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Abstract: Radio-frequency (RF) ablation is a reliable technique for the treatment of deep-seated
malignant tumors, including breast carcinoma, using high ablative temperatures. The paper aims
at a comparative analysis of the specific absorption rate and temperature distribution during RF
ablation with regard to different female breast tumors. In the study, four tumor models equivalent to
an irregular tumor were considered, i.e., an equivalent sphere and ellipsoid with the same surfaces
and volumes as the irregular tumor and an equivalent sphere and ellipsoid inscribed in the irregular
tumor. An RF applicator with a specific voltage, operating at 100 kHz inserted into the anatomically
correct female breast, was applied as a source of electromagnetically induced heat. A conjugated
Laplace equation with the modified Pennes equation was used to obtain the appropriate temperature
gradient in the treated area. The levels of power dissipation in terms of the specific absorption
rate (SAR) inside the naturalistically shaped tumor, together with the temperature profiles of the
four simplified tumor models equivalent to the irregular one, were determined. It was suggested that
the equivalent tumor models might successfully replace a real, irregularly shaped tumor, and the
presented numeric methodology may play an important role in the complex therapeutic RF ablation
process of irregularly shaped female breast tumors.

Keywords: computational modeling; RF ablation; anatomical models; breast cancer; tumor shapes

1. Introduction

Radio-frequency (RF) ablation is a reliable technique for the treatment of deep-seated
malignant tumors using high ablative temperatures. A specific voltaged applicator operat-
ing at RF inserted into a tumor is usually the source of electromagnetically induced heat.
The first step in planning the treatment usually involves positioning the body, skin marking,
and taking imaging scans. The standard techniques used for breast cancer imaging include
ultrasounds, mammography, magnetic resonance imaging (MRI), and positron emission
tomography (PET), as well as techniques currently assessed at an experimental stage, such
as microwave imaging (MI), infrared thermography (IRT), and others [1–3]. Early detection
of neoplastic breast lesions and appropriate treatment at an early stage of the malignant
disease significantly improve the chances of curing breast cancer, improve the quality of
patients’ life, and facilitate a quick return to normal life [4].

Despite the use of advanced medical imaging techniques, the real spatial 3D shape
and internal structure of breast tumors are not always known or properly visualized [5].
In the case of non-palpable cancers and various types of breast-conserving surgery (BCS)
techniques, which involve surgical resection of the tumor itself with an appropriate margin
of healthy tissue, it is usually assumed that female breast tumors have spherical shapes [6].
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However, as shown by dissected breast tumors in patients after partial mastectomy as
well as MRI scans [7], real cancerous tumors can exhibit a variety of sizes and complex
shapes, including discoidal (flat and discoidal shapes, 34%), segmental (long and tubular
shapes, 29%), spherical (19%), and other irregular shapes (16%) [5]. In this study, spherical
tumors accounted for less than 20% of the analyzed cases. Wapnir et al. [8] observed an
even smaller number of spherical tumors. They divided the shapes of female breast tumors
into spherical (4%), oblate (18%), prolate (32%), and irregular (46%) tumors. In [9], the
authors analyzed 22 MRI-based patient-derived breast repository models of tumors with
different sizes and irregular shapes in the five basal areas of the female breast, i.e., upper
outer, upper inner, lower outer, lower inner, and central breast locations. The tumor shape
may vary depending on the patient’s supine (typical for surgery), erect, or prone position.
Thus, most breast tumors have non-spherical shapes, and the knowledge of their exact
shapes may allow surgeons to excise the breast cancer more precisely or apply another
tumor-targeted therapy.

In many medical cases, it is not possible to resect the tumor due to anatomical limita-
tions or tumor location, shape, and structure (multinodular tumors, dense vascularization,
and infiltrative character) and other comorbidities; hence, other methods of cancer treat-
ment are sought [10–14]. In recent years, minimally invasive ablative techniques for the
treatment of inoperable tumors developing in various locations, including cancers of the
liver, kidneys, lungs, bones, brain, and female breasts, have become very popular [15–17].
During RF and microwave ablation treatments, malignant cells are permanently damaged
by increasing the temperature of the tumor tissue above the normal physiological threshold
of the human body. The usual temperature ranges are 40–46 ◦C for hyperthermia (induc-
tion of apoptosis) and 50–100 ◦C for thermal ablation (permanent damage to proteins and
induction of necrosis). An advantage of ablative techniques is their action at a specific point
in the tumor upon the invasive insertion of a needle applicator into the target tissue, thus
limiting the negative side effects in adjacent tissues [18–20]. The effectiveness of various
thermo-therapies depends not only on the therapeutic temperature level but also on the
design of the applicator, the frequency and the level of the input power, and the duration of
the treatment [21]. Tumor temperature monitoring in real time during these medical proce-
dures is still a challenge [22]. Most of the available hyperthermia and ablation systems use
microwave frequencies of 915 MHz, 2.45 GHz [18], or higher [23]. Nevertheless, antennas
with other frequencies [24–26], RF applicators [27,28], and RF coils [29] are designed as well.
The number and arrangement of multiple puncturing applicators, often robot-assisted, is
of great importance in the thermal treatment of the target tissue [13,30,31].

