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Abstract

Purpose—To study temperature and thermal dose distributions of ThermoBrachytherapy Surface
Applicators (TBSA) developed for concurrent or sequential high dose rate (HDR) brachytherapy and
microwave hyperthermia treatment of chest wall recurrence and other superficial disease.

Methods—A steady state thermodynamics model coupled with the fluid dynamics of water bolus
and electromagnetic radiation of hyperthermia applicator is used to characterize the temperature
distributions achievable with TBSA applicators in an elliptical phantom model of the human torso.
Power deposited by 915 MHz conformal microwave array (CMA) applicators is used to assess the
specific absorption rate (SAR) distributions of rectangular (500 cm?) and L-shaped (875 cm?) TBSA.
The SAR distribution in tissue and fluid flow distribution inside the Dual-Input Dual-Output (DIDO)
water bolus are coupled to solve the steady state temperature and thermal dose distributions of
rectangular TBSA (R-TBSA) for superficial tumor targets extending 10-15 mm beneath the skin
surface. Thermal simulations are carried out for a range of bolus inlet temperature (Tp=38-43°C),
water flow rate (Q,=2—4 L/min) and tumor blood perfusion (0,=2-5 kg/m3/s) to characterize their
influence on thermal dosimetry.

Results—Steady state SAR patterns of R- and L-TBSA demonstrate the ability to produce
conformal and localized power deposition inside tumor target sparing surrounding normal tissues
and nearby critical organs. Acceptably low variation in tissue surface cooling and surface temperature
homogeneity was observed for the new DIDO bolus at 2 L/min water flow rate. Temperature depth
profiles and thermal dose volume histograms indicate bolus inlet temperature (Ty) to be the most
influential factor on thermal dosimetry. A 42 °C water bolus was observed to be the optimal choice
for superficial tumors extending 10-15 mm from the surface even under significant blood perfusion.
Lower bolus temperature may be chosen to reduce thermal enhancement ratio (TER) in the most
sensitive skin where maximum radiation dose is delivered and to extend thermal enhancement of
radiation dose deeper.

Conclusion—This computational study indicates that well-localized elevation of tumor target
temperature to 40-44 °C can be accomplished by large surface-conforming TBSA applicators using
appropriate selection of coupling bolus temperature.
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Introduction

Methods
TBSA

Numerous preclinical data and Phase I/11 clinical trials have demonstrated the effectiveness of
hyperthermia as a radiation sensitizer and inhibitor of radiation damage repair. Similar effects
of heat have been reported for tumors exposed to radiation (Sneed et al., 2004; Seegenschmiedt
et al., 1995, 1996) which has motivated the development of hyperthermia devices capable of
delivering localized heat to tumor targets in order to spare adjacent normal tissues and critical
organs (Stauffer, 2005). Localized hyperthermia at moderate temperatures (40-45 °C)
delivered as an adjuvant for radiation and chemotherapy has been reported to improve local
control and survival rate for various tumors (Jones et al., 2005; Jones et al., 2003; Perez et
al., 1991; Sherar et al., 1997; Sneed et al., 2004; Sneed et al., 1998; van der Zee et al., 2000;
Vernon, 1994; Vernon et al., 1996). Furthermore, preclinical work has shown that reducing
the time interval between radiation and heat treatments increases the TER of
thermoradiotherapy from 1.5 for sequential treatments to 2.5 or higher when heat and radiation
are applied simultaneously (Overgaard, 1980). Early clinical results that used linear accelerator
and cobalt-60 radiation with commercial hyperthermia applicator demonstrated the feasibility
of concurrent thermoradiotherapy (Moros et al., 1995b; Myerson et al., 1999). Encouraging
preliminary results led to the development of combination applicators such as the scanning
ultrasound reflector linear array system (SURLAS) (Moros et al., 1995a; Novak et al., 2005;
Novak et al., 2008) and the conformal thermobrachytherapy applicator of this study (Juang et
al., 2006; Stauffer et al., 2004; Stauffer et al., 2005; Taschereau et al., 2004). Over the years,
we improved the design of the TBSA to combine HDR brachytherapy and heat using 915 MHz
Conformal Microwave Array (CMA) applicators. The TBSA is designed for
thermoradiotherapy of diffuse chestwall recurrence which typically extends from the skinto a
depth of 10-15 mm (Arunachalam et al., 2009a; Craciunescu et al., 2009). The TBSA reported
in this work employs a recently optimized water bolus design with Dual-Input and Dual-Output
(DIDO) flow channels that produce a more uniform flow distribution across the large target
surface (Arunachalam et al., 2009b). Initial testing of the TBSA applicator has demonstrated
excellent conformity, nearly uniform flow distribution and, minimal attenuation of the HDR
radiation source through water bolus and CMA applicator.

In this paper, a comprehensive steady state thermal analysis of the TBSA is presented by
combining power deposition (or Specific Absorption Rate - SAR) from the CMA with the flow
distribution inside the DIDO water bolus. The ability of TBSA to deliver localized power
deposition inside large contoured superficial tumor targets is evaluated for varying size
applicators. Thermal simulations are carried out for varying bolus inlet temperature (Ty), bolus
flow rate (Qp) and tumor blood perfusion (wp) to determine the factors influencing the heating
pattern and thermal dose distribution of the TBSA. Finally, suggestions are provided to select
appropriate bolus temperature and flow rate for the TBSA during thermobrachytherapy
treatment, depending on the depth of the target disease from the skin surface.

