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Evaluating cortical excitatory and inhibitory activity through interictal intracranial electroencephalography in mesial temporal lobe epilepsy
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Gamma oscillation regularity (GOR) indicates the synchronization of inhibitory interneurons, while the reactivity of cortico-cortical evoked potentials (CCEPs) is supposed to reflect local cortical excitability. Under the assumption that the early response of CCEP near the stimulation site also indicates excitatory activity primarily mediated by pyramidal cells, we aimed to visualize the cortical inhibitory and excitatory activities using GOR and CCEP in combination and to use them to predict the epileptogenic zone (EZ) in mesial temporal lobe epilepsy (MTLE). In five patients who underwent intracranial electrode implantation, GOR and CCEP reactivity in the vicinity of the stimulation site was quantified. The interictal GOR was calculated using multiscale entropy (MSE), the decrease of which was related to the enhanced GOR. These parameters were compared on an electrode-and-electrode basis, and spatially visualized on the brain surface. As a result, elevated GOR and CCEP reactivities, indicative of enhanced inhibitory and excitatory activities, were observed in the epileptogenic regions. Elevated CCEP reactivity was found to be localized to a restricted area centered on the seizure onset region, whereas GOR elevation was observed in a broader region surrounding it. Although these parameters independently predicted the EZ with high specificity, we combined the two to introduce a novel parameter, the excitatory and inhibitory (EI) index. The EI index predicted EZ with increased specificity compared with GOR or CCEP reactivity alone. Our results demonstrate that GOR and CCEP reactivity provided a quantitative visualization of the distribution of cortical inhibitory and excitatory activities and highlighted the relationship between the two parameters. The combination of GOR and CCEP reactivities are expected to serve as biomarkers for localizing the epileptogenic zone in MTLE from interictal intracranial electroencephalograms.

Keywords
excitatory and inhibitory balance, electrocorticogram, gamma oscillation regularity, multiscale entropy, cortico-cortical evoked potential, epileptogenic zone


1 Introduction

Disruption of the excitatory and inhibitory (EI) balance in the brain has attracted significant attention as a basic mechanism underlying epileptic seizures (Engel, 1996; Scharfman, 2007). In the simplest model, inhibitory interneurons control the excitatory firing of pyramidal cells through neurotransmitters such as glutamate and gamma-aminobutyric acid (GABA) (Bradford, 1995; Ziburkus et al., 2006). This interaction exhibits temporal and spatial dynamics within the brain, with networks involving both glutamate and GABA continuously rewiring over time (Mann and Paulsen, 2007). Although both in vivo and in vitro investigations of the excitatory and inhibitory activities of the neural cortex are available, studies that quantitatively evaluate these properties using human electrocorticograms (ECoGs) are limited. In this study, we focused on two parameters that could be calculated from interictal ECoG signals to evaluate the inhibitory and excitatory activities of neural circuits in patients with epilepsy: gamma oscillation regularity (GOR) and cortico-cortical evoked potential (CCEP) reactivity in the vicinity of the stimulation site.

GABAergic interneurons play a key role in maintaining the inhibitory activity in the cerebral cortex (Engel, 1995; Treiman, 2001). Interconnected networks formed by fast-spiking inhibitory interneurons exhibit rapid spiking activity following pyramidal cell firing, which can be recorded extracellularly at gamma oscillations ranging from 30 to 80 Hz (Buzsáki et al., 1983; Cardin et al., 2009; Tukker et al., 2007). Increases in GABAergic activity are closely related to epileptogenicity linked to interictal discharges following interneuron firing (Huberfeld et al., 2011), as well as epileptic gamma oscillations which could be suppressed by GABA blockers (Köhling et al., 2000). These findings have been confirmed in the human brain, and efforts have been made to utilize gamma oscillations to identify epileptogenic regions. A human ECoG study demonstrated that increased gamma oscillations occurred prior to epileptic spikes during interictal periods. Interictal gamma oscillations have high specificity for identifying seizure onset zones, although they are not sufficiently sensitive for precise focus localization (Ren et al., 2015).

