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1 Introduction into hyperthermia 
In the last two decades hyperthermia has developed to an anticancer treatment modality 
which for a number of tumour sites is added to the standard treatment modalities like 
surgery, radiation and anticancer drugs. Hyperthermia refers to the therapeutic use of heat 
and equates to the controlled elevation of the tumour temperature in the range of 40°C to 
46°C. This ‘moderate’ heating is not sufficiently effective as a single treatment modality 
and therefore is applied only in combination with radiotherapy and chemotherapy. The 
effectiveness of these latter, standard, treatment modalities is enhanced by the hyperthermia 
treatment. Both the biological mechanisms and the clinical impact of hyperthermia have 
been the subject of a large number of studies. Furthermore, ways of improving the 
administration or application of the heat treatment, at new treatment sites or in combination 
with novel drug administration techniques e.g. utilising thermosensitive liposomes, are still 
investigated. 

1.1 History 
The history of hyperthermia has been addressed by several authors. In this paragraph the 
development of RF techniques applied for hyperthermia purposes is indicated briefly. For a 
comprehensive historical introduction the reader is referred to Guy and Seegenschmiedt 
(Guy 1984, Seegenschmiedt et al. 1995). 
The effectiveness of heat as a therapy against cancer is believed to be known since 3000 
BC (Breasted 1930). At the end of the nineteenth century it was discovered that a fever 
could serve as the heat-elevating agent. Coley (1893) injected patients with bacteria’s in 
order to induce a fever that was intended to cure the patient from their tumour and 
accomplished a remission in a number of cases. In the same period d’Arsonval (Guy 1984) 
was able to induce high frequency current without the need of direct contact with the 
tissues. This was soon followed by the introduction of capacitive coupling to transfer RF 
energy to the patient. In 1907 Nagelschmidt showed that heating at depth could be induced 
by high frequency currents and referred to the process as “diathermy” (Nagelschmidt 1913). 
In the 1920 – 1930s techniques emerged by which both duration and location of heating 
was considered controllable. These techniques mainly applied electromagnetism as a way 
to induce the heating. In 1926 Schliephake (Schliephake 1935, Schliephake 1958) started 
investigating the biological effects of short wave condenser (electric) fields and later 
applied the technique to treat local regions in patients. Schereschewsky (Schereschewsky 
1928) applied RF short-waves of 3 m wavelength to treat carcinomas transplanted in mice 
and was often able to inhibit growth. In the late 1920s and early 1930s there was much 
interest in the possibility of using shorter wavelengths to induce deeper heating. However, 
due to lack of hardware diathermy continued to be applied below 100 MHz. A high 
frequency microwave diathermy apparatus with a power output up to 125 W only came 
available in 1946. The research on the use of microwave diathermy expanded in the period 
1950 – 1965. The research predominantly was of a clinical or technical nature. The 
importance of careful dosimetry was not always recognised although this was done earlier 
by Mittlemann et al (1941) who related measured changes in temperature to absorbed 
energy.  

11 
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In the 1970s and 1980s different applicator types have been developed capable of heating 
superficial tumours as well as applicators capable of depositing energy deep in the body.  
Besides the development of heating hardware also numerical models addressing the 
interaction of RF-electromagnetic fields and biological tissue have been constructed. These 
numerical models calculate the power deposited in the patient by the applied microwaves. 
In the last decade these numerical models have evolved from 2-dimensional to 3-
dimensional models. The development and improvement of applicators are ongoing 
subjects mostly steered by numerical models. The efficacy of the applicators is usually 
evaluated using dosimetric techniques (Lamaitre et al. 1996, Schneider et al. 1995, De 
Leeuw et al. 1990, Wust et al. 1995a). In the last 5-7 years the application of these 3-
dimensional models as a means of treatment planning and treatment optimisation is subject 
of investigation. 

1.2 Biological rationale. 
Direct cell kill can be induced dependent on both temperature and heating time. The 
mechanisms of cell kill by heat are complex and are related to denaturing proteins, damage 
to cell membranes and cell nuclei and other cytoplasmic components. Although there are 
large differences in cellular sensitivity to elevated temperatures, no consistent differences in 
thermal sensitivity have been shown between malignant and normal cells (Hall 1994, 
Vaupel 1979). Hyperthermia and radiotherapy are considered to have a complementary 
effect. 1) The thermal sensitivity is dependent on proliferative status and cells can be much 
more sensitive in the S-phase as compared to the G1-phase, while radiotherapy is more 
resistant in S phase (Henle et al. 1988, Westra et al. 1971). 2). Radiotherapy is most 
effective in an oxygenated environment, but the vascularisation of tumours often is very 
heterogeneous leading to a decreased supply of oxygen and nutrients and a limited removal 
of wastes (Jain 1988, Reinhold et al. 1986, Reinhold et al. 1990, Haveman et al. 1988). 
Consequently, solid tumours often exhibit hypoxic and necrotic areas, which lead to a 
decreased capability to dissipate induced heat effectively, resulting in a higher temperature 
in the tumour tissue than in the well vascularised and perfused normal tissue. The tumour 
areas which suffer from the reduced perfusion are characterised by hypoxia, a poor 
nutritional state and low pH which increase temperature sensitivity of the tumour cell 
(Hahn 1974, Gerweck 1977).  
Next to its complementary action, heat exposure leads to both radiosensitisation (Overgaard 
1980, Raaphorst et al. 1990) and chemosensitisation (Overgaard et al. 1991a, Schopman et 
al. 1996, Hettinga et al. 1997, Rietbroek et al. 1997). Heat doses above 43ºC for 60 min are 
necessary to sensitise cells with an inhibition of base excision repair as the currently 
postulated mechanism (Kampinga et al. 2004). Clinically more achievable heat doses are 
thought to increase blood flow and improve tumour oxygenation enhancing radiosensitivity 
(Vujaskovic et al. 2004). The increased blood flow also is considered to explain the 
enhanced chemotherapy sensitivity; besides the sustained supply of oxygen and nutrients 
also the supply of the cytotoxins is sustained resulting in an increased uptake compared to 
chemotherapy without hyperthermia. Resuming, hyperthermia is expected to enhance both 
radiotherapy and chemotherapy. 

12 



Clinical rationale. 
 

1.3 Clinical rationale. 
Early phase I/II trials were mostly ill performed lacking adequate heating and thermometry, 
detailed reporting and analyses etc. If the well performed studies are selected several of 
these phase I/II studies showed an advantage of the combination of radiotherapy and 
hyperthermia versus radiotherapy alone as well as an advantage of the combination of 
chemotherapy and hyperthermia versus chemotherapy alone (reviews of several studies are 
given in the handbook ‘Thermoradiotherapy and Thermochemotherapy: clinical 
applications’ edited by Seegenschmiedt et al. 1996). These studies were published in the 
eighties and in majority concerned superficial tumours treated with external heating 
devices. Vernon et al (1996) in a more recent publication presented the analyses of the 
combined results of five randomised phase III trials. In these trials both advanced primary 
and recurrent breast cancer patients were treated with standard treatment radiotherapy or 
with a treatment to which hyperthermia was added. Local complete response (CR) rates 
were determined and compared for both treatment arms. The CR rate increased from 41% 
for radiotherapy alone arm increased to 59% for the radiotherapy and hyperthermia arm. In 
total 306 patients were included. Both treatments were well tolerated and only a few 
patients had their hyperthermia treatment terminated early because of pain. Hyperthermia 
slightly increases acute effects like blistering, ulceration and necrosis but with only little 
impact on patient well-being. Overgaard et al reported that for recurrent or metastatic 
malignant melanoma local control could be significant improved (from 28% to 46%) by 
adding hyperthermia to the standard radiotherapy (Overgaard et al. 1995). In this phase III 
study for which the end points were complete response rate at 3 months, persistence of 
complete response and the amount of tissue damage 134 lesions were included. The overall 
5 year survival rate was 19%. The 5 year survival rate was, however, higher for patients in 
whom all known disease was controlled (38%) than for patients with persistent active 
disease (10%). The objective of heating 30 minutes at a minimum tumour temperature of 
43 ºC could only be established in 14% of the treatments due to difficulties with equipment. 
In another phase III trial radiotherapy alone was compared to hyperthermia combined with 
radiotherapy in locally advanced pelvic tumours (Van der Zee et al. 2000). For the tumours 
in the pelvic region, i.e. bladder, cervix and rectum tumours, local control rates obtained 
with standard radiotherapy treatment are disappointing. In the study 358 patients were 
enrolled and randomised into groups either treated with or without hyperthermia. Complete 
response rate and duration of control were selected as endpoints. Complete response rates 
increased from 39% for radiotherapy alone to 55% for the combined treatment of 
radiotherapy and hyperthermia. Local control lasted significantly longer with radiotherapy 
and hyperthermia than with radiotherapy alone. For bladder cancer this difference in local 
control disappeared during follow –up. The most important increase in complete response 
rates could be established for cervical cancer; 57% for radiotherapy alone versus 83% for 
radiotherapy plus hyperthermia. For this group of patients also the 3 year overall survival 
increased from 27% in the radiotherapy group to 51% in the radiotherapy and hyperthermia 
group. The treatment was again well tolerated. In a number of publications the correlation 
between thermal factors and outcome was investigated based on the patient data of the trials 
presented above. Thermal dose appears to correlate to complete response rates in the trials 
on advanced breast cancer and malignant melanoma. Van der Zee et al. (1999) showed that 
the local control rate was dependent on the heating device that was used. The volume that is 
heated is larger with a 433 MHz applicator than for a 2540 MHz applicator. With the 433 
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MHz applicator it is more likely that the entire tumour is adequately heated and thus better 
local control is achieved. 
The above mentioned published clinical studies by far present a complete overview. They 
have, however, had an impact on the acceptation of hyperthermia in the last decade. 

1.4 Hyperthermia application techniques. 
The administration of a hyperthermia treatment requires technology to heat the tissues as 
well as technology to monitor, control and evaluate the thermal or other parameters 
involved in the heat treatment. In a number of studies these thermal parameters were related 
to treatment response. Dewhirst et al (1984) showed that the coolest part of the tumour 
determines the biological response to combined hyperthermia and radiotherapy. Statistical 
significant correlation could be shown between the mean minimum temperature and the 
duration of local control (Cox et al. 1992). Also for brain tumours treated with interstitial 
thermoradiotherapy the minimum tumour temperature appeared to be correlated with 
treatment outcome, i.e. freedom from local progression (Sneed et al. 1992). The last decade 
much effort has been put in the development and improvement of heating equipment and 
heating control techniques. These developments and improvements are increasingly aided 
by computational techniques initially developed for treatment planning. A brief summary of 
the known techniques for the application of a hyperthermia treatment is given below. More 
comprehensive information on most of the items that will be mentioned can be found in a 
number of handbooks on hyperthermia (Field et al. 1990, Gautherie 1990a, Gautherie 
1990b, Gautherie 1990c, Gautherie 1990d, Seegenschmiedt et al. 1996) 

1.4.1 Interstitial hyperthermia 
Interstitial hyperthermia refers to the techniques applying heating sources which are placed 
invasively at the tumour site. Without causing additional discomfort this technique can be 
applied combined with interstitial radiotherapy by using the catheters or needles of the 
brachytherapy implant to insert the hyperthermia sources. Due to the location of these 
sources the energy deposition is localised to the tumour site and normal tissue heating is 
kept to a minimum (Aristizabal et al. 1984). This is the principle advantage of this 
technique. Unfortunately, the invasive character also determines the main disadvantages; 
i.e. limited site accessibility, bleeding and infection and the probability of insufficient 
treatment of the margin of the tumour volume. The geometry of the heating sources will 
result in a heterogeneous heating distribution i.e. the temperature close to the heating source 
will be higher than the temperature midway two heating sources. This effect can be 
minimised by placing the heating sources close to each other. The local blood flow 
characteristics have an even larger effect on the temperature distribution. In a homogeneous 
heated volume the temperature close to a blood vessel will be lower than at some distance 
from this vessel (Crezee et al. 1992, Van Leeuwen et al. 2000). This implies that the 
heating power close to this blood vessel should be increased. Thus this effect can be 
anticipated by adapting the heating power to the local temperature. Some interstitial 
hyperthermia techniques mentioned below have adaptive or steering capabilities. 
Based on their design the interstitial hyperthermia techniques can be categorized in four 
groups; radiofrequency, microwave, hot source and ultrasound techniques. The hot source 
techniques distinguish themselves from the other techniques because the tissue is heated by 
thermal conduction while the other techniques deposit energy directly in the tissue at some 
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distance from the heating source. Besides the previously mentioned blood flow and implant 
geometry the sources temperature is the main determinant of the induced temperature 
distribution. Devices applied for hot source techniques are hot water tubes (Handl-Zeller et 
al. 1992), electrically heated resistance elements (Patel et al. 1991) and self-regulating 
ferromagnetic seeds (Stauffer et al. 1984, Kobayashi et al. 1986, Curtis et al. 1993, Van 
Dijk et al. 1993). The latter technique employs wires made of a ferromagnetic material 
having a Curie temperature in the clinical range, e.g. 50-60ºC. The ferromagnetic seeds are 
heated by a magnetic field in the 100 kHz range. If a seed reaches its Curie temperature it 
will cease to absorb power from the magnetic field due to the loss of the ferromagnetic 
properties. This “thermo switch” character of the ferromagnetic seed allows for adaptation 
to the heterogeneous heat transfer in the tumour. The radiofrequency heating techniques 
(Kaatee et al. 1993, Visser et al. 1993) operate at a frequency between 0.5 and 30 MHz. 
Localized current field applicators operate in the frequency range from 500 kHz to 1MHz 
and the electrodes are in galvanic contact with the tissue (Corry et al. 1982, Frazier et al. 
1984). The magnitude and spatial variation of the power deposition are influenced by the 
voltage applied to the electrodes, the electrical conductivity of the implanted tissues, the 
shape and size of the electrodes and the geometry of the electrode implant. Voltage control 
capability of the electrodes is desirable and can be realised by connecting pairs of 
electrodes to several independent circuits (Cosset et al. 1985) or by introducing a “duty 
cycle” concept (Astrahan et al. 1982, Kaatee et al. 1997a). Longitudinal control of the 
power deposition becomes possible by placing multiple electrodes in the same catheter 
(Van der Koijk 1997, Kaatee et al. 1997b). The electrodes operate at a frequency of 27 
MHz and capacitive couple to the surrounding tissue, thus acting like a current source. The 
importance of longitudinal control has been evaluated in relation to the influence of 
vasculature on the temperature distribution (Van der Koijk et al. 1997). The microwave 
interstitial heating techniques utilize a radiative antenna working in the range of 300 to 
2450 MHz. The electromagnetic waves propagate away from the antenna and energy is 
transferred to the tissue by dielectric losses. The length of the treated area is not adjustable. 
The frequency of operation strongly determines the length of the antenna which in its turn 
determines the size of the effectively heated area.  
Another often occurring problem is the irregular shape of the power deposition and non-
uniform power deposition along the antenna. Different approaches to solve this problem 
have been proposed (Le Bourgeois et al. 1978). If multiple antennas are applied in an array 
the choice of coherent and incoherent operation has to be made. In incoherent operation 
each antenna acts individually and control is more straightforward. In coherent operation 
the fields of each applicator interfere and the power deposited at a specific location can be 
minimised or maximised, but in practice precise control of the power deposition is 
problematic. More recently the application of small cylindrical ultrasound sources has been 
introduced (Hynynen et al. 1993, Diederich 1996). Compared to the other interstitial 
techniques, spacing between the ultrasound sources is large because of the larger 
penetration depth. As with the previous mentioned techniques, control over the temperature 
distribution along the length of the applicator can be achieved by using a multi element 
applicator. Developments are directed towards improved power levels to be applied in 
direct coupled ultrasound applicators for hyperthermia applications (Deardorff et al. 1998) 
and for thermal coagulation (thermotherapy) techniques (Deardorff et al. 2000) in highly 
perfused tissues (liver, kidney, brain). 
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1.4.2 External hyperthermic heating. 
A number of different applicator types have been developed, each with specific 
characteristics needed to externally heat tumours of a specific size, shape and location. 
Based on the tumour location these applicators can be subdivided into three categories; 
superficial or local hyperthermia, regional hyperthermia and whole body hyperthermia. 

1.4.2.1 Superficial hyperthermia 
Superficial tumours are accessed relatively easy by heating - and treatment control 
equipment and most clinical experience have been obtained for superficial hyperthermia 
equipment. Both inductive applicators and radiating applicators, like the microstrip antenna 
and the waveguide applicator, are applied for superficial hyperthermia. 
The inductive applicators induce an electric field arising from the time varying magnetic 
field associated to the current running through the applicator. Current carrying coils or 
induction coils have been used for many years in short-wave diathermy at frequencies 
around 13.56 MHz and 27.12 MHz. Analysis of such “pancake” coil shows a strong 
dependence on applicator – skin distance (Hand et al. 1986); small distances (< 3cm) lead 
to high absorbed power in the fat while at larger distance the absorbed power density in the 
muscle shows an effective penetration depth of 3-4 cm depending on coil size. A 
disadvantage of the pancake coil is that the heating power on the central axis of the coil is 
zero. This is due to the parallel orientation of the coil to the skin and the size of the coil in 
combination with the applied frequency. The pancake coil behaves like a magnetic dipole 
oriented perpendicular to the skin surface resulting in zero heating power on the central axis 
of the coil (Morita et al. 1982). To solve the axial zero heating power designs have been 
suggested in which the plane of the current loop is perpendicular to the tissue surface 
(Andersen 1984, Tiberio et al. 1984, Johnson et al. 1987). 
Radiating applicators operate at frequencies above 200 MHz. Most of these applicators are 
designed to be used in combination with a bolus to improve the coupling of the E-field to 
the tissues, not to expose the tissue to the fields close to the aperture and to prevent large 
leakage fields. The applicators that have been developed are based on hollow cylindrical 
waveguides or micro strips. The waveguide applicators are generally exited by a choke 
positioned in the waveguide. The dimensions of aperture of the waveguide and its dielectric 
load (e.g. water) determine the lowest transmitted frequency or cut-off frequency although 
this frequency can be lowered by using waveguides with a ridged cross section. However, 
the effective aperture is approximately the area beneath the ridges which can be smaller 
than the aperture of a rectangular applicator of the same dimensions. The impedance of the 
applicator depends on the dimensions of the choke and its position to the closed end of the 
waveguide. In some cases the size and weight of the waveguide applicators hamper clinical 
application. Applicators based on micro strips or similar structures do not suffer from this 
problem. The general form of a micro strip applicator is a thin substrate of dielectric 
material with a metallic ground plate on one side and a metallic line or patch on the other 
side. The characteristics of the applicator depend on the dielectric properties of the media 
close to the micro strip. The penetration depth, i.e. the distance at which the absorbed 
power per kilogram has decreased by a factor of e2 , depends on applicator type, dimensions 
and operating frequency and for the applicators described above lies between 3 cm and 6 
cm for homogeneous muscle tissue (Hand 1990). The penetration depth in practice is less 
than the penetration depth for a plane wave in the same situation. Other important 
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parameters that influence the penetration depth are the thickness and dielectric properties of 
the skin and the tissue underneath the skin (Andersen 1987) and the curvature of the skin. 
If only a single applicator is applied, optimisation of the hyperthermia treatment can only 
be arranged by proper selection of the size and position of the applicator. This can be 
improved by using an array of individually controlled applicators. Besides 2D spatial 
control of the distribution of the absorbed power such an array is also directed towards 
improved effective field size to treat larger areas (Van Rhoon et al. 1992a, Hand et al. 
1992). The applicators of the array can be applied in either incoherent or coherent modes. 
The applicator setting, i.e. phase and amplitude of the feeding HF-signal, can be optimised 
by measuring the produced field by a small invasive dipole antenna. 

1.4.2.2 Regional hyperthermia 
The classes of applicators applied for regional applicators are similar to those used for 
superficial hyperthermia with the addition of capacitive applicators. The objective is to heat 
a relative large target area located at a depth of ~10 cm or further. 
The capacitive applicators are mostly applied and developed in Japan and mostly are 
operated at a frequency of 13 MHz or 8 MHz. These applicators employ capacitor plates 
separated from the skin by a water bolus to guarantee stable performance and to provide 
cooling capability. The capacitor plate size, including bolus, is critical and should cover the 
entire treatment area. The electric field is predominantly directed perpendicular to skin 
surface. Therefore excessive heating of superficial fat layers will occur which can only be 
reduced by the cooling capacity of the bolus in cases where the subcutaneous fat layer is 
not too thick (Hand et al. 1986). Reasonable clinical results have been reported (Hiraoka et 
al. 1987, Nishimura et al. 1992) although excessive SAR can be produced in the superficial 
fat layers despite skin cooling. The technique is therefore restricted to patients having a fat 
layer of less than 1.5 – 2 cm (Hiraoka et al. 1987). Besides the excessive SAR in the fat 
layers also hot spots may occur related to the inhomogeneity of the tissues in the target 
area. SAR steering is obtained by applying three electrodes (Nussbaum et al. 1986). An 
approach solving the excessive fat layer heating is increasing the cooling capacity of the 
water bolus (Ohguri et al. 2004). Another approach to solve the problem of excessive 
heating of superficial fat layers is the application of ring electrodes (27.12 MHz or 13.56 
MHz) which produces a circumferential axially directed electric field (Van Rhoon et al. 
1992b, Van Rhoon et al. 1994). Although the field direction is advantageous local hot spots 
may still occur below the rings if there is no substantial gap between the rings and the 
tissue.  
The inductive applicators are all based on a current carrying coil. The concentric coil is 
placed concentrically around the patient and is made of a copper sheet forming a cylindrical 
electrode. A 13.56 MHz current is driven through this electrode. Theoretical analysis of the 
temperature distributions generated by these applicators suggests that penetration is limited 
to about 6 cm of the skin (Strohbehn et al. 1986) which is supported by clinical experience 
(Samulski 1989). The coaxial coil consists out of two coils placed about the patient with the 
axis of the coils perpendicular to the patient’s axis. As in the concentric coil the SAR on the 
applicator’s axis is zero. This is solved by using a helical coil which produces an axially 
induced electric field. Main advantage of this type of applicator is that they do not require a 
water bolus. A heavy water bolus often results in patient discomfort.  
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The radiative applicators used for regional hyperthermia are all operated as a phased array. 
The radiating elements of the applicator are positioned around the patient and produce a 
convergent E-field polarized along the patient’s axis. The space between the apertures of 
the radiating elements is filled with water to provide improved electric coupling, reduction 
of stray fields and controllable cooling of the patient’s skin. Turner (1984) as one of the 
first developed an annular phased array consisting of 16 parallel plate waveguide apertures 
(20 cm x 23 cm) arranged in eight pairs within an octagonal array. This system was shown 
to be more efficient in heating of deep-seated locations than capacitive (Tsukiyama et al. 
1990) or inductive devices (Oleson et al. 1986). Clinical experience with this type of 
phased array indicate difficulties in reaching therapeutic temperatures in deep seated 
tumours due to treatment limiting problems including pain, systemic heating and general 
patient discomfort e.g. caused by heavy water boluses (Pilepich et al. 1988, Pilepich et al. 
1987). The design of an improved cylindrical array applicator (Turner et al. 1989) based on 
the previous annular phased array focussed on easier patient handling. The applicator and 
accompanying treatment software are sold by the BSD medical corporation as the BSD-
2000 system. This improved system consists of eight dipoles of 46 cm contained within a 
transparent plastic cylinder. A single water bolus provides contact with the patient for up to 
approximately 38 cm. The applicator operates in a frequency range of 60 – 120 MHz and 
the power is delivered to four pairs of adjacent dipoles at the top, bottom, left and right side 
of the array. Both the power and phase of each pair of dipoles can be adjusted individually. 
Selection of the phase setting of each dipole pair is made primarily by the ‘line-of sight’ 
distance from each dipole pair to the target site, as determined by the treatment software of 
the BSD-2000. Both frequency and amplitude were chosen by rule of thumb guidelines and 
intuition of the operator (Sullivan 1991). This system does not include on line control of 
measured phase and amplitude at the feeding of each dipole pair which is experienced as a 
disadvantage (Hornsleth et al. 1997). In 1997 the BSD medical corporation presented an 
improved version of the BSD 2000 sigma 60 applicator, the BSD 2000 3D Sigma Eye Deep 
Hyperthermia applicator. The circumferential array of eight dipoles present in the sigma 60 
applicator is slit in three circumferential rings of eight dipoles. This configuration is 
capable of focussing the energy in the longitudinal direction. Properties/capabilities of the 
Sigma Eye like e.g. the control of the electric field distribution have been studied by Wust 
et al (2000). 
A four element phased array system operating over a frequency range of 20 – 200 MHz was 
developed by Raskmark and Bach Andersen (1984). Each element consists of an inner plate 
with an aperture and an outer plate acting as a reflector. Both plates are circumferential to 
conform to the patients body contour. Each element has an integrated water bolus with 
controlled water flow. The distribution of the deposited power depends on the frequency, 
the width of the aperture and the thickness of the water bolus between the segments and the 
patient. Both the power and phase of each element can be adjusted individually. This 
adjustment must be performed including corrections for the cross coupling of the elements 
(Raskmark et al. 1994). Another phased array system was designed and constructed based 
on a 433 MHz prototype (Van Dijk et al. 1989). The large scale 70 MHz equivalent applies 
four water filled waveguides and was introduced in the clinic in 1987. After a period in 
which the top and bottom applicator where actively powered while the lateral applicators 
were used in an echo mode (Schneider et al. 1994) the powering of the elements was 
upgraded. This upgrade was performed in cooperation with SSB Company (Iserlohn, 
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Germany) and features four phase lock loops (PLL) and four amplitude lock loops (ALL). 
The PLL sensors are mounted on the feeding plugs of the waveguides while the ALL are 
positioned at the output of the power amplifiers. The PLL and ALL stabilise the phase and 
power output at the feeding plug on the waveguide. Both phase and amplitude of the 
forward signal to the waveguide are continuously monitored by a vector volt meter. After 
this upgrade all four waveguides were applied in an active mode and the phase and 
amplitude of all four of the feeding signals could be adjusted and locked individually. Also 
in this case adjusting the feeding signals must be corrected for cross coupling effects 
(Schneider et al. 1995). Each of the waveguides can be moved towards the patient 
individually to control the thickness of the water bolus and, except for the bottom 
applicator, to remove the applicator from the array if necessary. RF reflection towards the 
amplifiers is avoided by a set of tuners. In contrast to the multiple element in the phased 
array system the coaxial TEM applicator (Lagendijk 1983, De Leeuw et al. 1987) is fed 
through a single connector. The applicator consists of an open ended air filled coaxial line 
in which the inner conductor is hollow. At the open end the conductors are bent to form an 
aperture through which an E-field parallel to the axis of the applicator can be emanated. 
The patient is positioned along this axis in an open water bolus contained within the central 
conductor and thus is exposed to a circumferential E-field parallel to the body’s axis. The 
open water bolus configuration avoids the patient discomfort due to the pressure of heavy 
bolus bags, as experienced with the earlier versions of the annular array applicators. The 
width of the aperture formed between the inner and outer conductor can be varied between 
8 and 45 cm. 

1.4.2.3 Whole body hyperthermia 
The major application of whole body hyperthermia (WBH) is to treat metastatic disease by 
increasing the body temperature to 41.8 ºC. In general WBH is combined with 
chemotherapy. In the past WBH has been induced by injection of bacterial toxins. Later 
controlled techniques have been developed like extracorporeal heating of the blood and 
epidermal heating i.e. transferring heat to the body core using the patient’s skin surface 
area. Of these three methods the latter is currently the most commonly used modality. 
Extracorporeal heating of blood suffers from a number of complications related to the 
induction of alterations in the coagulation system. A relatively new technique developed by 
Robins et al (1994) employs radiant heat in a humidified closed environment thus 
preventing cooling by perspiration. The therapeutic index of the combined treatment 
modality is dependent on timing and scheduling of the applied chemotherapy drug and the 
WBH treatment; e.g. application of cisplatin (Overgaard et al. 1991b) and WBH requires 
different timing and scheduling to obtain a good therapeutic index than application of 
carboplatin and WBH (Robins et al. 1993). Toxicity of WBH is acceptable if patients are 
carefully selected and if the treatment is accompanied by suitable anesthesiological 
management and monitoring (Kerner et al. 1999, Robins et al. 1997). In general the body 
temperature is increased and maintained for 1 hour to the maximal tolerable temperature of 
41.8 ºC (Robins et al. 1993, Kerner et al. 1999, Westermann et al. 2001, Westermann et al. 
2003). Animal studies suggest that long-duration (6-12h) WBH at a temperature of 39º - 
40º C leads to an increased therapeutic index (Kraybill et al. 2002). 
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1.4.3 Heating control. 
Both the measurement of the electric field strength and the temperature are applied for 
heating control purposes. In clinical practice these measurements involve invasive and 
intra-luminal placement of both E-field probes and thermometry sensors to control the 
power deposition and temperature respectively. Both measurement modalities are also used 
in phantom experiments directed towards quality assurance and heating efficacy 
determination. E-field probes are applied in essence to determine the heating power which 
is proportional to the square of the field strength. In hyperthermia systems utilising 
capacitive or radiative applicators E-field probes are applied to characterise the heating 
efficacy by scanning the probe through a phantom patient. In clinical practice the E-field 
probe is usually positioned intra-luminal like in the vagina or the rectum and exceptionally 
in the tumour. At the position of the probe the E-field can be monitored or the field strength 
can be maximised. The mandatory character of the application of thermometry sensors 
during clinical treatments is well recognised (Lagendijk et al. 1998). The temperature is 
measured by thermocouple strings, motor-scanned single thermistors or fibre optic sensors. 
The sensors are positioned within catheters which have previously been inserted in natural 
cavities or in the tumour or they are an integral part of the (interstitial) applicator. Non-
invasive thermometry strongly evolved during the last decade. The most promising non-
invasive thermometry techniques are based on MRI (Samulski et al. 1992, Wlodarczyk et 
al. 1998) and have already been introduced in the clinic at some institutes (Carter et al. 
1998, Craciunescu et al. 2001, Wust et al. 2004). However, problems with MRI are high 
costs, heating technique compatibility and the application of an imaging sequence or 
technique which measures a signal uniquely determined by the temperature. Other 
techniques are based on impedance tomography, microwave imaging (Meaney et al. 2003b, 
Meaney et al. 2003a). Some kind of heating control and mainly temperature registration are 
required during a hyperthermia treatment. 

1.4.4 Hyperthermia Treatment planning 
The simulation of a hyperthermia treatment is a two step procedure: 1) compute the heating 
power induced in the body by the heating source or hyperthermia applicator and 2) compute 
the redistribution of energy due to thermal conduction and blood flow and the resultant 
temperature. Decoupling of both steps is based on the relative insensitivity of the properties 
of the heated tissue and the difference in transient behaviour of the power absorption 
relative to the much slower thermal response time. The second step is a generic step which 
is identical for each hyperthermia system and is dependent on the first step. The first step is 
dependent on the applied heating source. The importance of hyperthermia treatment 
simulation has been best summarized by the four areas where treatment modelling could 
play a role in improving power delivery and evaluating resulting dosimetry (Gautherie 
1990d): 1) Comparative dosimetry to evaluate different devices under identical 
circumstances in order to establish guidelines for the use of one system over the other; 2) 
Prospective dosimetry intended to determine the best possible treatment for the specific 
patient given the available heating modalities; 3) Concurrent dosimetry during treatment 
aims for improvement of the therapeutic temperature rise in the tumour by changing the 
power deposition distribution based on a limited number of temperature measurements; 4) 
Retrospective dosimetry of measured temperature data to evaluate the ability of the 
treatment apparatus to heat the tumour to a certain predefined therapeutic threshold. These 
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areas are clearly formulated from the thermal point of view and certainly the latter three 
areas strongly rely on the temperature calculation. However, the area of comparative 
dosimetry applies in the field of power deposition problems as well and in fact this field has 
been studied more extensively than the other fields. 
In the last decade the computational techniques for heating power calculation have evolved 
from 2-dimensional to 3-dimensional techniques. The results of these 3-dimensional 
techniques have shown that in the 2-dimensional simulations the influence of tissue 
interfaces has been underestimated (Wust et al. 1995b). Even more, the 3-dimensional 
simulations have revealed the critical role of localized areas of high power deposition 
outside the immediate treatment field which can occur as a result of the electromagnetic 
property discontinuities that are prevalent within the body. As a result, electromagnetic 
modelling is utilized to find ways to diminish these areas, called hot spots, outside the 
treatment area as well as to identify methods of maximising the power deposited in the 
target volume. The solution of the problem of diminishing hot spots while maximising 
heating rate in the target volume is in general sought in optimisation techniques and several 
optimization studies have been published (Wust et al. 1991, Wust et al. 1996, Paulsen et al. 
1999, Das et al. 1999).Studies comparing the power deposition patterns produced by 
various devices have rendered valuable information for improvement of treatment quality 
and applicator development (Paulsen et al. 1999, Seebass et al. 2001). The reduction of hot 
spots plays an important role in the development of improved heating systems (Wust et al. 
1996).  
Temperature dosimetry on the basis of simulations strongly relies on the accuracy of the 
power deposition calculation and the accurate specification of the biophysical parameters 
involved, i.e. dielectric definition of the tissues, the structure of the vasculature and the 
dynamics of the perfusion. Techniques for numerical determination of the temperature are 
mentioned in the next paragraph. 

