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Abstract- Deep brain stimulation (DBS) is a surgical procedure that involves implanting a
medical device to send electrical signals to specific brain areas to improve movement disorder
symptoms. There are many efforts to introduce closed-loop-based stimulation in DBS therapy,
but most are in the experimental stages. The current study is the characterization of a hybrid
electrode for closed-loop control of the DBS adaptive stimulations. The electrode is fabricated
as an interdigitated woven model and accommodates current steering stimulation and a sensing
mechanism to provide input for the adaptive close loop system. The study incorporates the
identification of damaging effects of stimulation, estimation of safe charge injection limits
which eliminate tissue damage, and estimation of safe charge injection limits to minimise
electrode damage through electrochemical analyses, including Cyclic Voltammetry,
Electrochemical Impedance spectroscopy, and Chronopotentiometry. The study also addresses
the development of an appropriate electrical equivalent model that could be employed in later
analytical studies. The study has derived that for an electrode (g1.3mmx1.5mm) to safeguard
against physiological mass action-induced damage, the maximum permissible charge injection
per phase during stimulation should be set to Qma=2.08 UC, corresponding to a charge density
of 33.98 pC/cm?. In the case of the Pt-10Ir electrode (g1.3mmx1.5mm), the safe charge
injection threshold to prevent damage from electrochemical reactions is established at 4.1 pC
(at a rate of 67 puC/cm?), surpassing Shannon's tissue-damaging limit of 2.08 pC (at 33.98
uClem?).

Keywords- Closed-Loop stimulation; Cyclic Voltammetry; Electrochemical Impedance
spectroscopy; Chronopotentiometry; Equivalent Model
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1. INTRODUCTION

Deep Brain Stimulation (DBS) is often reserved as a treatment option only when
conventional therapies, such as medications, have not provided satisfactory results. Although
the procedure is generally considered safe, it does entail certain risks, including infection,
bleeding, and swelling, as is typical with any surgical intervention. While the benefits of DBS
may vary depending on the individual, it has been shown to effectively alleviate tremors,
enhance mobility, and reduce the severity of other neurological symptoms. The DBS system
consists of a multi-contact, closely spaced electrode assembly implanted into the brain,
connected to an implantable pulse generator (IPG). The IPG located in the clavicle or peritoneal
space is connected to the brain electrode using an additional intermediate lead. The implanted
electrode inside the brain and the pulse generator form a closed circuit through the neural tissue.
The IPG acts as an electrical source that causes the current to flow through the extension lead
/ intermediate lead wires to the electrode, across the electrode-tissue interface, and back to the
metallic outer case, which acts as the return path. It can operate either as a current source or a
voltage source. The current passing through the resistive tissue medium generates the
distribution of electric potentials. The potential's shape, duration, and magnitude govern the
stimulation's magnitude and the side effects on the neural tissue. Hence, the design of the
electrode and the stimulation pulse parameters should be so that the DBS system can provide
an adequate quantum of stimulation without causing harmful side effects to the excited tissue.
A safe stimulation protocol must be followed to keep the electrode potential within a safe
window where irreversible Faradaic reactions do not happen at levels that can damage the
physiological system or the electrode. If irreversible Faradaic reactions happen, the algorithm
shall be so that physiological buffering systems can accommodate any toxic products or that
their detrimental effects are low [1].

The efficacy of DBS is determined by the ability of the system to initiate or suppress the
action potential of the neuron, while safety has two components. Firstly, the stimulated tissue
must not be damaged, and secondly, the stimulating electrode should not be damaged due to
electrochemical reactions in situ. Safety is ensured by keeping the charge per pulse sufficiently
low, thus preventing the electrode from reaching potentials where deleterious Faradaic
reactions occur at an intolerable rate [1,2]. Since the DBS electrode’s primary purpose is to
provide stimulation to the neural tissue, its safety and efficacy have to be established by the
following validations: a) Identifying the damaging effects of stimulation, b) Defining safe
charge injection limits to eliminate tissue damage, c) Defining charge injection limits for
limiting electrode damage, and d) to arriving at a suitable electrical equivalent model for later
analytical studies.

