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Abstract

Purpose—Novel combinations of heat with chemotherapeutic agents are often studied in murine
tumor models. Currently, no device exists to selectively heat small tumors at depth in mice. In this
project, we modelled, built and tested a miniature microwave heat applicator, the physical
dimensions of which can be scaled to adjust the volume and depth of heating to focus on the tumor
volume. Of particular interest is a device that can selectively heat murine bladder.

Materials and Methods—Using Avizo® segmentation software, we created a numerical mouse
model based on micro-MRI scan data. The model was imported into HFSS™ simulation software
and parametric studies were performed to optimize the dimensions of a water-loaded circular
waveguide for selective power deposition inside a 0.15ml bladder. A working prototype was
constructed operating at 2.45GHz. Heating performance was characterized by mapping fiber-optic
temperature sensors along catheters inserted at depths of 0-1mm (subcutaneous), 2-3mm (vaginal),
and 4-5mm (rectal) below the abdominal wall, with the mid-depth catheter adjacent to the bladder.
Core temperature was monitored orally.

Results—Thermal measurements confirm the simulations which demonstrate that this applicator
can provide local heating at depth in small animals. Measured temperatures in murine pelvis show
well-localized bladder heating to 42-43°C while maintaining normothermic skin and core
temperatures.

Conclusions—Simulation techniques facilitate the design optimization of microwave antennas
for use in pre-clinical applications such as localized tumor heating in small animals. Laboratory
measurements demonstrate the effectiveness of a new miniature water-coupled microwave
applicator for localized heating of murine bladder.
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Introduction

Superficial bladder cancer is currently treated with intravesicular chemotherapy, using
mitomycin-C (MMC). However, as with other chemotherapy drugs, tumor cells eventually
develop a resistance to MMC, rendering the treatment less effective or completely
ineffective (1). /n vitro studies have shown that the application of hyperthermia (increasing
temperature to 41-43°C) to cancer cells increases their sensitivity to MMC and reverses
MMC resistance (2). A recent 18-patient pilot study demonstrated a safe and reliable method
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for heating bladder to 40-43°C as an adjuvant therapy during MMC treatments (3). Given
the promising implications of this study, we are now interested in using established murine
bladder cancer models to study the mechanisms behind the increased effectiveness observed
in combination hyperthermia and intravesicular MMC treatments in order to better assess
the future potential of such combinatory treatment protocols.

The most commonly used method for inducing hyperthermia in murine tumor models is to
submerse the tumor bearing portion of the mouse into a hot water bath (4-8). Since this
method cannot provide selective power deposition into tissues at depth, it has been useful
mainly for tumors in the hind limb where the region immersed can be limited primarily to
the target tumor mass. Water bath heating of murine bladder would require circulation of
heated water through the bladder or submersing the lower half of the mouse’s body. The
former is not technically achievable for a 0.15ml bladder and the latter would heat the entire
hind quarter of the mouse. This would elevate the mouse’s central body temperature to
dangerous levels, which could be toxic. Other methods for locally heating deep seated
organs like the urinary bladder have been explored. A few examples include ultrasound
transducers (9) and RF heating with parallel-plate configurations (10) which have been
shown to effectively heat superficial murine flank tumors. Ferrite powder (11, 12), water-
based ferrofluids (13), or iron oxide nanoparticles (14) could be instilled into the bladder,
which would then heat up with the application of an external magnetic field. Although
potentially effective, these methods are expensive and may require invasive methods to
effectively deliver the metal powders and particles to the region of interest.

This work presents a simulation-based approach to antenna design for pre-clinical
hyperthermia studies. Before electromagnetic simulation techniques were available,
microwave antenna optimization was accomplished through an iterative build-and-test
method and some scientists still employ this method, while others use advanced simulation
techniques to reduce the overall cost and time required to develop a new device from
concept to working product. HFSS™ (Ansys Inc., Canonsburg, PA) is an effective
simulation tool for designing antennas. It employs the finite-element method to approximate
the solution to the partial differential equations that define electromagnetic wave
propagation and power deposition in different media. HFSS™ and other electromagnetic
simulation software packages are often used to predict power deposition in patients for
hyperthermia treatment planning (15-17) where accurate 3-dimensional (3D) anatomical
models of patients are employed. This study uses the same methods to design an antenna
with optimal performance based on the results of parametric electromagnetic studies in
HFSS™ as well as thermal studies in COMSOL Multiphysics® (COMSOL Inc., Burlington,
MA) in a 3D numerical murine model.

