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Design of the novel ThermoBrachy applicators enabling simultaneous interstitial
hyperthermia and high dose rate brachytherapy

Ioannis Androulakisa , Rob M. C. Mestromb , Miranda E. M. C. Christianena, Inger-Karine K. Kolkman-
Deurlooa and Gerard C. van Rhoona

aDepartment of Radiotherapy, Erasmus MC Cancer Institute, Rotterdam, The Netherlands; bDepartment of Electrical Engineering, Eindhoven
University of Technology, Eindhoven, The Netherlands

ABSTRACT
Objective: In High Dose Rate Brachytherapy for prostate cancer there is a need for a new way of
increasing cancer cell kill in combination with a stable dose to the organs at risk. In this study, we pro-
pose a novel ThermoBrachy applicator that offers the unique ability to apply interstitial hyperthermia
while simultaneously serving as an afterloading catheter for high dose rate brachytherapy for prostate
cancer. This approach achieves a higher thermal enhancement ratio than in sequential application of
radiation and hyperthermia and has the potential to decrease the overall treatment time.
Methods: The new applicator uses the principle of capacitively coupled electrodes. We performed a
proof of concept experiment to demostrate the feasibility of the proposed applicator. Moreover, we
used electromagnetic and thermal simulations to evaluate the power needs and temperature homo-
geneity in different tissues. Furthermore we investigated whether dynamic phase and amplitude adap-
tation can be used to improve longitudinal temperature control.
Results: Simulations demonstrate that the electrodes achieve good temperature homogeneity in a
homogenous phantom when following current applicator spacing guidelines. Furthermore, we demon-
strate that dynamic phase and amplitude adaptation provides a great advancement for further adapt-
ability of the heating pattern.
Conclusions: This newly designed ThermoBrachy applicator has the potential to revise the interest in
interstitial thermobrachytherapy, since the simultaneous application of radiation and hyperthermia
enables maximum thermal enhancement and provides maximum efficiency for patient and
organization.
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Introduction

High Dose Rate Brachytherapy (HDR-BT) is a valuable treat-
ment option for prostate cancer mainly due to its ability to
deliver high radiation dose preferential to the target.
Prostate cancer has a low alpha/beta ratio, which implies
that the cancer cells are more responsive to hypofractionated
treatments [1]. Based on that rationale, highly hypofractio-
nated HDR-BT as monotherapy for low-risk to intermediate-
risk prostate cancer is becoming more popular [2–5]; and
HDR-BT boosted external beam radiotherapy (EBRT) is com-
monly applied to intermediate to high-risk prostate cancer
[5]. Ultra-hypofractionated HDR-BT has several potential
advantages, such as a lower patient burden due to shorter
hospitalization and a shorter overall treatment time. These
advantages also apply to locally recurrent prostate cancer
after primary radiation therapy, in which salvage HDR-BT is a
good treatment option [6–8]. In HDR-BT monotherapy and
HDR-BT for locally recurrent prostate cancer, recent attempts
to move to a single fraction treatment have not been suc-
cessful. Studies indicated that the maximum tolerance level

for normal tissue toxicity with HDR-BT is reached with a sin-
gle fraction is 19 or 20Gy. Such single fractions, however,
resulted in suboptimal biochemical control of the disease
and higher local recurrence rates compared to two or three
fraction treatments [9–11], even though the dose at the
place of local recurrence was as high as 27Gy. These devel-
opments indicate that there is a need for a new way of
increasing cancer cell kill without increasing the dose deliv-
ered to the organs at risk, or even better, while lowering the
dose to the organs at risk.

In addition to physical dose-escalation, enhanced tumor
cell kill efficiency can be achieved by increasing the bio-
logical effective dose (BED). Hyperthermia (HT) is a known
sensitizer for radiotherapy [12–14] and its radiosensitizing
effect, specifically for prostate cancer cells, has been demon-
strated in vitro [15,16]. Moreover, promising results have
been reported in several Phase I and Phase II studies investi-
gating the combination of radiotherapy and hyperthermia in
prostate cancer [17–23]. A clear correlation between higher
temperatures and long-term PSA control was observed in
[17], and good overall and disease-free survival combined
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with very low toxicity was observed in [19]. In four of the
studies [20–23], the HT treatment was delivered through
interstitial HT (IHT), and in three of these, IHT was combined
with HDR-BT [20,21,23]. IHT combines well with HDR-BT
because the same catheters can be utilized by both HDR-BT
and IHT. At the same time, the IHT energy deposition is
locally confined to the target region [24], potentially leading
to better target coverage and limited temperature rise in sur-
rounding normal tissues.

