
Biomedical Physics & Engineering
Express

     

PAPER • OPEN ACCESS

Fitting the determined impedance in the guinea pig
inner ear to Randles circuit using square error
minimization in the range of 100 Hz to 50 kHz
To cite this article: M O Pleshkov et al 2022 Biomed. Phys. Eng. Express 8 025005

 

View the article online for updates and enhancements.

You may also like
An Extended Randles Circuit and a
Systematic Model-Development Approach
for Capacitive Deionization
Johan Nordstrand and Joydeep Dutta

-

Impedance-Resolved Beginning-of-Life
Electrochemical Performance and
Durability of Treated Carbon Felt
Electrodes in Vanadium Redox Flow
Batteries
Michael Daugherty, Douglas Aaron, Alan
Pezeshki et al.

-

Treating hearing disorders with cell and
gene therapy
Lisa N Gillespie, Rachael T Richardson,
Bryony A Nayagam et al.

-

This content was downloaded from IP address 92.63.69.9 on 02/02/2022 at 10:27

https://doi.org/10.1088/2057-1976/ac4c4a
/article/10.1149/1945-7111/abd82f
/article/10.1149/1945-7111/abd82f
/article/10.1149/1945-7111/abd82f
/article/10.1149/MA2020-013477mtgabs
/article/10.1149/MA2020-013477mtgabs
/article/10.1149/MA2020-013477mtgabs
/article/10.1149/MA2020-013477mtgabs
/article/10.1149/MA2020-013477mtgabs
/article/10.1088/1741-2560/11/6/065001
/article/10.1088/1741-2560/11/6/065001
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvk4Jw0Ruav5MGGbGLiNpzaJqohTA-T-VyWZMQheb7K_Zpqyqk73L_HHEYQyTeI5obZT4uOvTJfLrzCuKHpVDoRibc9UcUwmnIycf-FqSKWt2eaJntPzSCRtYyhBTX5X2GR4McGzDubqbIL_q0-DDe8LKygITQU242l5FymjU4sw3YTeocjEiXShduFqLmqvNDIVj1bDDtg7QtKwqjvMjQS30wj1XFdX0ZSUWPPqI73_d59NyQPKycAMscfRsP3faTc1op6ALQ37u2ndymApWrHGBj-fPmlO3w&sig=Cg0ArKJSzJls-kOPtK7y&fbs_aeid=[gw_fbsaeid]&adurl=https://iopscience.iop.org/bookListInfo/physics-engineering-medicine-biology-series%23series


Biomed. Phys. Eng. Express 8 (2022) 025005 https://doi.org/10.1088/2057-1976/ac4c4a

PAPER

Fitting the determined impedance in the guinea pig inner ear to
Randles circuit using square error minimization in the range of
100 Hz to 50 kHz

MOPleshkov1,2 , SD’Alessandro3 ,MVSvetlik4, DNStarkov1,2 , VAZaitsev2 ,MHandler3 ,
DBaumgarten3 , R Saba5, R van de Berg1,2 , V PDemkin2 andHKingma1,2

1 Division of Balance Disorders, Department of Otorhinolaryngology and Head and Neck Surgery, Maastricht University Medical Centre,
Maastricht, TheNetherlands

2 Faculty of Physics, Tomsk StateUniversity, Tomsk, Russia
3 Institute of Electrical and Biomedical Engineering, UMIT - Private University for Health Sciences, Medical Informatics and Technology,
Eduard-Wallnoefer-Zentrum 1,Hall in Tyrol, Austria

4 Biological Institute, Tomsk StateUniversity, Tomsk, Russia
5 MED-EL Elektromedizinische GeraeteGesellschaftm.b.H., Innsbruck, Austria

E-mail:maksim.o.pleshkov@gmail.com

Keywords: electrical impedance, inner ear, guinea pig, equivalent circuit, electrical double layer, polarization

