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ABSTRACT

Objective: The addition of hyperthermia in the treatment of intact breast cancer with the aim to improve
local response is currently in a research phase. First, optimal hyperthermia devices need to be developed,
for which a diverse, anatomically and pathologically accurate set of patient models is necessary.

Methods: To investigate the effects of inter-subject variations on hyperthermia treatment plans, we
generated a repository of 22 anatomically and pathologically diverse patient models based on MR
images of breast cancer patients. Hyperthermia treatment plans were generated for the 22 models
using a generic theoretical phased array hyperthermia applicator.

Results: Good temperature coverage was achieved in the vast majority of the models, with median
values for T;o = 43.5°C (41.9-43.8°C), Tso = 42.5°C (41.3-43.3°C), and Ty = 41.3°C (39.8-42.6°C) under
the condition that the maximum temperature increase in the patient is limited to 44°C.

Conclusions: For future development of hyperthermia devices and treatment methods, a repository
with a sufficiently large number of representative patient models, such as the one provided in this
study, should be used to ensure applicability to a wide variety of patients. This repository is therefore
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made publicly available.

Introduction

Hyperthermia is an effective therapy in treating recurrent
breast cancer as an adjuvant to radiotherapy [1,2]. Supefrficial
hyperthermia combined with radiotherapy has been effective
in locally recurrent breast cancer and postoperative breast
cancer after previous irradiation in the case of tumors
extending up to 4cm below the skin [3,4]. Also, as an adju-
vant to chemotherapy, there is promising evidence that
hyperthermia improves clinical outcome [5,6]. Research
toward devices that can effectively treat tumors in the intact
breast is ongoing and mainly theoretical or at an early clin-
ical stage [7-13]. Also, hyperthermia treatment planning and
optimization of heating tumors located in the breast is still
in an investigative stage [14].

For the development of hyperthermia devices and delivery
of treatments, accurate knowledge of the patient anatomy, as
well as of the tumor location and its characteristics, is needed.
This is also valid for the development of accurate treatment
planning workflows. The breast region is an inhomogeneous
mixture of fibroglandular and fatty tissues [15]. Three-dimen-
sional (3D) imaging is mainly performed using magnetic res-
onance imaging (MRI) due to its superior soft-tissue contrast

compared to X-ray computed tomography (CT). As manually
segmenting breast tissues is a difficult and impractical task,
several automated and semi-automated methods have been
proposed and used for breast tissue segmentation [16-18].
The latter is important as it is mandatory to implement rou-
tine breast tissue segmentation for tumor-targeted hyperther-
mia treatment modeling to apply radiotherapy or adjuvant
chemotherapy plus hyperthermia to the intact breast.

Earlier attempts to model a hyperthermia treatment device
for breast hyperthermia using both high-quality anatomical
and electromagnetic information of the normal tissue and the
cancerous tissue are limited. Wu et al. used a simple geometric
equivalent of a breast with layers of skin, fat, muscle, and
tumor tissue [7]. Curto et al. used a similar geometric equiva-
lent consisting entirely of fibroglandular tissue and a skin layer
[11,12]. Baskaran and Arunachalam created a geometric equiva-
lent breast and tumor model by analyzing the data of breast
cancer patients [13]. While, on the one hand, they did differen-
tiate tumorous from healthy tissue, they did not discriminate
fatty from fibroglandular tissue in the breast. Zastrow et al.
used anatomically correct healthy volunteer models from their
earlier published database [16], ignoring the impact of the
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tumorous tissue properties in the target region [8]. Nguyen
et al. used anatomically correct healthy volunteer models with
breasts of different fibroglandular content. The tumor tissue
was assigned as a 1cm® cubic target with different material
properties [10]. In the European Society of Hyperthermic
Oncology (ESHO) benchmarking guidelines, two accurate
breast cancer patients were provided, based on real anatomical
and pathological data [19]. Hence, current research on intact
breast hyperthermia has been limited to a small number of
evaluated models, and the models are often partial or simpli-
fied versions of the real patient scenario.

