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Microwave-induced thermoacoustic imaging (MTI) has the advantages of high resolution, high
contrast, non-ionization, and non-invasive. Recently, MTI was used in the ¯eld of breast cancer
screening. In this paper, based on the ¯nite element method (FEM) and COMSOL Multiphysics
software, a three-dimensional breast cancer model suitable for exploring the MTI process is
proposed to investigate the in°uence of Young's modulus (YM) of breast cancer tissue on MTI. It
is found that the process of electromagnetic heating and initial pressure generation of the entire
breast tissue is earlier in time than the thermal expansion process. Besides, compared with normal
breast tissue, tumor tissue has a greater temperature rise, displacement, and pressure rise. In
particular, YM of the tumor is related to the speed of thermal expansion. In particular, the larger
the YM of the tumor is, the higher the heating and contraction frequency is, and the greater the
maximum pressure is. Di®erent Young's moduli correspond to di®erent thermoacoustic signal
spectra. In MTI, this study can be used to judge di®erent degrees of breast cancer based on elastic
imaging. In addition, this study is helpful in exploring the possibility of microwave-induced
thermoacoustic elastic imaging (MTAE).
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1. Introduction

Since the 20th century, breast cancer has been one
of the most common tumors in the world.1 In the
early stage of breast cancer, through a variety of

detection or imaging techniques,2 it can be e®ec-

tively detected and controlled by medical methods

to improve the survival possibility of patients.3

Currently, the commonly used medical methods for
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breast cancer detection include traditional palpation,4

mammography,5 ultrasound (US) imaging,6 magnetic
resonance imaging (MRI),7 computed tomography
(CT),8 and photoacoustic imaging (PAI).9 These
imaging techniques have their own advantages and
shortcomings in breast cancer imaging,10–15 such as
insu±cient resolution, low contrast, poor real-time
performance, poor imaging speci¯city, and high de-
tection costs and risks. These disadvantages probably
lead to false positives and false negatives in medical
diagnosis. Microwave-induced thermoacoustic imag-
ing (MTI) based on the thermoacoustic (TA) e®ect
is considered to be an imaging method with good
application prospects in the ¯eld of breast cancer
detection.16,17 It combines the characteristics of
the high contrast of microwave imaging and
the high spatial resolution of US imaging. It
also exhibits the merits of non-invasiveness and
non-ionization.18,19

During the MTI process, the factors a®ecting TA
signals are mainly divided into microwave para-
meters and biological tissue parameters.20 In addi-
tion to a large number of experimental studies,
there are also many theoretical simulation studies in
recent years.21–23 Vasilis Ntziachristos et al. used
COMSOL software to conduct a simulation study
and experimentally validated a near-¯eld radio fre-
quency tomography (NRT) method for high-reso-
lution imaging of biological tissue using ultra-short
electromagnetic (EM) pulses.24 Tony George et al.
used MTI to investigate early breast cancer detec-
tion and used COMSOL to conduct a two-dimen-
sional simulation of MTI signal generation to
evaluate the changes in biological tissue tempera-
ture and pressure under EM ¯eld irradiation.25 The
minimum power required to generate a 2.45GHz
microwave source TA signal at di®erent power
levels was evaluated. Mohand Alzuhiri et al. pro-
posed a two-dimensional numerical model to simu-
late the generation of near-¯eld MTI signals.26 The
model simulates the EM interaction of microwaves
with imaging targets, as well as the generation and
propagation of acoustic signals. The e®ects of the
target's electrical properties, microwave frequency,
and pulse duration on the intensity and frequency of
the generated acoustic signal were studied. Soltani
et al. conducted some three-dimensional numerical
simulations of the TA imaging phenomenon as a
multi-physics problem through COMSOL simula-
tion software.27 They calculated the corresponding
pressure gradients produced by temperature changes

generated by EM wave irradiation. In 2020, they
continued the numerical study of MTI using
COMSOL software for the preliminary detection of
Anatomically Realistic Breast Phantom (ARBP)
and proposed that the size and shape of the tumor
do not signi¯cantly a®ect the TA detection e±-
ciency.28 However, there is a lack of quantitative
research on MTI physical dynamics in breast cancer
imaging, especially for the physical parameters of
the thermal expansion process.

