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Abstract: The computational modelling and analysis of internal and external temperature distri-
butions and their gradients, associated with the first stage of mammary tumors, was performed to
relate thermal parameters to relevant tumor characteristics. A realistic 3D geometric model of breast
anatomy was used to simulate tumor cases that were characterized in real life at their primary clinical
stage. The thermophysical parameters of three tumors were extracted to implement the models; a
fourth case without a tumor was used as a reference to provide quantitative measurements of temper-
ature increases and gradient changes. The analysis considered superficial and internal temperature
distributions and gradients, computed throughout specific paths. Finally, an evaluation was made
of the ability of the thermometric technologies available today to detect the changes estimated in
simulations. Maximum temperature increments in the range of 2.30 to 3.20 °C and in the range of
0.15 to 0.30 °C were found on internal and superficial paths, respectively. Internal gradient peak
magnitudes fluctuated within the range of 0.34 to 1.14 °C/mm. Thermal results indicated a direct
correlation between tumor size and temperature rise. Nevertheless, gradient results showed that the
heat generation rate, an indicator of tumor malignancy, was directly proportional to internal gradient
maximum peaks, which were related to tumor boundaries regardless of tumor size.

Keywords: temperature distribution; thermal gradient; breast tumor; finite element method; early
stage; 3D modelling

1. Introduction

Today, breast cancer is one of the leading causes of death in women around the
world, with most cases occurring in low-resource countries according to the World Health
Organization [1]. Due to its high impact on women'’s health, many techniques have been
developed to achieve a timely diagnosis, and more recently, an early diagnosis. The most
common screening techniques are traditional mammography and ultrasound methods; the
first one is oriented to detecting solid masses and the second one to differentiating cystic
formations from them [2,3]. Although the use of mammography has caused a mortality
reduction ranging from 15 to 30% [4,5], its periodic application generates uncertainty
about radiation risk, it being the acceptable biennial screening recommendation for women
aged 40 to 74 years; for younger women, the risk-benefit relationship is unclear [3,6].
Additionally, mammography has important limitations for tumor detection in specific
patient groups, such as women with dense breasts, symptomatic women younger than
30 years, or pregnant women [3]. More recently, the use of digital breast tomosynthesis
(DBT) combined with digital mammography (DM) has produced a slight increment in
the cancer detection rate; however, its use represents a higher level of exposure to X-ray
radiation [6,7]. Contrast-enhanced spectral mammography is a relatively novel approach
that provides information about lesion vascularization, solving some limitations of digital
mammography, mainly relating to cases of dense breasts. It is an iodinated contrast
agent-based technique that can be contra-indicated for patients with renal impairment or
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allergies to the contrast agent. Additionally, the radiation dose delivered to the patient is
approximately twice the dose delivered by conventional mammography [8].

Ultrasound screening has been used as a complementary technique to mammography
and magnetic resonance imaging, even being capable of differentiating between benign and
malignant lesions. US is also recommended in cases of high-risk patients that are intolerant
to MR imaging, patients with dense breast tissue, and young women with palpable lesions.
However, the US image interpretation is strongly dependent on physician skill. Some
relevant limitations are its low capacity to detect intraductal lesions [3] and its relative low
specificity, producing unnecessary recalls and biopsies [2]. The size of the lesion is also
an important factor: focused US provides an 86% rate of detection for masses larger than
15 mm, with this percentage reducing to 50% for masses of 5 mm or smaller. These findings
were obtained using MRI as reference [3].

The Doppler US is focused to evaluate the microvascular flow present in breast lesions.
It is a complementary technique that can be used to improve lesion classification [2]. It can
be susceptible to artifact-produced mistakes [3]. On the other hand, elastography, which
provides a measure of lesion stiffness, is an approach used in combination with B-mode US.
The combination of shear wave elastography and strain elastography could improve the
method’s sensitivity and specificity [2]. Its main limitations are its capability to characterize
deep lesions [3] and the high experience curve required to perform examinations and to
interpret results [2].

MRI is a highly sensitive screening technique, but it presents a limited specificity [8].
Also, molecular breast imaging (MBI) and positron emission tomography (PET) are alter-
natives to nuclear medicine techniques. They use radiopharmaceutical agents to provide
functional information about cells. Although these techniques have high cancer detection
rates and high spatial resolutions (=2 mm), they are not recommended for use in periodic
screening due to whole-body radiation doses.

In this context, niche thermographic techniques can be established, such as non-
ionizing approaches. These are capable of detecting internal and superficial thermal
changes associated with the very early stages of breast cancer due to the perceptible
thermal increments related to metabolic and vascular activity, which are present from
the initial stages of tumor formation [9]. Non-aggressive contrast agents are required to
perform thermometry inside breast tissue. Because of its non-ionizing radiation nature,
thermography can be applied as many times as may be required and it can be used in
women of any age, and in women with dense breast tissue [10]. When only superficial
thermography (IR thermography) is available, it is difficult to accurately establish the tumor
size and depth; however, combining internal and superficial thermal data, it is possible to
overcome this limitation. Like all other techniques, thermography is susceptible to being
technologically enhanced to reach desired performances regarding spatial and thermal
resolution. In this work, a discussion about the thermal of the current screening methods is
presented, taking as a reference the results obtained using the proposed model.

Early detection methods for breast cancer, based on temperature estimation, are an
area that has been studied for years. The observation and analysis of superficial tempera-
ture variations based on infrared thermography is the most common approach [9,11-16].
Conversely, there are studies based on technologies such as magnetic resonance imaging
(MRI) and microwaves (MW) that can obtain temperature maps of internal structures.

As a support tool, computational models that allow the simulation of thermal phenom-
ena associated with pathologies in the breast have been proposed in order to understand
and predict the thermal behavior of related tissues. Due to the relevance of IR thermogra-
phy in breast cancer detection research, a great variety of modelling works were performed
to relate surface temperature distribution with thermal and physical characteristics of
tumor. Such is the case of the study conducted by Chanmugam et al. [17], which mod-
elled the cases of tumors smaller than 20 mm at different depths and polar angles and at
varied thermal parameters. As a result, they defined two characteristics as indicators for
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estimating the size and location of a tumor: maximum temperature difference and half
temperature difference length.

Al Husaini et al. [18] implemented a model to assess breast surface temperature
variations produced by changes in thermal and metabolic parameters, as well as in tumor
location and size. The model considered three breast sizes. The results showed that
(considering a tumor size = 1 cm), for the largest breast, the surface temperature variation
for the innermost tumors was below 0.2 °C, while for the smallest breast, temperature
variation was below 0.5 °C. Tumors of 0.5 cm produced small temperature increments on
the surface, even for small breast sizes and non-deep locations (2 cm from surface).

In the study presented by N. Y. K. Ng et al. [19], tumors with sizes in the range from
10 mm to 30 mm, located at different positions, were considered. The authors concluded
that temperature distribution on the surface changed with the size and depth of tumors;
however, a single steady-state thermogram was not enough to estimate these parameters.

A one-dimensional model of breast tissue, composed of the epidermis; dermis; subcu-
taneous tissue; glandular, tumoral, and muscular layers; and finally, the thoracic wall, was
developed by Shresta et al. [10]. The aim was to obtain the effect of tumor size and depth
on the temperature of all the tissue layers and the breast surface temperature. Steady- and
transient-state studies were conducted.

Saniei et al. [20] extended the thermal analysis scope, proposing forward and inverse
implementation; the first models the internal and superficial temperature distributions
associated with hypothetic breast cancer cases. These data were fed into a dynamic neural
network to train to obtain the internal temperature distribution from its corresponding
surface thermal distribution. In the inverse stage, a neural network was used to estimate
the internal temperature distribution from real thermal images. Finally, tumor parameters
were extracted from the internal temperature profile.

