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Abstract

Microwave-induced thermoacoustic imaging (MITALI) is an imaging technique with great potential for detecting breast cancer at early
stages. Thermoacoustic imaging (TAI) combines the advantages of both microwave and ultrasound imaging techniques. In the
current study, a three-dimensional novel numerical simulation of TAI phenomenon as a multi-physics problem is investigated. In
the computational domain, a biological breast tissue including three different tissue types along with a tumor is placed in a tank
containing castor oil and is irradiated by a 2.45-GHz pulsed microwave source from a rectangular waveguide. The generated heat in
the biological tissue due to the electromagnetic wave irradiation and its corresponding pressure gradient in the tissue because of the
temperature variations are evaluated. Also, capability of the MITAI process with respect to the tumor location and size is investigated.
To identify the required power level needed for producing thermoacoustic signals, different power levels of microwave sources are
investigated. The study’s results demonstrate a minuscule increase in temperature as a result of the absorption of pulsed microwave
energy (for example, a maximum of 0.002472 °C temperature increase in tumor with 1 cm diameter which is located in fatty tissue of
breast are obtained due to an excitation pulse of 1000 W, 1 ms). This small temperature variation in the tumor produces several
kilopascals of pressure variations with maximum of 0.584016 kPa in tumor. This pressure variation will produce acoustic signals,
which can be detected with an array of transducers and be used for image construction. Results demonstrate that the location of tumor
in breast plays a vital role on the detecting performance of MITAIL Also, it is shown that very small tumors (with the diameter of
0.5 cm) can also be detected using MITAI technique. These simulations and procedures can be used for determining the amount of
produced pressure variation, the acoustic pressure magnitude, and other complicated geometries.
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1 Introduction

Breast cancer is the second most common cancer in the world
59 M. Soltani after lung cancer [11]. Statistical data has shown a deep pen-

msoltani@uwaterloo.ca etration of this type of cancer in females compared to males;
less than 1% of all breast cancers belong to males, whereas the
remaining 99% has been observed in females [27]. Although
there are huge amounts of dissimilarities related to breast can-
Advanced Bioengineering Initiative Center, Computational Medicine cer driver geggs between male. and female patients, which may
Center, K. N. Toosi University of Technology, Tehran, Iran compel practitioners to prescribe different necessary treatment
protocols [19], it seems that most cancer symptoms are similar
in a diagnostic way for both gender categories [48]. Practical
reasons, such as rarity and a low index of suspicion for male
breast cancer, are recognized as causes for a mean delay of 6—
10 months in performing a diagnostic procedure [30]. This
situation might clarify that, like other types of cancers, there
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One way for tracking early-stage breast cancer is X-ray
mammography. In a typical X-ray mammography system, an
X-ray imager is used to take a projection X-ray image [18].
However, this technique is inefficient in early detection of
breast cancer because in X-ray mammography, identifying
cancerous tissues highly depends on density variation. Such
variation, however, is not significant, or may not be applica-
ble, for detecting or tracking a tumor’s evolution since its
initial stages [10].

Alternatively, ultrasound imaging is another option. Adler
et al. [1] used Doppler ultrasound color flow imaging in the
study of breast cancer. Abnormalities, masses, architectural
distortions, mass shapes, mass margins, and so many other
characteristics of breast cancer were observable using this
method [23]. Although ultrasound is the option that offers
high spatial resolution, and breast tumor angiogenesis is
trackable using Doppler flow imaging [47], image contrast is
poor in this approach because normal and cancerous tissues
each show almost similar acoustical responses to stimuli since
both are soft tissue types [15].

More recently, another way of tracking is microwave im-
aging, which shows good levels of relevancy to diagnose
breast cancer in male and female patients [5]. Meany et al.
[25] developed a microwave tomography system for experi-
mental breast imaging. Basically, microwave imaging relies
on density-based interactions in which dielectric-based inter-
actions are used to detect breast cancer in its early stages. In
this approach, dielectric properties of tissues, such as relative
permittivity and conductivity, are effective [5, 43]. This imag-
ing scenario, however, provides poor spatial resolution in bi-
ological tissues sampling; the reason for this poor resolution is
related to the long wavelength of microwaves [5].