This approach to antenna optimization for pre-clinical hyperthermia devices facilitated the
creation of a cost-effective and non-invasive microwave heat applicator that could locally
heat murine bladder while maintaining normothermic skin and core body temperatures.
Since the physical dimensions of the prototype applicator designed in this project can be
scaled with frequency to adjust the diameter and depth of heating, the design procedure
described in this work may be applied to design similar devices for other small-animal
hyperthermia studies.

Materials and Methods

Antenna Design Optimization

The first step in the development of a simulated murine bladder heating model was the
creation of an anatomically accurate, 3-dimensional (3D) CAD model of a mouse. Micro-
MR images of a female mouse [acquired using a 7T Magnex Scientific magnet] were
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obtained from Duke University’s Center for In Vivo Microscopy. The images used to create
a 3D model have a resolution of 6.25um resolution in all 3 dimensions. Using Avizo®
software package (Visualization Sciences Group, Burlington, MA), the micro-MR images
were segmented to yield 3D surfaces for the mouse’s body, bladder, vagina, and rectum.
These surfaces were assumed to be the outer boundary of a uniform volume of tissue. Once
imported into HFSS™ electromagnetic simulation software, frequency-dependent tissue
properties, acquired from literature (18), were assigned to each volume. Tissue properties at
2.45GHz are listed in Table 1. The mouse was oriented to lie on its back, with the applicator
positioned over the pelvis. For the purposes of optimizing the antenna, no significant
differences were seen with the addition of typical thickness skin and fat layers between the
applicator and bladder.

To achieve adequate power deposition in the bladder with an integrated surface-cooling
system, we used a deionized (DI) water-loaded circular waveguide design. The largest
diameter tubular waveguide which allows for only a single mode to propagate was selected
by sweeping through diameter sizes in Imm increments. The length of the coaxial monopole
feed protruding inside the tube and the distance between the backshort (end plate of
waveguide tube) and the coaxial feed were design variables, and a parametric sweep of these
variables was performed to optimize the applicator load impedance (S11) when coupled to
the pelvis of the mouse and to maximize specific absorption rate (SAR) in the bladder.

Convergence was met when a maximum change of 5% in the S-parameters was achieved
between two consecutive adaptive mesh passes. The Sq1 was optimized at less than 1%
reflected power for 2.45GHz. Following optimization of the antenna design parameters for
load impedance, the local SAR pattern was also determined with HFSS™. Similar to
previous work in which an array of patch antennas was optimized to maximize power
deposition in a tumor target (19), bladder heating efficiency (7) was defined by integrating
the local SAR in the bladder volume and dividing by total SAR in the mouse (Equation 1).
This efficiency value was optimized to obtain maximum differential heating of the bladder.

[Local S AR % dViiadaer
" TLocal SAR* dViouse

Equation 1

Because DI water efficiently absorbs electromagnetic power at 2.45GHz, the overall height
of the waveguide was minimized to optimize transmission of power into the mouse (S2;)
and minimize direct heating of the coupling fluid. The water input channel and coaxial
connector size required that the height of the waveguide from the center of the coaxial input
feed to the circular waveguide output port be at least 15mm. In a circular waveguide, the
coaxial feed length and backshort distance determine the resistance and reactance of the
waveguide. In a circular waveguide, the optimum backshort distance should be around
0.25A (3.4mm in our water-loaded waveguide), but the waveguide was constructed with a 1
to 10mm-range adjustable backshort distance so the feed-point reactance could be manually
adjusted as needed to impedance match the applicator to the mouse load. This was realized
in construction by soldering a copper disk (backshort) to the end of the water output port
tube which had a watertight sliding fit in the back end of the circular waveguide. The
backshort can then be positioned closer to or further from the coax feed by sliding the water
output port in or out of the applicator (see Figure 1).

