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Pathological high frequency oscillations (HFOs) are putative neurophysiological biomarkers of epilepto-
genic brain tissue. Utilizing HFOs for epilepsy surgery planning offers the promise of improved seizure
outcomes for patients with medically refractory epilepsy. This review discusses possible machine learning
strategies that can be applied to HFO biomarkers to better identify epileptogenic regions. We discuss the
role of HFO rate, and utilizing features such as explicit HFO properties (spectral content, duration, and
power) and phase-amplitude coupling for distinguishing pathological HFO (pHFO) events from physio-
logical HFO events. In addition, the review highlights the importance of neuroanatomical localization in
machine learning strategies.
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In patients with medically refractory epilepsy, localizing epileptogenic regions for subsequent epilepsy surgery
requires accurate localization of the seizure-onset zone (SOZ) often using intracranial electroencephalogram (iEEG)
evaluation [1]. In the absence of an iEEG evaluation, sometimes intra-operative recordings from subdural electrodes
are used to identify regions that exhibit high rates of epileptiform discharges and are presumably epileptogenic [2–4].
This strategy has proven successful for the surgical treatment of certain types of medically refractory epilepsy. For
example, the probability of seizure freedom for patients treated with an anterior temporal lobectomy for medically
refractory temporal lobe epilepsy is approximately 80% [5]. However, for patients with frontal lobe epilepsy, seizure
freedom is only achieved in about half of the patients who undergo resective surgery [6], highlighting the need for
improved approaches to planning efficacious epilepsy surgery.

Besides less than ideal seizure outcomes following surgery, another problem with the current clinical approach,
using identification of the SOZ alone, is that temporal under-sampling may result in incomplete identification of
all epileptogenic sites [7,8]. One solution to this problem of temporal under-sampling for epilepsy surgery planning
is to utilize biomarkers of epileptogenic tissue that occur between seizures (i.e., interictal) biomarkers. The clinical
gold standard interictal biomarkers of the epileptogenic tissue are spikes (i.e., epileptiform discharges). Although
spikes are currently used to guide resections in the intra-operative context, spikes have many short comings as a
biomarker. Spikes are relatively nonspecific and also sometimes can lack sensitivity [9].

Another type of interictal biomarkers of epileptogenic tissue are high-frequency oscillations (HFOs) [10]. HFOs
are brief (15–100 ms) bursts of energy with a spectral content ranging between 80 and 600 Hz. HFOs are further
subclassified as ripples (80–200 Hz) and fast ripples (200–600 Hz) on the basis of the spectral content of the
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Figure 1. Illustration of a spike (left) and the different subtypes of high-frequency oscillation (right) found in the intracranial
electroencephalogram. The raw trace is shown in red (top), the band-pass filtered trace in black and wavelet convolution following
topographical analysis (below). Note that the spike (left) does not exhibit a ripple or fast ripple as evident by open-countour loops (red)
and no closed contour groups (right, green).

event [11]. Ripples and fast ripples can also occur superimposed on epileptiform activity or on the background
EEG. This context can be used for further classification of the HFO event (Figure 1). Microelectrode research
recordings from patients demonstrated that fast ripple events in the hippocampus and entorhinal cortex occur
almost exclusively in epileptogenic tissue [12,13]. Subsequently ripples and fast ripples were identified in clinical
EEG recordings and it was found that higher rates of these events occurred in the SOZ sites [14], and also in resected
regions of brain for patients with a good postoperative seizure outcome [15]. Furthermore, in patients with a poor
postoperative seizure outcome HFO rates were found to be higher outside the resection margins [3,4,15,16].