Over the years, several IHT techniques have been investi-
gated and developed [24,25]. From all IHT techniques, the
capacitive coupled (CC) multi-electrode current source
(MECS) [26–28] system, that operates at 27MHz radiofre-
quency (RF) electromagnetic fields (EMF), was recognized for
its homogenous longitudinal heating pattern [25], for pos-
sessing good temperature steering abilities [25,29,30] and for
allowing extensive temperature monitoring [29,31]. Despite
the advantages of the MECS system compared to other IHT
techniques, the clinical study by van Vulpen et al. [22]
revealed undesired high temperature heterogeneity in the
treatment of prostate cancer patients. Similar results were
observed in glioblastoma multiforme treatments [32]. Besides
an underestimated perfusion rate in the prostate during
treatment [33], several technical aspects of the IHT were con-
sidered responsible for the observed heterogeneities, i.e., the
wide catheter spacing, the sub-optimal catheter placement,
and the high levels of energy deposition within the catheter
wall [22] transferring the MECS system more to a ‘hot source’
than a RF-EMF device. According to current guidelines for
HDR-BT, catheter implantation is currently much denser and
confined within the prostate perimeter. A catheter spacing of
�10mm [34], compared to the �15mm spacing used in the
study by van Vulpen et al. [22], greatly improves the setting
for successful IHT in combination with HDR-BT.

Another reason to reinvestigate a CC electrodes IHT sys-
tem, such as the intracatheter MECS, is that current technol-
ogy facilitates simultaneous application of hyperthermia and
radiation. Simultaneous application of hyperthermia and radi-
ation is known to produce the highest thermal enhancement
ratio (TER) for radiation-induced cell killing [12,35–37].
However, no known application can seamlessly integrate
these two treatment modalities [37]. Therefore, in this study,
we propose the novel ThermoBrachy (TB) applicator, a
unique approach to combine HDR-BT and IHT, based on the
CC electrodes IHT system. The TB applicator has a dual func-
tion: it serves as an IHT applicator, using novel technology to
obtain highly efficient capacitive coupling of RF-EMF energy,
as well as an afterloading catheter for the application of
HDR-BT. This feature is realized by placing the electrodes on
the outer layer of the BT afterloading catheters. An add-
itional advantage of this approach is that the dielectric
material between the electrode and the tissue is thinner,
which greatly improves the delivery of RF-EMF energy in the
target volume. At the same time, the inner cavity of the
catheter remains fully available for the BT source. Besides the
increased TER, the simultaneous application of IHT enables
the integration of IHT within the existing time frame of the
standard BT procedure. For both the patient and hospital,

this might translate into a well-appreciated reduction of
overall treatment time.

In this study, we describe the novel TB dual-electrode
applicators and demonstrate, in silico, that it has the poten-
tial to provide the desired heating distributions simultan-
eously with the HDR-BT treatment. Furthermore, we report
how catheter spacing and different tissue scenarios affect
the performance of the TB applicators. Finally, we demon-
strate that different phase combinations of the input signal
can be dynamically adapted, to get increased adaptability of
the heating pattern.

Materials and methods

Applicator model

The classic MECS dual electrode applicator (Figure 1(I)) con-
sisted of a Polyethylene (PE) 4 Fr (outer diameter 1.333mm)
applicator catheter and two 20mm electrodes with a spacing
of 10mm between the electrodes, each connected by a
feeder wire to the 27MHz current source HT system. The
applicator was inserted into the 6 Fr (outer diameter 2mm)
HDR-BT flexible Polyoxymethylene (POM) afterloading cathe-
ters. In addition, a multipoint thermometer was inserted into
the dual electrode MECS applicator [38]. Having two electro-
des per applicator allowed for longitudinal temperature con-
trol along the applicator length, adapting to tissue and
perfusion changes [39].