The major damaging effects of the DBS system are mechanical damage to the brain during
the introduction of the electrode, bio-incompatibility of the material of construction, and
physiological mass action. Physiological changes resulting from neural excitation induced by
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stimulation can damage tissue, regardless of the type of electrode used. Research has
demonstrated that even electrodes that engage solely in capacitive charge transfer have caused
tissue damage [2,3], indicating that the firing of action potentials is the critical factor behind
such damage. To establish a safe stimulation limit that avoids tissue damage, McCreery et al.
[4,5] and others have identified two factors contributing to damage in neuronal tissue due to
physiological mass action. They are 1) the average charge density per phase, D, in uC/ cm?,
and 2) the charge per phase, Q, in pC. Shannon proposed a model for neuronal damage based
on a study conducted on the cat brain cortex, which describes the relationship between the
charge, defined as the time integral for current in one phase of stimulation, and the average
charge density, which is the charge per phase divided by the electrode surface area.

The average charge density per phase, D, is related to the charge per phase by equation 1.

log(D) = k —log(Q) (Eq. 1)

The constant k, which has been experimentally determined to be approximately 1.85 [4-6],
defines the boundary between stimulation that causes tissue damage and stimulation that does
not. The charge per phase relates to physiological mass action. In contrast, the charge density
per phase is linked to toxic electrochemical by-products generated at the interface due to
electrical stimulation.

By applying the value of k=1.85 to the equation (1), the equation can be expressed as:

Q = 8.414/A (Eq. 2)

where Q is in uC, and A is in cm?. The safe stimulation limit, which prevents physiological
mass action from occurring in the tissue, is determined by the contact area of the electrode (A),
regardless of the material used to construct the electrode. This limit is based on the quantum of
charge injection and can be established by calculating the average charge density using (Eq.2).
Applying the equation for stimulating electrodes with a diameter of 1.3 mm and length of 1.5
mm (i.e. for a contact area of 0.0613 cm?), the safe charge injection limit per phase is estimated
as Qmax = 2.08 pC, and the corresponding charge density per phase is calculated as 33.98
pC/cm?. If the stimulation parameters are controlled to achieve these parameters within these
limits, physiological mass action during stimulation will be avoided to minimise the risk of
tissue damage [5].

1.1. Effect due to electrochemical factors

During stimulation, the electrons from the electrode enter the tissue through the electrode-
tissue interface. This process involves various charge transfers that significantly impact the
safety and effectiveness of stimulation [6,7]. The driving force behind this phenomenon is the
potential drop across the interface or over potential. If the overpotential is pushed too far from
equilibrium during stimulation, the molecules may acquire enough energy to break through the
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double layer, causing electrochemical reactions. Charge transfer at the interface occurs through
non-Faradic and Faradic mechanisms.

1.2. Capacitive/non-Faradaic vs. Faradic Charge Transfer

The capacitive method of charge transfer, also known as non-Faradic charge transfer, does
not involve the transfer of electrons across the electrode-tissue interface. Instead, the energy
from the electrode is transferred to the tissue via the electric field at the interface, which acts
as a capacitor known as the double layer capacitance. Only a redistribution of charges occurs
in the solution during capacitive charge transfer. This mode of charge transfer is predominant
when the total quantum of charge delivered is much smaller than the charge delivery capacity
of the electrode material. Capacitive charge transfer does not cause any harm to the tissue as it
does not involve any faradic reaction at the electrode surface that could generate toxic by-
products. The Faradic charge transfer process involves introducing charge from the electrode
to the electrolyte through the reduction and oxidation processes. Reduction occurs when the
electrode is driven negatively, causing electrons to be added to the tissue. In contrast, oxidation
occurs when the electrode is driven positively, causing electrons to be removed from the tissue.
Faradic charge transfer can be classified into two types: reversible and non-reversible. The
effect of reversible charge transfer can be recovered by changing the direction of the
stimulation. However, non-reversible faradaic charge injection involves the formation of toxic
reaction products that cannot be recovered by reversing the electrode polarity, and these by-
products diffuse away from the stimulation zones. These toxic products can induce damage to
nearby tissue. Maintaining the electrode over potential within a safe potential window is crucial
to prevent irreversible Faradic reactions and avoid the formation of toxic products that can
cause tissue damage. Choosing the appropriate electrode material, electrode area, and
stimulation parameters is necessary to meet this requirement.

