as
cognitive and amnestic disorders in epilepsy, schizophrenia, autism, Alzheimer's and Parkinson's
disease, and others. (Uhlhaas & Singer, 2006).

It has long been recognized that representations of information in the brain are embedded in
the spatio-temporal co-operation of cell assemblies (Buzsaki & Chrobak, 1995). Mainly in association
with sensory processing, it has been hypothesized that binding and segmentation in perception are
dynamically encoded in the temporal relationship between a large number of co-activated neurons
across structures (Gray, 1994). Such co-operation may be achieved by rhythmic or intermittent
oscillations (Buzsaki & Chrobak, 1995). Concerning physiological oscillations, the emergence and
function of inhibitory (i.e., GABAergic) networks are mentioned that produce network oscillations
(Buzsaki & Chrobak, 1995).

However, the presumption of the exclusively physiological nature of ripples was impugned by
evidence of HFOs in ripple ranges recorded in the dentate gyrus after epileptogenic insult in an animal
model of kainate-induced status epilepticus (Bragin et al., 1999a; Bragin et al., 2004). Then, ripple activity
similar to that previously described in the normal and epileptic rat was found in the hippocampus and
entorhinal cortex of patients with epilepsy (Bragin et al., 1999b). Until now, multiple studies have now
shown that HFO in the range of physiological gamma and ripple oscillations are also increased in the
human epileptogenic hippocampus (Worrell et al., 2008; Crépon et al., 2010; Jacobs et al., 2010, Pail et
al., 2017), and neocortex (Worrell et al., 2004; Jacobs et al., 2010; Blanco et al., 2011; Pail et al., 2017).
These studies showing an increase in activity previously defined as physiological, i.e., ripple frequency
oscillations, highlight the difficulty of attaching pathological specificity to high-frequency oscillation
subclasses based on oscillation frequency within the epileptic brain (Engel et al., 2009; Blanco et
al,, 2011). Interestingly, some studies have observed an even higher incidence of R rates in the
pathological hippocampus (Pail et al., 2017). Noteworthy, when using macro electrodes in neocortical
extratemporal epilepsies, the SOZ might be better determined (higher specificity) by the ripple range
than by fast ripples (Pail et al., 2013). However, these results might be influenced by the
acquisition system used. Human intracranial recordings showed that immediately before or at the
onset of anepileptic seizure, there is often an increase in the amplitude of the 40-120 Hz range (Fisher et
al., 1992).

If we look at the best-studied area of the brain in terms of HFOs, based on several
observations, LFP ripples of the human hippocampus may be detected in both non-epileptogenic and

epileptogenic areas associated with both interictal and preictal events (Staba et al., 2002; Alvarado-
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Rojas et al., 2015; Le Van Quyen et al., 2016). The occurrence of ripples is similar between epileptogenic
and non-epileptogenic temporal lobe, increases during non-REM sleep and during REM sleep and
wakefulness, ripple rates are lowest (Staba et al., 2004; Bagshaw et al., 2009). Specifically, in subiculum,
ripples associated with (both interictal and preictal) discharges a proportion of events (up to 50 %) are
confined to the 150-250 Hz band (Alvarado-Rojas et al., 2015), spectrally similar to ripples seen in vivo
in non-epileptogenic regions of humans (Staba et al., 2002). Using combined intra- or juxta-cellular and
extracellular recordings, it was revealed that these interictal and preictal ripple-like oscillations are
associated with distinct cellular and synaptic processes (Alvarado-Rojas et al., 2015). Interictal ripples
were associated with rhythmic y-aminobutyric acidergic (confirmed by predominant IPSPs) and
glutamatergic synaptic potentials with moderate neuronal firing. Such interictal ripples are reminiscent
of physiological ripples, even if they reflect multiple processes, including IPSPs, EPSPs, and depolarizing
GABA signaling (Alvarado-Rojas et al., 2015). In contrast, preictal ripples were associated with
depolarizing synaptic inputs (linked to glutamatergic signals), frequently reaching the threshold for
bursting in most pyramidal cells (Alvarado-Rojas et al., 2015). Thus, ripple-like oscillations in the human
temporal lobe subicular circuits appear to be generated by different cellular and synaptic mechanisms,
different forms of synchronizing mechanisms reflecting distinct dynamic changes in inhibition and
excitation during interictal and preictal states. Thus, the ripple band could not help disambiguate the

underlying cellular processes (Alvarado-Rojas et al., 2015).
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CHAPTER 5

Fast ripples

Power spectral analysis showed distinct spectral frequency differences between ripples (R) and
fast ripples (FR), although the peak spectral frequency associated with either of these oscillations could
vary as much as 25% (Staba et al., 2004). Previous studies suggest that R and FR have separate sources
because voltage depth profiles often show phase reversals for FR but not for R, even when they occur
in association (Bragin et al., 2002b; Staba et al., 2004).

At first, in animal studies using the chronic kainate model of temporal lobe epilepsy, FR were
observed only in epileptic rodents in areas adjacent to the site of spontaneous seizure onset and not in
the non-pathological area (Bragin et al., 1999a,b). Therefore, these oscillations have been considered a
highly specific indicator of epileptogenesis and, at the same time, which has a high predictive value of
the future development of epilepsy, including its severity (Bragin et al., 1999a,b; Bragin et al., 2004).
Even the sooner FR occur, the sooner the first epileptic seizure occurs, and the subsequent seizure
frequency is higher (Bragin et al., 2004). The initial studies of recordings from the human hippocampus
supported the hypothesis that HFOs above 250 Hz, named FR oscillations (Bragin et al., 1999a,b; Staba
et al., 2004; Jirsch et al., 2006), were a unique pathological oscillation associated with the epileptic brain
(epileptogenic zone or the seizure onset zone). A new biomarker for epileptogenic tissue has emerged,
which promises to improve the understanding of epilepsy's pathophysiology of epilepsy and develop
new clinical diagnostic methods (Zijlmans et al., 2012). The presence of FR reflects an epileptogenic
reorganization of brain tissue, endogenous epileptogenicity, and the ability to generate spontaneous
seizures (Jiruska & Bragin, 2011). Although FR (250-600 Hz) were first thought to be reliable markers
of epileptic tissue, there is also increasing evidence of the possibility of the physiological origin of these
oscillations (Kucewicz et al., 2014; Frauscher et al., 2018). Despite this, FR have proven particularly

important and useful in epilepsy.

The pathophysiology of epileptic HFOs is complex and challenging, possibly requiring
spontaneous asynchronously firing of independent neuronal populations. They differ from physiological
HFOs in not being paced by rhythmic inhibitory activity and their possible origin from population spikes
(Zijlmans et al.,, 2012). The cellular correlates of pathological FR were shown to be synchronous
population firing of large groups of pyramidal cells and decreased inhibitory interneuron firing (Bragin
et al. 2007, 2011; Matsumoto et al., 2013), while physiological FR likely reflecting multiunit cortical
neuronal responses (Telenczuk et al., 2011). The analysis suggested that neuronal networks associated
with FR generation are spatially smaller compared to networks underlying ripple generation (Bragin et

al., 2002b). FR oscillations (250-600 Hz) are often localized to sub-millimeter volumes (<1 mm?) in human
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hippocampus (Bragin et al., 1999a,b, 2002a,b; Worrell et al., 2008; Staba et al., 2002). Recent
observations of microdomain electrographic seizures (Stead et al., 2010) and periodic complexes
(Schevon et al., 2009) supported the hypothesis that the pathological organization of epileptic brain
extends to sub-millimeter scales (Worrell et al., 2012). Within a given brain area, there are several
neuronal clusters that generate FR (Bragin et al., 2000a,b) and which have a high density of connections
between principal cells (Jiruska & Bragin, 2011). R generation is thought to rely on the activation of both
excitatory and inhibitory neurons (Ylinen et al.,, 1995). In contrast, the prevailing hypothesis on FR
generation suggests that FR reflect synchronized population spikes within an interconnected network
composed primarily of pyramidal cells (Bragin et al., 2000). The spatial extent of interictal oscillations is
controlled by local inhibitory (GABA-A) mechanisms. Each individual cycle of a pathological HFO
appears to represent the co-firing of small groups of principal cells, which are pathologically
interconnected (Bragin et al., 2007; Foffani et al., 2007). Besides, the presented animal epileptic model
suggests increased network excitability that produces high-frequency epileptiform activity due to
alterations in cellular composition and synaptic connectivity associated with atrophic areas (Lehmann
et al., 2000). Based on these data, a loss of inhibitory interneurons may impede HFO generation by
removing an essential neuronal component that contributes to its generation. Consequently, the
absence of interneuronal postsynaptic targets may promote synaptic reorganization among remaining
excitatory cells forming an interconnected network presumed to support FR generation (Staba et al.,

2004). For more detail, see chapter 3.

According to some studies, FR could also play a causal role in epileptogenesis (Bragin et al.,
2004; Staba et al., 2002). As mentioned above, pathological FR represent the highly synchronous activity
of neuronal populations. Propagation of action potentials to projection regions and their synchronous
nature can significantly affect postsynaptic neurons' properties. It is hypothesized that continuous
repeated synaptic input to postsynaptic neurons by synchronous excitation impulses may have a similar
effect as kindling (in animal models) and potentiate epileptogenic neuronal conversion in given regions,
thus becoming an active part of the epileptogenic network over time (Bragin et al. 2000; Jiruska &
Bragin, 2011; Jiruska, 2013). One example may be secondary epileptogenesis in the contralateral

hippocampus in the case of mesial temporal lobe epilepsy (Jiruska et al., 2010b).

FR have been observed predominantly in the epileptic region between seizures, at seizure
onset, and during seizures (Zijlmans et al., 2012). HFOs in a wide frequency band (150-600 Hz) can be
associated with both interictal and peri-ictal discharges (Staba et al., 2004; Alvarado-Rojas et al., 2015)
or can occur independently of sharp waves (Staba et al., 2004). Despite this frequent co-occurrence,
there is now sufficient evidence that FR and spikes represent different neurophysiological mechanisms
(Frauscher et al., 2017). A separate but related question is whether only those FR that occur alone
versus those occurring in association with epileptiform spikes are relevant (Worrell et al., 2012).
Interestingly, it has been shown that the HFOs co-occurring with spikes are even more closely related

to the SOZ than the HFOs without a spike (Wang et al., 2013). FR were also found using standard macro
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electrodes during the ictal period (Jirsch et al., 2006). Also, ictal FR occur predominantly in the region
of primary epileptogenesis (SOZ), and less are found in areas of secondary seizure spread (Jirsch et al.,
2006). Based on the results of previously published papers, it seems that the SOZ can be determined
with high specificity through the evaluation of 10 min of FR activity (Jacobs et al., 2008; Zelmann et al.,
2008; Andrade-Valenca et al., 2011). Remarkably, this biomarker can be found in brief invasive
electroencephalography recordings and possibly even in extracranial magnetoencephalography (MEG)
or EEG (Zijlmans et al., 2012). Besides, increased FR are reported to correlate with disease severity and
activity (Zijlmans et al., 2009) and seizure frequency (Jacobs et al., 2009; Zijimans et al., 2009) and

possibly predict outcome after epilepsy surgery (Jacobs et al., 2010).

Sleep/wake state and anatomical location are factors that may strongly influence FR spectral
frequency. Localization of FR concerning medial temporal lobe sites shows that the highest rates of FR
are found within the subicular cortex as the subiculum is capable of supporting rhythmic interictal activity
(Cohen et al., 2002; Staba et al., 2004). It is postulated that most subicular neurons can fire bursts of
action potentials that may, if there is a coincident burst firing among a small neuronal group, initiate
synchronous population discharge reflected as an FR oscillation (Staba et al., 2002). FR rates in areas
ipsilateral to seizure onset are significantly higher than rates from areas contralateral to seizure onset
(Staba et al., 2004). The generation of FR showed the highest rates of occurrence during NREM slow-
wave sleep, similar to R (Staba et al., 2004; Jirsch et al., 2006; Urrestarazu et al., 2007; Worrell et al.,
2008; Bagshaw et al., 2009). During REM sleep, FR rates remained elevated and were equivalent to
rates observed during waking (Staba et al., 2004). The predominance of FR within the epileptogenic
zone not only during NREM sleep but also during epileptiform-suppressing desynchronized episodes of
waking and REM sleep supports the view that FR are the product of pathological neuronal hyper-
synchronization associated with seizure-generating areas (Staba et al., 2004). Bagshaw et al. showed
that HFOs have their maximal rate in the same sleep stages as the spikes, and HFO duration is relatively

stable across the sleep-wake cycle (Bagshaw et al., 2009).

Next to temporal lobe epilepsy, FR have also been reported occurring in other epileptic
disorders and models (Wu et al., 2010; Jacobs et al., 2012; Zijlmans et al., 2012; Jiruska et al., 2017; Pail
et al., 2017). Thus, in epilepsy, transient fast oscillations in local field potentials called pathological high-
frequency oscillations (pHFOs) have received intense interest as potential electrophysiological
biomarkers to improve focal epileptic brain mapping, which led to the incorporation of measurements
of pHFO properties into presurgical examinations (Frauscher et al., 2017; Jiruska et al., 2017). Whether
pHFOs recorded in the epileptic brain are generated by unique pathological mechanisms or represent
aberrations of normal physiological oscillations is not clear (Le Van Quyen et al., 2006). Traditionally,
however, the pathogenesis of pHFOs was explored mainly in patients with temporal lobe epilepsy and

in animal models mimicking this condition.

Whether pHFOs in the FR frequency range (>250-600 Hz) are uniquely pathological oscillations

in humans remains an open question. Nevertheless, there is strong evidence that pHFOs are spatially
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associated with the epileptic brain, and therefore, pHFOs have emerged as promising biomarkers of
epileptogenic tissue, see reviews (Worrell & Gotman, 2011; Jacobs et al., 2012; Zijlmans et al., 2012).
At the same time, however, it must be said that this is an indicator that is, to some extent, unreliable

because the incidence of HFO changes significantly over time (Gliske et al., 2018).

While FR were considered a unique biomarker of epileptogenicity over time, there is increasing
evidence that they may also have physiological genesis (Curio et al.,, 1994; Nagasawa et al., 2012;
Matsumoto et al., 2013; Kucewicz et al., 2014; Pail et al., 2020). While physiological HFOs appear to
reflect summated synchronous inhibitory postsynaptic potentials generated by subsets of
interneurons regulating the discharges of principal cells (Buzsaki et al.,, 1992; Engel et al.,
2009), epileptic HFOs represent field potentials of population spikes from clusters of abnormal
synchronously bursting pyramidal cells, and decreased inhibitory interneuron firing (Engel et al,,
2009; Bragin et al., 2011). So far, in some brain regions, the localizing value of pHFO is weakened by

frequency overlap with physiological HFOs (Jiruska & Bragin, 2011).
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CHAPTER 6

High-frequency oscillations and medically intractable

epilepsy

The first broad application of pHFOs was in the context of epilepsy surgery. This is now
accompanied by other applications such as assessing epilepsy severity or monitoring antiepileptic

treatment response using non-invasive methods (Frauscher et al., 2017).

For patients with drug-resistant focal epilepsy, epilepsy surgery constitutes the approved
and most promising treatment option in order to achieve seizure freedom (Thomschewski et al.,
2019). The effectiveness of surgical procedures depends mainly on the location of the brain area
responsible for seizure generation, defined as an epileptogenic zone. Accurate localization of
epileptogenic tissue is critical for achieving optimal outcomes and minimizing the risk of side effects.
However, identifying this brain region is challenging, as all available non-invasive diagnostic tools
cannot directly delineate the epileptogenic zone. Consequently, the epileptogenic area is only a
theoretical concept, and only based on the postoperative time, the achievement of seizure freedom
will show the correctness of its localization. The results from multiple non-invasive modalities are
considered in order to indirectly infer the location of the epileptogenic zone (EZ; Rosenow &
Liders, 2001). Its location is indirectly defined by the location of other zones: lesion, irritative zone
(interictal discharges), functional deficit zone. When using invasive EEG, the current gold standard
for identifying the epileptogenic zone is using the determination of seizure-onset zone (SOZ) by
recording spontaneous seizures (Staba et al., 2002), but this approach is suboptimal. The fact that
surgical outcomes are unfavorable in 40-50 % of well-selected patients (Najm et al., 2013) suggests
that the SOZ is not an optimal approximation of the EZ and that new seizure-independent biomarkers

resulting in better post-surgical outcomes are needed (Thomschewski et al., 2019).

Although the results regarding HFOs are limited to a unique epileptic population, many studies
point to a prognostic value of HFOs (especially FR) in predicting the EZ (Jacobs et al., 2012; Zijilmans et
al., 2012; Haegelen et al., 2013; van Klink et al., 2016; Frauscher et al., 2017). A recent clinical study
showed an association between recurrent seizures following cortical resection and incomplete resection
of sites showing interictal spontaneous pHFOs observed during slow-wave sleep (Jacobs et al., 2010;
Nagasawa et al., 2012). Notably, residual HFOs in the postoperative electrocorticogram were shown

to better predict epilepsy surgery outcomes than preoperative HFO rates (Frauscher et al., 2017).

Therefore, in the clinical setting, interictal pHFOs have been used as a biomarker for the location
of seizure generating zones (Worrell et al., 2004), with a potential to improve surgical success in patients

with drug-resistant epilepsy even without the need to record seizures (Thomschewski et al., 2019).
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pHFOs are utilized by neurosurgeons to select which tissue to resect in surgical treatments of refractory
epilepsy (Haegelen et al., 2013; Frauscher et al.,, 2017). Many epilepsy surgery centers are now
equipped with facilities and analytical approaches that allow the recording of wide-band signals and
provide relevant information about the spatiotemporal properties of pHFOs over long time scales to be
extracted (Jiruska et al., 2017). This additional information may lead to a better delineation of the

epileptogenic zone and thus improve the outcomes of epilepsy surgery (Frauscher et al., 2017).

In general, HFOs were shown to be more closely linked and more specific for the SOZ than
interictal spikes (Jacobs et al., 2008), as spikes are often seen outside the SOZ as well. As it was shown
by Jacobs et al. (2012), when applying a threshold with 95% specificity, fast ripples had the highest
sensitivity (52 %) for identification of the SOZ, followed by ripples (38 %) and spikes alone (33 %). HFOs
are unlikely to result from spikes as 64 % of HFOs; therefore, they started on average 10 ms before the
spike's onset (van Klink et al., 2016). The most of HFOs (approximately 60 %) are visible as riding on
the spike in the unfiltered signal, less (20 %) ale invisible in the unfiltered spikes, or 20 % occurred
entirely independently of spikes in timing and localization (Urrestarazu et al., 2007). Despite the frequent
co-occurrence of spikes and HFOs, there is now sufficient evidence that they represent different
neurophysiological mechanisms (Frauscher et al., 2017). FR occur more focally than ripples and spikes,
given that they probably arise from local pathological connections of out-of-phase firing neuronal
clusters rather than from the larger-scale networks. FR are, therefore, considered more specific for
epileptogenic tissue than ripples and spikes (Jacobs et al., 2010; Jefferys et al., 2012). HFOs seem to
increase before the occurrence of seizures, immediately prior to or at seizure onset (Jirsch et al., 2006;
Zijlmans et al., 2009), whereas spikes are more prominent postictally (Frauscher et al., 2017). In contrast
to spikes, HFOs increase after medication reduction (Zijimans et al., 2009). In a recent study of Jiruska
et al. (2017), even specific HFO patterns associated with different seizure-onset patterns were revealed;
ripples (>80 Hz) predominate during low-voltage fast activity seizures, whereas fast ripples (>250 Hz)

predominate during periodic spiking seizures (Frauscher et al.,2017).

Similarly, in vitro models showed a progressive increase in total population neuronal activity
before a seizure, which was manifested in extracellular records by an increase in HFA. This HFA
increase corresponds to a progressive increase in synchronization between neural networks and spatial
expansion of neuronal population activity. Interestingly, at the cellular level, there are complex but
heterogeneous changes in the dynamics of individual neurons; their activity may increase, remain

unchanged and in some cases even decrease (Jiruska et al., 2010a).

However, we should differentiate between the SOZ and the epileptogenic zone, the area of the
brain necessary and sufficient for spontaneous seizures to occur (Rosenow & Liiders, 2001). Therefore,
our efforts should be directed not to identifying the SOZ but to identifying the epileptogenic region.
HFOs could be one such marker to improve the approximation of the epileptogenic zone with the
ultimate aim of improving surgical outcome in people with epilepsy (Frauscher et al., 2017). It seems

that incomplete removal of tissue with HFOs, especially FRs, is strongly linked to a poor surgical
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outcome, whereas this relationship is not found for spikes (Jacobs et al., 2010; Wu et al., 2010).
Importantly, it has been suggested, that pre-surgically assessed HFO rates might not be vital in
predicting seizure outcome. A recent meta-analysis confirmed a higher resection ratio for HFOs in
seizure-free versus non-seizure-free patients (Frauscher et al., 2017). Even better results can be
achieved by using intraoperative electrocorticography (ECoG), which can measure epileptiform activity
and HFOs directly from the cortex during epilepsy surgery, aiming to delineate the epileptogenic tissue.
Residual FRs after resection, in post-ECoG, predict recurrent seizures, whereas spikes and ripples do
not (van 't Klooster et al., 2017). Moreover, according to the recent study using postoperative ECoG, it
is critical to disconnect networks generating HFOs (especially FR) rather than remove all areas that

generate HFOs prior to surgery (van 't Klooster et al., 2017).

HFOs were revealed as a useful biomarker for epileptogenic areas in both hippocampal
sclerosis and focal cortical dysplasia (Kerber et al., 2013), the most common causes of focal epilepsies
in adults. It is believed that no specific HFO pattern could be identified for these different lesion types
(Jacobs et al., 2009). Nevertheless, a recent Ferrari-Marinho’s study (2015) showed that the HFO rates
might vary considerably with different pathologies and might hence reflect different types of neuronal
derangements. Specifically, both mentioned mesial temporal lobe sclerosis and focal cortical dysplasia,
plus nodular heterotopia, displayed higher HFO rates compared to tuberous sclerosis complex,
polymicrogyria, or cortical atrophy (Ferrari-Marinho et al., 2015). HFO rates are higher in the
hippocampal than in the neocortical lesions (Schdnberger et al., 2020). In addition, higher rates of FRs
are uniquely associated with atrophic sites ipsilateral to seizure onset, suggesting that primary seizure
generating areas are specifically characterized by the presence of FR activity during interictal periods
(Staba et al., 2004). Kerber et al. (2013) also emphasized the potential usefulness of HFOs as an

additional method to better define and delineate the extent of the epileptogenic dysplastic tissue in FCD.

Regarding focal cortical dysplasia (FCD), the rates of HFOs are higher in patients with FCD type
Il compared to type I; usually, type Il lesions are more epileptogenic with an earlier onset of seizures as
well as a higher seizure frequency (Kerber et al., 2013). Therefore, rates of high-
frequency oscillations mirror the disease activity of a lesion. Moreover, some studies have shown that

the HFO rate correlates with disease severity; see the review of Frauscher et al. (2017).

FR may also be useful in the localization of epileptogenic area in nonlesional epilepsies, as has
been shown, for example, in a model of mesial temporal lobe epilepsy (Jiruska et al., 2010b). This is an
essential feature as it could improve preoperative diagnostics in terms of better delineation of the area

of resection in these patients.

In individual studies, when investigating electrophysiological brain recordings, it is necessary to
distinguish HF power (e.g., increased during spikes) and HFOs terms. Nevertheless, it was further shown
that it might not be necessary for clinical application to separate real HFOs from “false oscillations”

produced by the filter effect of sharp spikes (Burnos et al., 2016; Frauscher et al., 2017).
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It is essential to highlight that the majority of previous studies evaluated results drawn from HFO
analysis at a group level. Noteworthy, when considering individual patients, the rates of HFOs are often
highly variable and less specific for epileptic brain localization (Blanco et al., 2011; Cimbalnik et al., 2016;
Jacobs et al., 2018; Roehri et al., 2018). To this date, most investigations simply report increased HFOs
when summed across all SOZ electrodes compared to all non-SOZ electrodes, which is not sufficient
for guiding epilepsy surgery (Worrell & Gotman, 2011; Cimbalnik et al., 2016). Jacobs et al. (2018)
reported on results from three tertiary epilepsy referral centers using individual analysis that HFO
assessment (the surgical outcome was correlated and predicted by the ratio of interictal HFOs removal)
was only associated with good surgical outcome in two-thirds of included patients. These results

and their discrepancies further highlight the need for prospective trials (Thomschewski et al., 2019).

In conclusion, for patients with drug-resistant focal epilepsy, epilepsy surgery is the therapy of
choice in order to achieve seizure freedom. Identifying the area responsible for seizure generation (EZ)
is crucial for the successful ability of epilepsy surgery. Research of recent years revealed HFOs,
especially FR, as a useful biomarker for epileptogenic areas in patients with intractable epilepsy, and
removal of regions with highest FR rates (it seems that not necessarily all of them) is associated with an
excellent postsurgical outcome (Frauscher et al., 2017). Even better results can be achieved by using
intraoperative HFOs monitoring. Fast ripple analysis could provide helpful information for generating a
hypothesis on seizure-generating networks, especially in cases with few or no recorded seizures

(Schoénberger et al., 2020).

Nevertheless, significant challenges still remain for the full clinical translation of HFOs (especially
fast ripples) as epileptogenic brain biomarkers. There are still a few issues that need to be addressed.
First of all, we have to deal with differentiating true HFO from the high-frequency power changes
associated with increased neuronal firing and bandpass filtering sharp transients and distinguishing
pathological HFOs from normal physiological HFOs (Cimbalnik et al., 2016). To guide surgical resection,
biomarkers must be able to classify tissue under each individual electrode as pathological or normal.
Moreover, the optimal biomarker would identify tissue at risk for generating seizures in the future (risk
of epileptogenesis process) (Cimbalnik et al., 2016). However, as it turns out, HFOs do not always
accomplish this condition. Prospective assessments of the use of HFOs for surgery planning using
automatic HFO detection are needed in order to determine their clinical value, reproducibility, and
reliability (Cimbalnik et al., 2016; Thomschewski et al., 2019).

43



Published research

Hippocampal high-frequency oscillations in unilateral and
bilateral mesial temporal lobe epilepsy

Pavel Rehulka

Jan Cimbalnik
Martin Pail

Jan Chrastina
Markéta Hermanova
Milan Brazdil

Clin Neurophysiol. 2019 Jul;130(7):1151-1159. doi: 10.1016/j.clinph.2019.03.026

44



Commentary on published paper

Research of recent years suggested that high-frequency oscillations (HFOs) are a promising
biomarker of the epileptogenic zone, with the potential to improve surgical success in patients with drug-
resistant epilepsy without the need to record seizures (Thomschewski et al., 2019). Interictal high-
frequency oscillations (HFOs), ripples (80-250 Hz), and fast ripples (FR; 250-600 Hz) have been studied
over the past two decades and have been detected in different brain areas under physiological and
pathological conditions. In mesial temporal areas, ripples are associated mainly with the physiological
functions, whereas the increase of FR have been repeatedly demonstrated in the seizure onset zone
and is thought to be a biomarker of epileptogenicity (Jacobs et al., 2008, Staba et al., 2002, Worrell et
al., 2008). Higher FR to ripple ratio was demonstrated in mesial temporal area ipsilateral to seizure onset
than those contralateral (Staba et al., 2002; Staba et al., 2007). As shown in our previous study, FR might
be used as a biomarker for SOZ not only in focal temporal but also extratemporal epilepsies (Pail et al.,
2017), and HFOs may mark the cortex that needs to be removed to achieve seizure control (Zijimans et
al., 2012).

Nevertheless, focal epilepsy may not have only one epileptogenic area but may also be
multifocal. One such example may be patients with associated/dual pathology or bitemporal epilepsy.
The presurgical workup in dual pathology/ bitemporal epilepsy aims to evaluate the necessary scope of
the surgical intervention. If we detect seizures in these patients, especially if only a few seizures are
captured, from only one lesion or one side of temporal lobe epilepsy during invasive EEG monitoring,
multifocal epilepsy may be misdiagnosed. The remaining uncertainty is considerable, and patients rarely

become seizure-free after epilepsy surgery.

Patients with dual pathology have two potentially epileptogenic lesions: most often one in the
hippocampus and one in the neocortex. It is often unclear which lesion is seizure-generating in these
patients or if both lesions have such potential. Schénberger et al. (2020) reported a significant
correlation between the patients' primary focus and the ratio Ryst rippies, i.€., the proportion of interictal
fast ripples detected in this lesion. No such correlation was observed for interictal epileptic spikes (IES),
ripples, and IES-ripples. In retrospect, using this approach, interictal fast ripples would have correctly

“predicted” the primary focus in 69 % of their patients (Schénberger et al., 2020).

A similar problem as with dual pathology may be in patients with bitemporal epilepsy. Temporal
lobe epilepsy is the most frequent cause of drug-resistant seizures. Bitemporal epilepsy is characterized
by independent seizure origins (requires invasive EEG recordings) in both temporal lobes and should
be considered as a dynamic, nonstationary condition (Hirsch et al., 1991). Consequently, some
bitemporal epilepsy may be misdiagnosed, as it is not always possible to record seizures from both sides
of the brain during SEEG monitoring. It remains unclear whether bitemporal epilepsy represents a

specific type of a single extensive epileptogenic network or two independent networks.
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The main aim of our retrospective study was to investigate the potential differences in terms of
interictal high-frequency oscillations (HFOs) between both hippocampi in unilateral (U-MTLE) and
bilateral mesial temporal lobe epilepsy (B-MTLE). This study was conducted as a group comparison of
the interictal HFOs occurrence in hippocampi ipsilateral and contralateral to the side of the seizure onset
zone in mesial temporal lobe epilepsy. Sixteen patients with MTLE underwent SEEG monitoring as a
part of the epilepsy surgery evaluation. We used an automatic tool for HFO detection. The analyses
entail comparisons of the rates and spatial distributions of ripples and fast ripples (FR) in hippocampi

and amygdalae, with respect to the eventual finding of hippocampal sclerosis (HS).

In U-MTLE, higher ripple and fast ripple rates were found in the hippocampi ipsilateral to the
seizure onset than in the contralateral hippocampi. Our results indicate that it is possible that neuronal
loss in sclerotic hippocampi might cause additional increases in HFO rates and also in the ripple range,
as it has been suggested in previous studies (Jacobs et al., 2009, Crépon et al., 2010; Worrell et al.,
2008); however, other studies have not confirmed these findings (Staba et al., 2004). Perhaps another
indicator is more important, namely FR / R ratio. Staba et al. (2004) showed that the ratio of FR / ripple
occurrence in atrophic areas (including the hippocampus, entorhinal, and subicular cortex) ipsilateral to
seizure onset was significantly higher than that of ipsilateral to seizure onset without atrophy, as well as
contralateral sites. Non-epileptic hippocampi in U-MTLE were distinguished by a significantly lower
ripple rate than in the remaining analyzed hippocampi. Nevertheless, it is doubtful whether the low
interictal HFO rate might be used as a negative biomarker of the non-epileptic hippocampi, as some
studies observed ripple occurrence similar between epileptogenic and non-epileptogenic temporal lobe
(Staba et al., 2004; Bagshaw et al., 2009). There were no differences between the hippocampi in B-
MTLE. The increased FR rate in mesial temporal structures was previously found to be associated with
the characteristic features of HS, such as hippocampal neuronal loss (Staba et al., 2007) and reduced
hippocampal volume (Jacobs et al., 2009; Staba et al., 2007). In the hippocampi with proven HS, higher
FR rates were observed in the ventral than in the dorsal parts. Our finding of higher FR rates in the head
than in the posterior parts of sclerotic hippocampi might be explained by the similar gradient of atrophy
and neuronal loss within the sclerosis along the longitudinal hippocampal axis, which has been observed
in both MRI and histopathological studies (Bernasconi et al., 2003; Thom et al., 2012).

To conclude our study, non-epileptic hippocampi in U-MTLE demonstrated significantly lower
ripple rates than those epileptic hippocampi in U-MTLE and B-MTLE. Low interictal HFO occurrence
might be considered as a marker of the non-epileptic hippocampi in MTLE. Based on HFO rates, it is
possible to distinguish between unilateral and bilateral mesial temporal lobe epilepsy. This approach
may improve the detection and diagnosis of bitemporal epilepsy without the need to detect the onset of

seizures from both temporal lobes during SEEG monitoring.
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« Hippocampal recordings in patients with mesial temporal lobe epilepsy were analyzed.
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« The highest fast ripple rate was seen in ventral parts of sclerotic hippocampi.
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ABSTRACT

Objective: The main aim of this study was to investigate the potential differences in terms of interictal
high frequency oscillations (HFOs) between both hippocampi in unilateral (U-MTLE) and bilateral mesial
temporal lobe epilepsy (B-MTLE).
Methods: Sixteen patients with MTLE underwent bilateral hippocampal depth electrode implantation as
part of epilepsy surgery evaluation. Interictal HFOs were detected automatically. The analyses entail
comparisons of the rates and spatial distributions of ripples and fast ripples (FR) in hippocampi and
amygdalae, with respect to the eventual finding of hippocampal sclerosis (HS).
Results: In U-MTLE, higher ripple and FR rates were found in the hippocampi ipsilateral to the seizure
onset than in the contralateral hippocampi. Non-epileptic hippocampi in U-MTLE were distinguished
by significantly lower ripple rate than in the remaining analyzed hippocampi. There were not differences
between the hippocampi in B-MTLE. In the hippocampi with proven HS, higher FR rates were observed in
the ventral than in the dorsal parts.
Conclusions: Non-epileptic hippocampi in U-MTLE demonstrated significantly lower ripple rates than
those epileptic in U-MTLE and B-MTLE.
Significance: Low interictal HFO occurrence might be considered as a marker of the non-epileptic hip-
pocampi in MTLE.

