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Abstract

Background: Superficial hyperthermia is applied in combination with radiotherapy for e.g.
melanoma and recurrent breast cancer, using both capacitive and radiative systems. In this
paper numerical simulations are applied to address the question which technique yields the
most favorable heating characteristics.

Methods: A 434MHz contact flexible microstrip applicator (CFMA type 4H, size
19.6x19.6cm”) and a capacitive system consisting of two circular electrodes with diameter 15
and 25cm were modelled. The water bolus of the CFMA was filled with deionized water and
for capacitive heating both saline and deionized water were modelled. Specific absorption rate
(SAR) and temperature simulations were performed for a perfused, muscle-equivalent
phantom and phantoms with a Icm thick superficial fat layer, asstming cylindrical target
regions. Subsequently, a real patient model with a chest wall recurrence was studied with the
target assumed to have muscle-like properties, fat properties or heterogeneous properties as
derived from the CT Hounsfield Units.

Results: Phantom simulations showed that high SAR peaks occur around the bolus edges
with capacitive heating. Power absorption below the fat layer is substantially higher for
radiative heating and unless the target region is limited to the fat layer, radiative heating
yields better target coverageiin terms of SAR and temperature. Patient simulations showed
that the Ty for radiative heating was 0.4-1.1°C higher compared to capacitive heating.
Conclusion: Radiative heating yields more favorable SAR and temperature distributions for
superficial tumors, compared to capacitive heating, especially within heterogeneous tissues.

Higher tumor temperatures are achieved without occurrence of treatment limiting hot spots.



Introduction

Hyperthermia, i.e. heating of tumors to temperatures of 41-45°C for lh, is a proven
radiosensitizer and chemosensitizer[1]. Superficial hyperthermia is applied to tumors
infiltrating up to 4 cm into tissue. Recurrent and metastatic malignant melanoma and recurrent
breast cancer are examples of superficial tumor sites for which the effectiveness of combined
radiotherapy and hyperthermia has been proven in randomized clinical trials[2, 3]. The overall
complete response rate for recurrent breast cancer increases from 41% to 59% after adding
hyperthermia to radiotherapy[3]. For malignant melanomas a 2-year actuarial local tumour
control of 28% was reported for radiotherapy alone, which increased t0.46% after adding
hyperthermia[2].

The increase in clinical outcome realized by adjuvant hyperthermia is correlated to the
quality of the hyperthermia treatment, i.e. the thermal doseirealized in the target region[4].
The goal temperature during hyperthermia is typically 43°C,[5] and the thermal dose achieved
is therefore usually expressed as the number 0f equivalent minutes at 43°C, calculated using
the CEM43 formula[6, 7]. Adequate heating equipment is essential to realize an acceptable
thermal dose. Both capacitive and. electromagnetic radiative hyperthermia systems are used
for superficial heating[8-12]. Capacitive systems are more often used in Asian countries,
though also increasingly popular in the Western world.

Commercially*available capacitive systems are Thermotron RF8 (Yamamoto Vinita
Co, Osakag Japan), Oncotherm (Oncotherm Kft, Budapest, Hungary) and Celsius TCS
(Celsius42+ GmbH, Cologne, Germany), operating at a frequency of 8 or 13.56 MHz. During
capacitive heating the patient is lying on a treatment table with an embedded electrode with
integrated water bolus bag. Another electrode is positioned on the patient and the resulting
currents produced by capacitive thermodynamic effects cause heating of the tumor. When

different sizes of electrodes are combined, the power distribution is directed to the side of the



smallest electrode[8], so for superficial heating the diameter of the electrode in contact with
the tumor should be smaller than the diameter of the other electrode. Radiative antennas
induce an electromagnetic field that is coupled into the patient using a water bolus. Examples
of commercial radiative superficial systems are the BSD-500 system (Pyrexar Medical, Salt
Lake City, USA), the ALBA ON4000 (ALBA Hyperthermia, Rome, Italy) and contact
flexible microwave applicators (CFMA) (SRPC Istok, Fryazino, Moscow region, Russia).
These radiative systems have an operating frequency of 434 or 915MHz and are positioned
contacting the treatment area.

