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ABSTRACT

The deep-body hyperthermia (HT) cancer therapy, as well as the novel heat-guided therapy modalities of drug targeting
and gene expression, make use of the controlled electromagnetic non-ablative heating in the patient’s trunk. In this
contribution, we review the recent advances in technology and technique of the electromagnetic deep heating. Accord-
ing to the three main constituents of HT, i.e. planning, generation and verification, we discuss, first, the inclusion of
more realistic models of clinically used HT applicators into the planning, second, the development of novel HT appli-
cators and, third, the combination of the HT and the magnetic resonance (MR) systems for temperature monitoring.

INTRODUCTION

Besides the conventional modalities of cancer treatment, such as radiotherapy, chemotherapy and surgery, several alter-
native and adjuvant methods have been developed, such as, for instance, various modalities of thermotherapy They are
based on ablative or non-ablative applications of heat, the latter known as HT. Clinical HT makes use of the electro-
magnetic heating and can be divided into: superficial, interstitial, whole-body and deep-body (or regional) HT (for re-
view see [1,2]). Compared to other HT modalities, the deep heating in the trunk is a particularly big challenge [3-6]. In
addition, a reliable technology for controlled non-ablative deep heating in human trunk is a precondition for novel
promising methods of cancer treatment, such as the heat-guided modalities of drug targeting and gene expression.

Every clinical system for deep-body HT can be divided into following three main constituents: treatment planning, heat
generation, and dosage verification. In the past, the HT research was mostly bundled within every of these separate
subsystems. Recently, a process of an interdisciplinary exchange and overlapping between these areas is observed. First,
more realistic models of heat generating RF devices have been included into the treatment planning. An extended plan-
ning software has been used for design of novel HT applicators [7] and their interaction-free combination with the RF
environment of the clinical monitoring systems, in particular MR scanners. Methods for MR monitoring of treatment
parameters, especially of temperature [8], under realistic conditions of combined HT/MR system have been developed.
The feed-back from the MR measured data stimulates further improvements of both the heat generation devices and the
treatment planning methods.

HEAT GENERATION

The present technology for deep-body heating is based on annular phased arrays (APA) of radiators, which are arranged
in a single ring (2-D applicators) or in three rings (3-D applicators). A commercially available 3-D HT applicator is the
3-D Sigma-Eye from BSD Medical Corp. (Salt Lake City, UT, USA), operating at 100 MHz. Antennas of this applica-
tor are electrically short and therefore they need matching circuitry to be inserted between the antenna feed-points and
the amplifiers (Fig. 1). As the power is coupled between the antennas and the impedance matching networks, the
matching circuitry must be modeled and taken into consideration, when planning HT treatments (Fig. 2). Numerical



models excluding the impedance matching networks are not able to predict correctly distributions of E-field, specific
absorption rate (SAR) and temperature in the Sigma-Eye applicator [9].

To omit problems with external impedance matching circuits we developed a novel 3-D HT applicator based on the
concept of water-coated antennas (WACOA). The outstanding features of this applicator are its flexible matching be-
tween 100 and 150 MHz by mechanical adjustments, current balance and high efficiency. In addition, the WACOA
applicator can be numerically modeled and is MR compatible.

TREATMENT PLANNING

The control path of the HT treatment comprises many steps starting with amplitude and phase settings at multi-channel
amplifier output stages and ending with desired temperature distributions in patient. Except for clinical follow-up, this
control splits into two main parts: modeling of (1) electromagnetic and (2) thermo-physiological behavior. Electromag-
netic modeling comprises (CT- or MR-based) assignment of permittivity and conductivity distributions in patient, mod-
eling of HT devices, and finally calculation of SAR distributions. Different numerical methods are used for SAR calcu-
lations. The two most popular are the finite elements (FE) and the finite-difference time domain (FDTD) methods.
Thermo-physiological modeling aims at solving numerically the bio-heat transfer equation under assumptions of known
distributions of SAR, tissue heat conductivity and blood flow. The latter parameter is hardly appreciable and so the
temperature prediction is, at the very least, controversial. This uncertainty notwithstanding, the temperature distribution
remains clinically the most relevant predictor and therefore it is preferred in procedures of treatment optimization over
SAR. In general, the calculated temperature distributions can be considered as underlying SAR distributions, which are
smoothed at locally different strength. From the point of view of temperature distributions the very expense refinements
in mapping of electrical tissue properties and SAR seem not to be justified. However, such refinements can be impor-
tant, when relations between electrical properties and thermoregulatory perfusion changes will be once revealed. On the
other hand, the refined models of RF devices generating heat have a large impact on the resulting temperature distribu-
tions (Fig. 2).