By modifying drawbacks of the pure microwave imaging
strategy, microwave-induced thermoacoustic imaging
(MITAI) incorporates microwave excitation and ultrasound
imaging advantages [43]. In the past two decades, this tech-
nique has attracted a lot of attention and many scholars are
investigating the different aspects of this technique. Kruger
et al. [21] performed thermoacoustic computed tomography
(CT) with 434 MHz radio waves in five patients with docu-
mented breast cancer. They were looking for contrast en-
hancement of the performed images. Pramanik et al. [29] have
developed a novel scanner for breast cancer detection, inte-
grating both thermoacoustic and photoacoustic techniques to
achieve dual contrast (microwave and light absorption) imag-
ing. Guo et al. [15] offered a multi-frequency MITAI layout
for detecting breast cancer in early stages. Nie et al. [26] de-
veloped a system with 1.2 GHz and proved the feasibility of
foreign body detection using MITAIL Gong et al. [14] used a
2.45-GHz microwave generator with pulse energy of 2.5 mJ
and a duration of 0.5 ps. Xie et al. [42] and Wang et al. [41]
presented simulation works with finite-difference time—
domain (FDTD) tools in which they performed the
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microwave-induced thermoacoustic simulation in two steps.
The first step determines the specific absorption rate (SAR) by
using electromagnetic field stimulation. The second step finds
the acoustic wave simulation by using SAR distribution from
the previous step as the acoustic pressure source. Song et al.
[38] developed a hybrid simulation method by combining a
finite integration time domain (FITD) method and pseudo-
spectral time domain (PSTD) method, which was fast and
efficient. Furthermore, by using some real breast tissue, they
performed TAI experimentally. They demonstrated the feasi-
bility and effectiveness of both numerical simulations and
experimental results. George et al. [13] studied the feasibility
of a low-cost and low-power microwave source to generate
pressure variations with low-temperature variation by simu-
lating TAI in COMSOL Multiphysics software. Kam et al.
[20] investigated on a one-step simulation study of the gener-
ation and propagation of thermoacoustic waves in a two-
dimensional enclosure using a finite-difference Lattice—
Boltzmann-type method (FDLBM), with a single relaxation
time and one equilibrium particle distribution function, and a
direct aeroacoustic simulation technique that solves the prim-
itive Navier—Stokes equations. Xu et al. [44] investigated a
new application of thermoacoustic tomography (TAT) for hu-
man finger joints and bones. In their feasibility study, they
validated the use of a TAT scanner on a volunteer’s joints
and bones. Ding et al. [9] designed a microwave-excited ul-
trasound (MUI) and thermoacoustic dual imaging system. In
their system, the piezoelectric transducer used for
thermoacoustic signal detection will also emit a highly direc-
tional ultrasonic beam. Yongsheng et al. [8] have performed a
comprehensive review on MITAIL They reviewed the devel-
opment of the TAI technique, its excitation source, data acqui-
sition system, and biomedical applications.

Based on the best knowledge of the authors and the
abovementioned literature review, very few studies have
been conducted concerning issues relevant to three-
dimensional simulation of the MITAI process. The simula-
tion process, mentioned in this paper, can consistently
solve the whole problem of MITAI process. Three-
dimensional simulation can depict all the physics involved
in TAI in detail, as a whole, and can be used to estimate the
amount of pressure production as a result of this kind of
imaging. The purposes of this simulation are to investigate
the potentialities of the MITAI process by locating tumor
inside different breast tissue types (the normal breast tissue
is categorized into three different tissue types including
fibro-connective/glandular, transitional, and fatty tissues),
to investigate the capability of the MITAI process with
respect to the tumor size (different tumor size including
0.5, 1,2, and 4 cm are considered), and finally to determine
the suitable irradiation power level needed for stimulation
of the tissue to obtain several kPa of acoustic pressure
variation. This acoustic pressure variation must be strong
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enough to be detected by transducers for taking an effec-
tive image of the tissue. To achieve these purposes, the
temperature variation (due to absorption of microwave
pulses) and the variation of acoustic pressure (due to tem-
perature variation) are simulated. Because of the multi-
physical nature of the objective, both electromagnetic
heating and thermal expansion of biological tissue are con-
sidered, though thermal expansion is modeled in a single
step. Subsequently, the pressure variation field obtained in
the tissue is considered as a consequence of such electro-
magnetic heating. All the simulations are performed with
commercial software, COMSOL Multiphysics.

2 Material and methods

This section is divided into six subsections. First, the MITAI
technique is clearly explained. Then, governing equations are
mentioned, which describe thermoacoustic phenomena with
mathematical models. The remaining subsections include nec-
essary information for different steps of the numerical
procedure.

2.1 MITAI technique

In MITALI technique, both tumorous and healthy tissues are
irradiated by a short pulsed microwave source. The rela-
tively long microwave wavelength (2.45 cm at 2.45 GHz)
illuminates the tissue homogeneously [43]. Consequently,
the biological tissue undergoes expansion due to the upshot
heat fluxes, which are generated as a consequence of mi-
crowave radiation absorption and take place near the tissue
of interest. Intermittent generated heat flux generated by
the pulsed radiation field causes a kind of pressure

variation contour in the microenvironment of the tissue
(Fig. 1). Such a thermoelastic pressure wave launched in
the tissue can propagate away from the absorbing tissue in
all directions. The thermoacoustic signals produced due to
thermoelastic expansion demonstrate that the signals are
detectable by means of a wideband ultrasonic transducer
[43]. However, the amount of microwave absorption main-
ly depends on the dielectric property of the material and is
very different in normal and cancerous tissues [42].
Therefore, the pressure variation produced in normal tissue
differs from the one generated as a result of cancerous
tissues.

