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BACKGROUND Electrocorticography (EcoG) plays an essential role in the preoperative evaluation of epilepsy, despite its high invasiveness. Brain
temperature and cerebral hemodynamics also reflect brain activity. This study examined whether a multimodal multichannel probe that simultaneously
records EcoG, cortical temperature, and cerebral hemodynamics can contribute to improving the assessment of epileptic seizures. After preoperative
monitoring was performed in a patient with epilepsy, three generalized seizures and two focal seizures were observed.

OBSERVATIONS A short-term power increase in the alternating current spectrogram, high-amplitude slow waves in direct current potential, an
increase in cortical temperature, an increase in oxyhemoglobin (HbO2) concentration and total hemoglobin (HbT) concentration, and a decrease in
deoxyhemoglobin (HHb) concentration, followed by a decrease in HbO2 and HbT concentrations and an increase in HHb concentration, were observed
in generalized seizures. However, no changes in these pathophysiological signals were observed in focal seizures.

LESSONS Seizure-related changes regarding generalized seizures were consistent with the results of previous studies. The results of generalized and
focal seizures indicate that epileptic brain activity propagated from the epileptic focus in the right frontal lobe to the measurement area near the motor
cortex in generalized seizures but not in focal seizures.
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In the preoperative evaluation of epilepsy, electrocorticography
(EcoG) directly recorded from the cortical surface or brain paren-
chyma is a basic procedure,1,2 and it still plays an essential role3

despite its highly invasive nature.
However, it has become clear that epileptic brain activity can be

observed through various pathophysiological signals. The direct cur-
rent (DC) potential indicates brain activity below 0.5 Hz, which
shows gradual changes. Slow baseline shifts in DC potential associ-
ated with epileptic seizures were observed by subdural and scalp
recordings in a human study.4 In addition, brain temperature eleva-
tion due to epileptic seizures was observed by the simultaneous

measurement of EcoG and brain temperature in rats5 and mice.6

Near-infrared spectroscopy (NIRS) is a method used to obtain
changes in the concentration of oxyhemoglobin (HbO2), deoxyhemo-
globin (HHb), and total hemoglobin (HbT) using the transmission
property of near-infrared rays in living tissues. Concurrent EcoG and
NIRS measurements elucidated changes in cerebral hemodynamics
related to epileptic activity. Changes in cerebral hemodynamics
around the onset and end of epileptic seizures have been observed
in rats7 and children.8 Furthermore, NIRS helped identify seizures
with subtle ictal electroencephalography (EEG) abnormalities, which
were missed during scalp EEG inspection in simultaneous scalp EEG
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and NIRS recordings.9 Thus, multimodal probes that simultaneously
monitor EcoG, cortical temperature, and cerebral hemodynamics
were considered to be effective for improving the assessment of epi-
leptic seizures.

However, there are several issues with the conventional studies.
Brain temperature and cerebral hemodynamics are known to fluctuate
in relation to epileptic seizures, but few have been measured directly
from the human brain surface. As for the change in brain temperature,
both temperature elevation and reduction were described in previous
studies. Brain temperature elevation due to epileptic seizures has been
observed in rats5 and mice.6 However, another study suggested the
possibility of a decrease in brain temperature in humans, in contrast to
rats.10 In addition, hemodynamic changes induced by epileptic seizures
vary among studies. Some studies observed an increase in HbO2 and
HbT with a decrease in HHb in rats11 and in patients with epilepsy.12

Other studies reported that cerebral hemodynamics alternated between
an increase in HbO2 accompanied by a decrease in HHb and a
decrease in HbO2 accompanied by an increase in HHb around the
onset of a seizure and returned to the baseline in epileptic rats7 and
patients with epilepsy.8,13

In a previous study, the pathological neural activity in patients
with epilepsy during surgery and ruptured aneurysmal subarachnoid
hemorrhage of the postoperative state was monitored using the pro-
posed probe.14 In this study, preoperative monitoring was performed
in a patient with epilepsy who also had cortical dysplasia using the
proposed probe, and the changes in the EcoG, cortical temperature,
and cerebral hemodynamics during focal seizures (FSs) and gener-
alized seizures (GSs) were clarified.