An additional limitation of previous studies is that the ana-
tomical variations of the breast and pathological variations of
the breast cancers are not widely covered. Women with a
higher relative amount of fibroglandular tissue are linked with a
higher risk of developing breast cancer [20]. But the amount of
fibroglandular tissue in the breast can vary immensely, and the
breast is usually classified into four categories (I — almost entirely
fat, Il — scattered fibroglandular tissue, lll — heterogeneous fibro-
glandular tissue, IV - extreme fibroglandular tissue) [21], based
on mammographic imaging. In breast MRI, there is, in general,
no consensus on how breast density should be quantified [22].
However, the same breast composition categories applied in
mammography are commonly used. In terms of tumor charac-
teristics, the vast majority (62%) of breast tumors are diagnosed
in the upper outer quadrant [23]. But tumors in the upper outer
quadrant are also linked with a more favorable survival advan-
tage than other tumor locations [24]. Solid breast tumors are
staged based on their longest spatial dimension. While a higher
tumor stage is correlated with less favorable survival, also the
tumor shape can vary vastly and can determine the aggressive-
ness of a tumor [25]. Therefore, there is a need for a repository
that includes a representative variety of models.

Besides breast imaging repositories [26] and whole-body
models [27], two high-quality breast model repositories are
currently available [16,28], with one containing models of nine
healthy volunteers and the other containing models of one
cancer patient and five healthy volunteers, as well as an axil-
lary model repository [29]. There is a lack of realistic tumor
position, size, and shape. Knowing the position, size, and shape
of the tumor is important for properly targeting the energy. It
is also known that there is a clear difference in tissue proper-
ties between cancerous and normal breast tissue [30,31].

Therefore, the aim of the current study is to develop a
large repository of anatomically accurate breast cancer patient
models for the development of breast cancer hyperthermia
devices and treatment planning. Here, we used MR images
acquired from breast cancer patients to generate breast
patient models. The models are used for treatment plan gen-
eration with a generic hyperthermia breast applicator, and the
variations in treatment planning metrics are evaluated.

Materials and methods
Patient population and imaging

A retrospective single-institute study was conducted at the
Erasmus MC Cancer Institute, Rotterdam, The Netherlands.
Twenty-five breast cancer patients undergoing neoadjuvant

chemotherapy were included from October 2015 and October
2017. Approval from the medical ethics committee was
obtained before the start of the study (MEC 2015-647).
Patients were only included after informed consent and if the
lesion was entirely inside the breast tissue (tumor
stage < cT4). For the current study, and after receiving
approval from the medical ethics committee (MEC-2019-0531),
fully anonymized contrast enhanced MRI data of the 25 breast
cancer patients were evaluated to generate 3D electromag-
netic breast models. 3D models were generated from the
available 3D Fat-suppressed T1-weighted Gradient Echo
sequences with the following MRI parameters: fl3d sequence,
TE = 6.02ms, TR = 12.20ms, FOV 360 mm, slice thickness
1.0mm, flip angle 10°, acquisition size 448 x 380 x 144, recon-
struction matrix size 512 x 512 x 144, and averaging 1 on a
1.5T Siemens Avanto system; and VIBRANT sequence, TE =
248ms, TR = 5.23ms, FOV 340 mm, slice thickness 2.2 mm,
flip angle 12°, acquisition size 512 x 360 x 82, reconstruction
matrix size 512 x 512 x 82, and averaging 1 on a 15T GE
Signa HDxt system. The MRI device used for each patient was
chosen based on clinical routine.

Tissue discretization method

From the 25 available breast cancer patient datasets, the qual-
ity, or used imaging sequence, of three datasets did not allow
for performing accurate tissue segmentation. This resulted in
22 patients eligible for 3D models generation. Skin, thoracic
bones, pectoralis major muscle, and the lesion were manually
contoured in the dedicated medical image visualization and
segmentation software environment (MIM Software Inc. -
Cleveland, OH). Tissue contouring was performed by a radio-
therapy technician (M. N. D. M.) with more than 5 years of
experience in contouring. The contoured models were inde-
pendently validated by a radiation oncologist (M. F). For sepa-
rating the remaining tissue volume inside the breast in fatty
and fibroglandular tissue, an automatic method based on the
voxel intensity, similar to those described by Zastrow et al. [8]
and Omer et al. [18], was used.