When evaluating interneuronal gamma oscillations, it is not sufficient to simply calculate band power. Broadband high-gamma activity and low-gamma oscillations need to be considered separately, as the former could be physiologically involved in neurocognitive processes, while the latter are related to GABAergic inhibition (Buzsáki and Wang, 2012). Memory tasks increase physiological gamma activity while decreasing interictal spikes, indicating a trade-off between physiological and pathological gamma activity (Matsumoto et al., 2013).

To extract pathological gamma oscillations related to epileptogenicity, we introduced gamma oscillation regularity as an indicator to determine whether homologous waveforms were repeated in the gamma frequency band (Sato et al., 2021; Sato et al., 2017). To quantify GOR, an analytical tool termed multiscale entropy (MSE) was utilized (Costa et al., 2002). MSE measures the complexity of time-series data, and can be applied to biological waveforms, such as electrocardiograms and electroencephalograms (EEGs). MSE can quantify waveform complexities at each time scale (i.e., at each frequency band in EEGs and ECoGs) using windows of different time scales. A decrease in MSE indicates low complexity in the targeted frequency band of the time-series data, indicating that the waveform is composed of a repetition of the same information. This analytical method has previously been utilized in the study of Alzheimer’s disease (Ando et al., 2021), as well as other psychiatric disorders (Takahashi et al., 2009).

In patients with epilepsy, increased synchronization of inhibitory interneurons, manifesting as an enhanced GOR, was observed in epileptic foci during the interictal period. This pathological rhythm is detected in ECoG as a decrease in the MSE of the gamma band (Sato et al., 2017). The GOR, quantified by MSE, may be a relevant indicator of cortical inhibitory activity and a potential biomarker for the epileptogenic zone (EZ). During the interictal period, the GOR is most elevated in the seizure onset zone (SOZ) and moderately elevated in the surrounding EZ of the epileptic brain (Sato et al., 2017). Regions exhibiting increased GOR correspond to areas with interictal epileptic discharges and reduced accumulation on 123I-iomazenil single-photon emission computed tomography (Sato et al., 2022). GOR-guided resection has also been reported to improve seizure outcomes (Sato et al., 2021).

Meanwhile, cortical excitability, represented by CCEP in the vicinity of the stimulation site, has also been reported. The CCEP is an induced potential that occurs in a cortical region distant from the area where a single cortical stimulation is applied (Matsumoto et al., 2004). Its primary role is to estimate the functional connectivity of multiple brain regions by evaluating the reactivity in a cortical region adequately distant from the stimulation site. In previous connectivity studies, responses in regions adjacent to the stimulation site were recognized as stimulus artifacts and tended to be excluded from the analysis (Matsumoto et al., 2005). Conversely, other studies have reported that CCEP responses in the vicinity of the stimulation site reflect local cortical excitability in patients with epilepsy (Enatsu et al., 2012; Iwasaki et al., 2010; Kobayashi et al., 2017; Matsumoto et al., 2005). The CCEP waveform comprised an early negative peak (N1) and a late negative peak (N2). The amplitude of N1 in the cortical regions adjacent to the stimulation electrodes can vary depending on the excitability of the stimulation site. A higher amplitude results when stimulating the seizure onset zone than when stimulating regions not associated with ictal onset (Iwasaki et al., 2010; Matsumoto et al., 2005). This tendency was independent of epileptic foci location.

It should be noted that the cortical excitability obtained by electrical stimulation reflects not only excitatory, but also inhibitory activity. Kobayashi et al. demonstrated that high frequency activity overriding the N1 peak of CCEP is enhanced in SOZ while decreased in N2 (Kobayashi et al., 2017). This characteristic response to electrical stimulation is comparable to the excitatory synchronous neural firing followed by inhibitory activity observed in interictal epileptic discharges (Alarcón et al., 2012). We assumed that the early component of the CCEP recorded in the immediate vicinity of the stimulation site primarily reflected local cortical excitatory activity. This large and early potentials of the CCEP are primarily accounted for by volume-conducted potentials (VCP), which are generated at the stimulation site and attenuated with distance (Shimada et al., 2017). We focused on the power of the VCP and attempted to quantify it as a parameter of excitatory activity.

