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Abstract

The objective of this work is to develop a technique for filtering
parasitic effects from the impedance spectra (IS) measured in
biological material phantoms. IS data are contaminated with
unexpected capacitive and inductive effects from cable,
input/output amplifiers capacitances, electrode polarization,
temperature and contact pressure when collecting data. It is
proposed a model which contains an RLC-network in series with
the Cole model (RSC), then called RLC-Cole. It was built four
circuits composed by resistors, capacitors and inductors. An
impedance analyzer (HF2IS) was used to perform the
measurements in the frequency range of 1 to 3000 kHz. Data were
fitted into the model and comparisons to the nominal values were
made. In order to validate the proposed model, a gelatin phantom
and a chicken breast muscle impedance spectra were also
collected and analyzed. After filtering, Cole fitting was performed.
Results showed a maximum root-mean-square error of 1% for the
circuits, 2.63% for the gelatin phantom, whereas 2.01% for the
chicken breast. The RLC-Cole model could significantly remove
parasitic effects out of a tissue impedance spectrum measured by
a 4-point electrode probe. This may be highly important in EIS
systems whose objective is to discriminate a normal tissue from a
cancerous one.
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Introduction

Most electrical impedance spectroscopy (EIS) systems
applies a constant amplitude alternate current to the
sample by using two electrodes and the resulting voltage
potential is measured between two other electrodes [1]. In
order to assure a good characterization process, a current
excitation system should cover a wide range of frequencies

which may depend on the excitation technique and on the
hardware characteristics [2]. An impedance is calculated
and then a model of the studied sample is used for
extracting the equivalent electrical parameters [3]. Digital
processing may take place for filtering noise and performing
calibration of the EIS system prior to impedance spectra
calculation. Commercial EIS equipment may use two or four
electrodes for impedance measurement, which may have
or not have, cable effects compensation. Apart from this
available compensation, commonly calibration can be
applied externally by the user, such as short and open-
circuit techniques. Due to the fact that four-electrode
technique measures a transfer impedance, there has not
been found in literature such a compensation technique in
order to calibrate the measured data.

Impedance probes are the most common apparatus for
performing EIS measurements [4-6]. Unexpected effects
may occur during the measurements, such as electrode
polarization, movement artefacts, uncontrolled applied
force by the probe, temperature drift [7] sample
contamination, cable impedance, parasitic capacitances [8],
electronic constraints, and non-homogeneities, such as the
one found in human tissues [9]. Controlling all those effects
is a very difficult task, but important if a good extraction of
the sample parameters are required [10]. In most cases, the
high frequency impedance spectra are highly contaminated
with cable and stray capacitance of the electronic [11].

The use of an electrical equivalent model in EIS, which
best describes the material under study, is the ultimate goal
of this technique. Modelling may give a wrong diagnosis, if
the parameters do not represent the real biological
properties of the material under study [12]. In general, the
raw impedance data are fitted in a model. The fitting
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process can be done using different techniques, such as
Levenberg—Marquardt (LM) [13], particle swarm
optimization (PSO) [14], genetic algorithm (GA) [15], and
bacterial foraging optimization (BFO) [16]. However, the
fitting process does not remove noise and parasitic effects
from raw data, and hence an electrical model should
represent the data including all those effects.
Characterization of biological tissue is difficult, as it cannot
be modelled by a simple electrical equivalent circuit due to
its anisotropy [17] and non-homogeneity. Phantoms have
been used for mimicking biological materials in the field of
electrical impedance spectroscopy [18], but also other
properties of some materials, such as optical [19],
mechanical and acoustic [20], anisotropy and visco-
elasticity [21], thermal [22] and dielectric [23].

Most EIS system use the Cole model [24,25] for tissue
characterization. This is a non-integer (0 < a < 1) polynomial
function (see equation 1) which best describes the
biological sample. Different biological samples have a
different a number. Most bioimpedance analysis consist of
a resistance at zero frequency (R,), a resistance at infinite
frequency (Ry), a dispersion coefficient (a) of the material
under study and a relaxation time constant (t = 1/2nf).