1.4.5 Prediction of the temperature increase induced by hyperthermia. 
Thermal modelling concerns the calculation of the temperature distribution after the power 
deposition has been calculated. The temperature distribution calculation can be performed 
by a continuum model or a discrete vessel model. 
In the continuum model described by Pennes (1984) the thermal impact of blood is 
described collectively by a heat-sink or energy drain proportional with the volumetric 
perfusion and the local temperature elevation. The spatial variation in blood flow is taken 
into account by spatial variation of the volumetric perfusion rate. The vasculature is not 
included in this model and the assumption is that the blood temperature instantly 
equilibrates with the tissue temperature when it reaches the capillaries. This assumption 
holds for capillaries (Crezee et al. 1992) but not for larger vessels which take part in the 
thermal equilibrium of arterial blood and are thermally significant (Van Leeuwen et al. 
2000). Additionally the direction of blood flow is not accounted for. Several improvements 
of the Pennes heat-sink model have been proposed mainly to cope with the blood flow 
direction (Wulff 1974, Chen et al. 1980, Weinbaum et al. 1985). In the model proposed by 
Weinbaum and Jiji the thermal effect of blood flow is solely described by an effective 
conductivity. In cases where no vasculature information is available a mix of this model 
with the Pennes heat-sink model is recommended (ESHO Task Group Report 4 1992). A 
discrete vessel model is preferred to predict the thermal influence of large individual 
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vessels (Crezee et al. 1992, Lagendijk 1984, Rawnsley et al. 1994, Kolios et al. 1995, Van 
Leeuwen et al. 2000, Raaymakers et al. 2000b). 
Several analytical solvable discrete vessel models have been presented in the literature 
describing the thermal interaction of tissue and basic vessel geometries (Chen et al. 1980, 
Crezee et al. 1992, Huang et al. 1994, Weinbaum et al. 1985, Baish et al. 1986, Wissler 
1988, Zhu et al. 1995, Zhu et al. 1990, Zhu et al. 1988). These analytical models are a 
necessity to test numerical/computer models developed for the calculation of the thermal 
impact of realistic vasculature. Initially these numerical models were limited to straight 
vessels (Lagendijk et al. 1984, Chen et al. 1992, Rawnsley et al. 1994, Chan 1992). 
Mooibroek and Lagendijk (Mooibroek et al. 1991) developed a numerical model that could 
cope with branched- and curved vessel networks.  A drawback of this model is that a 
realistic representation of a vessel requires very small voxel sizes. A new model solved this 
problem by separating the vasculature space from the tissue space. The interaction between 
the tissue and the vasculature is implemented at junctions of tissue voxels and the 
vasculature and is calculated based on an analytical result for a vessel embedded in a 
coaxial tissue cylinder (Kotte et al. 1996, Kotte 1998, Kotte et al. 1999). This model has 
been validated both theoretically (Van Leeuwen et al. 1997a, Van Leeuwen et al. 1997b) 
and experimentally (Raaymakers et al. 1998, Raaymakers et al. 2000a). Imaging the small 
thermally relevant vessels is still problematic. The effect of small undetected vessels can be 
handled by expanding the obtained vessel network artificially (Van Leeuwen et al. 1998) or 
by using the quantitative perfusion maps obtained from MRI (Vonken et al. 1999). 
Alternatively the missing vessels can be modelled collectively using a heat sink approach 
(Raaymakers et al. 2000b). 
The numerical/computer models developed for the calculation of the thermal impact of 
realistic vasculature are complex and still require substantial computing power. Therefore 
thermal simulations for regional hyperthermia applied in the treatment optimization process 
all use the bio-heat model. In general, in contrast to interstitial hyperthermia, in regional 
hyperthermia the target area will be supplied by pre-heated blood. In this case the smallest 
vessels will be insignificant. If however blood is supplied by a large vessel also these small 
vessels should be taken into account. In practice, either vessels are not considered (Wust et 
al. 1996) or the largest vessels are incorporated by adapting the perfusion value at these 
large vessel locations (Seebass et al. 2001).  
For a review of heat transfer in hyperthermia see for instance Lagendijk (1990), Chato 
(1990) or more recently Lagendijk (2000). 

1.4.6 Prediction of the hyperthermia heating power. 
The heating power is determined by the generated electromagnetic (EM) field. Analytical 
solutions for the EM field distribution are only available for simple geometrical structures 
and simple sources, i.e. layered spheres or cylinders radiated by a plane wave (Zwamborn 
et al. 1992a). To model the EM field in a highly heterogeneous and geometrical complex 
structure like the human body numerical techniques are essential. Analytical solutions are 
used to validate the implementation of these numerical techniques. The following 
techniques are applied in the field of hyperthermia: 
 
• Finite Difference Time Domain, FDTD (Sullivan 1990, Sullivan 1992) 
• Finite Element Method, FEM (Jia et al. 1994) 
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• Volume Surface Integral Equation, VSIE (Wust et al. 1993) 
• Weak Form of the Conjugate Gradient FFT method, WF - CGFFT. (Zwamborn et al. 

1991, Zwamborn et al. 1992b) 
 
These techniques can be divided into integral equation methods and differential techniques; 
the FDTD and FEM being differential techniques and the WF - CGFFT and the VSIE being 
integral equation techniques. With all methods, except the FDTD method, a set of algebraic 
equations is formulated which results in a matrix statement. This matrix is full for the 
integral equation methods due to the global nature of the equation, i.e. the solution at one 
point in the lattice is influenced by all other points in the domain. For the differential 
method, FEM, the matrix is sparse due to the local nature of the equations. The obtained 
matrix statement is generally solved by an iterative matrix solver like the conjugate gradient 
method in the WF - CGFFT method. Compared to the other numerical techniques the 
FDTD method is an efficient method superior in speed and memory requirements. Some 
points of consideration for the techniques mentioned above are the numerical efficiency in 
relation to resolution, the handling of interfaces and the prediction of the normal 
components at these interfaces in particular, the truncation of the computational domain and 
the description of smooth interfaces by a rectangular grid. 
Each of the numerical techniques utilizes a lattice or grid on which both the EM source and 
the irradiated patient are discretised. The EM field is determined at node points related to 
this grid on the basis of the properties of the patient defined on the grid. The definition of 
the patients’ dielectric and thermal properties in general is performed on the basis of CT or 
MR data. The translation of this “high” resolution diagnostic data towards the calculation 
grid can be divided into two steps; 1) linking dielectric properties to the tissues present in 
the diagnostic dataset and 2) performing the conversion of the obtained “dielectric” data set 
to the grid used in the numerical model. Linking dielectric properties to the different tissues 
is done either by contouring or by a direct translation of the diagnostic data to dielectric 
properties (Wust et al. 1998, Piket-May et al. 1992, Sullivan 1990). Also techniques to 
translate MR data to dielectric properties data have been reported (Farace et al. 1997). The 
set of contours of a certain tissue type or organ defines a volume to which dielectric 
properties are linked. These dielectric properties have been measured and parameterised for 
a number of organs and tissue types (Gabriel et al. 1996c, Gabriel et al. 1996b, Gabriel et 
al. 1996a). The conversion of the obtained “dielectric” data set to the calculation grid 
depends on the applied numerical method. The FDTD - and WF - CGFFT method utilize a 
rectangular calculation grid. The resolution of the “dielectric” data set must be downscaled 
because of available computing power. A popular downscaling principle is the “winner 
takes it all” principle. According to this principle the dielectric properties of a low 
resolution voxel is determined from the dielectric properties of the majority of the high 
resolution voxels encompassed by the low resolution voxel. Another method is called 
“anisotropic volumetric averaging” (James et al. 1992). The orientation of the structure can 
be accounted for by determining the effective dielectric properties of the low resolution 
voxel along the principle axes. As a result of downscaling to a rectangular grid small 
anatomical structures will disappear and curved interfaces between tissues will be 
converted to staircase interfaces. Comparisons between the different downscaling methods 
have been presented in the literature (van de Kamer et al. 2001, Wust et al. 1998). 
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The FE method and the VSIE method apply tetrahedral building blocks to define the “high” 
resolution data on a grid/lattice/mesh. The building blocks allow for the definition of 
“smooth” interfaces conform the contours defined earlier. Furthermore, the building blocks 
can be placed more densely at locations where this is necessary. The formation of the 
grid/lattice/mesh is more complicated but has been automated to a high extent in the last 5 
years.  

1.4.7 Model validation by phantom measurements. 
There are at least two reasons to perform phantom measurements: 1) to specify/evaluate the 
heating properties/quality of a hyperthermia system and to assure this quality (Lagendijk et 
al. 1998) and 2) to test a numerical method. Several communications have been published 
presenting measurements concerning either hyperthermia system evaluation or testing of a 
numerical model. 
Measurements in a cylindrical phantom positioned in the coaxial TEM applicator revealed 
that the power deposition peaks at the central axis and that for a 40 cm aperture the power 
deposition at the superficial regions decreases relative to the power deposition on the 
central axis compared to the 20 cm aperture (De Leeuw et al. 1990). The findings of a 
theoretical study by van Putten and van den Berg (Van Putten et al. 1986) are in agreement 
with these measurements. 
Schneider et al applied light emitting diodes (LED) to visualize interference effects in a 
four radiative four-applicator hyperthermia system (Schneider et al. 1991b). The LEDs are 
positioned in a regular pattern, a 11 x 15 matrix with a mutual distance of 2 cm. The leads 
of the LEDs are bended to form a dipole. The electric field strength sensed by the LED 
dipole is related to the light intensity emitted by the LED. The electric field distribution in a 
complete transversal cross-section of a saline phantom can be made visible in real time 
using the LED-matrix. The measured signal is converted immediately to a light signal thus 
preventing RF disturbance of the measured signal. This LED matrix is a simple, low cost, 
versatile tool both for qualitative and quantitative determination of SAR profiles and was 
applied for quality assurance in various radiative hyperthermia systems (Schneider et al. 
1994). For more precise measurements Schneider et al developed a LED with a fibre-optic 
link to serve as a E-field probe (Schneider et al. 1991a). By conversion of the electric signal 
into light, transmission can be realised to an RF disturbance free area where data 
acquisition and interpretation takes place. In a combined project between the AMC and the 
Physics and Electronics Laboratory of TNO, The Hague, NL, an E-field vector probe has 
been developed at the TNO laboratory. This probe is capable of measuring both amplitude 
and phase of the 70 MHz RF-field in the annular phased arrays. Utilizing the probe 
Schneider et al shows that the measurement of the phase and amplitude pattern of each 
applicator of an annular phased array is sufficient to determine the phase and amplitude 
pattern for any interference set-up (Schneider et al. 1995). Also possible differences in the 
incident fields of particular applicators can be revealed by measurement with this probe. A 
procedure to determine the matching of each waveguide antenna, the transmitted net power 
and therewith the amplitude of the incident fields has been presented in the same 
publication. From the set of measurements and with the application of this procedure it can 
be concluded that the E-fields emanated by the waveguide antennas are well controlled in 
both phase and amplitude. 
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An extension of the application of the LED matrix was presented by Wust el al (1999). The 
lamp matrix is embedded in a tray containing a medium electrically equivalent to the 
applied saline phantom content. The matrix can be shifted accurately along the central axis 
direction. Together with an image acquisition system and an image processing system a 
3D-data set describing the E-field distribution for a fixed setting of the hyperthermia 
system can be obtained in minutes. However, equal to the LED matrix, only the strength of 
the component of the electric field aligned to the dipole is visualized. In general this is the 
field component aligned with the phantoms central axis. The components in the direction 
perpendicular to this direction are not visualized and do not contribute to the light intensity 
emitted by either lamp or LED. 
Wust et al (2000) performed measurements in a phantom positioned in the SIGMA-eye 
hyperthermia applicator. The measurements are performed with an electro-optical sensor, 
like the E-field probe used at the AMC, capable of measuring both electric field amplitudes 
and phases. Correspondence between amplifier setting and irradiated field of each channel 
at the sensor position only 2 cm away from the feed points of the antennas is good. 
Subsequently the probe is used to measure the electric field in the phantom and surrounding 
water bolus for various settings of the control parameters. The measured amplitude and 
phase are compared with numerical results obtained with the FDTD method and FE 
method. Reasonable agreement between measured and calculated electric fields is obtained 
only after modification of the control parameters by fitting calculated and measured data. 
The origin of this necessary modification is attributed to cross-talk phenomena and other 
characteristics of the system. Similar phenomena were observed in the preceding sigma-60 
applicator. 
Both Sullivan et al (1992) and Jia et al (1994) presented a comparison of measured and 
simulated data of sigma 60 heating of the so called “Utah phantom”. This phantom is a 
relatively complex, but still generalized model of the pelvis area and has been described in 
detail (Allen et al. 1988, Gibbs et al. 1990, Sullivan et al. 1992). The Utah phantom consists 
of fat and muscle equivalent material shaped as a ‘torso’, two legs and a ‘central canal’. 
Measurements can be performed by moving sensors in eleven strategically positioned 
tracks including tracks passing a fat – muscle interface. Unfortunately the phantom is not 
stable over time (Jia et al. 1994). Sullivan reported comparison of the measured SAR with 
the SAR obtained from FDTD modelling. Jia complemented the SAR data set with direct 
E-field measurements and performs a comparison with data obtained from FEM modelling. 
The FE computed data showed a good overall agreement with the measured data. In 
particular the E-field data perfectly captures the electromagnetic jump present at fat – 
muscle interfaces where the dominant field component is polarized perpendicular to this 
interface. The agreement of the measured SAR with the computed SAR is less good. This 
can be attributed to the SAR measurement procedure which demands large power levels to 
be applied for several minutes thus allowing thermal conduction to smear the inferred SAR 
profiles. This leads to less pronounced peaks and valleys relative to the computed profiles. 
Due to the instability at certain locations a significant deviation between the actual and 
simulated phantom may occur leading to discrepancies between measured and simulated 
data. Sullivan obtained similar results for the SAR comparison. However, high SAR values 
at tissue interfaces appear to be simulated somewhat less accurately. 
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1.5 Layout of this thesis. 
The simulation and optimisation of the SAR in patients treated in a hyperthermia system 
are generally referred to as hyperthermia treatment planning. Hyperthermia treatment 
planning has not yet reached the stage of regular application for clinical treatments. Still 
treatment planning systems have proven their value and are applied for 1) 
development/optimisation of hyperthermia treatment systems/apparatus, 2) optimisation of 
treatments for systems that have become too complicated to operate on intuition. In this 
thesis these aspects are treated for our hyperthermia treatment planning system. 
To be able to use a planning system for development or optimisation of treatment 
techniques one has to be certain the planning system is accurate. In chapter 2 measurements 
are presented to validate the Weak Form of the Conjugate Gradient Fast Fourier Transform 
(WF-CGFFT) method developed by Zwamborn et al. The bolus size is varied as a way to 
reduce the treatment limiting effects correlated to a too small bolus. In chapter 3 the results 
of the measurements presented in chapter 2 are compared with simulation with the WF-
CGFFT method. The AMC 4 waveguide phase array system is described within the 
framework of this method. The validity/accuracy of this description is determined for a 
single waveguide and for the 4 waveguide array. The waterbolus size is again taken as 
parameter. 
The current applied hyperthermia systems have a large number of parameters that can be 
varied. Finding the optimal setting for these parameters by operator intuition is difficult. In 
chapter 4 a tool is presented that can assist in finding the optimal setting. The tool is applied 
to optimise the SAR distribution while constraining the SAR at several anatomical sites to 
prevent hot spots to occur at these locations. Pin pointing anatomical sites where hot spots 
may occur is by no means a generic procedure and hot spot sites may be missed. A generic 
approach to pin point possible hot spot candidate sites is presented in chapter 5. 
Optimisation of the SAR in the target while constraining the SAR in the pin pointed 
(delineated) potential hot spots is investigated applying the tool presented in chapter 4. 
In chapter 6 the hyperthermia treatment planning system is applied as a tool to 
develop/optimise the hyperthermia system. For a phased array consisting of two parallel 
AMC 4 waveguide phased arrays the effect of the distance between the two arrays and the 
size of the applicator is investigated. 
In chapter 7 the work presented in this thesis is discussed and summarised. 
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2 The measurement of fringing fields in a radiofrequency hyperthermia array with 
emphasis on bolus size 

 
 
This chapter has been published as: 
The measurement of fringing fields in a radio-frequency hyperthermia array with emphasis 
on bolus size 
1998, J. Wiersma, J.D.P. van Dijk, J. Sijbrands and C.J. Schneider 
International Journal of Hyperthermia, 14;535-551 
 

Abstract 
The limited aperture size through which the EM-field of the applicator is emanated and the 
constraining of this EM-field near the bolus’ edge is related to the appearance of superficial 
‘hot spot’ phenomena in radiative hyperthermia. Regarding systems based on the concept 
of the annular phased array two questions arise: 1) what is the relative strength of the radial 
component present in the incident field of the radiators and 2) in what way are fringing 
fields related to the bolus size.  
To address both of the above questions, the spatial distribution of the EM-field emanated 
through the aperture of an applicator of the Amsterdam four waveguide-array system has 
been investigated for a long bolus and a short bolus. The EM vector field emanated by the 
applicator has been characterised in two perpendicular planes, i.e. the aperture midplane 
and the sagittal midplane. It should be noted that this distribution depends on the 
propagation conditions throughout the coupling bolus, the phantom and other volumes 
attached, such as other applicators. Therefore two sets of propagation conditions have been 
measured: 1) the minimum number of parameters determining the propagation of the EM-
field namely one single waveguide, one bolus and a homogeneous phantom and, 2) the 
propagation conditions as for the clinical setting. It is stressed that the study concerns one 
specific radiative hyperthermia system, namely the AMC four-waveguide array, but that 
based on the similarities discussed above results may be extrapolated towards other 
radiative hyperthermia systems. 
According to the current study, bolus prolongation might lead to a clear clinical 
improvement, which is due to a decrease of the fringing field amplitude compared to the 
field amplitude in the centre of the aperture midplane. Bolus prolongation will lead to an 
extended heating area, the field lines being more aligned to the patient’s main axis. 

 

Key words: RF deep heating, fringing fields, amplitude and phase measurement, bolus 
length. 
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2.1 Introduction. 
The current clinical radiative hyperthermia systems for the treatment of deep-seated 
tumours emerged from the development and improvement of the BSD ‘annular phased 
array’ (APA) system (BSD Medical Corporation, Utah). Main property of the APA system 
is its capacity to realise a significant SAR level in the central part of a body by interference 
of the radiative, electromagnetic (EM) field (Turner 1984b, Turner 1984a). The APA 
utilises a waterbolus for the EM coupling between applicator array and patient and a patient 
support system. 
Clinical experience with the APA system started in 1980 and revealed several severe 
treatment limiting problems such as (1) pain, (2) general discomfort of the patient and (3) 
systemic heating (Gibbs et al. 1984, Sapozink et al. 1984, Gibbs et al. 1985, Sapozink et al. 
1985, Sapozink et al. 1986b, Sapozink et al. 1986a). The reasons for the clinical problems 
were identified as (1) experience of pressure by the waterbolus, (2) limited control on the 
interference pattern, i.e. a distribution of the heat production different from intended and (3) 
hot spots at the patient’s surface due to fringing fields at the edge of the coupling waterboli. 
Taking into account this experience, new systems were designed of which the Utrecht 
Coaxial TEM applicator (Lagendijk 1983), BSD2000/Sigma-60 (Turner et al. 1989, Turner 
et al. 1988) and the AMC four-waveguide array (Van Dijk et al. 1989, Van Dijk et al. 1990) 
were brought into clinical application. The Utrecht system applies a large open waterbolus 
to avoid the feeling of pressure and fringing fields. The BSD2000/Sigma-60 was designed 
to feature a compact looking system with four applicators of which the amplitude, phase 
and frequency can continuously be manipulated. This improved the general steering 
capability. On the other hand, applying four waveguide applicators with an individual 
bolus, together with amplitude and phase adjustment, the Amsterdam system is meant to 
combine steering capability with the freedom of attaching any number of applicators 
between one and four to the patient. The experience gathered with the new systems 
described above can be summarised as follows: (1) Because of the open bolus design the 
Utrecht system heats a ‘long’ volume. This may result in high systemic temperatures, and 
therefore systemic stress is an important limiting factor. Local pain, however, is less 
frequently noticed during hyperthermia sessions compared to sessions administered by the 
APA or BSD2000 open waterbolus systems (Van Es et al. 1995). (2) The BSD2000/Sigma-
60 adjusts the amplitude and phase setting of the amplifiers by means of treatment 
software. This has been shown to be not sufficient (Hornsleth et al. 1997, Wust et al. 1995) 
and therefore additional quality assurance procedures as presented by Hornsleth et al. 1997 
have been recommended. (3) The Amsterdam system was equipped with both a phase and 
amplitude locked loop. This feature stabilises the RF voltage fed to each individual 
applicator and realises a predictive interference pattern (Schneider et al. 1995). Although 
the clinical relevance of the above mentioned radiative systems have been proven in a 
recently closed randomised phase III trial (Dutch Trial: Van der Zee et al. 1996) further 
improvements can be realised. In this paper data is presented on limitations due to fringing 
fields in a radio frequency hyperthermia array in relation to the bolus size. 
The mentioned radiative systems appear to have similar field distributions in the aperture 
midplane (Schneider et al. 1994b), although applicator and bolus design is different. It can 
be argued that outside this midplane, they also behave similar in the sense that as a result of 
a fringing field due to a limited aperture size they all exhibit radial field components, i.e. 
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components that are perpendicular to the patient’s body axis. The orientation of the radial 
field components and the boundary conditions for the Maxwell equations at a tissue 
interface explains how excessive heating of the fat layer may occur (Heinzl et al. 1990, 
Lagendijk 1983). For both the waveguide array and the Utrecht system these radial field 
components are expected to be located close to the aperture edges’ (Andersen 1987). This 
has been confirmed by a numerical analysis of the Coaxial TEM by Van Putten et al. 1986, 
showing a radial field component near the aperture’s edge. Also for the BSD-2000/Sigma-
60 applicator the existence of such a radial field component has been encountered. Based 
on FEM simulation of Sigma-60 heating in the Utah phantom, Jia et al. 1994 states that  
“high electric field magnitudes result from circulation of the field lines around the EM 
antennas” and, that “as a result of field lines exiting the phantom, the field polarisation is 
normal to the phantom surface at the locations corresponding to ‘hot spots’ ”. Additionally, 
especially the closed-bolus systems, they suffer from fringing fields induced by the limited 
extension and shape of the waterbolus. Again Jia et al. 1994 state: “ the bolus contributes to 
these high field strengths by constraining the field lines near the bolus ends ”. Thus, the 
systems mentioned above all may have a disadvantageous EM-field in relation to 
subcutaneous fat-muscle interfaces (Guy 1971) and  superficial ‘hot spot’ phenomena may 
occur. An approach in suppressing these phenomena, is attachment of an extra bolus at 
points where they diverge on a routine basis (Mella et al. 1996, Myerson et al. 1991). The 
latter bolus prolongation is inherently present in the Coaxial TEM because of its open bolus 
system. 
Besides the clinical evidence already mentioned, systematic studies on the influence of the 
bolus (Chen et al. 1992, De Leeuw 1993, Hornsleth 1997) clearly demonstrate a 
relationship between bolus size and SAR pattern. De Leeuw 1993 shows that the size of the 
bolus in the coaxial TEM has a significant effect on the SAR distribution by measuring the 
|Ez|2 profile quantitatively over the central axis and qualitatively in a number of planes. 
Variations of the bolus size induce a small secondary maximum and shift the local SAR 
maximum out of the aperture midplane along the central axis. In model simulations a more 
prolonged central axial field for a flat bolus than for a tapered bolus (Chen et al. 1992) and 
reduced bolus edge effects as a result of a prolonged bolus could be shown (Hornsleth 
1997). From the above it is clear that the limited aperture size through which the EM-field 
is emanated and the constraining of this EM-field near the bolus’ edge is related to the 
appearance of superficial ‘hot spot’ phenomena in radiative hyperthermia. 
Regarding systems based on the concept of the annular phased array two questions arise: 1) 
What is the relative strength of the radial component present in the incident field of the 
radiators and 2) in what way are fringing fields related to the bolus size. To address both of 
the above questions, the spatial distribution of the EM-field emanated through the 
applicator aperture must be investigated. It should be noted that this distribution depends on 
the propagation conditions throughout the coupling bolus, the phantom and other volumes 
attached, like other applicators. Scanning both amplitude and phase in a single plane, i.e. 
the aperture midplane, is the minimal effort in the investigation of the interference 
properties of annular phased arrays (Schneider et al. 1995). The characterisation of the 
spatial distribution of the EM-field however, at least requires additional scanning in a plane 
perpendicular to this single plane. Furthermore, these two planes represent the minimal 
requirement in characterising the three dimensional propagation of the EM-field. The field 
direction and also the field strength are clearly defined regarding the EM-field as a three-
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dimensional vector field. In this representation the field direction is represented by the 
direction of a vector in three dimensions whilst its absolute value represents the field 
strength. 
Adopting the above, the EM vector field of an applicator of the four-waveguide array 
system has been characterised in two perpendicular planes, i.e. the aperture midplane and 
the sagittal midplane. Two sets of propagation conditions have been selected: 1) the 
minimum number of parameters determining the propagation of the EM-field namely one 
single waveguide, one bolus and a homogeneous phantom and 2) the propagation 
conditions as for the clinical setting, i.e. four applicators attached by four boli. It is stressed 
that the study concerns one specific radiative hyperthermia system, namely the AMC four-
waveguide array, but that, based on the similarities discussed above, results may be 
extrapolated towards other radiative hyperthermia systems. 

2.2 Materials and Methods. 

2.2.1 The Phantom. 
A rectangular phantom with a length of 78.5 cm and a square cross section, of 30 x 30 cm, 
is applied. The phantom is made of a 2-mm outer wall of PVC and is filled with a salted 
solution of 3 g NaCl/l. During experiments the temperature of the solution is kept at 22 ± 2 
°C. This results in a conductivity σ of 0.51 S/m and a relative dielectric permittivity εr 
equal to 77 (Schneider et al. 1994a). 
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figure 1: Schematic overview of the measurement set-up. Top row: the ‘Simplified set-up’ XY-plane and YZ-
plane with a short and a long bolus. Bottom row: the ‘Array set-up’ XY-plane and the geometry of the set-up for 
the short bolus. 
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2.2.2 Experimental Setup. 
In the phantom, the radiofrequent electromagnetic field of one single waveguide of the 
hyperthermia system is determined. The influence of bolus lengthening in the Z-direction is 
investigated in two waveguide set-ups: 1) a simplified set-up having only a single radiating 
waveguide applicator attached to the phantom and 2) the complete four waveguide array 
set-up. A schematic view of the two set-ups is given in figure 1. 
In both set-ups dielectric coupling has been arranged by a 4-cm thick bolus with a length of 
30 cm or 50 cm, respectively denoted as ‘short’ and ‘long’. In the simplified set-up only the 
phantom, one bolus and one waveguide determine the propagation conditions. In the array 
set-up one single waveguide is powered while the other three waveguides are connected to 
a 50 Ω dummy load in order to avoid reflection from the, otherwise open-ended, antennae 
of these applicators. The waterbolus now encloses the phantom and metallic structures, i.e. 
non-powered waveguides, become dielectric coupled by this waterbolus. 

2.2.3 The RF-dipole antenna. 
Along a number of tracks in the aperture midplane, i.e. the ‘XY’ plane at Z=0, and the ‘YZ’ 
plane at X=0 (figure 1) the RF-field has been scanned by the dipole antenna developed at 
TNO-FEL laboratory1. In the ‘XY’ plane the E-field probe has been aligned with the long 
axis of the phantom, which is the direction of the Z- or main component of the E-field as 
found in earlier experiments and reported by Paulsen et al. 1990. In the ‘YZ’ plane the EM-
field has been determined by an orthogonal decomposition in an axial or Z- and a radial or 
Y-component. These two components have been obtained by successively aligning the 
dipole in the Z- and Y-direction. Experiments to determine the relative contribution of the 
X-, Y- and Z-components of the emanated electric field in the ‘YZ’ plane revealed that the 
X-component is less than 10% of the local Z- component. A home built scanner and a 
frequency of data acquisition high enough to realise at least one sample point per millimetre 
have been utilised to perform scanning. The mutual scan track spacing is 5 cm and 3 cm, 
respectively for the Z-component and Y-component. 
The dipole antenna (Ø 5 mm, length 5 mm) is capable of measuring the amplitude and 
phase of the EM-field simultaneously. After appropriate signal processing, a pair of DC 
voltages is available which represent amplitude and phase of the electric field at the current 
spatial position of the dipole (Schneider et al. 1995). There is some anisotropy behaviour of 
the probe, i.e. the probe amplitude reading varies if the probe is rotated around its axis. This 
effect is determined to be less than 5% in amplitude. A variation of the phase readout in 
relation to this behaviour has not been detected. 
For both the simplified and the array set-up and for both bolus lengths, the reading in the 
centre of the aperture midplane was chosen as a normalisation value. Hence for both Z- and 
Y-component the amplitude will be given as a fraction of the amplitude of the Z-component 
at the centre of the aperture midplane. The phase is given as a difference to the phase of the 
Z-component at this location. 

                                                           
1 Netherlands Organisation for Applied Scientific Research; Physics and Electronics Laboratory (TNO-FEL). 
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2.3 Results. 
The EM-field has been measured in the aperture/transversal midplane or ‘XY’ plane and 
the lateral midplane or ‘YZ’ plane. The amplitude and phase of each component in both 
planes are presented as an iso-value pattern derived from the scanned data by a minimal 
curvature algorithm. Note that the active waveguide radiator is always chosen to be on the 
negative Y-axis, i.e. the bottom applicator (figure 2). The waveguides attached to the 
phantom are symbolically depicted by a grey bar designating the coupling bolus. The space 
between the two black markers indicates the aperture size. According to this, figure 2a and 
figure 2b represent the ‘Simplified set-up’, whereas figure 2c and figure 2d represent the 
‘Array set-up’. 
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figure 2: Iso-amplitude patterns in the XY-plane as measured for the Z-component in the two setups: a) short 
bolus, Simplified set-up’, b) long bolus, ‘Simplified set-up’, c) short bolus, ‘Array set-up’, d) long bolus, ‘Array 
set-up’ 

2.3.1 EM-field in the Transversal- or Aperture Midplane.  
The iso-amplitude pattern in the aperture midplane for both set-ups is shown for both the 
short bolus and for the long bolus in figure 2. It can be seen that for each set-up an 
enlargement of the bolus in the Z-direction does not significantly change the amplitude 
distribution in the aperture midplane (figure 2a compared to figure 2b, figure 2c compared 
to figure 2d). However, a variation of the propagation conditions from the ‘Simplified set-
up’ to the ‘Array set-up’ does induce differences in the amplitude pattern (figure 2a 
compared to figure 2c, figure 2b compared to figure 2d). These differences are pronounced 
close to the opposite non-powered waveguide radiator and thus where propagation 
conditions are altered. In figure 3 the iso-phase distribution in the aperture midplane is 
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plotted. With the exception of the strong curvature of the zero-degrees iso-line in figure 3a, 
all phase distributions appear to be qualitatively similar. Independent of bolus size, the 
phase profile along the y-axis for the ‘simplified set-up’ is less steep than for the ‘Array set-
up’. For both amplitude and phase the described results are summarised in figure 4. In the 
‘Array set-up’ the amplitude profile flattens along the y-axis in contrast to the ‘Simplified 
set-up’ where this profile monotonically decreases (figure 4a). The phase pattern for the 
‘Array set-up’ clearly flattens close to the non-powered applicator whereas this flattening is 
not observed for the ‘Simplified set-up’ (figure 4b). 
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figure 3: Iso-phase patterns in the XY-plane as measured for the Z-component in the two setups: a) short bolus, 
Simplified set-up’, b) long bolus, ‘Simplified set-up’, c) short bolus, ‘Array set-up’, d) long bolus, ‘Array set-up’ 

2.3.2 EM-field in the Sagittal Midplane. 
In figure 5 and figure 7 the amplitude patterns of the Z-component and the Y-component 
are displayed as measured in the ‘YZ’ plane. An effect of the bolus enlargement can be 
observed. The 100% iso-amplitude line of the Z-component widens in the Z-direction and 
the region in which the amplitude is larger than 100% increases (figure 5). From the 60% 
amplitude level for both Y-component and Z-component it can be seen that in the 
‘Simplified set-up’ the region for which the Y-component amplitude is higher than the Z-
component amplitude decreases as a result of the bolus prolongation. This implies that the 
field direction is clearly affected by a bolus prolongation. By plotting the amplitude ratio 
(A-ratio) of the radial versus the axial component along a scan line in axial direction at Y=-
13 cm which is close to the radiating applicator (figure 6) this effect can be further 
analysed. In the ‘Simplified set-up’ the field lines show less bending when the bolus is 
prolonged as being expressed by a decreased radial- versus axial amplitude ratio. In all the 
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other cases it may be concluded that the field direction does not exceed an angle of 61 
degrees (A-ratio < 1.8) with the phantom’s main axis and generally stays below 45 degrees 
(A-ratio < 1.0). 
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figure 4: Radial amplitude and radial phase profile along the y-axis in the XY-plane, i.e. along the central axis’ 
direction. No distinction between short- and long bolus has been made. 
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figure 5: Z-component iso-amplitude patterns in the YZ-plane as measured in the different setups: a) short bolus, 
‘Simplified set-up’, b) long bolus, ‘Simplified set-up’, c) short bolus, ‘Array set-up’, d) long bolus, ‘Array set-up’. 
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Amplitude Ratio of Radial versus Axial Component  

 Scan at Y=-13 cm 
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figure 6: Amplitude ratio (A-ratio) of  the Radial versus the Axial Component along the Z-axis at 2 cm penetration 
depth, i.e. at y=-13 cm. 
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figure 7: Y-component iso-amplitude patterns in the YZ-plane as measured in the different setups: a) short bolus, 
‘Simplified set-up’, b) long bolus, ‘Simplified set-up’, c) short bolus, ‘Array set-up’, d) long bolus, ‘Array set-up’. 