2.2 Mathematical modeling and numerical
methodology

The thermoacoustic phenomenon consists of two processes:
the absorption of microwave energy and the generation of
acoustic waves [46].

The SAR is the time-averaged rate of energy absorbed per
unit volume of the human body, divided by the mass of the
volume (W/kg) inside an absorber when tissue is under radio
frequency wave [17] and defined as follows [17, 46]:

SAR(T’.t) - W{(r) (1)

where o(7) is conductivity of the biological tissue, |E] is the
amplitude of electric field intensity, p is mass density, /() is
the envelope of instantaneous power of the signal, # is time,
and r represents the spatial location of the absorber.

The acoustic wave is generated due to heat generation and
thermoelastic expansion, which occurs as a result of
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microwave energy absorption (described by SAR) and is
governed by the following two equations [4, 36, 43]:

p ° u(r.t) = —Vp(r.t) (2)

ot

Veu(r.t) =

(rt) +ap(re) + ﬁ% T(r.t) (3)

Cp ot
where u(r. ) is the acoustic velocity vector, p(r. ¢) is the acous-
tic pressure field, p is mass density, « is the attenuation coef-
ficient, ( is the thermal expansion coefficient, and 7(r. ¢) is
temperature.

Because the thermal diffusion time is much higher than the
microwave pulse’s duration, thermal diffusion can be
neglected [46], and the thermal equation can be written as
follows:

0
%% T(r.t) = SAR(r.t) (4)
where ¢, is the specific heat, replacing Eq. (4) into Eq. (3)
gives the following:

Veu(r.t) = ! (rt) + ap(re) + CﬁSAR(r.t)

2 ot 5 (5)
So, with solving the Eq. (5), the pressure gradient is obtained.
This pressure gradient leads to generation of the acoustic wave.
For numerical modeling, first, the electromagnetic
field is simulated. The temperature increase in normal
and tumorous tissues is obtained by absorbing this elec-
tromagnetic field. Subsequently, acoustic pressure pro-
duced in the tissues (due to the increased temperature)

Fig.2 Three-dimensional view of
waveguide, tank, breast tissue,
and tumor (baseline model)
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Fibro-connective/Glandular Tissue

Fatty Tissue

is numerically obtained. In this investigation, a normal
breast tissue consisting of three different tissue types
with a tumor, which is placed inside of a tank contain-
ing castor oil, is simulated. The normal breast tissue
types considered are the following: (1) fibro-connec-
tive/glandular tissue, (2) transitional tissue, and (3) fatty
tissue. These items are irradiated by 1 ms pulsed micro-
wave energy. In order to get a faster computational re-
sponse, a half-tank full of castor oil is used in which a
half-microwave oven waveguide (MOW) is attached to
the bottom of the tank (Fig. 2). One of the reasons for
choosing castor oil as the immersion medium is to in-
crease the electromagnetic wavelengths produced inside
of the tank. This reason and its favorable effect are
explained in detail in Sect. 3.1. The other reason is to
improve the match between interior and exterior of the
breast [3, 33]. So, the losses of electromagnetic field
due to refraction at the boundary of the breast tissue
would be less. Furthermore, castor oil is minimally dis-
persive over the frequency range of interest and has low
loss [34]. Also, as mentioned in Sill et al.’s study [33],
castor oil or in general vegetable oil provides excellent
tumor detection and localization in microwave imaging.

Simulations were done with the use of COMSOL
Multiphysics software. By coupling “electromagnetic waves
(frequency domain)” and “heat transfer in solid” physics, the
electromagnetic field was simulated and the temperature in-
crease in normal tissue and tumor, by absorbing this electro-
magnetic field, was first obtained. Subsequently, by coupling
heat transfer in solid and “solid mechanic properties” physics,
the acoustic pressure (produced in the tissue due to the

Transitional Tissue

Tank (Full of Castor Oil)

,‘:\ @

Wave Guide
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Fig.3 Step-by-step description of
the procedure of the MITAI
process and the simulations

increased temperature) was numerically obtained. All simula-
tions are performed via an Intel Core i7 Processor (§8M cache,
2.66 GHz) and 12 GB DDR4 RAM system. The simulation
time for each case is around 60 to 70 min.

For a better conception of the MITAI process and the pro-
cedure of the simulations, a schematic flowchart is illustrated
in Fig. 3. In this flowchart, thermoacoustic phenomenon in the
MTAI process is elaborated step by step in detail.

