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ABSTRACT A two-channel real-time intelligent electroencephalography (EEG) measurement system with
electrical and optical stimulations is presented for seizure detection and suppression. Based on software
control through a wireless interface, this system provides closed- and open-loop feedback control with
programmable waveform for electrical and optical stimulations. Matlab graphical user interface is used to
monitor the intracranial EEG, perform the algorithm for seizure detection, and adjust the required intensity,
frequency, duty cycle, and duration of electrical and optical stimulations. The whole hardware device is
embedded on a printed circuit board with the size of 27.3 mm x 23.6 mm. C57BL/6 mice with Thy1-ChR2-
YFP gene transfer and drug-induced seizure are used to demonstrate epileptic seizure suppression according
to electrical and optogenetic stimulation in the proposed wireless EEG measurement system.

INDEX TERMS Epilepsy, wireless EEG measurement system, electrical stimulation, optical stimulation,
ChR?2 transgene, drug-induced seizure, open/closed-loop control, programmable stimulation waveform.

I. INTRODUCTION
Epilepsy is a kind of neurological disorder caused by abnor-
mal discharging of brain neurons [1]. It has an incidence
rate of about 0.06% and a lifetime prevalence rate of about
0.76% [2], making it a common neurological disease [3]-[5].
Therapies using electrical or optical stimulations might
be the alternative solutions because ~20%-30% of people
with epilepsy remain refractory to conventional medical treat-
ment [6] and surgeries for epilepsy-associated tissue resection
are not effective for several epilepsy patients [7]. For elec-
trical neuro-stimulation, high- (=50 Hz) and low-frequency
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(0.5-5 Hz) intracranial stimulations are used to suppress
epileptic seizure in animal studies [8]-[10] and patient clini-
cal trials [11], [12]. Taking deep brain stimulation as an exam-
ple, high-frequency stimulation can desynchronize focal and
large-scale epileptic networks [13], whereas low-frequency
stimulation can induce long-lasting hyperpolarization for
seizure reduction [14] and decrease the discharges of inter-
ictal spiking [15].

Optical stimulation with implantation of opto-gene cells in
the brain has also been tested for epileptic seizure suppression
in recent years [16]. Under the illumination of light, exci-
tatory opsins such as Channelrhodopsin2 (ChR2) in trans-
genic cells can open a cation conductance. This response can
depolarize neurons and facilitate action potential generation,
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FIGURE 1. Block diagram of the proposed system.

which can suppress seizure for certain types of epilepsy [17].
Unlike electrical stimulation that affects a large area of tis-
sues, optical stimulation only forces transgenic neurons to
release neurotransmitters and does not affect normal neurons
during stimulation, that is, optical stimulation can provide
more precise means of brain stimulation and cause less
damage than electrical stimulation on nervous tissues. Fur-
thermore, the artifacts on the measured electroencephalog-
raphy (EEG) signals induced by optical stimulation are less
than those caused by electrical stimulation. Both advantages
of optical stimulation over electrical stimulation have been
proven by our previous work [18]. Nevertheless, potential
drawbacks of optical stimulation are the requirement of
transgenic cells in the brain, larger power consumption than
electrical stimulation, and the issue of heat deposited in
tissue [19].

Based on the above discussion, combining electrical and
optogenetic stimulation in one system seems reasonable [19].
The circuits for brain signal sensing should also be applied
to measure the EEG signals for verifying the effectiveness
of the stimulations. Most previous works contain one or
two functions among the three features, namely, electrical
stimulation, optical stimulation, and EEG recording. [20]
and [21] contain electrical recording and optical stimulation,
whereas [10] implements electrical stimulation and electri-
cal recording. [22] presents an arbitrary-waveform electro—
optical stimulator with load-adaptive supply controller and
wireless power/data communication implemented on the
printed circuit board (PCB). Similar to [22], [23] imple-
ments electrical and optical stimulators. In addition to the
stimulators and the EEG sensing circuit, an algorithm is
needed for the recognition of epileptic seizure if closed-loop
stimulation is applied. The graphical user interface (GUI) is
also required for the adjustment of parameters for electrical
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and optical stimulations, and control of stimulation when
performing open-loop stimulation. Furthermore, off-the-shelf
discrete components are more accessible to construct a sys-
tem for epilepsy detection and suppression. Nevertheless,
the system for epilepsy containing the mentioned optical and
electrical stimulations, EEG signal sensing, epileptic wave-
form recognition, and GUI using discrete components with
accessible firmware and software has not yet been proposed.
To fulfill the challenging requirements, a system including
the above functions on a 27.3 mm x 23.6 mm double-layer
PCB is presented in this paper. Compared with the previous
work [18], this paper overcomes the drawbacks in [18] includ-
ing low-output stimulated voltage less than 3.3 V, higher
power consumption because of using sigma-—delta analog-
to-digital converter (ADC), low epileptic seizure identifica-
tion without detection window in artificial intelligence (AI)
algorithm, and low gain with 27 dB in the analog front-end
that is insufficient for EEG signal acquisition. The proposed
system in Figure 1 can provide 20 V output stimulated voltage
in an animal study, a 12-bit successive approximation register
(SAR) ADC is used for the benefits of low power and mul-
tichannel EEG signal acquisition, a detection window after
classification is employed to enhance the accuracy of epilep-
tic seizure detection, and an amplifier with gain of 1000 is
used to improve the acquisition ability of low EEG signal.