Ro—Roo

Z(w) = Ry + —2 B
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(1)

The higher is the frequency range (within a single
dispersion) used in the measurements the better is the Cole
fitting process, as it assumes resistance at both zero and
infinity frequency. In practice, the electronic constrains the
measurements into a narrow frequency bandwidth [26].
Furthermore, parasitic effects in the impedance data at
higher frequencies limit the use of the Cole model as being
an appropriate fitting technique.

A simple interpretation of the Cole equation can be
represented in terms of a RSC electrical equivalent circuit
(see figure 1c). It corresponds to the Fricke equivalent
electrical circuit for the Cole equation, where R, represents
the extracellular resistance in low frequencies (R,= Ry),

Rz (= S) represents the intracellular resistance for high
frequencies,and R, =R S / (R + 5).

Parasitic effects introduce a "zero pole" in the Cole
equation, resulting in an impedance increase with
increasing frequency. Based on a literature review over the
last 10 years, there are few published articles directly
dealing with this modelling problem.

The objective of this paper is to investigate and propose
an alternative equivalent electrical model for reducing the
parasitic effects of measured bioimpedance data from the
Cole equation. The validation of the model was investigated
using phantoms of gelatin and chicken breast muscle.
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Materials and methods
Impedance measurement setup
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Fig.1: Schematic diagram of the model and measuring system.

(a) Measuring system. (b) Parasitic impedances. (c) First proposed
RLC-Cole-RLC model. (d) Final proposed RLC-Cole model. (e) Phantom
measurements.

Measurements were performed by using an impedance
meter (model HF2IS), a transimpedance amplifier (model
HF2TA) and a homemade impedance probe. The output of
the meter (Outl) in figure 1(a) was set up to provide a
sinusoidal voltage of 2 Vpp (peak-to-peak) from 1 to 3000
kHz. The output voltage is converted to current by the
HF2TA (transimpedance amplifier), which is recorded and
averaged after 8 measuring frequency sweep.
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Parasitic impedances

Even using the four electrode technique, residual electrode
polarization effect may occur, especially if the electrode
impedances are not completely balanced [12]. The
proposed model may also compensate these effects. The
objective of the proposed modelling technique is to extract
only the properties of the material under study without the
parasitic effects of the measuring system. Figure 1(b) shows
the parasitic impedances Zg,, Zs,, Zs3 € Zs, Which are the
contact impedances between the electrodes and the inputs
of the measuring system (see the previous section). Zo, is
the output impedance of the voltage to current converter,
Z0, is the output impedance of the transimpedance
amplifier HF2TA, Zd, and Zd5 are the input differential
impedance of the amplifier, Zin,and Zin, are the input
impedance of the amplifier.

Proposed equivalent model

The model shown in figure 1(c) is equivalent to the one of
figure 1(d). Preliminary tests have shown similar results
when extracting R,, R; and C; from raw impedance data.
The equivalent impedance shown in figure 1(d) can be
calculated according to equations 2 and 3.

1 JwR1L 1
Z(w) = Re(R3+5.60) Ritjwl jwcy 2)
Ry+(Rz+——) JORIL 1
2T 00, Ri+jwL " jwCy
_ Nw)
Z(w) = X ©)

N(w) and D (w) are polynomial functions that
represent numerator and denominator respectively, and
they are given by equations 4 and 5.

N(w) = —C,C,LR,RyRyw? + j(LC,(RyR; + R,R; +
+ RiR3) + LC;R Ry w? + (L(R, + Ry) +
+ CiR{R3R3)w — jRR, (4)

D((U) = _61C2LR1(R2 + R3)(1)3 +jL(C1(R2 + R3) +
CR))w? + (C;(R1R3 + R4R;) + L)w — jR, (5)

Ry, L and C, are parasitic values from the total
measured impedance. Particularly, the inductor L
represents the peak effect which may occur at high
frequency.