A similar approach was reported in [21], which was based on a 2D model of normal
and drooped breasts. The simulations included cases with different kinds of tumors
located at diverse positions. The resulted thermogram data were processed by means of
a genetic algorithm method to estimate the thermal and physical parameters of tumors.
Comparative analysis using previously reported cases demonstrated consistency with other
methodologies available at the time. An extensive review of works modelling thermal
distributions associated with breast cancer was presented by Alessandro [22].

The studies described above were based on using geometric structures mainly com-
posed of layers as simplified configurations of breasts [10,17,19,20,23-25]. However, other
analyses considered realistic models, such as the one implemented by Lozano et al. [13],
where the 3D geometry of the breast surface was obtained from a 3D scan and the tumor
shape was approximated using MR imaging. In addition to anatomic information, IR
thermograms were acquired from the test subject. A parametric study varying the blood
perfusion rate (wp,) and metabolic heat generation rate (Qn,) was conducted to obtain the
solution pair (wy,, Qm) to approximate the surface temperature profile of IR thermograms.

On the other hand, there are fewer works addressing the thermal modelling of breast
cancer from a different perspective than that of IR superficial thermography. For example,
in the case of Bardati et al. [26], breast thermal volume estimation was simulated by means
of a microwave radiometer, considering a variety of tumor sizes and depths. Radiometric
signals were estimated by varying the contact antenna size. A tumor of 10 mm, located
within a 3 cm layer of breast, could be detected by a 0.1 K radiometer; when the tumor
size decreased to 6 mm, the detection depth diminished to 1 cm. Another finding was that
deeper tumor detection required incremental increases in antenna size.

In the present work, we present the simulation and analysis of temperature variations
associated with cases based on the initial stages of real tumors. The internal and external
temperature distributions and their corresponding gradients are analyzed with the aim of
establishing associations between thermal behavior and tumor parameters that can provide
relevant information in practice, like tumor size or tumor malignancy.
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1.1. Theoretical Framework

Tumor growth involves a process of regulating vessel formation. This contributes to a
tumor’s nutrition and oxygen supply, and even to its dissemination (metastasis). This is
called angiogenesis. This process is often related to temperature rises in the zones where
vascularization is taking place, generating temperature distribution patterns, with “hot
zones” around and inside tumors. In the following section, the physiological and metabolic
processes like angiogenesis and glycolysis, and their relationship with temperature rises in
tumoral zones, are reviewed.

1.2. Angiogenesis and Glycolysis, Processes Related to Temperature Elevations

Angiogenesis is a strictly regulated phenomenon responsible for the generation of
new blood vessels from pre-existing ones [27,28]. It is a natural physiological process
that plays a fundamental role in tissue regeneration and in reproductive activities [29].
However, angiogenesis can become a pathological event associated with neoplastic and
non-neoplastic diseases once normal vascular growth has concluded [30]. Two phases
in tumor growth have been defined: prevascular and angiogenic. In the first one, the
tumor reaches a volume of approximately 2 to 3 mm? at most and is clinically undetectable.
According to Folkman [31], there is a relationship between tumor size and angiogenesis, in
which the tumor cannot reach a size greater than 2 mm? without adequate vascular supply.

The second phase is characterized by the deviation of a subset of cells towards an
angiogenic phenotype; when the tumor becomes vascular, it is capable of producing
metastasis and its degree of malignancy increases [32]. Angiogenesis has even been related,
as a predictive factor, to the tumor state and degree of malignancy because the number
and density of blood vessels are correlated with size, histological type, and metastasis
stages [29,33].

Despite the vessel network spreading during the angiogenic phase, the oxygen and
nutrient supply is ineffective due to neovessels. These are primary components of the
tumoral stroma [29], but inside the tumor they tend to be aberrant [34,35], creating hypoxic
cell regions within the tumor. A low perfusion rate has been reported in tumoral masses
compared to that present in healthy tissue [36]. Considering that heat transfer away from
tissue depends on the rate and volume of blood flowing through the tissue, this lack
of perfusion could produce a temperature increase in the tumoral internal zone and its
surroundings [36].

An important aspect that also affects the temperature is that cells in the tumoral zone
use anaerobic glycolysis to generate energy (Warburg effect), which produces a significant
amount of heat [37]. It has been shown that tumors with an accelerated growth rate,
generally associated with malignant tumors in the pre-clinical stage, present a higher
level of heat delivery than those that grow slowly [37,38]. Lymph node metastasis was
also related with metabolic heat production, showing that, in the major cases, patients
with tumors that present high levels of emissions of heat have developed lymph node
metastasis [37].

In this work, a simulation of the temperature distribution produced by tumors of small
sizes (5, 6, and 8 mm in diameter), which are not yet detectable with a standard imaging
technique, was performed. We used an approach to real behavior because all parameters
involved in the simulation were taken from real cases reported in the literature. Once the
temperature distribution was computed, the temperature gradients along linear paths were
computed and their behavior was analyzed to relate them to potential factors that could
be related to tumor type, establishing a precedent of proposing a gradient parameter as a
predictor or indicator of a potential risk of tumor malignancy.

1.3. Tissue Thermometry

Nowadays, technologies that allow us to acquire data about internal and external
thermal distributions of tissues provide suitable characteristics for performing a precise
analysis. Microwave thermography is one of the techniques used to measure temperatures
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at a depth of several centimeters (up to 6 cm) under breast surface [39]. Passive microwave
thermography has been applied to the detection of electromagnetic tissular emissions,
radiated in the range between 1 and 10 GHz. This method is based on using thermal
abnormalities to detect breast cancer in early stages. In fact, this technique is particularly
associated with malignant tumor detection due to its relationship with the fast growing
rates and temperature elevations produced [37]. Infrared (IR) thermography is another
technique applied to external temperature distribution measurements of breasts, reaching
thermal sensitivities up to 20 mK. Combined with microwave thermometry, IR has been
applied to breast cancer diagnosis; such is the case of RTM-01-RES (MMWR LTD 2019),
a medical device that allows us to visualize infrared and microwave emissions from
the body.

Magnetic resonance imaging (MRI) has been used to produce thermal maps inside
tissues too. MRI based on proton resonance frequency (PRF) provides real-time internal
thermal information with a sensitivity of 1-2 °C, for a spatial resolution in the order of
millimeters [40]. When applied in a high-strength field, this can be used on tissues partially
composed of fat, such as the breast [41,42]. According to studies performed in previous
years by means of using specific contrast agents based on paramagnetic nanoparticles,
thermal precision tended to improve to by approximately 0.1-0.3 °C [43]. However, due to
the high cost of this technique and its capability to provide information in real time, MRI
has been mainly focused on thermotherapy, providing guidance related to heat deposition
induced by electromagnetic or ultrasonic radiation.

2. Methodology

The stages of the computational simulation are shown in Figure 1 and are focused
on obtaining thermal gradients in the stationary phase. Simulation was oriented towards
analyzing the thermal behavior of tumors with diameter sizes between 5 mm and 8 mm,
which conventional ultrasonic imaging techniques do not detect yet. However, they were
in the angiogenic phase, and they were capable of producing a temperature increase and
therefore a non-uniform surrounding thermal distribution.

Physical Datasets: Temperature
Breast anatomy phenomenon and its  Discretization type Study Type: Gradient and
boundary conditions and element size Stationary Temperature Patterns

- & 3 3 3

Geometry Property ' Generation
generation}. definition B | Meshing (Wp| sStudy |Bp

of results

SR $ 3 4

Three-dimensional Three-dimensional Discretized Model Study solution Graphic
geometric model model with defined
physical properties

Figure 1. Stages of computational simulation to obtain thermal gradients.

