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ORIGINAL RESEARCH

Steady-State Cortico-cortical Evoked Potential

Masayasu Arihara,* Rei Enatsu,* Satoko Ochi,* Ayaka Sasagawa,* Tsukasa Hirano,* Tomoyoshi Kuribara,*
Shoto Yamada,T Yusuke Kimura,* Masao Matsuhashi,¥ and Nobuhiro Mikuni*

*Depar‘cment of Neurosurgery, Sapporo Medical University, Sapporo, Japan; "Division of Clinical Engineering, Sapporo Medical University Hospital, Sapporo,
Japan; and *Human Brain Research Center, Kyoto University Graduate School of Medicine, Kyoto, Japan.

Purpose: The present study evaluated the utility of the steady-
state responses of cortico-cortical evoked potentials (SSCCEPs)
and compared them with the responses of conventional CCEPs.

Methods: Eleven patients with medically intractable focal
epilepsy who underwent the implantation of subdural
electrodes or stereoelectroencephalography were enrolled.
Conventional CCEPs were obtained by averaging responses to
alternating 1-Hz electrical stimuli, and 5-Hz stimuli were
delivered for recording SSCCEPs. The distribution of SSCCEPs was
assessed by a frequency analysis of fast Fourier transform and
compared with conventional CCEPs.

voked potentials have become an important tool not only for

Eunderstanding human brain functions but also for intra-
operative monitoring in brain surgery. The conventional form
is a transient evoked potential recorded in response to an
isolated discrete stimulation. To achieve this isolation, the
interstimulus interval needs to be sufficiently long to separate
stimuli from each other and delivered at the independent
baseline. This evoked potential is generally identified by
averaging responses. In contrast to transient evoked potentials,
harmonic changes in amplitude and phase may also be induced
in response to a fixed-rate train of stimuli.'"* At a high
frequency of stimulation in which the interstimulus interval is
shorter than the duration of the response, responses to
individual stimuli overlap and become oscillatory activities.*
Because the responses to these periodic stimuli have a stable
amplitude and phase over time, they are termed steady-state
evoked potentials. Steady-state evoked potentials have been
used in visual evoked potentials,** auditory evoked poten-
tials,3-19-13 and sensory evoked potentials.!4-13

“Cortico-cortical evoked potential” (CCEP) is a technique
for tracing in vivo brain tracts.'® In this procedure, electrical
stimuli are applied directly to the cortex, and evoked
potentials generated via cortico-cortical fibers are recorded.
This method has been applied to delineate various brain
networks and may be used for the intraoperative monitoring
of language function.!”-!8

The aim of the present study was to evaluate the utility of
steady-state responses of CCEPs (SSCCEPs) and compare them
with the responses of conventional averaged CCEPs.
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Results: Steady-state responses of cortico-cortical evoked
potentials were successfully recorded in areas consistent with
conventional CCEPs in all patients. However, SSCCEPs were more
easily disturbed by the 5-Hz stimulation, and small responses had
difficulty generating SSCCEPs.

Conclusions: Steady-state responses of cortico-cortical evoked
potentials may be a useful alternative to conventional CCEPs.

Key Words: Steady-state, Cortico-cortical evoked potential,
Evoked potential, Brain network.

(J Clin Neurophysiol 2021;00: 1-9)

METHODS

Patients

Eleven patients (4 female patients, 6—43 years old) with
medically intractable focal epilepsy who underwent the
implantation of subdural electrodes (9 patients) or stereo-
electroencephalography (SEEG) (2 patients) at Sapporo Med-
ical University between February 2018 and August 2019 were
enrolled in the present study (Table 1). Seizure onset zones
and the sites of implantation are shown in Table 1. The present
study was approved by the Ethical Committee of the Sapporo
Medical University Graduate School of Medicine (No. 23-
161), and written informed consent was obtained from all
patients.

