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Abstract

Epileptogenic zones (EZs), where epileptic seizures cease after resection, are localized by assessing the
seizure-onset zone using ictal electroencephalography (EEG). Owing to the difficulty in capturing un-
predictable seizures, biomarkers capable of identifying EZs from interictal EEG are anticipated. Re-
cent studies using intracranial EEG have identified several potential candidate biomarkers for epilep-
togenicity. High-frequency oscillation (HFO) was initially expected to be a robust biomarker of abnor-
mal excitatory activity in the ictogenic region. However, HFO-guided resection failed to improve sei-
zure prognosis. Meanwhile, the regularity of low-gamma oscillations (30-80 Hz) indicates inhibitory in-
terneurons’ hypersynchronization, which could be used to localize the EZ. Besides resting-state EEG
assessments, evoked potentials elicited by single-pulse electrical stimulation, such as corticocortical
evoked potentials (CCEP), became valuable tools for assessing epileptogenic regions. CCEP responses
recorded in the cortex remote from the stimulation site indicate functional connectivity, revealing in-
creased internal connectivity within the ictogenic region and elevated inhibitory input from the non-
involved regions to the ictogenic region. Conversely, large responses close to the stimulation site re-
flect local excitability, manifesting as an increased N1 amplitude and overriding HFO. Further re-
search is required to establish whether these novel electrophysiological methods, either individually or
in combination, can function as robust biomarkers of epileptogenicity and hold promise for improv-

ing seizure prognosis.
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Introduction

Surgical intervention for epilepsy primarily aims for ef-
fective seizure control. The epileptogenic zone (EZ) en-
compasses a cerebral area where surgical resection results
in seizure elimination and is reversely defined by prognos-
tic outcomes after epilepsy surgery.” Although a combina-
tion of neuroradiological investigations, including magnetic
resonance imaging (MRI), positron emission tomography
(PET), single-photon emission computerized tomography
(SPECT), and other diagnostic modalities, such as magne-
toencephalography (MEG), are commonly employed to ap-

proximate the EZ, the gold standard for EZ localization is
the identification of the seizure-onset zone using electro-
encephalography (EEG) recordings during epileptic epi-
sodes” (Fig. 1). Capturing multiple seizures is preferable
for optimal precision in estimating EZ. However, the
lengthy duration of video-EEG examinations presents chal-
lenges for patients and medical workers, and the absence
of captured seizures during the recording periods can
complicate diagnosis. Consequently, developing biomarkers
capable of estimating the EZ using interictal EEG is in de-
mand, regardless of the presence of seizures.

Intracranial EEG (iEEG), which employs subdural elec-
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Fig. 1 Localizing seizure-onset zone from ictal electroencephalography (EEG) is the gold standard for detecting the epilepto-
genic zone (EZ), combined with assessing the epileptogenic lesions (e.g., MRI), irritative zones (e.g., interictal spikes, MEG), and

functional deficit zones (e.g., FDG-PET, SPECT).

MEG, magnetoencephalography; MRI, magnetic resonance imaging; FDG-PET, fluorodeoxyglucose-positron emission tomogra-

phy; SPECT, single-photon emission computerized tomography

trodes or stereoelectroencephalography (SEEG), can be
utilized to assess brain activity with a high signal-to-noise
ratio and fine spatiotemporal resolution.” Moreover, iEEG
enables the evaluation of the cortical activity evoked by
electrical stimulation of the cerebral cortex or subcortical
structures. In the current review, we focus on excitatory
and inhibitory activities of the brain to identify epilepto-
genicity from the findings obtained by resting-state interic-
tal EEG and evoked activity triggered by cortical electrical
stimulation.