2.1. Heat Transfer and Bioheating Equation

The heat transfer in the tissue was modeled by means of the bioheating model [44]
Equation (1)
oT
pcpa = V(KVT) + Wbpbcp,b(Tﬂ — T) + Qm + Qext (1)
where p is the density of the tissue, C, is the specific heat of the tissue, dT/0t is the
temperature variation over time, V is the gradient operator, K is the thermal conductivity, T
is the tissue temperature, Wj is the blood perfusion flow, pj is the blood density, C, ;, is the
specific heat of blood, T} is the arterial temperature, Q,, is the heat generated by metabolic
activity, and Q. is energy from an external source.
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This model describes heat transfer in tissue due to an increase in temperature. In
this case, it is due to tumor angiogenesis. This governing equation is used to estimate the
solutions of the computational model by means of the finite element method.

2.2. Finite Element Method and the Computational Modelling

The objective of the finite element method is to obtain information about the system
from its geometric model, working by means of the subdivision of the domain into smaller
and simpler elements. These elements are defined by nodes, where each one is associated
with a set of shape functions that allow us to interpolate data between nodes. According
to the model’s dimensions (1D, 2D or 3D), each shape function is defined with certain
degrees of freedom. Subsequently, the Galerkin approach can be used, and the solution
field is constructed from the solution vector and the set of the basic shape functions in all
elements [45].

The geometric model considered in this work consists of a three-dimensional structure
defined by the skin, fat, gland, and tumor domains. It was based on the breast model
reported in Acero [46]. In that work, the model was validated by means of a comparative
analysis with the results obtained by [17], obtaining satisfactory results. The breast was
modeled as a hemisphere with a diameter of 11.0 cm and height of 7.2 cm; it contains a glan-
dular tissue composed of 16 lobes, with each one connected (Figure 2b) to a galactophore
conduct. The domains corresponding to the epidermis and dermis layers were merged
to simulate the skin (Figure 2a). This model allowed to obtain internal thermal gradients
close to those of a real situation, as was demonstrated in [46], due to the geometry being
nearly attached to the anatomy of the mammary gland. This is unlike other works which
use layers to represent different domains, making it impossible to obtain gradients related
to a tumor’s location and size inside the breast. Another fact is that all parameter values
used in the simulation were obtained from previous works, where the used data were taken
from real cases or estimated from the computation of data extracted from real tissues.
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Figure 2. Geometric 3D model of the female breast and mesh. (a) Complete model. (b) Detail of the
internal geometry. (c¢) Tumor mesh and location in the model.

The geometric design of the model was produced in SolidWorks® and imported by
COMSOL Multiphysics® in order to simulate the thermal phenomenon. The mesh of
the model is depicted in Figure 2. The model was solved for different cases, such as for
three tumor sizes (5 mm, 6 mm, and 8 mm) and a case without a tumor (healthy). The
features of each simulated model were the number of elements—1540413, 1537284, 1541649,
and 1521349; degrees of freedom—2072848 (internal: 759749), 2068621 (internal: 758977),
2074458 (internal: 760733), and 2047357 (internal: 747933); physical memory—7.7 GB,
6.46 GB, 6.49 GB, and 6.44 GB; virtual memory—11.38 GB, 8.98 GB, 9.23 GB, and 9.18 GB;
and number of nodes—2072848 (internal: 759749), 2068621 (internal: 758977), 2074458
(internal: 760733), and 2047357 (internal: 747933). This was performed for tumor sizes of
5 mm, 6 mm, and 8 mm and for healthy tumors, respectively.
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2.3. Simulation Properties

The simulation focuses on tumors with a diameter of 5, 6, and 8 mm and all tumors
located at a depth of 15 mm from the skin surface, specifically inside of one of the milk
ducts. A healthy case (without a tumor) was considered too. It was used as a reference for
when a temperature increase associated with a lesion was not present.

The tissue properties defined in the computational model were thermal capacity (Cp),
thermal conductivity (K), density (p), and heat generation rate (Qy).

These properties were defined based on data reported in previous works and that had
been validated to be typical values accepted in the breast modelling field. The considered
values and the references they were taken from are shown in Table 1. In the case of the
heat generation rate of tumors, the fundamental equation proposed by Gautherie [47] to
calculate Qy,; from tumor diameters was not applied due to it just being valid for tumors
with a diameter > 10 mm. Then, values approximated from real cases by [20] using a
dynamic neural network were considered.

Table 1. Thermophysical properties of tissues.

. Property
Domain
C, Jikg°O] K [W/(m°0O)] p [kg/md] Qi [W/m?]
Fat 2348 [48] 0.21 [11,48] 911 [48] 400 [19]
Gland 3475 [10] 0.48 [19] 1080 [19] 700 [19]
Tumor 3475 [10] 0.48 [19] 1080 [19] VAR [20]
Dermis 3475 [10] 0.3140 [10] 1050 [10] 368.1 [17]
Epidermis 3475 [10] 0.2093 [10] 1050 [10] 0[17]

VAR means variable. Value depends on tumor case.
In addition to previously mentioned parameters, among the thermophysical properties
considered were those corresponding to blood for each domain; these were obtained from

Ng and Sudharsan [19] and Chanmugam [17]. They are shown in Table 2.

Table 2. Thermophysical properties of blood.

. Property
Domain
T, [°C] Cp,b [J/(kg °Q)] Wh [1/s] Pb [kg/m3]

Fat 37 4200 0.0002 1060

Gland 37 4200 0.0006 1060

Tumor 37 4200 0.012 1060

Dermis 37 4200 0.0002 1200

Epidermis 37 4200 0 1200

For all domains, the initial temperature value was set to 37 °C. As boundary conditions,
a fixed temperature was assigned for the thoracic wall equal to an arterial temperature of
37 °C and convective heat flux was added to the upper contour of the dome (counterpart
to the epidermis), with a coefficient of heat transfer of 13.5 [W/ (m? °C)] and with an
environmental temperature of 20 °C.

Regarding the mesh, a tetrahedral element of the second order was used; the maximum
and minimum element sizes were 3.9 mm and 0.167 mm, respectively, as shown in Figure 1.
For the simulated models, the discretization time was 1 min3s, 1 min5s,1 min 7 s, and
1 min 10 s and the simulation time was 1 min 49 s, 1 min 49 s, 1 min 51 s, and 2 min 55 s for
tumor sizes of 5 mm, 6 mm, and 8 mm, and for healthy tissue, respectively.
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2.4. Case Study: Stationary for 5, 6, and 8 mm Tumors and Healthy Tissue

The study was simulated in a steady state. The values of Q;, for tumors were taken as
120,800 W/m?3, 60,830 W/m3 and 68,450 W/m? for diameters of 5, 6, and 8 mm, respectively.
A model of a breast including a tumor is shown in Figure 3. Straight lines were inserted
to show how the vertical (Figure 3a) and horizontal (Figure 3b) paths along the gradients
were estimated. Both paths were marked with points to indicate the coordinates of the
interfaces between the involved tissues. Each path was positioned such that it crossed the
tumor’s center.

80 P; = Breast surface (y = 69.50)

P;; P7=Fat—Skin (y = 68.00)
60 P¢ = Tumor — Fat (y = 54.50)
P5 = Milk duct — Tumor (y = 53.50)

40 P, = Tumor — Milk duct (y = 51.10)
P3 = Fat — Tumor(y = 46.50,48.50,49.50)

el P, = Lobe — Fat (y = 31.50)

Py = Fat — Lobe (y = 4.30)
Py Py = Thoracic wall (y = —1.00)

Py = Breast surface (x = —36.23)
Py = Skin — Fat (x = —34.10)

P, = Fat — Milk duct (x = —9.34)
P3; = Milk duct — Fat (x = —6.70)
P, = Fat — Milk duct (x = —4.20)
Ps = Milk duct — Fat (x = —2.10)
P¢ = Fat — Tumor (x = 4.50)

P; = Tumor — Fat (x = 9.50)

Pg = Fat — Skin (x = 34.10)

| AAI
0

R23,45|Ps 7 | | Ps s |
b

[AAAN A AT [ 1A Py = Breast Surface (x = 36.23)
0

Figure 3. Breast model showing the points of interest on the vertically cut line for all cases (a) and on
the horizontally cut line for the case of a tumor with 5 mm in diameter (b).

