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Modelling the tumor temperature distribution in anatomically
correct female breast phantom

Abstract. The presented paper focuses on a numerical analysis of temperature in the anatomical model of the female breast with a strictly defined
level of power generated by the EMF source in pathological tissue saturated with ferrofluid. The aim of this study was to examine the effect of blood
perfusion rate models on the resultant tumor temperature. The four tumor perfusion models were subjected to comparative analysis: constant, linear,
nonlinear and completely free of blood flow. The authors have shown that taking into account the various temperature dependences of blood
perfusion models within the treated tissue might play an important role in the complex process of female breast cancer treatment planning.

Streszczenie. Przedstawiona praca skupia sie na numerycznej analizie temperatury w anatomicznym modelu gruczotu piersiowego kobiety o Scisle
okre$lonym poziomie mocy generowanej przez zrédto PEM w patologicznej tkance nasyconej ferrofluidem. Celem tej pracy byto zbadanie wptywu
perfuzji krwi na wypadkowg temperature guza. Analizie poréwnawczej poddano cztery modele perfuzji w guzie: staty, liniowy, nieliniowy oraz model
catkowicie pozbawiony przeptywu krwi. Autorzy pracy wykazali, ze uwzglednienie réznych zaleznosci temperaturowych dla modeli perfuzji krwi
w leczonej tkance, moze odgrywac istotng role w ztozonym procesie planowania leczenia nowotworéw piersi. (Modelowanie rozktadu temperatury

guza w naturalistycznym fantomie gruczotu piersiowego)

Keywords: hyperthermia, breast cancer, magnetic fluid, Pennes equation, temperature-dependent perfusion, power deposition, FEM.
Stowa kluczowe: hipertermia, rak piersi, ciecz magnetyczna, réwnanie Pennesa, modele perfuzji, osadzanie energii, MES.

Introduction

Nowadays, electromagnetic fields and electric currents
of different frequencies and pulse shapes have found appli-
cation in the treatment of various diseases [1, 2]. The usage
of thermal effect in medical therapies [3, 4] has found
proven efficacy in the treatment of cancer including breast
cancer, which is the most frequently diagnosed carcinoma
in women [5]. For this reason, new oncological treatments
are being constantly sought that permanently kill tumor
cells, reduce the patients' mortality rates and cancer recur-
rence, without resecting the entire breast tissue, which is
extremely important from the point of view of the psycho-
physical condition of the female patients. One of the promis-
ing cancer therapies that is still in the phase of intensive
clinical studies, is the so-called magnetic fluid hyperther-
mia (MFH) [6-8]. In this procedure, magnetic nanoparticles
(MNPs), with specific physico-chemical properties, are de-
livered into the tumor site, and then they are heated to high
therapeutic temperatures in the range of 41-46°C by RF-
induced heating. The heat dissipated inside MNPs under
the AC magnetic field activates irreversible biochemical
changes in cancer cells, resulting in apoptosis or necrosis
of malignant cells, while leaving intact healthy tissues sur-
rounding the tumor. Importantly, sources of such fields can
be various types of applicators, RF coils, microwave anten-
nas [9-11]. However, the effectiveness of this method can
be increased by combining it with targeted tumor therapy
including both radio- and chemotherapy [12]. The different
imaging or detection techniques for female breast tumors
are also of great importance in oncomedicine [13, 14].

A potential clinical treatment planning can be assisted
by computer modeling [15], where individual heating profiles
of MNPs as well as the dose and concentration of magnetic
material necessary to achieve a specific therapeutic effect
in a given disease case can be determined by computer
simulation [16]. The main limitation of magnetic hyperther-
mia treatment is meeting the following exposure criterion in
the form H f<4.85-10° A/m/s. This value is related to the
pain threshold for induced eddy currents within the human
trunk, however, weaker restrictions are allowed for smaller
body parts subjected to radiation exposure. In the case of
ferrofluid heating, a useful RF exposure range is often limit-
ed to the frequency of <1 MHz and to the magnetic field
intensity of H <16 kA/m [17]. Interestingly, MNPs are also
employed in diversity of industrial applications [18].

To assess the effectiveness of MFH researchers often
use both virtual and physical female breast phantoms
[19-21]. The 3D heterogeneous, naturalistic, virtual female
breast models seem to be the best solution for this purpose,
however, due to the complex anatomical structure and long
computation time, they are often replaced by simplified
(semi-spherical or semi-ellipsoidal) models with a uniform
internal structure [22—-26, 35].

