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Abstract: Deep brain stimulation (DBS) is an effective and safe medical treatment that improves the
lives of patients with a wide range of neurological and psychiatric diseases, and has been consoli-
dated as a first-line tool in the last two decades. Closed loop deep brain stimulation (CLDBS)
pushes this tool further by automatically adjusting the stimulation parameters to the brain re-
sponse in real-time. This paper presents a CLDBS with 2 stimulation channels and 2 acquisition
channels. Each channel has a low-noise amplifier (LNA) buffer in differential configuration to
eliminate the DC signal component of the input. Energy management is efficiently done by the
control and communication unit. The battery supports almost 9 hours with both the acquisition and
stimulation circuits active. If only the stimulation circuit is used as an Open Loop DBS (OLDBS),
the battery can hold sufficient voltage for 24 hours of operation. The whole system is low-cost and
portable and therefore it could be used as a wearable.

Keywords: closed-loop deep brain stimulation (CLDBS), neurostimulatio, implantable devices,
internet of things (IoT), energy management.

1. Introduction

Most human motor impairment and dysfunctions originate in the nervous system
and the signal transmission between neurons is electrochemical. In this context, electro-
physiology studies how these interactions work and an important procedure that is used
in this branch of neuroscience is deep brain stimulation (DBS). DBS is a treatment that
uses an electrode attached to an implantable pulse generator (IPG) or a neurostimulator
that generates electrical Impulses inside the brain and, therefore, the central nervous
system recovers partially or totally motor functions in patients with neurological diseases
such as Parkinson and essential tremors. Figure 1 depicts the concept and positioning of a
DBS system.

The IPG can be controlled either by electrical current or voltage. The impedance
between the brain and the IPG cannot be precisely controlled, and they vary right after
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the and the clinical response to the DBS is defined by the amount of charge that is injected
in the brain cells [4]. As a consequence, the first DBS systems that used voltage-controlled
IPGs are not as safe as current-controlled IPGs that are used nowadays since the systems
controlled by electric current. In addition to that, the balance of charges inside the brain
should be maintained, otherwise, severe damage may be caused to the brain [3].

The application of DBS in motor rehabilitation is an alternative to treatments that
uses remedy and surgery to remove some of the symptoms of motor impairments. The
first surgery procedures used to reduce tremors caused damage to the brain and subse-
quent procedures involved the use of Levodopa which is a remedy that relieves invol-
untary movements [4]. However, Levodopa had collateral effects such as psychosis and
hallucinations. As a solution that doesn’t harm the brain and doesn’t create psychological
dysfunctions, DBS was successfully used to treat Parkinson's disease [7,8], essential
tremors [9,10], dystonia [11,12] and chronic pain [13,14]. Furthermore, DBS is also used to
treat behavioral dysfunctions such as obsessive-compulsive disorder [15], obesity [16]
and depression [17-19].

Extension

Neurostimulator

Figure 1. DBS system positioning (adapted from [1]).

The DBS system control of the amplitude and frequency is done either by a user that
changes manually the values or by itself through acquiring biomarkers and adjusting the
parameters according to the response of the patient. For example, a biomarker may be an
electrical signal generated by cells of a human organism and is an indicator of the re-
sponse of the human body to electrical stimuli. The first described system is called an
open-loop DBS whereas the second one is called a closed DBS. Open-loop DBS has
around 75% of efficacy in motor treatment; however, the use of open-loop DBS in psy-
chiatric diseases does not return good results, which indicates that a sophisticated
closed-loop DBS may be more suitable for these applications [20]. There are five main
types of control of the DBS system, as shown in Figure 2.