Table 1 Simulated samples and their different specifications

Investigating the
effect of different
locations of the

Investigating the
effect of different
power levels of
irradiation

Investigating
the effect of
tumor size

tumor

2.3 Geometric model

The region of interest’s geometry, to evaluate waveguide re-
sponse, has the dimension of 54 x 32 x 59 mm® [28]. This
waveguide operates at the frequency of 2.45 GHz and TE,
mode, which signifies that all electric fields are transverse to
the direction of propagation and that no longitudinal electric
field is presented. For a rectangular waveguide, the dominant

Sample name Location of tumor

Diameter of tumor (cm) Irradiation power (W)

L1 Inside of fibro-connective/glandular tissue
L2 Inside of transitional tissue

L3 (baseline model) Inside of fatty tissue

S0.5 Inside of fatty tissue

S2 Inside of fatty tissue

S4 Inside of fatty tissue

P6000 Inside of fatty tissue

P12000 Inside of fatty tissue

P18000 Inside of fatty tissue

P24000 Inside of fatty tissue

1000
1000
1000
1000
1000
1000
6000
12,000
18,000
24,000

Y N T = S Sy S,
W
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Fig. 4 Electromagnetic boundary
conditions in baseline model

Input Port

mode (the mode having the lowest cutoff frequency) is the
TE( mode. The half-tank geometry’s dimension considered
is 313 x 220 x 158 mm®. The breast is considered a quarter of
an ellipsoid with semi-axes of 70 x 110 x 70 mm® and is lo-
cated inside the tank from the top boundary. The tumor con-
sists of a hemisphere and is located inside the breast, as shown
in Fig. 2. In these simulations, the variation of material prop-
erties is investigated. In order to simulate samples that have
the most similarities to real ones, breast tissue is categorized
into three different tissue types including fibro-connective/
glandular tissue, transitional tissue, and fatty tissue [45]. The
geometry of different tissue types are considered in order to be
as similar as possible to the real samples (as shown in Fig. 2).
In these simulations, the effect of tumor location, tumor size,
and irradiation power levels are investigated. For a better
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Fig. 5 Excitation pulse of 1000 W, 1 ms plot used for simulation with
piecewise function
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understanding of the simulated samples, these samples are
named and their different specifications are shown in Table 1.
Simulated samples can be categorized into three groups as
shown in Table 1. The first group are samples which have prefix
L in their names. These samples have different tumor locations
but identical tumor size and irradiation power level. The second
group are samples with prefix S which have different tumor
sizes but identical tumor location and irradiation power level.
The third group are samples with prefix P which have different
irradiation power levels but identical tumor size and location.

2.4 Boundary conditions

Figure 4 demonstrates the electrical boundary conditions in
L3 sample. A symmetrical boundary condition is used for
simulation of only half of the whole geometry. These bound-
aries are considered as a “perfect magnetic conductor.” The
above boundary, shown in Fig. 4, is considered an
“impedance boundary condition.” The properties of each ma-
terial (fatty tissue and castor oil) are given for each of the
above boundaries because one side of the geometry is an open
sided area. The other boundaries are made up of copper

Table 2 Measured dielectric properties of ex vivo female breast and
castor oil [22, 31, 42, 45]

Materials Dielectric properties
Relative Electrical
permittivity  conductivity (S/m)

Fibro-connective/glandular tissue 47 22

Transitional tissue 20 1

Fatty tissue 7 0.5

Tumor tissue 55 4

Castor Oil 5 10e—12
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Table 3 Acoustic and thermal parameters for tissues [2, 6, 7, 12, 16, 24, 39, 40, 42]
Tissue types p (kg/m3) C, (J/kg °C) YM (Pa) K (W/m K) « (1/K)
Fibro-connective/glandular 1050 3770 50e+03 0.48 0.49 4.5¢—05
Transitional 990 3270 34e+03 0.345 0.49 3.75¢-05
Fatty 930 2770 18e+03 021 0.49 3e-05
Tumor 1050 3852 106e+ 0.54 0.49 6.5¢-05
03

material and are considered as a “perfect electric conductor”
(except the entrance side of the waveguide, which is consid-
ered as an input port of microwave energy). All of these
boundary conditions are shown in Fig. 4.

The excitation source for microwaves is shown in Fig. 5,
with a piecewise function of time that produces a 1-ms pulse
with a power of 1000 W. In these simulations, the temperature
increase and, in the result of that, the produced pressure due to
thermal expansion were obtained after 1 ms for several input
power levels (1 kW, 6 kW, 12 kW, 18 kW, and 24 kW).