Despite these findings, many perils have prevented the clinical adaptation of HFOs. HFOs are very brief
events compared with epileptiform spikes and often their maximal amplitude is only two- to four-times greater
than the signal-to-noise ratio of most clinical EEG amplifiers [10]. This fact makes visual identification of HFOs
challenging, particularly since most commercially available EEG review software packages are not optimized for
HFO visualization [10]. Furthermore, artifactual signals generated by even subtle muscle activity or electrode
movement can generate HFO mimics [18]. Another challenge to utilizing HFOs is that sharp transients in the EEG
signal, generated by epileptiform spikes, for instance, can generate false HFOs due to filter ringing [19]. Perhaps the
most serious shortcoming of HFOs and particularly ripple oscillations, is that these events can also be observed
in healthy brain regions and participate in normal cognition [20,21]. Currently no method has yet been devised
to completely distinguish the physiological HFOs that occur in healthy brain regions from pathological HFOs
(pHFOs) that occur exclusively in epileptogenic brain regions [9].
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One promising strategy for distinguishing pathological from physiological HFOs is to characterize properties of
individual HFOs and use these properties as features for classifying the events as either pathological or physiological.
These properties include the mean or peak spectral content of the HFO, HFO power, HFO duration and the
phase relationship between spikes/slower activity and the superimposed HFO. The spectral content, duration and
power of a HFO can be precisely defined using a method known as the topographical analysis of the wavelet
convolution [2]. This method can also be used to evaluate whether an HFO occurs superimposed on an interictal
discharge and whether the HFO consists of a ripple, fast ripple or both a ripple and fast ripple simultaneously [2,22].
In addition, HFO phasors can be used to define the coupling relationship between HFO event amplitude and the
phase of interictal discharges [23] or slower oscillations such as slow waves or spindles [24].

The details of the machine learning approaches in which HFO properties are implemented as features in a
classifier of pathological and physiological events is beyond the scope of this review. Rather, we hope to provide
evidence that this approach has merit for future investigations and may yield results that will promote the adaptation
of HFO biomarkers into mainstream clinical practice.

Defining epileptogenic regions using HFO rates
Increased ripple and fast ripple rates (events per min) in epileptogenic human brain electrode sites, relative to
electrode sites in healthy brain, were first observed in humans using microelectrode research recordings of the
local field potential [12]. These recording from mesial temporal lobe structures demonstrated that ripple rates were
elevated in epileptogenic-atrophied tissue, whereas fast ripple rates were elevated in epileptogenic mesial temporal
tissue irrespective of whether the tissue was atrophic [13]. Also, epileptogenic mesial temporal lobe tissue exhibited
a higher ratio of fast ripples to ripples [13,25].

Subsequent clinical macroelectrode recording studies [14,26,27], and hybrid macro-/microelectrode recording
studies [28] demonstrated that ripple and fast ripple event rates were also elevated in electrode sites where seizures
were observed to originate (i.e., SOZ). Also, HFO rates were also found to be elevated in resected electrode
sites relative to unresected electrode sites for patients who exhibited a good seizure outcome following epilepsy
surgery [15,29]; whereas, the opposite pattern was seen for patients who exhibited a poor seizure outcome following
epilepsy surgery.

Perhaps the simplest ‘machine learning’ strategy in which HFOs can be used to identify epileptogenic sites is
to determine a rate threshold at which a given electrode site is defined as potentially epileptogenic. This approach
utilizing receiver operating characteristic (ROC) curves has been applied to HFOs occurring in different lobes of
the brain [24], as well as to distinct subtypes of HFOs [18,30]. Using this approach, a threshold can be defined at a
fixed specificity [30], or the overall accuracy of a HFO biomarker can be assigned by the area under the ROC curve
(AUROC) [18,24], or a partial area under the ROC curve [30] by fixing the minimum specificity.

One special case for using HFO events to classify epileptogenic brain regions are brief (3–10 min) intraoperative
recordings. In this case, certain HFO subtypes (i.e., fast ripples) may occur only once in one or a few electrode sites.
Thus, for these recording many studies have determined the sensitivity and specificity of a single event observation
for defining an epileptogenic brain site [2–4].

Differences in the clinical utility of different HFO subtypes
Contemporary investigations of HFOs using automated or semi-automated approaches have classified ripples
and fast ripples as occurring on spikes as distinct from ripples and fast ripples that occur on background EEG
(Figure 1) [2,30]. These studies have demonstrated that HFOs that occur on spike have superior specificity for
epileptogenic regions and/or the SOZ. One surprising finding using this approach was that spike rates (without
HFOs) were noninferior classifiers of the SOZ as compared with the rate of HFOs that were superimposed on
spikes and HFOs alone [30]. This observation highlights the need to further refine the identification of HFOs on
spikes that have heightened significance using machine learning approaches and combine the measurement of these
biomarkers with the rate of spikes alone.