In the ‘Simplified set-up’ the 100% iso-amplitude line of the Y-component is found closer 
to the waveguide when the bolus is enlarged (figure 7a and figure 7b) while the 60% iso-
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amplitude line widens. This is more clearly illustrated in figure 8a; the amplitude along a 
scanning track in the ‘YZ’ plane at X=0 cm and Y=-13 cm is smaller and less peaked with a 
long bolus than it is with a short bolus. From this it is concluded that, relative to the Z-
component amplitude in the centre of the aperture midplane, i.e. the normalisation point, 
the Y-component amplitude, is clearly weakened in this set-up. 
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figure 8: Radial amplitude along the Z-axis at 2 cm penetration depth, i.e. at y=-13 cm, in a) the ‘Simplified set-
up’ and b) the ‘Array set-up’ supported by either the clinical - or a wooden construction. 
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figure 9: Iso-phase patterns in the YZ-plane as measured for the Z-component in the two setups: a) short bolus, 
‘Simplified set-up’, b) long bolus, ‘Simplified set-up’, c) short bolus, ‘Array set-up’, d) long bolus, ‘Array set-up’. 
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For the ‘Array set-up’, this widening of the relative amplitude pattern has also been found 
(figure 7c and figure 7d). However, this is not accompanied by a shift of the 100% iso-
amplitude contour towards the active applicator. Furthermore, the amplitude pattern is not 
distributed symmetrically around the Z=0 axis, whereas this is the case in the ‘Simplified 
set-up’. The explanation for this phenomenon is sought in the patient/phantom supporting 
structure of the set-up. In case of the ‘Simplified set-up’ this is a wooden construction, 
hence no scattering by this object is expected. In the case of the ‘Array set-up’, a metal 
construction supporting the tabletop is suspected to induce the asymmetry phenomenon. 
This has been verified by performing an additional scan in the ‘Array set-up’ in the ‘YZ’ 
plane at X=0 cm and Y=-13 cm replacing the metal construction by a wooden construction. 
In figure 8b the distribution of the Y-component along this scanning track for both clinical 
and wooden ‘Array set-up’ is given. The distribution of the Y-component for the wooden 
‘Array set-up’ is now symmetric and the amplitude along this track is slightly more peaked 
for a set-up with a short bolus than it is with a long bolus. Furthermore, the distribution at 
negative Z-Axis values correspond to the distribution measured in the Clinical ‘Array set-
up’. 
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figure 10: Iso-phase patterns in the YZ-plane as measured for the Y-component in the two setups: a) short bolus, 
‘Simplified set-up’, b) long bolus, ‘Simplified set-up’, c) short bolus, ‘Array set-up’, d) long bolus, ‘Array set-up’. 

In figure 9 and figure 10 the corresponding phase patterns are presented of the axial and 
radial component. In the setups with a short bolus a more concave phase pattern around the 
active waveguide is shown than in the setups with the long bolus (figure 9). In the short 
bolus set-up, particularly in the ‘Simplified set-up’ (figure 9a), there is a steep phase 
gradient. In the long bolus set-up (figure 9b,d)  this effect is not noticed. Also the 
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differences in the phase pattern between the ‘Array set-up’ and the ‘Simplified set-up’ 
reappear: the phase profile in front of the powered waveguide (or proximal) in the 
‘Simplified set-up’ is less steep and the phase pattern close to the opposite non-powered 
waveguide in the ‘Array set-up’ flattens. 
The phase of the Y-component has been found to shift roughly 180 degrees in the ‘XY’ 
plane at Z=0 (figure 10). This shift means a steep step in phase from the positive Z-axis to 
the negative Z-axis. 

2.4 Discussion  
The amplitude of the Y-component in the ‘YZ’ plane is asymmetric along the Z=0 axis in 
the clinical ‘Array set-up’, whereas this distribution is symmetrically in the ‘Simplified set-
up’. The explanation for this phenomenon is sought in the patient/phantom supporting 
structure of the set-up. The results presented in figure 8 are in favour of this hypothesis and 
suggest that a large metallic structure might influence the propagation of the emanated EM-
field. A possible similar effect has also been detected in the BSD-2000/Sigma-60 system 
(Wust et al. 1995). It was noticed that interaction between antennae of the Sigma-60 and 
metallic constructions could cause asymmetries in symmetrically intended transversal SAR 
patterns. 
The BSD-2000/Sigma-60 system only operates in an array set-up and the characteristics of 
a single system element cannot be studied. By design, the AMC four-waveguide array 
includes the possibility of selecting any number of waveguides, from one up to four. By 
this the number of parameters determining an array set-up could be reduced in a simplified 
set-up. As a consequence of altered propagation conditions the EM-field is reshaped in 
proximity of the non-powered applicators, and mainly the opposing one. Close to the 
powered applicator the influence of the bolus changes due to the altered propagation 
conditions. 
In both set-ups the extension of the bolus from ‘short’ to ‘long’ clearly increases the axial 
extension of the main EM-field component (figure 5), which corresponds with the results 
from earlier reports (Chen et al. 1992, De Leeuw 1993). The decrease of the radial 
component (figure 8a) as a result of the bolus prolongation means that the relative 
magnitude of the fringing fields and their related clinical problem of superficial ‘hot spots’, 
is clearly reduced while heating capability in depth is maintained. This result corresponds 
with the clinical experience of utilising extra prolongation boli (Myerson et al. 1991, 
Hornsleth 1997, Mella et al. 1996) on a routine basis in order to reduce pain related to a 
limited bolus size. However, at different propagation conditions, i.e. the ‘Array set-up’, 
only a small, decrease of fringing field can be realised. 
In areas where the radial field amplitude is larger than the axial field amplitude the resultant 
field direction consequently has an angle of more than 45 degrees with the phantom’s main 
axis. This effect is only observed in the ‘Simplified set-up’ with a short bolus as being 
expressed by a decreased radial- versus axial amplitude quotient (figure 6). In all the other 
cases it may be concluded that the field direction generally stays below 45 degrees (A-ratio 
< 1.0). From figure 8 it is shown that the distribution in the wooden ‘Array set-up’ at 
negative Z-Axis values correspond to the distribution measured in the clinical ‘Array set-
up’. Extrapolating this result to the data presented in figure 6 and neglecting the data at 
positive Z-Axis values, it may be argued that also for the ‘Array set-up’ bolus prolongation 
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results in a decreased radial- versus axial amplitude quotient. Hence the field lines become 
more aligned to the patient’s axis, when the bolus is prolonged. 
In the ‘YZ’ plane a significant contribution of a radial component to the total EM-field is 
measured. The locations with these high radial components are related to the location of the 
waveguide edges (figure 7), and are independent of the selected set-up or bolus size. In 
figure 8 the location of the maximal radial amplitude is found along the Z-axis at ±10 cm 
which coincides with the location of the aperture edge. This result agrees with the 
numerical analyses of the Utrecht system by Van Putten and Van den Berg (1986) 
simulating a singular behaviour of the radial component of the electric field near the 
system’s aperture rim. 
Close to the bolus edge a rapid variation of the phase distribution is observed (figure 9a,c ) 
suggesting a change in field propagation direction. This points to a fringing field effect, due 
to confinement of the field to the bolus size as a result of the propagation conditions 
enforced by this bolus. These rapid variations disappear for the long bolus set-ups (figure 
9b,d). 
The 180 degrees phase step found in figure 10 can be easily interpreted by considering the 
field lines to be a curve running from one aperture rim to the other. At a certain point in 
time, the tangent to this curve close to one edge is directed in the positive Y-direction 
while, following the field line, it is directed in the negative Y-direction at the opposite edge. 
Although conclusions have been drawn from the obtained data the interpretation of the 
propagation of the EM-field by a representation in cartesian coordinates is troublesome. 

2.5 Conclusion. 
Two clear questions have been discussed which are of importance in the field of radiative 
hyperthermia systems based on the concept of the annular phased array, namely 1) what is 
the relative strength of the radial component present in the incident field of radiators and 2) 
in what way are fringing fields related to the bolus size. In answering these two questions a 
general applicable approach based on direct EM-field measurements has been presented. 
The em vector field, in both amplitude and phase, emanated by the applicator of a radiative 
hyperthermia system has been measured in two perpendicular planes i.e. the aperture 
midplane and the sagittal midplane. This approach is regarded to be the minimal effort 
necessary in determining the true three dimensional propagation characteristics of the 
radiative hyperthermia system. 
On the basis of our results the application of a bolus significantly larger than the aperture 
dimension is recommended. According to this study a bolus prolongation from 30. cm to 
50. cm might lead to a clinical improvement as the fringing field amplitude compared to the 
field amplitude in the centre of the aperture midplane decreases. Our results indicate that 
this strongly depends on the propagation conditions, ‘simplified set-up’ or ‘Array set-up’. 
The presented data provides insight towards the applicator description in hyperthermia 
treatment planning computation. Analogue to most hyperthermia treatment planning 
systems, which compute the em vector field on a cartesian coordinate system, our data is 
also based on this coordinate system. It culminates in a large number of amplitude and 
phase distributions, which are however crucial for an evaluation regarding the numerical 
determination of the em vector field. This evaluation is a subject of further investigation. 
Bolus prolongation will lead to a prolonged heating area with field lines being more aligned 
to the patient’s main axis.  The pressure induced on the patient by a large bolus restricts 
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clinical implementation of a large bolus in the closed waterbolus systems. A bolus size of 
40 cm has been shown to be clinically feasible for our AMC-4 waveguide phased array. In 
this case the bolus is twice the aperture size of 20 cm. Actual application of this prolonged 
bolus indicates a decrease of complains and an increase of the applicable total power level. 
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3 RF Hyperthermia array modeling applying the CGFFT method  
validation by means of measured EM-field distributions 

 
 
 
This chapter has been published as: 
RF hyperthermia array modelling; validation by means of measured EM-field distributions 
2001, J. Wiersma and J.D.P. van Dijk 
International Journal of Hyperthermia, 17:63-81 
 

Abstract 
The accuracy of a hyperthermia treatment simulation determines its role in prospective 
treatment planning and dosimetry for the individual patient. Of importance are 1) the 
accuracy of the numerical simulation method and 2) the numerical description of the 
hyperthermia treatment system. The accuracy of the numerical method generally is 
determined by analysis of a problem that is analytically solvable. The validity of the 
description of the hyperthermia system is to be investigated by comparison of the simulated 
and measured EM-field amplitude and phase of the clinical operational hyperthermia 
system. 
In this paper the numerical description of the AMC-4 waveguide phased array for which 
treatment planning is performed by the Weak Form of the Conjugate Gradient FFT method 
is investigated. The accuracy of the description is analysed for four set-ups, varying the 
bolus size and the number of waveguides attached to a phantom.  
The comparison of experimental and numerical data has demonstrated the ability of the 
Weak Formulation of the Conjugate Gradient FFT method to predict the EM-field of the 
AMC-4 waveguide array hyperthermia system including effects due to bolus size 
variations. However, based on the comparison of the measured EM-field distributions and 
those obtained from simulations, we find the accuracy of the planning system insufficient 
for quantitative SAR dosimetry for individual patients. Qualitative SAR dosimetry can be 
applied in cases where the accuracy is of minor importance e.g. for the retrospective 
analysis of problematic hyperthermia treatments. Prospective applications of the treatment 
planning system include the (qualitative) determination/simulation of a set of starting points 
giving a “close to optimal” amplitude and phase setting, the prediction of possible problem 
areas and the analysis of the performance of new/improved hyperthermia devices. 
 
 
Key words:  RF deep heating, experimental verification, treatment planning. 
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3.1 Introduction. 
Various numerical methods have been presented for the simulation of the EM-fields 
induced during hyperthermia treatments: e.g. the Finite Difference Time Domain method 
(FDTD, Sullivan 1990, Sullivan 1991, Hornsleth 1997 and Hornsleth 1992), the Finite 
Element (FE) method (Paulsen et al. 1990, Jia et al. 1994), the Volume Surface Integral 
Equation method (VSIE) (Nadobny et al. 1992, Wust et al. 1993) and the Weak 
Formulation of the Conjugate Gradient FFT method (CGFFT) (Zwamborn et al. 1991, 
Zwamborn et al. 1992b). The accuracy of the hyperthermia treatment simulation is of 
importance in treatment planning/ thermal dosimetry for the individual patient and 
equipment development. In relation to the accuracy of these hyperthermia treatment 
simulation codes two questions must be addressed; 1) “How accurate is the description of 
the EM-field at tissue interfaces, e.g. fat and muscle, and hence for heterogeneous cases?” 
and 2) “How accurate is the numerical description of the radiating elements of the 
hyperthermia system in relation to the actually generated EM-field distribution within the 
patient?”  
For each of the above mentioned numerical methods the applicability for solving the 
problem of EM scattering by a three-dimensional dielectric object, like a patient, has been 
evaluated through analysis of a heterogeneous, layered sphere irradiated by a plane wave. 
For this problem an analytical solution is available and therefore the reference to the 
numerically computed EM-field is indisputable. Depending on numerical parameters like 
resolution and iteration steps it appears that all the numerical algorithms have the ability to 
cope with dielectric interfaces and that sufficient accuracy can be established (Wust et al. 
1993, Zwamborn et al. 1991, Zwamborn et al. 1992b, Sullivan et al. 1987, Sullivan 1992), 
thus answering the first question. The answer to the second question, i.e. determining the 
accuracy of the numerical description of the hyperthermia treatment system in the clinical 
practice, strongly relies on the availability of experimental data from a clinical setting. 
Here, in contrast to the first question, the reference data for the numerical result is 
originating from an experiment of some kind and therefore subject to certain measurement 
accuracy. 
A well-known example of experimental data from a clinical setting is presented by Gibbs et 
al. (Gibbs et al. 1990). They determined the specific absorption rate (SAR) in a 
heterogeneous phantom heated by the BSD-2000 Sigma 60 system (Turner et al. 1989b, 
Turner et al. 1989a) at a number of points along several carefully selected tracks. The 
muscle-like and fat-like constituents of the phantom roughly shape the pelvic area and legs. 
Unfortunately the phantom cannot be conserved for a long period and looses shape after a 
short period (Jia et al. 1994). This is disadvantageous because the shape of the phantom 
may become substantially different from the one used in simulations. Additionally, 
consecutive experiments (for parameter studies or testing reproducibility) cannot be 
compared properly. In contrast to the more commonplace SAR measurements in 
heterogeneous phantoms Schneider et al. (1995) presented simultaneous amplitude and 
phase measurements in the aperture midplane of homogeneous phantoms with a rectangular 
and elliptical cross section. Wiersma et al. (1998) analysed the role of the waterbolus in 
relation to fringing field effects and in order to do so amplitude and phase data of the EM-
field components in both the aperture midplane and the sagittal midplane of a rectangular 
phantom (length: 78.5 cm, square cross section of 30x30 cm2) was collected. 
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The data sets mentioned above may be selected for the evaluation of numerical methods in 
their ability to simulate a clinical hyperthermia treatment. SAR data may originate from a 
heterogeneous phantom enabling the analysis of handling media interfaces. On the other 
hand the amplitude and phase are the primary entities that are numerically determined. 
Knowledge on these separate parameters enables the analysis of the simulation of separate 
field components, which is important in relation to the clinical relevant fringing field 
effects. A comparison of simulation data and experimental data from Gibbs et al. (Gibbs et 
al. 1990) has been presented by Sullivan et al. (1992) and Jia et al. (1994) for the FDTD 
method and the FE method respectively. Both studies mainly concentrate on the qualitative 
correspondence of numerical and experimental data. 
Proceeding on this line the current study presents both a qualitative- and quantitative 
comparison of simulation data and the data measured by Wiersma et al. (1998). The 
simulation data is obtained by the Weak Formulation of the CGFFT-method. The 
comparison addresses the accuracy of the numerical description of the radiating elements of 
a clinical hyperthermia system i.e. the second question posed earlier. Both amplitude 
distribution and phase distribution in the aperture midplane and the sagittal midplane of a 
homogeneous phantom with a rectangular cross section are considered in the comparison. 

3.2 The weak formulation of the CGFFT-method for EM-Field calculation. 
Although other EM field calculation methods are increasingly utilised, historically the most 
extensively utilised and most versatile technique for handling scattering and diffraction of 
electromagnetic waves by an object is the domain-integral technique. It takes into account 
that the scattering object is present in free space and that it manifests itself through the 
presence of secondary sources or contrast currents. The relevant integral equations for a 
problem of realistic size and complexity are usually solved by the method of moments 
rapidly culminating in a large number of equations of which a solution can only be obtained 
numerically by a suitable iterative technique. One of these techniques is the conjugate 
gradient FFT (CGFFT) method. Utilising and adopting this method Zwamborn (Zwamborn 
1991) developed an appropriate computational method for the modelling of full vectorial, 
three dimensional, electromagnetic problems; the Weak Formulation of the CGFFT 
method. 
The Weak Formulation of the CGFFT method takes the domain integral equation for the 
electric flux density as the point of departure. This domain integral equation is a 
hypersingular integral equation, in which a differential operator acts on a vector potential. 
The vector potential is a convolution of the free-space Green’s function and some contrast 
current density over the domain of the scattering/contrasting object. Integration of this 
equation must be carried out carefully by weakening its singular behaviour and the 
formulation of a weak global operator. The weak global operator is obtained by selecting 
appropriate testing and expansion functions. This approach leads to a set of equations that 
symbolically can be written as ei = LD (details can be found in Zwamborn et al. 1991 and 
Zwamborn et al. 1992b) with the electric flux density D the unknown field quantity in the 
relevant contrasting domain, ei the known field quantity related to the excitation (incident 
field) and L the weakened operator kernel of the domain integral equation. The operator, L, 
involves the spatial convolution of the free-space Green’s function and the contrast current 
density and therefore an interconnecting relation between the unknown dielectric flux 
density D and this current density is needed. This relation involves the electric contrast 
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function, which might exhibit a jump through an interface between two areas with different 
dielectric properties. In this case the mean value of the dielectric properties at both sides of 
the interface is taken. The spatial convolution is calculated in the frequency domain by 
applying a FFT. A back transformation results in the desired spatial convolution. The linear 
set of equations mentioned earlier is solved by a conjugate gradient method. Within this 
method a parameter is available to monitor the convergence of the iteration process; the 
error criterion. This criterion is defined as Err(n) = ||ei-LD(n)||/||ei|| , which indicates how 
close the linear set of equations is matched by the nth solution of D(n); Err(n) = 0 if the linear 
set of equations is fulfilled. Note the normalisation by the magnitude of the incident field, 
ei. 
The resulting computational method has been tested for the problem of scattering by a 
radial layered sphere. The incident field was taken to be a uniform plane wave. Comparison 
of the numerical results with analytical solutions yielded very good quantitative agreement 
and it was concluded that staircase modelling of curved dielectric boundaries is feasible 
(Zwamborn et al. 1991, Zwamborn et al. 1992b, Zwamborn et al. 1992a). 

3.2.1 Application of the weak form of the CGFFT method for the AMC-4 waveguide 
array. 

The application of the Weak Form of the CGFFT method in radiative hyperthermia 
treatment simulations includes the dielectric description of the hyperthermia system, the 
patient being treated, and the definition of a realistic incident field ei. 
Essential parts of the AMC-4 waveguide phased array are four water filled waveguides and 
four water bags, or boli, providing the dielectric coupling to the patient/phantom of the 
fields emanated through the waveguides’ apertures. Details on both the clinical 
performance (Van der Zee et al. 1996, Van Dijk et al. 1989, Van Dijk et al. 1990) and 
apparatus characteristics (Schneider et al. 1995, Wiersma et al. 1996, Wiersma et al. 1998) 
can be found in the literature. The waveguides are excited at 70MHz by a coaxial fed 
monopole. 
The dielectric properties of the patient can be obtained by linkage of tissue type based 
dielectric data (e.g. Gabriel et al. 1996a, Gabriel et al. 1996c, Gabriel et al. 1996b) and a 
tissue type based patient description. This description can be extracted from diagnostic 
images by appropriate segmentation procedures (Sullivan 1990, Hornsleth 1997, Piket-May 
et al. 1992 and Wust et al. 1998). 
The patient/phantom specific dielectric description is added to the (hyperthermia system 
specific) description of the four water filled waveguides and boli. 

3.2.2 The waveguide description and the incident field. 
The modelling of metallic or perfectly electric conducting (PEC) structures is commonly 
performed by either setting EM-field components equal to zero or by introducing at 
appropriate grid nodes a very large conductivity (σ=1.0 104 Sm-1) maintaining a low 
relative dielectric constant (εr=1). The latter procedure is pursued in the description of the 
waveguides of the AMC-4 waveguide array. The excitation of the waveguide by the coaxial 
fed monopole is modelled by two point sources having a current density of 1 Am-2 defining 
the incident field. Geometrically these point sources are located at both far ends of the 
monopole in the actual waveguide, at the gap between the monopole and the waveguide. 
Both location and strength of the point sources define the incident field and must be 
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selected in such a manner that after scattering by the waveguides, bolus and patient the 
calculated EM-field corresponds to the actually generated EM-field. The boli are modelled 
by setting the dielectric properties of distilled water. 

3.2.3 Modeling waveguide termination. 
It is known that cross-talk phenomena exist in multi applicator hyperthermia systems and 
that the amplitude and phase setting of one applicator is distorted by the EM-field radiated 
by another applicator. To account for these cross-talk phenomena the non-radiating 
applicators have to be terminated by their characteristic impedance, which is typically 50 
Ohms. In this case any EM-field propagating towards the feed points of these applicators 
will be effectively damped and no EM-field will propagate back or will be radiated by the 
non-powered applicators. 
Numerically this implies that the description of non-radiating applicators has to be such that 
they do not radiate any energy through their aperture. The approach pursued in realising 
this originates from the case of a plane wave illuminating a stratified medium. If this 
stratified medium has a smoothly increasing absorption per layer, reflection because of a 
discontinuity of refractive indices at the interfaces is minimised while the plane wave is 
effectively attenuated. 

3.3 Material and Methods 

3.3.1 Description of experimental data. 
The measurement of both amplitude and phase of an EM-field emanated through the 
aperture of a radiative hyperthermia system has been described by a number of authors 
(Schneider et al. 1995, Wiersma et al. 1996, Wiersma et al. 1998, Wust et al. 1995). In 
order to analyse the fringing field effects present in hyperthermia systems Wiersma et al. 
characterises the three dimensional propagation of the EM-field in a rectangular phantom 
(length: 78.5 cm, square cross section of 30x30 cm2) by scanning the EM-field, both 
amplitude and phase, in two planes, i.e. the aperture midplane and the sagittal midplane. 
The field direction and also the field strength are clearly defined regarding the EM-field as 
a three-dimensional vector field. Due to symmetry in the aperture midplane only the z-
component contributes to the EM-field while in the sagittal (or yz-) midplane both the z-
component and the y-component contribute to the EM-field. The emanated field is 
dependent on the propagation conditions throughout the coupling bolus, the phantom and 
other volumes attached, like other applicators. Therefore two sets of propagation conditions 
have been selected: 1) the minimum number of parameters determining the propagation of 
the EM-field namely one single waveguide, one bolus and a homogeneous phantom and 2) 
the propagation conditions as for the clinical set-up, i.e. four applicators attached by four 
boli having only one applicator radiating while the others are terminated by their 
characteristic impedance. The two set-ups are further referred to as the “simplified” set-up 
and the “clinical” set-up respectively. Furthermore, the prolongation of the attaching boli 
has been selected as a parameter in this study because of its importance in relation to 
fringing field effects. A schematic overview of the measurement set-ups is depicted in 
figure 1. 
 
 

57 



Ch 3. RF Hyperthermia array modeling applying the CGFFT method 
 

   
     
 Transversal (XY-) plane   Central sagittal (YZ-) plane 

‘S
im

pl
ifi

ed
 se

tu
p’

      

      
1

 
 

   

 Short Bolus Long Bolus 
 

     
 Transversal (XY-) plane   Overview (short bolus) 

‘A
rr

ay
 se

t-u
p’

 

 

1

2

3

4

Waveguide  

   

               

Sagittal Plane 

3

4

1

Phantom

Waveguide  

figure 1: Schematic overview of the measurement set-ups applied by Wiersma et al. 1998 

The measurement accuracy is obtained by determining the maximal range of amplitude and 
phase data measured at identical positions. These positions typically originate from 
overlapping scan trajectories and scan trajectory crossings. 

3.3.2 Normalization aspects. 
The EM-field measurements described by Schneider et al.(1995) and Wiersma et al. (1998) 
result in a relative amplitude and a phase difference distribution; the amplitude is given as a 
fraction of the EM-field present in the centre of the system’s aperture midplane; the phase 
is given as a difference to the phase at this location. The centre of the systems aperture 
midplane has been selected by Schneider et al. (1995) because of the symmetry present in 
the “clinical” set-up relative to this point. The measurements presented by Wiersma et al. 
(1998) were performed for the same hyperthermia system and the same normalisation 
procedure has been adopted. At this normalisation location only the Z-component of the 
EM-field is present. The numerical data presented is normalised accordingly. 

3.3.3 Description of simulation according to measurement set-ups 
Both the phantom and the hyperthermia system for which Wiersma et al. (1998) 
characterised the three dimensional propagation of the EM-field are divided in rectangular 
voxels of 2 x 2 x 3 cm3. The 2 mm PVC shell had to be omitted as a result of the selected 
resolution that is limited by the available memory resources. The dielectric properties of the 
phantom used by Wiersma et al. (1998) are, εr=77 and σ = 0.51 S/m (Schneider et al. 1994), 
corresponding to a solution of 3 grams NaCl per liter at 22 oC. 
The measurement set-ups mentioned earlier can be divided in two groups dependent on the 
propagation conditions with regard to their numerical specifications: a single waveguide 
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setting and an array setting. The prolongation of the bolus in the principal z-direction has 
no effect on the model dimensions since it does not exceed the size of the phantom. For the 
two groups the model dimension, necessary memory, number of iterations needed to reach 
the error criterion of 1% and the computing time per iteration has been tabulated (table 1). 
Roughly 80% of the computing time necessary to perform a single iteration step is 
consumed by the actual computation of both forward and backward FFT. The computing 
time per iteration has been determined by a run on a Silicon Graphics O2 workstation 
equipped with a 200 MHz R5000 processor. 
 

Table 1 
 Model dim. Fourier dim. Memory Iterations Time/iteration 

“simplified” set-up 23x28x27 63x63x63 20 Mb 1160 8 sec. 
“clinical” set-up 33x33x27 128x128x63 69 Mb 1500 27 sec. 

3.4 Method of comparison. 
The numerical data is compared qualitatively to the experimental data by 1) iso-level 
contour to iso-level contour comparison and 2) by a comparison of amplitude and phase 
profiles. For this purpose both the numerical and experimental results have been normalised 
and interpolated by applying a minimum curvature algorithm yielding amplitude and phase 
data points distributed on a 1 x 1 cm2 grid. The grid is limited to those areas where 
experimental data was available: 30 x 30 cm2 (area A0; |x| < 15 cm, |y| < 15 cm) for the 
aperture midplane and 50 x 30 cm2 (area S0; |z| < 25 cm, |y| < 15 cm) for the sagittal 
midplane. From the obtained grids amplitude and phase profiles are taken. These profiles 
run along the y- and z- principal axes and along the z-direction at y=-13 cm, close to the 
radiating waveguide. 
To obtain a single quantity that indicates the errors of the simulations with respect to the 
measurements, the amplitude difference  δΑ = Acalculated – Ameasured and the phase 
difference  δΦ = Φcalculated – Φmeasured is calculated at each node point of the corresponding 

grids. Subsequently the mean differences <δA> (<δA> = Σ
i

m
|(δΑ)|

i
/m) and <δΦ> (<δΦ> = 

Σ
i

m
|(δΦ)|

i
/m) are determined by averaging |(δA)|

i
 and |(δΦ)|

i
 respectively over all the node 

points (m) of the grid. The mean phase difference is expressed in degrees. Note that, like 
the amplitude value itself, the mean amplitude difference is expressed as a percentage of the 
amplitude value at the normalisation point. 
In clinical practice the normalisation point could be taken from the EM-field at a location in 
the central pelvic region close to the tumour site, e.g. in the cervix, bladder or rectum. From 
therapeutic/clinical point of view it is of importance to be able to specify the area for which 
the SAR, as derived from the simulated EM-field, is below a certain accuracy specification. 
Therefore the quantitative comparison is elaborated for two additional areas with 
decreasing size located symmetrically around the normalisation point. These areas are: 1) 
an area (A1; 20 x 20 cm2) restricted by |x| < 10, |y| < 10 for the aperture midplane and an 
area (S1; 20 x 20 cm2) restricted by |z| < 10, |y| < 10 for the sagittal midplane and; 2) an 
area (A2; 10 x 10 cm2) restricted by |x| < 5, |y| < 5 for the aperture midplane and an area 
(S2; 10 x 10 cm2) restricted by |z| < 5, |y| < 5 for the sagittal midplane. An overview of the 
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mentioned areas is given in figure 2. Both δΑ and δΦ are determined for each of the areas, 
A0 and S0, A1 and S1, and A2 and S2 delineated above. 
 

overview of the areas for which <δΑ> and <δΦ> have been determined 

 Transversal cross-section, areas A0, A1 and A2   Sagittal cross-section, areas S0, S1 and S2 
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figure 2: Schematic overview of the areas S0, S1 and S2 and A0, A1 and A2 for which <δΑ> and <δΦ> have been 
determined 

3.5 Results. 

3.5.1 Qualitative comparison of computational and experimental data 
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figure 3: Iso-level contours of the Z-Component of the EM-field in the aperture midplane (Z=0). a) simulated 
amplitude iso-level contours; b) measured amplitude iso-level contours; c) simulated phase iso-level contours; d) 
measured phase iso-level contours. 
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figure 4: Iso-level contours of the Z-Component of the EM-field in the sagittal midplane (X=0).  
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figure 5: Iso-level contours of the Y-Component of the EM-field in the sagittal midplane (X=0).  
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In order to indicate the predictive capabilities of the numerical method the iso-level 
presentation for the “simplified” set-up with short bolus are depicted. The measured and 
simulated amplitude and phase iso-level contours for the z-component of the EM-field in 
the aperture midplane and the sagittal midplane are presented in figure 3 and figure 4 and 
for the y-component of the EM-field in the sagittal midplane in figure 5. In each figure the 
left panel represents the measured results whereas the right panel represents simulation 
results. The upper and lower panels represent the amplitude iso-level contours and the 
phase iso-level contours respectively. The figures are representative for the 18 iso-level 
contours of the other three set-ups. These iso-level contours are not shown for brevity. 

