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11 Introduction into hyperthermia 
Inn the last two decades hyperthermia has developed to an anticancer treatment modality 
whichh for a number o\~ tumour sites is added to the standard treatment modalities like 
surgery,, radiation and anticancer drugs. Hyperthermia refers to the therapeutic use of heat 
andd equates to the controlled elevation of the tumour temperature in the range of40~C to 
4(VJC.. This 'moderate1 heating is not sufficiently effective as a single treatment modality 
andd therefore is applied only in combination with radiotherapy and chemotherapy. The 
effectivenesss of these latter, standard, treatment modalities is enhanced by the hyperthermia 
treatment.. Both the biological mechanisms and the clinical impact of hyperthermia have 
beenn the subject of a large number of studies. Furthermore, ways of improving the 
administrationn or application of the heat treatment, at new treatment sites or in combination 
withh novel drug administration techniques e.g. utilising thermosensitive liposomes, are still 
investigated. . 

1.11 History 

Thee history of hyperthermia has been addressed by several authors. In this paragraph the 
developmentt of RF techniques applied for hyperthermia purposes is indicated briefly. For a 
comprehensivee historical introduction the reader is referred lo Guy and Seegenschmiedt 
(Guyy 1984. Seegenschmiedt etal. 1995). 
Thee effectiveness of heat as a therapy against cancer is believed to be known since 3000 
BCC (Breasted 1930). At the end of the nineteenth century it was discovered that a fever 
couldd serve as the heat-elevating agent. Coley (1893) injected patients with bacteria's in 
orderr to induce a fever that was intended to cure the patient from their tumour and 
accomplishedd a remission in a number of cases. In the same period d'Arsonval (Guy 1984) 
wass able lo induce high frequency current without the need of direct contact with the 
tissues.. This was soon followed by the introduction of eapaeitive coupling to transfer RF 
energyy to the patient. In 1907 Nagelschmidt showed that heating at depth could be induced 
byy high frequency currents and referred to the process as "diathermy" (Nagelschmidt 1913). 
Inn the 1920 - 1930s techniques emerged by which both duration and location of heating 
wass considered controllable. These techniques mainly applied electromagnetism as a way 
too induce the heating. In 1926 Schliephake (Schliephake 1935, Schliephake 1958) stalled 
investigatingg the biological effects of short wave condenser (electric) fields and later 
appliedd 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 
andd was often able to inhibit growth. In the late 1920s and early 1930s there was much 
interestt in the possibility of using shorter wavelengths to induce deeper healing. However. 
duee lo lack of hardware diathermy continued to be applied below 100 MH/. A high 
frequencyy microwave diathermy apparatus with a power output up to 125 W only came 
availablee in 1946. The research on the use of microwave diathermy expanded in the period 
19500 - 1965. The research predominantly was of a clinical or technical nature. The 
importancee of careful dosimetry was not always recognised although this was done earlier 
byy Mittlemann et a! (1941) who related measured changes in temperature to absorbed 
enertiv. . 
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Inn the 1970s and 1980s different applicator types ha\e been developed capable of heating 
superficiall  tumours as wel! as applicators capable of depositing energy deep in ihe body. 
Besidess the development of heating hardware also numerical models addressing the 
interactionn of RF-electromagnetie fields and biological tissue have been constructed. These 
numericall  models calculate the power deposited in the patient by the applied microwaves. 
Inn the last decade these numerical models have evolved from 2-dimensional to 3-
dimensionall  models. The development and improvement of applicators are ongoing 
subjectss mostly steered by numerical models. The efficacy of the applicators is usually 
evaluatedd using dosimetric techniques (Lamaitre et al. 1996. Schneider et al. 1995. De 
Leeuww et al. 1990. Wusl et al. 1995a). In the last 5-7 years the application of these 3-
dimensionall  models as a means of treatment planning and treatment optimisation is subject 
off  investigation. 

1.22 Biological rationale. 
Directt cell kill can be induced dependent on both temperature and heating lime. 'Hie 
mechanismss of cell kill by heat are complex and are related to denaturing proteins, damage 
too cell membranes and cell nuclei and other cytoplasmic components. Although there are 
largee differences in cellular sensitivity to elevated temperatures, no consistent differences in 
thermall  sensitivity have been shown between malignant and normal cells (Hall 1994, 
Vaupell  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 
moree sensitive in the S-phase as compared to the Gl-phase, while radiotherapy is more 
resistantt in S phase (Ilenlc et al. 1988. Westra et al. 1971). 2). Radiotherapy is most 
effectivee in an oxygenated environment, but the vascularisation of tumours often is very 
heterogeneouss leading to a decreased supply of oxygen and nutrients and a limited removal 
off  wastes (Jain I98& 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 
decreasedd capability to dissipate induced heat effectively, resulting in a higher temperature 
inn the tumour tissue than in the well vascularised and perfused normal tissue. The tumour 
areass which suffer from the reduced perfusion are characterised by hypoxia, a poor 
nutritionall  state and low pH which increase temperature sensitivity of the tumour eel! 
(Halmm 1974. Gerweck 1977). 
Nextt to its complementary action, heat exposure leads to both radiosensitisation (Overgaard 
19X0.. Raaphorst el al. 1990) and chemosensitisation (Overgaard et a!. 1991a. Schopman et 
al.. 1996. Hettinga et al. 1997. Rietbroek et al. 1997). Heat doses above 43T for 60 min are 
necessary'' to sensitise cells with an inhibition of base excision repair as the currently 
postulatedd mechanism (Kampinga el al. 2004). Clinically more achievable heat doses are 
thoughtt to increase blood flow and improve tumour oxygenation enhancing radiosensitivity 
(Vujaskovicc et al. 2004). The increased blood flow also is considered to explain the 
enhancedd chemotherapy sensitivity: besides the sustained supply of oxygen and nutrients 
alsoo the supply of the cytotoxins is sustained resulting in an increased uptake compared to 
chemotherapyy without hyperthermia. Resuming, hyperthermia is expected to enhance both 
radiotherapyy and chemotherapy. 
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1.33 Clinical rationale. 