In fact, these same sleep recordings did demonstrate that fast ripples have superior specificity for defining
epileptogenic regions as compared with both spikes and ripples; however, the sensitivity was very low and hence
they were judged as noninferior [30]. In intraoperative recordings, the presence of a single fast ripple in an unresected
electrode site [3,4,16,31,32] was found to predict a poor seizure outcome following surgery. We were able to replicate
these findings in an independent investigation [2], but found that a semiautomated approach was required for
fast-ripple investigation because artifactual signals masquerading as fast ripple detections were prevalent. We also
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found that unresected fast ripples on spikes were more specific than fast ripples on background EEG for defining a
poor seizure outcome postoperatively.

Ripple rates are almost always higher than fast ripples and although the specificity of ripples for defining
epileptogenic sites is less than fast ripples, the sensitivity is greater [2,4,30]. Thus, effort has been focused on trying to
improve the specificity of ripples for defining epileptogenic sites. One team of investigators found that in patients
with neocortical epilepsy, ripples superimposed on spikes had superior accuracy for defining electrode sites in the
seizure onset zone as compared with ripples on background EEG [33,34]. In another cohort of patients, mostly with
temporal lobe epilepsy, the mean rate of ripples on spikes in the seizure onset zone relative to other brain regions
was found to be greater for ripples on spikes relative to ripples on background EEG [23].

One possible machine learning strategy is to define epileptogenic regions using not just one type of HFO
(i.e., ripple or fast ripple), but by determining an optimal rate threshold for a combined measure of different HFO
subtype rates. This strategy could optimize the sensitivity by including ripple oscillation and also maximize the
specificity by including fast ripple oscillations.

Differences in the clinical utility of HFO rates by neuroanatomical region
Classifying HFOs by the neuroanatomical region in which they are generated may be essential for differentiating
physiological from pHFOs. In the hippocampus, ripples superimposed on sharp waves that occur during immobility
or sleep are essential for memory consolidation in mammals including humans [35,36]. Similar physiological ripples
can also occur in neocortical brain regions [37]. At present, no strategy exists for distinguishing physiological and
pathological ripples since they appear morphologically indistinct. Furthermore, in patients with epilepsy, some
ripples that occur in certain brain regions serve not to consolidate memory but actually can disrupt memory [22,38].
As compared with ripples, fast ripples in the (sclerotic) mesial temporal lobe are regarded as always pathological [13,25];
however, outside of the mesial temporal lobe, fast ripples can occur, albeit rarely, in healthy brain regions [21].

Since physiological HFOs may have distinct properties that are determined by the neuroanatomical structure
in which they are generated one strategy to define pHFOs is to create a brain atlas of physiological HFOs [21]. In
this approach, the absolute rate of HFO is less important, rather the HFO rate relative to the normative rate for a
specific brain area could indicate whether that area is epileptogenic or not [24,39,40].

From the perspective of building a machine learning classifier of epileptogenic sites, an extension of the brain
atlas approach is to determine the combined threshold of HFO subtypes independently for each sampled neu-
roanatomical region from a large cohort of patients in a training set. To implement this approach requires advanced
neuroradiological software to segment, co-register, normalize and then localize the electrode sites into Montreal
Neurological Institute (MNI) space [22].

Differences in HFO properties such as power, duration and spectral content in epileptogenic
regions
Besides determining optimal rate thresholds by neuroanatomical region for distinguishing physiological from
pHFOs, another strategy is to make precise measurements of the HFO events themselves and use machine learning
to attempt to distinguish the physiological from the pathological events. This approach may also be useful if
HFOs fall along a continuum of pathogenicity with certain events signifying a higher likelihood that a region is
epileptogenic.

Commonly measured properties of an HFO are its duration, spectral content and power [2,39,41,42]. The
morphology of a single HFO event can also be defined using derived measurements such as entropy [43], or
other statistical quantifications [44–47]. Following the quantification of the explicit or derived HFO properties, these
properties can be used as features in a machine learning classifier that defines pHFOs.

