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REATMENT of malignant tumours comprises several techniques. In some cases, tumours 
can be resected by surgery. Radiotherapy and/or chemotherapy can be applied when 

surgery is not possible or as part of a multidisciplinary approach. In a multidisciplinary 
approach, these treatment modalities are applied as adjuvant treatment (i.e. after surgery) or 
as a neo-adjuvant treatment (i.e. prior to surgery). A less widely known treatment modality 
is hyperthermia. Hyperthermia is a therapeutic application of heat in which tumour 
temperatures are elevated in the range of 41 - 45 °C. Heating of tumour tissue has a cell 
killing (cytotoxic) effect (Overgaard et al., 1987). However, at temperatures below 45 °C 
the cytotoxic effect is too small to apply hyperthermia as a single treatment modality. 
Therefore, hyperthermia is always applied in combination with radiotherapy and/or 
chemotherapy and not as a single treatment. Application of hyperthermia has been proven 
to increase the therapeutic effect of both radiotherapy and chemotherapy. For example, for 
patients with locally advanced cervix uteri tumours, the 3 year survival increased from 27% 
to 51% when hyperthermia was given in combination with radiotherapy, compared to 
radiation alone (Van der Zee et al., 2000).  
 

1.1 Biology 
 

The effect of hyperthermia is strongly dependent on the achieved tumour temperatures and 
heating time. Preclinical research has shown that the cell killing effect doubles every 
centigrade, e.g. one hour at 42 °C is equivalent to half an hour at 43 °C (Field and Morris, 
1983). Hypoxic tumours, i.e. tumours with a low level of oxygen, are more resistant to 
ionising radiation than well oxygenated tumours (Rottinger et al., 1980; Freeman et al., 
1981), while hyperthermia is particularly effective in hypoxic tumours (Gerweck et al., 
1984). Large solid tumours often contain hypoxic areas due to heterogeneous 
vascularisation, which makes hyperthermia a useful addition to radiotherapy. The 
complementary effect of hyperthermia and radiotherapy is also due to the fact that cells in 
the S-phase of the cell cycle are more sensitive to hyperthermia as compared to the G1-

T 
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phase, whereas cells are more resistant to radiotherapy in the S-phase (Westra and Dewey, 
1971; Henle and Roti Roti, 1988).  

Hyperthermia also induces radiosensitisation and chemosenstisation. Repair of DNA 
damage caused by radiotherapy is inhibited by hyperthermia (Kampinga et al., 2004). 
Furthermore, blood flow is increased during hyperthermia (Song, 1984), which improves 
tumour oxygenation and thereby probably enhances radiosensitivity (Vujaskovic and Song, 
2004). The increased blood flow also improves the uptake of cytostatics in tumour cells. 
Thus, the increased blood flow during hyperthermia is favourable to improve the 
effectiveness of radiotherapy and chemotherapy. However, it also induces tumour cooling 
and thereby possibly complicates achieving the desired thermal dose.  

 

1.2 Hyperthermia techniques 
 

Several techniques are applied in clinical hyperthermia depending on the tumour volume 
and location. Local, (loco)regional, and whole body hyperthermia can be used. Most 
equipment uses electromagnetic heating in the radiofrequency or microwave range (≤ 2450 
MHz), but also hot water tubes and ferromagnetic seeds are used. The applied frequency 
depends on tumour location and heating technique. The penetration depth of the 
electromagnetic field decreases with increasing frequency. 
 

1.2.1 Local hyperthermia 
 

Local hyperthermia includes intraluminal/intracavitary, interstitial and superficial heating 
techniques. Energy deposition is localised to the tumour, thereby minimising normal tissue 
heating. Intraluminal or intracavitary hyperthermia is applied in existing lumina or body 
cavities, such as oesophagus, vagina, rectum and bladder. A drawback of this technique is 
the limited penetration depth (only a few millimetres) of intraluminal applicators (Vrba et 
al., 1996), which may result in an underdosage of some parts of large tumours. The 
penetration depth can be slightly improved by applying active cooling of the applicator 
surface (Scheiblich and Petrowicz, 1982; Eppert et al., 1991; Yeh et al., 1994).  

With interstitial hyperthermia, heating sources are placed invasively in the tumour. A 
sophisticated technique, which partly compensates for heterogeneous heat transfer in the 
tumour, is the use of self-regulating ferromagnetic seeds (Meijer et al., 1995; Van 
Wieringen et al., 1996). The implanted seeds are heated with an external magnetic field of 
100 kHz. Figure 1.1 shows a picture of this technique. At a clinically relevant temperature 
the seeds cease to absorb power from the magnetic field, due to loss of ferromagnetic 
properties. 

A different technique is the use of interstitial electrodes. This technique can easily be 
combined with brachytherapy (i.e. interstitial radiotherapy). Since the same implant is used, 
this will not cause extra discomfort. Figure 1.2 shows a schematic picture of an interstitial 
electrode and a photograph of a patient with an interstitial brain implant. Longitudinal 
steering can correct for temperature inhomogeneities caused by local blood flow and large 
vessels. For this purpose an interstitial hyperthermia device has been developed, which uses 
multiple electrodes in a single catheter (Crezee et al., 1999a). 
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Figure 1.1: Schematic representation of ferromagnetic seeds implanted in a tumour and the  
 coil to apply the external magnetic field (left) and a photograph of the setup (right). 

    

             
 
Figure 1.2: A schematic picture of an interstitial electrode (left) and a photograph  
 of a patient with an interstitial brain implant (right). 

 
Superficial hyperthermia is applied for superficial tumours, such as chest wall 

recurrences, advanced breast cancer and melanoma (Overgaard and Overgaard, 1987). 
Superficial tumours can be heated using Contact Flexible Microstrip Applicators (Gelvich 
et al., 1992), operating at 434 or 70 MHz. These applicators are shown in Figure 1.3. For 
large surfaces spatial steering becomes important and multi-element devices formed by 
microstrip, current sheet or Lucite cone applicators can be applied (Gopal et al., 1992; Lee 
et al., 1992; Rietveld et al., 1999). Special care has to be taken to prevent underheated 
regions between the elements. 
 

 
 

Figure 1.3: Different sizes of Contact Flexible Microstrip Applicators (left) and a  
 patient during a superficial hyperthermia treatment (right). 
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1.2.2 Locoregional hyperthermia  
 

Locoregional hyperthermia is applied for deep seated tumours, for example tumours located 
in the pelvic region, such as cervix uteri, bladder, prostate and rectal carcinomas. Heating is 
performed using an external device, which makes an increase of normal tissue temperatures 
unavoidable. At tissue boundaries (e.g. fat/muscle) excessive temperatures can occur due to 
the inhomogeneous energy absorption and perfusion. Such regions are called ‘hot spots’ 
and can be treatment limiting because of pain complaints of the patient. Water boli are 
applied for coupling of electric fields (E-fields) to tissue as well as for cooling to prevent 
excessive heating of the skin. Since a large region is heated during locoregional 
hyperthermia, another complicating factor can be the increased systemic temperature. 
Systemic stress caused by an increased systemic temperature can be a limitation of the 
treatment due to general discomfort (Van Es et al., 1995).  

Several types of applicators have been developed for locoregional hyperthermia, among 
which capacitive and radiative heating systems. An example of a capacitive heating system 
is the Thermotron RF8 system (Yamamoto VINITA Co., Osaka, Japan), which operates at 
8 MHz. The patient is positioned between two electrodes, coupled by bolus bags filled with 
saline water at a low temperature. With this technique the E-field is mainly perpendicular to 
the skin surface, which can cause excessive heating of superficial fat layers and makes this 
technique only suitable for patients with thin superficial fat layers (1.5 - 2 cm) (Hiraoka et 
al., 1987; Tomimatsu et al., 1999a; Tomimatsu et al., 1999b).  

Radiative applicators are more widely used and create an E-field which is mainly 
parallel to the long body axis. These systems operate in a frequency range of 60−150 MHz. 
This frequency range allows a good penetration in tissue and sufficient steering capabilities. 
At lower frequencies steering is hampered by the large wavelength, while at higher 
frequencies the penetration is too small. At the University Medical Center Utrecht, the 
Coaxial TEM has been developed (De Leeuw and Lagendijk, 1987). This device has a 
single ring shaped antenna, operating at 70 MHz, which is located around a water filled 
tube. The patient is positioned in an open water bolus system (a sort of water bath). Since 
this heating device is a single antenna system, patient positioning is the only steering 
parameter. With a multi-antenna system it is possible to create a heating focus in the 
tumour by interference, while preventing hot spots in normal tissue. The number of 
antennas of the present systems varies between 4 and 24. The steering possibilities increase 
with the number of antennas, but steering by intuition becomes very difficult with a large 
number of antennas, due to their complicated interaction. At the AMC, the 70 MHz AMC-4 
waveguide phased array system (Figure 1.4) has been developed (Van Dijk et al., 1990). 
This system consists of a ring of four antennas, which is positioned around the patient. Four 
water bags filled with circulating water at 12 °C are placed between the patient and the 
antennas, providing a closed water bolus system. The BSD-2000 system (Turner et al., 
1989) is commercially available. This system contains eight dipole antennas (four pairs of 
two adjacent dipoles) in a ring and a single closed water bolus. The operation frequency can 
be varied between 60 and 120 MHz. 
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Figure 1.4: The 70 MHz AMC-4 waveguide system. 
 

Nowadays, applicator systems using 3D steering by multiple antenna rings are 
advancing. An improved version of the BSD-2000 was introduced in 1997. The BSD-2000 
3D Sigma Eye Deep Hyperthermia applicator uses three rings of eight dipole antennas, 
which allows additional steering in axial direction (Wust et al., 2000). Recently, the 3D 
AMC-8 waveguide system (Figure 1.5) has been built at the AMC (Crezee et al., 2005). 
This system uses two rings of four waveguides, operating at 70 MHz. In Utrecht, a three 
ring cavity slot applicator, operating at 150 MHz is being developed (Kroeze et al., 2001). 

 

 
 

  Figure 1.5: The recently developed 70 MHz AMC-8 waveguide system. This system  
  contains two rings of four antennas, which enables 3D steering. 
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1.2.3 Whole body hyperthermia  
 

Whole body hyperthermia is applied for metastatic disease and is usually combined with 
chemotherapy. An example of a whole body heating device is the Aquatherm radiant heat 
device (Cancer Research Institute, New York) as shown in Figure 1.6. Patients are under 
sedation and the body is insulated to prevent cooling by perspiration. The maximum 
temperature in whole body hyperthermia should be limited to 41.8 °C to avoid acute 
neurotoxicity. This maximal tolerable temperature is generally maintained for one hour 
(Kerner et al., 1999; Westermann et al., 2001; Westermann et al., 2003). Toxicity of whole 
body hyperthermia is acceptable if patients are carefully selected and suitable anaesthesia 
and patient monitoring are applied (Robins et al., 1997; Kerner et al., 1999). 
 

 
 

  Figure 1.6: Aquatherm radiant heat device (Cancer Research Institute, New York). 
 

1.3 Clinical hyperthermia  
 

The widely accepted optimal hyperthermia dose is one hour at 43 °C (Sapareto and Dewey, 
1984). Clinical data show a strong correlation between the achieved temperatures and 
clinical outcome (Dewhirst et al., 1984; Shimm et al., 1990; Cox and Kapp, 1992; Sneed et 
al., 1992; Oleson et al., 1993; Kapp and Cox, 1995; Sherar et al., 1997; Wust et al., 1998b), 
so realising the temperature goals is important to obtain optimal clinical results. However, 
achieving protocol temperatures is difficult in clinical practice (Oleson et al., 1993; Prionas 
et al., 1994; Ryan et al., 1994; Seegenschmiedt et al., 1994; Wust et al., 1995; Hand et al., 
1997). Despite difficulties in achieving the goal tumour temperature, several clinical studies 
applying hyperthermia have shown an improved response rate and/or survival. 
 In chest wall recurrences, the radiation dose may be limited due to previous 
radiotherapy treatments. A combined hyperthermia-radiation treatment has been proven to 
yield a significantly better response rate for these tumours (Perez et al., 1986; Overgaard, 
1988; Van der Zee et al., 1988). For example, Perez et al. have shown that patients with 
lesions smaller than 3 cm in diameter treated with irradiation and hyperthermia exhibited a 
complete tumour response rate of 80%, compared to 33% with irradiation alone. For larger 
tumours this was 65% compared to 42%.  
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Van der Zee et al. (2000) have shown that locoregional hyperthermia in combination 
with radiotherapy for patients with locally advanced cervix uteri tumours improved the 
complete response rate from 57% to 83%, compared to radiation alone. The 3 year overall 
survival increased from 27% to 51%. 

Application of interstitial hyperthermia is limited to small tumour volumes. A problem 
in interstitial hyperthermia is the increased blood flow (Van Vulpen et al., 2002a) combined 
with the limited penetration of the heating sources, which makes it difficult to achieve a 
homogeneous temperature distribution in the tumour. A feasibility study for glioblastoma 
multiforme patients has shown that a large temperature inhomogeneity was encountered, 
despite the steering capabilities of the interstitial electrodes (Hulshof et al., 2004). Due to 
these heterogeneities the catheter spacing was limited and therefore interstitial heating was 
only considered feasible for small tumour volumes. 
 Intraluminal heating is for example applied for oesophageal tumours. Oesophageal 
carcinoma and the application of hyperthermia will be discussed in more detail in the 
following sections. 
 

1.4 Oesophageal carcinoma 
 

The standard curative therapy for oesophageal cancer is surgical resection, but results are 
unsatisfactory; 5 year survival is approximately 10-20%. Resection is often not radical, the 
distant metastases rate is high and the risk for local recurrence is extremely high (Lozac'h et 
al., 1991; Clark et al., 1996; Wobst et al., 1998). Some clinical trials applying neo-adjuvant 
chemotherapy or radiochemotherapy have been performed, yielding positive results. Walsh 
et al. (1996) showed a 3 year survival of 32% applying neo-adjuvant radiochemotherapy 
versus 6% for surgery alone. Preoperative chemotherapy (cisplatinum, etoposide) yielded a 
3 year survival of 41% versus 21% for surgery alone (Kok, 1997; Kok et al., 1998). In spite 
of this progress the probability of local recurrence in the neo-adjuvant arm was still 30%. 
Improved local control improves survival (Wannenmacher et al., 1986; Fritz et al., 1993), 
so a strategy for further increasing local control is desirable. Besides, local recurrence is a 
tremendous problem for patients, even when they have distant metastases. Problems are 
caused by pain complaints, difficulty in swallowing and regurgitation of undigested food, 
which can cause severe weight loss and fatigue. 
 

1.5 Hyperthermia for oesophageal cancer 
 

Hyperthermia has been used to enhance the effect of chemotherapy in patients with 
oesophageal cancer. Sugimachi et al. (1994) have compared chemotherapy (Bleomycin and 
cisplatinum) and chemotherapy combined with hyperthermia in a randomised trial for 40 
patients with oesophageal cancer. The histologic effectiveness was 58% in the 
hyperthermia and chemotherapy group (20 patients) versus 14% for chemotherapy alone. 

A randomised trial comparing preoperative hyperthermia and chemoradiotherapy with 
radiotherapy has been performed by Nozoe et al. (1995). A number of 51 patients were 
entered in this trial; 26 patients were treated with hyperthermia and chemoradiotherapy and 
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25 with radiotherapy alone. This trial showed a 3 year survival of 76% for hyperthermia 
and chemoradiotherapy compared to 42% for radiotherapy alone. Kitamura et al. (1995) 
have compared neo-adjuvant chemoradiation and hyperthermia in squamous cell carcinoma 
with chemoradiation alone in a group of 66 patients. In this group, 34 patients were treated 
with chemoradiation and 32 patients also received hyperthermia. Neo-adjuvant 
chemoradiation combined with hyperthermia showed a 3 year survival of 50%, versus 24% 
for chemoradiation alone. These studies applied intraluminal hyperthermia, which is not 
optimal for larger tumours due to the limited penetration depth. Nevertheless, these results 
are encouraging and may be further improved with better hyperthermia techniques.  

At the AMC, a feasibility study combining neo-adjuvant locoregional hyperthermia 
with chemotherapy only (cisplatinum and etoposide) has been completed in 2002 (Albregts 
et al., 2004). Hyperthermia was given using the AMC-4 waveguide system. Locoregional 
hyperthermia was feasible for oesophageal tumours and a phase II triple study was started 
in 2003, applying neo-adjuvant chemoradiation (23 x 1.8 Gy, carboplatin and paclitaxel) 
and hyperthermia. 

Temperatures achieved during locoregional hyperthermia treatments of oesophageal 
cancer patients are often sub-optimal (Albregts et al., 2004; Hulshof et al., 2006). To 
improve tumour temperatures, a dual modality heating technique for treatment of 
oesophageal cancer is currently under development at the AMC. To this purpose 
locoregional hyperthermia will be combined with an intraluminal device. Aim of this 
technique is to achieve higher temperatures compared to locoregional hyperthermia alone 
and a more uniform temperature distribution in the tumour compared to intraluminal 
heating alone.  
 

1.6 Clinical thermometry 
 

For adequate hyperthermia treatment control, reliable temperature information during the 
treatment is essential. Clinical thermometry can be performed using invasive and 
intraluminal or intracavitary measurements (e.g. in oesophagus, vagina, rectum and 
bladder). Invasive thermometry is generally limited to avoid implant risks for the patient, 
which can be significant (Van der Zee et al., 1998).  

Thermocouples (Carnochan et al., 1986; Van der Zee et al., 1987; De Leeuw et al., 
1993), thermistor probes (Bowman, 1976; Lyng et al., 1991; Shibasaki et al., 1998) and 
fibre optic probes (Katzir et al., 1989; Clegg et al., 1995; Shibasaki et al., 1998) can be 
used for thermometry. Thermocouples have the advantage of combining up to 21 
measurement points in a single probe, whereas fibre optic and thermistor probes have a 
single thermosensor. However, multiple measurement locations can also be realised with 
fibre optic and thermistor probes by scanning the probe along the catheter track. 

Sophisticated methods for non-invasive thermometry are being developed. Non-
invasive thermometry can be performed by ultrasound (Straube and Arthur, 1994), 
radiometry (Jacobsen and Stauffer, 2002) and MRI (Clegg et al., 1995; Hekmatyar et al., 
2002; Hoffmann et al., 2002). These techniques aim to provide a full three-dimensional 
temperature distribution, but are not yet accurate enough to replace the customary invasive 
temperature measurements.  
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 For optimal radio- or chemosensitisation it is important to pursue a homogeneous 
temperature rise in the target. To quantify a hyperthermia treatment in terms of achieved 
temperatures, the temperature distribution in the tumour is usually expressed in terms of 
T10, T50 and T90; i.e. the temperature at least achieved in 10%, 50% and 90% of the tumour 
volume, respectively. T90 is a measure for the minimum temperature. In clinical practice, 
these parameters are determined using the limited set of temperature measurements 
available. To compare hyperthermia treatments with dissimilar temperature distributions for 
a different period of time, the concept of thermal dose is generally applied. Several 
definitions of thermal dose are described in the literature (Sapareto and Dewey, 1984; 
Oleson et al., 1993). A logical choice is to determine the cumulative equivalent minutes at 
43 °C, since the goal tumour temperature is usually 43 °C. 
 

1.7 Hyperthermia treatment planning 
 

Since information about the power and temperature distribution in the patient is limited 
during treatments, hyperthermia treatment planning is a very useful tool. Treatment 
planning includes the calculation of the E-fields and the corresponding power distribution, 
temperature calculations and treatment optimisation. Furthermore, treatment planning can 
be valuable in applicator design. This section discusses these aspects and an overview of 
existing treatment planning systems is given. 
 

1.7.1 Calculation of the E-fields and power distribution 
 

For simulation of a hyperthermia treatment, first the power distribution or power per unit 
mass (Specific Absorption Rate, SAR (W kg-1)) in the patient induced by the heating 
system has to be calculated. This power distribution is directly related to the E-field 
distribution, which is obtained by solving Maxwell’s equations. Due to the highly 
heterogeneous and geometrically complex structure of the human body, numerical 
simulation techniques are essential. Several numerical models have been developed for this 
purpose, which can be subdivided into integral equation methods and differential methods. 
The Finite Difference Time Domain (FDTD) method (Yee, 1966; Sullivan, 1992; Taflove, 
1995; Van de Kamer et al., 2001a) and the Finite Element Method (FEM) (Jia et al., 1994) 
are differential techniques. The Weak Form of the Conjugate Gradient Fast Fourier 
Transform (WF-CGFFT) method (Zwamborn et al., 1992; Wiersma and Van Dijk, 2001) 
and the Volume Surface Integral Equation (VSIE) method (Wust et al., 1993) are integral 
equation methods. The FDTD and WF-CGFFT methods use a rectangular computation 
grid, whereas the FE and the VSIE methods use tetrahedral elements. Rectangular voxels 
will induce stair casing at curved interfaces, while tetrahedral elements enable a more 
accurate definition of curved interfaces. Advantages of the FDTD method compared to the 
other methods are computational speed and memory requirements. 
 The patient geometry is generally obtained from a CT scan. The data set is segmented 
into various tissue types (James and Sullivan, 1992a; Hornsleth et al., 1996; Wust et al., 
1998a), to which literature values for the dielectric properties are assigned, yielding a 
dielectric geometry. Literature values show a large spread (Gabriel et al., 1996), so it would 
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be valuable if dielectric properties for individual patients were available. However, in vivo 
measurement techniques using impedance probes are limited to specific measurement 
points (Burdette et al., 1980; Van Wieringen et al., 1998) and dielectric imaging techniques 
using MRI are still under investigation (Farace et al., 1997; Mazzurana et al., 2003).  