Implantation of Electrodes

Subdural electrodes were implanted in the lateral, mesial,
and basal aspects of each hemisphere in all patients. Grids
consisted of 2 or 4 rows, with each row containing 5 to 8§
platinum electrodes and a 10-mm center-to-center interelectrode
distance (Unique Medical Co, Ltd, Tokyo, Japan). Electrodes
were made of platinum with a recording diameter of 3 mm and
interelectrode distance of 1 cm.

The strip consisted of a single row of six electrodes in the
same configuration as that used for the grids.

Regarding SEEG implantation, targets and trajectories were
planned with iPlan 3.0 (BrainLAB, Feldkirchen, Germany).
Electrodes consisted of 10 cylindrical 2.3-mm-long platinum
contacts with a diameter of 0.89 mm (Ad-tech, Racine, WI). The
locations of the implanted electrodes were assessed using
presurgical three-dimensional reconstructed MRI coordinated
with postoperative high-resolution volumetric computed tomog-
raphy (slice thickness of 1 mm) to provide a visual correlation
between each electrode position and the corresponding cortical
area or deep structure.
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e E 15 mA for the subdural electrodes and 8 to 10 mA for SEEG
. E z electrodes. To confirm reproducibility, the 8- to 10-mA sessions
g = === |u were performed twice. Thereafter, 5-Hz electrical stimuli were
c % segfecge s s82|2 delivered to the same contacts for 10 seconds at 5 and 10 mA for
-% E|7 BT AT EmsRlE recording SSCCEPs (4 and 8 mA in patients 2 and 3,
S c—; = respectively). Conventional CCEPs were obtained using the
S E ‘?:: off-line averaging time locked to the stimulus onset. The
3 2 averaging time window was 400 msec with a 100-msec
e B prestimulus period. The baseline was set between —100 and
g3 | w COumummmmm | —1 ms. After averaging, the epoch distorted by the definite
N § a HHa CEEEEEE - artifact was discarded from the analysis. Forty responses were
T & 2 averaged in each session. A frequency analysis of SSCCEPs was
s : performed by fast Fourier transform over a range of 0 to 10 Hz.
R = Hanning windows and a 50% overlap ratio were used for fast
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5 g (SAS, Cary, NC, 2019). To investigate the relationship between
S 2 qAmeS@n gy o g conventional CCEPs and SSCCEPs, Fisher exact test was
o < e performed to test the null hypothesis that SSCCEP results were
w = independent of conventional CCEP results. At each electrode site
L - . . . .
Q3 - = examined, we obtained one of four possible outcomes using the
FIOl—amswvwonwo =~ two methods (conventional CCEP, SSCCEP): (+, +), (+, —),
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(=, +), or (—, —). Given the paired nature of conventional
CCEP and SSCCEP testing at each electrode site, a 2 X 2 table
was constructed in which each cell contained the number of
observed pairs of (conventional CCEP, SSCCEP) results. The
corresponding 2 X 2 table was then used in Fisher exact test of
the independence of conventional CCEPs versus SSCCEPs.
Amplitude of conventional CCEP was measured with electrodes
where (conventional CCEP, SSCCEP) was (+, —). Cortico-
cortical evoked potentials typically consists of an early negative
surface deflection termed N1 and a later slow wave called N2.
The amplitude of N1 was measured as the height of a vertical line
drawn from the negative peak of an early component. The
amplitude of N2 was measured as the maximum deflection
through the measurement. As a correlation coefficient, the phi
coefficient was calculated. Disturbed electrodes were excluded
from all calculations.

RESULTS

Steady-state responses of cortico-cortical evoked potentials
were safely and successfully recorded in all patients. No patients
had afterdischarges or clinical seizures because of the 5-Hz
electrical stimuli. Raw ECoG data revealed that the 5-Hz
electrical stimulation induced stable responses time-locked to
the stimulation pulses in both the subdural electrodes (Fig. 1C)
and the SEEG electrodes (Fig. 2C).

The fast Fourier transform analysis detected SSCCEPs after
a power increase to 5 Hz. Steady-state responses of CCEPs were
detected in the areas consistent with conventional CCEPs,
revealing intralobar and interlobar connections in lateral convex-
ity and basal temporal areas (patients 1-7).