3.5.2 Detailed comparison of computational and experimental data 
A detailed comparison of numerical and experimental data is obtained by plotting 
amplitude and phase profiles along the y- and z- principal axes and in the z-direction, at y=-
13 cm, close to the radiating waveguide. For the z-component the simulated and measured 
amplitude and phase profiles along the y-axis and z-axis for the four set-ups described 
earlier are depicted in figure 6 and figure 7 respectively. The normalisation point of both 
amplitude and phase are indicated by a Na and a Nφ respectively. For the y-component the 
simulated and measured amplitude and phase profiles along the z-axis are depicted in figure 
8 
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figure 6: Measured- and simulated amplitude and phase profiles along the Y-axis (X=0) for the Z-Component of 
the EM-field in the aperture midplane (Z=0 cm). a) short bolus, “simplified” set-up; b) long bolus, “simplified” 
set-up; c) short bolus, “clinical” set-up; d) long bolus, “clinical” set-up. 
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figure 7: Measured- and simulated amplitude and phase profiles (dashed) along the Z-axis at Y=0 cm and Y=-13 
cm (fat) for the Z-Component of the EM-field in the sagittal midplane (X=0 cm). 
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figure 8: Measured- and simulated amplitude and phase profiles (dashed) along the Z-axis at Y=0 cm and Y=-13 
cm (fat) for the Y-Component of the EM-field in the sagittal midplane (X=0 cm).  
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3.5.3 Measurement accuracy 
The maximal difference of amplitude and phase measurements in the aperture midplane 
was found to be 12% in amplitude and 18 degrees in phase respectively. 

3.5.4 Quantitative comparison of computational and experimental data 
For all set-ups, planes of measurement and areas A0 and S0, A1 and S1 and A2 and S2 the 
mean difference has been determined applying the procedure described earlier. The results 
obtained are tabulated in table 2. Recall that all presented amplitude values are given as a 
percentage. <δA> is expressed as a percentage of the EM-field at the normalisation point, 
i.e. the field strength of the z-component of the EM-field in the centre of the aperture 
midplane. The presented phase values, <δΦ>, are differences expressed in degrees. 
 

Table 2 
   <δΑ>, Mean Amplitude 

Difference per plane [%] 
<δΦ>, Mean Phase Difference  

per plane [degrees] 
Set-up Area Bolus 

Length 
Ez in 
apt. 

plane 

Ez in 
sag. 

plane 

Ey in 
sag. 

plane 

Φz in 
apt. 

plane 

Φz in 
sag. 

plane 

Φy in 
sag. 

plane 
short 16 29 24 34 46 91 A0,S0 
long 21 29 21 36 32 89 
short 15 25 13 17 13 84 A1,S1 
long 21 27 19 19 11 80 
short 11 17 7 4 11 76 

“clinical” 

A2,S2 
long 16 15 15 6 5 80 
short 22 12 10 39 33 90 “simplified” A0,S0 
long 16 10 8 31 20 83 
short 17 6 7 19 16 77  A1,S1 
long 10 5 4 11 11 70 

 A2,S2 short 7 3 7 10 8 68 
  long 2 2 3 5 6 62 

 

3.6 Discussion. 
A comparison of the simulation results with the measured EM-field has been presented by 
both the iso-level contour presentation of the EM-field (figure 3-5) and the detailed 
comparison of both measured and simulated amplitude and phase profiles (figure 6-8). This 
comparison includes a bolus size variation. The precise correspondence is discussed below 
for the iso-level contour to iso-level contours comparison and the track to track comparison 
separately. 
In the aperture midplane the iso-level contours of the simulated and the measured amplitude 
of the z-component of the EM-field correspond qualitatively. Small differences in the 
curvature of measured amplitude iso-level contours and the contours of the simulated 
amplitude are present at locations close to the PVC shell of the phantom. The iso-level 
contours of the simulated phase clearly differ from their measured counterparts (figure 3c 
compared to figure 3d). In the sagittal midplane the iso-level contours of the simulated and 
measured phase of the z-component show identical behaviour close to the radiating 
applicator for locations at approximately |z| = 15 cm (figure 4c compared to figure 4d). 
These locations correspond to the short bolus border position along the principal z-axis. 
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Some influence of this border is also seen for the simulated amplitude (figure 4a). Along 
the principal y-axis the gradient of the simulated phase is clearly larger than the gradient of 
the measured phase. This is in correspondence with the differences for the phase found 
earlier in the aperture midplane. In the sagittal midplane for the y-component the iso-level 
contours of the simulated amplitude and phase and the measured amplitude and phase 
qualitatively correspond (figure 5). However, a large offset of approximately 60 degrees 
between the simulated phase and the measured phase is present (figure 5c compared to 
figure 5d). 
In figure 6, the profiles along the y-axis of the simulated amplitude and phase correspond to 
the measured amplitude and phase except for the phase determined for the “simplified” set-
up with a short bolus as already noticed earlier. In the “simplified” set-up the profiles of the 
simulated- and measured amplitude and phase start to differ from each other well over the 
y=+5 cm location. For the “clinical” set-up the differences in amplitude occur closer to the 
normalisation point location. For y locations from 0 cm to 15 cm the simulated profiles do 
show a flattening behaviour like the measured profiles thus showing qualitative accordance. 
On the other hand quantitatively the largest differences occur at the positive y-axis. 
The z-component amplitude profiles running along the principal z-axis through the 
normalisation point show a good match (figure 7). The phase profile along the same axis 
shows an increasing difference for locations away from the normalisation point as the 
simulated phase decreases. The simulated amplitude profile at y=-13 cm, close to the active 
applicator, corresponds to the measured amplitude profile. In general the measured profile 
is “widened” compared to the simulated profile; e.g. in the “simplified” set-up with the 
short bolus the width of the measured amplitude profile at a relative field strength of 200% 
is ±25 cm whereas it is only ±20 cm for the simulated amplitude. This widening is less 
pronounced for the long bolus set-ups (figure 7b and figure 7d) although still present. 
Approximately at the locations z=-15 cm and z=15 cm, corresponding to the size of the 
bolus of 30 cm, the phase profile shows a rapid increase (figure 7a and figure 7c). The 
simulated phase profiles predict this increase very well. Also for the “simplified” set-up 
with a long bolus (figure 7b) the simulated phase profile agrees with the measured phase 
profile. The phase profile for the “clinical” set-up with a long bolus is an exception on the 
former correspondences and shows an increasing difference for a larger distance from the 
z=0 cm location (figure 7d). 
The simulated- and measured y-component profiles running along the principal z-axis 
correspond qualitatively (figure 8). Large quantitative differences are present however. 
Going along the plotted profiles most differences occur close to the z=0 location: the 
measured amplitude increases more rapidly than the simulated amplitude moving away 
from the z=0 location. The relative magnitude of the simulated amplitude roughly covers 
the relative magnitude of the measured amplitude. For the profile along the principal y-axis 
a good match is found of measured- and simulated amplitude profile. The simulated phase 
profiles show a good correspondence with the measured phase profiles, with as the main 
difference the offset also found in figure 5d . For both short bolus set-ups the amplitude 
value decreases to a value below 20% at |z|=20 cm (figure 8a and figure 8c). For both long 
bolus set-ups the amplitude profile at the y=-13 location decreases more smoothly to 
approximately 40% at |z|=20 cm (figure 8b and figure 8d). Note that the measured 
amplitude profiles are not distributed symmetrical around the z=0 position for the “clinical” 
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set-up (figure 8c and figure 8d) whereas the simulated profiles are distributed symmetrical 
around the z=0 position. 
For both the “simplified” – and the “clinical” set-up a global comparison of simulation- and 
experimental data has been presented by averaging their differences for each EM-field 
component amplitude and phase in both the aperture midplane and the sagittal midplane. 
These mean differences per EM-field component per plane are tabulated in table 2. 
Generally the simulation data corresponds with the measured data better for the 
“simplified” set-up than for the “clinical” set-up. For both set-ups the differences decrease 
for the smaller areas except for the phase of the y-component. The z-component of the EM-
field in the aperture midplane (Ez in apt. plane) shows a mean amplitude difference of 16% 
for the “clinical” set-up with a short bolus and a mean amplitude difference of 21% for the 
“clinical” set-up with a long bolus. For the “simplified” set-up these differences are 22% 
and 16% for the short bolus and long bolus case respectively. For the z-component of the 
EM-field in the sagittal midplane (Ez in the sag. plane) these mean amplitude differences 
are 29% (short bolus) and 29% (long bolus) for the “clinical” set-up and 12% and 10% for 
the “simplified” set-up. For the y-component the mean amplitude differences are 24% and 
21% for the “clinical” set-up and 10% and 8% for the “simplified” set-up. The mean phase 
differences for the z-component vary between 31 and 39 degrees in the aperture midplane 
and 20 and 46 degrees in the sagittal midplane. Not differentiating between the two set-ups, 
the mean phase differences for the EM-field y-component vary between 83 and 91 degrees 
in the sagittal midplane. 
Restricting the area (area A1) of analysis for the phase yields a decrease by 15-20 degrees 
of the mean difference for both set-ups except for the y-component phase difference that 
decreases by 7-13 degrees. For the amplitude a slight improvement up to 4% of the 
correspondence (area A1) is noted for the “clinical” set-up for the z-component. For the y-
component this improvement is 11% for the short bolus set-up. For the “simplified” set-up 
the improvement is 3-6%. A second restriction step (area A2) increases the correspondence 
for both set-ups (with up to 10% for the amplitude and with up to 13 degrees for the phase). 
An average difference per set-up is obtained for both amplitude (δΑ) and phase (δΦ) by 
averaging over the two measurement planes and both bolus lengths. These averages are 
tabulated in table 3. For the phase (δΦ) only the z-component (δϕz ) is averaged based on 
the 60 degrees offset present in figure 5c compared to figure 5d. If we correct for this phase 
offset the corrected phase difference in the last column of table 3 is obtained (δϕz+δϕy). 
 

Table 3 
  Amplitude Difference 

[%] 
δA 

Phase Difference 
[degrees], δϕz

Corr. Phase Difference 
[degrees], δϕz+δϕy

Set-up Area Averaged over both 
planes 

Averaged over both 
planes 

Averaged over both 
planes 

A0 & S0 24 37 35 
A1 & S1 20 15 17 

“clinical” 

A2 & S2 14 7 10 
“simplified” A0 & S0 13 31 29 
 A1 & S1 8 14 14 
 A2 & S2 4 8 6 
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For the “clinical” set-up, averaging the mean differences for the z-component of the EM-
field in the aperture midplane and sagittal midplane and the y-component in the sagittal 
plane a mean difference of 24% is found. For the “simplified” set-up this percentage is 
13%. From the values tabulated in table 3 it can be seen that for the area A1 the amplitude 
difference is still 20% and the phase difference is 15 degrees for the “clinical” set-up. The 
amplitude difference for the “simplified” set-up is below 10% although the phase difference 
is about 15 degrees. For the smaller area A2 these differences decrease. However, for the 
amplitude the mean difference does not get below 10% for the “clinical” set-up. 
Three assumptions/limitations are present in the numerical description of both the phantom 
and the hyperthermia array. 1) The PVC outer shell of the phantom has not been 
incorporated due to the selected resolution, which is limited by the available memory 
resources. However, based on the very small change in the reflection coefficient for a plane 
wave when the PVC interface is included, the influence of this assumption can be 
neglected. 2) The numerical description of the phantom and hyperthermia array and the 
connection of the non-powered waveguides to their characteristic impedance is done by 
adding absorbing layers in the non-powered waveguides to suppress reflections from these 
waveguides. This is a very crude approach. 3) The measurements by Wiersma et al. 1998 
strongly suggest that the non-symmetrical distribution of the amplitude pattern in the 
sagittal midplane is correlated to the patient/phantom supporting structure (including 
metallic parts) of the set-up as the distribution is symmetrical for a wooden supporting 
structure. In the simulations no supporting structure is included and as a result the 
simulation results are distributed symmetrically. In the phase pattern this asymmetry is not 
observed. The latter two assumptions only apply to the “clinical” set-up and considering the 
differences obtained for the “simplified” set-up it can be estimated they contribute 
approximately 10% to the difference of the simulated and measured amplitude. For the 
measured phase, which does not show an asymmetrical distribution in the “clinical” set-up, 
the difference with the simulated phase is equal for both set-ups. The mean difference 
between the simulated amplitude and measured amplitude for the “simplified” set-up is 
13% and is of the order of the measurement accuracy. For this set-up the difference 
between the simulated phase and the measured phase is 31 degrees, which exceeds the 
measurement accuracy by 13 degrees. For the area of 20 x 20 cm2 (A1, S1) around the 
normalisation point the amplitude difference is 8% and the phase difference is 14 degrees, 
which is within the measurement accuracy. For the “clinical” set-up both the amplitude and 
phase difference are within the measurement accuracy for the area of 10x10cm2 (A2, S2). 
In a recent study, van de Kamer et al. (1998) investigated the impact of erroneous input 
data (dielectric properties) on the simulated SAR pattern of a (Coaxial TEM) regional 
hyperthermia system. Examining the consequence of errors in the SAR pattern on the 
calculated temperature distribution it appeared that for all simulations performed the mean 
difference/error in the SAR pattern resulted in approximately equal mean difference /error 
in the calculated temperature distribution (assuming no additional errors are made in the 
calculation of the temperature distribution). For this type of treatment in the pelvic area this 
indicated that if a 5 °C temperature increase is to be predicted with a mean accuracy of 1 °C 
(20%), the power density has to be predicted with a mean accuracy of 20% as well and the 
EM-field amplitude has to be predicted with a mean accuracy of 10%. In order to verify 
such accuracy of the planning system, the accuracy of power density measurements should 
be at least 20% or for E-field amplitude it should be at least 10%. Subsequently the 
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simulation results should correspond with these measurements within the desired accuracy. 
From table 3 we find this accuracy is realised for the “simplified” set-up in the entire 
measurement area. For the “clinical” set-up this accuracy is obtained in the area A2, S2 
only. 
The Conjugate Gradient FFT method is both time consuming and memory consuming 
compared to other numerical methods employed for hyperthermia treatment planning. From 
table 1 it can be determined that for the “clinical” set-up with  33x33x27 voxels a 
calculation time of 12.5 hours is needed and that roughly 70 Mb memory is allocated (SGI 
O2, 200 MHz R5000). Both computing time and memory requirements do not behave 
linear with the dimensions of the electromagnetic problem but with the fourier dimensions 
involved in the computation of the spatial convolution metioned in section 3. In practice 
this means that calculations for problems with a discretisation of 1 cm3 , requiring a 
computational domain of roughly 63x63x63 voxels, can only be solved in 24 h with at least 
256 Mb of memory available. Allthough it is difficult to compare computing times for 
different numerical methods from the literature due to the different workstation 
configurations applied, the computing times needed for the CGFFT method probably are 
the closest to the computation time needed by the VSIE method (Nadobny et al. 1992). 
Both the FDTD method (Sullivan 1990) and the FE method (Jia et al. 1994) appear to be 
capable of producing results within several hours. Concerning accuracy analyses in the 
context of hyperthermia treatment planning, results of FDTD and FE calculations (Sullivan 
et al. 1992 ,Jia et al. 1994) have been compared to measured power profiles and E-field 
amplitude profiles obtained for a specific amplitude and phase setting. In general these 
quantitative comparisons showed good agreement. To the knowledge of the authors, no 
clear information on the correlation of measured and simulated phase profiles have yet been 
reported. 
In the “clinical” set-up, of course all four applicators can be activated. The fields emanated 
by each of these four applicators combine to a superposed EM-field. This EM-field can be 
manipulated by the amplitude and phase setting of the applicators. The EM-field generated 
for a specific amplitude and phase setting can be predicted/calculated by superpositioning 
of the simulated EM-fields of the separate applicators. If the accuracy of the simulation is 
similar for each separate applicator, the accuracy of this simulated superposed EM-field 
will be of the same order as the accuracy of the simulated field of a single waveguide. 
Therefore in the “clinical” set-up, conclusions regarding the mean accuracy of the planning 
system that are based on the experiments with only a single active waveguide apply to 
cases with  four active waveguides as well. 
 

3.7 Conclusion. 
By a comparison of measured EM-field amplitude and phase with their simulated 
counterpart an assessment of the accuracy of the description of the radiating elements of the 
AMC-4 waveguide array clinical hyperthermia system is obtained. Hereby the earlier posed 
question “How accurate is the description of the radiating elements of the clinical 
hyperthermia system in relation to the actually generated EM-field distribution within the 
patient” has been answered.  
From both the iso-level contour presentation of the EM-field (figure 3 - 5) and the detailed 
comparison of both measured and simulated amplitude and phase profiles (figures 6 - 8) it 
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is concluded that generally the simulation results correspond qualitatively with the 
measured EM-field. This qualitative correspondence includes a bolus size variation.  
The accuracy assessment is performed in two orthogonal planes centred on the aperture 
midplane centre. Referred to a maximal measurement accuracy of 12% and 15 degrees for 
the amplitude and phase respectively, it is concluded that for the “simplified” set-up and for 
a limited plane-area, 20x20cm2 (A1, S1), the difference between numerical and 
experimental data is below the maximal measurement accuracy. For the “clinical” set-up 
this also holds for the phase, but the amplitude exceeds the maximal measurement accuracy 
by 5% to 10%. 
With the current accuracy of the measured EM-field distribution and the correspondence 
with simulations performed using the Weak Form of the Conjugate Gradient FFT method, 
the applicability of a hyperthermia planning system is restricted to the retrospective 
analysis of hyperthermia treatments and the performance analysis of new/improved 
hyperthermia devices. A role in a prospective analysis of the hyperthermia treatment of the 
individual patient may lie in the determination/simulation of a set of starting points giving a 
“close to optimal” amplitude and phase setting or the localisation of possible problem areas. 
The possibility to perform this role is supported by this study which has shown the ability 
of the Weak Formulation of the Conjugate Gradient FFT method to predict the EM-field of 
each waveguide of the AMC4 waveguide array hyperthermia system including a bolus size 
variation. 
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4 A flexible optimisation tool for hyperthermia treatments with RF phased array 
systems 

 
 
This chapter has been published as: 
A flexible optimisation tool for hyperthermia treatments with RF phased array systems 
2002, J. Wiersma, R. A. M. van Maarseveen and J. D. P. van Dijk 
International Journal of Hyperthermia, 18;73-85 

Abstract 
In hyperthermia treatments performed with a radio-frequency phased array the main issue is 
to apply the excitation amplitudes and phases of the applicators for which tumour heating is 
optimal, i.e. the maximal therapeutic gain without unwanted side effects. Due to the 
complex interaction of the radiated EM-field and the patient’s tissues it is very difficult to 
find these optimal excitation (amplitude and phase) parameters by intuition. Calculation of 
the EM-field distribution within the patient can aid in finding the optimal excitation setting. 
However, this remains a difficult task because of the degrees of freedom available (2N-1 
with N the number of applicators in the array) and because a large temperature elevation 
may occur at healthy tissue sites resulting in unwanted side effects e.g. pain or healthy 
tissue damage. Therefore, determining the excitation amplitudes and phases yielding 
optimal tumour heating can be done effectively only by application of a computerised 
optimisation procedure. Optimisation of the temperature distribution in the patient requires 
detailed knowledge of the thermal tissue parameters. Techniques for determining these 
properties are not commonly available and the use of averaged values for parameters like 
the tissue perfusion is expected to introduce large errors for individual patient treatment 
planning. As a consequence the specific absorption rate (SAR) distribution, being 
proportional to the temperature increase at treatment start, is more often selected for 
optimisation. The “optimised” excitation amplitudes and phases are found by maximisation 
of a certain SAR ratio. Several propositions for this SAR ratio have been reported in the 
literature e.g. the ratio of the SAR at the tumour site and the SAR at sites where unwanted 
side effects may occur. However, the definition of these ratios does not constraint the SAR 
value at these tissue locations to a safe value. In this paper a tool for the optimisation of the 
SAR distribution including the specification of constraints is presented. The tool focuses on 
the definition of the average SAR as a function of the excitation amplitudes and phases in a 
volume of arbitrary size (e.g. the tumour volume or the whole patient volume). These 
functions can be applied in either customised or commercially available optimisation 
routines and they enable the definition of constraints for the average SAR in a certain 
volume. The described tool is illustrated for a patient case, showing the flexibility and easy 
application of the tool. 
 

Key words: Hyperthermia, treatment optimisation, RF deep heating. 
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4.1 Introduction 
Hyperthermia is a therapy applied together with other modalities in the treatment of cancer. 
Its goal is to achieve a selective temperature elevation between 42 – 45 °C at the tumour 
site, while maintaining healthy tissue temperatures in a physiologically safe range. One of 
the sites where hyperthermia is applied is the pelvic area. In order to achieve sufficient 
heating for the deep-seated tumours located at this site, systems have been designed that 
coherently radiate radio frequency (RF) energy towards the patient from different directions 
(Turner et al. 1989, De Leeuw et al. 1987 and Van Dijk et al. 1990). These systems are 
known as phased array systems. In figure 1 a photograph of the phased array, operational at 
our institue, applying four rectangular waveguides is presented. On the photograph an 
applicator is vissible at the top side, the left side and the right side. A fourth applicator is 
embedded in the treatment table. For clarity the waterboli of the left side applicator  and 
right side applicator are removed while the waterboli of the top side applicator and bottom 
side applicator are clearly visible. The distance between the patient and the applicators can 
be adjusted. The remaining space between the patient and the applicators is filled by the 
waterboli. Wiersma et al. 1998 give a schematic illustration of this phased array. The 
heating distribution in the patient, given in specific absorption rate (SAR) i.e. the power 
deposition per unit mass of tissue, can be manipulated through the interference pattern of 
the electromagnetic (EM) fields that are radiated by the RF applicators of the array. The 
parameters involved in the manipulation of this interference pattern are the excitation 
amplitudes and phases of the RF applicators. 
 

   

 AMC 4 waveguide phased array / AMC-4 system 
 

    

 

 

   

figure 1: Photograph of the AMC phased array applying four rectangular waveguides. The bolus of the right – and 
left applicator are removed for clarity. 

The SAR distribution within the patient is governed by the interaction of the irradiated EM-
field and the patient’s tissues. This interaction is rather complex due to the inhomogeneous 
dielectric properties of these tissues. As a consequence determination of the excitation 
amplitudes and phases for optimal tumour heating on the basis of intuition is a difficult 
issue and cannot be done solely by intuition. The calculation of the EM-field radiated by 
each separate applicator of the array can aid in finding the optimal excitation setting. 
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However, finding the excitation setting for optimal tumour heating remains a difficult task 
because of the degrees of freedom available (amplitude and phase) and because a large 
temperature elevation may occur at healthy tissue sites resulting in unwanted side effects 
e.g. pain or healthy tissue damage. A solution to this problem is found in the application of 
optimisation procedures. Optimisation procedures reported in literature determine the 
excitation amplitude and phase for either an optimal temperature distribution (e.g Nikita et 
al. 1993, Wust et al. 1996, Das et al. 1999) or an optimal SAR distribution (e.g. Boag et al. 
1988, van Maarseveen et al. 1996, Bardati et al. 1995, Wust et al. 1996). Optimisation 
based on the temperature distribution requires the calculation of the temperature 
distribution for each candidate excitation setting. Models that determine the temperature 
distribution are available, but for accurate calculation detailed knowledge of the thermal 
tissue properties and tissue perfusion are required. Techniques for measuring this thermal 
data input are currently under development and are used to verify the thermal models 
(Raaymakers et al. 1998). However, these techniques are not commonly available. Taking 
into account that the temperature increase at treatment start is proportional to the SAR and 
that avoidance of a large temperature increase at specific locations may make it possible to 
increase the applicable power (Wust et al. 1996), it can be argued that optimisation 
strategies based on the SAR distribution will result in an increase of the therapeutic efficacy 
as well. In the extreme case one could say that the optimisation strategy is applied to avoid 
treatment limiting heating of critical or sensitive organs thus maximising the total power, 
getting as much power absorption as possible in the tumour volume. 
Several groups have determined the excitation setting for optimal target heating based on 
the SAR distribution. A common optimisation variable is the ratio between the mean power 
absorbed in the tumour and the mean power absorbed elsewhere. In this ratio the SAR 
outside the tumour can be squared to increase the weight of local SAR maxima or the SAR 
outside the tumour can be divided by the local perfusion rate, considering that the 
temperature increase is approximately proportional to SAR/wb (Wust et al. 1996). The ratio 
between the mean SAR in the tumour and the total SAR in a specific number of local SAR 
maxima outside the tumour can be formulated to specifically reduce hot spots. Again, 
division of the local SAR maxima by the local perfusion rate may be applied (Wust et al. 
1996). Although the latter two ratios are designed to specifically reduce hot spots, like for 
the other ratios, it is not possible to constrain the SAR at certain locations to a safe level. 
Consequently it is still possible that high SAR values exist at certain locations while in fact 
the ratio between the mean SAR in the tumour and the total SAR in a specific number of 
local SAR maxima outside has been maximised. 
The objective of the current paper is to present a fast tool for the optimisation of the SAR 
distribution including constraints at locations outside the tumour. For this purpose a method 
for the determination of the SAR, averaged over certain volumes of interest is given. These 
volumes include the tumour volume and several critical volumes where heating is to be 
constrained. Of each volume introduced the averaged SAR is presented as a function of the 
amplitude and phase setting of the applicators of the hyperthermia system. These functions 
can be applied in either customised or commercially available optimisation routines like in 
Microsoft Excel. The definition of a function from which the averaged SAR in a specified 
volume can be calculated simplifies the addition of constraints to the optimisation problem. 
To illustrate the presented method the latter option is pursued for a patient case. 
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4.2 Theory 
If an applicator of a hyperthermia system is activated with an amplitude of 1 and no phase 
shift relative to a certain reference point, the electric (E-) field generated by the applicator 
at location rr  is given by eq(1)  
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If the amplitude and phase of the applicator is scaled to amplitude A and shifted by ϕ 
radials respectively, the E-field at the same location rr  is given by eq(2). 
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For a hyperthermia system that consists of N applicators, each of the applicators contributes 
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Equation 4b illustrates that the SAR at location r

r  can considered to be a summation of N2 
terms (due to N applicators) for each of the three vector componentents ν. 
For optimisation of the power deposition pattern by adjusting the applicators’ amplitude 
(A1..AN) and phase (ϕ1.. ϕN) it is necessary to know the averaged SAR in a certain volume 
of interest, i.e. target volume and critical volumes. Considering such a volume to be 
discretised into M cells this averaged SAR can be calculated by eq(5). 
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Determining SARvol by straightforward application of eq(4) and eq(5) is very inefficient as 
the summation over the three E-field components and more important over a number of M 
cells (M varying from a few cells to several thousand cells) in eq(4) must be performed for 
each different amplitude and phase setting. The efficiency of the calculation of SARvol, can 
be increased in two steps. The first step increases the efficiency of the calculation of  

);,...,,,...,SAR( 11 rAA NN
vϕϕ  by advancing the summation over the components Σν in 

eq(4b); 
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So far, the efficiency has not increased as Σν still is dependent on the phase setting of the 
applicators. However we can use the following tool to rewrite eq(6); 
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By application of this tool eq(6) becomes; 
 

 8 

 

∑∑
= =

−+=
N

i

N

j
jiijijjiNN rrAArAA

1 1
11 ))(cos()();,...,,,...,SAR( ϕϕηγϕϕ vvv

77 



Ch 4. A flexible optimisation tool for hyperthermia treatments with RF phased array systems 
 

with γij )(rv  and ηij )(rv  two location dependent parameters, independent of the applicators’ 
amplitude (A1 ,…, AN) and phase (ϕ1 ,…, ϕN) excitations. 
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Inserting eq(8) in eq(5) the summation of the SAR values in a volume SARvol becomes; 
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The sequence of summation over i,j and k is not important. For the second efficiency 
increasing step eq(7) can be applied in eq(9b) resulting in; 
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with parameters, 
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Notice that eq(10) has become independent of the location by explicitely performing the 
summation over the M cells in γ´ij and η´ij. While γ´ij and η´ij are both still independent of 
the applicators’ amplitude (A1 ,…, AN) and phase (ϕ1 ,…, ϕN) excitations eq(10) only 
depends on these applicators’ excitations parameters. 
At this stage the inefficient determination of SARvol  by straightforward application of eq(4) 
and eq(5) has been replaced by eq(10); the summation over the three E-field components 
and over a number of M cells (M varying from a few cells to several thousand cells) which 
had to be evaluated for each different amplitude and phase setting now has to be performed 
only once to determine γ´ij and η´ij. Having determined γ´ij and η´ij, SARvol  can be 
determined for a set of specific excitation parameters by summation over i and j which is a 
total of N2 additions in case of N applicators. 

4.3 Implementation 
Assume that for each applicator of a hyperthermia system the electric (E-) field generated 
by the applicator at location r

r
 as given by eq(1) is known. For each selected volume for 

which   is to be determined the summation over i and j in eq(SARvol 10) is written explicitly 
as the addition of N2 functions fij(Ai,Aj,ϕi,ϕj)=AiAj γ´ijcos(η´ij+ φ´i- φ´j) with coefficients γ´ij 
and η´ij and parameters Ai, Aj, ϕi and ϕj. The calculation of the coefficients γ´ij and η´ij 
involves a summation over M cells with M varying from a few cells to several thousand 
cells depending on the selected volume. This summation over the M cells has to be 
performed only one time and even for a large number of cells can be evaluated in seconds; 
3 sec. for 23000 cells by a SGI indigo2 workstation equipped with a R4400, 200 MHz 
processor. Once the coefficients γ´ij  and η´ij  belonging to a certain volume are determined, 
calculation of the SARvol for a certain excitation setting specified by A1,…, AN, ϕ1 ,…, ϕN 
only requires the evaluation of each function fij(Ai, Aj, ϕi, ϕj) (i = 1…N; j = 1…N) and the 
addition of these functions. The calculation and the addition of the N2 functions fij(Ai, Aj, 
ϕi, ϕj) (i = 1…N; j = 1…N) can be performed efficiently in Microsoft Excel applying the 
cell referencing and summation capabilities in a worksheet. To be able to do so the N2 
functions fij(Ai, Aj, ϕi, ϕj) (i = 1…N; j = 1…N) as determined on the SGI workstation are 
given in a format that can be imported into Microsoft Excel (comma separated values). The 
solver add-in of Microsoft Excel can be applied to optimise the ratio of the SARvol of two 
different volumes (e.g. the tumour volume and the whole patient volume). Optimisation of 
such a ratio applying the solver add-in yields a result within 5 sec. on a Windows NT 4.0 
workstation equipped with a Pentium II, 450 MHz processor. Microsoft Excel Solver uses 
the Generalized Reduced Gradient (GRG2) nonlinear optimization code developed by Leon 
Lasdon, University of Texas at Austin, and Allen Waren, Cleveland State University. The 
solver add-in did not show any dependence of the selected starting point in finding the 
optimal excitation setting specified by A1,…, AN, ϕ1 ,…, ϕN , optimising the ratio of the 
SARvol of the tumour volume and the whole patient volume. 
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4.4 Patient planning example 
The energy deposition within a patient heated by the AMC four-waveguide phased array is 
determined numerically for each applicator of the array. The procedure of this numerical 
simulation has been described elsewhere ( e.g. Piket et al. 1994, Sullivan et al. 1993) and 
we mention the main steps of the simulation procedure only shortly. 1) Using CT-scan data 
a model of the patient is created by assigning dielectric properties to each cell of the model, 
based on the cell’s tissue type. 2) For each applicator in the array the EM-field is calculated 
for every cell in the patient model. This calculation can be performed by a number of 
numerical procedures, e.g. a Finite Difference Time Domain method (Sullivan et al. 1993), 
a Finite Element method (Jia et al. 1996), a Volume Surface Integral Equation method 
(Nadobny et al. 1996) or the Weak form of the Conjugate Gradient Fast Fourier Transform 
method (Zwamborn et al. 1993). At this stage eq(1) is determined for all the cells of the 
patient model and for each individual applicator. With the obtained data the applicator’s 
amplitude and phase settings are determined for which the heating of the target volume is 
optimal while constraining heating in other volumes. A simple quantitative measure 
defining this optimal target volume heating can be the ratio of SARvol of the target volume 
and SARvol of the whole patient.; 
 

SARavg
SARavg

tvol;patien

vol;targetratioSAR .
.

=  11 

 
Maximising this ratio yields the amplitude and phase settings for which heating of the 
target volume with respect to the heating of the whole patient volume is performed most 
efficiently. A hyperthermia treatment simulation has been performed for a real patient case 
following the described procedure. The patient was treated for a rectum tumour and was 
treated lying on his belly, i.e. with applicator 3 in figure 1 at the posterior side of the 
patient. The value of SARvol has been determined for a number of volumes i.e. the whole 
patient volume, the target volume located in the rectum, the bladder volume and a volume 
located ventral to the sacrum. Additionally, supported by clinical experience on possible 
problem areas, SARvol at the pre pubic area and two locations anterior of the sacro-iliacal 
joints has been determined. A schematic representation of the location of these problem 
areas is given in figure 2a,b. These three locations are only a selection from the various 
possible locations where heating might be a treatment limiting factor. Starting point of the 
evaluation, case 0, is the excitation setting for which all applicators are radiating in phase 
and with the following amplitudes; A1=1.0 (bottom), A2=0.6 (left), A3=1.0 (top) and A4=0.6 
(right).This amplitude setting is often selected at the start of treatments in the clinical 
practice. Subsequently, the SARratio has been maximised for the following four cases. 1) 
The excitation amplitudes are fixed. This implies that only the excitation phases are 
determined by the optimisation procedure. No constraints, limiting heating of other/critical 
volumes, are applied. 2) Both excitation amplitude and phases are determined by the 
optimisation procedure. Still no constraints are applied. 3) Both excitation amplitude and 
phases are determined by the optimisation procedure. Constraints, limiting the heating of 
the possible problem areas i.e. the sacrum and two locations at the top back of the hipbone, 
are applied. In this particular case SARvol in these volumes is not allowed to exceed SARvol 
in the target volume. 4) With the latter optimisation setting a consecutive optimisation is 
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performed having artificially positioned the target volume in the bladder instead of in the 
rectum. 
 

schematic overview of selected problem locations   

 a Problem area at the pre pubic area   b Problem areas superior of the sacro-iliacal 
joints 
 

 

 

  

 

 c Problem areas posterior of the sacro-iliacal 
joints set for case 3a 
 

    

 

 

   

figure 2: schematic overview of selected problem locations. a: Problem area at the pre pubic area, b: Problem areas 
superior of the sacro-iliacal joints, c: Problem areas posterior of the sacro-iliacal joints set for case 3a 

4.5 Results 
For the four cases described earlier the ratio given in eq(11) is maximised applying the 
solver add-in of Microsoft Excel.  
 

