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77 Summary and general discussion 

7.11 Background Introduction 
Hyperthermiaa refers to the therapeutic use of heat by the controlled elevation of the tumour 
temperaturee in the range of 40':C to 4rrC. This 'moderate' healing is not sufficiently 
effectivee as a single treatment modality and is therefore applied only in combination with 
radiotherapyy and or chemotherapy. At the Academic Medical Centre (AMC) in Amsterdam 
thee application of hyperthermia was started in 1979 in the treatment of superficial tumours 
andd in 1987 in the treatment of deep seated tumours. A large number of patients has been 
treatedd and included in a number of (randomised) trials since. The healing system used at 
presentt for treatment of deep seated tumours is referred to as the AMC' four waveguides 
phasedd array or AMC-4 system. It is composed of 4 waveguides which emanate 
electromagneticc (EM) waves at a frequency of 70 MHz into the patient. Through 
constructivee interference it is tried to focus the energy on to the target. The investigations 
describedd in this thesis aim to optimise the treatments using this system and the 
temperaturess reached in the clinic. 
Inn order to gain insight in the treatment technique and further improve it. its healing pattern 
needss to be characterised. This has been a subject of investigation since 1990 and has led to 
thee 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 
organizationn for applied scientific research (TNO). Whereas the LED sensors monitor the 
E-fieldd amplitude the vector probe is capable of measuring both amplitude and phase. The 
latterr sensor enables the collection of the RF electric field of individual applicators in 
phasedd array systems and thus the calculation of interference patterns from these fields. In a 
studyy comparing measured and interference patterns and those determined from the fields 
off  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. 
Parallell  to the development of measurement techniques effort has been put in the 
developmentt of a numerical method to calculate the EM-field in heterogeneous media. 
Suchh simulations are crucial for extending the data from measurements in homogeneous 
phantomss to the heterogeneous patient and to gain insight in the behaviour of the heating 
patternn in the patient tissues as a function of the operational parameters (amplitude and 
phasee of the applicators). Furthermore, simulations can be applied to investigate proposed 
systemm improvements before they are implemented. 

1.21.2 Summary of this thesis 

Thee purpose of the research described in this thesis is to further optimise the hyperthermia 
treatmentt and improve the temperatures reached in the clinic. This effort is divided into 
threee main parts: 1) the development of a validated hyperthermia specific absorption rate 
(SAR)) treatment planning system based on the Weak Formulation of the Conjugate 
Gradientt Fast Fourier Transform (WF-CGFFT) method. 2) the development and application 
off  treatment optimisation techniques and 3) application of the hyperthermia treatment 
planningg to propose and analyse an improved clinical treatment system. 



Chh 7. Simimar\ anJ acneml discussion 

Thee first part, the development o\' a validated hyperthermia treatment planning software 
basedd on the WF-CGFFT method, has been divided in two sub-parts; 1) the development of 
softwaree to proeess the medical input data, hyperthermia treatment system characteristics 
andd the numerical results and 2}  to provide an appropriate data set to validate the WF-
CGFFTT method in conjunction with the treatment system characteristics. The collection of 
suchh 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, 
alsoo is divided in two sub-parts; 1) the development of an optimisation procedure based on 
thee mean SAR in volumes of any size. e.g. the target and total patient volume, as presented 
inn chapter 4 and 2) the delineation of potential treatment limiting hot spots and including 
thesee in the optimisation procedure as presented in chapter 5. 
Fiyperthermiaa treatment system developments focus on improved targeting. For this 
purposee the number of parameters available for steering the heating pattern is increased. 
Thesee parameters are EM-field frequency and the number of EM-sourccs. In this thesis the 
numberr of applicators is increased by adding a second annular phased array ring. The 
hyperthermiaa treatment planning system is applied to analyse the possible heating 
improvementss obtained by this system upgrade. This analysis is presented in chapter 6. 

7.2.11 Short description of the hyperthermia treatment planning software 

Thee hyperthermia treatment planning software has been developed on a Silicon Graphics 
Workstationn and consists of three main applications; 1) an application to segment the CT 
dataa into tissue types, to downseale the CT resolution to a lower resolution because of 
limitationss 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 
treatmentt system and to process these data to input for the EM-field calculation. User 
interactionn is provided by a graphical user interface. 2) An application which calculates the 
EM-fieldd in the representation of both the patient and the hyperthermia treatment system by 
thee VVF CGFFT method. 3) An application to set the amplitude and phase of the fields of 
thee separate applicators of the hyperthermia treatment system, to add these fields and to 
calculatee the SAR. to visualise and compare field and SAR distributions and to provide 
outputt for optimisation utilities. The software for the EM-field calculation by the WF-
CGFFTT method has been implemented at the Technical University Delft. Most of the 
remainingg software has been implemented at the AMC. 