Figure 2(a) is the simple open-loop DBS with fixed parameters and a continuous
pulse sequence and Figure 2(b) is a similar system with a sequence of pulses separated by
a period. In both cases, the parameters can only be modified by a healthcare worker and
frequency and amplitude are constant. Figure 2(c) shows an on/off responsive control,
which is a closed-loop DBS where the system responds to the activation of brain cells by
changing the pulse width. When the biopotential exceeds a threshold value, the DBS
system stops the stimulation, and as the biopotential achieves a value below the thresh-
old, the DBS reactivates the stimulation. Bouthour et al [21] propose an on/off responsive
DBS system by monitoring the frequency components registered by local field potentials
produced in the subthalamic nucleus of the brain. A setpoint value is defined, and, if an
amplitude signal of the biomarker is greater than the setpoint, the neurostimulation sig-
nal is interrupted. Otherwise, if the biomarker signal is lower than the setpoint, the neu-
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rostimulation signal is reactivated. Figure 2(d) depicts a closed-loop DBS named adaptive
control, like in Figure 2(c), but with a variation in the pulse width and the amplitude of
the stimulation signal. Finally, Figure 2(e) illustrates the dynamic stimulation signal
control, which is the most complete closed-loop DBS system, since it uses multiple
channels to generate pulses in addition to the other features of the system of Figure 2(d).
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Figure 2. Types of control on DBS systems.

Closed-loop DBS systems adjust their response according to a response of a bi-
omarker to the electrical stimulation. Biomarkers as well as techniques and technologies
to carry out the signal processing are many and may vary according to the applied pa-
thology. A careful study of the parameters of the signal to be acquired and for the elab-
oration of algorithms that make it possible to make effective the information carried by
the biomarkers in the performance of the stimulation signal. For epilepsy, commonly
used biomarkers are electroencephalograms (EEG) acquired from the mesial temporal
lobe and transcranial electrical stimulation (TES) signals [22,23]. The biomarkers used for
Parkinson’s disease are sleep disturbances [24], freezing of gait [25], and synchronized
frequencies of the mesial temporal lobe [26-29] detected by local potential fields of the
brain.

Amon and Alesh [33] compared commercial models from 3 companies: Boston Sci-
entific, Medtronic and St. Jude. Most of the commercial equipment of these companies
are used in the treatment of Parkinson’s disease, essential tremors and dystonia. Stimu-
lation parameters can be selected via a device, which is also responsible for assigning
parameter values to the IPG via radio frequency coupling. This device is mostly provided
by the manufacturer together with the IPG. In the Infinity DBS system at St. Jude Medi-
cal, the selection of the parameters occurs through an Apple device that sends the con-
figuration of the parameters to the IPG via Bluetooth [33].

Figure 3 shows a commercial DBS system from the company Boston Scientific to il-
lustrate the dimensions of the devices available on the market [34]. This paper presents a
closed-loop deep brain stimulation (CLDBS) system comprising two stimulation chan-
nels and two acquisition channels. This CLDBS system was designed for low-size and
easy positioning and at the same time for energy management targeting high efficiency.
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Figure 3. Commercial DBS system from the company Boston Scientific (adapted from [34]).

The main contributions of this paper is a low-size/power-controlled, compact and
complete closed-loop DBS system (CLDBS) with two simultaneously acquisition chan-
nels and two simultaneously neurostimulation channels. As further present, it is im-
portant to note the existence of a huge number of simple neurostimulators for conven-
tional DBS without acquisition, and the existence of very few works comprising the ac-
quisition subsystem with communication for adaptive stimulation on CLDBS.

The rest of this paper is organized as follows. Section 2 presented the design of the
proposed system. Section 3 presents the obtained results. Finally, Section 4 presents the
conclusions.

2. Proposed Design
2.1 LowNoise Amplifier (LNA)

The DBS system presented in this paper is a closed-loop system with both acquisi-
tion and stimulation circuits. Figure 4(a) shows the block diagram of the proposed DBS
system. To provide a constant electrical current and to control the waveform parameters,
a Howland current pump (HCP) was used alongside a microcontroller. The HCP receives
a control signal from a digital-to-analog converter (DAC). The DAC that generates the
waveform is internal to the ESP32 microcontroller, which will receive the information
from the signals acquired through an analog-to-digital converter (ADC), which is also
internal to the ESP32. The choice of the ESP32 development platform is also justified
based on its wireless communication interfaces, such as Wi-Fi and Bluetooth. Moreover,
the ESP32 has two cores, which allows the DBS system to control the stimulation and
acquisition tasks individually. An internal program receives the input signal data and
controls the values of the stimulation waveform parameters. Figure 4(b) shows the block
diagram of the stimulation system, composed by the wireless module (ESP32 board), the
DAC converters, the buffers, the constant current HCP circuits and the stimulation elec-
trodes.