In computation practice, a spherical shape of the tumor is usually assumed in the case
of hyperthermia and ablation procedures. These treatments are directed to the center of the
tumor sphere, and the appropriate size of the treatment areas (ablation zones) is adjusted
by changing the input power of the electromagnetic (EM) field applicators [32–36]. Similar
simplifications are used in many other point-based cancer technologies, including those
based on magnetic nanoparticles [37–40], where the tumor shape does not matter, but its
location and size are important [41,42]. Various studies [43,44] investigated the influence
of breast tumor shape on the microwave ablation treatment process. The use of antennas
with a varied number of air gaps ensured better treatment of elongated tumors [20]. Ad-
ditionally, the effect of micro-calcifications of female breast tissues on ablative treatment
was considered in [45]. Non-invasive hyperthermia systems, where tumor temperature is
regulated by an array of antennas surrounding the object, were tested as well [24,25,46–48].

During the numerical modeling of hyperthermia and thermal ablation, researchers
most often model tumors using spheres [16,29,49–53] or ellipsoidal-like volumes [43,44].
However, the vast majority of invasive cancers are not spherical [5,9,54]; hence, the RF
ablation of an irregular female breast tumor using a needle-type applicator with voltaged
electrodes was analyzed in order to compare the modeling effectiveness. For this purpose,
the temperature profiles, SAR distributions, and tissue power dissipation obtained in
the naturalistic breast tumor model were compared with their spherical and ellipsoidal
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counterparts. To perform a detailed analysis of the problem, two scenarios of tumor
counterparts were considered: (a) equivalent sphere S1 and equivalent ellipsoid E1, which
have similar surfaces and volumes as irregular tumor T; (b) irregular tumor T inscribed
into sphere S2 and ellipsoid E2 with correspondingly larger volumes.

2. Materials and Methods

In this section, the mathematical approach used in the electro-thermal coupling model,
both in relation to the electromagnetic model (generalized Laplace equation) and the
associated thermal model (modified Pennes equation), is described.

The commercially available Sim4Life software version 6.2 (Zurich MedTech AG,
Zurich, Switzerland) as used for the simulations. It solves the described problem in
Cartesian coordinates using two finite element method-based solvers. First, the Structured
Electro-Quasi-Static Solver (EQS) was used to solve the Laplace equation, and then the
specific absorption rate (SAR) coefficient was computed. Next, the SAR-based heat source
was employed to estimate the temperature distribution in the breast model based on the
modified Pennes equation. In this case, the Thermal Solver (TS) was applied. The calcula-
tions were performed using Intel (R) Xeon (R) CPU E5-26090, 2.40GHz with 64 GB RAM
memory (Intal, Santa Clara, CA, USA).

2.1. Female Breast Phantom Model

To present the problem in the most realistic way, the calculations were performed using
an anatomically correct model of the female breast with an irregularly shaped tumor. The
breast tumor was screened at Dalian University of Technology, China. The mammography
scan can be seen in Figure 1, together with the tumor marked with a red circle. From the
mammogram, the irregular tumor was extracted and placed in the anatomically correct
model of the female breast, as shown in Figure 2. The model of female breast tissues was
adapted for numerical calculations from a breast phantom repository provided by the
University of Wisconsin—Madison [55]. It consisted of skin, fibroconnective/glandular-1,-
2,-3, transitional, fatty-1,-2,-3, as well as muscle tissues [9,29,56,57].
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Figure 1. Screening mammography of the breast tumor. Reproduced with kind permission from
Dalian University of Technology, China.

The model represents a class 3 heterogeneously dense (HD) breast containing 51–75%
of fibro-connective/glandular tissue [25]. It corresponds to the breast structure of a 35-
year-old female patient. In this study, the breast fat parameters were set for the fatty-1,-2,-3
tissues, the breast gland parameters were set for the fibroconnective/glandular-1,-2,-3
tissues, the fat tissue parameter was set for the transitional tissue, and finally the muscle
tissue parameters were set for the tumor. The whole model geometry of the analyzed
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female breast phantom including the irregular tumor oriented in different planes is shown
in Figure 2, with the muscle tissue marked in orange, the glandular tissue in blue, the fatty
tissue in yellow, the transitional tissue in green, the skin tissue in red, and the tumor in
pink. The tumor was immersed in fatty breast tissue. The dimensions of the modeled
tumor ranged from 10.87 mm to 42.59 mm and characterized small and medium tumors
in the IA, IB, and IIA stages of breast carcinoma [58]. The whole model was surrounded
by the boundary condition planes with dimensions of 411 mm × 528 mm × 380 mm that
represent the background (air layer), as shown in Figure 3.
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2.2. Material Properties