7.2.22 A data set to validate the hyperthermia treatment planning software. 

Althoughh the heating pattern of the heating devices applied at the AMC has been previously 
characterizedd in the aperture midplane. such a dataset is regarded as too limited to validate 
thee WF-CGFFT method in conjunction with the treatment system characteristics. 
Furthermoree in the sagittal midplane the influence of a prolonged bolus can be investigated. 
Thiss is clinically relevant as treatment limiting heating effects are often reported at the 
boluss ends. These effects are associated with fringing fields present at the bolus ends. 
Basedd on clinical experience the amplitude of the fringing fields is expected to decrease for 
aa bolus thai is prolonged in the system axis direction. In chapter 2 the spatial distribution of 
ihee EM-field in the aperture midplane and the sagittal midplane of one applicator of the 
Amsterdamm four waveguide-array system have been characterized in a homogeneous 
phantomm for a long bolus and a short bolus. This is done by scanning the TNO field probe 
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throughh the phantom. The EM-field of applicators has been measured in two setups: 1) one 
waveguidee connected to a homogeneous phantom by a bolus and. 2) the clinical system, i.e. 
fourr waveguides connected to a homogeneous phantom by a bolus. The data presented 
clearlyy indicate that a prolonged bolus lead to a decrease of the radial Held component. 
Sincee the radial component of the EM-field near the bolus edge is related to the appearance 
off  superficial 'hot spot1 phenomena a clinical improvement can be anticipated if the bolus 
iss prolonged. Additionally such a prolonged bolus will lead to an extended heating area, the 
fieldd lines being more aligned to the patient's main axis. The results presented correspond 
withh the clinical experience of prolonged boluses in other phased array systems and 
previouslyy presented simulation results for the Utrecht "Coaxial TEM". A bolus size of 40 
cmm has been shown to be clinically feasible for our AMC-4 waveguide phased array. In this 
casecase the bolus is twice the aperture size of 20 cm. Actual application of this prolonged 
boluss has resulted in a decrease of complaints and an increase of the applicable total power 
level. . 

7.2.33 The accuracy of a hyperthermia SAR planning system 

Thee accuracy of a hyperthermia SAR planning system delermines its role in prospective 
SARR planning and dosimetry for the individual patient. Crucial are 1) the accuracy of the 
numericall  simulation method with substantial dielectric contrast and 2) the numerical 
descriptionn of the hyperthermia treatment system. The accuracy of the numerical simulation 
methodd has been found to be acceptable by means of a test case for which the EM-field is 
modelledd in a heterogeneous layered sphere irradiated by a plane wave. The validity of the 
numericall  description of the hyperthermia system is investigated by comparison of 
simulatedd and measured EM-field amplitude and phase of the clinical operational 
hyperthermiaa system. This comparison is elaborated in chapter 3 for the dataset presented in 
chapterr 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 
profiless (chapter 3, figures 6 - 8) it is concluded that generally the simulation results 
correspondd qualitatively with the measured EM-field. A quantitative accuracy assessment 
revealss that large differences up to 30% in amplitude and 90 degrees in phase occur. The 
correspondencee between simulation and measurement of the phase of the radial EM-field 
componentt is poor. If the analysis is restricted to a central area of 20x20ctrf positioned 
aroundd the phantom centre (normalisation point) the difference between numerical and 
experimentall  data for the "simplified"*  set-up is below 12% and 15 degrees for the 
amplitudee and phase respectively. For the "clinical"" set-up this holds for the phase, but for 
thee amplitude the difference between numerical and experimental data increases to 17 -
22%.. Thus, although the Weak Formulation of the Conjugate Gradient FFT method has 
demonstratedd the ability of this method lo predict the EM-field of the AMC-4 waveguide 
arrayy hyperthermia system including effects due to bolus size variations, its accuracy is 
insufficientt for quantitative SAR dosimetry for individual patients. Qualitative SAR 
dosimetryy can be applied in eases where the accuracy is of minor importance e.g. for the 
retrospectivee analysis of problematic hyperthermia treatments. Prospective applications of 
thee treatment planning system include the (qualitative) determination/simulation of a set of 
startingg points giving "close lo optimal" amplitude and phase setting, the prediction of 
possiblee problem areas and the analysis of the performance of new improved hyperthermia 
devices. . 
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Bothh computing time and memory requirements of the WF-CGFFT method do not behave 
linearlyy with the dimensions of the electromagnetic problem but with the Fourier 
dimensionss involved in the computation of the spatial convolution mentioned in section 3 
off  chapter 3. In practice this means that calculations for (homogeneous) problems with a 
discretisationdiscretisation of I em\ requiring a computational domain of roughly 63x63x63 voxels can 
onlyy 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 arc the closest 
too the computation time needed by the VSIF method (Nadobny et al. 1992). Both the FDTD 
methodd (Sullivan 1990) and the FL method (Jia et al. 1994) appear to be capable of 
producingg results within several hours. Results of FDTD and FF calculations (Sullivan et 
al.. 1992. Jia et al. 1994}  have been compared to measured power profiles and F-field 
amplitudee profiles obtained for a specific amplitude and phase setting. These comparisons 
showedd good quantitative agreement. No clear information on the correlation of measured 
andd simulated phase profiles have yet been reported. 