Due to computer limitations, the segmented CT scan has to be downscaled to a lower 
resolution before calculating the E-field distribution. Several methods for downscaling have 
been compared in the literature (Van de Kamer et al., 2001c). A popular downscaling 
technique is the ‘winner take all’ principle (James and Sullivan, 1992b), since it is fairly 
simple and fast. A low resolution voxel is assigned the properties of the dominant tissue 
type of the corresponding high resolution voxels. 
 High resolution is necessary for accurate treatment planning, since at low resolution 
small structures will be incorrectly modelled or even missed. This can result in an 
erroneous prediction of the power distribution in the patient (Van de Kamer et al., 2001b). 
Unfortunately, direct E-field calculations are only possible using a downscaled geometry. 
To solve this problem, a quasi-static zooming technique has been developed (Van de 
Kamer et al., 2001b). With this technique the high resolution power density distribution in a 
small sub-volume (typically 5×5×5 cm3) of the patient can be calculated using the low 
resolution E-field information and the high resolution patient anatomy. Covering the 
complete patient volume with such zoom volumes will result in a high resolution power 
distribution. 
 

1.7.2 Temperature calculations 
 

Using the calculated power deposition, the resulting temperature distribution can be 
calculated. Blood flow has a strong influence on the achieved temperatures, since it is the 
primary mechanism of heat removal in tissue. On the other hand, blood flow itself is 
temperature dependent (Song, 1984). To account for tissue blood flow either a continuum 
model or a discrete vessel model can be used or a combination of both. The continuum 
model described by Pennes (1948) applies a heat sink proportional to the volumetric 
perfusion rate and the local temperature rise. Equation (1.1) shows the energy balance for 
this model. 

 

   PTTWcTk
t
Tc bbttt +−−∇⋅∇=

∂
∂ )()( artρ ,                      (1.1)

     
where ρt (kg m-3) is the tissue density, ct (J kg-1 °C-1) the specific heat capacity and kt (W  
m-1 °C-1) the thermal conductivity. The second term on the right is the heat sink term, with 
cb the specific heat of blood, Wb the volumetric perfusion rate (kg m-3 s-1) and Tart the local 
arterial temperature. The absorbed power and the local tissue temperature are represented 
by P (W m-3) and T (°C), respectively. This model assumes that all heat exchange between 
tissue and blood vessels takes place in the capillaries and that blood reaching the capillaries 
still has a temperature equal to the major supply artery. However, some heat exchange with 
tissue does take place in large vessels. A large vessel with blood at a low systemic 
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temperature that enters a heated volume will induce a cold track. Furthermore, the direction 
of blood flow is not accounted for in this model. 

Several adaptations of this simple continuum model have been proposed to account 
more accurately for the blood flow (Wulff, 1974; Chen and Holmes, 1980; Weinbaum and 
Jiji, 1985). Because of its simplicity and the drawbacks of other continuum models, the 
Pennes bio heat transfer equation (equation (1.1)) is most frequently used. A complete 
perfusion map should be used in Pennes’ model. Such a complete perfusion map is, 
however, very difficult to obtain. Techniques to obtain information about the local 
perfusion are either not applicable under hyperthermia conditions, such as contrast 
enhanced multi-slice CT techniques (Van den Berg et al., 2006), or the techniques are 
limited to locations of clinical thermometry, such as thermal decay measurements 
(Waterman et al., 1987; Diederich et al., 1989; Van Vulpen et al., 2002b). Consequently, 
values from the literature are generally used for the volumetric perfusion rate under 
hyperthermic conditions, but these values show a large spread. 
 The thermal influence of large vessels is not correctly modelled by continuum models. 
The first numerical models including discrete vasculature were limited to straight vessels 
(Lagendijk et al., 1984; Chen and Roemer, 1992; Rawnsley et al., 1994), but later also 
branching- and curved vessel networks could be modelled (Mooibroek and Lagendijk, 
1991). However, a realistic representation of a vessel network requires a very small grid 
spacing, which increases the computation time significantly and is therefore not practical. 
This problem has been solved by separation of the vasculature space and the tissue space 
(Kotte et al., 1996; Kotte et al., 1999). Vessel networks can be reconstructed using dynamic 
contrast enhanced multi-slice CT imaging. The effect of small undetected vessels can be 
taken into account by artificial expansion of the vessel tree (Van Leeuwen et al., 1998) or 
by using a heat sink approach (Raaymakers et al., 2000). 
 Modelling the thermal impact of large vessels increases the computation time 
substantially. In locoregional hyperthermia, the region surrounding the tumour will be 
heated as well, so pre-heated blood will flow into the target region. Therefore, modelling of 
discrete vessels is far more important for local hyperthermia than for locoregional 
hyperthermia. In practice, vessel networks are generally not incorporated. A workaround is 
to adapt the perfusion value at the locations of large vessels (Seebass et al., 2001), which 
can be identified in a standard CT scan.  
 

1.7.3 Optimisation 
 

Besides simulation of treatments, hyperthermia treatment planning is also a valuable tool 
for treatment optimisation. Due to the large number of degrees of freedom, i.e. the 
amplitudes and phases of the antennas of the heating system, it is difficult to obtain settings 
for optimal tumour heating by intuition. For this purpose, optimisation tools can be 
integrated in the treatment planning system to prescribe phase/amplitude settings for the 
antennas, such that the tumour is heated optimally. Constraints can be defined to prevent 
hot spots in normal tissue. Optimisation can be performed on SAR or on temperature. SAR 
based methods are more widely used (Bardati et al., 1995; Wust et al., 1996; Das et al., 
1999a; Wiersma et al., 2002) than temperature based methods (Nikita et al., 1993; Wust et 
al., 1996; Das et al., 1999b). Since different tissue types have different perfusion levels, a 
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high SAR will not always induce a high temperature. Therefore, SAR based optimisation 
does not correctly account for all temperature hot spots in normal tissue. To approximate 
the influence of perfusion in SAR based optimisation, the local SAR value can be divided 
by the local tissue perfusion (Wust et al., 1996). Nevertheless, SAR based methods also do 
not take important factors like conduction and bolus cooling into account, so temperature 
based optimisation is preferable, despite uncertainties in tissue perfusion. 
 

1.7.4 Applicator design 
 

Hyperthermia treatment planning is also useful for applicator design. Simulations can 
provide insight in the differences between several applicator designs and specifications 
before building a clinical applicator or prototype. The influence of the frequency and the 
number of antennas and rings has been investigated (Paulsen et al., 1999; Kroeze et al., 
2001; Seebass et al., 2001). Spatial power steering and reduction of treatment limiting hot 
spots in normal tissue are important issues in the development of improved hyperthermia 
systems (Wust et al., 1996; Crezee et al., 2005; Crezee et al., 2006).  
 

1.7.5 Treatment planning systems 
 

A number of hyperthermia treatment planning systems are available. In contrast to 
radiotherapy treatment planning, hyperthermia treatment planning is currently not a 
standard clinical tool and most treatment planning systems have been developed at research 
institutes. A commercially available software package for solving Maxwell’s equations 
using the FDTD method is SEMCAD (SEMCAD, 2006). This software provides the 
possibility to apply a denser grid spacing in highly heterogeneous areas. Temperature 
modules accounting for the thermal impact of discrete vessels are under development 
(Neufeld et al., 2006). The software package HyperPlan (Stalling et al., 1996) is supplied 
with the commercially available BSD-2000 hyperthermia system. This planning system can 
be applied with FDTD or FEM. Furthermore, temperature distributions can be calculated 
and optimised (Gellermann et al., 2000). A treatment planning system based on WF-
CGFFT has been developed at the Academic Medical Center (AMC) Amsterdam (Wiersma 
and Van Dijk, 2001). This planning system includes an efficient optimisation tool 
(Wiersma et al., 2002). The software developed at the University Medical Center Utrecht is 
based on the FDTD method and enables sophisticated temperature calculations, taking the 
influence of discrete vessels into account (Kotte, 1998). This planning system is now being 
used at Haukeland Hospital Bergen (Norway), HammerSmith Hospital Londen, Duke 
University North Carolina and at the AMC. At the AMC, this planning system was 
extended with optimisation tools (Kok et al., 2005a) and has replaced the treatment 
planning system based on WF-CGFFT. 
 
 
 



General introduction 

 25 

1.8 Outline of this thesis 
 

Subject of this thesis is the improvement of hyperthermia treatment of oesophageal tumours 
in order to improve clinical outcome of oesophageal cancer patients. To this purpose, a dual 
modality heating technique for treatment of oesophageal cancer is currently under 
development at the AMC. For an optimal combination of intraluminal and locoregional 
hyperthermia, both individual techniques should work optimally. Hyperthermia treatment 
planning is a useful tool in exploring different heating techniques. It has the advantage that 
power and temperature distributions during clinical hyperthermia can be examined in detail, 
which is impossible by other means because of the required extensive invasive 
measurements. This thesis describes the research performed on hyperthermia treatment 
planning for locoregional hyperthermia as well as intraluminal heating on behalf of the 
development of a dual modality hyperthermia technique for oesophageal tumours.  
 
In chapter 2 a general overview of the locoregional hyperthermia treatment planning system 
used at the AMC is given. The planning system was initially developed at the department of 
radiotherapy of the University Medical Center Utrecht. This planning system has been 
adapted to perform simulations for the AMC-4 waveguide system. Furthermore, a 
temperature based treatment optimisation module has been incorporated. Simulations and 
measurements of the E-fields in homogeneous and inhomogeneous phantoms are performed 
for verification of the correctness of the implementation.  
 
In chapter 3 the work performed on clinical verification of the treatment planning system is 
described. This study involved locoregional hyperthermia treatments of cervical cancer 
patients and was performed in cooperation with the department of radiotherapy of the 
University Medical Center Utrecht. 
 
In chapter 4 the impact of dielectric and thermal contact of temperature measurement 
probes with tissue, during intraluminal or intracavitary measurements is investigated. This 
study was performed because of temperature artefacts occasionally observed in the clinical 
verification study. 
 
In chapter 5 the implementation of temperature based optimisation at high resolution is 
described. E-fields are calculated at low (1×1×1 cm3) resolution because of present-day 
computer limitations. However, this resolution is too low for accurate treatment planning. 
To resolve this problem, a quasi-static zooming technique has been developed earlier in 
Utrecht to calculate power distributions at high resolution. In the method presented in 
chapter 5, quasi-static zooming is combined with temperature based optimisation to make 
optimisation at high resolution possible. 
 
Clinical applications of hyperthermia treatment planning described in literature are of 
retrospective nature. In chapter 6 settings obtained with prospective treatment planning and 
temperature based optimisation for oesophageal cancer patients are tested at the start of 
hyperthermia treatment and are compared with standard clinical settings to examine the 
clinical value of treatment planning. 



Chapter 1 

26 

Chapter 7 focuses on intraluminal heating techniques. Heating with several intraluminal 
devices is simulated and the resulting SAR and steady state temperature distributions are 
compared regarding penetration depth and homogeneity. Incorporated cooling of the 
applicator surface is modelled to improve the thermal penetration depth. Possibility of 
steering in axial direction is examined as well.  
 
The penetration depth of an intraluminal heating device can be improved with cooling of 
the antenna surface, thereby shifting the temperature maximum from the antenna surface to 
a deeper location. The value and location, i.e. depth, of that maximum remain generally 
unknown, since temperature measurements are performed intraluminally and not 
invasively. However, for adequate treatment it is necessary to know the temperature 
maximum and the corresponding location. In chapter 8, a method is presented to estimate 
this temperature maximum and location of the maximum, using only the measured 
intraluminal temperature and without a priori knowledge of the perfusion level.  
 
Finally, a summary and general discussion are given in chapter 9. The research presented in 
this thesis is discussed in the context of hyperthermia and hyperthermia treatment planning 
in the near future.  
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2.1 Introduction 
 

URING regional hyperthermia treatments, temperature information is generally limited 
to the locations of the thermometry probes. Techniques to examine the complete 

temperature distribution in the patient, such as MRI thermometry (Clegg et al., 1995; 
Hekmatyar et al., 2002; Hoffmann et al., 2002), are emerging, but these techniques are not 
yet accurate enough to replace the present thermometry. Hyperthermia treatment planning 
is a valuable tool to predict the 3D temperature distribution and to obtain insight in the 
steering capabilities of the heating system in patient geometries. The first step in treatment 
planning is to calculate the E-field distribution in the patient. The E-field distribution is 
used to calculate the power density or Specific Absorption Rate (SAR) distribution, which 
is used as input for temperature calculations. Treatment planning can be used to examine 
different settings of the heating system, in order to improve clinical treatments. The 
resulting temperature distributions of different antenna settings (i.e. amplitudes and phases) 
can be explored, which is impossible in clinical practice. Using treatment planning, it might 
be possible to find amplitudes and phases, such that the temperature in the target area 
increases, without overheating normal tissue.  

In contrast to radiotherapy treatment planning, hyperthermia treatment planning is 
currently not a standard clinical tool. Treatment planning systems are often developed at 
research departments and hyperthermia treatment planning is performed mainly in research 
context (Wust et al., 1996; Gellermann et al., 2000; Van de Kamer et al., 2001a; Wiersma 
and Van Dijk, 2001). Until 2002, a treatment planning system based on the Weak Form of 
the Conjugate Gradient Fast Fourier Transform (WF-CGFFT) was developed and used at 
the department of radiation oncology of the Academic Medical Center (AMC) Amsterdam 
(Wiersma and Van Dijk, 2001). In the same period, a treatment planning system based on 
the Finite Difference Time Domain (FDTD) method was developed at the department of 
radiotherapy of the University Medical Center Utrecht (Van de Kamer et al., 2001a). The 
main advantages of this FDTD-based planning system are computational speed and 
memory requirements. It also includes the possibility to compute the SAR distribution in a 
certain region of interest at a higher resolution (‘zooming’), without greatly increasing the 
computation time (Van de Kamer et al., 2001b). Furthermore, a sophisticated thermal 
model including the impact of vessel trees has been incorporated in this planning system 
(Kotte, 1998). In view of these advantages, the WF-CGFFT treatment planning system used 
at the AMC was replaced by the FDTD-based treatment planning system in 2002.  

In Utrecht, hyperthermia treatments were performed using the coaxial TEM applicator 
(De Leeuw and Lagendijk, 1987), while in Amsterdam the AMC-4 waveguide system (Van 
Dijk et al., 1990) is used. Therefore, the AMC-4 system had to be implemented in the 
treatment planning system to perform simulations for this device and the correctness of the 
implementation had to be verified before starting treatment planning with patient 
geometries. Section 2.2 of this chapter describes the verification of the correctness of the 
implementation of the AMC-4 system in the FDTD-based planning system by comparison 
of calculations and measurements of the E-field and SAR distributions in homogeneous and 
inhomogeneous tissue-equivalent phantoms. After this verification, the planning system 
was extended with a temperature based optimisation tool, which prescribes antenna settings 
for optimal tumour heating, while preventing normal tissue toxicities. In section 2.3 the 

D 
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impact of input parameters on the results of temperature based phase/amplitude 
optimisation is investigated. 
 

2.2 Verification of the FDTD calculations  

2.2.1 Phantom models 
 

Two different tissue-equivalent phantom models were used in this study: a rectangular, 
homogeneous, liquid phantom and an elliptical, solid phantom. The latter can be used either 
as a homogeneous phantom, or as an inhomogeneous phantom. 
 
Rectangular liquid phantom 
 

The rectangular, homogeneous phantom had dimensions of 30×30×80 cm3, with a PVC 
shell of 2 mm and was filled with a 0.3% NaCl solution. The dielectric properties of this 
solution are ‘muscle’ equivalent at 70 MHz and room temperature (Schneider et al., 1994), 
i.e. σ = 0.51 S m-1 and εr = 77. The phantom contained an opening of approximately 20×30 
cm2 through which an E-field measurement probe can be inserted in the saline solution. A 
schematic representation of this phantom between the four waveguides of the AMC-4 
waveguide system is shown in Figure 2.1. 
 

 
 
Figure 2.1: Schematic representation of the rectangular, homogeneous, liquid phantom between the four 

waveguides of the AMC-4 system (picture reproduced from Wiersma and Van Dijk (2001)). 
 
Elliptical solid phantom 
 

The elliptical phantom had dimensions of 36×24×50 cm3, with a PVC shell of 2 mm and 
was filled with a wallpaper paste saline solution, consisting of 3 gr l-1 NaCl and 26.8 gr l-1 
methylcellulose dissolved in water. The dielectric properties of this solution are σ = 0.55 S 
m-1 and εr = 75 (‘muscle’ equivalent) at 70 MHz and room temperature. Furthermore, this 
phantom contained a rectangular tube of 8×8×50 cm3 over the entire length, with a PVC 
shell of 0.5 mm. The tube was filled with the same wallpaper paste saline solution 
(homogeneous phantom) or with a ‘fat’ equivalent solution (inhomogeneous phantom) with  
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σ = 0.035 S m-1 and εr = 18 at 70 MHz and room temperature. The ‘fat’ equivalent solution 
consisted of 90% butanol, 10% water, 100 gr l-1 carbomerum and 10 gr l-1 NaCl (Olmi, 
1994). Catheters for multi-sensor thermocouple probes were inserted in the transversal 
midplane and in the transversal plane 10 cm from midplane to perform Specific Absorption 
Rate (SAR) measurements. A schematic representation of the elliptical phantom between 
the four waveguides of the AMC-4 waveguide system is shown in Figure 2.2. 
 
 

 
Figure 2.2: Schematic representation of the elliptical solid phantom  
 between the four waveguides of the AMC-4 system. 

2.2.2 E-field measurements 
 

E-field measurements were performed in the rectangular liquid phantom. The E-field 
distribution generated by the bottom applicator of the AMC-4 waveguide system was used 
for verification. The E-field distribution generated by a single waveguide generally has 
larger gradients than the E-field distribution generated by all four waveguides and is 
therefore more difficult to predict by numerical simulations. Therefore, this setup was 
considered representative for the verification.  

A custom-designed E-field probe was used, capable of simultaneously measuring 
amplitude and phase of the E-field component with which it is aligned (Van Stam et al., 
1999). The E-field probe was placed in a special holder, attached to a translation system. 
This way, it was possible to record profiles of the amplitude and phase of the E-field along 
different lines inside the phantom. However, using this translation system, the measurement 
volume is limited to 30×30×48 cm3. The E-field measurement system has been described in 
detail by Wiersma et al. (1998). In the transversal midplane, the axial E-field component (z-
component) was measured. Furthermore, the axial and radial component (y-component) of 
the E-field were measured in the sagittal midplane. From the measured amplitude and phase 
profiles contour plots were reconstructed with a resolution of 1×1 cm2. 
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2.2.3 SAR measurements 
 

SAR measurements were performed in the elliptical solid phantom. For the inhomogeneous 
phantom, two typical phase/amplitude settings of the AMC-4 waveguide system were 
applied. In configuration ‘setup 1’ all antennas delivered an equal amount of power (250 
W), and a phase shift of 45° was applied to the left and right antenna relative to the top and 
bottom antenna. In configuration ‘setup 2’ all antennas were in phase (i.e. all phases 0°), 
but the top and bottom antenna delivered five times as much power (300 W) as the left and 
right antenna (60 W). A scaling factor between measurements and simulations was 
determined from ‘setup 1’ applied to the homogeneous elliptical phantom. 

For the SAR measurements 24 thermocouples were used with each 7 sensors, in total 
168 temperature measurement points. The temperature rise due to a short power pulse of 
the AMC-4 waveguide system was measured. SAR profiles were calculated from these 
temperature rises using (De Leeuw et al., 1993): 
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with c the specific heat capacity (J kg-1 °C-1), ΔT the temperature rise after the power pulse 
and Δt the duration of the power pulse. The specific heat capacity for the wallpaper paste 
saline solution and the ‘fat’ equivalent material were 4180 and 2430 J kg-1 °C-1, 
respectively. SAR profiles along the major and minor axis of the transversal midplane and 
of the plane 10 cm from the transversal midplane of the phantom were analysed. 
 

2.2.4 Numerical simulations 
 

Geometry definition 
 

E-field and SAR calculations were performed with the FDTD-based hyperthermia 
treatment planning system. The Generic Object Format (GOF) was used to describe 
geometrical structures in a resolution independent manner (De Bree, 1998). The applicator 
definition was separated from the patient/phantom definition. All individual structures 
(waveguides, water bolus, phantom) were described in GOF and these definitions were 
merged to obtain the complete geometry. The use of separate structures makes the planning 
system very flexible. The four separate water boli of the AMC-4 system were modelled as a 
single water bolus of 5 cm thickness in front of the waveguides. The phantom was placed 
between the four waveguides and water bolus. The resolution was 1×1×1 cm3, which 
necessitated modelling of the 2 mm thick PVC shell as 1 cm (i.e. one voxel) thick. The 
phantom and the AMC-4 system were surrounded by a large amount of air, to prevent 
unwanted E-field reflections close to the region of interest. Including the surrounding air, a 
total volume of 151×151×101 cm3 was modelled. Figure 2.3 and 2.4 show the rectangular 
and elliptical phantom in the treatment planning system. 
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Figure 2.3: The rectangular liquid phantom between the four waveguides  
 and water boli in the treatment planning system. 

