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Nevzat Giineri Gencer?

Abstract

Magneto-acousto electrical tomography (MAET) is a novel medical imaging tech-
nique that relies on the difference in electrical properties between healthy and tumor
tissues. To facilitate MAET experiments, this study proposes a comprehensive proce-
dure for developing, characterizing, and preserving realistic breast tissue-mimicking
phantoms. We developed nontoxic and inexpensive phantoms using sodium alginate,
graphite powder, agar, propanediol, aluminum powder, glycine, and deionized water.
The dielectric (conductivity and permittivity) and acoustic (speed of sound) proper-
ties of phantoms (breast fat, breast gland, and tumor) within the 1-8 MHz frequency
range were measured to ensure their suitability for MAET experiments. In conclu-
sion, this study presents a detailed methodology for the preparation, characterization,
and preservation of realistic breast tissue-mimicking phantoms tailored for MAET

experiments.
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Tissue-mimicking (TM) phantoms are used in ultrasound systems

to assess the acoustic characteristics of tissues, including attenuation,

Magneto-acousto electrical tomography (MAET) is a technique used
for imaging the electrical properties of biological tissues.t? Ultra-
sound and electromagnetic fields are combined to generate current
distribution in the body via MAET. Developing phantoms that mimic
the different (acoustic, electrical, mechanical) properties of tissues is
crucial for validating new imaging methods. In this study, we aimed
to develop phantoms that accurately simulate breast tissue’s acoustic
and electrical properties to utilize them to assess the efficacy of MAET.
This study was carried out by accurately calculating the electrical and
acoustic properties of phantoms that closely mimic the characteris-
tics of breast tissues, specifically within the low-frequency range of
1-8 MHz, marking a significant development in this field.

absorption, scattering, and propagation velocity. Several studies have
been conducted to investigate the properties of these phantoms.10-22
Insana et al. used water-based gelatin mixed with graphite powder
to determine the ultrasonic scattering properties of TM phantoms®
and, in a separate study, investigated the ultrasonic attenuation of
these phantoms.’! Madsen et al. researched the velocities of shear
waves in soft tissues and their attenuation coefficients using sili-
cone rubber and gel to mimic tissue-like substances and examined
fresh bovine tissues at 2-14 MHz.12 Chin et al. prepared a thermal
model of an ultrasonic TM muscle-like phantom using an array of
copper-constantan thermocouples to test time-dependent tempera-

ture distributions with a 525 kHz transducer.’®> Wu et al. evaluated
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the temperature increase generated by focused and unfocused trans-
ducers at 1.0 and 3.5 MHz frequencies with homogeneous phantoms
made of unflavored gelatin, boiled degassed water, olive oil, and cas-
tor oil, designed to mimic thermal and acoustic properties.'* Zhou
et al. developed four agar phantoms to estimate ultrasonic attenua-
tion through the difference ratio correction method with a 3.5 MHz
transducer.2® Dabrowski et al. compared images obtained from X-ray,
angiography, computed tomography, and 3D B-mode ultrasound using
a natural human vessel placed in an agar-filled acrylic box.2* Madsen
et al. proposed a new TM material for ultrasound consisting of evap-
orated milk as the primary absorption component and demonstrated
low backscatter and a propagation speed of 1540 m/s.2> Wu et al. mea-
sured the acoustic properties of tofu and suggested its use as a TM
material for ultrasonic applications.'> Madsen et al. produced five TM
agar/gelatin materials for heterogeneous elastography phantoms.¢
Inglis et al. constructed an anthropomorphic phantom of the esopha-
gus for endoscopic ultrasound.!” Zell et al. characterized the acoustic
properties of four materials (agar, silicone, polyvinyl alcohol [PVA]
gel, and polyacrylamide [PAA] gel) for tissue phantoms used in pho-
toacoustic and ultrasound imaging.’® Cannon et al. developed novel
agar-based TM materials and measured their acoustic properties.t?
Vieira et al. investigated paraffin-gel waxes as new soft TM materi-
als for ultrasound-guided breast biopsy training,2> whereas Ng and Lin
examined the tunability of acoustic and mechanical behaviors in breast
TM materials.?! Filippou and Damianou developed agar-based phan-
toms with silica and evaluated their acoustic properties via pulse-echo
and transmission techniques.?? Braunstein et al. developed TM phan-
toms made with PVA hydrogels to evaluate their therapeutic potential,
taking advantage of the thermal and mechanical effects induced during
ultrasound use.?¢

TM phantoms are crucial for advancing diagnostic technologies.
They are designed to mimic biological tissues’ electrical and often
mechanical properties, providing a reliable platform for testing and
improving various imaging modalities. Typically, these phantoms incor-
porate saline, agar, gelatin, and vegetables to closely mimic human
tissues’ properties. Studies in this field include the development of
gellan gum-based phantoms by Chen et al., which offer precise con-
trol over the elastic modulus and thermal and electrical conductivity
between 100 Hz and 1 MHz.27 Similarly, Li et al. have formulated
a breast TM phantom suitable for microwave and ultrasound imag-
ing, employing a mixture of coconut oil, canola oil, agar, glass beads,
and polyvinylpyrrolidone to simulate different tissue types, including
skin, fat, fibroglandular, and tumor tissues, between 200 MHz and
6 GHz.28 Moreover, Di Meo et al. have contributed by examining the
dielectric and mechanical characteristics of breast phantoms compris-
ing sunflower oil, deionized water, dishwashing liquid, and gelatin, with
afocus on electrical property measurements across a broad frequency
spectrum (500 MHz to 14 GHz).2?

Our research builds upon these studies by uniquely simulating
breast tissue’s conductivity and permittivity properties, utilizing chem-
ical materials over a 1-8 MHz frequency range. A distinctive feature
of our work is the matched speed of sound in our phantoms to that
in actual breast tissues, significantly enhancing model accuracy. This

aspect sets our study apart from other works, such as the phan-

tom proposed by Sirtoli et al.,*® which, while innovative in mimicking
specific electrical parameters for cancer detection, does not address
both permittivity and speed of sound, elements critical for a tissue
simulation.

Various studies have employed a technique for preparing well-
defined phantoms via discrete electronic components.31-35 This
method produces phantoms with well-defined values but lacks intri-
cate interactions among electrodes in distributed models or realistic
tissues. Sodium chloride solutions mixed with a small percentage of
agar or gelatin by weight have been acknowledged as excellent elec-
trical impedance tomography (EIT) phantoms, possessing several func-
tional properties.36-38 However, agar/saline phantoms fail to mimic the
permittivity of realistic tissue. Attempts to address this limitation have
included incorporating biological materials with cellular structures,
such as bananas or cucumbers, which contribute substantially to the
permittivity of the solid structure.3?-41 Despite challenges in control-
ling or reproducing their electrical properties and perishability, other
substances such as TX 1514243 and PAA3%%4 have been proposed for
use in EIT and higher frequencies. Graphite has proven valuable in sim-
ulating the conductivity and permittivity of phantoms at microwave
frequencies and is also suitable for constructing phantoms for ultra-
sound imaging.*>~*8 Agar fails to generate the characteristic speckle in
ultrasound images when used alone. However, incorporating graphite
introduces this feature, resulting in more lifelike ultrasound images,
making graphite an appealing medium for constructing phantoms in
dual-mode imaging systems for EIT and ultrasound.*?

