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Computational Simulation of Breast Tissue with Lesion
Characterized by a Thermal Gradient Oriented to Anomalies
Smaller than 1 cm of Diameter

R.V. Acero M., 1. Bazan, A. Ramirez-Garcia.

Abstract— In this work, the computational simulation of
thermal gradients related to internal lesions according to the
phenomenon of pathological angiogenesis is proposed, this is
based on the finite element method, and using a three-
dimensional geometric model adjusted to suit the real female
anatomy. The simulation of the thermal distribution was based
on the bioheating equation; it was carried out using the
COMSOL Multiphysics® software. As a result, the simulation
of both internal and superficial thermal distributions associated
to lesions smaller than 1 cm and located inside the simulated
breast tissue were obtained. An increase in temperature on the
surface of the breast 0of 0.1 ° C was observed for a lesion of 5 mm
in diameter and 15 mm in deep. A qualitative validation of the
model was carried out by contrasting the simulation of
anomalies of 10 mm in diameter at different depths (10, 15 and
20 mm) proposed in the literature, with the simulation of the
model proposed here, obtaining the same behavior for the three
cases.

Clinical Relevance— The 3D computational tool adjusted to
suit the anatomy of the real female breast allows obtaining the
temperature distribution inside and on the surface of the tissue
in healthy cases and with abnormalities associated with
temperature elevations. It is an important characteristic of the
model when the behavior of the parameters inside the tissue
needs to be analyzed.

I. INTRODUCTION

The development of tools that allow the early detection of
anomalies in breast tissue has taken on great importance in
recent years. According to the hypothesis proposed by
Folkman [1], which indicates a dependence between tumor
growth and angiogenesis, no solid tumor can grow above 2
mm withoutadequate vascular supply. Gautherie [2] observed
an increase in temperature and greater blood flow when it
comes to tumor tissue, which can be seen reflected in the
surface temperature according to Chanmugam [3].

These tempemature profiles can be measured by various
detection instruments; however, their diagnostic capacity is
limited. In response, certain authors [3]-[9] use numerical
simulation, based on mathematical model [10], as an
additional tool to these instruments to improve sensitivity and
fully understand the effect of breast lesions on surface
temperature.

Despite having advances in the parameters and the
implementation of tools such asneural networks and genetic
algorithms, the models described in the literature are far from
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adaptingto the anatomy ofthe breast in a more realistic way,
since in these models, it is divided into layers, simplifying the
structures of the mammary gland. One ofthe main interests of
the presentstudy is to improve the approximation to real total
thermal distributions (internal and superficial) by approaching
the anatomical structure by means of a three-dimensional
modeling thatinvolves structuressuch as lobes and mik ducts
and to use very specific parameters for each domain, as well
as to analyze anomalies smaller than 10 mm in diameter
located into the gland structure.

II. THEORETICAL FRAMEWORK

A. Angiogenesis and its relation to tumor formation and
consequent temperature elevation

Angiogenesis is the process responsible for the elevation of
temperatures in regions where a lesion is located, it is reflected
in the phenomenon of blood perfusion (W,,) which is
expressed in the bioheating equation. Normally it is a strictly
regulated phenomenon [11],[12] however, when vascular
growth is complete, angiogenesis becomes a pathological
process that accompanies the development of neoplastic and
non-neoplastic diseases [13]. This process leads to
temperature rises in the region where it occurs [2],[14]and it
is generally associated with a surface temperature elevation

[6].
B. Bioheating Equation

The bioheating equation is a physic-mathematical model
that describes the heat transfer phenomena in the biological
tissue, in this case, dueto angiogenesis associated with certain
abnormalities in the breast.

The mathematical model for heat transfer in tissue was
proposed by Pennes[10], this is driven by the fact thatthere is
a thermal equilibrium between blood perfusion atthe capillary
level and the heat generated by metabolism in the tissue,
whose expression is shownin Eq. 1.

oT
pCp— = VIKVT) + Wpp G,y (Ty = T) + Qunt+ Qexe (1)

where p is the density of the tissue [kg/m?], Cpthe specific
heat ofthe tissue [J/kg °C], dT /dt the temperature variation
over time, Vthe gradient operator, K thermal conductivity
[W/(m®°C)], T tissue temperature [°C], W, blood perfusion
flow [ml of blood/m?s ], p, blood density [kg/m*],C,,
specific heat of blood [J/kg°C], T, arteria
temperature [°C], Q,, is heat generated by metabolic
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activity [W/m?] and Q,,, energy from an external source
[W/m3].

