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A numerical study and simulation of breast imaging in the early detection of tumors using the photoacoustic
(PA) phenomenon are presented. There have been various reports on the simulation of the PA phenomenon in
the breast, which are not in the real dimensions of the tissue. Furthermore, the different layers of the breast
have not been considered. Therefore, it has not been possible to rely on the values and characteristics of
the resulting data and to compare it with the actual state. Here, the real dimensions of the breast at three-
dimensional and different constituent layers have been considered. After reviewing simulation methods and
software for different stages of the PA phenomenon, a single suitable platform, which is commercially available
finite element software (COMSOL), has been selected for simulating. The optical, thermal, elastic, and acoustic
characteristics of different layers of breast and tumor at radiated laser wavelength (800 nm) were accurately
calculated or obtained from a reliable source. Finally, by defining an array of 32 ultrasonic sensors on the
breast cup at the defined arcs of the 2D slices, the PA waves can be collected and transmitted to MATLAB
software to reconstruct the images. We can study the resulting PA wave and its changes in more detail using
our scenarios.
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1. Introduction

Breast cancer is one of the most common forms of
cancer among females, but it is less common among
men. In 2019, the estimated 268,600 new cases of in-
vasive breast cancer were diagnosed among women
and approximately 2,670 cases were diagnosed in men.
Breast cancer typically has no symptoms when the tu-
mor is small and can be easily treated, therefore screen-
ing is vital for early detection (American Cancer So-
ciety, 2019). There are several methods for carefully
screening breast tissue to identify cancerous tumors.
However, a low-risk and non-invasive way that can
detect cancerous tumors early is a priority. Among
the available imaging modalities for breast tomogra-

phy, we discuss the advantages and disadvantages of
only two types of these methods in this paper which
are based on pure optical and pure acoustic imag-
ing. The photoacoustic (PA) approach combines these
two methods and takes the best of both. The main
limitation of the pure optical imaging modalities for
breast cancer detection, such as diffuse optical to-
mography (DOT), fluorescence molecular tomography
(FMT) (Corlu et al., 2007), and optical coherence to-
mography (Boppart et al., 2004) is the scattering of
light in the environment. It lowers the spatial resolu-
tion in deep tissue imaging. Light photons can pene-
trate to a depth of up to 1 mm of living tissue without
scattering, as they are based on ballistic and quasi-
ballistic photons (Wang, 2008). The scattering of ul-
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trasonic waves in living tissue is approximately 2–3 or-
ders of magnitude weaker than in optical waves; there-
fore, pure ultrasonic imaging has a better resolution
than optical imaging. However, in pure acoustic imag-
ing, the image’s contrast is determined by the mechan-
ical and elastic properties of the living tissue. There-
fore, the contrast of the images may not be suitable
for the early detection of a cancerous tumor (Wang,
2004). Photoacoustic imaging (PAI) has become an at-
tractive, low-risk, and non-invasive tool in imaging bi-
ological tissues using non-ionized short laser pulse ab-
sorption and receiving PA signals. The PAI is based
on the PA phenomenon discovered in 1880 by Alexan-
der Graham Bell. It refers to the generation of acous-
tic waves by the absorption of electromagnetic energy
such as optical or radiofrequency. The use of this phe-
nomenon in medical imaging had not been formed be-
fore the advent of the laser light. To generate an acous-
tic pressure wave in the PA phenomenon, the temper-
ature changes in the sample must be variable which
can be achieved by the pulsed laser light or contin-
uous laser light with the power intensity modulated
at a constant or variable frequency. Due to the high
signal-to-noise ratio of pulsed laser light, we use it in
PAI, by considering the maximum permissible pulse
energy and the maximum permissible pulse repetition
rate governed by the American National Standards In-
stitute (ANSI) laser safety standards. To use the PA
phenomenon in tissue imaging and to obtain informa-
tion about the density, sound speed, and geography
of the tissue, a short (instead of long) homogenized
pulsed laser light should be used (Wang, 2017). Then,
by sampling information and signals of the ultrasonic
detector and choosing appropriate image reconstruc-
tion algorithms, the tissue can be imaged. The use of
PAI for breast tissue in the early diagnosis of breast tu-
mors and cancer has been expanded in recent decades
because it combines the high optical contrast of tis-
sue chromophores and the high spatial resolution of
pure ultrasonic imaging (Lin et al., 2018). According
to angiogenesis of breast cancer and subsequent map-
ping of endogenous breast chromophore concentration
including oxy- (HbO2) and deoxyhemoglobin (HHb),
PAI could show high spatial resolution and sensitivity
in the early detection of tumors, including dense breas
(Laufer et al., 2006). Additionally, tissue imaging us-
ing the PA phenomenon (Silverman et al., 2010), es-
pecially in the early detection of cancerous tumors, has
been extensively studied. It is also possible to detect
and track different materials in various environments
such as liquid and gas by using the PA phenomena
(Pogorzelski et al., 1999; Ponikwicki et al., 2019).