Harlyy phase I II trials were mostly il l performed lacking adequate heating and thermometi-y. 
detailedd reporting and analyses etc. I f the well performed studies are selected several of 
thesee phase I II studies showed an advantage o f the combination o f radiotherapy and 
hyperthermiaa versus radiotherapy alone as well as an advantage of the combination of 
chemotherapyy and hyperthermia versus chemotherapy alone (reviews o f several studies are 
givenn in the handbook 'Thermoradiotherapy and Thermochemotherapy: clinical 
applications'' edited by Seegensehmiedt et al. 1996). These studies were published in the 
eightiess and in majority concerned superficial tumours treated with external heating 
devices.. Vernon et al (1996) in a more recent publication presented the analyses o f the 
combinedd results o f five randomised phase I I I trials. In these trials both advanced primary 
andd recurrent breast cancer patients were treated wi th standard treatment radiotherapy or 
withh a treatment to which hyperthermia was added. Local complete response (CR) rales 
weree determined and compared for both treatment arms. The CR rate increased from 4 1 % 
forr radiotherapy alone arm increased to 59% for the radiotherapy and hyperthermia arm. In 
totall 306 patients were included. Both treatments were wel l tolerated and only a feu 
patientss had their hyperthermia treatment terminated early because o f pain. Hyperthermia 
slightlyy increases acute effects like blistering, ulceration and necrosis but with only little 
impactt on patient well-being. O vergaard et al reported that for recurrent or metastatic 
malignantt melanoma local control could be significant improved (from 28% to 46%) by-
addingg hyperthermia to the standard radiotherapy (Overgaard et al. 1995). In this phase I I I 
studyy for which the end points were complete response rate at 3 months, persistence o f 
completee response and the amount of tissue damage 134 lesions were included. The overall 
55 year survival rate was 19%. The 5 year survival rate was, however, higher for patients in 
whomm all known disease was controlled (38%) than for patients with persistent active 
diseasee (10%). The objective o f heating 30 minutes at a minimum tumour temperature o f 
433 C could only be established in 14% of the treatments due to diff icult ies with equipment. 
Inn another phase I I I trial radiotherapy alone was compared to hyperthermia combined with 
radiotherapyy in locally advanced pelvic tumours (Van der Zee et al. 2000). For the tumours 
inn the pelvic region, i.e. bladder, cervix and rectum tumours, local control rates obtained 
wi thh standard radiotherapy treatment are disappointing. In the study 358 patients were 
enrolledd and randomised into groups either treated with or without hyperthermia. Complete 
responsee rate and duration o f control were selected as endpoints. Complete response rates 
increasedd from 39% for radiotherapy alone to  for the combined treatment of 
radiotherapyy and hyperthermia. Local control lasted significantly longer with radiotherapy 
andd hyperthermia than wi th radiotherapy alone. For bladder cancer this difference in local 
controll disappeared during fol low -up. The most important increase in complete response 
ratess could be established for cervical cancer: 57% for radiotherapy alone versus 83% for 
radiotherapyy plus hyperthermia. For this group o f patients also the 3 year overall survival 
increasedd from 27% in the radiotherapy group to 5 1 % in the radiotherapy and hyperthermia 
group.. The treatment was again well tolerated. In a number o f publications the correlation 
betweenn thermal factors and outcome was investigated based on the patient data of the trials 
presentedd above. Thermal dose appears to correlate to complete response rates in the trials 
onn advanced breast cancer and malignant melanoma. Van der Zee et al. (1999) showed that 
thee local control rate was dependent on the heating device that was used. The volume that is 
heatedd is larger wi th a 433 MHz applicator than for a 2540 MHz applicator. With the 433 
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MHzz applicator it is mure likely that the entire tumour is adequately heated and thus better 
locall  control is achieved 
Thee above mentioned published clinical studies by tar present a complete o\ervie\v. They 
have,, however, had an impact on the acceptation of hyperthermia in the last decade. 

1.44 Hyperthermia application techniques. 

Thee administration of a hyperthermia treatment requires technology to heat the tissues as 
welll  as technology to monitor, control and e\aluate the thermal or other parameters 
involvedd in the heat treatment. In a number of studies these thermal parameters were related 
too treatment response. Devvhirst et al (19K4) showed that the coolest part of the tumour 
determiness the biological response to combined hyperthermia and radiotherapy. Statistical 
significantt correlation could be shown between the mean minimum temperature and the 
durationn of local control (Cox el al. 1992). Also for brain tumours treated with interstitial 
thermoradiotherapyy the minimum tumour temperature appeared to be correlated with 
treatmentt outcome, i.e. freedom from local progression (Sneed et al. 1092). The last decade 
muchh effort has been put in the development and improvement of heating equipment and 
heatingg control techniques. These developments and improvements are increasingly aided 
byy computational techniques initially developed for treatment planning. A brief summary of 
thee known techniques for the application of a hyperthermia treatment is given below. More 
comprehensivee information on most of the items that will be mentioned can be found in a 
numberr o\" handbooks on hyperthermia (Field et al. 1990, Gautherie 1990a. Gauthene 
1990b.. Gautherie 1990c. Gautherie 1990d. Seegenschmiedi el al. 1996) 

