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Abstract

High-frequency oscillations (HFOs: 100 — 600 Hz) have been widely proposed as biomarkers of
epileptic brain tissue. In addition, HFOs over a broader range of frequencies spanning 30 — 2000
Hz are potential biomarkers of both physiological and pathological brain processes. The majority
of the results from humans with focal epilepsy have focused on HFOs recorded directly from the
brain with intracranial EEG (iEEG) in the high gamma (65 — 100 Hz), ripple (100 — 250 Hz), and
fast ripple (250 — 600 Hz) frequency ranges. These results are supplemented by reports of HFOs
recorded with iEEG in the low gamma (30 — 65Hz) and very high frequency (500 — 2000 Hz)
ranges. Visual detection of HFOs is laborious and limited by poor inter-rater agreement; and the
need for accurate, reproducible automated HFOs detection is well recognized. In particular, the
clinical translation of HFOs as a biomarker of the epileptogenic brain has been limited by the
ability to reliably detect and accurately classify HFOs as physiological or pathological. Despite
these challenges, there has been significant progress in the field, which is the subject of this
review. Furthermore, we provide data and corresponding analytic code in an effort to promote
reproducible research and accelerate clinical translation.

Introduction

High frequency oscillations (HFOs: 30 — 600 Hz) are local field potentials recorded during
intracranial electroencephalography (iIEEG) and reflect increased neuronal and synaptic
synchrony [1]. HFOs have been shown to be associated with both normal and pathologic
brain activity in animals and humans [1-3]. Ripple (100 — 250 Hz) [4] and Fast Ripple (250
— 600 Hz) [5] HFOs have been widely proposed as an electrophysiological biomarker of
epileptogenic brain tissue, reviewed in [6,7]. HFOs in the gamma frequency range (HFOs:
30 - 100 Hz), however, are believed to play a fundamental physiological role in binding of
visual perception [8], information processing [1,9], memory [10], and motor and language
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functions [10]. Gamma HFOs have also been shown to be increased in the human epileptic
brain [11-13] and may also serve as a biomarker. Furthermore, very high frequency
oscillations (VHFOs; 600-2,000Hz) were recently described in mesiotemporal structures of
patients with temporal lobe epilepsy [14]. The VHFOs in the 1000 — 2000 Hz were more
spatially restricted in the brain than lower-frequency HFOs, and better post-surgical
outcomes were observed in patients with resection of tissue containing fast ripple HFOs and
VHFOs.

While there has been significant progress in automated detection of HFOs, reliably
distinguishing normal physiological oscillations from pathological epileptiform oscillations
[2,11,15] remains a fundamental challenge in epileptology [16-18].

Originally fast ripple HFOs (250-600 Hz) seen in hippocampal EEG recordings from
epileptic rats and patients with mesial temporal lobe epilepsy were described as uniquely
pathological HFOs (pHFOs) and were considered to be a highly specific
electrophysiological biomarker of epileptic tissue [19,20]. Subsequent human iEEG studies
using both microelectrodes and clinical macroelectrodes showed that ripple [12] and gamma
frequency HFOs [7, 8, 10, 12] were also increased in human epileptogenic brain tissue.
Given the established physiological role of gamma and ripple frequency HFOs, the
challenge of how to differentiate pHFOs from normal physiological HFOs (nHFOs) has
received considerable attention, and it is now well recognized that pathogenicity cannot be
determined simply by HFOs frequency [2].

The anatomic location [2] and underlying mechanism of HFOs [1] has also been suggested
to define physiologic or pathologic HFOs. Other studies have considered event-related HFOs
evoked by normal physiological tasks as normal, and spontaneous HFOs associated with
interictal epileptiform discharges (IEDs) as pathologic events [15,21]. Interestingly, analysis
of putative pHFOs and nHFOs show that pHFOs have higher voltages and longer duration
compared to physiological nHFOs [15]. Since the task-induced HFOs in the epileptic brain
can have spectral properties similar to pHFOs [3,15,22], the rigid dichotomy between
pHFOs in epileptic brain and physiological ‘event related’ nHFO in non-epileptic brain
requires further study to determine if it is always true.