In this study, we hypothesized that epileptogenicity in patients with mesial temporal lobe epilepsy (MTLE) could be evaluated by increased GOR (i.e., decreased MSE) and increased CCEP reactivity in the vicinity of the stimulation site and even by their combination. We also aimed to spatially quantify the inhibitory and excitatory activities in the cerebral cortex during interictal periods based on the assumption that GOR and CCEP reactivity are indicators of cortical inhibition and excitation.



2 Materials and methods


2.1 Participants

The present study focused on patients with intractable epilepsy, aged 16 years and over, who underwent intracranial electrode implantation for diagnostic purposes. All participants underwent preoperative evaluations including head magnetic resonance imaging (MRI), nuclear imaging, and magnetoencephalography. Considering the neuroimaging examination results and long-term video-ECoG monitoring using intracranial electrodes, epileptic foci, surgical approaches, and resection boundaries were determined by a team of epileptologists during medical meeting discussions. From December 2018 to December 2020, 26 individuals underwent intracranial electrode implantation at the University of Tokyo Hospital. Of these, 12 were diagnosed with MTLE, of whom 11 underwent anterior temporal lobectomy, and hippocampectomy or multiple hippocampal resections. Participants who achieved seizure freedom for at least two years after surgery were included in the analysis, indicating that the seizure focus was undoubtedly included within the resection area. Before electrode implantation surgery, all participants completed the Wechsler Adult Intelligence Scale (WAIS), and those with a full-scale intelligence quotient (FIQ) less than 60 were excluded from further analyses to homogenize the neuropsychological background of the study population. Five participants who met our study criteria and completed two electrophysiological examinations during the electrode implantation period were finally included in this study. Table 1 presents the characteristics of the participants.


TABLE 1 Participant characteristics.
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2.2 Electrode locations

Grid- and strip-type subdural electrodes (Unique Medical, Tokyo, Japan) were implanted subdurally into the participants (Unique Medical, Tokyo, Japan). Each grid or strip comprised a silastic sheet embedded with platinum electrodes of either 1.5 mm or 3.0 mm diameter. The center of each electrode was aligned at 5 mm or 10 mm intervals within the sheet. The location and type of implanted electrodes were determined according to clinical necessity, depending on the suspected epileptic foci. Two participants had electrodes covering the left hemisphere, whereas three participants had electrodes on the right side. The electrodes covered the temporal tip, parahippocampal gyrus, mediobasal and posterobasal parts of the temporal base, and the lateral cortex of the temporal lobe in all participants. Three participants (participants 1, 2, and 3) had depth electrodes implanted in the hippocampus (the interval of the recording site was 5 mm). A head CT scan was performed the day after the electrode implantation surgery. To confirm the locations of the implanted electrodes, CT images were fused with preoperative T1-weighted MRI images to create a 3D model of the brain using volume rendering (Figure 1). This method was described in detail in our previous study (Nagata et al., 2022).
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FIGURE 1
Electrode location. The locations of implanted electrodes were overlayed on standardized individual brains. The electrodes in the region of surgical intervention are represented as red dots.




2.3 Quantitating GOR from the long-term video ECoG data

The increased regularity of gamma oscillations during the interictal periods can be quantified as a decreased MSE of the gamma frequency band. In this study, MSE was calculated from the interictal resting-state ECoG waveforms as follows: Long-term video ECoG recordings started the day after electrode implantation or later. The ECoG signals were digitally recorded in an electrically shielded room at a sampling rate of 2000 Hz using a 256-channels digital electroencephalogram (EEG-1200 Neurofax, Nihon Koden, Japan). Notably, we reduced the dose of anti-seizure medications during the study period. The reduced dose depended on the participant’s clinical course and seizure frequency (Table 1). From the recorded ECoG data, we extracted 60 min of the interictal period during non-rapid eye movement (NREM) sleep to highlight gamma oscillations, which were expected to be enhanced in correlation with interictal spikes during NREM sleep (Huberfeld et al., 2011; Moore et al., 2021). Moreover, 20 sets of ECoG segments of 20-s blocks were extracted pseudo-randomly for further analysis. We further calculated the entropy of each block using the following methods, and obtained the final results by averaging the 20 blocks. To exclude the impact of epileptic seizures, the analyzed period was set as seizure-free for at least 24 h.

