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ABSTRACT: Breast cancer is considered one of the major cancers among women. Early identification of breast cancer is essential for
improving treatment outcomes, necessitating the application of accurate, noninvasive imaging methods. This paper presents a compara-
tive evaluation of Electrical Impedance Tomography (EIT) and Ultrasound Tomography (UST) for breast tumor diagnosis, employing a
simulated multilayer breast model. The forward problem, which entails the determination of electrical conductivity and acoustic pressure
distribution, was addressed through finite element analysis utilizing COMSOL Multiphysics software. The inverse problem of EIT was
solved using Total Variation regularization with Primal-Dual Interior Point Method (TV-PDIPM), and that of ultrasound by employing
attenuation-weighted bilinear interpolation to effectively resolve propagation losses through tissue layers, subsequently leading to seg-
mentation. The images reconstructed and segmented from both modalities were subjected to quantitative evaluation employing metrics
such as Accuracy, Sensitivity, Specificity, and Relative Image Error. The findings indicate that both approaches offer complementary
information regarding the tumor, presenting distinct advantages based on tissue characteristics and image clarity.

1. INTRODUCTION

mong women, breast cancer accounted for most cases in

157 out of 185 nations, and globally, breast cancer claimed
670,000 lives in the year 2022 [1]. Early diagnosis of breast
cancer increases survival rates and treatment outcomes. While
conventional imaging techniques like mammography, MRI,
and ultrasound are widely used, they have limitations in terms
of cost, radiation exposure, and accessibility [2]. Alternative
imaging techniques, such as Thermography, Optical Tomogra-
phy, and Electrical Impedance Tomography (EIT), have been
investigated due to their non-ionizing and economical charac-
teristics.

EIT is a portable, noninvasive imaging method that may be
used for continuous monitoring due to its affordability [3, 4].
Biomedical EIT primarily relies on alterations in tissue-related
properties, specifically the electrical characteristics of biolog-
ical tissues. EIT leverages variations in tissue conductivity
to distinguish between healthy and malignant regions, making
it a viable diagnostic and monitoring tool in clinical applica-
tions [5]. Administering a controlled current to the human tis-
sue and monitoring the resultant voltage at the periphery al-
lows the inference of internal conductivity distributions [6, 7].
A smaller-scale experiment by [8] used 80 electrodes to recreate
a cancer model constituting 0.1% of the breast model’s volume.
In [9], an EIT-IC (Integrated Circuit) featuring a broad band-
width of 10 MHz was developed to detect small-sized tumours
measuring up to 0.5 cm. A rotational EIT technique was pro-
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posed to resolve two tumours separated by 1.5 cm without in-
creasing electrode complexity [10]. Apart from 2D, several 3D
EIT systems have been proposed in recent years. Furthermore,
various 3D EIT systems have emerged, including a multi-circle
planar sensor for high-resolution micro-imaging [11], a recon-
struction approach using sparsity and median filtering [12], and
a 3D technique based on dimensional grey wolf optimization
(DGWO) to mitigate shape and position sensitivity [13].

Ultrasound Tomography (UST) is employed to reconstruct
the acoustic impedance distribution of the target region em-
ploying the principles of acoustic propagation. In contrast to
EIT, UST is responsive to interfaces between various biologi-
cal tissues and has an excellent spatial resolution in the center
region [14]. UST cannot identify micro-calcifications and has
restricted spatial resolution; nonetheless, it enhances overall
sensitivity and specificity, achieving rates of 76% and 84%, re-
spectively [15]. Recent years have seen a notable increase in in-
terest surrounding dual-modality techniques, primarily because
they offer the potential for complementary insights from differ-
ent types of imaging. The widespread use of ultrasound stud-
ies in the healthcare sector can be attributed to its accessibility
and cost-effectiveness as a noninvasive imaging method [16].
In [17], a novel pixel fusion technique utilizing fuzzy logic
for Electrical Capacitance Tomography (ECT) and UST images
has been proposed. In [18], threshold effect was addressed, and
the meta-analysis indicates that the Ultrasound (US) and Mam-
mography (MMG) have comparable diagnostic performance.
Based on individual lesions, however, US was found to have a
higher diagnostic accuracy than MMG.
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This work presents a novel methodologically coherent per-
formance evaluation of UST and EIT using a common multi-
layered breast model. Utilizing identical performance met-
rics such as sensitivity, specificity, accuracy, and Relative Im-
age Error (RIE), this study allows a consistent comparison that
emphasizes the complementary diagnostic advantages of both
modalities, laying a basis for future frameworks based on mul-
timodal fusion. Improvements in metric values are evident due
to the implementation of advanced reconstruction and segmen-
tation algorithms. The following sections are structured in this
manner: Section 2 details the forward and inverse modelling
of EIT and UST systems. Section 3 provides the results along
with a comparative analysis, while Section 4 wraps up the paper
with concluding remarks.