The presented paper neglects the important technical
aspects of generating appropriate electromagnetic field
(EMF), and focuses on the numerical analysis of tempera-
ture in the breast model, with a precisely defined level of
power generated by the external EMF source in breast
tumor tissue saturated with ferrofluid. The values of power
dissipation in magnetic nanopatrticles Q,.,, are the result of
the authors' experience [6] and previously performed calori-
metric measurements of the ferrofluids based on magnetite
agueous solutions [7]. Of course, the value of this parame-
ter obtained from in vitro studies must differ from in vivo
measurements, where the actual tumor shape, perfusion as
well as complicated interactions between magnetic nano-
particles (MNPs) and tumor tissue should be taken into
account. Hence, the usage of the 3D anatomically corrected
female breast model in current paper is fully justified.

The aim of this study was to examine the effect of
blood perfusion rate models on the resultant temperature of
breast tumor. What is important, the four tumor perfusion
models were subjected to comparative analysis: constant
(independent of temperature), linear, nonlinear and com-
pletely free of blood flow. The authors clearly showed that
taking into account the different temperature dependences
of blood perfusion rates within the treated tissue might play
an important role in the complex treatment planning of
female breast cancer.

Model Description and Basic Equations

In order to come to the real medical case as close as
possible, the authors performed calculations on the 3D
anatomical, heterogeneous phantom of the female breast
created from the MR images by [19]. This model in different
variants (degrees of complexity) was successfully used in
our earlier works [6, 27]. The current virtual model of female
breast consists of 227x299x162 voxels and assumes a he-
terogeneously dense of breast tissue at a level of 51-75%,
which well reflecting the complex structure of breast gland.
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a)

Fig. 1. a): The 3D female breast model, and b): its cross-section (z = 0) taking into account the tumor (» = 10 mm) and surrounding tissues

Therefore, it was possible to extract several basic
tissues in the considered model, namely skin (red), muscles
(orange), breast gland (blue), breast fat (yellow), fat (green),
as well as tumor tissue (pink), as depicted in Fig. 1. Such a
model. was analysed in the Cartesian coordinate system
@, 2).

To determine the temperature distributions in modelled
breast phantom, the modified bioheat transfer equation was
employed, commonly known as the Pennes equation [28]:

or
1) pear= V-(kVT)+ pO,, + Opo + PCypXT) (T, —T)

where p and p, [kg/m’] stand for the mass density, ¢ and c,
[J/kg/K] - the specific heat, T'and T, [K] —the temperature
of tissue and arterial blood, respectively. What is more, ¢ [s]
means the time, £ [W/m/K] represents the tissue thermal
conductivity, and o(7) [mL/min/kg] means the temperature-
dependent blood perfusion rate. Therefore, the perfusion
source part p,cpp@ [W/m3/K], also called heat-transfer rate
(HTR), defines the power losses in unit temperature due to
blood flow within individual tissues. In addition, Q,, [W/kg] is
the heat generation rate due to tissue cells metabolism as
well as Ouano [W/m3] specifies power losses due to magnetic
nanoparticles according to the equation below [17]:

(2) Qnano = nHOZ”H(?f

where u0:41t'10'7 H/m stand for the permeability of free
space, x"(-) denotes the average out-of-phase component
of AC susceptibility ( x=y'—jy'") from MNPs. What is more,
H, means the magnetic field intensity in given material, and
fis the frequency of AC magnetic field.

The bio-heat equation (1) assumes the temperature
dependence of blood flow through tumor, whose various
models, namely strongly non-linear, linear, constant and
without perfusion define the following equations [6, 29, 30]:

(3) o(T)=a+ Bexp (=37
e

4) o(T)=a,+pT

(5) aJ(T) =qa,

(6) o(T)=0

where a, S, y are constant coefficients, that exact numerical
values are gathered in Table 1, and the corresponding w(7)
-distributions are shown in Fig. 2. It should be noticed, that
all considered curves intersect at 7'=42°C, i.e. for the tem-
perature characteristic for magnetic hyperthermia treatment.

Table 1. Formulations for different tumor blood perfusion models

Model Formula
. (r-37)"
non-linear | @(T)=0.4+0.4exp| —~————
880
linear o(T)=-1.08+0.04T
constant o(T)=0.6
no perfusion o(T)=0
0.80 —#— Non-Linear
Linear
075 — Const
070
0.65
0.60
055
050
045
040
37 38 39 40 41 42 43 ) 45

Temperature [°C]

Fig. 2. Temperature-dependent characteristics of normalized tumor
perfusion rates

The heat exchange between the breast skin surface and
the external environment is determined by the Robin-type
boundary condition, namely [10]:

@) N-(—ky,VT)=h(T, ~T)

where ky;, [W/m/K] indicates the thermal conductivity of
the skin, and % [W/(m’K)] is the so-called heat transfer
coefficient that is associated with the breast skin layer. In
addition, 7., means the temperature of the breast surround-
ing, and n is the normal vector to the breast surface.