In patients 1 and 4, conventional CCEPs and SSCCEPs were
observed in the frontotemporal lateral cortices and basal temporal
areas after the stimulation of the posterior superior temporal
gyrus (Figs. 1D, 1E, 2J, and 2K). Conventional CCEPs and
SSCCEPs were both detected with SEEG electrodes in the insula,
frontal/temporal operculum, hippocampus, and lateral temporo-
parietal cortices with the stimulation of the posterior temporal
operculum (patient 2: Figs. 2D and 2E) and supramarginal gyrus
(patient 3: Figs. 3G and H).

Conventional CCEPs revealed intralobar and interlobar
connections of the fronto-temporo-parietal lobes with the stim-
ulation of the posterior inferior frontal gyrus (patient 5: Fig. 3B),
superior parietal lobule (patient 6: Fig. 3E), and mesial temporal
area (patient 7: Fig. 3H). In these patients, SSCCEPs were
observed in a distribution that was consistent with conventional
CCEPs (Figs. 3C, 3F, and 31).

Furthermore, conventional CCEPs and SSCCEPs revealed
the lateral-mesial intrahemispheric connections of the parietal
(patient 8: Figs. 4B and 4C) and occipital lobes (patient 9: Figs.
4E and 4F), and interhemispheric connections from the lateral
occipital areas (patients 10, 11: Figs. 5B, 5C, SE and F).

Steady-state responses of cortico-cortical evoked potentials
were recorded in areas in which conventional CCEPs were
induced regardless of intralobar or interlobar connections or
medial-lateral intrahemispheric and interhemispheric connec-
tions. The distribution of SSCCEPs was consistent with

clinicalneurophys.com

conventional CCEPs in all patients. The null hypothesis of
independence between conventional CCEPs and SSCCEPs was
rejected for all cases (P < 0.001). However, in several electrodes,
SSCCEPs were detected in fewer contacts than conventional
CCEPs (C and D electrodes in patient 1; J electrode in patient 2;
A electrode in patient 3; and B and C electrodes in patient 5). In
these contacts, conventional CCEP waveforms were small. In
addition, recordings around the stimulation sites of SSCCEPs
were more easily disturbed than those of conventional CCEPs.
Phi, the correlation coefficient between conventional CCEPs and
SSCCEPs, was 0.787 = 0.118 (mean * SD). At electrodes at
which (conventional CCEP, SSCCEP) was (+, —), the N1
amplitude was 83.6 = 41.0 wV (mean = SD) and the N2
amplitude of conventional CCEPs was 108.0 = 76.6 nV
(mean * SD).

DISCUSSION

In the present study, SSCCEPs were successfully recorded
in all patients. The distribution of SSCCEPs was consistent with
conventional CCEPs. However, SSCCEPs were more easily
disturbed by the 5-Hz stimulation, and small responses with less
than 108 wV had difficulty generating SSCCEPs.

Steady-state responses have several advantages over con-
ventional transient evoked potentials, including a high signal-to-
noise ratio, shorter recording time, and the capacity to tag cortical
activity with a specific frequency of stimuli.!> Furthermore,
SSCCEPs are easier to visually detect and may be obtained
without off-line averaging. Previous studies reported the utility of
auditory steady-state responses for intraoperative monitor-
ing.!%13  Cortico-cortical evoked potentials have also been
applied for intraoperative monitoring to preserve language
function.!®!7 The present results indicate that SSCCEPs may
replace conventional CCEPs for more convenient intraoperative
monitoring; however, further studies are needed. Furthermore,
the physiologic brain commonly exhibits oscillatory activities,
and we speculate that SSCCEPs more closely simulate intrace-
rebral signal transfer than single-pulse CCEPs. Future studies are
warranted to establish whether SSCCEPs reflect an information
transfer system in the brain.

