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Abstract

Accurate localization of epileptogenic brain is critical for successful epilepsy surgery. Recent
research using wide bandwidth intracranial EEG has demonstrated that interictal high-frequency
oscillations are preferentially localized to the brain region generating spontaneous seizures, and
are a potential biomarker of epileptogenic brain. The existence of an interictal,
electrophysiological biomarker of epileptogenic brain has the potential to significantly advance
epilepsy surgery by improving outcomes through improved localization and potentially
eliminating the reliance on chronic intracranial EEG monitoring.
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Neuronal oscillations recorded from human brain span a wide range of spatiotemporal scales
that extend well beyond traditional clinical EEG [1,2]. Extracellular local field potentials
(LFPs) recorded from human brain range from direct current shifts to high-frequency
oscillations (HFOs; ~0-1000 Hz). The mechanisms underlying these activities are varied
[1], making the direct association of LFP characteristics (e.g., frequency, amplitude, spectral
pattern, waveform morphology) with physiology or pathology difficult. Despite this
challenge, neurophysiologists have had significant success associating physiological
function and pathology with EEG activity [1].

Historically, neurophysiologists largely focused on activity in the Berger bands (1-25 Hz)
[3]. Recent studies, however, report that y-frequency oscillations and synchrony (y: 25-80
Hz) are involved in cognitive function and pathology (for a recent review see [4,5]). Beyond
the y-frequency range, hippocampal ripple frequency oscillations (ripple: 80-200 Hz) are
believed to be important for memory [6-8].

Ictal EEG is a powerful tool for diagnosis and classification of seizures and epilepsy. It was
recognized early on that epileptogenic brain capable of generating spontaneous seizures also
generated interictal epileptiform spikes and sharp waves [9]. These interictal EEG signatures
of epileptogenic brain are generated by the paroxysmal discharge of large neuronal
populations and are highly specific for epilepsy [10]. In addition to interictal epileptiform
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spikes, recent studies suggest that HFOs are an interictal signature of epileptogenic networks
[11-19] involved in seizure generation [20-25] and even epileptogenesis [14,26,27].

While epileptiform spikes are highly specific for epileptic brain, they are not a particularly
good biomarker because they are only loosely related to disease activity: they are not a good
indicator of the likelihood of seizure occurrence and they do not fluctuate as seizures do in
relation to antiepileptic drug treatment (see ‘Association of HFOs with disease activity’
section). The specificity of HFOs to epilepsy has proven difficult to assess because it is not
clear how to separate pathological HFOs from normal physiological oscillations that occur
in the same frequency range [14,28]. In addition, HFOs are brief low-amplitude transients
that have almost exclusively been described in intracranial EEG (iEEG) recordings of
patients with epilepsy. Lastly, because these studies are limited to patients with medically
resistant partial epilepsy, the specificity of HFOs as a biomarker for epileptogenic brain
remains open. Whether HFOs recorded in epileptic brain are generated by unique
pathological mechanism(s) or represent an aberration of normal physiological oscillations is
not clear. There are currently no established criteria for distinguishing physiological from
pathological HFOs.

In this article we review the clinical evidence supporting that HFOs are electrophysiological
biomarkers of epileptogenic brain.

High-frequency oscillations at the onset of human seizures were initially described in iEEG
recordings of patients undergoing evaluation for epilepsy surgery. These early observations
showed that partial seizures originating in hippocampus and neocortex often begin with low-
amplitude HFOs (Figure 1). The range of frequencies that have been reported vary, but are
in the y-, ripple and fast ripple (FR) frequency range: 30-500 Hz [29], 40-120 Hz [21], 60—
100 Hz [24], 70-90 Hz [23], 80-110 Hz [20] and 100-500 Hz [25]. Focal low-voltage fast
oscillations (>20-100 Hz) at seizure onset have been demonstrated to be associated with
good epilepsy surgery outcomes if the seizure onset zone (SOZ) is completely resected
[30,31].

