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Abstract
Performance and clinical characteristics of a novel hyperthermia antenna operating at 434 MHz were

evaluated for the adjuvant treatment of locally advanced superficial tumours in cats, dogs and

horses. Electromagnetic simulations were performed to determine electric field characteristics and

compared to simulations for a flat microwave antenna with similar dimensions. Simulation results

show a reduced skin surface and backfield irradiation and improved directional irradiation (at

broadside) compared to a flat antenna. Radiated power and penetration is notably increased with a

penetration depth of 4.59 cm compared to 2.74 cm for the flat antenna. Clinical use of the antenna

was then evaluated in six animals with locoregionally advanced solid tumours receiving adjuvant

chemotherapy. During clinical applications, therapeutic temperatures were achieved at depths

≥4 cm. Objective responses were seen in all patients; tissue toxicity in one case limited further

therapy. This antenna provides compact, efficient, focused and deep-penetrating clinical

hyperthermia for the treatment of solid tumours in veterinary patients.
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Introduction

Multiple generations of microwave antennae have

been developed for the application of superficial

hyperthermia in the treatment of solid tumours.

Traditionally, these antennae can be grouped into

waveguide applicators and the more compact flat or

sheet applicators.1 Waveguide applicators are phys-

ically bulky, difficult to use on contoured anatomic

sites, inefficient and have a large normal electric field

component, which can lead to treatment-limiting

hot spots at tissue interfaces.1 – 5 Furthermore, the

application of water boluses are required to limit the

near field effects and improve the physical coupling

of the antenna to the patient; although tissue match-

ing properties, effective field size (EFS) and effective

heating depth (EHD) remain generally poor.1,5

Flat microwave antennae offer a variety of tech-

nical improvements over waveguide applicators,

including conformability, reduced size and weight,

low manufacturing cost and overall improved

efficiency.5 – 8 Although many flat antennae designs
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have been described, perhaps the most common

are microstrip-based antennae formulated using

printed circuit boards (PCB).5 – 8 PCB can be man-

ufactured at low cost and the substrate can be chosen

to be flexible. The conformability of a flexible

antenna leads to improved contact between appli-

cator and contoured anatomic sites (e.g. extrem-

ities). Multi-element antenna arrays can also be

created which allows for improved power deposi-

tion patterns, increased field size and more uni-

form heating.5 – 8 While antenna efficiency, tissue

matching properties and EFS can be significantly

improved using these flat antennae, the dominance

of the near-field component still requires the use of a

water bolus and generally limits the heating capabil-

ities of these devices for the treatment of superficial

tumours.2,9

There are several approaches that can be

used to reduce the near-field component and

improve the overall efficiency of flat microstrip-

based antennae, while maintaining their desirable

conformability. The use of a slot-antenna and

microstrip feedline improves bandwidth (i.e. tissue

matching properties), EFS and overall efficiency;

however, the bidirectional irradiation of slot

antennae may lead to safety concerns. The addition

of multiple layers to the flat antenna construct

allows for the addition of a floating ground plane

and additional slots; thus improving directionality

and efficiency, respectively.5 – 7,10 Manipulation of

the size and shape of individual slots can lead to

reductions in antenna size and changes in resonant

frequency.5,10 The addition of metamaterial-

inspired periodic structures can further reduce

antenna size and improve efficiency.11 – 14 Finally, by

using high impedance substrates for the individual

layers of a multilayer antenna, unwanted surface

waves can be reduced and antenna efficiency

increased further.14 The novel antennae thus

created can be utilized to address the near-

field components associated with the delivery

of electromagnetic radiation to biologic tissues;

including, unwanted surface waves, poor energy

distribution across inhomogeneous boundaries,

inadequate depth of penetration and low antenna

efficiency.15,16 Applicators or antennas that take

advantage of these modifications may prove

quite useful in providing superficial hyperthermia

treatments.

Superficial hyperthermia for the treatment of

tumours generally involves raising tumour tissue

temperature above 42◦C for a sufficient period of

time to allow for tumour tissue damage, while spar-

ing normal tissue.16 As a single modality, superficial

hyperthermia has not been thoroughly evaluated in

veterinary medicine; rather it has been described in

various combinations with either radiation therapy

or chemotherapy.8,17 – 19 Strong biologic rationale

supports the use of hyperthermia in these com-

bination protocols because of the synergism seen

with these modalities.20,21 For example, platinum-

based (Pt) chemotherapeutics are commonly used

to treat solid tumours; however, resistance generally

limits their use to the adjuvant setting in patients

with minimal residual disease.21 – 23 Although the

mechanisms for resistance are multifactoral, meth-

ods that can enhance the effects of platinum-based

drugs should improve response and lengthen the

progression-free interval in treated patients. Hyper-

thermia has been shown to enhance the effect of

platinum-based drugs by increasing their accu-

mulation within tumours and the rate of Pt-DNA

adduct formation.20 – 23 Results seen with such com-

bination protocols in both human and veterinary

medicine demonstrate improved objective response

rates and control intervals.19,21 – 23

While definitive improvements in outcome have

been shown using these combination radio- or

chemo-thermotherapy combinations, the hyper-

thermia antennae used remain relatively inefficient

and can be difficult to use.1,8,19,21 – 24 Here, we

describe a novel antenna that is easy to use, efficient

and capable of delivering an improved thermal dose

to superficial inhomogeneous tissues. This technol-

ogy uses a multilayer construct, which incorpo-

rates a microstrip feedline, slot-aperature antenna,

periodic-resonant structures and high impedance

substrates to achieve a conformal ultra-wideband

multilayer applicator (CUMLA). Simulation data is

used to illustrate the improved near field electric

field distribution and efficiency of the CUMLA as

compared to a similar dimension flat microwave

antenna. We further demonstrate, in a pilot study,

the safety and clinical use of the CUMLA in patients

receiving carboplatin chemotherapy. Outcome is
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then compared to prior reports of combination

chemo-thermotherapy protocols.19,20,23 The results

of this study provide evidence of the CUMLA’s

ease of use and ability to deliver clinically relevant

hyperthermia.