MAET has demonstrated the ability to detect small tumors based on
changes in electrical conductivity and acoustic properties. Han et al.>®
provided initial evidence of this by using a 6.0 cm x 1.2 cm polystyrene
block immersed in saline, which demonstrated the basic feasibility of
Hall effect imaging and the ability to detect small conductivity con-
trasts. Xu et al.? further validated this technique with a 1.8-cm thick
slabimmersed in insulating oil, confirming that even small conductivity
differences could be detected. Haider et al.® used a 0.8-cm thick slab
to demonstrate MAET’s capability to detect small electrical conductiv-
ity differences in thin materials. Zeng et al.°> modeled a sample with
dimensions of 100 mm length, 1 mm width, and 50 mm height, show-
ing that MAET could resolve small conductivity variations, including
tumors as small as a few millimeters. Grasland-Mongrain et al.® demon-
strated MAET’s ability to differentiate between muscle and fat tissue
using an 8-cm wide beef muscle tissue phantom, showing its sensitivity
to small conductivity contrasts. Guo et al.8 confirmed the technique’s
efficacy using a4 cm x 1 cm cube, detecting small conductivity changes
even in smaller phantom sizes. Kunyansky et al.°! and Zhou et al.>2
provided further support for MAET's ability to resolve small conduc-
tivity differences, with Zhou’s study detecting breast tumors with
conductivity differences as low as 0.1 S/m. Kunyansky et al.°! used a
28-mm diameter lard cylinder to differentiate between conductive and
nonconductive materials, supporting MAET’s ability to resolve small
conductivity differences and detect small tumors. Zhou et al.”2 con-
ducted an experiment with a 6 cm x 5 cm tumor phantom to simulate
a breast tumor, demonstrating that MAET could detect small tumors
with good accuracy, even when conductivity differences were as low

as 0.1 S/m. Yu et al.>® conducted a study using a 50-mm-side-length,
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three-layer gel phantom with layers of varying conductivity (1, 0.05,
and 1 S/m), where MAET successfully detected the conductivity dif-
ferences between the layers, demonstrating its sensitivity to small
contrasts. Li et al.>* employed a gel phantom with a 20-mm thick first
layer and a 10-mm thick second layer, simulating a liver tumor with
a 25-mm diameter, and showed that MAET could differentiate small
conductivity changes, highlighting its effectiveness for tumor detec-
tion. Sun et al.>®> used a 50 mm x 60 mm set of silver-plated electrodes
in conjunction with a 50 mm gel phantom, demonstrating that MAET
could detect small conductivity variations across different materials

.56 simulated tumors with 8 mm x 5 mm dimensions

effectively. Li et a
in a breast tissue phantom, and the results confirmed that MAET could
detect even small tumors, underscoring its high sensitivity to small con-
ductivity contrasts. Liu et al.>” utilized a 1 cm x 1 cm x 1 cm cube to
simulate uniform tissue with varying conductivity, showing that MAET
could detect small conductivity differences and is suitable for tumor
detection in small-scale models. Together, these studies demonstrate
MAET's high sensitivity and reliability in detecting tumors and small
conductivity contrasts.

This study aims to develop phantoms using agar, sodium alginate,
agar, propanediol, glycine, aluminum powder, and graphite powder to
mimic breast tissues’ electrical and acoustic characteristics at low fre-
quencies. The acoustic and electrical properties of the phantoms are
compared to the values reported in the previous studies. Typically,
investigations on phantoms simulating breast tissue have focused pri-
marily on their electrical properties at high frequencies. However,
our study precisely mimics electrical conductivity and dielectric con-
stant values ranging from 1 to 8 MHz, which align with the operating
frequencies of ultrasound imaging used for diagnostic purposes. The
resulting phantoms will be employed in magnetic measurements for
the MAET experiments.

In this paper, the Materials and Methods section details the prepa-
ration of phantoms and outlines the measurement setup for electrical
properties and speed of sound. The Results section presents the find-
ings on the electrical conductivity, dielectric constant, and speed of
sound for the prepared phantoms. The last two sections comprise the

discussion and conclusions drawn from the study’s results.

MATERIALS AND METHODS
Phantom preparation

Phantoms can be used repeatedly in place of tissues in experimental
studies by mimicking their mechanical, structural, acoustic, and dielec-
tric properties. Phantoms with well-known geometries and material
structures are used to develop medical imaging systems. In this study,
TM breast phantoms were developed to mimic ultrasonic and electrical
properties. During phantom production, the acoustic (sound velocity)
and electrical properties (conductivity and dielectric coefficient) were
carefully considered.

We developed three phantoms to mimic breast tissue: the breast

gland, breast fat, and tumor. The components used to develop each

TABLE 1 The materials used for the phantoms and their amounts.

Breast
Material Breast fat gland Tumor
Sodium alginate (g) 2 2 2
Agar (g) 0.1 04 0.7
Graphite powder 0.1 04 0.7
(8)
Propanediol (mL) 60 - -
Aluminum powder — 8 12
(g)
Glycine (g) - 0.5 1

phantom included sodium alginate (a gelling agent), distilled water (a
base material), agar (used for the speed of sound), propanediol, glycine,
aluminum powder, and graphite powder (used for conductivity and per-
mittivity). These phantoms were prepared via the following steps: (1)
We added 75 mL of distilled water and 2 g of sodium alginate. We
stirred the mixture with a magnetic stirrer for approximately 24 h
(without heat). Sodium alginate, derived from marine brown algae cell
walls, typically comprises approximately 30—60% alginic acid. This con-
version to sodium alginate enhances water solubility, facilitating easier
extraction processes.’® (2) Next, to ensure better mixing of the sodium
alginate, we heated this homogeneous mixture to 80 degrees Celsius
using a magnetic stirrer and heater. (3) Once the mixture cooled to
55-60 degrees Celsius, agar, propanediol, glycine, aluminum powder,
graphite powder, and an antifungal agent were added. (4) To pre-
vent evaporation, we covered the mixing bowl with aluminum foil and
allowed it to stand at room temperature before refrigerating it for
approximately 12 hours.

In this study, we mimicked the electrical properties of the tumor
phantom as blood due to the high vascularity of tumors, which signif-
icantly influences their electrical properties. Blood plays a key role in
determining the overall characteristics of tumor tissues, as highlighted
by Egeblad et al..°? who emphasized the importance of the vascular
network within tumors. Table 1 lists the materials used for each phan-
tom and their respective quantities. As shown in Table 1, modifying the
concentrations of the other materials allows for the development of
phantoms that better represent different tumor types and pathological
conditions.