C. Finite Element Method

The finite element method starts from modeling a system
to obtain information about its behavior. It begins by
subdividing the domain into simple elements which are
delimited by points or nodes and each of them hasa set of
shape functions. Each shape function is associated with certain
degrees of freedom (according to dimension). Subsequently,
the element stiffness matrix and the load vector are obtained.
Once this is done, the global stiffness matrix and the load
vectorareassembled, boundary conditions are established,and
the partial differential equations (PDE) are solved for each
element. The solution field is constructed by interpolation of
the solution vector and the set of basic shape functionsin all
elements [15].

The model of the female breast considered was taken from
Acero [16], it consists of three-dimensional structures defined
for each of the domains; fat, gland, and tumor, to which the
epidermis and dermis were addedas shownin Fig. 1.

In contrast with other works [3]-[8] that divide the model
into layers that representeach involved tissue component, the
present model resembles in a closer way the anatomical
structure of the real female breast, which might allow us to
have more realistic results, mainly inside tissue.

The software used for the simulation was COMSOL
Multiphysics®. The 3-D model of the breast, Fig. 1, was
imported from Solid Works®.

III. METHODOLOGY

A. Simulationproperties

The simulation proposed here focuses on tumors of 5, 6, 7
and 8 mm in diameterand 15 mm in depth, located insidethe
glandulartissue (conducts and lobes).

The properties of the materials (thermal capacity (Cp, ),
thermal conductivity (K) and density (p).) and references
from they were obtained are shown in Table I.
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Figure 1. Geometric model of the female breast.

TABLE 1. THERMOPHYSICAL PROPERTIES OF MATERIALS
. Material Properties
Pomi e Vg -c] K1Y fm o | o[ sl @™ /o]

Fat 2,348[17] 0.21[17] 911[17] | 400

Gland 3,475[8] 0.48 [5] 1,080[5] | 700

Tumor 3,475[8] 0.48 [5] 1,080[5] | VAR
Dermis 3,475[8] 0.3140[8] | 1,050[8] | 368.1
Epidermis | 3,475[8] 0.2093[8] | 1,050[8] | 0

Regarding physics, the bioheat transfer module was used.
It uses the Pennes bioheating equation [10] to model the
physical phenomenon. The blood properties (Arterial
Temperature (T,), specific heat (C,, ), blood perfusion rate
(W,), blood density (p,,) and metabolic heat source (Q,,))),
corresponding for each biological tissue involved in the
simulationare shownin Table 11 and havebeen extracted from
Ng and Sudharsan [5],and Chanmugam [3].

TABLE IL THERMOPHYSICAL PROPERTIES OF BLOOD
Property
Domain o i T kg
D1 e Diegeel | o U/ ] pa[ /]
Fat 37 4,200 0.0002 1,060
Gland 37 4,200 0.0006 1,060
Tumor 37 4,200 0.012 1,060
Dermis 37 4,200 0.0002 1,200
Epidermis 37 4,200 0 1,200

For alldomains, the initial temperature value corresponds
to 37 °C. As boundary conditions a fixed temperature for the
thoracic wall equal to arterial temperature of37 °C is assigned
and a convective heat flux is added to the upper contour of the
dome (epidermis) with a coefficient of heat transfer of 13.5
[W/m?°(], and with an environment temperature 20 ° C.

Regardingthe mesh, the shape of the element was chosen
as tetrahedrnal, the maximum element size is 3.9 mm, and the
minimum elementsize is 0.167 mm.

B. Modelvalidation

The validation ofthemodel was carried out by means ofa
qualitative comparison between the model proposed by
Chanmugam [3] and the model presented here, both for the
simulationofa 10 mm diameter tumor at differentdepths (10,
15 and20 mm) with respect to the surface ofthe dome. In this
sense, the thermophysical properties were taken from
Chanmugam [3], the initial temperature for all the domains
was 37 °C, and the metabolic heat source (Q,,,) of the tumor
was 5,000 [W/m3].