 
 

 
Figure 2.4: The elliptical solid phantom between the four waveguides  
 and water boli in the treatment planning system. 

 
E-field and SAR calculations 
 

Ideally, at the boundaries of the computational domain the E-field would be 0 V m-1. 
However, to set this boundary condition without causing reflections in the volume of 
interest, a very large amount of surrounding air would be necessary. Because of memory 
requirements and computation time, this is impractical and sometimes even impossible. To 
overcome this problem, several types of absorbing boundary conditions have been proposed 
in literature (Bayliss and Turkel, 1980; Mur, 1981; Berenger, 1994; Berntsen and 
Hornsleth, 1994). Absorbing boundary conditions aim to absorb the electric field as if the 
domain was not truncated. In the planning system the computational domain was truncated 
using the retarded time absorbing boundary condition (Berntsen and Hornsleth, 1994). The 
antennas were terminated by a 50 Ω impedance. Modelling of this impedance accounts for 
the cross-talk phenomenon, i.e. the distortion of the amplitude and phase settings of an 
applicator by the radiated E-field of another applicator. The actual source was located at the 
edge of the antenna’s choke (see Figure 2.3) and the E-field excitation was performed in 
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axial direction by means of a triple-cosine waveform (Moore et al., 1988) at a frequency of 
70 MHz. The development of the E-field distribution due to a single active antenna with 
unit amplitude and zero phase shift was simulated at steady state, which was reached after 
6000 time steps (δt = 1.67 · 10-11 s). The E-field distributions were calculated for each 
active applicator separately. Calculation of the E-field distribution for a single applicator 
takes about two hours on an Intel® Pentium® 4 CPU 1400 MHz running Red Hat Linux®. 
 
The complete E-field distribution for arbitrary phase/amplitude settings was calculated 
using the complex phasor notation of the E-fields and the superposition principle: 
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where N is the number of active sources, vi are the complex amplitude and phase (in phasor 
notation) of applicator i and ),,( zyxEi

r
is the E-field generated by applicator i. The SAR 

distribution can be calculated directly from the E-field distribution using: 
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with σ (S m-1) and ρ (kg m-3) the conductivity and density, respectively. Table 2.1 shows 
the values of the material properties used in the E-field and SAR calculations. 
 
 

 σ (S m-1) εr (-) ρ (kg m-3)
Air (background)       0    1         1.29 
Distilled water 5.5 · 10-6  80   1000 
Liquid phantom       0.51  77   1000 
Metal (waveguides) 1.0 · 107    1   7900 
PVC shell       0.004    2.2   1300 
Solid phantom (‘fat’ eq.)       0.035  18     800 
Solid phantom (‘muscle’ eq.)       0.55  75   1000 

 
Table 2.1: Values of the conductivity (σ  (S m-1)), relative permittivity (εr (-)) and  
 density (ρ (kg m-3)) used in the E-field and SAR calculations. 

 
For the rectangular liquid phantom, the E-field distribution generated by the bottom 

antenna was calculated. From the complex E-field distribution, the amplitude and phase 
shift of the axial field component (z-component) were extracted in the transversal midplane. 
Furthermore, the amplitude and phase shift of the axial and radial component (y-
component) in the sagittal midplane were extracted. 
 For the elliptical inhomogeneous solid phantom, the SAR distributions resulting from 
‘setup 1’ and ‘setup 2’ (see SAR measurements) were determined. For the homogeneous 



Chapter 2 

34 

phantom ‘setup 1’ was applied. SAR profiles along the major and minor axis of the 
transversal midplane and of the plane 10 cm from the transversal midplane of the phantom 
were extracted from the calculated distributions. 
 

2.2.5 E-field distribution in the rectangular homogeneous phantom 
 

Contour plots of the calculations and measurements of the E-field distribution in the 
rectangular homogeneous phantom due to a single active antenna are shown in Figure 2.5 
and 2.6. Figure 2.5 shows the amplitude (A) and phase (P) of the axial component (z-
component) in the transversal midplane and Figure 2.6 shows the amplitude and phase of 
the axial and radial component (y-component) in the sagittal midplane. The data are 
normalised to the axial component of the E-field in the centre of the phantom (i.e. 
amplitude 100% and phase 0°). A good correspondence was observed between 
measurements and calculations.  
 

 
  
Figure 2.5: Calculated and measured amplitudes (A) and phases (P) of the axial component (z-component) of the 

E-field distribution in the transversal midplane of the rectangular homogeneous phantom. 
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Figure 2.6: Calculated and measured amplitudes (A) and phases (P) of the axial (z-component) and radial  
(y-component) components of the E-field distribution in the sagittal midplane of the rectangular 
homogeneous phantom. 
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Table 2.2 shows the deviations between measurements and calculations (δA and δφ) 
averaged over the plane concerned, together with the measurement accuracy (Schneider et 
al., 1995). The deviations were in the same order of magnitude as the measurement 
accuracy in the transversal midplane and slightly larger in the sagittal midplane. In the 
sagittal midplane uncertainties in water bolus positioning and connection to the phantom 
have a larger influence on the resulting E-field distribution. This might explain the larger 
differences in the sagittal plane. The radial component of the E-field is generally much 
smaller than the axial component. Therefore, when the SAR distribution would be 
determined from these E-fields, the differences in the axial E-field component will be 
qualifying for the differences in measured and calculated SAR.  

The correspondence between calculations and measured data was better for these 
FDTD-based calculations than for the previous WF-CGFFT calculations presented by 
Wiersma and Van Dijk (2001), but it should be noted that the WF-CGFFT calculations 
were performed at a lower resolution (2×2×3 cm3) and the PVC shell was not modelled 
because of the coarser grid spacing. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2.2: Averaged deviations between 
 measurements and calculations of the  
 amplitudes (A) and phases (φ) of the E-field 
 distribution in the rectangular homogenous 
 phantom.  For comparison the accuracy of the 
 measurements is  also shown.  

 
  

2.2.6 SAR distribution in the elliptical solid phantom 
 

E-field distributions were calculated with unit amplitude for each active applicator. In order 
to quantitatively compare the calculated and measured SAR distributions in the elliptical 
solid phantom, a scaling factor had to be determined. The calculated SAR profiles in the 
homogeneous elliptical phantom resulting from ‘setup 1’ were scaled to the measured SAR 
profiles. From these profiles, which are shown in Figure 2.7, a scaling factor of 333.2 was 

 FDTD vs. data 
mean (± SD) 

Axial component (Ez) 
in transversal midplane  

δA : 11%  (± 9%)
δφ  : 11°   (± 6°) 

Axial component (Ez) 
in sagittal midplane 

δA : 19%  (± 21%)
δφ  : 17°   (± 21°) 

Radial component (Ey) 
in sagittal midplane 

δA : 20%  (± 18%)
δφ  : 20°   (± 31°) 

accuracy of 
measured data 

A ~ 10% 
φ ~ 10° 
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determined. This scaling factor was also used to scale the calculated SAR profiles for the 
inhomogeneous situation. 
   

 
 

Figure 2.7: Calculated SAR profiles resulting from ‘setup 1’ along the major axis of the transversal  
 midplane of the elliptical homogeneous phantom, scaled to the measurements. 

 
The calculated and measured SAR profiles along the major and minor axis of the 

transversal midplane and the transversal plane 10 cm from the midplane of the 
inhomogeneous elliptical phantom are shown in Figure 2.8 (‘setup 1’) and Figure 2.9 
(‘setup 2’). A good correspondence between measurements and calculations was found. 
 

 
 

Figure 2.8: Calculated and measured SAR profiles along the major and minor axis of the transversal 
midplane of the elliptical inhomogeneous phantom for ‘setup 1’. 

 
The deviations between measured and calculated SAR values, averaged over the relevant 
profiles are shown in Table 2.3, together with the accuracy of the SAR measurements. For 
the transversal midplane (z = 0), the deviations were in the same order of magnitude as the 
measurement accuracy. Deviations were slightly larger in the transversal plane 10 cm from 
midplane, again due to uncertainties in water bolus positioning and connection to the 
phantom. 
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Figure 2.9: Calculated and measured SAR profiles along the major and minor axis of the elliptical 
inhomogeneous phantom for ‘setup 2’. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.3: The average deviations in the 
SAR profiles in the transversal midplane and 
the transversal plane 10 cm from the 
midplane of the elliptical phantom, for the 
two different phase/amplitude settings 
applied. 

 
 

 
FDTD vs. data 
mean (± SD) 

Setup 1 
Homogeneous z = 0 cm ΔSAR : 9% (± 7%) 

   

z = 0 cm ΔSAR : 5% (± 9%) 
Setup 1 

Inhomogeneous 
z = 10 cm ΔSAR : 19% (± 18%)

   

z = 0 cm ΔSAR : 9% (± 11%) 
Setup 2 

Inhomogeneous 
z = 10 cm ΔSAR : 15% (± 12%)

accuracy of measured data SAR ~ 10% 
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2.3 Temperature based phase/amplitude optimisation 
 

The implementation of the AMC-4 waveguide system in the FDTD-based treatment 
planning system has been validated by phantom measurements and simulations, now 
treatment planning with patient geometries can be performed. This involves finding antenna 
settings for the AMC-4 waveguide system for optimal tumour heating, while preventing 
normal tissue toxicities. Each waveguide has an adjustable phase and amplitude. One 
antenna serves as reference for adjustment of the phases, yielding seven degrees of freedom 
for focusing the E-field distribution in the patient. Therefore, it is very difficult to find 
settings for optimal tumour heating by intuition. The treatment planning system developed 
in Utrecht contained an optimisation tool to prescribe phase/amplitude settings, such that 
the SAR deposition in the tumour is maximised, while limiting the SAR in normal tissue. 
This is a useful tool, but not completely satisfactory. Due to inhomogeneities in patient 
geometry and in tissue perfusion, a high SAR will not always yield a high temperature and 
likewise for a low SAR. Since perfusion and other important thermal aspects like 
conduction and bolus cooling are not taken into account in SAR based optimisation, a more 
clinically relevant temperature based optimisation routine was desired: the temperature in 
the tumour has to be maximised, while respecting user-defined constraints to normal tissue 
temperatures. 
 

2.3.1 Implementation 
 

An efficient strategy for temperature based optimisation proposed by Das et al. (1999b) 
was implemented. This method is relatively fast, since the temperature distribution during 
the optimisation process is calculated using a pre-computed matrix in stead of directly 
solving the Pennes bio heat transfer equation (Pennes, 1948):  
 

   PTTWcTk
t
Tc bbttt +−−∇⋅∇=

∂
∂ )()( artρ .                (2.4) 

 
The local absorbed power and the tissue temperature are represented by P (W m-3) and  
T (°C), respectively. Furthermore, ρt, ct, kt, cb, Wb and Tart are the tissue density (kg m-3), 
specific heat capacity (J kg-1 °C-1), thermal conductivity (W m-1 °C-1), specific heat capacity 
of blood, volumetric perfusion rate (kg m-3 s-1) and the local arterial temperature, 
respectively. A pre- and post-matrix multiplication with the source vector containing the 
amplitudes and phases of all antennas yields the complete temperature distribution, 
identical to the solution of equation (2.4). The user has to define an objective function, such 
that minimisation of this function will yield the maximal tumour temperature rise. 
Furthermore, constraints to normal tissue temperatures can be defined. These were 
implemented as hard constraints, which means that the tumour temperature can also be 
limited by these constraints. The possibility to define ‘special constraints’ was also 
implemented. With this option, single tissue voxels or tissue types can be selected for 
which a different temperature constraint can be defined. For example, for optimisation for 
patients with oesophageal cancer, special care has to be taken for the spinal cord to prevent 
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neurotoxicity by overheating. Thus, generally a lower temperature constraint is necessary 
for the spinal cord. 

For the actual optimisation process, CFSQP version 2.5d (Lawrence et al., 1997) was 
used. CFSQP stands for ‘C routines for Feasible Sequential Quadratic Programming’ and 
solves large scale constrained non linear optimisation problems using a line search 
algorithm. The user should define an initial phase/amplitude setting. If this initial guess is 
infeasible for the constraints, the program generates a feasible initial point. Starting from an 
initial phase/amplitude setting satisfying the constraints, a search direction is determined 
each iteration and the method searches along this direction to find a new phase/amplitude 
setting with a lower objective function value. The best result (i.e. the settings yielding the 
lowest objective function value) from a number of runs with a different random initial 
setting should be selected to avoid a local minimum. 
 

2.3.2 Objective functions and constraints 
 

For a numerical treatment optimisation, several choices for the objective function and 
normal tissue constraints are possible, which may result in very different phase/amplitude 
prescriptions. The impact of input parameters on the results of temperature based 
phase/amplitude optimisation was investigated for a patient with oesophageal cancer. The 
steady state temperature distributions resulting from settings prescribed by different 
objective functions and normal tissue constraints were compared. 

The treatment planning was based on a CT scan of the patient in treatment position (i.e. 
prone position), on a water bolus and mattresses as used during hyperthermia treatments. 
The data set was segmented semi-automatically into the tissue types fat, muscle, bone, 
lungs and inner air, using the Hounsfield Units (Hornsleth et al., 1996). The tumour, heart, 
aorta and spinal cord were outlined manually by the radiation oncologist. Dielectric and 
thermal properties for all tissue types were obtained from literature (ESHO Taskgroup 
Committee, 1992; Gabriel et al., 1996) and are tabulated in Table 2.4. The values for heart 
and aorta in this table are averages of blood and the tissue value from literature. 
 The segmented data set was downscaled to a resolution of 1×1×1 cm3 using the ‘winner 
take all’ principle (James and Sullivan, 1992b) and the E-fields were calculated for each 
applicator separately, using the FDTD method. The heart and aorta were kept at a constant 
temperature of 37.5 °C, due to their very high blood flow. The temperature of the cooling 
water in the water boli was kept constant at 12 °C. 

Temperature based optimisation was performed with different objective functions, 
aiming to maximise the tumour temperature (Ttumour), while respecting constraints to normal 
tissue temperatures (Ttissue). The spinal cord is an organ at risk with special constraints. For 
all optimisation strategies, no antenna was allowed to supply less than 10% or more than 
40% of the total power. The resulting phase/amplitude settings and temperature 
distributions of the optimisation strategies listed in Table 2.5 were compared. To avoid a 
local minimum, 20 runs with a different random initial phase/amplitude setting were 
performed for each strategy. 
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 σ (S m-1) εr (-) ρ (kg m-3) c (J kg-1 °C-1) k (W m-1 °C -1) Wb (kg m-3 s-1) 
Air   0   1       1.29    10000*       0.024     0 
Aorta   0.83 75 1025      3740       0.58     - 
Bone   0.05 10 1595      1420       0.65     0.12 
Fatty   0.06 10   888      2387       0.22     1.1 
Heart   0.95 93 1025      3740       0.58     - 
Lung   0.2 20   750      3000       0.25     3.6 
Muscle-like   0.75 75 1050      3639       0.56     3.6 
Spinal Cord   0.32 53 1050      3639       0.56     3.6 
Tumour   0.74 65 1050      3639       0.56     1.8 

 
Table 2.4: Values of the dielectric and thermal properties for different tissue types at 70 MHz, used in the 

simulations; conductivity (σ  (S m-1)), relative permittivity (εr (-)), density (ρ (kg m-3)), specific heat 
capacity (c (J kg-1 °C-1)), thermal conductivity (k (W m-1 °C-1)) and perfusion (Wb (kg m-3 s-1)). * The 
value of c used for air was ten times too high in order to allow larger time steps in thermal 
computations. The effect on the steady state temperature is negligible (< 2·10-5 °C). 

 
 

Strategy Objective Normal tissue Spinal cord 
I Aim for Ttumour ≥ 43 °C ≤ 42 °C ≤ 40 °C 
II Aim for Ttumour ≥ 43 °C ≤ 45 °C ≤ 40 °C 
III Aim for Ttumour ≥ 43 °C ≤ 45 °C ≤ 45 °C 
IV Maximise ΣTtumour/ΣTtissue ≤ 45 °C ≤ 40 °C 
V Maximise ΣTtumour/ΣTtissue ≤ 45 °C ≤ 45 °C 

 
    Table 2.5: Five different optimisation strategies applied for temperature based optimisation. 

 
Strategy I-III aimed explicitly at maximising the tumour temperature, whereas strategy IV 
and V aimed at maximising the ratio between the temperature in tumour and normal tissue. 
The objective function of strategy I-III was implemented as a threshold function: 
 
   ),,(,)0),,,(max(

Tumour

∈−∑ zyxzyxTTD tumour tissue,             (2.5) 

 
where TD is the minimally desired tumour temperature, which is in this case 43 °C. Since 
the objective function has to be minimised to maximise the tumour temperature, the 
objective function of strategy IV and V was implemented as minimisation of 
ΣTtissue/ΣTtumour.  

Normal tissue toxicity does generally not occur below 45 °C. In the first strategy, a 
relatively safe constraint of 42 °C was applied to normal tissue. A spinal cord constraint of 
40 °C was chosen to prevent neurotoxicity. To examine the influence of the constraints to 
normal tissue and spinal cord temperatures on the achieved tumour temperatures, a 
constraint of 45 °C was also applied to normal tissue and the spinal cord. 
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2.3.3 Evaluation tools 
 

The voxel-based definition of the complete anatomy as well as the calculated distributions 
(E-field, SAR or temperature), are stored in the platform-independent Hierarchical Data 
Format (HDF). HDF-files can be evaluated using VolumeTool, a Java visualisation tool 
developed at the UMC Utrecht. Three orthogonal slices of the volume are displayed. It is 
also possible to use more visualisation tools simultaneously. The tools can be connected 
such that a selected point in one volume automatically corresponds to the selected point in 
the other volume(s). This option is very useful to compare SAR or temperature distributions 
of different treatment plans. Furthermore, connecting a temperature distribution to the 
patient anatomy provides direct insight in the location of hot spots. 
 The treatment planning system also provides a statistical tool to determine a cumulative 
temperature or SAR volume histogram. Statistics can be performed for each tissue type 
separately as well as for the complete patient geometry. Minimum, maximum and average 
SAR or temperature can be determined as well as a user-defined percentile. For example, 
the user can ask to return the SAR or temperature at least achieved in 90% of the tumour 
volume.  
 

2.3.4 Optimisation results 
 

The resulting power (P (W)) and phase (Φ) settings of the different optimisation strategies, 
together with the total power deposited in the patient are shown in Table 2.6.  
 

Strategy Ptop Pbot Pleft Pright Φtop Φbot Φleft Φright Total power 
I   61 129   83 112 0° 22°   19°  20° 384 
II   65 176 119 158 0°   0° -22° -10° 519 
III 136 233 114 133 0° 31°   21°    4° 616 
IV   72 187 120 88 0°  -3° -10° 20° 467 
V 150 216   99 99 0° 22°   14° 19° 565 

      
Table 2.6: The power and phase settings prescribed by the optimisation strategies from Table 2.5, together with 

the total amount of power deposited in the patient. 
 
Power is proportional to the amplitudes squared, as can be derived from equation (2.3). The 
phase of the top antenna is the reference, i.e. 0°. The top antenna is closest to the spinal 
cord since the patient is in prone position. For strategy IV, the power supplied by the 
bottom antenna reaches the constraint of 40%. Strategy I, II an IV have a stricter constraint 
to the spinal cord tissue than strategy III and V. These stricter constraints limit the power 
supplied by the top antenna. For strategy I, II and IV the top antenna deliveres 16, 12 and 
15% of the total power, respectively. Strategies II and III have more lenient constraints than 
strategy I, so the total power as well as the power supplied by the top antenna is higher. 
This also holds for strategy V in comparison to IV. The power supplied by the top antenna 
is strongly dependent on the constraint set to the spinal cord. The prescribed phases do not 
show much variation, which implies that the power focus remains at the location of the 
tumour. 



Hyperthermia treatment planning at the AMC 

 43 

Strategy T10 (°C) T50 (°C) T90 (°C) Tmax-cord (°C) Tmax-tissue (°C) ∆T50/∆N50 
I 42.4 41.3 39.5 40.0 42.0 15.7 
II 43.8 42.5 40.0 40.0 45.0 12.4 
III 45.8 43.9 41.2 42.6 45.0 12.5 
IV 43.7 42.4 39.7 40.0 45.0 16.2 
V 45.5 43.8 40.9 42.5 45.0 15.6 

 
Table 2.7: Steady state temperatures obtained with the settings from Table 2.6. 
 
The achieved tumour temperatures are generally reported as T10, T50 and T90, the 
temperature at least achieved in 10%, 50% and 90% of the tumour volume. Table 2.7 shows 
the tumour temperatures T10, T50 and T90 obtained with the settings from Table 2.6, as well 
as the maximum temperature in the spinal cord (Tmax-cord) and in normal tissue (Tmax-tissue) 
and the ratio ∆T50/∆N50 of the T50 in tumour and normal tissue (N50), with respect to 37 °C. 
Stricter normal tissue constraints result in lower tumour temperatures, since the amount of 
power is limited by the constraints to normal tissue temperatures. When comparing 
different objective functions with the same normal tissue constraints (II and IV or III and 
V), it can be concluded that the objective function has a minor impact on the achieved 
tumour temperatures. However, strategy IV and V show a lower N50 in comparison to II and 
III, which implies on average less normal tissue heating and thus may lead to a reduction of 
systemic stress. Particularly the constraints to normal tissue temperatures are important for 
the achieved tumour temperatures. 
 

