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Induced high gamma activities (HGA) in response to single-pulse electrical stimulation
for evaluation of epileptogenicity
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Fig.1 CCEP/Induced HGA measurement and analysis. A: Subdural electrodes of a representative case (Pt.

1) are non-linearly co-registered onto the MNI standard space (ICMB-152). B: ECoG recording
during the investigation. In the daytime, a 1-Hz single-pulse electrical stimulation (alternating
polarity) was applied to several pairs of electrodes to map connectivity. C: ECoGs were off-line
averaged time-locked to the stimulus (analysis window: -300 to +700 ms). In each patient, one or
two stimulus sites away from the epileptic focus were selected for the sleep study, based on the
presence of discrete CCEP responses in adjacent and/or distant regions (awake: W, light sleep: L,
slow wave sleep: S, stage REM [rapid eye movement]: R). Only the response sites showing the
most discrete N1 (first sharp component) and N2 (second slow component) responses, ie. the
maximum site of the adjacent and remote CCEP fields, were chosen for analysis sites. D: Five
indices were used for the analysis. Each index is highlighted by a rectangle: CCEP sizes (area
under the curve) of N1 and N2 (N1,,., and N2,,..); Induced HGA appearing at N1 peak (N1,;) and
extrema followed by Nlys (N2yg min and N2y n..). Modified, with permission, from Figure 1 of
Usami K, et al. 2015.
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Fig. 2 Dynamic modulation of CCEP/Induced HGA by sleep. A: Stimulus (midpoint of the electrode pair:

O) and analysis () sites from all patients were coregistered onto the MNI standard space. Those
in the right hemisphere were flipped to the left hemisphere for display purposes. Each stimulus site
and corresponding analysis sites are shown in the same color. B: Representative CCEP waveform
and induced HGA across sleep stages. C: Modulation of CCEP indices during sleep (N=45 for W, L,
and S, N=43 for R). Relative values of each index (sleep [L, S, and R] in reference to W) are
indicated by box plots (a central line in the box indicates the median of the data and the lower and
upper boundary of the box are at the 25% and 75% quantiles of the data). The vertical lines
(whiskers) extend to the most extreme data value within 1.5 times the height of the central box.
Those outside this range were considered outliers (+). *Statistically significant at P<0.05, Wilcoxon
signed-rank test, corrected by false discovery rate (FDR)<0.05. Note that many indices began to
show different values once the patients fell into non-REM sleep. Except for N2y ., all indices
tended to return to the value close to W when the sleep stage reached R, although induced HGA
(N1ye and N2y ) remained significantly different. D: Partial correlation between N1, and Nl
during sleep (correlation that is calculated after effects of the other three indices were removed).
*Statistically significant at P<0.05, corrected by FDR<0.05. N1y, has significant partial correlation
with N1,,., throughout all stages. Modified, with permission, from Figure 2 and 3 of Usami K, et al.
2015.
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Fig. 3 Modulation of intralobar connectivity and excitability during sleep. A: The mode of modulation was

compared between the frontal lobe (stimulus and analysis sites in the frontal lobe: N = 11) and
other lobes (N = 13). B: Representative CCEP waveform and induced HGA in the frontal (superior
frontal gyrus [SFG] of Pt. 2) and parietal (the supramarginal gyrus [SMG] of Pt. 3) lobes. C:
Values relative to W were calculated in the sleep stages (L, S, R) for N2y .., and compared
between the frontal lobe and the non-frontal lobes. In each sleep stage, the left column denotes
values of the frontal sites and the right column denotes values of the non-frontal sites (N = 11 in L,
S, R for Frontal sites; and N = 13 in L, S and N = 11 in R for non-frontal sites). *Statistically
significant at P<0.05, Mann-Whitney U test, corrected by FDR = 0.05. The direction of the change
was opposite: increase in frontal sites and decrease in non-frontal sites, which suggests rebound
excitability following inhibition is a characteristic of the frontal lobe. The other conventions
including the box plots are the same as for Figure 2. Modified, with permission, from Figure 4 of
Usami K, et al. 2015.
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Fig. 4 CCEPs/HGASCCEP and the power changes of HGAy x; in a representative MTLE case

