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Abstract 20 

The aim of this study was to estimate the electrical properties of the encapsulation tissue 21 

surrounding chronically implanted electrodes for deep brain stimulation in the rat. The 22 

impedance spectrum of a concentric bipolar microelectrode implanted in the rat brain was 23 

measured immediately following surgery and after 8 weeks of implantation. The experimental 24 

impedance data were used in combination with a finite element model of the rat brain using a 25 

parametric sweep method to estimate the electrical properties of the tissue surrounding the 26 

electrode in acute and chronic conditions. In the acute case, the conductivity and relative 27 

permittivity of the peri-electrode space were frequency independent with an estimated 28 

conductivity of 0.38 S/m and relative permittivity of 123. The electrical properties of the 29 

encapsulation tissue in the chronic condition were fitted to a dispersive Cole-Cole model. The 30 

estimated conductivity and relative permittivity in the chronic condition at 1 kHz were 0.028 31 

S/m and 2×105, respectively. The estimated tissue properties can be used in combination with 32 

computational modeling as a basis for optimization of chronically implanted electrodes to 33 

increase the efficacy of long-term neural recording and stimulation. 34 

Introduction 35 

Over the past twenty years, deep brain stimulation (DBS) has been established as an effective 36 

clinical intervention to restore motor function in patients with Parkinson’s disease. However, 37 

the mechanisms by which it works are not yet fully understood. To better understand the 38 

mechanisms of DBS it is necessary to establish the distribution of the electric field induced in 39 

the surrounding tissues and the effect that it has on activity in the target neurons. Mathematical 40 

modelling has been widely used to investigate the electric field distribution and consequent 41 

volume of neural tissue activated [1], [2], [16]. Using this approach, bioelectric field modelling 42 

of the brain has been extensively used for surgical planning, and to investigate variations in 43 

electrode configuration and simulation parameters system [1], [19]. Accurate modelling of the 44 

electric field requires knowledge of the distinctive properties of the electrode-tissue interface 45 

which includes the electrical double layer formed at the electrode-tissue interface and the 46 

electrical and geometrical properties of the encapsulation tissue formed around the electrodes. 47 

The electrical properties of the encapsulation layer are poorly understood and vary widely in the 48 

reported values used in the literature. Since the accuracy of computational models of DBS in 49 

predicting realistic electric fields directly depends on electrical properties and representation of 50 

anatomical structures of the tissues in the brain, identification of these properties is a critical 51 

issue. The encapsulation tissue formed at the electrode-tissue interface can have a substantial 52 

effect on the region of tissue which is stimulated. During voltage controlled stimulation, the 53 
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electric field in the surrounding tissues reduces significantly due to an increase of the impedance 54 

at the electrode-tissue interface resulting from the formation of a glial scar. In the chronic 55 

condition, the impedance of the encapsulation tissue increases for several weeks after 56 

implantation and remains while the implant is in the body. It is also reported that both 57 

encapsulation tissue properties and the thickness of the layer may change over time [3]. In the 58 

context of computational modelling of DBS, incorporation of the electrical double layer at the 59 

electrode tissue interface is well-established [4]. However, models to date have considered the 60 

encapsulation tissue to be purely resistive and frequency independent [5], [2], [17]. It has been 61 

established that capacitive and dispersive properties of the surrounding brain tissue can 62 

influence the volume of tissue activated during deep brain stimulation [2], [7]. However, it is 63 

not clear whether the encapsulation tissue exhibits similar capacitive or dispersive. The aim of 64 

the present study was, therefore, to estimate the electrical double layer and electrical properties 65 

of encapsulation tissue surrounding a DBS electrode chronically implanted in the rat brain, 66 

across a range of frequencies. The estimated electrode-tissue properties were incorporated in a 67 

computational finite element model of the electrode and surrounding brain tissue.   68 
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Methods 69 

