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Abstract: This work aims to describe the dielectric behaviors of four main tissues in the human
forearm using mathematical modelling, including fat, muscle, blood and bone. Multi-frequency
bioimpedance analysis (MF-BIA) was initially performed using the finite element method (FEM) with
a 3D forearm model to estimate impedance spectra from 10 kHz to 1 MHz, followed by a pilot study
involving two healthy subjects to characterize the response of actual forearm tissues from 1 kHz
to 349 kHz. Both the simulation and experimental results were fitted to a single-dispersion Cole
model (SDCM) and a multi-dispersion Cole model (MDCM) to determine the Cole parameters for
each tissue. Cole-type responses of both simulated and actual human forearms were observed. A
paired t-test based on the root mean squared error (RMSE) values indicated that both Cole models
performed comparably in fitting both simulated and measured bioimpedance data. However, MDCM
exhibited higher accuracy, with a correlation coefficient (R?) of 0.99 and 0.89, RMSE of 0.22 Q
and 0.56 ), mean difference (mean + standard deviation) of 0.00 = 0.23 (3 and —0.28 £ 0.23 ),
and mean absolute error (MAE) of 0.0007 (2 and 0.2789 () for the real part and imaginary part
of impedance, respectively. Determining the electrical response of multi-tissues can be helpful in
developing physiological monitoring of an organ or a section of the human body through MF-BIA
and hemodynamic monitoring by filtering out the impedance contributions from the surrounding
tissues to blood-flow-induced impedance variations.

Keywords: multi-frequency bioimpedance analysis (MF-BIA); forearm; Cole model; dielectric properties;
finite element method

1. Introduction

Bioelectrical impedance analysis (BIA) is a non-invasive technique that originated in
the early 1930s and 1940s [1,2], involving the measurement of the electrical impedance
of a tissue region [3]. Bioimpedance measurement (BIM) provides information about
the physical and electrochemical processes in the tissue region and hence can be used
for monitoring physiological properties and variations [4]. BIA has been widely utilized
for body composition [5-8] and developed to track pulse wave propagation [9-12] and
estimate the arterial diameter change [13-16]. The fundamental principle of BIM is that
a small amount of alternating current is applied through the outer pair of electrodes
(current-carrying electrodes), and the voltage in response is measured through the same or
a different inner pair of electrodes (pick-up electrodes). The ratio of the output voltage to
the input current yields bioimpedance, reflecting the dielectric response of tissues during
the measurement. BIA is carried out as either single-frequency BIA (SF-BIA) or multi-
frequency BIA (MF-BIA). SF-BIA finds applications in impedance cardiography (ICG) [17]
and impedance plethysmography (IPG) [18]. MF-BIA is used in electrical impedance
tomography (EIT) for medical imaging diagnostics [19-21] and bioimpedance spectroscopy
(BIS), which can be used to identify the complex dielectric behaviors of human tissues [22].

Schwan [23] initially presented the frequency-dependent electrical parameters of
tissues in terms of conductivity and permittivity. The electrical behaviors of human tissues
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can be categorized into three dispersion regions: a-dispersion (10 Hz-10 kHz), B-dispersion
(10 kHz-100 MHz) and ~y-dispersion (100 MHz-100 GHz) regions. Human tissues exhibit
complex dielectric behavior in B-dispersion region, which is generally described through
complex conductivity and permittivity. Cole and Cole [24,25] proposed an empirical model
to represent the complex dielectric behavior through distributed relaxation phenomenon,
resulting in the Cole-Cole relation:

€0 — €0

e(w) = €0 + W

@
where ¢ represents the complex dielectric constant, e« is the dielectric constant at infinite
frequency;, ¢ is the dielectric constant at zero frequency, w is the angular frequency and
T is a time constant. « is the coefficient of relaxation, which has a value between 0 and 1,
depending on the nature of the material. The parameter becomes smaller as the width of
the dispersion increases.

Another way of representing the Cole model is in the form of impedance expressed in
terms of complex permittivity and complex conductance:

Ry — Reo

Z(w) :ROO+W

@

where Ry and R are the resistance at zero and infinite frequency, respectively. Z(w)
has a non-linear relationship with frequency, which generates a suppressed semi-circle in
the impedance plane. Equation (2) has been extensively used for single-dispersion Cole
modelling in MF-BIA. The Cole impedance model has been applied to BIA before and
after biceps exercise [26], uncovering noteworthy variations in impedance parameters that
provide insights into fatigue-induced tissue transformations. In another investigation,
the four-electrode technique was employed to assess electrical impedance within hepatic
tumors and the adjacent liver tissue. The outcomes reveal substantial disparities in conduc-
tivity between tumor and healthy tissue, presenting valuable implications for bioelectric
applications in tissue diagnosis and therapeutic interventions [27].

The application of MF-BIA for hemodynamic monitoring has been investigated by
several previous studies using computational simulation [28], tissue phantom experi-
ments [13,29] and human subject measurement [15]. The objective of this study is to present
a mathematical modelling approach where the dielectric properties of forearm tissues will
be identified through MF-BIA. In this study, the finite element method (FEM) was carried
out to simulate a 3D human forearm model with four tissue domains, including fat, muscle
and blood-filled artery (radial artery) and bones (radius and ulna), aiming to evaluate the
dielectric response and the electric field (E-field) distribution within individual tissues of
the forearm. Moreover, pilot experimentation was implemented with two healthy human
participants using MF-BIA at the forearm. Both simulated and measured impedance values
were fitted to the single-dispersion Cole model (SDCM) and the multi-dispersion Cole
model (MDCM) to elucidate tissue responses and dielectric relaxation in individual tissues.
The SDCM simplifies bioimpedance modeling, assuming a single relaxation time for all tis-
sues, while the MDCM offers more comprehensive representation by considering multiple
relaxation processes within tissues.

2. Methodology
2.1. Computational Simulation
2.1.1. 3D Human Forearm

A 3D model of the human forearm was designed in the HFSS design type in ANSYS
Electronics Desktop (2021 R2, ANSYS, Inc., Canonsburg, PA, USA), and FEM was applied
to perform electrical simulation, as shown in Figure 1. In this simulation, the model
encompassed five distinct tissue domains, mirroring the anatomical structure of the human
forearm [30,31]: skin, fat, muscle, blood and bone. Skin contributes significantly to overall
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impedance measurements due to its high impedance. However, the use of wet electrodes, a
common practice in BIA, was expected to mitigate the impedance effects of the outermost
skin layer. Consequently, the thin outer skin layer was assigned electrical properties
equivalent to those of fat tissue.

Fat

i £ 2" [ Blood-filled artery
et ]
Bone (Radius)

wauny

Figure 1. Simulated 3D human forearm in ANSYS HFSS (longitudinal view).

