Japanese Journal of Applied Physics 50 (2011) 04DEQ7

REGULAR PAPER

DOI: 10.1143/JJAP.50.04DE07

A High-Linearity Low-Noise Amplifier with Variable Bandwidth for Neural Recoding Systems

Takeshi Yoshida, Katsuya Sueishi, Atsushi Iwata', Kojiro Matsushita®?, Masayuki Hirata?, and Takafumi Suzuki®

Graduate School of Advanced Sciences of Matter, Hiroshima University, Higashihiroshima, Hiroshima 739-8530, Japan

1 A-R-Tech Corporation, Higashihiroshima, Hiroshima 739-0046, Japan

2Department of Neurosurgery, Osaka University Medical School, Suita, Osaka 565-0871, Japan
3Graduate School of Information Science and Technology, University of Tokyo, Bunkyo, Tokyo 113-8656, Japan

Received September 21, 2010; revised November 11, 2010; accepted November 12, 2010; published online April 20, 2011

Thls paper describes a low-nosse amplifier with multiple adjustable parameters for neural recording applications. An adjustable pseudo-resistor
implemented by cascade metal—oxxde—snllcon field-effect transistors (MOSFETSs) is proposed to achieve low-S|gna| distortion and wide variable
bandwidth range. The amphfler has been implemented in 0. 18 um standard complementary metal—-OXIde—semlconductor (CMOS) process and
occupies 0.09mm? on chip. The amplifier achieved a selectable voltage gain of 28 and 40dB, variable bandwidth from 0.04 to 2. 6 Hz, total
harmonic distortion (THD) of 0.2% with 200 mV. output swnng, input referred noise of 2.5 uVrms over 0.1-100 Hz and 18.7 uW power consumption
at a supply voltage of 1 8V. © 2011 The Japan Society of Applied Physics .

1. Introduction

Recently, a brain machine interface (BMI)/brain computer
interface (BCI) has been researched in order to restore
communication function for the severely disabled people
due to amyotrophic lateral sclerosis, spinal injury, brain
stroke, etc. Especially, electrocorticograms (ECoG) is
attracting attention as a key signal to realize these systems."
The ECoG has a signal bandwidth of 0.1 to 100Hz, and
signal amplitude of a few uV to 1 mV. Thus the low-noise
amplifier for the ECoG detection should have an input
referred noise of a few uV to detect accurately the signal
with low frequency and small amplitude. Moreover, the low-
noise amplifier requires a control of the signal bandwidth
and a wide dynamic range because the ECoG detection and
unwanted noise such as induced noise of AC power supply
are input simultaneously.” In this paper, a low-noise
amplifier for the ECoG detection is proposed. The proposed
amplifier was implemented in 0.18 um standard comple-
mentary metal-oxide—semiconductor (CMOS) process and it
achieved high linearity and wide variable range of signal
bandwidth by wusing a resistor of the subthreshold-
biased cascade metal-oxide—silicon field-effect transistors
(MOSFETs) with a few TS.

2. Conventional Variable Bandwidth Low-Noise
Ampilifier for Neural Recording

Figure 1(a) shows a conventional variable bandwidth low-
noise amplifier for neural recording system.*™ The low-
noise amplifier consists of operational transimpedance
amplifier (OTA), AC coupled capacitors C;, feedback
capacitors C, and tunable pseudo-resistor as feedback
resistor. The midband voltage gain is set by C;/C,, and
the low-pass corner frequency is adjusted by the bandwidth
of the OTA. The high-pass corner frequency is controlled by
the tunable pseudo-resistors shown in Fig. 1(b). The tunable
pseudo-resistors, which employ two identical pMOS tran-
sistors in symmetrical connections, avoid the large change of
resistance value across the large output voltage swing.
During the output voltage is higher than the common-mode
voltage, the gate of M; and pseudo-resistor source node Vi
are charged up, while the gate of M, and pseudo-resistor
drain node V4 remain virtually constant. During this period,
M, and M, are off-state and on-state respectively, therefore
the voltage swing is applied to the virtually shunt M;.
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Fig. 1. (a) Conventional low-noise amplifier. (b) Schematic of pseudo

resistor. (c) Resistance of the pseudo resistor.

Conversely, during the output voltage is lower than the
common-mode voltage, the gate voltage of M, is pulled
down below the common-mode voltage and move to turn on
M,, thereby the voltage swing is applied to the virtually
shunt M,. Accordingly, each pMOS transistor works as an
active pseudo-resistor for each voltage range. The gate to
source voltages of M and M, are (Vg — V») and (V, — V),
respectively, each gate to source voltage of the shunt
transistor is independent of Vy and V; because of diode
connected bias circuits. Thus the resistance of pseudo-
resistor is not affected by the change of V. This technique
yields a wide output voltage range and a few degradation of
linearity but requires additional biasing circuitry [Figs. 1(b)
and 1(c)].

A MOS-bipolar pseudo-resistor and a subthreshold-biased
MOSFET as a feedback resistor with a high resistance
are also used for biosignal amplifier.*'” However, the MOS-
bipolar pseudo-resistor is not able to adjust a resistance
value, and it is possible to use the subthreshold-biased
MOSFET with a high resistance while the gate-to-source
voltage Vg and the drain-to-source voltage Vg5 of the
MOSFET are small. When the output voltage swing of the
biosignal amplifier will be large, a resistance value of the
feedback resistor implemented by the MOSFET changes
greatly and then it causes the deterioration of linearity. In
case of adjusting low roll-off frequency of the amplifier using
the gate voltage V,, the linearity of the amplifier is worse.
Thus it is necessary to suppress the degradation of linearity.
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Fig. 2. (a) Schematic of proposed low-noise amplifier. (b) Conceptual
diagram of the resistance characteristics using the cascade MOSFETs.