The MSE enables cross-frequency analysis by combining the sample entropies for multiple frequency bands (Richman and Moorman, 2000). The sample entropy of each frequency band represents the complexity of the time series data at a specific frequency. To decompose the recorded ECoG data into a specific frequency and calculate the sample entropy, we introduced a constant defined as tau. The recorded ECoG was first down-sampled to 200 Hz, and then coarse-grained by the width of tau(tau ranges from 1 to 20). From the coarse-grained waveform for each tau value, the sample entropy corresponding to 200/tau Hz band was calculated according to the following procedure. For example, the sample entropy of a frequency band around 66.7 Hz could be calculated via a tau value of three. To calculate the sample entropy, a continuous vector M, with a length of m time points was derived from a coarse-grained waveform. For all probable pairs of Mi and Mj (i j), Chebyshev distances of the two vectors were calculated. The number of pairs whose Chebyshev distances were below a pre-determined threshold r was counted and divided by the number of all probable pairs of vectors M, which was defined as Cm(r).
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Cm + 1(r) can also be calculated using the vector length m+1. The sample entropy corresponding to a constant tau (SEtau(m,r)) was calculated as follows:
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Based on previous research concerning the MSE of ECoG in epileptic patients, we took two as the vector length m, and 0.2 as the threshold r (Sato et al., 2017).

Using the procedure described above, sample entropy values corresponding to the frequency band from 10 Hz (tau = 20) to 200 Hz (tau = 1) were derived in a stepwise manner. To estimate the MSE of gamma oscillations (30–70 Hz), we averaged the sample entropy corresponding to tau, from three (66.7 Hz) to seven (28.6 Hz) (Costa et al., 2002). A decrease in the MSE corresponds to an increase in the GOR, indicating enhanced synchronization of inhibitory interneurons.



2.4 CCEP recordings and analysis

CCEP recordings were performed for all participants in addition to routine video ECoG recordings. CCEP recordings were conducted after completing video ECoG recordings for diagnostic purposes at least 24 hours after the last epileptic seizure. For recording, the participants were seated on a reclining bed and instructed to remain awake and open their eyes. The participants continued to take their usual anti-seizure medications.

Adjacent pairs of implanted electrodes were used to apply electrical stimulation to the brain surfaces of the participants. Single-pulse stimulations consisted of a square wave of altering polarity with an amplitude of 8 mA and at a duration of 300 microsecond were delivered at a frequency of 1 Hz for a total of 30 times. The evoked waveforms were recorded for all electrodes except for the two used for stimulation. The CCEP was obtained by averaging 30 responses. We performed this operation for all electrodes by changing the stimulating pair and obtained evoked waveforms for each stimulation site. No clinical or subclinical seizures were observed during the experiment.

The derivation of CCEPs and the method used to evaluate their potential were as follows. The waveform obtained by a single electrical stimulation was cut from the start of the stimulation to 1000 ms after the stimulation (one epoch). Each stimulation pair contained 30 epochs of the waveform. Epochs with excessive noise were excluded from further analyses. For each epoch, the baseline period was set at 655–950 ms and the average was subtracted from the raw waveform. Instead of the pre-stimulus periods, we utilized the post-stimulus data as the baseline because the stimulus charge caused varying degrees of background potential shifts in each trial. CCEP waveforms were obtained by averaging the total number of epochs. The magnitude of the recorded potential in the target period was derived as the root mean square (RMS) of the waveform of the obtained CCEP waveform. The target period for analyzing the RMS was set from 5 ms to 300 ms from the start of the stimulation to include N1 and N2 and remove the impact of the stimulation current itself. This method follows the methodology of a previous study conducted in our laboratory (Shimada et al., 2017).