Abstract
Objective. Several lumped and distributed parametermodels of the inner ear have been proposed to
improve vestibular implant stimulation. Themodels should account for all significant physical
phenomena that influence the current propagation, such as the electrical double layer (EDL) and
mediumpolarization. The electrical properties of themedium are reflected in the electrical
impedance; therefore, the study aimed tomeasure the impedance in the guinea pig inner ear and
construct its equivalent circuit.Approach. The electrical impedance wasmeasured from100Hz to
50 kHz between a pair of platinumelectrodes immersed in 0.9%NaCl saline solution using sinusoidal
voltage signals. The Randles circuit wasfitted to themeasured impedance in the saline solution in
order to estimate the EDL parameters (C W and R, , ct) of the electrode interface in saline. Then, the
electrical impedance wasmeasured between all combinations of the electrodes located in the
semicircular canal ampullae and the vestibular nerve in the guinea pig in vitro. The extended Randles
circuit considering themediumpolarization (R R C, ,i e m) together with EDLparameters (C R, ct)
obtained from the saline solutionwasfitted to themeasured impedance of the guinea pig inner ear.
TheWarburg elementwas assumed negligible andwas not considered in the guinea pigmodel.Main
results. For the set-up used, the obtained EDLparameters were: C F R k27.09 10 , 18.75 .ct

8= = W-*
The average values of intra-, extracellular resistances, andmembrane capacitancewere R k4.74 ,i = W
R k45.05 ,e = W C F9.69 10 ,m

8= -* respectively. Significance. The obtained values of themodel
parameters can serve as a good estimation of the EDL formodellingwork. The EDL, together with
mediumpolarization, plays a significant role in the electrical impedance of the guinea pig inner ear,
therefore, they should be considered in electrical conductivitymodels to increase the credibility of the
simulations.

Introduction

The vestibular system—also called the vestibular
labyrinth—is a pair of balance organs located in the
left and right temporal bones. Each vestibular organ
consists of three semicircular canals (SCCs) that detect
head angular acceleration and two otolith organs that

detect head linear acceleration, including gravity.
Head motion information obtained by the vestibular
organs is then transferred via nerves to the brain and
used to stabilize gaze, facilitate orientation in space,
andmaintain balance (Kingma and van de Berg 2016).
For some reasons, the vestibular function can be
decreased or completely lost (Lucieer et al 2016),
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which significantly worsens the quality of patients’
lives and brings a considerable economic burden (Sun
et al 2014).

Research groups have shown that vestibular func-
tion in a population with severe bilateral vestibular
loss can be partially restored using an investigational
vestibular prosthesis—the vestibular implant (VI)
(Perez Fornos et al 2017, Boutros et al 2019). The con-
cept of the VI is to replace the impaired vestibular
end-organ with an electrical stimulator using a set of
gyroscopes. Currently, VIs for the semicircular canals
consist of three electrode branches, each of which is
inserted into one SCC with the stimulating contact
targeting the center of the ampulla (van de Berg et al
2012, Seppen et al 2019). Head rotation ismeasured by
gyroscopes and processed by the VI. Information
about head motion is encoded using modulated
biphasic charge-balanced square electrical pulses. It is
then sent directly into the vestibular nerves through
the electrodes - one of each electrode pair being loca-
ted in the respective SCC, the other located either
nearby (bipolar stimulation) or remotely (monopolar
stimulation).

In recent years, several distributed parameter
models (Hayden et al 2012, Marianelli et al 2015,
Handler et al 2017) together with lumped parameter
models (Demkin et al 2018, 2020) have been proposed
for investigation of the current propagation in the tis-
sues of the human and animal inner ear to optimize
the VI stimulation. The abovementioned distributed
parameter models mainly consider the interelectrode
space to be purely resistive. However, medium polar-
ization (Gabriel et al 1996a, 1996b) and the electrical
double layer (EDL) present in the electrode-tissue
interface could influence the shape and amplitude of
the voltage waveform (Grant and Lowery 2009). In
contrast, lumped parameter models already include
the capacitive effects of biological membranes of the
cells building up the living tissue.

The EDL represents a small but highly resistive layer
at the electrode surface that may influence the current in
the range of low frequencies (Cantrell et al 2008, Grant
and Lowery 2009). In a simplified representation, the
EDL can be described as a capacitor preventing the flow
of low frequency components of the stimulus. On the
other hand, medium polarization (of tissues external to
the electrode) can occur at different frequencies. For
example, the electronic, ionic, and orientational polar-
ization is present at frequencies higher than the MHz
range (gamma dispersion). In contrast, the polarization
of cellmembranes andmacrostructures can arise starting
in the range of Hz (alpha dispersion) (Schwan 1957,
Grimnes andMartinsen 2010).