As boundary conditions an ambient temperature of 21 °C
is taken, with a heattransfer coefficientof 10 [W/m? ]in the
domain ofthe epidemis, the temperature of the thoracic wall
is adjustedto thebody core37 °C.

For the validation case the mesh elements have a
tetrahedral shape with a maximum size of 6.13 mm and a
minimum size of 0.446 mm, it has a total of 3,508,961
elements. The stationary study was conducted, and the results
are shown in thenext section.

C. Casestudy: Variable Q,,

The value ofthe metabolic heat source (Q,,,) for the tumor
can vary according to its diameter. The values used for each
case were taken from Saniei[7], 5 cases with diameters of 5,
6,7 and 8 were considered together with the healthy case, takin
the Q,, values as 120,800 W / m?*, 60,830 W / m?, 58,930
W /m3 68450W /m3and0 W /m3, respectively. The
study wasconducted in steady stateand theresults are shown
in the next section.
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IV. RESULTS
A. Results of the Validation

Fig. 2 shows the temperature difference on the surface fora
tumor with a radius of S mmanddepths 0f 10, 15and 20 mm,
this alongthe arc of the model circumference, where the zero
corresponds to thehighest point ofthe domethat represent the
breast.

In contrast to Chanmugam [3 ], who reports a temperature
differenceof justunder 0.6 ° C fora tumor 10 mm deep, here
a difference 0£0.93 ° C is reported. While for a depth of 15
and 20 mm, Chanmugam [3]reports0.2 ° C and just under 0.1
°C,and here 0.3°Cand0.2 °Care obtained, respectively.

Fig. 3 shows thetemperature distribution on the surface for
a tumor of 10 mm in diameter, with a polarangle of 30°ata
depth of 15 mm, which is located within a milk duct, thus
simulating a ductal cancer. The increase in surface temperature
is 0.3 °C comparedto healthy tissue, which canbe seen in the
region where the tumor is located.

B. Results of the Case of study: Variable Q,

Table I shows values of the temperature difference (AT),
at different depths into the tissue, between healthy case and
case with a tumor mass. A vertical cutline is drawn parallel to
the "y" axis thatcrosses all the domains from the thoracic wall
to the surface of the breast, where the first column from left to
right correspondsto the limit between fat and the lobe in which
the tumoris located (A), the second column corresponds to the
limit between the lobe and the tumor (B), the third column
indicates the limit between the tumor and the fat (C), and
finally thelastcolumn indicates the temperature values on the
surface (D). Allthese points are fixed positions independently
of tumor size except the point B thatchanges according to it.
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Figure 2. Surface temperature difference (AT) for tumor of radius
r=5mm and tumor depth of d= 10, d=15, and d=20 mm
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Figure 3. Stages of computer simulation development.

TABLE IIL TEMPERATURE DIFFERENCES (AT) AT DIFFERENT DEPTHS
INTO THE TISSUE BETWEEN HEALTHY AND TUMORAL CASES (TUMOR MASS
LOCATED AT 15 MM OF DEPTH IN ALL CASES).

Tumor

Sine @) ®) © ®

5 mm 0.07°C 1.19°C 1.75°C 0.1°C
6 mm 0.08°C 1.17°C 1.76°C 0.11°C
7 mm 0.12°C 1.34°C 2.04°C 0.15°C
8 mm 0.18°C 1.57°C 2.38°C 0.2°C

It is observed that the temperatures in the tissue interface
(C) varies approximately in a range of 1.75to 2.38 °C, these
variations being greater than those that exist at the tissue
interface (B), where the range goes from 1.17to 1.57 °C. A
surface temperature variation of 0.1 °C is also observed for a
5 mm tumor and 0.2 °C for an 8 mm tumor. A temperature
decrease in thetissueinterface (B) between the cases of 5 mm
and 6 mm tumor size is observed however keep in mind that
this particular interface is not a fixed point in all cases, but it
depends onthe tumor size and for this rea son the temperature
reference taken form the healthy case does not correspond to
the same position.