2.4 Conclusions 
 

The FDTD-based hyperthermia treatment planning system developed at the department of 
radiotherapy of the University Medical Center Utrecht has been successfully installed at the 
AMC and has been adapted for treatment planning with the AMC-4 waveguide system. The 
implementation of the AMC-4 system has been validated by comparing measurements of 
the E-field and SAR distributions in phantoms with simulations. The differences between 
measurements and calculations were generally in the order of the measurement accuracy.  

Subsequently, a temperature based optimisation tool to prescribe phase/amplitude 
settings for optimal tumour heating, while preventing normal tissue toxicities has been 
incorporated in the treatment planning system. The results of this optimisation procedure 
are strongly dependent on the normal tissue constraints and to a lesser degree on the 
objective function. 
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Abstract 
 

Introduction: Aim of this study was to verify hyperthermia treatment planning calculations by 
means of measurements performed during hyperthermia treatments. The calculated Specific 
Absorption Rate (SARcalc) was compared with clinically measured SAR values, during 11 
treatments in 7 cervical carcinoma patients. Methods: Hyperthermia treatments were performed 
using the 70 MHz AMC-4 waveguide system. Temperatures were measured using multi-sensor 
thermocouple probes. One invasive thermometry catheter in the cervical tumour and two non-
invasive catheters in the vagina were used. For optimal tissue contact and fixation of the 
catheters, a gynaecological tampon was inserted, moisturised with distilled water (4 treatments), 
or saline (6 treatments) for better thermal contact. During 1 treatment no tampon was used. At 
the start of treatment the temperature rise (ΔTmeas) after a short power pulse was measured, 
which is proportional to SARmeas. The SARcalc along the catheter tracks was extracted from the 
calculated SAR distribution and compared with the ΔTmeas profiles. Results: The correlation 
between ΔTmeas and SARcalc was on average R = 0.56 ± 0.28, but appeared highly dependent on 
the wetness of the tampon (preferably with saline) and the tissue contact of the catheters. 
Correlations were strong (R ~0.85-0.93) when thermal contact was good, but much weaker  
(R ~0.14-0.48) for cases with poor thermal contact. Conclusion: Good correlations between 
measurements and calculations were found when tissue contact of the catheters was good. The 
main difficulties for accurate verification were of clinical nature, arising from improper use of 
the gynaecological tampon. Poor thermal contact between thermocouples and tissue caused 
measurement artefacts that were difficult to correlate with calculations. 

 

3.1 Introduction 
 

YPERTHERMIA is the application of elevated temperatures to tumours (41 – 45 °C) and 
is an effective anti-cancer treatment in combination with radiotherapy and 

chemotherapy. Hyperthermia treatments aim at uniform tumour temperatures of usually 
43°C for one hour (Sapareto and Dewey, 1984). This thermal dose can be difficult to 
achieve, due to the occurrence of treatment limiting hot spots in normal tissue and systemic 
stress at high power (Oleson et al., 1993; Wust et al., 1995; Hand et al., 1997). The 
occurrence of hot spots is determined by the patients’ local anatomy. The occurrence of 
systemic stress is mainly dependent on the amount of power applied by the heating device. 
Such limitations are difficult to avoid intuitively due to the large number of degrees of 
freedom of the heating device, i.e. the powers and phases of the antennas (Wiersma et al., 
2002; Kok et al., 2005a; Kok et al., 2006). Therefore, hyperthermia treatment planning 
(HTP) is a useful tool for improvement of clinical hyperthermia treatments. 

For clinical application of hyperthermia treatment planning, it is important to obtain a 
reliable and accurate model of the patients’ anatomy in terms of dielectric and thermal 
properties of the different tissue types and/or organs (Wust et al., 1999; Van de Kamer et 
al., 2001e). For this purpose a CT or MRI scan of the patient, preferably in treatment 
position, is segmented into tissue types and/or organs. Unfortunately, dielectric properties 
of different tissue types and organs are usually rather difficult to measure accurately 
(Eyuboglu et al., 1994; Meaney et al., 1995; Farace et al., 1997; Crezee et al., 1999b); 
consequently, a large spread in values is reported in literature (Joines, 1984; ESHO 
Taskgroup Committee, 1992; Gabriel et al., 1996; Van de Kamer et al., 2001e). To obtain 
insight in the reliability of the current treatment planning systems, clinical verification 
studies are essential. 

Verification of various hyperthermia treatment planning systems has been performed 

H 
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using analytical solutions, phantom measurements (Clegg et al., 1995; Wiersma and Van 
Dijk, 2001; Van den Berg et al., 2004), and isolated (perfused) tissues or organs (Crezee 
and Lagendijk, 1990), generally showing a satisfactory agreement between calculations and 
measurements. Recently, Van den Berg et al. described a sophisticated method using MRI 
for validation of electromagnetic simulations in phantoms and human cadavers (Van den 
Berg et al., 2004; Van den Berg et al., 2006). There have been only few reports in the 
literature on verification of hyperthermia treatment planning in patients (Gellermann et al., 
2000; Sreenivasa et al., 2003). Sreenivasa et al. reported a good correlation between model 
calculations and clinical data regarding hot spots and prediction of heating capability in 
patients, using the HyperPlan treatment planning system for the BSD-2000 hyperthermia 
system (Sreenivasa et al., 2003). Gellermann et al. showed that measured E-field or SAR 
profiles correlated well with calculated values using a contour-based FDTD method, but the 
deviations were larger for the voxel-based FDTD method (Gellermann et al., 2000). 

Aim of this study was to determine the correlation between treatment planning 
calculations and measurements during hyperthermia treatments. It was attempted to verify 
the dielectric input of the hyperthermia treatment planning system in terms of SAR 
distributions, as a prerequisite for verification of the subsequent thermal computations in 
the future. SAR calculations from FDTD-based treatment planning were compared with 
measured SAR profiles along minimally invasive thermometry tracks during hyperthermia 
treatments of cervical carcinoma patients. The results of these verifications as well as the 
encountered difficulties will be discussed. 
 

3.2 Methods 
 

3.2.1 Hyperthermia treatments and measurements 
 

Within an ongoing phase III study, patients with locally advanced cervical carcinoma are 
treated with chemoradiotherapy +/- weekly hyperthermia for 5 weeks. The hyperthermia 
treatment is given using the 70 MHz AMC-4 phased array system (Van Dijk et al., 1990). 
During 11 treatment sessions in 7 patients extensive (minimally) invasive thermometry was 
applied as well as pre-treatment CT scans for verification of hyperthermia treatment 
planning (section Hyperthermia treatment planning). Figure 3.1 (left panel) shows a 
cervical carcinoma patient during a hyperthermia treatment. Catheters for insertion of 
thermometry probes were placed in the target region. Self-anchoring catheters (Pieters et 
al., 2006) (Ella-CS, Czech Republic) were placed in the left and right fornix of the vagina 
and (minimally) invasively in the cervical tumour. The intratumoral depth was aimed to be 
~ 4–5 cm. Figure 3.1 (right panel) shows a schematic representation of the location of the 
vaginal and intratumoral catheters. Regular hyperthermia thermometry catheters (Ella-CS, 
Czech Republic) were placed in the bladder and the rectum, as well as an intravaginal E-
field probe near the tumour. 
 A gynaecological tampon was inserted in the vagina for optimal tissue contact and 
fixation of the catheters. For better thermal contact between catheters and tampon, the 
tampon was moisturised with sterile distilled water (4 treatments), or with sterile saline 
 



Chapter 3 

48 

        
 
Figure 3.1: Left: Locoregional hyperthermia treatment of a cervical carcinoma patient with the 70 MHz AMC-4 

phased array system; the location of the 4 antennas is indicated. Right: Schematic representation of 
the intratumoral and left and right vaginal thermocouple probes in the target region; the anatomical 
drawing was reprinted from The Northern Cancer Network website (www.cancernorth.nhs.uk). 

 
(0.3% NaCl solution, 6 treatments). A saline solution was used that mimics the average 
dielectric and thermal properties of human tissue at 70 MHz (Schneider et al., 1994). 
During 1 treatment no tampon was used. To further prevent catheter displacement during 
transport of the patient, the catheters were taped to the inside of the patient’s thighs. The 
patient was transported to the CT scanner and the hyperthermia treatment room using a 
mobilizer (Medical Laboratory Automation Inc.). 

A CT scan spanning 60 cm body length with a slice thickness of 5 mm was made of the 
patient in treatment position, i.e. in supine position on a water bolus and mattresses similar 
as used during the hyperthermia treatment, with the catheters in situ. To visualise and 
distinguish the thermometry catheters, X-ray cable dummies (Nucletron BV, The 
Netherlands) were inserted prior to the scan. 

The patient was positioned on the hyperthermia treatment table such that the target 
region was located in front of the aperture of the bottom antenna of the AMC-4 system. The 
position of the catheters was verified by dorsoventral and lateral X-ray images, with the  
X-ray cable dummies in the catheters. The cable dummies were removed and multi-sensor 
(14 points) copper-constantan thermocouple probes (TCs) with a spacing of 5 or 10 mm 
were inserted in the catheters. To minimise disturbances of the thermocouple probes by the 
EM-field a minimum of 12 ferrite beads per thermocouple probe was used. The constantan 
wire (∅ 70 µm) and the 14 copper wires (∅ 40 µm) of the thermocouple probes are 
sufficiently thin to ignore any perturbation of the EM-field. For better thermal contact 
between thermocouple probes and surroundings, the catheters were filled with distilled 
water. The patient was positioned between the four waveguides plus water boli, and the 
hyperthermia treatment was started. Clinical experience has led to standard power settings 
of the hyperthermia system for different tumour sites. For treatment of cervical tumours the 
standard power ratios for the top, bottom, left and right antennas are 3 : 3 : 2 : 2. Phase 
settings are adjusted such that a maximal E-field is measured by the E-field probe at the 
target location, which corresponds to a local SAR maximum in the target region. The top 
antenna serves as reference (phase 0°). 
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At the start of every treatment, a measurement of the temperature rise (ΔT) after a 30 s 
power pulse of 800 W was performed, measured standardly after a 5 s power off period of 
the AMC-4 system. To minimise the influence of self-heating of the thermocouple probes, 
the 30 s power pulse was preceded by a 5 s prepulse of 800 W, followed by a 5 s power off 
period. The ΔT is the difference between the temperatures measured after the two power off 
periods (Kok et al., 2006). This method was adapted from the method described by De 
Leeuw et al. (1993), which made use of a 25 or 50 s prepulse, in order to minimise any 
possible contribution of thermal conduction. Self-heating of thermocouples is assumed to 
be very fast, thus its contribution will be equal for a short (5 s) prepulse and for a longer 
(e.g. 25, 30 or 50 s) prepulse. Conduction can be neglected during a short prepulse, but may 
have some effect during a longer prepulse. To estimate what the effect of a longer prepulse 
would have been, the relation between the measured ΔT and the temperature rise during the 
first or second duty cycle power on pulse (DC1, DC2) was investigated. The clinically 
applied duty cycle consisted of 25 s power on, followed by 5 s power off after which the 
temperatures are measured (see below). The correlation between ΔT and DC1 or DC2 was 
on average 0.90 ± 0.02 and 0.87 ± 0.04, respectively. The ratio between DC1 or DC2 and ΔT 
was on average 0.85 ± 0.10 and 0.82 ± 0.10, respectively, which is almost equal to the ratio 
of both power on periods (25 s / 30 s = 0.83). It was concluded that a 5 s prepulse was 
appropriate for ΔT measurements. Since ΔT is proportional to the Specific Absorption Rate 
(SAR (W kg-1)) (De Leeuw et al., 1993), these measurements provide measured SAR 
profiles along the thermocouple tracks: 

 
s30SAR Tc Δ⋅=                        (3.1) 

 
with c the specific heat capacity of the tissue (J kg-1 °C-1). These measurements will be 
indicated by ΔTmeas. 

During the rest of the treatment, temperatures were measured every 30 s, standardly 
after a 5 s power off period of the AMC-4 system. According to protocol, the steady state 
period of 60 minutes started when at least one measurement point in the target region 
reached 41 °C, or alternatively after an induction period of 30 minutes. During the 
hyperthermia treatment the cooling water in the water bolus was kept at a temperature  
of 12 °C. 
 

3.2.2 Hyperthermia treatment planning 
 

For treatment planning the aforementioned CT scan was used, made with the patient in 
treatment position and with the catheters in situ. Tumour, tampon (if used) and catheters 
were outlined manually. The catheters were removed from the data set prior to the 
calculations. The tampon was assigned the properties of its condition (dry/air, water or 
saline) during the concerned treatment. It was taken into account that the volume of a 
saturated tampon consists of ~85% water or saline and ~15% tampon, as determined 
empirically. The rest of the data set was automatically segmented into muscle, fat, bone and 
inner air (e.g. in bowels), using thresholding based on a histogram of Hounsfield Units of 
the CT data set (Hornsleth et al., 1996). 
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The data set was downscaled to 2×2×5 mm3 (High Resolution, HR), and to 1×1×1 cm3 
(Low Resolution, LR), using the ‘winner take all’ principle (James and Sullivan, 1992a; 
James and Sullivan, 1992b), which means that a LR voxel is assigned the properties of the 
most frequently occurring tissue type of the corresponding HR voxels. The E-field  
(E (V m-1)) distributions were calculated for each antenna of the AMC-4 system separately 
with unit amplitude and zero phase, using our FDTD-based hyperthermia treatment 
planning system (Van de Kamer et al., 2001a; Kok et al., 2005a). Due to computer 
limitations, the resolution for direct E-field calculations was limited to 1×1×1 cm3 (LR), 
which is too low for reliable treatment planning (Van de Kamer et al., 2001b; Van de 
Kamer et al., 2001d; Kok et al., 2005a). Therefore, a quasi-static zooming technique was 
applied to obtain the HR power density and SAR (W kg-1) distributions (Van de Kamer et 
al., 2001b; Van de Kamer et al., 2001c; Van de Kamer et al., 2001d; Kok et al., 2005a), 
according to the clinically applied power/phase-settings of the AMC-4 system. The SAR 
was calculated according to 

 
2

2
SAR V∇=

ρ
σ                     (3.2) 

 
with σ the conductivity (S m-1), ρ the density (kg m-3), and V the HR potential distribution 
(V) determined using the quasi-static approximation of Maxwell’s equations. The potential 
is estimated by integrating the LR E-field distribution over a small zoom volume, for which 
quasi-static computation is allowed. Several zoom volumes are necessary to cover the 
volume of interest (patient volume) (Van de Kamer et al., 2001b; Van de Kamer et al., 
2001d). The calculated SAR will be indicated by SARcalc. To include the actual efficiency 
of the AMC-4 system, the calculated SAR distributions were scaled with a factor that was 
determined from ΔT measurements in homogeneous phantoms with well-known properties 
(Van Stam et al., 1996), such that equation (3.1) holds for the concerned specific heat 
capacity (data not shown). The dielectric and thermal properties used in the calculations 
were obtained from literature (ESHO Taskgroup Committee, 1992; Gabriel et al., 1996), 
and are summarised in Table 3.1. 

 
 σ (S m-1) εr (-) ρ (kg m-3) c (J kg-1 °C-1)
Air      0     1         1.29    1000 
Saline (tampon)      0.47   64     850    3550 
Water 5.5 · 10-6   80   1000    4180 
Bone      0.05   10   1595    1420 
Fatty      0.06   10     888    2387 
Muscle-like      0.75   75   1050    3639 
Tumour      0.74   65   1050    3639 
 

Table 3.1: Dielectric and thermal properties at 70 MHz for the different tissue types used  
in the calculations; conductivity (σ (S m-1)), relative permittivity (εr (-)),  
density (ρ (kg m-3)), and specific heat capacity (c (J kg-1 °C-1)). 
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3.2.3 Verification of hyperthermia treatment planning 
 

For the verification of the calculated SAR distributions the intratumoral, left and right 
vaginal catheter tracks were reconstructed using the CT data set and the X-ray images. 
Thanks to the X-ray cable dummies the catheter tracks could be reconstructed accurately 
and well distinguished from each other. Furthermore, it was confirmed that the catheters 
were not displaced during transport from the CT table to the hyperthermia treatment table, 
by matching the CT scan and the X-ray images. The SAR along the intratumoral and 
vaginal catheter tracks was extracted from the calculated SAR distribution (SARcalc) and 
compared with the clinically measured ΔT profiles (ΔTmeas) along these catheter tracks.  
 

3.2.4 Statistics 
 

Data are presented as mean ± SD. The correspondence between ΔTmeas and SARcalc was 
expressed in terms of the correlation coefficient R, as determined using SPSS 12. A value 
of p < 0.05 was considered statistically significant. 
 

3.3 Results 
 

Extensive (minimally) invasive thermometry and pre-treatment CT scans were applied for 
11 treatment sessions in 7 patients, for verification of hyperthermia treatment planning 
(HTP). For practical reasons, the intratumoral depth of the (minimally) invasive catheter 
(Figure 3.1) was generally 1–2 cm, although it was originally aimed to be deeper (~ 4–5 
cm). The depth was limited to minimise pain complaints of the patient during implantation 
of the catheters, and to prevent possible spill of tumour cells beyond the cervical tumour 
into healthy tissue. Characteristics of the 11 treatment sessions are summarised in Table 
3.2.  During the first 2 treatments (patients 1,2) the quality of the pre-treatment CT scan 
was not sufficient for treatment planning purposes (see also Discussion). During the next 4 
treatments (patients 3,4) the gynaecological tampon, used to pursue good tissue contact of 
the catheters, was moisturised with distilled water. Unfortunately, the tissue contact of the 
catheters was not always optimal. During the next 4 treatments (patient 5,6) the tampon was 
moisturised with saline, however during 2 treatments the tampon appeared too dry. In the 
last treatment (patient 7) no tampon was used under the assumption that the vagina would 
re-close after insertion of the catheters. However, the tissue contact of the catheters was still 
sub-optimal. For 6 treatments (4 patients) the correlation between measurements and 
calculations could be determined. 

From the aforementioned 11 treatment sessions, the results of 4 specific cases will be 
presented: a treatment with a tampon moisturised with distilled water (case 1), a tampon 
moisturised with saline with good thermal contact of the thermometry catheters (case 2), a 
tampon badly moisturised with saline and therefore remaining too dry (case 3), and a 
treatment using no tampon (case 4). The characteristics of these 4 cases are summarised in 
Table 3.3, concerning the conditions of the gynaecological tampon and the tissue contact of 
the catheters, power dissipation in the tampon and reliability of the SAR calculations,  
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Patient session tampon case correlation comments 

1 4 n/a n.p. N CT scan not suitable for HTP 
2 4 n/a n.p. N CT scan not suitable for HTP 

3 water 1 Y 
3 

5 water n.p. N } sub-optimal tissue contact of TCs; 
SARcalc = 0 in wet tampon 

3 water n.p. N 
4 

5 water n.p. N } sub-optimal tissue contact of TCs; 
SARcalc = 0 in wet tampon 

3 saline n.p. Y 
5 

5 saline 2 Y } OK 

3 saline 3 Y 
6 

5 saline n.p. Y } tampon too dry 

7 3 no tampon 4 Y sub-optimal tissue contact of TCs 
 
Table 3.2: Overview of all 11 treatment sessions in 7 cervical carcinoma patients, in which verification of HTP 

has been applied. The summarised properties concern the session number, the conditions of the 
gynaecological tampon, the case as presented below (n.p. not presented), whether a correlation 
between ΔTmeas and SARcalc was calculated (N: not calculated, Y: calculated), and comments  
on the encountered difficulties in the verification process. 

 
 
case tampon tissue contact power dissipation SARcalc thermal contact ΔTmeas verification 

1 water /   (σ ≈ 0)  /  /   
2 saline /       
3 (too) dry   (σ ≈ 0)     
4 no tampon /  n/a  /  /   

 
Table 3.3: Overview of the 4 presented cases (see Table 3.2). The summarised properties concern the conditions 

of the gynaecological tampon, the tissue contact of the catheters ( poor contact, good contact), the 
presence of power dissipation in the tampon ( no dissipation, tissue-equivalent dissipation) and its 
consequence for reliable SAR calculations (SARcalc, unreliable, reliable), the quality of the thermal 
contact of the catheters with tissue ( poor thermal contact, good thermal contact) and its 
consequence for reliable ΔT measurements (ΔTmeas, unreliable, reliable). The last column provides 
an indication whether all conditions for accurate verification have been fulfilled ( not all conditions 
fulfilled, conditions fulfilled). 

 
thermal contact of the catheters and reliability of the ΔT measurements, indicating whether 
all conditions for accurate verification had been fulfilled. Each case will be discussed in 
detail below. 