Fig 1 shows the rectangular (500 cm?) and L-shaped (875 cm?2) TBSA applicators made of
layers of 304.8 um (12 mil) thick medical grade PVC film. The front skin contacting layer is
the water bolus with DIDO flow channels and open cell filter foam which provides a relatively
constant thickness coupling medium for microwaves emitting from the flexible printed circuit
applicator. The water bolus also provides cooling of the high SAR on the target surface. The
thickness of the waterbolus for the 915 MHz CMA is set to vary between 5-10 mm to avoid
SAR perturbations arising due to resonance inside the bolus (Neuman et al., 2002;Rossetto
and Stauffer, 1999). Similar observations were also reported for the 433 MHz contact flexible
microstrip applicators (CFMA) used for superficial hyperthermia of chest wall recurrence and
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melanoma (Lee et al., 2004;Kok et al., 2009;Gelvich and Mazokhin, 2000). PVC thermal
mapping catheters RF welded to the skin-contacting side of the water bolus enable surface
temperature monitoring for feedback power control during hyperthermia treatment. A high
density conformal thermal monitoring sheet (TMS) sensor array with fiberoptic sensors
embedded between two flexible and thermally conducting polyimide films reported in
(Arunachalam et al., 2008) can also be used with TBSA for real-time skin temperature
monitoring and feedback power control. The fixed-geometry, body-conforming array of
thermal sensors enables fast and accurate characterization of two-dimensional temperature
distributions over large surface areas during hyperthermia treatment. The layer behind the
waterbolus consists of the CMA heating device, an array of square dual concentric conductor
(DCC) multi-fed radiating slots on a thin flexible printed circuit board using Rogers
ULTRALAM® 3000 LCP laminates (Maccarini et al., 2009;Maccarini et al., 2005;Rossetto
et al., 1998;Stauffer et al., 1995). The third layer is an array of parallel medical grade
brachytherapy catheter tubes RF welded 10 mm apart on the PV/C film. The PVC sheet holding
the array of brachytherapy tubes is welded along three sides to the waterbolus to fix the
alignment of brachytherapy tubes with waterbolus and DCC antenna array. 5F catheters are
then used in each desired brachytherapy tube and connected via specialized clamping adapters
to a remote aftreloader. During brachytherapy, the HDR radiation source is pulled
incrementally at preplanned dwell times to paint the appropriate radiation pattern in tissue
under the applicator. Elastic (Neoprene ®) flaps with Velcro fasteners are sewn to each side
of the applicator to provide a tight conformal fit around the patient torso. An overlying vest
with removable PVC air bladder forms an optional fourth layer that is used to improve
applicator fit to convex areas such as over the sternum adjacent to a large breast. The vest is
constructed of Neoprene® to secure the TBSA in place with respect to skin markers on the
target surface. PVC luer lock hubs at all catheter tips are used to lock the thermal mapping
probes. The conformal TBSA shown in Fig 1 was developed for chest wall recurrences in
collaboration with Bionix Development Corporation (Paoli, PA).

Computational Model

SAR and thermal simulations were carried out for an elliptical torso phantom model that was
used in the dosimetric characterization of TBSA (Craciunescu et al., 2009). Fig 2a shows the
cross sectional Computed Tomography (CT) image of R-TBSA on the phantom with a 5x4
DCC array between the 1 cm water bolus and HDR brachytherapy catheter array. The
highlighted region in Fig 2a underneath the DIDO water bolus indicates the 10 mm deep tumor
target considered in the theoretical model. Superficial chestwall disease that we treat typically
extends 5-15 mm below the surface including the skin. Thus, the depths of the predefined
tumor target volumes studied in our work extend 10-20 mm from the surface. CT images
acquired every 3 mm along the long axis of the phantom were segmented using Avizo 6.2
(Visualization Science Group, Inc. Burlington MA) and imported into the simulation software.
Fig 2b shows the 3D computational models of TBSA.

CMA SAR Calculation

A coupled numerical model is developed to incorporate the SAR pattern of CMA and bolus
fluid flow distribution in the thermal simulations. The electromagnetic (EM) field maintained
by the CMA is calculated by solving Maxwell’s wave equation (Cheng, 1989),

VX E(T, f) - 0o80e, (T, fIE(T, £)=0 (1)

using finite element EM simulation software, HFSS 12 (Ansoft/Ansys Inc, Philadelphia PA).
In Eqn (1), E is electric field vector, T is 3D position vector inside the computational domain,
fis operating frequency (f=915 MHz), o isangular frequency, €, and , are free space dielectric
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permittivity and magnetic permeability respectively and, ¢, is dielectric constant at f =915 MHz
which is modeled to be homogeneous within each medium. The square slot DCC radiators of
the CMA are excited by defining four dipole sources (1 W each) between the outer ground
plane and central square patch conductor of the DCC across the center point of each side. The
SAR distribution of the CMA array is obtained by linear superposition of power deposition
patterns from all individual DCC antennas under incoherent excitation. The computational
overhead is reduced by truncating the domain with perfectly matched layer (PML) absorbing
boundary conditions (Berenger, 1994). The SAR,

(_’f)

2
SAR(T f)— [E(T. /)l

(2)

calculated for individual DCC elements is superimposed to compute the power deposited by
the complete array. In Eqn (2), o and p are material conductivity at f = 915 MHz and density
respectively inside the computational domain and are modeled as constants within each
medium.