© 2019 Published by Elsevier B.V. on behalf of International Federation of Clinical Neurophysiology.

1. Introduction 2007; Zelmann et al., 2009), interest has been dedicated to resolv-
ing problematic issues related to automated HFO detection (Birot
et al., 2013; Navarrete et al., 2016; Waldman et al, 2018;

Zelmann et al., 2012). Increase of FRs have been repeatedly demon-

Interictal high frequency oscillations (HFOs), ripples (80-
250 Hz), and fast ripples (FRs; 250-600 Hz) have been studied over

the past two decades and have been detected in different brain
areas under physiological and pathological conditions. As the
visual review of HFOs has several disadvantages (Gardner et al.,
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strated in the seizure onset zone and is thought to be a biomarker
of epileptogenicity. In mesial temporal areas, ripples are associated
mainly with the physiological functions of mesial temporal struc-
tures (Jacobs et al., 2008; Staba et al., 2002; Worrell et al., 2008).
In the recordings from microelectrodes higher FR to ripple ratio
were demonstrated in mesial temporal area ipsilateral to seizure
onset than those contralateral (Staba et al., 2002, 2007). Moreover,
the characteristic features of hippocampal sclerosis (hippocampal

1388-2457/© 2019 Published by Elsevier B.V. on behalf of International Federation of Clinical Neurophysiology.
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neuronal loss, reduced hippocampal volume) were found to be
associated with greater FRs occurrence (Jacobs et al., 2009; Ogren
et al., 2009; Staba et al., 2007).

Bitemporal epilepsy is characterized by independent seizure
origins in both temporal lobes (Hirsch et al., 1991). The identifi-
cation of bitemporal epilepsy requires invasive EEG recordings
from both temporal lobes and should be considered as a
dynamic, nonstationary condition due to possibility of the sei-
zure clustering effect (Spencer et al, 2011) and long term sei-
zure laterality switch (Smart et al, 2013). Consequently, it
remains unclear whether bitemporal epilepsy represents a speci-
fic type of a single extensive epileptogenic network or two inde-
pendent networks.

Several HFO studies have involved patients with bilateral
mesial temporal seizure onset (Jacobs et al., 2008, 2009, 2010;
Staba et al., 2002; Worrell et al., 2008), particularly when the
investigated patients did not have a visible MRI lesion (Andrade-
Valenca et al., 2012). The involvement of patients with bitemporal
epilepsy in such studies presumes the parity of both seizure onset
zones and their equivalence with a seizure onset zone in unilateral
temporal lobe epilepsy. This premise might carry a potential risk of
selection bias. On the other hand, HFO analysis could reveal new
insight into the pathophysiology of bitemporal epilepsy and pro-
vide useful information for the clinicians.

This retrospective study was conducted as a group comparison
of the interictal HFOs occurrence in hippocampi ipsilateral and
contralateral to the side of the seizure onset zone in mesial tempo-
ral lobe epilepsy. We hypothesize that in unilateral mesial tempo-
ral lobe epilepsy (U-MTLE) interictal HFO occurence is higher in
epileptic than in non-epileptic hippocampi. In bilateral mesial tem-
poral lobe epilepsy (B-MTLE) we aimed at both epileptic hip-
pocampi (on the side with the higher and lower number of
registered seizures) in order to establish potential differences
between them. As the neuronal loss vary along the longitudinal
axis of sclerotic hippocampi (Thom et al., 2012), the analyses were
performed with respect to the underlying hippocampal pathology
and recording site localization.

2. Methods
2.1. Patient selection

We reviewed all patients with intractable epilepsy who had
undergone invasive EEG at a sampling rate of 5000 Hz at the Brno
Epilepsy Center at St. Anne’s University Hospital in Brno between
January 2011 and March 2017. The study included the patients
who fulfilled the following criteria: (1) seizure semiology compat-
ible with mesial temporal lobe epilepsy (MTLE); (2) available
recordings from depth electrodes implanted in both hippocampi;
and (3) fitting in one of the two following groups:

1. Patients with U-MTLE who fulfilled criteria a and b:
(a) All spontaneous seizures originated in the mesial structures
of one temporal lobe;
(b) At least one of the following three characteristics:

(i) > 5 recorded clinical seizures (implying acceptable
confidence of only unilateral seizure onset zone
(Blum, 1994)),

(ii) 3 clinical and >3 subclinical (asymptomatic) seizures
recorded (subclinical seizures are usually generated
from the same temporal lobe as clinical seizures
and predict favorable post-surgical outcomes
(Sperling and O’Connor, 1990)),

(iii)  Engel IA classification for at least two years of follow-
up care after anteromedial temporal resection.

2. Patients with B-MTLE - defined as those having recorded at
least one independent spontaneous clinical seizure onset aris-
ing from both mesial temporal structures.

All patients underwent high-resolution MRI scans at 1.5 Tesla
(Siemens Magnetom Symphony scanner) or 3 Tesla (GE Discovery
750 scanner). All patients signed an informed consent form. The
study was approved by St Anne’s University Hospital Research
Ethics Committee and the Ethics Committee of Masaryk University.

2.2. Group and subgroup matching

In each patient with U-MTLE, the hippocampus on the side of all
registered seizures was labelled as ‘ipsilateral’ (UNIP) and the other
side as ‘contralateral’ (UNCO). Similarly, in each patient with B-
MTLE, the hippocampus on the side with the higher number of reg-
istered seizures was labelled as ‘ipsilateral’ (BIP) and the other as
‘contralateral’ (BICO); in cases of parity of recorded seizures, the
side of subsequent surgical intervention was labelled as ‘ipsilat-
eral’. In order to estimate the potential influence of underlying
pathology on interictal HFOs occurrence, the following two groups
of hippocampi with adjacent amygdalae were formed.

HS* group - hippocampus with evidence of hippocampal sclero-
sis (HS) based on MRI (clear hippocampal atrophy and an unequiv-
ocally increased signal from the hippocampus) and/or
histopathological finding of HS as defined by the ILAE classification
system (Bliimcke et al., 2013).

HS™ group - hippocampus with histopathological finding of ‘no-
HS/gliosis only’ as defined by ILAE classification (Bliimcke et al.,
2013).

2.3. Recording methods

All patients underwent video-EEG monitoring with multicon-
tact depth electrodes inserted orthogonally into different parts of
the brain including both hippocampi. In all patients were used
5-, 10-, or 15-contact platinum semiflexible Microdeep intracere-
bral electrodes (Alcis, France) with an electrode diameter of
0.8 mm, a contact length of 2 mm, with 3.5 mm center-to-center
spacing (1.5 mm between contacts) and a surface area of 5 mm?
for each contact. The anatomical targeting of intracerebral elec-
trodes was individualized in each patient according to available
non-invasive data and hypotheses about the seizure onset zone
location. Interictal EEG recordings were low-pass filtered at
1000 Hz at a sampling rate of 5000 Hz (a reference average mon-
tage was used). A recording session in a noiseless Faraday room
was performed prior to initiating the reduction of antiepileptic
drugs (usually during the second post-implant day between 8 a.
m. and 12 noon), in a wakeful resting state. The session duration
differed among patients depending on individual collaboration
capacity and patient comfort. Thirty minutes of interictal EEG
activity were selected, having no or minimal artifacts, recorded
at least 2 hours after and before a seizure.

2.4. Recording sites

Only contacts verified as located in the hippocampus (Hip) or
amygdala (Amy) were used for HFO analysis. Hippocampal con-
tacts were further subdivided into those placed in the head of
the hippocampus (aHip) and those in the body or tail of the hip-
pocampus (pHip). The localization of all implanted electrodes
and contacts was determined visually by two independent experi-
enced researchers (P.R. and M.P.). Post-implant 1.5-Tesla MRI study
(T2-weighted Turbo Inversion Recovery Magnitude sequence in
axial, coronal, and sagittal planes) with depth electrodes in situ
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was used. The location of each electrode and contact was ulti-
mately determined using the MRI atlas by Tamraz and Comair
(2000). The anatomical boundaries of the hippocampus were based
on a reference atlas (Duvernoy et al., 2013).

2.5. Histopathological examination

Histopathological examinations were performed only for those
patients who had undergone resective surgery. “All the paraffin-
embedded tissue specimens, slides, and histopathology reports
were retrieved from the files of the First Department of Pathology
of St. Anne’s University Hospital. All examined resected tissues
were identically treated, fixed in a 10% neutral buffered formalin,
grossly inspected, carefully oriented, measured, and cut so as to
obtain representative 2-3 mm thick tissue slices perpendicular to
the cortical surface. Smaller resection specimens were completely
processed and paraffin embedded; in larger resection specimens, at
least every second tissue slice was further processed. Five microm-
eter thick tissue sections were stained by hematoxylin and eosin
(H&E), and evaluated under light microscope. NeuN immunohisto-
chemistry (using mouse monoclonal anti-NeuN antibody, dilution
1:100, clone A-60, Millipore) was performed on preselected tissue
sections if there was an inconclusive picture in H&E” (Kuba et al.,
2013). The classification system for HS proposed by the ILAE
(Bliimcke et al., 2013) was applied.

2.6. Automated detection of HFOs

HFOs were detected by a custom-made Python detection algo-
rithm (Kucewicz et al. 2014). The signal in the statistical window
(10's) was filtered in a series of 400 logarithmically spaced fre-
quency bands ranging from 30-800 Hz. Power envelopes and their
corresponding z-scores were computed for each band. Putative
detections were obtained as events >3.5 of the z-score. Putative
detections in adjacent frequency bands and overlaps in the tempo-
ral domain were joined and considered a single event. Event onsets
and offset were determined as the first and last values above the
threshold in all the frequency bands of the putative detections.
The highest z-score values of the putative detections were used
to obtain event frequencies. The detections were separated into
ripples (80-250 Hz) and FRs (250-600 Hz). Events with frequen-
cies below 80 Hz and above 600 Hz were disregarded as well as
events shorter than 4 oscillations at the peak frequency. This led
to the successful elimination of filter artifacts produced by sharp
transients since the highest z-score values of such events are in
low frequencies and their estimated frequency is below 80 Hz.
The procedure is illustrated in Supplementary Fig. 1. Ripple and
FR incidence was expressed as the rate of respective events per
10 minutes (No./10 min).

Detector validation was done in a similar fashion as in a study
by Roehri et al. (2016). Simulated HFOs, HFOs on spike, and spikes
were inserted into a signal recorded from non-pathological white
matter. The parameters of each inserted HFO event were pseudo-
randomized with varying frequency (80-600 Hz), duration (6-10
oscillations at the given frequency), and amplitude (0.05-0.25 of
signal std). The HFOs were constructed as tapering sine waves.
Similarly, the parameters of inserted spikes were varied for dura-
tion (0.05-0.2's) and amplitude (2.5-12.5 of signal std). Events
were inserted in 3 s time windows and algorithm precision-recall
was calculated. The resulting performance was 0.94 precision
and 0.72 recall.

2.7. Statistical analysis

Custom Python scripts were created for statistical analyses using
the SciPy module. The data were tested for normal distribution
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using D’Agostino’s normality test. Since most of the data sets failed
this test, the Wilcoxon rank sum test was used to evaluate differ-
ences among them. Bonferroni’s correction was applied where
necessary.

To evaluate whether normal hippocampal tissue (UNCO) can be
distinguished from pathological hippocampal tissue (UNIP, BIP,
BICO), receiver operating characteristic (ROC) curves and their area
under the curve (AUC) were calculated on per channel basis using
HFO rates as the varying threshold. This analysis was performed on
a per hippocampus basis and separately for aHip and pHip. The sta-
tistical significance of AUCs compared to chance (AUC = 0.5) was
tested with Hanley-McNeil test.

3. Results
3.1. Description of study population and recording sites data set

Of the 62 consecutive patients recorded at a sampling rate of
5000 Hz, 16 patients met the inclusion criteria for the study: 9
patients with U-MTLE and 7 patients with B-MTLE. Individual char-
acteristics of all patients are summarized in Table 1 and a compar-
ison of clinical variables between both groups is provided in
Table 2. Notably, in patients 7 and 14 temporopolar seizures that
arose concurrently from the temporal pole and the hippocampus
were observed. Interictal recordings were available from the both
hippocampal sides in patients with U-MTLE (9 UNIP and 9 UNCO)
or with B-MTLE (7 BIP and 7 BICO). The HS" group comprised 6
UNIP and 1 BIP, the HS™ group had two pairs of UNIP and BIP.
The localization of recording sites and contacts among these
groups is indicated in Table 3.

3.2. Hippocampal HFOs in U-MTLE

First, to establish the potential difference between hippocampi
ipsilateral and contralateral to seizure onset zone in U-MTLE, we
compared homotopic recording sites in UNIP and UNCO. Higher
rates were observed in UNIP than in UNCO, in both aHip (ripples:
126.17 £102.93 and 31.83£27.32 [p<0.001], FRs:
160.17 £ 162.68 and 32.13 +24.67 [p =0.003], respectively) and
pHip (ripples: 134.15+101.37 and 18.25+21.60 [p < 0.001],
FRs: 71.30%£69.44 and 17.13+17.17 [p=0.003], respectively)
recording sites. The results are illustrated in Fig. 1. In order to test
whether difference between UNIP and UNCO might be attributed
to the difference between epileptic and non-epileptic hippocampal
tissue we proceeded with ROC analysis between the hippocampi
contralateral (UNCO) and ipsilateral (UNIP, BIP, BICO) to seizure
onset. Hanley-McNeil test reached statistical significance in the
ripple range both in aHip (AUC=0.734, p=0.014) and pHip
(AUC = 0.788, p = 0.002), indicating that a low hippocampal ripple
rate might be sufficient to identify hippocampus without obvious
involvement in seizure onset (Fig. 2). A similar but non-
significant trend was found in the FR range within aHip
(AUC = 0.668, p = 0.057).

3.3. Hippocampal HFOs in B-MTLE

Similarly were compared homotopic recording sites in B-MTLE.
BIP and BICO did not differ significantly, in either aHip (ripples:
90.62+47.82 and 80.41+78.29, FRs: 5429+34.52 and
70.22 + 71.68, respectively) or pHip (ripples: 60.61 +38.79 and
37.86 +42.89, FRs: 26.78 +32.18 and 22.04 + 24.32, respectively)
recording sites (Fig. 1).
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Table 1
Individual characteristics of patients in the U-MTLE and B-MTLE groups.
No./ Sex/ Duration MRI finding/ PET hypo-  Explored brain lobes Side, No. and SOZ AMTR* Histopathology**  VNS*** Previous
Group Age (years)/PF scanner metabolism (No. of electrodes) of seizures # intervention/**
1/U  F/56 28/- R/HA/1.5T R/mT T(2), T(3) R: 5 mT [R] R/IIA (5) NA NP NP
2/U F/33 31/ME L/HS, PECLT/3T L/mT T(2), T'(6), F(3) L: 3 mT L/IA(3) HStype1 NP NP
3/U F/27 18/ME L/HS/3T L/Tp T'(8), T(2), P'(1), L: 3 mT [L] L/IIA (3) HStype 1, FCD Illa NP NP
r(1), F(1)
4/U M/51 49/FS R/HA /3T R/mT T(5), F(3), T'(2) R: 3 mT [R] R/IA(3) HS type 2 NP NP
5/U M/24 14/TBI L/HS, MPTG/3T L/mT, P T(2), T'(7) L: 3 mT [L] L/UA(2)  pHS NP NP
6/U  F/45 19/- L/HA/3T normal T(2), T(8), I'(1), L: 3 mT [L] L/IIA (2) no-HS NP NP
P'(1), F(2)
7/U F/36  27/- RL/HIMAL/3T  normal T(7), T'(3) R: 2 Tp, 1 mT R/IA(2) no-HS NP NP
8/U F[26  20/- R/HS/3T R/mT T(4), T'(2), F (4), I(1), R: 6 mT R/IA(1)  HS type 1 NP NP
P (1)
9/U F/56 55/ME R/HS/3T R/mT T(5), F(2),T'(4) R: 7 mT R/IVA (1) HS type 2 NP VNS
10/B  F/20 4/- normal/1.5T L/Tp T@3)T(2)§ R: 10 mT; L: 1 mT NP NA IIIB (5) LTPR{/normal
11/B  F/34 30/- R/HA/1.5T R/mT T/(3), T(3) R:3mT; L: 1 mT [R>L] R/IA(5) pHS NP NP
12/B F/33 17/PI normal/1.5T RL/mT T'(4), T(4) R: 4 mT; L: 1 mT R/IIA (5) no-HS NP VNS
13/B M/38 11/- normal/3T L/Tp T(3),I'(2), T'(6), P'(1), R:4mT; L: 1 mT NP NA IIB (4) NP
0'(1), F(1)
14/B  M/35 14/- RL/HA/3T R>LmT T(6), T'(2) R: 4 Tp; L: 1 mT [L] NP NA 1B (2) NP
15/B  M/37 6/FS normal/3T L/mT, Tp T'(8), F(2), T(2) L: 2 mT; R: 2 mT L/IA(3) no-HS NP NP
16/B  F/58 46/- L/HS/1.5T NA T (1), T'(2), F(3) R: 2 mT; L: 5 mT [L] NP pHS NP LAMTR?1/pHS

U - unilateral MTLE, B - bilateral MTLE; F - female; M - male; PF - precipitating factor; ME - meningoencephalitis; FS - febrile seizures; TBI - traumatic brain injury; PI -
perinatal insult; MRI - magnetic resonance imaging; PET - positron emission tomography with ®F - fluorodeoxyglucose; R - right; L - left; HS - hippocampal sclerosis; HA —
hippocampal atrophy; PECLT - postencephalic changes of left temporal lobe; MPTG - mild posttraumatic gliosis of left pericentral region; HIMAL - hippocampal malrotation;
mT - mesial temporal region; Tp - temporal pole; NA - not available; T - right temporal; T’ - left temporal; F - right frontal; F' - left frontal; P - right parietal; P’ - left
parietal; I - right insular; I’ - left insular; O’ - left occipital; § - recordings from one oblique electrode inserted into the body and tail of the left hippocampus were not
analysed; SOZ - seizure onset zone; # — only clinical spontaneous seizures are indicated, the lateralization of electrophysiological seizures is mentioned in square brackets, if
applicable; AMTR - anteromedial temporal lobe resection; * - side of AMTR/outcome using Engel classification (follow-up in years); NP - not performed; ** - histopatho-
logical finding using ILAE 2013 classification for hippocampal sclerosis, ILAE 2011 classification for focal cortical dysplasia; FCD - focal cortical dysplasia; pHS - probable
hippocampal sclerosis as defined by ILAE 2013 classification for hippocampal sclerosis; VNS - vagus nerve stimulation; *** - outcome using McHugh classification (follow-up
in years); LTPR - left temporal pole resection, { - based on non-invasive findings and data acquired during previous invasive EEG using unilateral covering only; L - left AMTR;
it — only the anterior portion of the hippocampus with a length of 15 mm was removed.

Table 2 and HS™ subgroups (Fig. 3). In aHip, higher ripple
Comparison of clinical characteristics between U-MTLE and B-MTLE group (median is (]41_72 +95.93, 70.46 + 44.26; p= 0_017) and FR rates
calculated; range is given in square brackets) (173.59 £ 163.15, 54.54 + 38.3; p = 0.015) were observed in the for-
U-MTLE B-MTLE p-value mer subgroup than in the latter; in pHip, the higher rate was sta-
Number of patients 9 7 tistically significant only in the ripple range (151.45+ 101.54,
Females 7 4 NS 49.43 +34.21; p=0.001). In amygdalar recording sites, higher rip-
Age at evaluation (years) 36 [26-56]  35[20-58]  NS” ple rates were found in the HS® group (85.0 + 52.13) than the HS™
Epilepsy duration (years) 27[18-55] 14 [4-46] p=0.04 group (34.10 + 20.78; p = 0.006); a similar trend in the FR band was
Seizure frequency (per month) 4 [1-20] 601-15] NS statistically non-significant (61.18 £+60.69 and 22.60* 15.57;
NS - non significant; * - Fisher’s exact test; ** — Mann-Whitney test. p=0.06).
3.4. Differences along the longitudinal hippocampal axis in U-MTLE 3.6. Differences along the longitudinal hippocampal axis in HS* and
and B-MTLE HS™ subgroups
In order to elaborate the issue of the potential influence of Finally, potential differences in terms of HFO rates along the

recording site location, we compared HFO rates between ventral ~ longitudinal axis of the amygdalo-hippocampal complex were
(aHip) and dorsal (pHip) hippocampal recording sites in U-MTLE  examined. In the HS" subgroup, a higher ripple rate was found in
and B-MTLE. Higher FR rates were found in aHip than in pHip in ~ PHip (151.45£101.54) than in Amy (85.0+52.13; p=0.03); the
UNIP (160.17 + 162.68 and 71.30 * 69.44, respectively; p = 0.038) difference between aHip and Amy nearly reached statistical signif-
and BIP (54.29 + 34.52 and 26.78 + 32.18, respectively; p=0.027);  icance (141.72 £95.93 and 85.0 + 52.13, respectively; p = 0.057). In
statistically significant differences were nearly reached in BICO  the FR band, the rate in aHip (173.59 £163.15) prevailed over
(7022 £71.68 and 22.04 £24.32, respectively; p=0.051) and  those in both Amy (61.18+60.69; p=0.013) and pHip
UNCO (32.13 +24.67 and 17.13 +17.17, respectively; p=0.057).  (71.25+75.50; p=0.043) (Fig. 4). In the HS™ group, there were
Conversely, in the ripple range no statistically significant differ-  no significant differences among Amy, aHip, and pHip recording
ences were observed between aHip and pHip in any studied group sites in the ripple range or in the FR range.

(UNIP: 126.17 £102.93 and 134.15+101.37; BIP: 90.62 +47.82

and 60.61 +38.79; UNCO: 31.83 +27.32 and 18.25+21.60; BICO: 4. piscussion

80.41 £ 78.29 and 37.86 + 42.89, respectively).

4.1. Hippocampal HFOs and unilateral MTLE
3.5. Hippocampal HFOs in HS* and HS™ subgroups
Majority of the fundamental HFO literature is based upon the
To estimate the potential influence of underlying hippocampal comparison of the seizure onset zone versus non-seizure zone
pathology, we compared homotopic recording sites in the HS* HFO occurence, regardless the anatomical boundaries of the
50
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Table 3
The location of analyzed contacts in different recording sites (the number of recording contacts in brackets) among the respective groups (UNIP, UNCO, BIP, BICO - as defined in
Section 2.2).
Patient no. UNIP UNCO BIP BICO
1 R: Amy (2), aHip (4) L: Amy (3), aHip (3), pHip (4) NA NA
2 L*: Amy (3), aHip (3), pHip (3) R: aHip (4), pHip (3) NA NA
3 L*: Amy (4), aHip (3), pHip (4) R: aHip (3), pHip (3) NA NA
4 R*: Amy (2), aHip (3), pHip (2) L: aHip (3), pHip (4) NA NA
5 L*: Amy (3), aHip (3), pHip (2) R: aHip (2), pHip (2) NA NA
6 L**: Amy (3), aHip (3), pHip (3) R: aHip (3), pHip (3) NA NA
7 R**: Amy (3), aHip (3), pHip (3) L: Amy (3), aHip (2), pHip (3) NA NA
8 R*: Amy (3), aHip (3), pHip (3) L: aHip (2), pHip (2) NA NA
9 R*: Amy (4), aHip (3), pHip (3) L: Amy (4), aHip (2), pHip (1) NA NA
10 NA NA R: Amy (4), aHip (3), pHip (3) L: aHip (4)
11 NA NA R*: Amy (3), aHip (4), pHip (3) L: Amy (3), aHip (4), pHip (3)
12 NA NA R**: Amy (4), aHip (3), pHip (4) L: Amy (2), aHip (4), pHip (3)
13 NA NA R: Amy (3), aHip (3), pHip (3) L: Amy (4), aHip (7), pHip (2)
14 NA NA R: Amy (3), aHip (4), pHip (3) L: aHip (2), pHip (3)
15 NA NA L**: aHip (4), pHip (4) R: Amy (3), aHip (3)
16 NA NA L: pHip (3) R: aHip (2)
Amy contacts 27 10 17 12
aHip contacts 28 24 21 26
pHip contacts 23 25 23 11

R - right; L - left; Amy - amygdala; aHip - anterior hippocampus; pHip - posterior hippocampus; NA - not applicable; * - HS* subgroup as defined in Section 2.2; ** - HS~
group subgroup as defined in Section 2.2. The sum of contacts for the respective groups in different recording sites is provided at the bottom of the table.

Count / 10 minutes

Count / 10 minutes

Structure = aHip | Band = R

300 A

fsed

250 A

200 A

150 A

100 A

50 1

UNIP UNCO

BIP BICO

Structure = pHip | Band = R

300 A

250 A

200 A

150 A

100 A

50 1

UNIP UNCO

Group

BIP BICO

Structure = aHip | Band = FR

UNIP UNCO BIP

Structure = pHip | Band = FR

BICO

UNCO BIP
Group

UNIP

BICO

Fig. 1. Differences between ipsilateral and contralateral hippocampi in patients with unilateral (UNIP and UNCO, respectively) and bilateral (BIP and BICO, respectively)
mesial temporal lobe epilepsy. The analysis was performed separately for ventral (aHip) and dorsal (pHip) hippocampal recording sites in ripple (R) and fast ripple (FR) bands.
Significance levels are marked by asterisks (* < 0.05, ** < 0.001).
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Fig. 2. The receiver operating characteristics (ROC) curves were created by plotting the true positive rates (TPR) against the false positive rates (FPR) in order to evaluate
whether the hippocampi contralateral (UNCO) and ipsilateral to seizure onset (UNIP, BIP, BICO groups) can be distinguished. Each area under the curve (AUC) was compared
to chance (AUC = 0.5 represented by the dashed line) and tested with Hanley-McNeil test. The statistical significance (p-value <0.05) was reached both for the anterior (aHip;
AUC = 0.734) and posterior hippocampus (pHip; AUC = 0.788) in ripple (R), but not in fast ripple (FR) range.
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Fig. 3. Comparison of ripple (R) and fast ripple (FR) rates in homotopic recording sites (Amy - amygdala, aHip - anterior hippocampus, pHip - posterior hippocampus) with
respect to the underlying pathology (HS* subgroup - hippocampal sclerosis, HS~ subgroup - no- hippocampal sclerosis /gliosis only). The significance level <0.05 is indicated
by asterisks (*). Please note the higher R rates in either Amy, aHip and pHip recording sites in HS* than in HS~ subgroup. The similar trend in the FR range reached statistical

significance only in the ventral parts of sclerotic hippocampi.

explored structures or mesial temporal and lateral neocortical
localization. Indeed, ripple and FR rates that were found higher
in the seizure onset zone than outside if clinical macroelectrodes
were used (Jacobs et al., 2008; Jacobs et al., 2009; Andrade-

Valenca et al, 2012). In studies dedicated to the comparison
between mesial temporal areas ipsilateral and contralateral seizure
onset zones (recordings from microelectrodes) showed higher FR
to ripple ratio in ipsilateral mesial area (Staba et al., 2002, 2007).
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Fig. 4. Ripple (R) and fast ripple (FR) rates in recording sites along the longitudinal axis of the amygdalo-hippocampal complex in the HS* subgroup (Amy - amygdala, aHip —
anterior hippocampus, pHip - posterior hippocampus). The significance level of <0.05 is marked by asterisks (*). Please note the most increased FR rate in the ventral part of
sclerotic hippocampi and the lacking difference between ventral and dorsal part of sclerotic hippocampi in the R band. Differences in the HS™ subgroup did not reach

statistical significance (not illustrated).

In present study higher ripple and FR rates were found in the hip-
pocampi ipsilateral to the seizure onset than in the contralateral
hippocampi in U-MTLE. Moreover, non-epileptic hippocampi
demonstrated significantly lower ripple rates than others. How-
ever, it remains questionable whether this finding might support
the opinion that FR-generating areas are relatively stable (Bragin
et al., 2003) as the recent study provided the detailed analysis indi-
cating substantial spatiotemporal variability of HFOs (Gliske et al.,
2018). It is doubtful whether the low interictal HFO rate might be
used as a negative biomarker of the non-epileptic hippocampi. In
any case, the challenging issue of HFO specificity should be
resolved by prospective studies on a per subject basis.

4.2. Hippocampal HFOs and bilateral MTLE

In an experimental rat model of induced temporal lobe epilepsy,
unilateral lesion in the hippocampus was sufficient for the later
occurrence of independent bilateral seizures and interictal FRs
within both hippocampi (Finnerty and Jefferys, 2002; Jefferys and
Empson, 1990; Bragin et al., 2003; Jiruska et al., 2010). The litera-
ture presents limited evidence that the epileptogenic network in
bilateral MTLE is more spatially extended, concerning the extrahip-
pocampal mesial temporal structures, than that in unilateral MTLE
(Aubert et al., 2016; Bragin et al., 2003; Jacobs et al., 2009). This
might increase the number and variability of potential ictal gener-
ators among extrahippocampal structures; this has been demon-
strated in unilateral MTLE (Spencer and Spencer, 1994; Van
Paesschen et al., 2001; Wennberg et al., 2002). It might be interest-
ing to clarify the role of the extrahippocampal structures within
the epileptogenic network in bitemporal epilepsy.

Secondly, there is evidence for progressive cellular and network
alterations in MTLE (Pitkdnen and Sutula, 2002; Bartolomei et al.,
2008). Some works have proposed a process of secondary epilepto-
genesis as a possible mechanism of bitemporal epilepsy develop-
ment (Morrell, 1989; Wilder, 2001). Indeed, in an experimental
rat model FRs within both hippocampi and bilateral spontaneous
seizures developed during the first weeks after a unilateral
intrahippocampal tetanus toxin injection (Finnerty and Jefferys,
2002; Jiruska et al, 2010). Nevertheless, this finding of a
short-term process leading to bilateral disorder in rodents must
be interpreted carefully when considering the different hippocam-
pal commissural system arrangement in humans (Gloor et al.,
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1993). In the present study, patients with unilateral MTLE demon-
strated significantly longer epilepsy duration than patients with
bilateral MTLE, although previously no difference was observed
between both groups (Hirsch et al., 1991). Unfortunately, in the
present study, the small sample size did not allow the correlation
between the HFO rates and epilepsy duration. We wonder if a
prospective design could be applied in human studies.

4.3. Interictal HFOs in MTLE, underlying hippocampal pathology and
recording site localization

The increased FR rate in mesial temporal structures was previ-
ously found to be associated with the characteristic features of HS,
such as hippocampal neuronal loss (Staba et al., 2007) and reduced
hippocampal volume (Jacobs et al., 2009; Ogren et al., 2009; Staba
et al., 2007). Our results indicate that it is possible that neuronal
loss in sclerotic hippocampi might cause additional increases in
HFO rates also in the ripple range, as has been suggested in previ-
ous studies (Jacobs et al., 2009; Worrell et al., 2008). Our finding of
higher FR rates in the head than in the posterior parts of sclerotic
hippocampi might be explained by the similar gradient of atrophy
and neuronal loss within the sclerosis along the longitudinal hip-
pocampal axis, which has been observed in both MRI and
histopathological studies (Babb et al., 1984; Bernasconi et al.,
2003; Thom et al., 2012). Another question is whether the HFO rate
in amygdalar recording sites might be affected by amygdalar scle-
rosis, which is often associated with HS (Yilmazer-Hanke et al.,
2000). It seems necessary to confirm and estimate the potential
influence of these variables on the occurrence of HFOs.

4.4. Study limitations

Our results might be influenced by the high inter-individual
variability of interictal HFOs and the small sample size. As bitem-
poral epilepsy might be a cause of surgery failure, in two patients
the recordings were acquired during the re-evaluation procedure
after a previous intervention in the temporal lobe (both hip-
pocampi of patient 10 were completely intact; only registrations
from contacts located in the spared left pHip were available in
patient 16). As we understand the potential influence of previous
interventions on hippocampal epileptogenicity, the influence is
thought to be linked to the nature of mesial temporal sclerosis
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per se, rather than its maturation in a surgical scar (Hennessy et al.,
2000).

Visual inspection of the hippocampus with 3-Tesla MRI is not
considered sensitive enough to detect all cases of HS (Bliimcke
et al, 2013). It is not possible to definitively exclude the possibility
of HS in any hippocampi not examined histopathologically.
Another limitation of this work was caused by the lack of criteria
and the variable terminology used in bitemporal epilepsy descrip-
tion. Our B-MTLE patients were definitely characterized by inde-
pendent seizure onsets; in patients with U-MTLE, it was not
possible to exclude certain levels of involvement of both temporal
lobes (as might be suggested by, e.g., frequent findings of bilateral
interictal discharges (Ergene et al., 2000)). We minimized the risk
of contamination in U-MTLE patients using multiple inclusion cri-
teria. We used the terms ‘ipsilateral’/‘contralateral’ to label each
side of the hippocampi in order to avoid similar terms (such as ‘pri-
mary’, ‘leading’/‘secondary’, ‘mirror’) that might suggest a certain
pathophysiological concept.