The potential utility of this approach has been highlighted in several investigations. Explicit HFO properties
have been found to differ in the SOZ as compared with the non-SOZ for both ripples [39] and fast ripples [48].
While derived HFO properties have been used to successfully identify epileptogenic regions using intra-operative
recordings [44].

Differences in HFO phase–amplitude coupling in epileptogenic regions
Another approach to classify pathological and physiological HFOs is on the basis of phase–amplitude coupling
(PAC). PAC or phase–amplitude event coupling (PAEC) refers to the quantified relationship between the phase
of a slower frequency modulating oscillation and the amplitude of a faster frequency superimposed oscillation.
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Coupling between the phase of theta oscillations in the neocortex and superimposed high-γ oscillations is important
during cognitive tasks [20], and it has been the subject of speculation that unique forms of PAC could occur in
epileptogenic regions [49] or during pathological events [23,50].

Sleep recordings are typically utilized to identify HFOs that can define epileptogenic brain regions. Early work
demonstrated that spikes and HFOs were more likely to occur during the UP state in animal models of mesial–
temporal lobe epilepsy [51]. Recently, it was demonstrated that ripples in neocortex occur with the highest probability
during the transition from UP to DOWN state or from the DOWN to UP state. Careful analysis of the HFO–slow
wave relationship [50] established that in certain brain regions [24,52], HFOs in epileptogenic sites were more likely
to occur during the transition from UP to DOWN state. Subsequently our group found PAC between sleep EEG
oscillations, specifically δ and spindles, and ripples that localized to epileptogenic tissue [24].

Another form of PAC that has been useful to define pHFOs is the relationship between the phase of epileptiform
discharges and the amplitude of the ripple superimposed on the epileptiform discharge [23,53]. Detailed analysis of
this relationship established that in epileptogenic sites the ripples were more strongly coupled with the phase of the
spike [23] and that the phase angle of coupling could vary [23,53].

Other strategies for defining epileptogenic regions using HFOs
Another unique approach for defining epileptogenic regions using HFOs is to examine the temporal relationship
between HFOs that co-occur together and propagate. Recently a concept known as the spike-onset zone has been
proposed to help identify epileptogenic regions [54]. One solution for identifying the spike onset zone is to measure
HFO propagation [55]. By defining these propagation times, or other features, it may be possible to define a network
of HFO-generating regions using graph topological measurements [56]. This graph theoretical approach could also
be combined with functional MRI (fMRI)-EEG measures in a multimodal strategy for localizing HFO and spike
generating regions.

Applying machine learning to HFOs to identifying epileptogenic regions
Herein, we attempt to synthesize the various subtopics of this review of machine-learning applied to the clinical
utilization of HFOs using a proof of principle approach. Our group has constructed a database of visually validated
HFO events recorded during sleep defined using an automated detector from over 65 patients implanted with stereo-
EEG electrodes. The detector defines the explicit HFO properties (spectral content, duration and power) [18,41],
and classifies each spike and HFO event into a subtype (Figure 1) [2]. Next, an automated approach is used to
quantify the phase–amplitude relationship between each HFO and slow-, δ-, spindle- or spike activity that may
coincide with the HFO [23,24]. Finally, each HFO is tagged with neuroanatomical coordinates in MNI space, as
well as several neuroanatomical categorical locations based on published brain atlases [22]. We also added clinical
metadata to the HFOs entry for use in future investigations.

From this database of approximately 3 million HFO entries we randomly selected 29,115 ripples and 4139
ripples on spikes recorded from Brodmann area 20 in the inferior temporal gyrus to illustrate our machine learning
approach. A comparison of all these ripples that occur in SOZ electrode sites in Brodmann area 20 with the ripples
occurring in non-SOZ sites revealed differences with considerable overlap in cartesian space defined by the explicit
ripple properties (Figure 2A). To utilize these differences in the explicit properties to classify pathological Ripples
(pRipples) from physiological ripples we used a neural network with a scaled conjugate gradient algorithm. This
neural network was able to classify pathological ripples in a distinct test set with a sensitivity of 60% and specificity
of 70% at the threshold defined by Youden’s J.