The vertical path extends from the chest wall to the surface of the breast. Point Ps
corresponds to the posterior fat-tumor interface, and its y coordinate value depends on the
tumor size due to the anterior face of all tumors being positioned at 15 mm of depth. The y
coordinates corresponding to point P3 were specified in decreasing order of tumor size.

The horizontal path extends from one side (Pp) to the opposite side (Py) of the breast.
The coordinates for each tumor size are summarized in Table 3. They were different in each
case due to the position of the tumor center varying with tumor size.

Once the study was completed, superficial and internal thermal distributions were
obtained. Their respective gradients were estimated from the derivative of thermal distri-

bution data
OT  T(xpy1,Yn) — T(Xn,Yn)
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}VyT| — 51 — T(xnlyn+l) — T(xn’yn) (3)
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|VLT| _ 51 — T(Ln+1) — T(Ln) (4)
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Table 3. The X coordinates of the points of interest for tumors with a diameter of 5, 6, and 8 mm
(Horizontal path).

Tumor Size pp, P, P, P; P, Ps P P, Py Pf

E];ll:]r;e{er [mm] [mm] [mm] [Mmm] [Mmm] [mm] [mm] [Mmm] [mm] [mm]
5 —36.23 —34.10 —9.34 —6.76 —4.2 —2.14 45 9.5 34.1 36.23
6 —36.66 —34.54 —9.62 —6.88 —456 214 4 10 34.54 36.66
8 —37.47 —3540 —10.05 —-725 —-4.76 —-2.06 3 11 35.40 37.48

Internal gradients were obtained along the vertical (x) and the horizontal (y) axes
defined in the model. In the case of the superficial gradient, it was calculated along the arc
length (L) of an arc path, defined in relation to the simulated breast surface.

3. Results

In this section, the results obtained from model simulation are presented. As a first
section, quantitative analysis of internal temperature distributions and their respective
temperature gradients are described for three cases with different tumor sizes, taking the
healthy case as a reference. The behavior of internal temperature and its gradients along the
horizontal and vertical paths are analyzed. In the second section, temperature distributions
over the breast model surface are presented for the three cases too. In order to quantify the
main indicators detected in the models, superficial temperatures are graphed and examined
over an arc path traced above the tumor locations.

3.1. Results from Internal Analysis for Breast with Tumors and Healthy Tissue
3.1.1. Vertical Internal Path

To illustrate temperature and gradient behaviors, the case of a breast model containing
a tumor with a diameter of 5 mm was selected. In Figure 4, the temperature distribution and
its corresponding gradient are plotted along a vertical path crossing the tumor. Analyzing
the temperature distribution and the gradient it produced from the chest wall to the breast
surface, it was noticed that a temperature of 37 °C was established at the thoracic region
(Pp). This slowly decreased (at an average rate of —0.06 °C/mm) to a minimum value of
34.42 °C at a point (black point) located 2.78 mm before P3, which corresponded to the
fat-tumor interface (Figure 4a). In the temperature gradient graph (Figure 4b), as expected,
this black point corresponded to a zero crossing. This point was defined as the beginning
of the zone warmed by tumor growth (ZWTG). From this point until P3, the temperature
rose at an average rate of 0.19 °C/mm, producing an abnormal thermal distribution in the
healthy zone surrounding the tumor.

The maximum rate was reached at P3, which corresponded to the tumor boundary,
and was equal to 0.55 °C/mm. After P3 and until P4, the temperature continued increasing,
but the average rate presented a slight decrease; it was equal to 0.13 °C/mm. The warmest
point in the tumoral zone was in P4 with a temperature of 35.13 °C. From this point, the
temperature decreased at an average rate equal to —0.17 °C/mm until Ps, a point that
corresponded to the interface between a galactophore duct and the tumor. Near to the
tumor—fat boundary, Pg, there was a zone inside the tumor (with a depth of 1.03 mm
measured from the boundary) with the largest average decreasing rate (—0.52 °C/mm),
reaching a maximum value of —1.14 °C/mm at exactly the boundary. Following the path
into the healthy fatty tissue, the average decreasing rate in the next 2.78 mm (assessed to
consider a symmetrical heating profile before and after tumor formation) was equal to
—0.77 °C/mm. The end point of the 2.78 mm segment is marked with a blue point in the
figure. Thus, the ZWTG is considered to be the zone between black and blue points. The
final segment, from the blue point to the breast surface (Ps), was composed of fat and skin
tissues, where temperature continued decreasing at an average rate equal to —0.38 °C/mm.
The temperature on the breast surface was 27.67 °C.
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Figure 4. Temperature distribution along vertical path for the case of tumor with a diameter of
5 mm (a). Its corresponding temperature gradient (b).

In Table 4, the relevant values of temperature and gradients for all tumor sizes along
vertical path are summarized. In all cases, the maximum positive and negative gradient
values were identified at the posterior (P3) and anterior (Pg) boundaries of the tumor,
respectively. Temperature distributions along vertical paths for all cases, with tumor and
healthy, and their respective gradients are displayed in Figure 5.

Table 4. Temperature and gradient values for marked points in the vertical path. Cases of breast with
tumors of 5 mm, 6 mm, and 8 mm in diameter and healthy case are included.

Healthy Tissue Tumoral Zone Healthy Tissue
Zone Warmed by Tumor Growth (ZWTG)
T. D. [mm] @ (b)
Po Pl P2 Black P3 P4 P5 P6 Blue P7 Pf
Point Point
5 T 37 36.79 35.68 34.42 34.92 35.13 34.67 34.12 32.21 28.03 27.67
VT —0.037 —-0.029 —-0.058 =0 0.547 ~0 —0.399 —-1.144 —-0459 —-0446 —0.224
6 T 37.00 36.79 35.69 34.64 34.96 35.24 34.69 34.16 32.26 28.06 27.69
VT —0.029 —-0.029 —-0.057 =0 0.340 —0.085 —0.384 —1.035 —0464 —0.448 —0.225
8 T 37.00 36.79 35.76 35.19 35.73 36.06 35.39 34.84 31.90 28.17 27.80
VT —0.036 —0.028 —0.049 =0 0.375 —0.157 —-0.413 -1.089 —-0457 —-0459 —0.229
T 37.00 36.79 35.63 32.88 32.45 - 27.88 27.53
Healthy gp 0038 —0.029 0064 - 0174 —0216 - 0431 0219

@ Black point was located 2.78 mm, 3.03 mm and 4.53 mm before P3 for each tumor 5 mm, 6 mm, and 8 mm,
respectively. ®) Blue point was located 2.78 mm, 3.03 mm, and 4.53 mm after P¢ for each tumor 5 mm, 6 mm, and
8 mm, respectively. T. D.: tumor diameter. T indicates temperature (°C) and VT indicates gradient (°C/mm) in
the corresponding point. The shadowed zone corresponds to information about points inside the tumor and the
columns (points) highlighted by a red line correspond to points in the zone warmed by tumors.