Herein, a model DBS electrode was developed, and the electrochemical characterisation of
the electrode was performed to ensure that the electrode over potential stays within a safe
electrochemical window and prevents irreversible Faradic reactions that could cause damage
to both the electrode and surrounding tissue. Calculating and carefully selecting stimulation
parameters is necessary for a given electrode geometry to achieve this goal. Electrochemical
characterisation experiments were conducted on the DBS (Deep Brain Stimulator) electrode
made up of Pt-10Ir alloy, which has a diameter of 1.3 mm and a length of 1.5mm, to evaluate
these parameters. The electrochemical impedance data obtained for the electrode was fitted
with an electrical equivalent circuit (Randle’s model) to analyse the electrochemical parameters
of the electrode. The observed results suggest that the D and Q values of the current electrode
surpass the levels set by the Shannon model.
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2. EXPERIMENTAL SECTION
2.1. Materials and methods

A model cylindrical-shaped DBS electrode is used as the working electrode for the
electrochemical studies. The electrode comprises a quadrupole arrangement of four electrodes
of Pt-Ir alloy insulated with silicone rubber. The electrodes, which are 1.3 mm in diameter, are
arranged so that they result in six contacts, three of which are used for stimulation and the
remaining three for sensing the parameter. The inter-electrode distance was maintained at 1.5
mm, and the final length of the electrode is 450 mm.

The electrochemical parameters of the model electrode were analysed by in-vitro
experiments, including Open Circuit Potential (OCP) analysis, Cyclic Voltammetry (CV),
Electrochemical Impedance Spectroscopy (EIS), and Chronopotentiometry (CP). These
experiments used phosphate-buffered saline (PBS) with a pH of 7.4 as the electrolyte. The
electrolyte was selected to simulate the brain tissue environment. The PBS solution was
prepared per the standard procedure involving the dissolution of 137 mM NaCl, 0.54 mM
NaH2PO4, and 1.86 mM NaHPOj in de-ionized water.

A three-electrode configuration was employed for the electrochemical characterization
experiments, consisting of the DBS electrode as a working electrode, a Standard Calomel
Electrode (SCE) as a reference electrode, and a platinum foil as a counter electrode. A titanium
electrode was also used for comparison.

The standard cell potential of the calomel reference electrode, relative to the standard
hydrogen electrode (SHE), was 0.24 V. To ensure stability and prevent any concentration
changes or clogging, the calomel reference electrode was housed in a Luggin probe containing
saturated KCI solution. The experiments and measurements were performed using a Versastat
4 [M/s. Princeton, USA] potentiostat/galvanostat equipped with Solatron FRA 2.0, and data
analysis was conducted using ZwinXP and Origin 8 software packages. Before each
measurement, the DBS electrode was ultrasonically cleaned with deionised water, while the
titanium electrode was polished using 0.05-micron alumina paste and thoroughly rinsed with
distilled water. The counter and reference electrodes were meticulously cleaned before each
measurement. We could identify any irreversible faradic reaction occurring on the electrode
surface by analysing the various peaks observed in the cyclic voltammogram obtained at
different scan rates. This information is essential for defining a safe electrochemical window
for the electrode.

3. RESULTS AND DISCUSSION
3.1. OCP Analysis

The potential difference between the DBS and reference electrodes was monitored
continuously until it reached a stable value. The open circuit potential (OCP) of the DBS
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electrode was measured as 0.317 V. The same procedure was repeated for the titanium
electrode as well. Interestingly, the OCP of the Ti electrodes was found to be -0.400 V. The
OCP values indicate that the DBS electrode is considerably more noble than the titanium
electrode. Titanium is a relatively non-corroding metal, and the results suggest a minimal risk
of galvanic corrosion occurring with the DBS electrode.