The frequent clinical application of two distinctly different techniques raises the
question whether there are differences in heating characteristics between capacitive and
radiative systems that lead to clinically relevant differences in heating quality. Hyperthermia
treatment planning is a very useful method to analyzesthe differences between different
heating techniques, using numerical simulation of poweriand temperature distributions[13].
Kok et al demonstrated the use of hyperthermiastreatment planning to assess the performance
of CFMAS[14]. De Bruijne et al appliedstreatment planning to support the selection of the
optimal superficial heating technique in‘non-standard situations, e.g. metallic implants present
in the heated region[15]. Kroeze etdal compared radiative and capacitive hyperthermia for
heating deep-seated tumors[16]. However, treatment planning studies comparing radiative
and capacitive heating for superficial applications are lacking.

This_study applied hyperthermia treatment planning to analyze the differences in
heating characteristics between capacitive and radiative superficial hyperthermia. Absorbed
power and temperature simulations were first performed for a perfused muscle anatomy and
fat-muscle anatomies to analyze the typical heating patterns of both techniques. Cylindrical
superficial target regions were defined and the quality of target heating was quantified for

both techniques in terms of SAR coverage and temperature. Next, a real application was



evaluated by performing simulations for a patient with a chest wall recurrence using three

different sets of tumor properties.

Methods

Simulations for this study were performed using our in-house developed hyperthermia
treatment planning software, which uses voxel-based finite difference calculations. The
resolution applied for all simulations was 1x1x1 mm’. The computational volume for the
radiative heating was 269x269%159 voxels; for the capacitive system dimensions were
319x319x%289 voxels. The definitions of the radiative applicator, electrodes.and water boluses

were generated using the Generic Object Format[17].

Radiative and capacitive systems
A contact flexible microwave applicator (CFMA) was modelled to represent radiative heating
devices. A CFMA typically operates at 434°“MHz, and consists of two coplanar active
electrodes and a shield electrode, with.a*fluoroplastic substrate in between[18]. The active
electrodes are separated by means of aislot of approximately 5 mm. The orientation of the
principal electric field is perpendicular to this slot. The microstrip line is excited by a feeding
pin of a coaxial cable. CFMAs are available in five different sizes. A CFMA type 4H was
modelled, which has difhensions 19.6x19.6 cm?. The CFMA was modelled in the flat, unbent
shape to allow'good comparison with the capacitive applicators. Modelling CFMAs has been
described extensively by Kok er al [19, 20]. In the water bolus deionized water is circulated
and the bolus thickness is typically 1 cm[19].

For capacitive heating systems different sizes of electrodes are available, varying
between 4 and 30 cm in diameter[8, 21, 22]. For superficial heating the electrode in contact

with the tumor should be smaller than the other electrode. Throughout this study we assume



the tumor to be located near the top antenna. The modelled top and bottom electrodes had a
diameter of 15 and 25 cm, respectively, and an operating frequency of 13.56 MHz was
assumed. The water bolus is filled with circulating saline (0.4% NaCl [8, 23]) or deionized
water, depending on the type of capacitive system used, and the bolus thickness is typically 2

cm. A schematic drawing of both heating systems is shown in Fig. 1.

Phantom models
Phantom simulations were performed for three different perfused models to analyze the basic
heating properties for radiative and capacitive superficial hyperthermia (see Fig. 1):
e Phantom 1: a muscle-equivalent geometry.
e Phantom 2: a fat-muscle geometry. The fat-layer has a uniform thickness of 1 cm and
extends over the full surface of the phantom.
e Phantom 3: a fat-muscle geometry comparable to phantom 2, but in this case the 1 cm
thick fat layer covers only half of the phantom surface.
Phantom 1 will allow to compare the“basic_heating characteristics and phantom 2 and 3
will highlight differences in heating properties when tissue heterogeneities are present. In
all three models a central cylindtical superficial target region was defined with a diameter

of 10 cm. Both a 1 cin thick and a 2 cm thick target region were modelled .