Coronal and sagittal cross sections of the CT scans of the patients from the 4 cases are 
shown in Figure 3.2. The CT scans were recorded with the patients in treatment position, 
i.e. in supine position, on a water bolus and mattresses, with the catheters in situ. Only by 
making these CT scans it became clear that in some cases the gynaecological tampon was 
too dry and some air was present in the (top of the) vagina, and that in some cases the tissue 
contact of the catheters was sub-optimal. 
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Figure 3.2: Coronal (panels 1a–4a) and sagittal 
(panels 1b–4b) cross sections of the CT scans of the 
patients from case 1–4. The CT scans were recorded 
with the patients in treatment position, i.e. supine 
position, on a water bolus (w) and mattresses, with 
the catheters (c) in situ. In some cases (e.g. 3) the 
gynaecological tampon was too dry, thus some air (a) 
was present in the (top of the) vagina. 
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3.3.1 Dielectric and thermal characteristics 
 

In the first case, a tampon moisturised with distilled water was used. This should result in 
good thermal contact of the thermometry catheters with the surroundings, tampon and 
tissue, providing reliable ΔT measurements. Unfortunately, the tissue contact of the 
catheters was sub-optimal. Judging by the CT scan, only the deepest ∼2.5–3 cm of the 
vaginal catheter tracks was in good contact with the tissue, the remaining ∼3.5–4 cm of the 
thermocouple tracks was surrounded by the wet tampon. Since the tampon was assigned the 
properties of distilled water in this case, its modelled conductivity was very low (~5.5·10-6 
S m-1), which resulted in very low calculated SAR values in the vicinity of the caudal part 
of the vaginal thermocouple tracks (~3.5·10-4 W kg-1, Figure 3.4). However, the 
measurements appeared not influenced by the distilled water surrounding the caudal part of 
the thermocouple probes, resulting in ΔT values ~0.4 °C over the entire thermocouple 
length (see Discussion). This hampered accurate verification of the calculated SAR 
distribution along the entire thermocouple tracks for this case. 

In the second case, a tampon moisturised with saline was used. In this case the tissue 
contact of the catheters was generally good, implying good thermal contact of the 
thermometry catheters. Therefore, both the SAR calculations and the ΔT measurements 
were reliable, providing the conditions required for accurate verification. 

In the third case, the tampon was moisturised with saline, but appeared not fully 
saturated. This could only be determined by the CT scan, which showed that the tampon 
was (too) dry and thus some air was present in the top of the vagina. This resulted in 
unreliable SAR calculations in that region, since the entire tampon was assigned the 
properties of saline in this case. Furthermore, the tissue contact of the catheters was not 
good, resulting in poor thermal contact of the thermometry with the surrounding tissue, and 
thus unreliable ΔT measurements. These issues hampered accurate verification for this case. 

In the fourth case, no tampon was used. It was assumed that the vaginal cavity re-closes 
after insertion of the thermometry catheters and the E-field probe, ensuring good tissue 
contact of the catheters even without using a gynaecological tampon. A further advantage 
of this option is that there is no additional foreign object in the region of interest, i.e. the 
vaginal cavity. This facilitated reliable SAR calculations in the close vicinity of the 
thermometry catheters. Nevertheless, the tissue contact of the catheters was still not 
optimal, resulting in sub-optimal thermal contact with the tissue and thus resulting in 
unreliable ΔT measurements, which hampered accurate verification for this case. 
 

3.3.2 Correlation between calculations and measurements 
 

Sagittal cross sections of the SAR distributions for the 4 cases, calculated for the clinically 
applied power/phase settings of the AMC-4 system, are shown in panels 1b–4b of Figure 
3.3, together with the corresponding segmented anatomy in panels 1a–4a. The depicted 
SAR values were typically in the range 0 – 50 W kg-1, but were strongly determined by the 
patient-specific local anatomy, and varied for individual patients. All SAR distributions 
were scaled to a total absorbed power in the patient of 800 W corrected for the actual 
efficiency of the AMC-4 system, which consequently resulted in slightly different SAR  
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Figure 3.3: Sagittal cross sections of the 
segmented anatomy (red: muscle; yellow: 
fat; orange: tumour; green: bone; blue: 
(inner) air, water or saline) for the 4 
cases (panels 1a–4a). The calculated SAR 
distributions (SARcalc) are shown in panels 
1b–4b, ranging from 0 W kg-1 (blue) – 50 
W kg-1 (red), from 0 – 50 W kg-1, from  
0 – 75 W kg-1, and from 0 – 60 W kg-1, 
respectively. The corresponding calcu-
lated temperature rise distributions after 
30 s are shown in panels 1c–4c, ranging 
from 0 °C (blue) – 0.75 °C (red) for all 
panels. Note the superficial low 
temperature rises (~0 °C) due to bolus 
cooling. 
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levels (W kg-1) for patients of different body size and weight. Furthermore, several SAR hot 
spots can be observed, also at superficial locations in the patient. The corresponding 
calculated ΔT distributions after a 30 s power pulse of 800 W are shown in panels 1c–4c of 
Figure 3.3. The depicted temperature rises were typically in the range 0 – 0.75 °C, and 
showed less anatomy-determined heterogeneity than the calculated SAR distributions. Less 
hot spots are observed, primarily due to the influence of bolus cooling on superficial high 
SAR values.  

The measured ΔT profiles (ΔTmeas) along the intratumoral, left and right vaginal 
thermocouple tracks for the 4 cases are shown in the left panels of Figure 3.4. For some 
cases, where the thermal contact between thermometry and tissue was not good, extremely 
high ΔTmeas values of ∼1–1.8 °C were observed (e.g. case 3). These high ΔT values are 
artefacts (see Discussion) and therefore difficult to correlate with the calculations. The 
corresponding calculated SAR profiles (SARcalc) along the intratumoral, left and right 
vaginal thermocouple tracks were extracted from the calculated SAR distributions (Figure 
3.3), and are shown in the right panels of Figure 3.4. 

Averaged over all 6 treatments in 4 patients, for which a correlation could be 
determined, the correlation between ΔTmeas and SARcalc was R = 0.56 ± 0.28 (mean ± SD), 
which is rather weak for reliable verification. For the 4 presented cases, the correlations (R) 
between ΔTmeas and SARcalc for the intratumoral, left and right vaginal thermocouple tracks 
are summarised in Table 3.4. Only for case 2 the correlations were strong (0.90 ± 0.04) and 
highly significant (p < 0.01) for all three thermocouple tracks. For the other 3 cases the 
correlations were generally weak and only marginally significant (p < 0.05). 
 
 

 correlations 
case intratumoral    vagina left    vagina right    mean ± SD 

1 0.48 
    (0.93**) 

0.14 
(0.30) 

0.14 
(0.47) 

  0.25 ± 0.19 
  (0.57 ± 0.32) 

2     0.85**     0.90**     0.93**   0.90 ± 0.04 
3 0.20   0.56* 0.48   0.41 ± 0.19 
4 0.20 0.16   0.75*   0.37 ± 0.33 

 
Table 3.4: Correlations (R) between ΔTmeas and SARcalc for the intratumoral, left and right vaginal 

thermocouple probes, and the mean ± SD of the three, for the 4 cases. * p<0.05, ** p<0.01. 
For case 1 the correlations were calculated using all thermosensors over the entire length of 
the thermocouple tracks, or using the thermosensors of the deepest ∼2.5–3 cm only, for which 
the tissue contact was good (between parentheses). 
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Figure 3.4: Measured ΔT profiles (ΔTmeas) along the intratumoral, left and right vaginal thermocouple tracks 
for the 4 cases (panels 1a-4a). The corresponding calculated SAR profiles (SARcalc) along the 
intratumoral, left and right vaginal thermocouple tracks are shown in panels 1b–4b. 
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3.4 Discussion 
 

Hyperthermia treatment planning is a useful tool for improvement of clinical hyperthermia 
treatments. Accurate verification of treatment planning calculations, preferably by using in 
vivo measurements, is a prerequisite for clinical application of hyperthermia treatment 
planning. In this study, the correlation between SAR calculations from treatment planning 
and ΔT measurements from clinical hyperthermia was determined for 11 treatment sessions 
of 7 cervical carcinoma patients. 
 

3.4.1 Difficulties during the verification procedure 
 

Several difficulties in different steps of the procedure were encountered, which hampered 
the verification for 5 treatments (the first 4 patients) out of the total of 11 treatments (7 
patients, Table 3.2). In most cases the intratumoral depth of the (minimally) invasive 
catheter was smaller than intended, resulting in only a few measurement points in tumour 
tissue. More invasive measurement points would have strengthened the clinical verification 
of hyperthermia treatment planning in the region of primary interest, i.e. the tumour. 

During the first 2 treatments (2 patients) the quality of the pre-treatment CT scan was 
not sufficient for treatment planning purposes. Sub-optimal patient positioning in 
combination with a body size which, for some patients, was too large for the limited field-
of-view of the CT scanner (∅ 48 cm) resulted in scanning artefacts which impaired the 
automatic segmentation of the different tissue types. 

During the next 4 treatments (2 patients) the gynaecological tampon, which was inserted 
in the vagina to pursue good tissue contact of the catheters, was moisturised with distilled 
water. In principle this would be adequate, as long as the thermometry catheters are indeed 
in optimal contact with the tissue. In that case the thermocouples would accurately register 
the tissue temperatures, and the properties of the tampon, either dry or moisturised, would 
not significantly affect these measurements. Unfortunately, the tissue contact of the 
catheters was not always optimal, and some catheters were surrounded by wet tampon 
along a part of their length. The thermal contact between thermocouples, wet tampon and 
tissue is still good for such a situation, but the dielectric properties of the surroundings of 
the thermocouples are no longer resemblant of the tissue properties. Calculations of the 
SAR in a tampon moisturised with distilled water results in SARcalc ≈ 0 W kg-1, due to the 
extremely low conductivity of water (Table 3.1). Obviously, this is not resemblant of tissue 
SAR. In case 1, a sharp transition was visible in the SARcalc profiles between the 
thermosensors that were in contact with the tissue and the sensors that were surrounded by 
the wet tampon (Figure 3.4, panel 1b). In contrast, the ΔTmeas profiles showed no such 
transition, and more or less normal values for all thermosensors along the three catheter 
tracks (Figure 3.4, panel 1a). In the CT scan of this patient it appeared as if the tampon was 
too dry, and some air was remained in the vagina (Figure 3.2, panels 1a, 1b). However, 
based on the measurements, it was hypothesised that the distilled water in the (badly) 
moisturised tampon may have mixed with body fluids present in the vagina, during the 
period between the CT scan and the start of the hyperthermia treatment. Since the 
conductivity of (distilled) water is extremely low, small changes in its composition can 
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result in relatively large changes in its dielectric properties (e.g. a mixture of 90% distilled 
water (σ = 5.5·10-6 S m-1) and 10% physiological body fluid (~0.9% NaCl) has a 
significantly increased conductivity of σ ≈ 0.17 S m-1 (Stogryn, 1971)), which will be 
reflected in the measured SAR levels. This hypothesis is, however, very difficult to confirm 
from the CT scan or by other measurements. It is, therefore, virtually impossible to account 
for possible changes in the composition of the fluid that moisturises the tampon in the 
treatment planning calculations. This discrepancy hampered accurate verification for the 
treatments with a tampon moisturised with distilled water. 

During the next 4 treatments (2 patients) the tampon was moisturised with saline to 
circumvent the aforementioned difficulties. A saline solution was used that mimics the 
average dielectric and thermal properties of human tissue at 70 MHz (σ = 0.55 S m-1, εr = 
75, ρ = 1000 kg m-3, c = 4180 J kg-1 °C-1) (Schneider et al., 1994). To estimate the 
dielectric properties of the tampon moisturised with saline, it was determined empirically 
that the volume of a saturated tampon consists of 85% saline and 15% tampon, resulting in 
σ = 0.47 S m-1, εr = 64, ρ = 850 kg m-3 and c = 3550 J kg-1 °C-1. This can be accurately 
modelled in the treatment planning system and provides good thermal contact between 
thermometry, tampon and tissue, and should therefore fulfill all conditions for accurate 
verification. 

Unfortunately, during at least 2 treatments (1 patient) the tampon was not fully saturated 
with saline and therefore remained too dry at some locations inside the vagina. Moreover, 
during these treatments the tampon was not inserted such that all catheters were pressed 
into contact with the tissue over the entire length. Hence, in these cases some air was 
present in the (top of the) vagina and the tissue contact of the catheters was not optimal, 
resulting in poor thermal contact of the catheters with the surrounding tissue. This resulted 
in extremely high ΔTmeas (∼1–1.8 °C) in these regions, which appeared erroneous and not 
resemblant of tissue ΔT (Kok et al., 2007). In the treatment planning calculations for the 4 
treatments with a tampon moisturised with saline, the entire tampon was modelled as if it 
were saturated with saline. This resulted in more or less normal SARcalc values in the entire 
vaginal region, which are likely to be resemblant of tissue SAR, without the 
aforementioned artefacts. Again, this discrepancy hampered accurate verification for the 
treatments with a badly moisturised tampon. 

In the last treatment no gynaecological tampon was used, under the assumption that the 
vagina would re-close after insertion of the thermometry catheters, ensuring good tissue 
contact of the catheters even without using a gynaecological tampon. This option did 
provide reliable SAR calculations in the close vicinity of the thermometry catheters. 
Nevertheless, the tissue contact of the catheters was still not optimal, resulting in sub-
optimal thermal contact with the tissue and thus resulting in sub-reliable ΔT measurements. 
Again, this hampered accurate verification for this case. 
 

3.4.2 Correlation between ΔTmeas and SARcalc 
 

The correlation between ΔTmeas and SARcalc was largely dependent on the aforementioned 
conditions and circumstances. Only when all conditions for accurate verification were 
fulfilled, the correlation was good for all three vaginal thermocouple tracks. This was the 
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case for only 2 treatments (Table 3.2). For these 2 treatments the correlations were 0.70 ± 
0.29 and 0.90 ± 0.04 respectively, averaged over the intratumoral and left and right vaginal 
thermocouple tracks. For the rest of the treatments the correlations were much weaker (0.37 
– 0.57). Several practical difficulties, as described above, hampered accurate verification 
for these treatments, resulting in sub-optimal correlations between ΔTmeas and SARcalc. From 
this perspective, optimal tissue contact of the thermometry catheters proved to be the most 
important prerequisite for accurate verification. 

The measured ΔT is dependent on the thermal contact between thermometry and tissue. 
In this study, thermocouple thermometry was used, which has been proven to provide 
reliable temperature information when good thermal contact with the tissue is ensured (De 
Leeuw et al., 1993; Lagendijk et al., 1998; Van Vulpen et al., 2003; Van Haaren et al., 
2006a). For some cases the thermal contact between thermocouples and tissue was sub-
optimal, causing artefacts in the ΔT measurements, resulting in very high ΔTmeas due to self-
heating of the thermocouple probes (Kok et al., 2007). 

The calculated local SAR depends on the calculated local E-field distribution, the 
conductivity and density of the tissue (equation (3.2)). The E-field distribution is dependent 
on the source definition of the 70 MHz waveguides of the AMC-4 hyperthermia system in 
the treatment planning system and on the dielectric properties of the heterogeneous model 
of the patient’s anatomy. The implementation of the AMC-4 system and the calculation 
method of E-field distributions within the present treatment planning system have been 
accurately verified in homogeneous and inhomogeneous phantom models (Van Haaren et 
al., 2003; Van Haaren et al., 2004). Segmentation of the patient’s anatomy and assignment 
of dielectric properties was based on the Hounsfield Units of the CT scan made for the 
planning. However, CT grey values do not necessarily correspond to a certain penetration 
depth for E-fields, inasmuch as they are related to radiodensity. Dielectric properties of the 
tissue types used in the calculations were obtained from literature (ESHO Taskgroup 
Committee, 1992; Gabriel et al., 1996), but unfortunately there is a large spread in the 
reported values, which may be of influence on the calculations.  

In the anatomical data set of the patient the tumour was outlined manually, and the rest 
of the data set was automatically segmented into muscle, fat, bone and inner air, using 
Hounsfield Unit based thresholding. As a result of this, the cervix uteri, vagina and part of 
its surroundings were assigned the properties of muscle tissue, while other parts of the 
surroundings were assigned the properties of fat or bone. The cervical tumour was assigned 
the properties of tumour tissue as obtained from literature. The question remains, however, 
whether the properties of muscle, fat or bone were sufficiently accurate for the quantitative 
verification of SAR calculations using ΔT measurements in cervical and vaginal tissue, and 
whether literature values of the properties of tumour tissue in general were representative 
for cervical tumours.  
 

3.4.3 Implications for steady state temperature measurements 
 

The question remains to what extent uncertainties or artefacts in ΔT measurements are 
reflected in steady state temperature (SST) measurements. Sub-optimal thermal contact 
between thermocouples and tissue results in artefacts in ΔT measurements (Kok et al., 
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2007), as observed for example in case 3 (Figure 3.4, panel 3a). The observed patterns in 
the ΔT profiles along the thermocouple tracks were generally well reflected in the SST 
profiles (data not shown), only distinct phenomena in ΔT were less pronounced in SST. This 
implies that artefacts in the ΔT measurements are also partly present in the SST 
measurements, thus possibly influencing the reported temperatures of the concerned 
treatment. However, the influence of possible artefacts in the measured SST largely 
disappears when expressing the achieved (tumour/target) temperatures in terms of T90, the 
temperature at least achieved in 90% of the target volume, which is rather insensitive to 
such extremes. 
 

3.5 Recommendations and future research 
 

Based on the encountered difficulties in the verification process, it is recommended for 
optimal intravaginal thermometry within the current setting (1) to use catheters which are 
sufficiently flexible to be pressed into contact with the tissue, even in an irregularly shaped 
cavity, (2) to insert the thermometry catheters manually followed by manual placement of 
the tampon, preferably without using a speculum, thereby pursuing optimal tissue contact 
of the catheters, (3) to use a tampon moisturised with saline, to prevent unreliable 
measurements in case of sub-optimal tissue contact of the catheters. 

Several methodological adaptations are possible to improve the quality of the thermal 
contact between thermometry and tissue, thereby improving the quality of the intracavitary 
temperature rise measurements, so that these measurements can be correlated more reliably 
with calculations. For intraluminal temperature measurements during hyperthermia 
treatment of patients with oesophageal carcinoma, a balloon catheter is applied (Van 
Haaren et al., 2006a). Thermocouple probes are mounted on the outside of the balloon, 
which is inflated in the oesophagus, thereby pressing the thermocouples into contact with 
the tissue, resulting in optimal thermal contact. The question remains whether this may be 
an effective solution for intracavitary temperature (rise) measurements in case of cervical 
carcinoma, based on the irregular shape of the vaginal cavity, notably the fornices, in 
comparison to the oesophageal lumen. Another possibility is the use of additional 
subcutaneous thermometry probes, placed at relevant locations that can be determined 
using hyperthermia treatment planning and pre-treatment CT scans. For such thermometry 
probes the thermal contact with tissue will obviously be optimal, rendering the temperature 
(rise) measurements reliable for accurate verification of hyperthermia treatment planning. A 
new verification study using additional subcutaneous thermometry is planned at the AMC. 
 

3.6 Conclusion 
 

A good correlation between measurements and calculations was found when tissue contact 
of the catheters was good. The main difficulties for accurate verification were of clinical 
nature: difficulties arising from improper use of the gynaecological tampon and the limited 
number of measurements in tissue. Although it was originally aimed to be deeper, the 
intratumoral depth of the (minimally) invasive catheter was small. The specific location of 
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this self-anchoring intratumoral catheter in the top of the vagina (see Figure 3.1) in 
combination with the (concave) shape of the local anatomy, notably the vaginal fornices, 
makes it difficult to ensure optimal tissue contact over the entire catheter length by pressing 
it into contact with tissue using a gynaecological tampon. Remaining air in the vagina and 
sub-optimal tissue contact of the catheters resulted in poor thermal contact between 
thermocouples and tissue, causing measurement artefacts that were difficult to correlate 
with calculations. 
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Abstract 
 

Introduction: For adequate hyperthermia treatments, reliable temperature information during 
treatment is essential. During regional hyperthermia temperature information is preferably 
obtained non-invasively from intracavitary or intraluminal measurements to avoid implant risks 
for the patient. However, for intracavitary or intraluminal thermometry optimal tissue contact is 
less natural as for invasive thermometry. In this study the reliability of intraluminal/intracavitary 
measurements was examined in phantom experiments and in a numerical model for various 
extents of thermal contact between thermometry and surroundings. Both thermocouple probes 
and fibre optic probes were investigated. Methods: Temperature rises after a 30 s power pulse 
of the 70 MHz AMC-4 hyperthermia system were measured in a tissue-equivalent phantom using 
a multi-sensor thermocouple probe placed centrally in a hollow tube. The tube was filled with 1) 
air, 2) distilled water or 3) saline solution that mimics the properties of tissue, simulating 
situations with 1) bad thermal contact and no power dissipation in the tube, 2) good thermal 
contact but no power dissipation or 3) good thermal contact and tissue representative power 
dissipation. For numerical simulations a cylindrical symmetric model of a thermocouple probe 
or a fibre optic probe in a cavity was developed. The cavity was modelled as air, distilled water 
or saline solution. A generalised E-field distribution was assumed, resulting in a power 
deposition. With this power deposition the temperature rise after a 30 s power pulse was 
calculated. Results: When thermal contact was bad (1), both phantom measurements and 
simulations with a thermocouple probe showed very high temperature rises (> 0.5 °C), which 
are artefacts due to self-heating of the thermocouple probe, since no power is dissipated in air. 
Simulations with a fibre optic probe showed almost no temperature rise when the cavity was 
filled with air. When thermal contact was good, but no power was dissipated in the tube (2), 
artefacts due to self-heating were not significant and the observed temperature rises were very 
low (~0-0.1 °C). For the situation with tissue representative power dissipation (3), a 
temperature rise of ~ 0.23 °C was observed for both measurements and simulations. A clinical 
example of a regional hyperthermia treatment of a patient with a cervix uteri carcinoma showed 
that the artefacts observed in case of bad thermal contact also affect the steady state temperature 
measurements. Conclusion: Good tissue contact must be assured for reliable intraluminal or 
intracavitary measurements. 