In this study, experimentally recorded impedance data were used in combination with a three-70 

dimensional heterogeneous finite element (FE) model of the rat brain to estimate dispersive 71 

properties of the encapsulation tissue surrounding an implanted DBS electrode. Tissue 72 

properties were estimated in both acute and chronic conditions, on the day of surgery and eight 73 

weeks after surgery, respectively, in the frequency range of 100 Hz to 30 kHz. 74 

A. Impedance measurement in vivo 75 

Electrochemical Impedance Spectroscopy (EIS) was performed on the microelectrode in both 76 

physiological saline and then in the brain of one male adult Wistar rat in vivo, using Keysight 77 

E4980 AL precision LCR (inductance (L), capacitance (C), and resistance (R)) meter and 78 

Keysight data acquisition software (Keysight Technologies, CA, USA). Impedance was 79 

measured between the frequency range of 20 Hz to 300 kHz by applying a single sinusoidal 80 

signal of 20 µA in amplitude. The SNEX-100 concentric bipolar electrode (Microprobes, 81 

Gaithersburg, USA) was used with active Platinum/Iridium electrode contact with a diameter of 82 

100 µm and stainless steel ground contact with a diameter of 310 µm. The experiments were 83 

approved by the UCD Animal Ethics Committee and licensed by the Health Products 84 

Regulatory Authority of Ireland. 85 

B. Impedance data analysis 86 

To estimate the equivalent circuit electrical double layer (EDL) parameters, a circuit model 87 

similar to that proposed by McAdams and Richardot[8] was used to fit the impedance spectrum 88 

of the electrode in saline, using the simplex optimization technique in MATLAB (The 89 

MathWorks, Natick, USA). The equivalent impedance of a 1 nm thick electrical double layer 90 

was represented as a parallel combination of the constant phase angle element (Zcpa) and the 91 

over potential independent form of the charge transfer resistance (Rct): 92 

 93 

where K and β are constants denoting the magnitude of Zcpa and inhomogeneities in the surface 94 

respectively, R is the universal gas constant, F Faradays constant, T temperature, n the number 95 

of electrons per molecule, and I0 the exchange current density. 96 

 97 
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C. Model geometry 98 

A heterogeneous rat model with geometrical structures comprising cerebrospinal fluid (CSF), 99 

skull, grey and white matter tissue of the brain was created using image segmentation of T2 100 

MRI dataset of the rat brain [10]. The segmented masks of brain tissues were converted to a 101 

geometric model using Simpleware ScanIP software (Synopsys, CA 94043, USA). Before 102 

segmentation, the MRI dataset was coregistered to Waxholm Space Atlas of the Sprague 103 

Dawley Rat Brain (WSSD) atlas[10]. Subsequently, the microelectrode was positioned on the 104 

subthalamic nucleus with the aid of WSSD atlas as shown in Fig. 1. Finally, a surrounding layer 105 

of tissue of 25 µm and 60 µm thickness was created in the geometry to represent the 106 

encapsulation layer for acute and chronic, respectively. 107 

D. Mathematical framework 108 

To simulate the electrode impedance at different frequencies, the electro-quasistatic equation 109 

was used, where magnetic and wave propagation effects were neglected [11], [2], [6]: 110 

 111 

where, σ (S/m) and εr are electrical conductivity and relative permittivity, ω - angular frequency, 112 

ε0 permittivity of free space (F/m), and φ(Volts) scalar potential. Maxwell’s equation in this 113 

form takes into account the frequency dependent conductivity and permittivity, where both 114 

conductivity and permittivity were described using the Cole-Cole model representation [15]. 115 

E. Boundary conditions and material properties 116 

For bipolar stimulation in the computational model, the Platinum-iridium (Pt/Ir) contact of the 117 

microelectrode was assigned as the active terminal and the stainless-steel contact as a ground. 118 