Illustrative Case
Fabrication of Multimodal Probe

The proposed probe was designed to measure EcoG, cortical
temperature, and cerebral hemodynamics simultaneously, with an
outer shape similar to that of the strip electrode, commonly used in
neurosurgery, as shown in Fig. 1A. The dimensions of the probe
head are 10 cm (length), 8 mm (width), and 0.7 mm (maximum total
thickness). Flexible printed circuit technology was used so that the
probe head had a suitable thickness for subdural implantation, and
the probe could be mass produced for disposable use.

The proposed probe measures each modality in six channels.
For the EcoG measurement, six 3-mm-diameter platinum electrodes
were arranged at 1-cm intervals. For cortical temperature, negative
temperature coefficient thermistors (ERTJZEG103FA, 10 kV at
25°C, 0.6 � 0.3 � 0.3 mm; Panasonic) were mounted next to the
EcoG electrodes. For cerebral hemodynamics, two types of infrared
light-emitting diode (LED) bare chips that emit different wavelengths
(C770–40P for 770 nm and C810–40P for 810 nm, 0.4 � 0.4 �
0.25 mm; Epitex) and a photodiode (PD) bare chip that works as a
receiver of the emitted near-infrared rays (PD2501, 1.3 � 3.1 �
0.3 mm; Epitex) were used. The change in hemoglobin concentra-
tion was determined through NIRS. In addition, to measure the
changes in the hemoglobin concentration in the same cortical
region as the EcoG and cortical temperature, these LEDs and the
PD were located on either side of the platinum electrode along with
a thermistor for each channel (Fig. 1B).

After the assembly of the circuit was completed, all electronic compo-
nents were sealed with nontoxic transparent silicone. Then, all the com-
ponents and substrates, except for the EcoG electrode, were coated
with a 10-mm-thick Parylene-C layer. These procedures improved the

insulation and biocompatibility during chronic implantation and removed
the acute toxicity from the surface of the proposed probe.

Preoperative Monitoring of Epilepsy Resection Surgery
The patient was a 31-month-old female with epilepsy accompa-

nied by cortical dysplasia in the right frontal lobe. The measurement
was performed before the epilepsy resection surgery. Subdural
electrodes used for diagnosis were implanted in the right frontal
lobe to cover the epileptic focus, whereas the multimodal probe
was installed near the right motor cortex to avoid any interference
with the diagnosis, as shown in Fig. 1C and D. The subdural elec-
trodes were monitored using a video EEG monitoring system
(EEG-1200A, Nihon Kohden Co., Ltd.) with a sampling frequency of
2 kHz. For the data acquired from the multimodal probe, two EEG
amplifiers (EBM-1016, Unique Medical Co., Ltd.) were connected to
the EcoG electrodes in parallel to record the alternating current
(AC) and DC potentials. For the DC potential, the EcoG signals
were passed through a 1-kHz low-pass filter. The filtered EcoG,
thermistor signal, NIRS signal, and another pathophysiological sig-
nal (electrocardiogram) were simultaneously collected at a sampling
frequency of 200 Hz by two digitizers (AIO-163202FX-USB, Contec
Co., Ltd.). These pathophysiological signals were stored on a com-
puter using data acquisition software (LabDAQ5-CT Multi, Matsu-
yama Advance Co., Ltd.). For the AC potential, the EcoG signals
were collected at a sampling frequency of 2 kHz using a physiologi-
cal data acquisition device (PowerLab 8/35, AD Instruments) and
were recorded using software (LabChart 8, AD Instruments). Moni-
toring was conducted for approximately 55 hours, during which AC,
DC, thermistor, and NIRS signals were recorded simultaneously.