Interictal HFOs

Ripple frequency oscillations (80—200 Hz) were first described in hippocampus of freely
behaving rats, and hypothesized to be associated with memory [6,7]. Later, the same group
described FR oscillations (FR: 250-500 Hz) in a rat model of epilepsy that were not
observed in control animals [13,32]. In the epileptogenic hippocampus of epileptic rats
Bragin et al. observed that FR oscillations were localized to submillimeter scale volumes
[13] and increased [32]. In addition, physiological ripple frequency oscillations were
decreased in the epileptogenic hippocampus [32]. These seminal observations led to the first
detailed analysis of wide bandwidth electrophysiology recordings from human subjects.
Similar to the epileptic rat models, both ripple and FR oscillations were identified in
epileptogenic human hippocampus (Figure 2) [11,12]. These early studies with
microelectrodes made a number of important observations:

. Ripple and FR oscillations were increased in slow-wave sleep compared with
the waking period,;

. FR oscillations were increased in the epileptogenic hippocampus;

. FR oscillations were localized to submillimeter scale volumes of tissue;

. Ripples were decreased in the epileptogenic hippocampus.
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Subsequent studies have partially confirmed these initial results in human hippocampus.
Discrepancies could originate from the fact that many human studies have employed
macroelectrode recordings rather than the microelectrodes used in rats and in some human
studies.

For instance, FR HFOs can be spatially more widespread than predicted from
microelectrode studies [33], and multiple studies have clearly demonstrated that ripples and
FRs are reliably recorded using clinical macroelectrodes (Figure 3) [17,19]. In addition,
recent studies report ripple HFOs are often increased in the epileptogenic brain (Figure 3)
[19,34]. The fact that ripple HFOs are increased in the SOZ, rather than decreased, is
consistent with reports from animals describing an increase in ripples prior to seizures
[22,35], and supports the hypothesis that ripple-frequency HFOs are involved in the
generation of seizures [36]. These macroelectrode-recorded ripples may also be independent
of the physiological HFOs recorded with microelectrodes and may be more similar to FRs,
from the point of view of being potential biomarkers of epilepsy. Indirect evidence that
macroelectrode recordings of ripples most likely represent a pathological phenomenon is
that it is common to find several regions in a patient in which there are no HFOs. If they
were in part a physiological phenomenon, one would expect to record them often in regions
devoid of epileptic activity.

Emerging areas of clinical relevance

The fact that HFOs can be recorded with clinical macroelectrodes is of significant clinical
importance, since high-impedance microwires introduce a number of additional recording
challenges. At this time, however, the optimal electrode cross-section and spacing for
mapping epileptic brain is not known. While studies have previously demonstrated that FRs
are often localized to submillimeter scales [13], recent studies with larger electrodes did not
find a correlation with a range of larger electrode sizes [37].

Digital electronics and computing have revolutionized clinical iIEEG and wide bandwidth
electrophysiology recordings from hundreds of electrodes are now common. These studies
have redefined the spatial and temporal bandwidth of human brain activity [2,11,12,19,38-
40]. There remain many questions regarding clinical utility, but this is now receiving
significant attention (for reviews see [14,15]). In the following sections we discuss recent
developments of potential clinical importance.

Interictal to ictal transitions

A question of fundamental importance to epilepsy is understanding the transition from
interictal state to seizure. Because interictal HFOs localize epileptogenic brain regions and
seizures often show HFOs at onset, multiple groups have investigated whether HFOs
precede seizures. In an in vitro model of epilepsy, ripple FR activity increased prior to the
onset of seizures [35]. In a series of elegant in vivo experiments by Greiner et al. in a model
of generalized or widespread seizures induced by anesthesia [22,41], ripple frequency
oscillations were associated with seizure generation, and an increase in ripple oscillation
amplitude preceded onset. The increase in ripple HFO amplitude was shown to directly
affect the transmembrane potential of local neurons. The possibility that local neurons might
be synchronously brought to threshold with the ripple frequency LFPs generating a positive
feedback loop for the initiation and spread of seizures was later developed [36]. They
propose that beyond a certain threshold of ripple HFO amplitude local neurons are entrained
into the ripple frequency seizure discharge [36].

Currently, there are no conclusive studies showing that HFOs are precursor events in human
partial epilepsy, but similar to the above mentioned studies in an in vitro model [35] y-
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frequency HFOs are increased in some patients prior to seizure [24]. Khosravani et al. found
that HFO activity often increased in the seconds immediately preceding a seizure, but the
timing of seizure onset is not always easy to define within a period of a few seconds [42].
Examining fluctuations in HFOs in the 15-, 5-, and 1-min intervals preceding seizure
occurrence, however, Jacobs et al. did not find any consistent pattern or pre-ictal change
[43].