Bolus Fluid Dynamics

Steady state fluid flow distribution inside DIDO water bolus is calculated by solving Navier
Stokes equation for incompressible fluid flow given by (Zienkiewicz et al., 2005),

(P8 - V)i=—Vp+V - (VE+VT)')) (30)

V- u=0 (3b)

inside the flow channels and, Brinkman’s equation for fluid flow inside the porous filter foam
(Bars and Worster, 2006),

T3-v.
Kp

pI+— { (V‘> +(v) )}]

&p (4)

where U is spatial velocity vector, p is pressure distribution, 1 is water dynamic viscosity and,
&pand kp are porosity and fluid permeability constants of the bolus filter foam. The total volume
of fluid flowing through the DIDO water bolus is the sum of the flow from both input channels
(Qp). The spatial distribution of water velocity (U = Ujp,) entering the active bolus area through
the DIDO inlet flow channel calculated in (Arunachalam et al., 2009b) is used in the
simulations. Laminar outflow is defined on the surface normal to the outlet side of the porous
filter foam (Arunachalam et al., 2009b). A rigid wall boundary condition (U = 0) is applied on
the walls of the PVVC bolus. Fluid dynamics of the DIDO waterbolus were studied in detail and
validated with experimental data in (Arunachalam et al., 2009b). The DIDO waterbolus
maintained a nearly uniform fluid flow distribution across the large r-TBSA with less than 0.8°
C gradient in the steady state bolus surface temperature (Arunachalam et al., 2009b).

Thermodynamics Equilibrium

Spatial distributions of fluid flow velocity (U) and calculated SAR are used in the thermal
simulations. Steady temperature inside the water bolus is modeled as,
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V- (k,VT) - pcu - VT=0 )

where T is temperature field, k; is material thermal conductivity and c is specific heat capacity.
Thermal properties are defined as constants within each medium. Equation (5) is solved inside
the PVC bolus layers for i = 0. Convective heat transfer on the boundary surface between the
applicator and surrounding room temperature air is modeled by the boundary condition,
ki-VT = ho(T — T;) where hy and T, are heat convection coefficient and ambient room
temperature respectively and, i is surface normal vector of the boundary. The temperature of
the water entering the bolus is set to a constant, T=Ty,. Heat transfer inside the tumor target and
surrounding tissue is modeled using Pennes bio heat equation (Wissler, 1998),

=V - (kVT) — wpep(Ty — T)=0py, ©)

where T, is arterial blood temperature (set to 37°C), Qem = pSAR is EM power deposited inside
tumor and tissue and, oy, and ¢, are bulk perfusion rate and specific heat capacity of blood
respectively. The first term in Eqn (6) models conductive heat transfer inside tissue, the second
term models bulk heat loss inside tissue due to blood flow. The computational domain for
thermal analysis is truncated by defining the temperature field to T=T, 4 cm deep inside elliptic
phantom model wher, T, is body core temperature set to 37 °C. A 304.8 um thick PVVC water
bolus with 10 mm degassed and de-ionized water inside open cell filter foam is used in the
simulations. A list of material properties used in the simulations is summarized in Table 1.
Fluid dynamics and thermal simulations were carried out using the finite element software,
Comsol (Comsol Inc. Stockholm Sweden). The simulation tools used in this study were
validated in our previous works (Arunachalam et al., 2009b; Birkelund et al., 2009;
Arunachalam et al., 2008).

SAR Characterization—EM simulations were carried out for the TBSA applicators
depicted in Fig 1. A 5x4 DCC array (500 cm?) is used with the R-TBSA and a 35-element L-
shaped DCC array (875 cm?) is used with the L-TBSA. SAR distributions were calculated
inside the tissue including predefined tumor target volume (highlighted in Fig 2a). As heat
radio-sensitizes both normal and tumor tissues, it is crucial to selectively deposit EM power
within the target disease sparing the surrounding normal tissues. Unlike deep tissue heating,
in hyperthermia treatment of superficial disease such as chestwall recurrence, the entire tissue
region up to 10-15 mm depth beneath the DCC heating array is considered tumor target. Hence,
thermal enhancement is readily limited to the tumor target and irregularly shaped disease
regions can be treated using a multi-element heating array by selectively switching ON DCC
antennas over the target tissue. Additional simulations were carried out by switching off several
DCCs in the 5x4 DCC array to evaluate the ability to deliver well-localized conformal power
deposition patterns to irregular shaped target lesions.