The electrical impedance measurements followed
by the equivalent circuit fitting approach is widely
used in biology studies, including ex vitro measure-
ments of isolated animal tissues (Dean et al 2008),
in vivo measurements of plants (Bar-On et al 2021),
and ex vivo human dental (Herencsar et al 2020) and

cardiac (Fischer et al 2019) tissues. The most accurate
physical models used to optimize the VI should
account for all significant physical phenomena of cur-
rent transmission in the inner ear. Thus, in this study,
we performed the following steps: The 0.9%NaCl sal-
ine solution was chosen to measure the electrical
impedance between a pair of platinum half exposed
ball electrodes of 0.5 mm diameter in a frequency
range from 100 Hz to 50 kHz. Medium polarization
was neglected in this case since the saline solution does
not include any tissue and the chosen frequency range
is too low to cause gamma dispersion. For this case, the
Randles equivalent circuit representing a purely resis-
tive medium and the reactive EDL were the features
chosen to fit the measured impedance. Next, the elec-
trical impedances were measured in the guinea pig
inner ear between each pair of ampullae and vestibular
nerve using the same conditions as in the case of saline
solution. All measurements were performed at room
temperature T=298K. Finally, an extended Randles
circuit including the reactive component of tissue
impedance (instead of purely resistive) and the EDL
parameters identified from saline solution measure-
ments were used to fit themeasured impedances in the
guinea pig.

The first aim of this study was to determine elec-
trical impedances between a pair of electrodes
immersed in saline solution to estimate their EDL
parameters under such conditions from the fitted
Randles circuit. The second aim was to determine
electrical impedances between each pair of electrodes,
with contacts located close to the center of each
ampulla of each SCC and adjacent to the vestibular
nerve in the guinea pig inner ear. This was done in vitro
using sinusoidal voltage signals in a frequency range
from 100 Hz to 50 kHz. Finally, the aim was to fit the
measured interelectrode electrical impedance, includ-
ing the EDL and medium polarization, to the Randles
circuit using a squared errorminimization algorithm.

Materials andmethods

Sample
This study used 10 ml of 0.9% NaCl saline solu-
tion stored in a disposable plastic container (1.71×
1.25×4.5 cm) and the periotic bone of a guinea pig
weighing 947 grams. Before the study, the animal was
kept in standard vivarium conditions with water and
food ad libitum. All procedures were performed
following the European Convention for the Protection
of Vertebrate Animals. The animal was decapitated
under ether anesthesia. The bones of the tympanic
cavity and the periotic capsule were removed, with the
preserved native structure of the vestibulocochlear
nerve leaving this capsule through the internal audi-
tory opening. The study was carried out on a fresh
tissue sample no later than an hour after decapitation.
The samplewas notfixed.
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Equipment
A set of platinum electrodes was used to measure the
impedances. The platinum ball contact branches
fabricated byMed-EL aremade by flaming the end of a
wire into a ball contact. The size of the ball contact is
checked to be within a mm0.05 range of tolerance.
Each electrode branch was fabricated with a ball
contact at the tip with a diameter of 0.5 mm, half
exposed, resulting in an estimated contact area of

S mm0.39 .e
d

2
2

2

= =p The remaining electrode sur-

face was insulated with silicone rubber. The measured
active electrical resistance of each electrode was below
2 W and thus was considered negligible compared to
the EDL. First, two electrodes were inserted parallel to
each other in a plastic container filled with 10ml 0.9%
NaCl saline solution, positioned at a distance of
35 mm from each other. Next, three electrodes were
each inserted into the fenestrations of one of the three
SCC ampullae of the vestibular organ, and one
electrode was attached to the vestibulocochlear nerve
stump. All electrodes were fixed at their positions
using cyanoacrylate (superglue).