In this study, all modeled materials, including the female breast tissues and the RF
applicator, are considered uniform, isotropic, and linear media, with no temperature
dependence. Only the dielectric parameters of the tissues, i.e., electrical conductivity (σ),
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were considered to be frequency dependent and calculated for frequency f = 100 kHz, as
reported in [59]. The nonlinear perfusion model, described by Equation (9), was considered
only in the case of the tumor. Constant perfusion was assigned to the remaining tissues.
Table 1 lists all the tissue parameters required for the in silico simulation, which were taken
from the freely available Foundation for Research on Information Technologies in Society
(IT’IS, Zurich, Switzeland) database of material properties [60]. Additionally, the dielectric
components of the RF applicator (dielectrics and plastic catheter) were modeled using
polyethylene material with an electrical conductivity of σ = 0.5 mS/m and a mass density of
ρ = 1000 kg/m3. The electrodes were modeled as perfect electric conductor (PEC) materials.

Table 1. Electro-thermal female breast tissue parameters valid for RF ablation treatment with fre-
quency f = 100 kHz [60].

Tissue σ
(S/m)

ρ
(kg/m3)

C
(J/kg/K)

k
(W/m/K)

HTR *
(mL/min/kg)

HTR *
(W/m3)

HGR **
(W/kg)

Blood 0.7030 1050 3617 0.517 10,000 6.646 × 105 0
Breast fat 0.0250 911 2348 0.209 47 2710 0.728

Breast gland 0.5370 1041 2960 0.334 150 9884 2.323
Fat 0.0434 911 2348 0.211 33 1903 0.507

Muscle 0.3618 1090 3421 0.495 37 2553 0.906
Skin 0.0005 1109 3391 0.372 106 7441 1.648

Tumor 0.3618 1090 3437 0.563 Equation (9) Equation (9) 12

* Heat Transfer Rate, ** Heat Generation Rate.

2.3. RF Applicator Model

Based on the available literature [27,49], an RF needle applicator with a diameter of
0.7 mm and a length of 70 mm containing two electrodes (5 mm in length and 0.5 mm in
diameter) separated by dielectric 2 of the same size was used, as shown in Figure 4b.
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Figure 4. Model of (a) an RF applicator inserted into the irregular breast tumor, and (b) the internal
structure of the needle including two electrodes in different electric potential conditions, dielectric,
and external catheter.

The applicator was inserted in the z-direction into the female breast phantom with the
irregularly shaped tumor, as shown in Figure 4a. The electric potential of V0 = 25 V was
assumed on the lower electrode (electrode 2), whereas the upper electrode (electrode 1)
was grounded (V0 = 0). The upper dielectric (dielectric 1) with a length of 58.5 mm and a
diameter of 0.5 mm was surrounded by a plastic catheter measuring 57 mm in length and
0.7 mm in diameter, which served as a protective element.
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2.4. Equivalent Tumor Models

In order to analyze the temperature profiles of tumors with different shapes, two cases
of tumor shapes were considered, as shown in Figure 5. In the first scenario, irregularly
shaped tumor T was compared to equivalent sphere S1 and equivalent ellipsoid E1, which
had the same surfaces and volumes as the tumor (Figure 5a). In the second case, irregular
tumor T was replaced with sphere S2 and ellipsoid E2, with correspondingly larger volumes
surrounding the tumor (Figure 5b). The geometric parameters and masses of all analyzed
tumor models are compiled in Table 2.
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Table 2. Geometric parameters for different shaped tumors studied.

Breast
Tumor
Tissues

x-axis
Length
a (mm)

y-axis
Length
b (mm)

z-axis
Length
c (mm)

Total Surface
Area

Acalc (cm2)

Total Surface
Area

Ameas (cm2)

Total Volume
Vcalc (cm3)

Total Volume
Vmeas (cm3)

Total Mass
mcalc (g)

Total Mass
mmeas (g)

Ellipsoid E1 16.412 29.354 10.866 13.153 12.716 * 2.740 2.749 * 2.989 2.998 *
Sphere S1 17.474 17.474 17.474 9.593 9.538 * 2.794 2.771 * 3.046 3.021 *

Ellipsoid E2 26.574 42.588 27.675 31.498 32.153 * 16.395 16.310 * 17.882 17.790 *
Sphere S2 36.000 36.000 36.000 40.715 40.484 * 24.429 24.270 * 26.637 26.460 *
Tumor T 38.630 24.269 24.269 12.320 ** 12.722 * 2.844 ** 2.791 * 3.101 ** 3.043 *

* data measured from the mesh; ** data calculated for equivalent cube.