The rest of the paper is organized as follows. Section II
introduces the proposed system architecture and its operation.
Section IIT describes the detailed implementation of each
functional block, including the GUI and the Al algorithm
with data processing realized by software codes. Section IV
demonstrates the operation and measurement results of the
proposed system on C57BL/6 mice with Thy-ChR2-YFP
gene transfer. Section V concludes the features and contri-
butions of this work.
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FIGURE 2. Matlab GUI for the proposed system. Left side: EEG signals, algorithm results, and state of the system. Right side: Settings for the screens,
parameter adjustments for electrical and optical stimulations, and the data directory and USB dongle COM port setting.

Il. SYSTEM ARCHITECTURE

Figure 1 shows the block diagram of the proposed sys-
tem. The system is composed of a two-channel analog-front
circuit (AFE) for EEG acquisition, optical stimulator,
one-channel electrical stimulator, and a module for Bluetooth
low energy (BLE) wireless data transmission. The custom
GUI and the algorithm are implemented on a laptop using
Matlab codes. The system on PCB is supplied by 3.8 V
60 mAh lithium battery and mounted on the head of a
transgenic mouse.

The system operation is described as follows. The
two-channel AFE circuit records the intracranial electroen-
cephalography (iEEG) signals from the left and right brain of
the mouse. These signals are converted into digital data by
the 12-bit SAR ADC in the BLE module. The digital data
are then transmitted in Bluetooth wireless communication,
which is received by the Bluetooth USB dongle on the laptop
and processed by the AI algorithm using Matlab codes for
epileptic seizure identification. If the operation is switched
to closed-loop mode on the GUI, then the electrical or optical
stimulation will be performed automatically when the seizure
is detected, which is beneficial for long-term monitoring.
If the system is switched to open-loop mode for the on-site
animal clinical trial, then the stimulation will be performed
manually instead.

Figure 2 displays the custom GUI with different functions
marked on the interface. Four screens on the left of the
interface exhibit the real-time data of the system. The top two
screens display the real-time iEEG signals from the two sens-
ing channels, whereas the third screen shows the real-time
results of the Al algorithm after linear least squares (LLS)
method. The last screen is the current state of the system,
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which can be classified into four conditions, namely, normal
state, seizure without stimulation, stimulation execution, and
idle time after stimulation. For the right area of the GUI,
assigning a directory for data saving and scale setting for the
left four screens can be performed. Parameters of frequency,
amplitude, total stimulation time, and waveform shape can
also be adjusted for the electrical stimulation. Frequency, duty
cycle, and intensity of the optical stimulation can also be set
through this interface. With the checkboxes in the left-bottom
corner, the user can enable data saving, allow digital filtering
in Matlab for the display of two-channel EEG signals, and
switch the mode of the system between closed- and open-loop
control. By utilizing the functions on the GUI, the user can
record the iEEG signals while performing customized optical
or electrical stimulation and epileptic seizure recognition
simultaneously.

IlIl. SYSTEM IMPLEMENTATION

A. TWO-CHANNEL ANALOG-FRONT-END CIRCUIT

Figure 3 shows the schematic of one channel of the
two-channel AFE circuit for iEEG signal measurement.
A low-dropout (LDO) regulator LT1761ES5-3.3TRMPBEF is
used to convert the 3.8 V battery voltage into the 3.3 V
power supply. The AFE circuit is composed of RC high-pass
circuits, a preamplifier, and a Sallen—Key low-pass filter for
each channel. The high-pass corner of the RC filter preced-
ing the preamplifier is set around 0.05 Hz to remove the
DC component of the input iEEG signal. The instrumenta-
tion amplifier AD8237 is selected as the preamplifier with
200 V/V signal gain. AD8607, which contains two micro
power rail-to-rail input and output amplifiers, is used as the
active component of the Sallen—Key low-pass filter with a
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FIGURE 4. Schematic of the high-voltage electrical stimulator with the values specified on capacitors and resistors.

gain of 5. The other amplifier is used to generate the 1.65 V
reference voltage for the AFE circuit. The corner of the
low-pass filter is set at 120 Hz to filter the high-frequency
noise and the harmonic tones of 60 Hz noise. In addition,
the output of the preamplifier is ac-coupled to the Sallen—Key
low-pass filter. The output signals of the Sallen—Key low-pass
filters in two channels are then converted into digital data by
the SAR ADC in the BLE module.