Based on the ¯nite element method (FEM) and
COMSOL Multiphysics software, this paper pro-
poses a three-dimensional breast cancer model
which combines the advantages of the ARBP model
and is suitable for exploring the MTI process. It
explores the physical parameter changes of tumor
tissues during MTI. Based on elastic imaging and
the state equation of thermoacoustic imaging to
determine the theoretical basis of the whole simu-
lation, our work observed the distribution of phys-
ical quantities through the physical ¯eld simulation
of the thermoacoustic process of breast cancer. We
then explored the thermoacoustic signals of breast
cancer in di®erent periods by changing Young's
modulus (YM) of breast cancer through the control
variable method. By comparing these signals in the
time domain and frequency domain, this paper
quantitatively researches the in°uence of YM on the
TA signals. The hardness of breast cancer varies in
di®erent periods, which is re°ected in the value of
YM. Studying the amplitude and frequency of TA
signals is bene¯cial for obtaining high-contrast
thermoacoustic images. In the long run, we hope
that our work can help diagnose some clinical dis-
eases, such as the size of breast lumps, the di®erent
stages of cirrhosis in liver disease, and the classi¯-
cation of plaque in vascular disease.

2. Materials and Methods

2.1. TA processes and governing

equations

The MTI of biological tissue includes microwave
radiation, thermal expansion, and the generation of
acoustic waves.28 First, when a biological tissue is
irradiated with pulsed microwave, the tissue will
absorb EM energy. To quantify the amount of en-
ergy absorbed by di®erent regions of the tissue, the
speci¯c absorption rate (SAR) is used to calculate
the spatial distribution of the absorbed energy.29
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The calculation formula of SAR is

SARðr; tÞ ¼ �ðrÞjEðrÞj2
2�ðrÞ eðtÞ: ð1Þ

In Eq. (1), �ðS=mÞ represents the electrical con-
ductivity of biological tissues and the electrical
conductivity of di®erent biological tissues is di®er-
ent. For example, the di®erence between tumors
and normal breast tissues is large. It leads to dif-
ferences in absorption of EM energy. In addition, its
distribution in biological tissues is also directional.
EðV =mÞ represents the electric ¯eld distribution in
the tissue, � (kg/m3Þ represents the density, and e
represents the envelope function of the microwave
pulse excitation, tðsÞ and rðmÞ represent the time
and spatial location of the tissue, respectively.

The EM energy absorbed by the tissue will
rapidly heat the tissue, and the temperature
change30 �T ðKÞ is generally described by

�T ¼ �ðrÞjEðrÞj2
2�ðrÞCp

�: ð2Þ

In Eq. (2), Cp (J/(kg �KÞ represents the speci¯c
heat capacity at constant volume. �ðsÞ represents
the pulse width of the EM wave. In the process of
MTI, it needs to satisfy two time constraints:
thermal conduction constraints and elastic defor-
mation constraints.31 In practical applications, its
value is usually 70–1000 ns due to technical limita-
tions of microwave sources.32

The temperature rising inside the tissue will
cause thermal expansion of the tissue, and the
thermal energy will be converted into elastic po-
tential energy and mechanical energy, resulting in a
change in the initial sound pressure distribu-
tion.28,33 This process can be described by governing
Eq. (3). Changes in sound pressure inside tissue
induce sound waves, known as TA signals. It pro-
pagates in all directions within the organization,
and this propagation process is described in Eq. (4).

1þ 2�aðr; !ÞcðrÞ
!2

@

@t

� �
r � uðr; tÞ

¼ �ðrÞ @

@t
T ðr; tÞ � 1

�ðrÞc2ðrÞ
@

@t
pðr; tÞ; ð3Þ

rpðr; tÞ ¼ ��ðrÞ @

@t
uðr; tÞ: ð4Þ

In Eqs. (3) and (4), the main factors a®ecting the
generation and propagation of TA signals are

the following: �a (1/m) represents the acoustic at-
tenuation coe±cient, which is related to the sound
frequency and propagation medium. c (m/s) repre-
sents the speed of sound. ! (Hz) represents the
angular acoustic frequency. u (m/s) represents the
sound velocity vector. � (1/K) stands for the vol-
ume thermal expansion coe±cient, which is three
times the value of the length thermal expansion
coe±cient. T (K) and p (Pa) stand for temperature
and sound pressure, respectively.