Patient model

The patient model was derived from a 35 cm CT data set (slice thickness 5 mm, Fig. 2) of a
patient with a recurrent breast carcinoma of the chest wall. Segmentation was performed
using Hounsfield unit thresholding[24] and the tumor was delineated manually by a physician.
The segmented anatomy was rotated and resampled to the modeling resolution such that the

CFMA and the top electrode could be modelled as a flat structure, comparable to the



representation in the phantom simulations. Then the anatomy was combined with the model
of the CFMA or capacitive electrodes. For the CFMA antenna both an antenna orientation
with the electric field in cranial-caudal direction or in left-right direction was modelled. The
voxels corresponding to the tumor delineation had a total volume of 13.3 cm’ and the target
region extended to approximately 1.5 cm below the skin. To compare the heating
characteristics for capacitive and radiative heating in this patient anatomy three different
scenarios were considered. In case one and case two all voxels in the target region were
assigned tissue properties of fat or muscle tissue, respectively, yielding a homogeneous target
region. In the third case target voxels were assigned tissue properties corresponding to muscle
or fat tissue as determined from the Hounsfield unit based segmentation. In this case about
40% of the target corresponded to fatty tissue. The advantage®ofithis extended use of the
patient model is that it is very effective in demonstratingswhichianatomical features of the

target region would favor capacitive heating and which radiative heating.

SAR calculations

For radiative heating the electromagnetie field was calculated by solving Maxwell’s equations
using the finite difference time domain (FDTD) method[25]. A perfectly matched layer
boundary condition was @pplied[26]. From the electromagnetic field E the power density (PD)

or specific absorption rate (SAR) can be calculated using
02
PD = Z||E||" = p-SAR (1)

with o (S m™) the electric conductivity and p (kg m™) the tissue density.
Because of the low frequency applied for capacitive heating, power distributions were

calculated by solving the quasi-static formulation of Maxwell’s equations. Kroeze et al



demonstrated that this is a wvalid approach for treatment planning for capacitive

hyperthermia[23]. The electric field vector can be written as E = —VV. This quasi-static
formulation yields an elliptic partial differential equation to be solved for the potential V [27].
The electrode plates at the top and bottom were kept at a constant potential of 1V and -1V,
respectively. The boundaries of the simulation domain were fixed at zero potential. The
dielectric properties used for the simulations were taken from the literature and are listed in

Table 1[28, 29].

Temperature calculations

Thermal simulations were performed by solving Pennes’ bio heat equation{30]:

oT
cpo; =V (keisVT) — ¢y Wy (T = Tare) + PD 2

with ¢ the specific heat capacity (J kg™ °C™"); The first'term on the right hand side represents
the heat conduction in tissue, with ks (W m’! °C'1) the thermal conductivity. The second term
models the perfusion, with ¢, the ‘specific heat capacity of blood, W, (kg m> s7) the
volumetric perfusion rate and 7,,, thelocal arterial or body core temperature. A constant water
bolus temperature of 41°C was' modelled for both systems. Density and thermal properties
were taken from “the«liteérature and are listed in Table 2[28, 29]. The muscle tissue
corresponding, to the  target region was assigned half the perfusion of regular muscle tissue.
For fat tissue"in the target the perfusion was unchanged. Steady state temperatures were
calculated with the total absorbed power for each individual situation scaled such that the
maximum temperature was 44°C, allowing a fair comparison with the same treatment limiting

maximum temperature for each case.



Analysis
For the phantom models absorbed power and temperature distributions were compared for
both heating methods. For quantitative analysis of differences in SAR patterns the SAR
values averaged over lcm’ tissue were calculated and normalized to 100% at the maximum
value. This normalization allows a fair comparison with SAR values relative to the treatment
limiting maximum value for all cases. Relative SAR profiles were compared at the phantom
surface and directly below the fat layer. The percentages of the target volume with a relative
SAR value higher than 50% of the maximum were also compared for all cases. The
temperature distributions were compared quantitatively by means of the indexed temperatures
T1o, Tso and Toy defined as the temperature at least achieved in 10, 50 and 90% of the target
volume, respectively.

For the patient models the simulated temperature distributions were compared after
scaling the power density such that the maximum temperature is 44°C. A temperature volume
histogram was generated for the target region foreach situation and the T, Tso and Toy were

determined.