Here we review recent advances in HFOs detection, classification of normal physiological
(nHFOs) and pathological (pHFOs) activity, and the potential for clinical translation of
HFOs as a biomarker of the focal human epileptic brain responsible for seizure generation
and as a biomarker of the evolution and development of epilepsy (epileptogenesis). We
propose that HFOs are a clinically useful biomarker and that interictal HFOs can be used for
brain mapping in the intra-operative setting to transform the practice of epilepsy surgery.
However, well-designed clinical trials are required to provide needed definitive evidence
before wide spread clinical use of these biomarkers and change of current clinical practice.
In addition, we have made a large dataset of wide bandwidth recordings from 102 patients
and code for detection of HFOs available to promote reproducible research and accelerate
clinical translation. (http://msel.mayo.edu/research.html)
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HFOs Detection

A visual review of HFOs is time-consuming and suffers from reviewer bias, resulting in poor
inter-reviewer agreement [23]. This has led to the development of several automated HFOs
detectors (Fig. 1) from different laboratories, tuned to particular datasets and HFOs
definitions, recently reviewed by Zijlmans et al., [24].

Although the comparison between detectors has been made [25,26], these studies were
limited by the testing datasets and the number of compared detectors. Software tools and
frameworks for automated comparison of detectors have recently emerged and should prove
more robust and reliable [27]. The HFOs-detect initiative (https://github.com/HFOs-detect)
contains a number of published detectors and allows for automated and reproducible
comparison and feature extraction.

The first HFOs detectors utilized the approach of band pass filtering the raw signal in the
frequency band of interest, transformation of the filtered signal into metrics, and
representing the signal energy, such as line length or root mean square [28-30]. While this
approach works reasonably well, it suffers from relatively high false positive HFOs detection
rates because of the oscillatory patterns produced by filtering of sharp transients. Recent
detectors tackle this issue by utilizing various approaches such as power band ratio [31,32],
multi-channel spatial information [33], and machine learning methods [34].

The differentiation between physiological and pathological HFOs is an unresolved problem
that impedes the translation of automated detectors into clinical practice [15,35-37].
However, a couple of recent detectors utilize feature extraction and subsequent clustering to
distinguish pathological from physiological HFOs and identify HFOs occurring
simultaneously with interictal epileptiform discharges (IEDs) or coupled with slow waves
during sleep [38-40].

Further improvements of HFOs signal quality rely on improvements in EEG acquisition
[41,42]. Recording in a shielded environment and utilization of specialized hardware
amplifiers can improve signal-to-noise ratio and improve the performance of HFOs detectors
[33]. Furthermore, the use of techniques to compensate for the one-over-frequency character
of EEG can enhance the visibility of HFOs in both time and frequency domain and further
improve detectability of HFOs [27].

Classification of pathological HFOs and physiological HFOs

The mammalian brain generates a wide range of activity; the HFOs have received significant
attention because of their possible role in the visual cortex binding percepts into an
integrated visual perception and in the hippocampus for information encoding and memory.
Distinguishing between these physiological HFOs and pathological HFOs associated with
epilepsy and seizure generation remains a fundamental challenge of epileptology.

Many earlier studies hypothesized that very high frequency oscillations called fast ripples
(>250 Hz) were exclusively pathological. Multiple later studies showed an increase of other
frequency bands HFOs in human epileptic tissue as well, both high gamma oscillations
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[3,11] and ripples [4]. Here we reviewed some of the recent efforts that have been made to
distinguish nHFOs from pHFOs in interictal recordings of human studies.

HFOs Rate, Amplitude, and Duration

While early studies were focused on the frequency band of the HFOs oscillations to classify
them as pathologic or physiologic, considering the wide range of overlapping pHFOs and
nHFOs frequencies [3,4,11,18,42-44], more recent studies have explored other frequency-
independent characteristics of HFOs: rate, amplitude, and duration [45-52]. Regions
showing a high rate of interictal HFOs have been correlated with pathological epileptic
tissue in different studies [2,15,48,52-54]. The rate of HFOs (through various frequency
bands) was shown to be higher inside the seizure onset zone (SOZ) than outside (NSOZ)
[45,47-49,51,52]. This is supported by studies using different approaches in defining the
pHFOs and nHFOs, e.g. considering task-induced HFOs as nHFOs [15,55], or HFOs
associated with interictal epileptiform discharges (IEDs) as pHFOs [21,56]. Also, resection
of the high-rate HFOs regions was found to be correlated with favorable surgery outcome
[45,49,50,52,57,58]. However, it is unclear if the HFOs rate alone is specific enough to
distinguish epileptic from non-epileptic regions at the single electrode level that is required
to guide epilepsy surgery. The HFOs rate varies in different brain structures [59], types of
lesions [60], and also SOZ morphological patterns [61]. These findings should be considered
when comparing HFOs rates recorded from different channels.