Potential and Limitation of High-Frequency
Oscillation (HFO) as a Biomarker for
Epileptogenicity

HFO has become a potential biomarker for assessing EZ
using iEEG data during interictal periods; however, its ef-
fectiveness in improving the outcomes of resection surgery
remains unclear. Advances in digital EEG techniques have
facilitated rhythmic activity detection at frequencies higher
than those within the gamma band, which have been re-
ported to have a link to epileptogenic processes."” Within
the spectrum of HFOs, frequencies with ranges 80-200 Hz
and 250-500 Hz are classified as “ripples” and “fast ripples,’
respectively. The underlying microscopic mechanism of rip-
ples depends on the synchronized excitation of neuronal
networks comprising pyramidal cells and surrounding in-
terneurons. Fast ripples are characterized by pathological
action potential bursts originating from a population of
pyramidal cells.” These pathological HFOs may indicate
the seizure-onset zone during ictal onset and reflect corti-
cal hyperexcitability during interictal periods.

Contrary to the high expectations of a clear and robust
biomarker for the EZ that could be derived from interictal
iEEG, multiple studies have demonstrated that HFO-guided
resection does not necessarily result in improved seizure

outcomes.”” HFO-generating regions exhibit lower specific-
ity for EZ” and are no more effective predictors than in-
terictal spikes.” One possible explanation for this discrep-
ancy is the challenge of distinguishing physiological HFOs
linked to cognitive brain processes from pathological HFOs
associated with epileptic activity. Consequently, HFOs are
not deemed definitive biomarkers, as initially anticipated.

Gamma Oscillations as a Potential
Biomarker for Cortical Inhibition

Considering the relationship between interictal brain ac-
tivity and epileptogenicity, addressing why patients with
epilepsy do not continuously experience seizures would be
helpful. Although cortical excitatory and inhibitory imbal-
ances have been proposed as explanations for seizure gen-
eration,"” this model suggests that sufficient inhibition of
excitatory activity around epileptic tissues is maintained
during the interictal period."” Thus, the inhibitory nature
of cortical activity can be a biomarker for assessing the
EZ.

Cortical excitatory and inhibitory mechanisms operate
at various levels, ranging from neurotransmitter to net-
work levels. From a microscopic perspective, the excitatory
activity of glutamate-mediated pyramidal neurons is regu-
lated by surrounding interneuronal networks through
GABAergic transmission.” Parvalbumin-positive basket
cells are central to this inhibitory mechanism; they form a
local network with numerous inhibitory synapses on py-
ramidal cells.” These basket cells, called fast-spiking in-
terneurons, exert GABAergic activity to form gamma-band
spikes (30-80 Hz)." These individual potentials can be
summated through extracellular recordings or local field
potentials manifesting as gamma-band oscillations.

Although broadband high-frequency gamma activity, as
observed in HFOs, signifies the excitatory activity of py-
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Fig. 2 (A) An overview of corticocortical evoked potential (CCEP). A CCEP waveform comprises two distinct components: the
early N1 and the late N2. (B) (C) The CCEP waveforms obtained through single-pulse electrical stimulation and their signal inten-
sity measured as root mean square. A black dot depicts the point of stimulation. A remote response is observed in the posterior
part of the lateral temporal cortex, indicating increased functional connectivity with the stimulated area. Electrodes surrounding
the stimulating site elicit a large early peak, signifying cortical excitability. (D) CCEP signal intensity in the vicinity of the stimula-
tion site decays according to the inverse square of the distance, indicating the contribution of the volume-conducted potential.

Reprinted from Ref 26, with permission from the journal.

ramidal cells, low-frequency gamma oscillations can be
biomarkers for GABAergic inhibition."

Moreover, the spectral power of low-gamma activity ex-
hibits potential specificity in identifying seizure-onset re-
gions; however, it is insufficiently sensitive to accurately
detect the EZ, even with intracranial EEG evaluation."”