The measurement circuit is presented in figure 1.
Only two out of four inserted electrodes were used at a
time in each of six measurements: one electrode pro-
vided the voltage, another served as a ground node.
The AC voltage generator (Gen) provided a sinusoidal
signal with an amplitude of 0.2 V in the case of saline
solution and 0.4 V in guinea pig inner ear, both in a
frequency range of 100Hz to 50 kHz. The chosenmag-
nitude of the load resistor (R) should not interfere with
the target impedance. On the other hand, the load
resistance should be big enough to register the voltage
applied. Thus, in the present study, the load resistor
was R 960= W (1% resistance accuracy) for guinea
pig measurements and R 100= W (1% resistance

accuracy) for saline solution measurements. During
the measurements, the total current flowing in the cir-
cuit did not exceed 90 μA. The RIGOLDS1054 oscillo-
scope (Osc) simultaneously registered the voltage
applied between the stimulating electrode EL1 and the
ground GND (Vgen), and the voltage applied between
the registering electrode EL2 and the ground GND
(Vload). The measurements were performed at room
temperature T=298K.

Electrical impedance calculation
The measurement circuit was considered a closed one
(insignificant current flow to and from oscilloscope);
therefore, the electrical current was assumed to be the
same at any point of the (model) circuit and was

determined as I .V

R
load= Taking into account the

previously mentioned assumption and the energy
conservation law, the voltage applied to the sample
was then calculated simply as a difference between the
voltage provided by the generator and the voltage drop
over the load resistor: V V V .s gen load= - The electrical
impedance magnitude was then calculated at each
measured frequency via Ohm’s law as the ratio of the

voltage and current amplitudes: Z f
V

I
.s∣ ( )∣ ∣ ∣

∣ ∣
= The

phase shift 2 1j j jD = - was determined by com-
paring the harmonic signal applied from generator
V A sin tgen 1 1( )w j= + and the harmonic signal
received at the load V A sin t .load 2 2( )w j= + Both
signals underwent Fast Fourier Transform, then the
dominant harmonic component was identified in each
signal as having the highest magnitude. The phases 1j
and 2j were calculated in each signal using Euler’s
formula, and finally, their difference resulted in the
overall phase shift jD expressed in radians.

Figure 1. Schematic picture of the impedancemeasurement circuit. Gen—voltage signal source; Osc—oscilloscope; R—load resistor;
EL1 and EL2—implanted platinum electrodes; GND—ground node; Vgen—voltage provided by generator; Vload—voltagemeasured
at the load resistor.
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Equivalent circuitmodel: saline solution
The Randles circuit (Randles 1947) was chosen to
simulate the electrical impedance between the electro-
des immersed in the saline solution and estimate the
EDL parameters since the saline solution does not
include any biological tissues or cell membranes. The
medium impedance in the saline solution was con-
sidered to be purely resistive (Rs) due to the absence of
biological tissues in the measurement. The EDL was
represented by a capacitor (C) connected in parallel to
a Warburg element (W ) and an active resistance (Rct )
describing the charge transfer through the EDL
(figure 2). The Warburg element was represented as a
constant phase element with an impedance equal to
Z ,W A i f

1

2 p( )
=

p* * * *
where A is the inverse magni-

tude of Warburg element impedance; i is the imagin-
ary unit, f is linear frequency, and p is a real number
in the range between 0 and 1 (Taylor and
Gileadi 1995).

Equivalent circuitmodel: guinea pig inner ear
An extended equivalent Randles circuit was used to fit
the measured electrical impedance in the guinea pig
inner ear tissue (figure 3). The Randles equivalent
circuit was chosen because of the simplicity in its
interpretation (impact of the EDL compared with the
biological tissue) and lower ambiguity in parameter
identification compared with the equivalent circuits
incorporating more elements (Demkin et al 2020).

The equivalent circuit consists of a simplified EDL
circuit without the Warburg element (R C,ct )
describing electrode-tissue interface and a tissue
circuit representing the inner ear tissue in terms of
extracellular resistance (Re) in parallel withmembrane
capacitance (Cm) and intracellular resistance (Ri). The
Warburg element was omitted due to the small
impedance magnitude compared with other resis-
tances and for the simplicity of further simulations.
The EDL parameters were taken from the result
obtained from the saline solution simulation, whereas
the tissue parameters were identified by fitting the
tissue circuit to themeasured data.

A custom-made algorithm to find the best combina-
tion of parameters has been implemented in Matlab
2014b (Mathworks, Natick, USA). The algorithm fitted
thedesired equivalent circuit to the experimentally deter-
mined electrical impedance in the complex form using
the iterative method of minimizing the squared error
between the fit and the measurements. The initial values
of the different parameters and their chosen upper range
are listed in table 1; the lower range was always set at 0,
since the consideredparametersmust benon-negative.