Thermal Characterization—Steady state thermal simulations were carried out for the R-
TBSA using the calculated power deposition pattern for all heating elements of the 5x4 DCC
array. Thermal characteristics of R-TBSA were studied for the following parameters: water
bolus inlet temperature, Ty, (38—43 °C); bolus flow rate, Qp (2-4 L/min) and blood perfusion
rate inside tumor target, wp, (2-5 kg/m?3/s). Due to the superficial extent of tumor target, lower
limit on Ty, is set to 38°C which is slightly above normal skin surface temperature (35-36°C)
and, the upper limit is set to 43°C to limit thermal enhancement of radiation dose to the skin.
Blood perfusion rate (op) that contributes to heat loss in Pennes Bio-heat equation (6) is varied
from 2-5 kg/m3/s inside tumor target to bracket the range of values that can be anticipated
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during hyperthermia treatment. Three blood perfusion rates — moderate (0,=2), intermediate
(wp=3.5) and very high (m,=5) — are used in the simulations based on the expected range under
hyperthermic conditions (Roemer, 1990; Van De Kamer et al., 2001). Heat convection effect
of the DIDO waterbolus is evaluated in this study at 2 and 4 L/min flow rates to determine the
minimum flow capacity of the bolus circulation system. The lower limit (2 L/min) is established
based on the capabilities of the water circulation system used in our clinic. A practical upper
limit of 4 L/min is set to minimize turbulence and weakening of the PVC bolus with time.

A total of 36 thermal simulations were carried out for the R-TBSA. In all our thermal
simulations, steady state temperatures of 40-44 °C are defined as the therapeutic temperature
range for superficial hyperthermia. Heat input from the CMA (Qgpm) in Eqn (6) was scaled for
individual simulations such that the maximum temperature inside the predefined tumor target
is limited to 44°C. Heat convection inside the circulating waterbolus was demonstrated to
impact tissue surface cooling and temperature homogeneity of the 915 MHz CMA array
(Birkelund et al., 2009). As a result, a new bolus configuration with DIDO flow channels was
developed for use with our large area TBSA (Arunachalam et al., 2009b). Additional
simulations were carried out in this study to assess heat convection effects of DIDO bolus on
surface temperature distributions at 2 and 4 L/min water flow rates for R-TBSA with 42 °C
bolus and power deposition from 16 of the 20 DCC elements. Steady state temperature
distributions were used to compute Toq (temperature that 90% of the target volume is above)
and CEM43T90 (cumulative equivalent minutes assuming constant 43 °C delivered to 90% of
the tumor target) (Dewey, 1994) for varying bolus temperature and tumor volumes under
moderate and very high blood perfusion — the possible scenarios anticipated during
hyperthermia treatment. Simulation results are used to determine factors influencing the
thermal characteristics of TBSA.

Fig 3 shows the normalized SAR pattern delivered by the 5x4 DCC array of R-TBSA. SAR
depth distribution of Fig 3a is calculated in the mid plane of the last row of the 5x4 heating
array normalized with respect to the maximum value inside the computational domain. Similar
SAR distributions were observed across the remaining rows of the DCC array with maximum
SAR deposited on the target surface. Due to low electrical conductivity, minimal power is
absorbed inside the de-ionized water bolus. Fig 3b shows the corresponding SAR volume
histogram calculated inside the predefined tumor target volumes of the torso phantom model
for the 5x4 DCC array of the R-TBSA. SAR volume histograms indicate that 90% of the tumor
target received at least 15% of the maximum power deposition. Fig 4 shows the 3D SAR
distribution on the elliptic phantom shell, 10 mm from the target surface. The SAR pattern of
Fig 4a is normalized with respect to the maximum SAR value at depth (SARax)- The
thresholded SAR distribution of Fig 4b indicates that 90% of the tumor target is above 75% of
SARmax- Fig 5 shows the normalized 3D SAR patterns of R-TBSA and L-TBSA for tumor
targets of varying size and shapes. Well-localized power deposition inside the tumor target
seen in Fig 3-Fig 5 facilitates selective radio-sensitization of superficial tumors, sparing
surrounding normal tissues and limiting TER enhancement to the predefined tumor target
volume during simultaneous thermobrachytherapy.

Effect of Bolus Temperature and Perfusion on Target Temperature Distribution

Fig 6 shows the depth profiles and 2D distribution of steady state temperature field for a range
of bolus inlet temperature (T,=38-43°C) with moderate blood perfusion (w,=2 kg/m3/s) inside
tumor target. Temperature distributions of Fig 6a were taken in the mid plane of the 3 row
of the 5x4 DCC array (z=12.5 cm). The temperature distributions in Fig 6a indicate that

Phys Med Biol. Author manuscript; available in PMC 2010 May 4.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Arunachalam et al.

Page 7

therapeutic thermal elevation (40-44°C) inside the tumor target can be moved deeper by
lowering bolus temperature. The corresponding temperature depth profiles in Fig 6b at x=0
and z=12.5 cm clearly illustrate this phenomenon. Lowering the bolus temperature from 43 to
38°C broadens the temperature field and moves peak tissue temperature 3—-4 mm deeper into
the tumor target. From Fig 6, it can be observed that superficial tumors extending 10-15 mm
from the skin including skin can be effectively treated with 41-43°C waterbolus temperature
while tumors extending as deep as 15-20 mm or requiring protection from skin complications
can be treated using 39-40°C water bolus.