Thermal modeling

To complete the optimization of a murine bladder heating system, a heat transfer study was
implemented in COMSOL Multiphysics®. This study was based on the Pennes Bioheat
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Transfer Equation (20) which accounts for all major thermal inputs and outputs of the
energy balance in biological tissue, namely, blood perfusion, thermal storage, heat
conduction, metabolic heat production and externally applied SAR (calculated in HFSS™).

In the hyperthermia temperature range, both perfusion and metabolism rates increase in
response to external applied heating of the targeted tissues. These variations are significant
and are accounted for as shown in Equation 2 and Equation 3.

wp (T)=(1.9T - 200) « 107° Equation 2

(21, 22)

(-1 _
O (T) =Qoe™ G, Equation 3

(23, 24)

In these expressions temperature (T) is measured in degrees Kelvin, E; = 0.67eV is the
activation energy, kj, is the Boltzmann constant and Qo = 10760W/m3 is the basal heat
metabolic rate (25).

Anesthesia induces hypothermia which adversely affects the normal thermal regulation of
mice, inducing a general drop of 30% in basal metabolism (26). For this reason mice were
placed on a heated pad with a constant temperature of 37°C. The rest of the body was
exposed to room temperature (25°C) with an assumed convection coefficient of 5W/m2K.
The final thermal boundary condition is water bolus temperature, which is expected to play
an important role in avoiding the overheating of skin from the externally applied microwave
field. All of these considerations were accounted for in this thermal model.

S Parameter and SAR Validation

With a latex membrane sealed over the front opening of the waveguide to contain the
circulating water, the applicator was placed adjacent to skin over the pelvis of C57BL/6
mice (Harlan Laboratories, Indianapolis, IN) and S11 was measured using an Agilent
E5071C network analyzer. The applicator’s adjustable backshort-to-coaxial feed distance
was varied until an S1; of approximately —20dB was obtained for the desired operating
frequency of 2.45GHz. To confirm the validity of SAR patterns simulated by HFSS™, the
SAR pattern of the applicator was measured with an electric field probe (APREL
Laboratories, Ottawa, Ontario, Canada) that was scanned in a tank containing tissue-
equivalent liquid with 1mm step size in 3D using procedures that have been published
previously (27). The tank contained a mixture of Tween 80 and DI water to create a liquid
that simulates muscle tissue at 2.45GHz. The measured dielectric constant was within 5%
and the electrical conductivity within 1% of published values (18).

In Vivo Murine Bladder Heating Studies

C57BL/6 mice were anesthetized with an IP injection of 65mg/kg Nembutal and placed on a
thin acrylic platform. Underneath the platform, heated water was circulated to help maintain
37°C core body temperature. Heating performance of the applicator was tested in mice with
full bladder volumes of approximately 0.15ml at 2-3mm depth. Temperature distributions in
the mouse pelvis were characterized by mapping Luxtron® fiber-optic temperature sensors
(LumaSense Technologies, Santa Clara, CA) inside three parallel 20Ga polyurethane
catheters inserted into the perineum of the mouse and extending 20mm superiorly into the
pelvis. The catheters were inserted at depths of 0-1mm, 2-3mm, and 4-5mm below the
abdominal wall, with the mid-depth catheter passing immediately adjacent to the bladder.

Int J Hyperthermia. Author manuscript; available in PMC 2013 June 12.
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The sensors were connected to a motor that pulled the sensors out, stopping to allow for a
temperature measurement every 1mm and then pushing the sensors back 1.5cm deep again,
collecting 15 temperature measurements in each 1 minute cycle. Systemic temperature was
measured with a stationary fiber-optic temperature probe inserted orally. The temperatures
were collected and displayed in real-time using LabVIEW software (National Instruments,
Austin, Texas), which allowed the user to manually control applicator power as needed to
maintain the desired temperature distribution in the mouse at all times. All murine /n vivo
studies described in this manuscript were conducted in accordance with the Institutional
Animal Care & Use Committee at Duke University.

With the fixed backshort distance of 0.25\.,, a parameter sweep in HFSS™ determined the
optimal coaxial probe length to be 1.5mm past the center line of the waveguide (6.25mm

from sidewall feed-point). Figure 1 shows pictures of the prototype 2450 MHz applicator,
the HFSS™ model, and the applicator being used in a murine bladder hyperthermia study.