2. Materials and methods

Following this section: we describe the different
simulation software that we have used in various steps

of the PA phenomenon and finally choose the most
suitable simulation software. Later the governing equa-
tions of the PA phenomenon are briefly discussed. We
show the simulated shape of tissue in our COMSOL
simulation by expressing the actual structure of breast
tissue and its different parts. Different modules of
COMSOL software and their necessary parameters
have also been stated by relevant mathematical rela-
tions. In addition, the image reconstruction method
has been discussed using MATLAB code for the re-
construction of 2D tomographic image slices of breast
tissue. The remaining sections concern the study of re-
ports resulting from simulation.

2.1. Simulation of the photoacoustic phenomenon
using different software

To have a risk-free environment and insight into
dynamics, visualization, increasing accuracy, handling
uncertainty, and saving money and time, we first de-
cided to use PAI simulation modeling. There are some
methods for simulating different parts of the PA phe-
nomenon. In the following subsections, we briefly de-
scribe some of the techniques that we have used and
choose the best one.

2.1.1. Software for modeling the homogenizing system
of laser light

To transfer the laser energy uniformly to the 2D
tomographic slices, in the 3D imaging process of the
tissue, it is critical to shape and homogenize the laser
light with suitable optical systems. For this purpose,
various methods such as refractive, diffractive, and mi-
crolens (imaging and non-imaging) beam homogeniz-
ers (Ai et al., 2017) are available for which VirtualLab
Fusion has been used. This part of the simulation is
essential in PA system building.

2.1.2. Simulation of light tissue interaction and PA ge-
neration and propagation

The Monte Carlo method is an approach used to
solve forward modeling problems in many different
fields of physics. It is also used to simulate how pho-
tons are transported and absorbed in turbid media.
The Monte Carlo model of steady-state light trans-
port in multilayered tissue (MCML) helps us deter-
mine the amount of light absorption in the studied tis-
sue (Wang, Jacques, 1992; Jacques, Wang, 1995).
After acquiring light tissue interaction data, for simu-
lation of PA generation and propagation, we must im-
port the absorption data matrix into the K-wave MAT-
LAB toolbox and simulate the time-domain PA prop-
agating for homogeneous or heterogeneous medium in
one, two, and three dimensions (Treeby, Cox, 2010).

Furthermore, a finite element (FE) – based simula-
tion model has been developed incorporating light pro-
pagation, PA signal generation, and sound wave prop-
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agation, in soft tissues using a commercial FE simu-
lation package, COMSOL Multiphysics. By using the
simulation mentioned in the first part, MCML for light
and tissue interaction, and K-wave MATLAB toolbox
for photoacoustic propagation, the simulations are in-
termittent and incoherent. However, MCML is very
time-consuming (Cassidy et al., 2018; Wang et al.,
2012). In the case of MCML and K-wave toolbox, we
cannot maneuver on the actual shape, size, and geo-
metry of the tissue (Akhlaghi et al., 2019). According
to the above-mentioned reasons and the fact that the
PA phenomena is multiphysics, it seems that the FEM
should be a suitable option for this simulation. The
FEM method is an efficient and accurate approach for
PA phenomena simulation. Thus, we switch to a single
platform, COMSOL, to carefully model and solve the
problems expressed.