Materials and Measurements

Four electrical circuits were built (see table 1) using
resistors, capacitors and inductors. All components were
previously measured. In order to connect the probe to the
circuits, a circuit board was built. The penetration of the
electrode in the sample was not tested, due to the fact that
a surface electrode placed on the probe tip was used. The
diameter of the impedance probe is 8 mm. The tip of the
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probe barely touched the material as far as an electrical
contact was obtained.

The objective of using electrical circuits were to
reproduce the increase of impedance magnitude at
increasing frequency, and then to extract R1, L, C2, which
were calculated from the fitted data. Standard deviations
values are calculated in comparison to the measured ones.
Furthermore, the Cole parameters (R, R, fc and o) are
calculated, either for the measured or calculated ones
(R1, Ry, R3,Cy,C, and L). A PSO algorithm was implemented
in MATLAB for adjusting a known function to a set of
experimental data, similarly as used in GA. However, PSO
presents a faster convergence response to solve
unrestricted problems with continuous variables [27], as for
example the parameters from the RLC-Cole model.

Twenty measurements were made at three different
points on a gelatin phantom, and then the RLC-Cole model
parameters were calculated and averaged. The measuring
points were placed 3 cm apart from one another. Two
electrodes (1 and 2 in the figure 1(b)) are used for injecting
current and two electrodes (3 and 4) for measuring the
resultant voltage. The probe is both connected to the
impedance meter and a universal force gauge (UFG) device
(model DL-200 MF from EMIC), as it can be seen in the
figure 1(e).

The UFG device was used in order to hold the probe in
a vertical and steady state position, assuring a good contact
between the probe electrodes at the gelatin surface. It also
permits to push down the probe accurately until a soft
force is applied to the gelatin and a voltage reading is
visualized in the impedance meter. This assures a similar
applied force for all measurements and then repeatability
can easily be calculated.

The gelatin phantom was made of gelatin powder, agar-
agar powder, sodium chloride (NaCl) and deionized water.
It contains 25% of gelatin powder (50 g), 0.5% agar-agar
powder (1 g), 74% of deionized water (148 ml) and 0.5% of
NaCl (1 g), resulting in a total volume of 200 ml. It was kept
in a glass bowl of 10 mm diameter. Measurements were
collected at 25°C and repeated 20 times. Data were
averaged and parameter values repeatability were
calculated.

Table 1. Measured and fitted values for circuits 1 to 4, where NA means
that the resonance frequency was not measured.

Circuit 1 Circuit 2 Circuit 3 Circuit 4

C,[nF] 1.00 101 100 1.15 470 4.81 0.82 0.87
R, [Q] 56.8 558 505 504 733 805 652 675
R; [Q] 1.2 19 1.2 1.5 1.2 2.0 1.2 1.3
R, [Q] 1.1 1.5 1.1 0.7 242.0 2940 619 61.0
L[uF] 100.0 101.0 2.7 2.5 80.0 109.0 15.0 17.3
C, [pF] 0.0 0.001 15.0 18.0 271.0 221.0 271.0 350.0
R, [Q2] 1.2 1.3 1.2 11 1.2 2.0 1.2 13
fc[Hz] 2.74 225 3.08 258 045 040 287 266
fr[Hz] NA 9.60 25.00 22.80 0.34 1.03 250 2.02
RMSRE 0.80 0.15 0.15 0.18
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Fig.2: a) Mean impedance spectra of one of the electrical phantom; (b) gelatin phantom; (c) chicken breast muscle; (d) nominal and fitted
values of the electrical phantom 3 (see table 1); e) fitted values for gelatin phantom; f) fitted values for chicken breast muscle.

Finally, measurements were made in a chicken breast
muscle of approximately 150 x 95 x 25 mm and 200 g of
weight. Applied force and temperature were controlled
during the experiments. Measurements were collected at
three different points on the chicken breast, and then
repeated 20 times. The measuring points were also placed
3 ¢cm apart from one another.