Additional HFOs features like duration, frequency, and amplitude were studied to assess if
they can improve differentiation of pHFOs (as identified by the expert visual review) from
physiologic ones and provide additional information about tissue epileptogenicity
[15,21,48,51,55,59]. Almost all of these studies found statistically significant differences
between two groups, and even correlation with surgery outcome [48], yet there was always a
considerable overlap between them. The most consistent finding regarding the difference
between characteristics of pathologic and physiologic HFOs, other than rate, was higher
amplitudes for pHFOs across different frequency bands [15,21,48,51,55,59].

Other EEG characteristics that may be valuable for localizing pathological tissue is the EEG
background activity at the time of HFOs occurrence [16-18, 21]. It was shown that removal
of the HFOs occurring on a flat, non-oscillatory background was correlated with better
surgery outcomes, while there was no such relation with the resection of the HFOs occurring
in an oscillatory background [62]. The channels showing continuous high frequency activity
showed no association with SOZ or epileptic lesion, they were instead found to be
predominant in the mesial temporal and occipital regions [56,63]. Thus these continuous
oscillatory activities were suggested as physiologic patterns specific to certain brain regions.

Association of pHFOs with Interictal Epileptiform Discharges

The association between pHFOs and interictal epileptiform discharges (IEDs) was
investigated by various studies [21,22,46,56]. Wang et al., [21] classified neocortical ripples
into two subtypes: type I ripples superimposed on an IED, and type Il ripples independent of
any epileptiform discharges. They found that fast ripples and type I neocortical ripples
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(found to be more abundant compared to fast ripples) and not the type Il ripples were
correlated with the SOZ and primary propagation area in neocortical epilepsy. The type |
neocortical ripple also were found to be more specifically confined to the seizure onset and
propagation regions, and thus a better marker compared to IEDs alone. These authors later
reported a significant correlation between the surgery success and the higher resection ratio
of the fast ripples and the type I ripples but not type Il ripples. [56]

Ren et al., [22] studied the gamma HFOs that precede IEDs and found a strong association
between seizure generating brain and gamma HFOs that preceded IEDs, in contrast to IEDs
alone. They proposed the gamma HFOs proceeding IEDs may be useful for mapping
pathological brain regions.

Anatomical location of HFOs

The anatomical location of HFOs was demonstrated to be a useful biomarker of
epileptogenesis. Bragin et al. have shown that, in the intrahippocampal kainate rodent model
of mesial temporal lobe epilepsy, interictal ripple frequency HFOs can be found in the
dentate gyrus along with fast ripples, an area where ripples normally do not occur in normal
rats. Similar to fast ripples, these ripple-frequency HFOs appeared within days to weeks
after kainate injection exclusively in rats that later exhibit spontaneous seizures [2,53,64].

Regional differences in the behavior and nature of HFOs have also been reported in human
studies, particularly in mesial temporal, motor and occipital structures
[15,45,51,55,56,59,65].

Interestingly, it was shown that HFOs are more helpful in distinguishing normal brain
regions from epileptic tissue in the mesiotemporal lobe structures than the rest of the brain.
The higher rates of physiological ripples with higher amplitudes and frequencies in the
occipital lobe prevented good discrimination between normal and epileptic brain tissue in
the occipital lobe compared to other regions [59]. The presence of spontaneous physiologic
ripples reported in the visual cortex, primary motor cortex [15,21,51,55] and also within the
hippocampal structures[66] should be taken into account in HFOs analysis [21,55].

Task and Stimulation Evoked HFOs
Task-induced HFOs

Spontaneous physiological ripples have been identified in the primary visual cortex [21,55]
and the primary motor cortex [20]. To investigate physiological HFOs and pathological
HFOs, multiple studies have used the task-induced HFOs [15,55,67]. These task-induced
HFOs cover a wide range of frequency bands [42,51,53], for instance, task-induced high
gamma oscillations recorded in visual cortex [68], auditory cortex [69], motor cortex [70],
and language cortex [71]. Physiologic ripples can also be evoked by visual stimuli in the
occipital cortex [55], by somatosensory stimuli in the somatosensory cortex [72], and during
memory processing in the hippocampus, parahippocampal and specific neocortical areas
[3,36,44,49,50,73]. Physiological evoked HFOs in the fast ripple range (at about 600 Hz)
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were recorded as well during stimulation of the somatosensory cortex [74] and in the animal
neocortex [75].

