Arkadiusz MIASKOWSKI ', Piotr GAS 2

University of Life Sciences in Lublin (1), AGH University of Science and Technology (2)
ORCID: 1. 0000-0001-9110-5032; 2. 0000-0003-3969-3281

doi:10.15199/48.2023.02.42

Modelling of Temperature Distribution in Anatomically Correct
Female Breast Cancer

Abstract. The paper aims at the temperature distribution modelling in anatomically correct female breast cancer model using modified Pennes
bioheat equation. In our case, a heat transfer in the tumor tissue was considered using different perfusion models i.e. constant, linear and non-linear
temperature-dependent blood perfusion model. These temperature-dependent models have been applied in order to account for the strong
temperature dependence due to bioregulatory processes inside naturalistic irregular shaped breast tumor. It was found that the temperature patterns
distributions do not strongly depend on the perfusion model but they have an impact on temperature rise and its value.

Streszczenie. Praca ma na celu modelowanie rozktadu temperatury w anatomicznym modelu guza piersi kobiecej przy uzyciu zmodyfikowanego
réwnania biocieplnego Pennesa. W naszym przypadku rozwazano przenoszenie ciepta w tkance guza przy uzyciu réznych modeli perfuzji krwi
zaleznych od temperatury, a mianowicie: statego, liniowego i nieliniowego. Modele te zostaty zastosowane w celu uwzglednienia silnej zalezno$ci od
temperatury spowodowanej procesami bioregulacyjnymi wewnatrz naturalistycznego guza piersi o nieregularnym ksztafcie. Autorzy wykazali, ze
rozktady temperatur nie zalezg silnie od modelu perfuzji, ale majg wptyw na wzrost temperatury i jej warto$¢. (Modelowanie rozkfadu temperatury

w anatomicznym modelu guza piersi kobiecej)
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Introduction

Electromagnetic (EM) field is increasingly used in the
treatment of hyperthermia, due to the thermal effect in
cancer tissue and proven efficacy in the treatment of tumors
of various locations, including female breast tumors. Breast
carcinoma is the most frequently diagnosed cancer in
women [1,2]. One of the promising oncological therapies,
still in the phase of intensive clinical trials, is the so-called
magnetic fluid hyperthermia (MFH) [3]. MFH is based on
feeding magnetic nanoparticles (MNPs) into cancer and
then external EM field of hundreds of kilohertz is applied to
induce the tumor temperature in the therapeutic range of
40—-45°C. In this way the MNPs dissipate heat and activate
biochemical paths leading to necrosis or apoptosis of
malignant cells [4]. The idea of MFH therapy is presented in
Fig. 1.

On should realize, that when human tissues are
exposed to an alternating EM field, the eddy currents effect
is observed due to non-zero conductivity of the tissues [5,6].
That effect describes the process where the energy of an
electric current is converted into heat as it flows through the
tissues, which finally leads to their heating. In the case of
MFH, apart from the eddy currents power losses, at the
same time the single-domain nanoparticles magnetic power
losses should be considered. The phenomenon of heat
dissipation from MNPs is very sophisticated and depends
on their concentration, the distribution and the relaxation
mechanism in the tumor together with the magnetic field
strength and its frequency [7]. However, when comparing
both eddy currents and the single-domain nanoparticles
magnetic power losses, the effect of the former can be
neglected as it is about a hundred times lower [8].

The heat sources in EM-induced hyperthermia can be
various types of applicators [9-11], coils [12] and antennas
[3-15] operating on radio and microwave frequencies.
Depending on the heating technique chosen, the tempera-
ture of the tumor may exceed 50°C. which is associated
with the ablation of the cancerous tissue [16—-18]. The
efficacy of thermal therapy may be enhanced by associated
targeted therapy, including radio-, chemo-, immune- or
gene therapy [19,20], where nanocarriers might be magne-
tic particles of different physico-chemical structure [21-24].

During in-silico studies on hyperthermia and ablation
treatments, cancerous tumors are most often modelled with
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spheres [2,25-27] or ellipsoids (prolate or oblate spheroids)
[28]. However, a recent interest of naturalistic tumor shapes
[29] asks about the possibility of taking into account irre-
gular tumor models in thermal therapies procedures.

It should be emphasized that the presented paper
ignores important aspects of alternating EM field genera-
tion, as they are irrelevant from the point of view of the
analysis of various tumor perfusion models. The authors
assumed a specific value of power dissipation of MNPs,
which results from previous performed in-silico and in-vitro
studies of magnetite nanoparticles immersed in an aqueous
solution [30,31].

In the previous work [30], the authors have shown that
the different perfusion tumor models effect significantly
temperature rise taking into account the spherical tumor
model. In the case of irregular shaped tumor such a situa-
tion is not straightforward as it is shown in the current work.