The acquisition circuit receives the signals delivered by electrodes inserted in brain
regions of interest monitoring during stimulation of the brain, sites that can provide
biomarker signals for a better analysis of performance of DBS and be the feedback loop in
a loop stimulation system closed. The first stage of the circuit has two channels with low
noise amplifiers (LNAs) in the differential configuration and is insensitive to DC levels
present in the input signal. Both LNAs have the function of improving the signal from
the electrodes and blocking the DC levels that are often present on the acquired signal.
The second stage has two acquisition channels that conduct the output signals to a mul-
tiplex (MUX) and a buffer to promote a good impedance match between the stages. The
next stage of the acquisition system is an analog notch filter (ANF) to remove the noise
component from the supply. The subsequent stage of the circuit consists of an active
low-pass filter (ALPF) that will promote the attenuation of high-frequency noise and
provide more gain to the signal. Finally, the signal is conducted to an ADC from the mi-
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crocontroller ESP32. Figure 4(c) shows the diagram of blocks of the biopotential acquisi-
tion circuit.
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Figure 4. (a) Block Diagram for the stimulator circuit of the DBS system. (b) Neurostimulator block

diagram. (c) Acquisition system block diagram.

The operational amplifier chosen for the design of the signal conditioning is the
AD8609 manufactured by Analog Devices, a low-power precision amplifier with
low-noise rail-to-rail input technology, a typical common-mode rejection ratio (CMRR) of
100 dB at the output and noise density of 22 nVHz-1/2 [40]. The gain of the first stage was
designed to be around 33 dB and the gain of the ALPF at approximately 21 dB, so the
total loop gain is 54 dB. The frequency of ANF count was designed for 60 Hz, configura-
tion shown in Figure 5, and the cutoff frequency of the ALPF at approximately 10 kHz.

2.2 Neurostimulator

The control unit generates the stimulation signal by an analog output created by a
digital-to-analog converter (DAC) of the control unit, which is the input of each channel
of the neurostimulator. Even though the pulse amplitude is defined by the control unit
the amplitude value could be affected by the impedance of the brain tissue which could
vary according to the region where the electrode is implanted. To bypass this problem,
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the stimulation circuit generates an electrical current with a value proportional to the
voltage input and constant regarding the brain impedance. This system is the HCP rep-
resented in Figure 5. The quantity Lo« is the output current and Z: is the impedance of the
brain tissue represented as the load impedance.

Ry
W
Voo
R
+
R2 R3 R4
Vinm——W W

needle needle

l Tout

Brain tissue

— W
Voo =+12V J’OﬂT,l,|:| Z. Reference geimulation

Figure 5. Howland current pump (HCP) circuit diagram.

The quantity Vi is the input voltage given by the control unit and Ri, Rz, Rs and R«
are fixed parameters, which means that the microcontroller can directly alter the current
even if the impedance of the body tissue changes during the application of the DBS.

The output electrical current Iout produced by the HCP circuit is given by equa-
tion (1).

Iy = =11+ %)

R,+R,~ R,

)

The values used for the built circuit are Ri= R2=12.1 kQ), Rs=10 kQ and Rs=2.2 kQ,
and the output current L is 1.4 mA for the maximum output voltage of the DAC.

2.3 Acquisition Circuit

The first stage has an LNA with an elevated gain to amplify low-amplitude signals
from biomarkers and improve those signals for the following stages. The LNA also has a
high entrance impedance. The LNA circuit has a differential configuration to remove DC
components from the input signal. Figure 6 shows the differential circuit with C: and C:
capacitances to remove the DC component alongside two resistances R: to polarize the
circuit. The electrical supply of the LNA is provided by a single Vop.
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Figure 6. LNA circuit diagram.