Materials and methods

Microwave hyperthermia device

Hyperthermia was delivered using a flexible

multilayer antenna construct as shown in Fig. 1.

This multi-layer construct is composed of various

layers of flexible silicone (i.e. high impedance)

substrate that separate the two PCB. All layers

with printed patterns are flexible to allow for

conformal application to variety of anatomic sites.

A thermosensor is incorporated into the antenna

to allow for treatment monitoring and control. The

antenna is powered by a microwave transceiver

operating at 434 MHz with a variable power

output of 5–25 W. Treatment time and surface

temperature are input by the user through a control

board interface. Power output is then controlled

automatically through feedback from the antenna

thermosensor, with maximal power during initial

tissue heating and reducing to near zero at or

above target temperature. In addition to this classic

on–off control, output can be further modified

by altering pulse repetition and/or pulse width

based on feedback from the thermosensor to the

control unit. During initial heating, the interval

can be shortened and/or the pulse width can be

increased to speed up acquisition of a pre-set target

temperature. At target temperature, these values

A

B

Figure 1. Antenna schematics and clinical use. (A) Schematic side view of the 11 × 15 × 1.5 cm multilayer antenna
construct used in this study (not to scale). The slot-antenna with periodically loaded resonant structures (blue) is separated
from the 50-� microstrip feed line (green) by high impedance substrate (layer 2). The effective radiating aperature of the
slot-antenna measures 35.9 cm2. Additional layers of high impedance substrate are placed below the slot-antenna and above
the microstrip feed line (layers 1 and 3). The floating shield plane can be placed above layer 3 (not shown). (B) Clinical
application of the multilayer antenna to the elbow region of dog 2. The antenna is conformed tightly to the elbow region
using elastic wraps. Temperature and coaxial control cables can be seen exiting the wraps.
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can then be adjusted to maintain constant surface

temperatures.

Electric field simulations

Electric field simulations were performed using the

CST Studio Suite™ 2010 software (CST Computer

Simulation Technology AG, Framingham, MA,

USA) and uses the finite integration technique

to generate three-dimensional (3D) full-wave field

simulations.25 This technique describes the electric

field throughout a given volume subject to a set of

boundary conditions and allows for direct solution

of electromagnetic fields without surrounding the

solution domain by an air volume.25 Software input

parameters include frequency, power, applicator

structure (dimensions, material, etc) and 3D

boundary conditions to include all tissues in contact

with the applicator. Output parameters include

electrical field solutions along with estimation

of specific absorption rates (SAR). SAR provides

estimates of the total real power that is transmitted

into the tissues. For comparison, a simple flat

microwave antenna fed by a 50-� microstrip line

was also simulated. This flat antenna includes

the same microstrip feedline used in the multi-

layer construct without any further modifications.

Tissue composition was assumed to be equivalent

to a single-layer muscle tissue with a permittivity

of ε = 56 and conductivity of σ = 0.8 S/m.26

Microwave generator output power for both the

CUMLA and comparative antenna was assumed

to be 25 W; equivalent to 44 dB. All simulations

were performed on an Intel® Core™ i7 2.67 GHZ

PC with 12 GB RAM running Windows XP 64

bit operating system. Computation time for each

simulation varied from 3 to 5 h.

Bandwidth measurement (S11 parameter)

The S11 parameter measures the reflection of energy

as a result of mismatch between applicator and

tissue impedance expressed in terms of input

return loss (dB). Measurements were performed

using an Agilent E8386B Network Analyzer (Agilent

Technologies; Santa Clara, CA, USA) connected to

the CUMLA in a typical single port setup in three

different species; a dog, a cat and a horse. These

properties are useful in determining the efficiency

of energy transfer for different antenna locations

and configurations. All measurements were made

while holding the applicator (antenna) in contact

with numerous anatomic locations in each species,

including: extremities, ventral and lateral abdomen,

ventral and lateral thorax, cervical, periorbital,

nasal, inguinal and gluteal regions. Return loss

was measured in decibels (dB) as a function

of wavelength extending from10 MHz through

the frequency centre of 434 MHz, up to 2 GHz.