The data gathered in Table 2 present the largest tumor sizes a, b, c (along the x, y, z axes,
respectively), which correspond to the diameter d = a = b = c, in the case of spheres or the
longer axes in the case of ellipsoids. Besides, the parameters in the table allow comparison
of the total surface areas (A), volumes (V), and masses (m) of individual models calculated
using well-known formulas [43]. Some of the aforementioned parameters were measured
and calculated based on the tumor model meshes (marked with an asterisk: *).

In the case of tumor T, the exact values of the geometrical parameters (A, V, m) were
calculated for an equivalent cube with sizes a, b, c (values marked with a double asterisk: **)
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or measured from the mesh (values marked with a single asterisk: *). The analysis showed
that the parameters calculated and measured for all analyzed shapes were consistent.
However, ellipsoid E1 was the most similar to the actual tumor T in terms of the analyzed
geometric parameters.

2.5. Electro-Conductive Field and Generalized Laplace Equation

The mathematical model, which describes the phenomenon of heat dissipation in
human tissues together with the RF applicator, is based on a quasi-static assumption of
electro-conductive field governed by the following formulas [26]:

∇ · J = 0 (1)

J = σE (2)

E = −∇ϕ (3)

where J and E correspond to the vectors of current density (A/m2) and electric field strength
(V/m), respectively, σ stands for the electric conductivity of the material (S/m), and ϕ
means the electric potential (V).

A quasi-static approximation can be assumed because the wavelength of the applied
100 kHz EM field (λ = c0/f ≈ 3 km) is much larger than the largest size of the analyzed
RF applicator, and thus the displacement currents compared to the conduction currents
are negligible [27]. Since the E-field pattern around the needle applicator is forced by the
voltage applied to electrode 2 (see Figure 4b), the generalized Laplace equation in the
following form can be used:

∇ · (−σ∇ϕ) = 0 (4)

To solve the described problem, the Dirichlet boundary conditions for electric potential
(ϕ) were applied, i.e., electrode 1 of the RF applicator was grounded (ϕ = V0 = 0) and
electrode 2 was voltaged by electric potential ϕ = V0 = 25 V (see Figure 4b); ϕ = V0 = 0 was
assigned to the external planes of the computational domain. The other boundaries, which
result from the EM field theory and reflect the continuity of the normal components of the
current density vector between two adjacent tissues, can be introduced as:

n · (J1 − J2) = 0 (5)

or in the equivalent form as:

n · (σ1∇ϕ1 − σ2∇ϕ2) = 0 (6)

2.6. Modified Pennes Bioheat Transfer Equation

The modified Pennes equation with additional components is most often used in
the modeling of heat flow in biological tissues. This model may predict temperature
changes during hypothermia, hyperthermia, and ablation treatments, which are various
kinds of thermo-therapy. It takes into account both the macroscopic interactions between
the vascular system and the tissue, in particular the cooling effects on the blood flowing
through tiny vessels, as well as the metabolic processes in living tissue [61]:

ρc
∂T
∂t

= ∇ · (k∇T)−HTR(T)(T − Tb) + ρHGR + ρSAR (7)

where the first element corresponds to the heat accumulation inside tissues during the
hyperthermia time t (s), c (J/kg/K) stands for the tissue-specific heat, and ρ (kg/m3)
is the tissue mass density. The second term describes heat conduction in tissue with
thermal conductivity k (W/m/K). The third term relates to the cooling effects of blood
perfusion through the tissue expressed by the heat transfer rate HTR (mL/min/kg) as well
as the difference between the current temperature of tissue T (K) and the arterial blood
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temperature Tb (K) [61]. The next term describes heat losses induced by tissue metabolism.
This element is proportional to the heat generation rate HGR (W/kg). The last term, often
called external heat generation Qext = ρSAR (W/m3), describes heat losses caused by the
RF applicator. The SAR-based heat source measures the EM energy absorbed by the tissue
unit mass during unit time. The SAR (W/kg) parameter is proportional to the tissue
temperature [25,62], namely:

SAR =
d
dt

(
dW
dm

)
=

d
dt

(
dW
ρdV

)
=

dP
dm

=
dP

ρdV
=

σ

2ρ
E · E∗ = σ

2ρ
|E|2 =

σ

2ρ
|∇ϕ|2∼ dT

dt
(8)

where W (J) means the electromagnetic energy with power P (W) deposited by the female
breast tissue with volume V (m3), mass m (kg), and density ρ (kg/m3), |E| = |∇ϕ| (V/m)
stands for the amplitude of electric field strength produced by the RF applicator voltaged
by the electric potential ϕ (V), σ (S/m) is the electrical conductivity of the medium, and
t (s) is the duration of the EM field exposure. The SAR parameter is a coupling of the
modified Pennes bioheat equation (7) with the generalized Laplace equation (4) and plays
an extremely important role in EM field dosimetry and human tissue safety [62,63].