2.1.3. The final software selected for this research

This research has used commercially available finite
element software (COMSOL) as a single platform for
simulating PAI in the breast tissue. Based on the latest
reports (Sowmiya, Thittai, 2017) concerning numer-
ical modeling of PA, the tissue should be performed in
tiny dimensions and an unrealistic shape to reduce the
calculations and complexity of simulations. With re-
gards to our modeling, the actual dimensions of breast
tissue with its various components, including muscle,
mammary glands, and fat, have been considered. Each
stage of the PA signal generation process, including the
effect of penetration of the radiant laser, the conversion
of absorbed light into heat, the expansion of the tissue
in volume and stress generation, and consequently me-
chanical expansion generating acoustic pressure wave
propagating in the tissue would be fully modeled in
COMSOL. Moreover, by changing the tumor location
to different areas of breast tissue and its diameter, we
maneuver the PA signal resulting from different condi-
tions and positions. Besides all this, the arrangement
of ultrasonic sensors is very similar to the real state.
Finally, the PA signal obtained from an array of the
detector on breast tissue in COMSOL software is con-
verted into images by image reconstruction algorithm
codes written in MATLAB.

2.2. A brief description of mathematical equations

Using linear fluid dynamics equations, a pair of cou-
pled differential equations for temperature and pres-
sure can be developed. According to Morse and In-
gard, changes in temperature (T ) and pressure (P )
from their ambient values can be expressed as follows
(Wang, 2017):
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mal conductivity, Cp is the specific heat, p is the am-
bient density, vs is the sound speed, t is the time, and
H is the energy per unit volume and time deposited
by the optical radiation beam (Wang, 2017).

The aforementioned equations did not include the
effects of viscosity or energy relaxation. Assuming
γ = 1, which for most fluids is a common and accept-
able assumption, and assuming heat conductivity is set
to zero (∇T = 0), then Eqs. (1) and (2) reduce to an
equation for heat diffusion and a wave equation relat-
ing pressure to the speed of sound:
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, V is volume, and

T is temperature (Wang, 2017).
To improve the optimal feature of the PA signal,

the duration of pulsed laser light radiation (τ) must
be a few nanoseconds to include the following two con-
ditions:

– thermal confinement, which represents the neglect
of thermal diffusion during laser light irradiation
(Li, Wang, 2009):

τ < τth =
d2
c

4DT
, (4)

where τth is the thermal confinement threshold,
DT is the thermal diffusivity, and dc is the desired
special resolution;

– stress confinement means neglecting the volume
expansion of the absorber during laser light irra-
diation:

τ < τst =
dc
VS
, (5)

where τst is the stress confinement threshold and
VS is the speed of sound.

Under two conditions, irradiation time can be
treated as a delta function (Li, Wang, 2009).

Therefore, we are able to rewrite Eq. (3) in this
form:
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The acoustic wave p(r, t) at the position (r) and time (t),
prompted by an initial source, p0(r) = Γ (r)Ae(r),
where Ae(r) is a spatial electromagnetic (EM) absorp-
tion function and Γ (r) = v2

sβ/Cp is the Grüneisen pa-
rameter (Wang, 2017).
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2.3. FEM model

2.3.1. Breast model in simulation

Breast tissue consisting of some similar sections is
called the lobe, which is made up of many smaller
parts called lobules. The milk produced from the lobe
is passed to the nipple through tiny vessels named
ducts. Fibrous tissue and fat fill the spaces between
the lobules and ducts. In addition, fat is present in
different regions: subcutaneous, retro-mammary, and
intra-glandular. Figure 1 shows a cross-section of the
human mammary in detail. Most of the initial devel-
opment of cancer occurs inside the glandular tissue.
Breast cancer can be in either lobes or ducts. Based on
the starting location, ductal carcinoma in situ (DCIS)
and lobular carcinoma in situ (LCIS) are the two main
types of in situ breast cancer (American Cancer So-
ciety, 2019). This study aims to model breast tissue
in real dimensions for accurate screening of PA sig-
nals. In modeling, different parts of the breast tissue
are separated to discriminate the distinct characteris-
tics of each part required in the steps of the PA signal
propagation.

Fig. 1. Cross-sectional image of the normal breast: 1 – chest
wall; 2 – pectoralis muscles; 3 – lobules; 4 – nipple; 5 –
areola; 6 – milk duct; 7 – fatty tissue; 8 – skin (Lynch,

Jaffe, 1987).