Initially, we used gelatin to solidify the phantoms. However, a sig-
nificant amount of gelatin was required to achieve a homogeneous
dispersion of the phantom materials. We began using sodium alginate
in all phantoms as a more practical alternative. This decision was based
on the understanding that sodium alginate facilitates the solidification
of the phantom and ensures a more uniform dispersion of the graphite
powder. Sodium alginate is a well-known hydrogel that is capable of
absorbing water. Many biomedical applications utilize it extensively
because of its biocompatibility, minimal toxicity, relatively affordable
price, and gentle gelation ability.?° We used propanediol, which has a
low dielectric constant among the prepared phantoms, to mimic the

dielectric constant of fat tissue. In contrast, we used aluminum powder
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and glycine instead of propanediol to mimic the high dielectric constant
of the breast gland and tumor phantoms.

The implementation of a range of precautions is crucial to main-
tain the durability and prevent fungal contamination of prepared
phantoms. Ensuring the sterilization of all materials and equipment
used in phantom preparation is essential for maintaining a safe and
hygienic environment. This can be achieved through autoclaving, chem-
ical disinfection, or irradiation.®* The addition of antifungal agents to
phantom formulations can help prevent fungal growth. These agents
may include fungicides or preservatives to inhibit fungal growth.6?
However, it is crucial to consider the compatibility of these agents
with phantom materials and their intended use. Our study used
potassium sorbate, with nearly 1 mg for each phantom, to prevent
fungal growth and contamination. Potassium sorbate is the most exten-
sively utilized food preservative because it is classified as a generally
recognized as safe additive.®®> When added to the phantom formula-
tion, potassium sorbate can inhibit the growth and reproduction of
fungi, yeasts, and molds, reducing the risk of fungal contamination. In
our experiment, however, mold growth was observed within 3 days
despite refrigeration. While we did not conduct dedicated antibacterial
testing in this study, literature findings suggest that potassium sorbate
may have some inhibitory effects on bacterial growth. For example,
at certain concentrations (e.g., 0.3%), it can also inhibit the growth of
specific bacterial species, such as Salmonella.t*

Stability measurements were conducted to evaluate the preserva-
tion of the phantom’s electrical and acoustic properties over time. The
results indicated that these properties remained stable for at least
15 days when stored in a refrigerator. While the overall structural
integrity of the phantom was maintained for more than 2 months, the
optimal preservation period depends on the specific application. If the
system is prepared and used immediately, a shorter preservation time
may be sufficient, whereas, for experiments requiring prolonged stor-
age, the phantoms can be maintained for an extended duration under
controlled conditions.

The phantom developed in this study specifically represents water-
content tumors. Malignant breast tumors generally exhibit higher
water content than fatty tissues, which significantly influences their
electrical properties. Surowiec et al. reported that at lower frequencies
(1 MHz), the conductivity of malignant tissues ranges between 2 and
4 mS/cm (0.2-0.4 S/m), increasing to approximately 4-7 mS/cm (0.4-
0.7 S/m) at higher frequencies (nearly 8 MHz).%> These values align
with the characteristics of water-rich tumors, supporting the rationale
behind our phantom design.

B-mode ultrasound imaging is typically performed using frequen-
cies ranging from 1 to 15 MHz, with breast imaging specifically utilizing
higher ultrasound frequencies in the range of 5-15 MHz.¢¢ Addition-
ally, medical ultrasound is widely used as a first-line imaging modality
due to its cost-effectiveness and lack of ionizing radiation. Typical diag-
nostic ultrasound frequencies range from 1 to 20 MHz.6” Traditional
medical ultrasound is primarily employed for diagnostic purposes;
however, its therapeutic applications are increasingly gaining atten-
tion, further broadening its clinical significance. Given this, our study’s
focus on the 1-8 MHz range aligns well with diagnostic ultrasound

applications for breast tissue.

Electrical properties measurement setup

In this study, we measured the phantoms’ electrical conductivity and
dielectric constants via a Hioki IM3536 inductance, capacitance, and
resistance (LCR) meter with an operating frequency range of 4 kHz to
8 MHz.%8 This LCR meter excites the phantoms using an AC constant
current with an amplitude of 10 mA.

The resistance values (R) and conductivity values (o) were calculated
using the following formulas:

R = pl/A

a=1/p, (1)

where [ is the distance between the plates, A is the area of the plates,
and p is the resistivity.

To measure the dielectric constant (permittivity) values of the
prepared phantoms, the parallel-plate method (capacitor method) is
employed. This method uses parallel-plate capacitors as the sam-
ple holder, and the phantom is positioned between these plates. An
impedance analyzer or LCR meter is used to carry out the mea-
surement, and the measurements are typically performed at low
frequencies, usually below 1 GHz. The phantom is excited by an AC
source, and the voltage across the sample is monitored. By determining
the sample size and measuring the capacitor value, the dielectric con-
stant of the sample can be calculated. The formula for calculating the
dielectric constant of the prepared phantoms is given as follows:

€= — (2)

where ¢y = 8.85 x 10~ 1% F/cm (the permittivity of free space), d rep-
resents the distance between plates, A is the area of the plates, and C
is the measured capacitor value. A schematic diagram of the measure-
ment setup is shown in Figure 1A, and a photograph of the setup used
to determine the dielectric properties is presented in Figure 1B.

Speed of the sound measurement setup

Sound speed is a crucial characteristic of both solids and liquids. In
ultrasonic imaging, which employs the pulse-echo method, the sound
speed is utilized to pinpoint interface locations. In biological tissue,
an approximate speed of 1540 m/s is typically assumed,®? although
this value can vary depending on the tissue type. Various methods
exist for measuring sound speed, employing different techniques. Pel-
lam and Galt’? introduced a method based on transmitting a pulse
through a sample and detecting its reflection. Another commonly used
method involves measuring the time-of-flight to and from a reflec-
tor with and without the sample,’? typically requiring a large bath for
suspension. To address issues with echo detection from sample sur-
faces, several methods use two different coupling fluids for solids.”?
Ophir and Lin”° developed a method for biological samples of unknown



196

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

(A)
w—— N A
S -
LCR Meter
Electrode Electrode
FIGURE 1 (A)Schematic and (B) photograph of the dielectric property measurement setup.
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FIGURE 2 (A) Schematic and (B) photograph (right) of the speed of the sound measurement setup.

thickness, where samples are exposed to receiving hydrophones at
known distances. These techniques necessitate setups integrating
oscilloscopes, ultrasonic transducers, function generators, amplifiers,
and plate reflectors.

In this study, to measure the speed of sound in the phantoms, a 16-
element 1 MHz linear phased array (LPA) transducer (Imasonic) was
employed, and a schematic and photograph of the setup are depicted in
Figure 2A and B, respectively. The phantom is positioned in a glass tube
and then filled with water. The LPA transducer isimmersed in water and
driven at a frequency of 1 MHz using 5 square waves of 100 V,,,. The
signal acquired in the amplitude mode of the transducer is observed on
the oscilloscope.