3. Proposed Low-Noise Amplifier

The schematic of a prototype low-noise amplifier is shown
in Fig. 2(a). The low-noise amplifier consists of a fully-
differential opamp, AC coupled capacitors Cj,, feedback
capacitors Cy and Cp, gain selector switches and feedback
resistors Ry implemented by cascade MOSFETs, thus the
low-noise amplifier realize high input impedance and a high-
pass filter characteristic. A roll-off frequency of the high-
pass filter is determined by both the Ry and the Cy, the roll-
off frequency is given by 1/(27R¢Cy). In case of a 0.18-um
CMOS technology, a capacitance value of the Ct, which is
limited by parasitic components and characteristic deviation,
is S0fF. To achieve less than 0.01Hz of low roll-off
frequency, the resistance of R needs more than 318 T<2. To
solve the problem, we propose a tunable pseudo-resistor
implemented by cascade MOSFETSs operated in subthresh-
old region, as shown in Fig. 2(a). The proposed pseudo-
resistor which is based on a MOS-bipolar pseudo-resistor®
employs the V; terminal for tuning the resistance value. A
cascade MOSFETs structure can increase the resistance
value in proportion to the number of connected MOSFET
and moderates a change of a drain to source voltage Vg of
a MOSFET due to a resistance voltage divider. In this
prototype, the pseudo-resistor has 12 MOSFETs, thereby the
resistance of pseudo-resistor increases 12 times larger than
the resistance of a MOSFET, and then the Vg change of
each MOSFET is reduced to 1/12. The conceptual diagram
of the resistance characteristics using the cascade MOSFETs
is shown in Fig. 2(b). The cascade MOSFETSs improve the
resistance limit and the output voltage range of the low-noise
amplifier in proportion to the number of connected
MOSFET. In addition, a wide variable range of bandwidth
is accomplished with adjusting the V; of MOSFET. In order
to improve a low roll-off frequency of high-pass filter in the
low-noise amplifier, at least 10 MOSFET' are needed for the
pseudo-resistor.

Figure 3 shows the schematic of the fully-differential
opamp in the low-noise amplifier. To achieve a high voltage
gain and wide output swing, folded-cascode opamp is used.
A 1/f noise of the opamp is decreased by enlarging the area
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Fig. 3. Schematic of fully-differential opamp.

730 um

Fig. 4. (Color online) Chip micrograph of the proposed amplifier.

of M, and Mj that is the major factor of 1/f noise; however
a power consumption of the opamp is increased because of
the enlarging MOSFET area. Consequently, there is a trade-
off between 1/f noise and power consumption. The SWems,
are switches for a common-mode feedback, these are
operated at 32 kHz. Simulations show that the opamp has a
voltage gain of 86.9dB, phase margin of 89°, unity gain
bandwidth of 40kHz, and current consumption of 10 uA.

4. Experimental Results

A chip micrograph of the proposed amplifier fabricated by a
0.18 um CMOS technology is shown in Fig. 4. It occupies
0.09 mm? of the chip area and dissipates 10.4 pA at a supply
voltage of 1.8 V. The measured voltage gain of the amplifier
is shown in Fig. 5. The midband voltage gain can be
adjusted to 28 and 40dB by the gain selector switch. The
measured frequency response of the amplifier with variable
low roll-off frequency is shown in Fig. 6. A 2mV,, sine
wave is used at the input. The proposed amplifier achieved a
variable bandwidth from 0.04 to 30 Hz by adjusting the gate
voltage of cascade MOSFETs V, from 0.75 to 1V. The
measured input referred noise of the amplifier with the
maximum bandwidth is shown in Fig. 7. The rms value of
the input referred noise is 2.5uV integrated from 0.1 to
100 Hz. The large gate area of the input MOSFETS results in
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Fig. 5. Measured voltage gain of the proposed amplifier.
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Fig. 6. Measured frequency response of the proposed amplifier with
variable low roll-off frequency.
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Fig. 7. Measured input referred noise of the proposed amplifier.

a low corner frequency of 1/f noise. The observed spectra at
60 Hz and 32 kHz are caused by a power supply noise and a
clock signal for common-mode feedback, respectively.
Figure 8 shows the resistance value of the feedback
resistor implemented by the cascade connected 12
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Fig. 8. Measured resistance of feedback resistor implemented by the
cascade connected 12 MOSFETs.
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Fig. 9. Measured total harmonic distortion of the proposed amplifier
against the output amplitude.

MOSFETs that are calculated by the measured roll-off
frequency. By comparison, the resistance value of a
subthreshold biased MOSFET is also shown in Fig. 8. The
resistance of the subthreshold biased MOSFET is becoming
saturated at 30T, however the cascade connected 12
MOSFETs achieved more than the resistance of 80 T€2.

The measured total harmonic distortion (THD) against the
low roll-off frequency of the amplifier is plotted in Fig. 9.
Sine wave inputs with different amplitude levels of 2, 4, 6, 8,
and 10mV are applied to the amplifier. In the case of 2mV
input (0.2 V,, output swing), the THD is less than 0.2% from
the roll-off frequency of 0.04 Hz to that of 2.6 Hz. Thus
the proposed amplifier with the cascade connected 12
MOSFETs can control low roll-off frequency range of
triple-digits with maintenance of a high linearity. The
performance comparison with other low-noise amplifier for
neural recordings is summarized in Table L.

5. Conclusions

Low-noise amplifier with high linearity and wide variable
range of bandwidth is proposed. When defining 0.2V,
output swing, the proposed amplifiers with a feedback
resistor of cascade connected 12 MOSFETs operated in the
subthreshold achieved a variable low roll-off frequency of
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Table I. Performance comparison with the reference low-noise amplifiers and this study.