In the novel TB applicator model (Figure 1(II)), two 30lm
thick and 20mm long copper layers are deposited onto the
outer layer of a 6 Fr HDR-BT flexible POM afterloading catheter
(Elekta ProGuide 6 F sharp needle), with a spacing of 5mm
between the electrodes. The copper layers leave a 0.5mm cir-
cumferential opening along the catheter axis, which serves as
a wiring path. The copper electrodes are connected by a
50lm copper wire to the distal side of the catheter, from
where they can be connected to the source. A thin, 30lm
dielectric conformal coating layer (Parylene C) covers the outer
applicator to ensure capacitive coupling rather than galvanic
contact with the tissue and to ensure biocompatibility [40].
The inside of the catheter is not obstructed, leaving the ori-
ginal space for insertion of the HDR-BT source from the after-
loader. Since the TB applicator is in direct contact with patient
tissue, it is a single use sterilized device.

The applicator must be able to simultaneously apply IHT,
while not interfering with the application of HDR-BT. The
effect of different afterloading catheter materials (stainless
steel and plastic) in HDR-BT has already been studied, and a
limited perturbation in the dose distribution related to the
material choice was demonstrated [41]. In the proposed new
design, taking into account the very limited thickness of the
additional copper layer (30 lm), an insignificant attenuation
of <0.3% on the BT dose distribution is to be expected [42].

Power application

Voltage sources operating in-phase at a frequency of 27MHz
are used to drive power to the electrodes of the applicators.
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One end of each voltage source is connected to each elec-
trode, while the other end of the voltage source is con-
nected to a common ground. By setting the phase of half
the electrodes to a 180 degree shift, a balanced configur-
ation as described by Deurloo et al. [28] is achieved. For
each electrode, the power and phase can be adjusted during
treatment, offering the ability to steer the heating pattern
both spatially and temporally.

Single applicator proof of concept

A handcrafted applicator closely resembling the described TB
applicator was fabricated to demonstrate the feasibility of
the concept. The applicator was fabricated by depositing a
thin (60 lm) copper foil layer on top of a 6 Fr HDR-BT flexible
POM afterloading catheter. The whole applicator was coated
with a dielectric layer of approximately 0.1mm using a plas-
tic spray (PRF-202), leaving only the distal edges of the two
copper wires free for connection to the RF power generator.

The applicator was positioned in the center of a cylin-
drical agar-filled split-phantom. Through an LC matching cir-
cuit, the two electrodes were matched to the 50 X
impedance of the 27MHz RF power generator. Power was
applied for 10min, after which the split-phantom was
opened and the temperature was measured using an infra-
red camera (T1020 – FLIR Infrared Camera Systems,
Boston, USA).

Multiple applicator study model

Since the heating method is based on the interaction
between electrodes from different applicators, we studied
the volumetric temperature distribution of a set of multiple
TB applicators. Therefore, a mathematical model scenario is
used, in which four applicators are arranged in a square pat-
tern. The edges of the square spacing are set equal to the
nowadays commonly accepted maximum spacing of 10mm,
or 15mm for comparison with the historical applications.

The model consists of a cylindrical tissue volume (Figure
2) with a diameter of 60mm and a length of 100mm. The
configuration of the TB applicators is inserted in the tissue
cylinder to a depth of 90mm. Four different homogeneous
tissue types were considered: i.e., agar, muscle, fat, and pros-
tate tissue (Table 1). In the static phase configuration, each
electrode shares the same phase with the other electrode on
the same applicator, as well as with the electrode of the
opposite diagonal applicator. The other electrodes have a
180� phase shift, as illustrated in Figure 2.

Figure 1. (I) The classic MECS applicator. A flexible PE catheter (blue) is inserted into the flexible POM HDR-BT prostate afterloading catheter (gray). Two electrodes
(black) are deposited onto the PE tube and are connected by a thin wire (red) to the current source. (II) The novel TB applicator. Two electrodes (dark gray) are
deposited on a flexible POM HDR-BT prostate afterloading catheter (light gray). A Paylene C layer (white) covers the electrodes and POM catheter, while thin con-
ductive wires connect the electrodes to the current source.

Figure 2. The simulation model used to study the three-dimensional tempera-
ture distribution of the TB applicators. Four TB applicators are inserted in paral-
lel in a square spacing in a cylindrical tissue volume. The static phase
configuration used is visible. Electrodes in red have a 180� phase shift com-
pared to the blue electrodes.
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Temperature distribution characterization

For a three dimensional quantitative characterization of the
temperature heterogeneity, the heterogeneity coefficient
(HC) was used, which is defined as [25,39]:

HC ¼ T10� T90
T90 � Tb

,

where T90 and T10 are the lowest temperatures achieved in
90% and 10% of the target volume, respectively. Tb is the
blood temperature, which is set at 37 �C. The T90 and T10 val-
ues can be extracted from cumulative temperature volume
histograms (CTVH). The HC has been used for interstitial and
intraluminal applicator comparisons in terms of temperature
heterogeneity. A lower HC value is more desirable since it
indicates a lower temperature heterogeneity (higher homo-
geneity) in the target region.