In CCEPs, distribution and amplitude are important evalu-
ation components. The consistency of distribution between
CCEPs and SSCCEPs suggests that SSCEPs are an alternative
to conventional CCEPs. However, the present study had several
limitations. Small-amplitude responses had difficulty generating
SSCCEPs. Steady-state responses are susceptible to the stimulus
frequency. At a sufficiently high stimulus frequency stimulation,
steady-state responses become sinusoidal; however, below this
stimulation rate, responses to individual stimuli retain some of
the features of the responses.* The wide spatial variety of CCEP
waveforms may cause spatial differences in SSCCEP responses.
Each contact may have a specific stimulus frequency appropriate
to SSCCEPs. Therefore, further studies are needed to establish
whether the 5-Hz stimulation is suitable for generating
SSCCEPs. Another limitation is the stimulus artifact. A high-
frequency stimulation makes stimulus artifact removal difficult.!”
The present study revealed that SSCCEP recordings around

Journal of Clinical Neurophysiology Volume 00, Number 00, Month 2021 3

Copyright © by the American Clinical Neurophysiology Society. Unauthorized reproduction of this article is prohibited.



M. Arihara, et al. Steady-State Cortico-cortical Evoked Potential

250uV -

T
D Al Al . 81 j 451Lf\;:_ Bl ‘ ?:H _ o1 | & ‘
\ I il : \ \
.| a | B2 K I3 ‘ xn 2| & ‘
-~ T e — b lr-v_v- T
\ ‘ P il : \ \
6 WiTTTTT - S b | o o | s
o W:__FA* _v__%_vé_
T E— H H . |
e J[/\\E Al J/\ 84 | ? -------- :m ‘ o o4 \ B ‘
X 77— “F’Q
O I N T A : il i \ T
A A5 s 15 o5 [ & ‘
- — X _L,.\J%M ]
__‘ _____ E i \ - LN [N, T | Ep—-—— -
“ | s | w77 E-ms-‘ """ o ‘ tow o “ |
e 5 o
i O w

3
T

-
il

N

N

e
N
ol

[~
@[
J ) A
i 2
L 10000
ho ’ 1o 9
A | X X
[ i" ¥ X ‘ " ¥ 0 10Hz

FIG. 1. Results in patient 1. A, Location of subdural electrodes and stimulation sites (black circles). B, Representative waveform of conventional cortico-
cortical evoked potentials. C, Raw ECoG data in the 5-Hz electrical stimulation at a single electrode. D, Waveforms of conventional cortico-cortical evoked
potentials. E, Frequency analysis of steady-state responses of conventional cortico-cortical evoked potentials. The distribution of conventional cortico-
cortical evoked potentials and steady-state responses of conventional cortico-cortical evoked potentials is shown by dashed squares and arrows,
respectively. Black circles and crosses indicate the stimulus sites and noisy channels, respectively.
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cortico-cortical evoked potential waveform and (C) raw ECoG data in the 5-Hz electrical stimulation recorded by a single
stereoelectroencephalography electrode in patient 2. The waveforms of cortico-cortical evoked potential in patient 2 (D), patient 3 (G), and patient
4 (J). Frequency analyses of steady-state responses of cortico-cortical evoked potentials in patient 2 (E), patient 3 (H), and patient 4 (K).
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patient 5 (B), patient 6 (E), and patient 7 (H). Frequency analyses of steady-state responses of cortico-cortical evoked potentials in patient 5
(C), patient 6 (F), and patient 7 (I).
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stimulus sites were more easily disturbed by stimulus artifacts. At
a high-frequency stimulation, subsequent stimuli may be deliv-
ered before fluctuations or artifacts induced by the stimulation
disappear, and, thus, the signal may be more strongly affected by
baseline fluctuations. The appropriate stimulus intensity to
prevent stimulus artifacts and record significant SSCCEP
responses is a subject for future study. In addition, previous
studies reported that steady-state responses may be affected by
attentional focus*?° and mental illness.?® The effects of the
mental status on SSCCEPs also need to be clarified for clinical
applications.

Despite these limitations, SSCCEPs may offer a useful
alternative to conventional CCEPs. The further accumulation of
cases is needed to establish appropriate stimulus parameters and
indications for this method.
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