2.2. Theories of breast cancer

elastography

When the breast is diseased, it is often accompanied
by changes in mechanical properties34,35 and the
di®erence in elastic modulus between normal
human tissues and diseased tissues can often reach
dozens of times, such as breast cancer, prostate
cancer, liver cirrhosis, and kidney diseases. In 1991,
Ophir ¯rst proposed a static stress elastography
method and revealed the feasibility of elastography
by measuring the distribution of strain and elastic
modulus of biological tissues during the experi-
ment.35 In recent years, for breast cancer imaging,
the main elastography techniques are ultrasonic
strain elastography (USE),36 ultrasonic shear wave
elastography (USWE),37 magnetic resonance elas-
tography (MRE),38 and photoacoustic elastography
(PAE).39

USE and USWE are the most widely utilized
methods clinically. The USE uses external pressure
or acoustic radiation force to excite tissue to gen-
erate di®erent strain response signals.35,40 Accord-
ing to the di®erence in elastic modulus of di®erent
tissues, such strains include displacement, acoustic
wave velocity, etc. Under the same external force,
the degree of strain (such as displacement) caused
by the hard tissue with a large elastic modulus is
smaller, and the degree of strain caused by the soft
tissue with a small elastic modulus is larger. By
detecting and collecting tissue responses, the dif-
ferences in mechanical properties between di®erent
tissues can be inverted using appropriate image re-
construction algorithms.

Traditional MTI technology mainly uses the
electrical conductivity distribution of di®erent tis-
sues to reconstruct TA images,41 and applies ex-
ternal EM waves to excite tissue, and further cause
thermal expansion inside the tissue to generate a
strain. This strain will convert thermal energy into
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elastic potential energy and then generate me-
chanical vibration.42 The transformation of elastic
potential energy can be re°ected by quantitative
observation of deformation and pressure changes,
which is speci¯c to the lesions that cause elastic
coe±cient changes. This paper also explores the
possibility of TA elastography by quantitatively
analyzing the e®ect of tumor YM on the simulation
results of MTI.

2.3. COMSOL strategy

In this study, the simulation of the MTI process of
breast cancer is based on a FEM software COMSOL
Multi-physics (version 6.0). The breast cancer
model and corresponding parameters of each bio-
logical tissue are based on a real 3D breast numer-
ical model library provided by the University of
Wisconsin Cross-Disciplinary Electromagnetics
Laboratory (UWCEM).43 The reference model is
the ACR Class 2 scattered ¯broglandular and its
Breast ID is 012204. To simulate the real situation
in the process of breast cancer by MTI, and save
simulation, the breast cancer model was restored
and simpli¯ed as much as possible. Figure 1 shows
the 3D model used in this study.

In Fig. 1, the size of the tank is 160mm�
200mm� 200mm, and the entire model is placed in
the tank ¯lled with transformer oil, which is used as
the coupling medium in MTI. The waveguide is a
standard BJ32 waveguide.44 The waveguide is po-
sitioned against the tank wall and faces the breast
cancer model. The entire appearance of the breast
model is simpli¯ed into a cube with a size
of 100mm� 100mm� 100mm, and the model

includes a fat layer, breast, tumor, and a rightmost
pectoral muscle layer from outside to inside. The
following breast cancer models speci¯cally refer to
the whole composed area of four modules, not in-
dividual tumor areas. The size of the mammary
gland (MG) is 30mm� 25mm� 25mm. In Fig. 1,
the breast muscle is closely connected to the right-
most side of the breast cancer model and the
boundary of the fat layer, with a size of
10mm� 100mm� 100mm.

The TA signal is related to the dielectric and
thermodynamic properties of di®erent tissues. The
materials used in the simulation study,27,28,33,45–54

including the dielectric properties of transformer oil,
are shown in Table 1. The thermodynamic proper-
ties of di®erent biological tissues are shown in
Table 2, where � represents density, Cp represents
speci¯c heat capacity, YM (Pa) is the YM, PR is
Poisson's ratio, k (W/m �K) is the thermal con-
ductivity, and � (1/K) is the thermal expansion
coe±cient. These parameters jointly a®ect the
thermal expansion process of breast tissue.