Parameter Ref. 3 Ref. 4 Ref. 6 This work
Supply voltage (V) 1.8 1 +2.5 1.8
Technology 0.8 um CMOS 0.35um CMOS 1.5 um CMOS 0.18 um CMOS
Current (LA) 1.2 0.337 0.18 104
Midband gain (dB) 41/50.5 45.6/49/53.5/60 39.8 28/40
High-pass f-3dB (Hz) 0.05/0.4/2.5 0.0045-3.6 0.014 0.04-2.6
Low-pass f-3dB (Hz) 180 31-292 30 100
Input referred 0.93 2.5 1.6 2.5
noise (LV) (0.5~-100 Hz) (0.05-460Hz) (0.5-30Hz) (0.1-100 Hz)
CMRR (dB) 105 71.2 86 76.9
PSRR (dB) — 84 80 86
THD (%) — <0.6 <1.0 <0.2
Area (mm?) 1.4 0.64 0.22 0.09
0.04—2.6 Hz and less than the THD of 0.2%. The input 1) A. Schlogl, F. Lee, H. Bischof, and G. Pfurtscheller: J. Neural Eng. 2
' P o . (2005) L14.
referred noise is 2.5 WVims over 20'1'100 Hz. The amplifier 5 1 yoshida, Y. Masui, R EKi, A. Iwata, M. Yoshida, and K. Uematsu:
consumes a chip area of 0.09 mm* and a power consumption 1BICE Trans. Electron. E93-C (2010) 849.
of 18.7uW at a supply voltage of 1.8 V. 3) T. Denison, K. Consoer, A. Kelly, A. Hachenburg, and W. Santa: ISSCC
Dig. Tech. Pap., 2007, p. 162.
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Patients with Parkinson’s disease (PD) reportedly show deficits in sensory processing in addition to motor
symptoms. However, little is known about the effects of bilateral deep brain stimulation of the subtha-
lamic nucleus (STN-DBS) on temperature sensation as measured by quantitative sensory testing (QST).
This study was designed to quantitatively evaluate the effects of STN-DBS on temperature sensation
and pain in PD patients. We conducted a QST study comparing the effects of STN-DBS on cold sense
thresholds (CSTs) and warm sense thresholds (WSTs) as well as on cold-induced and heat-induced pain
thresholds (CPT and HPT) in 17 PD patients and 14 healthy control subjects. The CSTs and WSTs of
patients were significantly smaller during the DBS-on mode when compared with the DBS-off mode
(P<.001), whereas the CSTs and WSTs of patients in the DBS-off mode were significantly greater than
those of healthy control subjects (P <.02). The CPTs and HPTs in PD patients were significantly larger
on the more affected side than on the less affected side (P <.02). Because elevations in thermal sense
and pain thresholds of QST are reportedly almost compatible with decreases in sensation, our findings
confirm that temperature sensations may be disturbed in PD patients when compared with healthy per-
sons and that STN-DBS can be used to improve temperature sensation in these patients. The mechanisms
underlying our findings are not well understood, but improvement in temperature sensation appears to
be a sign of modulation of disease-related brain network abnormalities.

© 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

Deep brain stimulation of the subthalamic nucleus (STN-DBS) is

nize sensory disturbances because they can lead to even more
serious complications and diminish quality of life.
Little is known about the effects of STN-DBS on sensory symp-

effective in treating patients with advanced-stage Parkinson’s
disease (PD) [10,11]. It is particularly effective for improving motor
functional impairment, a deficit that originates from altered
peripheral feedback or abnormal central processing [2,9]. In addi-
tion to motor symptoms, sensory disturbances are part of the clin-
ical picture of PD. PD patients frequently experience pain,
numbness, and decreased proprioception, all of which are thought
to result from deficient gating of sensory information due to basal
ganglia dysfunction [8]. These sensory disturbances could be fac-
tors contributing to motor deficits [7,16]. It is important to recog-

* Corresponding author at: Department of Neurosurgery, Osaka University
Graduate School of Medicine, 2-2 Yamadaoka, Suita, Osaka 565-0871, Japan. Tel.:
+81 6 6879 3652; fax: +81 6 6879 3659.

E-mail address: saitoh@nsurg.med.osaka-u.ac.jp (Y. Saitoh).

toms and the mechanisms by which STN-DBS alleviates sensory
symptoms in PD. The effects of treating PD patients are usually as-
sessed using the Unified Parkinson’s Disease Rating Scale (UPDRS).
Although the UPDRS allows appropriate evaluation of motor symp-
toms and functional disability, it is not suitable for evaluating sen-
sory symptoms. Recently, sensory dysfunction has been measured
for pain symptoms in PD patients using quantitative measurements
[3], by electrophysiological methods, and by recording laser-evoked
potentials [20]. In particular, quantitative measurement has increas-
ingly been used for assessment of sensory thresholds in epidemiol-
ogic, clinical, and research studies [4]. Differences in thermal
quantitative sensory testing (QST) are also reportedly compatible
with elevations in temperature sense thresholds and pain thresh-
olds [6]. We were therefore interested in quantitatively evaluating
temperature sensations as well as pain in PD patients with the use

0304-3959/$36.00 © 2010 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
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of thermal QST studies. The aim of our study was to quantitatively
evaluate the effects of STN-DBS on temperature sensations and pain,
in hopes of improving the diagnosis and treatment of PD patients.
Thus, we conducted a QST study to assess the effects of STN-DBS
on both temperature sensation and pain in PD patients compared
with healthy control subjects.

2. Methods
2.1. Subjects

Our study involved 2 groups of subjects: 17 patients with
idiopathic PD diagnosed based on the diagnostic criteria of the
UK Parkinson’s Disease Society Brain Bank (6 men, 11 women;
mean age: 65.7 + 3.8 years, range: 55 to 73 years) and 14 healthy
control subjects (7 men, 7 women; mean age: 54.8 + 14.0 years,
range: 28 to 74 years). The latter were selected from healthy vol-
unteers free of central nervous system disease. All patients who
underwent bilateral STN-DBS at Osaka University Hospital during
the period from 2001 through 2009 were included in this study.
For STN-DBS, standard surgery inclusion/exclusion criteria were
applied to all cases. At the time of enrollment in the study, most
patients had normal intelligence as defined by a Mini-Mental State
Examination score >25 and correct language comprehension.
UPDRS motor scores had been obtained for all patients during
DBS-on and DBS-off states. Cold sense thresholds (CSTs), warm
sense thresholds (WSTs), cold pain thresholds (CPTs), and heat pain
thresholds (HPTs) were determined on the palms of the subjects’
hands. Both the more affected and the less affected sides were as-
sessed in PD patients. Thus, the side more affected by the disease
was the side with the higher UPDRS score in the PD patients. In
addition to age and sex, the following clinical variables were as-
sessed for each patient: disease duration, Hoehn and Yahr disease
stage, UPDRS motor scores during DBS-on and DBS-off states, and
the DBS amplitude at study enrollment. The Ethics Committee of
Osaka University Hospital approved this study, and informed con-
sent was obtained from all participants (approval number: 09213).

2.2. QST protocol

QST was performed with a thermal sensory analyzer (PATHWAY
Pain and Sensory Evaluation System; Medoc Ltd, Ramat Yishai,
Israel). The computer driven PATHWAY system contains a metal
contact plate (30 x 30 mm) that can be cooled and heated by an
external Peltier element and is used to assess sensory thresholds.
Peltier devices can change temperature at a predictable rate and
can be used to test CSTs, WSTs, CPTs, and HPTs.