A two-component Gaussian mixture model distribution
(GMM) was fitted on the histogram of the voxel intensities of
the contrast-enhanced MR images from the unassigned tissue
in the breast (Figure 1(b)). Since fibroglandular tissue appears
brighter due to the contrast injection, the component with
the highest mean value corresponds to the fibroglandular
breast tissue, while the other component corresponds to the
fatty tissue. Since, in most instances, the two GMM compo-
nents were overlapping, a cutoff value was defined at the
intersection of the two components (Figure 1(d)). All voxels of
the unassigned breast tissue with intensities higher than the
cutoff value were assigned as fibroglandular tissue, while all
other voxels were assigned as fatty tissue.

3D model generation

After the discretization of tissues, all labeled voxels were
used to generate 3D triangular surface meshes correspond-
ing to each separate tissue. For the generation of the surface



INTERNATIONAL JOURNAL OF HYPERTHERMIA 1215

100 ¢ '
d. I Voxel Intensities
80 I Mixture Model
| Fat
A | Fibrograndular
c}?, 60 | 'Al | |= = —Cut-Off value
€ a\
-
o]
O

500

200 300 400
Voxel Intensities
B Tumor

[ Fibroglandular

[] Fat

] skin

[] Bone

B Muscle

[] Fibroglandular & Fat

Figure 1. From patient imaging to patient model (patient 10): (a) an axial slice of the patient MRI; (b) the segmentations on the same slice of bone, muscle, skin,
tumor, and fibroglandular-fat mixture; (c) the same segmentation on the same slice, with the automated division of the fibroglandular-fat mixture into two distinct
tissue entities; (d) the two-component GMM that lead to the selected cutoff value in the fibroglandular and fat mixture.

meshes, a constrained Laplacian smoothing algorithm was
used to remove staircasing artifacts caused by the imaging
voxel grid. After that, a second algorithm was used to minim-
ize surface intersections. In the final surface mesh, each tri-
angular surface mesh has a minimum edge length of
0.75mm. The 3D model generation and smoothing was per-
formed in Sim4Life v6.2 (Zurich MedTech AG, Zurich,
Switzerland). Each separate tissue was saved as an STL-file. All
22 models are presented in Figure 2. Models 4 and 20 corres-
pond to Venus, and Luna presented in [19], respectively.

Patient classification

For breast density classification, we used the categories pro-
posed in the Breast Imaging Reporting and Data System
(BI-RADS) [21]. As there is no consensus on how these cate-
gories are defined based on 3D MRI data [22], we used the
following classification method:

i. almost entirely fat: <10% of the inner breast is com-
posed of fibroglandular tissue;

ii. scattered fibroglandular tissue: >10% and <20% of the
inner breast is composed of fibroglandular tissue;

iii. heterogeneous fibroglandular tissue: >20% and <40%
of the inner breast is composed of fibroglandular tissue;

iv. extreme fibroglandular tissue: >40% of the inner breast
is composed of fibroglandular tissue.

For the classification of tumor stage, we used the TNM clas-
sification (8th edition) [32], which is based on the longest
dimension of the tumor in any orientation (for T1, <20 mm,; for

T2, >20mm & <50 mm; for T3, >50mm). The longest dimen-
sion was measured by a digital ruler after tumor delineation.

For tumor position classification within the breast, five regions
were considered: Upper Outer, Upper Inner, Lower Outer, Lower
Inner, and Central position (Figure 3). In case a tumor was
between two regions, the tumor position was categorized based
on the position of the center of mass of the tumor.

Besides the classifications mentioned above, the laterality of
the tumor, total breast volume, tumor volume, and tumor center
to skin distance were documented for each of the 22 patients. A
summary of all characteristics is presented in Table 1.

Hyperthermia device

For the hyperthermia treatment, a theoretical hyperthermia
device operating at 434 MHz as defined in the ESHO bench-
marks was assumed [19]. The theoretical hyperthermia device
consisted of 12 half-wavelength dipole antennas distributed
over two rings of 20cm diameter (Figure 4(a)). The rings were
3cm apart from each other and rotated 30° in respect to
each other so that the two antenna rings are nested. As a
matching medium, a cylindrical water-bolus containing deion-
ized water was defined in such a way, that all antennas are
completely submerged in deionized water, and a constant dis-
tance of 10 mm from the water—air barrier is maintained.