The overall width of the cross-section of the human forearm model was 70 mm. The
fat and the muscle layers were modelled as concentric along the same axis. The dimension
in terms of thickness of the fat was from 3 to 6 mm and from 10 to 15 mm from muscle.
Additionally, a section was designated to emulate the radial artery, with a diameter of
2.35 mm, passing through both the fat and muscle domains [32-35]. The artery wall,
assigned muscle properties, formed the interface between muscle and blood. The bone
domain was subdivided into two main regions, namely radius, which was at the center
and thicker, and ulna, which was relatively at the periphery and smaller in terms of
cross-section.

Each tissue domain was assigned frequency-dependent material properties in the form
of bulk conductivity (¢) and relative permittivity (e,), based on the database developed by
Gabriel et al. [36-39].

2.1.2. BIM Setup

Four cylindrical electrodes were modelled to simulate the tetrapolar BIM. The outer
pair of electrodes was used as a current source, while the inner pair of electrodes were used
for measuring the resultant potential difference. A current excitation was applied to current-
carrying electrodes between 1 kHz and 1 MHz. The amplitude of the current was 1 mA in
accordance with the electrical safety limits identified by IEC 60,601 standards [40]. This
investigation focused on a significant portion of the p-dispersion frequency range relevant
to human tissue dielectric properties, including resistance and reactance. The electrodes
were chosen to be conductive by defining their material properties as those of copper. All
electrodes were designed to replicate the dimensions of dry Ag/AgCl electrodes, featuring
an 8 mm diameter with equidistant spacing of 20 mm.

To obtain the simulated impedance data, a non-model line was drawn between the
centers of the two pick-up (PU) electrodes. The real and imaginary parts of the complex
electric field (E-field) were separately exported at 0.1 mm intervals at each frequency. Next,
the real and imaginary parts of the potential difference were consequently calculated by

—

computing the approximate cumulative integral of the real part of the E-field (Re(E)) and
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imaginary part of the E-field (Im(E)) via the trapezoidal method using MATLAB (R2019a,
The MathWorks, Natick, MA, USA).

Re(t) = [ Re(E)d ] 3)
Im(U) = / Im(E)-d1 4)

5
where d I was the vector between two adjacent points (0.1 mm). Then, the real and
imaginary part of impedance “measured” by PU electrodes can be calculated by dividing
the potential difference by the amount of excitation current (I =1 mA).

2.2. Pilot Experimentation

The tetrapolar BIM was implemented on two healthy subjects (as listed in Table 1)
under the resting condition who were members of this research team. After consultation
with the institutional ethics committee, the scope of this investigation was deemed exempt
from ethics approval. As shown in Figure 2, four ECG gel electrodes (FIAB, Florence,
Italy) were placed along the radial artery near the wrist of the ventral forearm. The
electrode spacing was maintained at 20 mm, consistent with the computational simulation.
A commercially available Quadra® Electrical Impedance Spectroscopy device (Eliko®
technologies, Tallinn, Estonia) [41] was utilized for BIA at the Institute of Biomedical
Technologies (IBTec), Auckland University of Technology, New Zealand. The Quadra®
device is known to have reasonable accuracy, with a system accuracy of up to 0.1%, although
this accuracy may vary depending on the specific measurement and frequency range.

Table 1. Subject information.

Forearm Circumference of

Age Gender Height Weight Body Mass Index (BMI) Measured Region
Subject 1 32 Male 182 cm 110 kg 33.2 19.3 cm to 26.5 cm
Subject 2 27 Male 188 cm 103 kg 29.1 17.1 cm to 23.8 cm

20 mm
."“". pick-up electrodes

Figure 2. Experimental setup for BIA.

The reliability of the measurements was a crucial concern. Therefore, for each subject,
measurements were taken over a 10 s period to ensure the consistency of the obtained
spectra. This duration resulted in 10,000 samples of spectra for each frequency. From
these samples, an average spectrum was calculated for each subject, demonstrating the
measurement consistency in relation to changing conditions over time.

The Quadra® device provides a state-of-the-art platform for impedance spectroscopy,
offering a sampling rate of 1000 Hz, while yielding impedance spectra at 15 different
frequencies from 1 kHz to 349 kHz. In this study, we employed extrapolation techniques
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to extend the observed impedance response beyond the maximum frequency limit of the
Quadra® device, which operates up to 349 kHz. The rationale behind this approach is rooted
in the desire to obtain a more comprehensive understanding of impedance behaviors across
a broader frequency spectrum. Extrapolation in ME-BIA is a well-established technique
commonly employed to extend data beyond the measured range, estimate values between
measured data points, or fill in gaps within a specified range [42—44]. It allows for a more
thorough exploration of impedance characteristics, particularly in scenarios where the
measurement equipment has inherent frequency limitations.

A single shunt front-end with a 4-wire differential mode was employed with the
Quadra® device for this study. The Quadra® device interfaces V1.4 via its software, which
logs the impedance in terms of absolute value (| Z|) and phase angle (0). Therefore, the real
and imaginary parts of measured impedance were calculated as follows:

0

Re(Z) = |Zlcos (1) )
Im(Z) = |Zlsin (720) 6)

2.3. Single and Multi-Dispersion Cole Lumped-Parameter Models

Equation (2) defines the impedance magnitude as a complex quantity and can be
rewritten by substituting the value of (j)* = cos(aF) + jsin(a%):

Ry — Reo

Z(w) = Reo + 1+ (wt)*cos[aF] +i(wT)*sin[aF]

@)

The real (Re(Z)) and the imaginary parts (Im(Z)) of impedance can be obtained as

follows:

B (Ro — Reo) (1 + (wT)*cos[aF])
Re(2) = Reo 14 2(wt)*cos[aZ] + (wT)™ ®
(Ro — Reo) (wT)"sin[a T ]

14 2(wr)cos [aZ] + (wT)™

Im(Z) = 9

Equations (8) and (9) can be further combined to relate I (Z) directly in terms of Re(Z)
so as to form an equation where Im (Z) is a function of Re(Z). To aid the understanding,
Re (Z) can be symbolized as ‘R’ and Im (Z) can be symbolized as ‘X"

4X + 2cot[ %] (Ry — Reo) = v/2cosec[ %]
\/—4R2 +4RRg + R + 4RR — 6RgRe + R2, + cos[ar](—2R + Ry + Reo )

(10)

The methodology for curve fitting involved selecting a general dielectric Cole model
with at least four parameters (R, R, T and «) to define the dielectric relaxation spread
within the frequency range of interest (i.e., from 1 kHz to 1 MHz). Furthermore, a mini-
mization cost function was implemented, based on the sum of squared errors between the
curve fit and simulation data, expressed as follows:

RMSE — \l i (R},Zt\] Réim>2 N $ i (X}I;\] X;im)z a1

where RMSE is the root mean squared error; R;‘it and X}i ; refer to the R and X curve fit

data for ith sample, respectively; R., and X!, refer to the R and X simulation data for
ith sample; and N is the number of samples (fitted data). The fitting algorithms were
implemented using MATLAB.
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Bone exhibited an almost constant conductivity of 0.02 S/m across the entire frequency
range of interest. Consequently, the contribution of the bone tissue domains was treated
as resistive. In contrast, each of the other three tissue domains was characterized using a
multi-dispersion Cole model, which serves as an advanced bioimpedance modeling frame-
work capable of accommodating the complex electrical responses exhibited by biological
tissues. Essentially, the multi-dispersion Cole model characterizes tissue impedance as a
combination of multiple relaxation times, providing it with the capacity to replicate a wide
spectrum of electrical behaviors. The final model chosen to represent the electrical response
of the forearm tissues was formulated as follows:

Rof — Reof Rom — Room Rop — Reop
1+ (inf)af 1+ (fwtw)™ 1+ (iw)"™

Z(w) = Rpone + (12)

In Equation (12), the first term signifies the resistance of the bone tissues (representing
both the radius and ulna), while the second, third and fourth terms elucidate the dispersion
characteristics of the fat, muscle and blood tissue layers, respectively.