Dielectric properties, thermal and acoustic parameters for
different normal breast tissues and tumor along with castor oil
are shown in Table 2. Also, thermal and acoustic parameters
for these materials are demonstrated in Table 3. To analyze the
results of the simulation, three points are considered on the
symmetrical boundary surface for baseline model. The first
point is on the fatty tissue at 5 mm distance from the interface.
The second point is on the tumor and at the same distance
from the interface. The last point is placed exactly on the
interface (Fig. 6).

In Table 3, p is density, C, is specific heat, YM is Young’s
module, K is thermal conductivity, v is Poisson’s ratio, and «
is the coefficient of thermal expansion.

2.5 Optimum grid generation

In order to examine grid independency, several versions of the
computational mesh are generated and applied to the model
L3, and then the maximum temperature variation inside the
tumor is obtained. A suitable number of cells are selected by a
trade-off between the computing resources cost and the

Fig. 6 Position of considered
points to study temperature and
pressure variations in magnified
baseline model

X a—a8 [ bunitie T el

Point on tumor _
<

Point on fatty
tissue

simulation results. When the finer grids do not change the
numerical results, the most refined grid is considered to
achieve an appropriate grid independency level. This mesh
study is done for a 1-ms pulse with 1000 W power for baseline
model. The results are shown in Fig. 7.

According to Fig. 7, with increasing the number of grids,
the maximum temperature difference in the tumor reaches an
almost constant value. On the other hand, Table 4 shows the
quantitative values and differences (error between them) of
various grid generations in order to select the optimum one.
In Fig. 7 and Table 4, the temperature for case 4 and case 5 is
approximately the same. So, for decreasing the computational
cost, case 4 is selected as the best choice. The optimum grid
generation is shown in Fig. 8.

2.6 Validation of the simulation

For validation of simulation results, the increase of tempera-
ture at a considered point in the tumor is compared to Georges
et al.’s study results [13] by using similar assumptions.
Georges et al. [12] have performed a simple 2D simulation
of MITAI process. In their simulations, a 2D breast tissue with
a tumor within it is considered inside of a waveguide. The
geometry dimension of the breast tissue is considered 78 x
50 mm?. They have used an excitation pulse of 200 ps with
different power levels and investigated the amount of temper-
ature increase inside of the tumor and the breast tissue. By
considering their geometries and boundary conditions, it has
been tried to compare the results of present study’s simulation
approach with theirs. In this comparison, two-dimensional
simulations are done for 700 W, 7000 W, and 25,000 W input

~
~
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Fig. 7 Grid independency of the 0.003
current study based on a 1-ms
pulse with 1000 W power for

baseline model 0.0025
=
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power levels. The obtained results from the current study, the
results of George et al.’s [20] simulations, and the relative

error analysis are shown in Table 5.

Table 5 represents that there is an acceptable relative error

13367 40091 103572 157706
Number of grids

ation power level are investigated in detail.

3.1 Baseline model

percentage rate (on average about 5.33%) between the obtain-

ed results and George et al.’s simulation results [13].

3 Results and discussion

This section is divided into four subsections. In the first one, for
a better demonstration of the MITAI process, distributions of

electromagnetic field produced inside of the tank along with
distributions of temperature and pressure variations of tissues
for sample of L3 (as a baseline model) are shown. For further
elucidation, some other results are presented in detail for base-
line model, too. In the next subsections, comparative results of

Table 4 Quantitative values of various grid generations in order to

select the optimum one

Case Number of grids Temperature (K) % Relative error compared
to the optimum case

1 13,367 0.000991 59.87
2 40,091 0.00197 20.24
3 103,572 0.00233 5.67
4 157,706 0.00247

5 227,993 0.00249 0.8
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Fig. 8 Optimum grid generation considered

all simulations with respect to tumor location, size, and irradi-

An excitation pulse of 1000 W, carried by a 1-ms wave, is
used in the TE,, waveguide by consequence of results pre-
sented in Fig. 5. For a better conception of this waveguide,
Fig. 9 shows the electromagnetic field which is produced in-
side the tank for 1000 W microwave power after 1 ms when it
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Table 5 Comparison between temperature difference obtained at the
tumor and George et al.’s [13] simulation results

Power (W) Tumor, AT (°C) % Relative error
Current study ~ George et al. [13]
700 0.00155 0.0015 333
2 7000 0.01557 0.016 2.68
3 25,000 0.07149 0.065 9.98

is empty. As is shown, the geometrical properties of the tank
and waveguide have been properly chosen in order to produce
this regular electric field. Figure 9 also demonstrates the am-
plitude of electric field on the x—y surface, the x—z surface, and
the y—z surface which pass through middle of the tank.
Figure 9 shows the electromagnetic field produced when the
tank is totally empty. Figure 10 indicates the electromagnetic
field produced inside the tank when the castor oil, breast tis-
sues, and tumor are considered (for baseline model similar to
Fig. 2). The amplitude of electric field on the surfaces intro-
duced above is also illustrated in this figure for an excitation
pulse of 1000 W carried by a 1-ms wave. Figure 10 represents
that an absolute electric field with a maximum of 2.53 x
10* V/m is produced inside the tank. Both non-malignant

Fig. 9 Electric field amplitude of
1000 W microwave power on
different surfaces with an empty
tank. a Three-dimensional view. b
x—y surface. ¢ x—z surface. d y—z
surface

and malignant tissues absorb this microwave energy, but in
different levels.