CSTs, WSTs, CPTs, and HPTs were examined in all study subjects
by 1 of 2 examiners (T.M. or K.H.) who followed a standardized pro-
cedure. The testing was performed in a quiet room kept at a con-
stant temperature (21°C to 25°C), with each subject resting
comfortably in a sitting position. The 9-cm? Peltier probe was
placed on the palm of the hand on the tested side and fastened with
an elastic Velcro strap. The baseline temperature of the probe was
32°C, and the temperature was set to change at a rate of 1°C/s until
a minimum temperature of 0°C or a maximum temperature of 51°C
was reached, or until the subject pressed a response button held in
their opposite hand [14,18,24]. For safety reasons, a maximum tem-
perature of 51°C and a minimum temperature of 0°C were chosen to
prevent cutaneous burns. The method of limits was used to deter-
mine all thresholds [18]. To determine CSTs, WSTs, CPTs, and HPTs,
the subjects were asked to press a response button held in the
opposite hand to that being tested, when cold or warm sensations
and cold or hot pain sensation were respectively first perceived,
starting from a baseline temperature of 32°C [23,25]. The CST and

WST thresholds were defined as the absolute value of the temper-
ature change from the baseline of 32°C at which subjects indicated
their first cold or warm sensations, respectively. The CPTs and HPTs
were also defined as the absolute value of the temperature change
from baseline at which subjects indicated the point where a respec-
tive cold or warm temperature became painful. For each of the 4
types of threshold, the test was repeated 4 times in a uniform man-
ner. Threshold tests began with temperature sensory thresholds for
cold then warm, followed by pain thresholds for cold then heat.
QSTs were first performed on the right hand and then on the left
hand. The mean value from the 4 tests was taken as the threshold
value. For PD patients, each test was performed bilaterally in both
the DBS-on and the DBS-off state, the latter being undertaken
approximately 30 minutes after the stimulator was switched off
(Fig. 1). For healthy control subjects, each test was performed twice
with a 30-minute interval between tests to examine the effects of
repetitive QST on normal subjects.

Threshold values are expressed in degrees Centigrade. The low-
er the temperature (below 32°C) to which a subject responded, the
greater the CST or CPT; the higher the temperature (above 32°C) to
which a subject responded, the greater the WST or HPT. After the
maximum or minimum temperature was reached or the subject
indicated a sensory threshold by pressing the response button,
the temperature automatically returned to the baseline of 32°C.
The temperature was set to return at a rate of 2°C/s for tempera-
ture sensation thresholds and 8°C/s for pain thresholds. To prevent
possible modulation of thermal receptors, in the case of tempera-
ture threshold measurements, the metal contact plate remained
at the baseline temperature for 5 seconds before temperatures in-
creased or decreased. In the case of pain threshold measurements,
this interval was 10 seconds [24]. Before the actual tests, all sub-
jects participated in a short training session to make sure they
understood the test procedure.

2.3. Statistical analysis

A descriptive statistical analysis was performed on all data.
Median values were used for all variables to indicate thermal
thresholds. A Dunnett multiple comparisons test was used to ana-
lyze differences in test results between the PD patients and the
healthy control subjects. For the PD patient group, differences in
temperature sense thresholds and pain thresholds between the
DBS-off and DBS-on states and between the more affected and less
affected sides were analyzed with a 2-factor repeated-measures
analysis of variance (ANOVA). The 1-way repeated-measures
ANOVA was used to test for correlations between clinical variables
and QST scores. A value of P <.05 was considered statistically sig-
nificant. SPSS for Windows 17.0 was used for all statistical analyses
(SPSS Inc., Chicago, IL, USA)

3. Results
3.1. Clinical assessment

QST data were obtained for all 17 PD patients and all 14 control
subjects. Clinical characteristics of the 17 PD patients are shown in
detail in Table 1. The mean duration of PD at the time of testing
was 15.5 + 5.4 years. Hoehn and Yahr stages ranged from 2 to 3.
The mean UPDRS motor score was 22.0 + 7.8 during the DBS-on state
and 36.3 + 11.8 during the DBS-off state. All patients treated with
STN-DBS, levodopa, and dopamine agonists showed marked
improvement in UPDRS motor scores. There were no significant cor-
relations between the sensory threshold values and patient charac-
teristics (age, sex, Hoehn and Yahr stage, disease duration, UPDRS
score, or DBS amplitude).
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Fig. 1. Diagram of the QST protocol. For each type of threshold, the test was repeated 4 times, first on the right hand then on the left hand, and the mean value from the 4 tests
was taken as the threshold value. For patients with PD, each test was performed both in the bilateral DBS-on state and DBS-off state (30 minutes after switching the
stimulator off). CPT, cold pain threshold; CST, cold sense threshold; DBS-on, deep brain stimulation on; DBS-off, deep brain stimulation off; HPT, heat pain threshold; PD,

Parkinson’s disease; WST, warm sense threshold.

3.2. Differences in sensory thresholds between PD patients and control
subjects

CSTs and WSTs of the PD patients and control subjects are
shown in Fig. 2 and Table 2. CSTs were significantly greater in PD
patients in the DBS-off state than in control subjects (27.5 + 0.8°C
[less affected side] vs 30.9 + 0.2°C [control], P=.010; 25.6 + 1.0°C
[more affected side] vs 30.9 £ 0.2°C [control], P <.001). However,
CSTs did not differ significantly between PD patients in the DBS-
on mode and control subjects (29.7 + 0.3°C [less affected side] vs
30.9 +0.2°C [control], NS; 29.0 £0.6°C [more affected side] vs
30.9 £0.2°C [control], NS). WSTs were significantly greater in PD
patients in the DBS-off state than in control subjects (36.2 + 0.6°C
[less affected side] vs 33.9 + 0.3°C [control], P=.013; 36.7 + 0.8°C
[more affected side] vs 33.9 + 0.3°C [control], P=.002). However,
WSTs did not differ significantly between PD patients in the DBS-
on state and control subjects (34.5 + 0.3°C [less affected side] vs
33.9+0.3°C [control], NS; 34.5+0.3°C [more affected side] vs
33.9 £ 0.3°C [control], NS). There were no significant differences
in either CPTs or HPTs between PD patients (in both DBS-on and
DBS-off states) and control subjects.