B. ELECTRICAL STIMULATION

Figure 4 illustrates that the electrical stimulator consists of
one boost converter, one current digital-to-analog converter
(DAC), and four switches in the H-bridge structure. The
amplitude, frequency, duration, and duty cycle of the stim-
ulation are all adjustable with the BLE module control on the
stimulator. Boost converter LT1615ES5-1#TRMPBF is used
to convert the supply from the battery into a 20 V supply
for the current DAC and switches, which can avoid voltage
saturation for 1 ms stimulation under 1 mA current with the
impedance model derived from [18]. AD5410 is selected for
the DAC structure because it can offer programmable current
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source output from 0 mA to 20 mA with a 12-bit resolu-
tion, which covers the current intensity in previous stud-
ies [8], [13]-[15]. An ADG5412 IC with four switches in a
single element is selected to construct the H-bridge structure.
Employing the H-bridge structure can reduce the number of
DAC: to one and perform well phase match that is suitable for
charge-balanced stimulus. Figure 5 shows that the electrical
stimulator of this system can support either monophasic or
biphasic waveform with different duty cycles, frequencies,
and durations via GUI control. The range of the frequency is
from 5 Hz to 500 Hz, which covers the frequency of high- and
low-frequency stimulation for suppressing epileptic seizure.
The minimum time for each phase in both modes is 20 us,
which is limited by the BLE module CYBLE-022001-00. The
developed prototype with programmable parameters on GUI
provides flexibility for researchers in clinical trial including
animal and human studies.

C. OPTICAL STIMULATION
Figure 6 depicts the schematic of the optical stimulator. The
circuit mainly consists of an LDO regulator, a boost converter,
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FIGURE 6. Schematic of the optical stimulator with the value specified on
capacitors and resistors.

a digital potentiometer, and a blue laser diode. An output volt-
age lower than 3.8 V battery voltage is required to prevent the
glowing of blue laser diode PL 450B during the turn-off state.
This goal is realized by using an LDO regulator MCP1702T-
2802E/CB to convert the battery supply into 2.8 V so that
the boost converter bypasses 2.8 V rather than 3.8 V to the
laser diode when the boost converter is turned off. Component
LT1615ESS5#TRPBF with a larger output current instead of
LT1615ES5-1#TRMPBEF is selected as the boost converter
for the optical stimulator because the blue laser diode can
consume current 10 times larger than that in the electrical
stimulator under higher light intensity modes. The boost
converter LT1615ES5#TRPBF can be enabled or disabled
by pulling SHDN pin high or low, respectively. The digital
potentiometer MAXS5161LEZT+-T is in series with a 25.5 k2
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resistor and a 91 k<2 resistor to form the output resistors of
the boost converter. Figure 7 shows the pattern for the optical
stimulator. By adjusting the value of the digital potentiometer,
the output voltage of the boost converter and hence the light
intensity of the laser diode can be adjusted. The duty cycle of
the optical stimulator and the flicker frequency [1/(T; + T3)]
can also be set. The wavelength of the blue laser diode PL
450B is 450 nm, which is suitable for usage on the mice with
Thy-ChR2-YFP gene transfer for seizure suppression.