3.1.2. Horizontal Internal Path

In the case of a horizontal path, Figure 6 shows the temperature distribution and its
corresponding gradient for the same case as that detailed for the vertical path, a case of a
tumor with a diameter of 5 mm. A horizontal path was drawn from one end to the other
of the breast surface, and we ensured that it crossed the tumor center (Figure 3). At the
initial point, Py, located on the left side of the breast surface, the temperature was equal
to 27.8 °C, increasing with depth over the path at an average rate of 0.11 °C/mm until
the point corresponding to a coordinate x = 0 mm. At this point, the temperature was
equal to 33.33 °C; this trajectory was followed over the healthy half of the breast. From
this point (even a bit before) until the black point, a slight rise in the average rate was
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noticed due to the presence of tumor, reaching a value equal to 0.14 °C/mm. Nevertheless,
between the black point and Py (which is the left boundary of tumor), the average rate
tripled; it was equal to 0.41 °C/mm. In terms of gradient (punctual rate), the black point
had a value equal to 24% of the maximum gradient, which was reached at point Ps. And in
terms of temperature, this point compared to the same point in the healthy case presented
a temperature increment of 2.3%. The distance between the black point and Pg was equal
to 2.52 mm. This was a value close to the 2.78 mm found on the vertical path and was
defined as the length of a healthy surrounding ZWTG. For this reason, in the case of the
horizontal path, the black point was also considered as the beginning of the healthy ZWTG.
And taking the same distance (2.52 mm) from the right boundary of tumor, P7, a blue point
was marked to delimitate the warmed healthy zone in this orientation too.

(a) (b)
37 06
——5mm —5mm
% 6mm 0.4 T 6mm
5 ——8mm —8mm
—Healthy 0.2 T T T —Healthy

(°C/mm)

Temperature (°C)
e Gradient
L5
Y N

Temperaturi
L
>

20 25 30 35 40 45 50 5 60 65 70 20 25 30
Y-Coordinate (mm)

35 40 45 50 55 60 65 70
Y-Coordinate (mm)

Figure 5. Temperature distributions (a) and corresponding gradients (b) along vertical path for cases
with tumors of different sizes and a healthy case.
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Figure 6. Temperature distribution along horizontal path for the case of tumor with a diameter of
5 mm (a). Its corresponding temperature gradient (b).

The area from point Pg to point P; corresponds to the tumoral zone. The highest
temperature in this region is 35.0 °C. This occurs at a coordinate x = 6.79 mm, almost at the
tumor center. This point is marked with a green point, which corresponds, as expected, to
a zero crossing in the temperature gradient graph.

Points P and Py, corresponding to the left and the right boundaries of the tumor, coin-
cided with the maximum positive (0.83 °C/mm) and the maximum negative
(—0.89 °C/mm) values of the temperature gradient, respectively, and did so in the vertical
case. The average increasing rate between Pg and the green point was 0.16 °C/mm, and
the average decreasing rate between green point and Py was —0.22 °C/mm.
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The average decrease rate between P and the blue point was —0.56 °C/mm,; after this
point, the average decrease rate diminished to a value of —0.23 °C/mm until the other side
of the breast surface, which presented a temperature of 27.8 °C.

In Table 5, the relevant values, analyzed previously for the breast with a tumor of
5 mm, are listed for all cases considering the horizontal path. In all tumor sizes, the black
point is placed in the position corresponding to 24% of the maximum gradient value,
which in all cases is reached at P¢. Regarding temperature, the black point corresponds to
increments of 1.75% and 2.62% compared to the equivalent points in the corresponding
healthy cases for tumors of 6 and 8 mm, respectively.

Table 5. Temperature and gradient values for marked points in the horizontal path. Cases of breasts
with tumors of 5 mm, 6 mm and 8 mm in diameter and a healthy case are included.

Healthy Tissue Tumoral Zone Healthy Tissue
Zone Warmed by Tumor Growth
(ZWTG)
T. D. [mm] @ ®) ©
Py P, P3 Py Ps Black Pg Green P7; Blue Pg Py
Point Point Point
5 T 27.79 2813 3279 329 3313 3320 33.62 3467 35.08 3453 3322 2818 27.84
VT 0.167 0328 0.016 0.030 0.025 0.034 0.199 0831 =0 —0.890 —0.301 —0.333 —0.170
H. T 2779 2813 3267 3275 3288 329 - 32.8 3273 3265 - 2815 2738
C. VT 0.167 0328 0.016 0.016 =0 —0.028 -- —0.030 —0.011 —-0.103 -- —0.330 —0.167
6 T 2781 2815 3289 33.02 3327 3336 3355 3479 3521 3463 33.00 2820 27.85
VT 0169 0332 0.028 0.029 0.014 0.044 0118 049 =0 —0.775 —0.239 —0.337 —0.172
H. T 27.80 2814 3275 3284 3297 3299 - 3292 3283 3271 - 28.16  27.82
C. VT 0169 0331 0.016 0.011 —0.023 ~0 - —0.021 —0.039 —-0.092 -- —0.333 —0.170
8 T 27.84 2818 3316 3333 3367 3386 3404 3556 36.15 3538 334 28.25  27.90
VT 0.173 0340 0.044 0.034 0.023 0.070 0.180 0749 =0 —0.898 —0.288 —0.347 —0.177
H. T 2782 2816 3292 33.01 3315 3317 -- 3314 33.03 3284 -- 28.18  27.84
C. VT 0172 0.338 0.025 =0 —0.015 0.011 -- —0.019 —0.046 —0.082 -- —0.340 —0.172

@ Black point was located 2.52 mm, 3.38 mm and 4.10 mm before P¢ for 5 mm, 6 mm, and 8 mm tumors,
respectively. ®) Green point was located in the position x = 6.79 mm, x = 6.79 mm, and x = 6.69 mm for 5 mm,
6 mm, and 8 mm tumors, respectively. () Blue point was located 2.52 mm, 3.38 mm, and 4.10 mm after P;
for 5 mm, 6 mm, and 8 mm tumors, respectively. T. D.: tumor diameter. H. E. C.: healthy equivalent case. T
indicates temperature (°C) and VT indicates gradient (°C/mm) in the corresponding point. The shadowed
zone corresponds to information of points inside the tumor and the columns (points) highlighted by the red line
correspond to points in the zone that is warmed by tumors.

Figure 7 shows temperature distributions along horizontal path and their respective
gradients for all models, both cases with tumors and their respective healthy cases.

3.2. Results from Superficial Temperatures for Breast with Tumors and Healthy Tissue

In this section, a quantitative analysis of thermal data from the breast surface is
presented. As a reference, in Figure 8, thermal distribution maps for the cases of healthy
breast (Figure 8a), breast with a tumor of 5 mm in diameter (Figure 8b), 6 mm (Figure 8c),
and 8 mm (Figure 8d) are shown. It is appreciated that, for the breast with the smallest
tumor (5 mm), the temperature variations on the surface section above the tumor’s location
showed values of less than 0.1 °C. All tumor centers were approximately located at the
coordinates x = 7.0 mm; y = 52, 51.5, and 50.5 mm (for tumors of 5, 6, and 8 mm in diameter,
respectively); and z = 7.5 mm. All of them were located at 15 mm of depth from the surface,
measured along the y axis.
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Figure 7. Temperature distribution along horizontal path for the cases of tumors with diameters
of 5 mm, 6 mm, and 8 mm (a) and their corresponding gradients (c). Temperature distribution
for the healthy cases along horizontal path that correspond to each case with aa tumor (b) and its
corresponding gradients (d).
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Figure 8. Temperature distribution on breast surface for healthy case (a), and for a case with a tumor
of 5 mm in diameter (b), of 6 mm (c) and of 8 mm (d). In all cases, the tumor was located at a depth
of 15 mm in the lower left quadrant.