3.3. Differences in sensory thresholds between DBS-on and DBS-off
modes

There were no significant differences in any of the thresholds of
the healthy control subjects over the 2 sessions with a 30-minute

interval in between (Table 3). In the patient group, there were sig-
nificant differences in CSTs and WSTs between the DBS-on and
DBS-off states. CSTs were significantly lower during the DBS-on
state than during the DBS-off state (DBS-on 29.4°C vs DBS-off
26.6°C, P <.001), with a significant difference between the more af-
fected and less affected sides (less affected side 27.3°C vs more af-
fected side 28.6°C, P=.020) (Fig. 3, Table 3). WSTs were
significantly lower during the DBS-on state than during the DBS-
off state (DBS-on 34.5°C vs DBS-off 36.5°C, P < .001), with no signif-
icant difference between the more affected and less affected sides
(less affected side 35.6°C vs more affected side 35.4°C). CPTs and
HPTs did not differ significantly with respect to the DBS mode;
however, CPTs (P=.011) and HPTs (P=.016) were significantly
lower on the less affected side than on the more affected side.

4. Discussion

Our 2 main findings were that, firstly, significantly greater
CSTs and WSTs were observed in PD patients when compared
with healthy control subjects, indicating that temperature sensa-
tion is indeed impaired in PD patients. Secondly, in our patients,
CSTs and WSTs were significantly reduced during the DBS-on
state when compared with the DBS-off state, suggesting that
STN-DBS improves temperature sensation impairments in PD
patients. To our knowledge, this is the first study to quantitatively
document the effects of STN-DBS on temperature sensation in PD
patients.

Table 1
Patients with PD clinical characteristics.
Patient no.  Age (y) Sex Disease Duration since STN H&Y Medication UPDRS motor score MMSE DBS mode DBS amplitude
duration DBS implant (mo) stage (LEDD mg/d)
)
DBS-on DBS-off Rt Lt
1 62 F 10 42 2 100 25 30 28 Bipolar 2.6 2.8
2 60 F 11 22 2 300 20 26 30 Monopolar 2.5 25
3 55 M 15 30 2 150 5 21 30 Monopolar 3.5 3.5
4 73 F 28 64 3 900 31 40 25 Monopolar 3.0 32
5 73 F 21 24 2 300 35 58 25 Bipolar 3.7 3.8
6 71 M 8 20 2 400 15 25 27 Monopolar 2.0 2.1
7 70 F 19 7 3 450 10 25 30 Monopolar 3.5 35
8 63 F 18 78 2 500 10 29 28 Monopolar 2.4 2.4
9 73 M 6 18 3 300 5 9 27 Monopolar 2.4 1.7
10 58 M 9 24 2 150 10 25 28 Monopolar 2.2 22
11 70 F 8 6 2 150 15 20 29 Monopolar 2.4 2.2
12 63 F 14 70 2 500 21 53 26 Monopolar 2.3 23
13 71 F 14 18 2 200 12 38 28 Monopolar 2.2 1.8
14 68 M 8 12 2 500 16 67 28 Monopolar 2.3 36
15 73 M 18 87 3 600 33 45 21 Monopolar 3.0 3.1
16 60 F 22 3 2 500 15 32 28 Monopolar 1.3 1.5
17 62 F 14 5 2 400 25 30 28 Monopolar 2.1 22
Means +SD  65.7 £3.8 155+54  31.1+£218 24+04 406+195 220+78 363+11.8 27+2 25+05 26+0.6

LEDD, levodopa-equivalent daily dose; PD, Parkinson’s disease”; H&Y, modified Hoehn and Yahr scale score”; STN, subthalamic nucleus; L-dopa, levodopa; UPDRS, unified
Parkinson’s disease rating scale; DBS, deep brain stimulation; MMSE, mini-mental state examination.
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Fig. 2. Sensory thresholds in PD patients in the DBS-on state and DBS-off state compared with healthy control subjects. CSTs and WSTs were significantly greater in PD
patients in the DBS-off state than in the healthy control subjects. Sensory threshold values are expressed in degrees Celsius. Mean values are shown (error bars represent
SEM). A P value of <.05 was considered statistically significant (*P <.05; **P <.01; ***P <.001; NS, P>.05). CPT, cold pain threshold; CST, cold sense threshold; DBS-on, deep
brain stimulation on; DBS-off, deep brain stimulation off; HPT, heat pain threshold; PD, Parkinson’s disease; WST, warm sense threshold.

Sensory disturbances, which can either accompany or precede
PD-associated motor disorders, are part of the clinical picture of
PD and are most frequent in PD cases with motor complications
[21]. It has been recommended that thermal QST for temperature
sensation and pain are incorporated into routine neurological
assessments [23]. QST of thermal modalities has been reported
suitable for the screening and long-term evaluation of sensory
function and useful for advancing somatosensory research [26].
In response, we hypothesized that QST for thermal thresholds
may be useful for evaluating the sensory symptoms of PD. Patients
with PD (in comparison to normal subjects) have been reported to
show sensory impairment, with increased sensory thresholds for
vibration [15] and increased 2-point discrimination thresholds in

proprioception [17]. In a more recent study, PD patients showed
sensory disturbances with decreased pain thresholds for cold and
heat [3]. Thus, our CST and WST findings (Fig. 2) are consistent
with previously reported studies demonstrating increased temper-
ature sensory thresholds in PD patients [12].

The physiological mechanisms by which STN-DBS might im-
prove temperature sensations in PD patients remains unclear;
however, several hypotheses have been reported. Firstly, STN stim-
ulation may lead indirectly to the activation of the somatosensory
cortex and thereby lead to improved temperature sensation. In a
previous FDG-PET study of bilateral STN-DBS, it was shown that
during the DBS-on state, the regional cerebral metabolic rate of
glucose consumption increased significantly in the midbrain, basal

Table 2
Sensory threshold in patients and control subjects.
CSTs WSTs CPTs HPTs CSTs WSTs CPTs HPTs
Control subjects 30.9x0.2 33.9+03 16.0+23 43.0+1.9
More affected side Less affected side
PD patients in DBS-on 29.0+0.6 345+0.3 17.7+15 440+0.9 29.7+0.3 345+0.3 21118 425+1.1
PD patients in DBS-off 256+1.0 36.7+0.8 16.2+20 450+ 1.1 275+08 36.2+0.6 18.7+2.1 43.2+1.2
P value® NS NS NS NS NS NS NS NS
P value® <001 002" NS NS .010° .013" NS NS

P> .05 by Dunnett multiple comparisons test. CST, cold sense threshold; WST, warm sense threshold; CPT, cold pain threshold; HPT, heat pain threshold; PD, Parkinson’s
disease; DBS-on, deep brain stimulation on; DBS-off, deep brain stimulation off; NS, not significant.