Association of HFOs with seizure outcome

The current conceptual model for epilepsy surgery defines the epileptogenic zone (EZ) as
the brain region necessary and sufficient to generate seizures and therefore the minimum
region that must be resected for seizure freedom [44,45]. Unfortunately, it is not possible to
define this zone in practice because the EZ does not have a biomarker. The SOZ is often
used as an indicator for the EZ but the relationships between the SOZ, EZ and regions
generating interictal spikes remain poorly defined. In practice, the tissue involved in the
SOz, early seizure propagation and adjacent tissue with active interictal spiking are often
targeted for surgical resection, also taking into consideration the possible epileptogenic
lesion.

The existence of a reliable interictal marker of the EZ could transform the practice of
epilepsy surgery by removing the reliance on chronic iEEG. Pathological HFOs may provide
a means for interictal EZ localization [14,15]. The spatial distribution of interictal spikes is
typically more widespread than the SOZ and while they typically overlap, the relationship
can be complex. In a study investigating the spatial relation between HFOs and interictal
spiking the HFOs had a tighter correlation with the SOZ [16]. Additionally, HFOs were
more closely coupled with the region of seizure onset than an epileptogenic structural lesion
on MRI [46]. HFOs, therefore, appear to be a more reliable biomarker of ictogenesis than
interictal spikes and MRI structural lesions.

Two recent papers have extended the clinical investigation of HFOs to address their
association with epilepsy surgery outcomes. While previous studies had demonstrated an
association with the SOZ, currently the primary signal-guiding epilepsy surgery, they had
not directly investigated the association with surgery outcome. By correlating the resection
of HFO generating tissue with epilepsy surgery outcome it is possible to directly probe
whether HFOs are an electrophysiological biomarker of the EZ. Jacobs et al. demonstrated
that resection of tissue generating ripple and FR HFOs was associated with a more favorable
epilepsy surgery outcome (Figure 4) [34]. In another study by Wu et al. an average of 11.8
min of intraoperative iIEEG was used to identify FR HFOs (>250 Hz) [47]. Remarkably,
based on similarly short recordings they found that all patients who had tissue with HFOs
resected (19/19) were seizure free. By contrast, none of the patients (5/5) who did not have
all FR HFOs tissue resected were seizure free.

Association between HFOs & disease activity in patients

High-frequency oscillations have until now been discussed in the context of localization of
the epileptic focus and as a possible mechanism for seizure generation. In the context of a
possible biomarker of epileptic activity, it is also interesting to evaluate if HFOs are a good
indicator of disease activity, as measured by the frequency of seizures. Interictal spikes have
long been discussed in this context, but there is not much evidence that they are a faithful
representation of disease activity. It has, for instance, been demonstrated that spiking rate is
not a good predictor of the probability of seizure occurrence in the short term (during
epilepsy monitoring) [48-50]. The same studies have shown that spikes increase after
seizures and that spikes do not increase when antiepileptic medication is reduced, as seizures
do. In addition, the presence of spikes has long been recognized as an ambiguous predictor
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of successful surgical treatment and as an unreliable indicator of potential successful
withdrawal of antiepileptic medication.

Similarly to spikes, HFOs are more abundant during slow-wave sleep than during
paradoxical sleep and wakefulness [51,52]. This does not reflect the distribution of seizures
across the stages and from this point of view both spikes and HFOs do not parallel seizures.
One study has evaluated in patients the variations of HFO rates with changing medication
and with seizure occurrence [53]. Results indicated that HFOs increased when antiepileptic
medication was reduced, in parallel with seizure occurrence but differently from spikes; and
that HFOs did not increase following seizures, here again differently from spikes. These
changes seem to indicate that HFOs fluctuate like seizures in the context of variable
antiepileptic drug levels, and may thus be a better marker of disease activity than spikes.
Another aspect of the relationship of HFOs to epilepsy is their relationship to excitability, as
measured by brain responsiveness to electrical stimulation. A study showed that HFO rates
were negatively correlated with thresholds for responses to electrical stimulation [54].
Especially in neocortical regions, areas with low threshold and high HFO rates were
colocalized even outside the SOZ.

Automated detection & mining of HFOs

Much of the research to date has used retrospective visual review and analysis of relatively
limited EEG data sets. Of course, the fact that these positive results come from limited
recordings suggest that the signal (pathological HFOs) is robust. The fact that the detection
of HFOs was based on subjective visual review remains, however, a methodological
weakness. Multiple groups are currently working on the development of automated detectors
for HFOs and their translation to advance epilepsy surgery.