3.2. Cyclic voltammetry studies

Cyclic voltammetry (CV) studies were conducted to gain insights into the various electrode
surface processes and determine the electrochemical potential window. The CV experiments
were conducted at varying scan rates ranging from 20 mV/s to 100 mV/s, with increments of
20 mV/s. The voltage sweep was performed within the range of -1 V to +1 V. Two scans were
performed for each scan rate on the same electrode.

The cyclic voltammogram of the DBS (Pt-10Ir) electrode revealed distinct peaks
corresponding to the formation and oxidation of adsorbed hydrogen. Furthermore, the aqueous
medium'’s cyclic voltammogram exhibits two distinct regions. The oxygen region displayed an
oxidation peak attributed to the formation of adsorbed oxygen or a platinum oxide layer.
Additionally, a corresponding reduction peak was observed, indicating the reduction of the
platinum oxide.

The other region observed was the hydrogen region, which displayed two reduction peaks
corresponding to the underpotential deposited hydrogen atoms (Huep adsorption).
Furthermore, two oxidation peaks were observed, indicating the desorption of Hurp. The
hydrogen evolution region followed the Hurp peaks [7,8].
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Figure 1. a) Cyclic voltammogram of DBS electrode for 40 mV/s scan rate and b) Cyclic
voltammogram of DBS electrode for 80 mV/s scan rate between the cathodic and anodic
overpotential limits in 7.4 pH PBS.
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Figure 1a shows the cyclic voltammogram within the specific potential range of interest.
In the hydrogen region, two cathodic peaks associated with Hupp adsorption were observed in
the initial scan. However, subsequent scans only exhibited a single Hupp adsorption peak in
this region. A Hupp desorption peak was observed at the extreme negative potential on the
anodic side of the hydrogen region. In the oxygen region, a broad anodic peak was observed
during the

The first scan, but it disappeared in subsequent scans, as is evident from Figure 1 b. This
peak can be attributed to surface conditioning reactions in the oxygen region. Figures 2a and
2b display the voltammogram of the cathodic and anodic regions, respectively. The cathodic
scan consistently showed only the Hurp adsorption peak. In contrast, the anodic scan displayed
a broad anodic peak in the first scan, which was absent in subsequent scans, indicating its
association with surface conditioning reactions. Based on these observations, it was estimated
that the electrode potential should not exceed a cathodic potential of -0.3V (approximately
covering the Huprp peak in PBS solution) relative to the calomel reference electrode. The cyclic
voltammetry studies demonstrated a marginal suppression of the DBS electrode’s pseudo-
capacitance behaviour in the presence of chloride in the aqueous medium. Furthermore, the
electrode potential should not exceed an anodic potential of 0.95V relative to the calomel
reference electrode (approximately at the onset of the oxygen evolution reaction).

Thus, from the cyclic voltammetry experiments of the DBS electrode, it was concluded that
the electrochemical window available on the cathodic side is approximately -0.3V to the
calomel electrode and on the anodic side is approximately +0.95V to the calomel electrode.

Therefore, based on the obtained potential window from the studies, the minimum value
within this range can be defined as the over-potential limit for the specific electrode. For the
DBS electrode, the over-potential limit for cathodic excitation is -0.65V, while for anodic
excitation, it is 0.6V. These values indicate the minimum potential at which the electrodes can
be safely excited without exceeding their respective limits and compromising performance.
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3.3. Electrochemical Impedance Spectroscopy Analysis

Electrochemical impedance spectroscopy (EIS) was performed on the DBS electrode to
assess the impedance at the electrode-electrolyte interface under different overpotentials. The
EIS measurements were conducted at the Open Circuit Potential (OCP) and various electrodes.
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Figure 3. Electrochemical Impedance Spectroscopy Analysis of DBS electrode in PBS
medium

Overpotentials, including 0.02V, -0.2V, -0.4V, -0.6V, and -0.8V, using a three-electrode
setup. Similarly, EIS analysis was conducted at OCP, and an overpotential of 0.05V for the
Titanium electrode. For all the EIS measurements, a perturbation of 10 mV was applied to the
working electrode across a frequency range of 10 mHz to 10 kHz. The obtained impedance
data were represented as Nyquist plots, which display the imaginary part of impedance (Z”)
against the real part of impedance (Z’). These plots were then fitted to Randles’ circuit, which
consists of four elements: solution resistance (Rs) in series with a parallel combination of
double-layer capacitance (Ca) and charge transfer resistance (Rct), along with Warburg
impedance (Zw). This fitting process allowed us to extract the interface impedance parameters.
Figure 3 illustrates the impedance spectra obtained for various DBS electrode potentials,
showecasing the impedance behaviour changes across different electrode potentials.