Neumann boundary conditions were applied to the insulating parts of the electrode and outer 119 

surface of the skull [2]. The estimated electrical double layer was implemented using the thin 120 

layer approximation for voltage controlled stimulation and the equivalent double layer circuit 121 

model coupled to the active terminal of the electrode for current controlled stimulation [4]. The 122 

electrical double layer properties were estimated from the in vitro impedance data of the 123 

electrode in physiological saline and the skull, grey and white matter tissue properties were 124 

obtained from [15]. 125 

F. Estimation of encapsulation tissue properties 126 

A parametric sweep method was used where the Cole-Cole parameters of the encapsulation 127 

tissue were swept between grey matter and CSF for the acute condition, and for the chronic 128 
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condition between the white matter and 175% of the white matter properties [15]. Solving the 129 

FE model for each set of parameters, the parameters for which the deviation between the 130 

experimentally recorded and simulated impedance data, across the frequency range from 500 - 131 

27.5 kHz, was minimized were identified. Assuming linearity at the electrical double layer 132 

interface [9], [13], the impedance of the electrode can be calculated using Ohms law: 133 

 134 

where, Z is the magnitude of the impedance of the electrode, V - electric potential(Volts) 135 

calculated from the Laplace equation, and I - applied current (Amperes). 136 

G. Implementation detail 137 

The head with DBS electrode model was meshed using the Simpleware software, generated 138 

model consists of 1.8 million tetrahedral elements. A quadratic interpolation function was used 139 

on each tetrahedral element creating 2.5 million degrees of freedom to approximate the scalar 140 

potential. Finally, the discretized finite element model was solved using COMSOL Multiphysics 141 

(COMSOL, Stockholm, Sweden) using the GMRES iterative solver with a geometric multigrid 142 

preconditioner. 143 

Results  144 

A. Estimation of electrical properties of the double layer 145 

The estimated impedance of the microelectrode in the 0.9 % saline was presented in Fig. 2. The 146 

estimated parameters of the constant phase angle element of equation (1) normalized with 147 

respect to the active microelectrode surface area were K = 0.96 Ωm 2 s −β , β = 0.78. The 148 

estimated charge transfer resistance Rct was 350 kΩ. The impedance due to the electrical 149 

double layer was dominant in the low frequency range up to 10 kHz. 150 

B. Estimation of peri-electrode space electrical properties in acute phase 151 

The estimated electrical conductivity and relative permittivity of the 25 µm thick encapsulation 152 

layer in the acute condition were 0.38 S/m and 123, respectively at 1 kHz. The estimated 153 

dispersive properties of the encapsulation tissue were found to be constant across the frequency 154 

range examined. The estimated peri-electrode space electrical properties yielded an impedance 155 

of the electrode comparable to the experimental data as shown in Fig. 3. 156 

 157 
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C. Estimation of encapsulation tissue properties in the chronic phase 158 

The estimated electrical conductivity and relative permittivity of the 60 µm thick encapsulation 159 

layer in chronic phase were approximately 0.028 S/m and 2.5×105 respectively at 1 kHz. The 160 

estimated conductivity increased from 0.025 S/m to 0.081 S/m across the frequency range of 161 

600 Hz to 27.5 kHz, whereas relative permittivity decreased from 3.5× 105 to 5.7 × 104 . The 162 

estimated dispersive properties were in close agreement with the experimental results as shown 163 

in Fig. 4. 164 

Discussion  165 

In this study, the dispersive electrical properties of the encapsulation tissue surrounding an 166 

implanted microelectrode in the rat brain were estimated using a 3D finite element model. 167 

Encapsulation tissue properties were estimated for both acute and chronic conditions. Before 168 

estimating the encapsulation tissue properties, the electrical double layer impedance was first 169 

estimated in vitro. The electrical double layer was then incorporated in the FE models to 170 

estimate the encapsulation tissue properties in both the acute and chronic conditions. In both 171 

conditions, the electrical double layer impedance was dominant in the low frequency range(see 172 