Postmonitoring Processing
Seizure onset was determined by a clinical neurophysiology

technologist on the basis of the video EEG data. The DC potential
was extracted from the EcoG signal using a 0.01-Hz low-pass filter.
The thermistor and NIRS signals were calculated using a method
described in a previous study.14 A Butterworth high-pass filter was
adapted to the DC, thermistor, and NIRS signals to remove arti-
facts. Their cutoff frequencies were 0.0025, 0.001, and 0.0025 Hz,
respectively. Conversely, each value from the DC, thermistor, and
NIRS signals was subtracted by each baseline to show signals
without the Butterworth filter on a scale similar to the filtered sig-
nals. The baseline of the DC and NIRS signals was considered as
a median from 10 to 5 minutes before the onset. However, a
median ranging from 2.5 minutes before the onset to 2.5 minutes
after the onset was used as a baseline in the thermistor signal
because a change in cortical temperature related to an epileptic sei-
zure is extremely minimal compared with the baseline fluctuation.
After these procedures, the calculated thermistor signals were
smoothed using the moving average of a 10-second time window to
further refine the quantization steps of the waveform caused by the
resolution of the thermistor signal converter. Calculations and signal
processing were performed using MATLAB (version 9.5).

Results
Three GSs (GS1–3) and two FSs (FS1 and FS2) were observed

during the monitoring. The changes in AC spectrogram, DC, cortical
temperature, and cerebral hemodynamics for GS1, GS2, and GS3,
which were obtained through the multimodal probe and processed
using the Butterworth filter, are shown in Figs. 2–4. The changes in
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FIG. 1. Microphotographs of the multimodal probe and radiographic images after the electrode implantation surgery. A: Probe head has six channels,
which measure EcoG, cortical temperature, and cerebral hemodynamics.White arrows show the distribution of ch1–6. B: Enlarged view of the yellow dot-
ted area. Each channel is composed of a platinum electrode, LEDs, a PD, and a thermistor.White arrows indicate the path of infrared rays from the LEDs
to a PD for cerebral hemodynamics and the number corresponding to that channel. Frontal view (C) and lateral view (D) of radiographic images. Subdural
electrodes used for diagnosis were installed around the epileptic focus in the right frontal lobe, whereas a multimodal probe was placed near the right
motor cortex to avoid interference with the diagnosis. The area around the proposed probe is indicated by the yellow dotted square and magnified in the
lower right corner of each figure.
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the pathophysiological signals obtained during FS1 and FS2 and
processed using the Butterworth figure are shown in Fig. 5. These
pathophysiological signals are displayed for 10 minutes, which
ranges from 5 minutes before onset to 5 minutes after onset. The
time corresponding to the seizure onset was set to t 5 0 and
highlighted with the green line marked “Onset” in Figs. 2–5.

For GSs, a change in the AC spectrogram obtained from
channel 1 (ch1) is shown at the top of Figs. 2–4. A short-term
power increase of 20 Hz or less was observed at the onset of GS1

and GS3. However, no obvious change in power was observed
for GS2.

The change in DC is shown in the second row of Figs. 2–4.
DCs measured from ch1, ch2, ch3, ch4, ch5, and ch6 are indicated
as red, pink, yellow, light green, light blue, and blue lines, respec-
tively. A series of high-amplitude slow waves was observed in all
the seizures. The change in DC lasted for more than 2 minutes in
all seizures and began approximately 30 seconds before the onset
of GS1 and GS3.

FIG. 2. Changes in the AC spectrogram, DC potentials, cortical temperatures, and cerebral hemodynamics
for GS1. In the trace of cerebral hemodynamics, the changes in HbO2, HHb, and HbTare indicated as red,
blue, and black lines, respectively. A short-term power increase in the AC spectrogram, a series of high-
amplitude slow waves of DC, a decrease in cortical temperature followed by an increase in the cortical tem-
perature, an increase in HbO2 and HbT with a decrease in HHb, followed by a decrease in HbO2 and HbT
with an increase in HHb, and a return to the baseline were observed.
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Changes in the cortical temperature are displayed in the third
row of Figs. 2–4. Cortical temperatures measured from ch1, ch2,
ch3, ch4, ch5, and ch6 are indicated as red, pink, yellow, light
green, light blue, and blue lines, respectively, similar to the DCs. An
increase in cortical temperature was observed in all the GSs. How-
ever, an initial decrease followed by an increase in the cortical tem-
perature was observed for GS1 and GS2. The waveforms of the
cortical temperature were consistent across all the channels.

