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ABSTRACT: A numerical study and simulation of cancerous tumor detection using the Photoacoustic
(PA) phenomenon and Thermoacoustic Tomography with Electric Excitation (TATE) are presented.
This report was in a small dimension of mimic breast tissue. Moreover, the different layers of the
breast were considered. The optical, thermal, elastic, electric, and acoustic characteristics of different
layers of the breast tissue and tumor at a radiated laser wavelength (800 nm), and electric voltage pulse
were accurately calculated or obtained from reliable sources to calculate accurately and realistically.
Furthermore, the amount and power of voltage and laser have been selected as the minimum allowable
values to accurately compare the two methods. Therefore, it was possible to rely on the values and
characteristics of the resulting data in comparing the accuracy and clarification of the two methods.
A single suitable platform for simulating, which is commercially available Finite Element software
(COMSOL®), has been selected. By using this platform, we were able to simulate these two methods
from stimulation to propagation continuously. Finally, by studying the data matrix of the two simulations,
we can demonstrate the maximum difference of stress in and out of tumor in the two methods is about 0.1
Pa higher in PAT relative to the TATE. It means PAT is more accurate than TATE, and the combination of
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these two methods can be ideal for the accurate and complete study of cancerous tumors.

1- Introduction

Breast cancer is one of the most common forms of cancer
among females, but it is less common among men. Breast can-
cer typically has no symptoms when the tumor is small and
can be easily treated, thus screening is vital for early detec-
tion [1]. There are various methods for attentively examining
breast tissue to identify cancerous tumors. However, a low-
risk, non-invasive, accessible, accurate, and low costs method
that can detect cancerous tumors in the early stages of the dis-
ease is a priority. Among the available imaging modalities for
tissue tomography, our focus is on thermo/opto-acoustic im-
aging, and finding a more accessible and accurate approach to
the early detection of breast cancer. The Photoacoustic (PA)
approach combines pure optical and pure acoustic imaging
methods and takes the best of both. The main limitation of the
pure optical imaging modalities is the scattering of light in
the environment which lowers the spatial resolution in deep
tissue imaging [2]. In pure acoustic imaging, the contrast of
the image is determined by the mechanical and elastic proper-
ties of the living tissue. Therefore, the contrast of the images
may not be suitable for the early detection of a cancerous
tumor [3], [4]. Photoacoustic Imaging (PAI) has become an
attractive, low-risk, and non-invasive tool in imaging biologi-
cal tissues using non- ionized short laser pulse absorption and
receiving PA signals. The PAI is based on the PA phenom-
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enon discovered in 1880 by Alexander Graham Bell. It re-
fers to the generation of acoustic waves by the absorption of
Electromagnetic energies, such as a laser. The acoustic wave
is produced due to the thermoelastic expansion induced by a
slight temperature rise, typically in the millikelvin range, as
a result of the energy deposition inside the biological tissue
through the absorption of the incident Electromagnetic (EM)
energy. The excited PA signal is locally determined by the
EM absorption and scattering properties, the thermal proper-
ties (including the thermal diffusivity and thermal expansion
coefficient), and the elastic properties of the sample [5], [6].
We can use this phenomenon to diagnose cancerous tumors.
PALI is one of our choices in this review. Electrical Impedance
Tomography (EIT) has the ability to image the electrical pa-
rameters of tissue through current injection and the measure-
ments of surface voltage [7] However, EIT has a low spatial
resolution. Versus Thermoacoustic Tomography with Electric
Excitation (TATE) is a new imaging method and has attracted
much more attention recently because it’s based on the hy-
brid imaging technology, and has high contrast and resolu-
tion, similar to PAI [8].

In TATE, using two surface electrodes, a short power electric
pulse is applied to the tissue, and the current density will be
generated in the tissue through the electrodes. This produces
Joule heat in the tissue, which in turn generates the ultrasonic
signal by Thermoacoustic effect. The ultrasonic signal
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can be collected by the transducer. Finally, the Joule heat
distribution can be calculated from the collected ultrasonic
signal. The Joule heat distribution map is closely related
to the conductivity distribution. Due to the conductivity
differences in different materials, we are able to diagnose
a tumor in the tissue. With this brief introduction, we tried
to study the ability and accuracy of these two methods in
early detecting of breast cancerous tumors in this article.
To have a risk-free environment and insight into dynamics,
visualization, increasing accuracy, handling uncertainty,
and saving money and time, we start with simulation. There
are two methods for simulating different blocks of the PA
phenomenon. The first case is using the Monte Carlo model
of steady-state light transport in Multi-Layered Tissue
(MCML) in determining the amount of light absorption in
the studied tissue [9, 10]. Afterwards, to simulate the time-
domain PA propagating in one, two, and three dimensions at
a homogeneous/heterogeneous medium, we should import
absorption data matrix in the K-wave MATLAB toolbox [11].
This simulation process is incoherent.