RESULTS

Electrical conductivity and dielectric constant results
of the phantoms

A calibration phantom was prepared to evaluate the accuracy of the
LCR meter. The calibration phantom, as described previously,”* con-
tained 0.15 M saline solution and was produced by dissolving 0.879 g of
NaCl in 100 mL of water at room temperature. The conductivity value
of the calibration phantom between 10 kHz and 1 MHz, as reported
previously,”* is 1.39 S/m. The conductivity of the prepared phantom
was also determined to be 1.40 S/m (Figure 3).
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TABLE 2 Measured electrical conductivity (Sm~1) and relative permittivity (¢,) values compared with those reported in Ref. 75 for breast

tissues at 1 MHz.
Tissues Conductivity (Sm~1) Relative permittivity (¢,)
Tissues Phantom Tissues Phantom

Breast gland 0.603 0.606+0.0023 1430 1288+8.0138

Breast fat 0.025 0.022+0.0016 23.7 49.02+0.6154
Tumor 0.822 0.813+0.0033 3030 3000+17.5305

Calibration phantom (0.15 M) TABLE 3 Measured speed of sound (ms~1) values compared with
2.5 r T T T

Conductivity (S/m)

0 200 400 600 800 1000
Frequency(kHz)

FIGURE 3 Electrical conductivity values of 0.15 M saline solution
between 10 kHz and 1 MHz.

This study measured and averaged the electrical conductivity and
dielectric constant values over five measurements. A comparison was
made between the electric properties of the phantoms measured in
this study and the tissue values reported in Ref. 75, as seen in Table 2.
The measured conductivity and dielectric constant values of the

phantoms are presented alongside the literature values in Figures 4-6.

Speed of sound results of phantoms

The experimental setups used to measure the ultrasonic speed of
sound of the phantoms are depicted in Figure 2. The speed of sound
in a phantom was measured via an ultrasonic transducer operating in
amplitude mode. The phantom was placed in a glass container and then
filled with water to submerge the phantom completely. Using an oscil-
loscope, we recorded two distinct voltage signals: the first from the
boundary between the water and the phantom, and the second from
the boundary between the phantom and the water. To determine the
speed of sound within the phantom, we calculated the time difference
between these two signals. This time interval corresponds to the dura-
tion of the sound wave to travel through the phantom. By knowing
the depth of the phantom, x, and the time difference, t, we applied the

formula x = vt to calculate the speed of sound, v, within the phantom.

those reported in Ref. 76 for breast tissues.

Phantom (ms—1) Tissue (ms—1)

Breast gland 1560 1430-1564
Breast fat 1227 1412-1490
Tumor 1660 1559-1590

The speed of sound of the prepared phantoms and the speed of
sound of related tissues reported in the literature are presented in
Table 3. This comparison was performed to assess the extent to which
the developed phantoms accurately mimic the acoustic properties of
biological tissues. These data play an important role in validating and
developing the MAET technique.

DISCUSSION

In our study, we prepared phantoms to mimic the electrical (conduc-
tivity and permittivity) and acoustic (speed of sound) properties of
biological tissues, such as breast gland, breast fat, and tumor, to eval-
uate the breast tumor detection potential of MAET. The conductivity
and relative permittivity values, as well as the sound velocities of these
tissues, were measured and are presented in Tables 2 and 3. These mea-
surements reveal clear differences between cancerous and healthy
tissues, which could be used for imaging by MAET.

In comparing phantom models to real tissues, it was found that
the phantoms effectively mimicked the electrical conductivity of their
biological counterparts across various frequencies (1-8 MHz). Blood
phantoms showed minimal differences (0.04—2.77%), breast fat phan-
toms exhibited variations (0.08—13.64%), and breast gland phantoms
displayed manageable discrepancies (0.45—4.21%). These results high-
light the potential of phantoms to closely mimic the conductivity
characteristics of human tissues.

The phantom mimicking blood demonstrates a high degree of
approximation of permittivity and conductivity across 1-8 MHz. This
consistency renders it a valuable model for research involving blood
tissue analogs. However, the phantom designed to mimic breast fat
presents a considerable and persistent deviation in permittivity values,
potentially diminishing its utility in scenarios where exact dielectric
properties are imperative. In contrast, its mimicry of conductivity

is closely aligned with that of actual breast fat, indicating potential
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FIGURE 4 Conductivity and permittivity values of the phantom and blood (tumor) as functions of frequency.

relevance in studies prioritizing conductivity measurements. The
breast gland phantom’s performance is moderately satisfactory, espe-
cially at lower frequencies, though its precision in mimicking permittiv-
ity decreases at higher frequencies.

In the development of the breast fat phantom, the emphasis has
been predominantly placed on accurately mimicking the conductiv-
ity characteristic of real breast fat tissue. This focused approach has
provided valuable results regarding conductivity; however, the pro-
nounced divergence in permittivity from the authentic tissue under-
scores an area for improvement. In the future, we aim to improve
the permittivity values to more closely approximate those of real
breast fat, developing a more accurate and comprehensive model for
biomedical applications.

The ultrasonic sound velocities of the phantoms were also mea-
sured. Experimental setups were used to calculate the time it took for
the sound to travel between different boundaries of the phantom. The
calculated sound velocities were compared with the values in the liter-
ature. For the breast gland, the phantom has a speed of sound of 1560
m/s, whereas tissue values range from 1430 to 1564 m/s based on Ref.
76. This finding indicates that the phantom’s speed of sound is within
the range reported for breast gland tissues. The breast fat phantom has
a speed of sound of 1227 m/s, which contrasts with tissue values rang-
ing from 1412 to 1490 m/s. Here, the phantom’s speed of sound falls

below the reported range for breast fat tissues. The phantom exhibits

a speed of sound of 1660 m/s for tumor tissue, compared with tissue
values ranging from 1559 to 1590 m/s. The phantom’s speed of sound
is slightly higher than the upper limit of the reported range for tumor
tissues.

In some studies, researchers have used phantoms made of agar and
saline to mimic healthy tissues, but they have used fruits or vegeta-
bles to mimic malignant tissue for EIT systems. In the study by Holder
et al.,3? cucumbers were utilized as phantoms to simulate malignant
tissues. Similarly, Hong et al.”” used carrots to represent malignant
tissues. To accurately mimic the dielectric constants of breast tissue,
particularly at low frequencies (in this study, 1-8 MHz), we employed
various chemical materials to closely mimic the dielectric constant val-
ues of breast fat, breast tissue, and tumor tissue. By facilitating the
imitation of healthy and tumorous tissue properties, our study aims
to increase the fidelity of models used in multifrequency EIT, espe-
cially MAET and other diagnostic modalities. In most previous studies,
phantoms were generated to mimic the electrical properties of tissues,
particularly breast tissues, in either the kHz range (up to 1 MHz) for
EIT7879 or in the GHz range for microwave applications.282?

In a 2017 study,3° researchers developed a phantom designed to
simulate healthy breast tissue using a gelatin-agar mixture and can-
cerous tissue using a carrot. The study aimed to adjust the electrical
properties of the phantoms by adding specific proportions of salt to

the gelatin-agar mixture and using a carrot to represent carcinoma
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tissue. Impedance spectra of the phantoms were measured across
a 1-10 MHz frequency range and compared with measurements of
healthy and carcinoma tissues reported in the literature. The results
indicated that the impedance spectra of the phantoms show promise in
mimicking carcinoma and healthy tissue. The impedance values of the
carrot-containing phantoms were higher than those of the gelatin-agar
phantoms mimicking healthy tissue. However, the impedance values of
the gelatin-agar mixture differed from those reported for real tissues
in the literature, indicating that further optimization of the mechanical
and electrical properties of the phantom is needed.