For the study of the temperature heterogeneity, the box
enclosing the active lengths of the applicators, excluding the
volume occupied by the applicators (Figure 3) was chosen as
the Volume of Interest (VOI). In this way, the complete vol-
ume between the applicators is considered.

Temperature steering ability

The temperature distribution depends on the electrode
geometry, the amplitudes, and the phases of the signals
applied to the electrodes [29]. In the scenario with four
applicators, several phase configurations are possible. We
can utilize the different phase and amplitude settings in two
ways: a) to longitudinally steer the heating pattern along the
active length of the applicator, thereby heating different
sub-volumes or b) to adapt the heating pattern, i.e., when
heterogeneous tissue leads to increased temperature
heterogeneity.

By applying power only on the distal or proximal electro-
des of the applicators, the temperature rise can be con-
strained to the distal or proximal of the active length of the
applicators, respectively. Temperature rise can also be con-
strained to the region between the electrodes if a 180�

phase shift is applied between the distal and proximal elec-
trodes of the applicators [29], thus creating a virtual elec-
trode in the middle of the active length. In this study, we
also investigated dynamic switching between the different
phase settings to maximize the longitudinal adaptability of
the heating pattern.

Simulation method

All simulations were performed using the Sim4Life simulation
platform, version 4.4.1, ZMT, Zurich, Switzerland. We used an
electromagnetic (EM) full-wave finite-difference time-domain
(FDTD) solver, for the calculation of the specific absorption
rate (SAR) distributions [47]. A non-uniform grid was used in
the simulations. To accurately discretize all layers of the appli-
cators, a maximum grid step of 0.02mm was chosen to dis-
cretize the cylindrical volume in the x- and y-direction,
perpendicular to the applicator axis, while the regions outside
the applicator volume were gradually increased to a max-
imum of 2mm. In the z-direction parallel to the applicator
axis, a grid step of 1mm was used. An edge source with a fre-
quency of 27MHz, a voltage of 10V, and a load of 50 X was
used between the edges of each of the feeder wires and
ground. All copper wires and electrodes were simulated as
perfect electric conductor (PEC) materials, since the wires and
electrodes are meant to be fabricated from pure copper,
which is a very good electric conductor, and are thicker than
double the skin depth at a frequency of 27MHz. The proper-
ties used for all materials and tissues can be found in Table 1.
An absorbing boundary condition was selected at the boun-
daries of the simulation domain. The total number of voxels
per simulation was between 10.25 million and 10.97 million.

Thermal simulations were performed by solving the
Pennes’ bioheat equation (PBE), using a finite-difference dis-
cretization [48]. A double precision solver and five minutes of
heating time were used. In the volume of the applicator, a
grid step of 0.2mm in the x- and y-direction and a grid step
of 1mm in the z-direction were used. In the rest of the model,
a uniform 1mm grid step was used. Metal structures were not
considered in the temperature simulations. The properties
used for the materials and tissues can be found in Table 1. A
Dirichlet condition was used for the boundaries of the model,
with an initial temperature of 37 �C for all boundaries, tissues,
and materials. The total number of voxels per simulation was
between 913 thousand and 987 thousand. The SAR levels
were normalized on input power (ignoring reflections) and
scaled such that the maximum observed temperature after
5min of heating is 45 �C (8 �C temperature rise).

Validation of simulation model

The simulation method was validated by comparing the cal-
culated temperature distribution of the geometrically accur-
ate MECS applicator models to experimentally measured

Table 1. Electric and thermal properties of the applicator materials and the tissues used in the simulations.