Acceptable tissue matching between tissue and

applicator was defined as a return loss <−10 dB.27

Bandwidth was determined at a centre frequency of

434 MHz.

Clinical application of the CUMLA

Animals

A prospective pilot study to evaluate thermal

characteristics and clinical use of the CUMLA

was conducted in six client-owned animals (two

cats, two dogs and two horses) receiving car-

boplatin chemotherapy. All patients were treated

at the College of Veterinary Medicine, Univer-

sity of Tennessee. Multiple tumour types and

species were selected to assess the broad appli-

cability of the CUMLA. Patients selected for

treatment with the CUMLA included those with

locally advanced superficial sarcomas or carcino-

mas who were not candidates for, or who had

failed, surgical resection. Additional enrolment cri-

teria included a pre-treatment diagnosis, tumour

measurements between 2 and 15 cm in the longest

dimension, superficial tumour location (i.e. where

heating was technically feasible), anticipated life

expectancy of at least 4 weeks and informed owner

consent. Patients with both naïve and recurrent dis-

ease were eligible for enrolment. Exclusion criteria

included significant co-morbid illness that pre-

cluded chemotherapy and/or hyperthermia, radi-

ation and/or chemotherapy (including NSAIDs)

within 3 weeks before starting the protocol, round

cell tumours (i.e. mast cell and lymphoma), no mea-

sureable disease and tumours deemed ‘unheatable’.

A tumour was deemed ‘unheatable’ if a minimum of

2 CEM43◦C could not be achieved during a 60-min

treatment period.8,17,18 Tumour staging was carried

© 2011 Blackwell Publishing Ltd, Veterinary and Comparative Oncology, doi: 10.1111/j.1476-5829.2011.00297.x
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out by use of a modified tumour/node/metastasis

classification system.28 The following information

was documented before treatment: signalment,

weight, longest tumour diameter, digital images,

previous treatments (i.e. surgery, radiation ther-

apy and chemotherapy) and concurrent medi-

cations. Additional staging diagnostics included

a CBC, chemistry panel with electrolytes, uri-

nalysis, thoracic radiographs, abdominal radio-

graphs and ultrasound when indicated. In patients

with multiple tumour sites, a single target lesion

was identified for treatment and evaluation of

response. All evaluations were performed under

the direct supervision of a board certified veterinary

oncologist.

Chemotherapy administration

All enrolled patients were scheduled to receive

either intralesional or systemic carboplatin. Carbo-

platin chemotherapy was selected based on tumour

histology, previous literature describing the com-

bination of platinum drugs and hyperthermia and

the safety profile of this particular drug in both

dogs and cats.29,30 Chemotherapy treatments were

administered every 3 weeks, immediately before

hyperthermia treatments. Patients with tumours

lacking obvious bone involvement were treated

intralesionally, while patients with bone involve-

ment received systemic chemotherapy. In horses,

carboplatin was injected intralesionally at a dosage

of 10 mg cm−3 (i.e. 1 ml drug cm−3) of tumour

tissue, as previously reported.19,31 In dogs and cats,

body surface area was used to calculate dosages

of 275 and 225 mg m−2, respectively. Patients with

biochemical evidence of renal insufficiency received

a minimal dosage reduction of 25%. These dose lev-

els were established through clinical use at UTCVM

and are slightly lower than those reported previ-

ously in dose escalation studies in dogs and cats.32,33

In an attempt to achieve uniform distribution of

chemotherapy in these patients, the dosage was

delivered in a parallel-row fashion with multiple

planes used for larger tumours.19,31 Additives such

as oil or epinephrine were not included. All systemic

dosages of chemotherapy were diluted in 25–50 ml

of 5% dextrose and given through peripheral intra-

venous catheters over 20 min.

Hyperthermia treatments and response
determination

Hyperthermia treatments were applied by placing

the CUMLA such that the tumour was centred

on the applicator pad. No specific shielding of

the eye was deemed necessary for periorbital

tumours. Once an appropriate site/orientation of

the antenna was selected, the applicator pad was

then conformed closely to the specific anatomic

location and secured in place with bandaging tape

when necessary. Local anaesthetic (2% lidocaine)

was utilized to facilitate invasive thermocouple

placement and for intralesional chemotherapy (see

below). General anaesthesia was not required,

patients were held with minimal restraint during

treatments. Where necessary to facilitate both

restraint and treatments, sedation was provided

using acepromazine (0.02–0.05 mg kg−1 IV) and

butorphanol (0.1–0.4 mg kg−1 IV) in small animals

or detomidine (3–5 μg kg−1 IV) in equine

patients. Temperature was monitored using non-

invasive surface measurements in all patients. In

two patients, additional invasive (intra-tumoural)

temperature measurements were recorded along

the path of catheters placed within the tumour.

The catheters were positioned perpendicular to the

electric field direction at a depth of 4 cm within the

tumour. The tip of the catheter was placed in line

with the centre of the radiating aperature. Catheter

location was determined visually and confirmed

with ultrasound. Digital readouts from both

invasive and non-invasive (surface) thermoprobes

were continuously monitored during treatments.

Average temperatures over consecutive 5-min

period were used for thermal dose calculations.