In some other studies,8%81

researchers primarily aimed to mea-
sure and compare the dielectric properties of healthy and tumorous
breast tissues, considering the classification of tissues based on fat
content into high-density, medium-density, and low-density tissues.
Real breast tissue is heterogeneous, with fat content playing a criti-
cal role in determining the tissue’s electrical properties and acoustic
characteristics. High-density tissues, which are characterized by low-
fat content (less than 20%) and high-water content (over 70%), tend
to have higher conductivity and permittivity values. These properties
can enhance MAET'’s ability to detect small tumors and conductivity
variations more easily in these tissues. In contrast, medium-density
tissues, which consist of a balanced proportion of fat and water (rang-
ing from 20% to 80% fat), represent the most common breast tissue
type.8981 The varying fat content in these tissues may present a
mixed challenge for imaging techniques, and further evaluation using
phantoms simulating medium-density tissues would help better under-
stand MAET’s sensitivity to small conductivity changes in this category.
Low-density tissues, with high-fat content (over 80%) and low-water
content (below 40%), generally have lower conductivity and permit-
tivity values, which might reduce MAET's sensitivity in detecting small
tumors or conductivity contrasts in these tissues.

Although our study utilizes a single fat content model, it is impor-
tant to note that the varying electrical conductivities of low-fat and
high-fat breast tissues can indeed influence MAET imaging outcomes.
Relevant background on tissue composition is provided by two key
studies: J. Kyber’s 1992 paper®? and Gabriel's paper.”> Kyber’s study
used adipose tissue sourced from the peritoneal cavity of pigs, which
contained approximately 97% fat, providing insights into high-fat tis-
sue characteristics. Gabriel’s study, on the other hand, offered valuable
data on the electrical properties of breast fat tissue, although it did not
distinguish between low-fat and high-fat tissue types. These studies
highlight the importance of fat content in the electrical properties of
breast tissues, which may affect the sensitivity and accuracy of MAET
in detecting small tumors.

While the use of a single phantom with a specific fat content was
suitable for preliminary testing, we recognize that this limitation may
not fully represent the broad spectrum of breast tissue densities
encountered in clinical settings. To gain a more comprehensive under-
standing of how varying fat content influences MAET's performance, it
would be highly beneficial to test additional phantom models that rep-

resent awider range of fat densities. This would allow for a more robust

evaluation of MAET’s ability to detect small tumors and conductivity
changes across different types of breast tissues, particularly in patients
with high- or low-fat content in their breast tissue. Future studies
incorporating multiple phantom models with varying fat contents will
significantly enhance our understanding of how breast density affects
MAET imaging results, ultimately improving its accuracy and reliability
in clinical applications.

In a review article by Zou and Guo in 2003,8% malignant breast
tissues exhibit significantly lower electrical impedance (or higher
conductivity) compared to surrounding healthy tissues. Specifically,
malignant breast tumors have a higher conductivity at low frequencies
(20 kHz to 100 MHz), ranging from 2.0-8.0 mS/cm, compared to 0.3-
0.4 mS/cm in normal tissues. These electrical conductivity differences
play a crucial role in distinguishing cancerous tissues from healthy
ones, which MAET can detect with high sensitivity. MAET can detect
conductivity differences as small as 0.1 S/m, which is sufficient to dis-
tinguish between cancerous and healthy tissues.8* For example, the
conductivity of tumors is significantly higher than that of healthy mam-
mary glands and adipose tissues—an important difference that can be
detected using MAET.

Furthermore, the paper by Li and Liu®* also emphasizes the impor-
tance of acoustic impedance in distinguishing malignant tissues. Our
measurements show that the speed of sound differs in tumors com-
pared to surrounding healthy tissues, further enhancing MAET's ability
to effectively distinguish these tissues. This finding supports the
combination of both electrical conductivity and acoustic impedance
contrasts in MAET for sensitive imaging. These results suggest that
MAET has significant potential for clinical applications, particularly
in the noninvasive detection of tumors. However, further clinical val-
idation is required to optimize the methodology for use in patient
studies.

In our study, we developed a homogeneous phantom for the initial
stage of MAET. As of now, anisotropic phantom considerations have
not been included in the MAET framework, primarily because MAET
studies to date typically use simplified models to assess the feasibil-
ity and effectiveness of the technique. However, anisotropic phantoms
have been employed in related imaging techniques such as EIT, which
shares similar principles with MAET. For instance, Cao et al. developed
an anisotropic phantom to model the acoustic properties of breast tis-
sues, with direction-dependent variations in sound propagation speed,
which significantly improved the accuracy of ultrasonic imaging.8° Sim-
ilarly, Sadleir et al. introduced an anisotropic model for EIT, considering
direction-dependent electrical conductivity, which enhanced the tis-
sue characterization and tumor detection capabilities.86 In addition,

Krzyzak et al.8”

explored the use of anisotropic phantoms for mag-
netic resonance imaging. These studies highlight the potential benefits
of incorporating anisotropic properties into phantom designs for more
accurate imaging results. While these works are primarily based on
EIT and related modalities, they indicate that anisotropic models could
be essential for improving the accuracy of MAET in future studies,

especially for deep tissue analysis and tumor detection.
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CONCLUSION

This study presents a novel approach to developing breast TM phan-
toms optimized for MAET experiments. Unlike previous studies that
primarily focused on the electrical properties of breast phantoms at
high frequencies, this work addresses both the electrical and acoustic
characteristics within the 1-8 MHz range, aligning with the operational
frequencies of ultrasound-based diagnostic imaging. The phantoms,
formulated using agar, sodium alginate, propanediol, aluminum pow-
der, glycine, and graphite, successfully replicate the electrical conduc-
tivity, permittivity, and speed of sound of breast fat, glandular tissue,
and tumors.

The measured electrical properties of the developed phantoms
were compared with existing literature, demonstrating strong agree-
ment with reported conductivity and permittivity values. This study
also addresses a critical gap by incorporating both dielectric and
acoustic parameters, essential for realistic tissue modeling.

Future research will focus on refining the phantom models to
improve their permittivity accuracy, particularly for breast fat tis-
sue, ensuring a closer match with biological tissues across a wider
frequency range. Additionally, new phantom designs incorporating
varying fat densities will be explored to better represent the het-
erogeneity of breast tissue and evaluate MAET's sensitivity across
different tissue compositions. Further studies will also investigate
the integration of MAET with complementary imaging modalities to
enhance tumor detection accuracy. Finally, clinical validation studies
will be conducted to assess the practical applicability of MAET in

real-world diagnostic settings.

AUTHOR CONTRIBUTIONS
R.Z.and N.G.G. contributed equally to this manuscript.

ACKNOWLEDGMENTS

This work is supported by the Turkish Scientific and Technological
Research Council of Turkey (TUBITAK) project number 119E126. We
want to thank Ahmet Of nder Tetik and Mehmet Soner Gozii for their
support in measuring the speed of sounds in the phantoms.

CONFLICT OF INTEREST STATEMENT

The authors do not have any conflicts of interest to disclose.