1.4.11 Interstitial hyperthermia 

Interstitiall  hyperthermia refers to the techniques applying heating sources which are placed 
invasivelyy at the tumour site. Without causing additional discomfort this technique can be 
appliedd combined with interstitial radiotherapy by using the catheters or needles of the 
brachvtherapvv implant to insert the hyperthermia sources. Due to the location of these 
sourcess the energy deposition is localised to the tumour site and normal tissue heating is 
keptt to a minimum (Ansti/abal et al. 19X4). This is the principle advantage o\~ this 
technique.. Unfortunately, the invasive character also determines the main disadvantages: 
i.e.. limited site accessibility, bleeding and infection and the probability of insufficient 
treatmentt of the margin of the tumour volume. The geometry of the healing sources will 
resultt in a heterogeneous heating distribution i.e. the temperature close to the heating source 
willl  be higher than the temperature midway two healing sources. This effect can he 
minimisedd by placing the heating sources close to each other. The local blood flow 
characteristicss have an even larger effect on the temperature distribution. In a homogeneous 
healedd volume the temperature close to a blood vessel will be lower than at some distance 
fromm this vessel (Crezee el al. 1992. Van Leeuwen et al. 2000). This implies that the 
heatingg power close to this blood vessel should be increased. Thus this effect can be 
anticipatedd by adapting the heating power to the local temperature. Some interstitial 
hyperthermiaa techniques mentioned below have adaptive or steering capabilities. 
Basedd on their design the interstitial hyperthermia techniques can be categorized in four 
groups;; radiofrcquenev. microwave, hot source and ultrasound techniques. The hot source 
techniquess distinguish themselves from the other techniques because the tissue is healed by 
thermall  conduction while the oilier techniques deposit energy directlv in the tissue al some 
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distancee from the heating source. Besides the previously mentioned blood How and implant 
geometryy the sources temperature is the main determinant o f 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 
ferromagneticc seeds (Stauffer et al. 1984. Kobuvashi et al. 19K6. Curtis et al. 1993. Van 
Dijkk ei al. 1993). The hitter technique employs wires made o f a ferromagnetic material 
havingg a Curie temperature in the clinical range, e.g. 50-60"C\ The ferromagnetic seeds are-
healedd by a magnetic Held in the 100 kHz range. I f a seed reaches its Curie temperature it 
w i l ll cease to absorb power from the magnetic Held due to the loss of the ferromagnetic 
properties.. This "thermo switch" character of the ferromagnetic seed allows for adaptation 
too the heterogeneous heat transfer in the tumour. The radio frequency heating techniques 
(Kaateee et al. 1993. Visser et al. 1993) operate at a frequency between 0.5 and 30 MHz. 
Localizedd current f ield applicators operate in the frequency range from 500 kHz to 1MHz 
andd the electrodes are in galvanic contact wi th the tissue tCorry et al. 19N2. Frazier et al. 
19^4).. The magnitude and spatial variation of the power deposition are influenced by the 
voltagee applied to the electrodes, the electrical conductivity of the implanted tissues, the 
shapee and size of the electrodes and the geometry of the electrode implant. Voltage control 
capabilityy o f the electrodes is desirable and can be realised bv connecting pairs of 
electrodess to several independent circuits (Cosset et al. 1985) or by introducing a "duty 
cycle"" concept (Astrahan et al. 1982. Kaatee el al. 1997a). Longitudinal control of the 
powerr deposition becomes possible by placing multiple electrodes in the same catheter 
(Vann der Koijk 1997. Kaatee el al. 1997b). The electrodes operate at a frequency of 27 
MHzz and capacitive couple to the surrounding tissue, thus acting like a current source. The 
importancee of longitudinal control has been evaluated in relation to the influence of 
vasculaturee on the temperature distribution (Van der Koijk et al. 1997). The microwave 
interstitiall heating techniques utilize a radiative antenna working in the range o f 300 to 
24500 MHz. The electromagnetic waves propagate away from the antenna and energy is 
transferredd to the tissue by dielectric losses. The length of the treated area is not adjustable. 
Thee frequency o f operation strongly determines the length o f the antenna which in its turn 
determiness the size o f the effectively heated area. 

Anotherr often occurring problem is the irregular shape of the power deposition and non-
uniformm power deposition along the antenna. Different approaches to solve this problem 
havee been proposed (Le Bourgeois et ai. 1978). I f multiple antennas are applied in an array 
thee choice o f coherent and incoherent operation has to be made. In incoherent operation 
eachh antenna acts individually and control is more straightforward. In coherent operation 
thee fields o f each applicator interfere and the power deposited at a specific location can be 
minimisedd or maximised, but in practice precise control of the power deposition is 
problematic.. More recently the application o f small cylindrical ultrasound sources has been 
introducedd (Hynynen et al. 1993. Diederich 1996). Compared to the other interstitial 
techniques,, spacing between the ultrasound sources is large because of the larger 
penetrationn depth. As with the previous mentioned techniques, control over the temperature 
distributionn along the length o f the applicator can be achieved by using a mult i element 
applicator.. Developments are directed towards improved power levels to be applied in 
directt coupled ultrasound applicators for hyperthermia applications (Deardorff et al. 1998) 
andd for thermal coagulation (thermotherapy) techniques (Deardorff el al. 2000) in highlv 
perfusedd tissues (liver, kidney, brain). 
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1.4.22 Externa! hyperthermic healing. 
AA number o( different applicator types have been developed, each with specific 
characteristicss needed to externally heat tumours of a specific size, shape and location. 
Basedd on the tumour location these applicators can be subdivided into three categories: 
superficiall  or local hyperthermia, regional hyperthermia and whole body hyperthermia. 