Owing to patient constraints, the number and

location of temperature probes were chosen to

be near the theoretical maximum (SAR = 100%)

and minimum (SAR = 13.5%) SAR as defined by

simulation studies.34

Treatment temperatures in all patients were set

for a maximal surface temperature (Tmax) of 41◦C

and/or a maximal intra-tumoural temperature

of 47◦C, based on estimated tissue tolerance.35

These temperatures were maintained automatically

by varying power output, pulse width and/or

pulse repetition interval as a function of surface

temperature. Parameters recorded included time to

© 2011 Blackwell Publishing Ltd, Veterinary and Comparative Oncology, doi: 10.1111/j.1476-5829.2011.00297.x
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reach a surface temperature ≥39◦C, Tmax, average

treatment temperature (T) and treatment duration

(both individual and cumulative). The time-

temperature curve for each thermocouple (surface

and invasive) was converted to an equivalent

number of minutes exposure to 43◦C using the

method of Sapareto,36 with the following equation:

CEM43◦C = (�t)R(43−T) (1)

where �t is 5 min, T is average measured

temperature over each 5-min time period and

R = 0.25 when T < 43.0◦C and 0.5 when T >

43◦C. On the basis of this equation, temperatures

below 39◦C were not assumed to contribute

significantly to the thermal dose.17 All patients

were scheduled to receive a high cumulative

thermal dose (20–50 CEM43◦C) as determined

using non-invasive surface measurements. The

targeted high cumulative thermal dose was selected

based on the safety and activity seen in previous

reports.17 – 20 Where applicable, cumulative thermal

dose was also calculated using invasive thermal

measurements; although these were not used to

determine prescribed dose. For uniformity, the

scheduled thermal dose was delivered over a 4-week

treatment period with individual hyperthermia

treatments (1–3 times weekly) further constrained

to last a maximum of 60 min. The total number of

hyperthermia treatments varied between patients

depending on the rate of heat acquisition and

presence of tissue toxicity. Because of this variation,

the actual number of heat treatments delivered and

the cumulative CEM43◦C was documented in all

patients. After completion of the initial 4-week

treatment regimen, additional therapy was allowed

pending response and clinician assessment.

End points of interest included objective tumour

response, local tissue toxicity and survival. While

patients were assessed before each treatment dur-

ing the protocol, objective response determinations

were performed 4-week post-treatment comple-

tion to allow for resolution of the acute side

effects. Additional response evaluations were per-

formed monthly post-treatment completion until

progressive disease was noted. Objective tumour

response was based on the comparison of pre-

and post-treatment measurements of target lesions

and evaluated using modified RECIST criteria.37 A

complete response was defined as the disappearance

of the target lesion. Partial response was defined as

a minimum of 30% decrease in the longest dimen-

sion of the target. Progressive disease was defined

as a minimal increase of 20% in the longest diam-

eter of the target lesion. Stable disease included

target lesions with neither sufficient shrinkage to

qualify as a partial response nor sufficient increase

to qualify for progressive disease. No additional

treatments were performed in patients with either a

complete response or progressive disease as defined

4-week post-treatment completion. For compas-

sionate use, patients with partial response or sta-

ble disease were eligible for continued treatments

(∼2 CEM43◦C/treatment) until either a complete

response or progressive disease was noted at which

point therapy was stopped. While targeted thermal

dose prescription (i.e. 20–50 CEM43◦C per month)

remained constant in patients receiving compas-

sionate use therapy, the total number of treatments

varied depending on the rate of thermal dose

acquisition. These additional treatments were not

included in determining initial objective response

rates. Toxicity was graded using the Veterinary

Co-operative Oncology Group–Common Termi-

nology for Adverse Events (VCOG–CTCAE) v1.0

descriptive terminology.38 Haematologic toxicity

was monitored through weekly complete blood-

counts. Similar to previous reports, local skin and

soft tissue/muscle toxicity was determined before

each treatment and at re-evaluation; therapy was

stopped if extensive tumour necrosis, excessive

tissue sloughing, or grade III or higher toxicity

was observed.17 – 20 Progression-free survival was

defined as the time from the date of the first

hyperthermia treatment until local tumour pro-

gression or metastasis. Overall survival was defined

as the time from the date of the first hyperthermia

treatment until death from any cause.

Results

Electrical field simulations and comparison
to a flat antenna

Simulation results for specified input settings were

computed separately for each applicator type using

common boundary conditions. Two-dimensional

(2D) near electrical field (E-field) simulation results

© 2011 Blackwell Publishing Ltd, Veterinary and Comparative Oncology, doi: 10.1111/j.1476-5829.2011.00297.x
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are illustrated in Fig. 2 for an antenna centred

at (x, y, z) = (0, 0, 0). These near field simulations

provide information on electric field directivity

and distribution. In the x, z-plane (left images),

the bottom field represents the forward radiated

field (towards tissue), while the top represents the

backfield irradiation. The 11 × 15 cm CUMLA

device appears to have a favourable electric field

distribution. Specifically, the electric field for the

CUMLA is relatively uniform across the length of

A B

C D

E F

Figure 2. Two-dimensional near E-field simulation results for the antenna centred at (x, y, z) = (0,0,0). Relative electric
field intensity (V/m) is shown in each figure. Colours show field intensity and are similarly scaled for comparative images.
Simulations were performed using CST Studio Software and a single-layer boundary condition (ε = 56; σ = 0.8 S/m).
(A) Near field representation for a simple flat antenna in the x, z-axis. Note the high surface component and lack of field
directivity. (B) Near field representation for the flat antenna taken at 1-cm depth in the x, y-axis. Note the relatively small
field dimensions. (C) Near field representation for the CUMLA in the (x, z)-axis. Note directivity, depth of penetration and
the relative skin sparing effective. (D) Near field representation for the CUMLA taken at 1-cm depth in the x, y-axis. Note the
relatively large field dimensions. (E) Near field representation for the CUMLA in the (x, z)-axis with the addition of a
floating shield plane. Note the improved directivity and elimination of backfield irradiation. (F) Near field representation for
the CUMLA at 1-cm depth in the x, y-axis with the addition of a floating shield plane. No significant change in field size is
noted with addition of shield plane.