Table 1. 

 
SARavg

SARavg
vol;tumour

vol;
.

. ...  

opt. 
case 

ratioSAR
[-] 

Total 
Absorbed 

Power  [W] 
Bladder 

[-] 
Sacrum 

[-] 
Pre Pubic 
Area [-] 

Right Anterior of 
the sacro-iliacal 

joint[-] 

Left Anterior of 
the sacro-iliacal 

joint [-] 
0 2.42  1088 1.50 0.75 5.88 4.47 4.55 
1 4.12  628 0.43 0.63 1.76 2.22 2.11 
2 5.57  463 0.32 0.68 0.64 1.70 1.50 
3 4.76  539 0.14 0.74 0.10 1.00 1.00 
3a 2.18  1346 0.20 0.95 1.00 1.00;3.66 1.00;1.00 
4 3.61  715 1.00 0.07 9.75 1.00 1.00 
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The results for the value of SARratio is given in table 1 with the corresponding values for the 
total power absorbed in the patient volume and the SARvol in the volumes mentioned 
earlier. The value of SARvol in these volumes is given relative to SARvol;target in the target. 
The total power absorbed in the patient volume is the power needed to obtain a heating rate 
of 50 W/kg in the target volume. The starting point excitation setting is included as a 
reference (case 0). The value of SARratio may be interpreted as the heating efficiency; 
heating of the target volume to 50 W/kg is more efficient if SARratio increases and 
consequently the total absorbed power decreases. For the four cases the excitation 
amplitudes for the bottom, left, right and top applicator is given table 2. The excitation 
amplitude is given relative to the excitation amplitude of the top applicator. The excitation 
phase is given as the phase difference with a constant reference phase. The top applicator is 
in phase with this reference. 
 

Table 2. 

 Relative excitation amplitude [-]  excitation phase [deg] 

opt. case bottom left right top  bottom left right top 

0 1.00 0.60 0.60 1.00   0  0  0  0 
1 1.00 0.60 0.60 1.00   114  62  77  0 
2 0.08 0.61 0.56 1.00   -2  101  115  0 
3 0.21 0.40 0.47 1.00   -98  129  139  0 
3a 0.57 0.49 1.06 1.00   -93  124  191  0 
4 4.35 3.09 2.70 1.00   -170  -82  -82  0 

 
In figure 3 the influence of the optimisation procedure is indicated by the obtained SAR 
distribution. Only three cases are presented; case 0, case 3 and an additional case 3a. For 
each case the SAR distribution in the aperture midplane (Z=0 cm), a cross section 5 cm in 
caudal direction (Z= - 5 cm) and a cross section 5 cm in cranial direction (Z= +5 cm) are 
presented. Case 3a has been added to the set of cases on the basis of the local high SAR 
values found in case 3 in the cross section at 5 cm in cranial direction (Z= +5 cm). For case 
3a two locations posterior of the sacro-iliacal joints, schematically depicted in figure 2c, 
have been added to the set of constraints defined for case 3. The obtained SARratio for these 
locations are 3.66 for the right hip location and 1.00 for the left location. The SARratio found 
at these locations for case 3 are 9.2 and 4.0 respectively. The excitation parameters for case 
3a are presented in table 2. 

4.6 Discussion 
In table 1 it is shown that for all the cases 1 to 4 the heating efficiency clearly increases 
with respect to the starting point, i.e. case 0. By the increase in heating efficiency for case 1 
it is shown that, with only the excitation phase as parameter, the power deposition can in 
fact be focussed to the target as expected for a phased array system. 
Changing the number of free parameters from only the excitation phase (case 1; 3 free 
parameters) to both excitation amplitude and phase (case 2; 6 free parameters) increases the 
heating efficiency by 26% and the total power needed to reach 50 W/kg in the target 
volume decreases by 32%. The efficiency increase is established by decreasing the power 
deposited in the patient volume by the bottom applicator (table 2, case 2).  
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figure 3: Specific Absorption Rate at different cross-sections for optimisation case 0 (top row), case 3 (center row) 
and case 3a (bottom row). The left panels (3a,3d,3g) refers to the cross-section in the lower part of the pelvic area 
(5 cm caudal with respect to the aperture midplane). The middle panels (3b,3e,3h) refers to the cross-section in the 
aperture midplane. The right panels (3c,3f,3i) refers to the cross-section in the upper part of the pelvis area (5 cm 
cranial with respect to the aperture midplane). 

83 



Ch 4. A flexible optimisation tool for hyperthermia treatments with RF phased array systems 
 

This can be understood by considering the position of the target volume that is located at 
the top applicator side of the patient. As a consequence, the tissue lying between the bottom 
applicator and the target will absorb a large amount of the energy radiated by the bottom 
applicator. Thus, increasing the excitation amplitude of the bottom applicator would only 
increase the power deposited in the whole patient and will not increase the heating 
efficiency of the target volume. 
Constraints, limiting heating at certain locations (case 3), can be achieved only with a lower 
heating efficiency than possible in situations without constraints. Relative to case 2, the 
bottom applicator excitation amplitude is increased by a factor of 2.6. It appears that the 
bottom applicator is excited with such a phase that it’s radiated E-field destructively 
interfere  with the E-fields of the other three applicators at the sacrum, at the left hip and at 
the right hip i.e. all the cosine functions in eq(10) involving the bottom applicator are 
negative for these three volumes. Clearly, compliance to the defined constraints is at the 
expense of the target heating efficiency. Relative to case 2 in case 3 the heating efficiency 
decreases by 15% and the power deposited in the whole patient increases by 8%. 
For the example presented above constraints to three different locations have been set. 
Although, based on clinical evidence, it seems reasonable to constraint the SAR at these 
locations numerous other choices are possible. Moreover, limitation of heating in certain 
volumes as applied in case 3 certainly does not guarantee that excessive heating in other 
volumes will not occur; a SARratio of 9.2 and 4 are found and an additional set of constraints 
is defined in case 3a. It is evident that specification of all possible problem areas and 
defining constraints in advance will greatly enhance the value of the optimisation 
procedure. A drawback of this procedure could be that with an increasing number of 
constraints it would be more difficult to specify a set of constraints that actually can be 
complied to. For case 3a compliance to all defined constraints is not succeeded and the total 
power required to establish a heating rate at the target area corresponding to 50 W/kg is 
1346 W being 24% more than the power needed in case 0. For these cases an alternative 
could be the optimisation of the ratio of the SAR in the target volume and the summation of 
the SAR at the problem locations. However for case 3a this increases the required power to 
1650 W.  The SARratio is lower than the constraint of 1 set earlier at three locations (pre-
pubic area 0.43, location right anterior of the sacro-iliacal joint 0.47 and added location 
right posterior of the sacro-iliacal joint 1.06), two locations suffer from a significantly 
higher SARratio (left anterior sacro-iliacal joint 3.08 and added location left anterior sacro-
iliacal joint 6.65). 
The presented method has been illustrated on the basis of electric field data obtained from a 
hyperthermia treatment planning system. The electric field data specifies the relation 
between an applicator of the hyperthermia system that is activated with unitary amplitude 
and no phase shift relative to a certain reference point and the electric field at a specified 
location. This relation can be obtained also from direct E-field measurement. In this case 
the relation is determined at the location of the E-field sensor. Locating an E-field sensor in 
front of each applicator to monitor the applied total power and locating an additional E-
field sensor in, or in close proximity to, the target volume already makes it possible to 
optimise the excitation setting as in case 2. Main advantage of such a procedure is that 
efficient heating can be established on the basis of an optimisation procedure instead of a 
manual search procedure. 
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4.7 Conclusion 
A tool for the optimisation of the excitation amplitudes and phases of a deep-body 
hyperthermia phase array system has been presented. For this purpose a method for 
determination of the SAR, averaged over a certain volume of interest, has been elaborated 
resulting in a simple summation representing the averaged SAR. This summation consists 
out of the addition of N2 (N is number of applicators) functions, each function being 
dependent solely on the excitation amplitudes and phases of the applicators. For each 
function the information on the specific E-field present in the cells of the volume for which 
the average SAR is determined, is gathered in two coefficients. In order to calculate these 
coefficients the E-field generated within the treated patient volume by each applicator 
separately has to be determined e.g. numerically. The number of cells in a volume may vary 
from a few cells to several thousand cells. 
For a patient example the average SAR in a number of volumes including the patient 
volume, a target volume and a number of critical volumes has been expressed as the 
summation mentioned above. Applying the cell referencing and summation capabilities in a 
Microsoft Excel worksheet and the solver add-in of Microsoft Excel the excitation 
amplitudes and phases have been optimised to arrange maximal target heating efficiency, 
i.e. maximising the SARratio defined as the fraction of the SAR in the target and the SAR in 
the whole patient volume. Being of more clinical relevance also an example of excitation 
setting optimisation including constraints limiting heating in critical volumes is given. It 
has been shown that changing the set of problem locations strongly influences the 
optimisation results. This implies that a specification of all possible problem locations is of 
importance. A practical solution for the specification has yet to be found. 
The presented tool is applicable for any phased array system and is independent of the 
method of determining the E-field generated in the volume of interest by each applicator of 
the phased array. By deriving an expression for the SAR averaged over a certain volume of 
interest as a function of the applicator excitation amplitudes and phases this quantity can be 
evaluated easily and rapidly for a large number of excitation settings, independent of the 
number of locations over which the SAR is averaged. This property is very versatile for 
optimisation of the SAR deposition pattern including the specification of constraints. The 
expressions can be either incorporated into customised optimisation routines or in 
Microsoft Excel where an optimisation tool is available. 

4.8 References 
 
Bardati, F., Borrani, A., Gerardino, A. and Lovisolo, G. A., 1995, SAR Optimization in a phased 
array radiofrequency hyperthermia system. IEEE Transactions on Biomedical Engineering, 42:1201-
1207 
Boag, A. and Leviatan, Y., 1988, Optimal excitation of multiapplicator systems for deep regional 
hyperthermia. Proceedings of the IEEE-MTT 1988 International Microwave Symposium, 307-310 
Das, S. K., Clegg, S. T. and Samulski, T. V., 1999, Computational techniques for fast hyperthermia 
temperature optimization. Medical Physics, 26:319-328 
De Leeuw, A. A. C. and Lagendijk, J. J. W., 1987, Design of a deep-body hyperthermia system based 
on the 'Coaxial TEM' applicator. International Journal of Hyperthermia, 3:413-421 
Nikita, K. S., Maratos, N. G. and Uzunoglu, N. K., 1993, Optimal steady-state temperature 
distribution for a phased array hyperthermia system. IEEE Transactions on Biomedical Engineering, 
40:1299-1306 

85 



Ch 4. A flexible optimisation tool for hyperthermia treatments with RF phased array systems 
 

Raaymakers, B. W., Creeze, J. and Lagendijk, J., 1998, Comparison of temperature distributions in 
interstitial hyperthermia: experiments in bovine tongues versus generic simulations. Physics in 
Medicine and Biology, 43:1199-1214 
Turner, P. F. and Schaefermeyer, T., 1989, BSD-2000 approach for deep local and regional 
hyperthermia: Physics and technology. Strahlentherapie und Onkologie, 165:738-741 
Van Dijk, J. D. P., Schneider, C. J., Van Os, R. M., Blank, L., and Gonzalez Gonzalez, D., 1990, 
Results of deep body hyperthermia with large waveguide radiators. in: Consensus on Hyperthermia in 
the 1990's. Edited by Bicher, H. I. (Plenum Press) 
van Maarseveen, R. A., Van Dijk, J. D. P., and Wiersma, J., 1996, Computational study of EM-
interference optimisation. in: Hyperthermic Oncology 1996 Papers presented at the conference. 
Edited by Franconi, C., Arcangeli, G. and Cavaliere, R. (TOR VERGATA) 
Wiersma, J., Van Dijk, J. D. P., Sijbrands, J. and Schneider, C. J., 1998, The measurement of fringing 
fields in a radio-frequency hyperthermia array with emphasis on bolus size. International Journal of 
Hyperthermia, 14:535-551 
Wust, P., Seebass, M., Nadobny, J., Deuflhard, P., Monich, G. and Felix, R., 1996, Simulation studies 
promote technological development of radiofrequency phased array hyperthermia. International 
Journal of Hyperthermia, 12:477-494 
 

86 



 

5 Delineation of potential hot spots for hyperthermia treatment planning 
optimisation 

 

 

This chapter has been accepted pending revision as: 
Delineation of potential hot spots for hyperthermia treatment planning optimisation  
International Journal of Hyperthermia 
2004, J. Wiersma, N. van Wieringen, H. Crezee, J.D.P. van Dijk. 
 

 

Abstract 
The optimal feed parameters of the generators for a complex phased hyperthermia array 
system consisting of 4, 8 or even more applicators cannot be found using only the expertise 
of the treatment staff or using the limited amount of field- and temperature data obtained 
during treatment. A number of strategies have been proposed to help us with the task to 
optimise the hyperthermia treatment, including several strategies specifically addressing the 
occurrence of hot spots. Each of the latter strategies strongly relies on the specification of 
the potential hot spots. This specification is either based on anatomy or the selection of an 
arbitrary number of potential hot spots. Therefore it is not guaranteed that all potential hot 
spots are included. This paper introduces a procedure for the delineation and visualisation 
of potential (SAR) hot spots. The potential hot spots are delineated by selecting those 
points for which the maximal SAR exceeds a specific SAR selection level. This SAR 
selection level is defined relative to the highest achievable SAR in the target volume for a 
certain fixed heating power. A larger number of potential hot spots and hot spots of larger 
size are delineated if the selection level is decreased. Although the procedure still includes 
an arbitrary selection criterion, i.e. the selection level, the selection is solely based on 
calculated EM-field data. As a result all potential hot spots can be delineated a priori. Three 
different objective functions are applied to maximise the SAR in the target. The first only 
maximises the SAR in the target volume for a given system power output. The other two 
intrinsically set a constraint on the set of potential hot spots as a whole. Additionally the 
SAR in each delineated potential hot spot separately can be constrained. In two patient 
cases the SAR in potential hot spots can be kept below the selection value applied for 
delineation of the potential hot spots. If assessed in terms of constraining the SAR value 
below the selection level while maximising target heating efficiency the combination of an 
objective function only maximising the SAR in the target with a separate constraint on each 
potential hot spots appears to be the most efficient. 
 
Key words:  Hyperthermia treatment planning, optimisation, potential hot spots 
delineation. 
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5.1 Introduction 
During hyperthermia treatments using a phased array the aim and challenge is to set the 
feed parameters of the generators in such a way that the treatment is optimal. In the clinical 
practice, the adjustment of the feed parameters and the assessment whether the treatment is 
optimal is based on data gathered by one electric field probe or a limited number of 
temperature sensors. Consequently the optimal treatment is defined by efficient target 
heating as indicated by the available sensor data, without discomfort by hot spots indicated 
by the patient. A technique applying MRI is evolving towards a tool to evaluate the heating 
pattern in the complete heated area (Wlodarczyk et al. 1998). Temperature data is needed 
for treatment analyses, however these data is not practical for finding the optimal feed 
parameters. Practical ways of finding the optimal feed parameters depend on a known 
mathematical relation of the feed parameters of the generators and the heating pattern 
obtained in the patient. This relation can be determined numerically by calculation of the 
electromagnetic field (EM) generated by each applicator in the patient. Subsequently the 
optimal feed parameters can be found by applying an optimisation strategy yielding an 
optimal heating pattern. A number of strategies, including strategies specifically addressing 
the occurrence of hot spots, have been proposed to optimise the hyperthermia treatment 
(Boag et al. 1988, van Maarseveen et al. 1996, Wust et al. 1991, Paulsen et al. 1999, Das et 
al. 1999a, Das et al. 1999b). The group of Wust et al. 1996a proposed to maximise the 
fraction of the power deposited in the target area to the total power deposited in a set of 
selected potential hot spots. However, the number of these hot spots is selected arbitrary, 
i.e. 10, and the selection criteria are not defined. A similar optimisation strategy explicitly 
including potential hot spots was proposed by Das et al. 1999b. The highest power density 
points per antenna are selected as potential hot spots in this study. The group of Bardati et 
al.  (1995) suggested a strategy applying amplitude and phase synthesis. The optimisation 
results in a trade-off of the “best” feed for the target and the “best” feeds for a number of 
organs to be protected. 
Each of the strategies mentioned above strongly relies on the specification of the potential 
hot spots. This specification is either based on anatomy or the selection of an arbitrary 
number of potential hot spots. Therefore it is not guaranteed that all potential hot spots are 
included. 
Both the specific absorption rate (SAR) and the invoked temperature increase are applied 
for optimisation purposes. In the context of the specification of potential hot spots it is 
relevant to realise that a temperature hot spot is a manifestation of a SAR hot spot. 
Although in this manifestation perfusion plays an important role the specification of 
potential hot spots using SAR values as a first indicator is reasonable. 
In this paper we will introduce the approach of delineating potential hot spots by defining 
them as volumes having a SAR above a certain selection level. Since the objective of 
treatment planning optimisation is to efficiently heat the target this selection level is 
coupled to the SAR in the target volume. The delineation procedure utilises the interference 
principle for the EM fields generated in the patient by each separate applicator. These EM 
fields are determined numerically. As a result all potential hot spots can be delineated a 
priori. For two patient cases the delineation method is applied to specify potential hot spots 
that will be included in the maximisation of three different objective functions. The first 
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only maximises the SAR in the target volume for a given system power output. The other 
two intrinsically set a constraint on the set of potential hot spots as a whole. Additionally 
the SAR in each delineated potential hot spot separately can be constrained. 

5.2 Theory 

5.2.1 Delineating potential “hot spots” 
In this paragraph a method by which potential hot spots can be delineated is explained. The 
delineation is based on numerically calculated EM-field data giving the EM-field generated 
by the individual applicators of the hyperthermia treatment apparatus. These individual 
EM-fields can be superposed to determine the EM-field and SAR distribution in the patient 
for any amplitude and phase setting. The optimal SAR distribution can be determined by 
maximising an appropriate object function. Additionally, to suppress the occurrence of hot 
spots, volumes that potentially can exhibit an unacceptable high SAR value must be 
accounted for. These potential hot spots can be searched for in the following 3 steps: 
 

1) At each grid point determine the maximal SAR for a given constant total power 
output of the generators; i.e. maximise heating efficiency. In general the amplitude 
and phase settings resulting in the maximal SAR are different for each grid point.  

2) Select a SAR level at which over-heating is expected.  
3) For the selected SAR level determine which grid points exceed this level. Gather 

the connected grid points to treat these grid points as a single volume. 
 
In the first step the interference of the EM-fields present in phase array heating systems is 
applied. In the following paragraph it is explained how at a certain grid point the maximal 
SAR can be determined for a given constant total power output of the generators. 

5.2.2 Determining the maximal SAR at a grid point 
The definition of this problem has already been presented by several authors (e.g. Bardati et 
al. 1995, Das et al. 1999b) but will be repeated briefly here. In this section first the 
equations specifying the SAR at a grid point will be given and subsequently the solution of 
maximising the heating efficiency will be elaborated 

5.2.3 Specification of the SAR 

The SAR at location r
r

 generated by the N applicators of a hyperthermia system (phased 
array) radiating with strength A1...AN and having a phase delay φ1...φ N is given by  
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with )(rrσ the conductivity in [S/m], )(rrρ the density of mass in [kg/m3], E
r

 the local 
field strength in [V/m] and the asterisk denoting the complex conjugation. The local field 
strength E

r
 is the superposition of the separate fields generated by the N applicators, which 

is mathematically expressed by equation 2. 
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In equation 2,  is the E-field contributed by the i)(rei
rr th applicator if radiating at unitary 

amplitude (Ai=1) and zero phase (φi=0) and 
 

)exp( iii jAF ϕ=  3 
 

represents the dimensionless applicator feed. The maximal SAR deposited at location 
rr  fo  

a certain total power output of the applicators of the hyperthermia system can be found by 
maximising equation 1 with the amplitudes A

r

i and the phases φi as parameters. 

5.2.4 Maximising heating efficiency 

The maximal heating efficiency can be found by stating the optimisation problem as an 
eigenvalue problem. Substitution of equation 2 in equation 1 results in: 
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a NxN Hermitian or self-adjoint matrix having N real and positive eigenvalues λ1,..., λN and 
N eigenvectors ν1,..., νN. Both eigenvalues and eigenvectors can be determined by 
diagonalisation of )(rM r

which can be done efficiently. The SAR at location r
r

by the N 

applicators driven with feed vector F
r

 now can be expressed by  
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Also the average SAR in a volume can be expressed in the same form as the SAR at a 
certain location and can be given by an eigenvalue problem (Wiersma et al. 2002).  
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From equation 5 it is deduced that the maximal SAR at a certain location (or volume) is 
equal to the maximal eigenvalue λi (or λi

’) for a normalised feed vector, i.e.  
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5.3 Material and Methods 

5.3.1 Delineating the potential “hot spots” 
The EM-field in the patient generated by the individual applicators of the hyperthermia 
treatment apparatus is calculated by the CGFFT method (Wiersma et al. 2001,Zwamborn et 
al. 1991, Zwamborn et al. 1992). With the obtained EM-field data, the maximum SAR is 
determined for each grid point by determining the maximal eigenvalue of the matrix 

)(rM r
 defined in equation 4b. In this way a 3D data set is obtained with at each grid point 

the maximal SAR that can be reached for a fixed heating power, i.e. a normalised feed 
vector (equation 6) is applied. From this 3D data set those grid points are selected with a 
SAR value equal or larger than a selection level. Based on the argument that a multiple of 
the SAR in the target needed for a therapeutic temperature of 43 ºC will in general result in 
a temperature higher than 43 ºC this selection level is defined relative to the SAR level in 
the target. Because the exact SAR in the target is not known at the moment the grid points 
are selected its value has to be estimated. Since the optimisation functions presented in the 
next paragraph all aim for efficient target heating, i.e. the highest possible SAR in the target 
considering a fixed heating power, a first order estimation is given by the SAR value in the 
target at maximal heating efficiency. The SAR value in the target volume at maximal 
heating efficiency is given by the largest eigenvalue of the matrix equation given by 
equation 5b for this volume. This optimised SAR in the target volume will be abbreviated 
to OST (Optimised SAR in the Target). Based on initial analyses of the data, selection 
levels at six, four and three times the OST are applied. For each selection level the grid 
points attached to one another are treated as a single potential hot spot. The different 
potential hot spots are then indexed. 
The determined maximum SAR at all grid points is visualised by presenting “maximum 
SAR projection” (MSP) images in the three major directions; x, y, and z. Additionally the 
location of each potential hot spot is projected on the MSP images. 
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5.3.2 Optimisation 
Three objective functions are applied to optimise the hyperthermia treatment. 1) An 
objective function Π1  (equation 7a) determining the SAR in the target volume. This SAR 
related objective function has often been used as an optimisation variable (e.g. Boag et al. 
1988, Niederst et al. 1996). The objective function Π1 has the dimensions of [W/kg] and 
maximising the function is bound by imposing a fixed heating power, i.e. a normalised feed 
vector (i.e. equation 6). 2) An objective function Π2 (equation 7b) determining the fraction 
of the SAR in the target volume to the sum of the SAR of the potential hot spots. This 
objective function explicitly includes potential hot spots and can be compared to the 
objective function defined by Wust et al. (1996a). However, it is still possible that the sum 
of the SAR in the selected potential hot spots is decreased by decreasing the SAR of the 
majority of the potential hot spots while increasing the SAR of a few potential hot spots. 3) 
A third objective function Π3 (equation 7c) determines the fraction of the SAR in the target 
volume to the weighed sum of the SAR of the potential hot spots. The weighing coefficient 
for a potential hot spot is determined from the size of the hot spot and therefore decreasing 
the SAR in a large volume is made more important than decreasing the SAR in a small 
volume. 
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In order to explicitly limit the SAR in the potential hot spots a constraint is introduced that 
at each potential hot spot limits the SAR. This constraint is given in equation 7d and is 
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defined by the fraction of the SAR of a potential hot spot and the SAR in the target volume 
and is further referred to as RPHS (Relative Potential Hot spot SAR). 
 

constraint1ihs,V ≤Π= SARRPHSi   7d 
 
For two patient cases the objective functions defined above will be maximised given the 
constraint defined in equation 7d. The value of the constraint is stepwise decreased (in 
whole numbers) from the highest RPHS value found in the situation of unconstrained 
maximisation to the selection level or to the lowest value at which compliance to the 
constraint is still possible. The consequence of applying different selection levels is 
analysed for both patient cases. 

5.3.3 Re-delineating the potential “hot spots” 
The optimisation of the hyperthermia treatment aims for a SAR in the target equal to the 
OST. As explained previously the potential hot spots are delineated using a SAR threshold 
specified relative to the OST. However, due to the constraints related to the potential hot 
spots, optimisation will result in a SAR in the target that is lower than the OST. This 
implies a lowered potential hot spots selection threshold. With this lowered threshold value 
it is possible that a grid point, not being part of the potential hot spot already delineated, has 
a SAR value that is higher than the SAR threshold value. Therefore, as a post-processing 
step, the actual potential hot spots are re-delineated for the adapted SAR threshold value as 
a check of the rigidity of the delineation method. Note that the SAR value at each grid point 
is already specified by the feed vector determined by the optimisation and that therefore 
step 1 mentioned in paragraph 2.1 is omitted in this re-delineation procedure. 

5.4 Results 

5.4.1 Delineating the potential “hot spots” 
In this paragraph the location of the delineated potential hot spots is indicated by MSP 
images. For clarity each MSP image is constructed from the data of either muscle or fat 
tissue. In figure 1a –c MSP images for the muscle tissue are shown. In figure 2a –c MSP 
images for the fat tissue are shown. In the figures 1a and 2a the location of the target 
volume is indicated by crosses. In each MSP image a circle marks the projection of each 
potential hot spot. The radius of the circle is representative for the volume of the potential 
hot spot and the circle location coincides with the centre of the potential hot spot. In figure 
1a the potential hot spots are given for a selection level of six times the OST. In figure 1b 
and 1c this level is decreased to four and three times the OST respectively. Comparison of 
figure 1a - c and figure 2a – c shows that a lower selection level results in an increase of the 
size of the volumes and the selection of new volumes. Some volumes merge forming a 
single larger volume. Close to the skin of the patient, distributed in pairs at the posterior 
side and the both lateral sides, six larger hot spots appear (figure 2). At the lowest selection 
level, i.e. three times the OST, two of these larger hot spot volumes merge into to a single 
hot spot volume (in figure 2 indicated by an arrow). At the anterior side of the patient no 
comparable hot spots are found. The above mentioned observations are summarised in table 
1. 
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Delineated potential hot spots in muscle tissue at a different selection level 
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Figure 1: Delineated potential hot spots in muscle tissue at selection level a) six, b) four and c) three times the 
OST 
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Delineated potential hot spots in fat tissue at a different selection level 
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Figure 2: Delineated potential hot spots in fat tissue at a selection level of a) six, b) four and c) three times the 
OST 
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Table 1 Overview of number of delineated potential hot spots per selection level and tissue type 

  Number of Potential hot spots (PHsps)  
 Selection level 

(multiple of 
the OST) 

PHsp vol. ≤ 5 
cm3

5 cm3 < PHsp 
vol. ≤10 cm3

10 cm3 < PHsp 
vol. ≤Vmax  

Total 
number of 
PHsps 

Vmax 
[cm3] 

6 12 2 - 14 6 
4 15 2 4 21 44 

muscle 

3 28 4 7 39 110 
       
Fat 6 15 - 6 21 201 
 4 30 6 12 48 385 
 3 55 5 11 71 786 

5.4.2 Optimisation 
Two patient cases are elaborated, namely 1) the case of a patient treated for a bone 
metastasis and 2) a patient treated for cervical cancer. Each of the objective functions Π1 , 
Π2 and Π3 defined in the equations 7a - c are applied to optimise the SAR distribution. The 
potential hot spot volumes included in these objective functions or in the constraint 
specified by equation 7d are delineated at three selection levels, i.e. at six, four and three 
times the OST 

5.4.3 Patient case 1) 
The results of maximising the objective functions Π1 , Π2 and Π3 are presented in table 2 
and figure 3, 4 and 5. In figure 3, 4 and 5 for each selection level the distribution of the 
number of the potential hot spots over the RPHS values is plotted. Each setup in table 2 
represents the result of maximising one of the objective functions while including the 
potential hot spot volumes found at a specific selection level. The delineated potential hot 
spots for this patient case have been presented in figure 1 and 2. In table 2 the capital in the 
setup label refers to the selection level, i.e. A refers to six, B to four and C to three times 
the OST. The following digit refers to the maximised objective function while the last digit 
is used to specify a certain RPHS constraint specified in the 7th column of the table. 
According to this coding, setup label A21 refers to the maximisation of objective function 
Π2  while including the potential hot spots found at six times the OST. No RPHS constraint 
is applied, i.e. the value of the 7th column is “None“.In table 2, besides the values of the 
objective functions, the power load applied to the patient is given (3th column). This power 
load is calculated for a feed vector that results in a SAR of 50 W/kg at the target volume. 
The SAR in the target and the power load to the patient depend on both amplitude and 
phase as defined by the feed vector but that their exact dependence is different; two 
different feed vectors may induce an identical SAR in the target although, due to the spatial 
extent of the applied EM-field and the heterogeneity of the patient tissues, the power load 
applied to the patient is different for these two different feed vectors. The constraints 
applied for the RPHS value (equation 7d) at the potential hot spots displayed in figure 7a - f 
are given in the 7th column of table 2.  
The distribution of the number of the potential hot spots over the per RPHS values is 
plotted in figure 3, 4 and 5. The first bin comprises the RPHS value lower than 0.5 . 
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RPHS value Distribution of the potential hot spots 
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Figure 3: RPHS value Distribution of the potential hot spots ; Patient case 1, selection level of six times the OST. 
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Figure 4: RPHS value Distribution of the potential hot spots ; Patient case 1, selection level of four times the OST 
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Figure 5: RPHS value distribution of the potential hot spots. Patient case 1, selection level of three times the OST. 
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Table 2 Optimisation results for patient case 1 

Setup 
Label 

Optimised 
Obj. 
function 

Power load applied to the 
patient at a SAR of 50 W/kg in 
the target 

Π1 Π2 Π3 RPHS 
constraint 

 
A11 Π1 831 0.186 0.0116 0.0004181 None 
A12 Π1 836 0.181 0.0120 0.0004040 8 
A13 Π1 893 0.165 0.0118 0.0003714 7 
A14 Π1 1038 0.134 0.0105 0.0003508 6 
A21 Π2 920 0.162 0.0131 0.0003407 None 
A22 Π2 920 0.162 0.0131 0.0003407 8 
A23 Π2 970 0.149 0.0129 0.0003242 7 
A24 Π2 1102 0.127 0.0118 0.0003200 6 
A30 Π3 3152 0.045 0.0041 0.0008157 None 
A31 Π3 1569 0.088 0.0068 0.0006930 10 
A32 Π3 1453 0.093 0.0075 0.0005596 8 
A33 Π3 1404 0.095 0.0084 0.0004653 7 
A34 Π3 1342 0.102 0.0084 0.0003838 6 

 
B11 Π1 831 0.186 0.0098 0.0002547 None 
B12 Π1 828 0.185 0.0098 0.0002536 6 
B13 Π1 876 0.169 0.0094 0.0002358 5 
B14 Π1 1121 0.124 0.0078 0.0002096 4.1 
B21 Π2 835 0.178 0.0101 0.0002418 None 
B22 Π2 835 0.178 0.0101 0.0002418 6 
B23 Π2 882 0.164 0.0096 0.0002268 5 
B24 Π2 1121 0.124 0.0078 0.0002096 4.1 
B30 Π3 1330 0.105 0.0057 0.0003278 None 
B31 Π3 1330 0.105 0.0057 0.0003278 7 
B32 Π3 1194 0.116 0.0065 0.0003148 6 
B33 Π3 1195 0.115 0.0068 0.0002766 5 
B34 Π3 1147 0.121 0.0075 0.0002135 4.1 

 
C11 Π1 831 0.186 0.0087 0.0001924 None 
C12 Π1 852 0.175 0.0083 0.0001844 4 
C13 Π1 1099 0.117 0.0062 0.0001439 3.58 
C21 Π2 837 0.181 0.0088 0.0001830 None 
C22 Π2 855 0.169 0.0084 0.0001771 4 
C23 Π2 1099 0.117 0.0062 0.0001439 3.58 
C31 Π3 972 0.147 0.0063 0.0002176 None 
C32 Π3 963 0.145 0.0064 0.0002049 4 
C33 Π3 1099 0.117 0.0062 0.0001439 3.58 

 
The results presented in table 2 and the figures 3 - 5 can be summarised as follows: A large 
number of potential hot spots is selected. A lower selection level results in an increased 
number of potential hot spots; The number of potential hot spots is 35, 69 and 110 at a 
selection level of six, four and three times the OST respectively (table 1). These numbers 
are much larger than the number of potential hot spots selected in the studies of Wust et al. 
1996a and Das et al. 1999b. A lower selection level, besides an increased number of 
potential hot spots also shows an increase of the volume of those potential hot spots 
delineated at a previous selection level. 
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As mentioned earlier, at each selection level the RPHS constraint is decreased in steps 
towards the selection level value. At the lowest selection level of three times the OST a 
RPHS constraint equal to the selection level value results in a conflicting set of RPHS 
constraints; i.e. the presence of one or more hot spots with a RPHS value larger than the 
RPHS constraint value cannot be prevented.  
By application of an RPHS constraint the highest RPHS values decrease to the selected 
RPHS constraint. In most cases only a single hot spot is actively constrained as indicated in 
figure 3 - 5 by the number of potential hot spots in the highest RPHS bin. At higher RPHS 
constraints and lower selection levels the number of actively constrained hot spots 
increases. 
On average the number of potential hot spot with a high RPHS value is larger for 
maximising objective function Π3  (right panel in figure 3 - 5) than for maximising the 
objective functions Π2 and Π1 ( left and middle panel in figure 3 - 5). This can be explained 
as a result of an increased weight of the potential hot spots with a large volume and low 
SAR compared to those with a smaller volume and a high SAR; i.e. increasing the value of 
Π3  is more worthwhile when decreasing the SAR of a large volume than when decreasing 
the SAR of a small volume. The effect of minimising the summed SAR while maximising 
SAR at the target, i.e. maximising objective function Π2 , is clearly present in at the highest 
selection level (figure 3): the distribution of potential hot spots for objective function Π2 
(middle panel in figure 3) drastically shifts towards lower RPHS bins compared to the 
distribution for objective function Π1 (left panel in figure 3). At lower selection levels this 
effect is much less apparent or even not present (figures 4 and 5).  
Increasing the RPHS constraint, i.e. decreasing the RPHS constraint value in equation 7d, 
results in a redistribution of the lowest and highest RPHS values towards more intermediate 
RPHS values. This is independent of objective function or selection level. Furthermore 
increasing the RPHS constraint results in a less efficient heating for maximising the 
objective functions Π2 and Π1 and the power load applied to the patient to establish 50 
W/kg in the target varies from 800 – 1100 Watt. For maximising Π3 this is also the case at a 
selection level of three times the OST. For a selection level of six and four times the OST 
the efficacy (Π1) is increased and the power load applied to the patient to establish 50 W/kg 
in the target varies from 1100 – 3000 Watt. The change in the value of each of the objective 
functions is substantial (>> 10 %) if the RPHS constraint is decrease from “None” to the 
order of the selection level. 
At identical selection levels and RPHS constraints the heating efficiency, i.e. Π1 , is best 
after optimising Π1 and worst after optimising Π3. For lower RPHS constraint the results of 
maximising the three different object functions become similar and in the extreme case are 
identical (table 1, cases C13, C23 and C33). For these cases also the distribution of the 
number of potential hot spots over the RPHS bins is identical (figure 5, yellow bar). In 
these cases maximising the objective functions is dictated by the RPHS constraint. 