Fig 7 shows the influence of tumor blood perfusion on target temperature for a 42°C bolus. In
these simulations, muscle tissue surrounding the tumor target is maintained at a moderate
perfusion rate of 2 kg/m3/s which is well above that of resting muscle (0.5-1.5 kg/m3/s).
Increasing blood perfusion causes an imbalance between heat input from the CMA and heat
lost due to blood flow inside the tumor target. Further, as the SAR decays with depth, heat lost
due to increasing tumor blood perfusion becomes more pronounced at depth as shown in Fig
7. Despite the heat loss with increasing perfusion, Fig 7 demonstrates that it is possible to
elevate tumor temperatures into the therapeutic range (40-44°C) for superficial disease
extending 10-15 mm from the surface using a 42°C water bolus. Temperatures below the
therapeutic range were observed at lower bolus temperatures and very high blood perfusion
inside the tumor target (simulation data not shown).

Convection Effect of Water Bolus on Surface Cooling and Temperature Homogeneity

Fig 8a shows the temperature distributions on the surface of the tumor target along transects,
L, and L, running parallel to the long axis of the elliptic phantom model and bolus flow
direction for highly perfused tumor. The schematic illustration of Fig 8b indicates the location
of L1 and L. Surface temperature along L, has contribution from all four DCC slot antennas
above the DIDO bolus while temperature profile along L4 has contribution only from 2 DCC
antennas. Close observation of the surface temperatures in Fig 8a indicates a slow but steady
rise in tissue temperature along the direction of flow (i.e. vertically down from input to outlet).
The successive rise in target surface temperature under the active DCC antennas denoted by
ATs; inFig 8ais due to increase in bolus temperature as water flows beneath the DCC antennas
radiating microwave power through the bolus into tumor target. The temperature gradientalong
the target surface, ATs; is calculated to be 0.3 and 0.15°C respectively at 2 and 4 L/min along
L,. Relatively smaller gradients were observed for the temperature profiles of L; as the
circulating water receives power deposition from only 2 of the 4 DCC elements along the flow
path. The surface temperature variations, ATs; and ATs, observed along L1 and L in Fig 8a
disappeared several mm deep inside the tumor target. The acceptably low variation in surface
temperature observed at 2 L/min water flow rate indicates that the DIDO bolus maintains a
nearly uniform flow distribution across the large bolus surface (500 cm?) and the existing water
circulation system in our clinic should be adequate for the TBSA.

Temperature and Thermal Dose Distributions

Fig 9 shows the temperature volume histogram inside highly perfused tumor extending 10 mm
from surface including the skin. Simulation data of Fig 9 is obtained for R-TBSA with heating
from the 5x4 DCC array at 4 L/min bolus flow rate, for bolus temperatures from 38-43°C.

From Fig 9 it can be observed that the knee of the histogram curves is well defined at higher
bolus temperatures (Tp>41°C). The double knee shape for Ty, below 40°C is due to cooling of
the first 3—-4 mm of the superficial tissue inside the tumor target. An important observation is
that Tgq i.e., temperature that at least 90% of the target volume is above is maximum for a 42°
C waterbolus (Tgg>41°C) and decreases for bolus temperatures above or below 42°C. The 3D
temperature volume distributions of Fig 9 indicate that a 42°C waterbolus is optimal for tumor
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target extending 10 mm from surface. Similar curves were obtained for moderate and
intermediate blood perfusion inside tumor target.

Fig 10 shows the influence of blood flow and bolus flow rate on temperature volume
distributions inside a tumor target extending 10 mm from the surface for a 42 °C water bolus.
As blood perfusion is varied from 2-5 kg/m3/s, Tgq inside the tumor target varies from 41.1-
41.6°C at 2 L/min and 41.2-41.7°C at 4 L/min bolus flow rate. Negligible difference in Tgg
values calculated at 2 and 4 L/min bolus flow rates for varying perfusion inside tumor target
reinforces the prior observation (Fig 8) that 2 L/min should be adequate for TBSA applicators
at least up to 875 cm? surface areas.

Fig 11 shows the influence of bolus temperature on the 90t percentile cumulative thermal dose
(CEM43T90) delivered to medium and very highly perfused tumor targets during a 60 minute
hyperthermia treatment. For tumor targets extending 10 mm from the surface, thermal dose
was the highest for the 42°C bolus and decreased for higher or lower bolus temperature. For
tumors that extend deeper (i.e., 0-15 mm from surface), maximum CEM43T90 thermal dose
was delivered with 40°C bolus for tumor targets with very high blood perfusion. A similar shift
in the maximum CEM43T90 occurs for tumor targets with moderate blood perfusion. Volume
thermal dose of Fig 11 suggest the use of 41-42°C bolus for tumor targets that extend 10 mm
from the surface and lower bolus temperatures of 39-40°C for tumor targets that extend 15
and even 20 mm from surface.

Discussion

The feasibility of simultaneous thermoradiotherapy reported in Phase I/11 clinical trials (Moros
et al., 1995b; Myerson et al., 1999) motivated the development of superficial hyperthermia
devices for concurrent thermoradiotherapy (Novak et al., 2005; Stauffer et al., 2005;
Taschereau et al., 2004). In recent years, the low profile CMA applicator designed for
superficial hyperthermia with external beam radiation has spawned the development of a
thermobrachytherapy surface applicator (TBSA) capable of sequential or simultaneous
thermobrachytherapy. One advantage of HDR brachytherapy over external beam radiation for
superficial chestwall recurrence is the ability to deliver well-localized radiation dose with
minimal radiation morbidity to underlying critical organs (lungs, heart). In addition, spatially
varying radiation dose can be delivered in a single treatment across a large surface area of the
contoured chest wall by optimizing the dwell time and position of the HDR radiation source
moving inside the array of parallel brachytherapy catheters (Sharma et al., 1997). Preliminary
HDR brachytherapy treatment planning results of TBSA on CT torso phantom have
demonstrated the feasibility of concurrent thermoradiotherapy (Craciunescu et al., 2009). In
this work, we investigate the temperature distributions possible in 10-15 mm deep target
lesions using TBSA applicators, taking into account several parameters that are known a-priori
to impact thermal dose delivery.