Ultimately, the question remains whether bitemporal epilepsy
represents a specific type of a single extensive epileptogenic net-
work, as supported by a favorable outcome after unilateral surgery
(Aghakhani et al., 2014), or two independent networks, as is indi-
rectly expressed in its definition. We encourage further research
with the purpose of bringing together the two perspectives.
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Commentary on published paper

When considering all patients with focal drug-resistant epilepsy, as high as 40-50% of patients
suffer seizure recurrence after surgery. To achieve seizure freedom without side effects, precise
localization of the focal brain region generating a patient’s seizures, known as the epileptogenic zone,
is required before its resection. As mentioned, research of recent years suggested that high-frequency
oscillations (HFOs) are a promising biomarker of the epileptogenic zone without the need to record
seizures (Thomschewski et al., 2019). However, these methods considered promising for pathological
tissue localization have been shown successfully in % of the patients (Jacobs et al., 2018). What other
features in interictal invasive EEG could, together with HFOs, improve the accuracy of the delineation of
the epileptogenic area? In the presented retrospective study, we investigated an automated, fast,

objective mapping process that used only interictal data.

We proposed a novel approach based on multiple invasive EEG (iEEG) features (the
combination of univariate and bivariate iEEG features), which were used to train a support vector
machine (SVM) model for classification of invasive EEG electrodes as normal or pathologic using 30 min
of inter-ictal recording. It was the first study to our knowledge to combine conventional iEEG features
and iEEG connectivity measures. This model was used to identify electrodes with the highest probability
of being in the epileptogenic region. We used the validation of the SVM models based on post-surgical
outcome. We analyzed the data from patients with intractable focal epilepsy in Brno Epilepsy Center
(43) or Mayo Clinic (34) in the epilepsy surgery program recorded between years 2011 and 2016. In all
patients, non-invasive studies could not adequately localize the seizure onset zone. We compared the
results of postoperative outcomes, resected contacts with the delineation of the epileptogenic zone
provided by SVM model. Unfortunately, the information about the resected area was available only in
30 patients (16 in Brno dataset, 14 in Mayo dataset) mostly due to low quality of imaging data

(slices > 2 mm) or due to the implantation of a vagus nerve stimulator.

In our data, bivariate measures, especially the relative entropy, substantially contributed to the
detector’s performance. The HFO rate and relative entropy (higher values) were the most relevant for
the epileptogenic zone distinction from all calculated features. The tissue under the iEEG electrodes,
classified as epileptogenic, was removed in 17/18 excellent outcome patients and was not entirely
resected in 8/10 poor outcome patients. The overall best result was achieved in a subset of 9 excellent
outcome patients with the area under the receiver operating curve = 0.95. Validating the SVM models
using post-surgical outcomes proved that resection of channels classified as pathologic led to excellent

outcomes while failure to resect these channels resulted in poor outcomes.

Despite the promise of seizure-independent biomarkers, no single marker has been consistently
shown to be effective and useful for all patients (Jacobs et al., 2018). SVM models combining multiple

iEEG features show better performance than algorithms using a single iEEG marker (in most studies
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used HFO rates). The current findings in iEEG connectivity studies suggest that changes of connectivity
in epileptogenic tissue may be a clinically useful signature of ictogenesis and can substantially contribute
to conventional methods for automatic localization of seizure generating tissue. We corroborated a
statistically higher rate of spectrally rich events (HFOs) compared to a healthy brain (Frauscher et al.,
2017). Importantly, our approach and underlying software's architecture is modular, allowing to add
other potentially useful features (advanced processing pipelines, potential biomarkers of

epileptogenicity,..) without the need to modify the whole data and model training pipelines.

Multiple invasive EEG and connectivity features in presurgical evaluation could improve
epileptogenic tissue localization and is superior to using a single feature like the most used HFO rates

alone. This approach may improve surgical outcomes and minimize the risk of side effects.
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High frequency oscillations Objective: When considering all patients with focal drug-resistant epilepsy, as high as 40-50% of patients

Connectivity suffer seizure recurrence after surgery. To achieve seizure freedom without side effects, accurate localiza-
Machine learning tion of the epileptogenic tissue is crucial before its resection. We investigate an automated, fast, objective
mapping process that uses only interictal data.
Methods: We propose a novel approach based on multiple iEEG features, which are used to train a sup-
port vector machine (SVM) model for classification of iEEG electrodes as normal or pathologic using 30
min of inter-ictal recording.
Results: The tissue under the iEEG electrodes, classified as epileptogenic, was removed in 17/18 excellent
outcome patients and was not entirely resected in 8/10 poor outcome patients. The overall best result
was achieved in a subset of 9 excellent outcome patients with the area under the receiver operating
curve = 0.95.
Conclusion: SVM models combining multiple iEEG features show better performance than algorithms
using a single iEEG marker. Multiple iEEG and connectivity features in presurgical evaluation could
improve epileptogenic tissue localization, which may improve surgical outcome and minimize risk of side
effects.
Significance: In this study, promising results were achieved in localization of epileptogenic regions by
SVM models that combine multiple features from 30 min of inter-ictal iEEG recordings.
© 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.

ABSTRACT

1. Introduction

Epilepsy is one of the most prevalent neurological diseases
(Leonardi and Ustun, 2002). While roughly two-thirds of patients
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Precise localization of the focal region generating a patient’s sei-
zures is required for surgical resection, the most effective (Téllez-
Zenteno et al., 2010) and commonly performed treatment (Kelly
and Chung, 2011), and to guide implantation of electrodes for ther-
apeutic brain stimulation (Fisher and Velasco, 2014; Bergey et al.,
2015). Accurate localization of epileptogenic tissue is critical for
achieving optimal outcomes and minimizing risk of side effects.

Currently, the clinical gold-standard for localization of epilepto-
genic tissue is obtained by recording spontaneous seizures with
intracranial EEG (iEEG). This requires days to weeks of recording
and can be associated with patient discomfort and risk, (Van
Gompel et al., 2008). The iEEG is used in combination with other
modalities to ensure concordance of the multi-modal information
but when considering all types of focal epilepsy the seizure-free
outcome is achieved in only approximately 50% of patients
(Téllez-Zenteno et al., 2010).

The visual analysis of the massive iEEG datasets is time con-
suming and subject to observer biases. Naturally, this has led to
many attempts for automated localization of epileptogenic tissue
from inter-ictal iEEG recordings, which would significantly speed
up the pre-surgical evaluation process. Many of these seizure-
independent methods use high-frequency EEG power or rates of
high-frequency oscillations (HFO) (Bragin et al., 2002; Jacobs
et al., 2008; Worrell et al., 2008; Cimbalnik et al., 2016). These
methods show promise for pathological tissue localization, and
have been shown successful in %; of the patients (Cimbalnik
et al., 2018; Jacobs et al., 2018). The reason for the failures might
be caused by false positive detections (Bénar et al., 2010) or by
the fact that physiological HFOs (Kucewicz et al., 2014; Brazdil
et al., 2015) are challenging to distinguish from pathological HFOs
(Matsumoto et al., 2013; Cimbalnik et al., 2018).

Recently, functional connectivity was described as a new bio-
marker of the epileptogenic zone, i.e. the tissue that must be
resected or disconnected for seizure freedom (Liiders and Comair,
2001). During the inter-ictal period, different connectivity patterns
have been reported in a normal epileptic brain compared to the
seizure onset zone (SOZ) (Bettus et al., 2008; Dauwels et al.,
2009; Warren et al., 2010), which is also functionally isolated from
surrounding healthy tissue (Warren et al.,, 2010; Klimes et al.,
2016). Altered connectivity pattern in the epileptic brain has also
been used to predict surgery outcome (Antony et al., 2013).

Despite the promise of seizure-independent biomarkers, no sin-
gle marker has been consistently shown to be effective for all
patients (Cimbalnik et al., 2018; Jacobs et al., 2018). Electrophysi-
ological activity of the brain is not consistent across time (Pearce
et al., 2013; Gliske et al., 2018) and is affected by different states
of vigilance (Gross and Gotman, 1999; Staba et al., 2002; Kremen
et al., 2017). Therefore, utilizing the HFO rate, or connectivity as
a stand-alone biomarker is unlikely to be successful in all cases
(Khadjevand et al., 2017; Cimbalnik et al., 2018; Jacobs et al.,
2018). Combination of multiple features might provide a more
robust estimation (Gnatkovsky et al., 2014; Varatharajah et al.,
2018).

Here we explore the utility of combining different information
represented by multiple iEEG biomarkers. A previous study by
Varatharajah et al. (2018) used a combination of univariate fea-
tures (HFO rate and phase-amplitude coupling) for SOZ localization

(Varatharajah et al., 2018). We investigated a combination of uni-
variate and bivariate iEEG features given they are likely to carry
different information. These features are used to train the Support
Vector Machine (SVM) model which is used to identify electrodes
with the highest probability of being in the epileptogenic region.

2. Methods

To promote transparency and ensure reproducibility of our
results, the SVM code and feature data are available online
(https://github.com/ICRC-BME/machine_learn_module).

2.1. Patients

All patients underwent intracranial depth and subdural elec-
trode implantation as part of their evaluation for epilepsy surgery
when non-invasive studies could not adequately localize the sei-
zure onset zone. All patients recorded in the Brno Epilepsy Center
or Mayo Clinic between years 2011 and 2016 were selected for this
study. Patients without implanted white matter, electrode coordi-
nates, SOZ information or with poor recording quality were omit-
ted from the cohort. The final cohort of patients, who
participated in the study, consisted of 43 patients from Brno Epi-
lepsy Center and 34 from Mayo Clinic (Supplementary Table 1).

Since we used three different targets for classification (1. SOZ
contacts, 2. Resected contacts, 3. SOZ overlapped with resected
contacts), the final cohort was further divided into three sub-
groups. For SOZ target all patients were included. For resected con-
tacts target only patients with information about surgical outcome
and resected area were included resulting in a subgroup of 30
patients (9 good and 7 bad outcome patients in Brno Epilepsy Cen-
ter, 9 good and 5 bad outcome patients in Mayo Clinic). For SOZ
overlapped with resected contacts target the subgroup consisted
of 28 patients (9 good and 5 bad outcome patients in Brno Epilepsy
Center, 9 good and 5 bad outcome patients in Mayo Clinic). The
information about the resected area was available only in 30
patients (16 in Brno dataset, 14 in Mayo dataset) mostly due to
poor quality of imaging data (slices >2 mm) or implantation of
vagus nerve stimulator. The numbers of patients in each group
are available in Table 1.

The study was approved by the Brno Epilepsy Center - St. Anne’s
University Hospital Research Ethics Committee and the Mayo
Clinic Institutional Review Board. All patients provided informed
consent.

2.2. Intracranial EEG recordings

2.2.1. Brno Epilepsy Center, St. Anne’s University Hospital

43 patients implanted with standard intracranial depth elec-
trodes (5, 10 and 15 contact semi-flexible multi-contact platinum
electrodes DIXI (DIXI MEDICAL; CHAUDEFONTAINE, FRANCE) or
ALCIS(ALCIS, Besangon, France), contact surface area 5.02 mm?
and inter-contact distance 1.5 mm). All iEEG was acquired with a
common reference, an average signal from all iEEG channels. The
iEEG was recorded with a sampling frequency of 25 kHz. The data
was down-sampled to 5 kHz for further processing. 30 min of
relaxed awake activity was selected for the analysis. Anatomical

Table 1

The receiver operating curve classification results for different datasets and different definition of epileptogenic tissue.
Target S0z Resected SOZ + Resected
Outcome All Good Bad Good Bad
Mayo 0.770 (N = 34) 0.729 (N=9) 0.558 (N=5) 0.803 (N=9) 0.623 (N=5)
Brno 0.770 (N = 43) 0.842 (N=9) 0.776 (N=7) 0.952 (N=9) 0.827 (N=5)
Joined 0.745 (N =77) 0.747 (N=18) 0.560 (N=12) 0.838 (N=18) 0.592 (N=10)
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localization of electrodes was achieved using post-implant MRI co-
registered to the patient’s pre-implant MRIL

2.2.2. Electrophysiology Laboratory, Mayo Clinic

34 patients, all implanted with intracranial depth electrodes
(AD-Tech Medical Inc, Racine, WI, 4 and 8 contact clinical depth
electrodes with Platinum/Iridium clinical macro-electrode con-
tacts, contact surface area 9.4 mm? and inter-contact distance
10 mm) and subdural grids and strips (4.0 mm diameter Plat-
inum/Iridium discs (2.3 mm diameter exposed) with 10 mm
inter-contact distance). All intracranial EEG was acquired with a
stainless steel suture as a common reference placed in the vertex
region of the scalp midline between the international 10-20 Cz
and Fz electrode positions. The iEEG was recorded with a sampling
frequency of 32 kHz and down-sampled to 5 kHz, with a 1 kHz
Bartlett-Hanning window low-pass filter. 30 min from 1 AM to
1:30 AM of the patient’s first night at ICU was selected for analysis.
The location of electrodes was determined from post-implant CT
data co-registered to the patient’s pre-implant MRI using normal-
ized mutual information (SPM8). Electrode coordinates were then
automatically labeled by SPM Anatomy toolbox, with an estimated
accuracy of 5 mm (Tzourio-Mazoyer et al., 2002).

2.3. EEG signal pre-processing

A visual inspection and automated detection based on convolu-
tional neural networks was used to detect noise, technical artifacts,
muscle and movement artifacts (Nejedly et al., 2018). Bad data seg-
ments or whole EEG channels were omitted from further analysis.
To remove scalp reference and suppress far-field potentials caused
predominantly by volume conduction a reference signal was calcu-
lated and subtracted from each iEEG signal. The reference signal
was calculated as an average signal from iEEG electrodes placed
in the white matter.

2.4. Identification of seizure onset zone

The seizure onset electrodes and time of seizures were deter-
mined from the clinical report and verified independently by iden-
tifying the electrodes with the earliest iEEG seizure discharge.
Seizure onset times and location were determined by visual iden-
tification of a clear electrographic seizure discharge, followed by a
look back in the iEEG recordings for the earliest electroencephalo-
graphic change contiguously associated with the seizure.

2.5. Identification of resected tissue

Post-resection MRI was used to identify areas of the brain that
were surgically removed. The electrodes localized within the
resected areas were marked.

2.6. Surgical outcomes

Surgical outcomes were classified according to the International
League Against Epilepsy (ILAE) classification system at Mayo Clinic
and Engel Surgical Outcome Scales at Brno. ILAE Class-1 and Engel
class IA were considered good outcome.

2.7. Calculated features

The EEG features were computed in three distinct groups: (1)
HFO features - computed from detections of oscillatory events in
the iEEG signal, (2) univariate features - computed on iEEG signal
from individual iEEG channel on a depth electrode, (3) bivariate
features - computed between two iEEG signals from two adjacent
iEEG channels on a depth electrode. In grid contacts the adjacent
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channels were determined along the longitudinal axis of the grid.
HFOs and oscillatory events below HFO frequency bands (<80 Hz)
were detected in 10 sec, non-overlapping statistical windows.
Mean rate per channel was then calculated for the whole length
of recording. Univariate and bivariate EEG features were calculated
in 1 sec non-overlapping windows. The mean feature value of all 1
sec windows was calculated for each channel or channel pair. To
obtain one value per contact for bivariate features only the higher
of the two mean feature values was selected. All features were cal-
culated in 9 different frequency bands (1-4 Hz, 4-8 Hz, 8-12 Hz,
12-20Hz, 20-45Hz, 55-80Hz, 80-250Hz, 250-600 Hz, 600-
1000 Hz), except frequency- and phase-amplitude coupling, which
were calculated for fixed pair of frequencies only. The data were fil-
tered using 2nd order IIR bandpass Butterworth filters. All features
were normalized by z-score normalization before SVM model
training and testing.

2.7.1. HFO rate

Various HFO detectors have been described in the literature,
and direct comparison of detectors remains challenging (Roehri
et al., 2017). In this study, two different HFO detectors were used:
(1) The line-length detector (Gardner et al., 2007) which is sensi-
tive to any increase in band power but its specificity is low, espe-
cially with regard to false ripples created by sharply contoured
transients. This detector was run in all frequency bands. The detec-
tion thresholds were set to 3 standard deviations of the line-length
metric above the mean and the duration threshold was set to a
minimum of 5 oscillations. (2) The CS detector has been proven
to successfully eliminate false ripples produced by band pass filter-
ing of sharp transients (Cimbalnik et al., 2018). The threshold for
the detection was set to 0.1 and the duration threshold set to a
minimum of 5 oscillations. This detector was run in parallel with
the LL detector. Since the CS detector provides detections with
determined frequency, the HFO rate in individual frequency bands
was determined ad-hoc by the sum of detections that fell within
the frequency cut-offs of each frequency band.

The resulting HFO rates of the LL and CS detectors were treated
as separate features.

2.7.2. Power in band (univariate feature)

Increased Local Field Potential (LFP) amplitude is primarily
caused by synchronized activity of local neuronal synapses and
provides information about electrophysiological activity of mea-
sured region (Katzner et al., 2009). Relative power in band (PB)
for each iEEG channel was calculated as PB=<X?>/<X? ,.,,>, where
<> stands for mean, X, for the signal in selected frequency band
and X? ., for the non-filtered signal.

2.7.3. Frequency amplitude coupling (univariate feature)

Frequency amplitude coupling reflects how the signal amplitude
is modulated by a particular frequency band. Unlike other features,
this method used fixed pair of frequency bands: lower (1-30 Hz) for
time signal and higher (65-180Hz) for signal envelope
(Varatharajah et al., 2018). Frequency amplitude coupling (FAC)
was calculated as FAC = [cov(|xyl|,Xx.)/std(|xy|)-std(x,)], where x, is
the time signal filtered in lower frequency band, xy is the Hilbert
transformation of the time signal filtered in higher frequency band,
cov stands for the covariance and std for the standard deviation.
The value of FAC varies in interval <—1,1>. FAC = 1 indicates perfect
dependence between frequency and amplitude, FAC = —1 indicates
opposite dependence, and FAC = 0 indicates no dependence.

2.7.4. Phase amplitude coupling (univariate feature)

Phase amplitude coupling reflects how the signal amplitude is
modulated by its instantaneous phase of particular frequency
band. Similarly to FAC, this method used fixed pair of frequency
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bands: lower (1-30Hz) for instantaneous phase and higher
(65-180 Hz) for signal envelope (Varatharajah et al., 2018). Instan-
taneous phase was calculated as @, = arctan(xy/x,), where xy is the
Hilbert transformation of the time signal x,, which was previously
filtered in lower frequency band. Phase amplitude coupling (PAC)
was then calculated as PAC = [cov(|Xy|, P.)/std(|Xy|)-std(P,)], where
Xy is the Hilbert transformation of the time signal, which was pre-
viously filtered in higher frequency band, cov stands for the covari-
ance and std for the standard deviation. The value of PAC varies in
interval <-1,1>. PAC=1 indicates perfect dependence between
phase and amplitude, PAC= —1 indicates opposite dependence,
and PAC = 0 indicates no dependence.

2.7.5. Power spectral entropy (univariate feature)

In general, information entropy is defined as the average
amount of information in observed data. In signal processing,
entropy reflects a randomness and spectral richness in continuous
time-series. Power spectral entropy (PSE) was calculated as
PSE = —sum[ps-log>(ps)], where ps is a fraction of particular exam-
ples in the dataset, in this case normalized spectral power density
obtained by Fourier transformation.

2.7.6. Relative entropy (bivariate feature)

To evaluate the randomness and spectral richness between two
time-series, the Kullback-Leibler divergence, i.e. relative entropy
(REN), was calculated. REN is a measure of how entropy of one
signal diverges from a second, expected one. The value of REN var-
ies in interval <0,+Inf>. REN = 0 indicates the equality of statistical
distributions of two signals, while REN > 0 indicates that the two
signals are carrying different information.

REN was calculated between adjacent iEEG channels X)Y as
REN = sum[pX-log(pX/pY)], where pX is a probability distribution
of investigated signal and pY is a probability distribution of
expected signal. Because of asymmetrical properties of REN, REN
(X, Y) is not equal to REN(Y, X). REN was calculated in two steps
for both directions (both distributions from channel pair were used
as expected distributions). The maximum value of REN was then
considered as the final result, regardless of direction.

2.7.7. Correlation (bivariate feature)

The linear correlation (LC) varies in interval <—1,1> and reflects
shape similarities between two signals. LC=1 indicates perfect
conformity between two signals, LC = —1 indicates opposite signals
and LC=0 indicates two different signals. LC was calculated by
Pearson’s correlation coefficient as: LCxy = [cov(XY:)/std(X.)-std
(Y:)], where XY, are the two evaluated signals, cov is the covari-
ance and std is the standard deviation.

2.7.8. Correlation with time-lag (bivariate feature)

The linear correlation between all adjacent iEEG channels was
calculated in 1 second non-overlapping intervals with a time-lag.
Maximum time-lag was equal to f,q/2 of selected frequency band.
Lagged linear correlation (LLC) for each time-lag k was calculated
by Pearson’s correlation coefficient as: LLCx),yik) = [cOV(Xik), Yeci))/
std(Xy))-std(Yyr))], where X.Y; are the two evaluated signals, cov
is the covariance and std is the standard deviation. The maximum
value of correlation was stored with its time-lag value. Time-lag of
maximum LLC value was evaluated as a separate feature.

2.7.9. Phase lag index (bivariate feature)

Phase lag index (PLI) represents evaluation of statistical interde-
pendencies between time series, which is supposed to be less influ-
enced by the common sources (Stam et al., 2007). PLI calculation is
based on the phase synchronization between two signals with
constant, nonzero phase lag, which is most likely not caused by
volume conduction from a single strong source. Phase lag index

was calculated as PLI=|<sign[A=d(t,)]>|, where sign represents
signum function, <> stands for mean and 4= is a phase difference
between two iEEG signals. For calculation of instantaneous phase
see the phase-amplitude coupling paragraph. PLI was calculated
in 1 second non-overlapping intervals with time-lag. Maximum
time-lag was equal to fi./2 of selected frequency band. The max-
imum value of PLI was stored with its time-lag value. Time-lag of
maximum PLI value was evaluated as a separate feature.

2.7.10. Phase synchrony (bivariate feature)

Instantaneous phase of each signal was calculated the same
way as in phase-amplitude coupling section. Phase synchrony
(PS) was then calculated as PS=,/[(<cos(®PX;) > P+(<sin(®Y,) > F],
where @X; is instantaneous phase of signal X,®Y, is instantaneous
phase of signal Y, <> stands for mean and ./ for square root.

2.7.11. Phase consistency (bivariate feature)

Calculation of phase consistency between two signals, regard-
less of any phase shift between signals. First, phase synchrony
(PS, defined above) was calculated for multiple steps of time delay
between two signals. Phase consistency (PC) was then calculated
as PC = <PS>+(1-std(PS)/0.5), where std is the standard deviation
and <> stands for mean.

2.8. Feature selection

Feature selection was carried out to determine the relevant fea-
tures for classification (in both datasets separately and together for
joined dataset). The features were separated into three groups:
HFO features, univariate features and bivariate features (connectiv-
ity) to take into account different information they represent. Each
group of features was evaluated separately by ANOVA. F-score val-
ues were used to determine the features that carry the most infor-
mation for pathological tissue localization. The relevant features in
each group were selected by determining outliers of F-score values
using modified z-score with threshold set to 3 (Iglewicz and
Hoaglin, 1993). Only features selected in respective dataset were
used in SVM model for all patients in that dataset.

2.9. Support vector machine classifier

Selected features were used to train and test an SVM model for
classification of tissue under individual electrodes as normal or
pathologic. Weights were applied to correct for the imbalanced
dataset resulting from more non-pathological channels than the
pathological ones. The weights were calculated as inversely pro-
portional to class frequencies. Leave-one-patient-out cross valida-
tion was used to train and test the SVM. In each iteration, the data
of one patient was held out for testing while the SVM was trained
on the remaining data. To obtain the best possible performance,
both linear and radial basis function (RBF) kernels were tested
and a parameter sweep was carried out to determine the optimal
value of the penalty parameter C and gamma parameters. The best
performing parameters were used for final classification (Table 2).
To evaluate the performance of the SVM models, the probability
estimate of correct target classification was used to create receiver
operating curves (ROC) and area under the curves (AUC) for each
leave-one-out iteration.

2.10. Model evaluation

To evaluate the feasibility of SVM for different usage scenarios
the feature selection and subsequent SVM model training were
done for three definitions of pathological tissue: (1) Seizure onset
zone, as a standard definition of pathological tissue commonly
defined in clinical practice. (2) Resected tissue, in patients with
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Table 2
The best performing parameters for Support Vector Machine for different datasets
and different definition of epileptogenic tissue.

Dataset SOZ Resected SOZ + Resected

Mayo rbf, C=0.1, rbf, C=10, rbf, C=10,
gamma = 0.001 gamma = 0.001 gamma = 0.001

Brno rbf, C=10, rbf, C=0.1, linear, C = 0.001
gamma = 0.001 gamma = 0.01

Joined rbf, C=0.01, rbf, C=1, rbf, C=0.1,
gamma = 0.001 gamma = 0.001 gamma = 0.001

excellent post-surgical outcome (ILAE 1 & Engel 1). (3) Resected
tissue overlapped with SOZ in patients with excellent post-
surgical outcome. This overlap was used to compensate for non-
pathological tissue removed as part of the surgical margin. For
example, in patients that have a standard anterior temporal lobec-
tomy approximately 3-4 cm of lateral temporal neocortex is
resected (Wiebe et al., 2001), even if apparent pathology is con-
fined to the mesial temporal structures. The trained SVM model
was also used to classify pathological channels in patients with
poor surgical outcome to assess if tissue under contacts classified
as pathologic was not resected during the surgery. The evaluation
was done on the whole dataset as well as separately on the data-
sets from two institutions. Testing for seizure onset zone, resected
tissue, and resected tissue overlapped with SOZ in Mayo Clinic,
Brno center and both datasets together resulted in 9 runs of the
algorithm. Statistical significance of the average AUCs was tested
with a Hanley-McNeil test by comparing them to chance
(AUC=0.5).

To evaluate the clinical relevance of the SVM model for individ-
ual patients, model training and classification were performed on
resected tissue overlapped with SOZ in excellent outcome patients
in a leave-one-out fashion. The classification of contacts in poor
outcome patients was done by a model trained on all excellent out-
come patients. To eliminate contacts misclassified due to residual
noise the contacts classified as pathologic were clustered based
on their spatial distribution in MNI space with the nearest neigh-
bor clustering algorithm were radius was set to 2*shortest distance
between contacts, i.e. 2 cm in patient space. Only the cluster with
the highest mean probability of being pathologic was chosen
(Fig. 1). We defined true positive (TP) finding when all channels
classified as pathological were within the resected area and patient
had excellent outcome. False positive finding (FP) was defined
when all channels classified as pathological were resected but
the patient had poor surgical outcome. True negative (TN) finding
was defined when at least one channel classified as pathological
was outside the resected area and the patient had poor outcome.
False negative (FN) finding was defined when at least one channel
classified as pathological was outside the resected area and the
patient had an excellent outcome. Negative predictive value
(NPV) defined as TN/(TN+FN) and positive predictive value
(PPV) defined as TP/(TP + FP) were calculated.

3. Results
3.1. Feature selection

The best performing features for all targets and both institu-
tions are summarized in Table 3. Relative entropy was the most
selected feature especially above the alpha (8-12 Hz) frequency
range. Relative entropy in the low gamma (20-45 Hz) and ripple
(80-250 Hz) bands were selected in all runs of the algorithm. Oscil-
latory events detected by the line-length algorithm were the sec-
ond most selected feature from alpha (8-12 Hz) band to ripple
band (80-250Hz). Fast ripple HFO detected by CS algorithm
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Fig. 1. Schematic illustration depth electrodes implanted in a brain. Localization of
pathological tissue example. Red disks represent the channels identified by the SVM
as pathological. The cluster (green circle) with the highest mean probability is
selected as the final localization. Channels with black border were localized in the
resected tissue.

(Cimbalnik et al., 2018) was selected in 6 runs of the algorithm.
Fig. 2 shows distributions of two best performing features in Brno
center dataset.

Notably, oscillatory event features were more often selected in
runs using the Brno center dataset, whereas in runs with Mayo
Clinic dataset the connectivity features were selected.

3.2. Pathologic tissue localization

The performance of the algorithm was evaluated for three dif-
ferent classifications of pathologic tissue (SOZ contacts; resected
contacts; and SOZ overlapped with resected contacts) in both data-
set separately as well as combined dataset from both centers. All
runs of the algorithm showed AUCs significantly better than
chance (p <0.001). The lowest AUCs were obtained for classifica-
tion of SOZ targets 0.770, 0.770, 0.745 for Brno center and Mayo
Clinic and combined datasets. Classification of channels over the
resected tissue in excellent outcome patients showed better per-
formance than classification of SOZ channels for the Brno center
dataset (0.842) and combined datasets (0.747) but worse perfor-
mance for Mayo dataset (0.729). Classification of channels in poor
outcome patients showed decreased performance in all datasets.
Classification of SOZ contacts within resected area in excellent out-
come patients had the best performance compared to the other
targets (0.952, 0.803, 0.838). The classification performance was
reduced in poor outcome patients (Fig. 3). The ROC classification
results are summarized in Table 1. In the subset of 28 patients
where the contacts in SOZ overlapped with the resected contacts,
the tissue under the iEEG electrodes, classified as epileptogenic,
was removed in 17/18 excellent outcome patients and was not
entirely resected in 8/10 poor outcome patients.

Evaluation of the SVM models for individual cases showed
NPV =1.0 and PPV =0.9 for Brno center dataset, NPV = 0.8 and
PPV = 0.89 for Mayo dataset and NPV =0.7 and PPV 0.83 for the
whole dataset which included patients from both institutions,
summarized in Table 4.
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Table 3
The best performing features.
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Seizure onset zone=o0, Resected=e, Resected+SOZ=®

B = Brno
M = Mayo
J = Joined

4. Discussion

This study reports a multi-feature, machine learning approach
for classification of electrodes placed in epileptogenic tissue. It is
the first study to our knowledge to combine conventional iEEG fea-
tures and iEEG connectivity measures. Current inter-ictal methods
have largely been focused on a single biomarker of epileptogenic
zone, e.g. HFO rate (Worrell et al., 2012). To date, this has been
insufficient for clinical practice (Jacobs et al., 2018).

The recent study by Varatharajah et al. (2018) shows that the
combination of multiple biomarkers can out-perform algorithms
based on a single biomarker. However, this study did not assess
connectivity measures. In our data, bivariate measures, especially
the relative entropy, substantially contributed to the detector’s
performance.

From all calculated features the HFO rate and relative entropy
were the most relevant for the epileptogenic zone distinction.
The limitations of HFOs as a unique biomarker of epileptogenic
brain are now widely appreciated and include distinguishing phys-
iological (Buzsaki et al., 1992) and pathological (Matsumoto et al.,
2013) HFOs and false positive detections (Bénar et al., 2010; Roehri
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et al., 2017). The CS detector efficiently eliminates false detections
by phase correlation of bandpass filtered signal with a low pass fil-
tered signal, which leads to clear distinction of true oscillations
(Cimbalnik et al., 2018). But even with optimal HFO detectors the
ability to localize epileptogenic brain using HFOs alone is challeng-
ing. The current findings in iEEG connectivity studies suggest that
changes of connectivity in epileptogenic tissue may be a clinically
useful signature of ictogenesis and can substantially contribute to
conventional methods for automatic localization of seizure gener-
ating tissue. Entropy has the ability to characterize signal random-
ness and spectral richness. Epileptogenic regions are known for a
statistically higher rate of spectrally rich events, e.g., HFOs or
epileptiform discharges, compared to healthy brain (Frauscher
et al., 2017; Khoo et al., 2018). Therefore, the calculation of relative
values of entropy between pathological and non-pathological areas
makes this measure compelling in achieving the best possible
score. In the Brno center and Mayo Clinic datasets, different fea-
tures were selected as the most relevant (Table 3). This implies that
there may be a dependence on the electrodes, reference signals,
and acquisition system used. Studies with different datasets are
needed to elucidate the impact of these variables on pathologic tis-
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Fig. 2. Two best performing features in Brno dataset with SOZ (N resected area target. Relative entropy in FR frequency band and FR HFO show the highest association with the

pathology. Distributions of both features demonstrate a long tail.
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Fig. 3. ROC curves for Brno dataset with SOZ (N resected area target. Grey lines represent classification of electrodes in individual patients during cross-validation iterations.
Blue lines represent mean ROC curves. ROC analysis in poor outcome patients shows decreased performance indicating that some channels classified by the SVM model as

pathologic were not resected.

Table 4

Evaluation of the Support Vector Machine models for individual cases.
Dataset TP FP TN FN PPV NPV Sensitivity Specificity
Mayo 8 1 4 1 0.89 0.80 0.89 0.80
Brno 9 1 4 0 0.90 1.00 1.00 0.80
Joined 15 3 7 3 0.83 0.70 0.83 0.70
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sue localization. Further, it is well recognized that variability of
vigilance levels can have impact on electrophysiological features
for localization of epileptogenic tissue (Baud et al., 2018; Gliske
et al., 2018). Rates of HFO and epileptiform discharges were shown
to be the highest in non-rapid eye movement (NREM) sleep (Staba
et al., 2004) which could further enhance the precision of the SVM
model. Patients from Brno center were recorded during the day,
whereas patients from Mayo Clinic were recorded at night. There-
fore it is likely that differences between datasets and subsequent
feature selection might also be caused by different states of vigi-
lance. All of these variables had likely some influence on the pre-
sented results. Future studies with larger datasets should explore
their impact on pathological tissue localization in more detail.