Changes in the cerebral hemodynamics were displayed in order
from ch1 to ch6, from the fourth row to the ninth row in Figs. 2–4.
The changes in HbO2, HHb, and HbT are indicated as red, blue,

and black lines, respectively. The waveforms of HbO2, HHb, and
HbT are disturbed in the case of GS3. However, an increase in
HbO2 and HbT with a decrease in HHb, followed by a decrease in
HbO2 and HbT with an increase in HHb, and a return to the base-
line were observed in all the GSs. These changes started approxi-
mately 30 seconds before the onset in GS1 and GS2.

For FSs, the changes in the pathophysiological signals were not
observed using the multimodal probe (Fig. 5).

Changes in DC, cortical temperature, and cerebral hemodynamics
for GS1, GS2, GS3, FS1, and FS2, without the Butterworth filter, are
presented in detail in Supplemental Figs. 1–5, respectively, similar to

FIG. 3. Changes in the AC spectrogram, DC potentials, cortical temperatures, and cerebral hemodynamics
for GS2. In the trace of cerebral hemodynamics, the changes in HbO2, HHb, and HbTare indicated as red,
blue, and black lines, respectively. Although no obvious increase in power could be observed in the AC spec-
trogram, a series of high-amplitude slow waves of DC, a decrease in cortical temperature followed by an
increase in cortical temperature, an increase in HbO2 and HbT with a decrease in HHb, followed by a
decrease in HbO2 and HbT with an increase in HHb, and a return to the baseline were observed.

J Neurosurg Case Lessons | Vol 3 | Issue 10 | March 7, 2022 | 5

http://thejns.org/doi/suppl/10.3171/CASE21694


Figs. 2–4. Although there was a baseline fluctuation, seizure-related
changes in DC, cortical temperature, and cerebral hemodynamics
were observed without the Butterworth filter in GSs (Supplemental
Figs. 1–3). No change in these pathophysiological signals was
observed in FSs (Supplemental Figs. 4 and 5), similar to filtered sig-
nals obtained during FSs. In addition, it could be considered that the
filtered signals contain seizure-related changes and the Butterworth fil-
ter successfully emphasized seizure-related changes by comparing fig-
ures processed using the Butterworth filter (Figs. 2–5) with figures
processed without the Butterworth filter (Supplemental Figs. 1–5).

Discussion
Observations

A short-term power increase was observed in the AC spectrogram
for GS1 and GS3. This power increase indicates that an epileptic dis-
charge was obtained from the proposed probe. However, no evident
change was noted for GS2. This could be because the epileptic dis-
charge did not propagate to the measurement area in GS2, as the
developed probe was not placed in the vicinity of the epileptic focus.

As a change in DC, a slow potential composed of upward or
downward fluctuation of 0.0025–0.01 Hz was observed. This result

FIG. 4. Changes in the AC spectrogram, DC potentials, cortical temperatures, and cerebral hemodynamics
for GS3. In the trace of cerebral hemodynamics, the changes in HbO2, HHb, and HbTare indicated as red,
blue, and black lines, respectively. A short-term power increase in the AC spectrogram, a series of high-
amplitude slow waves of DC, and an increase in cortical temperature were observed. Regarding the cerebral
hemodynamics, although the waveforms were disturbed, waveforms similar to an increase in HbO2 and HbT
with a decrease in HHb, followed by a decrease in HbO2 and HbT with an increase in HHb, and a return to
the baseline were observed.
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was similar to the “DC shift,” which is defined as slow potential and
composed of an upward or downward phase of 0.016–0.03 Hz that
lasts at least 3 seconds.4