The temperature distribution on the surface, from an
anterior view, for a healthy case and for a case with a tumor
measuring 5 mm, 6 mm, 7 mm, and 8 mm in diameter at a
depth of 15 mmis shownin Fig. 4.

V. DISCUSSIONS

Regard validation, in Fig. 2 we can see the temperature
differenceonthe surface for depths of 10, 15 and 20 mm. The
results showed a temperature difference of 0.3 °© C
corresponding to 1 0 mm of depth with respect to that reported
by Chanmugam [3], while for 15 and 20 mm of depth they
remain within the same range. This is due to the geometry of
the model and the domains that the tumor encompasses, where
fora 10 mm deep tumor, in the model proposed here, it is still
the domain of fat, while for the layered model it is fat and
gland.

In Fig. 3, an increase in surface temperature around 32 to
322 °C is reported, while Chanmugam [3] reportts
approximately 32 to 32.4 °C. Results obtained with both
models are similar, however, the model here proposed obtains
informationnotonly from thesurface (as thelayered model),
but also from theinternal structure of the breast.

Figure 4. Temperature dlstnbutlon on the surface a) healthy case, b) 5 mm
tumor case, ¢) 6 mm tumor case, d) 7mm tumor case, and €) 8 mm tumor
case. *The white regions correspond to spaces with temperature out of
range, this to highlight the thermal regions on the surface.
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About the Case of study: Variable Q,,, in TableI11, in the
first column from left to right, which corresponds to the
boundary between the domains of fat and lobe, we can observe
the temperature differences (ATs) behavior such thatthe larger
the tumor, the higher the temperature atthis point, which allow
usto point out that when there is a tumor within the lobe, the
temperature of this lobe increases proportionally to the tumor
size, presenting small temperature increments a pproximately
of 0.07°C forthe smallest tumor (with a diameter of Smm). In
the second and third columns of Table 111, which correspond
to boundaries of the tumor mass, there were ATs of more than
1 °C for all cases, the highest values listed in the table.
Nevertheless, in the third column, which corresponds to the
boundary between the domain of the tumor and the fat, the
values of AT were greater than the values presented in the
second column (corresponding to boundary between tumor
and lobe), therefore, it suggests that there is a greater heat
transfer atthe limit of the tumor with the fat than with the lobe.
Finally, the fourth column shows the ATs of the surface of the
breast, whereanincrease0f0.1 °C canbeobservedfor a tumor
of 5 mm in diameterand 0.2 °C forone of 8 mm in diameter.
This indicates a superficial temperature differences (ATs)
proportional with tumor size, which matches with results
found in other works [3]-[8] focused to obtain superficial
temperature patterns.

In Fig. 4 we can see the temperature distribution on the
surface fora healthy case and the cases with a tumorof'5, 6,
7 and 8 mm in diameter, where the temperature pattem for the
first of them is completely geometric while forthe cases with
anomaly, an increase in temperature that tends towards the
quadrant where the tumor is located was detected. The
superficialregion a ffected by temperature increment is larger
fortumors with bigger size.

VI. CONCLUSIONS

The study of the anatomy and physiology of some
processes of the mammary gland, together with the research
of previous works, allowed us to select a basic anatomical
model, which was simulated with the help of the study of
physics and its physiological aspects, thus developing a 3-D
computational model thatsimulatesboth the anatomy and the
bioheating processes associated with pathologies, obtaining
realistic results in both: atsurfaceand inside breast tissue.

Anomalies smaller than 1 cm in diameter were analyzed,
where an 8 mm diameter tumor can increase the temperature
on the breast surface by up to 0.2 °C while a 5 mm one
generates a 0.1 °C increase, obtaining its patterns of
tempermature on the surface which allows us to analyze the
temperature increases in the quadrant where the anomaly is
located. Themodel wasvalidated by simulatinga tumor of 10
mm in diameter atdifferentdepths(10, 15and 20 mm) taking
the Chanmugam [3] data for these cases, obtaining a similar
behavior onsuperficial temperature patterns as a result.
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