5.4.4 Patient case 2) 
The result of maximising the objective functions Π1 , Π2 and Π3 is presented in table 3 and 
the figures 7 - 9. Each setup in table 3 represents the result of maximising one of the 
objective functions including the potential hot spot volumes delineated at a specific 
selection level. 
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Delineated potential hot spots in fat tissue at a different selection level 

     

a)
 6

 x
 th

e 
O

ST
 

     

b)
 4

 x
 th

e 
O

ST
 

 

     

c)
 3

 x
 th

e 
O

ST
 

 

Figure 6: Delineated potential hot spots in fat tissue at a selection level of a) six, b) four and c) three times the 
OST. 
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Delineated potential hot spots in muscle tissue at a different selection level 
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Figure 7: Delineated potential hot spots in muscle tissue at a selection level of a) six, b) four and c) three times the 
OST. 
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The delineated potential hot spots for this patient case are presented in figure 6 and 7. 
Figure 6a - c presents MSP images and potential hot spots in the fat tissue at six, four and 
three times the OST respectively. Figure 7a - c presents MSP images and potential hot 
spots in the muscle tissue at six, four and three times the OST respectively. The capital in 
each setup label given in column 1 of table 3 refers to the selection level; A refers to six, B 
to four and C to three times the OST. The following digit refers to the objective function 
while the last digit is used to specify a certain RPHS constraint specified in the 7th column 
of table 3. In the figures 8 - 10 the distribution of the RPHS values of the potential hot spots 
is plotted for each selection level; six, four and three times the OST respectively. 
 

Table 3 Optimisation results for patient case 2. Π1 ; The SAR in the target at a normalised feed vector, Π2 ; 
Maximal SAR in the target at minimal summed SAR in a selected set of potential hot spots, Π3 ; Maximal SAR 

in the target at minimal weighed summed SAR in a selected set of potential hot spots. 
Setup 
Label 

Optimised 
Objective 
function 

Power load applied to 
the patient at a SAR of 
50 W/kg in the target 

Π1 Π2 Π3 RPHS 
constraint 

 
A11 Π1 581 1.007 0.0336 0.0103 None 
       
A21 Π2 588 0.819 0.0376 0.0082 None 
       
A31 Π3 608 0.665 0.0277 0.0152 None 
A32 Π3 603 0.677 0.0280 0.0152 8 
A33 Π3 585 0.730 0.0295 0.0150 7 
A34 Π3 567 0.788 0.0314 0.0144 6 

 
B11 Π1 581 1.007 0.0175 0.00283 None 
B12 Π1 581 1.007 0.0175 0.00283 5 
B13 Π1 595 0.993 0.0174 0.00275 4 
       
B21 Π2 597 0.701 0.0191 0.00243 None 
B22 Π2 597 0.701 0.0191 0.00243 5 
B23 Π2 617 0.726 0.0188 0.00232 4 
       
B31 Π3 550 0.863 0.0176 0.00308 None 
B32 Π3 555 0.881 0.0177 0.00306 5 
B33 Π3 574 0.913 0.0175 0.00291 4 

 
C11 Π1 581 1.007 0.01248 0.00129 None 
C12 Π1 596 0.675 0.01346 0.00121 3 
       
C21 Π2 554 0.710 0.01406 0.00132 None 
C22 Π2 596 0.666 0.01347 0.00120 3 
       
C31 Π3 559 0.816 0.01339 0.00144 None 
C32 Π3 553 0.878 0.01359 0.00142 4 
C33 Π3 596 0.675 0.01346 0.00121 3 

 
A large number of hot spots is selected, although smaller than for patient case 1. A lower 
selection level results in an increased number of potential hot spots; The number of hot 
spots is 15, 29 and 54 at a selection level of six, four and three times the OST 
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respectively. Again these numbers are larger than the number of potential hot spots selected 
in the studies of Wust et al. 1996a and Das et al. 1999b. 
Again the effect of minimising the summed SAR while maximising SAR at the target, i.e. 
maximising objective function Π2 , is present in at the highest selection level (figure 8): the 
distribution of potential hot spots for objective function Π2 (middle panel in figure 8) 
slightly shifts towards lower RPHS bins compared to the distribution for objective function 
Π1 (left panel in figure 8). At lower selection levels this effect is much less apparent or 
even not present (figures 9 and 10). 
Increasing the RPHS constraint results in a redistribution of mainly the highest RPHS 
values towards more intermediate RPHS values. This is independent of objective function 
or selection level. 
Increasing the RPHS constraint, i.e. decreasing the RPHS constraint value in equation 7d, 
results in a slightly altered heating efficiency; the power load applied to the patient to 
establish 50 W/kg in the target varies from 550 – 600 Watt. The change in the value of each 
of the objective functions is moderate (< 4 %) if the RPHS constraint is decrease from 
“None” to the order of the selection level. 
At each selection level the RPHS constraint is decreased in steps towards the selection level 
value. For each selection level the RPHS constraint value can be decreased to the selection 
level value. For each objective function a similar setup is determined if the values in table 3 
and distribution in figure 10 for the setup labels C12, C22 and C33 are compared. 

103 



Ch 5. Delineation of potential hot spots for hyperthermia treatment planning optimisation 
 

 
RPHS value Distribution of the potential hot spots 
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Figure 8: RPHS value Distribution of the potential hot spots. Patient case 2, selection level of six times the OST. 
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Figure 9: RPHS value Distribution of the potential hot spots. Patient case 2, selection level of four times the OST. 
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Figure 10: RPHS value Distribution of the potential hot spots. Patient case 2, selection level of three times the 
OST. 
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5.5 Discussion 
For both tissue types the results of the delineation of the potential hot spot volumes show 
that the SAR at a large number of these volumes can reach a value that is higher than four 
to six times the OST value. Also, although the term “potential hot spot” suggests a small 
volume, large volume potential hot spots in some cases are specified by the delineation 
procedure. The value chosen to select the potential hot spots volumes, the selection level, 
clearly has consequences for the number of potential hot spots volumes and the size of 
these volumes. For the presented selection levels of four and six times the OST, the 
potential hot spot volumes in the muscle tissue tend to be found roughly at the same 
locations. In the fat tissue a number of relatively large potential hot spot volumes appear at 
all selection levels. An explanation for a number of the latter potential hot spot volumes is 
their proximity to the applicator aperture and the EM-field direction at these locations 
(Wiersma et al. 1996). Hand et al (Hand 1990) argued that cooling of the patients skin only 
is substantial over a distance of approximately 2 cm from the patient skin. Because SAR is 
optimised here, cooling effects are not accounted for. However a rough method of 
monitoring the SAR in the substantially cooled tissue close to the patient skin is obtained 
by delineating potential hot spots in fat and muscle tissue separately. 
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Figure 11: The feed vector homogeneity index for the potential hot spots found at the different selection levels 
defined for both patient case 1 and patient case 2. 

The SAR of potential hot spot volumes is used in both objective functions Π2 and Π3 
(equation 7b and 7c) and in RPHS constraint (equation 7d) applied in the optimisation of 
the objective functions. The SAR of a potential hot spot volume is determined by averaging 
the SAR over the grid points constituting the potential hot spot (Wiersma et al, 2002) for a 
feed vector which is applied to all grid points. It is assumed that the feed vector and the 
resulting maximal SAR for the potential hot spot represents the feed vector and maximal 
SAR at the grid points constituting the potential hot spot. However, large potential hot spot 
volumes might exhibit a large variation in the feed vector for which the separate grid points 
reach their maximal SAR. In these cases it is not justified to assemble a set of grid points to 
specify a potential hot spot. Insight in this problem can be obtained through analyses of the 
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fraction of the maximal SAR found for the potential hot spot and the average maximal SAR 
of the grid points constituting the potential hot spot. This fraction offers an indication of the 
homogeneity of the feed vector, i.e. the amplitude and phase setting, at which the separate 
grid points of a potential hot spot reach their maximal SAR. Therefore this fraction is 
further defined as the feed vector homogeneity index. In figure 11 the feed vector 
homogeneity index is plotted as a function of the potential hot spot size. For the majority of 
the potential hot spots the feed vector homogeneity index is close to 1 indicating that for the 
majority of the potential hot spot treating this potential hot spot as a single volume is 
justified. The potential hot spot volumes with a feed vector homogeneity index below .9 are 
identified as potential hot spot volumes in the fat tissue. In none of the optimisation cases 
these potential hot spot volumes have a substantial contribution to the value of the objective 
function or is their SAR value actively constraint.  
The potential hot spots are selected using a SAR threshold level. This SAR threshold level 
specifies a SAR threshold value relative to the SAR value in the target above which 
potential hot spots are delineated. Since the SAR in the target after maximising each of the 
objective functions is not known in advance the SAR in the target after maximising is 
estimated by the OST value. However, due to the constraint related to the potential hot 
spots, maximising of the objective functions results in a normalised feed vector for which 
the objective function is maximal however the SAR in the target will be lower than the 
OST value. As a consequence, the “actual” SAR threshold value applied for the potential 
hot spot selection also is lowered. Therefore, as a postprocessing step, the actual potential 
hot spots are delineated for the optimised normalised feed vector and the corresponding 
updated SAR threshold value. Due to the fixed normalised feed vector not all previously 
delineated potential hot spots will be re-delineated. For patient case 2 this re-delineation 
step in general only finds grid points that result in a small increase of potential hot spots 
already delineated in the initial step. For a single setup label an additional potential hot spot 
is delineated (patient case 2, setup label B21). For patient case 1 optimising object function 
Π3, besides a small increase of potential hot spots already delineated in the initial step, a 
large number of additional potential hot spot are delineated by the post processing step. 
This is especially the case for a selection level of 6 times and 4 times the OST. The number 
of grid points constituting these additional potential hot spots are given in table 3. In this 
table it is shown that for setup label A30 an extreme number of additional grid points is 
selected. Note however that, since the SAR in the target given by Π1 (column 4 of table 3: 
0.045) is much lower than the OST value (setup label A11 in table 1: 0.186), the selection 
level is drastically lowered for this case. 
 

Table 4 Grid Points added by the post processing step for patient case 1 
 
Setup 
Label 

Optimised 
Objective 
function 

Power load applied to the 
patient at a SAR of 50 
W/kg in the target 

Π1 Grid Points 
added by the 
post processing 
step 

Grid points 
delineated in 
initial step 

A30 Π3 3152 0.045 1561 763 
A31 Π3 1569 0.088 16  
A32 Π3 1453 0.093 2  
A33 Π3 1404 0.095 2  
A34 Π3 1342 0.102 70  

B30 Π3 1330 0.105 10 1691 
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B31 Π3 1330 0.105 10  
B32 Π3 1194 0.116 1  
B33 Π3 1195 0.115 2  
B34 Π3 1147 0.121 130  

C31 Π3 972 0.147 0 3176 
C32 Π3 963 0.145 0  
C33 Π3 1099 0.117 0  
      

 

The local SAR and the perfusion of the tumour area predominantly determine the achieved 
increase of the tumour temperature. In a study by 1995b (Wust et al. ), among other 
determinants for radio frequency hyperthermia, the relation between thermoregulation, 
local tumour SAR and tumour temperature increase was analysed based on a large number 
of regional heat treatments. The study of Wust et al indicates that, in the majority of the 
treatments the SAR in the tumour is lower than 50 W/kg (mean value 38 W/kg). 
Furthermore, Wust et al indicate that to establish a tumour temperature increase larger than 
4 °C (≈4 °C at high perfusion and ≈5 °C at low perfusion), a SAR higher than 35 W/kg is 
necessary in 40% of the treatments while in 40% of the treatments a SAR lower than 35 
W/kg only suffices if the perfusion is low (< 10 g/100ml/min). In the remaining 20% of the 
treatments the high perfusion in combination with a SAR lower than 35 W/kg results in a 
temperature increase of ≈ 2 °C.  Therefore the power load of the patient at a SAR of 50 
W/kg in the target, as presented in both tables 1 and 2, must be considered as an upper 
limit. 
The number of selected potential hot spots is dependent on the SAR that can be realised in 
the target volume and thus is dependent on location and size of the target volume. For a 
certain selection level a large number of potential hot spots will be selected if only a “low” 
maximal SAR in the target volume can be realised.  Or, vice versa, a small number of 
potential hot spots will be selected if a “high” maximal SAR in the target volume can be 
realised. Together with the ability to constrain the SAR at the selected potential hot spot 
and assuming that all necessary heating power is available this in principle is an indication 
for the possibility to heat the target. 
This paper presents data on potential hot spot suppression in conjunction with maximisation 
of the SAR in the target. For this purpose three objective functions are defined, one 
maximising the SAR in the target and two maximising the SAR in the target while 
minimising the summed SAR in a set of potential hot spots. The SAR in each potential hot 
spot is limited by a specified SAR constraint value. The impact of this SAR constraint 
value becomes larger if the constraint value is lowered. For a relatively strong constraint, 
i.e. a low SAR value, the result of the objective function maximisation is determined by the 
constraint totally and not by the objective function. Objective function Π1, only maximising 
the SAR in the target, results in a higher heating efficiency while the two other objective 
functions show a lower heating efficiency due to minimising the summed SAR in the 
potential hot spots. Based on the data presented the objective function only maximising the 
SAR in the target in conjunction with a SAR value constraint to limit the SAR in potential 
hot spots appears to be a justified candidate for treatment optimisation based on SAR 
values. 

107 



Ch 5. Delineation of potential hot spots for hyperthermia treatment planning optimisation 
 

5.6 Conclusion 
This paper introduces a method for the delineation and visualisation of potential (SAR) hot 
spots. Potential hot spots are delineated by selecting those grid points for which the 
maximal SAR exceeds some SAR selection level. From the selected grid points sets of 
connected grid points are assembled. The maximal SAR at a grid point is the highest SAR 
value that can be reached at the grid point for a normalised feed vector. The selection level 
is specified relative to the OST value. Although this procedure still includes an arbitrary 
selection criterion, i.e. the selection level, the selection is solely based on calculated EM-
field data. As a result all potential hot spots, including those excluded if the selection 
criterion is based on anatomy, can be delineated a priori. 
Three different objective functions accompanied by constraints are applied to maximise the 
SAR in the target. The delineated potential hot spots are adopted in the objective function, 
in the constraint or in both. Each of the objective functions is maximised for a normalised 
feed vector. This normalised feed vector can be interpreted as a constant system power 
output. Objective function Π1 maximises the SAR in the target, objective function Π2 
maximises the fraction of the SAR in the target over the summed SAR in the potential hot 
spots and the third objective function Π3 maximises the SAR in the target over the weighed 
sum of the SAR in the potential hot spots. Objective function Π1 does not address any 
potential hot spots while Π2 and Π3 address the potential hot spots, but as a set and not 
individually. Therefore an additional constraint on the maximal SAR of the potential hot 
spots is added to prohibit the possibility of a high SAR in any hot spot. Both the delineation 
of potential hot spots and maximising of the three objective functions are performed for two 
different patient cases. 
Although the objective functions Π2 and Π3 implicitly restrict the sum of the SAR resp. 
weighed sum of the SAR of all selected potential hot spots, still actual hot spots occur. 
Therefore an additional constraint on each potential hot spot is necessary. However, in this 
case potential hot spots are constrained in two ways; in the objective function and by the 
additional constraint. This seems excessive and results in situations where the heating 
efficiency is not optimal. The combination of an objective functions only maximising the 
SAR in the target, Π1 with a separate constraint on all potential hot spots appears to be the 
most efficient 
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6 Pre-implementation simulations to improve the axial control of a waveguide 
based hyperthermia system 

 
 
 
 

Abstract 
Several regional hyperthermia systems such as the AMC 4 waveguide phased array system 
have proven to yield good clinical results for a number of tumour localizations. In some 
cases these results were obtained in spite of the fact that the aimed tumour temperature was 
not realised. Still, many studies show a correlation between achieved tumour temperature 
and the clinical response. Therefore it is investigated whether the regional hyperthermia 
systems could be improved. This is done be designing hyperthermia system with more RF 
applicators or by varying the operation frequency. In our institute a new system is designed 
in which the existing AMC 4 waveguide phased array (AMC-4 system) is doubled to an 8 
waveguide phased array (AMC-8 system) arranged in a configuration of two 4 waveguides 
rings. The performance of this AMC-8 system is analysed and compared with the AMC-4 
system in a parameter study varying the distance between the rings and the aperture size of 
the waveguides of the AMC-8 system. By applying the WF-CGFFT method the heating 
distribution in a cylindrically shaped phantom is calculated for the aforementioned 
parameters. The ratio between the SAR in a target located centrally in the system and the 
maximal SAR found in the periphery and the heated volume are considered as indicators of 
the performance.  
The AMC-8 system shows an improved ratio between target and peripheral heating; a 
higher SAR (up to 38%) at the target is obtained with the AMC-8 system with the same 
peripheral SAR as for the AMC-4 system. Furthermore the heating pattern can be adjusted 
for targets being positioned outside the center plane between the two rings. The 
improvement is considered to be the most advantageous for a ring to ring distance of 4.5 
cm and an aperture size that is kept identical to that for the AMC-4 waveguide system. As a 
side effect the volume being heated is increased. This might result in a less heterogeneous 
temperature distribution in the target area due to pre-heating of blood flowing into this 
region. 
 
Key words:  Hyperthermia, applicator development, RF deep heating. 
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6.1 Introduction 
Several regional hyperthermia systems such as the AMC 4 waveguide phased array system 
have proven to yield good clinical results for a number of tumour localizations (Van der 
Zee et al. 2000). In some cases these results were obtained in spite of the fact that the aimed 
tumour temperature was not realised. Still, many studies show a correlation between 
achieved tumour temperature and the clinical response (Sherar et al. 1997, Overgaard et al. 
1996, Cox et al. 1992). Therefore it is investigated whether the regional hyperthermia 
systems could be improved. Possible improvements of regional hyperthermia systems aim 
at increased central heating versus superficial heating, SAR steering in the axial direction 
and increased SAR steering capabilities in general to prevent SAR/temperature hot spots. In 
simulation studies the improvement of the BSD 2000 and sigma eye annular phased array 
system has been investigated. Since for these systems the RF frequency of the EM-field is a 
parameter that can be set by the operator the optimal frequency has been a parameter in a 
several studies (Paulsen et al. 1999,Kroeze et al. 2001). In other studies the number of RF-
sources has been increased and it has been shown that this leads to an increase in tumour 
temperature. This is explained by an improved control over the heating distribution as a 
result of the increased number of parameters. The BSD sigma eye has been developed on 
the basis of the simulation results published by Wust et al (1996). In this relatively new 
hyperthermia system the single ring of dipoles sources in the BSD 2000 applicator is 
replaced by three rings of dipole sources. This design improves the steering capability as 
predicted by the simulation studies, but it also introduces new cross talk and system 
operating problems. In the design of Kroeze et al (2001) 18 cavity slot radiative applicators 
are applied. The applicators are placed in 3 rings of 6 applicators each. This design was 
shown to be able to realise a higher temperature than the Coaxial TEM applicator 
developed at the same institute. In our institute also effort is put in improvement of the 
current system; a new system is designed in which the existing AMC 4 waveguide phased 
array is doubled to an 8 waveguide phased array arranged in a configuration of two 4 
waveguides rings (figure 1). The possible advantage of this 8 waveguide phased array is 
analysed in a parameter study varying the distance between both rings and the aperture size 
of the waveguides. 

6.2 Material and Methods 
The concept of an 8 waveguides phased array is elaborated for the case that the waveguides 
are in a configuration of two 4 waveguides rings. This system is further referred to as the 
AMC-8 system. The AMC-8 system is evaluated on both heating properties and steering 
capability in caudal ~ cranial direction in a parameter study varying; 1) the distance 
between the two rings determining the interaction between these two rings and 2) the 
waveguides’ aperture size indirectly determining the hyperthermia system’s size. The first 
parameter is of importance for the high power deposition at the edges of the waveguide 
which is a consequence of the high EM-field strength and the local EM-field direction 
(Wiersma et al. 1998). The second parameter is related to the total system size and the 
necessary water bolus which has impact on patient comfort during treatment (Gibbs et al. 
1984, Sapozink et al. 1984, Gibbs et al. 1985, Sapozink et al. 1985, Sapozink et al. 1986b, 
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Sapozink et al. 1986a). Furthermore this parameter is of importance for the EM-field 
penetration depth (Hand 1990). 

6.3 Parameter study 

The power distribution pattern in a phantom (length 81cm) with a cylindrical cross section 
(diameter 34 cm) has been numerically determined for a single 4 waveguides ring system, 
i.e. the AMC-4 system, and the double 4 waveguides ring system, i.e. the AMC-8 system. 
For convenience a co-ordinate system is defined having the principal z-axis coincide with 
the central axis of the phantom and the principal x- and y-axis lying in the plane centred on 
the present waveguides (figure 1). The calculations yield the power distribution on a 
1x1x1,5cm3 grid (in the principal x- ,y- and z-direction respectively) and have been 
performed by a hyperthermia planning system based on the WF-CGFFT method (Wiersma 
et al. 2001). For the AMC-8 system the distance between the two rings (δDist), being 
measured from aperture to aperture in the principal z-axis direction, has been varied from 
9cm to 4,5cm in steps of 1,5cm (9cm, 7,5cm, 6cm and 4,5cm). The aperture size (δApt) has 
been varied in the principal z-axis direction from 19,5cm to 7,5cm in steps of 3cm (19,5cm, 
16,5cm, 13,5cm, 10.5cm, 7,5cm) for δDist =4,5cm. The largest axis of the aperture size 
which determines the cut-off frequency of the waveguide is fixed to 34cm. To evaluate 
heating properties and steering capability for each parameter set-up, 8 locations on the z-
axis (0cm, .. 10.5 cm) covering the heating area have been selected for heating optimisation 
(figure 2). The optimisation goal has been set to maximal heating efficiency, i.e. maximal 
power at the target location versus the power administered in total. This objective does not 
result in a local SAR focus at the target location for all locations. Therefore the objective 
has also been maximised with the constraint that the power at the specific location is higher 
or equal to the power at the neighbouring locations on the z-axis. 
 

AMC-8 system and indication of varied parameters   
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figure 1: AMC-8 system and indication of varied parameters. Target locations by which the SAR steering in 
cranial – caudal direction is studied are indicated on the z-axis. In figure 2 the region with these target locations is 
given enlarged. 
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 Overview of target locations 
 

    

 

 

   

figure 2: Overview of target locations by which the SAR steering in cranial – caudal direction is studied.  

6.4 Results 
The heating capability of the AMC-8 system is evaluated by comparison of the power 
deposition pattern of the proposed system with that of the AMC-4 waveguide phased array. 
The comparison is performed by two parameters considered to characterise the heating 
capability; the FWHM of the heating profile along the central phantom axis (or z-axis) and 
the ratio Sratio of the maximal SAR value at the phantom surface (located near the 
waveguide edges) and the SAR value at the target located at the phantom’s centre. The 
FWHM is a measure of the area heated and the Sratio is a measure for the heating at depth 
relative to the high EM-field strength and the local EM-field direction at the edges of the 
waveguide, i.e. fringing field effects. A Sratio equal to 1.0 means a maximal SAR at the 
phantom surface equal to the SAR at the target location.  

6.5 Central Target heating 

Both the FWHM and the Sratio for the AMC-4 waveguide phased array and the AMC-8 
waveguides phased array are tabulated below. For the AMC-8 system the ring to ring 
distance (δDist) and the aperture size (δApt at δDist =4.5 cm) is varied. In order to simplify 
the comparison with the AMC-4 system two additional parameters are defined. The 
parameter FWHMrel is defined as the FWHM of the AMC-8 system relative to the FWHM 
of the AMC-4 system. The RSratio is defined as difference between Sratio of the AMC-4 
system and the AMC-8 system given relative to the Sratio of the AMC-4 system. Aiming at a 
certain power deposition in the target, SARtarget,  for either setup this parameter gives the 
relative decrease in power deposition in the border area in comparison to the standard 
situation i.e. AMC-4 system. At a value of RSratio = 20% the power deposition at the border 
area for the AMC-8 waveguides phased array is 80% of the power at the border area for the 
AMC-4 system. 
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Note that the RSratio in equation 1 is positive if the Sratio of the set-up in question is smaller 
than the Sratio of the AMC-4 system. In this case for a SAR at the target that is identical for 
both systems the maximal SAR deposited at the border area is smaller for the AMC-8 than 
for the AMC-4. For a maximal SAR at the border that is identical for both systems the 
maximal SAR deposited at the target is higher for the AMC-8 than for the AMC-4. 
 

table 1: comparison of heating capability varying both δDist as δApt (at a δDist = 4.5 cm) 

Set-Up  SAR at target 
for1kW total 

FWHM 
[cm] 

Sratio FWHMrel RSratio [%] 

AMC-4  51 20 1.97 1.00 0 
       

AMC-8, δApt = 19.5 cm δDist = 4,5 cm 44 30 1.21 1.51 38 

 δDist = 6,0 cm 36 33 1.31 1.67 33 

 δDist = 7,5 cm 39 35 1.34 1.76 32 

 δDist = 9,0 cm 23 47 2.11 2.37 -7 

       

AMC-8, δDist = 4,5 cm δApt = 19.5 cm 44 30 1.21 1.51 38 

 δApt = 16.5 cm 47 27 1.29 1.36 35 

 δApt = 13.5 cm 47 25 1.45 1.23 26 

 δApt = 10.5 cm 47 22 1.87 1.11 5 

 δApt = 07.5 cm 45 19 2.90 0.98 -47 

The addition of a similar 4 waveguides ring to the AMC-4 system increases the FWHM by 
at least 50%. The SAR deposited in the target relative to 1 kW deposited in total decreases 
from 51 W/kg to 44 W/kg. Furthermore the Sratio, AMC-8 decreases with 38% of the Sratio, AMC-4 
as expressed by the RSratio (table 1, AMC-8, δApt = 19.5 cm, δDist = 4,5 cm ). If we aim at the 
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same power deposition at the target for either system the power deposition at the surface 
area for the AMC-8 system also decreases with 38% relative to the power deposition at the 
border for the AMC-4 system. The power output of the system has to be increased with a 
factor of 1.16 (51/44) to establish the same power deposition in either case.  
Increasing the distance (δDist) between the two waveguides rings of the AMC-8 system 
results in a further increase of the FWHM with a clear increase to 47 cm for δDist=9.0 cm. 
For this distance the SAR deposited in the target relative to 1 kW deposited in total has 
decreased to 23 W/kg; for this system a target localized in the center is hard to heat. The 
relative change of the Sratio decreases and shows a drop to –7% for δDist = 9.0 cm. Thus, at 
this distance the Sratio, AMC-8 increases with 7% of the Sratio, AMC-4. Variation of the aperture 
width (δApt) from 19.5 cm to 7.5 cm results in a decrease of the FWHM from 30 cm to 19 
cm and an increase of the Sratio from 1.2 to 2.9. At an aperture width of 10.5 cm (δApt = 
10.5cm) both the FWHM value and the Sratio are comparable to the AMC-4 set-up. 
(FWHMrel = 1.1, RSratio = 5%). 

6.6 Caudal ~ Cranial (or z-axis) steering capability. 

The caudal ~ cranial steering capability is evaluated by moving an imaginary target along 
the z-axis out of the phantom centre (figure 2). At each target location the amplitude and 
phase setting of the AMC-8 system is determined for heating of the target with maximal 
efficiency by maximising an objective function given by the power at the target location 
versus the power administered in total. However, this does not result in a local SAR focus 
at the target location for all locations. Therefore the objective function has also been 
maximised with the constraint that the power at the specific location is higher or equal to 
the power at the neighbouring locations on the z-axis. The target location has been varied 
from 0 cm (coinciding with the phantom centre) to about 10 cm. For each location both the 
FWHM value and the SAR ratio change has been determined. The analysis has been 
performed for both the waveguide ring to waveguide ring distance variation (δDist) as for 
the aperture width (δApt) variation. 

6.6.1 Ring to Ring distance variation 

The figures 3 & 4 present the consequences to both FWHMrel value and RSratio if the target 
is displaced over the z-axis for fixed δApt (19.5 cm) and varying δDist. Note that for a 
target location of 0.0 cm the values depicted in the figures correspond to the values 
tabulated in table 1. Figure 3 illustrate the case where the amplitude and phase setting is set 
to maximal target heating efficiency. The FWHMrel value decreases rapidly and converges 
to 1 for larger displacements; the FWHM for the AMC-8 system becomes identical to the 
FWHM for the AMC-4 system. Also the change of the SAR ratio decreases with larger 
displacements and appear to converge to a 0% change. Only a ring to ring distance of 9.0 
cm shows a clear negative change for all displacements, including no displacement at all. 
Figure 4 illustrates the case where the amplitude and phase setting is set to obtain a local 
maximum at the target location. Initially the FWHMrel value only changes slowly with 
increasing displacement and only at displacements larger than 4 cm the FWHMrel values 
start to decrease monotonically. The RSratio immediately decreases monotonically with 
increasing displacement. An exception to this behaviour is the set-up with a ring to ring 
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distance of 9.0 cm. For this setting the RSratio is negative for most target locations and only 
at a target location of 9 cm and 10.5 cm the RSratio is 0% which essentially means the AMC-
8 system switches to the AMC-4 mode, i.e. only one of both rings contributes to the power 
deposition. 
 