7.2.44 Optimisation of the SAR distribution 

Inn hyperthermia treatments performed with a radio-frequency phased array the main issue is 
too apply the excitation amplitudes and phases of the applicators for which tumour healing is 
optimal,, i.e. the maximal therapeutic gain without unwanted side effects. It is very difficult 
too find these optimal excitation (amplitude and phase) parameters by intuition due to the 
complexx interaction of the radiated FM-field and the patient's tissues. Calculation of the 
EM-fieldd distribution within the patient and optimisation of the derived SAR distribution 
cann provide the optimal excitation setting. However, optimisation of the SAR distribution is 
aa difficult task and determining the excitation amplitudes and phases yielding optimal 
tumourr 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 
thee excitation amplitudes and phases in a volume of arbitrary size e.g. a single voxel, the 
tumourr volume or the whole patient \olume. Specification of this function circumvents the 
calculationn of the SAR for a large number of voxels for each optimisation step. In this 
mannerr the optimisation can be performed without being hampered by a large amount of 
voxelss at which the SAR has to be evaluated. The function consists of the sum of N" 
functionn terms (N is the number of applicators), each term being dependent solely on the 
excitationn amplitudes and phases of the applicators. Each function term contains 
coefficientss which have to be determined only once. The coefficients comprise a 
summationn over the voxels of the volume for which the average SAR is determined. The 
numberr of cells in such a \olume may vary from a few cells to several thousand cells. The 
functionss can be applied in either customised or commercially available optimisation 
routiness and they enable definition of constraints for the average SAR in a certain volume. 
Forr 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 
summationn mentioned above. Applying the cell referencing and summation capabilities in a 
Microsoftt Kxcel worksheet and the solver add-in of Microsoft Fxcel the excitation 
amplitudess and phases have been optimised to achieve maximal target heating efficiency, 
i.e.. maximising the SAR,,,,,,, defined as the fraction of the SAR in the target and the SAR in 
thee whole patient volume. The SAR m the critical volumes has been constrained to be not 
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higherr than ihe SAR in the target. The patient example shows that the heating efficiency is 
maximall  only if both amplitude and phase settings arc optimised. It was also shown that the 
heatingg efficiency rapidly decreases if critical volumes are taken into account and that other 
locationss exhibiting a high SAR emerge. Including such locations to the set of problem 
locationss strongly influences the optimisation results. This implies that a specification of all 
possiblee potential problem locations, so called hot spots, is of importance. 
Inn chapter 5 a procedure is presented through which potential hot spots are delineated and 
visualisedd automatically. The potential hot spots are delineated by selecting those points for 
whichh the maximal SAR exceeds a specific SAR selection level. This SAR selection level 
iss defined in relation to the highest achievable SAR in the target \ulume for a certain fixed 
healingg power. A larger number of potential hot spots and hot spots of larger size are 
delineatedd if the selection level is decreased. Although the procedure still includes an 
arbitraryy selection criterion, i.e. the selection level, the selection is solely based on 
calculatedd EM-field data. As a result all potential hot spots can be delineated a priori. Three 
differentt objective functions accompanied by constraints are applied to maximise the SAR 
inn the target. The delineated potential hot spots are adopted in the objective function, in the 
constraintt 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. 
Objectivee function IT| maximises the SAR in the target, objective function n : maximises 
thee fraction of the SAR in the target over the summed SAR in the potential hot spots and 
thee third objective function n? maximises the SAR in the target over the weighed sum of 
thee SAR in the potential hot spots. Objective function IT, does not address any potential hot 
spotss while n : and IT; address the potential hot spots, btit as a set and not individually. 
Thereforee an additional constraint on the maximal SAR of the potential hot spots is added 
too prohibit the possibility of a high SAR in any hot spot. The SAR in the target and in 
potentiall  hot spots is expressed as a function of the excitation amplitudes and phases in a 
volumee as explained in chapter 4. Both the delineation of potential hot spots and 
maximisationn of the three objective functions are performed for two different patient cases. 
Althoughh the objective functions n : and IL implicitly restrict the sum of the SAR and the 
weighedd sum of the SAR of all selected potential hoi spots respectively, still actual hot 
spotss 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 
functionn and by the additional constraint. This seems excessive and results in situations 
wheree the heating efficiency is not optimal. The combination of an objective function only 
maximizingg the SAR in the target, IT; with a separate constraint on all potential hot spots 
appearss to be the most efficient. 