At 2.45GHz, the dielectric properties of DI water decrease the wavelength from 12.2cm to
13.6mm, with a corresponding decrease in waveguide diameter required for efficient wave
propagation. The wave propagation constant was calculated at 1mm increments over a range
in diameter from 4-16mm, and a diameter of 9.5mm was selected in order to limit wave
propagation to the dominant mode.

After waveguide construction, Sq1 and SAR were measured in homogeneous muscle tissue
simulating material and compared to simulated results. The S14 simulation results are most
accurate (< 5%) below 2.6GHz. Figure 2 demonstrates less than 5% difference between
simulated and measured S;1 around the critical 2.45 GHz design frequency, with
approximately 1% power reflected at 2.45GHz.

Figure 3 shows that the SAR pattern simulated in HFSS™ matches well to the SAR data
that is measured in muscle-equivalent liquid using an E-field scanning probe. The E-field
probe contains three orthogonal dipoles centered 3mm from the tip; therefore, SAR patterns
are recorded with the closest measurements already 3mm from the antenna front face
(Figure 3c). The error between the simulated and measured SAR does not exceed 10%, and
applying a moving average window to the simulated data suggests that errors in the side lobe
regions may be due to the fact that the diameter of the electric field probe used for SAR
measurement is 70% as large as the waveguide aperture.

Simulations of SAR in the mouse model (Figure 4) indicate that maximum power deposition
will occur in the skin and subcutaneous tissue directly above the bladder. The temperature of
skin and subcutaneous tissue may be lowered by circulating appropriate temperature water
coolant through the applicator. This makes fortuitous use of the high dielectric constant
water-loading of the waveguide which is also used to reduce waveguide diameter for
operation at 2.45GHz.

Figure 5 presents the effect of the water bolus at different temperatures on the resulting
temperature profile. It is readily seen that as the surface temperature is decreased the hot
spot moves away from the skin surface to the bladder region and the percentage of bladder
heated from 42-44°C is increased.

To study the relative heating of all mouse tissues, the corresponding tissue-average
temperatures are presented in Figure 6. To restrict the analysis to just the heated region,
average rectal and vaginal temperatures were calculated from tissue located within a
cylinder of the diameter of the antenna and extending down under the antenna. Figure 6
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demonstrates that the rectum is always 1-2°C below the temperature of the vagina and the
vagina is always 1-2°C below the temperature of the bladder for bolus temperatures between
35-41°C. These results also indicate that a bolus temperature of 36-38°C will yield the
desired temperature range of 42.5-43.5°C in the bladder. For thermosensitive liposomes
loaded with mitomycin-C, the assumed target temperature is between 41-43°C, though
studies will be conducted with higher and lower bladder temperatures as shown possible in
Figure 6.

In vivo murine bladder hyperthermia studies were conducted to validate results seen in
simulation. As seen in the Mouse 1 experiment (Figure 7), RF power (15W) was turned on
at the 5-minute time point and steady state was reached at the 10 minute time point. At
steady state, the subcutaneous tissue was maintained around 40°C due to the cooling effects
of 37°C water circulating inside the applicator. Tissues around the bladder and rectum were
elevated to 42-43°C while the core body temperature was maintained around 38°C
throughout the heating period. The RF power was turned off at the 18-minute time point and
the tissue temperature returned to normothermic conditions by the 25-minute time point. The
same heating protocol was used for the following four mice, with minor variations in
cooling bolus temperature, RF power level, and heat start and stop times.

Discussion

A miniature water-loaded waveguide applicator operating at 2.45GHz was optimized, built
and tested. The diameter of the applicator scales with frequency and affects the volume and
depth of heating. A 2.45GHz applicator was appropriately sized for heating murine bladder,
while lower frequency (larger diameter) applicators would be more ideal for heating larger
or deeper regions and higher frequency (smaller diameter) applicators could be designed to
heat smaller and more superficial targets. However, when heating deep targets in larger
animals such as rabbits and rats, applicator miniaturization is less necessary and existing
hyperthermia systems may be considered. For example, a readily-available low frequency
(433MHz) horn antenna has been shown to effectively heat rat bladder (28).