In the equivalent circuit of the tissue electrode interface, the double-layer capacitance (Cai)
is a measure of the non-Faradic charge transfer component. It is desirable to have a large Ca.
In addition to the double-layer capacitance, platinum-10 Iridium alloy has a surface property
that allows it to adsorb hydrogen atoms, creating an additional capacitance called pseudo
capacitance [9-11]. The standard cell potential of the electrode (A) is the potential difference
between the electrode and a reference electrode in a standard solution (e.g. a solution of known
pH and concentration). It represents the thermodynamic potential of the electrode and
determines the direction of the electrochemical reactions that can occur at the electrode-tissue
interface. The external source must overcome this potential to deliver any charge to the tissue.
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Its composition and surface properties influence the standard cell potential of the electrode. It
is desirable to have a low standard cell potential for the electrode to reduce the overpotential
required for charge transfer, reducing the risk of irreversible Faradic reactions and
electrode/tissue damage.

The tissue medium resistance (Rs) is essential when designing a neural stimulation system.
It represents the tissue's resistance between the electrodes and the IPG body and affects the
quantity of current that can be delivered through the tissue. A higher Rs value means that more
voltage will be required to deliver a given current through the tissue, potentially leading to
higher power consumption or damage to the tissue. Therefore, it is vital to consider Rs when
designing the stimulation parameters for a neural implant [9,11].

The impedance spectra analysis revealed that the solution resistance values for the PBS
solution remained relatively consistent within a narrow range. On the other hand, the faradic
resistance (Rct) exhibited a decreasing trend as the overpotential increased. The capacitance
remained relatively constant across the potential range in the PBS medium. Notably, a
significant reduction in faradic impedance was observed after reaching an overpotential of -
0.6V. This suggests an increase in faradic reactions beyond this overpotential. Consequently,
it is crucial to ensure that the electrochemical window for the DBS electrode does not exceed
an overpotential of -0.6V to avoid unfavourable changes in the faradic impedance and maintain
the electrode’s stability and performance.

3.4. Chronopotentiometry Analysis

Chronopotentiometry experiments were conducted using cathodic and anodic current
pulses of varying durations on the DBS electrode. As the electrode exhibits nonlinear
capacitance behaviour with respect to overpotential, Chronopotentiometry allows for
determining cumulative charge capacity to the overpotential.
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Figure 4. a) Chronopotentiometry response on the cathodic side (LOmA current excitation)
b) Chronopotentiometry response on the anodic side (ImA current excitation)
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A Chronopotentiometry plot for the DBS electrode is done, considering 10 mA cathodic
current excitation and 1 mA anodic current excitation in Figure 4a and Figure 4b, respectively.

Analysis of the plots revealed several important observations. There is an abrupt initial
potential jump, which can be attributed to the solution resistance. Following this, the potential
gradually rises. For shorter current pulse durations, the rate of potential rise exhibits a linear
trend. The double-layer capacitance of the system primarily influences the potential variation
in these cases.

Furthermore, two distinct patterns of potential variation were identified. At the end of the
current pulse, the potential experiences a sharp decline before gradually dropping towards the
Open Circuit Potential (OCP) value. These observations provide valuable insights into the
dynamic behaviour of the electrode during Chronopotentiometry experiments.