The evaluation of the correlation between simulated /measured impedance and the
fitted impedance involved several key metrics, including the determination coefficient (R?)
and the root mean square error (RMSE). To provide further insight into the accuracy of
the fitting process, we computed both the mean difference and standard deviation (SD),
which were subsequently visualized using Bland—Altman analysis. Furthermore, the mean
absolute error (MAE) was employed as an additional metric to assess fitting precision. In
order to determine any significant disparities in the goodness-of-fit measures, we conducted
a paired t-test, with a specific focus on RMSE, to compare the performance of the SDCM
and MDCM.

3. Results
3.1. Computational Simulation Analysis
3.1.1. E-Field Distribution

Figure 3 provides a visual representation of the simulated E-field distribution across
the entire 3D forearm model at a frequency of 1 kHz. This distribution of the E-field plays a
pivotal role in defining the path of current flow within the model. Notably, the maximum
E-field intensity is concentrated in the vicinity of the current-carrying electrodes, positioned
at the outer boundaries of the model. As one moves away from these electrodes, the E-field
gradually diminishes in magnitude within the surrounding regions.

E field [V/cm]

27.5

6.93
3.03
132
0.59
0.25
0.11
4.83x10?
2.12x102
9.25x10°3
4.04x10°3
1.76x103
7.73x10*
3.38x10*
1.47x104
6.46X10°°
2.82x10°

Figure 3. Electric field distribution throughout the 3D human forearm at 1 kHz.

3.1.2. Fitting Results

Both the SDCM and the MDCM were employed to characterize the overall dielectric
dispersion exhibited by the combined tissue domains. Figure 4 presents a comparative view
of the simulated impedance values before and after fitting. It is noteworthy that the Re(Z),
displayed a decreasing trend with increasing frequency, corresponding to the heightened
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conductivity of human tissues at higher frequencies. The Nyquist plot, often referred to as
the Cole plot, provided insights into the Cole-type dielectric response, as evidenced by the
variations in Re(Z) and Im(Z) with frequency. Particularly, the major portion of the plots,
spanning from 10 kHz to 1 MHz, exhibited a semi-circular shape consistent with the Cole
model, signifying the bio-tissue behavior of the simulated 3D model. However, a deviation
from the Cole model became apparent at frequencies below 10 kHz. The estimated Cole
parameters are shown in Tables 2 and 3, respectively.

95 10 - 10
5'QQ 9 x Slnmulated Im[?] 9
90 %, 986 Fitted Im(Z] with SDCM
Qﬁﬁi-,sss 8 1 _o—Fitted m(z] with MDCM 8
— 8, m —
285 Oy g7 g7
< Gy 5 6 £ 6 =
=
Qe | z =5 X
N LY N 4 N 4
— [ [N -
eq) 75 LY £, E 3 x ﬁrl‘r[nztilaledﬂe[Z]vs
x Simulated Re[Z] L = » oesT = 2 Fitied Re(z] vs Im(2)
70 Fitted Re[Z] with SDCM 8 +:|lned Refz) ve ImiZ]
o Fitted Re[Z) with MDCM 1 with MDCM
5 0 : - 0
1000 10,000 100,000 1,000,000 1000 10,000 100,000 1,000,000 65 70 75 80 8 90 95
Frequency (Hz) Frequency (Hz) Re[Z] (Ohms)
(a) (b) ()

Figure 4. Comparison between the simulated raw data and fitted data using SDCM and MDCM:
(a) real part of impedance; (b) imaginary part of impedance; (c) Nyquist plot (Cole plot).

Table 2. Estimated Cole parameters from the fit of simulation data using SDCM.

RO R 14 T
89.50 60.02 0.6923 345 x 1077

Table 3. Estimated Cole parameters from the fit of simulation data using the MDCM.

Rpone

Ryf Reof of

¥ Rom Reom Km Tm Rop Reop &p T

49.72

19.72 243 0.34

148 x 1072 21.44 0.98 0.83 408 x 1077 4.04 0.54 0.26 1.05 x 10~4

Then, the models describing the overall dielectric behavior can be written as follows:

29.48

Z(w) = 60.02 + (13)

0.6923
14 (j*w+345+107)

17.29 20.46 3.5

Z(w) =49.72 +

_l’_
1+ (iw %148 x 109)"* 14 (iw 4,08 x 1077)*% 14 (iw # 1.5 x 104)°%

(14)

Figure 5a,b presents correlation plots (left) and Bland-Altman plots (right) compar-
ing raw simulated impedance with fitted impedance using the SDCM. For SDCM, Pear-
son’s correlation coefficients were 0.98 and 0.52, with RMSE values of 0.85 () and 1.75 ()
for Re[Z] and Im[Z], respectively. Bland—Altman analysis revealed mean differences of
—0.06 £ 0.88 (Y and 1.13 + 0.88 Q) Re[Z] and Im[Z], respectively, within £1.96 SD limits
representing a 95% confidence interval. Additionally, MAE values were calculated, yielding
0.0588 () and 1.1303 Q) for Re[Z] and Im[Z], respectively.

According to Figure 5¢,d, MDCM demonstrated higher R? of 0.99 and 0.79 and lower
RMSE values of 0.39 QY and 1.04 Q) Re[Z] and Im[Z], respectively. Bland—Altman analysis in-
dicated smaller mean differences between raw and fitted data, amounting to 0.00 £ 0.40 )
and 0.56 £ 0.40 Q) Re[Z] and Im[Z], respectively. Furthermore, MDCM exhibited reduced
MAE values of 0.0006 (2 and 0.5570 Q) Re[Z] and Im|[Z], respectively. These results un-
derscore the superior performance of the MDCM approach in accurately modeling the
impedance data.
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Figure 5. Correlation and Bland—Altman plots for simulated impedance: (a) real part of impedance
using SDCM; (b) imaginary part of impedance using SDCM,; (c) real part of impedance using MDCM;
(d) imaginary part of impedance using MDCM.

3.2. Pilot Study
Measured Impedance

As shown in Figure 6, the two subjects exhibited similar impedance changes with
frequency, while the impedance ranges were different due to different forearm sizes and
proportions of tissues between individuals (see Table 1).