Shimada et al. showed that a significant portion of the responses measured by electrodes near the stimulation site was caused by the volume-conducted potential (VCP) of the large potential generated directly under the stimulation site (Shimada et al., 2017). In ECoG, the electrical conductivity of the volume conductor is considered constant. In this condition, the fundamental solution of Poisson’s equation and the current dipole model shows that the potential measured at a distant site from the current source decays in proportion to the inverse square of the distance (Zaveri et al., 2009). In this study, we assumed the center coordinates of the electrode pair used for stimulation as the stimulation center and the signal source, and analyzed the waveforms obtained from electrodes located within a radius of 20 mm from the signal source.

The total of N electrodes that satisfied the conditions presented above, φk represented the target RMS measured from an electrode Ek located at a distance of rk from the signal source (k represents any natural number from 1 to N). As the potential of the VCP decays with the inverse square of the distance, the potential φk can be converted to φRk at a virtual electrode defined as ER located at a distance Rfrom the signal source.
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To approximate the VCP recorded at the electrode ER, we calculated φRk for each electrode, and determined the average as follows:
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This facilitated a quantitative comparison of the magnitude of the VCP generated by stimulation at different cortical locations. In the present study, we set R to 10 mm from the stimulation center and used ∅R as a measure of CCEP in the vicinity of the stimulation site. In this study, ∅R equates to the CCEP reactivity.




3 Results


3.1 Gamma oscillation regularity measured by multiscale entropy

The sample entropy of each frequency band was calculated for all recorded electrodes, and averaged separately for the resection area and area outside the resection (Figure 2A). The resection area was defined as the region where the surgical procedures were performed. The gamma band was defined as tau ranging from 3 to 7, corresponding to frequencies between 66.7 Hz and 28.6 Hz. For all the participants, the sample entropy increased in a curved manner as the frequency decreased. The largest difference was observed in the gamma band.
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FIGURE 2
Sample entropy and multiscale entropy. (A) The sample entropy corresponding to each frequency band is shown on the vertical axis, with 200/tau Hz corresponding to a constant tau. Measurements in the resection area (RA: red lines) are compared with those outside of the resection area (gray lines). (B) Multiscale entropy (MSE) is compared on an electrode-by-electrode basis. (C) The averaged MSE in the RA is significantly lower than that outside the RA. (D) The Z-score of the MSE in each electrode is visualized on individual brains as color maps. The symbol *** indicates p-values of less than 0.05.


The average sample entropy for the gamma band, tau ranging from 3 to 7, was used to calculate the MSE for each electrode. For each participant, the MSE for each electrode location was compared, charted, and illustrated as a color map on a 3D model of the brain surface (Figures 2B, D). A decrease in MSE was observed from the temporal pole to the hippocampus and parahippocampal gyrus, while it tended to be maintained outside the resection area. The average MSE in the resection area was significantly lower in all participants (paired t-test, two-tailed, Figure 2C), indicating an increase in the GOR and enhanced synchronization of inhibitory interneuron activities. This tendency varied among the participants, with a particularly significant decrease observed in Participant 1.



3.2 CCEP reactivity

Representative waveforms of CCEP recorded near the stimulation site (Participant 2) are shown in Figure 3. The CCEP reactivity was calculated as the RMS during the target period and illustrated using a color map of the brain surface (Figures 4A, C). CCEP reactivity values obtained by electrical stimulation were assigned to each stimulation electrode pair. Participants 2, 3, and 5 showed conspicuously high CCEP reactivity values in the hippocampus and parahippocampal gyrus, suggesting increased excitability, whereas CCEP reactivity outside the resection area tended to be low. With the exception of Participant 1, statistically significant differences in CCEP reactivity were observed within the resection area compared to outside the resection area (paired t-test, two-tailed, Figure 4B).
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FIGURE 3
Representative waveforms of cortico-cortical evoked potential near the stimulation site (Participant 2). (A) Electrical stimulation was applied to the anterior pair of the mesial temporal lobe electrodes within the resection area (RA). Early and large components of the CCEP waveforms were observed around the stimulation site and attenuated with distance. (B) Electrical stimulation was applied to the inferior temporal gyrus located outside the RA. The CCEP response observed around the stimulation site is smaller than that within the RA.
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FIGURE 4
Cortico-cortical evoked potential reactivity. (A) Cortico-cortical evoked potential (CCEP) reactivity in the vicinity of the stimulation site is compared electrode by electrode. (B) The averaged CCEP reactivity in the resection area (RA) is significantly higher than that outside of the RA (except for Participant 1). (C) The Z-score of the CCEP reactivity of each electrode is visualized on individual brains as color maps. The symbol *** indicates p-values of less than 0.05.




