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Abstract
This work reports the ongoing development of a combination applicator for simultaneous heating
of superficial tissue disease using a 915 MHz DCC (dual concentric conductor) array and High
Dose Rate (HDR) brachytherapy delivered via an integrated conformal catheter array. The
progress includes engineering design changes in the waterbolus, DCC configurations and
fabrication techniques of the conformal multilayer applicator. The dosimetric impact of the thin
copper DCC array is also assessed. Steady state fluid dynamics of the new waterbolus bag
indicates nearly uniform flow with less than 1°C variation across a large (19×32cm) bolus.
Thermometry data of the torso phantom acquired with computer controlled movement of
fiberoptic temperature probes inside thermal mapping catheters indicate feasibility of real time
feedback control for the DCC array. MR (magnetic resonance) scans of a torso phantom indicate
that the waterbolus thickness across the treatment area is controlled by the pressure applied by the
surrounding inflatable airbladder and applicator securing straps. The attenuation coefficient of the
DCC array was measured as 3± 0.001% and 2.95±0.03 % using an ion chamber and OneDose™

dosimeters respectively. The performance of the combination applicator on patient phantoms
provides valuable feedback to optimize the applicator prior use in the patient clinic.
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1. INTRODUCTION
Breast cancer is the most common cancer in women with an estimated 200,000 new cases
and a mortality of about 40,000 in 2005 in the United States of America [1]. The 5-year
local control rate for stage III breast cancer treated with radiation and/or chemotherapy
following surgery is reported to be 65% [2, 3] and the long term local-regional control varies
between 40–50% [4–7]. The incidence of chest wall recurrence of breast cancer following
surgery has been reported to vary between 5 and 35% [4, 6, 8–12]. The median survival rate
for chest wall recurrence of breast cancer has been reported to be 2 years with a wide range
in survival rate varying from few months to 30 years [13]. The wide variation in survival
rate was attributed to lack of effective therapy techniques and failure to control local
recurrence [14, 15]. The efficacy of heat on pronounced cell killing over 40–42.5°C has led
to the development of hyperthermia devices for thermal therapy of cancer. Numerous
devices employing microwave, radio frequency, laser and ultrasound energy sources have
been developed to treat deep regional, whole body, interstitial and superficial tissue diseases
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[16, 17]. Several clinical trials have reported the effectiveness of hyperthermia treatment as
an adjuvant therapy for local and superficial cancer treated with radiation and or
chemotherapy including the chest wall recurrence of breast cancer [18–24]. Hyperthermia
treatments delivered in combination with the standard radiation/chemotherapy treatment
were observed to increase tumor response with a positive correlation between minimum
thermal dose and improved tumor response [25]. The tumor response rate reported for single
aperture planar waveguide type hyperthermia devices that treated lesions up to 3cm in
diameter provided the motivation to develop multielement applicator arrays to expand tissue
heating area and accommodate tissue heterogeneity. This led to the development of flexible
conformal multielement array hyperthermia applicators for delivering thermal dose to large
areas of superficial tissue disease spread over the typically contoured anatomy of the human
torso [16, 17]. The conformal microwave array (CMA) applicator is one such device
developed to treat large area superficial tissue disease spread over contoured patient
anatomy as in chest wall recurrence of breast cancer [26]. The CMA employs an array of
DCC slot antennas driven non-coherently at 915 MHz for most uniform heating of diffuse
cutaneous disease located less than 2cm deep including the skin. The energy radiated by the
DCC slot antenna array is coupled to the target tissue through a thin layer of temperature
controlled degassed deionized water circulating though a 5–10 mm thick bolus. Tissue
targets of complex shape and contour can be effectively irradiated by selectively switching
on the individual DCC slot antennas. The energy radiated by individual DCC slot antennas
is computer controlled using thermal feedback obtained from temperature probes inside the
thermal mapping catheters on the tissue side of the water bolus bag.