Real part of impedance

7 N o
g o
£ 60 =
(ST S— B —— 1111
N 50 B A
[N B,
[ Al a
T 40 Bl CE S S
30
1000 10,000 100,000 1,000,000
Frequency (Hz)
7 Imaginary part of impedance
_6
g5
rF-
o4
=3
5
E2
=
0
1000 10,000 100,000 1,000,000
Frequency (Hz)
7 Nyquist plot (Cole plot)
6 JUSEET NS
N = A,
] -t
E 5 L l‘&“ A A
o4 /,' A &A:\
=3 s ST o
g 2 / “ ) o
= 1 !
0
35 40 45 50 55 60 65 70 75 80

Re[Z] (Ohms)

O Measured data -Subject 1
A Measured data -Subject 2

———Fitted data with SDCM-Subject 1
- - - -Fitted data with SDCM-Subject 2

—— Fitted data with MDCM-Subject 1
-~-~-Fitted data with MDCM-Subject 2

Figure 6. Comparison between the measured raw data and complete response from 1 kHz to 1 MHz
fitted data using SDCM and MDCM for two subjects.

First, the measured real part and imaginary part of impedance from two subjects were
fitted using both SDCM and MDCM. In contrast to the simulation setup, the measured
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impedance spectra were extrapolated and estimated across the entire frequency range of
interest (1 kHz to 1 MHz) due to the restricted measurement capabilities of the Quadra®
device. Figure 6 illustrates the complete dielectric responses of forearm tissues, spanning
from 1 kHz to 1 MHz, for two subjects. These responses are depicted with both solid
and dashed lines, corresponding to the fitting and estimation results obtained using two
different Cole models. In order to model the experimental observations of both subjects
in the MDCM, it was assumed that the effect of skin (skin—electrode polarization) was
countered by using gel electrodes. For the remainder of the tissues, Equation (12) was used
to represent other main tissue domains. The Cole parameters of each subject were thereby
estimated and tabulated in Tables 4 and 5, respectively.

Table 4. Estimated Cole parameters from the fit of experimental data using the single-dispersion Cole

model.
Ry R 1% T
Subject 1 75.29 56.32 0.54 4.00 x 107°
Subject 2 56.59 35.18 0.64 2.73 x 1076

Table 5. Estimated Cole parameters from the fit of experimental data using the multi-dispersion Cole
model.

Rpone Rof Roof uf T Rom Reom Xm Tm Rop Reop Xp Ty
Subject 1 5798 2551 1609 0.65 729 x 107° 24.50 15.82 0.67 691 x107> 354 062 062 1.63x107*
Subject2 3883 2559 1230 072 232x107*  26.80 14.59 0.88 391 x 107 286 053 0.66 628x107*

Additionally, the overall Cole models for the two subjects were thereby demonstrated:

18.97
Zsubjectl ((U) =56.32 + 054 (15)
1+ (jo x 4.004 x 107°)
21.41
Zsubjeth ((U) =35.18 + (16)

1+ (jeo x 2.73 x 10—6)0'64

9.42 8.68 2.92
Zsubjectl (w) =57.98 + R 0.65 + . 0.67 + . 0.62 (17)
14 (iw x 7.29 x 1079) 1+ (iw x 691 x 1079) 1+ (iw x 1.63 x 1074)
13.29 12.21 2.33
Zsupjecta(w) = 38.83 + . 07z T , 088 T ) oee  (18)
1+ (fw x 232 x 1074) 1+ (iw x 391 x 1075) 1+ (iw x 6.28 x 1074)

The performance of the fitting process was thoroughly assessed using correlation
and Bland—-Altman plots, as visually depicted in Figure 7, for both subjects. The collective
results underscored a commendable level of accuracy achieved by both models in analyzing
the impedance data from the two subjects. Crucially, no significant disparities in fitting
quality were discerned between the two subjects.
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Figure 7. Correlation and Bland—Altman plots for measured impedance: (a) real part of impedance
using SDCM; (b) imaginary part of impedance using SDCM; (c) real part of impedance using MDCM;
(d) imaginary part of impedance using MDCM.
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For SDCM, the analysis revealed an overall R? of 0.99 for Re[Z], with a mean difference
between the measured raw and fitted values of 0.00 £ 0.26 (), signifying a strong fit. Both
the RMSE and MAE exhibited reasonable error magnitudes, measuring at 0.25 () and
0.0029 ), respectively. Similarly, the fitting accuracy for Im|[Z] was well established with
an R? of 0.92 and a mean difference of 0.00 = 0.26 Q, albeit with slightly higher RMSE and
MAE values of 0.28 and 0.0096 (), respectively.

In comparison, the MDCM outperformed SDCM, offering even more precise esti-
mations for all measured impedance data from both subjects. The overall R? were an
impressive 1.00 for Re[Z], accompanied by a smaller mean difference between measured
raw and fitted values of 0.00 £ 0.06 (3. RMSE and MAE values were consistent with high
accuracy, measuring at 0.06 () and 0.0007 Q), respectively. Furthermore, Im[Z] demon-
strated a similar degree of accuracy, characterized by a R? of 0.99 and a mean difference
of 0.00 £ 0.06 (), albeit with slightly higher RMSE and MAE values of 0.08 and 0.0008 (2,
respectively.

4. Discussion
4.1. Simulation Analysis

In this study, we initially conducted an FEM simulation using ANSYS HFSS to gain
a deeper understanding of the E-field distribution within the entire forearm model. As
illustrated in Figure 3, the simulation results confirmed a higher E-field concentration
around the current-carrying electrodes, consistent with prior research findings [13,28].
Notably, it was found that resistive effects were predominant across the investigated
frequency range. An intriguing observation from the simulations was the presence of
Cole behavior above 10 kHz. However, an overlap between the dispersion regions was
noticed, indicating that the 3D forearm model did not exhibit the typical S-dispersion
behavior below 10 kHz, as commonly seen in the prototypical semi-circular Cole plots. This
deviation can be attributed to the overlapping a-dispersion and p-dispersion frequency
regions, as well as the dominant resistive behavior of blood. This discrepancy was a key
factor contributing to the lower fitting performance observed in the simulation study. To
enhance the fitting quality, we propose narrowing the fitting frequency range from 10 kHz
to 1 MHz.

4.2. Pilot Experimentation

Additionally, we conducted MF-BIA on two healthy subjects to corroborate the find-
ings obtained from the simulation. The Quadra® device is effective at its specified fre-
quencies, which showed a reasonable Cole-type dielectric response in the way of the
semi-circular shape of the major portion, while it was limited in its upper-frequency ca-
pability. To overcome this limitation and access impedance data spanning from 1 kHz
to 1 MHz, we turned to extrapolation methods. This extension of the frequency range
allowed us to gain insights into the behavior of biological tissues across a wider spectrum
to match the simulated frequency range and enhanced the accuracy and applicability of
our impedance analyses.