The breast has been modeled as a hemisphere with
different layers, as shown in Fig. 2. A tumor at a dia-
meter under 20 mm with a spherical shape has been
supposed to investigate early-stage cancer (Hammer
et al., 2008). Breast tissue is considered as a hemi-
sphere with a diameter of 80 mm. The size of the breast
is based on the actual available sizes (Bengtson,
Glicksman, 2015). The entire tissue is enclosed inside
a semi-ellipsoid chamber of water. The inner layers of
breast tissue are simulated as semi-ellipsoid layers con-
sisting of the gland, adipose, and muscle of appropriate
size in realistic dimensions. The laser source is located
as a point source near tumor side of the breast tissue in
the aqueous environment, the distance of laser source
to the tissue is about 3 mm in coordinates as follows:
x = 77 mm, y = 36 mm, z = 53 mm (Fig. 2b).

a)
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5 mm 5 mm70 mm

20 mm
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Adipose
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z

y x
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Fig. 2. a) Schematic of the cross-sectional view of the breast
model at LOT1 scenario with dimensional details; b) 3D
computational domain of breast model in COMSOL Mul-

tiphysics.

For a complete study of simulation and subsequen-
tly PA signal, we have considered various scenarios
for breast tumor, different positions, and sizes, which
change in each scenario as abbreviated and listed in
Table 1. In all scenarios mentioned, the location and
power of the laser light has not changed. Three scenar-
ios for tumor location change were defined: 1) entirely
inside the glandular tissue (LOT1); 2) entirely inside
the adipose (LOT2); 3) between the gland and adipose
(LOT3). Also, compared to the base scenario: (LOT1),
in LOT2 and LOT3, the tumor location just along the
z-axis increased by 10 and 25 mm, respectively.

Table 1. Various scenarios considered in the simulation.

Scenario
name

Location of tumor
Diameter
of tumor
[mm]

LOT1 Inside gland 19
LOT2 Inside adipose 19
LOT3 Between gland and adipose 19
DOT1 Between gland and adipose 40
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Absorption of the laser light 
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Figure 3: Flowchart description of the procedure of the PAI and the simulations.
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Fig. 3. Flowchart description of the procedure of the PAI and the simulations.

In the scenario of increasing the tumor size (DOT1),
the tumor radius compared to previously defined sce-
narios has increased from 9.5 mm to 20 mm without
changing the coordinate position of the tumor. Howe-
ver, due to the increase in tumor diameter, it will be
located between adipose tissue and glands. For a bet-
ter conception of the PAI process and the procedure
of the simulations, a schematic flowchart is illustrated
in Fig. 3.

We used four modules of COMSOL Multiphysics to
simulate PA propagation in the breast. We described
all of these in the following.

2.3.2. Light propagation

The initial local acoustic pressure wave (p0) could
also be estimated with the following equation to eval-
uate the amount of EM energy absorption effectively
(Wang, 2017):

p0(r) = ΓηthµaF, (7)

where Γ is the Grüneisen parameter, ηth is the percent-
age of optical absorption that is converted into heat,
µa is the optical absorption coefficient [cm−1], and F is
the optical fluence [J/cm2]. The optical fluence of ra-
diated laser light is directly related to the amplitude of
acoustic pressure waves. Therefore, to obtain a strong
PA signal, we must maximize the laser fluence on tis-
sue. In the diffusion regime:

F (r) =
F0

4πDr
e−(µeff)r, (8)

where r is the distance from the source, F0 is the
fluence at the source, D is the diffusion constant
(D = 1/(3(µa + µ

′
s))), and µeff = (

√
µa/D) is the ef-

fective attenuation coefficient. According to Eq. (8),

the penetration depth of the laser is defined by (µeff)

which is dependent on the laser wavelength. In PAI,
red, and near-infrared (NIR) wavelengths usually are
preferred because, in this wavelength range, the op-
tical attenuation of biological tissue is at its lowest
level. HbO2, HHb, and water are assumed to be the
main absorbers in this study. In particular, a wave-
length of around 800 nm is the isosbestic point of the
molar extinction spectra of HbO2 and HHb (Wang,
2017). Here, we modeled a radiated laser source as
the Gaussian pulse in the 800 nm wavelength, with
power, Wp = 8 mJ/cm2, pulse duration τp = 10 ns, and
τcenter = 30 ns. The radiated laser fluence is modeled
by the “coefficient form PDE” interface in COMSOL.
The optical properties of the tumor and glandular tis-
sue depend on the assumed magnitude of absorbers
that have a dramatic effect at the given wavelength.
Once the optical properties are obtained at each wave-
length, we can calculate the absorption coefficient of
light, µa [cm−1], of an absorber by using one of these
equations (Jacques, 2013):