The 2.45GHz murine bladder-heating applicator heats small regions at depth (2-3mm) while
maintaining normothermic surface and core body temperatures. Other designs were
considered, such as the open end of a 6mm diameter semi-rigid coaxial cable; however, the
water-loaded circular waveguide was chosen for its overall performance. With a waterbolus
naturally integrated into the device itself, this design eliminated the need to construct a
separate miniature water bolus for surface cooling.

Bones were not used in the numerical model. They were not visible for segmentation in the
micro-MR images and because the pelvic bones in mice are far from the heated region, it
was not necessary to include them in this case. Micro-CT images should be considered for
future small-animal antenna design and planning studies when bones are in proximity to the
treatment region. Measured Sy, of the prototype applicator matches the simulated S;; within
5% at 2.45GHz. The small difference may be explained by the convergence criteria used in
simulation; convergence was met when a maximum change of 5% in the S-parameters was
achieved between two consecutive adaptive mesh passes. Greater than 5% error at other
frequencies is due to the fact that a dispersive model used for the different tissues in the
HFSS™ model and convergence of S parameters was only required at the frequency of
interest (2.45GHz).

Simulated SAR and measured SAR reveal the same pattern of power deposition in muscle-

equivalent liquid. The highest difference between simulated and measured SAR is apparent
in the side lobe regions, likely due to the diameter of the electric field probe used to measure
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SAR. However, both thermal simulations and measurements confirm that the water cooling
eliminates temperature rise in tissues superficial to the bladder and thus negates any
deleterious effect that side lobes would have.

In pre-clinical and clinical hyperthermia studies, calculating local SAR is not a good
predictor for steady state temperature in the body because it does not account for thermal
effects, such as convection and perfusion, which play such an important role in the
thermoregulation of rodents. Therefore, thermal models where these effects are taken into
account are paramount for predicting treatment outcome. Accurate thermal models require
knowledge of the real SAR and power level in the system, as well as the thermal
characteristics of all involved biological tissues. Recently, the relation between model and
real-world SAR and power levels was successfully realized (29). The effect of heat on
perfusion is not well-characterized in highly perfused organs and tissues, and therefore more
work is still required before thermal models can be used for clinical hyperthermia treatment
planning in various organ and tissue sites. For less perfused organs, such as the bladder,
thermal modeling is more achievable.

Figures 4 and 5 were the results of a first attempt to characterize the thermal distribution
during a murine bladder hyperthermia study with a thermal model. A difference of 1-2°C
between the bladder and the rectum was predicted by this thermal model and validated in /n
vivo experiments (Figure 6), demonstrating that a thermal model may be used to accurately
predict internal temperatures during murine hyperthermia studies. Therefore,
electromagnetic and thermal simulations can be used as a reliable system design and
treatment planning methodology.

A similar difference of 1-2°C between the bladder and the vagina was predicted (Figure 5).
Temperature measurements could not be taken inside the bladder, but the results of thermal
simulations of water cooled microwave antenna heating indicate that a probe in the vagina
can be used as a reliable surrogate for the bladder with an accuracy of £1°C, where the
bladder is always at a higher temperature than what is measured in the vagina. Aside from
the results of these thermal simulations, the bladder was assumed to be at temperatures close
to or higher than the vagina for two reasons: 1) urine is a more efficient absorber of
microwave power than the surrounding tissues, and 2) surrounding tissues experience the
cooling effects of blood perfusion more than urine inside the bladder which has no
perfusion.

As seen in Figure 7, temperature profiles induced by the bladder hyperthermia treatment
looked similar in all five mice. Minor differences in the amount of RF power used and
temperature of cooling bolus are seen, likely due to how each mouse’s body temperature
regulation mechanisms respond under anesthesia. After the hyperthermia treatments, visual
inspection of the mouse skin directly under the applicator revealed no burns, as expected
from the low measured surface temperatures. In these studies, water bolus temperature was
measured at the input port and is likely to be slightly lower than actual skin surface
temperature. In future studies, a more accurate measure of skin-bolus interface temperature
will be obtained by measuring the temperature of the water flowing from the output port and
averaging input and output port temperatures.