The blood flow through breast carcinoma was defined by a nonlinear temperature-
dependent blood perfusion rate to fully reproduce the dense vascularization of the breast
tumor and its complex thermoregulatory processes [25]:

HTR(T) = ρbcbρω(T) = 0.4 + 0.4 exp

(
− (T − 37)4

880

)[
mL

min kg K

]
(9)

This element is proportional to the blood specific heat cb (J/kg/K), blood density
ρb (kg/m3), tissue density ρ (kg/m3), and blood perfusion ω (1/s); as the temperature
increases, the tumor perfusion decreases exponentially [57].

The modified Pennes equation (7) should be completed by the proper boundary con-
ditions. The heat flux on the skin tissue surface, coming from the external air environment,
was modeled using the third kind (Robin) boundary condition [25,44]:

n · (kskin∇T) = h(T − Text) (10)

where h is the overall heat transfer coefficient modeling the coupled convective and radia-
tive heat losses on the breast skin surface, kskin (W/m/K) is the skin thermal conductivity
of the breast phantom, Text stands for the air temperature that surrounds the breast model,
and n relates to the normal vector perpendicular to the skin layer surface.

Since no contact resistance occurs between the internal breast tissues, the continuity of
the heat flow within all the interior boundaries has to fulfill the relation:

n · (k1∇T1 − k2∇T2) = 0 (11)

where subscripts 1 and 2 in the equation correspond to two different sides of a given breast
tissue internal boundary.

2.7. SAR and Power Dissipation Values

The local SAR defined by Equation (8) at a given location of the computational domain
is not always useful during computer simulations, because it is too sensitive to approxima-
tion procedures in most computational methods. Moreover, the EM energy deposited at
each tissue point (x, y, z) is often smeared out due to the occurrence of heat conduction;
thus, the local values of the SAR coefficient are not thermally important [64]. There are
many various definitions of SAR, which refer to total loss power P (W) and total loss power
density p (W/m3) deposited in the target tissue region with complete mass M (kg) and
volume V (m3). In general, two main approaches of SAR averages are commonly employed
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in numerical simulations, namely values averaged over some finite mass SARmass (W/kg)
or volume SARvol (W/m3) as defined below:

SARmass =
1
m

∫
M

SAR dm =
1

ρV

∫
V

ρSAR dV =
SARvol

ρ
=

p
ρ
=

P
m

=
1

2m

∫
V

σ|E|2 dV (12)

SARvol =
1
V

∫
V

ρSAR dV =
ρ

m

∫
M

SAR dm = ρSARmass = p =
P
V

=
1

2V

∫
V

σ|E|2 dV (13)

where |E| = |∇ϕ| (V/m) stands for the amplitude of electric field strength produced by
the RF applicator. These equations indicate that the averaged SAR values are scaled and
related by the formula SARvol = ρSARmass. Knowing such values, it is possible to estimate
power dissipation in the targeted tissue, including total power losses:

P =
∫
M

SAR dm = mSARmass =
∫
V

ρSAR dV = VSARvol = pV =
1
2

∫
M

σ

ρ
|E|2 dm =

1
2

∫
V

σ|E|2 dV (14)

and total loss power density:

p =
P
V

=
1
V

∫
M

SAR dm =
1
V

∫
M

σ

2ρ
|E|2 dm =

1
2m

∫
M

σ|E|2 dm =
1

2V

∫
V

σ|E|2 dV = ρSARmass (15)

or in the equivalent form:

p =
P
V

=
1
V

∫
V

ρSAR dV =
1

2V

∫
V

σ|E|2 dV =
ρ

2m

∫
V

σ|E|2 dV =
1

2m

∫
M

σ|E|2 dm = SARvol (16)

The presented derivations show that all the parameters described above are closely
related and that the total loss power deposited inside a tissue is equal to the SARvol value.
Additionally, the peak spatial-average SAR (psSAR) for constant-mass cubes of tissue (e.g.,
1 g) is defined according to the IEEE/IEC 62704-1 standard [65].

3. Results

This section summarizes the in silico analysis results obtained by solving the conjugate
electro-thermal problem. Moreover, the dosimetric analysis of local and averaged SAR
parameters and peak spatial-average SAR (psSAR) are presented. Finally, time complexity
is introduced.

The results of the application of the Structured Electro-Quasi-Static (EQS) Solver are
summarized in Table 3, where the following data are compiled: the maximum local SAR
values (SARmax), the SAR value averaged in unit mass (SARmass) and volume (SARvol) of
various female breast tissues, including equivalent tumor models, as well as the SAR value
averaged by 1 g mass of tissue (spSAR1g). Additionally, the total power losses induced
inside individual female breast tissues are given according to the formulations in Section 2.7.
The total mass and volume of the breast tissues and the values for the equivalent tumor
models are included as well.