µa = −
1

T

∂T

∂L
, (9)

T = e−µaL = 10−εCL = e−4πn′′L/λ, (10)

where T (dimensionless) is transmitted or surviving
fraction of the incident light after an incremental path
length ∂L [cm], n′′ is the imaginary refractive index of
the medium, ε is the extinction coefficient [cm−1M−1],
and C(M) is the concentration of chromophore. The ab-
sorption coefficient of a tissue is the sum of all main
absorbers:

µa = ln (10)∑
i

Ciεi. (11)
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Table 2. Related parameters of the breast tissue sections and tumor at 800 nm in the first module of COMSOL.

Materials Density ρ
[kg/m3]

Refractive index µa at 800 nm
[mm−1]

µ′s at 800 nm
[mm−1]

Adipose 930a,b 1.455 c 0.00193 1.52
Glandular 1050a,b 1.4 c 0.00436 1.12
Muscle 1030d 1.4d 0.230d 0.785d

Water 994b 1.3290 e 0.00196 f 0.0000402 e, f

Tumor 1050a ∼1.4g 0.00302 0.625
a(Soltani et al., 2019); b(Hasgall et al., 2018); c(Dehghani et al., 2005); d(Wang et al., 2012);
e(Hale, Querry, 1973; Polyanskiy, 2016); f(Downing, 2008); g(Metwally et al., 2014).

Table 3. Required parameters in the “bioheat transfer” module.

Materials Thermal conductivity k
[W ⋅m−1 ⋅ k−1]

Specific heat capacity Cp

[J ⋅ kg−1 ⋅K−1]
Coefficient of thermal expansion β

[K−1]
Adipose 0.21a 2770a 3E-5a

Glandular 0.48a 3770a 4.5E-5a

Muscle 0.49b 3421b 26.73E-5 c

Water 0.60d 4178d ∼24E-5 e

Tumor 0.54a 3852a 6.5E-5a

a(Soltani et al., 2019); b(Singh, Repaka, 2018); c(Wilkie, 1953, Lan et al., 2019); d(Hasgall et al., 2018);
e(Oraevsky et al., 2001).

Also, the reduced scattering (or transport scattering)
coefficient of light, µ′s [mm−1], the spectrum of tissue
has been shown to fit well to an empirical approxima-
tion to the Mie scattering theory given by (Dehghani
et al., 2009):

µ′s = aλ
−b, (12)

where a and b are the scatter amplitude and the scatter
power, respectively, at any wavelength in µm.

The percentage of absorbent ingredients of tumor,
glandular tissue, and adipose of breast is based on
(Dehghani et al., 2009). The spectral characteristics
of HHb, HbO2, and water at 800 nm are taken from
references (Hale, Querry, 1973; Prahl, 2017). The
optical parameters of breast tissue sections and tumor
used in “coefficient form PDE” module at COMSOL
are listed in Table 2.

We entered the effect of radiant laser light as
a point source in the finite element-based numerical
model irradiated onto breast tissue surrounded by an
aqueous medium. The boundary conditions are also
based on references (Wang et al., 2012).

2.3.3. Heat transfer

The second part of the acoustic pressure wave pro-
duction in the PA phenomenon process is converting
the penetrating energy of the radiant laser into heat
of which the tumor will have the highest absorption
amount according to its material properties. This part
can be described by the “bioheat transfer” module of
COMSOL. We can connect this module by the heat
source that can be inserted in an equation by multi-

plying the optical absorption coefficient and the optical
fluence rate estimated previously. The required ther-
mal properties of breast tissue and tumor used in the
heat transfer module are listed in Table 3.

2.3.4. Thermal expansion

Due to the increase in tumor temperature, the
tumor subsequently undergoes thermoelastic expan-
sion, which was modeled using a “structural mechanics”
module. All related parameters entered in this module
are listed in Table 4.

Table 4. Related parameters in the “structural mechanics”
module.

Materials Poisson’s ratio
Adipose 0.49a

Glandular 0.49a

Muscle 0.45b

Water 0.4995 c

Tumor 0.49d

a(Bhatti, Sridhar-Keralapura, 2012; Gefen et al.,
2007; Soltani et al., 2019); b(Grimal et al., 2005);
c(Gefen et al., 2007); d(Soltani et al., 2019).