In all cases, the highest temperature (37 °C) was found in the base of the breast
(stuck to the chest). In the healthy case, it decreased uniformly as breast surface (“skin”)
approached the nipple, where a slight increment was detected. In tumoral cases, an
abnormal temperature rise, proportional to tumor size, was produced in the quadrant of
tumor location. These increments influenced the nipple zone proportionally to the tumor
size too.

To analyze data numerically, as performed in the internal analysis, temperatures along
the arc path, indicated with a dotted line in Figure 8, were extracted from all models. As
an example, temperatures over this path for the case of tumors of 5 mm are displayed
in Figure 9 with a blue line. Remarking on temperature elevation due to the tumor’s
presence, the temperatures over the same arc path for the healthy case were included in the
graph with a red line. The arc length (L) points equal to 0 mm corresponded to the base of
the breast, meaning it was stuck to the thoracic wall, and the arc length point of 97 mm
corresponded to the nipple center. Surface temperatures along the arc of both cases were
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compared. We remark on two aspects: (i) the temperature difference remained under 0.1 °C
until 65.67 mm; (ii) it grew slowly until reaching a maximum value of 0.15 °C at 78.88 mm,
which is marked with a dotted line in the zoomed-in image included in the graph.
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Figure 9. Temperature distribution over the arc length marked on breast surface for cases of tumors
with 5 mm diameters.

The temperature gradient over the arc length was computed for both cases described
above (Figure 10). As expected, negative (or decreasing) gradient values prevailed along
the arc length, being larger (in magnitude) for the healthy model. This meant that the
temperature decayed faster in it until 78.88 mm, where the gradients began to be greater
than in the case of tumors. The minimum temperatures (zero-crossing gradient) were
reached at 82.02 mm and at 84.92 mm for the breast without and with tumors, respectively.
Regarding positive gradient values, they were smaller for the latter, which implies that a
tumor attenuates the natural gradient values present at the end of the arc path (near to
the nipple).
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Figure 10. Zoom-in of gradient computed from temperature distribution over the arc length for cases:
healthy breast (red) and breast with tumor of 5 mm (blue).

In Table 6, parameters related to surface temperature and the associated gradient for
all tumor sizes are listed.

Temperature distributions and their corresponding gradients over the arc lengths are
graphed in Figure 11 for all cases. The proportionality between tumor size and temperature
distribution was noticeable. In this case, the gradient magnitudes were also directly
proportional to tumor size.

In the following section, there is a discussion about how the parameters estimated with
the thermal simulations and the obtained gradients could be associated with important
indicators related to tumor stage and malignancy.
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Table 6. Parameters related to temperature and gradient behavior estimated on the arc length traced
on breast surface.

(A) Maximum

Temperature (B) Arc Length ~ (C) Arc Length (D) Arc Length

Tumor . . of Maximum of Zero of Intersection
. Difference with .. . .
Diameter Respect to Health Temperature Crossing in the ~ with Gradient
Casg Y Difference Gradient Graph  of Healthy Case

(mm) O (mm) (mm) (mm)

5 0.15 78.88 84.92 78.88

6 0.18 78.64 85.55 78.64

8 0.30 78.03 88.15 78.03
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Figure 11. Temperature distribution over an arc length marked on breast surface (a) for breasts with
different sizes of tumor and their corresponding temperature gradients (b).

4. Discussion

There are several tumor parameters to be predicted based on thermal information
acquired from tumoral zones: depth, size, shape, malignancy grade, internal composition,
metastasis stage, etc. However, first- or second-level sanitary attention would be desirable
to know the most relevant malignancy probability and size, and if metastasis is present,
although the last one can be deduced from the first two most of the times. In the analysis
presented here, we tried to relate the temperature and gradient data, extracted from
simulations that were nearly attached to real situations, to tumor characteristics. On the
one hand, it was shown that internal and external temperature distributions are influenced
by tumor size. In Figures 5a, 7a and 11a, the temperature behaviors along different paths
(internal/vertical, internal /horizontal, and external arc, respectively) involving tumoral
zone are presented and in all of them a direct relation between temperature increase
and tumor size is observed: the smaller the tumor, the lesser the temperature increase.
A Kruskal-Willis test was carried out to analyze the differences between the thermal
distributions and healthy case. It was observed that a greater increase in temperature
was presented with a tumor size of 8 mm with respect to tumor sizes of 5 mm and 6 mm
(p < 0.05). Nevertheless, between the tumors of 5 mm and 6 mm, a significant difference
was not observed. It was even possible, based on data from the internal paths, to define the
ZWTG, which is related with tumor size too: we proposed to mark the first zero-crossing
point of the vertical gradient (called black point) as the beginning of this zone. This was
mainly carried out due to this point representing the first change in the gradient’s direction
from a negative to positive one, which means a thermal tendency switch from tissue cooling
(healthy tissue) to tissue heating (tumor). The distance between the black point and tumor
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boundary was measured based on the vertical gradient; it was defined as the difference
between the location of the black point and location of the maximum positive peak of the
gradient that corresponded to the tumor beginning. To keep symmetry in the ZWTG, this
distance was measured from the tumor end’s to the healthy tissue after the tumor to mark
the so-called blue point, which represents the end of the ZWTG. In Table 4, the distances
between tumor boundaries and black and blue points are described for each tumor size
in the footnotes. These distances added to tumor size results in the ZWTG length over
the vertical path. Table 7 shows the ZWTG lengths measured on the vertical path for each
tumor size based on the information extracted from the gradient. In all cases, ZWTG’s
vertical length doubles the tumor’s diameter.

Table 7. ZWTG lengths over vertical paths for tumors of 5, 6, and 8 mm in diameter.

Distances from Blue and Black Points to

Tumor Diam. (mm) Tumor Boundaries (mm) ZWTG (mm)
TS Dy Ly =TS +2Dy
2.78 10.56
3.03 12.06
8 453 17.06

For the horizontal path, a similar procedure was defined, and results close to those
of the vertical case were obtained. In Table 8, the ZWTG horizontal lengths are listed for
each tumor size; in this case, it also doubles the tumor diameter. It can be appreciated
that our defined warmed zone (ZWTG) did not reach the surface in any case; however,
in the superficial temperature distribution, as we will analyze later on, there were tiny
temperature increments that depended on tumor size.

Table 8. ZWTG lengths over horizontal path for tumors of 5, 6, and 8 mm in diameter.

Distances from Blue and Black Points to

Tumor Diam. (mm) Tumor Boundaries (mm) ZWTG (mm)
TS Dy Ly =TS +2Dy,
2.52 10.04
3.38 12.76
8 4.10 16.20

It is important to note that, following our analysis based on the data of internal
temperature distribution, it was possible to obtain the size of a hypothetical real tumor
from the maximum and minimum values of the computed gradient and to determine the
corresponding ZWTG vertical length from the zero-crossing point of the same gradient.

Another important parameter associated with gradient characteristics is the heat
generation rate (Qy;), which is directly related to tumor malignancy [37,38]. The maximum
peaks of the gradient graphs always correspond to tumor boundaries, meaning to tumor
interfaces with healthy tissues which present very low Q,, values compared with tumors,
creating abrupt changes that are perceptible in the gradient graph as these maximum peaks.
The magnitude of the gradient peaks (positive or negative) was proportional to the tumor
Qn independently of tumor size; the higher the Q,;, the higher the gradient magnitude.
This relation is shown in Figures 5b and in 7c, where the vertical and horizontal gradients
are graphed for all tumor sizes; however, to provide an overall view, the magnitudes of
gradient peaks corresponding to tumor boundaries are listed in Table 9 for the three tumor
cases. The largest value of Q;, belongs to the smallest tumor (D = 5 mm). It presents the
greatest magnitudes of gradient peaks, following the tumor with a diameter of 8 mm, which
has a Q;, equal to 68,450 W/ m?, and lastly the tumor with a diameter of 6 mm, whose
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Qu is equal to 60,830 W/m? and which presents the smallest peak values. All boundaries
listed in the table were composed of tumoral and fatty tissues, due to simulated tumors
developing as ductal neoplasia surrounded by fat. The boundaries situated nearest to the
breast surface, meaning the anterior and left ones, had gradient peak magnitudes greater
than the other two boundaries, which are located deeper from the surface. It could be due
to the temperature distribution towards the surface changing more drastically than that at
the other sides. In this case, the Kruskal-Willis test was applied, considering the differences
between the tumor gradients and the healthy one. The results indicate that, in the vertical
and horizontal paths, the tumor of 5 mm was distinguishable from the others (p < 0.05). No
significant difference was observed between tumors of 6 mm and 8§ mm.