The schematic circuit of Figure 6 has both the inverter and non-inverter configura-
tions that generate V1 and V2, respectively. Both the input and feedback impedances Z:
and Z:are given by:

R, @

Z, = () IR, =2
sC,)' 2T 2R,C, +1

The ratio of the impedances Z: and Z> with (Z1+ Z>) are given by:

Z,  SRC,+1
Z,+7Z, sR,(C,+C,)+1 3
Z, _ SRGC @)

Z,+Z, SR,(C,+C,)+1

The complete LNA forms a difference amplifier, thus, the voltage Vo« at the output of

LNA is given by:
_AG) A(s) :
V.. =—(f-1)x - =
=B DX X V) =)
CAG) _AEB) Z,
=-(B-Dx - BAG) S\ AG) 742, xVip)= @
D PO (Vey  AG) 7, (m)

1-pAGS) ~ 27 1-pBAGS) Z,+Z,

The feedback factor f and its inverse are defined, respectively, as:

Z,
p= Z,+27Z, 5
1 Z+7, ©)

g7
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Therefore, the gain of the LNA (e.g., the feedback gain) Af(s) is given by:

Af (S) — Vout — A(S) % ZZ —
V., PBAGS)-1 Z,+Z, ©
A(s) sR,C,

TBAGS) -1 SR,(C,+C,) +1

At the medium frequencies, Ci+ C2= (i, and [sRz(Ci+C2)+1] = sR2C1, making the
midband voltage gain equal to:

_Vou _ A9)
Ai(s)=1"= AAGS) -1 ?)

In

Normally, in the majority of commercial operational amplifiers, A(s) can be ex-
pressed with a single pole, or at least with a dominant pole next to the origin. However,
the additional poles must be taken into account if they exist. This particular case is a good
and general example to deduce the feedback gain and to understand the respective fre-
quency behavior. In the particular case of only one pole:

f‘—o’ A»l (8)
s(—)+1
27,

A(s) =

At the medium frequencies, A(s) » 1, and the midband voltage gain results on:

Af(s)z£=21+22 _SR(C,+GC,) +1 o)
B Z, sR,C,+1 |

At the medium frequencies, it is already known that [sR2(Ci+C2)+1]=sR2C1, which
combined with [sR2C2+1]=sR2C2 at these frequencies, the midband voltage gain is then
equal to:

G

A (S)=C

(10)

Figure 7 illustrates a Bode plot of a generic transfer function, where it is possible to
observe the existence of a zero and two poles, as well as their relative positions. These
positions are similar to the zeros and poles of the LNA of this paper, because the equa-
tion (8), e.g., the full equation of the gain of the LNA for all frequencies, also contains a
zero f:= 0 Hz in the origin. This zero is canceled by the first pole f.=1/(2zR2(C2), flattening
the feedback gain. The feedback gain starts to decrease from the midband gain of Ai[dB]
at the frequency of:

A A A
f, =GBW x10 2 = (f,x10%)x10 ® =
A=A
= fp><10 2

(11)
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Figure 7. Gain of the LNA for open loop, C2= {10, 100} nF, R1= {1, 10, 100} MQ.

Figure 8 shows the active notch filter (ANF) used to remove the 60 Hz frequency
from the energy supply. The R value used was 10 MQ and the C value was 270 pF.
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Figure 8 — Active notch filter (ANF) circuit diagram.

An active low pass filter (ALPF) was built as shown in Figure 9 with Ri=100 kQ,
Ro=1MQ, R=15kQ and C =1 nF. The cutoff frequency was 6 kHz and the gain obtained
was 20.83 dB.
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Figure 9 — Active low pass filter circuit diagram.

2.4 Control and communication unit

The resolution of the ADC of the ESP32 microcontroller is defined as the minimum
voltage that the ESP32 could read. The signal that the ADC receives is amplified by the
LNA and the ANF, which improves the resolution of the ADC, as the real value of the
biological signal is lower than the read value. The resolution and the total gain of the
circuit Gt are given by:

\Y
AV, = ADC 12
step (2Nbils ~DxG (12)

total

Giotal = Gina X Gaipr (13)

The LNA gain Gina is 45 V/V, the Gacrr is 11 V/V and Nbits is 12 for the ESP32. The
maximum voltage input Vapc that the ESP32 can read is 3.3 V. Substituting these values
in equations (12) and (13) the resolution of the DBS acquisition is 1.628 puV/bit. The reso-
lution is in the same order as the amplitude of biopotentials.