3.2 Excitatory and Inhibitory (EI) index

To evaluate the relationship among epileptogenicity, MSE, and CCEP reactivity, the results were standardized and converted to within-participant Z-scores to align their scales. Figure 5 presents a scatter plot of the MSE on the horizontal axis and the CCEP reactivity on the vertical axis. According to this hypothesis, a lower MSE indicates increased inhibition, whereas a higher CCEP reactivity indicates increased excitation, both of which are indicative of epileptogenicity.
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FIGURE 5
The relationship between multiscale entropy and cortico-cortical evoked potential reactivity. The correlation between multiscale entropy (MSE) and cortico-cortical evoked potential (CCEP) reactivity is shown. Electrodes in the resection area (RA) are represented as red dots.


Using these Z-scoring parameters, we defined the EI index using the following formula:
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By combining these two parameters, we intended to evaluate the effects of both the inhibitory and excitatory activities to comprehensively evaluate epileptogenicity (Figures 6A, C). A significantly higher EI index was observed in the resection area than outside the resection area in all participants (Figure 6B). Next, we sorted the EI index in descending order, and defined the cutoff value as the rank above the number of electrodes in the resection area. Above the cutoff rank, the number of electrodes outside the resection area was counted to calculate the false-positive rate. The specificity of the EI index in predicting the actual resection area was demonstrated. The same procedure was performed for both MSE and CCEP reactivity by sorting the MSE in ascending order and the CCEP reactivity in descending order. Since only seizure-free participants following focal resection surgery were included in this study, we assumed that the epileptogenic zone was contained within the resection area. Thus, the specificity for predicting the resection area and that for predicting the epileptogenic zone can be treated equally. Although a relatively high specificity for predicting the epileptogenic zone was achieved using either MSE or CCEP reactivity, in all subjects except Participant 1, EI index was slightly more specific in predicting the resection area than either MSE or CCEP reactivity alone (Figure 6D).
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FIGURE 6
EI index. (A) EI index is compared electrode by electrode. (B) The averaged EI index in the resection area (RA) is significantly higher than that outside of the RA. (C) The Z-score of the EI index in each electrode is visualized on individual brains as color maps. (D) The EI index predicted the epileptogenic zone with higher specificity than either multiscale entropy (MSE) or cortico-cortical evoked potential (CCEP) reactivity alone. The symbol *** indicates p-values of less than 0.05.





4 Discussion


4.1 Summary

In this study, we aimed to spatially evaluate excitatory and inhibitory activities using two quantitative parameters. A decrease in MSE, indicating an elevation in the GOR, was observed around the EZ. As reported in previous studies, this response corresponds to the enhancement of inhibitory interneuronal activity mediated by GABA. However, in contrast, an increase in the CCEP reactivity near the stimulation site was observed in the narrower region surrounding the SOZ. Previous studies have indicated that this response may indicate excitatory cortical activity predominantly mediated by cortical pyramidal cell activation. Although these parameters could be used independently to predict epileptogenic regions with relatively high specificity, combining them further improved predictive accuracy.