There are indications in the literature that the efficacy of hyperthermia therapy for cancer
can be significantly enhanced by delivering heat simultaneously with radiation/
chemotherapy [18, 27, 28]. It has been shown in laboratory settings that the thermal
enhancement ratio in tumor is much higher with concurrent delivery of heat and radiation
than with sequential treatments. The potential benefits of increasing the thermal
enhancement ratio from about 1.5 for sequential treatments to 2.5 or higher for simultaneous
treatments have led to development of new combination applicators capable of simultaneous
therapy [29–32]. One such applicator developed by this group for concurrent microwave
heating and brachytherapy treatment of large area surface disease such as chest wall
recurrence of breast cancer was reported in [32–33]. The combination applicator has the
CMA applicator underneath an airbladder with an array of brachytherapy tubes on one side
for delivering radiation to the target tissue from a single scanning HDR source. The last
reports on the combination applicator in [32–33] documented the research carried out by the
group at the University of California San Francisco. Ever since the last reports, efforts were
focused on optimizing the individual components of the multilayer applicator for improved
overall performance and compatibility with the HDR brachytherapy instrument currently
used in the Radiation Oncology department at the Duke University Medical Center in
Durham USA, where the PI moved in recent years. In this effort we present the progress on
our ThermoBrachytherapy Surface Applicator (TBSA) and present preclinical evaluation
studies performed on phantoms in a laboratory setting prior to its use in the patient clinic.

2. TBSA DESIGN IMPROVEMENTS
2.1 Waterbolus chamber

The waterbolus is one of the key components of the TBSA. In a typical hyperthermia
treatment of superficial tissue disease such as chest wall recurrence of breast carcinoma,
electromagnetic (EM) energy radiated by the applicator is transferred to the tissue through a
thin layer of temperature controlled water. The deionized and degassed water circulating
inside the bolus couples the EM energy into tissue and reduces spatial inhomogeneities in
surface temperature during hyperthermia treatment. While allowing some compressability of

Arunachalam et al. Page 2

Proc SPIE. Author manuscript; available in PMC 2013 December 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the water layer to accommodate small irregularities of surface, the open cell filter foam
inside the water bolus layer maintains a relatively fixed distance between the skin and the
HDR radiation sources inside the brachytherapy tubing. Figure 1a shows a schematic of the
bolus design that was used in early combination applicators. In Figure 1a, single inlet and
outlet channels were used to feed deionized degassed water inside the bolus bag. The water
in the inlet channel is dispersed into the bolus from the numerous openings in the feed
channel and is collected inside the return tubing with perforated holes on the other end of the
filter foam.

Uniform fluid flow pattern across the active bolus area is desired to maintain high thermal
transfer at the bolus-tissue interface during hyperthermia treatment. However, momentum
and friction effects along the fluid path affect the pressure distribution and flow rate inside
the water inlet and outlet channels. Fluid dynamics simulations were performed to study
pressure distributions inside the flow channels along the feed and return sides of the water
bolus over the desired range of fluid flow rate. Fluid flow inside the bolus was analyzed
using Comsol MultiPhysics (Comsol Inc., Boston, USA). Numerical simulations were
performed while varying the dimensions of the inlet channel width (Ds), outlet tube diameter
(Dr) and distribution orifice diameter (a0), as indicated in Figure 1a, and studying fluid flow
patterns for dual opposing inlet and outlet channels. Based on the numerical simulations, a
waterbolus design with larger diameter flow channels that feed water to the bolus from two
sides (as shown in Figure 1b) was chosen for improved uniformity of fluid flow distribution
across the bolus. Subsequently, a prototype PVC waterbolus bag with dual opposing flow
channels was fabricated by Bionix Development Corporation.