Table 9. Magnitude of gradient peaks related to tumor boundaries.

Tumor Diam. Q, Gradient Peak Magnitude
(mm) W/m3 (°C/mm)
Vertical Path Horizontal Path
Posterior Anterior Right Left Boundary
Boundary Boundary Boundary (Pors)
(P3v) (Pgv) (Per) i
5 120,800  0.547 1.144 0.831 0.890
6 60,830 0.340 1.035 0.490 0.775
68,450 0.375 1.089 0.749 0.898

In cases of superficial temperature distributions, both temperature increments and
gradients behaved in accordance with tumor size: the larger the tumor size, the higher
temperature increase, and the higher gradient “peak” magnitude. However, in superfi-
cial gradients, these peaks were smoothed compared with those present at the internal
distributions.

The size of the warmed superficial area also correlated with tumor size. However, from
the smallest tumor, the warmed area covered the entire lower right quadrant, complicating
efforts to locate the exact position of tumors.

To evaluate the accuracy that could be reached in a supposed case where just external
temperature and gradient information were available, an analysis of the projection, over
the x axis, of the points of maximum temperatures and maximum gradient differences
regarding healthy cases was performed. In Table 10, the first four columns show the
tumor size (A), the projection of its left bound’s location on the x axis (B1), that of its right
bound, (B2), and that of its center (B3). The arc lengths and their projections on the x
axis corresponding to the location of maximum temperature difference regarding with
healthy case were listed in columns C and D for the three cases. Next, the distance of this
projected point (D) to the projection of the tumor’s center (B3) was registered in column E.
It diminished as the tumor’s diameter increased; the reason for this was that the projection
of the maximum temperature difference moved to the left.

The same steps were followed for the case of maximum gradient difference regarding
a healthy gradient. The arc length corresponding to the position of this point and its
projection on x axis are listed in columns F and G, respectively. The distance from the
projected point (G) to the tumor center (B3) was presented in column H. In this case, the
obtained distances to tumor centers were smaller than those obtained when considering
temperature differences. Distances from the points of maximum gradient differences to
tumor centers were in the order of a tenth of a millimeter (column H). Thus, a preliminary
observation is that when trying to locate, as accurately as possible, a tumor’s location
based on external temperature distribution data, according to our analysis, it is better to
take as reference the point of maximum difference between gradients than the point of
maximum difference between temperatures. The mean and standard deviations of the
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values considered in columns E (maximum temperature projection) and H (maximum
gradient projection) were 3.75 (+0.10) and 0.43 (£0.21), respectively.

Table 10. Projection of magnitude of gradient peaks related to tumor (mm).

A. B1. B2. B3. C. D. E. E. G. H.
S . N Dist.
. . Arc Length Projection  Dist. Arc Length Projection
Tumor Location of Tumor Projected on . . from
Diam  x Axis of Maximum of (C)on  from (D)  of Maximum of (F)onx ©) to
Temp Diff x Axis to Center  Grad Diff Axis
Center
Left Right
Bound Bound Center
(Pe) (P7h)
5 4.50 9.5 7.00 78.88 3.15 3.85 67.62 6.40 0.60
6 4.00 10.00 7.00 78.64 3.25 3.75 66.51 6.80 0.20
8 3.00 11.00 7.00 78.03 3.35 3.65 64.67 7.50 —0.50

Finally, maximum temperature increments with regard to healthy cases were com-
puted for all tumor cases in the three paths: vertical, horizontal, and superficial. In Table 11,
these values are summarized. It is appreciated that internal temperature increments caused
by the tumor’s presence (shown in the vertical and horizontal paths) could reach significant
values in the order of several degrees Celsius. In the cases simulated in this work, where
small tumors were considered due to the interest in focusing on early-stage tumors that
are undetectable with traditional screening techniques, temperature elevations between
2 and 3.2 °C were obtained as the maximum increments compared to healthy cases, with
temperature differences <1 °C among them. Nowadays, MRI thermal mapping based on
PRF can provide in vivo temperature measurement with a precision of about 1 °C; hence,
there is a possibility that detecting small tumors with a high Q,,, generally associated with
malignant early-stage lesions, based on absolute temperature differences (compared to
healthy tissue) could be a reality.

Table 11. Maximum temperature increments for all tumoral cases.

Tumor Diam.

(mm) Path
Vertical Horizontal Superficial
Temp Diff Y Coord Temp Diff X Coord Temp Diff f;cl th
Q) (mm) O (mm) O ( &
mm)
5 2.36 52.34 2.35 6.86 0.15 78.88
6 2.40 52.06 2.39 6.89 0.18 78.64
8 3.17 51.35 3.14 7.2 0.3 78.30

However, it is important to remark that, despite the outstanding advances in technolo-
gies used to estimate internal temperature distributions, the reached resolution with most
of techniques remains a challenge, not to mention the difficulties estimate the temperature
of adipose tissue such as the breast [40,43]. The use of PRF-based MRI with specific contrast
agents based on paramagnetic nanoparticles tends to improve this precision to a tenth
of a degree Celsius. In the cases discussed here, the temperature difference between a
tumor with a Q,; = 120,800 W/m? (Diam = 5 mm) and another with Q,, = 60,830 W/m3
(Diam = 6 mm) was only 0.04 °C, which was indistinguishable between them even with the
most sophisticated equipment. In this key issue, the relevance of working with gradient
data could be notable: the maximum gradient difference between the tumors mentioned
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above (located on the right boundary of tumor, Psg;—Table 9) was 0.341 °C/mm, almost
an order of magnitude higher than the maximum temperature difference. This would be
probably measurable due to future improvements in the temperature mapping precision of
existent technologies.

In superficial temperature measurements, IR thermography reached sensitivities up
to tens of mK. Precision was not a concern in this matter because temperature increases
regarding healthy cases were in the order of tenths of degrees Celsius and temperature
differences between studied cases were in the order of hundredths. Using an IR camera
with a sensitivity of 20 mK, the tumors of 5 and 6 mm in diameter considered in this work
could be differentiated in terms of size; however, as discussed above, in terms of surface
measurements, neither temperature data nor its associated gradients could be related to
tumor malignancy since there seemed to be no correlation with the tumor Qy,.

Another significant observation was obtained from the external temperature and
gradient data. In Table 6, the most relevant parameters obtained from the arc lengths traced
onto breast surfaces that matched with the tumor’s center are listed. For all cases with
tumors, the arc length corresponding to the maximum temperature differences regarding
a healthy case are listed in column (B). They had the same value as the arc length that
corresponded to the intersection with a healthy case on the gradient graphs, shown in
column (D). This means that, at the point (arc length) where the cases with tumors presented
the greatest temperature differences regarding healthy cases, they also presented the same
temperature variation rate as healthy cases.