4.2 Significance

Excitability refers to the intrinsic capability of neurons to generate action potentials in response to a given stimulus, a concept that includes both excitatory and inhibitory neuronal activity. Single-pulse electrical stimulation and transcranial magnetic stimulation have been applied to evaluate cortical excitability (Abbruzzese and Trompetto, 2002). Excitatory activity, on the other hand, refers to depolarizing activity of postsynaptic neurons mediated by excitatory neurotransmitters. Excitability and excitatory activity are, therefore, distinct concepts. For instance, it is known that neurons shift to hyperpolarization and overall excitatory activity is reduced during non-rapid eye movement sleep, while excitability to stimuli is enhanced (Usami et al., 2015). CCEP serves as an indicator of excitability by incorporating both excitatory and inhibitory activities, though these activities exhibit distinct temporal patterns. Kobayashi et al. demonstrated that high gamma activity associated with CCEP is elevated at the N1 peak and diminished at the N2 peak compared to the baseline (Kobayashi et al., 2017). This response reflects brief synchronous burst of pyramidal cells followed by prolonged suppression, suggesting a mechanism analogous to that observed in interictal discharges (Alarcón et al., 2012). Interictal epileptic discharges generates epileptic synchrony through intrinsic or synaptically driven synchronous excitatory activity of pyramidal cells (Hofer et al., 2022). It is also proposed that excitatory neuronal activity observed in the early stage of CCEP is akin to the intrinsic cortical activity of feed-forward input (Kunieda et al., 2015). These homologies suggests that the early response of the CCEP may also serve as an indicator of excitatory activity in the epileptic brain.

In this study, the difference in the spatial distribution of the two parameters was characteristic: enhanced CCEP reactivity was localized to a restricted region centered on the seizure onset region, whereas GOR elevation was observed in a broader region surrounding the SOZ. Previous studies on the GOR have postulated that during the interictal period, the brains of patients with epilepsy exhibit increased synchronization of inhibitory interneurons in the seizure-onset region. Conversely, desynchronization of interneurons is relatively preserved in the EZ surrounding the SOZ, with a moderate increase in the GOR during the interictal period (Sato et al., 2022; Sato et al., 2017). Their study proposed a model in which seizures were suppressed in the SOZ by inhibitory interneurons, mitigating the marked excitatory activity. They further hypothesized that excitatory activity exceeds inhibitory one when this fragile balance is disrupted, leading to preictal and ictal states. One aim of the present study was to derive this excitatory activity from an electrophysiological modality other than the GOR. In the present study, the CCEP reactivity was enhanced in a narrower region near the SOZ than in the region of GOR enhancement, which is consistent with the characteristics of excitatory activity in the aforementioned hypothesis. As discussed in the Introduction, although excitability is a concept that includes both excitatory and inhibitory activities, we assumed that excitatory activity was the primary component of CCEP reactivity near the stimulation site. The results of the present study supported our hypothesis, indicating the utility of CCEP reactivity as an indicator of local cortical excitatory activity in MTLE patients.

The results of this study also suggest that the EZ may be identified from ECoG findings during the interictal period. The EZ encompasses the area in which resection results in complete seizure cessation (Lüders et al., 2006). This concept is retrospectively defined based on seizure prognosis following focal resection, and there is currently no established method to accurately identify EZs based solely on preoperative evaluation. The gold standard for EZ localization is capturing ictal EEG or ECoGs through long-term recordings. However, this approach is burdensome for both clinicians and patients. Thus, a different method capable of accurately identifying the EZ based on interictal findings is needed.

High-frequency oscillations (HFOs) have previously been proposed as an indicator of cortical excitability and are expected to act as a biomarker for EZ (Zijlmans et al., 2009), but HFO-guided resection has not been shown to improve seizure outcomes (Gloss et al., 2017; Jacobs et al., 2018; Zweiphenning et al., 2022). Various modalities have been proposed as potential biomarkers for detecting EZs; however, no single method has been established to replace the gold standard.