By comparing Figs. 9 and 10, it can be concluded that by
adding castor oil, more electromagnetic wavelengths would be
produced inside of the tank. The reason is that by changing the
immersion medium from air to castor oil, field propagation ve-
locity would be reduced (related to the relative dielectric con-
stant of the medium). This reduction of velocity leads to reduc-
tion of wavelength (because the frequency is considered to be
constant at 2.45 GHz). This reduction of wave length means that
inside of the tank (with a specific length), more electromagnetic
wavelengths would be produced. For instance, with air as the
immersion medium, we have five peaks of the electromagnetic
waves (five wavelengths) produced inside of the tank, but with
castor oil this number is changed to 11 (As shown in Figs. 9 and
10). By increasing the electromagnetic wavelengths produced
inside of the tank, different parts of the breast tissue would be
exposed under approximately the same irradiation. This implies
the various temperature increases in different parts of breast are
mostly due to the different tissue types, not because of the dis-
tance between the tissue and the peak of the electromagnetic
field. Figure 11 demonstrates the obtained temperature gradient
distribution of different breast tissues and tumor after 1 ms for
baseline model.

Figure 11 shows that due to absorption of microwave en-
ergy, the temperature is increased in all tissues (maximum

Electric field norm (V/m)
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Fig. 10 Electric field amplitude
of 1000 W microwave power on
different surfaces inside a filled
tank (for baseline model). a
Three-dimensional view. b x—y
surface. ¢ x—z surface. d y—z
surface

temperature increase is 0.00924 °C, due to an excitation pulse
of 1000 W, 1 ms). Because of higher dielectric properties of
tumor tissue (conductivity 4 S/m and relative permittivity 55)
than other breast tissues, which has lower dielectric properties
values, the increased temperature in tumor tissue is greater
than in all other breast tissues (Fig. 11).

Time= 1 ms Temperature (°C)

A 37.00924009
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Fig. 11 Temperature gradient distribution of breast and tumor tissues
after 1 ms of excitation pulse of 1000 W for baseline model
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For further clarity, in Fig. 11, two cut surfaces have been
considered. One of them is the x—z surface at z=0 mm (the
symmetric boundary surface) and the other one is the y—z
surface which crosses through the middle of the tumor).
Figure 12 shows the temperature gradient distribution at cut
surfaces 1 and 2.

Figure 12 represents that the temperature at tumor area is
higher than the other parts of the breast tissue. It is because
that the dielectric properties of the tumor are higher than other
breast tissues (tumor tissue is more condensed than other
breast tissues), and it leads to more absorption of electromag-
netic energy by the tumor tissue. This more energy absorption
by the tumor in comparison with the other parts of the breast
leads to more increment in its temperature. Also, Fig. 13 dem-
onstrates the temperature variation over time in different
points considered on tumor, fatty tissue, and intersection (as
shown in Fig. 6) with a 1000-W, 1-ms pulse for baseline
model.

Figure 13 indicates that the temperature increases with a
higher gradient at the tumor point compared to other areas
because of the high dielectric properties of tumor in compar-
ison to the other tissues. As demonstrated, for an excitation
pulse of 1000 W, after 1 ms, the temperature increase in the
considered point of the tumor is 0.00056 °C higher than the
temperature increase in the considered point of the fatty tissue.

As aresult of this additional increase in tumor temperature
compared to other parts of the breast tissue, the tumor
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Fig. 12 Temperature gradient distribution of breast and tumor tissues on cut surfaces 1 and 2 for an excitation pulse of 1000 W after 1 ms in baseline

model. a Cut surface 1. b Cut surface 2

undergoes more expansion than other breast tissues. Because
of this additional expansion in tumor tissue, at the intersection
between the tumor and fatty tissue, the difference in pressure
will be produced (Fig. 14). For further clarity of this pressure
gradient, Fig. 15 illustrates the pressure distribution on the cut
surfaces mentioned above.