Pathological tissue classification by SVM models which com-
bine HFO features with univariate and bivariate features show
superior performance to algorithms utilizing these features or
groups of features separately (Cimbalnik et al, 2018;
Varatharajah et al., 2018). Classification of tissue under individual
electrodes, which is the clinically relevant classification, was the
most successful for the definition of SOZ contacts overlapped with
resected area in excellent outcome patients. Using the trained SVM
models on patients with poor surgical outcome resulted in worse
AUC suggesting that channels identified by the algorithm as patho-
logic were not resected during surgery. Indeed, validating the SVM
models using post-surgical outcome proved that resection of chan-
nels classified as pathologic led to excellent outcome while failure
to resect these channels resulted in poor outcome. The presented
algorithm showed similar performance on datasets from two insti-
tutions in different day times and clinical settings. Combining the
datasets from both institutions resulted in worse performance
both in ROC analysis and individual patient analysis which is likely
due to difference in selected features.

The architecture of our approach and underlying software is
modular, allowing to add other potentially useful features without
the need to modify the whole data and model training pipelines.
The modularity of the algorithm allows for easy utilization of other
advanced processing pipelines (Fedele et al., 2017) or potential
biomarkers of epileptogenicity such as very high-frequency oscilla-
tions (Brazdil et al., 2017), spike onset zone (Khoo et al., 2018), or
low frequency activity (Vanhatalo et al., 2005). Further improve-
ments in pathological tissue classification might be achieved by
normalization of calculated features by the values found in normal
human brain (Frauscher et al., 2018; Guragain et al., 2018). Recent
studies have also reported that epileptogenic activity is changing
over time, different states of vigilance and in different brain struc-
tures (Baud et al., 2018; Gliske et al., 2018; Guragain et al., 2018).
Advanced iEEG signal processing methods might also be dependent
on the length of the analyzed segment (Fraschini et al., 2016). In
this study, either resting-state or sleep recordings were analyzed,
with a minimum length of 30 min without distinction of the states
of vigilance or anatomical structure. Testing of the algorithm in
specific sleep stages, resting-state conditions, different length of
recording and specific anatomical structures can further improve
its classification performance.

5. Limitations

Three definitions of pathological tissue used in this study are
not optimal surrogate for pathological tissue definition. The defini-
tion of SOZ suffers from subjective visual determination by medical
staff and the resection of such tissue does not guarantee seizure
freedom (Téllez-Zenteno et al., 2010). Resected areas in excellent
outcome patients often includes normal brain tissue in addition
to electrophysiologically abnormal tissue. To overcome the prob-
lems of the former two definitions, we considered iEEG channels

on a depth electrode pathological, if they were resected, and previ-
ously marked as SOZ. However, this definition is not guaranteed to
encompass the whole pathological area of the epileptic brain. All of
the definitions used suffer from substantial spatial undersampling
of the brain tissue due to the limitations of clinical iEEG recordings
(Stead et al., 2010; Worrell et al., 2012).

The presented method cannot be applied to multifocal patients
due to spatial clustering, which was used to obtain the cluster of
contacts with the highest probability of being pathologic. Nonethe-
less, this can likely be overcome in the clinical setting by visualiza-
tion of all contact clusters and their probability (Fig. 1) which could
potentially be an invaluable tool for surgery planning. In addition,
the referential signal was computed as average signal from con-
tacts located in white matter which makes this method inapplica-
ble to cases where white matter was not implanted.

Utilization of connectivity measures in a bivariate manner, i.e.
calculation of relations between two adjacent contacts on one
depth electrode, can introduce potential bias in final results. This
is a well known limitation of bivariate measures in EEG signal pro-
cessing, which is caused by ignoring possible relation with a third
source.

The fact that no features were selected in the highest frequency
band might reflect low signal-to-noise ratio in these frequencies.
Conversely, absence of useful features in the lowest frequency
bands could be caused by the short data segments used in this
study. Further study of long-term recordings might reveal useful
information in these bands.

Lastly, the use of this algorithm was limited to retrospective
analysis of patients who had previously undergone surgery.
Although the ‘leave-one-out’ approach can be interpreted as
pseudo-prospective study, a true prospective study is required to
clearly establish its effectiveness.

6. Conclusion

In this retrospective study in a modest number of patients,
promising results were achieved in localization of epileptogenic
regions by SVM models that combine multiple features from 30
min of inter-ictal iEEG recordings. Pilot testing of the proposed algo-
rithm in two different datasets suggests it is suitable for further test-
ing in prospective studies, and ultimately, its possible
implementation in clinical practise. Our results also suggests better
performance of multi-feature methods in epileptogenic tissue local-
ization than methods, which are using single iEEG feature, e.g. HFO.
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CHAPTER 7

Characteristics of high-frequency oscillations

Understanding the mechanisms of pathological high-frequency oscillations (HFOs) should lead
to a better understanding of epileptogenic tissue's functional organization and the abnormal dynamics
of epileptic neuronal networks (Jiruska et al., 2017). Invasive EEG, the recording of electrical activity
using electrodes placed directly on or within the brain, is used when non-invasive modalities like non-
invasive scalp EEG, MRI, and functional imaging are unable to unambiguously identify epileptogenic
brain area (Blanco et al.,, 2011). Despite the recording of seizures with invasive EEG (iEEG),
considered the ‘gold standard’ for localizing focal epileptogenic brain and the seizure onset zone
(SO2), epilepsy surgery is often unsuccessful (Urrestarazu et al., 2007; Najm et al., 2013; Cimbalnik
et al.,, 2017). It seems that for an excellent postsurgical outcome, it is more important to detect the
epileptogenic zone than the SOZ by means of HFOs (Zijimans et al., 2012). In this context, there has
been a growing interest in the analysis of interictal high-frequency oscillations (HFOs), primarily with
the goal of understanding their value for identifying the epileptogenic zone and their correlation with
epileptogenicity. However, the reliability of HFOs as a biomarker of epileptogenicity and of the
epileptogenic zone remains still uncertain (Haegelen et al., 2013; Wang et al., 2013). It was presented,
that combining multiple HFO features shows better performance than algorithms using a single HFO
marker, mentioned HFO rates (Cimbalnik et al., 2019). Moreover, physiological, non-epileptic HFOs
and their existence pose a challenge, as disentangling them from clinically relevant pathological
HFOs still is an unsolved issue with considerable influence on HFO research (Thomschewski et al.,
2019). The HFO frequency range, in general, is not sufficient to differentiate “epileptogenic” and
“non-epileptogenic” HFOs. Despite the promise of seizure-independent other biomarkers, no

single HFO marker has been consistently shown to be effective for all patients (Jacobs et al., 2018).

Epileptic high-frequency oscillations include not only pathological activities with frequencies
above 80Hz recorded in epileptic brain in vitro, in animals, and in human patients (Zijimans et al., 2012;
Frauscher et al., 2017; Jiruska et al., 2017). Several researchers studied the incidence, spatial
distribution, and signal characteristics of high-frequency oscillations within and also outside the epileptic
network (Jiruska & Bragin, 2011; Jefferys et al., 2012; Matsumoto et al., 2013; Alkawadri et al., 2014;
Pail et al., 2017). High-frequency oscillations represent a very heterogeneous group of
(patho)physiological phenomena, which includes a number of different oscillations that can be classified
by many criteria, most often frequency. It is proven that HFOs from nonepileptic sites had lower peak
frequency than HFOs from epileptic sites (Alkawadri et al., 2015; Frauscher et al., 2018). Furthermore,
oscillations can be classified according to the mechanisms of origin, pathogenicity, location,

morphology, duration, amplitude, entropy, and other characteristics.
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The main aim of describing individual HFO events is to find clearly pathological ones because
their epileptogenicity may differ. HFOs could reflect increased cortical excitability, perhaps more than
epileptogenicity. Despite the potential to delineate the epileptogenic zone, ripples and even fast ripples
have also been reported in normal cortical areas (Axmacher et al., 2008; Nagasawa et al., 2012;
Matsumoto et al., 2013; Melani et al. 2013; Kucewicz et al., 2014). The study of Alkawadri et al., (2014)
illustrated the frequent, consistent, and symmetric occurrence of nonepileptic ripples over vast areas of

the neocortex. The following sublobes were consistently involved: lateral frontal, lateral parietal

(specifically perirolandic), all occipital subregions, basal temporal, and orbitofrontal (Alkawadri et al.,
2014). Regions with the nonepileptic FR were suggested in the occipital lobes and extraoccipitally, in
the lateral perirolandic region (Alkawadri et al., 2014). The HFO frequency range, in general, is not
sufficient to differentiate “physiological” and “pathological” HFOs. One challenge in the interpretation
of HFO rates is that different brain regions generate highly variable rates of physiological HFOs (von
Ellenrieder et al., 2016). This is given above all by the relatively rare placement of electrodes in healthy
brain tissue, by the difficulty in identifying healthy brain regions, and by the lack of standardization for
electrode placement, compared to scalp EEG, resulting in problems in accumulating data from multiple
individuals with heterogeneous implantation schemes (Frauscher et al., 2018). Therefore, some authors
have suggested clustering HFOs based on characteristics and features such as frequency, rates,
spectral properties, duration, amplitude, and so on (Matsumoto et al., 2013; Alkawadri et al., 2014;
Malinowska et al., 2015; Pail et al., 2017). Nevertheless, none of the cutoffs of the signal parameters is

both highly sensitive and specific for reliable distinction.

There are two basic approaches to measuring, assessing, and categorization of individual HFOs.
One of them is monitoring and measuring the characteristics of spontaneous HFOs in particular areas
and their further comparison. The second one is monitoring the effect of particular modulation on
individual HFOs, whether spontaneous or induced. This modulation can be physiological, such as sleep
phases, or artificial - a specific cognitive or motor task or sensory stimulation. Subsequently, due to the

different reactivity of individual HFOs, HFOs are categorized, e.g., as either pathological or physiological.
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Commentary on published paper

The purpose of the published study was to determine whether there are frequency-independent
high-frequency oscillation parameters that may differ in epileptic (epileptogenic zone) and non-epileptic
regions. We hypothesized that epileptic brain tissue might produce specific pathological HFO patterns,

as was shown using power spectral density in our previous study (Brazdil et al., 2010).

Raw
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Figure 8: Examples of ripples and fast ripples (A) and power spectral density (B) for the investigated frequencies in the same
patient with focal cortical dysplasia. Left panel: signals from SOZ, I1Z, and RA. 2 s time window, from top: raw signal, ripples and
fast ripples pass band. In the case of fast ripples, there is the different vertical scale for SOZ and IZ/RA. Arrows mark the
position of detected FR — automated detection of HFOs (Gardner et al., 2007). Right panel: black (SOZ), dashed black (I1Z —
irritative zone), dashed gray (RA — remote area). (Brazdil et al., 2010)

We studied 31 consecutive patients with medically intractable focal (temporal and
extratemporal) epilepsies who were examined by either intracerebral or subdural electrodes. Automated
detection was used to detect HFOs during resting states. The characteristics (rate, amplitude, and
duration) of HFOs were statistically compared within three groups: the seizure onset zone (SOZ), the

irritative zone (1Z), and areas outside the IZ and SOZ (nonSOZ/nonlZ), determined by iEEG results.

In all patients, fast ripples (FR) and ripples (R) were significantly more frequent and shorter in
the SOZ than in the nonSOZ/nonlZ region. In the group of patients with favorable surgical outcomes,
the relative amplitude of FR was higher in the SOZ than in the IZ and nonlZ/nonSOZ regions; in patients
with poor outcomes, the results were reversed. Ripple's relative amplitude was significantly higher in the
SOZ (in contrast, what was seen by Alkawadri et al., 2014), with no difference between patients with

poor and favorable surgical outcomes. The highest rate of FR was in the seizure onset zone.
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According to previously published data, which was further corroborated by our study, the FR
and R rate were significantly higher in the SOZ than in nonSOZ/nonlZ regions (Urrestarazu et al., 2007,
Jacobs et al., 2008, Jacobs et al., 2009; Andrade-Valenga et al., 2012). As in a study by Jacobs et al.
(2008), the distinction between pathological and normal areas was worse for R than for FR. There is
cumulative evidence that more extensive networks influence R generation; smaller pathological
networks (a region of less than 1 mm?®) are involved in FR generation (Bragin et al., 2002a; Brazdil et al.,
2017). Concerning the duration of HFOs, as in the study by Wang et al. (2013), our data suggested
longer durations of both R and FR outside SOZ. Regarding the R, this finding might also be explained
by Nagasawa's (2012) and Alkawadri (2014) works, who revealed that the duration of spontaneous R
HFOs of a presumably physiological nature were significantly longer than that of epileptogenic HFOs. In
other studies, however, the duration of pathological (in the SOZ) and non-pathological (nonSOZ region)
FR was not diverse (Nagasawa et al., 2012, Alkawadri et al., 2014), or the longer duration of both R
(Brazdil et al., 2015) and FR was revealed within the SOZ (Jacobs et al., 2008, Matsumoto et al., 2013,
Pail et al., 2020). The discrepancies among studies in the duration of R and FR in various regions might
be explained by different proportions of included focal epilepsies (hippocampus vs. neocortex). There
have been noteworthy results regarding relative HFO amplitude in epileptic and non-epileptic regions in
particular subgroups of patients. Interestingly, in the group of patients with favorable outcomes, the
relative HFO amplitude (especially FR) was higher in the SOZ than in other regions; in other patients
with “poor outcomes”, the results of FR analysis were reversed. Based on these results, R and FR relative
amplitude might contribute to neurosurgical resection planning, showing possible worse prognosis in
patients with higher amplitudes, especially of FR outside the SOZ. This indicates it is possible that the
true SOZ was not adequately detected or a more dispersed or multifocal epileptogenic zone/SOZ is

present, a pattern that is too diffuse to permit a successful resective strategy.

Nevertheless, the limitation of this study was that seizures originating from areas not covered
by electrodes but propagating to the actual electrode positions might lead to misinterpretation (Zijlmans
et al., 2012). There is, however, no exact cut-off value for all mentioned characteristics (both duration
and amplitude), which can separate the SOZ, the 1Z, and other regions. Detection of HFOs in specific
sleep stages, resting-state conditions, different length of recording, and specific anatomical structures
can further improve the classification performance of HFOs. Further improvements in pathological tissue
classification might be achieved by normalization of calculated features by the values found in the

average human brain (Frauscher et al., 2018).

To conclude our study concerning the characteristics of HFOs, various HFO parameters,
especially of FR, differ in epileptic and non-epileptic regions. We suggested that the amplitude and
duration may be as important as the frequency band and rate of HFO in marking the seizure onset region
or the epileptogenic area and may provide additional information on epileptogenicity. In summary, FR
are more frequent, shorter, and have higher relative amplitudes in the SOZ area than in other regions.

The study suggested a possible worse prognosis in patients with higher amplitudes of FR outside the
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SOZ. This feature may imply a greater extent of the epileptogenic region. Although duration, amplitude,
and peak frequency are the most effective distinguishing features, there was extensive overlap between

the groups.
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« The highest rate of fast ripples is in the seizure onset zone (SOZ).

« A worse prognosis (no seizure freedom after surgery) is associated with higher amplitudes of fast rip-
ples outside the SOZ.

« In the SOZ, high frequency oscillations are more frequent, shorter, and have higher amplitudes.

Keywords:
High frequency oscillations
Ripples
Fast ripples ABSTRACT
Temporal lobe epilepsy T N . .
Extratemporal lobe epilepsy Objective: The purpose of the presented study is to determine whether there are frequency-independent
Seizure onset zone high-frequency oscillation (HFO) parameters which may differ in epileptic and non-epileptic regions.
Epileptogenic zone Methods: We studied 31 consecutive patients with medically intractable focal (temporal and extratem-
Irritative zone poral) epilepsies who were examined by either intracerebral or subdural electrodes. Automated detection
was used to detect HFO. The characteristics (rate, amplitude, and duration) of HFO were statistically com-
pared within three groups: the seizure onset zone (SOZ), the irritative zone (IZ), and areas outside the 1Z
and SOZ (nonSOZ/nonlZ).
Results: In all patients, fast ripples (FR) and ripples (R) were significantly more frequent and shorter in
the SOZ than in the nonSOZ/nonlZ region. In the group of patients with favorable surgical outcomes,
the relative amplitude of FR was higher in the SOZ than in the IZ and nonlZ/nonSOZ regions; in patients
with poor outcomes, the results were reversed. The relative amplitude of R was significantly higher in the
SOZ, with no difference between patients with poor and favorable surgical outcomes.
Conclusions: FR are more frequent, shorter, and have higher relative amplitudes in the SOZ area than in
other regions. The study suggests a worse prognosis in patients with higher amplitudes of FR outside the
SOZ.
Significance: Various HFO parameters, especially of FR, differ in epileptic and non-epileptic regions. The
amplitude and duration may be as important as the frequency band and rate of HFO in marking the sei-
zure onset region or the epileptogenic area and may provide additional information on epileptogenicity.
© 2016 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.
1. Introduction with the goal of understanding their value for identifying the

epileptogenic zone and their correlation with epileptogenicity.

Over the past few years, there has been growing interest in the HFO promise to be more specific than interictal spikes for epilepto-

analysis of interictal high frequency oscillations (HFO), primarily genic brain tissue and even more specific than the seizure-onset
area (Jacobs et al., 2008).

HFO are short-lasting field potentials, which arise as a result of
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Hospital and Faculty of Medicine, Pekafska 53, 656 91 Brno, Czech Republic. Fax: tified and defined in terms of frequency: ripples (80-250 Hz), fast

420 543_ 182 624. o ) ripples (250-600 Hz) (reviewed in Bragin et al., 2010; Engel et al.,
E-mail address: martin.pail@fnusa.cz (M. Pail).

http://dx.doi.org/10.1016/j.clinph.2016.10.011
1388-2457/© 2016 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

74


http://crossmark.crossref.org/dialog/?doi=10.1016/j.clinph.2016.10.011&domain=pdf
http://dx.doi.org/10.1016/j.clinph.2016.10.011
mailto:martin.pail@fnusa.cz
http://dx.doi.org/10.1016/j.clinph.2016.10.011
http://www.sciencedirect.com/science/journal/13882457
http://www.elsevier.com/locate/clinph

M. Pail et al./Clinical Neurophysiology 128 (2017) 106-114 107

2009), and very high frequency oscillations (1000-2500 Hz) (Usui
et al., 2015). HFO have been widely studied in animals and
humans, in mesial temporal and neocortical structures, under
physiological and pathological conditions, using microelectrodes
or commercial macroelectrodes, and during interictal and ictal
periods (Bragin et al., 1999a,b; Staba et al., 2002; Worrell et al.,
2004, 2008; Urrestarazu et al., 2007; Jacobs et al., 2008, 2009;
Bagshaw et al., 2009; Brazdil et al., 2010; Crépon et al., 2010). How-
ever, the reliability of HFO as a biomarker of epileptogenicity and
the seizure-onset zone remains uncertain (Haegelen et al., 2013;
Jobst, 2013; Wang et al., 2013).

Ripples, observed as a physiological finding in the hippocampus
and parahippocampal structures, are thought to be functionally
involved in memory consolidation (Buzsaki et al, 1992;
Axmacher et al.,, 2010; Lachaux et al., 2012). The spontaneous
occurrence of ripples in humans is also believed to be physiological
in the primary visual cortex (Nagasawa et al., 2012; Wang et al,,
2013) and in the primary motor cortex (Wang et al., 2013). The
presumption of the exclusively physiological nature of ripples
was, however, impugned by evidence of HFO in ripple ranges
recorded in the dentate gyrus after epileptogenic insult in an ani-
mal model of kainate-induced status epilepticus (Bragin et al.,
1999b, 2004).

Conversely, fast ripples were repeatedly reported as a biomar-
ker of epileptogenesis and epileptogenicity, both in animal models
and in human epilepsy (Bragin et al., 1999a,b; Staba et al., 2002). It
is important that HFO in the fast ripple range (at about 600 Hz) can
also be considered physiological, as they were previously evoked
during stimulation of the somatosensory cortex (Curio et al.,
1997). Thus the HFO frequency range, in general, is not sufficient
to differentiate physiological and pathological HFO (Bragin,
2007). On the other hand, there is evidence of favorable epilepsy
surgery outcome after the removal of tissue generating interictal
HFO, especially fast ripples (Jacobs et al., 2010; Wu et al., 2010;
Akiyama et al., 2011).

Several authors have tried to distinguish between pathological
and physiological HFO on the basis of a specific regional distribu-
tion in respective mesial temporal structures (Jiruska and Bragin,
2011); some have investigated the difference between task-
induced and spontaneous HFO (Nagasawa et al, 2012;
Matsumoto et al., 2013; Brazdil et al., 2015); others have studied
the association of HFO with epileptiform discharges (Crépon
et al., 2010; Urrestarazu et al., 2007; Wang et al., 2013). Interictal
HFO (both ripples and fast ripples) rates were proven significantly
higher within the seizure onset zone (SOZ) than outside it (Jacobs
et al., 2009).

The purpose of the present study is to identify whether there
are any other frequency-independent HFO parameters that poten-
tially differ in areas within the SOZ, within the irritative zone (1Z),
and in areas outside the 1Z/SOZ.

2. Methods
2.1. Subjects

Our sample comprised 31 patients (19 females; 12 males) rang-
ing in age from 13 to 56 years (mean age 33.4 years, SD = 10.5), all
with medically intractable focal epilepsies (Table 1). All the sub-
jects fulfilled the diagnostic criteria for either medically intractable
temporal lobe epilepsy (TLE) - 22 subjects or extratemporal lobe
epilepsy (ETLE) - 9 subjects. The diagnosis was made according
the ILAE criteria (Commission on Classification and Terminology
of ILAE, 1989). The main demographic and clinical characteristics
of the included subjects are shown in Table 1.
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2.1.1. Presurgical evaluation

All 31 patients underwent a comprehensive presurgical evalua-
tion, including a detailed history and neurological examination,
magnetic resonance imaging (MRI), neuropsychological testing,
and scalp and invasive video-EEG monitoring (Table 1). Most of
the subjects had not previously undergone intracranial surgery.
One subject underwent resection of venous malformation within
the left P-O region before SEEG and re-operation; in one subject
a resection of the pole of the left temporal lobe had been per-
formed, and in one subject a limited left AMTR was performed
before SEEG monitoring. Prior to invasive EEG, two subjects had
a vagus nerve stimulation system implanted, with unfavorable sei-
zure frequency outcome. The duration of clinical monitoring and
the location and number of implanted electrodes were determined
in accordance with clinical considerations.

2.1.2. Surgery and outcome measure

Most of the patients (28) underwent surgical intervention
(implantation of VNS was performed in 7 patients and brain resec-
tion in 21 patients; details are shown in Table 1). The follow-up
interval after epilepsy surgery was at least 12 months. After surgi-
cal resection, 8 patients were rated as Engel IA, one patient was
Engel IIA, and 11 patients were Engel III or IV; the Engel rating is
unknown for one patient (due the loss to follow-up care).

This study was approved by the St. Anne’s University Hospital
Research Ethics Committee and the Ethics Committee of Masaryk
University. All patients signed an informed consent form.

2.2. SEEG

Depth electrodes (mostly SEEG; grids and strips were used in
two patients) were implanted to localize the seizure origin prior
to surgical treatment. The sites of electrode placements were indi-
vidualized according to seizure semiology, clinical history, nonin-
vasive EEG investigations, and neuroimaging results. Standard
intracerebral 5-, 10-, and 15-contact Micro Deep semi-flexible
multicontact platinum electrodes (ALCIS) were used with a diame-
ter of 0.8 mm, a contact length of 2 mm, an inter-contact distance
of 1.5 mm, and a contact surface area of 5mm?. Their position
within the brain was afterwards verified by MRI with electrodes
in situ (see Table 1). In two patients, platinum subdural strip and
grid electrodes (Radionics) were used. Thirty minutes of artifact-
free continuous interictal SEEG data (recorded during wakefulness)
was analyzed for each subject. This period is sufficient based on the
results of previously published papers (Jacobs et al., 2008; Zelmann
et al,, 2009; Andrade-Valenca et al., 2012). The EEGs were acquired
at 25 kHz sampling frequency and subsequently low-pass filtered
and downsampled to 5 kHz. High harmonics produced by the sys-
tem (artificial harmonics) are accounted for during EEG acquisi-
tion. A reference average montage was used for the analysis.

2.2.1. Labeling of analyzed contacts

The contacts in each subject were divided into three groups for
further HFO analysis. The distribution was done visually (by co-
authors M.P. and 1.D.) by a standard analysis of ictal and interictal
SEEG recordings. The first group was labelled SOZ contacts: the
channels that revealed the first ictal activity. The second group
was labelled IZ contacts: the channels where interictal epilepti-
form discharges were detected, but no seizure onset was detected.
The remaining non-spiking contacts were labelled nonSOZ/nonlZ.
Only contacts localized in gray matter were included in the study.

2.2.2. Automated detection of HFO in resting awake SEEG

The algorithm for HFO detection is explained in more detail in
the Supplementum. HFO were detected by a custom Matlab detec-
tion algorithm. The raw signal (Supplementary Fig. S1) was divided



Table 1

Demographic and clinical data of the patients. 8
Subject  Age at Age at Seizure Febrile MRI (signs of) Brain lobes explored and Region SOZ Intervention/histopathology Postsurgical
gender  seizure invasive frequency/monthly seizures/precipitating number of implanted (epileptogenic zone) outcomes (Engel)
onset EEG events electrodes (years)
1(F) 16 20 CPS/4plus 0 Normal T (3), T(2) H bilaterally VNS -
2 (F) 19 57 CPS/2plus, sGTCS/6 0 Postischemic lesions F'(1), T'(5) Left H AMTR/gliosis, hemosiderin 1A (3.5)
within left T-O and H within T pole
3(F) 4 34 CPS/50 0 Hypotrophic right H T(3), T(3) Right H AMTR/hippocampal sclerosis IA (3.5)
grade III
4 (F) 6 19 CPS/4 Perinatal hypoxia Gliosis and cortical 0'(2), T'(2), P'(1), O(2), F(2)  Left TPO region Cortectomy/negat IV (3)
abnormalities left PO
5 (F) 2 34 SPS,CPS/4 Perinatal asphyxia Polymicrogyria left F, F' (8), P'(2), T'(1) Left P lobe, pericentral VNS -
postoperative changes of area
left PO
6 (F) 16 33 CPS/5 Perinatal hypoxia Bilat. HS T'(4), T(4) H bilaterally (mainly Right AMTR/negat I (2.5)
right side)
7 (M) 0.5 21 CPS/30, MS/300 0 Abnormality of left H F'(9), P'(1), T'(1), F(2) Left SMA (myoclonic Resection of left F pole/negat IV (2.5)
seizures), left F pole
(CPs) S
8 (F) 9.5 13 CPS/30 Perinatal asphyxia Malrotation of left H P'(5), T'(5), F'(1), O(1), P(1)  Undetected - - E’
9 (M) 9 27 CPS/30 plus Perinatal asphyxia Bilat. abnormal 0(2), T(3),P(3),0(3), T'(1), O lobe bilaterally Partial resection of right O lobe/  IIIA (2) =
gyrification and gliotic P'(3) (mainly right side) ulegyria, FCD IIIA §
changes of PO Ry
10 (F) 9 30 CPS/3 Perinatal asphyxia Normal T (3), T'(8), 0'(2) Left lateral T lobe, GTS Incomplete resection of left GTS/ IVA (2) S
negat 5
11 (F) 17 26 CPS/12 Meningoencephalitis Normal T (1), T(8) Lateral mesial T lobe Left AMTR/FCD IB 1A (2) =
12 (F) 28 56 CPS/8 0 Right hippocampal T(2), T(3) Right H Right AMTR/negat 1A (2) §
sclerosis _é‘
13 (M) 1 40 CPS/2 plus 0 Hypotrophic left H T'(6), P'(2), 0'(2) Left H Left AMTR/negat 1A (2) g
14 (F) 11 27 sGTCS/3 0 Normal F(4), F(8) Left GFS, GFM, GFMed  Partial cortectomy of left F lobe 1A (2) g
15 (M) 19 26 CPS/4 0 FCD left T and T(7), F(1), T (1) Left anterotemporal, VNS - g
hyperintensity of H right mesial temporal =
16 (F) 10 34 SPS, CPS/10 plus Perinatal asphyxia Normal F'(5), P'(2), F(6), P(2) Right dorsolateral Partial cortectomy of right F lobe, Not available PN
parasagittal partial callosotomy/FCD 1C ’g
premotoric area 3
17 (M) 27 38 CPS/25 plus 0 Normal T(3), I'(2), T'(6), P'(1), O’(1), Mesial T region VNS - =
F(1) bilaterally K
18 (F) 6 48 CPS/60 plus Febrile seizures Postoperative gliosis right P(6), T(3), O(1) Right TP cortex, right VNS - L
P hippocampus N
19 (M) 33 41 CPS/30 0 Focal hyperintensity right T(4), T'(3) Right H Right AMTR/FCD IlIb IA(1.5)
basal T gangliogliom
20(M) 11 25 CPS/12 plus 0 Normal TPO grids Right lateral T lobe Cortical resection of right Ta TO  IIA(2)
region/negat
21 (F) 17 40 CPS/20 0 Normal F(1),0(2),T'(7),T(2) Undetected - -
22 (F) 17 40 CPS/20 0 Normal FTPO’ grids Left laterobasal Cortectomy of left laterobasal 1A (1.5)
posterior T lobe posterior T lobe/negat
23 (M) 8 29 CPS/20 plus 0 Normal T'(7), F(2), T(2) Bitemporal Left AMTR/negat IVA (1)
24 (F) 2 33 CPS/6 plus Meningoencephalitis Postencephalitic changes  T(2), T'(6), F/(3) Left H Left AMTR/hippocampal sclerosis, 1A (1)
left T postmeningoencephalitic
changes
25(M) 12 40 CPS/40 plus Trauma Posttraumatic changes of  F/(6), T'(5) Left T pole, lateral T, Resection of temporal pole, 1A (1)
left T and GFI lateral prefrontal area  lesionectomy F
left/posttraumatic changes
26 (F) 2 33 sGTCS/10 0 Postoperative changes T(3), P(2), 0(2) Right GTS, LPI - -
right PO
27 (F) 2 22 CPS/4 0 Postoperative changes P(2), F(2), T(3) Undetected (right VNS -

right PO
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Table 1 (continued)

Postsurgical

Intervention/histopathology

Region SOZ

Brain lobes explored and
number of implanted

electrodes
T(6), T'(2)

MRI (signs of)

Febrile

Age at Seizure

Age at

Subject

outcomes (Engel)

(years)

(epileptogenic zone)

seizures/precipitating

events

frequency/monthly

invasive
EEG
35

seizure
onset
21

gender

VNS

H bilaterally (mainly

right side)

Bilat. hypotrophic

hippocampi
Normal

Commotio cerebri

CPS/5

28 (M)

IA (1)

Left AMTR/negat

H bilaterally (mainly

left side)
Left H

T'(8), F(2), T(2)

37 CPS/4 Prolonged febrile
seizures

31

29 (M)

1A (1)

Left AMTR/FCDIIIA
Right AMTR/negat

T'(8), T(2), P'(1), I'(1), F(1)

T(5), F(3), T'(2)

Left HS

Meningoencephalitis
Febrile seizures

CPS/5

27
51

1A (1)

Right H

Right H atrophy, slight
changes of density

CPS/3 plus

CPS - complex partial seizure; MS — myoclonic seizures; plus - sporadic ictal generalization; SOZ - seizure onset zone; SMA - supplementary motor area; LPI - lobulus parietalis inferior; GTS - gyrus temporalis superior; GFS -
gyrus frontalis superior; GFM - gyrus frontalis medius; GFMed - gyrus frontalis medius; H - hippocampus; HS - hippocampal sclerosis; DNET - dysembryoplastic neuroepithelial tumor; FCD - focal cortical dysplasia; AMTR -

anteromedial temporal resection; E - extratemporal; T - temporal; R - right; L - left; FCD - focal cortical dysplasia; F - frontal; P - parietal; T - temporal; O - occipital, I - insular; ’ - left.
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into sliding statistical windows (10 s) and filtered in a series of
overlapping, logarithmically spaced frequency bands. Each band
was processed as follows:

The power envelope was computed using the Hilbert trans-
form and normalized by Eq. (1) to stress the signal peaks (Supple-
mentary Fig. S2).

X—P2/3

(1)

Xnormed P1/3 — P2/3

To overcome the effects of Gibb’s phenomenon, a “frequency
stability” metric was computed. The band passed filtered signal
(narrow band) was transformed to a cosine representation of its
phase. The same transformation was applied to a band passed fil-
tered signal with the same high cut-off frequency but a four times
lower low cut-off frequency (broad band) (Supplementary
Fig. S3a, b). A sliding window with the width of four cycles of
the narrow band low cut-off frequency was applied to the narrow
band signal and the root mean square (RMS) was calculated, thus
generating the “signal”. Similarly, the RMS was calculated on the
signal created by subtracting the narrow band signal from the
broad band signal, generating “noise”. The frequency stability
was calculated as a “signal-to-noise” ratio. The produced signal
was normalized Eq. (1).

The dot product of the amplitude and frequency stability met-
ric was calculated. Negative values were set to 0. Putative HFO
detections were obtained by thresholding the normalized Eq.
(1) dot product of the power envelopes and frequency stability
with 0.1 (Supplementary Fig. S4).