2 Comparison between PD patients in the DBS-on mode and healthy control subjects.

b Comparison between PD patients in the DBS-off mode and healthy control subjects.

" P<.05.
" p<.01.
" P<.001.
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Table 3

Sensory thresholds in patients with PD.

CSTs WSTs CPTs HPTs

Control subjects 30.9+0.1 33.9+0.1 16.0+1.7 430+ 1.1
Control subjects (after the interval of 30 minutes) 30.7£0.1 340103 15922 428+1.8
P value NS NS NS NS
DBS-on (PD patients) 294038 345+0.7 194+16 432+1.0
DBS-off (PD patients) 26.6+0.8 36.5+0.7 174+16 44.1+1.0
P value? <.001™" <.001"" NS NS
More affected side (PD patients) 27.3+0.8 35.6+£0.7 169+1.6 445+1.0
Less affected side (PD patients) 28.6+0.8 354+0.7 19916 428+1.0
P value® 020 NS 011”" .016™

NS =P>.05. CST, cold sense threshold; WST, warm sense threshold; CPT, cold pain threshold; HPT, heat pain threshold; PD, Parkinson’s disease; DBS-on, deep brain

stimulation on; DBS-off, deep brain stimulation off; NS, not significant.
2 Comparison between PD in the DBS-on mode and PD in the DBS-off mode.

b Comparison between the less affected side and the more affected side in PD patients.

" P<.05.
" p<.01.
" p<.001.

ganglia area, frontal cortex, temporal cortex, and parietal cortex
[5,22]. It has been determined that the posterior parietal region re-
ceived afferents from prefrontal regions, the sensory cortex, and
multiple thalamic relay nuclei [19]. Thus, STN-DBS may activate
not only the frontal but also the parietal cortex, and a contribution
of STN to sensory function, as well as to its roles in associative, lim-
bic, and basal ganglia circuits, has been confirmed [5]. This meta-
bolic change may result in an altered temperature sensation that
is associated with parietal and basal ganglia circuits. Secondly,
STN-DBS might normalize brain network abnormalities related to
temperature sensation and pain perception. PD reportedly involves
a generalized dysfunction of the entire neuronal network, probably

Thresholds in DBS-ON and DBS-OFF mode

44 -1 p ?2‘9?1*'*
40 - T

N 1
i
'

Temperature ('C)

p<0.001%**

CsT WST

resulting from impaired basal ganglia function, although the pre-
cise mechanism is not well understood [17].

In this study, we have used the method of limits for performing
QST. It has been reported that sensory thresholds are dependent on
a subject’s reaction time in the method of limits [18]. Thus we may
need to take into account the result of biased reaction times as a
result of possible motor impairment, especially when undertaking
QST on the less affected side of PD patients, because this may intro-
duce a delayed response when they click the response button with
their opposite and more affected side hand. If this was to have a
significant impact on the final results, we would expect lower
thresholds for CSTs and WSTs of the less affected hand. Despite this

[ DBs-OoN
{1 pBs-OFF

CPT

Thresholds on the less affected and more affected sides

44 +

Temperature ("C)

p=0.020%

p=

CST WST

B More affected side
[ Less affected side

0.011%*

CPT HPT

Fig. 3. Differences in sensory thresholds in patients with PD. CSTs and WSTs were significantly lower during the DBS-on state compared with the DBS-off state, CPTs and HPTs
did not differ significantly between the DBS-on and DBS-off states. CPTs and HPTs were significantly lower on the less affected side than on the more affected side. A 2-factor
repeated measures analysis of variance (ANOVA) was used to analyze differences. Error bars represent SEM. A P value of <.05 was considered statistically significant (*P < .05;
**P<.01; **P<.001; NS, P> .05). CPT, cold pain threshold; CST, cold sense threshold; DBS-on, deep brain stimulation on; DBS-off, deep brain stimulation off; HPT, heat pain
threshold; PD, Parkinson’s disease; WST, warm sense threshold.
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possible bias, this was not the case. As was stated previously, the
more affected hand was found to have lower thresholds for CSTs
and WSTs. This would indicate that motor performance probably
has little effect on the significance of the QST results in our study.

QST can be adversely affected by consecutive repeated tests.
CSTs, WSTs, CPTs, and HPTs reportedly changed significantly with
repeated testing [13]. Thus, researchers must be cautious when
assessing the importance of changes in thermal sense thresholds.
With this in mind, we performed a control experiment involving
repeated QSTs with a 30-minute interval in between in 14 healthy
control subjects. As a result, we found no significant differences be-
tween these 2 sessions separated by the interval of 30 minutes
(Table 3). This result indicates that the sensory thresholds, CSTs
and WSTs in particular, are probably not affected by repetitive
QSTs separated by an interval of 30 minutes.

Only a few studies have addressed the effects of levodopa and
dopamine agonists on sensory disorders in PD patients. Levodopa
significantly reduced pain-induced activation in the posterior insu-
la and anterior cingulate cortex in PD patients [1]. Our study did
not include a baseline condition in which patients were completely
free of antiparkinsonian medication. Indeed, the effect of levodopa
on temperature sense thresholds may have influenced our results.
However, it was not ethically possible for us to withdraw these
medications from participating patients. It should, however, be
noted that we consider the effects of drugs on our final results in
this study to be minimized because DBS-on and DBS-off state tem-
perature sensory thresholds and pain thresholds were compared in
the same patients with all QST measurements being conducted
within 1 hour of each other.

Our findings provide new insights into the mechanisms by
which DBS improves sensory impairments, that is, via modulation
of the disease-related brain network abnormality. Our findings
suggest that STN-DBS can be used to modulate sensory pathways
and improve temperature sensations in PD patients. Studies
involving larger groups of patients are needed to show whether
our findings reflect a general principle underlying the effect of
STN-DBS on sensory information processing.
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Brain—Machine Interface Using Brain Surface Electrodes: Real-Time Robotic Control

and a Fully Implantable Wireless System
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The brain-machine interface (BMI) enables us to control machines and to
communicate with others, not with the use of input devices, but through the
direct use of brain signals. This paper describes the integrative approach we
used to develop a BMI system with brain surface electrodes for real-time
robotic arm control in severely disabled people, such as amyotrophic lateral
sclerosis patients. This integrative BMI approach includes effective brain
signal recording, accurate neural decoding, robust robotic control, a wireless
and fully implantable device, and a noninvasive evaluation of surgical
indications.