 

4.1 Introduction 
 

URING locoregional hyperthermia treatments effective tumour heating (41 - 45 °C) is 
pursued, while maintaining normal tissue temperatures below toxic levels. Acquisition 

of reliable temperature data during treatment is therefore essential. To obtain temperature 
data, clinical thermometry can be performed invasively and non-invasively. For invasive 
thermometry, closed end catheters are implanted in the target volume for insertion of 
thermometry probes, while non-invasive thermometry is usually performed by intracavitary 
or intraluminal measurements (e.g. in oesophagus, vagina, rectum and bladder). During 
locoregional hyperthermia it is preferred to obtain temperature information non-invasively 
to avoid implant risks for the patient, which can be significant (Van der Zee et al., 1998). 
However, in case of intraluminal or intracavitary measurements, optimal tissue contact is 
less natural as when invasive thermometry is applied. 

Sophisticated methods for non-invasive thermometry including radiometry (Jacobsen 
and Stauffer, 2002), ultrasound (Straube and Arthur, 1994) and MRI (Clegg et al., 1995; 
Hekmatyar et al., 2002; Hoffmann et al., 2002) are currently under investigation. However, 
these methods are not yet accurate enough to replace the customary invasive and 
intraluminal/intracavitary temperature measurements. Moreover, these techniques are not 
always suitable to combine with the applied hyperthermia device. 

D 
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Thermocouple probes (Carnochan et al., 1986; Van der Zee et al., 1987; De Leeuw et 
al., 1993), thermistor probes (Bowman, 1976; Lyng et al., 1991; Shibasaki et al., 1998) or 
fibre optic probes (Katzir et al., 1989; Clegg et al., 1995) can be used for thermometry. A 
major advantage of thermocouple probes is the possibility of combining multiple 
measurement points in a single probe. A disadvantage of metallic probes like thermocouple 
probes and thermistor probes is that electronic disturbance by EM-fields can occur. As a 
result of power dissipation in the probe, the temperature of the probe itself might increase 
(self-heating). EM-perturbations can be minimised by proper alignment of the probe leads 
(Chan et al., 1988) and the use of ferrite cores around the probe leads (De Leeuw et al., 
1993). To ensure reliable measurements with thermocouple probes, it is necessary to switch 
the power of the heating device off during temperature measurements. Fibre optic 
thermometry is not disturbed and temperatures can be measured continuously, but it lacks 
multi-sensor measurements. This can be compensated by scanning the probe along the 
catheter track.  

At the Academic Medical Center (AMC) Amsterdam, regional hyperthermia is applied 
using the 70 MHz AMC-4 phased array system (Van Dijk et al., 1990) and temperature 
measurements are performed using multi-sensor thermocouple probes. At the start of 
treatment, the temperature rise (ΔT) after a short power pulse is measured (De Leeuw et al., 
1993). During this short power pulse conduction and perfusion can be neglected and 
therefore the ΔT is proportional to the Specific Absorption Rate (SAR). Consequently, 
these ΔT measurements are often referred to as SAR measurements.  

At the University Medical Center (UMC) Utrecht a treatment planning system for 
regional hyperthermia has been developed (Van de Kamer et al., 2001a). To improve 
hyperthermia treatments, treatment planning can be a valuable tool, but it is currently not a 
standard clinical tool. The main bottleneck in clinical application of hyperthermia treatment 
planning is the input of dielectric and thermal parameters. The dielectric and thermal tissue 
properties can be different for individual patients and literature values show a large spread 
(ESHO Taskgroup Committee 1992; Gabriel et al., 1996). Furthermore, tissue perfusion is 
strongly temperature dependent (Song, 1984), which makes it difficult to obtain accurate 
perfusion values, valid during hyperthermia. Thus, clinical verification of hyperthermia 
treatment planning is important for reliable application in the clinic. To validate the 
treatment planning system used at the AMC and the UMC Utrecht, a treatment planning 
verification study for patients with a cervix uteri carcinoma has been performed (Van 
Haaren et al., 2007). Intracavitary and invasive intratumoral SAR measurements were 
performed and the correlation between the measured and calculated SAR values was 
determined. Several difficulties for accurate verification were encountered, which were 
mostly clinical of nature. Problems with sub-optimal thermal contact of the thermocouple 
probes caused doubt about the reliability of intraluminal/intracavitary thermometry. 
 In this chapter, the reliability of intraluminal or intracavitary temperature measurements 
was studied in phantom experiments and in a one dimensional numerical model. Various 
conditions of thermal contact were created and simulated. To emphasise the clinical 
relevance, first an example of ΔT and temperature measurements during regional 
hyperthermia of a patient with a cervix uteri carcinoma will be discussed.  
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4.2 Background 
 

A treatment planning verification study has been performed for patients with a cervix uteri 
carcinoma, to validate the treatment planning system used at the AMC and the UMC 
Utrecht (Van Haaren et al., 2007). For temperature monitoring two intracavitary catheters 
were inserted in the vagina and one invasive catheter was inserted in the cervical tumour 
(Figure 4.1). Thermocouple probes with multiple sensors and a sensor spacing of 0.5 or 1.0 
cm were inserted in the catheters, which were filled with distilled water to improve thermal 
contact. For optimal tissue contact and fixation of the catheters, a gynaecological tampon 
was inserted in the vagina. The tampon was moisturised with distilled water or with 0.3% 
NaCl solution to improve thermal contact. In some cases the tampon turned out to be poorly 
moisturised and therefore remained too dry during treatment, although it was aimed to be 
fully saturated with water or saline. 
 

 
Figure 4.1: Schematic representation of the intratumoral and intracavitary thermocouple  

probes in a patient with a cervix uteri carcinoma. (Anatomy reproduced from  
www.cancernorth.nhs.uk). 

 
A CT scan was made in treatment position with the catheters in situ. The hyperthermia 

treatment was performed with the 70 MHz AMC-4 phased array system (Van Dijk et al., 
1990). At the start of treatment a short power pulse was applied to perform temperature rise 
(ΔT) measurements. To calculate tissue temperatures as a function of time, the Pennes bio 
heat transfer equation (Pennes, 1948) is applied: 

 

PTTWcTk
t
Tc bb +−−∇⋅∇=

∂
∂ )()( artρ ,                        (4.1) 

 
with c (J kg-1 °C-1) the specific heat capacity and ρ (kg m-3) the tissue density. The term 

)( Tk∇⋅∇ represents the conduction in tissue, with k (W m-1 °C-1) the thermal conductivity 
of tissue. The term )( artbb TTWc −  models the perfusion, with cb the specific heat of blood, 
Wb (kg m-3 s-1) the volumetric perfusion rate and Tart (°C) the local arterial temperature. The 
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power density is represented by P (W m-3). During a short power pulse at the start of 
treatment conduction and perfusion can be neglected and using the relation P = ρ ·SAR, 
equation (4.1) yields: 
 

SAR=
∂
∂

t
Tc ,                                     (4.2) 

 
thereby assuming that the temperature rise of the tissue in close vicinity of the measurement 
probe is registered, i.e. good tissue contact, and that the measurement is not affected by 
electronic or thermal disturbance. Since SAR is proportional to the initial ΔT, ΔT 
measurements are also referred to as SAR measurements.   

Hyperthermia treatment planning was performed using the pre-treatment CT scan and 
provided the calculated SAR distribution. First, the E-field distribution was calculated and 
from these E-fields the SAR distribution was computed. The SAR along the reconstructed 
catheter tracks was extracted from the calculated SAR distribution and the correlation 
between measured and calculated SAR was determined.   

Accurate verification proved difficult due to problems of clinical nature. It was difficult 
to insert the tampon such that no air was left in the vagina and that all thermocouple sensors 
were pressed into contact with the vagina wall. Figure 4.2 shows a CT scan of a patient, for 
whom tissue contact of the catheters was not optimal. Measurements with air present in the 
vagina resulted in very high ΔT values (> 1 °C), as can be seen in Figure 4.3.  

Since ΔT is proportional to SAR, this would also imply very high SAR values. These 
measurements were difficult to correlate with the calculations since air has zero 
conductivity and thus no power is dissipated in air. For clinical practice this would not 
necessarily be a problem, since one is merely interested in steady state temperatures to 
quantify a hyperthermia treatment. However, when very high temperature rises are 
observed with ΔT measurements, the observed patterns will last during the steady state 
period as can be seen in Figure 4.4. The start of the steady state period is defined as the 
time when one or more temperature measurements in the target region reached 41 °C. 
 

 
 

Figure 4.2: A CT scan of a patient with a cervix uteri carcinoma, for whom the gynaecological tampon did 
        not provide optimal tissue contact of the thermometry catheters and air remained in the vagina.  
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Figure 4.3: Profile of a ΔT measurement in a patient with a cervix uteri carcinoma,  
for whom tissue contact of the thermometry catheter was not optimal  
(picture redrawn from Van Haaren et al. (2007)). 

 
 

 
 

Figure 4.4: Temperature profile at the start of the steady state period of a treatment  
of a patient with a cervix uteri carcinoma (same treatment as Figure 4.3)  
and at 15, 30 and 60 minutes steady state. 

 
The aforementioned problems caused doubt about the reliability of intraluminal and 
intracavitary thermometry. Therefore the reliability was further examined in phantom 
experiments and in a numerical model. 
 

4.3 Methods 
 

4.3.1 Hyperthermia equipment 
 

An appropriate selection of the amplitudes and phases of the four antennas of the AMC-4 
system is necessary for optimal treatment. At the AMC, clinical experience has led to 
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standard amplitudes for different tumour locations. The phases are mainly responsible for 
steering of the power focus in the tumour. Phases are adjusted by maximising the E-field, 
measured at the tumour site using an E-field probe.  
 

4.3.2 Thermocouple thermometry 
 

Principles of clinical temperature measurements using thermocouple probes have been 
described by Carnochan et al. (1986). The thermocouple probes used at the AMC have 
multiple sensors (7, 14 or 21). Each probe consists of one constantan wire (∅ 70 μm) and 7, 
14 or 21 copper wires with a diameter of 40 μm (Ella-CS, Czech Republic). The number of 
wires increases along the length of the probe. The thermometry sensors are the soldered 
connection points of the copper wires and the constantan wire and the spacing between 
these sensors is 5, 7.5 or 10 mm. The thermocouple probe is surrounded by a Teflon coating 
(∅ 0.9 mm) and inserted in a polyurethane catheter with an outer diameter of 1.3 mm and a 
wall thickness of 0.15 mm. The catheter is filled with distilled water to improve thermal 
contact. 
 At the start of treatment the temperature rise (ΔT) after a short power pulse is measured 
(De Leeuw et al., 1993). Power pulses applied for ΔT measurements are preceded by a 
prepulse of 5 s, followed by a power off of 5 s. Next, the power pulse of 30 s is applied, 
which is also followed by a 5 s power off period. The ΔT is the temperature difference after 
the first (at 10 s) and second (at 45 s) power off period (see Figure 4.5). The motivation for 
such a technique is that the contribution of self-heating of the thermocouple probe should 
be equal for both measurements and is thus eliminated by subtraction. 
 

 
 

Figure 4.5: ΔT measurement: a schematic representation of the applied power pulse (black)  
and the resulting temperature development (grey). 
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4.3.3 Phantom experiments 
 

Temperature rise measurements were performed in an elliptical phantom (36×24×80 cm3) 
filled with tissue-equivalent wallpaper paste saline solution. The dielectric properties of this 
solution at 70 MHz and room temperature are σ = 0.55 S m-1 and εr = 75. The phantom 
contained a hollow tube (∅ 1 cm) over the entire length. Figure 4.6 shows the phantom 
together with the experimental setup of the phantom in the AMC-4 system. A 7-sensor 
thermocouple probe with a sensor spacing of 1 cm was inserted in a catheter. This catheter 
was placed centrally in the tube using two supports. A power pulse of 800 W was 
performed according to the previously described scheme (Figure 4.5) and the temperature 
rise was measured. This measurement was repeated with the tube filled with distilled water 
and with 0.3% NaCl solution (σ = 0.51 S m-1 and εr = 77). The latter mimics dielectric and 
thermal properties of average human tissue. In the intervals between the ΔT measurements 
the power of the AMC-4 system was switched off for at least three minutes. 
 

 
 

Figure 4.6: The tissue-equivalent phantom (left), containing a hollow tube with a diameter of 1 cm  
and the experimental setup of the phantom in the AMC-4 system (right). 

 

4.3.4 Numerical simulations 
 
Thermocouple model 
 

A cylindrical model of a thermocouple probe in a catheter in a cavity was developed. The 
model assumed cylindrical symmetry and an infinite length of the probe and the cavity. 
Without loss of generality, the thermocouple probe was assumed to be a bundle of 14 
copper wires with a diameter of 40 μm and one constantan wire with a diameter of 70 μm. 
This was modelled as one copper wire with an equivalent cross section, yielding a diameter 
of 2√(14·202 + 352) = 165 μm. The Teflon coating, water and polyurethane catheter were 
modelled separately. The surroundings of the catheter were modelled as a cavity with a 
radius of 1.5 cm (R), which had the properties of air, distilled water or 0.3% NaCl solution 
(saline solution). The modelled configuration is shown in Figure 4.7. 
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Figure 4.7: The modelled configuration of a thermocouple probe in a catheter in a cavity. 
 
 
Fibre optic probe model 
 

For the simulations with a fibre optic probe a similar cylindrical model was used. Fibre 
optic probes are available in various diameters and the fibre optic core can be made of 
glass, silica or plastic (Luxtron, 2006). Furthermore, the probes can differ in the materials 
used for e.g. coatings, but all materials are selected for minimal electrical conductivity to 
prevent self-heating and disturbance by EM-fields. 
 Without loss of generality, a fibre optic probe was modelled with a silica core (∅ 200 
μm), coated with a polysiloxane layer (∅ 240 μm). The fibre was coated with Teflon and 
had an outer diameter of 0.5 mm. The probe was inserted in a polyurethane catheter with an 
outer diameter of 0.9 mm and a wall thickness of 0.15 mm. For optimal thermal contact, the 
catheter was modelled to be filled with distilled water.  
 
Simulations 
 

The measured ΔT for a tube filled with saline solution was used to determine the SAR 
according to equation (4.2). The corresponding E-field value can be determined from: 
 

)kg(W ||||
2

SAR 1-2E
r

ρ
σ

= ,                  (4.3) 

 
with σ the conductivity (S m-1). This E-field value was assumed constant over the complete 
geometry, except for the metal core of the thermocouple probe. Using equation (4.3) the 
power density for the different layers of the model was determined. The thermocouple 
probe was aligned with the principal direction of the electric field, i.e. the axial component. 
In theory, the metallic core of the thermocouple probe is a perfect conductor (σ = ∞). This 
implies that the E-field in the conductor will be zero and the E-field just outside the 
conductor will be perpendicular to the metal, which means that only a radial component 
remains. In practice, the metal core of the thermocouple probe will not be a real perfect 
conductor, so both radial and axial components of the E-field will exist at the metallic core. 
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These components will be very small and without loss of generality, a value of 1 V m-1 was 
assumed. With this initial E-field value, the exponentially decreasing power density in the 
metal core was determined, according to:  
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where rcore is the radius of the metallic core, d is the penetration depth and P0 is the power 
density at the boundary of the metallic core (r = rcore). The factor 1/r accounts for the fact 
that the power is absorbed over a cylindrical surface that increases with increasing r. 
Equation (4.4) cannot be applied at r = 0. Because of the very fast decay of the power 
density P(0) was set to zero. The parameter ζ was determined such that P(rcore – d) = P0/e, 
in accordance with the definition of penetration depth. For good conductors like copper, the 
penetration depth dE for the E-field of a plane wave is given by Griffiths (1989): 
 

μσπfd E 1= ,                                  (4.5) 
 
with f the frequency (70 MHz) and μ (H m-1) the magnetic permeability. The penetration 
depth of the power density in equation (4.4) is half the penetration depth of the E-field. 

The cylindrical thermal model was based on a finite difference method. The numerical 
method was described by Croft and Lilley (1977). Additionally, the concept of thermal 
resistance (Incropera and DeWitt, 1990) was applied to account for the fact that the 
cylindrical surfaces increase proportionally with the radius r. The thermal resistance 
between two voxel centres is defined as the temperature difference divided by the resulting 
heat flow and depends on the interaction surface S between two voxels, which increases 
proportionally with r. This implies that the thermal conductivity between two voxel centres 
is not constant, but depends on r. Considering the interaction between two adjacent voxels 
a and b in cylindrical coordinates (r, θ , z) (see Figure 4.8), the thermal resistance Ra→b 
between the centres of these voxels is given by: 
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with baq →  (W) the heat flow from a to b and k (W m-1 °C-1) the thermal conductivity. As 
the interaction surface S increases proportionally with r, the average surface should be used 
in equation (4.6); this yields: 
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Figure 4.8: The thermal resistance in radial direction between the centres of two adjacent voxels. 
 

The differential equation to be solved is the Pennes bio heat transfer equation (Pennes, 
1948) in cylindrical coordinates with absence of the perfusion term: 
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Equation (4.8) is the heat transfer equation with an additional power term. At the outer 
boundary of the cavity, heat transfer was modelled using the boundary condition: 
 

0)( basal =−+
∂
∂ TTH

t
Tk ,                                (4.9) 

 
with H (W m-2 °C-1) the heat transfer coefficient and Tbasal the temperature of the medium 
before the power pulse was applied. Since a ∆T is determined, this initial temperature is 
irrelevant. A heat transfer coefficient of 200 W m-2 °C-1 was modelled. An accurate 
implementation of the models required a high resolution cylindrical grid. Since the 
dimensions of the probe and the catheter are very small, a grid spacing of 10 μm was 
desired, which necessitates a very small time step and thus a very large total computation 
time. However, such a small spacing is not necessary for the complete homogeneous cavity. 
Therefore, a grid spacing of 10 μm was applied for the first 3 mm and a spacing of 200 μm 
was used for the rest of the computational domain. The ΔT resulting from the power pulse 
schedule shown in Figure 4.5 was calculated for the different surrounding media of the 
thermocouple probe. The fibre optic probe is not prone to self-heating, so only a 30 s power 
pulse was simulated. The values used for the dielectric and thermal parameters were 
obtained from literature (Lide, 2001) and are shown in Table 4.1. 
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 σ (S m-1) ρ (kg m-3) c (J kg-1 °C-1) k (W m-1 °C -1) 
Air       0        1.29     1000     0.024 
Copper 5.6 ⋅ 107  8960       387 390 
Distilled water 5.5 ⋅ 10-6  1000     4180     0.6 
Polysiloxane 1.0 ⋅ 10-5  1000     1500     0.3 
Polyurethane 7.0 ⋅ 10-4  1260     1760     0.58 
Saline (0.3% NaCl solution)       0.51  1000     4180     0.6 
Silica 1.0 ⋅ 10-4  2200       800     1.4 
Teflon 5.0 ⋅ 10-5  2200     1000     0.25 

 
Table 4.1: The dielectric and thermal properties applied in the numerical simulations; conductivity (σ (S m-1)), 

density (ρ (kg m-3)), specific heat capacity (c (J kg-1 °C-1)) and thermal conductivity (k (W m-1 °C-1)). 
 

4.4 Results 
 

4.4.1 Phantom experiments 
 

The ΔT measurements in a tissue-equivalent phantom were performed with air 
surroundings and with the tube filled with distilled water or saline solution. The results of 
these measurements (mean ± SD) are listed in Table 4.2. When the thermocouple probe was 
surrounded by air, a ΔT of 0.55 ± 0.13 °C was measured, averaged over the 7 
thermosensors. For the tube filled with distilled water, a ΔT of 0.10 ± 0.02 °C was 
measured. The saline solution mimics the properties of human tissue and the measured ΔT 
was 0.23 ± 0.03 °C. According to equation (4.2), this corresponds to an average SAR of 32 
W kg-1.  
 

4.4.2 Numerical simulations 
 

Figure 4.9 shows the simulated transient temperatures of the thermocouple sensor during 
the complete power pulse scheme. The simulated temperature rises after a 30 s power pulse 
for a cavity filled with air, distilled water or saline solution are shown in Table 4.2. These 
simulations show that very high temperature rises (> 0.5 °C) occur when the surroundings 
of the thermocouple probe were filled with air, i.e. when the thermal contact is poor. This is 
in accordance with the phantom measurements. For the fibre optic probe a negligible 
temperature rise (2·10-4 °C) was simulated in air surroundings. Distilled water on the other 
hand provides good thermal contact, but almost no power is dissipated and this resulted in 
very low ΔT values, for both the thermocouple probe and the fibre optic probe (0.014 and 
1·10-5 °C, respectively). Saline solution, yielding good thermal contact and tissue 
representative power absorption, showed ΔT values of 0.24 and 0.22 °C for the 
thermocouple probe and fibre optic probe, respectively. These values are similar to the 
measurements. 
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 Power dissipation Thermal contact ΔTtc (°C) ΔTfo (°C) ΔTmeas (°C) 
Air − − 0.52 2 ⋅ 10-4 0.55 ± 0.13 
Distilled water − + 0.014 1 ⋅ 10-5 0.10 ± 0.02 
0.3% NaCl solution + + 0.24    0.22 0.23 ± 0.03 

 
Table 4.2: Results of ΔT calculations after a 30 s power pulse with a thermocouple probe (ΔTtc) and with a fibre 

optic probe (ΔTfo), for the three different surrounding media, and results of the thermocouple  
measurements (ΔTmeas; mean ± SD). 