To increase algorithm specificity, amplitude, and frequency
stability, the dot product and duration minimum/maximum
thresholds were applied on putative HFO detections. The metric
threshold values were obtained from cumulative distribution
functions fitted to the HFO metric distributions previously
marked by expert reviewers. The parameters of the fitted gamma
functions were specific for each band. The parameters (Supple-
mentary Table S1) and examples of true positive detection and
false positive detection (Supplementary Fig. S5) are included in
the Supplementum.

2.3. Statistical analysis

The rates of HFO per contacts within the three groups (SOZ, 1Z,
and nonSOZ/nonlZ) were statistically compared (SOZ x IZ;
SOZ x nonSOZ/nonlZ; I1Z x nonSOZ/nonlZ). This statistical analy-
sis was performed using an independent two sample t-test sepa-
rately for ripple range and fast ripple range. We performed
statistical analyses on the whole dataset and separately for
patients with favorable postoperative outcomes (Engel I or II -
9 patients) and the other patients with “poor outcomes” (postsur-
gical outcomes of Engel Il or IV and patients with presumed poor
outcomes due to more than one detected SOZ according to SEEG).
Furthermore, we performed a statistical analysis comparing the
duration and relative amplitude of HFO (separately for R and FR
ranges) for contacts in the areas, as defined above. This analysis
was performed in all patients and subsequently in patients with
favorable or poor surgical outcomes. For this analysis, we again
used an independent two sample t-test. Bonferroni’s correction
for multiple comparisons was applied where needed.

3. Results

The statistical analysis and complete results of HFO detection
(rates, duration, and amplitudes) are shown in Table 2 and Sup-
plementary Table S2, respectively.
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3.1. Rates

As expected, the HFO rate per contact in all patients was statis-
tically higher in the SOZ than in the nonSOZ/nonlZ regions (Fig. 1)
in the fast ripple frequency range (p=0.018) and ripple range
(p =0.038).

Specifically, HFO in the ripple range were identified. The mean
number of HFO per contact (per 30 min) was 109.13 within the
SOZ (SD =79.19), 96.03 in the IZ (SD = 82.24) and 68.65 for non-
SOZ/nonlZ regions (SD =49.24). The differences between groups
of contacts were significant only between SOZ and nonSOZ/nonlZ
regions. In the fast ripple range, the mean HFO count per contact
(per 30 min) were 50.02 in the SOZ (SD =50.75), 31.56 in the IZ
(SD =34.89) and 23.23 in nonSOZ/nonlZ (SD = 21.84). The only sig-
nificant result was in the comparison of SOZ and nonSOZ/nonlZ
regions; see above.

No statistically significant results were seen in comparison of
regions separately in groups of patients with favorable or poor
outcomes.

3.2. Duration

3.2.1. Ripples

The mean duration of detected HFO was 54.40 ms in the SOZ
(SD =25.58), 56.31 ms in the IZ (SD =27.52) and 56.12 ms in non-
SOZ/nonlZ regions (SD = 29.16). Statistical analysis showed signifi-
cantly shorter durations of HFO in the SOZ than in either the IZ or

Table 2
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Fig. 1. Counts of fast ripples per 30 min in particular areas (SOZ, IZ, and nonSOZ/
nonlZ) in all patients.

nonSOZ/nonlZ regions (p <0.001); the difference between the 1Z
and nonSOZ/nonlZ regions was not significant (p = 0.361).

3.2.2. Fast ripples

Similarly, automated detection in the fast ripple range detected
the mean durations of HFO of 27.43 ms in the SOZ (SD = 16.04),
29.13 ms in the IZ (SD=18.30) and 30.41 ms, in nonSOZ/nonlZ
regions (SD =20.94); the shortest durations of FR were in the

The results of statistical analysis (two sample t-test, p values) comparing the rates, duration, and relative amplitudes of HFO (all over separately for ripples [first column]
and fast ripples range [second column]) per contacts in the redefined areas (SOZ, 1Z, nonSOZ/nonlIZ); also in this analysis particularly in all patients and in patients with

favorable or poor outcomes.

Rates
nonSOZ/nonlZ 1Z
All Favorable outcome Poor outcome All Favorable outcome Poor outcome
S0z 0.038 0.018 0.417 0.143 0.102 0.076 1.078 0.228 0.102 0.092 0.974 0.407
1z 0.245 0.543 1.243 1.136 0.464 0.491 X X X X X X
nonSOZ/nonlZ X X X X X X
Duration
nonSOZ/nonlZ 1Z
All Favorable outcome Poor outcome All Favorable outcome Poor outcome
S0z <<0.001 | <<0.001 | <<0.001 | <<0.001 | 0.877 |<<0.001 | <<0.001 | <<0.001 | <<0.001 | <0.001 | <<0.001 | <<0.001
1z 0.361 | <<0.001|<<0.001| 0.460 |<<0.001| 0.027 X X X X X X
nonS0OZ/nonlZ X X X X X X
Amplitude
nonSOZ/nonlZ 1Z
All Favorable outcome Poor outcome All Favorable outcome Poor outcome
SOZ <<0.001 | 0.430 |<<0.001|<<0.001 | <<0.001 | <<0.001 [ <<0.001 | 0.309 |<<0.001| 0.014 | 0.030 | <<0.001
1Z <<0.001 | 0.013 |<<0.001 | <<0.001 | <<0.001 | 1.136 X X X X X X
nonSOZ/nonlZ X X X X X X
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SOZ, HFO durations were longer in nonSOZ/nonlZ regions than in
the IZ (p <0.001) and in nonSOZ/nonlZ regions than in the SOZ
(p <0.001). The difference between the IZ and SOZ was also signif-
icant (p <0.001).

In the group of patients with favorable outcomes, shorter R and
FR durations were seen in the SOZ (p <0.001) than in nonSOZ/
nonlZ and IZ regions (see Fig. 2).

In the group of patients with poor outcomes, the longest dura-
tion of R was in the IZ (p < 0.001); the difference between nonSOZ/
nonlZ x SOZ was not significant (p = 0.877). In both subgroups of
patients, the shortest FR duration was seen in the SOZ (p < 0.001).

3.3. Amplitudes

3.3.1. Ripples

Automated detection in the ripple range detected the relative
amplitudes of HFO in the SOZ of 77.47 (SD = 164.35), in the IZ of
66.14 (SD=231.74) and in nonSOZ/nonlZ regions of 56.30
(SD =151.74). Statistical analysis showed significantly higher
amplitudes of HFO in the SOZ than in either the IZ or nonSOZ/nonlZ
regions (p <0.001); the difference between the IZ and nonSOZ/
nonlZ regions was also significant (p < 0.001).

3.3.2. Fast ripples

Automated detection in the fast ripple range detected relative
amplitudes of HFO in the SOZ of 76.04 (SD = 164.95), in the IZ of
80.93 (SD=458.49) and in nonSOZ/nonlZ regions of 73.79
(SD =241.17). The differences between SOZ and IZ or nonSOZ/
nonlZ were not significant.

Nevertheless, in the group of patients with favorable outcomes,
the relative amplitude of HFO (both R and FR) was higher in the
SOZ than in the IZ and nonlZ/nonSOZ region (p < 0.001) (see Figs. 3
and 4). In the group of patients with poor outcomes, the highest
amplitude of R was seen in the SOZ (p <0.001) (versus nonSOZ/
1Z); p=0.030 (IZ) and the lowest in nonlZ/nonSOZ region
(p <0.001). The relative amplitude of FR was lower in the SOZ than
in either the IZ or nonSOZ/nonlIZ regions (p < 0.001) (see Fig. 5).

4. Discussion

Interictal HFO analyses in patients with epilepsy have been
reported useful for SOZ identification (Urrestarazu et al., 2007;
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Fig. 2. Durations (ms) of fast ripples in particular areas (SOZ, IZ, and nonSOZ/nonlZ)
in patients with favorable outcomes.
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Fig. 3. Relative amplitudes of fast ripples in particular areas (SOZ, 1Z, and nonSOZ/
nonlZ) in patients with favorable outcomes.
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Fig. 4. Relative amplitudes of fast ripples in particular areas (SOZ, IZ, and nonSOZ/
nonlZ) in patients with favorable outcomes. Bar graphs represent the population
mean. Ticks represent a 95% confidence interval of the mean calculation.
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Fig. 5. Relative amplitudes of fast ripples in particular areas (SOZ, 1Z, and nonSOZ/
nonlZ) in patients with poor outcomes. Bar graphs represent the population mean.
Ticks represent a 95% confidence interval of the mean calculation.
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Jacobs et al., 2008, 2009). In the present study, patients with both
temporal and extratemporal epilepsy were examined to ascertain
facts about HFO characteristics in areas within and outside the
SOZ and the IZ. For these purposes, we used the concept of an
epileptogenic zone (Liiders and Awad, 1992; Rosenow and
Liiders, 2001), and used the term “irritative zone” as it has been
used elsewhere (Blanco et al., 2011) to investigate HFO character-
istics in more detail, to observe the area between the SOZ and non-
SOZ, and to eliminate potential overlap of interictal active (“spik-
ing”) channels within SOZ and non-SOZ. Only patients who under-
went surgical resections and had good postsurgical outcomes
reflect the correct determination of the seizure onset zone. For that
reason, we divided patients into two subgroups: favorable out-
come and others (“poor outcome”).

In our study, HFO were detected in all (SOZ, 1Z, and nonSOZ/
nonlZ) areas, with a higher absolute HFO rate for events in the R
range than in the FR range. These findings are not surprising; the
occurrence of high frequency activity unassociated with the SOZ
is well documented in the hippocampi (Staba et al., 2002;
Axmacher et al., 2010) and in the primary motor, somatosensory,
and visual cortices (Curio, 2000; Nagasawa et al, 2012;
Matsumoto et al.,, 2013; Wang et al., 2013). The results indicate
that the detection algorithm, in addition to detecting pathological
HFO, may also detect HFO that might be physiological, might be a
fragment or propagation of pathological HFO arising from else-
where (Crépon et al., 2010), or might be false positive detections.
Higher HFO rates in the R range than in the FR range may be
explained by an association between HFO and interictal spiking
(Urrestarazu et al., 2007; Jacobs et al., 2008; Wang et al., 2013).
There is evidence that larger networks are involved in R than in
FR generation in SOZ areas (Chrobak and Buzsaki, 1996; Bragin
et al.,, 2002) and that FR generators are spatially localized to a
region of less than 1 mm? (Bragin et al., 2002). Furthermore there
is evidence of HFO under detection, especially in higher frequency
bands when using macroelectrodes (as in our cases), i.e. in the FR
range, which results in a lower mean frequency of detected HFO
(Worrell et al., 2008).

According to previously published data, which is further corrob-
orated by our study, the FR and R rate are significantly higher in the
SOZ than in nonSOZ/nonlZ regions (Urrestarazu et al., 2007; Jacobs
et al,, 2008, 2009; Andrade-Valenca et al., 2012). Interestingly, in
patients with favorable outcomes, a prominent (though not signif-
icant) difference between rates of FR and R in the SOZ and the IZ can
be observed, which might represent a more focal generator (epilep-
togenic tissue) of these pathological HFO; this difference was less
seen in other patients. As in a study by Jacobs et al. (2008), the dis-
tinction between pathological and normal areas was worse for R
than for FR. Nevertheless, the explanation for the high rates of R
and FR in nonSOZ/nonlZ regions is unclear. It cannot be definitely
demonstrated whether all of these marked events were actually
pathological, physiological, or the propagation of pathological
HFO arising from elsewhere, as was mentioned above. Spontaneous
HFO of a physiological nature are difficult to distinguish from
epileptogenic ones, particularly during wakefulness (Jacobs et al.,
2008; Curio, 2000) since the frequency and amplitude measures
alone cannot be used for this purpose (Engel et al., 2009;
Nagasawa et al., 2012; Matsumoto et al., 2013). Finally, the overlap
(in both amplitude and duration) between the pathological and
physiological ripples is extensive (Alkawadri et al., 2014).

The main reason for focusing on the IZ is evidence of HFO link-
ing with interictal epileptiform discharges in both mesiotemporal
and neocortical epilepsy (Urrestarazu et al., 2007; Jacobs et al.,
2008; Wang et al., 2013). The vast majority of interictal HFO (up
to 73% of R and 92% of FR) is associated with interictal spikes or
sharp waves (Urrestarazu et al., 2007; Jacobs et al., 2008). A com-
parison of HFO associated with interictal epileptiform discharges

and unassociated HFO revealed no differences in terms of the dura-
tion (Urrestarazu et al., 2007), or the associated HFO had longer
durations than the unassociated HFO with spikes (Jacobs et al.,
2008). Wang and colleagues (2013) showed HFO detected in the
SOZ area were of shorter duration than those not correlated to
the SOZ area. As in the study by Wang et al. (2013), our data sug-
gest longer durations of both R and FR in the IZ or nonSOZ/nonlZ
than in the SOZ. These findings might be also a consequence of
analyzing awake recordings with less expressed interictal dis-
charges, and so more HFO detected this phenomenon and with
shorter duration. This finding might be also explained by the work
of Nagasawa (2012), who revealed that the duration of sponta-
neous HFO in the ripple range (namely from the occipital cortex)
of a physiological nature were significantly longer than that of
epileptogenic ripple HFO. Similar results were presented by
Alkawadri et al. (2014). These observations are still consistent with
the hypothesis that longer durations of HFO may represent longer
excitatory neural processing (Niessing et al., 2005; Nishida et al.,
2008; Koch et al., 2009; Manning et al., 2009; Nagasawa et al.,
2012). In other studies, however, the duration of pathological (in
the SOZ) and physiological (nonSOZ region) FR was not diverse
(Nagasawa et al., 2012; Alkawadri et al., 2014), or the longer dura-
tion of both R (Brazdil et al., 2015) and FR was revealed within the
SOZ (Jacobs et al., 2008; Matsumoto et al., 2013). The discrepancies
among studies in the duration of R and FR in various regions might
be explained by different proportions of included focal epilepsies
(hippocampus vs. neocortex).

There have been noteworthy results regarding relative HFO
amplitude in epileptic and non-epileptic regions in particular sub-
groups of patients. Interestingly, in the group of patients with
favorable outcomes, the relative HFO amplitude (especially FR)
was higher in the SOZ than in other regions; in other patients with
“poor outcomes”, the results of FR analysis were reversed. These
results for both R and FR might contribute to neurosurgical resec-
tion planning, showing possible worse prognosis in patients with
higher amplitudes especially of FR outside the SOZ. This indicates
that it is possible that the true SOZ was not adequately detected.
Another reason may be a more dispersed or multifocal epilepto-
genic zone/SOZ, a pattern which is too diffuse to permit a success-
ful resective strategy, and so usually results in VNS implantation.
Yet another reason for poor outcome may be that the result of
the epileptogenic zone may include the actual epileptogenic zone
(generating seizures before surgery) as well as a potential epilepto-
genic zone which is an area of the cortex that may generate sei-
zures after the presurgical SOZ has been resected (Rosenow and
Liiders, 2001). Seizures originating from areas not covered by elec-
trodes but propagating to the actual electrode positions might lead
to misinterpretation (Zijlmans et al., 2012).

HFO are more stable and more expressed, and the likelihood for
artifact contamination is lower, during sleep. However, a review of
recently presented data indicates that the effect of sleep on HFO
expression differs among regions (Diimpelmann et al., 2015) and
so this phenomenon might influence the observation. Some
patients also experience postoperative nausea and general discom-
fort so they rarely reach deep stages of sleep. The differences in
HFO rates between the SOZ and other remote areas were disclosed
in wakefulness periods as significant (Bagshaw et al., 2009). Based
on this data we decided to analyze awake recordings.

Our findings emphasize the importance of the careful interpre-
tation of HFO, especially in cases with extensive spatial sampling
or when there is an overlap between the epileptic and physiologic
areas (Alkawadri et al., 2014). Based on our data, it is useful to
include both ripples and fast ripples in the evaluation of the poten-
tial epileptogenic region (Zijlmans et al., 2012). Currently, there are
no established criteria for distinguishing physiological from
pathological HFO and SOZ areas (Engel et al., 2009; Jacobs et al.,
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2016). Nevertheless, it seems that FR generated in the SOZ are more
frequent, shorter, and have higher relative amplitudes than in other
regions. There is, however, no clear cut-off value for these charac-
teristics which can separate the SOZ, the 1Z, and other regions.

5. Conclusion

HFO parameters (rate, amplitude, and duration) differ in epilep-
tic and non-epileptic regions. We suggest that amplitude and dura-
tion may be as important as frequency band and rate of HFO in
marking the seizure onset region or epileptogenic area and may pro-
vide additional information on epileptogenicity. To conclude, FR are
more frequent, shorter, and have higher relative amplitudes in the
SOZ area than in other regions. The study suggests a possible worse
prognosis in patients with higher amplitudes of FR outside the SOZ.
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CHAPTER 8

Physiological vs. pathological high-frequency oscillations

Transient high-frequency oscillations (HFOs; 80-600Hz) in local field potentials generated
by especially human hippocampal but also extrahippocampal areas have been related in nature to both
physiological and pathological processes. In this situation, only detailed knowledge of the regional
physiological activity may provide relevant information, which pathological HFOs (pHFOs) provide
localizing information of epileptogenic brain tissue (Jiruska & Bragin, 2011). However, this situation
poses a significant problem: how can be physiological and pathological HFOs distinguished? From a
clinical point of view, when assessing the validity of HFOs as a marker for epilepsy, distinguishing normal
physiological HFO (nHFO) (Buzsaki et al., 1992; Buzsaki & Silva, 2012; Kucewicz et al., 2014) from
pathological, epileptiform HFOs (pHFO) (Le Van Quyen et al., 2006; Engel et al., 2009; Matsumoto et al.,
2013; Wang et al., 2013) remains a fundamental challenge in clinical epileptology (Alvarado-Rojas et al.,
2015; Jefferys et al., 2012; Menendez de la Prida et al., 2015). Moreover, distinguishing pathological
from physiologic HFOs might increase the specificity of that marker. Separating normal and pathological
HFOs in clinical studies, similar to the animal studies, would require electrodes with high spatial
resolution, unit recordings, and precise recorded sites anatomical localization (Buzsaki et al., 2015).
These electrodes could identify differences in EEG and unit firing that help to separate normal and
pHFOs (Weiss et al., 2020). However, most clinical centers (like our center) use classical clinical

invasive EEG macro-electrodes to examine drug-resistant epileptic patients during SEEG exploration.

It is now considered that physiological R are thought to reflect summated inhibitory postsynaptic
potentials, while pathological HFOs, whether they be R or FR, reflect mainly principal cell action
potentials of synchronously bursting neurons (Foffani et al., 2007; Draguhn et al., 1998; Bragin et al.,
2011; Demont-Guignard et al., 2012; Ibarz et al., 2010). Some authors believe that pathological R are
only slower FR (Jiruska et al., 2017; Frauscher et al., 2017).

Although currently, it is unclear how to definitively differentiate pathological HFOs from
physiological HFOs in clinical invasive EEG recordings, until now, various analytical approaches have
been sought to solve this problem. The methods used most commonly are based on, for example, a
specific regional distribution in mesial temporal structures (Jiruska & Bragin, 2011); e.g., R frequency
HFOs are recorded in dentate gyrus of epileptic rats, but not in control rodents. Higher rates of FR
occurrence were observed within the subicular cortex compared with both hippocampus and entorhinal
cortex, in contrast, no difference in the rates of R occurrence were found between these structures
(Staba et al., 2004). Sleep/wake state and anatomical location are factors that may strongly influence R
and FR spectral frequency (Staba et al., 2004). Thus, the anatomic location of implanted electrodes may
identify what is pathological (Engel et al., 2009; Wang et al., 2013; Alkawadri et al., 2014). Some studies
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investigated the association of HFOs with epileptiform discharges (Urrestarazu et al., 2007; Crépon et
al., 2010; Wang et al., 2013), slow waves (Nagasawa et al., 2012; von Ellenrieder et al., 2016) or spindles
(Bruder et al., 2017). Some authors have suggested separating them by clustering HFOs based on
characteristics and features such as frequency, rates, spectral properties, duration, amplitude, and so
on (Matsumoto et al., 2013; Alkawadri et al., 2014; Malinowska et al., 2015; Pail et al., 2017). Another
approach is to simply classify HFOs as pHFO - produced spontaneously and associated with epileptiform
sharp waves and identify nHFOs as being physiologic by associating them with specific physiologic
processes (e.g., cognitive, sensory, motor,...) that can be observed in particular conditions or can be
even evoked (event-related HFOs) by tasks or stimuli (Matsumoto et al., 2013; Kucewicz et al., 2014;
Brazdil et al., 2015; Pail et al., 2020; Cimbalnik et al., 2020). Using this approach, a study of event-related
evoked nHFO in the human motor cortex had higher mean frequencies, lower amplitudes, and shorter
duration than pHFO associated with epileptiform sharp waves (Matsumoto et al., 2013). Evoked
physiologic HFOs detected within the determined SOZ also differed from evoked HFOs recorded from
electrodes placed within other sites and appeared to be more similar to epileptic HFOs (Matsumoto et
al., 2013). Comparable results have been obtained for HFOs that can be evoked by visual stimulation
(Nagasawa et al., 2012). Other reports have addressed this problem proposing several methods for
dissociating different origins based on the width of the spectral frequency content of individual events,
the number of distinct cycles observed, and the presence of actual oscillations in the unfiltered raw
signal (Waldert et al., 2013; Kucewicz et al., 2017).

The most difficult is to classify in particular R that may have similarly both physiological (sharp-
wave R complex) and pathological genesis (Buzsaki et al., 1992; Ylinen et al., 1995; Bragin et al., 2002b;
Buzsaki & Silva, 2012). Of course, it would be possible to differentiate nHFOs and pHFOs by frequency,
but multiple studies in humans report a wide range of overlapping pHFO and nHFO frequencies (Worrell
et al., 2004; Worrell et al., 2008; Blanco et al., 2011). Moreover, ripples' rates vary substantially across
different brain areas, as shown by von Ellenrieder et al. (2016). For instance, semicontinous/
continuous HFA exceeding 80Hz in the background EEG has been suggested to reflect
physiologic activity distinctive for certain healthy brain regions, such as the occipital lobe or the
hippocampus (Melani et al., 2013). Next to rates of HFOs, the duration of presumably physiological R
seems to be significantly longer than that of epileptogenic R (Nagasawa et al., 2012; Alkawadri et al.,
2014; Pail et al., 2017; Weiss et al., 2020); these observations are still consistent with the hypothesis
that the longer duration of HFOs may represent the longer excitatory neural processing (Ray et al.,
2008). However, in other studies, ripples' longer duration was revealed within the SOZ (Brazdil et al.,
2015; Pail et al., 2020).

As far as the FR are concerned, in this case, it is easier to determine and categorize the
origin because they are mainly a pathological genesis. Nevertheless, even here, it is not definite, as we will
show below. The spontaneous FR of presumably physiological nature are difficult to distinguish from
epileptogenic HFOs arising from elsewhere, based on their spectral frequency (Nagasawa et al.,2012;

Pail et al., 2017, Weiss et al., 2020), amplitude (Nagasawa et al., 2012) but also duration (Nagasawa et
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al., 2012, Alkawadri et al., 2014). Conversely, in some studies, longer duration and higher amplitude of
FR was revealed within the SOZ (Jacobs et al., 2008; Matsumoto et al., 2013; Pail et al., 2020). The
amplitude of LFP, however, is highly variable and sensitively depends on the distance between recording
electrodes and the local HFO generators (Cimbalnik et al., 2016). Concerning the HFO entropy, Liu et
al. (2018) presented the typical HFOs with the highest degree of waveform similarity (we can use the
term “low entropy”) were localized within the seizure onset zone only. In contrast, the sites generating
HFOs embedded in random waveforms (“high entropy”) were found in the functional

regions independent from the epileptogenic locations (Liu et al., 2018).

Based on other observations, Wang et al. (2013) showed that neocortical R and FR coupled
with spikes, are specific markers of the SOZ, whereas R not going along with spikes are not.
Accordingly, other studies found that areas with FR occurring on spikes that were not resected during

surgery were linked to a poor surgical outcome (Weiss et al., 2018; Thomschewski et al., 2019).

In humans, physiological HFOs are reported most frequently in the hippocampus, paracentral
areas, and occipital cortex (Nagasawa et al., 2012; Matsumoto et al., 2013). Based on published
observations, the eloquent cortex spontaneously generates physiological HFOs, which may stand out
on ECoG traces as prominently as pathological HFOs arising from elsewhere (Nagasawa et al., 2012).
Presumable physiological HFOs are often coupled with phases of delta oscillations (swiftly decayed from
1 to 3 Hz) during slow-wave sleep, which plays a crucial role in the effective consolidation of visual
perceptual learning (Nagasawa et al., 2012; von Ellenrieder et al., 2016) This was not observed in case
of pathologic HFOs, which had the strength of phase coupling from 1 to 3 Hz similar. Differences in
delta-phase coupling between epileptogenic and spontaneous occipital HFOs could be explained by
differences in responsiveness to larger network rhythms generated by healthy brain structures
(Nagasawa et al., 2012). Based on the results of published studies can be assumed sleep-specific
characteristics such as coupling to slow waves, and the suppressive effect of REM sleep, particularly
during phasic REM sleep (desynchronization is even more increased) on HFO rates, less expressed in
SOZ, which might help to delineate better the epileptogenic zone (Frauscher et al., 2017). Presumable
physiologic HFOs appear predominantly during phasic REM sleep and seem to increase in rate
overnight during REM sleep. Interestingly, pathologic R and FR decrease with increased sleep duration
(von Ellenrieder et al., 2016). Spindle-linked physiological memory-related R seem to be shorter and

appear to have lower amplitudes in contrast to supposedly epileptic R (Bruder et al., 2017).

In one recent study, the researchers observed that pathological FR occurred preferentially
during the trough-peak or On-Off state transition of the slow wave in the hippocampal SOZ. In the
hippocampal SOZ, ripples on slow waves (RoSW) also have a higher probability of coupling during the
On-Off state, nevertheless in the hippocampal non-epileptogenic zone, RoSW are more likely to couple
during the Off-On state transition (Fig.9; Weiss et al., 2020).
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Figure 9: lllustration of the main hypothesis. Pathological ripples and fast ripples preferentially occur during the

trough-peak transition of the slow wave.

The ability of HFOs as a biomarker for the epileptogenic zone might be improved by correcting
HFO rates according to their topographic localization. Recently Frauscher et al. (2018) presented the
multicenter atlas to provide region-specific quantitative normative values for physiological ripple (80-
250Hz), fast ripple (>250Hz) rates and HFA in common stereotactic space. According to the collected
data, physiological R are ubiquitous in normal regions, with particularly high rates in the eloquent cortex
(the occipital and sensorimotor cortices, and in the mesiotemporal region, followed by basal temporal
region, transverse temporal gyrus and planum temporale, and medial parietal lobe) and rare outside
these regions. In contrast, physiological FR are very rare, even in eloquent cortical areas (medial
occipital lobe, pre- and postcentral gyri, transverse temporal gyri and planum temporale, and lateral
occipital lobe), making FR a good candidate for defining the epileptogenic zone, when present
(Frauscher et al., 2018). This atlas is an open resource available for augmentation and consultation on

the web (http://mni-open-ieegatlas.research.mcqill.ca). However, this atlas is mainly based on limited

datasets and short pieces of recordings, not describing the overall electrophysiology of the human brain.

The issue of separating physiological from pathological HFOs is important, but not easy to
address, and so far, based on the presented results, there are no specific characteristics of HFOs that
would distinguish pathological and physiological HFOs in both Rand FR range. All studies have found a
considerable overlap in their characteristics, and none has managed to separate these two entities
correctly. Individual studies show no significant difference in individual characteristics; what is more,
some studies contradict each other in the results (Nagasawa et al., 2012; Matsumoto et al., 2013; Wang
et al., 2013; Alkawadri et al., 2014; Malinowska et al., 2015; von Ellenrieder et al., 2016; Pail et al., 2017,
2020). Whether the combination of different features and properties, including region-adjusted HFO
rates might better delineate the epileptogenic zone remains to be investigated. And so, there are
currently no established criteria of HFO features for distinguishing physiological HFOs from pathological

ones.
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Commentary on published paper

Hippocampal high-frequency electrographic activity (HFOs) represents one of the significant
discoveries not only in epilepsy research but also in cognitive science over the past few decades.
Several research groups have already addressed the issue of physiological and pathological HFOs. A
fundamental challenge, however, has been the fact that physiological HFOs associated with normal brain
function overlap in frequency with pathological HFOs. They assessed task-induced presumably
physiological HFOs using visual tasks, visual-motor tasks, and visual memory tasks (Nagasawa et al.,
2012, Matsumoto et al., 2013) or investigated the morphological characteristics of HFOs in epileptic and
nonepileptic regions (Alkawadri et al., 2014; Malinowska et al., 2015; Pail et al., 2017). Despite the
different approaches, a clear differentiation of presumably physiological HFOs and pathological epileptic
HFOs was not possible, as both types largely overlap with respect to spectral frequency, duration, and

amplitude (Nagasawa et al., 2012; Matsumoto et al., 2013; Alkawadri et al., 2014; Frauscher et al.,
2017).

Our research looked at HFOs separately in the pathological and non-pathological
hippocampus in the resting state, and especially during the simple cognitive task. We asked
two fundamental questions. The first question was whether there was a difference in HFOs and
their characteristics between the pathological and non-epileptic hippocampus. The second question

was whether the HFOs found would change during the course of the cognitive task.

In a previous recent study, we used a simple cognitive task to investigate whether the effect
of cognitive task on hippocampal ripples can be used as a new approach for distinguishing normal
HFOs in the non-epileptic hippocampus (NEH) from pathological HFOs in the epileptic
hippocampus (EH; Brazdil et al., 2015). In this study was shown different and, in some cases,

opposing behavior of ripples within EH and NEH (Fig. 10; Brazdil et al., 2015).

Ripples reduction during cognitive task
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Figure 10: Ripple rates during resting-state and cognitive-task periods within epileptic and non-epileptic hippocampi
across all investigated subjects. A black asterisk means a significant difference in the epileptic hippocampus (p < 0.05). (Brazdil
etal., 2015)
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R were significantly more reduced during a cognitive task than in quiet wakefulness in EH; in

NEH, however, the difference remained statistically marginal.

Moreover, we observed a significant suppression of ripples in the first second after stimulus
onset in NEH (Fig.11; Brazdil et al., 2015).
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Fig.11 Immediate short-lasting impact of cognitive stimuli on ripple rate across subjects. A) Transient suppression of
relative ripple rate within epileptic (upper a) and non-epileptic (bottom a) hippocampus. Red vertical line defines visual
stimulation onset (trigger). Full lines represent median, dotted lines 25 and 75 percentile across all subjects and all recording
contacts. The figure clearly demonstrates task-induced HFOs reduction in the non-epileptic hippocampus in time period
approximately 0.3-1 s after the stimulation (arrow). White and gray horizontal bars indicate an area that corresponds to the box
plots in the right B. B) Box plots computed in baseline period before stimuli (-0.6 to -0.1 s) and after cognitive stimulation (0.4—

0.9 s). A black asterisk means a significant difference in the non-epileptic hippocampus (p < 0.02).

Importantly, however, in this study were not examined fast ripples due to a low sampling
frequency. The study results we followed up with a new study in which we tested the hypothesis, that
not only ripples but also fast ripples are modulated during wakefulness by cognitive tasks. We aimed to
find different characteristics of HFOs in the hippocampus using a cognitive task. We hypothesized a
distinct impact of a cognitive task on ripples and fast ripples (and their characteristics) within EH and
NEH.

To test this hypothesis, we analyzed hippocampal SEEG of 15 patients during quiet wakefulness
and during a simple visual cognitive oddball task. We investigated the impact of a cognitive task on HFOs
with the aim of improving differentiation between epileptic and non-epileptic hippocampi in humans.

HFOs in ripple and fast ripple frequency ranges were evaluated in both conditions, and their rate,

89



spectral entropy, relative amplitude, and duration were compared in epileptic and non-epileptic

hippocampi.

The similarity of HFOs properties recorded at rest in epileptic and non-epileptic hippocampi
suggests that they cannot be used alone to distinguish between hippocampi. However, both R and FR
were observed with higher rates, higher relative amplitudes, and longer durations at rest as well as
during a cognitive task in epileptic compared with non-epileptic hippocampi. Moreover, during a
cognitive task, significant reductions of HFOs rates were found in epileptic hippocampi. These
reductions were not observed in non-epileptic hippocampi. Our results indicate that although both
hippocampi generate HFOs with similar features that probably reflect non-pathological phenomena, it is

possible to differentiate between epileptic and non-epileptic hippocampi using a simple oddball task.

Hippocampal neurons are involved in many physiological cognitive processes. These functions
are reflected, e.g., in cognitive event-related potentials (ERPs) that were repeatedly and consistently
detected within the hippocampi using depth EEG recordings. How these functions are reflected in HFOs
is nevertheless unclear. We revealed a significant decrease in HFO rates within epileptic hippocampal
tissue but not in non-epileptic hippocampal tissue during discriminative task processing. Our results
observed within the epileptic hippocampi show that the specific discriminative task modified its activity.
It is very well known that even within epileptic hippocampi, some portion of physiological cognitive
functions is often preserved. Besides clinical and neuropsychological indices, several studies with
intracerebral event-related potentials have detected cognitive P3 phenomena in both normal and
epileptic hippocampi (Meador et al., 1987; Puce et al., 1989; Brazdil et al., 1999). In epileptic hippocampi,
these ERPs are often changed but not completely missing. Thus, the observed 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 reduced involvement of the
synchronously bursting neurons within the epileptic network that aregenerating
pathological HFOs (Brazdilet al.,, 2015; Cimbalnik et al., 2020).Not observinga significant
change in HFO rates within non-epileptic hippocampi makes it possible for us to hypothesize that
healthy hippocampal neurons activated in our specific cognitive task are not involved in physiological HFO
genesis. It is widely accepted that described physiological hippocampal HFOs reflect replay and
consolidation of previously acquired information and are much more active during sleep (Axmacher et
al., 2008).