Numerical simulations and experimental data of Lucite cone applicator (LCA) and CFMA
microwave superficial heating devices operating at 433 MHz have assessed the role of bolus
temperature and thickness on SAR and temperature distributions in planar tissue models (Kok
et al., 2009; Lee et al., 2004; Van Der Gaag et al., 2006). Thermal models reported in these
works approximate fluid flow inside the bolus with a constant convection coefficient which
implies uniform fluid flow across the bolus. In this work, we incorporate bolus heat convection
effects by solving full 3D computational fluid dynamics equations inside the water bolus
(Arunachalam et al., 2009b). Fluid flow inside the bolus flow channels and open cell filter
foam are appropriately modeled by the incompressible Navier Stokes Eqn (3) and Brinkman’s
Eqn (4) for porous media respectively. 3D temperature volume distributions maintained by the
TBSA inside predefined tumor target volumes of the chestwall of an elliptic torso phantom are
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studied by solving the heat convection equation inside the bolus (Egn 5) and Pennes heat
transfer equation (Eqgn 6) inside the torso phantom. Numerous thermal simulations were carried
out to assess the ability of TBSA to selectively deposit SAR inside the tumor target and evaluate
factors affecting the thermal dose delivered to the target disease.

Due to close proximity of chestwall disease to ribs, heart and lungs, power deposited by CMA
applicators inside the predefined tumor targets were studied for R- and L-TBSA of varying
size (500-875 cm?) and shape. 2D SAR-depth distributions of R-TBSA in Fig 3 indicate rapid
attenuation of the 915 MHz EM waves inside the target with maximum SAR on the tissue
surface. SAR-volume histograms demonstrate that 90% of the tumor target receives at least
15% of the peak SAR, and SAR decays to 1% 3-4 cm from the surface. 3D SAR distributions
of Fig 4-Fig 5 indicate nearly uniform spatial distribution underneath the active DCC antennas,
with >90% of the tumor surface receiving >75% of SARax. The SAR patterns of R-TBSA
and L-TBSA for varying tumor size (500-875 cm?) and shape demonstrate the ability to deliver
uniform localized power deposition inside tumor target sparing adjacent normal tissue and
critical organs from heat and radiation induced damages. Furthermore, the conformal power
depositions observed in Fig 3-Fig 5 indicate that TER enhancement occurs only inside the
predefined target disease during simultaneous thermobrachytherapy.

Thermal simulations carried out for varying water bolus temperature (Tp), bolus flow rate
(Qp) and blood perfusion (mp) inside the target reveal several interesting observations. Of the
three factors, inlet temperature of a DIDO water bolus has the highest impact on the quality of
hyperthermia treatment delivered by the TBSA (Fig 6, Fig 9, Fig 11). Fig 11 summarizes the
Tgg Values calculated for the 500 cm? large R-TBSA for varying target volumes, bolus inlet
temperatures (Ty) and tumor blood perfusion (wp) under hyperthermic conditions at 4 L/min
bolus flow rate. Similar Toq values were calculated at 2 L/min bolus flow rate. Irrespective of
bolus flow rate and blood perfusion inside the tumor target, higher bolus temperature (T,>41°
C) produces a peak 2—-3 mm below the target surface (Fig 6) and delivers a higher overall
thermal dose to the entire target extending 10 mm from surface (Fig 9, Fig 11). At lower bolus
temperature (Tp<41°C), maximum temperatures occur further down (4-5 mm from surface -
Fig 6), which lowers thermal dose in tissues close to the surface and raises the thermal dose of
deeper tissues up to 15-20mm from surface (Fig 9, Fig 11). Similar observations were reported
for the 433 MHz Lucite cone applicator (LCA) arrays designed for treating superficial disease
extending 0—4 cm from surface (Van Der Gaag et al., 2006). The 3D thermal simulations of
LCA for a planar tissue model indicated 41-42 °C waterbolus temperature to be optimal for
disease extending 0-1 cm and lower bolus temperatures of 38-41 °C for disease extending 0—
2 cm from surface which agrees with the results of this study.

Temperature depth profiles of Fig 7 and temperature volume histograms of Fig 10 clearly
demonstrate the influence of blood perfusion on target temperature elevation to 40-44 °C. A
higher blood perfusion rate reduces the target heating extent by few mm (Fig 7). As a result,
lower Tgg values and CEM43T90 thermal dose are calculated for tumor targets with higher
blood perfusion (Fig 10-11). Blood perfusion is an uncontrolled phenomenon and heat lost
due to blood flow can only be compensated to an extent by adjusting the power radiated by
individual DCC elements of the CMA based on perfusion images and thermal feedback back
from fiberoptic temperature probes (Stauffer et al., 1994) during hyperthermia treatment.