1.4.2.11 Superficial hyperthermia 

Superficiall  tumours are accessed relatively easy by heating - and treatment control 
equipmentt and most clinical experience have been obtained for superficial hyperthermia 
equipment.. Both inductive applicators and radiating applicators, like the micros trip antenna 
andd the waveguide applicator, are applied for superficial hyperthermia. 
Thee inductive applicators induce an electric field arising from the time varying magnetic 
fieldfield associated to the current running through the applicator. Current carrying coils or 
inductionn coils have been used for many years in short-wave diathermy at frequencies 
aroundd 13.56 MHz and 27.12 MHz. Analysis of such "pancake" coil shows a strong 
dependencee on applicator - skin distance (Hand et al. 1986); small distances {<  3cm) lead 
too high absorbed power in the fat while at larger distance the absorbed power density in the 
musclee shows an effective penetration depth of 3-4 cm depending on coil size. A 
disadvantagee of the pancake coil is thai 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 
combinationn with the applied frequency. The pancake coil behaves like a magnetic dipole 
orientedd perpendicular to the skin surface resulting in zero heating power on the central axis 
off  the coil (Morita et al. 19X2). To solve the axial zero heating power designs have been 
suggestedd in which the plane of the current loop is perpendicular to the tissue surface 
(Andersenn 19X4. Tiberio et al. 1984. Johnson et al. 1987). 
Radiatingg applicators operate at frequencies above 200 MHz. Most of these applicators are 
designedd to be used in combination with a bolus to improve the coupling of the E-field to 
thee tissues, not to expose the tissue to the fields close to the aperture and to prevent large 
leakagee fields. The applicators that have been developed are based on hollow cylindrical 
waveguidess or micro strips. The waveguide applicators are generally exited by a choke 
positionedd in the waveguide. The dimensions of aperture of the waveguide and its dielectric 
loadd (e.g. water) determine the lowest transmitted frequency or cut-off frequency although 
thiss frequency can be lowered by using waveguides with a ridged cross section. However. 
thee effective aperture is approximately the area beneath the ridges which can be smaller 
thann the aperture of a rectangular applicator of the same dimensions. The impedance of the 
applicatorr depends on the dimensions of the choke and its position lo 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 
materiall  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 
closee to the micro strip. The penetration depth, i.e. the distance at which the absorbed 
powerr per kilogram has decreased by a factor o\\: . depends on applicator type, dimensions 
andd operating frequency and for the applicators described above lies between 3 cm and 6 
cmm for homogeneous muscle tissue (Hand 1990). The penetration depth in practice is less 
thann the penetration depth for a plane wave in the same situation. Other important 
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parameterss that influence the penetration depth are the thickness and dielectric properties of 
thee skin and the tissue underneath the skin (Andersen 1987) and the curvature of the skin. 
Iff  only a single applicator is applied, optimisation of the hyperthermia treatment can only 
bee arranged by proper selection of the size and position ot' the applicator. This can be 
improvedd by using an array of individually controlled applicators. Besides 2D spatial 
controll  of the distribution of the absorbed power such an array is also directed towards 
improvedd effective field size to treat larger areas (Van Rhoon el al. 1992a. Hand et al. 
1992).. The applicators of the array can be applied in either incoherent or coherent modes. 
Thee applicator setting, i.e. phase and amplitude of the feeding HF-signal. can be optimised 
byy measuring the produced field by a small invasive dipole antenna. 

1.4.2.22 Regional hyperthermia 

Thee classes of applicators applied for regional applicators are similar to those used for 
superficiall  hyperthermia with the addition of capacitive applicators. The objective is to heal 
aa relative large target area located at a depth of-10 cm or further. 
Thee capacitive applicators are mostly applied and developed in Japan and mostly are 
operatedd at a frequency of 13 MHz or 8 MHz. These applicators employ capacitor plates 
separatedd from the skin by a water bolus to guarantee stable performance and to provide 
coolingg capability. The capacitor plate size, including bolus, is critical and should cover the 
entiree 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 
reducedd by the cooling capacity of the bolus in cases where the subcutaneous fat layer is 
nott too thick (Hand et al. 1986). Reasonable clinical results have been reported (Hiraoka et 
al.. 19X7. Nishimura et al. 1992) although excessive SAR can be produced in the superficial 
fatt layers despite skin cooling. The technique is therefore restricted to patients having a fat 
layerr of less than 1.5-2 em (Hiraoka et al. 1987). Besides the excessive SAR in the fat 
layerss also hoi spots may occur related to the inhomogeneity of the tissues in the target 
area.. SAR steering is obtained by applying three electrodes (Nussbautn et al. 1986). An 
approachh solving the excessive fat layer heating is increasing the cooling capacity of the 
waterr bolus (Ohguri et al. 2004). Another approach to solve the problem of excessive 
heatingg 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 
mayy still occur below the rings if there is no substantia] gap between the rings and the 
tissue. . 