© 2011 Blackwell Publishing Ltd, Veterinary and Comparative Oncology, doi: 10.1111/j.1476-5829.2011.00297.x
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the antenna and penetrates deep within the soft

tissue boundary, while exhibiting a sparing effect

of the skin surface. Although backfield irradiation

is present, it is much lower in intensity than

the main field. The addition of a floating shield

plane eliminates the backfield irradiation with

no significant effect on antenna efficiency. The

comparative electric field generated by a simple flat

antenna is shown at the top and has a maximum

intensity at the surface boundary; exhibiting no

skin sparing effect. Furthermore, no appreciable

directivity is seen with the electric field radiated in

2D around the simple flat antenna; resulting in high

electric field for both forward field and backfield.

To compare the relative size of the electrical

fields generated with each antenna, near field

representations for both constructs in the x, y-

plane at 1-cm depth are shown in Fig. 2. The

contoured electric field size of the CUMLA is 258%

larger (75 versus 29 cm2) in the (x, y)-plane in

comparison to that generated by the flat antenna

at similar field intensity (50% SAR). Near field

simulations were also used to calculate SAR for

each of the different antennas (Fig. 3). Values are

typically compared at a point called the skin depth,

defined as the depth into tissues (z-axis) at which

only 13.5% (SAR = 13.5% or 1/e2) of the total

absorbed dose remains. Using this terminology, the

CUMLA has a skin penetration depth of 4.59 cm,

while the flat antenna has a skin depth of 2.74 cm.

On the basis of these differences in skin depth, the

CUMLA is able to penetrate approximately 68%

deeper than a comparable flat antenna, while at the

same time achieving a more favourable electric field

distribution.

Bandwidth measurement (S11 parameter)

Bandwidth measurements for various anatomic

locations in each species are presented in Table 1.

Tissue matching properties were excellent (−10 dB

for >260 MHz bandwidth) at all anatomic sites

in each species with the exception of extremity

locations in the cat where it was difficult to

appropriately conform the antenna to the tissue

(−10 dB for 40 MHz bandwidth). Representative

return loss values (dB) are plotted as a function of

frequency in Fig. 4.

Clinical application of the CUMLA

To evaluate the clinical use of this multilayer

antenna, six companion animals were enrolled in

a combination chemotherapy and hyperthermia

protocol. Descriptive characteristics of each patient

are listed in Table 2. Prior therapies included

surgery (1), radiation therapy (1), cryotherapy

(1) and chemotherapy (3). One dog had previously

failed a combination of carboplatin chemotherapy

and radiation therapy immediately before initiating

this protocol (dog 1). One cat developed locally

Figure 3. Comparison of specific absorption rates as a measure of the real power transmitted to the tissue boundary. The
CUMLA (blue) has a significantly improved penetration depth (SAR13.7% = 4.6 cm) compared to a flat antenna (dotted line)
with similar dimensions (SAR13.7% = 2.7 cm). The addition of a shield plane to the CUMLA (pink/red) has no significant
effect on SAR (SAR13.7% = 4.6 cm). All simulations were performed using CST Studio Software.

© 2011 Blackwell Publishing Ltd, Veterinary and Comparative Oncology, doi: 10.1111/j.1476-5829.2011.00297.x
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Table 1. Bandwidth measurements (GHz) for various
anatomic locations in the horse, dog and cat

Bandwidth (MHz)

Anatomic site Horse Dog Cat

Gluteal 400 350 400

Epaxial 380 340 340

Pectoral 450 360 —

Shoulder 420 360 —

Abdomen 410 380 370

Tumour 430 270 350

Extremity (flat) 380 360 <50

Extremity (curved) 270 260 0

Bandwidth measurements were determined at a frequency
centre of 434 MHz with acceptable return loss defined as
<−10 dB. Tumour measurements were performed on horse
1, dog 2 and cat 1, respectively. Bending the applicator to
conform to a limb resulted in degraded bandwidth (and S11

parameters) for all extremity locations.

recurrent disease following an aggressive surgical

resection (cat 1). Both horses had previously failed

surgical resections and intralesional chemotherapy

(5-fluorouracil). The remaining cat and dog had

locally advanced tumours and were not considered

candidates for primary surgical resection. Tumours

were considered stage 3 or higher except for one

patient who was diagnosed with multiple stage 2

tumours (cat). Tumour types included melanoma,

squamous cell carcinoma and sarcoma. Tumour

locations included facial (2), extremity (2) and

trunk (2). Tumour volumes ranged from 2.0

to 270 cm3 (mean 110.3 cm3, median 97.5 cm3).

Follow up on all patients was in excess of 310 days;

one patient died secondary to local tumour

progression, another patient died from concurrent

illness, while the remaining four patients were alive

at the end of this study. Five patients completed

the initially planned treatment protocol while one

patient failed to receive the prescribed cumulative

thermal dose because of early complete tumour

necrosis (horse 1).

Specifics of thermochemotherapy treatments,

response and toxicity are presented in Table 3.