It can be seen that the maximum local SAR for the tumor models (E1, S2, E2, S2,
and T) ranged from 152 to 167 kW/kg. The highest value of 167 kW/kg was reached for
irregularly shaped tumor T, while the maximum local SAR was almost the same for the
other models. The values of the mass-average SAR ranged from 59 to 328 W/kg, reaching
the lowest value of 40 W/kg and 59 W/kg for S2 and E2, respectively, due to their much
higher volumes. In this case, the values of the mass-average local SAR for T, S1, and E1 did
not change considerably. An analogous result was exhibited for the total loss power density,
which is simply the total volume-averaged SAR value. The values of both spatial-average
SAR and total loss power did not change considerably and ranged from 823 to 825 W/kg
and from 0.98 to 1.06 W, respectively.
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Table 3. Calculated power losses inside breast tissues during RF ablation treatment with frequency
f = 100 kHz.

Breast Tissues Total Mass
m (g)

Total
Volume
V (cm3)

Maximum
Local SAR

SARmax (W/kg)

Mass-Average
Local SAR

SARmass (W/kg)

Total Loss
Power Density

p = SARvol (W/m3)

Spatial-Average
Local SAR **

psSAR1g (W/kg)

Total Loss Power
P (W)

Breast fat * 4766.2 5232.1 9560 4.95 × 10−3 13.525 650.82 0.0254
Breast gland * 814.8 783.0 2,7440 7.099 7388.65 699.33 1.1485

Fat * 441.3 484.4 11,430 4.41 × 10−2 40.153 1050.0 0.0195
Muscle * 731.3 670.6 1.61 × 10−6 8.24 × 10−7 8.99 × 10−4 1.58 × 10−6 6.0 × 10−7

Skin * 495.6 446.9 4.10 × 10−4 8.31 × 10−7 9.22 × 10−4 0.142 19.524
Ellipsoid E1 2.998 2.749 152,700 326.435 355 984 823.41 0.9786
Sphere S1 3.021 2.771 151,900 327.576 357,163 825.05 0.9897

Ellipsoid E2 17.79 16.31 155,600 58.844 64,175 833.98 1.0467
Sphere S2 26.46 24.27 155,800 39.733 43,325 835.40 1.0515
Tumor T 3.043 2.791 167,200 327.894 357,506 824.83 0.9978

* data for model without tumor, ** SAR value averaged by 1 g mass of tissue defined by IEEE/IEC62704-1 standard [65].

The SAR distributions in the considered scenarios are presented in Figure 6. The
SAR distribution related to the maximum value for each tumor model was presented in
the decibel scale for better visualization. The SAR distributions were combined with the
rendered tumor model for comparison.

Taking into account the SAR-based heat source and Pennes formulation, the tempera-
ture distributions were obtained by applying the Thermal Solver. The following coefficients
were assumed: h = 5 W/m2/K, Text = 25 ◦C, and T0 = Tb = 37 ◦C [25,66,67], which cor-
respond to the heat transfer coefficient, external temperature, and initial temperature,
respectively. The induced steady-state isothermal surfaces for temperatures of 50 ◦C, 44 ◦C,
and 38 ◦C (isosurface-50, isosurface-44, isosurface-38) obtained for the differently shaped
tumors in the same RF applicator operating conditions (f = 100 kHz) are shown in Figure 7.
Isosurace-50 is marked in red, isosurface-44 in pink, and isosurface-38 in blue. In this case,
isosurface-50 was considered an ablation zone. Besides, the rendered equivalent tumor
models were added.

The last two figures illustrate the spatial and temporal temperature profiles for all
cases considered. Figure 8 shows the tumor temperature characteristics along the main
axes of the Cartesian system (x, y, z). All curves refer to the mass center of tumor models,
which was set as the coordinate origin point. Inside the tumor models, the heat profiles
converge well along a distance of about 4 mm from the center of the tumors (for the x- and
y-axes) and even 18 mm along the z-axis. Finally, the temperature over time in the center of
the analyzed tumor models is presented in Figure 9. The obtained tumor thermal profiles
indicated that a steady state was reached after about 300 s.

The anatomically correct model of the female breast with a naturalistic tumor was
created at a huge computational cost. Figure 10 compares all analyzed tumor models
separately for each solver. In the case of the Electro-Quasi-Static Solver, the grid element
number, the total degree of freedom, the peak memory usage, and the computing time were
taken into account. The following parameters were compiled in the case of the Thermal
Solver: the grid element number, the interaction number, the peak memory usage, and the
computing time. The vertical bars in Figure 10 correspond to the left y-axis, while the solid
line corresponds to the right y-axis.