DATA AVAILABILITY STATEMENT
The data supporting this study’s findings are available upon request

from the corresponding author.

ORCID
Reyhan Zengin "= https://orcid.org/0000-0001-8631-3339
REFERENCES

1. Montalibet, A., Jossinet, J., Matias, A., & Cathignol, D. (2001). Electric
current generated by ultrasonically induced Lorentz force in biological
media. Medical & Biological Engineering & Computing, 39, 15-20.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

. Xu, Y., Haider, S., & Hrbek, A., Graz Univ Technol | X . (2007).

Magneto-acousto-electrical tomography: A new imaging modality for
electrical impedance. In 13th International Conference on Electrical
Bioimpedance/8th Conference on Electrical Impedance Tomography
(Vol. 17, pp. 292-295). Graz, Austria.

. Haider, S., Hrbek, A, & Xu, Y. (2008). Magneto-acousto-electrical

tomography: A potential method for imaging current density and
electrical impedance. Physiological Measurement, 29, S41-S50.

. Ammari, H., Capdeboscq, Y., Kang, H., & Kozhemyak, A. (2009). Math-

ematical models and reconstruction methods in magneto-acoustic
imaging. European Journal of Applied Mathematics, 20, 303-317.

. Zeng, X, Liu, G, Xia, H., & Xu, X. (2010). An acoustic characteristic

study of magneto-acousto-electrical tomography. In 3rd International
Conference on Biomedical Engineering and Informatics (pp. 95-98).

. Grasland-Mongrain, P,, Mari, J. M., Chapelon, J. Y., & Lafon, C. (2013).

Lorentz force electrical impedance tomography. IRBM, 34(4-5), 357~
360.

. Guo, L, Liu, G. Q, Xia, H,, Liu, Y., & Lu, M. H. (2014). Conductivity

reconstruction algorithms and numerical simulations for magneto—
acousto—electrical tomography with piston transducer in scan mode.
Chinese Physics B, 23, 104303.

. Guo, L., Liu, G., & Xia, H. (2015). Magneto-acousto-electrical tomog-

raphy with magnetic induction for conductivity reconstruction. IEEE
Transactions on Bio-Medical Engineering, 62,2114-2124.

. Zengin, R, & Genger, N. G. (2016). Lorentz force electrical impedance

tomography using magnetic field measurements. Physics in Medicine
and Biology, 61, 5887-5905.

Insana, M. F, Zagzebski, J. A, & Madsen, E. L. (1982). Acoustic
backscattering from ultrasonically tissue-like media. Medical Physics,
9(6),848-855.

Insana, M., Zagzebski, J., & Madsen, E. (1983). Improvements in
the spectral difference method for measuring ultrasonic attenuation.
Ultrasonic Imaging, 5(4), 331-345.

Madsen, E. L., Sathoff, H. J., & Zagzebski, J. A. (1983). Ultrasonic shear
wave properties of soft tissues and tissue-like materials. Journal of the
Acoustical Society of America, 74(5), 1346-1355.

Chin, R. B., Zagzebski, J. A., & Madsen, E. L. (1991). Experimental verifi-
cation of amodel for predicting transient temperature distributions by
focused ultrasound. Physics in Medicine & Biology, 36(9), 1153-1164.
Wu, J, Chase, J. D, Zhu, Z., & Holzapfel, T. P. (1992). Tempera-
ture rise in a tissue-mimicking material generated by unfocused and
focused ultrasonic transducers. Ultrasound in Medicine & Biology, 18(5),
495-512.

. Wu, J. (2001). Tofu as a tissue-mimicking material. Ultrasound in

Medicine & Biology, 27(9), 1297-1300.

Madsen, E. L., Hobson, M. A, Shi, H., Varghese, T., & Frank, G. R.
(2005). Tissue-mimicking agar/gelatin materials for use in heteroge-
neous elastography phantoms. Physics in Medicine and Biology, 50(23),
5597-5618.

Inglis, S., Ramnarine, K. V., Plevris, J. N., & McDicken, W. N. (2006).
An anthropomorphic tissue-mimicking phantom of the oesophagus
for endoscopic ultrasound. Ultrasound in Medicine & Biology, 32(2),
249-259.

Zell, K., Sperl, J. 1., Vogel, M. W., Niessner, R., & Haisch, C.(2007). Acous-
tical properties of selected tissue phantom materials for ultrasound
imaging. Physics in Medicine and Biology, 52(20), N475-N484.

Cannon, L. M,, Fagan, A. J., & Browne, J. E. (2011). Novel tissue
mimicking materials for high-frequency breast ultrasound phantoms.
Ultrasound in Medicine & Biology, 37(1), 122-135.

Vieira, S. L., Pavan, T. Z., Junior, J. E., & Carneiro, A. A. (2013). Paraffin-
gel tissue-mimicking material for ultrasound-guided needle biopsy
phantom. Ultrasound in Medicine & Biology, 39(12), 2477-2484.

. Ng, S. Y., & Lin, C. L. (2019). Tunability of acoustic and mechanical

behaviors in breast tissue mimicking materials. In Annual International


https://orcid.org/0000-0001-8631-3339
https://orcid.org/0000-0001-8631-3339

202

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Conference of the IEEE Engineering in Medicine and Biology Society
(pp. 1998-2002).

Filippou, A., & Damianou, C. (2022). Evaluation of ultrasonic scattering
in agar-based phantoms using 3D printed scattering molds. Journal of
Ultrasound, 25(3), 597-609.

Zhou, K., Zhang, D., Lin, C., & Zhu, S. (1992). Ultrasonic attenua-
tion estimation in-vivo using the difference ratio correction method.
Journal of the Acoustical Society of America, 92(5), 2532-2538..
Dabrowski, W., Dunmore-Buyze, J., Rankin, R. N., Holdsworth, D. W., &
Fenster, A.(1997). Areal vessel phantom for imaging experimentation.
Medlical Physics, 24, 687-693.

Madsen, E. L., Frank, G. R., & Dong, F. (1998). Liquid or solid ultrason-
ically tissue-mimicking materials with very low scatter. Ultrasound in
Medlicine and Biology, 24(4), 535-542.

Braunstein, L., Briningk, S. C., Rivens, |, Civale, J., & Haar, G. T. (2022).
Characterization of acoustic, cavitation, and thermal properties of
poly(vinyl alcohol) hydrogels for use as therapeutic ultrasound tissue
mimics. Ultrasound in Medicine & Biology, 48(6), 1095-1109.

Chen, R. K., & Shih, A. J. (2013). Multi-modality gellan gum-based
tissue-mimicking phantom with targeted mechanical, electrical, and
thermal properties. Physics in Medicine and Biology, 58(16), 5511~
5525.

Li,S., Fear, E., & Curiel, L. (2021). Breast tissue mimicking phantoms for
combined ultrasound and microwave imaging. Physics in Medicine and
Biology, 66(24), 245011.

Di Meo, S., Esp’Iin-L’opez, P, Martellosio, A., Pasian, M., Bozzi, M.,
Perregrini, L., Mazzanti, A., Svelto, F., Summers, P, Renne, G., Preda,
L., & Bellomi, M.(2018). Dielectric properties of breast tissues: Experi-
mental results up to 50 GHZ.