2. METHODOLOGY

2.1. Mathematical Model of EIT and UST

The forward problem of Electrical Impedance Tomography
(EIT) is defined by three fundamental equations: Dirichlet
boundary conditions, Neumann boundary conditions, and
Maxwell’s equations. According to Maxwell’s system of
equations [ 18],

-V (VV)=0 (1)
where o is the conductivity distribution, and V' is the scalar po-
tential distribution inside the field. In this study, the complete
electrode model (CEM) [19] is utilized to address the EIT for-
ward problem through the finite element method.
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In the context of the UST forward problem, examine a one-
dimensional medium characterized by the absence of sources
and lossless properties. The mass density of the body is denoted
as po (), while the body pressure is represented by pg. The total
pressure (pr) in a propagating pressure wave is expressed as

pr (x,t) = po + p(at) (%)

The wave equation governing the acoustic field is expressed as

follows:
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Consider the Lorentz force q. The wave equation is modified
to

(6)
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We utilized COMSOL Multiphysics 6.0 due to its exceptional
accuracy and robust physics-based modelling features to tackle
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the forward problem. This software environment facilitates
the simulation and resolution of finite element analysis chal-
lenges. The solution to the forward problem included multi-
ple physics modules, such as electric currents, solid mechanics,
and pressure acoustics for the frequency domain study. A two-
dimensional circular shape breast prototype has been created,
having a diameter of 7 cm, incorporating multiple layers that
simulate an authentic breast structure, as illustrated in Figure 1.
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FIGURE 1. Geometry of breast phantom.

2.2. Implementation of the Forward Problem Utilizing COMSOL
Multiphysics

In the context of EIT experiments, a total of 16 electrodes com-
posed of Ag/AgCl were utilized to deliver current to the tis-
sue and to record the resulting voltage responses. An adjacent
electrode configuration is utilized, with a 1 mA alternating cur-
rent supplied to electrode 1 using a boundary current source
and ground to electrode 2 at a frequency of 50kHz. Table 1
presents the material properties [20,21] utilized in the mod-
elling process. A triangular finer mesh is utilized in the EIT
forward problem to enhance accuracy and expedite simulation
processes.

TABLE 1. Dielectric properties used in COMSOL for EIT.

Electrical Relative
Layers . e
Conductivity (S/m) Permittivity
Skin 2.73E-4 1.13E+3
Fat 2.49E-2 1.18E+2
Gland 5.34E-1 4.02E4-3
Malignant Tumor 1.12 60

Alongside the electrode responsible for current conduction,
the voltage distribution across the remaining components of the
electrode pairing is documented. The medical device standard
60601-1 is adhered to, as demonstrated in the development of
early breast cancer EIT-IC [22]. The experiment was conducted
repeatedly until each electrode operated as a current source. Af-
ter documenting the voltage measurements in the evaluation ta-
ble, they were stored in a “.xlsx” file. The boundary current
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FIGURE 2. EIT-based voltage distribution in a homogeneous medium.

source is governed by

The Pressure Acoustics frequency domain module, part of
the Acoustic Module, outlines the acoustic properties, includ-
ing speed of sound and density, pertinent to breast ultrasound
modelling and its boundary conditions within the context of ul-
trasound measurements. Equation (16) is the equation for ultra-
sonic waves in a lossless medium for acoustic pressure. COM-
SOL handled the Helmholtz equation, expressed as a