Thee inductive applicators are all based on a current carrying coil. The concentric coil is 
placedd 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 
temperaturee distributions generated by these applicators suggests that penetration is limited 
too about 6 cm of the skin (Strohbehn et al. 1986) which is supported by clinical experience 
(Samulskii  1989). The coaxial coil consists out of two coils placed about the patient with the 
axiss of the coils perpendicular to the patient's axis. As in the concentric coil the SAR on the 
applicator'ss axis is zero. This is solved by using a helical coil which produces an axially 
inducedd electric field. Main advantage of this type of applicator is that they do not require a 
waterr bolus. A heavy water bolus often results in patient discomfort. 
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Thee radiative applicators used tbr regional hyperthermia are all operated as a phased array. 
Thee radiating elements of the applicator are positioned around the patient and produce a 
convergentt E-field polarized along the patient's axis. The space between the apertures of 
thee radiating elements is filled with water to provide improved electric coupling, reduction 
off  stray fields and controllable cooling of the patient's skin. Turner (1984) as one of the 
firstt developed an annular phased array consisting of 16 parallel plate waveguide apertures 
(200 em \ 23 cm) arranged in eight pairs within an octagonal array. This system was shown 
too be more efficient in heating of deep-seated locations than eapaeitive (Tsukiyama el al. 
1990)) or inductive devices (Oieson et al. 1986). Clinical experience with this type of 
phasedd array indicate difficulties in reaching therapeutic temperatures in deep sealed 
tumourss due to treatment limiting problems including pain, systemic heating and general 
patientt discomfort e.g. caused by heavy water boluses (Pilepieh et al. 1988. Pilcpich et al. 
1987).. The design of an improved cylindrical array applicator (Turner et al. 1 989) based on 
thee previous annular phased array focussed on easier patient handling. The applicator and 
accompanyingg treatment software are sold by the BSD medical corporation as the BSD̂  
20000 system. This improved system consists of eight dipoles of 46 cm contained within a 
transparentt plastic cylinder. A single water bolus provides contact with the patient for up to 
approximatelyy 38 cm. The applicator operates in a frequency range of 60 120 MHz and 
thee power is delivered to four pairs of adjacent dipoles at the lop. bottom, left and right side 
off  the array. Both the power and phase of each pair of dipoles can be adjusted individually. 
Selectionn of the phase setting of each dipole pair is made primarily by the "line-of sight" 
distancee from each dipole pair to the target site, as determined by the treatment software of 
thee BSD-2000. Both frequency and amplitude were chosen by rule of thumb guidelines and 
intuitionn of the operator (Sullivan 1991), This system does not include on line control of 
measuredd phase and amplitude at the feeding of each dipole pair which is experienced as a 
disadvantagee (Homsleth et al. 1997). In 1997 the BSD medical corporation presented an 
improvedd version of the BSD 2000 sigma 60 applicator, the BSD 2000 3D Sigma Eye Deep 
Hyperthermiaa applicator. The circumferential array of eight dipoles present in the sigma 60 
applicatorr is slit in three circumferential rings of eight dipoles. This configuration is 
capablee of focussing the energy in the longitudinal direction. Properties capabilities of the 
Sigmaa Eye like e.g. the control of the electric field distribution have been studied by Wust 
ell  al (2000). 
AA four element phased array system operating over a frequency range of 20 200 MHz was 
developedd by Raskmark and Bach Andersen (1984). Each element consists of an inner plate 
withh an aperture and an outer plate acting as a reflector. Both plates are circumferential to 
conformm to the patients body contour. Each element has an integrated water bolus with 
controlledd water flow. The distribution of the deposited power depends on the frequency, 
thee 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 
adjustmentt must be performed including corrections for ihe cross coupling of the elements 
(Raskmarkk et al. 1994). Another phased array system was designed and constructed based 
onn a 433 MHz prototype (Van Dijk el al. 1989). The large scale 70 MHz equivalent applies 
fourr water tilled waveguides and was introduced in the clinic in 1987. After a period in 
whichh the top and bottom applicator where acti\ely powered while the lateral applicators 
weree 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) . 
Thee PLL sensors are mounted on the feeding plugs of the waveguides while the ALL are 
positionedd at the output of the power amplifiers. The PLL and ALL stabilise the phase and 
powerr output at the feeding plug on the waveguide. Both phase and amplitude of the 
forwardd signal to the waveguide are continuously monitored by a vector volt meter. After 
thiss upgrade all four waveguides were applied in an active mode and the phase and 
amplitudee of all four of the feeding signals could be adjusted and locked individually. Also 
inn this case adjusting the feeding signals must be corrected for cross coupling effects 
(Schneiderr el al. 1995). Each of the waveguides can be moved towards the patient 
individuallyy 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 
amplifierss is avoided by a set of tuners. In contrast to the multiple element in the phased 
arrayy system the coaxial TEV1 applicator (Lagendijk 19X3, De Leeuw el al. 1987) is fed 
throughh a single connector. The applicator consists of an open ended air filled coaxial line 
inn which the inner conductor is hollow. At the open end the conductors are bent to form an 
aperturee through which an H-field parallel to the axis of the applicator can be emanated. 
Thee patient is positioned along this axis in an open water bolus contained within the central 
conductorr and thus is exposed to a circumferential E-field parallel to the body's axis. The 
openn water bolus configuration avoids the patient discomfort due to the pressure of heavy 
boluss bags, as experienced with the earlier versions of the annular array applicators. The 
widthh of the aperture formed between the inner and outer conductor can be varied between 
88 and 45 cm. 

1.4.2.33 Whole body hyperthermia 

Thee major application of whole body hyperthermia (WBII) is to treat metastatic disease by 
increasingg the body temperature to 41.8 l'C. In general WBH is combined with 
chemotherapy.. In the past WBH has been induced by injection of bacterial toxins. Later 
controlledd techniques have been developed like extracorporeal heating of the blood and 
epidermall  healing 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. 
Extracorporeall  heating of blood suffers from a number of complications related to the 
inductionn of alterations in the coagulation system. A relatively new technique developed by 
Robinss el al (1994) employs radiant heat in a humidified closed environment thus 
preventingg cooling by perspiration. The therapeutic index of the combined treatment 
modalityy is dependent on timing and scheduling of the applied chemotherapy drug and the 
WBHH treatment; e.g. application of cisplatin (Overgaard et al. 1991b) and WBH requires 
differentt timing and scheduling to obtain a good therapeutic index than application of 
carboplatinn and WBH (Robins et al, 1993). Toxicity of WBH is acceptable if patients are 
carefullyy selected and if the treatment is accompanied by suitable anesthesiologies! 
managementt and monitoring (Kemer et al. 1999. Robins et al. 1997). In general the body 
temperaturee is increased and maintained for 1 hour to the maximal tolerable temperature of 
41.88 "C (Robins el al. 1993. Kemer et al. 1999. Westermann et al. 2001. Westermann et al. 
2003).. Animal studies suggest that long-duration (6-12h) WBH at a temperature of 39" -
40""  C leads to an increased therapeutic index (Kraybtll et al. 2002). 

14 4 



Chh I .Introduction into hyperthermia 

1.4.33 Heating control. 

Bothh the measurement of the electric field strength and the temperature are applied for 
healingg control purposes. In clinical practice these measurements invoke invashe and 
intra-luminall  placement of both E-field probes and thermometry sensors to control the 
powerr deposition and temperature respectively. Both measurement modalities arc also used 
inn phantom experiments directed towards quality assurance and heating efficacy 
determination.. E-field probes are applied in essence to determine the heating power which 
iss proportional to the square of the field strength. In hyperthermia systems utilising 
capacitivee or radiative applicators E-field probes are applied to characterise the heating 
efficacyy by scanning the probe through a phantom patient. In clinical practice the E-field 
probee is usually positioned intra-luminal like in the vagina or the rectum and exceptionally 
inn the tumour. At the position of the probe the E-field can be monitored or the field strength 
cann be maximised. The mandatory character of the application of thermometry sensors 
duringg clinical treatments is well recognised (Lagendijk et ai. 1998). The temperature is 
measuredd by thermocouple strings, motor-scanned single thermistors or fibre optic sensors. 
Thee sensors are positioned within catheters which have previously been inserted in natural 
cavitiess or in the tumour or they are an integral part of the (interstitial) applicator. Non-
invasivee thermometry strongly evolved during the last decade. The most promising non-
invasivee thermometry techniques are based on MR I {Samulski et al. 1992, Wlodarczyk el 
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 
techniquee which measures a signal uniquely determined by the temperature. Other 
techniquess are based on impedance tomography, microwave imaging (Meaney et al. 2003b. 
Mcancyy et al. 2003a). Some kind of heating control and mainly temperature registration are 
requiredd during a hyperthermia treatment. 