Thermal measurements from a typical hyperther-

mia treatment are illustrated in Fig. 5. Hyperther-

mia treatments varied from 8 to 12 per patient

with a median total cumulative thermal dose

(CEM43◦C) of 32.7 min in the five patients who

received the prescribed thermal dose. The remain-

ing patient (horse 1) stopped after a single hyper-

thermia treatment (CEM43◦C = 3.2 min) because

of acute tumour necrosis. Invasive thermal mea-

surements were performed in two patients; thermal

Figure 4. Measured and simulated return loss (dB) values as a function of frequency (GHz). Measured values were
determined using an Agilent E8386B Network Analyzer, while simulations were performed using CST Studio Software. Lower
return loss (dB) suggests improved energy transfer and thus tissue matching properties, at a given frequency. On the basis of
the simple logarithmic scale, a decrease in return loss from −10 dB to −20 dB corresponds to an increase in energy
transmission from 90 to 99%. Simulated values for the CUMLA are shown in green while measured values taken while
holding the antenna on the gluteals of a horse are shown in blue. Values for a simple flat antenna are shown in red. Measured
(blue) and simulated (green) values are quite comparable and exhibit similar broadband behaviour over the centre
frequency; variation between the values are likely attributable to differences in boundary conditions. Bandwidth
measurements (<−10 dB) were taken at a frequency centre of 434 MHz and are presented in Table 1.
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Table 2. Signalment, tumour type, clinical stage, prior treatments, for six animals treated with carboplatin and hyperthermia

Patients Signalment Tumour type
Previous

treatment Location Stage

Horse 1 21-year-old M Paso Fino Melanoma 5-FU Ventral tail T4N0M0

Horse 2 20-year-old F Paint SCC CT, 5-FU Periocular T3N0M0

Dog 1 6-year-old SF Mix OSA RT, Carbo, Doxo Maxilla T3bN0M0

Dog 2 9-year-old MN Labrador HPA None Elbow T3N0M0

Cat 1 15-year-old MN DSH FSA Surgery Flank T2(2)N0M0

Cat 2 6-year-old SF DSH FSA None Flank T3N0M0

5-FU, 5-Fluorouracil; Carbo, carboplatin; CT, cryotherapy; Doxo, doxorubicin; FSA, fibrosarcoma; HPA, haemangiopericytoma;
OSA, osteosarcoma; SCC, squamous cell carcinoma; RT, radiation therapy.

Table 3. Treatment parameters, tumour response and toxicity in six animals treated with carboplatin and hyperthermia

Patients

Carboplatin
dosage

(#treatments)
Hyperthermia

treatments
CEM43◦CS

(CEM43◦CI)
Tumour

response
Toxicity

grade

Progression-
free survival

(days)

Overall
survival

(days)

Horse 1 800 mg IL (1) 1 3.2 (160) CR 4a 430 430

Horse 2 40 mg IL (2) 8 23.1 CR 2 >500 >500

Dog 1 185 mg IV (2) 12 34.8 PR 1 288 582

Dog 2 240 mg IL (2) 12 30.6 (175) CR 4a >560 >560

Cat 1 35 mg IL (2)b 12 38.3 CR 1 320 >500

Cat 2 50 mg IL (2) 12 36.0 PR 0 >330 >330

CEM43◦CI, cumulative equivalent minutes at 43◦C invasive measurement; CEM43◦CS, cumulative equivalent minutes at 43◦C
surface measurement; CR, complete response; IL, intralesional; IV, intravenous; PR, partial response.
All response parameters refer to target lesions only. Horse 1 died of congestive heart failure at 430 days, cat 2 was lost to follow
up at 330 days, while dog 1 and cat 1 developed progressive disease at 288 and 320 days, respectively. Additional combination
therapy (hyperthermia and carboplatin) was pursued in dog 1 resulting in prolonged intervals of stable disease (224 days). Horse
2 and dog 2 show no evidence of local recurrence and remain tumour free.
aPatients that developed tumour necrosis.
bDosage reduction (25%) because of pre-existing renal insufficiency.

dose (CEM43◦C) averaged 160 and 175 min per

treatment in these two patients. These values are

compared to their average non-invasive thermal

doses of 3.2 and 2.6 min per treatment as mea-

sured at the skin-antenna interface, respectively.

Time to reach treatment temperatures of ≥39◦C

ranged from 6 to 15 min (mean = 9, median = 11)

while time to reach maximum surface tempera-

ture of 41◦C ranged from 8 to 23 min (mean = 13,

median = 14).

Objective tumour responses were noted in all

treated patients (Table 3). Time to response ranged

from one week (horse 1) to eight weeks (horse 2

and dog 2) with an average of 4.8 weeks (median

4 weeks). A partial response was noted in one cat

(cat 2) with a locally advanced fibrosarcoma and

one dog with an extensive maxillary osteosarcoma

(dog 1). Cat 2 had a 60% reduction in maximum

tumour diameter while dog 2 had a 75% reduction

in maximum tumour diameter (Fig. 6). Complete

responses were seen in the remaining four patients;

although response evaluation was typically delayed

(4 weeks) until after the resolution of acute side

effects in these patients. Duration of initial local

tumour control varied from 228 days to greater

than 560 days; with one dog (dog 1) and the two cats

exhibiting local tumour recurrence/progression as

their first events.