Matsumoto et al. [15] investigated the difference between physiological HFOs and
spontaneous pHFOs, assuming task-induced HFOs are physiological, and found significant
differences between nHFOs and pHFOs in the spectral power, peak frequency, and duration.
Kucewicz et al. [3] used the same protocol to focus on the role of physiological HFOs in
human memory processing. The recorded task-induced HFOs demonstrated logical
neuroanatomical and biophysical behavior, supporting the notion that they are produced by
normal cortical activity [76]. Also, cognitive stimulation was shown to impact ripples in the
epileptic hippocampus and non-epileptic hippocampus differently [67]. In recent
unpublished work in our lab, we investigated the gamma activity in different regions of the
brain during the encoding phase of a verbal memory task, to further investigate properties of
these events under cognitive stimulation (Fig. 2). These findings suggest that task-induced
HFOs may be useful for brain mapping (Fig. 3).

Electrical Stimulation

Van ‘t Klooster et al., investigated the feasibility of stimulation-evoked HFOs in the
prediction of the SOZ and the elogquent cortex and found that Single Pulse Electrical
Stimulation could elicit fast ripples from the epileptic cortex, but is not capable of
distinguishing pathological from physiological ripples [77,78].

Effect of Behavioral State on HFOs

Sleep has been proposed as useful for activating HFOs, and to be capable of separating the
physiological HFOs from pathological HFOs by different studies [35,59,79-84].

Rate of HFOs during sleep

The rate of HFOs has been shown to be dependent on both the sleep stages and also the
accumulated time of sleep [35]. Numerous studies found that the HFOs rate is modulated by
the different sleep stages, being highest during NREM slow wave sleep and lowest during
REM sleep [35,50,79,82]. Interestingly, the physiologic (events involving only channels with
no epileptic activity) and pathologic ripples (events involving only channels in the irritative
zone or the SOZ) rates behave differently during the two subtypes of REM sleep. In the
brain regions showing epileptic activity, HFOs have higher rate during tonic REM sleep
compared to the phasic REM sleep. Suppression of the pHFOs during phasic REM sleep is
in line with the fact that EEG desynchronization leads to the suppression of the interictal
epileptiform discharges. In contrast, during phasic REM sleep the HFOs rate increases in the
brain regions that show no epileptic activity compared to tonic REM sleep. The increase of
nHFOs rate during phasic REM sleep may reflect the role of this subtype of REM sleep in
memory, learning and dreaming. These findings suggest that the distribution pattern of the
HFOs during different REM states may help to identify physiologic and pathologic ripples
and improve localization of SOZ, especially in the brain regions with high physiologic
HFOs rates, like the hippocampus, and the occipital cortex [83].
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As noted before, the rate of HFOs also depends on the total duration of sleep. There is a
significant difference in the behavior of pHFOs versus nHFOs across the different sleep
cycles. The rate of pathological ripples and fast ripples decreases with time during NREM
sleep, while the rate of ripples in channels within the presumably normal brain regions
increases with time during REM sleep [35]. The observed association between the behavior
of pHFOs and the sleep-homeostatic variations of slow waves may be related to the role of
synchronization in the generation of these pathologic events. The increase of phasic REM
sleep through sleep cycles may explain the increase in the rate of nHFOs across REM sleep
[35]. The contrast between the rate of the two types of ripples found to be largest in the first
sleep cycle and Von Ellenrieder et al., [35] pointed out the practical value of this finding by
suggesting that the detection of HFOs in epilepsy should be done during the first sleep cycle.

Spread of HFOs during sleep

The stage of sleep not only modulates the rate of HFOs but also determines the extent of
their spread [35]. The HFOs field is larger during NREM sleep and more restricted during
REM sleep, supporting the notion that HFOs during REM sleep might be more specific to
epileptogenicity [35]. Sakuraba et al., [79] suggested HFOs during REM can serve as a
specific marker of epileptogenicity, they found that the suppressive effect of REM sleep had
been attenuated near the epileptogenic zone, and also resection of the high-rate HFOs
channels during REM sleep was associated with favorable surgery outcome.

Coupling of HFOs with slow waves

The coupling of HFOs to the slow waves is different in presumably normal and epileptic
brain regions [59,81,82].