Non-uniform flow velocity and lower flow rates (1.5 L/min) inside a previous bolus design
with water inlet on one side only resulted in higher temperature variation across the surface.
This is due to inadequate heat transfer between the tissue and water flowing inside the bolus
with single inlet and outlet flow channels under the active DCC antennas (Birkelund et al.,
2009). This earlier work motivated the design of DIDO water boluses with wider flow channels
that can maintain nearly uniform flow distribution and support higher flow rates (=2 L/min)
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thereby minimizing target surface temperature variation even with variable SAR as in Fig 5
(Arunachalam et al., 2009b). Temperature distributions on the target surface in Fig 8a for
varying flow rates inside the DIDO water bolus indicate only a small rise in peak temperature
(ATs1<0.3°C) as water flows underneath the active DCC antennas. This acceptably low surface
temperature gradient calculated at 2 L/min disappeared by 3 mm depth into the target.
Negligible difference in surface temperature distributions of Fig 8 and Tgq values of Fig 10 for
2 and 4 L/min flow rates indicate that 2 L/min is adequate for the TBSA up to 875 cm?.

Finally, the thermal dose (CEM43T90) delivered by TBSA in Fig 11 for various depth tumors
underscores the significance of bolus temperature on thermal dosimetry. Dosimetric
characterization of TBSA applicators indicated exponentially decreasing radiation dose inside
tumor targets with 20-30% overdose delivered to the target surface relative to the minimum
tumor dose at depth (Craciunescu et al., 2009;Taschereau et al., 2004). Theoretical studies of
ionizing dose distribution in pre-irradiated superficial tissues with external beam radiation for
simultaneous thermoradiotherapy using CFMA also indicated maximum radiation dose to skin
(Gelvich etal., 2006). HDR surface mold brachytherapy of pre-irradiated chestwall recurrence
in post mastectomy patients indicated 88% complete regression and 12% partial response
(Sharma et al., 1997). This is the only clinical study available in literature on the use of HDR
brachytherapy for pre-irradiated chestwall recurrence. All patients in this study reportedly had
RTOG/EORTC Grade II-111 acute radiation reactions that healed within 4-6 weeks after
completion of HDR treatment. Another study employing pulse dose rate (PDR) brachytherapy
surface molds for macroscopic pre-irradiated breast cancer local chestwall recurrence reported
actuarial 1, 2 and 3 year local recurrence free survival rates as 89%, 81% and 75% and Grade
I11 acute reactions as per RTOG/EORTC score that healed within 4—-6 weeks of PDR treatment
(Harms et al., 2001). These findings combined with our experimental work of TBSA on CT
torso phantom indicate that since radiation dose is maximum on the skin surface, it may be
desirable to minimize TER enhancement in skin by using lower water temperature of the bolus,
to move the peak TER below the skin surface with lower radiation dose. From Fig 6 and Fig
11, it can be observed that lower thermal dose and TER enhancement can be delivered to the
first few mm of the target surface during simultaneous thermobrachytherapy by reducing the
bolus temperature to 39-40 °C which effectively allows treatment of deeper targets to 20 mm
depth. Otherwise, a 41-42 °C waterbolus could be used for simultaneous thermobrachytherapy
treatment of more superficial tumors extending only 5-10mm from surface.

The thermal simulation outcomes reported in this study should hold good for other superficial
hyperthermia applicators employing conformal antenna arrays and a thin layer water bolus,
when combined with external beam radiation or brachytherapy. Thermal simulations of TBSA
reported in this study indicate that a 42°C water bolus and 2 L/min bolus flow rate are
appropriate for chestwall recurrences extending 10-15 mm from the surface and, lower bolus
temperatures (39-40 °C) are suggested for tumors extending deeper (20 mm from surface) or
for patients where skin toxicity may be a treatment limiting factor.

Conclusion

A comprehensive thermal analysis was carried out to evaluate the heating characteristics of
large area conformal thermobrachytherapy surface applicators (TBSA). Recently introduced
Dual-Input Dual-Output (DIDO) water boluses were found to produce acceptably low variation
in surface temperature for either 2 or 4 L/min flow rates inside the bolus. Perfusion inside the
tumor target will remain an unknown and uncontrollable parameter which can only be
compensated with measured thermometric feedback. Considering practical ranges of tissue
perfusion, waterbolus flow rate, and water temperature, the bolus inlet temperature has the
strongest influence on thermal dose distribution in tissue. Higher thermal dose can be delivered
to superficial tumor targets during simultaneous thermobrachytherapy treatment using a 42°C
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water bolus while lower bolus temperatures of 39-40°C may be chosen to reduce TER in the
most sensitive skin where maximum radiation dose is delivered and to extend thermal
enhancement of radiation dose deeper.
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R-TBSA: CMA Side with HDR Brachytherapy Tubing Aboy
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Fig 1.