Tissue properties

For the electromagnetic property assignment of each of the
six segmented tissues (bone, fat, fibroglandular tissue,
muscle, skin, tumor), we applied the properties proposed in
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Figure 2. Top 3D view of all 22 generated breast cancer models. All models are on the same scale.
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Figure 3. Graphic representation of the tumor position classifications. Five dis-
tinct tumor positions are assumed: upper outer; upper inner; lower outer; lower
inner; and central tumor position.

the ESHO benchmarks for the case of breast tissue and
applied an electromagnetic frequency of 434 MHz. All ther-
mal tissue properties were assigned, assuming the tissues are
under thermal stress, as proposed in the ESHO benchmarks.
The tissue properties are listed in Table 2 [19].

Simulation and optimization

To calculate the electromagnetic field distribution of each
dipole antenna, we used a finite-difference time-domain
(FDTD) solver in Sim4Life v6.2 (Zurich MedTech AG, Zurich,
Switzerland). A 1.5-mm cubic grid was used in the whole
model. For each dipole antenna, a separate simulation was
performed. In each simulation, one dipole was excited by a

50Q source with a 1V sinusoidal signal of 20 periods at the
operating electromagnetic frequency of 434 MHz, while the
other antenna were connected to 50Q loads. The resulting
electric field per antenna was normalized to 1 W of irradiated
power. The final electric field distribution was then calculated
by superpositioning the electric fields generated by
each antenna.

For focusing the specific absorption rate (SAR) deposition
toward the tumor, the phase and power amplitude of each
antenna was optimized based on the target to hotspot ratio
(THQ) using the VEDO treatment planning software [33].
The hyperthermia target volume (HTV) was defined as the
tumor delineation without additional margins.

For the calculation of the temperature distribution, a
steady-state solution of the Pennes bioheat equation was
calculated using an FDTD solver in Sim4Life v6.2 (Zurich
MedTech AG, Zurich, Switzerland). A 1.5-mm cubic grid was
used in the whole model. An initial temperature of 37°C
was assumed for all patient tissues, while the surrounding
air temperature was set to 20°C. The water bolus tempera-
ture was kept steady at 30°C using a mixed boundary con-
dition to mimic a temperature-controlled water bolus, as is
common in hyperthermia treatments. The heat transfer
coefficient between the water bolus and the patient skin
was set to 40W/m? K, and the heat transfer coefficient
between air and the patient skin was set to 6 W/m? K [19].
The total applied power was scaled such that the maximum
steady-state temperature reached in the patient would be
44°C. In the cases where the low water bolus temperature
was limiting the intratumoral temperature, the water bolus
temperature was elevated from 30°C to 40°C [34].

Evaluation

For the treatment plan evaluation, THQ and the target cover-
age parameters corresponding to the volume percentage of
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Characteristic Categories Number Models
Laterality Left breast 13 2,4,6,7,8,9 12,13, 15,16, 17, 18, 21
Right breast 9 1,3,5,10, 11, 14, 19, 20, 22
Tumor stage T1 2 1,10
T2 18 2,3,4,56,7,8,9, 11,13, 14, 15, 16, 18, 19, 20, 21, 22
T3 2 12,17
Tumor position Upper outer 7 59, 11,12,13,19, 22
Upper inner 5 3,4,10, 14, 16
Lower outer 5 1,7,8,17,18
Lower inner 1 20
Central 4 2, 6,15, 21
Breast type 1] 6 1,8, 10, 11, 15, 16, 22
1] 9 5,6,7,9,12, 14,18, 19, 20
\% 7 2,3,4,13,17, 21
Characteristic Mean Min Max
Breast volume (ml) 592.0 154.1 1336.5
Tumor volume (ml) 6.6 1.8 39.3
Tumor center to skin (mm) 26.3 12.0 43.0
Tumor deepest point to skin (mm) 36.3 21.5 479

Breast volume corresponds to the volume of the breast containing the tumor.