The phase of the coupled slow wave

There is a difference in the coupling between the phase of slow waves during sleep and the
occurrence of nHFOs and pHFOs [59,82]. HFOs recorded from epileptic regions and
epileptic spikes both occur more often before the peak of the deactivated, or down state, of
the slow waves during sleep. In other words, this happens during the transition from the ‘up’
to the “‘down’ state of the slow waves. In contrast, physiological HFOs were reported to
occur more frequently after the peak of the down state of the slow wave, or in other words
during the transition from the ‘down’ to ‘up’ state of the slow waves.

The spectral frequency band of the coupled slow wave

Nonoda et al., [81] showed that the spectral frequency bands of coupled slow waves could be
helpful in distinguishing the epileptogenic HFOs from the physiological HFOs. They
suggested that pHFOs are coupled with slow waves at 3-4 Hz more preferentially than at
0.5-1 Hz, whereas nHFOs are coupled with the slow wave at 0.5-1 Hz more preferentially
than at 3—4 Hz during the slow wave.

Clinical translation of HFOs Biomarkers

Biomarkers are objectively measured signals that characterize normal and pathological
biological processes. There is a critical need for epilepsy biomarkers and in particular
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signatures of ictogenesis (the process underlying the transition of normal brain activity to
seizure activity) and epileptogenesis (the process of brain tissue evolution to tissue capable
of generating recurrent, unprovoked seizures).

Biomarkers of ictogenesis could be utilized to identify the transition state, or preictal state,
from which the pathological seizure discharge arises and lead to new intelligent therapies
where stimulation or medications could be adjusted to prevent seizures before they occur.
Electroencephalography (EEG) in ictogenesis has been extensively investigated, and there is
recent evidence supporting the concept that EEG can be used to track seizure probability
[85,86]. There is an evolving literature to support that HFOs activity recorded with iEEG is a
potential biomarker of ictogenesis [11,13,87,88]. In the future, the integration of multiple
EEG features, including interictal HFOs, in devices that track seizure probability can be
used to guide titration of electrical stimulation and drug therapy may prove very effective.

Localization of the brain tissue generating seizures is critical for successful epilepsy surgery
and focal brain stimulation. The localization of tissue to be resected often requires fusing
multiple signals and includes electroencephalography recorded from scalp and brain,
structural & functional MRI, PET, SPECT as well as the semiology of the patient’s habitual
seizures. Currently, the gold standard for localizing epileptic brain is to record spontaneous
seizures directly using iIEEG and many studies have reported on the use of ictal and interictal
HFOs to guide surgical resection (recently reviewed). Unfortunately, even after years of
seizure freedom post-surgery, patients can suffer epilepsy recurrence. Interestingly, often
these patients are seizure free after re-operation that extends the prior resection. The late
recurrence of seizures after surgery suggests ongoing epileptogenesis (what W. Penfield call
“ripening” of the epileptic focus after injury [89]) such that tissue not involved in seizure
generation at the time of initial resective surgery evolves to generate spontaneous,
unprovoked seizures. There is evidence from animal models that HFOs are a potential
biomarker of epileptogenesis [90], so the possibility that improved brain mapping could
identify the resection margin tissue at risk for epileptogenesis, and seizure recurrence is
exciting.

Conclusions

In this review, we have presented some of the recent advances in HFOs detection,
classification of normal physiological (nHFOs) and pathological (pHFOSs) activity, and the
potential for clinical translation of HFOs as a biomarker of ictogenesis and epileptogenesis.
We believe that wide bandwidth intracranial electrophysiology is poised for clinical
translation and could transform the field of epilepsy surgery. However, clinical trials are
needed to definitively establish the accuracy of brain mapping using only interictal data
(non-seizure data) to replace prolonged (multiple days) iEEG recordings. The focus of
clinical translation at this time should be to demonstrate the benefit of interictal brain
mapping using HFOs as electrophysiological biomarkers of the epileptogenic brain.
Immediate applications include the mapping for the localization of normal and epileptogenic
brain, which is critical for planning epilepsy surgery and targeting electrodes for direct brain
stimulation. If it proves possible to use wide bandwidth iEEG in the operating room to
identify epileptogenic tissue without having to record spontaneous seizures, it will transform
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epilepsy surgery. The planning for tissue resection or placement of brain stimulation
electrodes could be performed as an intra-operative procedure and eliminate multiple days of
monitoring.