Ring - ring distance variation. Optimization set to maximal target heating efficiency at the target location 
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figure 3: Variation of the FWHMrel and RSratio with target location for various ring to ring distances. Amplitude 
and phase setting is optimised for maximal target heating efficiency at the target location 

 
Ring - ring distance variation. Optimization set for a maximum SAR at the target location 
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figure 4: Variation of the FWHMrel and RSratio with target location for various ring to ring distances. Amplitude 
and phase setting is optimised to obtain a local SAR focus at the target location. 

For all cases the displacement results in an increased SAR deposited in the target if for all 
cases 1kW is deposited in total. This effect must be attributed to the decrease in the volume 
being heated as indicated by the FWHMrel. In general for δDist <= 7.5 cm and a target 
within a distance from the centre of the AMC-8 system of 4 cm results in a relative FWHM 
value in the order of 1.5 and an improvement of the SAR ratio larger than 10%. This means 
that in a large region around the centre of the AMC-8 system a higher SAR at the target can 
be established with the same peripheral heating as the AMC-4 system. 
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6.6.2 Aperture size variation 
 

Aperture size variation. Optimization set to maximal target heating efficiency at the target location 
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figure 5: Variation of FWHMrel and RSratio with target location for various aperture sizes .Amplitude and phase 
setting is optimised to maximal target heating efficiency at the target location 

 
Aperture size variation. Optimization set for a maximum SAR at the target location 
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figure 6: Variation of FWHMrel and RSratio with target location for various aperture sizes .Amplitude and phase 
setting is optimised to obtain a maximum SAR at the target location. 

The figures 5 & 6 depicted above present the consequences to both FWHMrel value and 
RSratio if the target is displaced over the z-axis for fixed δDist and varying δApt. Note that 
for a target location of 0.0 cm. the values depicted in the figures correspond to the values 
tabulated in table 1 for the aperture size variation (δApt). Figure 5 illustrates the case where 
the amplitude and phase setting is set to maximal target heating efficiency. The variation of 
the FWHMrel value and RSratio with varying displacement shows an identical trend for all 
considered aperture widths. 
Figure 6 illustrates the case where the amplitude and phase setting is set to obtain a local 
maximum at the target location. Initially the FWHMrel value only changes slowly with 
increasing displacement and only at displacements larger than 4 cm the FWHMrel values 
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start to decrease monotonically. The RSratio immediately decreases monotonically with 
increasing displacement and decreases more rapidly with increasing displacement. 
Figure 7 illustrates the variation of the SAR deposited at the target for 1 kW deposited in 
total as a function of the target location for a ring to ring distance δDist of 4.5 cm. The 
behaviour depicted in figure 7 is valid for both optimisation procedures. Here the amplitude 
and phase is optimised for maximal heating efficiency at the target. The SAR deposited at 
the target relative to 1 kW deposited in total shows an optimum. The location of this 
optimum depends on the aperture size and is located approximately at the centre of the 
aperture. For target locations at a distance further than this optimal distance the SAR in the 
target shows a steep drop; while the heated volume does not change essentially the SAR at 
the target decreases. For target locations closer to the centre of the AMC-8 system the 
decrease in SAR contributed by the one ring is counter balanced by the other. 
 

SAR deposited in the target as a function of the target location 
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figure 7: SAR deposited in the target as a function of the target location if 1 kW deposited in total. δDist is fixed to 
4.5 cm. 

If the output of the AMC-4 system is normalised to 1 kW deposited in the treated volume 
the SAR at the target is 51 kW/kg. If the output of the AMC-8 system is normalised to 1 
kW deposited in the treated volume the SAR at the target is lower than this 51 kW/kg for 
all cases presented in figure 7. In other words, aiming at a target SAR of 51 W/kg the 
power output for the AMC-8 system must be increased. This necessary increase of the 
AMC-8 power output is maximally 1.16 (51/44) times the power output of the AMC-4 
system (figure 7; δDist = 4.5 cm, δApt = 19.5 cm, central target). 

6.7 Discussion 
The Sratio improves if a second ring of applicators is added. Aiming at an identical SAR at 
the target for both systems this implies that the maximal SAR in the border area is lower for 
the AMC-8 than for the AMC-4 system. This improvement is explained by the phase 
difference of the applicators’ EM-fields in the area between both rings. If at the feed point 
the amplitudes and phases are equal the radial component of the EM-field is out of phase 
while the axial component is in phase. In the resultant EM-field the radial component 
virtually disappears. The axial component increases with more than a factor of two relative 
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to the axial component in the midplane of a single applicator. The EM-field at the outside 
of the double ring is not altered relative to the EM-field of a single applicator. As a 
consequence the Sratio improves if the AMC-4 system is upgraded to the AMC-8 system. 
This advantage decreases with increasing distance between the two applicator rings of the 
AMC-8 system and disappears if the distance is such that the applicators behave as two 
single rings or AMC-4 systems. Also the advantage decreases if the applicator aperture is 
made smaller. Once the aperture of the both rings is effectively equal to the aperture of the 
AMC-4 single ring, the advantage disappears totally. In this case the benefit of the added 
axial component in between the rings is counter weighted by the increase of the radial 
component at the outside of the double ring caused by the decrease in aperture. 
For a target at an off-center position the improvement of the Sratio becomes less, i.e. RSratio is 
closer to 0%. The change in ratio depends on the way the amplitude and phase setting is 
optimized; for heating efficiency or a local maximum. To realize maximal efficiency for 
off-center targets the contribution of the second ring is decreased leading to a situation 
which more and more resembles the AMC-4 (single ring) array; the advantage of 
destructive interference of the radial component decreases due to the disadvantageous 
amplitude setting. To realize a local maximum at the off-center target location the 
amplitudes of both rings are adjusted moderately and the advantage of destructive 
interference of the radial component, although changed, is still present. 
As can be expected the volume that is heated increases for the AMC-8 system. This 
increase is expressed by the FWHMrel. The heated volume increases with increasing 
distance between the two applicator rings and decreases if the applicator aperture is made 
smaller. With decreasing distance between the two rings the FWHM varies from 2.4 to 1.5 
at a distance of 4.5 cm. If, at this distance, the aperture is made smaller the FWHM 
decreases further and is equal to the FWHM of the AMC-4 array at an aperture size of 10.5 
cm. However, with the AMC-8 system SAR steering in axial direction is possible. Despite 
the fact that steering is possible, localisation of the tumour region in the center of the AMC-
8 system is still important to warrant a maximal improvement in Sratio. The Sratio 
improvement is more important than steering over a distance larger than 3 cm. For a central 
target the Sratio yields an improvement for any aperture size. For off-center targets the 
FWHM and Sratio further decreases. For an AMC-8 system with the two rings at a distance 
of 4.5 cm and an aperture equal to the AMC-4 array (19.5 cm) a compromise between 
increased heated volume and an improved Sratio is realised even for off-center targets. 
Aiming at a target SAR of 51 W/kg the power output for the AMC-8 system must be 
maximally 1.16 (51/44) times the power output of the AMC-4 system. For this upgrade 
improved targeting is realised. 
The presented study is phantom based without any patient data. This is an “advantage” for 
analysis of the proposed AMC-8 system; the analysis is straightforward and relatively easy 
to interpret. However, at the moment no data at all is available of the consequences of the 
upgrade for heterogeneous cases and the implications of the upgrade can only be 
extrapolated from the phantom study. Nevertheless it is expected that the proposed upgrade 
will also result in increased targeting for heterogeneous cases and thus increased target 
temperature in the clinical setting as indicated by other simulation studies (Seebass et al. 
2001,Wust et al. 1996). 
The increased heated volume might lead to an increase of the pre-heating of blood flowing 
into the heated region. Consequently the cooling effects of the blood will decrease leading 
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to a less heterogeneous temperature distribution. Analysis of this effect is troublesome 
because of the modelling of individual blood vessels. Also this affect will be much 
influenced by individual situations and will therefore be hard to quantify. 
Possible drawback of the upgrade is the increased bolus size and the related pressure 
experienced by the patients. In the AMC-4 array pressure of the bolus experienced by the 
patient is not resulting in treatment limiting discomfort. To a large extend this can be 
attributed to the design of the system in which the bolus is attached to the waveguide and is 
never pressing on the patient with its full weight. The same approach is chosen for the 
upgrade no treatment limiting discomfort is expected. 

6.8 Conclusion 
The performance of the AMC-8 system, i.e. two AMC-4 systems configured as two rings is 
analyzed. This is done by applying the WF-CGFFT method to calculate the heating 
distribution in a cylindrically shaped phantom by performing simulations. With these 
calculations the dependence on aperture size and ring to ring distance is investigated. A 
second ring results in a improved ratio between target and peripheral heating; a higher SAR 
at the target is obtained for the same peripheral SAR. Furthermore the heating pattern can 
be adjusted for targets being positioned outside the center plane between the two rings. The 
improvement is considered to be the most advantageous for a ring to ring distance of 4.5 
cm and an aperture size that is kept identical to that for the AMC-4 waveguide system. As a 
side effect the volume being heated is increased. This might result in a less heterogeneous 
temperature distribution in the target area due to pre-heating of blood flowing into this 
region. These conclusions are based on data for heating of a homogeneous phantom. 
Nevertheless they are considered to be valid for heating of heterogeneous cases as well.  
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7 Summary and general discussion 

7.1 Background/Introduction  
Hyperthermia refers to the therapeutic use of heat by the controlled elevation of the tumour 
temperature in the range of 40°C to 46°C. This ‘moderate’ heating is not sufficiently 
effective as a single treatment modality and is therefore applied only in combination with 
radiotherapy and/or chemotherapy. At the Academic Medical Centre (AMC) in Amsterdam 
the application of hyperthermia was started in 1979 in the treatment of superficial tumours 
and in 1987 in the treatment of deep seated tumours. A large number of patients has been 
treated and included in a number of (randomised) trials since. The heating system used at 
present for treatment of deep seated tumours is referred to as the AMC four waveguides 
phased array or AMC-4 system. It is composed of 4 waveguides which emanate 
electromagnetic (EM) waves at a frequency of 70 MHz into the patient. Through 
constructive interference it is tried to focus the energy on to the target. The investigations 
described in this thesis aim to optimise the treatments using this system and the 
temperatures reached in the clinic. 
In order to gain insight in the treatment technique and further improve it, its heating pattern 
needs to be characterised. This has been a subject of investigation since 1990 and has led to 
the development of E-field sensors capable of this task; the light emitting diode (LED) 
matrix, a LED probe and a vector probe developed in cooperation with the Netherlands 
organization for applied scientific research (TNO). Whereas the LED sensors monitor the 
E-field amplitude the vector probe is capable of measuring both amplitude and phase. The 
latter sensor enables the collection of the RF electric field of individual applicators in 
phased array systems and thus the calculation of interference patterns from these fields. In a 
study comparing measured and interference patterns and those determined from the fields 
of the individual applicators it was shown that the EM-field in the aperture midplane of the 
AMC 4 waveguide phased array can be controlled perfectly. 
Parallel to the development of measurement techniques effort has been put in the 
development of a numerical method to calculate the EM-field in heterogeneous media. 
Such simulations are crucial for extending the data from measurements in homogeneous 
phantoms to the heterogeneous patient and to gain insight in the behaviour of the heating 
pattern in the patient tissues as a function of the operational parameters (amplitude and 
phase of the applicators). Furthermore, simulations can be applied to investigate proposed 
system improvements before they are implemented.  

7.2 Summary of this thesis 
The purpose of the research described in this thesis is to further optimise the hyperthermia 
treatment and improve the temperatures reached in the clinic. This effort is divided into 
three main parts; 1) the development of a validated hyperthermia specific absorption rate 
(SAR) treatment planning system based on the Weak Formulation of the Conjugate 
Gradient Fast Fourier Transform (WF-CGFFT) method, 2) the development and application 
of treatment optimisation techniques and 3) application of the hyperthermia treatment 
planning to propose and analyse an improved clinical treatment system. 
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The first part, the development of a validated hyperthermia treatment planning software 
based on the WF-CGFFT method, has been divided in two sub-parts; 1) the development of 
software to process the medical input data, hyperthermia treatment system characteristics 
and the numerical results and 2) to provide an appropriate data set to validate the WF-
CGFFT method in conjunction with the treatment system characteristics. The collection of 
such a dataset and the validation of the WF-CGFFT method are presented in chapter 2 and 
3. The second part, the development and application of treatment optimisation techniques, 
also is divided in two sub-parts; 1) the development of an optimisation procedure based on 
the mean SAR in volumes of any size, e.g. the target and total patient volume, as presented 
in chapter 4 and 2) the delineation of potential treatment limiting hot spots and including 
these in the optimisation procedure as presented in chapter 5. 
Hyperthermia treatment system developments focus on improved targeting. For this 
purpose the number of parameters available for steering the heating pattern is increased. 
These parameters are EM-field frequency and the number of EM-sources. In this thesis the 
number of applicators is increased by adding a second annular phased array ring. The 
hyperthermia treatment planning system is applied to analyse the possible heating 
improvements obtained by this system upgrade. This analysis is presented in chapter 6. 

7.2.1 Short description of the hyperthermia treatment planning software 
The hyperthermia treatment planning software has been developed on a Silicon Graphics 
Workstation and consists of three main applications; 1) an application to segment the CT 
data into tissue types, to downscale the CT resolution to a lower resolution because of 
limitations of available memory, to assign dielectric properties to the segmented tissue 
types, to merge the representation of the patient and the representation of the hyperthermia 
treatment system and to process these data to input for the EM-field calculation. User 
interaction is provided by a graphical user interface. 2) An application which calculates the 
EM-field in the representation of both the patient and the hyperthermia treatment system by 
the WF CGFFT method. 3) An application to set the amplitude and phase of the fields of 
the separate applicators of the hyperthermia treatment system, to add these fields and to 
calculate the SAR, to visualise and compare field and SAR distributions and to provide 
output for optimisation utilities. The software for the EM-field calculation by the WF-
CGFFT method has been implemented at the Technical University Delft. Most of the 
remaining software has been implemented at the AMC. 

7.2.2 A data set to validate the hyperthermia treatment planning software. 
Although the heating pattern of the heating devices applied at the AMC has been previously 
characterized in the aperture midplane, such a dataset is regarded as too limited to validate 
the WF-CGFFT method in conjunction with the treatment system characteristics. 
Furthermore in the sagittal midplane the influence of a prolonged bolus can be investigated. 
This is clinically relevant as treatment limiting heating effects are often reported at the 
bolus ends. These effects are associated with fringing fields present at the bolus ends. 
Based on clinical experience the amplitude of the fringing fields is expected to decrease for 
a bolus that is prolonged in the system axis direction. In chapter 2 the spatial distribution of 
the EM-field in the aperture midplane and the sagittal midplane of one applicator of the 
Amsterdam four waveguide-array system have been characterized in a homogeneous 
phantom for a long bolus and a short bolus. This is done by scanning the TNO field probe 
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through the phantom. The EM-field of applicators has been measured in two setups: 1) one 
waveguide connected to a homogeneous phantom by a bolus and, 2) the clinical system, i.e. 
four waveguides connected to a homogeneous phantom by a bolus. The data presented 
clearly indicate that a prolonged bolus lead to a decrease of the radial field component. 
Since the radial component of the EM-field near the bolus edge is related to the appearance 
of superficial ‘hot spot’ phenomena a clinical improvement can be anticipated if the bolus 
is prolonged. Additionally such a prolonged bolus will lead to an extended heating area, the 
field lines being more aligned to the patient’s main axis. The results presented correspond 
with the clinical experience of prolonged boluses in other phased array systems and 
previously presented simulation results for the Utrecht “Coaxial TEM”. A bolus size of 40 
cm has been shown to be clinically feasible for our AMC-4 waveguide phased array. In this 
case the bolus is twice the aperture size of 20 cm. Actual application of this prolonged 
bolus has resulted in a decrease of complaints and an increase of the applicable total power 
level. 

7.2.3 The accuracy of a hyperthermia SAR planning system 
The accuracy of a hyperthermia SAR planning system determines its role in prospective 
SAR planning and dosimetry for the individual patient. Crucial are 1) the accuracy of the 
numerical simulation method with substantial dielectric contrast and 2) the numerical 
description of the hyperthermia treatment system. The accuracy of the numerical simulation 
method has been found to be acceptable by means of a test case for which the EM-field is 
modelled in a heterogeneous layered sphere irradiated by a plane wave. The validity of the 
numerical description of the hyperthermia system is investigated by comparison of 
simulated and measured EM-field amplitude and phase of the clinical operational 
hyperthermia system. This comparison is elaborated in chapter 3 for the dataset presented in 
chapter 2. From both the iso-level contour presentation of the EM-field (chapter 3, figure 3 
- 5) and the detailed comparison of both measured and simulated amplitude and phase 
profiles (chapter 3, figures 6 - 8) it is concluded that generally the simulation results 
correspond qualitatively with the measured EM-field. A quantitative accuracy assessment 
reveals that large differences up to 30% in amplitude and 90 degrees in phase occur. The 
correspondence between simulation and measurement of the phase of the radial EM-field 
component is poor. If the analysis is restricted to a central area of 20x20cm2 positioned 
around the phantom centre (normalisation point) the difference between numerical and 
experimental data for the “simplified” set-up is below 12% and 15 degrees for the 
amplitude and phase respectively. For the “clinical” set-up this holds for the phase, but for 
the amplitude the difference between numerical and experimental data increases to 17 - 
22%. Thus, although the Weak Formulation of the Conjugate Gradient FFT method has 
demonstrated the ability of this method to predict the EM-field of the AMC-4 waveguide 
array hyperthermia system including effects due to bolus size variations, its accuracy is 
insufficient for quantitative SAR dosimetry for individual patients. Qualitative SAR 
dosimetry can be applied in cases where the accuracy is of minor importance e.g. for the 
retrospective analysis of problematic hyperthermia treatments. Prospective applications of 
the treatment planning system include the (qualitative) determination/simulation of a set of 
starting points giving “close to optimal” amplitude and phase setting, the prediction of 
possible problem areas and the analysis of the performance of new/improved hyperthermia 
devices.  

125 



Ch 7. Summary and general discussion 

Both computing time and memory requirements of the WF-CGFFT method do not behave 
linearly with the dimensions of the electromagnetic problem but with the Fourier 
dimensions involved in the computation of the spatial convolution mentioned in section 3 
of chapter 3. In practice this means that calculations for (homogeneous) problems with a 
discretisation of 1 cm3, requiring a computational domain of roughly 63x63x63 voxels can 
only be solved in 24 h (depending on convergence) with at least 256 Mb of memory 
available. The computing times needed for the WF-CGFFT method probably are the closest 
to the computation time needed by the VSIE method (Nadobny et al. 1992). Both the FDTD 
method (Sullivan 1990) and the FE method (Jia et al. 1994) appear to be capable of 
producing results within several hours. Results of FDTD and FE calculations (Sullivan et 
al. 1992, Jia et al. 1994) have been compared to measured power profiles and E-field 
amplitude profiles obtained for a specific amplitude and phase setting. These comparisons 
showed good quantitative agreement. No clear information on the correlation of measured 
and simulated phase profiles have yet been reported. 

7.2.4 Optimisation of the SAR distribution 
In hyperthermia treatments performed with a radio-frequency phased array the main issue is 
to apply the excitation amplitudes and phases of the applicators for which tumour heating is 
optimal, i.e. the maximal therapeutic gain without unwanted side effects. It is very difficult 
to find these optimal excitation (amplitude and phase) parameters by intuition due to the 
complex interaction of the radiated EM-field and the patient’s tissues. Calculation of the 
EM-field distribution within the patient and optimisation of the derived SAR distribution 
can provide the optimal excitation setting. However, optimisation of the SAR distribution is 
a difficult task and determining the excitation amplitudes and phases yielding optimal 
tumour heating can only be done effectively by application of a computerised optimisation 
procedure. In chapter 4 such a tool for the optimisation of the SAR distribution is 
presented. The tool presented focuses on the definition of the average SAR as a function of 
the excitation amplitudes and phases in a volume of arbitrary size e.g. a single voxel, the 
tumour volume or the whole patient volume. Specification of this function circumvents the 
calculation of the SAR for a large number of voxels for each optimisation step. In this 
manner the optimisation can be performed without being hampered by a large amount of 
voxels at which the SAR has to be evaluated. The function consists of the sum of N2  
function terms (N is the number of applicators), each term being dependent solely on the 
excitation amplitudes and phases of the applicators. Each function term contains 
coefficients which have to be determined only once. The coefficients comprise a 
summation over the voxels of the volume for which the average SAR is determined. The 
number of cells in such a volume may vary from a few cells to several thousand cells. The 
functions can be applied in either customised or commercially available optimisation 
routines and they enable definition of constraints for the average SAR in a certain volume.  
For a patient example the average SAR in a number of volumes including the patient 
volume, a target volume and a number of critical volumes has been expressed as the 
summation mentioned above. Applying the cell referencing and summation capabilities in a 
Microsoft Excel worksheet and the solver add-in of Microsoft Excel the excitation 
amplitudes and phases have been optimised to achieve maximal target heating efficiency, 
i.e. maximising the SARratio defined as the fraction of the SAR in the target and the SAR in 
the whole patient volume. The SAR in the critical volumes has been constrained to be not 
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higher than the SAR in the target. The patient example shows that the heating efficiency is 
maximal only if both amplitude and phase settings are optimised. It was also shown that the 
heating efficiency rapidly decreases if critical volumes are taken into account and that other 
locations exhibiting a high SAR emerge. Including such locations to the set of problem 
locations strongly influences the optimisation results. This implies that a specification of all 
possible/potential problem locations, so called hot spots, is of importance.  
In chapter 5 a procedure is presented through which potential hot spots are delineated and 
visualised automatically. The potential hot spots are delineated by selecting those points for 
which the maximal SAR exceeds a specific SAR selection level. This SAR selection level 
is defined in relation to the highest achievable SAR in the target volume for a certain fixed 
heating power. A larger number of potential hot spots and hot spots of larger size are 
delineated if the selection level is decreased. Although the procedure still includes an 
arbitrary selection criterion, i.e. the selection level, the selection is solely based on 
calculated EM-field data. As a result all potential hot spots can be delineated a priori. Three 
different objective functions accompanied by constraints are applied to maximise the SAR 
in the target. The delineated potential hot spots are adopted in the objective function, in the 
constraint or in both. Each of the objective functions is maximised for a normalised feed 
vector. This normalised feed vector can be interpreted as a constant system power output. 
Objective function Π1 maximises the SAR in the target, objective function Π2 maximises 
the fraction of the SAR in the target over the summed SAR in the potential hot spots and 
the third objective function Π3 maximises the SAR in the target over the weighed sum of 
the SAR in the potential hot spots. Objective function Π1 does not address any potential hot 
spots while Π2 and Π3 address the potential hot spots, but as a set and not individually. 
Therefore an additional constraint on the maximal SAR of the potential hot spots is added 
to prohibit the possibility of a high SAR in any hot spot. The SAR in the target and in 
potential hot spots is expressed as a function of the excitation amplitudes and phases in a 
volume as explained in chapter 4. Both the delineation of potential hot spots and 
maximisation of the three objective functions are performed for two different patient cases. 
Although the objective functions Π2 and Π3 implicitly restrict the sum of the SAR and the 
weighed sum of the SAR of all selected potential hot spots respectively, still actual hot 
spots occur. Therefore an additional constraint on each potential hot spot is necessary. 
However, in this case potential hot spots are constrained in two ways; in the objective 
function and by the additional constraint. This seems excessive and results in situations 
where the heating efficiency is not optimal. The combination of an objective function only 
maximizing the SAR in the target, Π1 with a separate constraint on all potential hot spots 
appears to be the most efficient. 
It is shown that the SAR of relatively large volumes can be handled by a function of the 
excitation amplitudes and phases in a volume. The maximal SAR found in the potential hot 
spot volume is in general equal to the average maximal SAR of the hot spot volume. This 
indicated that the SAR found for the potential hot spot and the SAR of the grid points 
constituting the potential hot spot are maximal at the same amplitude and phase setting. 

7.2.5 Hyperthermia system upgrade analysis 
The AMC 4 waveguide phased array hyperthermia system has proven to yield good clinical 
results for a number of tumour localizations. Nevertheless improvement of the existing 
system is investigated. Possible improvements are increased central heating versus 
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superficial heating, SAR steering in the axial direction i.e. perpendicular to the transversal 
midplane and increased SAR steering capabilities in general to prevent SAR/temperature 
hot spots. From simulation studies for systems similar to the AMC-4 waveguide phased 
array system it can be concluded that increasing the number RF-sources leads to an increase 
in tumour temperature. Whereas rigorous changes to the heating systems have been 
implemented based on these simulation studies the proposed upgrade of the AMC-4 system 
is less rigorous. The existing AMC 4 system is doubled to an 8 waveguide phased array 
arranged in a configuration of a double 4 waveguides ring. In chapter 6 the advantage of 
this 8 waveguide phased array, the AMC-8 system, is analysed in a parameter study varying 
the distance between both rings and the aperture size of the waveguides. The power 
deposition in a cylindrical phantom is calculated by the WF-CGFFT method. The 
amplitude and phase setting of the AMC-8 system is optimized for several target locations 
on the axis of the phantom. Analysis of the upgrade is performed by two parameters 
considered to characterise heating capability; the FWHM of the heating profile along the 
central phantom axis (or z-axis) and the ratio Sratio of the maximal SAR value at the 
phantom surface (located near the waveguide edges) and the SAR value at the target 
located at the phantom’s centre. The FWHM is a measure of the area heated and the Sratio is 
a measure for the heating at depth relative to the high EM-field strength and the local EM-
field direction at the edges of the waveguide, i.e. fringing field effects. 
The Sratio improves if a second ring of applicators is added. Aiming at an equal SAR at the 
target for both systems this implies that the maximal SAR in the border area is lower for the 
AMC-8 than for the AMC-4 system. Furthermore the power output for the AMC-8 system 
must be maximally 1.16 times the power output of the AMC-4 system since the power 
deposited is spread over a larger volume. Increasing the distance between both rings of the 
AMC-8 system is disadvantageous for the Sratio and the volume being heated. A distance of 
4.5 cm between both rings is optimal. Decreasing the aperture size at this ring to ring 
distance is disadvantageous for the Sratio and at the moment the effective aperture of the 
AMC-8 system is equal to the AMC-4 system the improvement in Sratio has disappeared. 
For an AMC-8 system with the two rings at a distance of 4.5 cm and an aperture equal to 
the AMC-4 array (19.5 cm) a compromise between increased heated volume and an 
improved Sratio is realised even for off-centre targets. Despite the fact that steering is 
possible, localisation of the tumour region in the centre of the AMC-8 system is still 
important to warrant a maximal improvement in Sratio. The Sratio improvement is more 
important than steering over a distance larger than 3 cm. Aiming at an equal SAR at the 
target the power output for the AMC-8 system must be 1.16 times the power output of the 
AMC-4 system. For this upgrade improved targeting is realised. 

7.3 General discussion 

7.3.1 Current status of the hyperthermia treatment planning software 
In this thesis validated SAR hyperthermia treatment planning software based on the WF-
CGFFT method has been presented. Validation has been performed for both amplitude and 
phase of the EM-field. Since the EM-fields of multiple applicators determine the power 
deposition by interference this step is crucial. The current accuracy is adequate for 
development purposes. As such the treatment planning software has been applied to 
develop treatment optimisation techniques and to analyse the AMC-8 system which is an 
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upgrade of the existing AMC-4 system. To further improve the value of the SAR 
calculations the correspondence between simulation and measurement must be improved. 
This improvement is to be pursued by more accurate measurements and/or a more accurate 
applicator model. Until this improvement is realised the calculated SAR is of limited 
accuracy for treatment planning of individual patients. 
Due to the spatial dimensions and required resolution for real clinical cases the WF-CGFFT 
method is a demanding method in terms of computational power (memory and time). The 
clinical cases discussed earlier have been obtained using the SAR hyperthermia treatment 
planning software based on the WF-CGFFT method it is not capable of producing results in 
the time span between diagnostic imaging and the first treatment. Only post-treatment 
planning can be obtained. Without significantly affecting the accuracy of the SAR 
calculation the finite difference time domain (FDTD) method (van de Kamer et al. 2001a) 
has been introduced at the radiotherapy department of the AMC. Pre treatment 
hyperthermia treatment planning is now possible at a higher resolution. Furthermore the 
specification of the applicators of the AMC-4 system is more straightforward, obtaining a 
more satisfactory specification of the passive waveguide. As a consequence effort put in 
further improvement of hyperthermia treatment planning software based on the WF-
CGFFT method has transferred to the software based on the FDTD method.  

7.3.2 SAR, temperature and optimisation 
An important feature of the SAR calculations for regional hyperthermia systems is the 
possibility to optimise the SAR distribution. For this optimisation several strategies 
including those specifically addressing SAR “hot spots” have been proposed. Although it 
has been shown that these “hot spots” can be suppressed by these strategies they must be 
considered of limited value because of several reasons; 1) a SAR “hot spot” will not result 
in a temperature “hot spot” in all cases (van de Kamer et al. 2001c), 2) SAR calculations 
not always capture the relevant dynamics of the SAR distribution due to downscaling and 
SAR “hot spots” may be missed (van de Kamer et al. 2002) and 3) large cooling effects, 
e.g. by the water bolus, are totally neglected. However, considering that the cooling effect 
of the water bolus is limited to a small (1 - 2 cm) superficial layer and that for SAR 
calculations at sufficient resolution the dynamics of the SAR distribution outside this layer 
correspond qualitatively with that of the temperature distribution (relatively high SAR 
relates to high temperature), optimisation strategies can provide a reasonable treatment 
starting point in which hot spots are prevented. 
For the temperature calculation thermal models have been developed, e.g. continuum 
models (Pennes 1984) and sophisticated models in which discrete vasculature can be 
described (Kotte et al. 1999, Raaymakers et al. 2000). Nevertheless the accuracy of the 
temperature calculation depends on the aforementioned limited accuracy of the SAR 
calculation and the limited accuracy of the thermal parameters (blood flow, vessel 
topography). Therefore in general a straight forward application of a thermal model is 
applied by neglecting discrete vasculature and using thermal properties from literature 
(ESHO Task Group Report 4 1992, Song et al. 1996). A procedure has been published by 
Craciunescu et al. (2001a) to include patient specific tissue perfusion using wash-in/wash-
out rates of a paramagnetic contrast agent in tissue determined by MRI. It is concluded 
from another publication (Craciunescu et al. 2001b) comparing the hyperthermia induced 
temperature in a leg obtained from simulation and MR thermographs (Wlodarczyk et al. 
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1998, Smith et al. 1999, Craciunescu et al. 2001a) that the use of literature values or 
extensive perfusion and vessel data result in statistically the same results for the 
temperature over the whole volume. To capture heterogeneities in the temperature 
distribution, e.g. a local temperature minimum, discrete vessels must be accounted for. In 
regional hyperthermia the heated volume is much larger and blood flowing into the target 
area will be pre-heated to some extent. This effect might suppress the effect of the discrete 
vessels depending on feeding branches of the vessels.  
In the Pennes bioheat equation the heating power or SAR contribution can be formulated in 
such a way that the relation between temperature and amplitude and phase setting of the 
hyperthermia system is made explicit. As a result the temperature can be calculated for any 
amplitude and phase setting and optimisation strategies can be implemented (Das et al. 
1999, Kohler et al. 2001). Although the zooming technique introduced by van de Kamer et 
al (2001b) provides the SAR on a CT resolution scale it is rendered incompatible for 
temperature optimisation as phase information of the EM-field is lost. Fortunately, applying 
the zooming technique, the response of the low resolution temperature distribution to a 
change in amplitude and phase setting can be translated in the response of the CT resolution 
temperature distribution. By application of this translation CT resolution temperature 
optimisation has been implemented (Kok et al. 2004). Although the aforementioned 
problems for SAR optimisation are resolved in this CT resolution temperature optimisation, 
problems regarding the thermal parameters are still present and the temperature 
optimisation strategy can only provide a reasonable treatment starting point. 