Results

Phantom simulations

Relative SAR profiles at the surface of the phantom and directly under the fat layer along the
lines x=0 and y=0 through the center are shown in Figure 3 (phantom 1 and 2) and Figure 4
(phantom 3). Figure 3 clearly shows that capacitive heating results in high SAR peaks around
the bolus edges, due to the high current density near the electrode edges. These SAR peaks
are less pronounced when the bolus bag is filled with deionized water instead of saline.
Furthermore, it is shown that for radiative heating the power absorption below the fat layer is
substantially higher compared to capacitive heating. Figure 4 demonstrates.that for phantom 3
heating with a capacitive system yields the maximum SAR in the fat'layer, whereas the
radiative CFMA has its maximum in muscle tissue. Again, the power absetrption below the fat
layer is substantially higher for radiative heating compared to.capacitive heating.

The percentage of the target volume with a SAR value higher than 50% of the SAR
maximum is presented in Figure 5 for all cases. Thewery high SAR peaks around the bolus
edges for capacitive heating with a saline’bolusitesults in 0% of the target region to reach 50%
of the maximum SAR for phantom. 1 and,3. For phantom 2 the large power absorption in the
superficial fat layer explaing why capacitive heating has a better SAR coverage for a lcm
deep target region. When the target region extends beyond this superficial fat layer, the
radiative antennaqgenerates a higher power absorption in the target. For the majority of the
cases the radiative CEFMA yields a more favorable SAR coverage.

The indexed temperatures Tjg, Tso and Ty corresponding to the simulated temperature
distributions for all cases are compared in Figure 6. Overall, radiative heating seems more
robust to achieve therapeutic temperatures. Especially for phantom 2 and 3, where the target
region extends beyond the fat layer, capacitive heating yields a disappointing Ty of around

39°C, both for a bolus filled with saline and deionized water.



Patient simulations

Results for the patient simulations confirm that radiative heating is more robust for adequate
target heating. Figure 7 shows temperature volume histograms for the simulated temperature
distributions assuming a muscle-like target region, a fatty target region or a heterogeneous
target region with tissue properties as derived from the CT Hounsfield Units. For all cases the
radiative CFMA with the E-field in left-right direction yields the highest temperatures in the
target. In case of a muscle-like target and a heterogeneous target the maximum treatment
limiting temperature is in the target region for heating with a CFMA with the E-field in left-
right direction, whereas for capacitive heating the maximum temperature,is in normal tissue.
Figure 8 summarizes the indexed target temperatures Tjo, Tso and Tgyp for these cases.
Comparison of the best cases for both capacitive and radiative heating shows that the CFMA
yields a Ty that is 0.4-1.1°C higher compared to capacitive heating, depending on the tissue
properties of the target. For the T50 this difference 18 0.341.7°C in favor of radiative heating.
Figure 9 shows the simulated distributionss«fori.a CEMA with the E-field in left-right direction
and for capacitive heating with a saline bolus. These distributions clearly demonstrate the
better target coverage for radiative heating, most pronounced for a muscle-like and

heterogeneous target.



Discussion

Comparison of SAR and temperature distributions in perfused muscle tissue, fat-muscle
geometries and a patient anatomy showed that radiative hyperthermia is more favorable for
heating of superficial tumor locations in heterogeneous anatomies than capacitive
hyperthermia. Especially the relatively large power absorption in fatty tissue during capacitive
heating yield large inhomogeneities and can therefore limit realization of therapeutic
temperatures in a substantial part of the target. These observations extend the results of
Kroeze et al, who demonstrated earlier that radiative hyperthermia provides a better heating
quality for locoregional hyperthermia of deep-seated tumors, e.g. in thespelvic region, as
capacitive heating can yield overheating of superficial fat layers[16].« This,overheating can be
an important treatment limiting factor and aggressive pre-coeling with.water boluses at 5-
10°C is often applied with deep locoregional heating to.seduce these high temperatures[31],
although this cannot always avoid preferential” heating at fat-muscle interfaces[32].
Furthermore, for superficial hyperthermia, where the tumor invades the skin, such aggressive
cooling is not an option and higher bolus‘temperatures are applied[8].