Simulation Results

Based on the previous author’s the experiences [6] and
performed calorimetric measurements [7], it was assumed
that the power density generated in magnetic nanoparticles
(placed in the tumor) under external AC magnetic field was
set at the level of Q=109 kW/m’. The excitation was
turned off after the exposure time ¢= 30 min. The external
temperature was established at T, =25°C, and the heat
transfer coefficient was chosen to be /=9.5 W/(m*K).
Importantly, the initial temperature of the breast tissues was
To=37°C and the arterial blood temperature T, is assumed
at the same level as the female breast core temperature Ty,

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 96 NR 2/2020 147



Thermal parameters of different breast tissues used in the
simulation were taken from the Information Technologies in
Society (IT'IS) database [31] and summarized in Table 2.
It should be noted that the physical parameters of the tumor
correspond to the parameters of muscle tissue, except for
the very high compared to other tissues value of metabolic
heat generation Q,, = 100 W/kg characteristic for malignant
cells as well as temperature-dependent perfusion rate w(7)
defined in Table 1. What is important, the outlined thermal
problem was numerically solved using the finite element
method (FEM) with commercially available tool of Sim4Life
software [32].

Table 2. Tissue parameters employed in the Pennes equation [31
Quantity Blood Breast fat | Breast gland
On [W/kg] 0 0.728 2.323
o, plkg/m’] 1050 911 1041
b, € [J/kg/K] 3617 2348 2960
k [Wm/K] 0.5169 0.209 0.334
o [mL/min/kg] 10 000 47 150
HTR [W/m’/K] 6.646-10° 2710 9974
Quantity Fat Muscle Skin Tumor
Om [W/kg] 0.506 0.906 1.648 100
plkg/m’] 911 1090 1109 1090
c [J/kg/K] 2348 3421 3391 3421
k [W/m/K] 0.211 0.495 0.372 0.495
o [mL/min/kg] 32.71 36.74 106 | Tablel
HTR [W/m’/K] 1886 2536 7468 | ppcppw

Fig. 3 illustrates a sample xy-cross section temperature
distributions for different tumor perfusion models, including
constant, linear, nonlinear, and non-perfusion models after
30-min-period of exposure, when the exciting AC magnetic
field is vanished (Q..., has a zero value). As expected,
the highest temperatures were recorded in the tumor site.

a)

)

The transient profiles of temperature in tumor centre for
all analysed models are curved in Fig. 4. The fastest the
tumor temperature reached the steady-state in the case of
the tumor model with linear perfusion, and the most slowly
non-perfused tumor was heated up. Interestingly, the similar
levels of temperature, namely 44.8°C, 44.1°C and 44.5°C,
have been observed for constant, linear and non-linear
perfusion models, respectively. Moreover, the tumor heat
accumulation, at level of almost 49°C, was reported for the
non-perfusion model, which is due to the damage of tumor
cooling mechanisms by circulating blood. Such a situation
occurs especially within the dense-vascularized solid tu-
mors, which dysfunctional blood vessels have completely
lost their thermoregulatory properties [33, 34].

—#— No HTR
Const HTR
#— Linear HTR
—&— Non-Linear HTR
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Fig. 4. The comparison of time dependences inside centre of tumor
for different tumor perfusion models, namely: constant (orange),
linear (green), non-linear (red), and without blood perfusion (blue)

Fig. 3. Temperature distributions in the modelled female breast phantom after treatment time equal to # = 30 min for various tumor perfusion
models: a) constant, b) linear, c) non-linear, and d) without blood perfusion
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Summary

The work focuses on numerical analysis of the modified
Pennes equation to assess the temperature profiles of a
female breast tumor with temperature-dependent blood
perfusion. In order to get as close to the real medical case
as possible, the simulations were carried out on a realistic
female breast phantom using the finite element method. For
simplicity, a defined level of power deposition in magnetic
nanoparticles (MNPs) was assumed at 109 kW/m’, based
on the previous experience of the authors in magnetic fluid
hyperthermia calorimetric measurements. The four tumor
perfusion models were subjected to comparative analysis:
constant (independent of temperature), linear, nonlinear
and completely free of blood flow. As expected, the highest
temperatures were recorded in the tumor site. The fastest
the tumor temperature reached the steady-state in the case
of the tumor with linear perfusion, and the most slowly for
non-perfused tumor. Simultaneously, in the model without
blood flow the temperature achieved the most significant
level. Thus, the authors have showed that selection of prop-
er blood perfusion model might play an important role in the
complex treatment procedure of female breast cancer.
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