2.5 Energy Control

The power supply of the system consists of a 3.7 V lithium battery that supplies +5 V
step-up from an MT3608 integrated circuit that generates 5 V. The resulting voltage
supplies both a +3.3 V step-down and a +12 V step-up. The +12 V output supplies the
circuit and an inverter from an ICL7660 integrated circuit, which results in a symmetrical
supply of +12 V and -12 V. Figure 10 shows the configuration used to supply the system.
The 3.3 V output is used in the ESP32 microcontroller and the symmetrical output is used
to polarize the amplifiers.
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Figure 10 — Battery and circuit used to supply the DBS system.

To optimize the use of the battery, and, therefore, to increase the lifetime of the sys-
tem, the ESP32 can activate the stimulation and the acquisition portion separately.

2.6 Prototype

For the design and building of the printed circuit board, the Altium software (Stu-
dent License) was used, due to its versatility in designing flexible printed circuit boards
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(PCBs). The PCB has the acquisition and stimulation, power management and wireless
communication circuits. To miniaturize the system, the design configuration was
flex-rigid, which has flexible parts and reduces the area of the PCB.

The PCB (without folds) had dimensions of 91 cm x 96 cm, totaling an area of
8736 cm?. After performing the folds, it had dimensions of 56 cm x 35 cm and a height of
1.2 cm, totaling an area of 1960 cm?. Thus, the space occupied by the printed circuit board
had an area reduction of approximately 77.56%.

After carrying out the printed circuit board project, and with all the dimensions, the
mechanical envelope was defined to house the electronic part. For the design of the box,
the Autodesk Inventor 2022 (Student License) software was used. The box, after being
finished, had dimensions of 58 cm x 37 cm x 29 cm. After the design, 3D printing was
used to manufacture the box.

Figure 11 shows the views of the PCB project, the PCB inserted in the box after
manufacture respectively, while Figure 12 shows the manufactured board.

(c) (d)
Figure 11. Flex-rigid PCB project: (a) top view; (b) bottom view; (c) and (d) two other perspectives
of the PCB.
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(@) (b)
© (d)

Figure 12. The manufactured PCB: (a) bottom view; (b) top view; (c) and (d) two other

perspectives.

3. Experimental Results
3.1. Neurostimulator tests

The neurostimulator was tested in a saline solution that simulated brain tissue. The
objective of this experiment was to measure the electrical current indirectly by measuring
the voltage applied over a variable impedance. Figure 13 shows the setup of the experi-
ment to test the stimulation circuit.

Figure 13- Experimental montage to test the DBS system in a saline solution.
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Figure 14. Tests on a saline solution for (a) sine wave and (b) square wave.

3.2. Acquisition System

The acquisition system for biopotentials was tested to obtain the frequency response
of the gain of the circuit. These tests were made using a small amplitude signal generator
with a sine waveform and starting frequency of 1 Hz. The frequency gradually increased
until a decrease of 3 dB of the gain, which occurs in the cutoff frequency. The gain plot is
depicted in Figure 15. The blue dots represent the experimental values of gain measured
by the oscilloscope. The average gain for most frequencies is approximately 53 dB and
the cutoff frequency is roughly 7.5 kHz. The attenuation after the cutoff frequency is
around 60 dB per decade.

Frequency response of the circuit
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Figure 15-Experimental values of the gain of the biopotential LNA.

Another important parameter is the acquisition rate, which was obtained experi-
mentally by applying a sinusoidal 1 kHz signal to the ADC of the ESP32. By the time of
one whole period of 1 ms, 115 samples were obtained, which implies a sample rate of
115000 samples per second.

3.3. Software Implementation

Figure 16 shows the software routine used to control the test. Initially, the timer re-
ceives the period value and successive iterations are performed until the timer reaches
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zero. The number of iterations before the overflow happens is the acquisition rate by
milliseconds which is the period of the signal.

Start

Timer=T

Overflow > END

ADC Read

Figure 16- Software routine used to test the acquisition rate of the internal ADC of the ESP32.

The software that controls the DBS system was developed in C#. It receives data
provided by the user, such as waveform, frequency, pulse width and amplitude, and
transfers this information to the ESP32. The ESP32 has two cores that control separately
the acquisition and stimulation circuits. The ADC reads 100 samples and then the soft-
ware activates the DAC, which generates the stimulation signal.

The pulse waveform is divided into four parts. The first step is the positive pulse,
the second step is the time between pulses, the third step is the negative pulse, and the
final step is the time interval between pulses. Figure 17 shows a diagram of a generic
waveform generated by the system.