We have previously shown that power in the high gamma band (80 - 150
Hz) gave the highest decoding accuracy. We succeeded in generating
voluntary control over the grasping and releasing of objects, using a
successive decoding and control algorithm that achieves smooth robotic
hand movements. Even in patients with severe motor disturbances, merely
imagining hand movements was enough to induce clear, high gamma band
responses that were similar to those induced by real movements.

A fully-implantable wireless system is indispensable for the clinical
application of invasive BMI in order to reduce the risk of infection. We have
developed a prototype which is a 128 channel fully-implantable wireless
system that includes many new technologies such as a 64-channel
integrated analog amplifier chip, a Bluetooth wireless data transfer circuit,
a wirelessly rechargeable battery, 3 dimensional tissue-fitting high density
electrodes, a titanium head casing, and a fluorine polymer body casing.
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We are planning clinical trials and the introduction of our BMI system
after the completion of a two-staged clinical research program using wired
and then wireless systems.

Key words
Brain machine interface, Neural decoding, Implant, Functional restoration
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BIBED & 208k LT B 2 AW 5 & DB L » b A BICE WV EMRE CESHNFHEE
NTEDLZEDRH LN/ 5T 10,

AL &Iz, POL S RRAEENRFEESESNEHECHEANEZRALNTTS
TELEBEETHDH, KIL. BAEFRICGESFERSEBEILEENTND EDORENEZLT
W5 2, FZ TR IIREMNEO L OREEFENEDNEHE AR TH D0 ERN
FORER., v HIEREB0—150H2) DU —NEHNFHEICER THLZ L 2HLNII L
9, ELIHREDEHEEOFTMZLO T, yHEEONT—EZHND LEWVEBAEHE
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EDEMENBOLND Z &M LN -7 (Fig.2)1, FEEFEE QR ES] TIL v HIEIE
BOREILEBEEORVESI L VBT L TV 00, EEERE T THIEZ v #igdE
BALEL, The AV TEBNAHERTRETHD Z LW b LT,

BRy b7 —ADY TIF A L

WNT, 29 LI EBNEHEREMNAZIGA L TEFa Ry bE2 ) TAX A LHIET 2
VAT LERFELZFig.dW, ZOVRAT AERAWT, BIRETADASCEIRERR DR
HMEHNCHERE TEMAEEINTCREIAOHNEE T, FEMBEIZEIZ2EBFEARY FO
UFPNEA by ba—LOEFNEEZIT>TND,

T3, FoOMWE, oFie, A ORORERE Vo EAN R LR OEEBIER 24 40 [
BEITV., Zhae SVM OFEFT—H L LTRIA—FHREEB IR, RIZED/NT R
—HZREEZANTY TIZ A ANIEFRIZ decoding & HlEIA1T 5, T Tl Gaussian
process regression &) FIEEZ AW TEIHHEEN COBREERICTE 0% L, &
BHHEEN EREICTE D LFHl S L= RRIZIR Y . SVM 12X 5 decoding #1795 Z &£12 L0,
MEL A RIZHROD B AN R RFEEATE D LI LTV A (Fig.3Ww, ZhbORER, )
1 [EEO K EMFEIC L& 2 EBOHEEREEIT 60~80% & U 74 A AFIENZFIRA L 5 2HEE
BENMEONT, ZOHEBEIITELITE ARV, B3R MNEBHEE - 2R > Ml
FEEZEATDZEICLY . FOOME TORIES, BOEBECIEEMERR CEANE)
ERTELOH 5 (FigHW, Fo, R TEME AV ERMEFHITRHFAZE L T
D ENREHERTHL NI R> TS, Fx OERREITHAI 2 BHE & W 5 EHIH O EMR
HETIEH D0, PIEIOERNS 4 BETHLHEIORENTA—FZFHALT, VT EF
A LRy b7 — AR KD RO - EEFRS TE 52 L 2R W,

U A% L AENEAEE OR %

BEPRIS AR LTI Y R 7RO 7202 T A ¥ L A EEHEMER KA TH 525, #il
BAIOENEIAEE - Z L7200  BMI OERKRAV A P L AHAEBEIZIZNETIZEALH
BB, ME— kennedy D7 — 7 PWEBEDT ) 2ch OEBEEZHE L TWAHDAT
H5 I,

% Z CHER 4 1XEMRE 100ch UL EOERKA Y A v L A A BMI ZE&DOEMALE B
LCHERBEZITo-TEY, 7u b2 A 7 %R /EL, FighA IZ5EIFEE LA VL
R SEEMAREB D AT ©MERERT, FigsBIZSEERE L7 0 M & A Famd, Ak
B IXEEAEE L RO D, LR, 3 KuaBEMEER, v/VFF v *
NERBILT T TR 2 NTHEEBRRABER 7 — > 7o 5, EEER L.
T4 Y VAT —FBERE, FEMAEEREZNOEZINNT S 7 vRRY ~—fIE» L
25,

3 Rt B T T AR

FREMEFHARAO 7Y v NEMIIT —T7 — A4 NIZL VX AORFEIRIZT 4 > b5
bLOEEBZ LT 617, BMFEmKRAHIX, Thin slice MRI i % UV TITV, RFICINER
KT —ZIZHOWTIT EENEME 7 F(Brain VISA, http://brainvisa.info/) & A\ 7=
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WHH AT 5 . 215 ORNIER T — & 735 3%k It CAD(3 matic, Materialize Japan, Tokyo)
b CEMBALE Rk LT — MOREEZTV, 3 ko) ¥ TRARERET D,
Bx AORICEE T 5720, 2 TOEBNORBEOBWVEEMESFHITE ., H~D
[Fil b7y, BRI IRE 2.5mm CHRERO EMRHING 10mm ([ZHE L T 16 fFm%E
B L7z, BRITESE lmm O HE&EHRE AV TW 5, imc/NMEd 5 & aHZ ENE
PMETT AR H 50, B—0BEBERAWZYAVOERT 1ERICHIZ Y ZE L TEHE
TEBZENRENTWVA D, BENICEAT HHA I E I EMmE BLE T & 5 (Fig.6).
RPN O KB O E A 6 BRI 2 5HAT 5 Z Lok V. KV IAEFE D DOMMESE
BAREE 725, Fio, ABMICEL YV KIMEEZESANET 22 L bRETH D, FicH
DB LIS A I R R AT ERREMIC L AR T — PNy ZIEHT 5 2
EHFRETH D,