2.3.5. PA signal generation

Finally, the pressure wave propagation can be stud-
ied using the “pressure acoustics, transient” module in
COMSOL. Table 5 lists all related parameters in the
module of this section.
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Table 5. All related parameters in the last module
of COMSOL.

Materials Speed of sound Cs

[m/s]
Young’s modulus

[Pa]
Adipose 1440.2a 18E3b

Glandular 1505.0a 50E3b

Muscle 1588.4a 675E3 c

Water 1482.3a Bulk modulus
= 2.1790576 GPad

Tumor 1540 e 106E3b

a(Hasgall et al., 2018); b(Soltani et al., 2019);
c(Grimal et al., 2005); d(Zhutovsky, Kovler, 2015);
e(Li et al., 2009).

2.3.6. Image reconstruction

In this section, we describe the algorithm used in
the image reconstruction section. There are various
algorithms and their reformation for reconstruction
of a proper image such as universal back-projection,
time reversal, etc. (Dobrucki, Opieliński, 2000;
Tasinkevych et al., 2018, Wang, 2017). For PAI re-
construction, a phase-controlled algorithm was used in
this study. For each reconstructed pixel in the image,
Pm, we have the following formula (Zhou et al., 2011):

Pm =
K

∑
k=1

D (θ)kP (tmk), (13)

where m is the spatial vector of the PA source, k is
the position of the k-th detector, and K is the total
number of working detectors, D (θ) is defined as the
projection intensity weight function of θ, the projection
angle which is no more than the maximal acceptance
angle of the array element, P (tmk) is the signal value
collected by the k-th detector at position m. The tmk
represents the time when PA pulses spread from posi-
tion m to k. The rmk is the distance between the PA
source at position m and the k-th detector. The v is
the average velocity of the acoustic wave in tissue. Ac-
cording to Eq. (13), the volumetric data collected by
the plane transducer array in a single laser pulse can be
used to reconstruct 2D projection image slices at var-
ious z-axis depths. To have the final 3D image of the
breast, proper processing software could merge these
slices.

3. Results and discussion

Using the finite element (FE) based simulation
models, light propagation, absorption, conversion to
heat, PA wave formation from the target (tumor), and
its propagation in breast tissue were successfully sim-
ulated. For a better demonstration of our simulation
process, captured PA signals in the L1 model of COM-
SOL simulation have been converted to 2D tomogra-
phy image slices using MATLAB code. For 3D data

visualization, processing, and analysis we can convert
these slices to 3D images using special software. Con-
verting 2D image slices to 3D breast tissue have not
been done by the relevant software in this project. Fi-
nally, comparative results of all simulations concerning
the tumor location and size were studied in detail.

3.1. Simulation model in detail

A laser source as the Gaussian pulse radiated on
tissue as a point source is showed in Fig. 4. The co-
ordinates and geometric position of discussed points
in this section are shown in Fig. 5. We have chosen
6 points, two points inside and outside of the tumor
near the wall to study the accuracy of the tumor edge
detection in our PAI simulation, a point inside the adi-
pose region, a point in the glandular region, and the
two other points inside the tumor on the other axis for
studying stress.

Time [s]

Po
w
er

 [W
]

Laser pulse

Fig. 4. Function diagram of laser pulse radiated as a point
source on tissue, with power Wp = 8 mJ/cm2, pulse dura-

tion τp = 10 ns, and τcenter = 30 ns.

100

50

0

0-50 50 0
[mm]

[mm]
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(33, 20, 36)

(33, 20, 33)

(33, 20, 25)

(53, 20, 45)

(38, 20, 26)

(53, 20, 8)

xy

z

Fig. 5. Coordinate location of points mentioned in simula-
tion studies.

The radiated laser fluence shown in Fig. 6, repre-
sents the laser fluence variation in time at four points
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Fig. 6. Radiated laser fluence of four points: inside and
outside the tumor close to the wall, center of the tumor
and inside a muscle layer, in the L1 simulation model.

of interest. The next step is converting the effect of
laser light to heat and studying the behavior of tissues
and tumors.