2.2 DCC antenna configurations
Most of the original CMA applicator development used square slot DCC antennas fabricated
on flexible printed circuit board (PCB) material for low profile and conformity to irregularly
shaped disease over contoured surfaces such as the human torso. Numerous DCC antenna
array designs varying from 2–5cm square apertures were studied radiating into complex
loads at 915 MHz [34, 35]. Satisfactory numerical studies on the SAR and thermal
distribution of the DCC arrays led to successful fabrication and eventually to use of the
CMA applicator in preliminary clinical investigations. Figure 2(a) shows a 915 MHz square
DCC slot antenna and its corresponding SAR pattern computed 5mm deep in muscle tissue.
The regular square DCC slot antenna with microstrip feedlines across the center of each side
slot forms the basic unit cell of the CMA array. The square DCC works well when the
outline of the treatment area is rectangular such as in the main chest or back area but is less
suitable to the perimeter of large CMA arrays that cover disease spreading around the armpit
and neck area. In addition, as the area of the patch increases the overall power density
decreases affecting the efficiency and the ability to deliver necessary thermal dose with a
medium power amplifier (<50W). A large number of small efficient antennas is preferable
as the disease is more accurately contoured and the lower power requirement for the
amplifiers correlates with system reliability, durability, linearity and overall reduced cost.
For these reasons, a set of design rules were developed to design efficient DCC slot antennas
with other than square shape. While designing non-square slot antennas we implemented an
additional design rule that reduced the area while increasing the perimeter of the slot, thus
increasing antenna efficiency and power density in tissue. Figures 2(b)–(c) show non-square
DCC slot antennas that were optimized to obtain conformal radiation pattern to treat regions
under the arm and near the neck [26]. The EM numerical simulations were performed using
a commercial package (HFSS, Ansoft Inc). The use of CMA applicators with square DCC
elements in the central region and triangular or pentagonal DCC elements around the
perimeter should provide improved coverage of the disease by eliminating the staircase
effect of square arrays.
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2.3 Applicator Layer Fabrication
The multiple layers of PVC in the combination applicator were originally fabricated in the
laboratory using an impulse heat sealing machine. Since then efforts were focused on
devising robust and repeatable applicator fabrication techniques and devices for mass
production of the multilayer combination applicator for housing both the heating and
brachytherapy sources. The design efforts were carried out in cooperation with Bionix
Development Corporation as part of an NIH SBIR grant. Thus recent fabrication and
product assembly have been carried out by Bionix using RF induction sealing equipment
that is more reproducible and robust than thermal heat seal closures. Figures 3 and 4 show
layers of the rectangular and L-shaped combination applicators (respectively) fabricated by
Bionix using medical grade polyvinylchloride (PVC) sheets that were heat sealed using an
RF welding machine installed for this purpose. Each layer of the combination applicator
including the thermal mapping catheters and brachytherapy tubing was fabricated using a
welding template. Layers of PVC sheets were heat sealed in an orderly fashion for
repeatable mass production. The thermal mapping catheters heat sealed to the waterbolus
front (skin) surface are spaced such that surface temperatures can be measured along each
column of DCC elements, including a temperature directly under the center of each element.
The brachytherapy tubes secured to the airbladder are spaced 1cm apart to deliver radiation
dose across the entire bolus area. Figure 5a shows the rectangular combination applicator on
a torso phantom. The positioning of the individual conformal layers around the torso
phantom is illustrated in Figure 5b. The layers can be secured around the patient anatomy
using elastic straps and Velcro closures stitched to the individual layers.

2.4 Performance Evaluation
Bolus Flow Dynamics—Steady state fluid flow dynamics of the water circulating inside
the new rectangular waterbolus with dual opposing flow channels was empirically evaluated
and compared with the earlier bolus design with single inlet and outlet flow channels.
Sequential frames of thermal images recorded by an infra red (IR) camera for a step change
in the circulating water temperature were used to assess the steady state fluid flow pattern of
the newly fabricated and previously used waterbolus bags. Figure 6 shows the steady state
fluid flow patterns of the earlier and newly fabricated waterbolus acquired using an infra red
(IR) camera as the temperature of the circulating water was suddenly switched to a
circulation system ~5°C above the initial temperature at steady state flow. Comparison of
the fluid flow patterns clearly indicates an improved flow distribution with nearly uniform
and straight flow across the new prototype waterbolus from the inlet to outlet channels. The
thermal variation across the bolus surface at steady state temperature was observed to be
within 1 and 1.5°C respectively for the new dual side and earlier single side feed bolus bags.

Thermal Mapping—The feasibility of thermal mapping using the combination applicator
on contoured anatomy was tested using a realistic shape phantom model of the human torso,
as shown in Figure 5a. Thermometry on the torso phantom surface was carried out using a 4-
channel fiber optic thermometry unit (Lupton 3100, Lamaze’s Technologies, Santa Clara,
CA). Thermal mapping was performed using a stepper motor that precisely moved the
fiberoptic probes back and forth along the catheter tracks at predetermined spatial intervals.
Spatial displacements, dwell time at each position, and data acquisition from the Lupton
thermometry unit were controlled using a Labview program (National Instruments Corp.,
Austin TX). For the thermal mapping experiment, circulation of room temperature water
within the bolus was suddenly switched to a reservoir of water at 10°C higher temperature.
Thermometry data at the bolus phantom interface was acquired before and after the step
change in temperature of the rectangular waterbolus designed for the 3×6 DCC array. Figure
7a shows the thermal mapping experimental setup. Figures 7b–d show the thermal data
collected at spatial locations corresponding to the center of each DCC element for the center
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4 columns of the 3×6 DCC array. It can be observed that the fiberoptic temperature probes
took 10 minutes to reach steady state temperature and temperature variation within the
probes across each row was less than 1°C. Thermometry data indicates the feasibility of
mapping surface temperatures over contoured anatomy to provide real time thermal
feedback to control the power radiated by the individual DCC element during treatment.