D. SOFTWARE AND FIRMWARE IMPLEMENTATION
For the implementation of data processing, Al algorithm, and
GUI for controlling stimulation parameters, Matlab software
is selected for its powerful functions on signal processing,
data analysis, and creation of user interfaces. Although the
battery, which does not introduce line noise of 60 Hz, is used
as the supply of the system, the system might still receive
60 Hz interference and its harmonic tones during wireless
data transmission. Thus, one moving average low-pass filter
with low-pass corner frequency at 100 Hz and one direct
form I infinite impulse response notch filter at 60 Hz are
implemented in Matlab as digital filters to process the data
from the AFE circuits further. As mentioned in Section II
and shown in Figure 2, the user can select the two-channel
real-time EEG signals with or without digital filtering to be
displayed on the GUI. The processed data also serve as the
input of the Al algorithm for epileptic seizure detection.
Figure 8 illustrates the operation of the AI algorithm,
which is improved from our previous work [18] with a detec-
tion window to enhance its accuracy. The Al algorithm is
described as follows. Feature extraction is first performed
on the input data. The features include specific frequency
tones for epileptic seizure, approximate entropy (ApEn),
and the amplitude of signals. According to previous stud-
ies [18], [24], the frequency tones around 5, 10, and 15 Hz
are larger in the epileptic seizure waveforms than the nor-
mal iEEG signals. Based on this observation, the sampling
frequency in the SAR ADC is selected to be 1 kHz. With
the interval of the discrete-time Fourier transform (DFT) set
to 200, feature extraction can directly acquire the frequency
tones of 5, 10, and 15 Hz by selecting the first, second, and
third tones of DFT’s outputs. The ApEn is adopted to quantify
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the regularity of one signal [25], [26]. Repetitive iEEG signals
during seizure exhibit a larger ApEn than iEEG signals in
the normal state because a larger ApEn implies a higher
signal regularity. The interval for ApEn calculation is also
set to 200 to be consistent with the succeeding classification.
Owing to a larger amplitude of iEEG signal when a seizure
occurs, the amplitude of the iEEG signal is selected as the
third parameter for feature extraction with its calculation
interval the same as that in ApEn and DFT operations.

After feature extraction, the LLS method is applied for
the classification of the processed data. Measured iEEG sig-
nal data with and without epileptic seizure are utilized to
train the parameters required for classification. The results
from the LLS are then used for seizure judgement by com-
paring the results with a specific parameter. One detection
window preceding the seizure judgement is added to improve
the accuracy of the algorithm further. The detection window
can be adjusted to control the sensitivity of seizure detection.
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TABLE 1. Off-the-shelf components in the proposed system.

Components Relative Circuit Block Company Model
LDO Regulator AFE Circuit LT (ADI) LT1761ESS
INA AFE Circuit ADI AD8237
Op-Amp AFE Circuit ADI ADS8607
Boost Converter Electrical Stimulator LT (ADI) LT1615ES5-1
Current DAC Electrical Stimulator ADI AD5410
H-bridge Switches Electrical Stimulator ADI ADG5412
LDO Regulator Optical Stimulator Microchip MCP1702T
Boost Converter Optical Stimulator LT (ADI) LTI1615ESS
Digital Potentiometer Optical Stimulator Maxim MAX5161
Blue Laser Diode Optical Stimulator OSRAM PL 450B
LDO Regulator Firmware LT (ADI) LT1761ES5
BLE Module Firmware Cypress CYBLE

The value of the detection window is designed to be 3 to
consider the tradeoff between accuracy and decision time,
that is, the occurrence of a seizure is determined by three con-
secutive judgements. If the results from the three consecutive
judgements are not the same, then the final decision will be
the same as that in the previous decision.

For firmware implementation, the BLE module CYBLE-
022001-00 along with an LDO regulator are used. An LDO
regulator LT1761ES5-3.3TRMPBF, which is the same com-
ponent used in the AFE circuit, is selected to provide a3.3 V
supply for the BLE module. As mentioned in Section II,
the BLE module is employed for data transmission of iEEG
signals and data reception of parameters to control the elec-
trical and optical stimulators. A 12-bit SAR ADC in this
module is utilized to convert analog signals from the outputs
of two-channel AFE circuit into digital data for wireless data
transmission. Table 1 summarizes the main discrete compo-
nents in the proposed system on the PCB, which are beneficial
for the reproduction.

IV. MEASUREMENT RESULTS

This section is divided into two parts. The first subsection
presents the measurement results of the circuits of the pro-
posed system and results of the Al algorithm on seizure
recognition. The second subsection describes the setup for
the in vivo experiment, including the mice used for function
verification and the animal testing flow. This subsection also
exhibits the experimental results of animal testing, which
include the verification of seizure suppression by electrical
and optical stimulators, and the comparison table with other
prior architectures.