7.3.3 Registration of the temperature during treatment; MRI or thermometer probes 
Registration of the temperature serves two purposes; 1) establishing and maintaining an 
optimal treatment temperature and 2) to quantify the quality of the treatment e.g. by the 
thermal dose which is reported to correlate with treatment outcome (Sherar et al. 1997). 
Active monitoring of the tumour temperature is important during the entire course of the 
treatment. Reason for this is the fact that the dielectric parameters and, more important, 
thermal parameters (blood flow, vessels) are temperature dependent, due to a physiological 
response to the temperature change. Due to this temperature dependency the SAR and 
temperature distribution may change during the treatment even if the amplitude and phase 
setting of the treatment machine is kept constant. Advanced strategies to anticipate to this 
physiological response have been reported for intracavitary hyperthermia, ultrasound 
hyperthermia or hyperthermia of the leg (Hutchinson et al. 1998, Smith et al. 1999, 
Kowalski et al. 2002). These strategies strongly rely on excessive temperature data from the 
patient which is possible using MR thermographs. Using the thermographs a feedback loop 
to adjust the SAR can be implemented. It is obvious that in this setting the calculation of 
the temperature distribution is of less importance since measurements can be performed; in 
fact patient-specific computational modelling and optimization is not necessary. This 
combined heat administration and temperature measurement is difficult to realise and in 
general requires extensive modification to both the MRI and hyperthermia system. The 
compatibility problems of a MRI scanner and phased array hyperthermia systems have only 
been solved for the BSD-2000/3D system and the annular phased array developed at Duke 
University (Wust et al. 2004, Kowalski et al. 2002). For the BSD-2000/3D regional 
hyperthermia system Wust et al reported that for 23 of 33 (70%) patients visualisation of 
temperature sensitive data during treatment was possible. Fundamental problem is that both 
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temperature changes and oxygenation level have an effect on the MR-signal, resulting in a 
MR-temperature that is higher than the temperature obtained from direct measurement. 
While intra-luminal temperature sensors indicate an increase of 2 – 4 °C the MR-
temperature shows increases of over 5 °C for a patient treated for a cervix carcinoma. Other 
regional hyperthermia system like the AMC-4 system (Van Dijk et al. 1989), coaxial TEM 
(De Leeuw et al. 1987) or the design of the RHOCS (Kroeze et al. 2001) are incompatible 
with MRI. For feedback on the realised temperature in the patient these systems must rely 
on stepping- or multi probe temperature sensors (Olsen et al. 1989, De Leeuw et al. 1993). 
Depending on tumour site temperature sensors are positioned invasively or intra-luminal. 
Both approaches have a drawback; interstitial thermometry may induce toxicity (Van der 
Zee et al. 1998) and intra-luminal thermometry suffers from uncontrolled thermal contact 
with the surrounding tissue. Correlation between invasive and intra-luminal measured 
temperatures have been reported for different tumour sites (Tilly et al. 2001, Van Vulpen et 
al. 2003). This implies that intra-luminal placed temperature sensors can be used to 
optimise the temperature during treatment. They do not provide accurate data for thermal 
dose determination; invasive measurements are necessary to do this. However in general 
the number of sensors is too low to accurately determine the temperature distribution and 
related thermal dose. The information on the full 3D temperature distribution can only be 
obtained by calculation. As mentioned earlier for the treatment of a tumour in the leg 
reasonable temperatures over the whole volume are obtained using of literature values for 
the thermal parameters. However, perfusion and vessel data must be provided to yield an 
accurate calculation result for the tumour volume. 

7.3.4 Optimisation and steering in clinical practice 
The starting point in clinical practice at the AMC is the amplitude and phase setting for 
which the E-field measured by a sensor in or close to the tumour is maximal. Subsequently 
the treatment objective often is to navigate through the amplitude and phase settings 
towards a setting providing optimal tumour heating without inducing any treatment limiting 
hot spots. In general these treatment limiting hot spots are indicated by the patient, the 
tumour temperature is indicated by a sensor in situ. Often the goal temperature of 42 ºC is 
not reached due to treatment limiting factors, among which hot spots. This implies that 
preventing hot spots is the main problem when optimising the treatment. This could justify 
an approach in which first the prediction of hot spots is validated. The accurate prediction 
of the temperature of the tumour is then of secondary importance although still necessary to 
accurately link thermal dose to treatment outcome. Since hot spots can occur anywhere it is 
impossible to validate the prediction of hot spots by invasive thermometry. MRI 
thermographs offer a challenge to further improve this aspect of thermal modelling for 
regional hyperthermia and to determine to what extent patient specific data have to be 
provided to optimise the treatment. 
Even if the power deposition (SAR) is homogeneous the temperature distribution will be 
heterogeneous as a result of cooling by blood flowing through the heated volume. At 
present systems available for regional hyperthermia are incapable of steering the SAR on a 
cm scale which would be required to compensate for the relatively small cold spots. The 
cooling effect not only depends on the feeding blood vessels but also on the size of the 
heated volume. In general the cooling effect is less if the heated volume is larger due to 
increased pre-heating of the blood flowing into the target volume. Due to this effect the 
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temperature heterogeneity for the AMC-8 system is expected to be less than that for the 
AMC-4 system. Furthermore hyperthermia is always given as an additional treatment 
modality and the clinical effect of hyperthermia is not only attributed to synergistic effects 
but to complementary effects as well. Therefore the temperature heterogeneity to some 
extent will be counter balanced by the primary treatment modality; well perfused regions 
are well oxygenated and therefore sensitive to radiotherapy, while often more difficult to 
heat. 

7.4 Future prospect 
Currently two different types of regional hyperthermia treatment systems can be 
distinguished; those compatible with MRI and those incompatible with MRI. For the 
regional hyperthermia systems with MRI, assuming measurement of the full 3D 
temperature distribution will be accurate, the implementation of a feedback or control loop 
to react to temperature changes, e.g. due to the physiological response, appears to be 
possible. The steering capability of the hyperthermia system to respond to the actual 
temperature distribution and the variations in temperature on a cm scale is important; the 
addition of MRI itself does not warrant an increased tumour temperature. Since the full 3D 
temperature distribution is available the temperature can easily be monitored and the 
thermal dose can be determined accurately. For the regional hyperthermia systems without 
MRI no full 3D temperature distribution is available and the tumour temperature must be 
monitored by thermometry sensors. Given the objections against invasive thermometry 
these sensors will in general be positioned intra-luminal. Monitoring of the tumour 
temperature in combination with treatment planning data must result in an optimal tumour 
temperature while preventing hot spots. Again the issue of steering capability is valid. 
Remaining question is whether this will result in a temperature distribution that is 
essentially different from that obtained with MRI feedback. 
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8 Samenvatting 

8.1 Achtergrond/Inleiding 
Hyperthermie behelst het induceren van een gecontroleerde temperatuurstijging tot 40 à 46 
ºC om zo in het lichaam van een patiënt met een oncologisch probleem een therapeutisch 
effect te bereiken. Bij de behandeling van tumoren is het toepassen van alleen hyperthermie 
niet voldoende en daarom wordt dit meestal in combinatie met radiotherapie en/of 
chemotherapie toegepast. De effectiviteit van deze combinatiebehandeling is aangetoond in 
verschillende klinische studies. Dit ondanks het feit dat de beoogde temperatuur van 
gemiddeld 42 ºC niet altijd gerealiseerd kon worden. Een positief verband tussen de hoogte 
van de temperatuur en het therapeutische resultaat is aangetoond. 
In het Academisch Medisch Centrum (AMC) in Amsterdam is in 1979 een begin gemaakt 
met het behandelen van tumoren in het bekkengebied met behulp van hyperthermie. Sinds 
die tijd is een groot aantal patiënten behandeld al dan niet in het kader van gerandomiseerde 
klinische studies. Het systeem dat wordt gebruikt om de verwarming uit te voeren bestaat 
uit vier tegenover elkaar geplaatste golfgeleiders die electromagnetische (EM) golven met 
een frequentie van 70 MHz uitzenden richting de patiënt (zie hoofdstuk 2 figuur 1 en 
hoofdstuk 4 figuur 1). Dit leidt tot een EM-veld in de patiënt. De EM-velden van de 
verschillende golfgeleiders interfereren met elkaar en leiden tot een samengesteld EM-veld 
in de patiënt. De mate waarin de energie in dit EM-veld wordt geabsorbeerd en waardoor 
de patiënt opwarmt, wordt weergegeven door de “Specific Absorption Rate” (SAR); een 
hogere SAR impliceert een grotere temperatuurstijging. De verdeling van het EM-veld en 
daarom ook de SAR kan worden gemanipuleerd door de amplitude en fase van de door de 
golfgeleiders uitgezonden EM-golven per golfgeleider aan te passen. Door deze amplitude- 
en fase-instelling aan te passen en gebruik te maken van de interferentie van de EM-velden 
kan het samengestelde EM-veld zo gefocuseerd worden dat een optimale SAR in het 
doelgebied verkregen wordt. Het hyperthermiesysteem in het AMC wordt “AMC-4 
waveguide phased array” genoemd. In dit proefschrift is dit ook wel afgekort tot “AMC-4 
systeem”. 
Veel inzicht is al verkregen uit eerder onderzoek in het AMC. In dit onderzoek is de 
verdeling van de EM-energie die gerealiseerd kan worden met de golfgeleiders in kaart 
gebracht. Dit is gedaan met behulp van “Licht Emitterende Diodes” (LED). Hiervoor is de 
LED geïntegreerd op een kleine antenne. De intensiteit van het licht uitgezonden door de 
LED is een maat voor de EM-veldsterkte (en daarmee de SAR). Om de interferentie van de 
EM-golven van de golfgeleiders te kunnen verifiëren moet ook de fase van de EM-velden 
bekend zijn. Om deze fase te meten, is samen met TNO een sensor ontwikkeld. Met behulp 
van deze sensor zijn in het centrale vlak van het hyperthermiebehandelsysteem in een 
homogeen fantoom de sterkte en de fase van het EM-veld bepaald voor de afzonderlijke 
golfgeleiders. Vervolgens is voor verschillende amplitude- en fase-instellingen het 
verwachte samengestelde EM-veld vergeleken met een meting van het samengestelde EM-
veld. Het is vastgesteld dat de interferentie van de EM-velden in dit vlak verklaard kan 
worden op basis van de EM-velden van de afzonderlijke golfgeleiders. Indirect is hiermee 
aangetoond dat amplitude- en fase-instellingen van het hyperthermiesysteem 
reproduceerbaar en stabiel zijn. 
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Parallel aan de ontwikkeling van deze meettechnieken zijn ook computermodellen 
ontwikkeld om EM-velden te berekenen. De noodzaak van deze ontwikkeling kan worden 
begrepen doordat de interactie tussen EM-velden en de patiënt sterk varieert per orgaan of 
weefseltype. Deze heterogeniteit maakt het voorspellen van de verdeling van het EM-veld 
(en daarmee de SAR) lastig. Daarom zijn computermodellen onmisbaar om verbanden 
tussen operationele parameters, waaronder de amplitude- en fase-instelling, van het 
hyperthermiesysteem en de gerealiseerde verdeling van de EM-energie vast te stellen. 

8.2 Samenvatting van dit proefschrift 
Het onderzoek dat in dit proefschrift wordt beschreven, heeft als doel gehad de 
behandelingen met het AMC-4-systeem (en vergelijkbare systemen) te verbeteren en 
daardoor de temperaturen tijdens behandeling te verhogen. Het onderzoek kan in drie 
hoofdlijnen verdeeld worden; 1) de ontwikkeling van een aan de hand van metingen 
gecontroleerd hyperthermie-SARplanningsysteem dat is gebaseerd op de “weak 
formulation of the conjugate gradient FFT” (WF-CGFFT) methode, 2) het ontwikkelen van 
technieken om met behulp van het hyperthermie-SARplanningsysteem de SAR-verdeling te 
optimaliseren en 3) het toepassen van het hyperthermie-SARplanningsysteem in het kader 
van de ontwikkeling van een nieuw hyperthermiebehandelsysteem. 
De ontwikkeling van het hyperthermie-SARplanningsysteem gebaseerd op de WF-
CGFFTmethode is verdeeld in twee stappen: 1) de ontwikkeling van software om medische 
beeldinformatie, de eigenschappen van het AMC-4systeem en de numerieke resultaten te 
verwerken en te bewerken en 2) het verzamelen van meetgegevens om het planningsysteem 
te kunnen controleren en eventueel aan te passen. In hoofdstuk 2 worden de in stap 2 
beoogde meetgegevens besproken om vervolgens in hoofdstuk 3 de overeenstemming 
tussen de meetgegevens en de gegevens verkregen met het planningsysteem te bespreken. 
Ook het ontwikkelen van technieken om met behulp van het hyperthermie-SARplanning 
systeem de behandeling te optimaliseren kan in twee stappen worden verdeeld: 1) het 
ontwikkelen van een optimalisatieprocedure waarbij de gemiddelde SAR in verschillende 
volumina, zoals de tumor en het patiëntvolume, gebruikt kunnen worden en 2) het 
ontwikkelen van een procedure om gebieden in de patiënt te specificeren waar mogelijk 
“hot spots” kunnen verschijnen. De SAR in deze gebieden wordt vervolgens opgenomen in 
de optimalisatieprocedure. Deze stappen worden uitgewerkt in hoofdstuk 4 en 5. 
Nieuwe hyperthermiesystemen richten op een verbeterde aanpassing van de SAR-verdeling 
op het doelgebied en het voorkomen van “hot spots”. Dit wordt bereikt door het aantal EM-
bronnen en/of de frequentie waarbij het systeem werkt, aan te passen. In hoofdstuk 6 
worden de voordelen van een nieuw hyperthermiesysteem afgezet tegen het bestaande 
AMC-4systeem. Hierbij wordt de frequentie van 70 MHz behouden maar wordt het aantal 
golfgeleiders verdubbeld. 

8.2.1 De hyperthermie-SARplanningsoftware  
De hyperthermie-SARplanningsoftware is ontwikkeld op een werkstation (Silicon 
Graphics) en bestaat uit 3 applicaties: 1) een applicatie/programma om medische 
beeldinformatie te kunnen verdelen in weefseltypen, om de resolutie te verlagen vanwege 
geheugenbeperkingen, om relevante (diëlectrische) eigenschappen aan de weefseltypen toe 
te kennen, om de beschrijving van de patiënt en het behandelsysteem samen te voegen en 
om deze gegevens klaar te zetten voor het berekenen van de EM-veldverdeling; 2) een 
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applicatie waarmee met behulp van de WF-CGFFTmethode de EM-veldverdeling in de 
patiënt en in het hyperthermiebehandelsysteem uitgerekend wordt; 3) een programma om 
de amplitude en fase van de EM-velden van de afzonderlijke golfgeleiders toe te passen om 
een superpositie van deze EM-velden te kunnen berekenen en om de resultaten te 
verwerken en zichtbaar te maken. 
De applicatie waarmee met behulp van de WF-CGFFTmethode de EM-veldverdeling in de 
patiënt en in het hyperthermiebehandelsysteem uitgerekend wordt, is ontwikkeld door de 
Technische Universiteit Delft. De overige software is ontwikkeld in het AMC. 

8.2.2 Meetgegevens om het hyperthermie-SARplanningsysteem te verifiëren. 
De EM-veldverdeling verkregen met de golfgeleiders van het AMC-4systeem is al eerder 
bepaald in het transversale middenvlak van een sterk vereenvoudigd homogeen model van 
een patiënt (zie hoofdstuk 2 figuur 2). Deze data zijn uitgebreid naar een tweede vlak, het 
sagittale middenvlak, om zo data te verkrijgen waarmee het hyperthermie-
SARplanningsysteem geverifieerd kan worden. Door dit tweede vlak in de metingen op te 
nemen, kan ook de invloed van de afmeting van de waterbolus op de EM-veldverdeling 
bekeken worden. De afmeting van deze waterbolus is van belang omdat in de kliniek vaak 
aan de rand van de bolus effecten (te sterke verwarming resulterend in pijn) optreden die de 
behandeling van het eigenlijke doelgebied beperken. In hoofdstuk 2 worden de resultaten 
van de metingen in beide vlakken van het homogene model (fantoom) gepresenteerd. De 
metingen zijn uitgevoerd met de TNO-sensor zodat de amplitude en fase van het EM-veld 
gemeten kunnen worden. De metingen zijn uitgevoerd voor een enkele “losse” golfgeleider 
en een enkele golfgeleider maar dan werkelijk opgesteld in het AMC-4systeem. Hiermee 
zijn data verkregen waarmee het hyperthermie-SARplanningsysteem geverifieerd kan 
worden. Het vergroten van de bolusafmetingen is voordelig voor de EM-veldverdeling. Op 
basis van deze resultaten is de afmeting van de waterbolus van het AMC-4systeem in de 
sagittale richting vergroot van 30 cm naar 40 cm. Dit heeft een bijdrage geleverd aan het 
verminderen van het aantal pijnklachten en een toename van het vermogen dat maximaal 
kan worden toegepast om de tumor te verwarmen. 

8.2.3 Verificatie van het hyperthermie-SARplanningsysteem 
De nauwkeurigheid van het planningsysteem is van belang om te bepalen of resultaten 
toegepast kunnen worden voor prospectieve SAR-planning voor de individuele patiënt. De 
nauwkeurigheid wordt bepaald door 1) de nauwkeurigheid van de rekenmethode in 
gevallen waarbij sprake is van substantieel diëlectrisch contrast en 2) de beschrijving van 
het AMC-4systeem binnen de rekenmethode. De nauwkeurigheid van de rekenmethode is 
acceptabel voor een testcase waarbij het EM-veld wordt berekend in een gelaagde bol 
bestraald door een vlakke EM-golf. De beschrijving van het AMC-4systeem binnen de 
rekenmethode is geverifieerd door gemeten en berekende EM-veldgegevens te vergelijken. 
De vergelijking is uitgewerkt in hoofdstuk 3 waarbij gebruik gemaakt is van de 
meetgegevens gepresenteerd in hoofdstuk 2. De meetresultaten en rekenresultaten zijn 
beide genormaliseerd in het centrum van het fantoom (amplitude = 100%, fase = 0 graden). 
Op basis van de gepresenteerde iso-amplitude- en fasecontouren in de figuren 3-5 en de 
profielen in de figuren 6-8 in hoofdstuk 3 wordt geconcludeerd dat de EM-veldgegevens 
kwalitatief overeenstemmen. Er worden echter ook grote verschillen gevonden die oplopen 
tot 30% in de amplitude en 90 graden in de fase. De overeenstemming is slecht voor de fase 
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van de radiale component van het EM-veld. Dat de grote verschillen vooral voorkomen aan 
de randen van het beschouwde fantoom wordt duidelijk wanneer de vergelijking wordt 
beperkt tot een gebied van 20 x 20 cm2 gecentreerd t.o.v. het centrum van het fantoom. In 
dit gebied is de overeenkomst van het EM-veld van een enkele golfgeleider beter dan 12% 
voor de amplitude en binnen 15 graden voor de fase. Indien de golfgeleider is opgesteld in 
het AMC-4systeem stijgen de verschillen voor de amplitude met 5 – 10%. 
Geconcludeerd wordt dat het hyperthermie-SARplanningsysteem het EM-veld in het AMC-
4systeem kwalitatief goed beschrijft. Het planningsysteem kan gebruikt worden voor 
prospectieve planning, waarbij op basis van de planningresultaten een startinstelling 
bepaald kan worden, die dan wel suboptimaal is, maar waarmee bij de start van de 
behandeling al rekening is gehouden met probleemgebieden (“hot spots”). Ook is de 
nauwkeurigheid voldoende om het planningsysteem te gebruiken bij de analyse van nieuwe 
apparatuur. 

8.2.4 Optimalisatie van de SAR-verdeling 
 
De hyperthermiesystemen die gebruik maken van een aantal EM-velden om de patiënt te 
verwarmen hebben de mogelijkheid om de SAR-verdeling te manipuleren door middel van 
de amplitude- en fase-instelling. Tijdens de behandeling moeten deze amplitude en fase 
instelling zo gekozen worden dat zonder ongewenste neveneffecten de tumor optimaal 
verwarmd wordt. Het vinden van de optimale instelling op basis van intuïtie is lastig door 
de complexe interactie tussen EM-veld en patiënt. Door de EM-velden te berekenen kan de 
SAR-verdeling in de patiënt geoptimaliseerd worden om zo de optimale amplitude- en fase- 
instelling te bepalen. In hoofdstuk 4 wordt een procedure om deze SAR-verdeling te 
optimaliseren gepresenteerd. De procedure maakt gebruik van de gemiddelde SAR als 
functie van de amplitude- en fase-instelling. De SAR-functie geldt voor volumina van 
arbitraire grootte zoals een enkel basisvolumeelement uit het rekenvolume (voxel), het 
tumorvolume of het gehele rekenvolume. Hierdoor is het niet nodig dat bij iedere 
optimalisatiestap de SAR in ieder voxel binnen een volume dat bestaat uit meerdere voxels 
bepaald moet worden. De functie bestaat uit de sommatie van N2 termen waarbij N gelijk is 
aan het aantal golfgeleiders van het hyperthermiesysteem. Elke term is slechts afhankelijk 
van de amplitude- en fase-instelling en bevat coëfficiënten die eenmalig bepaald moeten 
worden. Deze coëfficiënten verdisconteren de middeling van de SAR over de voxels binnen 
het beschouwde volume. De functies kunnen worden toegepast in verschillende beschikbare 
optimalisatieroutines en maken het mogelijk om de gemiddelde SAR in een bepaald 
volume te beperken bij het optimaliseren van de gemiddelde SAR in de tumor. Als 
voorbeeld is dit gedaan op basis van de gegevens van een patiënt. Er is gebruik gemaakt 
van het spreadsheet programma MS-Excel en de “oplosser”-invoegtoepassing om de ratio 
tussen de gemiddelde SAR in de tumor en de gemiddelde SAR in de gehele patiënt te 
maximaliseren. De benadering is dat de verwarming van de tumor het efficiëntst gaat indien 
de gemiddelde SAR buiten de tumor zo laag mogelijk gehouden wordt. Laag houden van 
de gemiddelde SAR buiten de tumor garandeert echter niet dat er geen locaties voorkomen 
waar de SAR hoger is dan in de tumor. Daarom is als voorwaarde meegenomen dat de 
gemiddelde SAR op een aantal kritische plaatsen niet boven de gemiddelde SAR in de 
tumor mag uitkomen. Dit leidt onmiddellijk tot een verhoogde gemiddelde SAR buiten de 
tumor en dus een lagere efficiëntie. Bovendien verschijnen andere locaties met een SAR 
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hoger dan de SAR in de tumor. Het toevoegen van deze locaties aan de al beschouwde 
locaties leidt tot een andere optimale amplitude- en fase-instelling. Dit illustreert het belang 
om alle locaties te specificeren waar potentieel de SAR te hoog kan worden. 
In hoofdstuk 5 wordt een procedure gepresenteerd om alle locaties waar potentieel de SAR 
te hoog kan worden te specificeren en in beeld te brengen. Deze locaties worden verder 
potentiële “hot spots” genoemd. De procedure heeft als uitgangspunt dat het 
hyperthermiesysteem met een vast vermogen de patiënt verwarmt, ongeacht de werkelijke 
amplitude en fase instelling. Op iedere locatie wordt, gegeven dit vaste vermogen, bepaald 
wat de maximale SAR is. Locaties waar de SAR een bepaalde SAR-waarde, het 
selectieniveau, overschrijdt, worden als potentiële “hot spots” beschouwd. Selectieniveaus 
van 3 tot 6 maal de maximale SAR in de tumor zijn toegepast. De bepaling van een 
selectieniveau op deze wijze is arbitrair. Op deze manier kan wel bepaald worden welke 
locaties moeten worden meegenomen bij het optimaliseren van de SAR in de tumor. Van 
een drietal verschillende optimalisatiemethoden blijkt het maximaliseren van de SAR in de 
tumor onder de voorwaarde dat de SAR in de potentiële “hot spots” niet hoger is dan het 
selectieniveau, het meest efficiënt. 
 

8.2.5 Analyse van een nieuwe hyperthermiesysteem 
 
Met het AMC-4systeem zijn voor een aantal tumorlocaties goede klinische resultaten 
behaald. Desondanks wordt er gewerkt aan een nieuw behandelsysteem. Hierbij is het doel 
de verwarming te verhogen van centraal-in-de-patiënt-gelegen doelgebieden ten opzichte 
van meer perifeer-, tegen-de-huid-gelegen gebieden. Ook wordt beoogd de SAR-verdeling 
in de richting van de as van het hyperthermiesysteem te kunnen beïnvloeden. Voor 
hyperthermiesystemen die sterk lijken op het AMC-4systeem is gebleken dat het uitbreiden 
van het aantal EM-bronnen kan leiden tot een verhoogde tumortemperatuur. 
In het AMC is gekozen voor een nieuw behandelsysteem dat bestaat uit twee AMC-4ringen 
die achter elkaar zijn geplaatst (zie hoofdstuk 6 figuur 1). In hoofdstuk 6 wordt 
geanalyseerd welke voordelen een dergelijk AMC-8systeem biedt ten opzichte van het 
AMC-4systeem. Hierbij is de afstand tussen de twee AMC-4ringen en de afmeting van de 
apertuur van de golfgeleider als parameter geïntroduceerd. Voor verschillende waarden 
voor deze parameters is met het hyperthermie-SARplanningsysteem het EM-veld in een 
cilindrisch homogeen fantoom bepaald. Vervolgens zijn de optimale amplitude- en fase- 
instelling bepaald voor een aantal fictieve doelgebieden langs de as van het 
hyperthermiesysteem. Analyse van de voordelen is gebaseerd op de FWHM-waarde van de 
SAR langs een profiel over de as van het AMC-4- en AMC-8systeem en de fractie tussen 
de maximale SAR op de rand van het fantoom en de SAR op de locatie van het doelgebied, 
Sratio. De FWHM-waarde is een maat voor het verwarmde volume. Een lagere Sratio geeft 
aan dat een centraalgelegen doelgebied beter verwarmd kan worden; bij een gelijkblijvende 
maximale SAR op de rand van het fantoom, wordt bij een lagere Sratio de SAR in het 
doelgebied hoger. 
Het doelgebied kan door het AMC-8systeem beter worden verwarmd (de Sratio is lager) dan 
door het AMC-4systeem indien de twee ringen van het AMC-8systeem voldoende dicht bij 
elkaar geplaatst worden; tot afstanden tussen beide ringen van 7.5 cm is de Sratio 
aanmerkelijk beter. Indien de ringen op 4.5 cm van elkaar geplaatst worden, is de Sratio lager 
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voor het AMC-8systeem dan voor het AMC-4systeem zolang de effectieve apertuur van het 
AMC-8systeem groter is dan de apertuur van het AMC-4systeem. De grootste verbetering 
(de laagste waarde voor Sratio ) wordt verkregen met de twee ringen van het AMC-8systeem 
op 4.5 cm van elkaar en met dezelfde afmeting van de apertuur van de golfgeleiders als 
voor het AMC-4systeem. In dit geval wordt, bij een gelijk blijvende maximale SAR op de 
rand van het fantoom, de SAR in het doelgebied voor het AMC-8systeem 1.6 keer de SAR 
in het doelgebied voor het AMC-4systeem. Bij een gelijkblijvende SAR in het doelgebied 
is de maximale SAR op de rand van het fantoom voor het AMC-8systeem 0.6 keer die voor 
het AMC-4systeem. 
In het AMC-8systeem wordt de effectieve apertuur bijna verdubbeld waardoor het volume 
dat verwarmd wordt ook 50% groter wordt. Dit zou ook nog tot een wat homogenere 
temperatuur in het doelgebied kunnen leiden omdat bloed dat het gebied instroomt beter is 
voorverwarmd. Verwacht wordt dat het AMC-8systeem ook bij klinische toepassing zal 
leiden tot een relatieve verhoging van de SAR in het doelgebied, en hiermee samenhangend 
een verhoging van de gerealiseerde temperatuur. 
 
 

8.3 Huidige status en toekomstige ontwikkelingen. 
 
Het in dit proefschrift beschreven hyperthermie-SARplanningsysteem is veeleisend wat 
betreft computer-reken-tijd en geheugen. Het is daardoor moeilijk om binnen de periode 
tussen diagnostische beeldvorming en eerste behandeling een volledige planning uit te 
voeren. Hierdoor is in feite alleen “post treatment”-planning mogelijk. 
Zonder significante verandering in de nauwkeurigheid waarmee het AMC-4systeem 
gemodelleerd wordt, is de “Finite Difference Time Domain” (FDTD) methode in 
samenwerking met de radiotherapieafdeling van het Universitair Medisch Centrum Utrecht 
(UMCU) op de afdeling geïntroduceerd. Hiermee is binnen kortere tijd en met hogere 
resolutie hyperthermie-SARplanning mogelijk. 
Op basis van de SAR-verdeling in de patiënt kan de temperatuurverdeling worden 
uitgerekend. Hiervoor zijn verschillende thermische modellen ontwikkeld waaronder ook 
modellen die rekening houden met het thermische (koelende of verwarmende) effect van 
het bloed in de bloedvaten. In welke mate deze effecten een rol spelen in de grote volumina 
die met regionale hyperthermie worden verwarmd is nog niet duidelijk. Een ander probleem 
dat geldt voor alle thermische modellen is de waarde en nauwkeurigheid van de thermische 
eigenschappen van de patiënt. 
In de modellen die geen rekening houden met bloedvaten is het mogelijk om de 
afhankelijkheid van de temperatuur verdeling van de SAR, en dus van de amplitude- en 
fase-instelling, expliciet te maken. Hierdoor is het mogelijk om met 
optimalisatieprocedures de amplitude- en fase-instelling te bepalen waarbij de 
temperatuurverdeling optimaal is. Binnen de samenwerking tussen het AMC en het UMCU 
is op basis hiervan een optimalisatieprocedure geïmplementeerd waarmee de amplitude- en 
fase-instelling bepaald kan worden voor een temperatuurverdeling met CT-resolutie. 
Tijdens een hyperthermiebehandeling is het van belang om de temperatuur in de patiënt te 
registreren. Ten eerste om zo goed mogelijk de beoogde temperatuur van 40 – 44 ºC te 
realiseren en vast te houden en ten tweede om de kwaliteit van de behandeling te 
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kwantificeren in termen van thermische dosis. Deze temperatuurregistratie moet gedurende 
de gehele behandeling plaats vinden omdat de patiënt fysiologisch reageert op de 
temperatuurstijging; diëlectrische eigenschappen veranderen enigszins en de bloedstroom 
kan sterk veranderen. De registratie wordt van oudsher gedaan met temperatuursensoren. 
Met deze sensoren wordt bij voorkeur in ieder geval dichtbij of in de tumor maar op een 
beperkt aantal locaties de temperatuur gemeten. Momenteel worden deze sensoren vrijwel 
alleen nog intra-luminaal gebruikt omdat het invasieve gebruik vaak leidt tot toxiciteit. 
Nadeel van het intra-luminaal gebruik van de temperatuursensoren is het slechte en niet 
reproduceerbare thermische contact dat deze sensoren met het lumen hebben. In een klein 
aantal instituten gebeurt dit ook met behulp van MR-thermografie. Met deze (voor 
hyperthermie) nieuwe techniek kan met hoge resolutie een drie dimensionale (3D) 
temperatuurverdeling in de patiënt bepaald worden. Om deze techniek te kunnen toepassen 
moet het hyperthermiesysteem compatibel zijn met het MR-systeem. Dit vereist grote 
aanpassingen of een volledig nieuw ontwerp. Een fundamenteel probleem is dat zowel de 
temperatuur als de hoeveelheid zuurstof het MR-signaal beïnvloeden. De hoeveelheid 
zuurstof in een bepaald volume verandert tijdens de hyperthermiebehandeling doordat de 
bloedstroom verandert. Hierdoor stemmen temperaturen gemeten met MR-thermografie en 
temperatuursensoren niet altijd overeen. 
Momenteel kunnen er twee typen regionale hyperthermiesystemen onderscheiden worden; 
de systemen waarmee ook MR-thermografie bedreven kan worden en de systemen 
waarmee temperatuurinformatie met temperatuursensoren verkregen moet worden. 
Aangenomen dat MR-thermografie in de hyperthermiesetting accuraat is, is het mogelijk 
om door middel van een controle/feedback-loop op ongewenste veranderingen in de 3D-
temperatuurverdeling te reageren. Cruciaal hierbij is of het hyperthermiesysteem de SAR-
verdeling voldoende aan kan passen om te reageren op de actuele temperatuurverdeling en 
temperatuurvariaties op een cm-schaal. Het kwantificeren van de behandeling in termen 
van thermische dosis is op basis van de 3D-temperatuurverdeling gedurende de 
behandeling eenvoudig. 
De systemen zonder MR-thermografie zijn afhankelijk van het beperkte aantal 
temperatuursensoren die in het algemeen intra-luminaal geplaatst worden. De gegevens van 
deze sensoren in combinatie met een berekende 3D-temperatuurverdeling zullen moeten 
leiden tot de amplitude- en fase-instelling voor de optimale behandeling. Ook in dit geval 
geldt dat het hyperthermiesysteem in staat moet zijn om de SAR-verdeling voldoende aan 
te passen om de gewenste temperatuurverdeling te realiseren. De vraag is dan of dit leidt tot 
een 3D-temperatuurverdeling die essentieel anders is dan de verdeling die wordt verkregen 
met MRI-feedback. 
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