1.4.44 Hyperthermia Treatment planning 

Thee simulation of a hyperthermia treatment is a two step procedure: 1) compute the heating 
powerr induced in the body by the heating source or hyperthermia applicator and 2) compute 
thee 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 
off  the heated tissue and the difference in transient behaviour of the power absorption 
relativee to the much slower thermal response time. The second step is a generic step which 
iss identical for each hyperthermia system and is dependent on the first step. The first step is 
dependentt on the applied healing source. The importance of hyperthermia treatment 
simulationn has been best summarized by the four areas where treatment modelling could 
playy a role in improving power delivery and evaluating resulting dosimetry (Gautherie 
1990d):: 1) Comparative dosimetry to evaluate different devices under identical 
circumstancess in order to establish guidelines for the use of one system over the other; 2) 
Prospectivee dosimetry intended to determine the best possible treatment for the specific 
patientt given the available heating modalities; 3) Concurrent dosimetry during treatment 
aimss for improvement of the therapeutic temperature rise in the tumour by changing the 
powerr deposition distribution based on a limited number of temperature measurements; 4) 
Retrospectivee dosimetry of measured temperature data to evaluate the ability of the 
treatmentt apparatus to heal the tumour to a certain predefined therapeutic threshold. These 
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areass arc clearly formulated from the thermal point of view and certainly the latter three 
areass strongly rely on the temperature calculation. However, the area of comparative 
dosimetryy applies in the field of power deposition problems as well and in fact this Held has 
beenn studied more extensively than the other fields. 
Inn the last decade the computational techniques for heating power calculation have evolved 
fromm 2-dimensional to 3-dimensional techniques. The results of these 3-dimensional 
techniquess have shown that in the 2-dimensional simulations the influence of tissue 
interfacess has been underestimated (Wust et al. 1995b). Even more, the 3-dimensional 
simulationss have revealed the critical role of localized areas a{ high power deposition 
outsidee the immediate treatment field which can occur as a result of the electromagnetic 
propertyy discontinuities that are prevalent within the body. As a result, electromagnetic 
modellingg is utilized to find ways to diminish these areas, called hot spots, outside the 
treatmentt area as well as to identify methods of maximising the power deposited in the 
targett volume. The solution of the problem of diminishing hot spots while maximising 
heatingg rate in the target volume is in general sought in optimisation techniques and several 
optimizationn 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 
variouss devices have rendered valuable information for improvement of treatment quality 
andd applicator development (Paulsen et al. 1999, Seebass et al. 2001). The reduction of hot 
spotss plays an important role in the development of improved heating systems (Wust et al. 
1996). . 

Temperaturee dosimetry on the basis of simulations strongly relies on the accuracy of the 
powerr 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 
dynamicss of the perfusion. Techniques for numerical determination of the temperature are 
mentionedd in the next paragraph. 

1.4.55 Prediction of the temperature increase induced by hyperthermia. 

Thermall  modelling concerns the calculation of the temperature distribution after the power 
depositionn has been calculated. The temperature distribution calculation can be performed 
byy a continuum model or a discrete vessel model. 
Inn the continuum model described by Pennes (1984) the thermal impact of blood is 
describedd collectively by a heat-sink or energy drain proportional with the volumetric 
perfusionn and the local temperature elevation. The spatial variation in blood flow is taken 
intoo account by spatial variation of the volumetric perfusion rate. The vasculature is not 
includedd in this model and the assumption is that the blood temperature instantly 
equilibratess with the tissue temperature when it reaches the capillaries. This assumption 
holdss for capillaries (Crezee et al. 1992) but not for larger vessels which take part in the 
thermall  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 
off  the Pennes heat-sink model have been proposed mainly to cope with the blood flow-
directionn (Wulff 1974. Chen et al. 1980. Weinbaum et al. 1985). in the model proposed by 
Weinbaumm 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 
withh the Pennes heat-sink model is recommended (ESHO Task Group Report 4 1992). A 
discretee vessel model is preferred to predict the thermal influence of large individual 
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vesselss (Crczee et al. 1992. Lagendijk 1984. Rawnsley et al. !994. Kolios et al. 1995. Van 
Leeuwenn et al. 2000. Raaymakers et al. 2000b). 
Severall  analytical solvable discrete vessel models have been presented in the literature 
describingg the thermal interaction of'tissue and basic vessel geometries (Chen et al. 1980. 
Crezeee 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 el al. 1988). These analytical models are a 
necessityy to lest numerical computer models developed for the calculation of the thermal 
impactt of realistic vasculature. Initially these numerical models were limited to straight 
vesselss (Lagendijk et al. 1984. Chen'et al. 1992. Rawnsley et al. 1994, Chan 1992). 
Mooibroekk and Lagendijk (Mooibroek et al. 1991) developed a numerical model that could 
copee with branched- and curved vessel networks. A drawback of this model is that a 
realisticc representation of a vessel requires very small voxel sizes. A new model solved this 
problemm by separating the vasculature space from the tissue space. The interaction between 
thee tissue and the vasculature is implemented at junctions of tissue voxels and the 
vasculaturee and is calculated based on an analytical result for a vessel embedded in a 
coaxiall  tissue cylinder (Kotte et al. 1996. Kotte 1998. Kotte et al. 1999). This model has 
beenn validated both theoretically {Van Leeuwen et al. 1997a, Van Leeuwen el al. 1997b) 
andd experimentally (Raaymakers el al. 1998. Raaymakers et al. 2000a). Imaging the small 
thermallyy relevant vessels is still problematic. The effect of small undetected vessels can be 
handledd by expanding the obtained vessel network artificially (Van Leeuwen et al. 1998) or 
byy using the quantitative perfusion maps obtained from MRI (Vonken et al. 1999). 
Alternativelyy the missing vessels can be modelled collectively using a heat sink approach 
(Raaymakerss et al. 2000b). 
Thee numerical/computer models developed for the calculation of the thernial impact of 
realisticc vasculature are complex and still require substantial computing power. Therefore 
thermall  simulations for regional hyperthermia applied in the treatment optimization process 
aill  use the bio-heat model. In general, in contrast to interstitial hyperthermia, in regional 
hyperthermiaa the target area will be supplied by pre-heated blood. In this case the smallest 
vesselss will be insignificant. If however blood is supplied by a large vessel also these small 
vesselss should be taken into account. In practice, either vessels are not considered (W'ust et 
al.. 1996) or the largest vessels are incorporated by adapting the perfusion value at these 
largee vessel locations (Seebass el al. 2001). 
Korr a review of heat transfer in hyperthermia see for instance Lagendijk (1990). Chato 
(1990)) or more recently Lagendijk (2000). 