< VFF ¥ o RXNVERT T

SR L7 BB RN Y ) A KIBAEBS T2, T I - T U F T HDUERDH D,
2 CHEROE/Np AR—ACEBECE D L REMNEA IR T 27 e s 7 o S RER
bl 1 F v 7H=0 64ch #H L, % chid 1kHz TOY 7V 7R ARETH Y . AD
gy N— 2 —F 12bit, F v I A AL 5X5mm,. {HEENIT 4.9mW TH 5 1213, FIT
K% VDEC ® CMOS 0.18 um 7r¥ R CTliE Lz, ThE 2F v 75 128¢ch & LT
30X20X2.56mm KO/NUEMR BicFEET 5 [FigD, ZOEBELT v 7 EEERIIALE
SRS — Y v Z IS s,

AIEEERAER — 7

B — o /i, BRELT T EAE L, BEBOANTHEFERNADBOEERL
7= 516 Thin slice bone window CT {725 3 &t CAD(3 matic, Materialize Japan,
Tokyo) |-, BAGE&H, A THZEEOMK, EFEEO LA 7 7 MEEZITV, 3 kit CAM
(Gibbs CAM, Gibbs and Associates, USA) THIHI XX ZERL L. BiHEET 2 (Fig.8), &
# CT Eifgn b7 —# 2l L CER L. ATEHES 235 L OIAC & 5 K EIkE
W< BEEFINCEN, EIUERED Y 27 bIEV, BEIEET S — v ZICEbET
ERECBIEET A NERH D20, By —  FONEBRT —% 2 s—vailhk
EOAUHLYAM—var LTEE, FTES—Ya A NTICHEZIT .

UA ¥ VAT —HZEE

RS ~D BB I D5 EIZIE. Bluetooth 71 b =2/1(Class2) 2 W= U A Y L AT
HZVBRIELRERMA L, EEELHERL T3, Bluetooth g% 2 »+ AT 252 LI1CXD
400kbps DT — X BIEHE ZfEfR L. REMIE % 12bit X 128ch THEAD B2 —F T
PETD, Lol BRTITHEEE T 300mW & k&<, HIAEBOHEEHORER
EH 5, A RBBRTIE 60X60X8mm & K&V, 5% 3 bicmEf, YL, KES
ICRMETHY . FOMRRITHEL LT, V4 ¥ LA LAN ®° UWB Lozl 7w b=
NDOBEANRE ZHND,
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FEEAh TR B EIR

VERBNEHERT DTORY AT A TIIIEEMGEREEEZ oYz, KA DOEERRE
LIERADOZERENLR D, aA NVFEEBEFAICLY, B 40mm O 2 A LERWT,
T 4dem T AW & KERIBBREN 2 F,

7 v RRNY ~—EEHr—

v —REC Ny =L, EEEEEERT S, EHERIIESRE TICEET S, 7
v RRYv—BE T — U ZIIME RN, AREEERE W TR, EkoFF 4
— I LT R MER GBI TX 5,

HRAEREE & A 7 TR

IS B ENTELZIT OBRICEE TH AT TR, B HDOBRREMIEESTY R A
— XD, IHITIFARORZENEIE O/ DI L EETH D, 2 THRAIFHARICE
A RAEREZ ARER R B - BRI 2 X 98N LTRY, ZhE T2
BMI BfR O FFHEEZ EN - BEADbE T T 4551618 55 1 ARG Lz
6)

F I RAICELA EF SRR IR IIFCKICR L TRECBR TR Y . AFMOIFFEHER - &
¥ - FEMEIEARBEIROBKSA - ERMLICETARBICZ L, 29 LIzRking
DL THHET N BAEFEHE ORI ERERT MR ER LI TR s E L
BT AFHMEfEEAER L7z 19, 29 Lzl A R4 o OEEIE., EEOREEEL N
N DR EDRHERPERDERAREEDORE(IZ OB D LD LIS,

SBDEE

BIE, VA YUV AEARE T 0 N7 A T2 EIEARICSE L CEMEBREBIA Lz &
ZATHD, 5%, ALS BESOEESREEE LMK E LT, AR VA YL AHEAD
T B TORBRKRIFEE R T, 8% - ERLEBET,

R

AR SCE B 2E OB FF eI HE 7 0 77 A TEROBEZENLEZBMI O
HARIZER R ). 72 b N EEHEE OEA S BR ZEE/MEIE EEETERLRE
MBI L VIThbhTnW5,
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Figure Legend
Fig.1 A conceptual diagram of brain machine interface

Fig.2 Time-frequency distribution of decoding accuracy in subjects with no motor
dysfunction, moderate motor dysfunction and severe motor dysfunction.

Fig. 3 A real-time BMI system for robotic arm control.

Fig.4 Real-time control of a robotic arm. The subject voluntarily controlled grasping
(upper right) and hand-opening (upper left) of the robotic arm in real time. The hand
and elbow of the robotic arm were controlled simultaneously and independently (lower
right and left).

Fig.5 Schematic diagram of the fully-implantable wireless system. (A) and the first
prototype of the fully-implantable wireless system (B, C)

a: Fluorine polymer body casing including a wireless rechargeable unit and a wireless
data transfer unit. b: A titanium head casing / artificial skull bone. ¢: Brain surface
microelectrodes conformable to the outer surface of the individual brain. d: Brain

surface microelectrodes conformable to the central sulcus.

Fig. 6 Three dimensional high density grid electrodes
A’ high density electrodes (upper) and standard electrodes (lower), B: brain surface
electrodes conformable to individual brain surface, C: intrasulcal electrodes, D:

automatic sulcal detection and mold design on 3D CAD.

Fig. 7 Integrated analog amplifier.

A: Target frequency bands and gains to cover electrocorticographic signals and local
field potentials (LFP). B: A 64-channel integrated analog amplifier chip (5 x 5 mm).
C: A 128-channel integrated analog amplifier board (30 x 20 mm)

Fig.8 A titanium head casing / artificial skull bone.
A: Simulation of machining process. B, C: Head casing designed using 3D CAD

software. Three dimensional skull bone data were obtained from individual’s CT
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images. B: A head casing attached to the skull. C: Inner side view. The head casing
contains 128-channel integrated amplifier board on a small mounting board which is
mounted on a folded inner panel as indicated in a green color. D: A prototype casing.
Upper: inner side view. Lower: outer side view. E: A prototype head casing attached to
the skull model.
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