Severe haematologic toxicity from therapy was

noted in two patients and necessitated dosage

reductions (20%) for subsequent chemotherapy

treatments. Treatment-related local tissue toxicity

was observed in five patients (Table 3). In two

patients, the toxicity was severe (grade IV) and seen

as early as 4 days (horse 1) and as late as 6 weeks (dog

2) after the initial treatment. Acute tumour necrosis

occurred in horse 1 during the first week of therapy.

No further treatments were pursued in this horse,

tumour clearance occurred and no comprise in the

healing of normal tissues or re-epithelialization was

© 2011 Blackwell Publishing Ltd, Veterinary and Comparative Oncology, doi: 10.1111/j.1476-5829.2011.00297.x
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Figure 5. Time-temperature profile from a single 60-min treatment in dog 2. Actual temperature measurements are shown
on the left axis, while cumulative equivalent minutes at 43◦C (CEM43◦C) are shown on the right axis. A thermal gradient of
3–4◦C is seen between non-invasive and invasive temperature measurements resulting in a significant difference between
CEM43◦C as determined from non-invasive and invasive measurements. Therapeutic temperatures (>39◦C) are achieved in
less than 10 min as determined by surface and intra-tumoural measurements. Temperature surface = surface temperature
measurements (±0.5◦C); Temperature invasive = average intra-tumoural temperature measured along catheter track ∼4-cm
deep within tumour; CEM43 surface = cumulative equivalent minutes at 43◦C as measured on the surface; CEM43 invasive
= cumulative equivalent minutes at 43◦C as measured intra-tumourally.

noted (Fig. 6). Tumour necrosis was also seen in

dog 2, first noted 2 weeks after the completion of the

prescribed thermal dose. Resolution of these side

effects was delayed, ultimately requiring surgical

closure, because of their local extent and the

development of a secondary infection. Side effects

had resolved completely by re-evaluation, 4 weeks

after the completion of therapy. Finally, while no

typical late toxicities were seen, dog 1 developed an

oro-nasal fistula in place of the resolving tumour.

Slight tumour re-growth allowed resolution of the

fistula, resulting in a control period of 228 days. No

further acute or late side effects were seen within

the treatment field.

Discussion

Here, we describe simulation data and clinical use

of a conformal ultra-wideband multilayer antenna

for the delivery of therapeutic hyperthermia. Our

simulation results illustrate a favourable electric

field and power distribution compared to a

similar dimension microstrip (flat) antenna. When

compared to a flat antenna, the electric field

exhibits a relative sparing of the near field skin-

applicator interface along with improved energy

transmission and depth of penetration. Directivity

is further improved by the addition of a floating

shield plane. This electric field pattern demonstrates

the focusing ability of the antenna through its’

© 2011 Blackwell Publishing Ltd, Veterinary and Comparative Oncology, doi: 10.1111/j.1476-5829.2011.00297.x
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A B

C D

Figure 6. Clinical response seen in horse 1 (A–B) and dog 1 (C–D). (A) Pre-treatment images of a tail-base melanoma in a
21-year-old Paso Fino Stallion (arrow). (B) Post-treatment image (horse 1) following resolution of acute side effects, note the
complete response. (C) Pre-treatment images of a maxillary osteosarcoma in a 6-year-old spayed female mixed breed dog
(dog 1). (D) Post-treatment images of the same dog following 4 weeks of combination chemotherapy and hyperthermia;
note the complete resolution of the external mass. Hyperpigmentation and alopecia is seen within the treatment field.

multilayer construct. A comparable flat antenna

lacks this focusing ability and exhibits inferior

energy transmission at 434 MHz as measured by

return loss. The resultant increased voltage standing

wave seen with a simple flat antenna would require

the use of a water bolus to provide effective cooling

of the skin surface and avoid superficial toxicity.

Traditional microstrip and waveguide applicators

for superficial hyperthermia also require the use

of a water bolus for a variety of reasons including

high return loss values.5 – 7,14,39,32,33 The skin sparing

effect of the multi-layer construct described herein

requires no such water bolus for clinical use.

Simulation data was also used to estimate

comparative EFS and EHD as measures of overall

antenna efficiency.27,39 EFS is defined as the ratio

of the 50% SARmax contour area to the physical

area of the radiating aperture face. Older designs

of microwave antennae utilize metal waveguides,

which tend to produce a relatively small EFS.

For example, the simulated EFS for a waveguide

antenna with a 12.55 cm × 9.03 cm aperture is

27%.39 Newer designs of microwave antennae have

improved values for EFS; consider the commercially

available dual-armed Archimedean spiral array

applicator with an average EFS of 211% per

antenna.27 The EFS for the CUMLA is also quite

favourable at 208%. Similarly, EHD is defined

as the distance beyond 1 cm at which the SAR

has decreased to 50% of the value seen at 1-cm

depth.7 The calculated EHD for a plane wave at

434 MHz frequency is 1.41 cm.6 Both simulations

© 2011 Blackwell Publishing Ltd, Veterinary and Comparative Oncology, doi: 10.1111/j.1476-5829.2011.00297.x
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and phantom measurements have been performed

on varying designs of microstrip applicators tuned

to a frequency of 434 MHz. Reported values for

the EHD from these measurements varies based on

applicator design and boundary condition but has

been reported at between 1.30 and 1.40 cm.6,7,40

Simulations for the CUMLA suggest an EHD of

2.38 cm, which is superior to both the plane wave

and comparable conformal antennae. Furthermore,

the design characteristics of the CUMLA can

be easily modified to allow for the creation of

antennae arrays and alternate patch/slot structures

to improve EFS and EHD to treat larger and/or

deeper tumours, respectively.