According to the MTI process, three physical
¯eld modules are mainly involved in the simulation,
namely electromagnetic waves (frequency domain),
solid heat transfer, and solid mechanics.55–59 For the
research in the frequency domain, a solver based on
a 3.0GHz carrier is used, and for the research in the
transient (time domain), a solver with a simulation
time of 0–1ms with a step size of 1�s is used.

The boundary conditions in this study include
electromagnetic ¯eld boundary conditions,60 heat
transfer boundary conditions,61 and solid mechanics
boundary conditions.62 For the waveguide, its do-
main-de¯ning material is air, and it inputs EM
waves at 3.0GHz. In the heat-transfer boundary
condition, the bottom surface of the muscle layer in
the model is determined to be \thermal isolation".
In the MTI experiments, the acquisition time is
generally longer than the �s-level. The other outerFig. 1. Simulation model diagram of MTI of 3D breast cancer.

Table 1. Dielectric characteristic parameters of di®erent
materials.

Material
types

Relative
permittivity

Electrical
conductivity (S/m)

Transformer oil 5 1.0� 10�11

Fat 7 0.5
MG 47 2.2
Muscle 52.73 1.74
Tumor 55 4
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surfaces of the breast cancer model connected with
transformer oil were determined as \convective heat
°ux" and the value of the heat transfer coe±cient
was 5W/(m ^ 2 �K). It is consistent with the heat
transfer between the breast cancer tissue and
transformer oil after heating.27,60 To de¯ne solid
mechanics boundary conditions, fat, MG, tumor,
and muscle are all considered as linear elastic
materials. When the microwave pulse width satis-
¯es the elastic deformation constraint, the ground
of the muscle layer is indeed a \¯xed constraint".
The other outer surfaces of the breast and trans-
former oil in contact are considered \free".

This study aimed to quantitatively study the
e®ects of tumor YM on the pressure changes of the
breast cancer model during the MTI process. In
addition, this study selected a baseline model (BM)
for the comparison of parametric studies. Its simu-
lation settings are as follows: The microwave pulse
excitation is a rectangular pulse with a peak power
of 75 kW, and the repetition frequency is 1 kHz,
which means the pulse excitation period is 1ms. The
pulse width is 1�s, and the rising and falling edges
are 0.1�s, respectively. Thus, the total microwave
energy is 67.5mJ. The tumor radius is 1mm, YM is
1:06� 105 Pa, and the simulation time is 0–1ms
with a 1�s step size of the solver.

In elastography, the YM of biological tissue is a
critical factor. Under the same external conditions,
a larger YM corresponds to a smaller deformation,
and a smaller YM corresponds to a larger defor-
mation. For breast cancer detection, the YM of
cancerous tissue is generally tens to hundreds of
times larger than that of normal glandular tissue.
In order to explore the possibility of microwave-
induced thermoacoustic elastic imaging (MTAE),
the YM of various tumors was set appropriately in
this study to observe the displacement, pressure,
and corresponding vibration frequency at the
tumor center. In the BM, the YM of the tumor is
two times that of MG. For a more comprehensive
and intuitive analysis, the YM of the tumor was set

to be 2 times (BM), 4 times (Y1), 10 times (Y2), 20
times (Y3), 40 times (Y4), and 100 times (Y5) of the
MG, respectively.

3. Results

For the transient simulation of the BM model,
Fig. 2 shows the distribution of spatial displacement
inside the breast cancer at 1ms. For the pressure
change during thermal expansion, Fig. 3 shows the
distribution of the pressure change inside the breast
cancer at 1ms.

In order to quantitatively investigate the rela-
tionship between the YM of the tumor and MTI,
tumor models with various YM values were set up
(BM, Y1, Y2, Y3, Y4, and Y5). For these models,
the selected domain observation point is the tumor
center, the speci¯c simulation data sets are shown in
Table 3. Then, Fig. 4 displays the pressure spectrum
at the tumor center of each model with di®erent
Young's moduli.