4.1. Modelling Constrains

In this section, the model constrains are reviewed in order to delimit the scope of the
presented study:

(I) The results obtained in this study were obtained from the numerical modelling of
healthy and tumoral breast tissues, considering conditions that were as near to real ones
as possible. Nevertheless, it should be kept in mind that the real situation is complex and
involves a great number of factors that are difficult to simulate; assumptions to simplify
it, making it more manageable for numerical study, have to be taken into account. Some
limitations due to these factors are as follows:

(@) The assumed model geometry is based on a 3D semi-ellipse shape that is commonly
used in this kind of research. The actual anatomy of the breast deviates from this
ideal model, which could constrain the internal and superficial thermal distributions
presented here. In a real case, the subject position could be adapted in such a way as
to obtain a symmetrical configuration, e.g., in a prone position with free breasts.

(b) Considering the internal anatomy of the mammary gland as a cluster of lobes con-
nected by ducts to the nipple produced a certain symmetry in terms of geometry that
could idealize the results.

(c) Different breast components were interfaced without considering the connective tissue
between them; as a consequence, the effect of this was not considered in assessing
temperature behavior at tissues boundaries.

(d) All tumors were considered at the same depth and spherical geometries to evaluate
thermal profiles under the same boundary conditions.

(e) Environment conditions were considered stable, which means that no changes in
external temperature were considered.

(f) No temperature changes during the menstrual cycle were considered.

(g) Natural body movements (e.g., breathing), and how they could affect the acquisition
of an internal and external thermograms, were not considered.

(h) No extensive clinical data were considered.

Despite these factors, the proposed model is within the considerations made in models
presented in similar works. In fact, the breast geometry used is closer to that of real
breast anatomy than that achieved in the multilayer approach. In future study, some
of the described aspects could be addressed; a parametric study considering variable
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tumor size and location could be performed, including the effect of connective tissues on
thermal distributions.

(II) The conditions considered in this work belong to a standard model of breasts.
Specific characteristics related to age, ethnic group, individual condition, or another par-
ticular feature were not represented in these numeric simulations. For this reason, the
results should not be generalized universally. In future work, the conditions for a deter-
mined group could be analyzed to reflect their influence on the obtained temperature and
gradient results.

(IIT) At this stage, the proposed model was used to study the behavior of the breast
thermal profile given a set of conditions that influence it using numerical solutions based
on a bioheat mathematical model. In reality, there are several factors that could affect its
sensitivity and specificity, which are strongly dependent on those related to the sensitivity
and specificity of the imaging technologies used to acquire thermal maps. In that sense, in
the near future, an extended analysis considering false-positive or false-negative thermo-
grams could be performed to assess how our proposal based on the gradient examination
of thermal distribution could overcome current constraints. In that moment, there should
be the conditions to quantify the misclassification of the model and to consider ethical
implications in a more realistic way. At this moment, it is possible to state that our model
analyses changes in the thermal emissions of involved tissues, and that from a purely
theoretical perspective, this approach generates information related to the tumor heat
generation rate.

(IV) One parameter that could bias the presented results is the position of the tumor.
All tumors were located at the same depth to focus analysis on the effect of size and the
heat generation rate on surface and internal data without interference from other factors.
Another aspect that could represent a limitation is the low availability of early-stage tumor
information from real cases. It is a fact that the thermal characterization of tumors in vivo is
a challenge, producing a lack of thermal parameter data for different kind of tumors (benign
or malignant). There are proposed equations to approximate them (e.g., the proposed by
Gautherie in 1980) and Al-based methods to estimate them. In [49], a review about the
thermal parameters used in different modelling studies is presented.

4.2. Technical and Economical Perspective

A standard computer with the following characteristics was used to implement simu-
lations: 64-bit operating system, Intel core i7-9750H CPU @ 2.60 GHz, 16 GB RAM, 22.8 GB
virtual memory, 256 SSD, and 1 TB HD. The average simulation time was 126 s per simula-
tion and Comsol Multiphysics software was used. The average amounts of physical and
virtual memory used to handle simulations were 6.77 GB and 9.60 GB, respectively.

A technical challenge to integrating the proposed methodology into equipment used
in the clinical practice could be the data conditioning required to adapt the thermal image
files provided by the screening instrument to the required format, which could involve
several processing stages. Another consideration is the great amount of data to be stored
and processed. High-resolution IR thermometry and MR imaging generate large image
files that can be difficult to manage when processed.

The proposed model can be considered a medium-cost approach compared with
other technologies. Assuming the availability of thermographic instrumentation, the main
investments required to implement it would be (i) the required software, (ii) a suitable
workstation to run the required code, and (iii) a storage device with the required capacity.
These costs can amount to several thousand dollars. The main budget constrain could be
instrumentation acquisition in cases that require it, which would represent a budget of
hundreds of thousands of dollars.

5. Conclusions

A computational realistic model of breasts was simulated, based on a 3D geometry that
was near to that of real cases. We considered skin and tumoral, glandular, and fatty tissues.
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Three tumoral cases and one healthy case were considered; all of them were reproduced
based on parameters obtained from real cases reported in the literature. All tumors were
considered spherical and were located at a depth of 15 mm. All cases used a diameter of
less than 10 mm to simulate the early stages of development, where the traditional scanning
techniques do not detect them yet. Thermal phenomena were simulated based on the
Pennes Bioheating equation and temperature distributions with their respective gradients
were obtained along three paths: internal-vertical, internal-horizontal, and superficial. A
thorough analysis of temperature and gradient over these paths allowed us to make the
following observations: (a) temperature values along paths in/over the tumoral zone were
proportional to tumor size, meaning the bigger the tumor size, the greater the temperature
increment in/over the tumor zone. (b) Maximum values of internal gradients in the tumoral
zone were proportional to the tumor heat generation rate (Qm). This has been correlated
with tumor malignancy in previous works [37,38], showing that the internal gradients
could be an indicator of the grade of the malignancy of the tumor, independently of its size.
This finding is restricted to the limitations of numerical studies, which, as was explained
before, are subject to constrains due to simplification of theorizing. (c) The maximum values
of the superficial gradient over the tumoral zone were proportional to tumor size. (d) The
zone warmed by the tumor is related to tumor size, i.e., the larger the tumor, the larger the
heated area; in fact, we propose a method based on gradient information to quantitatively
measure the warmed zone. In all cases the size of this zone was approximately twice the
size of the tumor. (e) In the case that just thermal information on the breast surface was
available, the location of a tumor could be established more accurately based on maximum
differences between gradients than based on maximum differences in temperature (taking
as a reference the healthy breast). Finally, (f) maximum temperature differences (regard
healthy case) for the internal paths were in the order of a few degrees Celsius, while for the
superficial path they were in the order of tenths of a degree Celsius.

The purpose of this study was to establish a basis for extending the possibilities
of breast cancer detection using thermometric methods and encouraging information
extraction from internal and surface thermal maps. In the Introduction section, there
is included a resume about the advantages and disadvantages of existing technologies
for timely or early breast cancer detection. Regard thermometry, internal or superficial,
the main advantages are as followed: non-ionizing radiation is used; it can be applied
periodically, as required, without health risk; it is a screening method applicable to any
ethnic group or age group; and it can be used in any stage of the reproductive cycle
of women'’s lives. For this reason, this work is oriented to analyzing the possibility of
relevant data derivation from breast thermograms and thus providing patients with a more
comfortable, secure, and accurate early detection method.

The model was implemented as a “near to real” case of several breast tumors to
establish associations between thermal behavior and tumor parameters that could provide
useful information in medical practice. All assumed parameters were carefully set to meet
the conditions of the phenomena and to reduce differences with the real-life scenario. The
results obtained in this analysis are expected to be close to the ones obtained in a clinical
case. Nevertheless, a numerical study is a simplified form for modelling the complex
reality and there are implicit deviations due to this fact. In this study, real cases were not
considered, and this could partially limit the results of the analysis.
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