Itt is shown that the SAR of relatively large volumes can be handled by a function of the 
excitationn amplitudes and phases in a volume. The maximal SAR found in the potential hot 
spott volume is in genera! equal to the average maximal SAR of the hot spot volume. This 
indicatedd that the SAR found for the potential hot spot and the SAR of the grid points 
constitutingg the potential hot spot are maximal at the same amplitude and phase setting. 

7.2.55 Hyperthermia system upgrade analysis 

Thee AMC 4 waveguide phased arrav hyperthermia system has proven to yield good clinical 
resultss for a number of tumour localizations. Nevertheless improvement of the existing 
systemm is investigated. Possible improvements are increased central heating versus 
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superficiall  heating, SAR steering in the axial direction i.e. perpendicular to the transversal 
midpianee and increased SAR steering capabilities in general to prevent SAR temperature 
hott spots. From simulation studies for systems similar to the AMC-4 waveguide phased 
arrayy system it can be concluded that increasing the number RF-sources leads to an increase 
inn tumour temperature. Whereas rigorous changes to the heating systems have been 
implementedd based on these simulation studies the proposed upgrade of the AMC-4 system 
iss less rigorous. The existing AMC 4 system is doubled to an 8 waveguide phased array 
arrangedd in a configuration of a double 4 waveguides ring. In chapter 6 the advantage of 
thiss 8 waveguide phased array, the AMC-8 system, is analysed in a parameter study varying 
thee distance between both rings and the aperture size of the waveguides. The power 
depositionn in a cylindrical phantom is calculated by the WF-CGFFT method. The 
amplitudee and phase setting of the AMC-8 system is optimized for several target locations 
onn the axis of the phantom. Analysis of the upgrade is performed by two parameters 
consideredd to characterise heating capability: the FWHM of the heating profile along the 
centrall  phantom axis (or z-axis) and the ratio Srar„. of the maximal SAR value at the 
phantomm surface (located near the waveguide edges) and the SAR value at the target 
locatedd at the phantom's centre. The FWHM is a measure of the area heated and the Sr;Ui0 is 
aa measure for the heating at depth relative to the high EM-field strength and the local EM-
fieldfield direction at the edges of the waveguide, i.e. fringing field effects. 
Thee SrL„„ , improves if a second ring of applicators is added. Aiming at an equal SAR at the 
targett for both systems this implies that the maximal SAR in the border area is lower for the 
AMC-88 than for the AMC-4 system. Furthermore the power output for the AMC-8 system 
mustt be maximally 1.16 times the power output of the AMC-4 system since the power 
depositedd is spread over a larger volume. Increasing the distance between both rings of the 
AMC-88 system is disadvantageous for the Sr:it!l ) and the volume being heated. A distance of 
4.55 cm between both rings is optimal. Decreasing the aperture size at this ring lo ring 
distancee is disadvantageous for the Srimo and at the moment the effective aperture of the 
AMC-88 system is equal to the AMC-4 system the improvement in SrilUl l has disappeared. 
Forr an AMC-8 system with the two rings at a distance of 4.5 cm and an aperture equal to 
thee AMC-4 array (19.5 cm) a compromise between increased heated volume and an 
improvedd S[atll, 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 
importantt to warrant a maximal improvement in Slitllo . The Sr;il!i ! improvement is more 
importantt than steering over a distance larger than 3 cm. Aiming at an equal SAR at the 
targett the power output for the AMC-8 system must be 1.16 times the power output of the 
AMC-44 system. For this upgrade improved targeting is realised. 