kgqpt
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As p denotes the medium’s density, g4 and @, represent the
monopole and dipole sources; k., denotes the associated wave
number over the waveform velocity cc in the fluid; &, signifies
the out-of-plane wave number; and p. pertains to the density
of the medium. As the ultrasonic wave travels through a multi-
phase medium distribution, various attenuation mechanisms —
such as diffusion, scattering, and absorption — take place at the
interfaces of the different media. Consequently, the ultrasonic
transducer at the receiving end captures the sound pressure sig-
nal that has been attenuated [23]. This configuration employs
16 ultrasound PZT-4 transducers arranged in an alternating ring
pattern, utilizing a free triangular mesh having a maximum el-
ement size of \/6 [24]. A Perfectly Matched Layer (PML) is
given as an outer boundary that absorbs outgoing ultrasound
waves. A pressure of 100 kPa is applied to the first transducer
using the pressure boundary condition, and the corresponding
acoustic pressure is recorded from the other transducers act-
ing as receivers. The experiment proceeds until all transducers
function as transmitters. A study in the frequency domain is
conducted at 1 MHz, with the corresponding acoustic pressure
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FIGURE 3. ElT-based voltage distribution in a heterogeneous medium.

recorded and organized in a table. The acoustic pressure distri-
bution is shown in Figure 3.

2.3. Modelling the Inverse Problem for EIT and UST

Using boundary measurements to recreate the internal charac-
teristics of breast tissue is the goal of the inverse problem in
Electrical Impedance Tomography (EIT) and Ultrasound To-
mography (UST). In the context of breast cancer detection, this
section outlines the reconstruction methods used for EIT and
UST.

The open-source EIDORS (Electrical Impedance Tomogra-
phy and Diffuse Optical Tomography Reconstruction Software)
toolbox in MATLAB was employed for the inverse problem in
EIT. Due to the pronounced susceptibility of EIT to noise and
modeling inaccuracies, Total Variation (TV) regularization is
utilized to preserve discrete conductivity gradients while mit-
igating artifacts [25,26]. The following is the formulation of
the reconstruction problem.

&:argmin||Vm—VC\|2—|—)\/|VU|d:L‘ (11)

A is the regularization parameter that controls smoothness, and
V. and V. are the measured and calculated boundary voltages.
The reconstructed images are segmented using the Fuzzy C
Means Segmentation algorithm, which eliminates the need for
manual seeding and performs effectively even with noisy EIT
images [27]. Fuzzy C Means (FCM) permits data points to be
associated with different clusters, exhibiting differing levels of
affiliation. This is particularly advantageous in medical image
processing, where tissue borders may be indistinct or confluent.
The clustering procedure in FCM is accomplished by reducing
the subsequent objective function:
J N~
m=
i=1j=

(12)
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FIGURE 4. Acoustic pressure distribution in a homogeneous medium.

where N represents the total count of pixels, C' the total number
of clusters, u;; the degree of membership, c; the center of the
jth cluster, and m the fuzzy parameter.

The inverse problem of reconstructing the spatial acous-
tic pressure distribution for UST was executed completely in
MATLAB, utilizing attenuation-weighted bilinear interpola-
tion. To prepare for inversion, pressure data from COMSOL
simulations is interpolated into a uniform 2D grid (512 x 512).
Following rectification, the data is normalized after the re-
moval of diagonal (self-interaction) terms. Using known tissue-
specific attenuation constants (in dB/m) for areas such as skin,
fat, glandular tissue, and tumors, a spatial attenuation map is
produced. To properly address tissue-dependent losses, this
map applies an exponential decay factor to the pressure data.
K-means clustering is used to segment the normalized recon-
structed image using k = 3 clusters. The cluster with the high-
est intensity most likely represents the tumor. This segmenta-
tion separates regions into the background, normal tissue, and
probable tumor locations. To the output, morphological tech-
niques, such as area-based filtering and linked component anal-
ysis are used.

3. RESULTS AND DISCUSSIONS

3.1. Forward Problem Simulation

Figure 2 depicts the potential distribution within a homoge-
neous tissue of a 7 cm radius, consisting of multiple layers, as
simulated with COMSOL Multiphysics software. The voltage
distribution across the breast phantom is uniform. Figure 3
illustrates a tumor with a radius of 1cm, embedded within a
breast-mimicking phantom. A reduced value in potential dis-
tribution indicates the presence of a malignant tumor, which
demonstrates higher conductivity than normal breast tissue.
Under the Pressure Acoustics physics interface in COMSOL,
a 100 kPa pressure signal is transmitted into the breast phan-
tom using a PZT4 ultrasonic transducer. The breast phantom
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FIGURE 5. Acoustic pressure distribution in a heterogeneous medium.

for UST uses the same construction as the EIT. A frequency
domain analysis was conducted at | MHz, and Figure 4 dis-
plays the matching acoustic pressure from the receiver. As seen
in Figure 5, the existence of a tumor is indicated by a higher
acoustic pressure from the receiver following anomaly inser-
tion. Both EIT and UST underwent the same studies, and the
outcomes were recorded and saved in an Excel file for inverse
problem-solving.