A. SYSTEM MEASUREMENT RESULTS
Figure 9 shows the top and bottom views of the realized PCB.
The total area for this PCB is 27.3 mm x 23.6 mm with a
weight of 2.86 g. To ensure a low interference between the
circuits, the ground of PCB is divided into four parts, namely,
battery ground, ground for the BLE module, ground for the
stimulators, and ground for the AFE circuit, with 0402 beads
connected between the battery ground and other grounds.
An 1 k€ resistor is connected to the output of the stimulator
to verify the function of the electrical stimulator. Figure 10
presents the measured voltage waveforms across the resistor
under different conditions. It demonstrates that the electrical
stimulator can perform high- and low-frequency stimulations.
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FIGURE 10. Functional tests of electrical stimulation. (a) Monophasic stimulation. (b) Biphasic high-frequency stimulation. (c) Biphasic low-frequency

stimulation.
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FIGURE 11. Measured result of output optical power under different
intensity modes.

The stimulator can also switch between monophasic and
biphasic modes. The output power of the blue laser diode of
the optical stimulator under different intensity modes is also
tested, which is plotted in Figure 11. Sixteen levels in the
32-tap digital potentiometer are utilized to produce
16 different light intensities from the diode.

The seizure detection algorithm is verified by application
to an 1-hour dataset from the in vivo experiment with wave-
forms from normal state to seizure state. Figure 12 (a) shows a
segment of this dataset with the detection results on the iEEG
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signals. Two subsegments from Figure 12 (a) in the normal
state and seizure state are shown in Figures 12 (b) and 12 (c),
respectively. The calculated accuracy is 98.02%, which is 9%
better than our previous work [18] because of the detection
window used. The calculated F1-score is 0.8011.

B. VERIFICATION OF SEIZURE SUPPRESSION WITH IN
VIVO EXPERIMENTS

For the animal testing, C57BL/6 mice with Thy-ChR2-YFP
gene transfer are used, which are supported by the National
Cheng Kung University Hospital and National Cheng Kung
University Laboratory Animal Center. Figure 13 presents the
implant position of the electrodes and the gene-transferring
C57BL/6 mouse with electrodes mounted on its head. The
electrodes are mounted with the aid of an stereotaxic appa-
ratus. A three-channel electrode (MS333/3-B/SPC, Plastic
One) is implanted in the middle of the mouse’s head, E1, with
one channel at the right brain and two channels with twisted
wires at the left brain. The middle channel is used for stimula-
tion, while the side channels are connected to the inputs of the
two-channel AFE circuit. E2 and E3 are two stainless-steel
screws (PACK-SMIB1.2-3, MISUMI) of the mouse’s head
as the reference points of the AFE circuit. E4 is for optical
stimulation constructed by fiber (FT200EMT, Thorlabs) with
stainless steel on the outer layer.
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TABLE 2. Comparison with previous works.
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FIGURE 12. Results of the proposed algorithm. (a) From normal to seizure
condition. (b) Normal condition. (c) Seizure condition.

Figure 14 illustrates the procedure of the in vivo exper-
iment. The mouse is first placed under anesthesia using
isoflurane, with the concentration and gas flow controlled
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Medial-Lateral)
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FIGURE 13. Setup for in vivo experiments. (a) Implant position of
electrodes. (b) Mouse with mounted electrodes for the experiment.
(c) Proposed system with PCB on mouse’s head.

by anesthesia system (AS-01, Norvap). The mouse’s weight
is measured, and seizure-inducing drug such as pilocarpine
or kainic acid is injected. After the induction of epileptic
seizure, either electrical stimulation or optical stimulation is
performed for seizure suppression.

Figure 15 shows the results of epileptic seizure suppres-
sion. The stimulation parameters are also listed at the bot-
tom of figure. It demonstrates that the seizure is suppressed
immediately after stimulation. However, settling time without
iEEG recording [10], [27] is required for EEG sensing circuit
after stimulation.

Figure 16 displays the results for optical stimulation on
seizure suppression. The seizure is suppressed after opti-
cal stimulation. Nevertheless, no settling time is required
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FIGURE 14. Procedure of the in vivo experiment.
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compared with the electrical stimulation method, which
is one of the advantages of optical stimulation. Table 2
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summarizes the performance and features of the proposed
system and previous architectures.

V. CONCLUSION

In this paper, a wireless intelligent EEG measurement system
using off-the-shelf components for epilepsy detection and
stimulation is proposed. Electrical and optical stimulators
are implemented for the suppression of epileptic seizures.
A two-channel sensing circuit and the AI algorithm are
employed for iEEG monitoring and seizure identification.
A GUI is provided for stimulation parameter adjustment,
open- and closed-loop control, and real-time iEEG waveform
display. The discrete components of the proposed system are
integrated on a 27.3 mm x 23.6 mm PCB, which can be
mounted directly on the head of a C57BL/6 mouse with Thy-
ChR2-YFP gene transfer. The proposed system and methods
are useful for researchers to study in the clinical trial and
design of integrated circuits and systems.
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