Figures 14 and 15 indicate that tumor undergoes more
pressure difference compared to other parts of the breast tis-
sue. The reason is that more temperature increment of the
tumor leads to more expansion of the tumor tissue and it leads
to production of a higher level of pressure difference at tumor
area. These pressure variations produce a pressure wave (an

Fig. 13 Temperature variation in
time at different points with
1000 W, 1 ms pulse for baseline
model
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acoustic wave) that propagates inside the tissue and its sur-
roundings. With the use of an array of transducers, these
acoustic waves can be detected and be used for early breast
cancer detection. Figure 16 demonstrates the pressure varia-
tion over time in different points considered on the tumor,
fatty tissue, and intersection, with a 1000-W, 1-ms pulse for
baseline model.

Figure 16 shows that variation in amount of pressure over
time is higher in the tumor than at the intersection and is
higher at the intersection than in the fatty breast tissue. As
demonstrated, for an excitation pulse of 1000 W, 1 ms, the
pressure variation in the considered point in the tumor is about

—&—Point on intersect ~ —o— Point of fatty tissue

Time (ms)
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Fig. 14 Pressure gradient distribution of fatty breast and tumor tissues
after 1 ms of an excitation pulse of 1000 W for baseline model

13 Pa higher than the pressure variation in the considered
point in fatty breast tissue.

3.2 The effect of tumor location

For studying the effect of tumor location on the detection
performance of MITAI process, excitation power level and
tumor size are considered to be identical in different simula-
tions (including simulation samples L1, L2, and L3). In these
simulations, tumor is located inside different breast tissue

types, and then, maximum temperature and pressure variation
produced inside of the tumor are evaluated, as illustrated in
Fig. 17.

Figure 17 shows that the maximum amount of temperature
and also pressure difference inside the tumor is higher in the
sample of L3, L2, and L1, respectively. The reason is that the
contrast in the microwave-frequency dielectric properties be-
tween tumor and normal fatty tissues in the breast is consid-
erable, while this contrast between tumor and normal
glandular/fibroconnective tissues is not so much. Difference
between tumor and fatty tissue dielectric properties is higher
than this difference between tumor and other breast tissues
(transitional or fibro-connective/glandular tissues). So, the
amount of temperature increases and, in the result of that,
pressure increase in tumor and fatty tissue would have a sig-
nificant difference. Also, this difference of temperature and
pressure increases would be higher between tumor and tran-
sitional tissues than tumor and fibro-connective/glandular tis-
sues. Therefore, it can be concluded that if tumor locates in the
fatty tissue of breast, it would be detected more easily than the
condition that tumor locates in the transitional tissue. Also, it
would be detected more easily if the tumor locates in the
transitional tissue than the fibro-connective/glandular tissue.
For instance, the excitation pulse of 1000 W, 1 ms, can pro-
duce the maximum pressure difference of 0.584 kPa in tumor
when it is located inside fatty tissue, while the same excitation
pulse can produce 0.045 kPa in tumor when it is located inside
fibro-connective/glandular tissue. It should be noted that the
higher produced pressure difference means that it can be de-
tected using array of transducers more easily.
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Fig. 15 Pressure gradient distribution of fatty breast and tumor tissues on cut surfaces 1 (a) and 2 (b) for excitation pulse of 1000 W after 1 ms in baseline
model. a Cut surface 1. b Cut surface 2
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Fig. 16 Pressure variation in time
at different points with 1000 W,
1 ms pulse for baseline model

Pressure (N/m*2)
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3.3 The effect of tumor size

For investigating the effect of tumor size on the detection per-
formance of MITAI process, excitation power level and tumor
location are considered to be identical in different simulations
(including simulation samples S0.5, L3, S2, and S4), while tu-
mor size is assumed to be changed. Tumors with different di-
ameters of 0.5, 1, 2, and 4 cm are considered. These sizes are
considered according to different stages of cancer development
[32, 35, 37]. The variation of maximum temperature and pres-
sure differences produced inside of the tumor is evaluated for
each of the mentioned samples, as illustrated in Fig. 18.
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(@)

—#—Point on tumor

—+—Point on intersect ~ —o— Point on fatty tissue

Time (ms)

Figure 18 demonstrates that by increasing the tumor size,
the increase of temperature in tumor will be higher. Therefore,
the bigger the tumor, the greater the increased temperature. On
the other hand, it is obvious that higher temperature increase
leads to higher pressure production. So, as shown in Fig. 18,
by increasing the tumor size, the pressure difference is greater.
Therefore, the bigger the tumor, the greater amplitude of the
produced acoustic wave. The reason is that, by increasing
tumor size, the tumor mass which can absorb electromagnetic
energy is increased. So, a bigger tumor would absorb more
energy than smaller ones. This leads to a more temperature
increase and, also, more pressure increase inside tumor. Also,

600 584,016
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200

Maximum AP in tum or (N/im?)