Results

Impedancemeasurements: saline solution
Figure 4 shows the magnitude and phase shift of the
total electrical impedance for bothmeasured andfitted

Figure 2.Randles circuit used for fitting themeasured impedance in saline solution. Rs—the interelectrodemedium resistance, Rct—

charge transfer resistance, C—EDL capacitance, W—Warburg element, ZW—Warburg element impedance.

Figure 3.Randles circuit with extended tissuemodel (excludingWarburg element)used for fitting themeasured impedance in the
guinea pig inner ear. Tissue circuit: Ri—resistance of the intracellularmedium, Cm—membrane capacitance, Re—resistance of the
extracellularmedium; EDL circuit: Rct—charge transfer resistance, C—EDL capacitance; EDL—electrical double layer.
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parameters for the saline solution. The impedance
magnitude becomes horizontally asymptotic at approxi-
mately 30 kHzwith a value of about 1 k .W The originally
negative phase shift tends to 0 degrees with increasing
external field frequency and reaches 0 degrees at around
50kHz.

Equivalent circuit simulation: saline solution
Table 2 shows the best Randles circuit parameters
(figure 2) obtained from the fitting algorithm by using
the total measured impedance of the saline solution.
The maximum value of Warburg element impedance
does not exceed the magnitude of 0.05 W and,
therefore, can be neglected compared with saline
resistance Rs (809.49 W) and charge transfer resistance
Rct (18.75 kW). Thus, the fitted values of EDL (C R, ct)
will be used for further simulations of stimulation
through real electrodes in the guinea pig inner ear.

The capacitive impedance (XC) acts according to
the expression X .C i C

1=
w

It forms the low frequency

impedance that decays with increasing the stimulation
frequency. On the other hand, active resistance of sal-
ine (Rs) is frequency independent and determines the
plateau value at high frequency range (figure 4).

Impedancemeasurements: guinea pig
Both measured and fitted magnitudes and phase shifts
of a total electrical impedance in the guinea pig inner
ear are shown in figure 5. Both the magnitude and
phase shift indicate a nonlinear frequency depend-
ence. The measured impedance magnitude becomes
horizontally asymptotic at approximately 10 kHz with
an average value of 4.6 k .W The value of the asymptote
also includes the load resistor (960 W), which is in
series to the measured impedance. The absolute value
of phase shift tends to decrease to 0 degrees at
approximately the same frequency of 10 kHz.

Equivalent circuit simulation: guinea pig
The extended equivalent Randles circuit was fitted to
the measured data to take into account medium
polarization, using the circuit shown in figure 3
(including the extended tissue model but without the
Warburg element). The other EDL parameters (C and
Rct ) are defined to be the same as in the saline solution

Figure 4.Measured and fitted electrical impedance in the saline solution.Measured impedance (blue crosses), fitted impedance (blue
solid line), measured phase shift (red circles), and simulated phase shift (red dashed line).

Table 2. Fitted parameters of the impedance in the saline solution.
Rs—resistance of the interelectrodemedium; Rct—charge transfer
resistance; C—electrical double layer capacitance; A—the inverse
magnitude ofWarburg element impedance; p—the power of the
phase part ofWarburg element impedance.

Medium EDL

Rs ( )W C F10 8 ( )-* R kct ( )W A
1⎛

⎝
⎞
⎠W

p

saline 809.49 27.09 18.75 0.06 0.89

Table 1.The range of the equivalent circuit parameters used for themodel fit.

Medium
EDL

Guinea pig tissue Saline

Ri ( )W C Fm ( ) Re ( )W Rs ( )W C F( ) Rct ( )W A
1⎛

⎝
⎞
⎠W

p

Starting point 2 104* 10 9- 2 104* 2 104* 10 9- 4 103* 0.06 0.5

Upper limit 106 10 6- 106 106 10 6- 106 Inf 1
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simulations (table 2). The (small magnitude)Warburg
element was not considered in this equivalent circuit
since the simulations showed that the absence of the
Warburg element does not worsen the goodness of fit.
The best fit coefficients are shown in table 3. The fitted
intracellular resistance (Ri) between a pair of ampullae
is slightly lower than the resistance between an
ampulla and the vestibular nerve stump at the location
of the recording electrode.