Tissue
Mass Density

(kg/m3)

Electric
Conductivity at
27MHz (S/m)

Relative
Permittivity
at 27MHz

Specific Heat
Capacity (J/

kg/K)

Heat
Generation
Rate (W/kg)

Thermal
Conductivity k

(W/m/K)

Heat Transfer
Rate at 37 �C
(W/m3/K)

Perfusion Rate
(ml/kg/min)

POM [43] 1150 2.7� 10-5 3.6 1670 – 0.230 – –
Parylene

C [44,45]
1289 1� 10-5 2.4 712 – 0.084 – –

Air [46] 1.164 0 1 1004 – 0.0273 – –
Agar [29] 1000 0.6 80 3590 – 0.6 – –
Muscle [46] 1090.4 0.654 95.764 3421 0.906 0.495 2706 39.74
Fat [46] 911 0.061 17.928 2348 0.507 0.211 2013 32.71
Prostate [46] 1045 0.838 120.056 3760 6.104 0.512 27820.2 394.12
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temperature distributions in an agar phantom by Kaatee
et al. [29]. The measurements were performed on the central
axis parallel to the applicators in two different phase config-
uration scenarios placed in a 15� 15mm square spacing.
The temperature distribution was measured after 1min of
heating. The simulated temperature distributions and their
relation to the temperature measurements are presented in
Figure 4. The mean absolute difference between the earlier
measured temperature distributions and the newly simulated
temperatures using the model of the classic MECS electrodes
in two phase configuration scenarios A and B (as shown in
Figure 4) was 0.06 and 0.02 �C, respectively. This shows
decent agreement with the historical data, demonstrating
the ability of our simulation model to approximately predict

temperature distributions for the capacitively coupled elec-
trodes. The same simulation settings are used in all results
presented in the next section.

Results

Heating pattern of proof of concept applicator

The handcrafted proof of concept prototype applicator in
Figure 5 was heated for different power amplitudes and
phases and the temperature was measured after 10min of
heating (left column). A theoretical model of the prototype
applicator with similar dimensions as proof of concept proto-
type applicator was simulated at the same amplitude and

Figure 3. Graphical representation of the planes perpendicular (I) and parallel (II) to the applicators. The volume of interest (VOI) is illustrated as a yellow dashed
line. The green lines illustrate the cross-sectional planes A, B, C, and D, which are used for temperature maps in Figure 5 and Figures 8–10.

Figure 4. Comparison between simulated temperatures (blue line) and temperature measurements (points and dashed line) in two experiments with the MECS
dual electrode applicators with different phase configurations. (I) In all applicators the distal and proximal electrodes have a 180� phase difference. (II) The power
phase is inverted for two diagonal electrodes.
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phase settings as applied in the experimental setup (middle
column, simulation of prototype). The designed applicator
was simulated with a lower input power but same phase set-
tings, to achieve similar heating levels as the prototype (right
column, simulation of design). It can be observed that simu-
lation and experiment lead to similar heating patterns,
though with small variations caused by the irregularities in
the shape of the handcrafted applicator. The same heating
patterns can be reached with the designed applicator but at
a significantly lower input power.

Stabilization time
To be able to spatially characterize the heating pattern, it is
important to know at which timepoint the heating pattern
reaches a stable state. The temporal temperature rise from the
baseline (37 �C) in an agar phantom (10mm sided square spac-
ing) at different timepoints during heating is shown in Figure 6.
The T10 and T90 values keep rising for the first 30min of con-
stant power application with a static phase configuration for
the non-perfused agar. For the low perfusion muscle and fat,
the T10 and T90 values approach a plateau at around 30min,
while the highly perfused prostate quickly reaches steady state
at around 5min of heating (Figure 7(a)). The HC stabilizes after
5min of heating for all types of tissues (Figure 7(b)). Figure 7
makes it evident that an evaluation at a steady state tempera-
ture would not be ideal for the applicators, since this is not
reached in a reasonable timeframe for all tissues. This is how-
ever not the case in the HC inside the VOI. In the following
results, we evaluate all temperature distributions after 5min of
heating, where the HC is stabilized.

Temperature heterogeneity in different tissue types
The T10, T90, HC values for both 10mm and 15mm setups after
5min of heating in homogenous phantoms of different tissues
– agar, muscle, fat, and prostate – can be found in Table 2.

Cumulative Temperature Volume Histograms (CTVH) of all tissue
types for both setups can be found in Figure 8. The tempera-
ture distribution in all tissue types was similar, with higher tem-
peratures around the electrodes and lower temperatures in the
center of the VOI. As an example, the temperature map in an
agar phantom after 5min of heating can be seen in Figure 9.
The temperature heterogeneity was higher in the highly per-
fused prostate tissue type and in all cases the 15mm spacing
provided a more inhomogeneous heating pattern.

Longitudinal temperature steering
In Figure 10, three different amplitude and phase configura-
tions were applied in the setup with 10mm spacing in the
agar phantom to demonstrate the ability for longitudinal
temperature steering. By selecting the proper amplitude and
phase settings, a cubic-like heating region with an edge
length of 20mm and temperatures of 41-45 �C can be cre-
ated after 5min of heating.