7 B Tumor
. M Fibroglandular
B rat
M skin
H Bone
[ Muscle

Normalized psSAR (%)
100

0

Temperature (°C)
44

Figure 4. Treatment planning setup and results in a single patient (Patient 10). (a) The water bolus and dipole antennas positions (red dots) distributed along two
rings around the breast tissue; (b) tissue discretization in an axial slice passing through the center of the tumor; (c) normalized 19 averaged SAR distribution on
the same slice after THQ optimization; (d) steady-state temperature distribution on the same slice.

Table 2. Assigned physical, electrical, and thermal tissue properties.

Thermal
Electrical Specific heat conductivity Blood perfusion rate

Tissue Density (kg/m®) Relative permittivity conductivity (S/m) capacity (J/kg/K) (W/m/K) (ml/min/kg)
Bone 1908 13.07 0.094 1313 0.32 10

Fat 911 11.59 0.082 2348 0.21 69.0

Muscle 1090 56.87 0.805 3421 0.49 188.7

Tumor 1090 57.20 0.884 3421 0.49 94.4

Skin 1109 46.06 0.702 3391 0.37 547.0
Fibroglandular 1091 49.15 0.747 3196 0.40 189.0

the HTV covered by 25% (TC25), 50% (TC50), and 75% (TC75)
iso-SAR contour were used as defined in the ESHO bench-
marks [19]. The temperature was evaluated using the T10,
T50, and T90 parameters, corresponding to the temperatures
achieved in at least 10%, 50%, and 90% of the target vol-
ume, respectively.

Results
Treatment planning results in all patient data

Figure 4 shows the results of a single patient from the
repository (Patient 10) as an example. In Figure 4(a), the
positioning of the theoretical applicator and water bolus are



1218 . ANDROULAKIS ET AL.

a. b. c.
1.2 T 100

o

44

elc

90F 435F

111
80

!
1
L
N
w
T
L

70 q |
= 425} g
> 60f {1 &
00.9» g s 42} ,
T g sof {1 2
= o
(@] [] L q
| 2 2415
0.8 5
g 4or 15
S [
= 4+ ,
. | sl |
ool | 405f g
0.6
10t . 40 ]
05 | ol . L

5
THQ TC25 TC50 TC75 T10 T50 T90

Figure 5. Boxplots of the hyperthermia treatment planning parameters on all
patients; (a) the THQ; (b) the TC25, TC50, and TC75; (c) the T10, T50, and T90.

visualized. Figure 4(b) shows an axial slice of the patient
model, passing through the center of the tumor volume.
Figure 4(c) shows the normalized SAR distribution averaged
over 1g of tissue in the same slice after optimizing the
antenna settings to achieve the highest THQ value, i.e., 0.73,
which resulted in a TC50 value of 66%. Figure 4(d) shows
the steady-state temperature distribution on the same slice,
with a water bolus temperature of 30°C. The Tyq, Tso, and
Too values were 43.3°C, 42.7°C, and 41.8°C, respectively.

Figure 5 summarizes treatment planning results for all
patients in the repository. The THQ varied between 0.50 and
1.20, with a median of 0.79 (Figure 5(a)). TC25 varied
between 96% and 100%, with a median of 100%. TC50 var-
ied between 4% and 100%, with a median of 65%. TC75 var-
ied between 0% and 100%, with a median of 6% (Figure
5(b)). In terms of temperature distribution, the maximum
temperature in healthy tissue reached the maximum allowed
temperature of 44°C in 11 cases. The median maximum
healthy tissue temperature was 44.0°C with a range of
42.9-44,0°C. Water bolus temperature was set to 40°C in
two patients (12 and 22) where the water bolus temperature
was affecting the intratumoral temperature, i.e., because the
tumor was very close to the skin. In the other 19 patients,
the water bolus temperature was kept at 30°C. The median
T10, Tso, and Ty values (Figure 5(c)) were 43.5°C, 42.6°C, and
41.3°C, respectively. In one patient with a very superficial
tumor, the temperature increase in the tumor was limited by
the maximum water bolus temperature, leading to a T
value barely just below 40°C (39.8°C). In general, an
adequate temperature (Tgo > 40°C) can be reached in all
but one of the patients in the repository.