The penetration depth of electromagnetic fields decreases with increasing frequency,
so the penetration depth ofsthe capacitive device operating at 13.56 MHz is substantially
larger than for the radiative €FMA antenna at 434 MHz. Heating of superficially located
advanced tumors¢penetrating 4 cm or more into tissue is a clinical challenge since both the
skin surface and the tumor in depth are the target of heating. The large penetration depth of
capacitive systems would in principle be very beneficial to heat these tumors at full depth,
where standard radiative superficial hyperthermia equipment operating at high frequencies
(434-2450 MHz) has an insufficient penetration of the electromagnetic energy. Clinical
studies report feasibility of heating bulky tumors with capacitive systems and reported tumor

temperatures are in the therapeutic range (40-44°C)[8, 12, 33, 34]. However, clinically



measured temperatures using a limited number of thermometry probes do not provide full
information about the 3D temperature distribution and Van Rhoon et al reported the need for
extensive thermometry to avoid missing hot spots that could lead to subcutaneous burns[32].
Thus, based on the heating characteristics as shown in this paper suboptimal tumor
temperatures are still expected in a substantial part of the tumor due to the incidence of
treatment limiting normal tissue hot spots, especially in heterogeneous anatomies. This
implies that dedicated heating systems are required for superficial, semi-deep and deep-seated
tumors.

For the radiative heating in this study CFMAs were modelled that operate at a
frequency of 434 MHz. Other radiative systems operating at 915 or 2450 MHz are also
clinically applied and have similar power deposition characteristics régarding relative heating
of fat and muscle tissue, so general conclusions from this.study regarding heating patterns in
inhomogeneous anatomies remain valid. However,sone should be aware that the effective
heating depth is lower for higher frequenciesw The effective heating depth has a strong
influence on local control rates[35] amd. clinical performance of higher frequencies is
especially good for very superficial tumers, penetrating less than 3 cm in tissue. For example,
Van der Zee et al showed that for patients with recurrent breast cancer the complete response
rate for tumors with a diameter up to 3 cm was comparable at 434 MHz and 2450 MHz
(roughly 90%), while for larger tumors the performance of 434 MHz was significantly better
than for 2450'MHz and the complete response rate was 65% and 31%, respectively[36]. This
underlines the importance to use a heating technique that is appropriate for the tumor site to
be treated.

Some capacitive systems use saline bolus bags, where others use deionized water[37].
Although deionized water yields less pronounced SAR peaks around the bolus edges, saline

reduces the incidence of normal tissue hot spots for more realistic inhomogeneous situations.



Thus, the cooling medium of the bolus is important for optimization of the capacitive
hyperthermia treatment, as demonstrated also in previous studies[37-39]. For example,
Brezovich et al have shown that the skin toxicity during capacitive heating could be reduced
by using a saline bolus of tissue-equivalent conductivity[39]. Despite these steps to optimize
capacitive heating, this study has shown that treatment limiting hot spots still remain a clinical
issue in heterogeneous anatomies. Radiative heating typically avoids these disadvantages of
capacitive heating, since the power absorption in the poorly perfused fat tissue is much lower
than in muscle tissue, which produces higher target temperatures without overheating
heterogeneous normal tissue.

Clinical studies have shown that tumor control realized by adjuvant hyperthermia is
correlated to the target temperatures that can be achieved and especially the minimum
temperature T90 is important for clinical outcome[4, 40-42]. For temperatures above 43°C, an
increase of 1°C in tumor temperature implies asdoubling of the thermal dose, i.e. the
cumulative equivalent minutes at 43°C (CEMA43)[7]. For temperatures below 43°C, as
frequently reported during clinical hyperthetmia, the effect is even stronger and a much
smaller increase of 0.5°C already yields.a doubling of CEM43. The patient simulations in this
study showed a Tq for radiative heating that is 0.4-1.1°C higher compared to capacitive
heating, which implies “roughly a factor 2-4 difference in CEM43. Since higher tumor
temperatures can be achieved before treatment limiting hot spots occur when using radiative

heating in heterogeneous anatomies, clinical use of this technique will benefit clinical results.

Conclusion

This study showed that radiative hyperthermia yields more favorable SAR and temperature

distributions for superficial tumor locations, compared to capacitive heating, especially within



heterogeneous tissues. With radiative heating higher tumor temperatures can be achieved

without inducing treatment limiting hot spots, which will benefit clinical outcome.