An alternative approach to evaluate cortical inhibition
via gamma activity is quantifying gamma oscillation regu-
larity (GOR), not spectral power, using entropy.” Entropy
gauges the complexity of time-series data, with low en-
tropy indicating reduced information and enhanced regu-
larity. The regularity of waveforms within a specific fre-
quency band can be quantified using the sample entropy,
calculated for individual bands and combined with cross-
frequency analysis (multi-scale entropy).” A reduction in
multi-scale entropy within the gamma band signifies an
augmentation in the regularity of gamma oscillations, po-
tentially indicating the synchronization of inhibitory in-
terneurons through GABAergic activity.” Sato et al. re-
ported increased GOR within the seizure-onset region dur-
ing the interictal period. This increase in the GOR was evi-
dent in the seizure-onset region and the surrounding area
during seizures.” Moreover, Sato et al. demonstrated that
an increased GOR during the interictal period is a valuable
biomarker for the seizure-onset area in patients with focal
cortical dysplasia.”” Furthermore, the epileptogenic region
estimated from the GOR aligned with the results of tradi-
tional estimations of the EZ derived from ictal recordings,
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MRI, and nuclear medicine imaging.”’ Accordingly, assess-
ing GOR using multi-scale entropy during interictal peri-
ods could predict cortical inhibitory activity and be a
biomarker for future EZ assessment.

Evaluation of Functional Connectivity by
Corticocortical Evoked Potential (CCEP)

Besides resting-state interictal EEG signals, electrophysi-
ological responses evoked by electrical stimulation of the
brain have also been employed to indicate cortical connec-
tivity and excitability; CCEP represents this approach.
CCEP involves recording evoked potentials in nearby or
distant brain regions through cortical-to-cortical propaga-
tion, achieved by applying single-pulse electrical stimula-
tion (SPES) using chronically implanted subdural or
stereoelectroencephalography (SEEG) electrodes. The re-
corded responses are summed to emphasize time-locked
components, whose amplitudes or root mean squares rep-
resent the strength of the directed connectivity from the
stimulation site to the target cortex (Fig. 2A).

CCEP has been employed to evaluate functional connec-
tivity between distinct cortical areas, including language
and motor cortex networks.”* Moreover, CCEP has pro-
vided insights into abnormal networks within the epileptic
brain, offering a perspective distinct from structural con-
nectivity analyses under diffusion tensor imaging. Some
CCEP studies have demonstrated increased internal func-
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Table 1 Novel approaches to approximate the epileptogenic zone from interictal intracranial EEG

Recording style Potential biomarkers

The characteristics of the method

Resting-state EEG ~ High-frequency oscillation

(HFO): 80-500 Hz

Gamma oscillation regularity
(GOR): 30-80 Hz

Resting-state EEG

- HFO reflects cortical hyperexcitability.
- HFO indicates the excitatory activity of pyramidal cells.

- Increased GOR (i.e., lower entropy) reflects cortical inhibition.
- GOR indicates synchronization of inhibitory interneurons through GABAergic activi-

- Increased internal functional connectivity can be observed within the epileptogenic

- Increased inhibitory input from the non-epileptogenic to ictogenic regions can also be

ty.
Evoked responses CCEP connectivity
by SPES (Remote region) region.
observed.
Evoked responses CCEP excitability
by SPES (Neighboring region)

- Local cortical excitability is demonstrated as enhanced N1 amplitudes and increased
HFOs overriding N1 waveforms close to the stimulation site.

CCEP, corticocortical evoked potential; EEG, electroencephalography; HFO, High-frequency oscillation; GABA, gamma-aminobutyric acid; SPES,

single-pulse electrical stimulation

tional connectivity within epileptogenic regions and em-
ployed CCEP-based internal connectivity as a biomarker to
localize the EZ.*"