Based on our results using a visual oddball task, it is possible to differentiate between epileptic
and non-epileptic hippocampi, even though both hippocampi have HFOs with similar features
that probably reflect non-pathological phenomena. And so, fast ripples recorded in the
hippocampus should not be considered as only a pathological. Our results confirm the
distinct impact of a particular discriminative task processing on ripples and fast ripples within
epileptic and non-epileptic hippocampi, particularly the suppression of pathological HFOs in the

epileptic hippocampus.
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High frequency oscillations
in epileptic and non-epileptic
human hippocampus

during a cognitive task

Martin Pail®*, Jan Cimbalnik?, Robert Roman®3, Pavel Daniel*3?, Daniel J. Shaw?®*,
Jan Chrastina® & Milan Brazdil'?

Hippocampal high-frequency electrographic activity (HFOs) represents one of the major discoveries
not only in epilepsy research but also in cognitive science over the past few decades. A fundamental
challenge, however, has been the fact that physiological HFOs associated with normal brain function
overlap in frequency with pathological HFOs. We investigated the impact of a cognitive task on HFOs
with the aim of improving differentiation between epileptic and non-epileptic hippocampi in humans.
Hippocampal activity was recorded with depth electrodes in 15 patients with focal epilepsy during
aresting period and subsequently during a cognitive task. HFOs in ripple and fast ripple frequency
ranges were evaluated in both conditions, and their rate, spectral entropy, relative amplitude and
duration were compared in epileptic and non-epileptic hippocampi. The similarity of HFOs properties
recorded at rest in epileptic and non-epileptic hippocampi suggests that they cannot be used alone to
distinguish between hippocampi. However, both ripples and fast ripples were observed with higher
rates, higher relative amplitudes and longer durations at rest as well as during a cognitive task in
epileptic compared with non-epileptic hippocampi. Moreover, during a cognitive task, significant
reductions of HFOs rates were found in epileptic hippocampi. These reductions were not observed in
non-epileptic hippocampi. Our results indicate that although both hippocampi generate HFOs with
similar features that probably reflect non-pathological phenomena, it is possible to differentiate
between epileptic and non-epileptic hippocampi using a simple odd-ball task.

The discovery of high-frequency electrographic activity represents one of the essential milestones not only
in epilepsy research, but also in cognitive science over the past few decades. These transient high and very
high-frequency oscillations (HFOs/VHFOs) in invasive EEG (stereoelectroencephalography; SEEG) have been
recorded repeatedly in several allocortical and neocortical structures. These short-lasting field potentials, both
ictal and interictal phenomena, can be divided further into “ripples” (80-250 Hz), “fast ripples” (250-600 Hz),
“very fast ripples” (VFR; 600-1000 Hz), and “ultra-fast ripples” (UFR; 1-2 kHz), all of which have been studied
widely in humans under physiological and pathological conditions!~!2.

HFOs are believed to stem from the short-term synchronization of neuronal populations and their activity,
and it appears that they are connected to normal as well as pathological brain functions®"*. While physiological
HFOs seem to represent summated synchronous inhibitory postsynaptic potentials (IPSP) generated by interneu-
ronal cell subpopulations regulating the principal cell activity and their discharges'. Epileptic HFOs might reflect
the field potentials which are formed by the activity from clusters of abnormal synchronously bursting pyramidal
cells, generating population spikes, and decreased inhibitory interneuron firing®'®. The detected HFO frequency
can be determined purely from the behavior and activity of one cell subpopulation (“pure” HFOs). However, the
observed HFOs (especially beyond the physiologic limits of neuronal firing; > 300 Hz), may also represent the
net frequency of neuronal populations, more specifically due to the activity of different cell subpopulations of
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synchronized neurons between which is a phase delay in activity. Each cell assembly then usually oscillate with
alower frequency than observed (“emergent” HFOs)'¢7.

There is evidence that ripple generation is influenced by larger networks; smaller networks are involved
in fast ripples and even less in VFR and UFR generation, which can be observed focally’. Interest in HFOs is
related primarily to the localization of the epileptogenic zone, since they are considered as being more focal and
specific than classical epileptic spikes!® that are only partially concordant with the epileptogenic zone'®. As HFO
rates are higher in focal seizure-generating tissue, they have attracted attention as a possible clinical biomarker”.

Unfortunately, pathological and physiological HFOs cannot be distinguished by rate of their occurrence, as
some regions are identified as generators of physiological HFOs!?. Moreover, another significant problem, has
been the fact that pathological HFOs overlap in frequency with physiological HFOs associated with normal brain
function®**-22, How these two types of electrographic phenomena can be separated remains unclear®, as frequency
and/or amplitude analysis alone seem to be insufficient for their delineation®*-*°. Therefore, the translation of
HFOs into clinical practice is hindered by the inability to differentiate between pathological and normal HFOs
in SEEG recordings. And so, more than twenty years after their discovery, there still exist questions about HFOs
as biomarkers of epileptogenic brains and epileptogenic zones, and about their utility in clinical practice!>*%%.

Until now, various analytical approaches have been sought to distinguish pathological and physiological
HFOs. The methods used most commonly are based on, for example, a specific regional distribution in mesial
temporal structures®; the association of HFOs with epileptiform discharges***?, slow waves® o spindles®!, or
the difference between HFOs produced spontaneously and those induced by a cognitive task®*>?*, In the recent
study of Sakuraba et al., epileptogenic region was determined based on less suppressive effect of REM sleep on
HFOs in contrast to non-epileptogenic/physiological region®?. Some authors have suggested separating HFOs
by clustering them based on features such as frequency, duration, and amplitude?*?*33. Other reports have
addressed this problem proposing several methods for dissociating different origins based on the width of the
spectral frequency content of individual events, number of distinct cycles observed, and the presence of actual
oscillations in the unfiltered raw signal®***. Finally, when investigating electrophysiological brain recordings, the
term HFO should be used to describe true high-frequency local field potential oscillations in the invasive EEG,
that is oscillations visible in the raw recording and not the high-frequency Fourier components from a bandpass
filter®®. The ability to distinguish between pathological and physiological HFOs is crucial for understanding
normal cognitive functions and no less important for the translation of HFOs into clinical practice.

In a recent study, we tested the hypothesis whether the presumed effect of cognitive task on hippocampal
ripples can be used as a new approach for distinguishing pathological HFOs in the epileptic hippocampus (EH)
from physiological HFOs in the non-epileptic hippocampus (NEH)?. To differentiate them, a simple oddball task
was used. This study revealed different and, in some cases, opposing behavior of ripples within EH and NEH:
Ripples were significantly more reduced during a cognitive task than in a resting period in EH, but in NEH this
difference remained statistically marginal®. Moreover, we observed a significant suppression of ripple rate in the
first second after stimulus onset only in NEH?. Importantly, however, we did not examine fast ripples due to a
low sampling frequency.

In the present study, we tested the hypothesis that not only ripples, but also fast ripples are modulated by
cognitive tasks. We aimed to find a distinct impact of a cognitive task on HFOs (the rate and other HFO char-
acteristics) within EH and NEH. To test the hypothesis, we analyzed hippocampal SEEG of 15 patients during
resting period and during a simple cognitive oddball task.

Methods

Subjects. In our study we included 15 patients (7 females) ranging in age from 24 to 56 (mean: 38.3£9.3)
years. All patients suffered from medically intractable focal temporal epilepsies. For demographic and clinical
characteristics of the included subjects, see Table 1. In most patients, chronic anticonvulsant medication was
reduced slightly for the purposes of video-SEEG monitoring. The study procedures were approved by Masaryk
University and St. Anne’s University Hospital Ethics Committees. All subjects gave their written informed con-
sent prior to the study investigation. All methods were performed in accordance with the relevant guidelines
and regulations.

EEG recordings. Patients underwent the implantation of depth electrodes as part of their evaluation for
pharmacoresistant focal epilepsy in order to localize seizure origin prior to surgical treatment. The location of
the implanted electrodes was determined by clinical requirements. Each patient received 3-14 intracerebral
electrodes containing either 5, 8, 10 or 15 individual contacts, in the temporal lobe and facultatively in other
brain lobes using the Talairach stereotaxic system*. Standard platinum depth electrodes (ALCIS) were used
(diameter =0.8 mm; inter-contact distance=1.5 mm, contact surface area=5 mm? contact length=2 mm).
After implantation, each patient underwent MRI scanning to localize electrode placement. We used a 192-chan-
nel research EEG acquisition system (M&I; Brainscope, Czech Republic) for recording 30 min of an awake rest-
ing interictal period as well as the cognitive task. The sampling rate was 25 kHz and dynamic range of +25 mV
with 10 nV (24 bits). The EEGs were low-pass filtered and downsampled to 5 kHz for further processing. All
recordings were referenced to the average of intracranial signals. EEG data from a total of 111 electrode contacts
positioned in either epileptic hippocampi (76) or non-epileptic hippocampi (35) were investigated (Table 1).
No other structures were analyzed for the presence of spikes and HFOs. In identifying epileptic (EH) and non-
epileptic hippocampi (NEH), we followed a process similar to that reported elsewhere®**—specifically, based on
the results of a standard visual analysis of interictal and ictal SEEG recordings: EH were identified by the pres-
ence of a seizure onset zone (confirmed by recording multiple seizures): the site in which contacts showed the
first EEG ictal activity, with characteristic desynchronization and low voltage fast activity pattern. As presented
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Number of
analyzed
Postoperative Number of | Number of events
Ageat Engel lyzed lyzed | Number of in NEH
Age at Seizure MRI before | Side of Intervention/ (follow-up, tact: tacts in d events in | (spikes/R/
Subject Gender SEEG FS | onset SEEG epilepsy S0z histopathology year) in EH NEH EH (spikes/R/FR) | FR)
Left hip- Left AMTR/ .
1 F 26 - 17 Normal Left pocampus | FCD IB 1A (5) 6 (left) 3 (right) 1950/517/835 205/69/302
Right hip- . . .
2 F 56 - |28 pocampal | Right Right hip- | Right AMTR/not | (5, 6(righ) | - 1623/1991/1380 | -
pocampus | available
atrophy
Left hip- Left hip-
3 M 40 - |1 pocampal | Left et hip Left AMTR/negat | 1A (5) 8 (left) - 4501/2212/1454 | -
pocampus
atrophy
Hippocam-
4 M 38 - |2 Normal Bilaterally | PU° bilater- | - 3 (right) |- 812/420/404 -
ally (mainly
right side)
Focal
hyperinten- . .
s Right hip- o
5 M 4 - s sity within | oy pocampus, | Nght AMTR/ECD |1 gy 7(right) | 3 (Ief) 1735/672/623 499/200/286
right basal lesion 1IIb ganglioglioma
temporal 1ot
lobe
Posten-
cephalitic .
changes of Left hip- in‘a‘?nMgl‘l:g:g sis
6 F 33 - 2 left T lobe, | Left pocampus, p P . | TA(5) 6 (left) 5 (right) 1241/1029/97 155/50/297
. N postencephalitic
left hip- lesion
changes
pocampal
atrophy
Bilateral Hippocam-
7 M 35 - hippocam- | gy ooy, | PUSBilater- | (g - 7 (right) | - 2314/978/560 -
pal atrophy, ally (mainly
RX>LT right side)
Hip-
pocampus
8 M 37 ES 31 Normal Bilaterally | bilaterally Left AMTR/negat | IA (4) 8 (left) - 1149/1247/1002 -
(mainly left
side)
Left hip- .
9 F 27 - e pocampal | Left Lefthip- | Left AMTRIECD | ppp () 7eft) |- 2767187811767 | -
pocampus | IIIA
atrophy
Right hip- . . . .
10 M 51 FS |2 pocampal | Right Right hip- | Right AMTR/hip- - 1, () 5(right) | 7 (left) 636/568/895 222/171/435
pocampus | pocampal sclerosis
atrophy
Left hip-
pocampal
atrophy,
1 M 24 - | mild post- 1 Lefthip- | Left AMTR/hip- 17, ) sef) |- 815/507/228 -
traumatic pocampus | pocampal sclerosis
gliosis of
left pericen-
tral region
Asymetry Temporal | Resection of
of colateral pole and temporal pole and
12 F 33 - 29 sulci in Left lateral anterior part of 1IIA (4) - 5 (left) - 308/69/125
temporal temporal lateral temporal
lobe cortex cortex/negat
Left hip-
13 F 45 - 26 pocampal | Left Left T pole | Left AMTR / negat | IIIA (4) - 6 (right) - 155/53/328
atrophy
Nodular
heteroto-
pia along
dorsal part Left lateral | Lateral cortical
14 F 36 - 16 of lateral Left cortex TO | resection TO left/ 1IA (4) - 4 (left) - 326/181/137
ventricle junction FCD IIA
and lateral
cortex TO
left
Left hip- Left hi
15 M 53 - |33 pocampal | Left AP e AMTR 1A (1) 8 (left) - 3560/1641/1064 | -
atrophy pocampus

Table 1. Demographic and clinical data. M = male, F =female; SEEG = stereoelectroencephalography;

T =temporal; O = occipital; FS =febrile seizures; SOZ =seizure onset zone; AMTR =anteromedial temporal
resection; FCD =focal cortical dysplasia; EH = epileptic hippocampus; NEH = non-epileptic hippocampus;
VNS =vagus nerve stimulation, R =ripples, FR = fast ripples.
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in the Table 1, epileptic hippocampus was selected in 12 patients. A unilateral hippocampal epileptic region was
found in 9 patients (6 patients with Engel IA (seizure free), 1 patient with Engel IIA (histologically confirmed
hippocampal sclerosis), 2 patients with Engel ITIA (in one case histologically confirmed hippocampal sclerosis)).
Bilateral epileptic hippocampal regions were determined in three, in which we analyzed the data only within a
more pathologically active hippocampus. Putative NEH were defined by the absence of (a) a seizure onset zone
and (b) frequent interictal spikes (IEDs; > 50 per 10 min). 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. NEH were identified
in either the left or right hippocampus in extramesiotemporal epilepsy, but contralateral to the epileptogenic
hippocampus in unilateral mesiotemporal epilepsy. In this way, each hippocampus could be classified either as
epileptic or non-epileptic. We always analyzed all the electrode contacts within a particular hippocampus. In
each subject, all the obtained data were reviewed to identify artifactual and pathological traces by expert neu-
rologists (M.B. and M.P.).

Awake resting state was recorded with the subject’s eyes closed with the minimization of possible external
stimuli.

Behavioral tasks. Subjects were seated comfortably in a moderately lighted room. A monitor screen was
placed approximately 100 cm in front of their eyes. During the task, they were asked to focus their gaze on a
small fixation point in the center of the monitor screen. We performed a standard visual oddball task: three
types of stimuli (target, frequent, and distractor) were presented in the center of the screen (black background)
for 500 ms in random order at a ratio of 1:4.6:1. The interstimulus interval varied randomly between 4 and 6 s.
Specifically, the experimental stimuli comprised clearly visible yellow capital letters “X” (target), “O” (frequent),
and various other capital letters (distractor). The number of targets was 50. The task was divided into four blocks,
each block consisting of 12 or 13 target stimuli. Each subject was instructed to count the target stimuli sub-
vocally and to report the calculated number after each block.

Data analysis. Using a modified pipeline for automated HFO detection?!, we analyzed potential ripple and
fast ripple rates in EH and NEH. We also carried out an automated detection of interictal spikes in the dataset
used in this study®. Further, we compared the influence of the cognitive task on HFO and spikes occurrence in
EH and NEH. Analyses of the HFO and spike occurrences and HFO features (relative amplitude, duration, and
spectral entropy) were performed separately in the first 10-min window of the visual oddball task (i.e. through-
out the whole epoch, not just in the short segments after specific stimuli) and during the resting state.

The detector of HFOs utilizes a sequence of power envelopes in consecutive logarithmically spaced frequency
bands within a 10 s statistical window. The z-score of each separate power envelope is computed and a matrix
of the z-scored power envelopes is created. The segment of each power envelope above the threshold (> 3) and
with the number of oscillations larger than 1 is marked as a band detection. Band detections overlapping in the
temporal domain are joined into one event (Fig. 1).

The relative amplitude is calculated as the highest z-score value of the event and the frequency is determined
as the frequency band in which this value occurred. The duration is derived from the first and last value above
the threshold across frequency bands. Spectral entropy was computed as the entropy of normalized power
spectral density of detected events. Only detections longer than 5 oscillations at the determined frequency were
processed.

To investigate how many HFOs occurred simultaneously with spikes and could be influenced by the changes
in spike rates, we analyzed the number of HFOs that are superimposed on detected spikes. We analyzed the
counts of spike-HFOs as well as standalone HFOs.

Statistical analysis. The statistical analysis was performed using in-house Python scripts. The individual
data sets were first tested for distribution normality with D’Agostino’s normality test. Subsequently, since most
of the data sets were not normally distributed, the Wilcoxon rank-sum test was used to investigate differences
between studied data sets (the average for individual channels were compared statistically). Bonferroni cor-
rection for multiple comparisons was applied where necessary. We also performed an analysis of differences
between task-induced and resting HFO rates in each hippocampus (for each contact) using the Wilcoxon paired
signed-rank test.

Ethics approval and consent to participate. We confirm that we have read the Journal’s position on the
issues involved in ethical publication and affirm that this report is consistent with those guidelines. All subjects
gave their written informed consent prior to the investigation.

Results

Interictal spikes, ripples, and fast ripples were detected in the hippocampi of all subjects included in the study.
The mean percentage of HFOs that occurred simultaneously with spikes was 41% (in detail see Table 2); that is,
most HFOs were observed independently of spikes. The degree of success in completing the cognitive task across
all patients was at least 96%; this translates to a maximum of 2 errors out of 50 targets.

During the resting period, a comparison of HFO features revealed that both epileptic and non-epileptic hip-
pocampi exhibited HFOs with similar properties. In the EH compared with NEH, however, we observed both
ripples and fast ripples significantly more frequently and with higher relative amplitude and longer duration
(Table 3). Furthermore, there was no significant difference in HFO spectral entropy. An illustration of these
comparisons for ripples and fast ripples are presented in Figs. 2, 3 and 4.

94

Scientific Reports |

(2020) 10:18147 | https://doi.org/10.1038/s41598-020-74306-3 nature research



www.nature.com/scientificreports/

1 ° A 2 ° A
07 (e SIS S T i e T
_ -6 _ -6 : . , :
E 10 B E 10 B
2 04 WV I\Vr\UAVA A 2 0 AV
a a
g -10 . . . g€ -10
© ©
g B c 3 15 " c
5 0 ) LW* o 0 £ 0 it W
£ =
5 —15 7 : ' S
=z =
D
0+
-6

Frequency [Hz]

0 0.2 0.4 0.6 0.8 1:

-
N

©
©
Z-score

N
FS

Z-score
Frequency [Hz]

E
io
0

H 0.4 0.6
Time [s] Time [s]

Figure 1. HFO detection. Raw data (A) and band-pass filtered data in the high gamma band frequency (65-
80 Hz; (B), ripple band (80-250 Hz; (C) and fast ripple band (250-600 Hz; (D,E) Z-scored power envelopes in

a series of log spaced band-pass filtered bands. The time scale of all subplots (A-E) is identical. The detection is
represented by red lines in (A,C,E). The brightest spot of the detected event in (E) corresponds to the maximum
peak relative amplitude. The frequency of the event is determined by the frequency band in which this peak
occurred. The duration of the event is calculated as the difference between earliest onset and latest offset across
frequency bands.

Epileptic hippocampus Non-epileptic hippocampus
Subject | Spikes | Spike-HFOs | Standalone HFOs | Spik Spike-HFOs | Standalone HFOs
1 1950 586 766 205 0 371
2 1623 840 2531 - - -
3 4501 2841 838 - - -
4 812 477 347 - - -
5 1735 1012 299 499 254 241
6 1241 138 988 155 0 347
7 2314 832 706 - - -
8 1149 391 1858 - - -
9 2767 1450 2204 - - -
10 636 295 1168 222 30 576
11 815 277 458 - - -
12 - - - 308 6 188
13 - - - 155 5 376
14 - - - 326 168 150
15 3560 1195 1106 N - -

Table 2. Rates of spikes, spike-HFOs and standalone HFOs per 10 min for individuals within resting-state
recording.

The mean HFO rate in the resting period across all contacts was 219.9+151.6 and 40.1 +44.3 per 10 min
within EH and NEH, respectively. In cognitive-task periods, the mean HFOs rate within EH and NEH changed
to 95.5+82.9 and 43.3£19.0 per 10 min, respectively. The change of HFO rate during the cognitive task was
significant in EH (p <0.001) but not in NEH. Similar results were revealed by statistical analysis of the differ-
ences between the task-induced and the resting period HFO rates using Wilcoxon signed-rank test: A significant
reduction of HFO was observed only in contacts within EH (p <0.001).

HFO rates were significantly different in EH compared to NEH during resting state as well as during the
cognitive task (p<0.001 and p=0.002, respectively). Looking at HFOs separately in the ripple and fast ripple
frequency ranges, we obtain similar results. Ripple and fast ripple rates were significantly reduced during the
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Rate (N/10 min) Log relative amplitude Duration (ms) Spectral entropy
Rest Oddball pvalue | Rest Oddball pvalue | Rest Oddball pvalue | Rest Oddball p value
Ripples
NEH 16.06 (£16.57)| 9.0 (£6.74) | Nonsig | 192 (£0.30) | 195 (+0.22) | Nonsig | 27> 38.39 Nonsig | 4.32 (£0.51) | 471 (+0.25) | 0.001
HOAETD: S & | LIA D IO AR & | (£10.83) (+13.58) § | ®oo D SR :
125.50 54.96 .| 5271 53.06 .
EH (£7591) (£5229) <0001 | 232(021) |225(£027) | Nonsig | o o) (+1412) Nonsig | 446 (£0.29) | 4.61(+0.35) | <0.05
pvalue | <0.001 <0.001 <0.001 <0.001 <0.05 <0.001 Nonsig Nonsig
Fast ripples
NEH | 2852(+22.09)| >34 Nonsig | 1.89 (£023) | 1.88 (+0.12) | Nonsig | .14 1640 (+5.31) | Nonsig | 4.82 (+0.39) | 4.89 (£0.22) | Nonsi
.52 (£22. (+18.82) g | 1.89 (0. .88 (+0. 8 | (£10.90) 40 (5. g | 4.82 (0. .89 (+0. g
EH 94.38 (+93.88) | 126 <0001 |216(£027) |2.02(x025) | <0005 |27 21.75 (£8.66) | <0.005 | 4.65(+0.34) | 4.87 (+0.34) | <0.001
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Table 3. HFO characteristics per contact in the ripple and fast ripple ranges during rest and the oddball task.
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Figure 2. Fast ripple and ripple rates during resting and cognitive-task periods within the epileptic and non-
epileptic hippocampi across all investigated subjects. Black asterisks indicate significant differences in epileptic
hippocampi (p <0.001). Black diamonds indicate outliers.

cognitive task in EH only, however (p <0.001); the rate of HFOs was not significantly influenced by the cognitive
task in NEH (Fig. 2).

During the cognitive task, HFOs (both ripples and fast ripples) were detected with the same features as during
the resting period in epileptic and non-epileptic hippocampi. However, ripples exhibited higher spectral entropy
in both EH and NEH during the cognitive task compared with the resting period. The relative amplitude and
duration of R did not change in neither NEH nor EH.

During performance of the cognitive task, more HFOs in the fast ripple frequency range with lower relative
amplitude, shorter duration, and higher spectral entropy were detected in EH than during the resting period.
In NEH, all characteristics of fast ripples did not differ significantly between rest and the cognitive task. The
comparisons of the specific HFO characteristics in the ripple and fast ripple ranges are summarized in Table 3.

Spikes exhibited a similar significant decrease in their rate during the cognitive task in the epileptic hippocam-
pus, but this was observed also in non-epileptic hippocampus. Counts of spike-HFOs as well as standalone HFOs
also showed significant reductions during the cognitive task in the epileptic hippocampi (Table 4).
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Figure 3. Ripple duration, relative amplitudes and spectral entropy during the resting period within the
epileptic and non-epileptic hippocampi across all subjects. Black asterisks indicate significant differences
(p<0.001). Black diamonds indicate outliers.
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Figure 4. Fast ripple duration, relative amplitudes and spectral entropy during resting periods within the
epileptic and non-epileptic hippocampi across all investigated subjects. Black asterisks indicate significant
differences (p <0.001). Black diamonds indicate outliers.

Discussion

Widespread cortical and subcortical neuronal networks are thought to be coordinated into synchronous oscilla-
tions spanning ripples or fast ripples frequency ranges during cognitive phenomena but also pathologic epileptic
processes®. In this study, we investigated HFOs only in the hippocampus, which plays a pivotal role in both
cognitive (especially learning and memory) and epileptogenic processes and which is the most studied brain
structure in relation to HFOs. Unsurprisingly, we observed that the ripples and fast ripples were detected at
relatively low rates in NEH but at much higher rates in the EH (seizure onset zone), which confirms previously
published data concerning the pathogenicity of this phenomena*!#*°, Importantly, our results not only confirm
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Spikes Spike-HFOs Standalone HFOs

Rate (N/10 min) Rate (N/10 min) Rate (N/10 min)

Rest Oddball pvalue | Rest Oddball pvalue | Rest Oddball p value

. 33.88 38.88 .

NEH 27.15(+18.86) | 14.13 (+13.57)| <0.01 |0.72(+0.97) 0.88 (+1.76) Nonsig (£29.69) (+19.34) Nonsig

187.9 114.00 98.68 41.25 122.51 56.88
EH (+120.34) (+83.59) <0001\ (77 77y (+47.30) <0001 1 (i1%065) | (+68.94) <0.001
p value <0.001 <0.001 <0.001 <0.001 <0.001 Nonsig

Table 4. Spikes, spike-HFOs and standalone HFOs rates per contact during rest and the oddball task.

our previous findings of significantly different behavior of ripples within the EH and NEH, suggesting diverse
mechanisms of their generation?®, but also extend these previous findings by revealing similar results in the fast
ripples frequency range.

Our results suggests that a distinction between epileptic and non-epileptic hippocampus cannot be based
solely on HFO rates or characteristics at rest; there is no clear limit of HFO rates per 10 min of recording, nor
any HFO characteristics that could be used to classify the hippocampal tissue surrounding individual contacts
as epileptic or non-epileptic. Only during the very specific discriminative task did we observe a differential
decrease in the rate of HFOs in EH. Our results observed within epileptic hippocampi show that its activity is
modified by the cognitive task and confirm that a specific discriminative task suppresses pathological HFOs in
the epileptic hippocampus, which we discuss below.

Hippocampal and parahippocampal physiological ripples have been proposed to be functionally involved
in memory consolidation, strengthening and reorganizing memory traces during both rest and slow wave sleep
and providing a link between information transfer and memory formation?>*!~*%. However, this concept of rip-
ples as a physiological phenomenon in the hippocampus during memory-related memory processes has been
questioned several times®!2. Our previous study showed a significant decrease of ripple rate in epileptic hip-
pocampus during event processing. This may suggest increased involvement of normal hippocampal neurons in
physiological cognitive processing and reduced involvement in the epileptic network impelled by synchronously
bursting neurons®. The prevalence of pathologic ripples is seen usually during non-REM sleep, likely resulting
from the sleep-dependent enhancement of network synchronization>**~’. This suggests that a proportion of
ripples present in EH are connected to underlying pathological network activity®. Our observation that a cogni-
tive task only partly affects general ripple rate within NEH (a large overlap was observed between both EH and
NEH) may be explained by the expected physiological role of normal hippocampal neurons during both rest
(memory consolidation/awake neuronal replay) and task (complex event discrimination processing) periods®.

Conversely, hippocampal fast ripples, VFR, and UFR have been repeatedly reported and considered as bio-
markers of epileptogenesis and epileptogenicity, related to pathological processes and occurring in close proxim-
ity to the epileptic focus">!°. VFR and UFR seem to be more localized to the epileptogenic zone than fast ripples;
surgical removal of the tissue generating these interictal HFOs leads to favorable surgery outcome®. Although
fast ripples are considered pathological, they were also detected in a non-epileptic hippocampus*®. Based on
our results, both epileptic and non-epileptic hippocampi have a population of fast ripples with similar proper-
ties (i.e. with low fast ripple counts, low relative amplitude, short duration, and non-significant higher spectral
entropy), but in the epileptic hippocampus, higher rates of HFOs with extra values of properties tend to occur
more often. In other words, the variance is much larger for all the HFO features measured in EH than in NEH.

In line with published data, by evaluating fast ripple occurrence in resting and active periods, we observed the
rates of fast ripples spreading to much higher values in EH, and a decreasing number of fast ripples in EH during
the discriminative task processing. A similar mechanism like ripple range could be supposed, i.e. the increased
involvement of preserved normal hippocampal neurons that are active in some physiological cognitive process-
ing and the reduced involvement of synchronously bursting neurons within the epileptic network generating
pathological HFOs®. Since the degree of success in completing the cognitive task in all patients was at least 96%,
it can be assumed that the changes observed in task performance are really related to the mental processing dur-
ing the cognitive task. The observed HFO changes in the epileptic hippocampus during the cognitive paradigm
could partially reflect the result of activity in many neuronal networks and cognitive processes, including e.g.
attention, conscious processing of an event, working memory, stimulus evaluation and response preparation**.
Therefore, the HFO changes observed in the epileptic hippocampus during the oddball task cannot be assigned
to a specific function but rather generally related to mental processing.

According to published studies, most brain cortical areas react (with task-induced modulation of high fre-
quency activity) to at least one of the cognitive tasks performed by the patient™, except for brain epileptogenic
regions that are heavily contaminated by epileptiform activity®'. Similarly, in a recent animal study, the authors
revealed that pathological HFO rate is independent of brain state, though they did not test cognitive load>?. Based
on these results, we would expect that the occurrence of interictal spikes and HFOs is unlikely to be altered during
state changes or by stimulation in the epileptic hippocampal region, compared to areas not responsible for seizure
generation. Nevertheless, we observed changes just in EH. This would suggest that the epileptic hippocampus
was actually participating in processing the stimulus. It is very well known that even within the epileptic hip-
pocampi, some portion of physiological cognitive functions is often preserved. Ewell s group confirmed that both
pathological and non-pathological HFOs can co-occur in the same memory circuits and moreover, up to 28%
CAL1 principal cells participate in generating both events®. However, as can be seen, the majority of hippocampal
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neurons are modulated by only one event type or the other®?. Besides clinical and neuropsychological indices,
several studies with intracerebral event-related potentials detected cognitive P3 phenomena in both normal and
epileptic hippocampi®°. In epileptic hippocampi, these ERPs are often changed but not completely missing.

As mentioned already, in our study fast ripples were also observed in NEH distant from the epileptogenic
zone. The fast ripples detected in NEH cannot be clearly defined as pathological or physiological or as a mani-
festation of the propagation of pathological HFO generated elsewhere. But this propagation effect will not play
a significant role, as SEEG measures the local field potentials generated within a centimeter radius and the field
formed by neurons over a centimeter from a recording site contribute only a marginal part of the signal®®.

Moreover, which is essential, the cognitive task obviously did not change the rate of HFOs in NEH. This
of course raises the question of whether fast ripples are the result of the non-epileptic activity of neurons in
the NEH, since the fast ripple number did not change between resting state and cognitive task. If there were
only pathological fast ripples within NEH, we assume that their number would decrease during a cognitive
task, similarly to what we found in EH. Not observing a significant change in HFO rate within non-epileptic
hippocampi, we hypothesize that healthy hippocampal neurons activated in our specific cognitive task are not
involved in physiological HFO genesis. It is widely accepted that physiological HFOs are reflecting memory
consolidation and are much more active during sleep?®*!~*%; this is the opposite of our task, which demands a
very high attentional load.

Actually, the phenomenon of physiological fast ripples (up to 600 Hz) induced in the hippocampus during a
cognitive task was also described in a recent study by Kucewicz et al.>. The number of induced HFO was decreas-
ing with increasing frequencies. Most of these induced oscillations lasted between 10 and 25 ms, similarly to the
gamma cycle synchronization time frame (correlating with memory formation, loading and maintenance) and
the time window for synaptic interactions of neuronal ensembles?!. This finding supports a physiological origin
of fast ripples also in the hippocampus, not only within the primary motor cortex, somatosensory cortex, and
visual cortices as was previously published*>*****7, All things considered, Kucewicz et al.*! hypothesized that
these induced both ripples and fast ripples likely reflect the coordinated activity of a number of stimulus-specific
neurons responding to stimuli. Finally, these phenomena play an important role for fast network synchroniza-
tion in human cognition.

Concerning the HFO entropy, we found that fast ripples had higher entropy during oddball task than in
the rest in the EH. Our results are congruent with those published recently by Liu et al.’. Consistently, in all
patients, the typical HFOs with the highest degree of waveform similarity (in our case, we can use the term “low
entropy”) were seen within epileptogenic tissue only, whereas HFOs embedded in random waveforms (high
entropy) were generated by sites in the functional regions independent from the epileptogenic locations®. The
repetitive waveform pattern was evident in fast ripple range also in our data. This result confirms the possibil-
ity of physiological fast ripples in NEH and reduced pathological FR in EH, since these oscillations had higher
entropy than those seen during rest in EH and therefore probably have a different origin.