Discussion

In the present study, the electrical impedance was
determined in the saline solution and between the
selected structures of the guinea pig inner ear: the three
SCC ampullae and the vestibular nerve. The

parameters of the Randles circuit were fitted to the
measured values of the electrical impedance in the
saline solution to estimate the EDL parameters. The
obtained magnitude of the Warburg element is
considerably smaller than the other elements in the
equivalent circuit. Therefore, the Warburg element
could be neglected. The extended Randles circuit
parameters, including intra- and extracellular resist-
ance and cell membrane capacitance (figure 3) were
fitted to the measured electrical impedances in the
guinea pig inner ear. A goodmatch between themodel
and the measurements for both magnitude and phase
shift was obtained. A better fit can be obtained by
addingmore elements in the circuit, but this should be
done concerning their physical interpretation.

The data suggest that the capacitive component of
the electrical impedance in the guinea pig inner ear is

Figure 5.Measured and fitted electrical impedance in the guinea pig inner ear.Measured impedance (blue crosses),fitted impedance
(blue solid line), measured phase shift (red circles), and simulated phase shift (red dashed line) between: (a)ASCC-LSCC; (b)ASCC-
VN; (c)ASCC-PSCC; (d) LSCC-VN; (e) LSCC-PSCC; (f)PSCC-VN in guinea pig. Abbreviations: ASCC, PSCC, LSCC—are anterior,
posterior and lateral semicircular canals, respectively; VN—vestibular nerve.

Table 3.Thefitted impedance parameters in the guinea pig inner ear: Randles circuit with
extended tissue. ASCC, PSCC, LSCC—are anterior, posterior, and lateral semicircular canals,
respectively; VN—vestibular nerve; Ri—resistance of the intracellularmedium; Cm—

membrane capacitance; Re—resistance of the extracellularmedium; Rct—resistance of the
diffusion layer; C—electrical double layer capacitance; SD—standard deviation. EDL
parameters are fixed in this case at levels obtained from the saline solutionmeasurements.

Medium EDL

R ki ( )W C F10m
8 ( )-* R ke ( )W C F10 8 ( )-* R kct ( )W

ASCC-LSCC 3.88 8.44 33.34 27.09 18.75

ASCC-VN 6.76 7.79 35.12

ASCC-PSCC 4.31 9.50 134.65

LSCC-VN 5.30 9.94 23.24

LSCC-PSCC 2.69 9.84 22.86

PSCC-VN 5.50 12.60 24.08

Average 4.74 9.69 45.05 — —
SD 1.42 1.68 44.16 — —
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significant in the range of relatively low frequencies up
to 10 kHz. Аt higher frequencies, the impedance of
both capacitors present in the extended Randles cir-
cuit approaches zero, allowing the current to bypass
the charge transfer resistance and the extracellular
resistance and to flow through the intracellular resist-
ance and themembrane capacitance (figure 3). Conse-
quently, the overall magnitude of the electrical
impedance approaches (at high frequencies) the total
active resistance—equal to the sum of the intracellular
resistance and the load resistor with increasing fre-
quency in themodel.

The EDL capacitance per unit area can be assumed

to be in the range of 10 20C

S

F

cm2= - m
for a metal elec-

trode immersed in liquid (Merrill et al 2005), which
has the same order of magnitude as the findings of this
study F cm34.73 .C

S

C

S2
2

e
m= = / The electrode con-

tact area in these experiments is, in fact, twice the area
of single contact since the model creates one capaci-
tance value that accounts for the capacitance C for
both electrodes; therefore, the direct comparison
between literature and fitted values cannot be
established.

The equivalent circuit presented in this study can
be extended by adding more elements, as suggested by
(Demkin et al 2020). It will probably allow reaching a
better fit; nevertheless, adding more components to
the models increases the variability in the parameter
values that might lead to model overfitting and the
complexity of model interpretation. Therefore, this
approach should be treated with caution. We assume
that the goodness of fit of the model presented in this
study (figure 3) and more complex models will be
comparable since all significant physical phenomena
contributing to the electrical impedance were taken
into account in this study.