However, MCML is very time-consuming [12, 13]. In the
case of MCML and K-wave toolbox, we cannot maneuver on
the actual shape, size and geometry of the tissue [14]. Another
method is the Finite Element Method (FEM). Obviously, the
FEM method is much more efficient and accurate than the MC
method [15]. Thus, we switch to a single platform to carefully
model and solve the problems expressed. Our choice is com-
mercially available Finite Element software (COMSOL) as a
single platform for simulating Photoacoustic Imaging (PAI)
[16]. COMSOL was also selected for accurate and error-free
comparisons as TATE simulation platform. Here, we want to
simulate PAI and TATE and study their difference. Our mimic
tissue is in small size with different layers of the breast.

2- Method

In this section, we will briefly describe the governing
equations of PAI and TATE phenomenon. Afterwards, the
simulation processes are discussed. Different modules of
COMSOL software, Finite Element modeling, and their nec-
essary parameters have also been listed. The remaining sec-
tions will be about the study of reports resulting from simula-
tion.

2- 1- A brief Description of the Mathematical Equations
2- 1- 1- PAI Mathematical Model

Using linear fluid dynamics equations, a pair of coupled
differential equations for temperature and pressure can be
developed. According to Morse and Ingard, changes in tem-
perature (T) and pressure (p) from their ambient values can be
expressed as follows [4], [17]:

(Y1) =k pep o 2
at(T ya p)_pCpVT+pCp (1)

and
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Where Y is an

a ( pressure expansion coefficient ) =(

specific heat ratio,
op ( pressure )
oT (temperature” ) , k is the

thermal conductivity, p is the ambient density, v _ is the sound

N

speed, t is the time, and H is the energy per unit volume and

time deposited by the optical radiation beam [4].

The above equations did not include the effects of viscos-
ity or energy relaxation. Assuming that y=1, which for most
fluids is a common and acceptable assumption, and assuming
heat conductivity is set to zero ( [’7=0), then equations 1 and
2 reduce to an equation for heat diffusion and a wave equation
relating pressure to the speed of sound:

1 92 B oH
V- aalr=-2%
B=/C a0 3)
2
o= pﬂvs/y

V is the volume, and T is the temperature [18].

To improve the optimal feature of the PA signal, the dura-
tion of pulsed laser light radiation, 7 , must be a few nano-
seconds to include the following two conditions: 1) thermal
confinement, which represents the neglect of thermal diffu-
sion during laser light irradiation [19].

dc?
4Dy “4)

T<Tth=

: thermal confinement threshold
: thermal diffusivity

dc : desired special resolution.

2) stress confinement means neglecting the volume ex-
pansion of the absorber during laser light irradiation.

th

de

T<TSt=V_5

)

7, : the stress confinement threshold

V. speed of sound

Under both conditions, irradiation time can be treated as
a delta function [19].

Hence, we would be able to rewrite equation (3) in the

form of:

1 92 po 38(t)
[ ve _v_atz]p(r B = é at (6)
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Figure 1. Cross-sectional image of the breast tissue including tumor inside [21].

The acoustic wave p(r,t) at position r and time t, prompt-
ed by initial source, po(r)=T(r)4, (r) where 4 (r)> is
a spatial Electromagnetic (EM) absorption function, and
r(r)=v2p c, is the Griineisen parameter [18]. In this equa-
tion, by studying the ultrasonic wave, its propagation, and
intensity, we can realize the structure of the sample and thus
the tissue imaging.

2- 1- 2- TATE Mathematical Model

In TATE, the source of stimulation is a short volt-
age pulse. If thermal confinement and $tress confinement
conditions are met, the generated ultrasonic wave can be
efficient for imaging. By using Joule’s law, the Joule heat Qin
is [8]:

Qun = [, 1(t) X I(t) X Rdt )

t,, is the duration time, I(t) is the current, and R is the
resistance of the tissue.
In general:

1(t) = [').dS )
Vi1dl
R=kb£ ©)
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In above equations, J is the current density distribution
of the tissue, o is the conductivity, and g is the acreage of
cross section. Therefore, we can rewrite Q, as:

Qun = Jy " Jy ' 2] Jdvdt (10)

According the PAI mathematical model, Eq. 6, we can
rewrite TATE final equation as:

d((1-8)Q;
a( (C dV) m))
at

1 92

[VZ — Eﬁ] p(r.t) = —a (11)

In practice, @ is related to the variation of heat capacity.
Eq. 11 is the main equation of TATE. The ultrasonic signal p
is the measurement signal of TATE, which we are able to map
the Joule heat distribution by reconstructing the p signal.