Ethical approval
The conducted research is not related to either human or
animal use.

Results

Electrical phantoms

Table 1 shows both extracted and calculated parameters,
where the first 6 ones were extracted. The root mean
square of the relative error (RMSRE) was calculated
according to equation 6 [28], in order to evaluate the
effectiveness of the parasitic effects cancelation, simulated
by the circuit RLC.

RMSRE =

2
1on <ZMEASI_ZRLC—Colei)

n =1 ZRLC-Cole;
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Figure 2(a) shows the spectra of one electrical circuit
showing both Zzs. and Zg; - from the raw measured
impedance. It can be seen that the effects start to appear
from 100 kHz. The corresponding parameters are shown in
figure 2(d).

The cutoff frequency was estimated to be 400 kHz
whereas 450 kHz for the measured one.

Zygeas and Zgc_cote are the magnitude from measured
and fitted impedance, respectively, for 50 points in the
frequency range. The maximum error was 0.80% whereas
0.15% was the minimum, which might be related to the
resonance frequency and, consequently, to the value of the
inductor L in the RLC circuit. The higher the inductor L the
higher the error appears to be. It was observed a value of
approximately 0.86 for all four circuits tested here.

Gelatin and muscle data

The RLC-Cole parameters of the gelatin were collected 20
times at 3 different points over the frequency range of 1 to
3000 kHz. Each measured point of the gelatin contains 50
discrete frequencies. As a result, each impedance spectrum of
each point contained 20 values for each discrete

frequency which were averaged, and then the parameters of
the proposed model were extracted. In addition, the mean
parameters were also extracted for the mean impedance
spectra. The RMSRE value at each measured point was
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calculated. The mean values are shown in figure 2(e). The
extracted cutoff frequency was 4.90 + 0.19 MHz, resulting in a
RMSRE of 2.05 + 0.42%. The higher frequency values were
measured in order to capture the parasitic effects within the
sample.

Figure 2(b) shows the mean impedance spectra taken
from 3 different points of the gelatine phantom, the total
impedance and both Zgg. and Zy; . It can be seen that the
impedance Zy; . does not affect the data until 100 kHz.

In order to test the proposed modelling in a muscle-
type material, a chicken breast muscle was used. The RLC-
Cole parameters at three different points of the chicken
breast were collected and fitted. The same procedure for
calculating the RMSRE in the circuit was also used for the
muscle.

In contrast to gelatin phantom, the capacitance C; is
different at different measured points, and, consequently,
different f; parameters. Each muscle site contains different
structure and ion content, imposing different impedance
spectra and combined parasitic effects on the measured
data. The mean values found are shown in the figure 2(f),
whereas R,=37.0£2.4Q, f =2.74+1.43 MHz, f =2.89
1.84 MHz, a = 0.40 £ 0.02, and RMSRE = 1.81 + 0.19%.

Discussion

The use of phantoms in electrical bioimpedance has been
widely investigated due to its facility of mimicking an
isotropic, homogeneous a semi-infinite medium [29]. The
geometrical dimensions of the phantoms used in this work
are similar to the ones used in others studies [30].
Phantoms are widely used to investigate the behavior of
biological materials, such as optical, mechanical and
electrical properties. The Cole model is mostly used to
extract the electrical properties of the material by using
different processing techniques, such as PSO, artificial
network [31], and Non-Linear Least Squares [32]. This work
used the PSO due to the fact that the convergence of the
output is faster when it involves continuous variables like
the Cole parameters [31].

The collection of impedance data from biological
materials are usually done by homemade electrode probes,
which are connected to EIS systems by using either coaxial
or triaxial cables of approximately 50 cm length [33]. Such a
connection introduces parasitic effects in the measured
data [34,35] at high frequency. Nevertheless, other effects
may happen at very high frequencies, such as the Hook
effect, which looks like an inductive effect by increasing the
measured impedance over that frequency range [33,35].