From the Chronopotentiometry analysis, a charge vs. overpotential plot was derived. The
charge is calculated as the product of the current and the total time lapsed after the application
of the pulse. The overpotential, 1, is defined as

n = Etot — Er (Eq. 3)

Etot is the total potential drop observed, and E; is the initial resistive drop. This plot directly
gives information about the charge-delivering capacity of the electrode. Charge delivered vs.
overpotential plots are given in Figure 5a and Figure 5b. The plots are given for 10 mA cathodic
and 1 mA anodic current excitation.
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Figure 5. a) Charge delivered vs Overpotential on the cathodic side. b) Charge delivered vs.
Overpotential on the anodic side

From the above plots, the total charge-delivering capacity of the electrode can be inferred.
The charge-delivering capacity of the electrode on the cathodic side was calculated as 6.10 pC
(charge density: 102 uC/cm?) at an electrochemical window of -0.65V. On the anodic side, the
charge-delivering capacity was found to be 3.10 pC (charge density: 52 pC/cm?),
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corresponding to a window of 0.6 V. Table 1 summarizes the results obtained by various
experiments.

Table 1. Summary of experimental Results for pt-10ir electrode

Experiment Parameter Nominal Value

OCP Analysis OCP vs. SCE 0317V

Cyclic Voltammetry Cathodic Side 0.65Vv
Electrochemical
Window

Cyclic Voltammetry Anodic Side 0.3V
Electrochemical
Window

Electrochemical Charge transfer 5.368 kQ-cm? (min)

Impedance Spectroscopy | resistance

Chronopotentiometry Cathodic Side Charge | 105 pC/cm? (with PBS)
Delivering Capacity

Chronopotentiometry Anodic Side Charge 15.32 pC/cm? (with
Delivering Capacity PBS)

The safe charge injection capacity values mentioned pertain to the observations made using
the PBS medium. The safe charge injection limit to prevent any damage to the g1.3mm X
1.5mm Pt-10Ir electrode is as

For cathodic: 105 pC/cm? * 0.0613 cm? = 6.4 uC
For anodic: 15.32 uC/cm? * 0.0613 cm? = 0.9 uC

From the characterisation results, the DBS electrode can be represented with Randle’s
electrical equivalent model for cathodic unipolar and bipolar excitation. The standard cell
potential of the Pt electrode is measured with respect to the standard calomel electrode. From
experiments, the area and double-layer capacitance of the IPG Body made of Titanium are
approximately 50 cm? and 35 puF/cm?, respectively. The OCP of the electrode and the IPG body
has been observed to vary over time. A series capacitance is incorporated into the stimulation
circuit to mitigate this issue and prevent continuous charge delivery in the event of a dead short
circuit. This series of capacitance would also protect the body and absorb any changes in the
OCP of the electrodes [12-14]. The electrical equivalent model for unipolar and bipolar
excitation has been evaluated and is presented in Figure 6a and Figure 6b, respectively.

Based on the various observations got from the experimental data a generic limit diagram
for stimulation to neural tissues can be drawn out as in Figure 7 which summarises the different
stimulation thresholds required for the design of the electrode.
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4. CONCLUSION

The DBS electrode, having a diameter of 1.3 mm, a length of 1.5 mm, and an effective
surface area of 0.0613 cm? was electrochemically analysed for evaluating the safety limits of
the electrode to be employed for stimulation without tissue and device damage. The safe charge
injection limit for the Pt-101r based DBS electrode to avoid damage from the electrochemical
reaction was measured as 4.1 uC (@ 67 pC/cm?), which is higher than Shannon’s tissue
damaging limit of 2.08 uC (@ 33.98 uC/cm?). Therefore, it can be concluded that the electrode
is electrochemically safe, but the charge injection limits during stimulation should still be kept
within the tissue-damaging limit of 2.08 uC (@ 33.98 uC/cm?). During bipolar excitation, one
of the electrodes becomes the anode. For anodic excitation, the DBS electrode can only transfer
a charge of 0.39 puC (@ 6.4 uC/cm?). Additionally, the electrochemical window is small (only
0.3V above the OCP). Therefore, during bipolar excitation, charge transfer for the DBS
electrode should be limited to 0.39 pC. The large area of the Titanium body results in a very
high double-layer capacitance, thereby causing minimal potential drift with the passage of
current.
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