7.33 General discussion 

7.3.11 Current status of the hyperthermia treatment planning software 

Inn this thesis validated SAR hyperthermia treatment planning software based on the WF-
CGFFTT method has been presented. Validation has been performed for both amplitude and 
phasee of the EM-field. Since the EM-fields of multiple applicators determine the power 
depositionn by interference this step is crucial. The current accuracy is adequate for 
developmentt purposes. As such the treatment planning software has been applied to 
developdevelop treatment optimisation techniques and to analyse the AMC-8 system which is an 
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upgradee of ihe existing AMC-4 system. To further improve the value of the SAR 
calculationss the correspondence between simulation and measurement must be improved. 
Thiss improvement is to be pursued by more accurate measurements and or a more accurate 
applicatorr model. Until this improvement is realised the calculated SAR is of limited 
accuracyy for treatment planning of individual patients. 
Duee to the spatial dimensions and required resolution for real clinical cases the WF-CGFFT 
methodd is a demanding method in terms of computational power (memory and time). The 
clinicall  cases discussed earlier have been obtained using the SAR hyperthermia treatment 
planningg software based on the WF-CGFFT method it is not capable of producing results in 
thee time span between diagnostic imaging and the First treatment. Only post-treatment 
planningg can be obtained. Without significantly affecting the accuracy of the SAR 
calculationn the finite difference time domain (FDTD) method (van de Kamer et al. 2001a) 
hass been introduced at the radiotherapy department of the AMC. Pre treatment 
hyperthermiaa treatment planning is now possible at a higher resolution. Furthermore the 
specificationn of the applicators of the AMC-4 system is more straightforward, obtaining a 
moree satisfactory specification of the passive waveguide. As a consequence effort put in 
furtherr improvement of hyperthermia treatment planning software based on the WF-
CGFFTT method has transferred to the software based on the FDTD method. 

7.3.22 SAR, temperature and optimisation 

Ann important feature of the SAR calculations for regional hyperthermia systems is the 
possibilityy to optimise the SAR distribution. For this optimisation several strategies 
includingg those specifically addressing SAR "hot spots" have been proposed. Although it 
hass been shown that these "hot spots'*  can be suppressed by these strategies they must be 
consideredd of limited value because of several reasons; 1) a SAR "hot spot" will not result 
inn a temperature "hot spot" in all cases (van de Kamer et al. 2001c), 2) SAR calculations 
nott alw:ays capture the relevant dynamics of the SAR distribution due to downscaling and 
SARR "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 
off  the water bolus is limited to a small ( 1 -2 cm) superficial layer and that for SAR 
calculationss at sufficient resolution the dynamics of the SAR distribution outside this layer 
correspondd qualitatively with that of the temperature distribution (relatively high SAR 
relatess to high temperature), optimisation strategies can provide a reasonable treatment 
startingg point in which hot spots are prevented. 
Forr the temperature calculation thermal models have been developed, e.g. continuum 
modelss (Pennes 1984) and sophisticated models in which discrete vasculature can be 
describedd (Korte et al. 1999. Raaymakers et al. 2000). Nevertheless the accuracy of the 
temperaturee calculation depends on the aforementioned limited accuracy of the SAR 
calculationn and the limited accuracy of the thermal parameters (blood flow, vessel 
topography).. Therefore in general a straight forward application of a thermal model is 
appliedd by neglecting discrete vasculature and using thermal properties from literature 
(ESHOO Task Group Report 4 1992. Song et al. 1996). A procedure has been published by 
Craciunescuu et al. (2001a) to include patient specific tissue perfusion using wash-in/wash-
outt rates of a paramagnetic contrast agent in tissue determined by MRI. It is concluded 
fromm another publication (Craciunescu et al. 2001b) comparing the hyperthermia induced 
temperaturee in a leg obtained from simulation and MR thermographs (Wlodarczyk et al. 
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1998.. Smith et al. 1999. Craciimeseu et al. 2001a) that the use of literature values or 
extensivee perfusion and vessel data result in statistically the same results for the 
temperaturee over the whole volume. To capture heterogeneities in the temperature 
distribution,, e.g. a local temperature minimum, discrete vessels must he accounted for. In 
regionall  hyperthermia the heated volume is much larger and blood flowing into the target 
areaa will be pre-heated to some extent. This effect might suppress the effect of the discrete 
vesselss depending on feeding branches of the vessels. 
Inn the Pennes bioheat equation the heating power or SAR contribution can be formulated in 
suchh a way that the relation between temperature and amplitude and phase setting ot' the 
hyperthermiaa system is made explicit. As a result the temperature can be calculated tor any 
amplitudee and phase setting and optimisation strategies can be implemented (Das et al. 
1999.. Kohier ct al. 2001). Although the zooming technique introduced by van de Kamer et 
aii  (2001b) provides the SAR on a CT resolution scale it is rendered incompatible for 
temperaturee optimisation as phase information of the LM-field is lost. Forturuuclv. applying 
thee zooming technique, the response of the low resolution temperature distribution to a 
changee in amplitude and phase setting can be translated in the response of the CT resolution 
temperaturee distribution. By application of this translation CT resolution temperature 
optimisationn has been implemented (Kok el al. 2004). Although the aforementioned 
problemss for SAR optimisation are resolved in this CT resolution temperature optimisation, 
problemss regarding the thermal parameters are stili present and the temperature 
optimisationn strategy can only provide a reasonable treatment starting point. 