The results showed in figures 2(a), 2(b) and 2(c) have
such parasitic effects at higher frequencies. It was expected
that the impedance spectra should decrease at increasing
frequency, especially above 500 kHz.

If we represent the impedance as a function of angular
frequency (w), then the increase in its magnitude at high
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frequency might be interpreted as a zero in the impedance
polynomial function Z (w) which, in turn, indicates an
inductive effect over the impedance data. Impedance of
biological material has been intensively studied over the
last 50 years, and it has not been found such inductive
behavior in this type of material. This might suggest that
cables inductances, together with parasitic capacitances in
series with the impedance of the material under study,
pushing the modulus of the total impedance up at higher
frequencies.

Many attempts have investigated the Hook effect over
a transfer function at high frequency. One of this attempt
modeled the human body using a cylindrical conductor of
10 cm with its screen grounded and modeling the behavior
as a transmission line to extract the equivalent parameters
[8]. The results of that study presented parasite
capacitances of about 100 pF, which has the order of
magnitude found in this work. Hook effects over the
transfer function in a system might also be explained by
coupling capacitances, feeding output to input. The
feedthrough capacitances may impose "zeros" in the
transfer polynomial of a such a measuring system. If so,
those capacitances might be smaller than 10 pF and then
having an insignificant effect over the impedance spectra,
as far as the electrode impedance is smaller than 100 Q.
The measured electrode impedance in this work was in the
order of 1 Q. Nevertheless, the distance between
electrodes placed on the probe surface was 2.4 cm, which
may contribute to the appearance of some small
feedthrough capacitances in the measuring system.

Therefore, parasitic effects were here modelled in
terms of a parallel RLC circuit. The inductive effects act as a
positive phase phenomenon in the impedance model, as
described by Kalvgy et al. in 2015. They have showed that
these specific effects are directly related to parasitic
capacitance to ground which, in turns, do not depend on
the type of electrode system (i.e., bipolar or tetrapolar).
Therefore, the positive phase behavior in the measured
data was numerically modelled here by an inductance L, as
proposed by the RLC-network [37]. The total measured
impedance was then modelled as a RLC circuit in series with
an RSC one, where the latter represents the Cole model for
the material under study. Most EIS system uses the Cole
model for extracting the electrical properties of the
material under study [38]. In order to improve the precision
of the measuring device (HF2IS), calibrations were
performed by using known resistors values and then Bode
graphics were collected. Calibrated measured data were
compared to a simulation performed in Matlab in order to
proof precision of the system. The type of materials under
test in this work do not present any relaxation process in
the frequency range of interest, so the resonances due to
the added network do not hide any information of the
sample.
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The first part of the experiments considered mimicking
the parasitic effects over the impedance of the material
under study. This was achieved by building equivalent
circuits using known values of resistor, capacitors and
inductors. Four different test circuits were built and an
algorithm in MATLAB was developed for fitting purpose and
extraction of components. The maximum root-mean-square
relative error (RMSRE) was 0.8%, which can be considered
low for such a type of modelling. Error will be decreased if
more precise capacitors and inductors are used in the
circuit. It was used capacitors of 20% tolerance, whereas
10% for inductors. Even thought, the calculated values of
the components compared to the nominal ones were very
similar to one another. This implies that the fitting process
precisely filters the RLC effects from the total measured
impedance. As a result, the cutoff frequency (f) of
Zgpsc showed in figure 2(a) was calculated to be
approximately 400 kHz, which is close to its original value of
450 kHz. The determination of the cutoff frequency in the
Cole model is very important for the correct calculation of
the equivalent capacitive effect of the material under study,
which, consequently, may mislead the whole
characterization. Therefore, without the filtering process
proposed here, it was almost impossible to obtain the
cutoff frequency of the material due to the presence of
parasitic components mixed in the data.