1.4.66 Prediction of the hyperthermia heating power. 

Thee heating power is determined by the generated electromagnetic (F:M) field. Analytical 
solutionss for the F.M field distribution are only available for simple geometrical structures 
andd simple sources, i.e. layered spheres or cylinders radiated by a plane wave (Zwainborn 
ett al. 1992a). To model the EM field in a highly heterogeneous and geometrical complex 
structuree like the human body numerical techniques are essential. Analytical solutions are 
usedd to validate the implementation of these numerical techniques. The following 
techniquess 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 (VVust et al. 1943) 
 Weak Form of the Conjugate Gradient FFT method. \VF - CGFFT. (Zwamborn et a!. 

i991.Zwambornett al. 1992b) 

Thesee techniques can be divided into integral equation methods and differential techniques; 
thee FDTD and FEM being differential techniques and the WF - CGFFT and the VSIE being 
integrall  equation techniques. With all methods, except the FDTD method, a set of algebraic 
equationss is formulated which results in a matrix statement. This matrix is full for the 
integrall  equation methods due to the global nature of the equation, i.e. the solution at one 
pointt in the lattice is influenced by all other points in the domain. For the differentia! 
method.. FEM. the matrix is sparse due to the local nature of the equations. The obtained 
matrixx statement is generally solved by an iterative matrix solver like the conjugate gradient 
methodd in the WF - CGFFT method. Compared to the other numerical techniques the 
FDTDD method is an efficient method superior in speed and memory requirements. Some 
pointss of consideration for the techniques mentioned above are the numerical efficiency in 
relationn to resolution, the handling of interfaces and the prediction of the normal 
componentss at these interfaces in particular, the truncation of the computational domain and 
thee description of smooth interfaces by a rectangular grid. 
Eachh of the numerical techniques utilizes a lattice or grid on which both the EM source and 
thee irradiated patient arc discretised. The EM field is determined at node points related to 
thiss grid on the basis of the properties of the patient defined on the grid. The definition of 
thee patients' dielectric and thermal properties in general is performed on the basis of CT or 
MRR data. The translation of this "high" resolution diagnostic data towards the calculation 
gridd can be divided into two steps; 1) linking dielectric properties to the tissues present in 
thee diagnostic dataset and 2) performing the conversion of the obtained "dielectric" data set 
too the grid used in the numerical model. Linking dielectric properties to the different tissues 
iss done either by contouring or by a direct translation of the diagnostic data to dielectric 
propertiess (Wust et al. 1998. Piket-May et al. 1992. Sullivan 1990). Also techniques to 
translatee MR data to dielectric properties data have been reported (Farace et al. 1997). The 
sett o( contours of a certain tissue type or organ defines a volume to which dielectric 
propertiess are linked. These dielectric properties have been measured and paramelerised for 
aa 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 
dependss on the applied numerical method. The FDTD - and WF - CGFFT method utilize a 
rectangularr calculation grid. The resolution of the "dielectric" data set must be downscalcd 
becausee of available computing power. A popular downscaling principle is the "winner 
takess it all" principle. According to this principle the dielectric properties of a low-
resolutionn voxel is determined from the dielectric properties of the majority of the high 
resolutionn voxels encompassed by the low resolution voxel. Another method is called 
"anisotropicc volumetric averaging" (James et al. 1992). The orientation of the structure can 
bee accounted for by determining the effective dielectric properties of the low resolution 
voxell  along the principle axes. As a result of downscaling to a rectangular grid small 
anatomicall  structures will disappear and curved interfaces between tissues will be 
convertedd to staircase interfaces. Comparisons between the different downscaling methods 
havee been presented in the literature (van de Kamer el al. 2001. Wust et al. 1998). 
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Thee FE method and the VS1E method apply tetrahedral building blocks to define the "high" 
resolutionn 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 
cann be placed more densely at locations where this is necessary. The formation of the 
gridd lattice mesh is more complicated but has been automated to a high extent in the last 5 
years. . 