In Figure 11 two phase configurations were combined by
alternating between phase configuration I.a (used previously
as the static configuration) and I.b (used previously for heat-
ing the central part of the active length). The first phase con-
figuration was applied for 40 s per minute and the latter was
applied for 20 s per minute using the same amplitude. This
homogenized the temperature distribution in the middle of
the active length of the applicator. For the VOI shown in
Figure 11(III, IV) the HC of the dynamic phase configuration
was 0.19, while the static phase configuration I.a for the
same volume had a HC of 0.28. The T90 and T10 values can
be derived from Figure 10(II).

Discussion

With the introduction of the novel TB applicators, we aim to
open the field of applications that can perform simultaneous

Figure 5. Experimental results of the ‘proof of principle prototype’ applicator and simulation results of the prototype, i.e., same dimensions as prototype applicator,
and the applicator with the designed dimensions. Results shown are measured for the prototype (left column); simulated results for the prototype (middle column);
simulated results for the designed applicator (right column). All temperature distributions are after 10min of heating with colormaps of the heating patterns at the
plane passing through the center of the applicator.
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thermal enhancement of radiotherapy [37]. To achieve a
therapeutic benefit in simultaneous heating, either the radi-
ation distribution, or temperature distribution, or both of
them, need to be highly focused in the target area.
Therefore, we believe that IHT and HDR-BT, having both the
advantage of locally depositing their thermal and radiation
dose respectively, are the best contenders for successful sim-
ultaneous RT and HT application.

Interstitial application of HT has had trouble establishing
itself as a widely-used HT option, with only one commercial

Figure 7. Temporal temperature distribution change for four TB applicators placed at a 10mm configuration under constant power in different tissues. (a) The evo-
lution of the T10 (orange line) and T90 (blue line) values over time in the box enclosing the active lengths of the applicators. (b) The evolution of the HC over time.

Table 2. T10, T90, and HC values for the TB dual electrode applicators for
homogeneous phantoms of different tissue types and two different applicator
spacings after 5min of heating.

Spacing: 10mm Spacing: 15mm

Ptotal (W) T10 T90 HC Ptotal (W) T10 T90 HC

Agar 3.0 44.4 42.3 0.39 6.4 43.7 41.3 0.56
Muscle 3.2 44.3 42.1 0.43 6.2 43.5 41.0 0.64
Fat 1.6 44.4 42.4 0.37 2.5 43.7 40.7 0.83
Prostate 5.9 44.0 41.3 0.62 9.2 43.3 40.5 0.80

Figure 6. Temperature distribution maps on plane A (see Figure 3 for geometry) for five consecutive timepoints in the first five minutes of heating in the static
phase configuration: (I). The static phase configuration was applied. Blue: 0 phase shift, Red: 180� phase shift; (II) t¼ 33.3s; (III) t¼ 100 s; (IV) t¼ 166.7s; (V)
t¼ 233.3s; (VI) t¼ 300s. The VOI is visible as a dashed purple line, as are the isotemperature contours (green lines) of 41 and 44 �C.
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device currently available (BSD-500, Pyrexar Medical) and
with the most potent MECS system having been inactive for
almost two decades. One can argue that the therapeutic
advantages were not sufficient to contrast the invasive
nature of the systems. However, with the novel TB applica-
tors, we would like to deal with these issues in two ways.
Firstly, the increased TER, when combined simultaneously
with BT radiation, gives a higher therapeutic value to the HT
treatment, while not causing any additional invasiveness to
the patient; i.e., the catheter insertion would be the same as
in a typical HDR-BT procedure. Secondly, we provide
advanced steering control of the HT treatment with the
introduction of dynamic switching between different phase
combinations and the technological benefits resulting from
the novel applicator and system design.

We demonstrated in this study that, using the static phase
configuration, the temperature heterogeneity of the TB appli-
cators is low [25,39] (HC ¼ 0.39–0.62) for the maximum
allowed applicator distance (10mm) in prostate HDR-BT. The
TB system maintains the advantages of the MECS system [24]

without some of its disadvantages: One of the major issues
of the classic MECS applicator was the occurrence of high
temperatures inside the applicator during operation [43].
Less impact of high temperatures in the catheter can be
expected in the TB applicator due to the much thinner
dielectric layer between the electrodes and the tissue. The
thinner dielectric layer is also expected to improve the effi-
ciency of the applicators, with a higher proportion of the
power delivered to the target tissue. This is also evident in
Figure 5, where less power is needed for the designed
(30 lm parylene layer) applicator to reach the same tempera-
ture elevations as the prototype applicator (0.1mm dielec-
tric layer).