Applicator Positioning: For HDR brachytherapy, patient specific pretreatment plans are
generated and optimized to deliver uniform radiation dose to the target tissue. Due to the
high sensitivity of dose to the source-skin distance in HDR brachytherapy, it is crucial to
maintain tight control of separation between the skin and brachytherapy catheter array so
that the radiation plan optimized during patient pretreatment planning is actually delivered
during the treatment. Thus, it is highly desirable that the thickness of the bolus layer
between the contoured tissue surface and HDR brachytherapy tubing array remains the same
from the pretreatment scan until completion of brachytherapy. Maintaining a stable bolus
thickness depends on maintaining a uniform water volume inside the bolus and stable
inward pressure over the applicator from the airbladder, elastic wrap and Velcro attachments
which secure the applicator to the contoured patient anatomy. The variability in thickness of
the bolus layer between the torso and HDR brachytherapy tubing was measured using
magnetic resonance (MR) images of the torso phantom. Figures 8(a)–(c) show MR slices of
all three cross sectional planes of the torso phantom with the rectangular bolus and
airbladder layers secured to the chest. The empty (air filled) brachytherapy tubing was filled
with deionized water for visibility in the MR scans. Figures 8(d)–(f) show the axial slices of
the torso phantom with the rectangular combination applicator taken parallel to the center of
each row of the 3×6 DCC array. The thin gray colored contour on the outer side of the torso
phantom (white color) indicates the outer surface of the torso phantom. It can be observed
that the thickness of the waterbolus varies. The bolus thickness is almost uniform along the
top (1st) row of the DCC array; reduces towards the center row (2nd) and increases towards
the bottom (3rd) row which is closer to the return tubing of the waterbolus. The variation in
bolus thickness seen in Figure 8 is mainly due to variation in the pressure applied while
securing the applicator around the torso. While variations in source to skin distance will be
accommodated in the brachytherapy treatment plan, it is crucial that this spatial variation in
source-skin distance be maintained nearly constant from the time of pretreatment scan for
dosimetry calculation through the end of treatment delivery.

Effect of DCC Array on Radiation Dose: Photons from the HDR source inside the
brachytherapy tubing undergo rapid attenuation as they travel through the TBSA applicator
layers and also generate secondary electron emissions due to scattering from the edges of the
slots in the thin (0.15 mm) copper PCB array. Commercial pretreatment planning software
used for HDR brachytherapy treatments does not have provision to account for non-tissue
layers. Thus, it is important to quantify the impact of the TBSA applicator on patient
radiation dosimetry calculations. Simple experimental configurations using rectangular slabs
of tissue equivalent CT phantom were used to quantify the radiation dose delivered by HDR.
The rectangular airbladder with brachytherapy tubing and the corresponding waterbolus
(~7mm thickness) was wrapped around the CT phantom as in Figure 9a. A “uniform”
radiation dose of 100 cGy minimum was delivered to a 15×15cm2 region of the CT phantom
through the brachytherapy tube array using a Varian GammaMed 12i afterloader (Varian
Medical Systems Inc., Palo Alto, CA). Skin dose was measured at four locations on the
phantom surface using OneDose™ dosimeters shown in Figure 9b (Sicel Technologies Inc.,
Morrisville NC) and also using an ion chamber. The dosimetric impact of the thin copper
PCB heating array was assessed with and without the CMA. The PCB attenuation
coefficient was measured as 3±0.001% using ion chamber and 2.95±0.03% using
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OneDose™ dosimeters indicating that the copper PCB does not significantly attenuate the
beam.