13.56 MHz 434 MHz

o(Sm?) & () o(Sm?) & ()
Air 0 1 0 1
Bone 0.05 30.6 0.09 13.1
Fat 0.03 11.8 0.04 5.6
Fat (target) 0.03 11.8 0.04 5.6
Lung 0.24 954 0.38 23.6
Muscle 0.63 138.4 0.81 56.9
Muscle (target) 0.63 138.4 0.81 56.9
Water (deionized) 2.6e-5 73.3 0.026 73.3
Water (saline, 0.4% NaCl) 0.92 72.1 - -

Table 1: Values of the dielectric properties at 13.56 MHz and 434 "MHz used in the

simulations; conductivity (o [S m™'] and relative permittivity (& [-]).

pkemd c¢(Jkg'°ChH Uk (Wm'°ChH W,(kgm’s’)

Air 1.29 10000" 0.024 0
Bone 1908 1313 0.32 0.12
Fat 888 2387 0.22 1.1
Fat (target) 888 2387 0.22 1.1
Lung 394 3886 0.39 3.6
Muscle 1050 3639 0.56 3.6
Muscle (target) 1050 3639 0.56 1.8
Water (deionized) 1000 4180 6.0 -
Water (saline, 0.4% NaCl) 1000 4180 6.0 -

Table 2: Values of the’density and thermal properties used in the simulations; density (p [kg
m™]), specifictheat capacity (¢ [J kg °C']), thermal conductivity (k [W m™ °C™]) and
perfusion (W, [kg m™ s™'])." The value of ¢ used for air was ten times too high in order to
allow larger time steps in thermal computations. The effect on the steady state temperature is

negligible (< 2-107 °C).
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Figure 1: Schematic drawings of the antenna set-up for bothésystems and the phantom models

applied for simulations.
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Figure 2: CT scan with the position of the modelled CFMA and capacitive antennas, for a

recurrent breast/cancer patient model. The red contour represents the target delineation.
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Figure 3: Relative SAR profiles at the surface (phantom 1 and 2) and directly under the fat

layer (phantom 2) along the lines x=0 and y=0 through the center. SAR distributions were

normalized to 100% at the maximum value anywhere in tissue.
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Figure 4: Relative SAR profiles at the surface and directly under the fat layer for phantom 3
along the lines x=0 and y=0 through the center. The top row shows the profiles for the
radiative CFMA and the bottom row for capacitive heating. The fat layer covers the part of

the phantom with negative x-coordinates. SAR distributions were normalized to 100% at the

maximum value anywhere in tissue.



100 1

Percentage target > SAR50
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Figure 7: Temperature volume histograms of the delineated target region in a recurrent breast
cancer patient. The delineated region was assigned muscle-like tissue properties (left), fatty
tissue properties (center) or heterogeneous tissue properties (right) as derived from the CT
Hounsfield Units. A deionized water bolus bag for capacitive heating is indicated with ‘D’, a
saline bolus with ‘S’. For radiative heating with a 4H CFMA two orientations were modeled:
the electric field oriented in cranial-caudal (CC) and in left-right (LR) direction. The total

absorbed power was scaled such that the maximum temperature was 44°C.
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Figure 8: Indexed target temperatures T, Tso and Ty simulated for a recurrent breast cancer
patient. The delineated region was assigned muscle-like tissue properties (left), fatty tissue
properties (eenter) or heterogeneous tissue properties (right) as derived from the CT
Hounsfield units. A deionized water bolus bag for capacitive heating is indicated with ‘D’, a
saline bolus with ‘S’. For radiative heating with a 4H CFMA two orientations were modeled:
the electric field oriented in cranial-caudal (cc) and in left-right (Ir) direction. The total

absorbed power was scaled such that the maximum temperature was 44°C.
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Figure 9: Simulated temperature disteibutions for capacitive and radiative heating for a
patient anatomy, assuming‘@a homogeneous muscle-like target, a homogeneous fatty target or a
heterogeneous target'with tissue types assigned based on the Hounsfield Units of the CT scan.
For capacitive heating the‘situation with a saline bolus bag is shown and for radiative heating
the CFMA was positioned such that the E-field is in left-right direction. The total absorbed

power was scaled such that the maximum temperature was 44°C.
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