 
 

Figure 4.9: Simulated transient temperature rises of a thermocouple sensor during  
the complete power pulse scheme. 

 

4.5 Discussion 
 

In this study the reliability of intracavitary or intraluminal temperature measurements 
during regional hyperthermia was studied using phantom experiments and numerical 
simulations. Temperature rises after a 30 s power pulse were measured and simulated. The 
surroundings of the thermometry probe were air (bad thermal contact and no power 
dissipation), distilled water (good thermal contact, but no power dissipation) or saline 
solution (good thermal contact and tissue representative power dissipation). Phantom 
measurements were performed with a thermocouple probe, while simulations were carried 
out for a thermocouple probe and a fibre optic probe to show the difference between RF-
disturbed and non-RF-disturbed thermometry. The numerical model represented a 
generalised and idealised locoregional hyperthermia situation. Characteristic SAR values 
were set to the surroundings of the thermometry probe. For the thermocouple probe an 
additional high SAR was deposited in the metallic core of the probe to simulate self-
heating. 

Both numerical simulations and phantom experiments showed very high temperature 
rises (> 0.5 °C) with a thermocouple probe in a cavity filled with air. The power dissipated 
in the thermocouple probe causes self-heating and due to the poor thermal contact this heat 
is hardly transferred to the surrounding media. Since no power is dissipated in the air itself 
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(σair = 0), in theory a ΔT value of zero would be expected. Thus, the very high ΔT values 
are due to self-heating and should be regarded as artefacts. A fibre optic probe consists of 
materials with minimal electrical conductivity and therefore a negligible amount of power 
is dissipated in the probe itself. Consequently, in a cavity filled with air a negligible 
temperature rise was found for the fibre optic probe.  

The distilled water in the cavity to assure good thermal contact had a SAR value of 
~3.5·10-4 in the numerical model, which should result in a temperature rise of ~2.5·10-6 °C, 
according to equation (4.2). The simulated ΔT was 0.014 °C for a thermocouple probe and 
1·10-5 °C with a fibre optic probe, which implies that the 0.014 °C simulated for the 
thermocouple probe is a small remainder of the self-heating. The measured ΔT in distilled 
water was somewhat larger (0.1 °C). This might be due to a larger conductivity than the 
value of 5.5⋅10-6 S m-1 that was assumed in the simulations and/or due to thermal 
conduction from the tissue-equivalent phantom material surrounding the tube filled with 
distilled water to the thermocouple probe, within the duration of the power pulse. Thermal 
conduction seems the most obvious explanation, since a simulation with a larger 
conductivity of water (σ = 0.02 S m-1) also resulted in a small temperature rise for a fibre 
optic probe (∆T = 0.009 °C, data not shown). 

When the cavity was filled with saline solution, thermal contact was good and a tissue 
representative amount of power was dissipated in the surrounding medium. This situation is 
most representative for an accurate clinical measurement of tissue temperatures and 
therefore more or less normal ΔT values were found, both with a thermocouple probe and 
with a fibre optic probe.  

The required power off time to perform reliable measurements using thermocouple 
probes is strongly determined by the surroundings of the probe. Van der Koijk et al. (1998) 
reported a required power off time of 20 seconds when using high-loss catheters, while 
according to earlier publications a few seconds would be sufficient (De Leeuw et al., 1993). 
This difference in reported power off time is because De Leeuw et al. assumed only the 
thermocouple probe itself to be susceptible to self-heating, while Van der Koijk et al. also 
considered self-heating of the catheter, resulting in a longer required power off period. At 
the AMC loss-less polyurethane catheters are used, which are not prone to self-heating. 
Therefore, a power off time of five seconds is usually applied. In case of bad thermal 
contact, this power off time is obviously not sufficient to remove self-heating effects as can 
be observed from Figure 4.9. When the cavity was filled with distilled water to assure good 
thermal contact, the simulation showed that the effects of self-heating of the thermocouple 
probe had largely disappeared after the power off period (Figure 4.9). For clinical 
temperature measurements during treatments, the small remainder of the self-heating  
(0.014 °C) is not significant, so in case of good thermal contact, a power off period of 5 s is 
appropriate to eliminate self-heating related artefacts when using a thermocouple probe. 

This study showed the incidence of artefacts in temperature measurements when 
thermal contact is not optimal. When thermocouple probes are applied for temperature 
registration the artefacts are due to self-heating of the thermocouple probe. This self-
heating is due to small E-field components penetrating in the metal core. These E-field 
components might be slightly different for each measurement and therefore even higher ΔT 
values (> 1°C) can be measured, as shown in the clinical example of Figure 4.3. For non-
RF-disturbed thermometry probes self-heating will not be a problem but in case of sub-
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optimal tissue contact the measured temperatures will be lower than the actual tissue 
temperatures, since no power is dissipated in the neighbouring air and in the probe itself. 
This demonstrates that the described problem of unreliable measurements due to 
insufficient thermal contact occurs for all types of thermometry probes.  

The experiments involved ΔT measurements, but the described artefacts will also affect 
the measured steady state temperatures, as can be concluded from Figure 4.3 and 4.4. The 
observed patterns in the ΔT profiles along the thermocouple tracks were generally reflected 
in the SST profiles, only distinct phenomena in ΔT were less pronounced in SST, e.g. sharp 
gradients in ΔT distributions disappeared in the SST distributions. Thus, artefacts during ∆T 
measurements will also imply artefacts in the measured steady state temperatures and 
therefore optimal tissue contact must be assured when intraluminal or intracavitary 
measurements are performed in the clinic.  

At the AMC, intraluminal or intracavitary measurements are performed during 
hyperthermia treatments of e.g. cervical uteri and oesophageal cancer. For treatment of 
patients with a cervix uteri carcinoma, a gynaecological tampon is inserted in the vagina to 
fixate the catheters and press them into contact with the wall of the vagina. In order to 
measure tumour temperatures with the two vaginal probes, these probes are inserted in the 
fornices. As can be seen from Figure 4.1, this makes it difficult to assure optimal tissue 
contact over the complete catheter track due to the irregular shape of the cavity. For 
treatment of patients with oesophageal cancer a balloon catheter is applied. Thermocouple 
probes are mounted on the outside of this device and the balloon is inflated in the 
oesophagus, resulting in optimal contact with the tumour (Van Haaren et al., 2006a). This 
demonstrates that intraluminal temperature measurements are not necessarily unreliable, as 
long as optimal tissue contact is assured. 
 

4.6 Conclusion 
 

From numerical simulations and phantom experiments it can be concluded that one should 
be cautious with intraluminal temperature measurements and good thermal contact with 
tissue must be assured for reliable measurements. 
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Abstract 
 

In regional hyperthermia, optimisation techniques are valuable to obtain amplitude/phase 
settings for the applicators to achieve maximal tumour heating without toxicity to normal tissue. 
A temperature based optimisation technique was implemented and the tumour temperature was 
maximised with constraints to normal tissue temperature to prevent hot spots. E-field 
distributions are the primary input for the optimisation method. Due to computer limitations, E-
field calculations were limited to a resolution of 1×1×1 cm3, too low for reliable treatment 
planning. A major problem is the fact that hot spots at low resolution (LR) do not always 
correspond to hot spots at high resolution (HR), and vice versa. Thus, HR temperature based 
optimisation is necessary for adequate treatment planning and satisfactory results cannot be 
obtained with LR strategies. To obtain HR power density (PD) distributions from LR E-field 
calculations, a quasi-static zooming technique has been developed earlier at the UMC Utrecht. 
However, quasi-static zooming does not preserve phase information and therefore it does not 
provide the HR E-field information required for direct HR optimisation. Quasi-static zooming 
was combined with the optimisation method to obtain a millimetre resolution temperature based 
optimisation strategy. First a LR (1 cm) optimisation was performed and the obtained settings 
were used to calculate the HR (2 mm) PD and corresponding HR temperature distribution. Next, 
a HR optimisation was performed using an estimation of the new HR temperature distribution 
based on previous calculations. This estimation is based on the assumption that the HR and LR 
temperature distributions, though strongly different, respond in a similar way to amplitude/phase 
steering. To verify the newly obtained settings, the corresponding HR temperature distribution 
was calculated. This method was applied to several clinical situations and found to work very 
well. Deviations of this estimation method for the AMC-4 system were typically smaller than  
0.2 °C in the volume of interest, which is accurate enough for treatment planning purposes. 

 

5.1 Introduction 
 

YPERTHERMIA is the application of elevated temperatures (41 − 45 °C) to tumour 
tissue and is applied in combination with radiotherapy and/or chemotherapy to 

improve tumour control (Overgaard et al., 1995; Vernon et al., 1996; Rietbroek et al., 
1997; Van der Zee et al., 2000). To heat deep-seated tumours, phased array systems have 
been developed (De Leeuw and Lagendijk, 1987; Turner et al., 1989; Van Dijk et al., 
1990). At our institute regional hyperthermia is applied using the 70 MHz AMC-4 
waveguide phased array system as shown in Figure 5.1.  

Due to inhomogeneous dielectric properties of human tissue, unwanted side effects (hot 
spots) may occur. These hot spots may lead to patient discomfort and can result in normal 
tissue damage. The temperature distribution is usually quantified by T10, T50 and T90, the 
temperature at least achieved in respectively 10%, 50% and 90% of the tumour. To obtain 
optimal radiosensitisation and/or chemosensitisation a uniform temperature rise in tumour 
tissue is pursued, but achieving this is a major problem in clinical hyperthermia (Oleson et 
al., 1993; Wust et al., 1995; Hand et al., 1997). The need to realise adequate tumour 
heating while preventing normal tissue toxicity makes regional hyperthermia technically 
complicated. 

Steering of the interference patterns of the applicators is an important tool in avoiding 
hot spots and sub-optimal treatments. This steering is done by appropriate selection of the 
amplitudes and phases of the antennas. At our institute, clinical experience has led to 
standard amplitude settings for different tumour locations. Phases are determined clinically 
  

H 
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Figure 5.1: The AMC-4 phased array hyperthermia system. At the top, left and right sides  
an applicator is visible and the fourth applicator is embedded in the treatment table.  
For clarity, the left and right water bolus were removed.  

 
by maximising the E-field, measured at the tumour site. These standardised settings may 
not always result in optimal treatments, since individual patient anatomies are different and 
thus standard settings will not result in an optimal temperature rise for all patients. Finding 
optimal settings is by no means a trivial task, since the number of degrees of freedom 
increases with the number of applicators. To achieve maximal tumour heating without 
toxicity to normal tissue, optimisation techniques are a valuable tool to obtain optimal 
amplitude/phase settings for the applicators. 

Temperature based optimisation techniques (Nikita et al., 1993; Wust et al., 1996; Das 
et al., 1999b) are superior to the more frequently used optimisation based on Specific 
Absorption Rate (SAR) (Bardati et al., 1995; Wust et al., 1996; Das et al., 1999a; Wiersma 
et al., 2002), since the latter does not take the contribution of important factors like 
perfusion, thermal conduction and bolus cooling into account. Furthermore, SAR 
optimisation is generally performed by maximising the ratio between the mean power 
absorbed in tumour tissue and the mean power absorbed in normal tissue. In this way, the 
power absorbed in tumour tissue will be maximised and thus the tumour will be heated 
effectively, but hot spots in normal tissue are not prevented since no constraints are applied 
to SAR in normal tissue. Power based optimisation methods have been proposed to 
suppress SAR hot spots (Das et al., 1999a; Wiersma et al., 2002), but especially the effect 
of bolus cooling on superficial high SAR values is a good example that high SAR does not 
always imply high temperatures. Furthermore, moderate SAR values in poorly perfused 
media (e.g. fatty tissue) may result in high temperatures. In other words, SAR hot spots and 
temperature hot spots will not always coincide. This is a practical limitation of SAR 
optimisation. 

Other applications of optimisation techniques include several theoretical studies using 
optimisation techniques for applicator design or to improve present heating devices. The 
influence of the frequency and the number of antennas and rings has been investigated 
(Paulsen et al., 1999; Kroeze et al., 2001; Seebass et al., 2001). Kohler et al. (2001) applied 
optimisation strategies for interactive online control of hyperthermia treatments. These 
studies demonstrate that optimisation strategies are generally useful. 
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This chapter describes a method for temperature based optimisation at millimetre 
resolution to obtain amplitude/phase settings for the applicators in order to achieve 
maximal tumour heating without toxicity to normal tissue. Temperature based optimisation 
was implemented according to the method described by Das et al. (1999b). Due to 
computer limitations, the resolution for direct calculation of the E-fields was limited to 
1×1×1 cm3, which is too low for reliable treatment planning (Van de Kamer et al., 2001b; 
Van de Kamer et al., 2001d). A major problem is that hot spots at low resolution (LR) do 
not always correspond to hot spots at high resolution (HR), and vice versa. HR power 
density distributions can be obtained from LR E-field calculations by applying a quasi-
static zooming technique (Van de Kamer et al., 2001b). Quasi-static zooming does not 
provide HR E-field distributions for each applicator separately and thus amplitude/phase 
settings must be specified. The corresponding HR temperature distribution can be 
calculated with a heat sink based thermal model. Quasi-static zooming was combined with 
the aforementioned optimisation method to obtain a millimetre resolution temperature 
based optimisation strategy. The proposed method consists of two steps. In the first step a 
LR optimisation is performed and the obtained settings are used to calculate the HR power 
density and the corresponding HR temperature distribution. Next, a HR optimisation is 
performed using an estimation of the new HR temperature distribution based on both the 
LR temperature distributions and the previously calculated HR temperature distribution. To 
illustrate the proposed strategy, a treatment planning example of a patient with an 
oesophagus carcinoma will be discussed.  
 

5.2 Methods 
 

5.2.1 Treatment planning 
 

The treatment planning software used at our institute is based on the Finite Difference Time 
Domain (FDTD) method and has been developed at the department of radiotherapy of the 
University Medical Center Utrecht (Van de Kamer et al., 2001a). The software was 
expanded to perform calculations for the AMC-4 waveguide system. A CT scan of about  
60 cm with a slice thickness of 5 mm is made in treatment position, i.e. in prone position on 
a water bolus and mattresses, to obtain a patient model for treatment planning. The tumour 
is outlined manually by a radiation oncologist. For treatment planning of patients with an 
oesophagus carcinoma the spinal cord, heart and aorta are also outlined manually, since the 
spinal cord is an organ at risk and the heart and aorta are assumed to have a constant 
temperature due to their extremely high blood flow. The rest of the CT data set is 
segmented into fat, muscle, bone and inner air (e.g. in bowels) by applying thresholding 
based on a histogram of Hounsfield Units of the CT data set (Hornsleth et al., 1996). For 
oesophagus carcinoma applications lung tissue is also distinguished by thresholding. Due to 
computer limitations, the data set has to be downscaled to perform E-field calculations. 
This downscaling is done using the ‘winner take all’ principle, which means that a low 
resolution voxel is assigned the dielectric and thermal properties of the most frequently 
occurring tissue type of the corresponding high resolution voxels. The E-field distribution 
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resulting from each applicator is calculated separately with unit amplitude and zero phase. 
For arbitrary amplitude/phase settings, the total E-field ( ),,( zyxE

r
) can be calculated by 

applying the superposition principle: 
 

   ∑
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,                     (5.1) 

  
where N is the number of applicators (N = 4 for the AMC-4 system), ),,( zyxEi

r
is the E-

field generated by applicator i and vi is the complex input (amplitude and phase) of 
applicator i. These E-field distributions are the primary input for the temperature based 
optimisation process described in the next sections. 
 

5.2.2 Low resolution temperature based optimisation 
 

First, the optimisation method published by Das et al. (1999b) was implemented. For 
convenience and understanding of the strategy proposed in this chapter, the principle is 
repeated in this section.  

To determine the temperature distribution, the Pennes bio heat transfer equation 
(Pennes, 1948) is solved: 
 

   PTTWcTk
t
Tc bbttt +−−∇⋅∇=

∂
∂ )()( artρ ,                          (5.2)

         
where ct the specific heat capacity (J kg-1 °C-1) and ρt is the tissue density (kg m-3). The first 
term on the right-hand side represents the conductivity in tissue, with kt the thermal 
conductivity of tissue (W m-1 °C-1). The second term models the perfusion, with cb the 
specific heat capacity of blood, Wb the volumetric perfusion rate (kg m-3 s-1) and Tart the 
local arterial temperature, which is usually taken equal to the body core temperature (37 
°C). The power density is represented by P (W m-3). In this chapter Dirichlet boundary 
conditions are applied, i.e. the temperature is kept constant at the boundaries (∂Ω): 
 
   .),,(for),,(),,( Ω∂∈= zyxzyxfzyxT          (5.3) 
 
The power deposition at any point of the domain (Ω) is defined by  
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where ),,(~ zyxE

r
 is the complex conjugate of ),,( zyxE

r
 and σ (S m-1) denotes the 

conductivity. Power is proportional to the amplitudes squared, which can be derived from 
equation (5.4). The combined E-field (5.1) can be written as a matrix vector product: 



Chapter 5 

84 

 
   .),,,(],,,[),,( 2121

T
NN vvvEEEzyxE K

r
K

rrr
=                  (5.5) 

 
In this way, the power density can be calculated by matrix vector multiplication: 
 
   vPvzyxP H=),,( ,                        (5.6) 
 
where v is a N × 1 vector, vH is the complex conjugate transpose of v and P  is a N × N 
complex, hermitian matrix, which is positive at every point in the domain. The temperature 
at any point of the domain can be written as  
 
   00),,( TvTvzyxT H += ,                       (5.7) 
 
where T  is a N × N complex, hermitian matrix, which is positive at every point in the 
domain, and T00 is a constant resulting from the boundary conditions. The (N2+N)/2 terms 
in the upper triangle of T  are obtained by solving the partial differential equations 
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where Tij is the element of T  in the ith row and jth column. The boundary condition 
applied is 
 
   Ω∂∈= ),,(for0),,( zyxzyxTij .            (5.8b) 
 
The value of T00 is obtained by solving 
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with boundary condition 
 
  Ω∂∈= ),,(for),,(),,(00 zyxzyxfzyxT .           (5.9b) 
 
In this way the temperature distribution can be calculated directly for any arbitrary input 
vector, since the matrices are pre-computed and stored in memory. 

To aim at a uniform optimal tumour temperature distribution, a threshold objective 
function was applied: 
 
  )0,),,(max(

Tumour
∑ − zyxTTD ,   ∈),,( zyx tumour tissue,            (5.10) 
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where TD is the minimally desired tumour temperature. For the treatment planning example 
TD = 43 °C was chosen. The general constraints applied to prevent normal tissue toxicity 
are 
 
  RTzyxT ≤),,( ,   ∈),,( zyx normal tissue,             (5.11) 
 
where TR is the temperature limitation for normal tissue. The actual optimisation was 
performed using CFSQP (C routines for Feasible Sequential Quadratic Programming) 
version 2.5d (Lawrence et al., 1997), a C code for solving (large scale) constrained 
nonlinear optimisation problems. 

In our implementation the possibility exists to specify voxels which should be 
constrained to a temperature level different from TR. This can be necessary if the volume of 
interest contains organs at risk, which should be spared more than other normal tissue. For 
example, during regional hyperthermia of the oesophagus it is necessary to safeguard the 
temperature of the spinal cord to prevent neurological toxicity due to overheating the 
nervous tissue. In these simulations TR was set to 41 °C for spinal cord and 42 °C for other 
normal tissue. 

Dielectric and thermal properties needed for the simulations were obtained from 
literature (ESHO Taskgroup Committee 1992; Gabriel et al., 1996) and are summarised in 
Table 5.1. The volumetric perfusion rate Wb was treated as constant, but an increase due to 
hyperthermia (Song, 1984) was taken into account by using elevated values in comparison 
to the perfusion rates of resting tissue. The heart and aorta were kept at a constant 
temperature of 37.5 °C, taking into account a slightly elevated body temperature during 
hyperthermia. The cooling water in the water bolus was kept at a temperature of  
12 °C. 
 