L1 L2 L3
Samples with different tumor location

(L)

Fig. 17 The variation of maximum temperature and pressure differences produced inside of the tumor tissue for investigating the effect of tumor
location. a Maximum temperature difference. b Maximum pressure difference
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Fig. 18 The variation of maximum temperature and pressure differences produced inside of the tumor tissue for investigating the effect of tumor size. a

Maximum temperature difference. b Maximum pressure difference

it can be mentioned that tumor size does not have a major
effect on the amount of pressure increase in tumor. Actually,
by increasing the tumor diameter from 0.5 to 4 cm, the amount
of maximum pressure variation produced in tumor only
changed from 0.548 to 0.599 kPa. Thus, it can be concluded
that MITAI process is a powerful imaging technique for de-
tecting breast tumors in early stages of cancers and the tumor
size does not play a major role on detection performance of
MITALI process.

3.4 The effect of irradiation power level

To study the effect of irradiation power level, tumor location
and size are considered to be identical in different simulations
(including simulation samples L3, P6000, P12000, P18000,
and P24000), while only irradiation power is assumed to be
changed. Irradiation power levels of 1000, 6000, 12,000,
18,000, and 24,000 W are considered. The maximum
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0.05

0.04

0.03

Maximum AT in tumor (°C)

0.02

0.01

L3 P6000 P12000 P18000 P24000

Samples with different irradiation
power levels

(@)

temperature and pressure variation produced inside of the tu-
mor are evaluated for each of these samples between the times
of before excitation and 1 ms after excitation, as shown in
Fig. 19.

Figure 19a demonstrates that by increasing the excitation
power level, the increase of temperature will be higher.
Therefore, the higher the excitation power level, the greater
the increased temperature. The reason is that by increasing the
excitation power level, breast and tumor tissues will be irradi-
ated by a higher electromagnetic energy and so more energy
will be absorbed by both tissues. This increase in the amount
of energy absorption leads to a higher increment of tempera-
tures in the tissues. Figure 19b represents that by increasing
the excitation power level, the increase of temperature will be
higher, and so, the pressure difference will be greater.
Therefore, the higher the excitation power level, the greater
amplitude of the produced acoustic wave. For instance, the
excitation pulse of 1000 W, 1 ms, can lead to production of
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Fig. 19 The variation of maximum temperature and pressure differences produced inside of the tumor tissue for investigating the effect of irradiation
power levels. a Maximum temperature difference. b Maximum pressure difference
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maximum 0.584 kPa pressure difference inside the tumor,
while the excitation pulse of 6000 W, 1 ms, can produce a
maximum 3.504 kPa pressure difference in tumor.

4 Conclusions

Thermoacoustic imaging can be considered as one of the cur-
rent alternatives for detection of breast cancer in early stages.
This technique incorporates microwave excitation and ultra-
sound imaging advantages. The thermoacoustic phenomenon
consists of two parts: temperature increase (due to the absorp-
tion of microwave energy and expansion) and pressure pro-
duction (due to the temperature increase). In the current study,
the capability of a three-dimensional mathematical simulation,
which can solve the whole problem of the thermoacoustic
phenomenon consistently, is investigated. For this purpose,
some of this study’s results are first compared to other research
studies mentioned in the literature (for verification of the sim-
ulation procedure) and then several three-dimensional models
(for investigating the effects of tumor location and size under
different power levels of electromagnetic irradiation) are con-
sidered. Maximum temperature and pressure variation at tu-
mor are then obtained. Results show that a small variation in
tumor temperature leads to production of several kilopascals
of pressure variations. Such minuscule values cannot cause
any tissue damage. However, because of these pressure vari-
ations, acoustic waves are produced. These waves can be de-
tected with an array of transducers and then used for image
construction. Results of the present study with respect to tu-
mor location and size and also irradiation power level can be
outlined as follows:

*  Tumor location has a major effect on the detecting perfor-
mance in MITAI method.

» If tumor locates in the fatty tissue of breast, it would be
much easier to detect it than the condition that tumor lo-
cates in the transitional tissue. Also, it would be detected
more easily if the tumor locates in the transitional tissue
than the fibro-connective/glandular tissue.

* Increasing tumor size will make it easier to be detected.

* Tumor size plays a minor role on the detecting perfor-
mance of MITAI technique.

*  MITAI technique can be used for detecting tumors with
diameters even as small as 0.5 cm. So, it is a powerful tool
for detecting breast cancers in early stages.

* The higher the excitation power level, the greater the am-
plitude of the produced acoustic wave. So, the detection of
tumors becomes easier.

Results obtained from this research study model show that
TAI is a powerful tool for detecting cancer in tissues. This
method can be employed for determination of the amount of

pressure variation produced, the acoustic pressure magnitude,
and for much more complicated geometries. TAI can also be a
helpful tool for simulating real and experimental samples.
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