3. CONCLUSION
This work reports progress on the development of a combination applicator for simultaneous
heating using the 915 MHz DCC CMA and brachytherapy using a scanning HDR source to
treat diffuse cutaneous disease typical of chestwall recurrence of breast cancer. Efforts were
focused on improving thermal transfer across the bolus tissue interface by studying fluid
flow dynamics inside the water coupling bolus. As the treatment surface area increases,
pressure distribution in the flow channels of the waterbolus varies due to friction along the
fluid path and momentum effects due to water escaping through the small openings feeding
the bolus bag with open cell filter foam. Imbalance of friction and momentum effects results
in nonuniform pressure distribution leading to nonuniform fluid flow through the openings
in the water inlet and outlet channels. 3D fluid dynamics simulations were used to study the
steady state fluid flow dynamics of earlier waterbolus designs and improve fluid flow
distribution to maintain uniformly high thermal transfer across the tissue surface during
hyperthermia treatment. Numerical simulations led to the design and fabrication of
rectangular and L-shaped water coupling boluses with improved uniformity of fluid flow
across the active bolus area. Efforts were also focused on the design and fabrication of non-
square DCC slot antennas to conform tissue SAR patterns to cover irregular shaped chest
wall disease that spreads around the neck and shoulders, and around under the arm.
Triangular and pentagonal shaped DCC slot antennas radiating as efficiently as the square
DCC element are described which allow fabrication of vest shaped CMA applicators in
addition to earlier rectangular shapes possible with only square DCC elements. Besides
improving the clinical performance of individual layers, significant progress was achieved in
devising low cost, robust and repeatable fabrication techniques that can be used to make
patient specific TBSA combination applicators that fit securely and remain fixed in place for
entire thermoradiotherapy treatments which last approximately an hour. The ability to
perform thermal mapping on contoured patient anatomy for feedback power control of the
DCC antenna array was evaluated using the rectangular combination applicator on a torso
phantom. MR scans of the torso phantom with the rectangular combination applicator in
place were used to study the variability in waterbolus thickness that arise from variation in
pressure applied by the airbladder, elastic attachments and Velcro closures on the contoured
surface. Efforts are underway to modify the airbladder and attachments/straps to further
stabilize the bolus such that the source-skin distance remains fixed over the hour long
thermoradiotherapy treatment. Radiation dose measured by dosimeters on tissue equivalent
CT phantoms indicated ≤3% change in dose delivered by the HDR brachytherapy source
with and without the DCC antenna array in place. The performance evaluation of the
improved TBSA combination applicator with preclinical testing in phantom models has
provided valuable data leading to optimization of the combination applicator prior to use in
the patient clinic.
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Fig. 1.
Schematic diagram of water bolus designs for the CMA applicator. (a) Single water inlet and
outlet channels design used with earlier applicators [33] (b) New waterbolus design with
wider dual opposing water inlet and outlet channels for improved flow distribution and high
thermal transfer at the bolus tissue interface.
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Fig. 2.
Three, four and five sided polygonal shaped DCC antenna configurations with
corresponding SAR patterns from HFSS simulations, as optimized for conforming radiation
patterns of 915 MHz CMA applicators to tissue disease that spreads in irregular shapes
across the chest, around the neck and shoulder, and under the arm [26].
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Fig. 3.
New conformal layers of a rectangular combination applicator fabricated for the 3×6 DCC
antenna array for treating the chest and back regions. (a) Waterbolus bag with (b) thermal
mapping catheters sealed to the patient contacting side; (c) brachytherapy tubing attached to
the air bladder for the scanning HDR radiation source; (d) dielectric spacer between HDR
catheters and CMA.
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Fig. 4.
New conformal layers of the L-shaped combination applicator fabricated for the 35 element
DCC antenna array for treating the chest/back and shoulder regions. (a) Waterbolus bag with
thermal mapping catheters sealed to the patient contacting side (b) brachytherapy tubes
sealed to the air bladder to accept the scanning HDR radiation source; (c) dielectric spacer
between the HDR source and CMA; (d) 35 element DCC array for use with the L-shaped
applicator.
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Fig. 5.
(a) The rectangular combination applicator wrapped on a torso phantom; (b) schematic
illustrating the positioning of the individual layers of the combination applicator for
thermoradiotherapy.
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Fig. 6.
Steady state fluid flow patterns in the active bolus area acquired using an IR camera for a
step change in the temperature of the water circulating inside the bolus at 2.21 liters per
minute flow rate. Bolus bag placement (a, d) and bolus surface temperatures with
superimposed thermal contours (b–c, e–f) captured using the IR camera illustrating the
steady state flow patterns of the single side and dual channel waterbolus bags.
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Fig. 7.
Thermal mapping on the chestwall of torso phantom for a step change in the temperature of
the water circulating inside the rectangular waterbolus with dual opposing water flow
channels. (a) Experimental setup; (b) – (d) thermometry data at the torso-bolus interface
collected from 4 indwelling fiberoptic temperature probes at spatial locations corresponding
to the center of the DCC elements of the 3×6 antenna array.
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Fig. 8.
MR scans of the water filled torso phantom with rectangular bolus and air bladder bags. (a)
– (c) MR scans along three cross sectional planes illustrating the contoured surface of the
phantom; (d) – (f) axial scans indicating the outline of the torso surface (dark gray),
waterbolus (white) and brachytherapy tubing (white dots) parallel to the center of each row
of the 3×6 DCC antenna array.
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Fig. 9.
Experimental setup used to study the effect of DCC array on radiation dose. (a)
Experimental setup and (b) placement of the dosimeters on CT phantom surface.
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