Recent developments of SEEG have focused on network-
level connectivity rather than traditional methods focusing
on specific cortical areas to evaluate epileptogenicity. Di-
rected functional connectivity can be assessed using a
short resting-state interictal SEEG by calculating the co-
herence of a specific frequency band from two remote re-
gions. This approach revealed increased inward connectiv-
ity from the non-involved regions to the ictogenic region,
in contrast to decreased outward connectivity in the oppo-
site direction.”” This observation agrees with the increased
internal connectivity reported in CCEP studies. Further-
more, CCEP can add valuable insights to resting-state con-
nectivity analysis using the power spectral density ap-
proach, which can estimate the band-specific elevation or
attenuation of neural activity evoked by SPES. A recent
study has demonstrated that stimulating non-involved re-
gions to induce inward input toward the seizure-onset re-
gion can reduce the theta-band response and enhance
gamma activity.” The theta-band signal intensity reflects
the long-range integration of brain activity, whereas the
gamma-band activity indicates local integration.” Further-
more, gamma oscillations were found to be associated
with inhibitory interneuronal activity. These findings sug-
gest that enhanced inhibitory input from non-
epileptogenic regions to the seizure-onset region could
contribute to forming a local network architecture.

Evaluation of Cortical Excitability
Using CCEP

In the preceding section, we addressed CCEP as the re-
sponse detected distant from the location of electrical
stimulation. These remote responses arise from the direct
depolarization of the dendrites of pyramidal cells and in-

terneurons, propagating to the remote cortex via oligo- or
polysynaptic mechanisms.”’  Conversely, high-voltage
evoked responses can be observed near the stimulation
site (Fig. 2B and C). Although conventional analyses often
exclude responses recorded within 1.5-2 cm of the stimu-
lus site as electrical stimulation artifacts, their electro-
physiological relevance has been reported. Although the
precise mechanism of CCEP in the vicinity of the stimulus
site remains unclear, the observed N1 apex latency, longer
than expected based on the inter-electrode distance, sug-
gests that local jitter of oligosynaptic activity is evoked at
the stimulus site.” Consequently, a sizable signal originat-
ing immediately beneath the stimulus site generates a
high-voltage volume-conducted potential (VCP) expanding
to the surrounding area. The root mean square of the VCP
is inversely proportional to the square of the distance from
the stimulus site regardless of the anatomical structure™
(Fig. 2D). While conventional electrocorticographic exami-
nation assumes that the recorded potential reflects the ac-
tivity of the neural populations immediately beneath the
electrode, responses near the stimulation site may indi-
rectly capture the VCP, which originates from a signal
source immediately beneath the stimulation site and then
attenuates based on distance. This model allows the esti-
mation of the magnitude of the signal source based on re-
sponses captured by electrodes near the stimulation site.
Some CCEP studies have explored these local and large-
scale responses. The N1 amplitude measured near the
stimulation site was prominent when stimulating the ictal-
onset zone.”™ This response increases during the seizure
aura,” indicating local hyperexcitability at the stimulation
site. The relationship between the SPES and HFO has also
been explored. SPES, followed by ripples and fast ripples,
can afford higher specificity than interictal spikes in local-
izing the seizure-onset zone.”” Furthermore, increased HFO
overriding the N1 waveform of the CCEP as a nearby corti-
cal response has been reported and proposed as a surro-
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gate marker for abnormal cortical hyperexcitability.”” The
enhanced local cortical excitability derived from SPES
could be a novel modality for evaluating epileptogenicity.

Conclusion

The current review presents various methodologies for
assessing epileptogenicity using interictal intracranial EEG,
including HFOs, GOR, functional connectivity, and local ex-
citability analysis using CCEP (Table 1). These electro-
physiological approaches could unravel the mechanisms
underlying seizure generation and become valuable epilep-
togenic biomarkers. These methods may offer a concise
and accurate evaluation of the EZs without needing to
capture epileptic seizures using video-EEG recordings.

However, as demonstrated in the context of HFOs, out-
comes observed at the theoretical and laboratory levels
may not persistently align with actual surgical results. Pro-
spective studies to assess actual surgical outcomes using
novel biomarkers for the EZ must determine the clinical
applicability of these methods.

The integration of multiple modalities may afford addi-
tional benefits. Attempts to predict EZs accurately by com-
bining multiple epileptogenicity assessment modalities
have also been reported. Further research is required to
develop robust epileptogenic biomarkers, either alone or in
combination.
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