We kept body core temperature above 30°C with a temperature controlled water pad placed
under the mouse throughout the heat treatment. Due to the fact that mice depend on their
tails for thermoregulation, it should be noted that the entire tail of the mouse was placed in
direct contact with the temperature-controlled pad. However, the core temperature variations
in Figure 6 demonstrate that the temperature-controlled water pad was not a reliable way to
regulate body temperature. In future studies, a feedback-controlled constant temperature mat
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such as the CMA 450 Temperature Controller (CMA Microdialysis AB, Solna, Sweden)
will be used to better maintain core body temperature throughout the heat treatments. A
constant temperature boundary under the mouse was used in the thermal simulations. A
more reliable method for achieving a constant body temperature experimentally by using a
feedback-controlled temperature mat would potentially yield a more reliable method for
attaining the internal temperatures seen in Figure 7.

Although varying antenna operating frequency has the most effect on power deposition
pattern and volume of heating, another method to control the depth distribution of heating is
to vary temperature of the cooling bolus (Figure 5). A lower temperature bolus removes
more heat from surface tissues, effectively increasing relative heating at depth. Therefore,
this microwave antenna can be used either for heating sub-surface tumors while maintaining
cool temperatures in overlying tissue, or by increasing bolus temperature can heat tumors
effectively from the surface down to 1.5-2cm depth.

The device described and implemented in this study can form the backbone of a preclinical
bladder hyperthermia program. Temperatures achieved in the mouse bladder are quite
similar to what we have achieved clinically in patients using the BSD2000 deep regional
heating system. The similarity in temperatures achieved will permit pre-clinical studies to be
performed that recapitulate the temperatures achieved clinically. Thus the development of
this novel hyperthermia device will allow us to screen drugs in bladder tumor bearing mice
for their efficacy in combination with heat (30, 31). Additionally, we will be able to study
the pharmacokinetics and pharmacodynamics of novel chemotherapeutic drugs packaged in
thermally sensitive liposomes thereby refining the tools available for clinical study in
humans (32-34).

Conclusion

Until now, there has not been a reliable, cost-effective method to non-invasively heat deep
seated small animal targets like murine bladder while maintaining normothermic skin and
body core temperatures. To create a microwave heating device specifically for this purpose,
we used electromagnetic simulations to optimize the design of miniature water-loaded
circular waveguide antennas operating at 2.45GHz. We built an optimized prototype and
validated its utility for heating murine bladder with laboratory and pre-clinical
measurements. The results from these studies confirm that we have built a low-cost
microwave applicator that effectively, and non-invasively, heats murine bladder while
maintaining normothermic surface and core body temperatures. This device is now available
for pre-clinical studies to investigate the effectiveness of combination heat and
chemotherapy treatment of bladder cancer.
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a) Parameters varied to optimize SAR and Sq1; b) Front-view picture of 2.45GHz applicator;
¢) Bottom-view picture of 2.45GHz applicator; d) HFSS™ model of applicator on mouse; e)
Snapshot of experimental setup for murine bladder hyperthermia study with applicator
positioned on the skin overlying the pelvis.
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S11: HFSS™ simulation compared to measurements using an Agilent E5071C network

analyzer.
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Figure 3.

SAR: HFSS™ simulation compared to measurements with all values normalized to the
maximum value at 3mm depth: a) profile across x-axis, b) profile across y-axis, c) depth
profile, and d) 3D SAR measurements in muscle phantom
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Figure 4.
HFSS™ SAR simulation in mouse model a) x-axis profile and b) y-axis profile
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2D slice temperature profiles in mouse body, bladder, vagina and rectum with bolus
temperature (a) unregulated (b) constant 41°C, (c) constant 38°C and (d) constant 35°C and
RF power set at (a) 5W and (b), (c), (d) 12W.
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Temperature data taken from five independent murine bladder hyperthermia studies.

25

5 10 15 20
Time (minutes)

5

)

Time (minutes)

5 10 15 20 25

Mouse | RF Power (W)

Cooling Bolus (°C)

1 15

37

2 10

33

3 15 33
4 9 35
s 13 36

Page 17

Temperature increases occur when RF power is turned on (around the 2-5minute mark) and
decreases occur when RF power is turned off (around the 18-20minute mark). The dotted

line signifies 42°C.
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