Data shown in table 1 should be carefully analyzed.
Although it shows good results, this might not be proof for
real objects where the material is contacted by electrodes
with long leads. First, the electrode contacts and the
parasitic elements associated with it are quite variable and
not real elements, such as gelatin phantoms and chicken
breast tissue. Secondly, at least at higher frequency, cable
behavior and reflection may comprise the interpretation of
the measured results. Thirdly, the effect of the distance
between the material and the ground of the measuring
setup.

In the second part of the experiments, impedance
spectra of gelatin were measured due to the fact that this
type of material is highly isotropic and homogeneous.
Furthermore, gelatin phantoms are important in biomedical
research as they have been widely used for mimicking
biological tissue behavior, and are easily fabricated with
different conductivity and stiffness [39]. Gelatin phantoms
are mostly composed of water but also contain salt to
change their conductivity according to the application.
Because of this, temperature drift is always a significant
concern when measuring the impedance of this type of
material. In order to assure a good data repeatability,
temperature was measured before and after the
measurements. The temperature variation along the
experiments was smaller than 1°C. One type of gelatin was
made, and measurements were collected 20 times at 3

120

different points. The extracted parameters were quite
constant compared to the mean value.

Conductivity values of gelatin have been measured
already and published over the last decade [23,39,40]. It
was observed the presence of parasitic effects at higher
frequencies (see figure 2(b)).

Based on a literature review over the last 10 years,
there are little published data on the electrical properties
Ry, Rw, f¢c and o from the impedance Cole equation of
chicken breast muscle.

Nevertheless, data have already been published in the
literature about the dielectric properties of fresh, unfreeze
and cooked bovine and chicken meat [41,42]. The
phantoms used in this work are considered as an isotropic,
homogeneous and semi-infinite medium. On the other
hand, biological tissues are anisotropic which may explain
why the results of many published data are significantly
different, such as the one found for bovine beef [42].
Anisotropy is related to the fiber distribution inside tissue,
which impose more or less impedance for a certain
direction of current flow [43].

The parameters extracted from chicken muscle have a
significant influence of anisotropy, which was shown in
terms of high standard deviation for C;, R; and L. This
explains why the standard deviation error was quite big for
the @ and f parameter, related to electrical phantoms. It is
important to point out that the anisotropy is not a parasitic
effect, but a material characteristic. We have not measured
the chicken muscle impedance in multiple directions (i.e.,
longitudinal and transversal directions along the muscle
fibers).

Care should be taken when using this model for
measured beef data, as anisotropy was not considered and
modelled here. It must also be emphasized that a four-
electrode probe made of gold was used for collecting the
data, therefore a two-electrode impedance spectrum may
not be fitted into our model. It is also well known that
tissue is composed of many layers with different
mechanical and electrical properties. The impedance probe
is put in contact with the tissue sample, and then a small
applied pressure is necessary for a good contact. Different
applied pressure will result in different impedance spectra.
All data were performed at very light applied pressure. In
the case of the gelatin phantom, a very small standard
deviation error showed that the applied pressure did not
play an important role.

It must be emphasized that this work did not
incorporate effects such as mutual inductance between the
injection and detection circuit in four-wire measurements
and pseudo-inductances. Mutual inductance may arise from
parasitic capacitances between the sample being measured
and the environment, namely earth ground and grounded
objects or even the human operator's body.
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Results from tested circuits showed that the proposed
technique is feasible and the gelatin experiment also
showed a good repeatability with a small standard
deviation error. Further investigations will be necessary for
other types of impedance probe with different electrode
geometry and measuring technique. A wider frequency
range of data acquisition will be necessary in order to
detect other tissue dispersions, which might need a more
complex Cole model for taking into account two dispersions
[23].

It can be concluded that the RLC-Cole model can
significantly remove parasitic effects out of a tissue
impedance spectrum measured by a 4-point electrode
probe. This may be highly important in an EIS system whose
objective is to discriminate a normal tissue from a
cancerous one, which, in turn, may increase significantly
both sensitivity and specificity of the measuring system.
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