The temperature variations of four points are se-
lected as representative of four places: inside and out-
side the tumor, near the wall of the tumor to determi-
ne the accuracy of detecting the edges of the tumor,
a point in the muscular region, and a point in the glan-
dular region. These are shown in Fig. 7. As is shown
in Fig. 7, due to the amount of absorption of the laser
energy, the temperature change of points is different, it
is greater for the point inside the tumor and depends
on the different optical and thermal characteristics of
the tumor (all these specifications are listed in Tables 1
and 2) compared to breast tissue. The increase in tem-
perature inside the tumor is approximately 0.0046 de-
grees in Kelvin, while the temperature of the study
points slightly outside the tumor wall and in the adi-
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Fig. 8. Temperature gradient distribution of breast and tumor tissues on cut surfaces in the z–y plane at x = 33 mm
and t = 30 ns.
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Fig. 7. Temperature changes in Kelvin, four points: inside
and outside the tumor, one in glandular and the other in

the adipose regions according to time variables.

pose region has not changed much. Due to muscle tis-
sue’s thermal and optical characteristics, a slight in-
crease in temperature is observed at the point located
in this section, which can be ignored according to the
increased value in the tumor temperature. In all calcu-
lations, the human body temperature, 310 degrees in
Kelvin, is considered.

For further clarity on temperature changes in tis-
sue and tumor, a cut surface was considered in the z–y
coordinate plane passing through the center of the tu-
mor in x coordinate (x = 33). Figure 8 indicates an
increase in a temperature gradient in the tumor region
compared to other parts of the tissue at time = 30 ns.
High levels of the laser light absorption by the tumor
tissue and its conversion to heat are the reason for
the increase in heat of tumor tissue compared to other
parts of breast tissue.

Increasing the temperature of the tumor compared
to other parts of the tissue will cause the tumor tis-
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sue to expand. Figure 9 shows the internal expansion
changes of the three internal points of the tumor. The
increase in the internal expansion of the tumor is about
3 N/m2.
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Fig. 9. Internal expansion changes of the three internal
points of the tumor.

Expansion changes inside the tumor will cause an
acoustic wave inside the tumor tissue and propagate it
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Fig. 10. Acoustic pressure wave gradient distribution at two steps and times on cut surfaces
in the z–y plane at x = 33 mm.

into the breast tissue. In the latest module of COM-
SOL, we have studied the propagation of acoustic pres-
sure waves around tumor tissue. The images of the
acoustic pressure wave propagation gradient in the sur-
face z–y at x = 33 mm are shown in Fig. 10 in two steps
and times as the first cycle of acoustic wave propaga-
tion.

The last step is to transfer information obtained
from COMSOL simulation to MATLAB software and
reconstruct the 2D tomographic image slices. The sen-
sor’s data that contain ultrasonic wave information are
defined as “Domain Point Probe” in COMSOL, and
32 number of these “Domain Point Probes”, according
to previous statements, are located around the breast
cup on the arc of 2D tomographic slices. Fifteen 2D
tomographic slices of breast tissue have been consid-
ered according to Fig. 11, while these slices cutting
the breast tissue Perpendicular to the x-axis, are lo-
cated at a distance of about 1 cm from each other.
Each “Domain Point Probe” information is exported
from COMSOL as a matrix whose dimension depends
on the simulation time and number of sensors.

The exported matrices are to be used for subse-
quent processing in MATLAB. The data of four sensors
is simply drawn in Fig. 12.
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in this simulation.
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Fig. 12. Simple plotting of four ultrasonic sensors data.

2D tomographic reconstructed image slices for 3D
image creation should be repeated in different coordi-
nates; here we just showed two slices in Fig. 13: a cut
surface, the y–z surface, at x = 33 mm and x = 37 mm.
MATLAB code results for the reconstruction took
a 1 minute processing. Finally, by Amira (version 5.5,
TGS Template Graphics Software) software, we could
visualize these 2D reconstructed slices to 3D, for oper-
ator of device, but here for our analyzing the 2D slices
and sensor’s data are adequate.

Tomographic 2D image at x = 33 cm

z-position [mm]
– 4 – 2 0 2 4

– 5

– 4

– 3

– 2

– 1

0

1

2

3

4

y-
po
si
tio
n 
[m
m
]

– 4 – 2 0 2 4

– 5

– 4

– 3

– 2

– 1

0

1

2

3

4

y-
po
si
tio
n 
[m
m
]

z-position [mm]

Tomographic 2D image at x = 37 cm

Fig. 13. 2D tomographic image in one slice of simulation,
derived from MATLAB code, at x = 33 mm and x = 37 mm.