Looking at the differences in temperature heterogeneity
for different tissue types (Figure 8 and Table 2), we see that
perfusion plays a significant role in the heterogeneity of the
temperature distribution. Although it is unclear whether such
high perfusion values for prostate tissue are accurate during
HDR-BT with its large number of catheters inserted. The only
study on prostate perfusion during IHT found values in the

Figure 8. CTVH of the box enclosing the active lengths of the four applicators for different tissues of the (I) 10mm and (II) 15mm setup. The T10 and T90 values
are visible as horizontal lines.

Figure 9. Temperature maps along the major cross-sections A, B, and C (Figure 3 for geometry) after 5min of heating in an agar phantom for (I) the 10mm square
spacing and (II) the 15mm square spacing. Isotemperature contours of 41 and 44 �C are visible on all images in green.
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range of the value used in this study (470 ± 50ml/kg/min)
[33] using temperature decay data. In Figure 8, we see that
homogeneous heating of the well-perfused prostate tissue is
more challenging, resulting in a higher HC than in the case
of the agar phantom material in both the 10mm and 15mm
spacing setups. However, we see that the decreased applica-
tor spacing can provide more homogenous heating. This can
potentially provide better target coverage than the study by
van Vulpen et al. [22] where an average of only 12 catheters
was placed in each treatment.

The ability to control the temperature along the applica-
tor length is an important attribute for a successful treat-
ment [33,39]. In this study, we demonstrated that phase
steering (Figure 10(II)), provided additional steering control
compared to electrode selection (Figure 10(I,III)).
Furthermore, we proposed the use of dynamic switching
between different phase configurations (Figure 11), which
will enhance the longitudinal temperature control of the sys-
tem during treatment. This concept is demonstrated in one
simple example; however, the use of multiple variables to
control temperature will provide more degrees of freedom
to achieve a homogeneous (or desired) temperature

distribution in complex scenarios. For the utilization of the
phase-based temperature steering, a power supply system
needs to be developed, which will be able to rapidly switch
between different phase and amplitude settings.

Given the positive theoretical results and proof of con-
cept, our effort will be steered toward the fabrication of the
TB applicator in a precise and reproducible manner. The
MECS applicator was handcrafted and fabricated using silver
paint, thus dealing with the issue of limited reproducibility.
The less than ideal conductivity of silver might also have had
an impact on the heating ability of the applicator, since
lower conductivity might have caused resistive heating. The
deposition of three-dimensional conductive layers on flexible
thermoplastic is technically challenging. However, there are
currently methods available for the precise deposition of a
high-quality and high purity conductive layer on 6 F thermo-
plastic catheters [49,50]. The possibility of inconsistencies in
the copper layer thickness has already been considered, with
the aimed copper thickness (30lm) being more than double
the skin depth for copper at 27MHz (12.5 lm) [51]. The pro-
posed applicator will increase from 2mm to 2.12mm (i.e.,
6%) in diameter compared to the standard 6 F afterloading

Figure 10. Temperature maps after 5min of heating in an agar phantom for different phase configurations showing the ability to define a specific region along
the catheter that is heated. Isotemperature contours (green lines) of 41 and 44 �C are visible on all images. Left: The phase and power configuration of the electro-
des (dark gray: no power, blue: phase is 0, red: phase is 180�). Center: The central longitudinal plane parallel to the applicators showing the control of the longitu-
dinal position of the focused area (cross-section C in Figure 3). Right: The central plane of the focused area perpendicular to the applicators (cross-sections A, B, or
D in Figure 3).
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catheter, used for HDR-BT only. The diameter increase can be
justified in relation to the potential clinical benefit. In the
end, the increased diameter may lead to a small, if any,
adjustment in the brachytherapy template. Alternatively, the
deposition could be applied to 5 F afterloading catheters,
since the principle would remain the same. Further experi-
mental results might lead to small alterations in the pro-
posed model. Once the industrially fabricated TB is available
we will have realistic data available on the electrical resist-
ance of the feeding wires and electrodes. With these values
as a starting point, we will perform more in-depth investiga-
tions on the impact of resistance on wire/electrode heating
and allowable currents. At this moment it is important to
note that neither current calculations nor experiments show
significant heating of the electrode wires due to resistive
heating or the need for excess currents (Figure 5).