%l

Fig. 1. Idea of magnetic fluid hyperthermia (MFH) treatment:
magnetic nanoparticles (MNPs) are fed into tumor and then
external EM field is applied

Modified Pennes Equation

A mathematical model dedicated to the numerical
analysis of heat transfer in human tissues was proposed by
Pennes in the middle of last century [32]. In this model,
blood perfusion is assumed to be uniform throughout the
tissue and all the heat leaving the artery is absorbed by the
local tissue with no venous rewarming. However, the
Pennes model is limited to the constant-rate blood perfusion
i.e. the arterial temperature is assumed to be equal to the
body core temperature. That means Pennes original model
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describes blood perfusion with acceptable accuracy if there
are no large vessels nearby, like for example, liver [32].

Nevertheless, the vascularized tissue often experiences
increased perfusion as temperature increases and it is
necessary to consider a more general form of Pennes
equation in which the blood perfusion is a function of
temperature. The temperature dependent blood perfusion is
especially desired when dealing with magnetic fluid
hyperthermia and in the cases were high temperature
gradients can occurred [8]. In spite of the fact that the
temperature-dependent blood perfusion values are still
open for discussion, the non-linear ones seem to be the
most accurate and provide a faithful representation of the
heat dissipation in human tissues [2,3,33,34].

In this work, the temperature distribution was calculated
using the modified Pennes equation as [32]:

O _v.(kVT)- pe,p0(T)(T-T,)+ pQ, + P

c— =V
(1) p o
where p is the tissue density, c is the tissue specific heat
capacity, k is the tissue thermal conductivity, ¢, is the blood
specific heat capacity, T, is the arterial blood temperature,
Tis the local temperature, Q,, is the heat generation rate
(HGR in W/Kkg) due to the metabolic heat, Q... is the
external power losses due to the eddy current effect and
other sources, and w(7) is the blood perfusion. In practice,
the temperature-dependent perfusion is often defined as so
called heat transfer rate and defined as HTR(T) = pycyp(T).
In our case, the following perfusion models were considered
[30]:
a) non-linear model:

(T-37)'
880

(2) HIR(T)=04+04exp

mL
min kg K
b) linear model:
@)
c) constant model:

(4)

HIR(T) =-1.08+04T

HIR(T)=0.6
Beside the models, see Egs. (2)—(4), a completely free
of no-blood-perfusion model HTR(T) =0, was investigated
for comparative analysis.

In the case when dealing with MFH it was shown that
the power losses generated by magnetic nanoparticles
present in the tumor play a crucial role when comparing to
the eddy currents [8]. That is why the external power losses
can be expressed as [35]:

(5) Orano =W ¥ ”H(?f p]\_/lll\'P [W/kg]
where y" is the average out-of-phase component of
susceptibility from each magnetic nanoparticle and fis the

frequency of applied electromagnetic field with magnetic
a)

b)

field strength equal to H, and pune is the density of
magnetic nanoparticle core.

To specify the thermal conditions at the boundaries of
the computational domain the mixed boundary conditions
were set in order to describe convection effect as follows

[36]:
(6) k—+h(T—7;m)
n

where 07T/0n means the directional derivative of temperature
in normal direction, k is the thermal conductivity of skin, % is
the heat transfer coefficient and 7., is the external tempera-
ture. This boundary condition is appropriate for modeling
effects like convection, e.g., the cooling effect of blood in
major blood vessels or cooling effect of air around a body.
Additionally, model includes exchange of radiative heat with
the boundary term of the form [36]:

7) Fion = 03 (T T3

radiation ext
where ogs =5.67-10-8 W/m’/K" is the Stefan-Boltzmann
constant.

Above equation can be also expressed as:

Frpion = O (T=T, )(T+ T, )(T*+T22)

radiation ext ext ext

or _F

boundary

(8)

or for small temperature differences, it can be approximated
by:

9) K

radiation ext ) “ext

=40, (T-T,, )T
Finally, taking the above into account, the mixed
boundary condition (6) used in the simulation with coeffi-
cienth=4 (;SBT33Xl can be written as:
or
k—+40,(T-T )T} =F
T do(r-1,)

(10) ext | Pext — * boundary
Anatomically Correct Female Breast Phantom

In order to get as close as possible to the real disease
case, the authors performed calculations using the ana-
tomically correct model of the female breast with irregular
shaped cancer. As for the female breast phantom used in
this work, it was taken from UWCEM Numerical Breast
Phantom Repository (see Fig. 2a) and the following tissues
were extracted and coloured: skin — red, muscle — orange,
breast fat — yellow, fat — green, breast gland — blue. The
breast screening of tumor was provided by Dalian
University of Technology, China. In Fig. 2b, it can be seen
the tumor model with regard to sphere of radius »= 10 mm
in order to better visualize tumor’s irregular shape. Similar
breast phantoms one can find in [3,15,27,29,37] however,
the proposed models were simplified to the semi-ellipsoidal
block, the semi-sphere or to the anatomically correct shape
without naturalistic breast tissues.