According to the anatomy of the breast tissue, the
muscle layer is at the junction of the breast tissue
with the chest wall, and due to the proximity of the
characteristics of muscle and tumor, a certain error in
image reconstruction is shown. This error could be eas-
ily removed based on the fixed location of the muscle
and its specific shape and brightness.

3.2. Effect of tumor location

According to Table 1 and the different scenarios
we have considered for the tumor location and size, in
this section, we study the changes in temperature and
intensity of the emitted pressure wave based on the
change in the tumor location compared to the LOT1
mode.
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According to the chart in Fig. 14 and the values of
temperature changes for the tumor in different places,
it was observed that for the case where the tumor was
located in the adipose tissue, the absorption of radiant
laser energy by the tumor would be higher than others;
consequently, temperature changes were high.

Fig. 14. Temperature changes based on different scenarios.

Based on the chart in Fig. 15, the amount of pres-
sure change created in the tumor located in the adipose
tissue is also high. This is because of the large differ-
ence in optical and thermal properties between the tu-
mor tissue and the adipose tissue. By studying the
tissue property tables (Tables 2 to 4), the cause can
be observed.

Fig. 15. Pressure changes based on different scenarios.

Increasing the temperature and pressure changes
will cause the acoustic pressure wave to propagate
more intensely, resulting in more accurate and easier
tumor detection.

The final result of our study for the tumor location
in different layers of breast tissue is completely consis-
tent with the results of breast imaging by the thermoa-
coustic method (Soltani et al., 2019). In both meth-
ods, the tumor placement in the adipose tissue results
in a strong PA wave. In other words, it would be eas-
ier to diagnose a tumor that is located in the adipose
section compared to other layers.

3.3. Effect of tumor size

To study the effect of increasing the diameter of
the tumor, two scenarios have been considered: one

with a diameter of 19 mm (LOT1); the other with
40 mm (DOT1). The choice of a tumor with a diame-
ter of less than 2 cm is to evaluate the ability of PAI to
detect the tumor in the early stages (Hammer et al.,
2008).

Based on the charts in Figs. 16 and 17, which show
a comparison of the increase in temperature and pres-
sure changes in the two scenarios respectively, it is ob-
vious that the magnitude of the temperature change of
a large-diameter tumor is greater than that in a small-
diameter tumor.

Fig. 16. Temperature changes based on different scenarios.

Fig. 17. Pressure changes based on different scenarios.

The reason for this is obvious. As the size of the
tumor increases, the amount of energy absorbed by
the radiant laser light will be higher. Compared to the
thermoacoustic method (Soltani et al., 2019), our re-
sults also indicate that the amplitude of the PA wave
will increase with increasing tumor diameter.

4. Conclusions

In this study, breast tissue tomography was sim-
ulated using the PA phenomenon in real dimensions
and different constituent layers in suitable and effi-
cient software. To select the proper software, various
software were examined to select the most suitable op-
tion. Attempts were also made to consider the different
layers that make up breast tissue and enter all the re-
quired specifications in the simulation completely and
accurately. In all the stages, the simulation process
tried to be as close as possible to the real state to
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cite the results of this simulation implementation of
the PAI system and evaluate the strengths and weak-
nesses of the PA breast tissue imaging system. The
simulations were performed for four different scenar-
ios based on the size and location of the tumor to
investigate the changes in the resulting PA signal in
different states. It is possible to define different sce-
narios. In each scenario, the magnitude of tempera-
ture changes and consequently the acoustic pressure
magnitude were obtained. Due to the optical, thermal,
elastic, and acoustic characteristics of different layers
of breast tissue and tumor which show a greater dif-
ference between the adipose tissue and the tumor, it
was expected that the absorption of radiant laser light
will be high if more tumor forms in the adipose layer
of breast tissue.

Consequently, temperature changes and the result-
ing acoustic pressure will have a large amplitude. How-
ever, the acoustic pressure magnitude will be the low-
est for tumors located in the glandular layer and make
diagnosis more difficult. Also, by examining the simu-
lation for a tumor with a larger diameter and the con-
sequent increase in the acoustic pressure amplitude, it
is quite clear that large tumors can easily be identi-
fied. But due to the capability of the PA phenomenon
and incorporation of optical and ultrasound imaging
advantages, it was able to detect tumors smaller than
2 cm in size so that cancerous tumor tissue could be
detected in early stages.
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