The brain temperature is maintained by balancing the heat pro-
duction and removal within the brain. Heat is produced by oxygen
consumption and removed by the cerebral blood flow (CBF).15 In
this study, an increase in the cortical temperature was noted in all
the seizures. This temperature elevation is similar to the result of a
study which found that the activation of neural metabolism related
to epileptic seizures increases the cortical temperature in epileptic
rats induced by bicuculline methiodide.5 In addition, it was found
that the elevation of brain temperature accelerates the epileptic dis-
charge in an epileptic mouse model induced by kindling stimuli.6

However, in the case of the GSs, GS1 and GS2, the cortical tem-
perature slightly decreased before it increased. It could be consid-
ered that the decline in the cortical temperature may have been
caused by the increased CBF. In humans, the brain temperature is
higher than the core body temperature.16 Moreover, the increased
CBF caused by epileptic seizures decreases the brain temperature
in case of no heat exchange with the environment.17

As for the change in the cerebral hemodynamics, the change in
HbT reflects the local cerebral blood volume,7 and the changes in
HbO2 and HHb are determined on the basis of balance between the
oxygen consumption and CBF, which carries hemoglobin.18 Change in
cerebral hemodynamics consisted of two phases: (1) an increase in
HbO2 and HbT with a decrease in HHb and (2) a decrease in HbO2

FIG. 5. Changes in the AC spectrogram, DC potentials, cortical temperatures, and cerebral hemodynamics
during FSs. Left and right figures show changes in pathophysiological signals for FS1 and FS2, respectively.
No changes in the pathophysiological signals were recorded with the multimodal probe.
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and HbT with an increase in HHb. These changes were similar to
those observed in the patients with epilepsy.13 An increase in HbO2

and HbT accompanied by a decrease in HHb indicates that HbO2 was
carried to the brain by an increase in CBF in response to the
increased oxygen consumption due to epileptic seizures.7,8 Conversely,
a decrease in HbO2 with an increase in HHb suggests that the oxygen
consumption could be increased and could not be sufficiently compen-
sated by the increased CBF.13,19

Although no obvious change in the AC spectrogram was
observed in GS2, seizure-related changes in DC, cortical tempera-
ture, and cerebral hemodynamics were observed in all GSs. How-
ever, changes in these pathophysiological signals have not been
observed in FSs. These results indicate that epileptic brain activity
propagated from the epileptic focus in the right frontal lobe to the
measurement site near the motor cortex, far from the epileptic focus
in GSs, but not in FSs. These were consistent with the diagnostic
outcomes of the GSs or FSs.

As for clinical follow-up, one of the cortical tubers responsible for
the seizure was resected along with the surrounding epileptogenic
zone, which was defined by video EEG monitoring. Postoperatively,
the patient was seizure free for the first half year; however, due to
another cortical tuber, a focal onset seizure was restarted. No
adverse event related to the present study was detected.

Lessons
The multimodal probe obtained changes in EcoG, cerebral

hemodynamics, and cortical temperature related to GSs, and these
changes were consistent with the previous studies. However, these
seizure-related changes were not observed in FSs. This result was
concordant with the diagnostic outcomes of the GSs or FSs. In
addition, for a single GS, the proposed probe obtained changes in
DC, cortical temperature, and cerebral hemodynamics, even though
no evident change in AC was observed. This result indicates that
the proposed probe minimizes the risk of missing a seizure by mea-
suring multiple signals simultaneously. The limitations of this study
are the probe location and the number and age of participants. The
epileptic focus was located in the right frontal lobe, whereas the
developed probe was installed near the right motor cortex so as not
to interfere with the diagnosis. The measurements from the vicinity
of the epileptic focus are required to observe the change in patho-
physiological signals at the epileptic focus. In addition, the partici-
pant in this study was only one pediatric patient. Measurements
from participants of other ages may yield different observations due
to the difference in the degree of the development of the brain. Fur-
ther studies with larger numbers of participants of different ages are
required for a more in-depth analysis of the changes in the patho-
physiological signals associated with epileptic seizures and to dem-
onstrate the clinical significance of the proposed probe.
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