Fig. 3 and Fig. 4), and was consistent with values estimated previously for DBS electrodes in a 173 

non-human primate [14].  174 

In the acute condition, the estimated electrical properties of the peri-electrode space were 175 

frequency independent, and the influence of permittivity on the electrode impedance was 176 

negligible, as shown in Fig. 3. A single conductivity value for the encapsulation produced a 177 

comparable impedance spectrum to the in vivo impedance data (see Fig. 3). The surrounding 178 

tissue conductivity of 0.38 S/m estimated on the day of surgery was found to be substantially 179 

lower than the values for CSF (1.7-2 S/m) which are frequency independent used as the basis 180 

for simulation of peri-electrode space properties in the acute phase [2], [5], [18]. The difference 181 

in the electrical conductivity in the peri-electrode space from that of CSF may be due to the 182 

presence of other cells resulting from insertion of the microelectrode. The conductivity 183 

estimated here lies above the effective conductivity of 0.1-0.27 S/m for a suspension of cell 184 

bodies within CSF reported in [12].  185 

In the chronic condition, the estimated electrical properties of the encapsulation tissue were 186 

frequency dependent, and the permittivity had a substantial influence on the impedance for the 187 

measured frequency range. The impedance simulated assuming a single value of conductivity 188 

and relative permittivity for the encapsulation tissue was not able match the in vivo impedance 189 

data (see Fig. 4). The estimated conductivity of the encapsulation tissue of 0.038 S/m at 1 kHz 190 
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is higher than that reported previously for subcutaneously implanted epoxy and silicone rubber 191 

electrode arrays in the cat [17]. Variations in the impedance values observed across the studies 192 

are likely due to differences in the tissue in which the electrodes were implanted, variations in 193 

materials and in electrode geometry. A number of study limitations should be considered when 194 

interpreting the data. The preliminary data presented were recorded in a single rat. A group 195 

study is ongoing to quantify the variability across animals. The electrical properties of the 196 

double layer were estimated in vitro and may change slightly in vivo and over time. Finally, the 197 

encapsulation tissue was assumed to be a homogenous isotropic conductor of simplified 198 

geometrical structure. The estimated electrical properties thus represent macroscopic bulk tissue 199 

properties. The detailed structure of glial scar and variations in tissue with distance from the 200 

electrode may influence the distribution of the electrode field in the region immediately 201 

surrounding the electrode in computational volume conductor models.  202 

Conclusions 203 

A detailed model of the rat brain was used in combination with experimentally recorded 204 

impedance data to estimate the electrical properties of the peri-electrode space and 205 

encapsulation tissue surrounding an implanted DBS electrode in the rat. The results confirm the 206 

increase in electrode impedance in the weeks following implantation observed in previous 207 

animal and human studies, and provide an estimate of the change in corresponding electrical 208 

properties of the tissue immediately surrounding the electrode. The estimated tissue properties 209 

can be used in combination with computational modeling as a basis for optimization of 210 

chronically implanted electrodes to increase the efficacy of long-term neural recording and 211 

stimulation.  212 
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Figures 265 

 266 

Fig. 1. Cross sectional view of model of rat brain with micro electrode, where 1-Grey matter, 2-267 

micro-electrode, 3-encapsulation tissue, 4-white matter 268 

 269 

 270 

 271 

 272 

Fig. 2. Comparison of experimentally measured electrode impedance and electrode impedance 273 

estimated for the FE model in 0.9% saline. 274 

 275 

 276 

 277 
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 278 

 279 

Fig. 3. Comparison of experimentally measured electrode impedance and electrode impedance 280 

estimated for the FE model in the acute condition. Data are also shown for the FE model where 281 

the electrical double layer (EDL) was included but the peri-electrode space was omitted from 282 

the model.283 
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 284 

Fig. 4. Comparison of experimentally measured electrode impedance and electrode impedance 285 

estimated for the FE model in the chronic condition. Data are also shown for the FE model 286 

where the electrical double layer (EDL) was included but the encapsulation tissue was removed 287 

from the model and for conductivity and relative permittivity values estimated at a single 288 

frequency. 289 