Sirtoli, V. G., Morcelles, K., & Bertemes-Filho, P. (2017). Electrical prop-
erties of phantoms for mimicking breast tissue. In Annual International
Conference of the IEEE Engineering in Medicine and Biology Society
(pp. 157-160).

Hartinger, A. E., Gagnon, H., & Guardo, R. (2007). Accounting for
hardware imperfections in EIT image reconstruction algorithms. Phys-
iological Measurement, 28,513-S27.

Griffiths, H. (1988). A phantom for electrical impedance tomography.
Clinical Physics and Physiological Measurement, 9, 15-20.

Griffiths, H. (1995). A Cole phantom for EIT. Physiological Measurement,
16(3A), A29-A38.

Schneider, I. D., Kleffel, R,, Jennings, D., & Courtenay, A. J. (2000).
Design of an electrical impedance tomography phantom using active
elements. Medical & Biological Engineering & Computing, 38, 390-394.
Rigaud, B., Chauveau, N., Ayeva, B., Fargues, F., Martinez, E., &
Morucci, J. P. (1996). Modular Cole phantom for parametric electrical
impedance tomography. In Proceedings of the IEEE 18th Annual Inter-
national Conference of the IEEE Engineering in Medicine and Biology
Society (pp. 794-795).

Grimnes, S., & Martinsen, O. G.(2000). Bioimpedance and bioelectricity
basics. Academic Press.

Oh, T. I, Lee, J, Seo, J. K., Kim, S. W.,, & Woo, E. J. (2007). Fea-
sibility of breast cancer lesion detection using a multifrequency
trans-admittance scanner (TAS) with 10 HZ to 500 KHZ bandwidth.
Physiological Measurement, 28, S71-S84.

Newell, J. C., Saulnier, G. J,, Edic, P. M,, Isaacson, D., Cheney, M., Gisser,
D.G., & Cook, R.D.(1993). Electrical impedance imaging. BMES Bulletin,
17(2), 19-23.

Holder, D., Hanquan, Y., & Rao, A. (1996). Some practical biolog-
ical phantoms for calibrating multifrequency electrical impedance
tomography. Physiological Measurement, 17, A167-A177.

Oh,S.H., Lee, B. I, Woo, E. J,, Leg,S. Y., Kim, T. S., Kwon, O., & Seo, J. K.
(2005). Electrical conductivity images of biological tissue phantoms in
MREIT. Physiological Measurement, 26, 5279-5288.

Tidswell, A. T., Gibson, A., Bayford, R. H., & Holder, D. S. (2001). Val-
idation of a 3-D reconstruction algorithm for EIT of human brain

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

function in a realistic head-shaped tank. Physiological Measurement, 22,
177-185.

Lee, K.H., Kim,Y. T, Oh, T.1.,& Woo, E. J. (2007). Complex conductivity
spectra of seven materials and phantom design for EIT. In Proceedings
of the 13th International Conference on Electrical Bioimpedance and
8th Conference on Electrical Impedance Tomography (pp. 344-347).
ICEBI.

Woo, E. J. (2007). Impedance spectroscopy and multifrequency elec-
trical impedance tomography. International Journal of Business and
Emerging Markets, 9(2), 101-102.

Chou, C. K,, Chen, G. W, Guy, A. W,, & Luk, K. H. (1984). Formu-
las for preparing phantom muscle tissue at various radiofrequencies.
Bioelectromagnetics, 5,435-441.

Chang, J. T,, Fanning, M. W., Meaney, P. M., & Paulsen, K. D. (2000).
A conductive plastic for simulating biological tissue at microwave
frequencies. IEEE Transactions on Electromagnetic Compatibility, 42(1),
76-81.

Gabriel, C. (2007). Tissue equivalent material for hand phantoms.
Physics in Medicine and Biology, 52,4205-4210.

Tamura, H., Ishikawa, Y., Kobayashi, T., & Nojima, T. (1997). A dry
phantom material composed of ceramic and graphite powder. I[EEE
Transactions on Electromagnetic Compatibility, 39(2), 132-137.

Szabo, T. L.(2004). Diagnostic ultrasound imaging: Inside out. Academic
Press.

Burelew, M. M., Madsen, E. L., Zagzebski, J. A., Banjavic, R. A., & Sum,
S.W. A. (1980). New ultrasound tissue-Equivalent material. Radiation
Physics, 134,517-520.

Han, W,, Shah, J., & Balaban, R. S. (1998). Hall effect imaging. IEEE
Transactions on Biomedical Engineering, 45(1), 119-124.

Kunyansky, L., Ingram, C. P, & Witte, R. S. (2017). Rotational magneto-
acousto-electric tomography (MAET): Theory and experimental vali-
dation. Physics in Medicine and Biology, 62(8), 3025.

Zhou, Y., Yu, Z. F, Ma, Q. Y., Guo, G., Tu, J., & Zhang, D. (2019). Non-
invasive treatment-efficacy evaluation for HIFU therapy based on
magneto-acousto-electrical tomography. IEEE Transactions on Biomed-
ical Engineering, 66(3), 666-674.

Yu, Z. F, Zhou, Y., Li, Y.-Z,, Ma, Q.-Y., Guo, G.-P, Tu, J., & Zhang,
D. (2018). Performance improvement of magneto-acousto-electrical
tomography for biological tissues with sinusoid-barker coded excita-
tion. Chinese Physics B, 27(9),094302.

Li,Y., Song, J.,, Xia, H., & Liu, G. (2020). The experimental study of mouse
liver in magneto-acousto-electrical tomography by scan mode. Physics
in Medicine and Biology, 65(21), 215024.

Sun, T,, Hao, P, Chin, C. T,, Deng, D., Chen, T.,, Chen, Y., Chen, M., Lin, H.,
Lu, M., Gao, Y., Chen, S., Chang, C., & Chen, X. (2021). Rapid rotational
magneto-acousto-electrical tomography with filtered back-projection
algorithm based on plane waves. Physics in Medicine Biology, 66(9),
095002.

Li, Y. Y, Song, J. X, Xia, H., Li, Y., & Liu, G. (2020). Three-dimensional
model of conductivity imaging for magneto-acousto-electrical tomog-
raphy. Journal of Applied Physics, 127(10), 104701.

Liu, G. Q, Li, Y. Y., & Liu, J. (2020). A mutual momentum theorem for
electromagnetic field. IEEE Antennas and Wireless Propagation Letters,
19(12),2159-2161.

Loureiro dos Santos, L. A. (2017). Natural polymeric biomaterials: Pro-
cessing and properties. In Reference module in materials science and
materials engineering. Elsevier.

Egeblad, M., Nakasone, E. S., & Werb, Z. (2010). Tumors as organs:
Complex tissues that interface the entire organism. Developmental Cell,
18(6),884-901.

Gombotz, W. (1998). Protein release from alginate matrices. Advanced
Drug Delivery Reviews, 31(3), 267-285.

Bharti, B, Li, H., Ren, Z., Zhu, R., & Zhu, Z. (2022). Recent advances in
sterilization and disinfection technology: A review. Chemosphere, 308,
136404.



ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

203

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Espinel-Ingroff, A. (2009). Antifungal agents. In M. Schaechter (Ed.),
Encyclopedia of microbiology (3rd ed., pp. 205-222). Oxford: Academic
Press.

Awaad, S. S., Sherief, M. A,, Mousa, S. M., Orabi, A., & Abdel-Salam, A.
B. (2023). A comparative study on the antifungal effect of potassium
sorbate, chitosan, and nano-chitosan against Rhodotorula mucilaginosa
and Candida albicans in skim milk acid-coagulated (Karish) cheese.
Veterinary World, 16, 1991-2001.

Wind, C. E., & Restaino, L. (1995). Antimicrobial effectiveness of potas-
sium sorbate and sodium benzoate against Zygosaccharomyces bailii in
a salsa mayonnaise. Journal of Food Protection, 58(11), 1257-1259.
Surowiec, A. J,, Stuchly, S. S., Barr, J. R., & Swarup, A. (1988). Dielec-
tric properties of breast carcinoma and the surrounding tissues. [EEE
Transactions on Biomedical Engineering, 35(4), 257-263.

Sarvazyan, A. P, Urban, M. W.,, & Greenleaf, J. F. (2013). Acoustic waves
in medical imaging and diagnostics. Ultrasound in Medicine Biology,
39(7),1133-1146.

Lawrence, J. P. (2007). Physics and instrumentation of ultrasound.
Critical Care Medicine, 35, (8 Suppl), S$314-5322.

Hioki. (2024). IM3536 LCR meter. https://www.hioki.com/global/
products/lcr-meters/10-mhz/id_6057

Yu, W.,, & Chen, N. G. (2021). Simple sound speed measurement
method for liquids and castable phantom materials. IEEE Transactions
on Instrumentation and Measurement, 70, 1-7.

Pellam, J. R., & Galt, J. K. (1946). Ultrasonic propagation in liquids: I.
Application of pulse technique to velocity and absorption measure-
ments at 15 megacycles. Journal of Chemical Physics, 14, 608-614.
Kuo, ., Hete, B., & Shung, K. K. (1990). A novel method for the measure-
ment of acoustic speed. Journal of the Acoustical Society of America, 88,
1679-1682.

Leydier, A, Mathieu, J., & Despaux, G. (2009). The two coupling fluids
method for ultrasonic velocity measurement. Application to biological
tissues. Measurement Science and Technology, 20,095801.

Ophir, J., & Lin, T. (1988). A calibration-free method for measure-
ment of sound speed in biological tissue samples. IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control, 35(5), 573-577.
Gabriel, C., Peyman, A., & Grant, E. H. (2009). Electrical conductivity of
tissue at frequencies below 1 MHZ. Physics in Medicine and Biology, 54,
4863-4878.

Gabriel, C. (1996). Compilation of the dielectric properties of body tis-
sues at RF and microwave frequencies. Occupational and Environmental
Health Directorate, Radiofrequency Radiation Division, Brooks Air
Force Base.

Goss, S. A., Johnston, R. L., & Dunn, F. (1978). Comprehensive compila-
tion of empirical ultrasonic properties of mammalian tissues. Journal of
the Acoustical Society of America, 64,423-457.

Hong,S., Lee, K., Ha, U, Kim,H., Lee, Y., Kim, Y., & Yoo, H. J. (2015). A 4.9
ma-sensitivity mobile electrical impedance tomography IC for early
breast-cancer detection system. IEEE Journal of Solid-State Circuits,
50(1),245-257.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

McDermott, B., McGinley, B., Krukiewicz, K., Divilly, B., Jones, M.,
Biggs, M., O’Halloran, M., & Porter, E. (2017). Stable tissue-mimicking
materials and an anatomically realistic, adjustable head phantom for
electrical impedance tomography. Biomedical Physics & Engineering
Express, 4,015003.

De Gelidi, S., Seifnaraghi, N., Bardill, A, Wu, Y. Frerichs, I,
Demosthenous, A., Tizzard, A, & Bayford, R. (2020). Towards a
thoracic conductive phantom for EIT. Medical Engineering & Physics, 77,
88-94.

Di Meo, S., Espin-Lopez, P, Martellosio, A., Pasian, M., Bozzi, M.,
Peregrini, L., Mazzanti, A, Svelto, F., Summers, P. E., Renne, G., Preda,
L., & Bellomi, M. (2017). Experimental validation of the dielectric per-
mittivity of breast cancer tissues up to 50 GHZ. In 2017 IEEE MTT-S
International Microwave Workshop Series on Advanced Materials and
Processes for RF and THz Applications (IMWS-AMP).

Di Meo, S., Espin-Lopez, P, Martellosio, A., Pasian, M., Bozzi, M.,
Peregrini, L., Mazzanti, A, Svelto, F., Summers, P. E.,, Renne, G., Preda,
L., & Bellomi, M. (2018). Dielectric properties of breast tissues: Exper-
imental results up to 50 GHZ. In 12th European Conference on
Antennas and Propagation (EuCAP2018).

Kyber, J., Hansgen, H., & Pliquett, F. (1992). Dielectric properties of
biological tissue at low temperatures demonstrated on fatty tissue.
Physics in Medicine and Biology, 37(8), 1675-1688.

Zou, Y., & Guo, Z. (2003). A review of electrical impedance techniques
for breast cancer detection. Bioelectromagnetics, 24(3), 223-235.

Li, Y., & Liu, G. (2023). A review on the coupled method of using
the magnetic and acoustic fields for biological tissue imaging. Chinese
Journal of Electrical Engineering, 9(1), 47-60.

Cao, Y., Li, G.-Y,, Zhang, X,, & Liu, Y. -L. (2017). Tissue-mimicking mate-
rials for elastography phantoms: A review. Extreme Mechanics Letters,
17,62-70.

Sadleir, R. J., Neralwala, F, Te, T., & Tucker, A. (2009). A control-
lably anisotropic conductivity or diffusion phantom constructed from
isotropic layers. Annals of Biomedical Engineering, 37(12), 2522-2531.
Krzyzak, A., Klodowski, K., & Raszewski, Z. (2015). Anisotropic phan-
toms in magnetic resonance imaging. Annual International Conference
of the IEEE Engineering in Medicine and Biology Society. IEEE Engineering
in Medicine and Biology Society. Annual International Conference, 2015.
414-417.

How to cite this article: Zengin, R., & Genger, N. G. (2025).
Development of breast tissue-mimicking electrical and
acoustic phantoms for magneto-acoustic electrical
tomography. Ann NY Acad Sci., 1547, 192-203.
https://doi.org/10.1111/nyas.15338


https://www.hioki.com/global/products/lcr-meters/10-mhz/id_6057
https://www.hioki.com/global/products/lcr-meters/10-mhz/id_6057
https://doi.org/10.1111/nyas.15338

	Development of breast tissue-mimicking electrical and acoustic phantoms for magneto-acoustic electrical tomography
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Phantom preparation
	Electrical properties measurement setup
	Speed of the sound measurement setup

	RESULTS
	Electrical conductivity and dielectric constant results of the phantoms
	Speed of sound results of phantoms

	DISCUSSION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