The details of the above-mentioned four para-
meters are de¯ned as follows. Within the simulation
time 0–1ms, when the simulation model starts to
be excited by microwave (t ¼ 0:25ms), �Dmax is
the ¯rst maximum displacement o®set, �Pmax

is the ¯rst peak value of pressure rise, and fc
represents the response frequency in the pressure
spectrogram, which includes two center frequencies
fc1 and fc2.

4. Discussion

Combined with MTI and elastography theory, this
part tries to further analyze the above-mentioned
simulation results. First, the results obtained by
simulating the MTI process based on the BM are
analyzed. Then, the simulation results of di®erent
microwave characteristics and tumor characteristics
are analyzed. Finally, the relationship between YM
of the tumor and MTI is discussed.

Table 2. Thermodynamic parameters of di®erent materials.

Tissue types � (kg/m3) Cp (J/(kg �K)) � (1/K) k (W/(m �K)) YM (Pa) PR

Fat 930 2770 3.0� 10�5 0.21 1.8� 104 0.49
MG 1050 3770 4.5� 10�5 0.48 5.0� 104 0.49
Muscle 1100 3800 4.14� 10�5 0.48 4.80� 105 0.49
Tumor 1050 3852 6.5� 10�5 0.54 1.06� 105 0.49
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4.1. Analysis of BM results

The dielectric properties of each tissue in the breast

cancer model are di®erent; according to the

SAR theory in MTI, the amount of EM energy

absorbed by tissue is proportional to its electrical

conductivity. Referring to Table 2, the electrical
conductivity of a tumor is 4 S/m, which is greater
than that of other tissues, so the tumor will absorb
more EM energy.

According to the electromagnetic heat theory,
the temperature of the tumor is higher than that of

Fig. 2. At t ¼ 1ms, internal displacement distribution of breast cancer area. (a) 3D section, (b) y–z section, (c) x–z section, and
(d) x–y section.

Fig. 3. At t ¼ 1ms, the internal pressure ¯eld distribution of the breast cancer area. (a) 3D section, (b) y–z section, (c) x–z section,
and (d) x–y section.
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the surrounding breast tissue, which means that the
tumor expands more thermally. According to the
theory of elastography, the larger the YM, the
smaller the deformation will achieve under the same
external force. However, the coe±cient of thermal
expansion represents the ability of the tissue to
expand when heated, and the larger the coe±cient
of thermal expansion, the greater the length of the
tissue increases for the same temperature increase.
According to Table 2, � ¼ �=YM is de¯ned to in-
dicate the ability of the tissue to be deformed by
heat, then the � values of fat, MG, and tumor are
1:67� 10�9, 0:9� 10�9, and 0:6� 10�9, respec-
tively. Therefore, fat has the strongest thermal de-
formation ability. As shown in Fig. 2, at 1ms, the
displacement near the tumor is all larger because

the temperature rise near the tumor is greater than
that of the breast.

Di®erent temperature increases of tissues will
lead to di®erent degrees of thermal expansion,
which will induce di®erent pressures of tissues. As
can be seen from Fig. 3, at 1ms, the pressure rising
in the entire breast cancer and tumor center model
has a maximum value of 7:63� 10�3 Pa and
3:22� 10�3 Pa, respectively. In addition, at 1ms,
the main areas of pressure increase were the junc-
tion area of fat, MG, and the left half of the tumor,
while the main areas of pressure decrease were the
fat and the left edge of the tumor. At di®erent
times, the temperature, displacement, and pressure
of di®erent tissues will change. During the MTI
process, the change of pressure di®erence of di®er-
ent tissues will lead to the formation of pressure
waves. Pressure waves, or acoustic waves, are me-
chanical waves that spread in all directions in tis-
sues. They can be collected by ultrasonic
transducers in MTI experiments.

Through quantitative analysis, it can be veri¯ed
that the conductivity of breast cancer tissue deeply
a®ects the absorption of microwave energy, which is
consistent with the SAR theory. Di®erent tissues
are a®ected by the elastic modulus and there are
di®erences in the distribution of displacement and
pressure in the process of thermal expansion.
Moreover, the time points at which each parameter
in Table 3 appears further re°ect the mechanism,
which means that the occurrence time of local dis-
placement and local pressure is di®erent in the time
domain and the displacement lags behind the
pressure. For the traditional MTI experimental
system, more attention is paid to the sound wave
after displacement. The change of pressure in the
TA process is easy to be ignored. Through this
simulation, the acquisition devices of the MTI ex-
periment can be optimized to obtain better TA
images.