We next compared the phase angle of coupling between ripples and slow oscillations for ripples that occurred
in the SOZ with ripples that occurred in the non-SOZ and found subtle differences (Figure 2B). When we
constructed a neural network for classifying ripples as pRipples on the basis of the preferred phase angle of coupling
with slow-, δ- and spindle oscillations, this neural network exhibited a similar classification accuracy of pRipples
as compared with the neural network utilizing explicit ripple properties (Figure 2C). Finally, we combined both
the explicit properties and the phase angle measurements into one neural network but did not observe a significant
improvement in the classifier’s accuracy.

A similar approach was also used to classify the 4139 ripples on spike events in Brodmann area 20. In this
case, differences were again seen in the explicit properties of ripples on spikes in the SOZ and in the non-SOZ
(Figure 3A). In addition, we examined differences between the phase angle of coupling between ripples and the
waveform of the epileptiform discharges (Figure 3B). We found that ripples on spikes in the SOZ exhibited a distinct
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Figure 2. Proof of principle of the utility of machine learning strategies for identifying pathological ripple events. (A) Scatter plot of the
explicit ripple property values for ripple events recorded from electrode sites in the Brodmann area 20 seizure onset zone (seizure onset
zone [SOZ], blue) and non-SOZ (red). (B) Normalized circular histogram of the phase angle of preferred coupling between slow waves and
ripple oscillations for events recorded from SOZ sites (blue) and non-SOZ sites (red). (C) ROC curve derived from the classification of a test
set of ripple oscillations in Brodmann area 20. The results from a neural network utilizing a scaled conjugate gradient algorithm with
phase angle features for slow-, δ- and spindle-coupling (red), explicit ripple property features (blue) and a combined model (black).
ROC: Receiver operating characteristic.
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Figure 3. Proof of principle of the utility of machine learning strategies for identifying pathological ripple on spike events. (A) Scatter
plot of the explicit ripple property values for ripple on spike events recorded from electrode sites in the Brodmann area 20 (seizure onset
zone [SOZ], blue) and non-SOZ (red). (B) Normalized circular histogram of the phase angle of preferred coupling between spike and
ripple on spike oscillations for events recorded from SOZ sites (blue) and non-SOZ sites (red). (C) ROC curve derived from the classification
of a test set of ripple oscillations in Brodmann area 20. The results from a neural network utilizing a scaled conjugate gradient algorithm
with phase angle features for spike coupling (red), explicit ripple property features (blue) and a combined model (black).
ROC: Receiver operating characteristic.
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but overlapping distribution of phase angles as compared with ripples on spikes in the non-SOZ (NSOZ) [23].
Overall, the combined classifier for ripples on spikes performed better than the classifier of ripples with 45%
sensitivity and 92% specificity at Youden’s J (Figure 3C).

As illustrated by this example it is possible to use machine learning approaches to distinguish pHFO events
from physiological events in distinct neuroanatomical locations after categorizing the HFO types (Figure 1). This
approach can be individually tailored for each HFO subtype in each neuroanatomical region to identify pHFOs.
After constructing a unique machine learning classifier for each pHFO subtype (Figure 1) in each neuroanatomical
region, another machine learning classifier can be constructed for each unique neuroanatomical region that combines
the rate derivations of each pHFO subtype to determine the optimal rate threshold for classifying that region as
epileptogenic. This classifier also could provide a given probability that a region is epileptogenic based on the rate
of the pHFOs.

Future perspective
In summary, the optimal machine learning strategy for utilizing HFOs for identifying epileptogenic regions would
define pHFOs using explicit properties and PAC for each distinct neuroanatomic region and each HFO subtype,
and then use a pHFO rate classifier, in each distinct neuroanatomic region, that combines spike rates with each
category of pHFOs to predict epileptogenicity of that region. While the details of the machine learning strategy
that will be optimal for this approach remain under study, based on the literature we believe that this approach or
similar derivations will yield excellent results.
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