The figures presented above show that the breast phantom with naturalistic tumor
T was the most computationally demanding model (total computing time: 16 h 45 min
25 s; total degree of freedom 82,463,040), whereas the phantom without tumor was the
least computationally demanding (total computing time: 8 h 22 min 53 s; total degree of
freedom 57,132,348). The other models, which included the equivalent tumor models, ex-
hibited the following intermediate values: ellipsoid E1 (total degree of freedom 58,399,380),
most similar in terms of geometric parameters to the naturalistic tumor T, was solved
within a total computing time of 10 h 38 min 8 s, which gave a faster solution by more
than 6 h than the tumor T model. The breast model with ellipsoid E2 (total degree of
freedom 66,533,376) was solved within a total computing time of 8 h 26 min 52 s, and
the models with equivalent spheres S1 (total degree of freedom 62,252,940) and S2 (total
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degree of freedom 63,399,040) were solved within 7 h 45 min 51 s and 10 h 22 min 18 s,
respectively. The following homogeneous meshes were used: breast model—voxel size
1 mm × 1 mm × 1 mm; tumor models—voxel size 0.5 mm × 0.5 mm × 0.5 mm; electrode
1, electrode 2, and dielectric 2–0.3 mm × 0.3 mm × 0.3 mm; dielectric 1 and catheter—voxel
size 0.5 mm × 0.5 mm × 0.5 mm (see Figure 4). The generated meshes can be considered
dense. Detailed information regarding quasi-static approximation was included in the
Supplementary Materials. The shortened computational time may be a great benefit of
using equivalent tumor models.
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4. Discussion

In earlier studies of numerical hyperthermia and thermal ablation procedures, spheri-
cal [29,49] or ellipsoidal tumor models [43,44] were considered most frequently. Addition-
ally, irregular tumor models were analyzed [9,54]. The spherical and ellipsoidal tumor
shapes constitute the vast majority of possible shapes of female breast tumors used in
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computational practice. However, it is still being debated whether the irregularly shaped
tumor can be replaced with a regular one.

For example, 2D mathematical modeling of heating a spherically shaped breast tumor
during RF ablation was considered in [49]. The needle-type RF applicator with a voltage
ranging from 10 to 20 V was used, and the temperature in the spherical tumor was analyzed.
The naturalistic 3D model of the female breast with spherical tumor was modeled in [29].
However, as can be found in [5,6], the vast majority of breast cancers do not have a
spherical shape.

In another study [43], a theoretical analysis of magnetic hyperthermia of ellipsoidal
tumors with various shapes (different aspect ratio, AR, values for oblate and prolate
tumors) immersed in breast tissue was reported. The analysis was conducted for frequency
f = 220 kHz and amplitude of magnetic field strength H = 6.8 kA/m. It was concluded that
increasing AR results in a temperature decrease in the center of both prolate and oblate
ellipsoidal tumor shapes.

There is no link with any specific case of tumor in the papers mentioned above, and the
reported cases were randomly chosen. There is also no methodology that tries to effectively
reflect tumor shapes.

Breast tumors with irregular shapes were analyzed in [9], where 22 MRI-based models
of breasts with cancers were created. This relatively large repository can be used for the
planning, evaluation, and development of treatment, but there are still special cases of
breast tumors. In terms of size, location, and tumor depth, the repository covers the
majority of breast tumors in the T1, T2, and T3 stages statistically. However, generalized
tumor models may be required to ensure the efficiency of treatment strategies for a wider
patient population.

The equivalent female breast tumor models proposed in this study facilitate a reliable
and representative evaluation of various types of tumors in RF ablation treatment.

As indicated by the computed SAR distributions for all models presented in Figure 6
and quantified in Table 3, the maximum, mass-average, and spatial-average SAR values are
comparable in the T, E1, and S1 models. This result indicates SAR changes lower than 10%.
However, the presented SAR analysis does not indicate which equivalent tumor model was
ablated most effectively compared with tumor T. The data collected in Table 3 show that the
power deposition levels for tumor T are similar to those for the S1-equivalent tumor model.
A slightly worse agreement was found in the case of model E1. The worst results were
recorded for the E2- and S2-equivalent models, which were associated with their much
larger volumes than the naturalistic tumor T size.

As demonstrated by the SAR analysis, the S1- and E1-equivalent tumor models, with a
similar volume and weight to that of the naturalistic tumor T, yielded SAR values that were
the closest to those of the referenced model of the irregular tumor T. The best convergence
in the SAR analysis was obtained in the case of the S1-equivalent model. The simulated
SAR distributions for equivalent tumor models, defined as sphere S2 and ellipsoid E2,
which surrounded the irregular tumor, were slightly worse. This was mainly related to
their much larger volumes than the original tumor T, resulting in much lower levels of
volumetric power density dissipated in these models.