4.2. E®ect of tumor YM

According to Table 3, when the YM of the tumor is
changed from BM (2 times) to Y5 (100 times), for
�Dmax, at 1ms, the values of each model are con-
sistent. According to the elastic imaging theory,
when YM of the tumor increases, the tumor will
become more rigid. Moreover, the speed of dis-
placement change will be faster, re°ecting the faster
thermal expansion, and heat transfer shrinkage of

Table 3. Result datasets for tumors with di®erent Young's
moduli.

�DmaxðmmÞ �PmaxðPaÞ fc1 (kHz)
YM ratio Timing (ms) Timing (ms) fc2 (kHz)

BM 1.615� 10�8 0.0099 24
1 0.264 43.882

Y1 1.6004� 10�8 0.0225 33.288
1 0.26 59.920

Y2 1.6111� 10�8 0.0618 46.604
1 0.257 94.540

Y3 1.6015� 10�8 0.1243 65.246
1 0.255 130.492

Y4 1.6039� 10�8 0.2035 91.877
1 0.254 181.091

Y5 1.5992� 10�8 0.3867 141.145
1 0.252 284.953

Fig. 4. Pressure spectrum of observation point A of tumors
with di®erent Young's moduli.
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tumors with larger YM. By analyzing Fig. 4 and
Table 3, it can be concluded that when the YM of
the tumor increases, the frequency of the tumor
pressure change is higher, and the peak pressure �
Pmax at the tumor is also larger. Figure 4 re°ects
that the pressure center frequencies fc1 and fc2 at
the tumor center both increase linearly with the
increase of YM and the value of proportionality
coe±cient is about 1.4. In addition, the speed of
tissue thermal expansion and contraction is related
to the value of YM. More importantly, in the
analysis of di®erent models, the relationships
between the pressure spectrum of each tissue are
tumor > MG > fat, and their YM is also tumor >
MG > fat.

The hardness of breast cancer varies greatly in
di®erent periods, which will lead to the increase of
YM, and the di®erentiation of gland regions is dif-
ferent. Due to the limitation of imaging resolution
and the simplicity of image reconstruction by sim-
ply relying on the amplitude of the TA signal, the
problem of false positives may occur. Therefore,
traditional MTI cannot distinguish di®erent di®er-
entiated regions well. Through the research on YM
of breast cancer in this paper, the corresponding
relationship between TA signal frequency and dif-
ferent Young's Moduli can be established, which is
helpful for better reconstruction of TA images,
which can solve some similar problems, such as
cirrhosis.

5. Conclusions

Aiming at the main physical processes in the MTI,
EM energy absorption and thermal expansion pro-
cess to generate acoustic waves, this paper estab-
lished a real three-dimensional simulation model of
breast cancer in MTI, combining electromagnetic
waves (frequency domain), solid heat transfer, and
solid mechanics to study the distribution of multiple
physical ¯elds within a breast cancer model. By
analyzing the abundant simulated datasets, fre-
quency, and time domain plots, the conclusions that
can be drawn are as follows: The displacement and
pressure of tissue thermal expansion are related to
YM and thermal expansion coe±cient. The smaller
the YM, the greater the thermal expansion coe±-
cient, the greater the displacement of the tissue, and
the smaller the pressure rise. The larger the YM, the
greater the frequency of thermal expansion and

contraction and the greater the maximum pressure.
Di®erent stages of tumor development correspond
to di®erent Young's moduli, and the TA signal
amplitudes and spectrograms obtained by MTI are
di®erent, which is bene¯cial to breast cancer imag-
ing and staging. This paper helps to provide theo-
retical and numerical guidance for MTI of breast
cancer detection and helps to explore the possibility
of MTAE via YM calculation, which can further
improve the sensitivity and speci¯city of breast
cancer detection, cirrhosis, and vascular plaque
diseases.
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