Consistent B-dispersion behaviors were observed in both subjects. In the comparison
of measured Re[Z] between subjects, subject 1 consistently displayed higher impedance
values across the measured frequency range, spanning approximately 76 () to 61 (2, while
subject 2 exhibited impedance values ranging from 58 () to 42 Q). These disparities in
impedance can be ascribed to variances in BMI and forearm circumference, as outlined
in Table 1. Subject 1, characterized by a higher BMI, likely possesses a larger volume
of radius and ulna bones and a higher proportion of body fat. This resulted in elevated
impedance values spanning from 1 kHz to 1 MHz, primarily attributed to the lower
electrical conductivity of bone cancellous (0.08 S/m), bone cortical (0.02 S/m) and fat tissue
(0.02 S/m). Conversely, subject 2 exhibited a broader impedance change range of 17 (),
possibly indicating a higher proportion of muscle tissue in the forearm. Muscle tissue
displays more significant conductivity variations, ranging from 0.3 S/m to 0.5 S/m between
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1kHz and 1 MHz. However, it is vital to acknowledge that the measured impedance values
can be influenced by additional factors, including hydration levels and variations in other
tissue compositions, necessitating further investigation to comprehensively understand the
multifaceted nature of impedance differences.

Significantly, the magnitudes of the measured impedance spectra were notably smaller
compared to the simulation results, a finding consistent with the expected disparities be-
tween the 3D forearm model and real human tissues. In light of this, we have consolidated
further disparities between the simulation setup and actual measurements in Table 6. While
replicating the intricacies of the human forearm precisely in simulation presents challenges,
our simplified model has nevertheless yielded valuable insights into the E-field distribution
within the tissues. Furthermore, both the simulation and pilot study confirm the Cole-type
behaviors exhibited by forearm tissues under BIM.

Table 6. Comparison between simulation and forearm measurements.

Computational Simulation Pilot Study

No contribution of the electrode interface ~ The measurement device and the gel electrodes
Skin-electrode contact interface (polarization) was considered in the provided an appropriate compensation for the

overall measurements. skin—electrode interface.

Size of electrodes

The electrodes had the same
cross-sectional contact dimensions to the
dry electrode (diameter = 8 mm).

The gel electrolyte between Ag/AgCl electrode
and the skin provided a larger contact area.

Tissues

Only four tissues were constructed (i.e., The anatomy of the forearm (dimension and

fat, muscle, bone and blood). All proportion) was different between each subject.
modelled tissue domains were relatively ~ Other tissues contributed to the overall BIM,
uniform with bulk dielectric properties. such as tender, vein, nerve, etc.

4.3. Electrical Modelling

In this study, a two-stage methodology was adopted to model and analyze the MF-
BIA response from the computational simulation and pilot experimentation to estimate
the impedance contribution from each tissue domain, giving insights into not only the
resistance contribution of each tissue, but also the other Cole dispersion parameters.

Tables 7 and 8 offer a comprehensive overview of the performance of both models
throughout the various investigations conducted in this study. Initially, a broader frequency
range spanning from 1 kHz to 1 MHz was simulated. However, as previously discussed,
anomalies were observed, particularly a derivative below 10 kHz, which adversely affected
the fitting performance of both models. Despite the previous validation of the Quadra®
device in prior studies [15,29], we identified abnormal measurements above 179 kHz,
prompting the removal of these abnormal data points from the fitting process. To address
the limitation imposed by the measured frequency range of the Quadra® device, we
undertook the estimation of the complete response, allowing us to gain further insights
and a more comprehensive understanding of the dielectric behaviors of the human forearm
across the frequency spectrum from 1 kHz to 1 MHz.

Compared with the Im[Z], both models showed better estimation in Re[Z], a phe-
nomenon influenced by various factors. In the context of biological tissues, the resistive
component (real part) of impedance normally dominates over the capacitive component
(imaginary part) at lower frequencies, associated with the flow of ions or current through
tissues. Conversely, the capacitive behavior is related to the accumulation and discharge of
charge in cell membranes, which becomes more prominent at higher frequencies. Addi-
tionally, Re[Z] is often easier to model accurately since it is relatively straightforward to
represent with the Cole model framework. On the other hand, the imaginary part involves
capacitance and inductance, which may require more complex models to capture accurately.
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Table 7. Summary of statistical analysis of proposed electrical models for the real part of impedance.

Correlation Analysis Bland-Altman Analysis
M Mean Absolute
2 ean E [e)
R RMSE [(1] Difference [(2] SDIa] rror [2]
SDCM 0.98 0.85 —0.06 0.88 0.0588
Simulation
MDCM 0.99 0.39 0.00 0.40 0.0006
SDCM 0.99 0.25 0.00 0.26 0.0029
Pilot Study
MDCM 1.00 0.06 0.00 0.06 0.0007
Mean of all SDCM 0.98 0.55 —0.03 0.57 0.0308
Mean of all MDCM 0.99 0.22 0.00 0.23 0.0007
Table 8. Summary of statistical analysis of proposed electrical models for the imaginary part of
impedance.
Correlation Analysis Bland-Altman Analysis
M Mean Absolute
2 ean E [e)
R RMSE [0] Difference [(}] SDlal rror [Q1]
SDCM 0.54 1.75 1.13 0.88 1.1303
Simulation
MDCM 0.79 1.04 0.56 0.40 0.5570
SDCM 0.92 0.28 0.00 0.26 0.0096
Pilot Study
MDCM 0.99 0.08 0.00 0.06 0.0008
Mean of all SDCM 0.73 1.01 0.56 0.57 0.5699
Mean of all MDCM 0.89 0.56 0.28 0.23 0.2789

The MDCM consistently exhibited superior accuracy across multiple evaluation met-
rics, including R2, EMSE, MAE, mean difference and SD, when compared to the SDCM.
These findings underscore the robustness of the MDCM in representing the complex dielec-
tric properties of various tissues, both in the context of simulated and measured impedance
values. Every tissue domain experiences a different dispersion phenomenon and hence may
not be accurately described using the SDCM. More importantly, the MDCM can describe
and estimate the Cole parameters of each tissue, thereby isolating the behavior of a single
tissue of interest from the overall ME-BIA.

To rigorously evaluate these models, we conducted statistical comparisons (a paired
t-test) based on the RMSE of their respective fits to the data. The results of our statistical
analysis indicated that there was no significant difference between the SDCM and MDCM
(p = 0.1055 for Re[Z], 0.0913 for Im|Z]) based on the RMSE measure, suggesting that both
Cole models performed comparably in fitting both simulated and measured bioimpedance
data, and there was no compelling evidence to favor one over the other in terms of goodness
of fit. The overall performance was promising, which can be helpful in physiologically
monitoring an organ or a section of the human body through MF-BIA applications, such
as electrical impedance tomography (EIT). Furthermore, it can help improve the accuracy
of existing methods, like impedance cardiography (ICG) for hemodynamic monitoring
by filtering out the impedance contributions from the surrounding tissues to blood-flow-
induced impedance variations.

4.4. Limitation

This study provides a better insight and understanding in multi-tissue Cole model-
ing, encompassing simulations and measurements from two subjects. Nevertheless, it is
imperative to acknowledge that the outcomes, whether stemming from simulations or
experiments, are contingent on specific assumptions, including the assumption of constant
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tissue properties and simplified geometric representations, while facilitating the study,
may introduce inherent limitations, necessitating thoughtful consideration during result
interpretation.