The isosurface temperature patterns (see Figure 7) demonstrate that the probe with a
specific voltage placed in the tumor-free female breast phantom produces almost spherical
isosurfaces. In the presence of the tumor, the isosurfaces become ablated in the RF applicator
axis direction (z-axis). From the therapeutic point of view, temperatures above 50 ◦C
(isosurface-50) can be regarded as ablated zones [54]. Table 4 lists the ablative volumes
(limited by isosurface-50) of all the breast tumor models analyzed. The ablation zones
were found to have similar values. The largest and the smallest ablation zones were found
in the E1-equivalent tumor model (VISO-50 = 242.536 mm3) and in the ellipsoid E2 tumor
model (VISO-50 = 201.253 mm3), respectively. However, the closest ablation value to the
tumor model T (VISO-50 = 223.215 mm3) was achieved by the S1-equivalent tumor model
(VISO-50 = 226.064 mm3). Considering the volume of the ablation zone of tumor T as a
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reference, it can be seen that the ablative zones did not change considerably (less than a
10% variation in volume). This result may suggest that the effectiveness of ablation does
not depend on the utilized tumor model but mainly on the RF probe applied; therefore,
equivalent tumor models can be used instead of irregularly shaped tumors.

Table 4. Calculated ablation volumes and relative errors in the equivalent tumor models.

Breast Tissues Ablation Volume
VISO-50 (mm3)

Relative Error
δ (%)

Ellipsoid E1 242.536 8.656
Sphere S1 226.064 1.276

Ellipsoid E2 201.253 9.839
Sphere S2 204.365 8.445
Tumor T 223.215 –

The temporal and spatial analyses were performed to complement the temperature
analysis. The temporal thermal analysis showed that the highest temperature inside the
tumor, and in the tumor center, was induced in the E1-equivalent tumor model (74.6 ◦C),
and was 0.4 ◦C higher than the temperature of the naturalistic tumor T. The temperature
inside the S1-equivalent tumor model was lower than that of the irregular tumor T, but
the difference in the temperature in this case was lower by approximately 0.3 ◦C. This
might suggest that the volume of the equivalent models does not considerably influence
the temperature rise.

The spatial distribution shown in Figure 8 indicates the most efficient heating in the
E1-equivalent model and tumor T and the lowest efficiency of the process in the E2- and
S2-equivalent tumors. The differences in the temperatures inside the tumors result from
the different shapes and volumes of the particular model. The temperature differences
at the periphery of the tumors are a direct result of the assumed sizes and shapes of the
tumors, as well as the distribution of different tissues around the tumor and their different
perfusion rates. This effect can be seen in Figure 9, which shows the changes in temperature
over time in the models under consideration. For example, the steady-state temperature
after 300 s was approximately 74.6 ◦C in the center of the E1-equivalent tumor model and
74.2 ◦C inside the irregular tumor T. In the case of the S2- and E2-equivalent models, the
steady-state temperature reached the same temperature of 73.7 ◦C.

It can be concluded that both S1- and E1-equivalent tumor models can be successfully
used to model real irregular tumors. All models successfully reduced the computing power
and time, reaching over 2 h acceleration in the E1 model. Therefore, this model may be
considered the most suitable for estimating tumor temperature distribution patterns in the
case of RF ablation treatment planned with the use of the proposed methodology. It was
shown that there was a negligible difference in the predicted SAR patterns and ablated
zones between the naturalistic tumor model and its equivalent.

The limitations of the proposed methodology result from the assumed mathematical
model, i.e., the tissue parameters were taken from the actual databases based on the
performed experimental measurements; the uniform, linear, and isotropic breast tissue
parameters were assumed, with the exception of the tumor models, where a nonlinear blood
perfusion model was considered. Thus, the proposed approach needs further modifications
based on both experimental and numerical results.

5. Conclusions

In this study, four equivalent models simplifying the breast tumor (two spherical and
two elliptical) were tested to find out the effect of the complexity of the tumor model on
the levels of power dissipation and heating in cancerous tissue. A novelty of the present
work was the creation of a numerical platform including an anatomical model of a female
breast with a naturalistic, irregularly shaped tumor. The analysis of power density, SAR,
and temperature distribution revealed that the irregularly shaped tumor could be replaced
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by an equivalent model with a similar volume and mass, resulting in almost the same
ablation zone and a shorter calculation time. It seems that an ellipsoid is the most efficient
alternative for a naturalistic tumor.

Although the numerical phantom was created for a specific medical case of a female
breast with an irregular tumor, the presented methodology and proposed numerical plat-
form can be applied to analyze female breast phantoms with differently shaped tumors
effectively. It is obvious that it is necessary to modify the adopted model with the results
of actual measurements of the tissues of a particular patient. For this purpose, several
in vivo clinical experiments should be conducted in the future, and their results should
be compared with the results obtained from the numerical platform. Then, this platform
should be modified appropriately to be successfully used in clinical applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16010223/s1, Table S1: The quasi-static approximation criteria for
the Electro-Quasi-Static Solver (EQS) for f = 100 kHz.
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