Automated analysis applied to EEG event detection include techniques from many areas of
signal processing and machine learning. There is considerable literature that makes clear
how difficult it is to reliably detect interictal spikes and seizure [55,56]. However, unlike
interictal spikes that are generally of high amplitude compared with the background
recording, HFOs are low-voltage events. The detection and labeling of iEEG recording
HFOs is technically challenging [57] and agreement between reviewers can be poor [58].

The detection and labeling of interictal HFOs can be broadly categorized into three different
approaches (Figure 5):

- Expert manual EEG review is considered the gold standard, but is only feasible
for small data sets. Although there is often poor interviewer concordance, it is
possible to improve the situation by measuring this concordance between
reviewers on short sections and discussing divergent cases [59];

. Automated detection combined with expert review is the primary approach for
automated analysis and can significantly reduce the data volume to review.
However, the approach generally does not provide detector specificity [52,58].
An extension of this approach is to set the parameters of the detector so that
there is very high sensitivity at the expense of specificity. While this will
generate significant numbers of false-positive detections the approach can still
massively reduce the data volume for review. It may decrease the concordance
problem, although different reviewers may accept different events among those
detected. In addition, different detectors perform differently because they have
usually been optimized on different types of data (e.g., micro- or macro-
electrodes, types of patients) [60];
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. Fully automated detection and labeling of epileptiform events requires high
specificity and sensitivity detectors. The approach is highly efficient if detectors
can be realized, but this remains dependent on the existence of a yet elusive
unambiguous definition for the different HFO types.

Most methods for automated HFO detection implicitly model the events as short-duration,
high-frequency transients added to background iEEG [52,58]. The detection of HFO events
can generally be separated into two stages, preprocessing and event detection. During
preprocessing, data are typically band pass-filtered to restrict the range of frequencies under
consideration. Additional preprocessing steps include spectral equalization and artifact
removal. The detection of HFOs usually consists of calculating a signal feature (e.g., band
spectral energy or line-length) and applying a threshold to select statistically significant
events. Not surprisingly, thresholds based on global statistics perform poorly (often even on
short data sets) because iEEG can be highly nonstationary and exhibit significant
fluctuations. Further refinement in classification of HFO events can be made by sequentially
applying additional classifiers, for example HFO duration or number of oscillations cycles
[19,52,58,60].

Blanco et al. recently introduced an algorithm for automatically classifying HFOs, and
demonstrated the tractability of analyzing 31,000 channel-hours of iEEG [61]. Using an
unsupervised clustering approach that does not specify the number of clusters three distinct
physiological classes of transient oscillations within the 100-500 Hz frequency range were
identified. Two of the classes are consistent with ripple and FR oscillations, and a third
consisted of mixed-frequency events. The performance of this approach compared with
expert review was not determined.

The development of reliable HFO detectors should have a significant impact on the clinical
application of wide bandwidth recordings. Given the huge number of iEEG data that are
collected from patients undergoing evaluation for epilepsy surgery it is likely untenable to
rely on visual review if the complete recordings are to be analyzed. However, studies to date
have indicated that it may only be necessary to analyze a few minutes of EEG to obtain
reliable information on HFO distribution. If this is confirmed, automatic analysis would be
very helpful but may not be indispensable.

Noninvasive modalities & HFOs

Studies using combined scalp and iEEG have previously reported that an epileptiform sharp
wave can be detected on surface EEG if at least approximately 7 cm? of cortex is involved.
Given that HFOs can be spatially limited, this may represent a significant challenge to the
use of noninvasive electrophysiology. HFOs can be more widely distributed than initially
thought [33,62], but nonetheless tend to occur on submillimeter and millimeter scales so
likely represent a significant challenge for noninvasive electrophysiology. As discussed
below, however, spontaneous y- and ripple band activity have been recorded on the scalp in
epileptic patients and this requirement of 7 cm? of cortical involvement may have to be
revised.

There has been intense interest in y-band oscillations for over a decade, and multiple scalp
EEG [63-65] and magnetoencephalography (MEG) [66,67] studies report on the importance
of y-band activity. Unlike the epileptic HFOs discussed above, this activity has always been
measured in a context of repeated stimuli, thus allowing a considerable improvement in
signal-to-noise ratio by averaging. This remains a technically challenging field [68,69] as
scalp EEG and MEG oscillations above 30 Hz are low-amplitude signals and difficult to
distinguish from artifacts. There are some examples in the literature in which noncerebral
activity (artifact) was initially attributed to cerebral generators. For example, induced y-band
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activity on scalp EEG during presentation of a visual stimulus was ultimately shown to be
artifact associated with microsaccade eye movements [69]. Saccades are accompanied by a
spike potential of muscle origin, which have a broad high-frequency spectrum that could be
misinterpreted as having a cerebral origin. Thus, some of the induced y-band power recorded
from scalp EEG that was thought to be of cerebral origin is likely of muscular origin (eye
movement related) [69].