It is vital to delineate the disparities between the simulated 3D forearm and the actual
anatomical structure. Consequently, several potential limitations merit attention, and future
efforts should aim to address them comprehensively. The omission of the skin layer in this
study was a deliberate simplification aimed at reducing model complexity. This decision
was grounded in the assumption that the use of wet electrodes predominantly mitigates the
effects of skin—electrode polarization. Moreover, dynamic factors such as blood flow, which
significantly influence the dielectric response of the human forearm, were not considered
in this study. The focus was primarily on modeling the distinct compositional responses of
muscle, fat, bone and blood-filled artery domains, isolating the blood contribution from the
overall measurements.

A promising trajectory for future refinement entails the enhancement of the simulated
3D forearm model geometry. Subsequent research endeavors could enrich this model
by incorporating additional tissue components and refining the geometric representation
to more faithfully replicate the intricate forearm structures observed in human subjects.
Furthermore, expanding the subject pool in future experiments and harnessing advanced
imaging technologies, like ultrasound and magnetic resonance imaging (MRI), could prove
instrumental in obtaining comprehensive data regarding tissue proportions within subjects’
forearms. This approach holds the potential to yield profound insights into the influences
of various tissue types and their proportions on BIA.

More importantly, the mathematical models employed in this study exhibited imper-
fect fitting for Im[Z]. To address these differences in fitting performance, it is expected to
fine-tune the models by employing more sophisticated modeling techniques or to explore
alternative models that can better capture the behavior of both Re[Z] and Im[Z], such as the
non-linear least-squares fitting technique, which enables the extraction of double-dispersion
Cole impedance parameters without relying on direct impedance or phase information [45].
Additionally, fractional calculus has been applied to model biological systems, providing
accurate yet concise representations [46,47]. Another notable research effort introduced a
novel parametric-in-time approach for electrical impedance spectroscopy, tailored for time-
varying impedance systems. This approach was validated through in situ measurements
of in vivo myocardial impedance and offers valuable insights into periodic time-varying
behaviors [48]. Additionally, improving the accuracy of impedance measurements and
reducing noise can also lead to better estimation results for both components of impedance.

5. Conclusions

This study has delved into ME-BIA with a multifaceted approach, encompassing com-
putational simulations and real measurements of forearm impedance. We have elucidated
the capabilities and limitations of both SDCM and MDCM in characterizing the electrical
properties of forearm tissues. Leveraging extrapolation techniques, we extended the fre-
quency range of BIM, facilitating a more comprehensive understanding of tissue behavior.
Our investigation also shed light on the influence of factors such as BMI, forearm circum-
ference and tissue composition on impedance data, further underscoring the complexity of
bioimpedance phenomena. Notably, the MDCM emerged as a superior modeling approach,
offering enhanced precision in estimating impedance parameters. While this investigation
marks significant progress, further analysis and refinements remain imperative to fully
unlock the potential benefits of the MF-BIA methodology over existing BIA techniques.
Ultimately, these efforts hold the promise of standardizing and enhancing the current
applications of MF-BIA, paving the way for its broader adoption and impact in diverse
fields.

Author Contributions: Conceptualization, Y.Y,, G.A. and A.L.; Methodology, Y.Y., AM.K, AL and
G.A,; Validation, Y.Y. and G.A.; Formal analysis, Y.Y. and G.A.; Investigation, Y.Y.,, AM.K. and G.A;



Biosensors 2023, 13, 961 16 of 18

Resources, A.L.; Writing—original draft, Y.Y.; Writing—review & editing, Y.Y., AM.K. and G.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Institute of Biomedical Technologies, Auckland University
of Technology. The APC was funded by the School of Engineering, Computer and Mathematical
Sciences, Auckland University of Technology.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to the investigation was performed on two authors of this article.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Atzler, E,; Lehmann, G. Anatomie und Physiologie der Arbeit; C. Marhold: Halle, Germany, 1930; Volume 1.

2. Nyboer, J.; Bango, S.; Barnett, A.; Halsey, R.H. Radiocardiograms: Electrical impedance changes of the heart in relation to
electrocardiograms and heart sounds. J. Clin. Investig. 1940, 19, 963.

3. Grimnes, S.; Martinsen, O.G. Bioimpedance and Bioelectricity Basics; Academic Press: Cambridge, MA, USA, 2014.

4. Anand, G; Yu, Y.; Lowe, A.; Kalra, A. Bioimpedance analysis as a tool for hemodynamic monitoring: Overview, methods and
challenges. Physiol. Meas. 2021, 42, 03TRO1. [CrossRef]

5. McCarthy, H.D.; Cole, T.].; Fry, T.; Jebb, S.A.; Prentice, A.M. Body fat reference curves for children. Int. J. Obes. 2006, 30, 598—602.
[CrossRef] [PubMed]

6. Jebb,S.A,; Siervo, M.; Murgatroyd, P.R.; Evans, S.; Frithbeck, G.; Prentice, A.M. Validity of the leg-to-leg bioimpedance to estimate
changes in body fat during weight loss and regain in overweight women: A comparison with multi-compartment models. Int. J.
Obes. 2007, 31, 756-762. [CrossRef] [PubMed]

7. Faria, ER.; Faria, E.R.; Cecon, R.S.; Junior, D.A.B.; Franceschini, S.D.C.C.; Peluzio, M.D.C.G.; Ribeiro, A.Q.; Lira, P.I.C.; Cecon, P.R.;
Priore, S.E. Body Fat Equations and Electrical Bioimpedance Values in Prediction of Cardiovascular Risk Factors in Eutrophic and
Overweight Adolescents. Int. J. Endocrinol. 2013, 2013, e501638. [CrossRef] [PubMed]

8. Barry, V.G.; Martin, S.L.; Chandler-Laney, P.; Carter, E.B.; Worthington, C.S. A Comparison of Bioimpedance Analysis vs. Dual
X-ray Absorptiometry for Body Composition Assessment in Postpartum Women and Non-Postpartum Controls. Int. J. Environ.
Res. Public. Health 2022, 19, 13636. [CrossRef] [PubMed]

9. Bang, S, Lee, C; Park, J.; Cho, M.-C.; Yoon, Y.-G.; Cho, S. A pulse transit time measurement method based on electrocardiography
and bioimpedance. In Proceedings of the 2009 IEEE Biomedical Circuits and Systems Conference, Beijing, China, 26-28 November
2009; pp. 153-156. [CrossRef]

10. Aria, S.; Elfarri, Y.; Elvegérd, M.; Gottfridsson, A.; Grenaas, H.S.; Harang, S.; Jansen, A.; Madland, T.E.R.; Martins, I.B.; Olstad,
M.W,; et al. Measuring Blood Pulse Wave Velocity with Bioimpedance in Different Age Groups. Sensors 2019, 19, 850. [CrossRef]

11.  Huynh, TH,; Jafari, R.; Chung, W.-Y. Noninvasive Cuffless Blood Pressure Estimation Using Pulse Transit Time and Impedance
Plethysmography. IEEE Trans. Biomed. Eng. 2018, 66, 967-976. [CrossRef]