7.3.33 Registration of the temperature during treatment; MRI or thermometer probes 

Registrationn of the temperature serves two purposes: I > establishing and maintaining an 
optimall  treatment temperature and 2}  to quantify the quality of the treatment e.g. by the 
thermall  dose which is reported to correlate with treatment outcome (Sherar et al. 1997). 
Activee 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, 
thermall  parameters (blood flow, vessels) are temperature dependent, due to a physiological 
responsee to the temperature change. Due to this temperature dependency the SAR and 
temperaturee distribution may change during the treatment even if the amplitude and phase 
settingg of the treatment machine is kept constant. Advanced strategies to anticipate to this 
physiologicall  response have been reported for intracavitary hyperthermia, ultrasound 
hyperthermiaa or hyperthermia of the leg (Hutchinson et al. 1998. Smith el al. 1999. 
Kovvalskii  et al. 2002). These strategies strongly rely on excessive temperature data from the 
patientt which is possible using MR thermographs. Using the thermographs a feedback loop 
too adjust the SAR can be implemented. It is obvious that in this setting the calculation of 
thee temperature distribution is of less importance since measurements can be performed; in 
factt patient-specific computational modelling and optimization is not necessary. This 
combinedd heat administration and temperature measurement is difficult to realise and in 
generall  requires extensive modification to both the MRI and hyperthermia system. The 
compatibilityy problems of a MRI scanner and phased array hyperthermia systems have only 
beenn solved for the BSD-2000 3D system and the annular phased array developed al Duke 
Universityy (Wust et al. 2004. Kowalski ct al. 2002). For the BSD-2000 3D regional 
hyperthermiaa system Wust et al reported that for 23 of 33 (70%) patients visualisation of 
temperaturee sensitive data during treatment was possible. Fundamental problem is that both 
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temperaturee changes and oxygenation level have an effect on the MR-signal. resulting in a 
MR-temperatLiree that is higher than the temperature obtained from direct measurement. 
Whilee intra-luminal temperature sensors indicate an increase of 2 4 C the MR-
temperaturee shows increases of over 5 °C for a patient treated for a cervix carcinoma. Other 
regionall  hyperthermia system like the AMC-4 system (Van Dijk et al. 1989), coaxial TEM 
(Dee Leeuw et al. 1987) or the design of the RHOCS (Kroeze et al. 2001) are incompatible 
withh MRI. For feedback on the realised temperature in the patient these systems must rely 
onn stepping- or mulli probe temperature sensors (Olsen et at. 1989. De Leeuw et al. 1993). 
Dependingg on tumour site temperature sensors are positioned invasively or intra-luminal. 
Bothh approaches have a drawback; interstitial thermometry may induce toxicity {Van der 
Zeee et al. 1998) and intra-luminal thermometry suffers from uncontrolled thermal contact 
withh the surrounding tissue. Correlation between invasive and intra-luminal measured 
temperaturess have been reported for different tumour sites (Till y et aL 2001. Van Vulpen et 
al.. 2003). This implies that intra-luminal placed temperature sensors can be used to 
optimisee the temperature during treatment. They do not provide accurate data for thermal 
dosee determination; invasive measurements are necessary to do this. However in general 
thee number of sensors is too low to accurately determine the temperature distribution and 
relatedd thermal dose. The information on the full 3D temperature distribution can only be 
obtainedd by calculation. As mentioned earlier for the treatment of a tumour in the leg 
reasonablee temperatures over the whole volume are obtained using of literature values for 
thee thermal parameters. However, perfusion and vessel data must be provided to yield an 
accuratee calculation result for the tumour volume. 