In this study, we only investigated the heating pattern in
homogenous tissues. A real prostate is enclosed by other tis-
sue types (mainly fat and muscle). Especially in the case of
tumorous tissue, the prostate might be inhomogeneous in
terms of electric properties, thermal properties, and perfu-
sion. The ability to model the inhomogeneities of the tissue
will be crucial in the successful application in a real patient.
Furthermore, in this study we investigated a simple scenario
of four applicators in which we demonstrated the longitu-
dinal steering ability of our applicators. In a real patient scen-
ario with more implants, the degrees of freedom are too

many for manual treatment planning, especially in the case
of dynamic steering (multiple phase and amplitude settings
per electrode). Therefore, there will be a need for automated
treatment plan optimization, as is already done for regional
hyperthermia [52,53] and brachytherapy [54].

For the temporal sequence, various options exist. The
most straightforward is that the HDR-BT treatment will start
just after the pre-heating time, when the desired stable tem-
perature has been reached. This ensures true simultaneous
application of the two modalities. For safety reasons, the RF
power to the applicator will be switched off when the radi-
ation source is in that single specific applicator, but stays on
in the surrounding applicators. Since the dwelling time of
the radiation source inside a single catheter is quite short
and only the RF-power to one applicator is turned off, we
expect no significant drops in overall thermal doses.

Temperature can be measured as is defined by the ESHO
guidelines on Interstitial Hyperthermia, with the insertion of
additional catheters for thermometry. A very good example
of how this could be performed for the prostate is described
in the study of Kukielka et al. [1]. A scheme like this would
mean that for volumetric temperature estimation, we would
be relying much more on our temperature modeling. From
the results reported in this study this seems a feas-
ible approach.

The current practice in HT is to apply heat for 60min. This
is considerably longer than the delivery time of radiation in

Figure 11. Temperature maps after 5min of heating in an agar phantom with a dynamic combination of two phase configurations. (I) The phase schedule applied
during the heating time. (II) CTVH comparison between the static phase configuration and the dynamic phase configuration in the VOI presented in the tempera-
ture maps (III and IV). (III) The central plane parallel to the applicators (cross-section C in Figure 3). (IV) The plane in the center of the active length of the applica-
tors (cross-section B in Figure 3).
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HDR-BT. In the current setting, the delivery time could
become shorter considering the very high thermal enhance-
ment of simultaneous heating and radiation delivery.
Nevertheless, overall treatment time can be considerably
reduced, since the addition of IHT to the HDR-BT fraction
can be favorable for further hypofractionation, and this can
additionally lead to a reduced number of individual implan-
tations. Those options should be considered in
future research.

With the introduction of the simultaneous HT and HDR-BT
application, a novel treatment planning and treatment deliv-
ery strategy need to be investigated, focusing on BED distri-
bution rather than separate radiation dose and thermal dose
distribution. An option is to perform BED optimization by
combined adaptation of the radiation and thermal dose. For
this, rapid calculation of both thermal and radiation doses is
necessary. The FDTD electromagnetic simulation method,
which has been used in this study, is reliable but computa-
tionally expensive and inefficient in the low frequencies,
especially when dealing with large models (high voxel
count). The 27MHz frequency allows the use of quasi-static
simulation algorithms [55], which offer shorter calculation
times and could offer near-real-time treatment planning, as
will be needed in our application. These, however, need to
be evaluated for their accuracy and adapted for the specific
application.

Conclusion

We introduced the novel TB applicator, which allows for sim-
ultaneous application of IHT and HDR-BT. The applicator
serves as an afterloading catheter for HDR-BT and is, there-
fore, based on the geometry of the currently used afterload-
ing catheters. The current practice of HDR-BT catheter
placement with �10mm spacing between applicators,
improves radial temperature distribution. The introduction of
dynamic switching between different phase configurations
will improve longitudinal temperature control. Biological
studies indicate that simultaneous application of HT and
radiation provide the highest TER. In general, the proposed
TB applicators have the potential to successfully integrate
into the current clinical BT routine and may enhance treat-
ment performance. Additional research is needed for the fab-
rication of the applicators, on the design of the power
supply system, and a novel treatment planning and deliv-
ery process.
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