Additionally, we have shown that the “physiological” HFOs have significantly different properties from “path-
ological” HFOs, primarily shorter duration and lower amplitude®**. In line with this, during the cognitive task in
EH the fast ripples were detected with lower mean relative amplitude and shorten duration. In summary, during
the cognitive task, more fast ripples were observed in EH with similar characteristics as in the NEH.

The fundamental question remains of whether the resting state and task-related ripples and fast ripples
(normal and pathological) exhibit similar or different mechanisms of generation or possess any functional sig-
nificance. As was shown, HFOs can simply represent a marker of highly activated and synchronized neurons,
regardless of the structure or mechanism underlying them. These high frequency signals appear to aggregate
local (spiking) activity of neuronal populations or network oscillations®”. However, the spectral content of local
field potential oscillations, which reflects high spectral components arising from sharply contoured transients,
is not considered true/standalone HFOs in the invasive EEG**®. Neurons firing broader spikes contaminate the
local field potential to a greater extent because their waveforms have stronger components in lower frequencies
than short spikes. Moreover, neurons that fire coupled to a certain rhythm and spike synchrony can increase the
extent of spike contamination®. Signals occurring over larger spatial extents are expected to have greater effect on
high frequencies and contribute to a broader range of frequencies*. In our study we analyzed true HFOs in the
majority of cases as the mean percentage of HFOs that occurred simultaneously with spikes was only 35% (46%
in EH and 6% in NEH). We also analyzed the counts of spike-HFOs as well as standalone HFOs. Both analyses
showed significant reduction during the cognitive task in the epileptic hippocampus.

Physiological HFOs result from phasic inhibitory input on the soma of pyramidal cells, while epileptic HFOs,
usually superimposed on interictal epileptiform sharp waves, appear to reflect the field potentials which are
formed by the activity from clusters of abnormal synchronously bursting pyramidal cells, generating population
spikes, and decreased inhibitory interneuron firing®'®. Based on the functioning of synaptic transmission, the
contribution of this mechanism to HFO genesis is limited to approximately 80-150 Hz®'. The true high frequency
local field potential oscillations above ~ 250 Hz are above the physiological firing rate of pyramidal neurons and
cannot be generated by synaptic currents®'. It is assumed, these local field potential oscillations are an arising
rhythm generated by the in and out of phase action potential firing of populations of neuronal cell assemblies
or clusters®®!. Originally suggested pathologically interconnected neurons emitting hypersynchronous bursts,
as the source of fast ripple oscillations'® and a population of these clusters might underlie generation of activity
above ~500 HZ’.

The fact that our study consists of analyses of chronic epileptic patients is an obvious limitation. The brain tis-
sue from which the signal is acquired is not organized in the same way as normal tissue; this may lead to a bad and
misleading model of physiological human neural processing and functional organization®. The possibility of the
disease-related processes interfering with the reported physiological oscillations cannot be completely ruled out
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and must be taken into account, although usually many epileptic patients perform behaviorally as well as normal
subjects®. Certain caution must be taken when interpreting “normal” results onto normal hippocampal behavior.

It is important to highlight that the majority of previous studies evaluated results drawn from HFO analysis
at a group level, and when considering individual patients the rates of HFOs are often highly variable and less
specific for epileptic brain localization'>*¢. HFOs could reflect increased cortical excitability, perhaps more than
epileptogenicity. Our results support a possible physiological origin of fast ripples as well. Thus, in individual
patients, the count of fast ripples may include fast ripples of physiological origin and therefore fast ripples may
not be a sensitive and unique biomarker of epileptogenicity'?. This finding, however, does not alter the fact that
pathological fast ripples clearly prevail in epileptic hippocampi.

Conclusion

Based on our results using a visual oddball task, it is possible to differentiate between epileptic and non-epi-
leptic hippocampi, even though both hippocampi have HFOs with similar features that probably reflect non-
pathological phenomena. And so, fast ripples recorded in the hippocampus should not be considered as only a
pathological. Our results confirm the distinct impact of a very specific discriminative task processing on ripples
and fast ripples within epileptic and non-epileptic hippocampi, particularly the suppression of pathological
HFOs in epileptic hippocampus.
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Commentary on published paper

The electrophysiological EEG features such as high-frequency oscillations, spikes,
and functional connectivity are often used to delineate epileptogenic tissue and study the normal
function of the brain. The epileptogenic activity is also known to be suppressed by cognitive
processing (Pail et al., 2020). However, differences between epileptic and healthy brain-behavior

during rest and task were not studied in detail.

Our latest published study 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, interictal epileptiform discharges, and functional
connectivity are modulated differently by cognitive processes in epileptic (EH) and non-epileptic
(NEH) hippocampus. We investigated iEEG in 22 epileptic and 23 non-epileptic hippocampi in
patients with intractable focal epilepsy during a resting state period and during the performance of
various cognitive tasks (Visual oddball task, Go/NoGo task, Ultimatum Game task, and Mismatch
negativity). We evaluated the behavior of features derived from high-frequency oscillations,
interictal epileptiform discharges, functional connectivity and their changes concerning cognitive
processing. Subsequently, we analyzed whether cognitive processing can contribute to epileptic
and non-epileptic hippocampus classification using a machine learning approach. We studied multiple
invasive EEG and connectivity features, as was published, to improve epileptogenic tissue

localization and is superior to using a single feature (Cimbalnik et al., 2019).

The results show that cognitive processing suppresses epileptogenic activity (reduction of FR
rates) in the epileptic hippocampus, similarly to our previous study (Pail et al., 2020), while it causes a
shift toward higher frequencies in NEH. It was further confirmed that FR in EH have a higher rate and
amplitude and longer duration. We also observed the increase in local FR linear correlation during
cognitive tasks, which likely reflects high neuronal synchronization (Kucewicz et al.,, 2014). A
decrease in relative entropy (reflecting pathological processes) in EH during cognitive tasks further
supports the hypothesis that cognitive processing suppresses pathological activity in the brain
(Cimbalnik et al.,, 2019). Statistical analysis using the machine learning approach 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 the epileptic hippocampus.

In conclusion, the differences between epileptic and non-epileptic hippocampus
during cognitive processing bring new insight into delineation between pathological and
physiological processes. Analysis using the machine learning approach of computed iEEG features in
rest and in task conditions can improve the functional mapping during pre-surgical evaluation. This
approach provides 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.
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Rehabilitation, Faculty of Medicine, St. Anne’s University Hospital, Masaryk University, Brno, Czechia

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 AVMN =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 1711 £ 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
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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
EH and NEH was assessed by ROC-AUC during rest, during
cognitive task and by the change between the two states
(Figure 1C). More than half of the explored HFO features were
significantly better than chance (14 out of 24). The HFO rate
and amplitude along with R frequency and FR duration showed
the highest classification potential both during resting state and
task performance.

IED
The changes in IED occurrence and amplitude as a result of
cognitive task performance was evaluated in a similar fashion
as HFO. IED rate was significantly reduced during task in EH
and NEH. Conversely, the amplitude of spikes was not influenced
neither in EH nor in NEH.

The rate of IED, and IED amplitude were significantly higher
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 vyielded 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

REFERENCES

. Leonardi M, Ustun TB. The global burden of epilepsy. Epilepsia. (2002) 43
(Suppl. 6):21-5. doi: 10.1046/j.1528-1157.43.5.6.11.x

. Jefferys JGR. Hippocampal sclerosis and temporal lobe epilepsy: cause or
consequence? Brain. (1999) 122:1007-8. doi: 10.1093/brain/122.6.1007

. Wiebe S, Blume WT, Girvin JP, Eliasziw M. A randomized, controlled trial
of surgery for temporal-lobe epilepsy. N Engl ] Med. (2001) 345:311-8.
doi: 10.1056/NEJM200108023450501

. Buzsaki G, Horvath Z, Urioste R, Hetke ], Wise K. High-frequency
network oscillation in the hippocampus. Science. (1992) 256:1025-7.
doi: 10.1126/science.1589772

. Bragin A, Engel ] Jr, Wilson CL, Fried I, Mathern GW. Hippocampal
and entorhinal cortex high-frequency oscillations (100-500Hz) in
human epileptic brain and in kainic acid-treated rats with chronic
seizures. Epilepsia. (1999) 40:127-37. doi: 10.1111/j.1528-1157.1999.tb0
2065.x

for achieving the best possible outcome with as little side effects
as possible.

LIMITATIONS OF THE STUDY

The NEH classification is problematic because even though such
hippocampus is outside of the epileptogenic zone it is still likely
influenced by epileptic networks and might exhibit traces of
pathological behavior. The influence of different anti-epileptic
drugs on the results could not be analyzed due to many variations
in medication of individual patients.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of St. Anne’s University Hospital
in Brno. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

JC carried out the statistical analyses and result visualizations.
JC, MP, PK, VT, and MB participated on collection of metadata,
writing of the manuscript and interpretation of the results. RR
and AV provided data and metadata for cognitive task and
assisted in interpretation of the cognitive task results. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by Ministry of Education, Youth
and Sports of the Czechia Republic project no. LTAUSA18056
(programme INTER-EXCELLENCE). This study was also
supported by the project no. LQ1605 from the National Program
of Sustainability IT (MEYS CR).

. Jacobs ], LeVan P, Chander R, Hall J, Dubeau F, Gotman J. Interictal high-
frequency oscillations (80-500 Hz) are an indicator of seizure onset areas
independent of spikes in the human epileptic brain. Epilepsia. (2008) 49:1893-
907. doi: 10.1111/j.1528-1167.2008.01656.x

. Worrell G, Gotman J. High-frequency oscillations and other
electrophysiological biomarkers of epilepsy: clinical studies. Biomark
Med. (2011) 5:557-66. doi: 10.2217/bmm.11.74

. Zijlmans M, Jacobs ], Kahn YU, Zelmann R, Dubeau F, Gotman J. Ictal and
interictal high frequency oscillations in patients with focal epilepsy. Clin
Neurophysiol. (2011) 122:664-71. doi: 10.1016/j.clinph.2010.09.021

. Engel J Jr, da Silva FL. High-frequency oscillations - where we
are and where we need to go. Prog Neurobiol. (2012) 98:316-8.
doi: 10.1016/j.pneurobio.2012.02.001

. Fedele T, Burnos S, Boran E, Krayenbithl N, Hilfiker P, Grunwald
T, et al. Resection of high frequency oscillations predicts seizure
outcome in the individual patient. Sci Rep. (2017) 7:13836. doi: 10.1038/
§41598-017-13064-1

Frontiers in Neurology | www.frontiersin.org

193

October 2020 | Volume 11 | Article 578571


https://doi.org/10.1046/j.1528-1157.43.s.6.11.x
https://doi.org/10.1093/brain/122.6.1007
https://doi.org/10.1056/NEJM200108023450501
https://doi.org/10.1126/science.1589772
https://doi.org/10.1111/j.1528-1157.1999.tb02065.x
https://doi.org/10.1111/j.1528-1167.2008.01656.x
https://doi.org/10.2217/bmm.11.74
https://doi.org/10.1016/j.clinph.2010.09.021
https://doi.org/10.1016/j.pneurobio.2012.02.001
https://doi.org/10.1038/s41598-017-13064-1
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Cimbalnik et al.

Cognitive Processing Impacts Hippocampal iIEEG

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Frauscher B, Bartolomei F, Kobayashi K, Cimbalnik ], van’t Klooster MA,
Rampp S, et al. High-frequency oscillations: the state of clinical research.
Epilepsia. (2017) 58:1316-29. doi: 10.1111/epi.13829

Matsumoto A, Brinkmann BH, Matthew Stead S, Matsumoto J, Kucewicz
MT, Marsh WR, et al. Pathological and physiological high-frequency
oscillations in focal human epilepsy. J Neurophysiol. (2013) 110:1958-64.
doi: 10.1152/jn.00341.2013

Cimbalnik J, Brinkmann B, Kremen V, Jurak P, Berry B, Van Gompel J, et al.
Physiological and pathological high frequency oscillations in focal epilepsy.
Ann Clin Transl Neurol. (2018) 5:1062-76. doi: 10.1002/acn3.618

Buzsdki G, da Silva FL. High frequency oscillations in the intact brain. Prog
Neurobiol. (2012) 98:241-9. doi: 10.1016/j.pneurobio.2012.02.004

Bragin A, Engel J, Staba R]. High-frequency oscillations in epileptic brain.
Curr Opin Neurol. (2010) 23:151-6. doi: 10.1097/WCO.0b013e3283373ac8
Jacobs J, Zijlmans M, Zelmann R, Chatillon C-E, Hall J, Olivier A, et al.
High-frequency electroencephalographic oscillations correlate with outcome
of epilepsy surgery. Ann Neurol. (2010) 67:209-20. doi: 10.1002/ana.21847
Serafini R. Similarities and differences between the interictal epileptiform
discharges of green-spikes and red-spikes zones of human neocortex. Clin
Neurophysiol. (2019) 130:396-405. doi: 10.1016/j.clinph.2018.12.011

Klimes P, Duque JJ, Brinkmann B, Van Gompel J, Stead M, St Louis EK, et al.
The functional organization of human epileptic hippocampus. ] Neurophysiol.
(2016) 115:3140-5. doi: 10.1152/jn.00089.2016

Zweiphenning WJEM, van’t Klooster MA, van Diessen E, van Klink
NEC, Huiskamp GJM, Gebbink TA, et al. High frequency oscillations and
high frequency functional network characteristics in the intraoperative
electrocorticogram in epilepsy. Neuroimage Clin. (2016) 12:928-39.
doi: 10.1016/j.nicl.2016.09.014

Chen D, Wan S, Bao FS. Epileptic focus localization using discrete wavelet
transform based on interictal intracranial EEG. IEEE Trans Neural Syst
Rehabil Eng. (2017) 25:413-25. doi: 10.1109/TNSRE.2016.2604393
Varatharajah Y, Berry B, Cimbalnik J, Kremen V, Van Gompel J, Stead M, et al.
Integrating artificial intelligence with real-time intracranial EEG monitoring
to automate interictal identification of seizure onset zones in focal epilepsy. |
Neural Eng. (2018) 15:046035. doi: 10.1088/1741-2552/aac960

Cimbalnik J, Klimes P, Sladky V, Nejedly P, Jurak P, Pail M, et al. Multi-
feature localization of epileptic foci from interictal, intracranial EEG. Clin
Neurophysiol. (2019) 130:1945-53. doi: 10.1016/j.clinph.2019.07.024

Klimes P, Cimbalnik ], Brazdil M, Hall ], Dubeau F Gotman J, et al.
NREM sleep is the state of vigilance that best identifies the epileptogenic
zone in the interictal electroencephalogram. Epilepsia. (2019) 60:2404-15.
doi: 10.1111/epi.16377

Polich J. Updating P300: an integrative theory of P3a and P3b. Clin
Neurophysiol. (2007) 118:2128-48. doi: 10.1016/j.clinph.2007.04.019

Albares M, Lio G, Criaud M, Anton JL, Desmurget M, Boulinguez P. The
dorsal medial frontal cortex mediates automatic motor inhibition in uncertain
contexts: evidence from combined fMRI and EEG studies. Hum Brain Mapp.
(2014) 35:5517-31. doi: 10.1002/hbm.22567

Shaw DJ, Czekéova K, Stanék R, Mareéek R, Urbanek T, Spalek J, et al.
A dual-fMRI investigation of the iterated Ultimatum Game reveals that
reciprocal behaviour is associated with neural alignment. Sci Rep. (2018)
8:10896. doi: 10.1038/s41598-018-29233-9

Néitanen R, Paavilainen P, Rinne T, Alho K. The mismatch negativity
(MMN) in basic research of central auditory processing: a review.
Clin  Neurophysiol. (2007) 118:2544-90. doi: 10.1016/j.clinph.2007.
04.026

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Duncan CC, Barry R]J, Connolly JE, Fischer C, Michie PT, Naatinen R, et al.
Event-related potentials in clinical research: guidelines for eliciting, recording,
and quantifying mismatch negativity, P300, and N400. Clin Neurophysiol.
(2009) 120:1883-908. doi: 10.1016/j.clinph.2009.07.045

Higuchi Y, Seo T, Miyanishi T, Kawasaki Y, Suzuki M, Sumiyoshi
T. Mismatch negativity and p3a/reorienting complex in subjects with
schizophrenia or at-risk mental state. Front Behav Neurosci. (2014) 8:172.
doi: 10.3389/fnbeh.2014.00172

Kucewicz MT, Cimbalnik J, Matsumoto JY, Brinkmann BH, Bower MR,
Vasoli V, et al. High frequency oscillations are associated with cognitive
processing in human recognition memory. Brain. (2014) 137:2231-44.
doi: 10.1093/brain/awu149

Rehulka P, Cimbalnik J, Pail M, Chrastina J, Hermanova M, Brazdil
M. Hippocampal high frequency oscillations in unilateral and bilateral
mesial temporal lobe epilepsy. Clin Neurophysiol. (2019) 130:1151-9.
doi: 10.1016/j.clinph.2019.03.026

Barkmeier DT, Shah AK, Flanagan D, Atkinson MD, Agarwal R, Fuerst
DR, et al. High inter-reviewer variability of spike detection on intracranial
EEG addressed by an automated multi-channel algorithm. Clin Neurophysiol.
(2012) 123:1088-95. doi: 10.1016/j.clinph.2011.09.023

Urrestarazu E, Chander R, Dubeau F, Gotman J. Interictal high-frequency
oscillations (100-500 Hz) in the intracerebral EEG of epileptic patients. Brain.
(2007) 130:2354-66. doi: 10.1093/brain/awm149

Jacobs J, Levan P, Chitillon C-E, Olivier A, Dubeau E Gotman J]. High
frequency oscillations in intracranial EEGs mark epileptogenicity rather than
lesion type. Brain. (2009) 132:1022-37. doi: 10.1093/brain/awn351

Nagasawa T, Juhasz C, Rothermel R, Hoechstetter K, Sood S, Asano E.
Spontaneous and visually driven high-frequency oscillations in the occipital
cortex: intracranial recording in epileptic patients. Hum Brain Mapp. (2012)
33:569-83. doi: 10.1002/hbm.21233

Pail M, Rehulka P, Cimbalnik J, DoleZalova I, Chrastina J, Brazdil M.
Frequency-independent characteristics of high-frequency oscillations in
epileptic and non-epileptic regions. Clin Neurophysiol. (2017) 128:106-14.
doi: 10.1016/j.clinph.2016.10.011

Binnie CD. Cognitive impairment during epileptiform discharges: is
it ever justifiable to treat the EEG? Lancet Neurol. (2003) 2:725-30.
doi: 10.1016/S1474-4422(03)00584-2

Brazdil M, Cimbélnik ], Roman R, Shaw DJ, Stead MM, Daniel P, et al. Impact
of cognitive stimulation on ripples within human epileptic and non-epileptic
hippocampus. BMC Neurosci. (2015) 16:47. doi: 10.1186/s12868-015-0184-0
Warren CP, Hu S, Stead M, Brinkmann BH, Bower MR, Worrell
GA. Synchrony in normal and focal epileptic brain: the seizure onset
zone is functionally disconnected. ] Neurophysiol. (2010) 104:3530-9.
doi: 10.1152/jn.00368.2010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Cimbalnik, Pail, Klimes, Travnicek, Roman, Vajcner and Brazdil.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Neurology | www.frontiersin.org

14

October 2020 | Volume 11 | Article 578571


https://doi.org/10.1111/epi.13829
https://doi.org/10.1152/jn.00341.2013
https://doi.org/10.1002/acn3.618
https://doi.org/10.1016/j.pneurobio.2012.02.004
https://doi.org/10.1097/WCO.0b013e3283373ac8
https://doi.org/10.1002/ana.21847
https://doi.org/10.1016/j.clinph.2018.12.011
https://doi.org/10.1152/jn.00089.2016
https://doi.org/10.1016/j.nicl.2016.09.014
https://doi.org/10.1109/TNSRE.2016.2604393
https://doi.org/10.1088/1741-2552/aac960
https://doi.org/10.1016/j.clinph.2019.07.024
https://doi.org/10.1111/epi.16377
https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1002/hbm.22567
https://doi.org/10.1038/s41598-018-29233-9
https://doi.org/10.1016/j.clinph.2007.04.026
https://doi.org/10.1016/j.clinph.2009.07.045
https://doi.org/10.3389/fnbeh.2014.00172
https://doi.org/10.1093/brain/awu149
https://doi.org/10.1016/j.clinph.2019.03.026
https://doi.org/10.1016/j.clinph.2011.09.023
https://doi.org/10.1093/brain/awm149
https://doi.org/10.1093/brain/awn351
https://doi.org/10.1002/hbm.21233
https://doi.org/10.1016/j.clinph.2016.10.011
https://doi.org/10.1016/S1474-4422(03)00584-2
https://doi.org/10.1186/s12868-015-0184-0
https://doi.org/10.1152/jn.00368.2010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

CHAPTER 9

Very high-frequency oscillations

The identification of HFOs in epileptogenic tissue is one of the major discoveries in epilepsy
research over the last decades, attracting the attention of clinical and experimental epileptologists
worldwide. The presence of HFOs between seizures, at seizure onset, and during seizures suggests an
inherent relationship between the cellular and network mechanisms of seizures and HFOs (Jiruska et
al., 2017). However, the questions of what high these oscillations can reach and which frequency range
is clinically important remain unanswered. The published papers showed using HFOs promise for
pathological tissue localization, although this approach has been shown successful only in % of the
patients (Jacobs et al., 2018). The reason for the failures might be caused by false-positive detections
(Bénar et al., 2010). Another major problem is the considerable overlap of pathological and physiological
HFO characteristics (Kucewicz et al., 2014; Brazdil et al., 2015; Matsumoto et al., 2013). Nevertheless,
it is proven that fast ripples define the epileptogenic zone more precisely than ripples (Frauscher et al.,
2018).

As it was mentioned, the limiting factor for detecting higher frequency activities and oscillations,
in particular, is the sampling frequency for EEG recording. The higher sampling frequency is used, the
higher activity can be detected in the EEG. To adequately sample the temporal dynamics of HFOs, a
reasonable approach is sampling at about 4-5 times the upper frequency of interest because it requires
several samples to form the wave shape (Schomer & Lopes da Silva, 2017; Zijimans et al., 2012).
Preferentially, a sampling frequency of 2,000 Hz or above should be used for studying HFOs (Zijlmans
et al., 2012). However, the question arises, what if there are HFOs with an even higher frequency? Based
on known data, we cannot detect higher oscillations than HFOs if we use a sampling frequency of 2,000
Hz during EEG recording. Usui et al. (2010) was the first researcher who used higher sampling frequency
(10 kHz) and surprisingly recorded interictal and ictal very high-frequency oscillations (VHFOs) of 1000-
2500 Hz by routinely used subdural electrodes. Such high-frequency EEG activities had never been
previously reported. These oscillations were detected in patients with intractable neocortical epilepsy
associated with the malformation of cortical development (Usui et al., 2010). Interictal VHFOs and
preictal VHFOs had identical characteristics in terms of frequency, amplitude, duration, temporal
relationship with spikes, and distribution. The amplitudes of VHFOs were 3.5-29.4 uV, and durations
were 2-226 ms (Usui et al., 2010). They appeared intermittently before the start of seizures and were

interrupted by spikes.

Several studies investigated the predictive value of HFOs, showing that the resection of areas
with high rates of both ictal (Jirsch et al., 2006), as well as interictal HFOs resulted in a favorable surgical

outcome (Jacobs et al., 2010; Wu et al., 2010; Pail et al., 2017; Thomschewski et al., 2019). Nevertheless,
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better results regarding the outcome prediction were reported for these VHFOs than for ripples and fast
ripples (Usui et al., 2015), which was attributed to the possibility that VHFOs might be less prone to
being mimicked by physiologic activity or artifacts (Usui et al., 2015).
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Commentary on published paper

High-frequency oscillations (HFOs) in the range of 80-600 Hz (ripples & fast ripples) have been
repeatedly observed in intracranial EEG data. Despite the problematic overlaps of pathological and
physiological HFO, FR still remain a promising biomarker of tissue epileptogenicity (Zijimans et al.,
2012). However, the occurrence of HFOs having frequencies higher than the conventionally analyzed
range in focal epilepsy has attracted attention. As it was mentioned, recently, ictal very high-frequency
oscillations (VHFOs; > 1 kHz) were detected using subdural electrodes in a limited cohort of epileptic
patients (Usui et al., 2010; 2015). In the first Usui’s study, VHFO were observed in five patients out of
six; in the second study, it was six patients out of seven. The results of that studies suggested ictal VHFO
to be an even more specific marker than ictal HFOs for identifying the epileptogenic zone that is a crucial
target for highly effective epilepsy surgery. Based on these results, we decided to perform a study of
VHFOs in our patients as well. In our recently published paper, we focused on interictal oscillations
above traditional fast ripple frequency range (> 500 Hz) in depth EEG recordings. Our study is crucial

mainly in the size of the observed cohort in comparison with previously published works.

The presented study's primary goal was to investigate the incidence and spatial distribution of
spontaneous interictal VHFOs and the reliability of VHFOs as a biomarker of the epileptogenic zone in

a group of patients.

We retrospectively analyzed very high-sampled interictal stereo-EEG data in a large cohort of
patients with focal drug-resistant epilepsy. Each subject underwent continuous intracerebral EEG
recording with clinical video-EEG monitoring equipment. For the very first time, we clearly showed that
interictal very high-frequency oscillations (very fast; 600-1000 Hz and ultra-fast ripples; 1-2 kHz) can be

recorded using standard depth macro electrode and are relatively frequent events in the epileptic brain.

The results of our study confirmed the previously presented conclusions. There is evidence that
ripple generation is influenced by more extensive networks; smaller networks are involved in fast ripples
and even less in VFR and UFR generation, which can be observed focally. These phenomena are more
spatially restricted and seem to be more specific biomarkers for epileptogenic zone when compared
to traditional interictal HFOs. However, it is also noted that VHFOs have not been detected in all
subjects, making it only useful for a subgroup of patients. In this context, VHFOs might even more
exclusively reflect epilepsy-related activity, making them a very promising candidate for

clinical use when present.

These results represent a groundbreaking step into the research of high-frequency oscillatory

brain activities and promise to provide important clinical consequences in the future.
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Very High-Frequency Oscillations: Novel
Biomarkers of the Epileptogenic Zone

Milan Brézdil, MD, PhD,"? Martin Pail, MD, PhD," Josef Haldmek, PhD,**
Filip Plesinger, PhD,® Jan Cimbalnik,* Robert Roman, MD, PhD,? Petr Klimes,>
Pavel Daniel,"? Jan Chrastina, MD, PhD,” Eva Brichtové, MD, PhD,>
lvan Rektor, MD, PhD,'? Gregory A. Worrell, MD, PhD,® and Pavel Jurék, PhD3*

Objective: In the present study, we aimed to investigate depth electroencephalographic (EEG) recordings in a large
cohort of patients with drug-resistant epilepsy and to focus on interictal very high-frequency oscillations (VHFOs)
between 500Hz and 2kHz. We hypothesized that interictal VHFOs are more specific biomarkers for epileptogenic
zone compared to traditional HFOs.
Methods: Forty patients with focal epilepsy who underwent presurgical stereo-EEG (SEEG) were included in the
study. SEEG data were recorded with a sampling rate of 25kHz, and a 30-minute resting period was analyzed for
each patient. Ten patients met selected criteria for analyses of correlations with surgical outcome: detection of inter-
ictal ripples (Rs), fast ripples (FRs), and VHFOs; resective surgery; and at least 1 year of postoperative follow-up.
Using power envelope computation and visual inspection of power distribution matrixes, electrode contacts with
HFOs and VHFOs were detected and analyzed.
Results: Interictal very fast ripples (VFRs; 500-1,000Hz) were detected in 23 of 40 patients and ultrafast ripples
(UFRs; 1,000-2,000Hz) in almost half of investigated subjects (n = 19). VFRs and UFRs were observed only in patients
with temporal lobe epilepsy and were recorded exclusively from mesiotemporal structures. The UFRs were more spa-
tially restricted in the brain than lower-frequency HFOs. When compared to R oscillations, significantly better out-
comes were observed in patients with a higher percentage of removed contacts containing FRs, VFRs, and UFRs.
Interpretation: Interictal VHFOs are relatively frequent abnormal phenomena in patients with epilepsy, and appear
to be more specific biomarkers for epileptogenic zone when compared to traditional HFOs.

ANN NEUROL 2017;82:299-310

hroughout most of the 20th century, there was little generating interictal HFOs correlates with good surgical

clinical interest in electroencephalographic (EEG) fre- outcome.”> HFOs have proven to be more specific in
quencies > 100Hz. In 1999, the potential clinical rele- indicating the SOZ than interictal epileptiform spikes.'’
vance and association of high-frequency oscillations A fundamental challenge, however, has been that physio-
(HFOs; 100 and 500Hz) with epileptogenic human logical HFOs associated with normal brain function
brain were reported.' HFOs have been observed in overlap in frequency with pathological HFOs,''™"? and
both micro- and macroelectrode recordings, between seiz- how they can be separated remains unclear.' Despite
ures, at seizure onset, and during seizures (reviewed in this and other challenges, HFOs remain a promising bio-
Zijlmans et al).* Interictal ripples (Rs; 80-250Hz) and marker of tissue epileptogcnicity.15
fast ripples (FRs; 250 and 500Hz) are both increased in Recently ictal very high-frequency oscillations
the seizure onset zone (SOZ), and removal of tissue (VHFOs) with frequencies > 1kHz were described in a
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cohort of patients with focal epilepsy.'® In 7 of 13 inves-
tigated subjects, the authors detected VHFOs in 1 to 4
subdural electrode contacts per patient. The comparison
of postoperative seizure outcome with the presence or
absence of ictal VHFOs and ictal HFOs and complete-
ness of resection of the tissue generating HFOs and
VHEOs was performed, and ictal VHFOs were a more
specific marker than ictal HFOs for identifying the epi-
leptogenic zone.'® Tt is notable that for engineering
and practical reasons the majority of human intracranial
EEG recordings field
oscillations > 600Hz.

The aim of the present study was to investigate

have not explored local

penetrating depth EEG recordings in a large cohort of
patients with drug-resistant epilepsy and to focus on
interictal local field potential (LFP) oscillations between
500Hz and 2kHz. Furthermore, we introduce a tech-
nique for visualization, localization, and quantitative
description of VHFOs. We hypothesized that interictal
VHEFOs, by analogy to previously reported very high-
frequency ictal activity, are more specific biomarkers for
epileptogenic zone compared to Rs or FRs.

Patients and Methods

Forty patients (n = 40) with focal temporal (n = 28) and extra-
temporal (n = 12) lobe drug-resistant epilepsy (Commission on
Classification and Terminology of the International League
against Epilepsy)'” who underwent presurgical evaluation using
intracranial stereo-EEG (SEEG) recordings provided consent
and were included in the study. Ten patients (6 females, 4
males) ranging in age from 26 to 57 years (mean age = 40.4
years, standard deviation =11.1) met the following criteria for
analyzing correlations between oscillations and surgical out-
comes: detection of interictal HFOs (Rs and FRs) and VHFOs
(0.5-2kHz), surgical intervention, and at least 1 year of postop-
erative follow-up. The main demographic and clinical character-
istics of the involved subjects are shown in Table 1.

All 10 patients underwent a comprehensive presurgical
evaluation, including a detailed history and neurological exami-
nation, magnetic resonance imaging (MRI), neuropsychological
testing, and scalp and invasive video-EEG monitoring. Prior to
invasive EEG, 1 subject had a vagal nerve stimulation system
implanted, with unfavorable seizure frequency outcome (Patient
7). The duration of clinical monitoring and the location and
number of implanted electrodes were determined in accordance
with clinical considerations. After invasive video-EEG monitor-
ing, all patients underwent surgical intervention, details of
which are shown in Table 1. The follow-up interval after epi-
lepsy surgery was at least 12 months. After surgical resection, 7
patients were rated as Engel IA (seizure free), and 3 patients
were Engel III (improved but not seizure free). The study was
approved by the St Anne’s University Hospital Research Ethics
Committee and the ethics committee of Masaryk University.

All patients signed an informed consent form.
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For depth SEEG recordings, standard intracerebral multi-
contact platinum electrodes (5, 10, and 15 contacts) with a
diameter of 0.8mm, a contact length of 2mm, an intercontact
distance of 1.5mm, and a contact surface area of 5mm’ were
used in all patients. Each patient received 5 to 13 orthogonal
SEEG electrodes in the temporal and/or frontal, parietal, and
occipital lobes using the stereotaxic coordinate system of Talair-
ach."® Their position within the brain was verified using MRI
with electrodes in situ. In 10 patients, we investigated data
from 644 contacts positioned in hippocampus (n = 109), other
temporal cortex (n =413), frontal cortex (n = 69), parietal cor-
tex (n=36), insular cortex (n=13), and structural lesion
(n=4). Only contacts localized in gray matter were included
in the study.

A 192-channel research EEG acquisition system (M&I;
BrainScope, Prague, Czech Republic) was used for recording 30
minutes of awake resting interictal EEG recordings with a sam-
pling rate of 25kHz and dynamic range of =25mV with 10nV
(24 bits). The EEG acquisition unit was battery powered to
eliminate line noise. We used standard epilepsy monitoring unit
protocols, but emphasis was given to eliminating power sources
of electromagnetic radiation and 50Hz power grid influence.
No special shielded environment was used. Thirty minutes of
artifact-free continuous interictal SEEG data (recorded during
wakefulness) was analyzed for each subject based on the results
of previously published papers.'®'?° All recordings were
acquired using a referential earlobe reference. For analysis, the
signals were subtracted from a white matter averaged signal for
each contact. All data processing was performed using open
platform software SignalPlant and MATLAB software.”' Signal-
Plant was used for interactive graphical analysis of large, multi-
channel data. Custom MATLAB scripts were used for batch
processing of data and statistics.