Fig. 2. a) Female breast phantom xy-cross section including irregular shaped tumor, and b) the tumor model with regard to sphere of radius

=10 mm
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Fig. 3. a): The different perfusion models as presented in Egs. (2)-(4) [30], and b) temperature over time in the tumor centre for different

blood perfusion models

In this paper the anatomically correct female breast
model was used together with naturalistic tumour model.
Analysed tumor blood perfusions rates are depicted in
Fig. 3a. Tissue parameters were taken from freely available
databases [38] and their physical para-meters are gathered
in Table 1 for frequency f= 100 kHz. Importantly, the HTR
coefficient for tumor, given in Table 1, is variable due to
used blood perfusion model as described in Egs. (2)-(4).

Table 1. Physical parameters of the breast phantom [38]

Quantity Blood Breast fat | Breast gland
v, plkg/m’] 1050 911 1041
b, € [J/kg/K] 3617 2348 2960
k [Wm/K] 0.5169 0.209 0.334
HTR [mL/min/kg] | 10 000 47 150
HGR [W/kg] 0 0.728 2.323
Quantity Fat Muscle Skin Tumor

plkg/m’] 911 1090 1109 1090

¢ [J/kg/K] 2348 3421 3391 3421

k [W/m/K] 0.211 0.495 0.372 0.495

HTR [mL/min/kg] | 32.71 36.74 106 var

HGR [W/kg] 0.506 | 0.906 1.648 100

Simulation Results

In order to numerically investigate the described
problem a commercially available Sim4Life software [36]
was employed. In our case, the Thermal Solver integrated
into Sim4Life platform was used to simulate the thermal
effects in the particular setup as presented above. From
mathematical point of view, the thermal solver is based on
the extended form of diffusion differential equation with
specific boundary conditions.

In our case the initial conditions, T,, understood as
temperature for each individual breast tissue at the start of
the simulation was set to 37°C, the overall (background)
temperature was set to 25°C and the heat transfer coeffi-
cient h was set to # =5 W/m*/K. In addition, it was assumed
that the power density generated by MNPs (placed inside
the tumor) is homogenous and it is at the level of Q,.,, = 100
W/kg. This value is already recognized as a minimum one,
which is desired to reach the therapeutic temperature 42°C
[30]. In this way, it was assumed that magnetic nano-
particles are uniformly distributed in the tumor volume as
found in many similar papers [31]. However, heterogeneous
nanofluid spatial distribution inside tumor tissue is also the
subject of intensive hyperthermia studies [39]. One should
also realise that the coefficients of the blood perfusion
models have been chosen so that their common point falls
to 42°C i.e. at therapeutic temperature, which seems to be
relevant assumption.
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Fig. 3b indicates that the therapeutic temperature
profiles in the middle of the tumor was reached in all cases
except the one where there is no perfusion — in this case
the temperature was the highest, as expected, and it was
about 43°C. Moreover, for the constant and linear perfusion
models the temperature over time is almost the same. From
computational point of view such a situation is very
important as every nonlinear model is very time-consuming.
Therefore, it is advisable to use simplification models with
linear or constant tumor blood perfusion rates.

In Fig.4 can be seen the example cross-section
temperature distribution in the breast model in the steady-
state after 1800 seconds due to heat source from magnetic
nanoparticles Q... - One can notice that temperature about
42°C inside the tumor and its vicinity has been reached for
every perfusion model under consideration. It is clear that
heterogeneous temperature distribution in the tumor vicinity
can be observed because of irregular tumor shape as well
as due to different properties of the tissues surrounding the
tumor. To better visualise these heterogeneous patters the
circle of radius » = 10 mm has been added to the drawings.

Non-Limear perfusion
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Fig. 4. The xy-cross section of temperature distribution passing

through the middle of the tumor in the steady-state for non-linear
perfusion model
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Summary

In present paper, the temperature distribution modelling
in anatomically correct female breast cancer with different
blood perfusion rates has been presented. It was found that
the temperature patterns distributions do not strongly
depend on the perfusion model (i.e. constant-, linear- non-
linear and perfusion-free model) but the application of the
particular model has an impact on temperature rise ratio
and its value. It was shown that temperature rise ratio
depends on the applied perfusion model. Moreover, it is
worth noticing that the application of the non-linear model
and the constant one in the modified Pennes bio-heat

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 99 NR 2/2023



equation, gave the same temperature rise in the function of
time. This result can be very useful from computational
point of view i.e. non-linear models are often time- and
memory-consuming models. Therefore, the authors
recommend the use of simplified models with linear or
constant perfusion rates during the hyperthermia treatment
planning.
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