Influence of patient-specific characteristics on treatment
planning outcome

In Figure 6, the treatment planning heating variables T;q, Tso,
and Ty for different breast and tumor characteristics are

presented. It can be observed that regarding the tumor loca-
tion (Figure 6(a)), slightly lower intratumoral temperatures
are achieved for tumors located in the upper outer breast,
with however no notable difference between any of the loca-
tions. Note that the lower inner tumor location group con-
tains only a single patient model. In terms of tumor stage
(Figure 6(b)), it can be observed that good intratumoral tem-
peratures can be achieved independently of tumor stage.
Note that the T1 and T3 tumor stage groups each contain
only two individual patient models. T;o and Ts, values are
comparable for the three groups, while a gradual decrease
of Ty can be observed when the tumor stage increases.
Regarding the breast density type (Figure 6(c)), there is an
indication that slightly better temperatures can be reached
for breasts with lower fat content. Regarding the tumor
depth (Figure 6(d)), marginally lower intratumoral tempera-
tures were observed for deep-seated tumors (with the
median tumor center to skin distance of 26 mm as a cutoff
value). Finally, regarding the breast volume, higher median
temperatures were reached in averagely sized breasts
(between 450ml and 900 ml), and lower median tempera-
tures were reached in small breasts (below 450 ml).

Discussion

We have developed a breast tumor patient model repository
with 22 realistic breast cancer patient models. This repository
provides a unique platform to advance the field of intact
breast hyperthermia by facilitating an objective comparison
of the heating quality for different hyperthermia devices
using the same set of patient-derived models.

There are currently some breast model repositories avail-
able; however, they contain a limited amount of models, lim-
ited anatomical detail, and are mainly based on healthy
volunteers rather than patients with breast tumor in situ.
Therefore, this is the first study presenting a relatively large
pool of intact breast patient models containing healthy and
tumor tissue. As intact breast hyperthermia is still at an
investigative stage, it is important to have a large repository
of realistic and representative models on which device devel-
opment and treatment planning software can be based [35].
While other repositories focusing on microwave imaging
have reported single-breast models, in this study, we offer a
wide range of models, including both the right and left
breast area, the ribs, sternum, and surrounding muscle as a
single model. In this way, the combination of all separate
models can be used to evaluate and generate realistic med-
ical devices, which can be more rapidly translated into their
clinical application.

In all earlier studies for intact breast hyperthermia, a
lower amount of anatomical and pathological variations
was evaluated. The study with the highest number of eval-
uated breast models was Zastrow et al., where four patient
models were used [8]. Device development and evaluation
on such small samples sizes are liable to be patient-specific
and hence not widely applicable in practice. Therefore, a
larger amount of patient models should be evaluated.
Looking at hyperthermia treatment evaluation for other
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Figure 6. Evaluation of the tumor temperature volume metrics (T;q, Tso, Too) for different anatomical and tumor characteristics: (a) between different tumor loca-
tion groups; (b) between different tumor stage groups; (c) between different breast density types; (d) between deep and superficial tumor locations; (e) between

different breast sizes (<450 ml; >450 ml & <900 ml; >900 ml).

treatment sites, Drizdal et al. have compared the heating
ability of a dedicated head and neck device with a superfi-
cial hyperthermia applicator in 24 patient models with dif-
ferent pathologies [36], which is close to the number of
patients provided in the current study. Furthermore, early
clinical trials evaluate typically results from around 10 to a
maximum of 20 patients. As the current repository contains
22 patient models, we can claim this is a sufficiently large
repository size for preclinical device and treatment plan-
ning evaluation and development. However, to effectively
reflect all tumor pathologies that might be encountered in
the future clinical application of hyperthermia of tumors in
the intact breast, not only the size of the repository

important, but also its anatomical
variability.

The models generated in this study enable a reliable and
representative evaluation of the features and quality of a
hyperthermia device designed to heat tumors in the intact
breast by offering a large variability of anatomical and patho-
logical characteristics (Table 1). In terms of anatomical char-
acteristics, the breast models range from small volumes
(154ml) to large volumes (1336ml) and a mean value
(591 ml), close to what is found in other studies [37]. Another
important anatomical characteristic, the breast density, is
well covered, with three out of four breast density groups

included in this database. The missing type | (almost entirely

and pathological
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fat) breast density category is known to have a significantly
lower risk of developing breast cancer [38], and hence is nor-
mal not to appear in such a database. Finally, the wide dif-
ferentiation in breast shapes is visible in Figure 2.