2- 2- Finite Element Method (FEM) & Comsol Multiphysics
Model
2- 2- 1- Breast Tissue Anatomy and Cancer Location

A cross-sectional of the normal breast consist of the Chest
wall, Pectoralis muscles, Lobules, Nipple, Areola, Milk duct,
Fatty tissues and the Skin [20]. A cross-section image of the
breast tissue with a tumor inside is shown in Fig.1. Most of
the initial development of cancer occurs inside the glandular
tissue. Breast cancer can be in either lobes or ducts [1]. To
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simplify this study, only the layers of breast tissue that are
most involved with cancerous tumors are considered.

3- Mimic Breast Tissue Model in Simulation

In our simulation model, different parts of the breast tis-
sue are separated to discriminate the distinct characteristics of
each part required in the steps of acoustic wave propagation.
A 2D circular layer of breast tissue at block workplace of wa-
ter in 130mm depth, width and thickness of 4 mm has been
modeled with different layers. PAI and TATE geometry are
shown in Fig. 2. Circular adipose, gland and tumor in diam-
eter, 40mm, 20mm and 2mm were considered, respectively.
The entire mimic tissue is enclosed inside a block of water,
except in the top which is exposed to the air. For a better
conception of the PAI and TATE process and the procedure of
the simulations, a schematic flowchart is illustrated in Fig. 3

4- TATE Simulation Model

For this part of the simulation in COMSOL Multiphysics,
we used the “Joule heat” module in order to convert the ap-
plied voltage into heat in the mimic tissue. The excitation volt-
age applied to the tissue through the two electrodes, shown
in Fig.2) a, is Us‘t,v):Uex E_(t -b) |, Wlth b=5x10" and
¢ =1x107. Afterwards, ‘“§ lid 2echdnics” module converts
the heat into stress. Propagation of acoustic wave could be
modeled by using “Pressure Acoustics, Transient” module,
Perfectly Matched Layer (PML) was used as boundary condi-
tion to minimize reflections. The two final steps are common
in the two simulations.

4- 1- PAI Simulation Model
“Coefficient Form PDE” module is used for computing
the laser effect on different parts of the mimic breast tissue.
Here, we modeled radiated laser source as Gaussian pulse in a
800 nm wavelength, with the power of 7 =8mJ/cm?, pulse
. [ S
duration of 7, =10ns, and 7 =30ns . The diffusion equa-

center

tion of the fluence rate ¢ is represented by:

V.(-DV®)+a=f (12)

D is the diffusion coefficient

a is the absorption coefficient

f is the function of laser pulse.

Laser pulse should be radiated in homogenized mode on
tissue. The Boundary conditions were based on Snell’s Law
[13]. In the following, we are able to export the laser pulse
fluence as Heat Flux in the “Bioheat Transfer” module, and
convert it to heat. The rest of the modules will be similar to
the TATE simulation.

4- 2- All Required Properties of Each Layer of Breast Tissue

The optical properties of the tumor and glandular tissue
depend on the assumed magnitude of absorbers that have a
dramatic effect on the given wavelength. Once the optical
properties are obtained at each wavelength, we can calculate
the absorption coefficient of light ( (cm-l )) of an absorber
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by using one of these equations [22]:

T = e Hal = 10~€CL = e—47Tn"L/)l (14)

T (dimensionless) is a transmitted or surviving fraction
of the incident light after an incremental pathlength OL
(cm), n"is the imaginary refractive index of the medium,
¢ is the extinction coefficient (cm™® M), and C (M) is the
concentration of chromophore. The absorption coefficient of
a tissue is the sum of all main absorbers:

Ua =1n(10) X; Cig; (15)

Additionally, the reduced scattering (or transport scattering)
coefficient of light, 4/ (mm™ ), and the spectrum of tissue has
been shown to fit well to an empirical approximation to Mie
scattering theory given by [23]:

ps = aa b (16)

In this equation, (a) and (b) are the scatter amplitude and
the scatter power at any wavelength in 1 m, respectively.

The percentage of absorbent ingredients of tumor, glandu-
lar tissue, and adipose of breast is based on [23]. The spectral
characteristics of HHb, HbO,, and water at 800 nm are taken
from references25 ,24] ]. The optical parameters of breast
tissue sections and tumor used in PAI the accurate electric
properties of breast layers and tumor in TATE have been en-
tered in Table 1.

5- Results and Discussion

Using the Finite Element (FE)-based simulation models, light
propagation and Joule heating, absorption, conversion to
heat, PA and TATE wave formation from the target (tumor),
and its propagation in mimic breast tissue were successfully
simulated. Finally, comparative results of the two simulation
methods concerning the amplitude of the acoustic were
studied in detail. The electric potential profile in the TATE
simulation is shown in Fig. 4.