In vivo versus in vitro
It has been shown in the literature that there are
differences between in vitro and in vivo results,
indicating a slight decrease in the conductivity
and permittivity in in vitro cases (Schwartz and
Mealing 1985). Even though the ionic composition of
endo- and perilymphatic liquids equalizes post mortem
due to the diffusion process (Rodgers et al 1966), it
does not change the overall liquid conductivity and
active resistance R .e Finally, the tissue properties can
change with temperature (Edd et al 2005, Fischer et al
2019), with the trend to increase when lowering the
temperature in the positive temperature range. Thus,
themeasured impedance evaluated in this paper could
be a slight overestimation of the real in vivo situation.

It is known that various tissues present between
measuring electrodes contribute to the value of elec-
trical impedance (Kauppinen et al 1998). In this study,
the guinea pig inner ear was removed from the original
environment leaving out the surrounding tissues - the
brain, muscles, and skin. This might slightly change

the measured impedance even though the current is
mainly flowing between the measuring electrodes in
the key structures (endo- and perilymphatic liquids,
vestibular nerve, and temporal bone that are present in
the sample) as it would happen in in vivo measure-
ments. Eventually, similar impedance measurements
can potentially be performed in animals in vivo if the
proper surgical approach is applied.

Relation to a human inner ear
When considering the human inner ear space, the
value of the EDL capacitance will probably vary from
the findings of this study due to the bigger sizes of
vestibular labyrinths (in particular, of the SCCs and
the ampullae). Electrode dimensions used in humans
can be bigger or smaller than in the in-vitro experi-
ments of this study on guinea pigs. This might lead to
different contact surface areas and, consequently,
different EDL capacitances - C, which in its way affects
the impedance in the low frequency range. The
electrode size issue can be resolved in each particular
case by direct measurement of the implant electrode
tip and a consecutive scaling the EDL capacitance.

In addition, the human ampullae are located
farther from each other and from the vestibular nerve
than in the guinea pig, which will probably increase
the active resistance - R .e On the other hand, the
cross-sections of human semicircular canals are
approximately 20 times bigger than in the guinea pig
(Curthoys et al 1977) that will probably reduce the
active resistance - Re according to the cylinder resist-
ance equation (if the canal can be assumed as a con-
ductive cylinder).

This study presents the electrical impedances not
only between each pair of ampullae but also between
the ampullae and vestibular nerve, which is crucial to
understand the nerve fiber stimulation processes and
cross-talk between stimulated ampullae. The pre-
sented methodology to evaluate fitting parameters by
matching the measured in vitro electroconductive
properties of the guinea pig inner ear could improve
modelling the electrode-tissue interface and evaluate
simulations. The obtained values of the EDL para-
meters (C W R, , ct) can serve as a good estimate of
the EDL to use in future electrical modelling, includ-
ing other electrode dimensions, even though they
might change with different electrode contact areas.
Unlike the EDL, the medium impedance would
change with different interelectrode distances and tis-
sues present between the electrodes, such as bone,
membrane, or cupula. Eventually, the physical phe-
nomena described in this article remain the same for
guinea pig and human inner ear can be used for mod-
eling purposes.

Future prospective
In the future, in vivo experiments measuring the
interelectrode impedance in laboratory animals (and
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potentially in VI patients) will be very useful for
validating the presented results.

A (micro-) Computed Tomography scan of the
implanted site after impedance measurements would
allow for the reconstruction of the entire geometry
and determine the precise distance between electrodes
located in the inner ear. Together with the obtained
impedances in the inner ear, the known geometry
would allow for the construction of 3D FEM models
and calculation of the distributed parameters such as
electrical conductivity and dielectric permittivity of
the tissues involved (Fischer et al 2019).

The measured electrical impedances of the guinea
pig inner ear and obtained equivalent circuits shown
in this study can also be used to improve and optimize
already existing 3D FEM models by considering the
EDL in the simulations. In addition, impedance mea-
surements from various isolated tissues of the inner
ear and identification of their distributed electrical
parameters might be essential to get more realistic
localized results from the 3DFEMsimulations.

Conclusion

The EDL, together with medium polarization, plays a
significant role in the electrical impedance of the
guinea pig inner ear. Thus, when trying to predict the
performance of electrical stimulation using electrical
conductivity models, the EDL and medium polariza-
tion should be considered in these models to increase
the credibility of the simulation outcomes.
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