Preprocessing

All data were filtered and downsampled to 5kHz with a 2kHz
frequency band. Hilbert transformation of the EEG signal was
used to compute power envelopes (PEs) in 4 frequency bands:
Rs, 80 to 200Hz; FRs, 200 to 500Hz; very fast ripples (VFRs),
500 to 1,000Hz; and ultrafast ripples (UFRs), 1,000 to
2,000Hz. All PEs were decimated 5 times, to a sampling fre-
quency of 1kHz. UFR PEs were smoothed with the window
(10 samples) before decimation.

The results of the PE computation were put into 2-
dimensional power distribution matrixes (PDMs), where each
row corresponds to 1 recording contact and each column corre-
sponds to time interval (total time =30 minutes). SignalPlant
with the plugin AmpToColor was used for graphical interpreta-
tion of PEs. Figure 1 describes in detail the information con-
tent of PDMs. Because resolution of created images is
significantly lower than the number of samples in data record-
ings, each point in an image corresponds to a specific data
block. Point color intensity represents the maximum of these
data blocks in grayscale and is multiplied by a manually adjust-
able parameter, working as contrast enhancement, intended for
the best visual inspection. This type of display provides
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TABLE 1. Patients’ Demographic and Clinical Characteristics
Subject Gender Age at Age at Seizure MRI Signs Type/Side SOZ Surgery/ Outcome,
Seizure  SEEG, Type/No. of Epilepsy Histopathology Engel
Onset, yr yr per mo Stage (yr)
3 19 57 CPS/2 plus, Postischemic T/L B'1-2 AMTR/gliosis, 1A (3.5)
sGTCS/6  lesions within hemosiderin
left T-O and H within T pole
7 16 33 CPS/5 Bilateral HS T/bilateral ~Al-4, B1-3, Right AMTR/ 1II (2.5)
C1-2, B'1-2  negative
13 17 26 CPS/12 Normal T/L A’5-10 Left AMTR/ 1A (2)
FCD IB
14 28 56 CPS/8 Right HS T/R B1-2, C1-4  Right AMTR/ 1IIA (2)
negative
15 1 40 CPS/2 plus  Hypotrophic T/L B'1-3, C'1-3 Left AMTR/ 1A (2)
left H negative
21 33 41 CPS/30 Focal T/R Bl-4, C1-3, Right AMTR/ 1A (1.5)
hyperintensity, L1-4 FCD IIIB,
right basal T ganglioglioma
31 M 31 37 CPS/4 Normal T/L B'1-4, C'1-4, Left AMTR/ 1A (1)
B1-3 negative
32 F 9 27 CPS/5 Left HS T/L B'1-3, C'1-4 Left AMTR/ IIIA (1)
FCD IIIA
33 M 2 51 CPS/3 plus  Right H atrophy, T/R B1-3, C1-2  Right IA (1)
slight changes AMTR/HS
of density
40 F 9 36 CPS/5 Bilateral H T/R Tp, B1-3, Right AMTR/ 1A (1)
atrophy and Cl1-3 negative
malrotation
" = left; AMTR = anteromedial temporal resection; CPS = complex partial seizure; F = female; FCD = focal cortical dysplasia; H = hippocampus;
HS = hippocampal sclerosis; L = left; M = male; MRI = magnetic resonance imaging; O = occipital; plus = sporadic ictal generalization; R = right;
SEEG = stereo-electroencephalography; sGTCS = secondary generalized tonic—clonic seizures; SOZ = seizure onset zone; T = temporal.

overview of the entire 30-minute, multichannel (here up to 192

channels) recording properties in a single image.

Artifact Elimination

Artifact detection is crucial for computation of numerical
parameters and statistical evaluation. PDMs provide complete
overview, including artificial signals. SignalPlant visualization of
raw signal simultaneously with PDMs was used to manually
identify noisy contacts or time periods with artifacts. Artifacts
were detected in each frequency band in PDM format (Fig 2).
The number of detected artifacts was the highest in the VFR
and UFR bands. Artificial contacts were removed from further
processing. The same set of all deselected contacts were used
for the R, FR, VFR, and UFR bands. Figure 1 demonstrates

identification of artifact-free regions.
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To detect EEG channels with occurrence of HFOs (Rs,
FRs) and VHFOs (VFRs, UFRs), we used visual inspection of
graphical PDMs. Identification of contacts with HFOs and
VHEFOs was blind, without any a priori knowledge of the
resected areas and positive or negative postsurgical outcome
(PJ., EP). All detected contacts were subsequently inspected
in 5kHz raw data format for the occurrence of visible

oscillations.

Numerical Parameters

The relative duration of PE (RPE) was computed for each con-
tact and each frequency range from artifact-free areas. The RPE
represents the relative length of signal PEs exceeding the limit.
This limit is computed from the mean short-term depression of
PEs over all contacts of a given electrode (STDel). After that,
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FIGURE 1: Demonstration of power distribution matrix (PDM) created for the ultrafast ripple (UFR) frequency range. (A, B) Raw
electroencephalographic (EEG) signal of recording contact (A) is transformed into power envelope (PE) in a frequency range of
1,000 to 2,000Hz (B). Bottom panel: The PE calculated for each contact is transformed into a high-density image, creating a
PDM; 1 row represents the PE of 1 contact. Artifact identification for UFR bandpass is shown. Crosses indicate skipped time
regions with artificial signals located in time and widespread over more electrodes and contacts. Dots indicate noise in the
selected contact during the whole record. Arrows indicate contacts with unequivocal UFR activity. Identification of artifacts
was performed manually on very fast ripple and UFR PDMs and simultaneously verified on raw data using SignalPlant.

the duration of PEs with amplitude > K multiple of STDel is
computed for each contact, and results are presented as a bar
graph for each contact. The K is chosen so that low numbers
of contacts (maximal =5) are picked up. The K multiple is
mostly 13. The RPE parameter is stored in files, corresponding
to 4 analyzed frequency bands.

Statistical Analyses
To investigate correlation between different types of oscillations
(Rs, FRs, VFRs, UFRs) and surgical outcomes (ie, the reliabil-
ity of events for identification of epileptogenic zone), we calcu-
lated  the the

nonremoved contacts showing separately each type of oscillation

ratio between number of removed and

in the core study patients. We used the identical approach pub-
lished by Jacobs et al’:
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#ChannRem,,—#ChannNonRem,,
#ChannRem,, + #ChannNonRem,,
(1)

RatioChanns(ev)=

where ev is the type of event (R, FR, VFR, or UFR), #Chann-
Rem is the number of removed contacts with events, and
#ChannNonRem is the number of nonremoved contacts with
evaluated events.

Analogous calculations were done for contacts revealing
SOZ, defined as the contact(s) with very first ictal SEEG
change independently indicated by 2 experienced clinical epi-
leptologists (M.B., M.P).

In addition, percentage of removed areas with detected
oscillations was calculated for each subject and across the core
study group as follows:

Volume 82, No. 2



Brazdil et al: VHF Oscillations in Epilepsy

i 1| _Vver
T {T T | T MW
4 1

M WrLn I

4 ]

Depth electrodes

mnnrz

An'n'ﬁtr o Jﬂu-—‘ '
~ | | e
' YW “‘.‘,lu;\‘ Mol
M-MMMHMMMQ
ud oy wTKngs
L VFR 100ms
s Y VNSV SOOI | WYY
,g'fl‘ i'\.
L]
st
i £ 1O S
I > -
it i~ ¥
| RPN "W U] FTTNP T
50s L dh S “Aoms

FIGURE 2: Example of artifact identification in power distribution matrixes (PDMs; left panel). Artifacts are marked by red
areas. Frequency range =500 to 1,000Hz. Red boxes ART1 and ART2 (right panel) display the artifacts in detail. Boxes show
power envelopes (top, black) and raw signal (bottom, color) at 2 different time scales. ART1 = artifacts affected most of con-
tacts; ART2 = artifact in only 2 contacts (T2, T3). Green rectangle defines very high-frequency oscillations: a short, sharp, and
repetitive power envelope increase only in limited contacts (here B1-B3). VFR = very fast ripple.

PercentageChannel(ev)
#ChannRems,,
#ChannRem,, + #ChannNonRem,,

)
=100%

The determination of resected and nonresected contacts was
done using the fusion of MRI with electrodes in situ and post-
surgical MRI (at least 3 months after surgery). Electrode con-
tacts were classified as removed if they were within the surgical
cavity on the postsurgical MRI.

Statistical analyses of differences in patients with good
(seizure free; Engel class IA) versus poor surgical outcome (per-
sistent seizures; Engel class III) for RatioChanns, Percentage-
Channs, and number of defined or resected contacts was done
by analysis of variance. A significant limitation is the number
of analyzed subjects (ie, 10).

The data are available on request from the corresponding

author.

Results

HFOs in the frequency range of Rs were detected in 38
of 40 investigated patients. In 32 of 40 patients, we
observed FRs. All subjects with FRs also had Rs detected.
Analysis of interictal oscillations > 500Hz revealed posi-
tive findings in temporal lobe patients only with occur-
rence of both VFRs and UFRs exclusively in the
mesiotemporal structures (hippocampus, amygdala, and
entorhinal cortex). VFRs were detected in 23 of 40
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patients, and UFRs in about half of investigated subjects
(n=19). Examples of VFRs and UFRs can be seen in
Figure 3.

The interictal very high-frequency phenomena
occurred mostly in the regions with Rs and FRs and fre-
quently preceded or were embedded in the initial spike
slope, less often following the spike (Figs 4 and 5).
When compared, the occurrence of Rs, FRs, VFRs, and
UFRs typically showing a reduction of involved record-
ing contacts with increasing frequency of analyzed events
was observed (Fig 6). The mean number of contacts with
Rs was 8.6 (+4.3), FRs 5.4 (*£3.5), VFRs 3.8 (*1.8),
and UFRs 2.9 (*1.4). Numbers for VFRs and UFRs
differed significantly from numbers of contacts with Rs
(p<0.05 corrected). In 4 of 10 investigated patients, the
contacts with UFRs were less distributed than those with
VFERs, and VFRs never exceeded UFRs. Also, there were
usually contacts with FRs and especially Rs clearly more
widely distributed within mesiotemporal regions than
those with VFRs or even UFRs. The same effect was
seen in bar graphs of numerical parameters of relative PE
duration (Fig 7).

The ratio between the number of removed and non-
removed contacts with FRs, VFRs, and UFRs /Ratio-
Channs(ev)! significantly differed between patients with
good and poor postoperative outcome. The ratio was
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FIGURE 3: Examples of different types of oscillation recorded at high frequencies with high dynamicity.

increased for FRs, VFRs, and UFRs in seizure-free patients
(p<0.01), but was not significant for ripples in our
patients (Table 2). Additional analyses of percentages of
removed areas / PercentageChanns(ev)/showed more under-
standable differences for UFRs and FRs, which were signif-
icant as well. In seizure-free patients, on average 95% of
contacts containing UFRs were removed, in contrast to
28% of UFR contacts in patients with persistent seizures.
In the FR range, the average percentages for good and
poor outcome were 72% and 19%, respectively.
Noteworthy were the calculations of mean numbers
of removed contacts and numbers of contacts with
detected events in patients with good versus poor postop-
erative outcomes. In line with our hypothesis, in seizure-
free patients mean number of all removed contacts was
higher than in subjects with persistent seizures (ie, larger
resections): 16.4 (*7.6) versus 9.3 (£4.6). Nevertheless,
the difference did not reach statistical significance
(p = 0.188).
detected HFOs were slightly different between patients

The mean numbers of contacts with

with good and bad outcomes; seizure-free patients
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revealed a mean number of contacts of 8.6 (*8.7) for
Rs, 5.4 (£5.3) for FRs, 3.4 (*+4.7) for VFRs, and 2.4
(+4.0) for UFRs. In patients with persistent seizures,
mean number of contacts with Rs was 8.7 (=6.4); with
FRs, 5.3 (*+3.2); with VFRs, 4.7 (*2.1); and with
UFRs, 4 (£2). The differences were not statistically sig-
nificant; nevertheless, a trend was found in the UFR
range, with twice as numerous contacts with detected
events in patients with poor outcome (p = 0.096).

In patients who did not meet criteria for analyzing
correlations  between HFOs and surgical outcomes
(n=30), there were 13 subjects in whom VHFOs were
clearly detected and 17 subjects without VHFOs.

All of 13 patients with VHFOs suffered from sus-
pected temporal lobe epilepsy. In 4 patients, a vagal
nerve stimulator (VNS) was implanted after the SEEG as
SOZ was not convincingly proven preoperatively in 2 of
them and SEEG unequivocally revealed bitemporal epi-
lepsy in the other 2 patients. The decision to implant a
VNS system was strictly based on discourse with the
patients. Eight patients were operated (anteromedial
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FIGURE 4: Examples of fast ripple (FR), very fast ripple
(VFR), and ultrafast ripple (UFR) distribution in different
areas of an individual stereo-electroencephalographic data-
set (Patient 32). (A-C) Recordings (raw signals and time-
frequency maps) from contact B'2 within left anterior hippo-
campus (A) and A'2 within left amygdala (B) with detected
high-frequency oscillations (HFOs) and very high-frequency
oscillations, in contrast to contact B2 within right anterior
hippocampus (C), in which HFOs are not presented.

temporal resection was performed in 6 of them and lateral
temporal neocortical resection in 2 of them), but their
postoperative follow-up was < 1 year. One patient had not
yet been operated. In all 13 patients, VFRs were observed
in mesiotemporal structures only. UFRs were seen in 9 of
them (also in mesiotemporal structures only).

In 17 patients, we did not detect any VHFOs in
their depth EEG data. In this subgroup, there were 12
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patients suffering from suspected extratemporal epilepsy
and 5 patients with temporal lobe epilepsy. After SEEG,
12 subjects underwent resective surgery (8 of them with
at least 1 year of postoperative follow-up), 3 patients
were implanted with a VNS device, and 2 patients are
scheduled for future operation. Interestingly, within a
limited sample of patients with resective procedure and
at least l-year postoperative follow-up, there were 5
patients with temporal lobe epilepsy and 3 patients with
suspected extratemporal lobe epilepsy. None of them,
except of 1 mesiotemporal epilepsy patient, was seizure
free after the surgery.

Discussion

The presence of high-frequency activides at 2,000Hz in
in vivo rat intrahippocampal electrophysiological record-
ings was recently described by Hsu et al, using a novel
pseudowavelet approach for high-resolution time-fre-
quency analysis called the damped-oscillator detector.*?
These activities appeared to be localized in hippocampal
layers that were distinct from those of the theta and
gamma bands, and increased in prominence with epilepto-
genesis. In parallel, Usui et al recorded interictal and ictal
VHEFOs of 1,000 to 2,500Hz in 4 of 5 patients with
intractable neocortical epilepsy.”> These oscillations were
detected in highly localized cortical regions and were
recorded by 1 to 4 electrodes in each patient. And finally,
the VHFOs seemed to be interrupted by spikes in the
interictal state.?® Later, these authors studied the clinical
significance of ictal VHFOs, and in 7 patients they
detected ictal VHFOs and reported their resection was
associated with favorable seizure outcome. Importantly,
the percentage of resected HFO-generating areas did not
differ significantly between patients with favorable out-
come and those with unfavorable outcome.'®

In our study, we investigated interictal depth SEEG
recordings in a large cohort of 40 intractable epilepsy
patients and focused on LFP oscillations between 500Hz
and 2kHz. By using a high-sampling frequency of 25kHz
and visual data analysis, we demonstrated the presence of
intermittent oscillations > 1,000Hz (UFRs) in almost
half of the patients (47.5%). VHFOs in the frequency
range 500 to 1,000 Hz (VFRs) were present in 57.5% of
all investigated subjects. The results support the argu-
ment that these phenomena are relatively frequent in epi-
leptogenic  brain tissue that generates spontaneous
seizures. HFOs are more frequent in patients suffering
from temporal lobe epilepsies. Interestingly, we never
observed both VFRs and UFRs in extratemporal epilep-
sies, but they were detected in 82% and 68% of tempo-
ral lobe epilepsy patients, respectively. This is in contrast
to the findings of Usui et al, who observed VHFOs in
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FIGURE 5: Time-frequency distribution of fast ripples (FRs), very fast ripples (VFRs), and ultrafast ripples (UFRs) in 2 different
areas and distinct time periods (Patient 40). (A-F) Recordings from contact B1 within right anterior hippocampus (A-D) and

contact C1 within right posterior hippocampus (E, F)

neocortical extratemporal 6:pile:psies.16’23 We detected
VFRs and UFRs only in hippocampus, amygdala, and
entorhinal cortex, which are archicortical areas, and were
not investigated by Usui et al."®*® Conversely, physiolog-
ical VHFOs > 1,000Hz were also identified in neocorti-
cal regions around primary sensory areas following
median nerve stimulation.”**> But both pathological and
physiological VHFOs were recorded from neocortex
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using standard subdural electrodes.’®**™° Thus, distinct
physical properties of subdural and depth electrodes
(which were used in our study) might be responsible for
the different results found in our study and others.! %
An alternative explanation could be bias resulting from a
relatively small sample of investigated subjects with pre-
sumable nontemporal lobe epilepsies and hypothetical

missing SEEG data from the epileptogenic zone in these
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FIGURE 6: Example of ripple (R), fast ripple (FR), very fast ripple (VFR), and ultrafast ripple (UFR) distribution across all record-
ing contacts in Patient 40 with demonstration of localizing nature of interictal VFR (analysis of 3-minute time window in 20-
minute recording is presented). The y-axis of each subplot contains the electrode name and the ordered array of contacts (eg,
electrode Tp and contacts 1-5). Each contact is represented by a raster (each hash mark is a detected event), and density of
events over time can be quantified to determine average rates. Boxes identify electrodes with R, FR, VFR, and UFR occurrence.
In the UFR band, events were identified in B1-2 and C1 contacts only. In the VFR band, events in channels B1-2 dominate, but
events were also detected in C1-3 and B’'1-2. Events were distributed over 5 electrodes in the FR band and over 7 electrodes
in the R band. [Color figure can be viewed at www.annalsofneurology.org]

patients. Finally, it could be that interictal UFRs even above the firing rate of pyramidal neurons (for
recorded from neocortical structures by Usui et al were recent reviews, see Jefferys et al*’ and Menendez de la
of significantly higher frequencies (>2,000Hz), for which Prida et al*®). In vitro slice and in vivo recordings from
our down sampling might be a limiting factor.”> This rodents, as well as simulation studies, support that LFP
issue requires further investigation. oscillations > ~300Hz are likely to be an emergent
The spectral content of LFP activity reflects both thythm generated by the in-phase and out-of-phase
oscillatory activity and high spectral components arising action potential firing of populations of neuronal clus-
from sharply contoured transients.”® Here, we have ters, or assemblies. The contribution of synaptic activity
focused our attention on true oscillatory activity present to HFOs is limited to approximately 80 to 150Hz.*’
in the raw data. The cellular mechanisms underlying true Pathologically interconnected neurons producing hyper-
high-frequency LFP oscillations > ~250Hz have received synchronous bursts were originally proposed as the origin
a great deal of recent interest because the frequency is of FR oscillations,”® and a population of such clusters
above what can be generated by synaptic currents, and could underlie generation of activity > ~500Hz.
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FIGURE 7: Duration of band power increase for each electrode contact of Patient 40. Subplots of normalized duration of band
power increase (y-axis) for each electrode array (x-axis) are shown. Each vertical bar represents the length of signal power
envelopes exceeding threshold limit. The amplitude of individual bars is in percentage of total 30-minute record duration. Stars
identify regions marked in Figure 5: selected areas with ripples (Rs), fast ripples (FRs), very fast ripples (VFRs), and ultrafast rip-

ples (UFRs). Black rectangles at the top define the resected areas.

High sampling rate, high dynamic range, and clean
electromagnetic environment are crucial for reliable iden-
tification of very fast and ultrafast oscillations with
period around or <1 millisecond and amplitude declin-
ing to 1uV. High recording quality allows for VHFOs
to be seen in raw data with clear oscillatory morphology
(see Fig 3). Another important aspect of VHFO studies
is an availability of solid, efficient, and practical tools for
data analyses. The reason Usui and collaborators did not
review VHFOs in their interictal data was “that visual

. . . . . . . 16
inspection is very time-consuming and labor intensive.””

In addition, the use of full automatic detection is still
under development and challenging. In our study, all data
processing was based on interactive graphical analysis (Sig-
nalPlant) and on batch processing of partial results (MAT-
LAB). The PDM presentation was very important to assess
distorted time areas (vertical clouds) and noisy contacts,
and to pick up contacts with probable activity. Exact elimi-
nation of artifacts and noisy contacts was based also on
simultaneous visual review of PE and raw EEG signals.
The resulting parameters of our analysis do not
clearly define the number of events as spikes, Rs, or

TABLE 2. Correlation between Different Types of Oscillations and Surgical Outcomes
Outcome SOZ R
RatioChanns(ev)
Good 0.54 = 0.56 0.19 £0.62
Poor —0.41+0.55 —0.63+0.13
» 0.047 0.057
PercentageChanns(ev)
Good 77 =28 60 + 31
Poor 29 £27 1817
» 0.047 0.057
FR = fast ripple; R = ripple; SOZ = seizure onset zone; UFR = ultrafast ripple; VER = very fast ripple.

FR VFR UFR

0.44 = 0.54 0.70 = 0.38 0.90 =£0.25
—0.63 +0.34 —0.36 £0.67 —0.44 +0.51
0.015 0.011 0.0004

72 %27 84+ 19 95*13

19 * 34 32 *67 28 =51
0.015 0.011 0.0004
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UFRs; thus, we do not need the exact definition of
events. The presented results define the amplitude prop-
erties of single contacts (percentile), occurrence of ampli-
tude level normalized over electrode, and statistical
properties in single contacts. The final decision about the
activity, however, should be based on visual inspection of
defined contact and frequency band. An interactive
graphical tool, abovementioned parameters, and batch
processing of partial results significantly decreased the
time needed for analysis. The introduced methodology
represents a reasonable compromise between automatic
processing and visual detection.

The findings presented here on different types of
HFOs (R, FR, VFR, UFR) and surgical outcomes sug-
gest that a broader spectrum of HFOs be considered as a
biomarker of epileptic brain. As expected in mesiotempo-
ral regions, for Rs we did not find significant differences
in rate of removed versus nonremoved contacts and post-
operative seizure outcome. This finding is consistent with
the hypothesis that there is a mixture of pathological and
physiological oscillations in the R range. In contrast, sig-
nificantly better outcomes were observed in patients with
bigger percentages of removed contacts containing FRs,
VEFRs, and UFRs. The percentage was highest for UFRs
(95%). These findings suggest a specific pathological
character of interictal VHFOs recorded from mesiotem-
poral structures. Also noteworthy is the observation that
UFRs are more spatially restricted in the brain than
lower-frequency HFOs. The evidence of spadially highly
restricted occurrence of UFRs might explain why some
patients probably can exhibit no VHFOs and still can be
successfully operated. In this study, we thoroughly inves-
tigated a single patient with evident mesial temporal lobe
epilepsy and hippocampal sclerosis, in whom no VHFOs
were revealed in the depth electrode inserted into the epi-
leptic hippocampus, and still she is seizure free 3.5 years
postoperatively. It seems likely that hippocampal tissue
investigated here by means of depth electrode was slightly
apart from the region producing VHFOs. This finding
is, however, very exceptional; negative findings of
VHEOs were typically linked to poor postoperative out-
comes in both temporal and nontemporal lobe epilepsies.

To conclude, interictal VHFOs (between 500Hz
and 2kHz) exist and are frequent in epileptic patients.
VFRs and UFRs are abnormal phenomena and seem to
be more specific biomarkers for epileptogenic zone when
compared to Rs or FRs. For identification of VHFOs,
however, high-quality, high-resolution, and low-noise
recordings are critical. Another challenge is availability of
an efficient and practical tool for analyses of these events.
Such a tool (the plugin AmpToColor) was developed and

demonstrated in the present study and is now available
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free as an integral part of SignalPlant software (https://
signalplant.codeplex.com/).
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CHAPTER 10

Conclusion and Future Directions

This habilitation thesis is focused on providing a comprehensive overview of the current state
of research on brain high-frequency oscillations in epilepsy and the cognitive sciences and presents our

published work on this topic.

High-frequency oscillations (HFOs; 80-600Hz) can be observed in limbic structures and all over
the neocortex. Network oscillations are considered instrumental in the synchronization of the activity of
anatomically distributed neuron populations (Buzsaki & Chrobak, 1995). HFOs are dependent on both
inhibitory and excitatory control, and they can thus be driven by a loss of one or gain of the other (Naggar
et al., 2020). HFOs represent a heterogeneous group of both physiologic and pathologic phenomena,

including a number of different oscillations that can be classified by many criteria, most often frequency.

Very simplified, pathologic HFOs tend to be of higher frequency than physiologic HFOs
(Alkawadri et al., 2014; Brazdil et al., 2017) and are thought to be a feature of the seizure onset
zone/epileptogenic zone in patients with epilepsy (Bragin et al., 1999a,b). According to the modern
concept, it has been demonstrated that epileptic focus is organized into small neuronal clusters of
pathologically interconnected epileptic neurons. Several structural, molecular, and functional changes
have been found within epileptic neuronal networks (Jiruska & Bragin, 2011). These small neuronal
clusters can generate local activities as pHFOs and microseizures, when the synchrony of discharges
between clusters reaches a certain level, but also some global patterns — interictal discharges and
seizures (Stead et al., 2010; Jiruska & Bragin, 2011).

The study of HFOs contributed to understanding many aspects of physiological cognitive
processes, and especially the pathophysiology of epilepsy and seizures. However, cellular (the complex
role of pyramidal cells and especially interneurons) and network mechanisms of these oscillations that
could lead to an understanding of the functional network organization, primarily of epileptogenic tissue
and the mechanism of epileptic seizures are still not fully explained (Jiruska et al., 2017). It is also
important to note that most experimental models describe the genesis of pathological HFOs within
mesial temporal lobe epilepsy. Only a few papers deal with HFOs genesis in neocortical epilepsy
(Grenier et al., 2003; Timofeev et al., 2002; Schevon et al., 2009). Importantly, results obtained in
temporal epilepsy models cannot be automatically transferred to the pathophysiology of neocortical
epilepsy. Therefore, further description of spacio-temporal properties of HFOs will provide a much-
needed comprehensive insight into the functional organization and dynamics of neuronal populations
that play a crucial role in both physiological and pathophysiological processes (Jiruska et al., 2013).
When understanding the mentioned aspects of pHFOs, HFOs will offer a unique opportunity to use them

as a clinical marker of epileptogenesis (Jiruska et al., 2017). Despite, fast ripples (>250 Hz) are already
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now a promising biomarker for the epileptogenic zone, responsible for seizure generation (Frauscher et

al., 2017). All our mentioned published studies are in the line with this statement.

Automatic detectors help to minimize the time required for HFO detection and to reduce the
human inter-raters bias. A high signal-to-noise ratio and sufficient data sampling are critical when
attempting to detect HFOs. We proved that standard automated detection of HFOs, in comparison with
visual analysis of HFO, achieves comparable results and enables the evaluation of HFO characteristics
(Pail et al., 2013). Nonetheless, the development and implementation of a framework for standardized
HFO detection need to be pursued in order to reduce biases and make the analysis of HFOs useful in
clinical routine (Zelmann et al., 2012; Worrell et al., 2012; Zijimans et al., 2017; Cimbalnik et al., 2019).
Preprocessing the data with particular emphasis on reducing artifacts or training algorithms to
acknowledge artificial HFOs might prove helpful to increase the specificity of detection algorithms
(Thomschewski et al., 2020).

For patients with drug-resistant focal epilepsy, there is an increasing body of evidence pointing
toward the use of HFOs (especially fast ripples) for delineating the epileptogenic zone with a potential
to improve surgical success even without the need to record seizures (Frauscher et al., 2017;
Thomschewski et al., 2019). Also, in our epileptic center, in individual patients, we try to use matrices
with the rates of HFOs in different frequency bands in individual electrode contacts as part of

preoperative diagnostics (Fig.12).
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Furthermore, as we showed in our recent study based on HFO rates, it is possible to
distinguish between unilateral and bilateral mesial temporal lobe epilepsy (Rehulka et al., 2019).
Although there is currently an attempt to extend the clinical use of high-frequency oscillations, there
are a number of limitations that prevent their more extensive use. The majority of clinical studies that
focused on the use of HFOs in the localization of the epileptogenic zone were retrospective studies,
the results of which were often presented in the form of group analysis. It has been repeatedly shown
that areas with a high incidence of HFOs should be included in resection to eliminate the seizures.
However, the definition of high rates of HFOs is very general, and mean values or median incidence
cannot be used prospectively. In addition, a multicentre prospective study has not yet been conducted
to validate the used detectors and determine the clinical utility of HFO biomarkers. This step is
needed for the translation of HFO electrophysiological biomarkers to clinical practice (Cimbalnik et al.,
2016). Therefore, it is indicated that conclusions of findings, especially concerning surgical decision-

making, need to be taken with caution. Regarding HFOs, each patient should be assessed individually.

Transient high-frequency oscillations in  local field potentials generated by especially
human hippocampal but also extrahippocampal areas have been related in nature to both physiological
and pathological processes. The existence of physiologic HFOs in multiple brain areas is another
obstacle that needs to be tackled. Based on the presented results, there are no unambiguous
characteristics of HFOs (clear cut off values) that would distinguish pathological and physiological HFOs in
both ripples and fast ripples (Pail et al., 2017, 2020). Nevertheless, based on our studies, it seems
pHFOs have higher rate frequencies, amplitude and lower spectral entropy in epileptogenic zone (Pail et
al., 2017, 2020). Individual studies show no significant difference in individual characteristics; and in
addition to that, some studies contradict each other in the results. Thus, there are currently no
established criteria for distinguishing physiological HFOs from pathological ones (Engel et al., 2009; Le
Van Quyen et al.,, 2006). However, a suitable approach was shown: multiple invasive EEG and
connectivity features in presurgical evaluation using machine learning tools could improve
epileptogenic tissue localization, which is superior to using a single feature (Cimbalnik et al., 2019,
2020). We have also to mention results presented in our recent studies: the differences between
epileptic and non-epileptic hippocampus during cognitive processing bring new insight in delineation
between pathological and physiological processes, particularly the suppression of pathological HFOs in

the epileptic hippocampus during a cognitive task (Cimbalnik et al., 2020; Pail et al., 2020).

Until recently, it has not been possible to differentiate physiological from pathological HFOs.
Moreover, baseline rates of HFO occurrence vary substantially across brain regions. Nevertheless,
recently presented multicenter atlas provided region-specific normative values for physiological HFO
rates and HFA in common stereotactic space. According to this atlas, ripples are frequent in
eloquent cortex areas and rare outside these regions. In contrast, physiological fast ripples are very
rare, even in eloquent cortical areas, making fast ripples a good candidate for defining the epileptogenic
zone, when present (Frauscher et al., 2018). Knowing the physiological rates of HFOs in every brain
region allows the definition of rates that are too high to be physiological and should, therefore,

statistically be pathological (Frauscher et al., 2018). However, the data were obtained from a small set

133



of subjects under particular conditions. We still have to count on the possible bias of the data
obtained from patients with brain disease. An extended atlas describing normal invasive EEG in
different behavioral states would significantly broaden our knowledge of the brain and could serve as a

reference for identifying abnormal activity.

An essential contribution in this field was the discovery of very high-frequency oscillations.
The phenomena of very high-frequency oscillations are more spatially restricted and seem to be
more specific biomarkers for epileptogenic zone when compared to traditional interictal HFOs (Brazdil
et al., 2017).

It is likely that considering the results of several studies, differences between them might
also be caused by the datasets and subsequent feature selection. This implies that there may
be a dependence on the electrodes, reference signals, and acquisition system used. Studies with
different datasets are needed to elucidate the impact of these variables on pathologic tissue
localization. Future studies with larger datasets should explore their impact on pathological tissue
localization in more detail (Cimbalnik et al., 2019). Most clinical invasive EEG studies are restricted to
a limited amount of data, mainly due to technical difficulties. The brain's electrophysiological activity is
not consistent across time and is affected by different states of vigilance, circadian rhythms, and
cognitive processes (Staba et al., 2002; Frauscher et al., 2017; Gliske et al., 2018; Pail et al., 2020). In
the future, more multicentric studies using automatic approaches are needed to analyze significantly
longer recordings of EEG signal to provide a clearer idea of HFO phenomena and their behavior in
physiological and pathological areas of the brain. Moreover, combining multiple features and using
machine learning tools might provide a more robust estimation of the epileptogenic zone. The iIEEG
data in our studies 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.

Research on HFOs represents an important direction in the research of current and future
epileptology and has opened the door to improving the diagnosis and treatment of epilepsy. However,
there is still a need to continue seeking answers to several questions, as the failure of answering them

does not allow the full use of HFOs as a clinical biomarker. Our goal is to continue in participating actively

in this research. We would like to contribute significantly to the understanding of epilepsy, HFOs,
and especially VHFOs origin, generating and spreading epileptic activity and, therefore, improve the

treatment and the quality of life of epileptic patients.
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