Rectangular and L-shaped TBSA made of medical grade PVC films. The applicator consists
of a dual-input dual-output water bolus with open cell filter foam, thermal mapping catheters
on skin contacting side for feedback control and an array of PVC tubing for HDR
brachytherapy. The 915 MHz heating array (CMA) is placed between the bolus and
brachytherapy tubing array. Elastic attachment with Velcro strap is used to support the TBSA
securely to the patient torso. A stretchable vest is used to restrict TBSA movement with respect
to the target.
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(a) R-TBSA on Homogeneous 2-Layered Elliptic Torso Phantom
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(b) R-TBSA with 20 DCC CMA

T

L-TBSA with 35 DCC CMA

Fig 2.

TBSA on two-layered homogeneous elliptical torso phantom used in the simulations. (a) CT
image of R-TBSA on elliptic phantom with the 5x4 DCC heating array between the bolus and
brachytherapy catheter tubes (b) 3D models generated using CT images of TBSA on elliptic
phantom; A- deep tissue, B — superficial tissue, C — bolus of water, D — PVC water bolus bag,

E — 5x4 DCC array of R-TBSA, F — 35 element DCC array of L-TBSA.
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Fig 3.

SAR distribution maintained by the 5x4 DCC array of R-TBSA inside elliptic phantom model.
(a) 2D SAR distribution across the mid plane of the last row of 5x4 DCC array normalized
with respect to the maximum value inside the computational domain. (b) SAR volume
histogram inside superficial tumors extending 10 and 15 mm deep from target surface.
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Normalized SAR Pattern of R-TBSA 10 mm Inside Targ

Fig 4.

(a) 3D SAR distribution of R-TBSA inside tumor target normalized with respect to the
maximum value at depth (10 mm) (b) SAR pattern of Fig 4a thresholded to show target above
75% of the maximum SAR value of the 5x4 DCC array.
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Conformal SAR Patterns of TBSA 10 mm Inside Target
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Fig 5.

SAR distribution at depth inside tumor target maintained by CMA applicators of varying size
(500-875 cm?) 10 mm from target surface. Adjustable and localized heat patterns inside the
tumor target under the R-TBSA in Fig 5a—b and L-TBSA in Fig 5¢—d should facilitate selective
radio-sensitization of a tumor target, sparing surrounding critical normal tissues.
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(a) Temperature Field Under 3™ Row of 5x4 DCC Array — Low Blood Perfusion
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(b) Temperature Depth Profile Under Central DCC In 3" Row of 5x4 DCC Array
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Fig 6.

Steady state temperature distributions produced by 5x4 DCC CMA of R-TBSA for varying
bolus temperature and moderately perfused tumor target (o,=2 kg/m3/s) at 4 L/min bolus flow
rate. (a) 2D temperature fields beneath the 3" row of 5x4 DCC CMA at z=0.125m; (b)
Temperature depth profiles at x=0 and z=0.125 m indicating the impact of bolus temperature
on tissue heating.
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Influence of Perfusion on Target Temperature; Q=4 L/min; T, =42 ° C
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Fig 7.

Temperature depth profiles maintained by the 5x4 DCC array of R-TBSA for a range of bulk
blood perfusion rate that bracket moderate to severe perfusion inside the tumor target. Normal
tissues surrounding the tumor target were maintained at moderate perfusion (2 kg/m?3/s) in all
simulations. Thermal simulations were carried out for a 42 °C water bolus and 4 L/min bolus
flow rate. The ability to heat deeper inside the tumor target is limited by tumor perfusion.
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Bolus Heat Convection Effect on Target Surface Cooling
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Fig 8.

Heat convection effect of DIDO waterbolus on target surface cooling and temperature
homogeneity assuming high blood perfusion inside tumor target (0,=5 kg/m3/s). (a) Target
surface temperatures indicate a steady rise in temperature under the active DCCs (ATsq
ATSsy) along the direction of water flow. Temperature rise observed on target surface due to
increase in bolus temperature by the active DCC antennas is acceptably low at 2 and 4 L/min
bolus flow rates and disappeared few mm inside tumor target.
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Tumor Temperature Volume Histogram; Q,=4 L/min; o, = 5 kg/m’/s
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Temperature volume histogram inside tumor target extending 10 mm from surface (including
surface) with severe blood perfusion calculated for varying bolus inlet temperature. Tog value
i.e., temperature that 90% of the target volume is above in Fig 9 for the worst case scenario
(wp=5 kg/m3/s) anticipated during hyperthermia indicates a maximum for 42°C water bolus
and decreasing values for lower and higher bolus temperatures.
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Influence of Bolus Flow (Q,) and Perfusion (w,) on Target Temperature
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Fig 10.

Influence of DIDO bolus flow rate and blood perfusion on temperature volume histogram
inside tumor target extending 10 mm from surface. Simulations of R-TBSA with 5x4 DCC
heating array for a 42°C bolus indicate that, heating inside the target volume is significantly
influenced by tumor blood perfusion (o) more than the flow rate (Qyp,) inside the DIDO bolus.
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CEM 4EITQD for 60 min Treatment
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(b) Tumor with very High Perfusion; cob=5 kgfmgfs, Qb =4 L/min

Influence of bolus temperature on thermal dose (CEM43T90) delivered by r-TBSA to tumor
targets of varying volumes for 60 minutes treatment duration. Thermal dose distributions
indicate shift in the maximum CEM43Tgg towards lower bolus temperatures (< 41 °C) for
deeper targets compared to higher bolus temperatures (> 41 °C) for shallow targets (0-10 mm)
from surface.
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