7.3.44 Optimisation and steering in clinical practice 

Thee starting point in clinical practice at the AMC is the amplitude and phase setting for 
whichh the E-field measured by a sensor in or close to the tumour is maximal. Subsequently 
thee treatment objective often is to navigate through the amplitude and phase settings 
towardss a setting providing optimal tumour heating without inducing any treatment limiting 
hott spots. In general these treatment limiting hot spots are indicated by the patient, the 
tumourr temperature is indicated by a sensor in situ. Often the goal temperature of 42 "C is 
nott reached due to treatment limiting factors, among which hot spots. This implies that 
preventingg hot spots is the main problem when optimising the treatment. This could justify 
ann approach in which first the prediction of hot spots is validated. The accurate prediction 
off  the temperature of the tumour is then of secondary importance although still necessary to 
accuratelyy link thermal dose to treatment outcome. Since hot spots can occur anywhere it is 
impossiblee to validate the prediction of hot spots by invasive thermometry. MRI 
thermographss offer a challenge to further improve this aspect of thermal modelling for 
regionall  hyperthermia and to determine to what extent patient specific data have to be 
providedd to optimise the treatment. 
Lvenn if the power deposition (SAR) is homogeneous the temperature distribution will be 
heterogeneouss as a result of cooling by blood flowing through the heated volume. At 
presentt systems available for regional hyperthermia are incapable of steering the SAR on a 
cmm scale which would be required to compensate for the relatively small cold spots. The 
coolingg effect not only depends on the feeding blood vessels but also on the size of the 
heatedd volume. In general the cooling effect is less if the heated volume is larger due to 
increasedd pre-heating of the blood flowing into (he target volume. Due to this effect the 
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temperaturee heterogeneity tbr the AMC-X system is expected to be less than that for the 
AMC-44 system. Furthermore liyperthermia is always given as an additional treatment 
modalityy and the clinical effect of hyperthermia is not only attributed to synergistic effects 
butt to complementary effects as well. Therefore the temperature heterogeneity to some 
extentt wil l be counter balanced by the primary treatment modality: well perfused regions 
aree well oxygenated and therefore sensitive to radiotherapy, while often more difficul t to 
heat. . 

7.44 Future prospect 

Currentlyy two different types of regional hyperthermia treatment systems can be 
distinguished;; those compatible with MRI and those incompatible with MRI. For the 
regionall  hyperthermia systems with MRI. assuming measurement of the full 3D 
temperaturee distribution wil l be accurate, the implementation of a feedback or control loop 
too 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 
temperaturee distribution and the variations in temperature on a cm scale is important; the 
additionn of MRI itself does not warrant an increased tumour temperature. Since the full 3D 
temperaturee distribution is available the temperature can easily be monitored and the 
thermall  dose can be determined accurately. For the regional hyperthermia systems without 
MRII  no full 3D temperature distribution is available and the tumour temperature must be 
monitoredd by thermometry sensors. Given the objections against invasive thermometry 
thesee sensors wil l in general be positioned intra-luminal. Monitoring of the tumour 
temperaturee in combination with treatment planning data must result in an optimal tumour 
temperaturee while preventing hot spots. Again the issue of steering capability is valid. 
Remainingg question is whether this wil l result in a temperature distribution that is 
essentiallyy different from that obtained with MRI feedback. 
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