In a recent study using simultaneous MEG and iEEG recordings from four patients during
cognitive task time—frequency analysis of iEEG revealed attention-modulated high y-band
(50-150 Hz) power increases and o/ (9—-25 Hz) suppressions in a reading task [70]. At the
MEG sensor level analysis was performed using a beam former technique. a. and
suppression were correlated with the iEEG. However, the MEG high y-band enhancement
was more difficult and unclear in two of the four patients studied.

A recent study using wide bandwidth EEG recordings from ten children with continuous
spike and wave during slow-wave sleep reported HFOs on scalp EEG. The scalp EEG
showed HFOs (ripples) concurrent with spikes. The peak HFO power ranged from 97.7 to
140.6 Hz. These data look convincing and show brief HFO events visible in the raw data
associated with the EEG large amplitude spike [71]. Similarly, in patients with focal
epilepsy, y- and ripple-band activity has been reported on scalp EEG, most often around the
time of spikes, and this activity was better correlated with the SOZ then interictal spikes
[72]. The distinction between brain-generated activity and short electromyography
discharges is not simple but is possible.

The electrophysiological correlates of the functional MRI (fMRI) blood oxygenation level
dependent (BOLD) is an active area of research [73]. The BOLD signal reflects the neural
responses elicited by a stimulus, and appears to be best correlated with the LFPs [74].
Simultaneous fMRI and electrophysiological recordings show that the BOLD signal is
coupled with task-related power increases in the high-frequency range (broad-band vy, 50—
250 Hz) [75-79].

The BOLD correlates of epileptiform spikes have been extensively investigated. The role of
fMRI in epilepsy surgery was recently evaluated [80-86]. However, whether pathological
HFOs can be localized with fMRI has not been reported to date.

Conclusion & future perspective

Over the past decade there has been significant progress in mining the electrophysiology of
human epileptogenic brain. The evidence for interictal HFOs as a possible biomarker of
human epileptogenic brain tissue comes from independent groups, in experimental animals
and patients, in relation to seizures, interictal activity, antiepileptic medication, surgical
outcome and electrical stimulation.

One of the most exciting aspects of future work will be to fully exploit these advances for
clinical practice. In the future it may be possible to reliably map epileptogenic brain using
only interictal recordings. This would open the door to intraoperative mapping of
epileptogenic brain and could eliminate the need for chronic iEEG and its associated
discomfort, morbidity and cost. It is also possible that noninvasive investigations will allow
us to follow disease activity by following fluctuations in HFOs. The feasibility of
noninvasively recording HFOs using scalp EEG has been reported now by two independent
groups [71,72], and determining if increases in HFOs track with disease activity, that is,
seizure frequency, can now be tested.
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Executive summary
Ictal high-frequency oscillations

» High-frequency oscillations (HFOs) at the onset of human seizures were initially
described in intracranial EEG (iEEG) recordings of patients undergoing
evaluation for epilepsy surgery.

»  Partial seizures originating in hippocampus and neocortex began in the y-,
ripple, and fast ripple (FR) frequency range: 30-500 Hz, 40-120 Hz, 60-100
Hz, 70-90 Hz, 80-110 Hz and 100-500 Hz.

» Removal of focal fast oscillations at seizure onset is associated with good
surgical outcomes.

Interictal HFOs

* Ripples (80-200 Hz) were first described in hippocampus of freely behaving
rats, and hypothesized to be associated with memory.

» Fastripples (FR: 250-500 Hz) were first described in a rat model of epilepsy
and not observed in control animals.

» FRs can be spatially more widespread than predicted from microelectrode
studies [33], and are reliably recorded using clinical macroelectrodes.

* Ripples and FRs are increased in the epileptic brain.
Interictal to ictal transition

e  There are no conclusive studies showing that HFOs are precursors to seizures in
human partial epilepsy.

» High-frequency oscillation activity may be increased in the seconds
immediately preceding a seizure, but the exact timing of seizure onset is not
always easy to define within a period of a few seconds.