In terms of pathological characteristics, all the repository
models hold important variations in terms of tumor size,
tumor location, and tumor depth. In terms of tumor size, the
tumor volumes vary from very small 1.8 ml to 39 ml. The vast
majority of tumors are stage T2 (20-50 mm) tumors (18/22),
but both T1 (<20 mm; 2/22) and T3 (>50mm; 2/22) staged
tumors are present in this repository. In terms of tumor loca-
tion, the current repository covers all the areas of the breast,
with the most common tumor site being the upper outer
region, as this is also the region where most primary tumors
tend to appear [23]. In terms of tumor depth, the tumor sites
cover all ranges from superficially positioned tumors to
tumors very close to the breast base, close to the chest wall.
This is evident in the large variation of tumor center to skin
distance, varying from 12 to 43mm, with an average of
26 mm. This is an important parameter in the development
of hyperthermia devices since not all applicator designs can
reach deep-seated tumors and conform the energy to the
tumor. It is worth mentioning that most superficial hyper-
thermia devices can only treat tumors up to a depth of at
maximum 15-40mm [39], while in the current study 9/23
models have a maximum tumor depth of > 40 mm.

In the treatment planning results, we have shown that
when applying hyperthermia using a generic theoretical
phased-array microwave hyperthermia device, we can
achieve good temperature coverage in the vast majority of
models, with T, = 43.5°C (41.9-43.8°C), Ts; = 42.5°C
(41.3-43.3°C), and Ty9 = 41.3°C (39.8-42.6°C) reached when
the maximum temperature in the patient does not exceed
44°C. These results show that reaching hyperthermia tem-
peratures in the tumor is feasible. A deeper look into the
variation between different patients showed that no patient
characteristic was associated with improvement or worsening
of the heating ability of the tumor. One reason might be
that the repository is not large enough. But the most appar-
ent reason is that there are many factors concerning the
breast anatomy and pathology that play a role in the heating
ability of the tumor, so a repository would have to be unreal-
istically large to fit all sizes, shapes, and constitutions. In this
way, we can stress that in the design and development of
novel hyperthermia devices for the intact breast, an evalu-
ation of a multitude of patient models, such as in the current
study, is necessary to assure the efficiency of a wider patient
population. This is also in line with the generally accepted
amount of patients used for phase | feasibility and dose-find-
ing studies.

Other repositories have a further division of fat and fibro-
glandular tissues into subgroups, based on electric property
variations, but their aim is in microwave imaging of the
breast rather than RF heating, where accurate discretization
between different tissues is important due to the higher vari-
ation of dielectric properties at higher frequencies [16]. This
paper has followed the ESHO benchmarking guidelines for
tissue differentiation, where only fibroglandular and fat

tissues are assumed [19]. On the one hand, it has been
shown that there is a non-negligible difference in the pre-
dicted SAR patterns between patient models and homoge-
neous phantom-based surrogate models [35]. But, on the
other hand, very detailed tissue segmentation does not lead
to significant differences in treatment outcomes [40].

Conclusion

In this study, we have generated 22 accurate and representa-
tive breast models for patients with breast cancer in situ
based on anonymized MR images of patients. Treatment
plans were generated for the patient models based on the
ESHO benchmarking guidelines, using the recommended
generic applicator and THQ optimization. The treatment
planning results show that hyperthermia treatment planning
with phased array antennas can lead to adequate heating
in the tumor area without overheating healthy tissue. The
treatment planning results do not seem to depend on a sin-
gle treatment planning parameter but rather on the
patient-specific breast anatomy and pathology. To accur-
ately evaluate the performance of hyperthermia applicators
and treatment planning techniques for all potential
patients, we postulate that a sufficiently large and diverse
patient population, like the one provided, is needed. In
future research, the evaluation of novel breast cancer
hyperthermia treatment applications should be evaluated
on a wide variety of patient models to ensure feasibility for
the majority of patients. Therefore, the surface- and voxel-
based versions of the repository models are available online
at the following website: http://www.itis.ethz.ch/virtual-
population/regional-human-models/BTPM-repository.
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