1.4.77 Model validation by phantom measurements. 

Theree are at least two reasons to perform phantom measurements: I) to specify evaluate the 
heatingg properties quality of a hyperthermia system and to assure this quality (Lagendijk et 
al.. 199X) and 2) to test a numerical method. Several communications have been published 
presentingg measurements concerning either hyperthermia system evaluation or testing of a 
numericall  model. 
Measurementss in a cylindrical phantom positioned in the coaxial TEM applicator revealed 
thatt the power deposition peaks at the central axis and that for a 40 cm aperture the power 
depositionn at the superficial regions decreases relative to the power deposition on the 
centrall  axis compared to the 20 cm aperture (De Leeuw et al. 1990). The findings of a 
theoreticall  study by van Putten and van den Berg (Van Putten et al. 1986) are in agreement 
withh these measurements. 
Schneiderr et al applied light emitting diodes (LED) to visualize interference effects in a 
fourr radiative four-applicator hyperthermia system (Schneider et al. 1991b). The LFDs are 
positionedd in a regular pattern, a I I x 15 matrix with a mutual distance of 2 cm. The leads 
off  the LEDs are bended to form a dipole. The electric Held strength sensed by the LED 
dipolcc is related to the light intensity emitted by the LED. The electric field distribution in a 
completee transversal cross-section of a saline phantom can be made visible in real time 
usingg the LED-matrix. The measured signal is converted immediately to a light signal thus 
preventingg RF disturbance of the measured signal. This LED matrix is a simple, low cost, 
versatilee tool both for qualitative and quantitative determination of SAR profiles and was 
appliedd 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 
linkk to serve as a E-field probe {Schneider et al. 1991a). By conversion of the electric signal 
intoo light, transmission can be realised to an RF disturbance free area where data 
acquisitionn and interpretation takes place. In a combined project between the AMC and the 
Physicss and Electronics Laboratory of TNO. The Hague. NL. an E-fteld vector probe has 
beenn developed al the TNO laboratory. This probe is capable of measuring both amplitude 
andd phase of the 70 MHz RF-field in the annular phased arrays. Utilizing the probe 
Schneiderr et al shows thai the measurement of the phase and amplitude pattern of each 
applicatorr of an annular phased array is sufficient to determine the phase and amplitude 
patternn for any interference set-up (Schneider ct al. 1995). Also possible differences in the 
incidentt fields of particular applicators can be revealed by measurement with this probe. A 
proceduree to determine the matching of each waveguide antenna, the transmitted net power 
andd 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 
bee concluded that the E-fields emanated by the waveguide antennas are well controlled in 
bothh phase and amplitude. 
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Ann extension of the application of the LED matrix was presented by Wust el al (1999). The 
lampp matrix is embedded in a tray containing a medium electrically equivalent to the 
appliedd saline phantom content. The matrix can be shitted accurately along the central axis 
direction.. Together with an image acquisition system and an image processing system a 
3D-dataa set describing the E-field distribution for a fixed setting of the hyperthermia 
systemm can be obtained in minutes. However, eqtiat to the LED matrix, only the strength of 
thee component of the electric field aligned to the dipole is visualized. In general this is the 
fieldfield component aligned with the phantoms central axis. The components in the direction 
perpendicularr to this direction are not visualized and do not contribute to the light intensity 
emittedd by either lamp or LED. 
Wustt et al (2000) performed measurements in a phantom positioned in the SIGMA-eye 
hyperthermiaa applicator. The measurements are performed with an electro-optical sensor, 
likee the E-ficld probe used at the AMC. capable of measuring both electric field amplitudes 
andd phases. Correspondence between amplifier setting and irradiated field of each channel 
att the sensor position only 2 cm away from the feed points of the antennas is good. 
Subsequentlyy the probe is used to measure the electric field in the phantom and surrounding 
waterr bolus for various settings of the control parameters. The measured amplitude and 
phasee are compared with numerical results obtained with the KDTD method and FE 
method.. Reasonable agreement between measured and calculated electric fields is obtained 
onlyy after modification of the control parameters by fitting calculated and measured data. 
Thee origin of this necessary modification is attributed to cross-talk phenomena and other 
characteristicss of the system. Similar phenomena were observed in the preceding sigma-60 
applicator. . 
Bothh Sullivan et al (1992) and Jia et al (1994) presented a comparison of measured and 
simulatedd data of sigma 60 heating of the so called "Utah phantom"1. This phantom is a 
relativelyy complex, but still generalized model of the pelvis area and has been described in 
detaill  (Allen et al. 1988. Gibbs et al. 1990. Sullivan et al. 1992). The Utah phantom consists 
offall  and muscle equivalent material shaped as a 'torso', two legs and a 'central canal'. 
Measurementss can be performed by moving sensors in eleven strategically positioned 
trackss including tracks passing a fat muscle interface. Unfortunately the phantom is not 
stablee over time (Jia et al. 1994). Sullivan reported comparison of the measured SAR with 
thee SAR obtained from FDTD modelling. Jia complemented the SAR data set with direct 
E-fieldd measurements and performs a comparison with data obtained from FEM modelling. 
Thee FE computed data showed a good overall agreement with the measured data. In 
particularr the E-field data perfectly captures the electromagnetic jump present at fat -
musclee 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 
cann be attributed to the SAR measurement procedure which demands large power levels to 
bee 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. 
Duee to the instability at certain locations a significant deviation between the actual and 
simulatedd phantom may occur leading to discrepancies between measured and simulated 
data.. Sullivan obtained similar results for the SAR comparison. However, high SAR \ allies 
att tissue interfaces appear to be simulated somewhat less accurately. 
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1.55 Layout of this thesis. 

Thee simulation and optimisation of the SAR in patients treated in a hyperthermia system 
aree generally referred to as hyperthermia treatment planning. Hyperthermia treatment 
planningg has not yet reached the stage of regular application for clinical treatments. Still 
treatmentt planning systems have proven their value and arc applied for 1) 
developmentt optimisation of hyperthermia treatment systems apparatus. 2) optimisation of 
treatmentss for systems that have become loo complicated to operate on intuition. In this 
thesiss these aspects are treated for our hyperthermia treatment planning system. 
Too be able to use a planning system for development or optimisation o\' treatment 
techniquess one has to be certain the planning system is accurate. In chapter 2 measurements 
aree presented to validate the Weak Form of the Conjugate Gradient Fast Fourier Transform 
(WF-CGFFT)) method developed by Zwambom et al. The bolus size is varied as a way to 
reducee the treatment limiting effects correlated to a too small bolus. In chapter 3 the results 
off  the measurements presented in chapter 2 are compared with simulation with the WF-
CGFFTT method. The AMC 4 waveguide phase array system is described within the 
frameworkk of this method. The validity-accuracy oï this description is determined for a 
singlee waveguide and for the 4 waveguide array. The waterbolus size is again taken as 
parameter. . 
Thee 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 
chapterr 4 a tool is presented that can assist in finding the optimal setting. The tool is applied 
too optimise the SAR distribution while constraining the SAR at several anatomical sites to 
preventt hot spots to occur at these locations. Pin pointing anatomical sites where hot spots 
mayy occur is by no means a generic procedure and hot spot sites may be missed. A generic 
approachh to pin point possible hot spot candidate sites is presented in chapter 5. 
Optimisationn 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. 
Inn chapter 6 the hyperthermia treatment planning system is applied as a lool to 
developp optimise the hyperthermia system. For a phased array consisting o\" two parallel 
AM CC 4 waveguide phased arrays the effect of the distance between the two arrays and the 
sizee of the applicator is investigated. 
Inn chapter 7 the work presented in this thesis is discussed and summarised. 
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