DOSAGE VERIFICATION

Verification of the HT is performed by procedures of quality control on the one hand and by monitoring distributions of
temperature and other physiological response parameters in patient under treatment on the other hand. An important
step towards further development of HT was an interaction-free combination of the HT system (BSD-2000-3D, BSD
Medical Corp.) and the MR system (1.5 T Magnetom Symphony, Siemens, Erlangen, Germany) for a simultaneous and
non-invasive monitoring of HT treatment in patients (Fig. 3,4). Among the typical issues of quality control developed in
last years are measurements within the circuit environment by spectrum and network analyzers, measurements of an-
tennas loaded by or immersed in water using a special quasi-anechoic chamber, scanning by E-field and temperature
sensors, SAR measurements using a saline water phantom with lamp matrix, sensor- and MR-based temperature meas-
urements in homogeneous and inhomogeneous tissue equivalent pelvic phantoms (Fig. 5).

Non-invasive monitoring of temperature distributions in patients undergoing HT treatment can be performed at simulta-
neous c.w. power levels at amplifier output up to 1600 W. This monitoring is strongly disturbed by a plenty of artifacts
(Fig. 6). Some of them, as e.g. magnetic field drift, can be already corrected. Other, as e.g. the thermoregulatory caused
changes of diamagnetic tissue properties via perfusion, are still under investigation.
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(a)        (b)                                            (c)
Fig. 1. 3-D Sigma-Eye applicator: flat bow-tie dipoles with striplines shunted in Y-junctions are followed by striplines
and stubs (a); schematic representation of transversal and longitudinal arrangement of antennas (b); phenomenological
3-D/1-D FDTD model of antenna with its matching circuitry (c).

(a)         (b)        (c)       (d)        (e)
Fig. 2. Calculated temperature distributions for an HT treatment of a patient with a rectal cancer (indicated by a tetrahe-
dral grid) in the 3-D Sigma-Eye applicator which was modeled without (a,b) and with the matching circuitry (c,d,e). For
both applicator models temperature distributions were obtained for the synchronous (a,c) as well as for the optimized
irradiation (b,d). The temperature distribution in (e) was obtained setting the optimum amplitude and phase values from
(b) as control channel parameters for the applicator modeled with the matching circuitry. Note the deterioration of the
temperature optimum in (e) with respect to (d), showing the importance of the modeling of the matching networks.

Fig. 3. Schematic block diagram of the combined HT/MR system.



(a)                                                                          (b)
Fig. 4. 3-D Sigma-Eye applicator in the 1.5 T MR whole-body scanner with a lamp phantom for SAR measurements (a)
and a volunteer (b).

   (a)     (b)       (c) (d)
Fig. 5. Interior of the 3-D pelvic phantom before founding by the muscle-equivalent agar solution (a). Phase values at
channels of the 3-D Sigma-Eye applicator set to obtain a specific heating in the pelvic phantom (b). Distributions of
temperature changes in the pelvic phantom calculated (c) and obtained by MR measurements (d).

Fig. 6. MR monitoring of HT treatment in patient with cervical carcinoma. MR-measured distributions of temperature
changes at the beginning (after 7 min) and at the end (after 65 min) of HT treatment. Temperature changes in water
bolus are higher than in patient because of lower start temperature (20°C). Besides of relatively reliable temperature
elevation of 9.4°C in tumor extreme artifacts in vicinal regions are visible. The apparent overheating in the supine mus-
cle is caused by thermoregulatory increase of perfusion and thus of diamagnetic oxy-hemoglobin affecting the water
chemical shift used as an indicator for MR thermometry. The apparent cooling artifact in the intestine region is caused
by local inhomogeneities of magnetic field due to air/tissue interfaces.