In the TATE simulation, increasing the temperature of
mimic tissue and tumor happened, but more increment takes
place in tumor. Fig. 5. a) shows the profile of stress which
is caused from Joule heat. The stress distribution of tumors
has been imaged clearly. TATE has the potential to image the
tumors with acceptable contrast and resolution. Results of
PAI simulation shows the profile of stress in Solid Mechanics
module, and is clearer and the amplitude of pressure is a little
higher than the TATE simulation,
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‘Water Block

‘Water Block

Fig. 2. The schematic structure of the simulation in COMSOL, a) TATE geometry, b) PAI geometry.
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Fig. 3. Flowchart description of the procedure of simulations.
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Table 1. Thermal, acoustic and optical parameters of breast tissue and tumor at 800 nm
[26] [27] 28] [29] [30] [27, 31, 32]

Parameter  Tumor Adipose Glandular Water
Density, 1050 930 1050 994
p (kg/m?)
Poisson’s 0.495 0.49 0.49 0.4995
Ratio
Young’s 106E3 18E3 50E3 Bulk
Modulus Modulus=2.1790576GPa
(Pa)
Refractive 1.4 1.455 1.4 1.329
Index
Thermal 0.54 0.21 0.48 0.60
conductivity,
k (W/m.k)
Specific heat 3852 2770 3770 4178
capacity, C
J/kg.k)
Coefficient  6.5E-5 3E-5 4.5E-5 ~24E-5
of thermal

expansion, 8
(K1)
Speed of 1540 1440.2 1505.0 1482.3
sound, C
(m/s)
Ho at 800  0.00302 0.00193  0.00436 0.00196
nm (mm™1)
usat 800 nm  0.625 1.52 1.12 0.0000402

(mm™1)
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Surface: Upper side shell electric potential (V) Surface: Lower side shell electric potential (V)

12

10

Fig. 4. Electric Potential profile at the primitive time of simulation in TATE simulation

Finally, by studying the data matrix of the two simulations
exported from COMSOL, we compare the maximum
difference of stress in and out of the tumor. As seen in Fig.
6, this difference is about 0.1 Pa higher in PAT relative to the
TATE. With respect to this simulation, which has been pre-
formed in small dimensions, it seems that this difference will
also exist in real dimensions and is significant. According to
the study in references [33, 34], it seems that the distinction
between optical properties is more accurate and powerful than
the electrical properties of breast tissue and tumors.

All our studies in COMSOL are in an Stationary Solver
form. We have a limitation in the value of current distribution
in Joule heat for facing by biological sample, thus controlling
the current distribution with a safe level is necessary. In PAI,
Red and Near-InfraRed (NIR) wavelengths are usually pre-
ferred because, in this wavelength range, the optical attenu-

416

ation of biological tissue is on its lowest level. HbO,, HHb,
and water are assumed to be the main absorbers in this study.
In particular, a wavelength of around 800 nm is the isosbestic
point of the molar extinction spectra of H]:)O2 and HHb [18].
This wavelength is non-lonized and safe. Additionally, the
maximum permissible pulse energy and the maximum per-
missible pulse repetition rate are governed by the “American
National Standard for the Safe Use of Lasers (ANSI)” laser
safety standards [25]. In order to accurately compare the two
methods, the amount and power of voltage and laser have been
selected as the minimum allowable values. Using laser pulse
in PAI causes this method to be more expensive than TATE.
However, it seems that the combination of these two methods
in the careful study of breast tissue for the early diagnosis of
cancerous tumors can be accurate and appropriate [34].
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Fig. 5. stress profile in a) TATE simulation and, b) in PAI simulation.
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Fig. 6. Numerical comparison of two methods in tumor edge detection

6- Conclusion

In this study, simulation of PAI and TATE in diagnos-
ing cancerous tumor in mimic breast tissue by considering
different constituent layers of the breast and, with a cancer-
ous tumor, has been modeled. Attempts were also made to
consider the different layers that make up the breast tissue
and enter all the required specifications in the simulation in a
complete and accurate manner. The goal was to compare the
two methods of diagnosing tumors, and find their advantages
and disadvantages. In both methods, due to the electrical/op-
tical, thermal, elastic, and acoustic characteristics of different
layers of mimic breast tissue and tumor, the tumor shows a
greater difference in propagating acoustic waves compared to
other layers. This difference helps us to diagnose cancerous
tumors. The results show that the acoustic pressure magni-
tude and contrast of tumor diagnosing will be higher in PAI.
It is quite clear that PAI and TATE methods can be suitable
approaches to diagnosing cancerous tumors. However, due to
the capability of the PA phenomenon and its higher optical
contrast, it was able to detect tumors better and clearer than
TATE. It seems that the combination of these two methods
can be complementary and provide more accurate results.

Data Availability
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable request.
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