Association of HFOs with seizure outcome

» Jacobs et al. recently demonstrated that resection of tissue generating ripple and
FR HFOs was associated with a more favorable epilepsy surgery outcome. In
another study by Wu et al. all patients who had tissue with HFOs resected
(19/19) were seizure free. In contrast, none of the patients (5/5) that did not have
all FR HFOs tissue resected were seizure free.

Association between HFOs & disease activity in patients

» High-frequency oscillations are a possible biomarker of epileptic activity and an
indicator of disease activity,

»  Similar to spikes, HFOs are more abundant during slow-wave sleep than during
paradoxical sleep and wakefulness.

» High-frequency oscillations increase when antiepileptic medication are reduced,
in parallel with seizure occurrence.

Automated detection & mining of HFOs

» The detection and labeling of HFOs can be categorized into three approaches:
expert manual EEG review is considered the gold standard; automated detection
combined with expert review can significantly reduce the data volume to
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review; and fully automated detection and labeling of epileptiform events
requires high specificity and sensitivity.

»  The development of reliable HFO detectors should have a significant impact on
the clinical application of wide bandwidth recordings.
Noninvasive modalities & HFOs

» EEG recordings from ten children with continuous spike and wave during slow-
wave sleep reported HFOs on scalp EEG. The scalp EEG showed HFOs
(ripples) concurrent with spikes.

» In patients with focal epilepsy, y- and ripple-band activity has been reported on
scalp EEG, most often around the time of spikes, and this activity was better
correlated with the SOZ then interictal spikes.

Conclusion

»  Evidence for interictal HFOs as a possible biomarker of human epileptogenic
brain tissue comes from independent groups and in experimental animals and
patients.

» Inthe future it may be possible to reliably map epileptogenic brain using only
interictal recordings.

» Noninvasive investigations may allow tracking disease activity by following
fluctuations in HFOs.
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Figure 1. Average of eight seizures recorded from the hippocampus of a patient with medically
resistant partial epilepsy

The time traces of eight of the patient’s habitual seizures aligned so that the seizure onset is
at 0 s. The average time frequency spectrogram is shown in the background. The seizures all
show a characteristic slow-wave transient that is associated with a high-frequency oscillation
(~110 Hz) at seizure onset.
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Figure 2. Representative high-frequency oscillations

Each plot shows two views of high-frequency oscillation activity over a 300 ms epoch: (A)
unfiltered EEG with a high-frequency oscillation event centered at 150 ms, (B) spectrogram
(2.6 ms window). Note that high-frequency oscillations are primarily characterized by a
sharp spectral mode in the fast ripple (1 & 3) or ripple frequency range (2).

Amp: Amplification; Freq: Frequency.
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Figure 3. Kurskal-Wallis applied to high-frequency oscillations (ripple/fast ripple), electrode
type (microwire/macroelectrode), and brain region (seizure onset zone/nonseizure onset zone)
Box-plots and the results from post hoc analysis using Wilcoxon rank sum. The number of
Rm and FR;,, HFOs are increased in the SOZ compared with NSOZ. The number of Ry, and
FRpm HFOs were increased in the SOZ compared with NSOZ.

*p <0.05

**p <0.01

***p < 0.002

FRm: Macroelectrode fast ripple; FRy,: Microwire fast ripple; HFO: High-frequency
oscillation; NSOZ: Nonseizure onset zone; Ry: Macroelectrode ripple; Ry,: Microwire
ripple; SOZ: Seizure onset zone.

Reproduced with permission from [24].
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Figure 4. Removal of fast ripple and ripple high-frequency oscillation are associated with a good
surgical outcome

(A) Ratio of event rates in the removed areas to rates in the nonremoved areas for patients
with good versus bad outcome. Regions generating high rates of R and FR were more likely
to have been removed in patients with good outcome. (B) Ratio of the number of contacts
with events to the number of contacts without any event in patients with good versus poor
surgical outcomes. Only the number of contacts carrying FR showed a significant
difference. (C) The ratio of removed versus nonremoved SOZ contacts is compared for the
two outcome groups. No significant difference was seen.

*Significantly different from Engel classes 1 and 2 (p < 0.04).
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**Significantly different from Engel classes 1 and 2 (p < 0.008).

FR: Fast ripples; HFO: High-frequency oscillation; R: Ripples; SOZ: Seizure onset zone.
Reproduced with permission from [34].
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Figure 5. Approaches for detection of high-frequency oscillations used to date
HFO: High-frequency oscillation.
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