The present study was designed based on the idea that combining multiple indicators related to cortical excitatory and inhibitory activity could provide greater accuracy in localizing EZs. Our results revealed inter-subject quantitative variations in GOR and CCEP reactivity within the resection area. For example, Participant 1 showed a significant increase in GOR but no significant change in CCEP reactivity; Participant 3 showed significant changes in both parameters; and Participant 4 demonstrated only mild changes in both parameters, but a clear increase in the EI index within the resection area. These findings indicate that the balance between excitatory and inhibitory activities varies, even within the same type of MTLE. Combining multiple indicators to evaluate heterogeneous pathologies as an imbalance in the EI interplay may assist in predicting the EZ with greater accuracy in MTLE.



4.3 Limitations

This study has several limitations. First, the variations in the responsiveness of each cortical structure to electrical stimulation should be considered. The CCEP reactivity of the SOZ was higher than that of the non-SOZ in both temporal and extra-temporal lobe epilepsy. In contrast, CCEP reactivity in the SOZ in patients with extratemporal lobe epilepsy is not higher than that in the temporal lobe cortex of non-SOZ in temporal lobe epilepsy (Iwasaki et al., 2010). This may be attributed to the distinct connectivity profiles between the medial temporal lobe and other cortices. Although we approximated from previous studies that the majority of CCEP reactivity recorded near the stimulation site were VCPs of excitatory activity arising from the stimulated cortex, we cannot exclude the influence of the connectivity profile from local and short-range cortical-subcortical projections. The influence of the local connectivity may vary depending on the anatomical site. This indicates the possibility that CCEP reactivity may be overestimated in the medial temporal lobe.

At this time, the results obtained are applicable only to the MTLE. Further investigations with a broader range of participants with greater variation in epileptic foci are required to determine whether the results of this study could be generalized to patients with extratemporal lobe epilepsy. However, we were compelled to limit our analysis to patients with MTLE because we were unable to secure a sufficient number of study participants with extratemporal lobe epilepsy. The small and biased sample size is the most significant limitation of the present study.

Second, this study focused only on patients with good seizure prognosis (Engel class 1). To estimate the accuracy of the EI index in predicting seizure prognosis in patients with MTLE, patients with a poor prognosis must also be included in future studies. However, the ground truth of the epileptogenic zone can only be clinically determined as “the area included in the resection zone of participants with good prognosis,” making it difficult to accurately define EZ in those with poor seizure prognosis. Anterior temporal lobectomy is a relatively standardized surgical procedure, in which the anterior temporal lobe is typically resected en bloc, even in the absence of epileptogenicity at the tip of the temporal lobe or uncus. Therefore, the true EZ may have been narrower than that defined by the surgical resection area in this study. The use of specificity, rather than sensitivity, as an evaluation metric in this study was due to these circumstances. Further refinement of the study design is necessary to determine whether the GOR and CCEP reactivity could influence the surgical prognosis of MTLE.

Third, the choice of the baseline period of the CCEP should be carefully considered. In the present study, we selected the 655–950 ms post-stimulus period as the baseline to minimize the influence of background potential shifts. However, it is important to note that prolonged responses lasting up to one second after electrical stimulation are also recorded in CCEP (Paulk et al., 2022), as well as delayed responses that have been reported in epilepsy patients, presumably reflecting excitability (Valentín et al., 2002). These responses may have potentially influenced the outcomes of this study via baseline selection.

Finally, it is important to consider that GOR and CCEP are not independent indicators that can directly and exclusively reflect inhibitory and excitatory neuronal activities. These conflicting activities are intrinsically inseparable in electrocorticography, in which the summation of the electrical activity of the neural cell population beneath the recording electrode can be obtained. The interplay between the activities of pyramidal cells and inhibitory interneurons should be confirmed through basic research at the cellular or local network levels.




5 Conclusion

In this study, using the ECoG recordings of patients with MTLE, cortical inhibitory activity was quantified using the GOR derived from MSE, whereas excitatory activity was assessed using CCEP responses in the vicinity of the stimulation site. The spatial relationship between the two parameters and the EZ was demonstrated, and the index combining both the GOR and CCEP reactivity exhibited high accuracy in predicting the EZ. Further studies are required to generalize the results to extra-temporal lobe epilepsy and to establish these two parameters as potential biomarkers for determining the EZ from interictal ECoG recordings.
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