Antenna efficiency was also evaluated through

simulation of bandwidth and return loss. Band-

width measures the breadth of resonance fre-

quencies that result in efficient energy trans-

fer (S11<−10 dB) for a given antenna. Different

anatomic sites have varying electrical properties,

and thus resonant frequencies, based on tissue

content.26 Because of this, antennae with wide-

band properties over their working frequencies

allow more flexibility in clinical use. Waveguide

and many microstrip applicators have characteris-

tically narrow bandwidths at centre frequencies of

434 MHz with typical values of 31–50 MHz.26,39

Spiral microstrip antennae are inherently broad

band; the bandwidth of the dual-arm Archimedean

spiral array is 150 MHz at a centre frequency of

600 MHz.27 However, at the working frequency

of 915 MHz, the bandwidth of the spiral array

is less than 50 MHz with an average return loss

of −8.2 dB.19 The CUMLA incorporates a slot-

antenna and multi-layer construct to improve

bandwidth performance.14,32 Simulation results

show a bandwidth of >350 MHz at a centre fre-

quency of 434 MHz and were in general agreement

with measured results (Fig. 4). The variation seen

between the simulated and measured results was

likely attributable to differences in boundary con-

ditions in the simulation versus in vivo.

The clinical utility of the conformal antenna

was evaluated in a small cohort of veterinary

patients receiving carboplatin chemotherapy. A

variety of species and tumour types were included

to illustrate the broad applicability of this technol-

ogy. Clinical responses were seen in all patients;

although treatment-limiting toxicity occurred in

two patients. The tissue necrosis seen in horse 1

and dog 2 were full-thickness lesions that included

the entire tumour along with margins of adjacent

normal tissue. Determination of the exact mecha-

nism of this toxicity requires an understanding of

the thermal field created during treatments. On the

basis of the patient (tumour location and patient

tolerance) and technical constraints, we utilized a

minimal approach to thermal assessment by placing

thermometers at predicted locations of minimum

(∼4 cm) and maximum (skin) electric field.27 The

thermometry methods used herein, however, were

inadequate to define any existing field irregularities

or resulting ‘hot spots’ in the treatment field. Specif-

ically, ‘hot spots’ can be created at the interface of

tissues with differing electrical properties. Muscle

tissue has relative high electric conductivity and

permittivity in comparison to the underlying bone

tissue,26 these differences can lead to accumulation

of charge along the interface and resultant over-

heating. The thermal burns may also be because of

electric field variations that occur when conforming

the antenna around an extremity. In general, the

behaviour of electromagnetic fields has been shown

to vary between flat and curved configurations

of conformal antennae.33 Furthermore, we noted

detectable changes in bandwidth between flat and

curved configurations of the CUMLA (Table 1). In

addition to the heterogeneity noted in electric field

properties, perfusion-related conductive cooling

that occurs in tissues also likely contributed to over-

all temperature heterogeneity and resultant difficul-

ties in dosimetry.41 While multiple invasive ther-

moprobes may have allowed improved accuracy in

thermal dose prescription; deep thermal burns were

still seen with a frequency up to 14%.8 Larger clinical

studies and more extensive thermal dose descrip-

tion are required to determine the mechanism

underlying the thermal burns seen in this patient.

Clinical responses seen in this cohort of

patients include two partial and four complete

remissions. The patients with partial responses

(dog 1 and cat 2) exhibited no treatment-

related local tissue toxicities and had control

periods of 228 and >330 days, respectively.

Additional monthly treatments with hyperthermia

and chemotherapy appeared necessary to maintain
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stable disease in dog 1. Two of the patients with

complete responses (horse 1 and dog 2) developed

rapid tumour death consistent with thermal

necrosis; although histologic assessment was not

performed. While tumour necrosis can occur

at lower temperatures, it becomes increasingly

more common as temperature increases above

43◦C.36 The addition of chemotherapy in these

patients would be expected to cause further tumour

destruction (increased response rate); lowering

the threshold for tumour necrosis.24 In addition

to a more extensive thermal dose description,

evaluation of chemotherapy dosage and tumour

histologic response may inform on the mechanism

of toxicity seen in these patients. The remaining

patients had gradual tumour reduction until a

complete remission was achieved. While no local

tumour recurrence was seen in either horse,

cat 1 required intermittent chemotherapy and

hyperthermia treatments for new and recurrent

tumour re-growth.

In summary, we have provided simulation

data to illustrate the favourable electrical field

properties of the CUMLA in comparison to

a simple flat antenna in soft tissue equivalent

boundary conditions. Treatments delivered with

this CUMLA, in conjunction with carboplatin

chemotherapy, were found to have clinical activity

in horses, dogs and cats with solid malignancies.

This combination therapy documented objective

responses in both locally advanced and refractory

tumours; tumours that are often considered

untreatable. Severe local tissue toxicity (Grade

IV) was seen in two patients; requiring surgical

closure in one patient. Further evaluation is

needed to determine appropriate indications for

this combination therapy and to optimize thermal

dosimetry, specifically for extremity regions. Future

goals include investigating the prospective activity

of hyperthermia alone versus this combination

therapy in companion animals, designing novel

antennae for challenging anatomic locations, and

optimizing treatment schedules.
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