12.  Ibrahim, B.; Akbari, A.; Jafari, R. A novel method for pulse transit time estimation using wrist bio-impedance sensing based on a
regression model. In Proceedings of the 2017 IEEE Biomedical Circuits and Systems Conference (BioCAS), Torino, Italy, 19-21
October 2017; pp. 1-4. [CrossRef]

13. Yu, Y,; Anand, G.; Lowe, A.; Zhang, H.; Kalra, A. Towards Estimating Arterial Diameter Using Bioimpedance Spectroscopy: A
Computational Simulation and Tissue Phantom Analysis. Sensors 2022, 22, 4736. [CrossRef]

14. Al-harosh, M.; Yangirov, M.; Kolesnikov, D.; Shchukin, S. Bio-Impedance Sensor for Real-Time Artery Diameter Waveform
Assessment. Sensors 2021, 21, 8438. [CrossRef]

15. Anand, G.; Lowe, A. Investigating Electrical Impedance Spectroscopy for Estimating Blood Flow-Induced Variations in Human
Forearm. Sensors 2020, 20, 5333. [CrossRef] [PubMed]

16. Mugeb, A.; Larvushkin, A. Model-based Assessment of Brachial Artery Diameter from Electrical Impedance Measurement. In
Proceedings of the 2021 Ural Symposium on Biomedical Engineering, Radioelectronics and Information Technology (USBEREIT),
Yekaterinburg, Russia, 13-14 May 2021; pp. 98-101. [CrossRef]

17.  Mansouri, S.; Alhadidi, T.; Chabchoub, S.; Salah, R.B. Impedance cardiography: Recent applications and developments. Biomed.
Res. 2018, 29, 3542-3552. [CrossRef]

18. Bera, T.K. Bioelectrical Impedance Methods for Noninvasive Health Monitoring: A Review. |. Med. Eng. 2014, 2014, 381251.
[CrossRef] [PubMed]

19. Bera, TK,; Jampana, N. A multifrequency constant current source suitable for Electrical Impedance Tomography (EIT). In

Proceedings of the 2010 International Conference on Systems in Medicine and Biology, Kharagpur, India, 16-18 December 2010;
pp. 278-283. [CrossRef]


https://doi.org/10.1088/1361-6579/abe80e
https://doi.org/10.1038/sj.ijo.0803232
https://www.ncbi.nlm.nih.gov/pubmed/16570089
https://doi.org/10.1038/sj.ijo.0803475
https://www.ncbi.nlm.nih.gov/pubmed/17060926
https://doi.org/10.1155/2013/501638
https://www.ncbi.nlm.nih.gov/pubmed/23762051
https://doi.org/10.3390/ijerph192013636
https://www.ncbi.nlm.nih.gov/pubmed/36294216
https://doi.org/10.1109/BIOCAS.2009.5372060
https://doi.org/10.3390/s19040850
https://doi.org/10.1109/TBME.2018.2865751
https://doi.org/10.1109/BIOCAS.2017.8325054
https://doi.org/10.3390/s22134736
https://doi.org/10.3390/s21248438
https://doi.org/10.3390/s20185333
https://www.ncbi.nlm.nih.gov/pubmed/32957670
https://doi.org/10.1109/USBEREIT51232.2021.9455041
https://doi.org/10.4066/biomedicalresearch.29-17-3479
https://doi.org/10.1155/2014/381251
https://www.ncbi.nlm.nih.gov/pubmed/27006932
https://doi.org/10.1109/ICSMB.2010.5735387

Biosensors 2023, 13, 961 17 of 18

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Brown, B. Electrical impedance tomography (EIT): A review. . Med. Eng. Technol. 2003, 27, 97-108. [CrossRef] [PubMed]
Goren, N.; Avery, J.; Dowrick, T.; Mackle, E.; Witkowska-Wrobel, A.; Werring, D. Multi-frequency electrical impedance tomography
and neuroimaging data in stroke patients. Sci. Data 2018, 5, 180112. [CrossRef] [PubMed]

Stupin, D.D.; Kuzina, E.A.; Abelit, A.A.; Emelyanov, A K.; Nikolaev, D.M.; Ryazantsev, M.N.; Koniakhin, S.V.; Koniakhin, S.V,;
Dubina, M.V. Bioimpedance Spectroscopy: Basics and Applications. ACS Biomater. Sci. Eng. 2021, 7, 1962-1986. [CrossRef]
[PubMed]

Schwan, H.P. Electrical properties of tissue and cell suspensions. Adv. Biol. Med. Phys. 1957, 5, 147.

Cole, K.S. Permeability and impermeability of cell membranes for ions. In Cold Spring Harbor Symposia on Quantitative Biology;
Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 1940; pp. 110-122. Available online: http://symposium.
cshlp.org/content/8/110.short (accessed on 12 July 2014).

Cole, K.S; Cole, R.H. Dispersion and absorption in dielectrics I. Alternating current characteristics. . Chem. Phys. 1941, 9, 341-351.
[CrossRef]

Freeborn, T.; Fu, B. Fatigue-Induced Cole Electrical Impedance Model Changes of Biceps Tissue Bioimpedance. Fractal Fract. 2018,
2,27. [CrossRef]

Laufer, S.; Ivorra, A.; Reuter, V.E.; Rubinsky, B.; Solomon, S.B. Electrical impedance characterization of normal and cancerous
human hepatic tissue. Physiol. Meas. 2010, 31, 995-1009. [CrossRef]

Anand, G.; Lowe, A.; Al-Jumaily, A.M. Simulation of impedance measurements at human forearm within 1 kHz to 2 MHz.
J. Electr. Bioimpedance 2016, 7, 20. [CrossRef]

Anand, G.; Lowe, A.; Al-Jumaily, A. Tissue phantoms to mimic the dielectric properties of human forearm section for multi-
frequency bioimpedance analysis at low frequencies. Mater. Sci. Eng. C 2019, 96, 496-508. [CrossRef] [PubMed]

Maughan, R.J.; Watson, ].S.; Weir, J. The relative proportions of fat, muscle and bone in the normal human forearm as determined
by computed tomography. Clin. Sci. 1984, 66, 683-689. [CrossRef]

Toomayan, G.A.; Robertson, F.; Major, N.M.; Brigman, B.E. Upper extremity compartmental anatomy: Clinical relevance to
radiologists. Skeletal Radiol. 2006, 35, 195-201. [CrossRef] [PubMed]

Mooser, V.; Etienne, J.D.; Farine, PA.; Monney, P.; Perret, F; Cecchini, M.; Gagnebin, E.; Bornoz, C.; Tardy, Y.; Arditi, M.
Non-invasive measurement of internal diameter of peripheral arteries during the cardiac cycle. |. Hypertens. 1988, 6, S179-5181.
[CrossRef] [PubMed]

Trazzi, S.; Omboni, S.; Santucciu, C.; Parati, G.; Mancia, G. Variability in arterial diameter and compliance: Compliance modulation
reserve. |. Hypertens. 1992, 10, S41-3. [CrossRef]

Ashraf, T.; Panhwar, Z.; Habib, S.; Memon, M.A ; Shamsi, E; Arif, J. Size of radial and ulnar artery in local population. ]. Pak. Med.
Assoc. 2010, 60, 3.