3.2. Image Reconstruction and tumor Segmentation

The inverse of EIT entails the reconstruction of the internal con-
ductivity distribution of the breast based on measurements of
boundary voltages. This study utilized a total variation (TV)
regularization-based inverse solver to improve edge preserva-
tion and reduce noise in the reconstructed images. The re-
construction process utilized the Primal-Dual Interior Point
Method (PDIPM), recognized for its efficient convergence in
non-smooth optimization scenarios. This image is prepro-
cessed to remove noise and artifacts and given as input to the
segmentation algorithm, which segments the tumor region as
shown in Figure 6(a).

A reconstruction method based on attenuation-weighted bi-
linear interpolation was used to solve the inverse problem in
UST. This novelty will improve the localization of acoustic
impedance variations, making tumor detection more precise.
COMSOL simulations’ raw pressure data was given as input
to the algorithm along with transducer positions. An exponen-
tial attenuation model, which was based on known attenuation
coefficients for skin, fat, glandular tissue, and tumor locations,
was used to account for acoustic losses.

Unsupervised K-means clustering with three clusters was
used to segment the normalized image after attenuation correc-
tion, signifying background, normal tissue, and malignancy as
shown in Figure 6(b). To measure the size and position of the
tumor, a centroid and bounding box were calculated as repre-
sented in Figure 7 for the final location detected.
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FIGURE 6. (a) Segmented region highlighting the tumor in EIT. (b) Segmented region highlighting the tumor in Ultrasound Tomography (UST).
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FIGURE 7. Tumor bounding box.

The performance metrics of EIT and UST are shown in Fig-
ures 8 and 9 as evaluation criteria. The performance of EIT is
largely influenced by the differences in electrical conductivity
between healthy and malignant tissues, with malignant tissues
exhibiting higher values. In UST, acoustic pressure waves en-
gage with tissue boundaries, rendering this modality especially
responsive to structural variations. Malignant tumors exhibit
greater attenuation compared to normal tissues. The tomogra-
phy’s performance in differentiating tumor and non-tumor re-
gions was evaluated using accuracy, sensitivity, and specificity
metrics. Relative image error (RIE) in percentage shows the
difference between the reconstructed (/,-) and ground truth im-

age (Ig).
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FIGURE 8. Performance metrics of Electrical impedance tomography.
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4. CONCLUSION

This paper has presented a performance analysis of two non-
invasive methods for breast cancer detection, specifically EIT
and UST. It demonstrates the correlation and complementary
information obtained through a comparative assessment of in-
dividually reconstructed images. The forward modelling was
conducted in a realistic multilayered breast tissue phantom uti-
lizing a combination of 16 electrodes and 16 PZT transduc-
ers, implemented through COMSOL Multiphysics software. A
novel reconstruction algorithm was developed in MATLAB uti-
lizing TV_PDIPM with total variation in the prior, followed
by advanced fuzzy c-means segmentation that works well even
for noisy EIT images. We have also focused on attenuation-
corrected acoustic pressure interpolation for ultrasound appli-
cations. The simulation results were assessed utilizing clini-
cally relevant performance metrics, indicating that both modal-
ities can yield valuable images for tumor identification and lo-
calization. However, the current work focuses exclusively on
simulation data. In the upcoming study, we aim to expand
this research by validating the results using physical breast
phantoms, ensuring their practical relevance. Additionally,
we strive to incorporate advanced image fusion techniques to
merge the structural details offered by ultrasound with the func-
tional conductivity contrast derived from EIT, thereby enhanc-
ing diagnostic accuracy and clinical relevance. The noninva-
sive and low-cost characteristics of these modalities provide a
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viable option for standard breast cancer detection, particularly
in remote locations, for pregnant women, and for individuals
with denser breast tissue.
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