1

Ap

Lep Lip Len

A
J
A
v

A

Figure 17. Pulse width and amplitude diagram.

The complete routine from the pulse generation and the timer count is shown in
figure Figure 18. A and L are the pulse amplitude and pulse width values over time, re-
spectively. The amplitude value shown in Figure 18 is expressed in bits and varies from 0
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to 255. The 127 value is attributed to A[2] and to A[4] as the middle of the maximum and
minimum values that could be achieved by the stimulator, whereas the Ap and An val-
ues, which are assigned to A[1] and A[3], are the maximum and minimum values used
for the pulse. Figure 18 shows also the timer count routine with values like illustrated in
the flowchart of Figure 17.

The pulses generated by the routine presented in Figure 16 and Figure 17 were col-
lected in an oscilloscope and depicted in Figure 18.
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Figure 19. Pulses generated with several shapes by the program and collected on the

oscilloscope to illustrate the ability of the proposed stimulator.

3.4. Power consumpsion tests

The battery was tested by allowing the CLDBS work until the battery output value
reaches below 2.3 V and, therefore, the control unit stops working. Three scenarios were
experimented: only the stimulation channel is on and acquisition is off; both stimulation
and acquisition are on; and only the acquisition is on and stimulation is off. The results
are presented in Figure 20.

Energy consumption
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Figure 20. Power consumption tests of the CLDBS versus time.

When both circuits are on, the battery can hold up to 10 hours with the ESP32
working well. For more than 8 hours the voltage remains above 3.5 V. When only the
stimulation is turned on, the battery can hold the voltage over 3.5V for more than 20
hours. Finally, when only the acquisition occurs, the battery voltage also decreases, but at
a later time, after around 13 hours. It must be noted that a second experimental setup
based on an Arduino board was used to read the voltage that supplied the ESP32, and,
hence, the battery output for the CLDBS system proposed in this paper.
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4. Conclusions

This paper presented a portable and low-cost CLDBS system with two channels for
stimulation and two channels for acquisition.

The control and communication unit can improve the durability of the battery by
activating individually the acquisition and stimulation circuit. As seen in Figure 20, the
battery voltage only decreases significantly after 8 hours when both the acquisition and
circuit are active. If only the acquisition circuit is active the system works for around 13
hours.

This result may lead to the conclusion that the communication of the ESP32 with the
computer via Bluetooth is the most energy-consuming attribute of the circuit, even
though, in a real application, it would require very few battery exchanges or recharges
during a day. Additionally, if only the stimulation channels are used, the lifespan of the
battery would be longer than a day. Therefore, the system could operate as a CLDBS for
8 hours straight or as an OLDBS for more than a day.

Table I shows the properties of the present work compared with other DBS systems.
The main difference between this work and most of the other works is the integration of
two acquisition channels that are used to adjust the parameters of the generated wave for
stimulation. Another innovation is that the frequency of operation for this work is sig-
nificantly higher than most of other applications.

Table I. Comparison of the present work with other DBS systems.

#channels Stimulation
Maximum pulse frequency [Hz]/
Ref. |acquisition/stimulatio current Stimulation form System size
Minimum pulse duration [ms]
n Al
Active/Continuous
This
. 2/2 -325 to +318 1.5x10"6/25 (Howland 58x37x29 mm
wor
Current-Pump)
12.5 diameter x 5
[33] 2% 20 to 2000 500/10 Active/Switched (H-bridge)
mm
[34] 2% -200 to +200 185/90 Active/Switched 24 mm x 16.8 mm
[35] 2* 0 to 200 130/90 Passive/Switched 12.5 diameter
[36] 2% 30 to 1000 5000/10 Active/Switched 12mm diameter
Active/Continuous
[37] 1* -375 to +250 5000/20 (Howland 32.5 x 28 x § mm
Current-Pump)
[38] 1* 20 to 2000 300/40 Active/Switched (H-bridge) [ 22.2/32.8/23mm
[39] 1* 10 to 500 200/60 Passive/Switched 21 x 11 x 7 mm
Active/Constant
[40] 4/2 30-1500 5%10"3/0.01 28 x 17 x 7 mm
Current-Generator

*The referred article only mentioned stimulation channels.
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