A: On a 3D MRI in a representative patient with left mesial temporal lobe epilepsy, subdural
electrodes are plotted as white or gray circles. The SOZ and nSOZ areas are shown in light red
and light blue, respectively. The stimulating pairs of electrodes are plotted as white circles and the
target electrodes for CCEP responses are shown in dark red (SOZ) and dark blue (nSOZ),
respectively. B: Time-frequency representations of CCEP (induced HGAs) by using the short-time
Fourier Transform (STFT) are shown. The vertical line corresponds to the time of SPES (white
arrowhead). The frequency range is from 40 to 600 Hz for display purposes. The averaged
logarithmic power spectrum in reference to the baseline was calculated. Increase of power is
indicated in red and decrease in blue. We displayed the STFT results in a time window of 450 ms
(from 50 ms before to 400 ms after the stimulus onset). C: CCEP recorded from the electrode in
the SOZ are shown. D: Induced HGA recorded from the same electrode in the SOZ is presented.
Abbreviation: CCEP, cortico-cortical evoked potential; SPES, single pulse electrical stimulation; SOZ,
seizure onset zone; nSOZ, non-seizure onset zone; HGA, high frequency activity; STFT, short-time
Fourier Transform; MTLE, mesial temporal lobe epilepsy; R, ripple; FR, fast ripple.
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Fig. 5 A: Averages of the power values for both frequency bands for 4 groups: HGAy x; in SOZ and

HGAy x2 in nSOZ. In both SOZ and nSOZ groups across the 2 frequency bands, HGAy, showed a
power increase and HGAy, a power decrease (sign test, p<0.05). The R and FR power values
differed significantly between HGAy; and HGAy, for SOZ and nSOZ. The degree of HGAy, power
increase was significantly larger in the SOZ group than in the nSOZ group in the R and FR bands.
An asterisk indicates a significant difference between the two groups (p<0.05).
B: Subanalyses to compare mesial temporal lobe (MTL) structures and neocortical (nMTL)
structures. In MTL, the degree of HGAy, power increase was significantly larger in the SOZ group
than in the nSOZ group in the R and FR bands. In nMTL, the degree of HGAy, power increase
tended to be larger in the SOZ group than in the nSOZ group in the R and FR bands. In the SOZ,
the degree of HGAy, power increase in the MTL was significantly larger than in the nMTL for the
R bands. In the nSOZ, the MTL structures showed significant increase in the HGAy, power for
both the R and FR bands compared with nMTL structures. An asterisk indicates a significant
difference between the two groups (p<0.05). Abbreviation: MTL, mesial temporal lobe; nMTL, non-
mesial temporal lobe. Other conventions are the same as for Figure 4.
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Correlates Of Cortico-Cortical Evoked Potentials

Summary

Induced high gamma activities (HGA) in response to single-pulse electrical stimulation
for evaluation of epileptogenicity

Riki Matsumoto, Katsuya Kobayashi, Kiyohide Usami, Masao Matsuhashi,
Takayuki Kikuchi, Kazumichi Yoshida, Takeharu Kunieda, Akio Ikeda

How to accurately identify seizure onset zone has been explored for the treatment of
intractable partial epilepsy. Derived from the methodology of cortico-cortical evoked potential
(CCEP), we proposed and developed high-gamma activity (HGA) induced by single-pulse
electrical stimulation (SPES) as an index that reflects cortical excitability or neuronal
synchrony to an exogenous cortico-cortical input. We applied this induced HGA method to
investigate the physiological change of cortical excitability during sleep and evaluated its utility
as a surrogate marker of epileptogenicity. We recruited patients with intractable partial
epilepsy who underwent chronic subdural electrode implantation. CCEPs and the power of
induced high-gamma activities were dynamically modulated by sleep. REM sleep was an
intermediate state between wakefulness and non-REM sleep stages. While induced high gamma
activity was immediately suppressed in all lobes, the frontal lobe showed a rebound power
increase, namely, rebound neuronal synchrony, that was significantly more intense than other
lobes. This frontal lobe property would account for nocturnal seizures in frontal lobe epilepsy.
Compared with the cortices outside the epileptic focus, those within the focus showed
significantly more intense high gamma power increase. SPES-induced high-gamma activity
would be used as an interictal surrogate biomarker of epileptogenicity.

Ann.Rep.Jpn.Epi.Res.Found. 2017 ; 28 : 65-76
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