Dharma, S.; Kedev, S.; Patel, T.; Rao, S.V.; Bertrand, O.F.; Gilchrist, I.C. Radial artery diameter does not correlate with body mass
index: A duplex ultrasound analysis of 1706 patients undergoing trans-radial catheterization at three experienced radial centers.
Int. J. Cardiol. 2017, 228, 169-172. [CrossRef] [PubMed]

Gabriel, C.; Gabriel, S.; Corthout, E. The dielectric properties of biological tissues: I. Literature survey. Phys. Med. Biol. 1996, 41,
2231. [CrossRef]

Gabriel, S.; Lau, R.W,; Gabriel, C. The dielectric properties of biological tissues: II. Measurements in the frequency range 10 Hz to
20 GHz. Phys. Med. Biol. 1996, 41, 2251-2269. [CrossRef]

Gabriel, S.; Lau, R.W.; Gabriel, C. The dielectric properties of biological tissues: IIl. Parametric models for the dielectric spectrum
of tissues. Phys. Med. Biol. 1996, 41, 2271. [CrossRef] [PubMed]

Gabriel, C. Compilation of the Dielectric Properties of Body Tissues at RF and Microwave Frequencies. DTIC Document. 1996.
Available online: http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA309764 (accessed on 30
November 2015).

IEC 60601. Wikipedia, the Free Encyclopedia. 16 October 2015. Available online: https://en.wikipedia.org/w/index.php?title=
IEC_60601&01did=685994304 (accessed on 5 December 2015).

Compact and Fast Impedance Spectroscopy Platform—Quadra. Eliko. Available online: https://www.eliko.ee/products/quadra-
impedance-spectroscopy/ (accessed on 24 July 2018).

Bhatti, O.W.; Swaminathan, M. Impedance Response Extrapolation of Power Delivery Networks using Recurrent Neural
Networks. In Proceedings of the 2019 IEEE 28th Conference on Electrical Performance of Electronic Packaging and Systems
(EPEPS), Montreal, QC, Canada, 69 October 2019; pp. 1-3. [CrossRef]

Jaffrin, M.Y.; Maasrani, M.; Le Gourrier, A.; Boudailliez, B. Extra-and intracellular volume monitoring by impedance during
haemodialysis using Cole-Cole extrapolation. Med. Biol. Eng. Comput. 1997, 35, 266-270. [CrossRef] [PubMed]

Dovancescu, S.; Saporito, S.; Herold, L.H.E,; Korsten, H.H.M.; Aarts, R.M.; Mischi, M. Monitoring thoracic fluid content using
bioelectrical impedance spectroscopy and Cole modeling. J. Electr. Bioimpedance 2019, 8, 107-115. [CrossRef]

Freeborn, T.J.; Maundy, B.; Elwakil, A.S. Extracting the parameters of the double-dispersion Cole bioimpedance model from
magnitude response measurements. Med. Biol. Eng. Comput. 2014, 52, 749-758. [CrossRef] [PubMed]

Ionescu, C.; Lopes, A.; Copot, D.; Machado, ].A.T.; Bates, J.H.T. The role of fractional calculus in modeling biological phenomena:
A review. Commun. Nonlinear Sci. Numer. Simul. 2017, 51, 141-159. [CrossRef]


https://doi.org/10.1080/0309190021000059687
https://www.ncbi.nlm.nih.gov/pubmed/12775455
https://doi.org/10.1038/sdata.2018.112
https://www.ncbi.nlm.nih.gov/pubmed/29969115
https://doi.org/10.1021/acsbiomaterials.0c01570
https://www.ncbi.nlm.nih.gov/pubmed/33749256
http://symposium.cshlp.org/content/8/110.short
http://symposium.cshlp.org/content/8/110.short
https://doi.org/10.1063/1.1750906
https://doi.org/10.3390/fractalfract2040027
https://doi.org/10.1088/0967-3334/31/7/009
https://doi.org/10.5617/jeb.2657
https://doi.org/10.1016/j.msec.2018.11.080
https://www.ncbi.nlm.nih.gov/pubmed/30606559
https://doi.org/10.1042/cs0660683
https://doi.org/10.1007/s00256-005-0063-3
https://www.ncbi.nlm.nih.gov/pubmed/16489465
https://doi.org/10.1097/00004872-198812040-00053
https://www.ncbi.nlm.nih.gov/pubmed/3241196
https://doi.org/10.1097/00004872-199208001-00011
https://doi.org/10.1016/j.ijcard.2016.11.145
https://www.ncbi.nlm.nih.gov/pubmed/27865181
https://doi.org/10.1088/0031-9155/41/11/001
https://doi.org/10.1088/0031-9155/41/11/002
https://doi.org/10.1088/0031-9155/41/11/003
https://www.ncbi.nlm.nih.gov/pubmed/8938026
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA309764
https://en.wikipedia.org/w/index.php?title=IEC_60601&oldid=685994304
https://en.wikipedia.org/w/index.php?title=IEC_60601&oldid=685994304
https://www.eliko.ee/products/quadra-impedance-spectroscopy/
https://www.eliko.ee/products/quadra-impedance-spectroscopy/
https://doi.org/10.1109/EPEPS47316.2019.193198
https://doi.org/10.1007/BF02530048
https://www.ncbi.nlm.nih.gov/pubmed/9246862
https://doi.org/10.5617/jeb.5611
https://doi.org/10.1007/s11517-014-1175-5
https://www.ncbi.nlm.nih.gov/pubmed/25023892
https://doi.org/10.1016/j.cnsns.2017.04.001

Biosensors 2023, 13, 961 18 of 18

47. Hernandez-Balaguera, E.; Loépez-Dolado, E.; Polo, J.L. Obtaining electrical equivalent circuits of biological tissues using the
current interruption method, circuit theory and fractional calculus. RSC Adv. 2016, 6, 22312-22319. [CrossRef]

48. Sanchez, B.; Louarroudi, E.; Jorge, E.; Cinca, J.; Bragos, R.; Pintelon, R. A new measuring and identification approach for
time-varying bioimpedance using multisine electrical impedance spectroscopy. Physiol. Meas. 2013, 34, 339-357. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C5RA24535D
https://doi.org/10.1088/0967-3334/34/3/339

	Introduction 
	Methodology 
	Computational Simulation 
	3D Human Forearm 
	BIM Setup 

	Pilot Experimentation 
	Single and Multi-Dispersion Cole Lumped-Parameter Models 

	Results 
	Computational Simulation Analysis 
	E-Field Distribution 
	Fitting Results 

	Pilot Study 

	Discussion 
	Simulation Analysis 
	Pilot Experimentation 
	Electrical Modelling 
	Limitation 

	Conclusions 
	References