To accelerate research and to promote reproducible research, we have made a large dataset
of wide bandwidth recordings freely available (http://msel.mayo.edu/research.html). Given
the significant progress to date, we anticipate making data and corresponding analytic code
freely available will accelerate clinical translation.
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ABBREVIATIONS
EEG Electroencephalography
iEEG Intracranial EEG
HFOs High Frequency Oscillations
Gamma (30 — 100 Hz)
Ripple (100 — 250 Hz)
Fast Ripple (250 — 600Hz)
VHFOs Very High Frequency Oscillations (600 — 2000Hz)
pHFOs Pathological HFOs
nHFOs Physiological/normal HFOs
HGA High Gamma Activity
SOz Seizure Onset Zone
NSOz Non Seizure Onset Zone
IEDs Interictal Epileptiform Discharges
REM Sleep Rapid Eye Movement Sleep
NREM Sleep Non Rapid Eye Movement Sleep
ERP Event Related Potential
TF image Time-Frequency image
MRI Magnetic Resonance Imaging
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PET Positron-Emission Tomography

SPECT Single-Photon Emission Computed Tomography
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Highlights

The mammalian brain generates physiological and pathological high frequency
oscillations (HFOs: 30 — 2000 Hz)

Automated detection of HFOs can be accurate and yield reproducible results

Differentiating physiological and pathological HFOs remains a fundamental
challenge

HFOs with pathologic features are biomarkers of epileptogenic brain

Data and code are made available to support reproducible research (http://
msel.mayo.edu/research.html)
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Figure 1. Generic algorithm flow chart of automated HFOs detection
A) Schematic of automatic HFOs detection. The brain activity is recorded with a wide

bandwidth acquisition system. Then, the raw broadband electrophysiologic recording is
“whitened” to better highlight the low amplitude HFOs transients. A wide range of features
can be extracted to aid classification. After the feature extraction through different methods,
the candidate events can be classified using a wide range of classification approaches, like
machine learning. The output of these detectors should be evaluated and have comparable
outputs from other detectors and laboratories. Red boxes correspond to the advances in
HFOs detection and blue boxes are the established flow of HFOs detection. B) Three HFOs
detected in a wide bandwidth recording from human brain. Each figure is composed, from
top to bottom, of the raw signal (in blue) with the automatically detected HFOs (red) in the
signal, and the continuous time frequency image.
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Figure 2. A) Cognitive task paradigm for studying physiological nHFOs
Patients with epilepsy who are implanted with subdural and depth electrodes for seizure

monitoring as part of the clinical evaluation for drug-resistant epilepsy provide a unique
opportunity for neuroscientists to perform cognitive tasks and record the
electrophysiological signals directly from the human brain. Areas of active research include
investigation of the neural correlates of cognition. These cognitive tasks may help to
improve the discrimination of nHFOs from pHFOs. In our study, we used iEEG recorded
during a verbal memory task in 11 epilepsy patients to analyze gamma frequency events
within and outside the seizure generating brain regions. A. a) Diagram of free recall verbal
memory task, A. b) Epileptic patients participating in the study during second phase
monitoring doing verbal memory tasks on a laptop, A. ¢) brain surface of an example patient
with implanted grid and strip electrodes the iEEG signal is recording from (unpublished
data). B) From top to bottom, B. a) shows the trial-averaged ERP signal for a whole session
(300 words presented), plots below are raw data from individual example trial during same
session, that subject subsequently recalled the presented word. From top to bottom, the
unfiltered EEG (fig 2. B. b), the band-pass filtered signal for high gamma activity (HGA)
(fig 2. B. c), and the continuous time frequency image with detected HGAs highlighted with
black rectangles (fig 2. B. d). Red lines are stimulus (word presentation) onset and offset (F
Khadjevand et al., unpublished).
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Figure 3. Brain mapping using physiologic task-induced HFOs and pathological HFOs Top, left)
Word lists are presented one-by-one for encoding & subsequent recall. Presentation of words

induces high gamma activities (60-120 Hz) in specific brain areas. In this figure
subsequently recalled words printed in red and forgotten words presented in blue. Top,

right) Spectrogram of local field power during encoding epochs aligned to the presented

word. Bottom) Left panel, brain surface maps of high physiological gamma power

interpolated over 4x6 temporal cortex grid (White arrow focus of high activation) and in

right panel the pathological HFOs over the epileptic region of the brain.
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