 σ (S m-1) εr (-) ρ (kg m-3) c (J kg-1 °C-1) k (W m-1 °C -1) Wb (kg m-3 s-1) 
Air   0   1       1.29      10000*      0.024    0 
Aorta   0.83 75 1025        3740      0.58    - 
Bone   0.05 10 1595        1420      0.65    0.12 
Fatty   0.06 10   888        2387      0.22    1.1 
Heart   0.95 93 1025        3740      0.58    - 
Lung   0.2 20   750        3000      0.25    3.6 
Muscle-like   0.75 75 1050        3639      0.56    3.6 
Spinal Cord   0.32 53 1050        3639      0.56    3.6 
Tumour   0.74 65 1050        3639      0.56    1.8 

 
Table 5.1: Values of the dielectric and thermal properties for different tissue types at 70 MHz, used in the 

simulations; conductivity (σ  (S m-1)), relative permittivity (εr (-)), density (ρ (kg m-3)), specific heat 
capacity (c (J kg-1 °C-1)), thermal conductivity (k (W m-1 °C-1)) and perfusion (Wb (kg m-3 s-1)). *The 
value of c used for air was ten times too high in order to allow larger time steps in thermal 
computations. The effect on the steady state temperature is negligible (< 2·10-5 °C). 
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5.2.3 High resolution temperature based optimisation 
 

For direct E-field calculations, and thus for the optimisation method described in the 
previous section, the resolution was limited to 1×1×1 cm3, which is too low for reliable 
results. At this low resolution small anatomical structures are modelled incorrectly and 
small details are missed completely. Figure 5.2 shows pictures of the same transversal 
anatomy slice (2 cm under tumour midplane) at resolutions of 2 mm and 1 cm, which 
clearly demonstrates the necessity of high resolution modelling.  
 
 

 
 

Figure 5.2: Transversal slice (2 cm under tumour midplane) of a patient anatomy at a resolution of 2 mm 
(left) and 1 cm (right). The anatomy was segmented into fat (yellow), muscle (red), bone (green), 
tumour (orange), lung and inner air (blue), heart and aorta (turquoise) and spinal cord (purple). 
The patient is in prone position, so left and right in these figures correspond with left and right of 
the patient. 

 
Van de Kamer et al. (2001b) developed a quasi-static zooming method to obtain HR 

power density distributions from LR E-field calculations. To obtain reliable power density 
distributions for the 70 MHz AMC-4 system the maximum size of the zoom volumes was 
5×5×5 cm3. For a complete patient model, several zoom volumes are necessary to cover the 
patient volume and for this example 3876 just touching zoom volumes were needed. All 
zoom volumes containing tissue voxels were included in de zoomed PD distribution. A 
major problem is that hot spots detected at HR can be missed at LR and that hot spots at LR 
do not always correspond to hot spots at HR. Therefore, LR calculations are not realistic 
and HR optimisation is necessary to obtain more realistic results. To tackle this problem 
and to pursue a HR temperature based optimisation technique, quasi-static zooming was 
combined with the aforementioned optimisation method. The procedure was as follows. 

First, a LR temperature based optimisation was performed and the obtained 
amplitude/phase settings were used to calculate the HR power density distribution using 
quasi-static zooming. The corresponding temperature distribution was calculated with a 
heat sink based thermal model.  

As stated above, hot spots at low and high resolution do not always coincide, so this HR 
temperature distribution is not optimal. Next, a HR optimisation was performed using an 
estimation of the new HR temperature distribution based on both the LR temperature 
distributions and the previously calculated HR temperature distribution. To save memory 
and to reduce computation time, voxels with a temperature rise ≤ 0.01 °C in the first HR 
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temperature distribution were not included in this process. The estimation is explained 
below using the following notation: 
 
1. Superscripts LR and HR stand for low and high resolution, respectively.  
2. T and U represent the temperature matrices at LR and HR, respectively, of which U is 

unknown. 
3. T00 and U00 are the constants resulting from the boundary conditions at LR and HR 

respectively. These values can be calculated directly at both LR and HR by solving 
equation (5.9), since no power term is present in this partial differential equation. 

4. v are the amplitude/phase settings produced by the low resolution optimisation and the 
corresponding temperature is indicated with subscript 1. 

5. w are new amplitude/phase settings for which the high resolution temperature has to be 
estimated and the corresponding temperature is indicated with subscript 2. 

 
Mathematically, the low and high resolution temperatures due to settings v and w can be 
written as (see equation (5.7)): 
 
  00

LR
1 ),,( TvTvzyxT H +=     (calculated with matrix multiplication) 

  00
LR

2 ),,( TwTwzyxT H +=     (calculated with matrix multiplication) 

  00
HR

1 ),,( UvUvzyxT H +=     (calculated with quasi-static zooming) 

  00
HR

2 ),,( UwUwzyxT H +=    (unknown) 
 
To obtain an estimation for the unknown temperature ),,(HR

2 zyxT it is assumed that the HR 
and LR temperature distributions, though strongly different, respond in a similar way to 
amplitude/phase steering. For each LR voxel a factor γ (x,y,z) is defined, representing the 
ratio in response to amplitude/phase steering for the settings v and w : 
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The key of the proposed method is that this factor is assumed to be approximately the same 
for the HR temperature distributions: 
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H
−=≈⇒≈ γγγ .    (5.13) 

 
This factor is applied to all HR voxels that correspond to the same LR voxel. In this way 
the approximation for the new HR temperature becomes 
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Thus, during the LR optimisation process temperatures are calculated directly according to 
equation (5.7), whereas at HR temperatures are determined by applying the estimation 
described by equation (5.14). It should be noted that the quasi-static zooming method does 
not provide HR E-field distributions for each applicator separately. Hence equation (5.4) 
and (5.8) cannot be used directly for HR temperature based optimisation. Additionally, 
present-day computer limitations hamper direct high resolution calculations. To check the 
validity of approximation (5.14), the HR power density and temperature distribution with 
the newly optimised settings were re-calculated. 

Since all HR voxels corresponding to the same LR voxel are multiplied with γ 
belonging to that particular LR voxel, further improvement may be expected by applying 
interpolation for the values of γ. To demonstrate this, trilinear interpolation was 
implemented and the results were analysed. 

To determine the improvement of the tumour temperatures in comparison to those 
obtained with a standard phase/amplitude configuration, the temperature distribution due to 
standard power ratios and equal phases was calculated at high resolution using quasi-static 
zooming. Clinical experience has led to standard power ratios for the top, bottom, left and 
right antenna of 1 : 3 : 3 : 3 for this tumour site, so these ratios were also applied in this 
example. The T10, T50 and T90 of the tumour tissue were calculated and compared to the 
results obtained with the optimisation. 
 

5.3 Results 
 

To illustrate the strategy described, a treatment planning example of a patient with an 
oesophagus carcinoma is considered here. During hyperthermia treatment the patient is 
lying in prone position. Clinical experience has led to standard power ratios for the top, 
bottom, left and right antenna of 1 : 3 : 3 : 3 for this tumour site. Clinical phase settings are 
usually in the range of [−30°; 30°]. In the text below the terms ‘real’ and estimated 
temperature distribution are used, which are defined as: 
 
• ‘Real’ temperature distribution:   temperature distribution calculated using  

            quasi-static zooming. 
• Estimated temperature distribution:  temperature distribution calculated using  

            equation (5.14). 
 

5.3.1 Low resolution optimisation 
 

After low resolution (1 cm) calculation of the E-field distribution for each applicator, 
optimisation was performed to obtain optimal tumour heating, while the spinal cord was 
limited to 41 °C and other normal tissue should not exceed 42 °C (TR = 42 °C in equation 
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(5.11)). If a voxel reaches TR, this voxel is called a limitation. To avoid a local optimum, 
five optimisation runs were performed with random starting points. The resulting optimal 
power ratios of the top, bottom, left and right antenna of this LR optimisation were  
1.00 : 1.61 : 1.07 : 2.27. Choosing the top applicator as reference (i.e. zero phase), the 
relative phases for the bottom, left and right antenna were 24.5°, 35.2° and 66.7°, 
respectively. At this low resolution the simulated T10, T50 and T90 in tumour tissue were  
40.5 °C, 39.5 °C and 38.5 °C, respectively and the total absorbed power was 471 W. 

With these amplitude/phase settings the HR (2 mm) power density and corresponding 
temperature distribution were calculated. The values of T10, T50 and T90 in tumour tissue at 
HR were 39.1 °C, 38.8 °C and 38.2 °C respectively, with a total absorbed power of 451 W. 
These temperatures are rather different from the LR calculations. Due to downscaling 
effects, hot spots at low and high resolution will not always coincide. In this case all voxels 
in the LR temperature distribution remained under or at 42 °C as imposed by equation 
(5.11), but in the HR temperature distribution some voxels exceeded 42 °C, even though 
T10, T50 and T90 were lower in the HR temperature distribution. Figure 5.3 shows an 
example of a hot spot at HR that was not detected at LR: at HR the temperature in this 
voxel exceeded 42 °C, while at LR the temperature was only 39.4 °C. This hot spot is 
located 6.5 cm under tumour midplane and is due to a fat-muscle boundary. The relatively 
high absorption in muscle tissue combined with the low perfusion in fat tissue frequently 
causes hot spots at such tissue boundaries. 

 

 
  

Figure 5.3: Example of a hot spot at high resolution (T > 42 °C) that was not detected at low resolution  
(T = 39.4 °C) (transversal slice 6.5 cm under tumour midplane). Temperatures were scaled  
from blue (≤ 37 °C) to red (≥ 42 °C). The patient is in prone position, so left and right in these  
figures correspond with left and right of the patient. 

 

 
 

Figure 5.4: Example of a limitation met at low resolution (T = 42 °C), while no hot spot was arising at high 
resolution (T = 40.2 °C) (transversal slice 4 cm under tumour midplane). Temperatures were  
scaled from blue (≤ 37 °C) to red (42 °C). The patient is in prone position, so left and right in  
these figures correspond with left and right of the patient. 
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Figure 5.4 shows a limitation (T = 42 °C) met at LR, while no hot spot was arising at 
HR (T = 40.2 °C); this slice was located 4 cm under tumour midplane. This clearly 
demonstrates that HR optimisation is necessary for reliable results. 
 

5.3.2 High resolution optimisation 
 

For the HR optimisation also five runs were performed to avoid a local optimum. One run 
was initiated with the result of the LR optimisation and four runs were performed with 
random starting points. This HR optimisation returned power ratios of 1.00 : 2.16 : 0.64 : 
1.82 and relative phases for the bottom, left and right antenna of 40.2°, −15.6° and 60.2°, 
respectively. As expected, these settings are rather different from the LR results. To 
evaluate the validity of the estimation proposed in equation (5.14), and thereby the 
correctness of these optimised settings, the ‘real’ HR temperature distribution was 
calculated. With these settings the calculated T10, T50 and T90 in tumour tissue were 39.3 °C, 
38.9 °C and 38.3 °C, respectively and the total absorbed power was 518 W. These 
temperature values are rather low but in this treatment planning example higher tumour 
temperatures cannot be realised without overheating normal tissue (> 42 °C). Figure 5.5 
shows a coronal, sagittal and transversal slice of the estimated and calculated temperature 
distribution.  
 

(a) 
 

(b) 
Figure 5.5: Coronal, sagittal and transversal slice of the estimated (a) and ‘real’ (b) temperature 

distribution. Temperatures were scaled from blue (≤ 37 °C) to red (42 °C).  
 

The maximum normal tissue temperature in the ‘real’ distribution was 41.96 °C, while 
the constraint to normal tissue was set to 42 °C, which was indeed the maximum in the 
estimated temperature distribution. The maximum temperature in the spinal cord was  
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40.08 °C. This figure shows that the patterns of the estimated and ‘real’ temperature 
distributions closely match: even very small details are similar. 

Deviations between the estimated and calculated temperature distributions in the region 
of interest (i.e. the part of the body surrounded by water bolus) were typically smaller than 
0.2 °C. The cumulative deviation volume histogram in Figure 5.6 demonstrates that 96% of 
the volume had a deviation smaller than 0.2 °C and 89% smaller than 0.1 °C. These 
differences with the ‘real’ temperature distribution are accurate enough for treatment 
planning purposes. However, for some voxels deviations were even larger than one 
centigrade. Most of these voxels correspond to tissue cooled by the water bolus and only a 
few represent heated tissue, but no detrimental effect was observed for the optimisation. 

Some improvement of the estimation can be obtained when trilinear interpolation is 
applied to obtain the factor γ. Figure 5.6 shows increased accuracy compared to the 
previous results: 99% of the volume of interest had a deviation smaller than 0.2 °C and 
95% smaller than 0.1 °C. In spite of this improvement the settings changed only slightly 
and a few voxels still showed large deviations between estimated and calculated 
temperatures. The obtained power ratios were 1.00 : 2.00 : 0.62 : 1.90 and relative phases 
for the bottom, left and right antenna were 34.5°, −13.1° and 62.2°, respectively. 
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Figure 5.6: Cumulative deviation volume histogram of the differences between  
the estimated and calculated temperature distributions. 

 
To determine the improvement of the tumour temperatures the temperature distribution 

due to standard power ratios for the top, bottom, left and right antenna of 1 : 3 : 3 : 3 and 
equal phases was calculated at high resolution using quasi-static zooming. The total power 
was scaled to 329 W to account for the normal tissue constraints of 42 °C such that a 
comparison with the optimisation results could be made. This standard configuration 
resulted in a T10, T50 and T90 of 38.3 °C, 38.1 °C and 37.9 °C, respectively, which means 
that a relative improvement of on average 70% was achieved with the optimisation.  
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Computer run times on an Intel® Pentium® 4 CPU 1400 MHz running Red Hat Linux® 
were ~8 h for E-field calculation (computational domain 151×151×101 cm3), a few minutes 
for five LR optimisation runs, ~15 h for quasi-static zooming (patient volume) and ~2 h for 
calculation of a HR temperature distribution. The run time of the five HR optimisation runs 
was ~5 h for estimation with a constant factor and ~ 11 h when trilinear interpolation was 
applied. Thus, a complete HR treatment planning process for the AMC-4 system takes 
about two days. 
 

5.4 Discussion and conclusion 
 

High resolution temperature based optimisation is not straightforward, since computer 
limitations hamper E-field calculations at HR. With a quasi-static zooming technique HR 
power density distributions can be obtained from LR E-field calculations but this method 
does not provide E-field information for each applicator separately. In this chapter, a 
sophisticated strategy for temperature based optimisation at millimetre resolution was 
presented. The method was demonstrated for the 70 MHz AMC-4 phased array system, but 
the proposed strategy is generally applicable to other frequencies and heating devices. First, 
a LR optimisation was performed and with the resulting amplitude/phase settings the 
corresponding HR power density distribution was calculated with quasi-static zooming. A 
heat sink based thermal model was used to calculate the corresponding HR temperature 
distribution. Next, a HR optimisation was carried out with estimation of the new HR 
temperature distribution based on both the LR temperature distributions and the previously 
calculated HR temperature distribution. To verify the newly obtained settings, the resulting 
PD and corresponding HR temperature distribution were calculated. For the AMC-4 phased 
array system, deviations between the estimated and calculated (‘real’) temperature 
distributions were typically smaller than 0.2 °C in the region of interest, which is an 
acceptable accuracy. For some voxels deviations were larger, so the question arises whether 
this had affected the optimisation and whether the obtained solution is optimal.  

These larger deviations occur for example at the outer contour of the patient, where 
tissue voxels at HR correspond to a water bolus voxel at LR, resulting in a factor γ(x,y,z) = 
1, since the water bolus temperature is kept constant. For these voxels the estimated 
temperature is equal to the value previously calculated. These voxels represent tissue 
cooled by the water bolus and these deviations will have no impact on the optimisation 
procedure, since temperatures are far below the imposed temperature limitation for normal 
tissue (TR). The estimation with a factor as proposed in equation (5.14) might also fail for 
some other tissue voxels, which do not correspond to a water bolus voxel at LR. However, 
most of these large deviations occur in cooled tissue, i.e. at a small distance from the water 
bolus, so again this causes no problems. Problems can only occur if the estimation fails for 
heated tissue voxels. When a large deviation is observed and both the estimated and 
calculated temperatures remain below TR, this has caused no limitation for the optimisation. 
In the treatment planning example discussed here, two limitations (42 °C) were falsely 
detected and the deviation was about one centigrade. One of these fake limitations was 
observed in front of the bottom applicator and one between the bottom and left applicator. 
When interpolation was applied to obtain the factor γ for temperature estimation, the fake 
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limitation in front of the bottom applicator was not observed, but the other one was still 
there. Since the limitation in front of the left applicator and another limitation in front of the 
bottom applicator were both estimated correctly, it is not likely that these large deviations 
have affected the optimisation.  

Although not observed in this treatment planning example, it can also occur that the 
temperature of a voxel is estimated below TR and the calculated temperature appears to be 
higher than TR. However, a large underestimation does not have to result in a missed hot 
spot. If a hot spot does arise around an underestimated voxel, it will probably be detected 
and compensated by neighbouring, correctly estimated voxels, since it is unlikely that only 
one voxel causes a hot spot and is underestimated while the neighbouring voxels remain 
below TR. 

In several other clinical situations for which this method was applied, fake limitations or 
missed hot spots were not observed; this suggests that problems occur very exceptionally. 
If, beyond expectations, problems do arise and affect the optimisation procedure, another 
HR temperature distribution can be used for the estimations. A good candidate is the 
temperature distribution resulted from the HR optimisation which was not completely 
satisfying. Since these settings are probably closer to the real optimum than the result of the 
LR optimisation, which was initially used for estimation, smaller deviations are expected 
when this temperature distribution is used. Another possibility is to define adapted 
constraints for the voxels concerned. A higher or lower temperature constraint can be 
defined in case of fake limitations or underestimations, respectively. Since only a few 
voxels can cause unforeseen problems, this will not be a drawback.  

Improvement of the estimation can be obtained if trilinear interpolation is applied to 
obtain the factor γ. This interpolation was implemented and Figure 5.6 does show some 
improvement, but the computation time for the optimisation process increased roughly with 
a factor two. For the voxels with larger deviations also some improvement was observed, 
but in comparison to the typical range of 0−0.2 °C variations were still rather large: the 
deviation of the fake limitation was about 0.6 °C. Since the deviations for the estimation 
strategy without interpolation were very reasonable and the resulting amplitude/phase 
settings did not change considerably, it was concluded that the small improvement does not 
outweigh the increased computation time.  

The settings obtained in section 5.3.2 show a remarkable difference between left and 
right. A similar difference was observed for most of the simulations performed for patients 
with an oesophagus carcinoma and this is probably due to the inhomogeneous and 
asymmetric patient anatomy. 

Generation of a patient anatomy suitable for numerical simulations is a difficult issue. 
Wust et al. (1999) found power density patterns inside the patient depend strongly on the 
method of segmentation. One option for segmentation is manual segmentation based on 
regions with specified dielectric properties representing tissue types or organs. This method 
is very time consuming and therefore a semi-automatic Hounsfield Unit based segmentation 
was used. Another important point in obtaining the anatomy is the applied downscaling 
technique. Van de Kamer et al. (2001c) have observed a significant influence of 
downscaling techniques on the high resolution PD calculated with quasi-static zooming. 
The most accurate results for quasi-static zooming were obtained with anisotropic 
volumetric averaging, where a LR voxel is represented by the effective admittance in a 
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certain direction of the HR voxels belonging to that LR voxel. Since this method is rather 
time consuming, the much simpler ‘winner take all’ method was applied for downscaling. 
The resolution in the axial direction is limited to 5 mm due to the CT slice thickness and 
might be as important as the resolution in the transverse direction, but nonetheless it is an 
advantage to be able to perform simulations at CT resolution. Nevertheless, the method 
proposed in this chapter is generally applicable with other segmentation and/or downscaling 
techniques. 

Literature values for dielectric and thermal properties were used for the performed 
simulations. Van de Kamer et al. (2001e) have shown that default values for dielectric 
properties are sufficient, considering several other aspects in treatment planning (e.g. low 
computational resolution and segmentation) that may introduce significant errors. However, 
dielectric and thermal properties, among which the perfusion rate, may differ significantly 
for individual patients and accurate knowledge of these values can certainly improve the 
accuracy of the treatment planning process. Dielectric imaging techniques are under 
investigation (Farace et al., 1997; Van Wieringen et al., 1998) and in the future dielectric 
imaging may prove its worth for hyperthermia treatment planning. Consequently, the 
returned settings should be considered as an indication for optimal treatment with 
especially perfusion as an uncertain factor. Nevertheless, temperature based optimisation is 
preferred to the more frequently used SAR optimisation since SAR and temperature 
distributions are highly dissimilar and treatment limiting hot spots are expected to correlate 
to temperature rather than SAR. Another advantage of temperature based optimisation is 
inclusion of the effect of bolus cooling on superficial high SAR values. These high SAR 
values can result in SAR hot spots and may have an unfavourable effect on optimisation 
results, since superficial SAR hot spots are irrelevant.  

In view of the fact that temperature based optimisation is preferred to SAR optimisation 
and temperature distributions at low and high resolution can be completely different, high 
resolution temperature based optimisation is necessary for adequate treatment planning and 
satisfactory results cannot be obtained with low resolution strategies. Therefore, millimetre 
resolution temperature based optimisation is a major step forward in hyperthermia 
treatment planning. 

In clinical practice, tumour temperatures achieved for different patients show a large 
spread. Therefore, numerical optimisation at millimetre resolution might be valuable to 
improve hyperthermia treatments. The reliability and clinical usefulness of this optimisation 
procedure is subject of current research at our institute. 
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Abstract 
 

Background: In the Academic Medical Center (AMC) Amsterdam, locoregional hyperthermia 
for oesophageal tumours is applied using the 70 MHz AMC-4 phased array system. Due to the 
occurrence of treatment limiting hot spots in normal tissue and systemic stress at high power, the 
thermal dose achieved in the tumour can be sub-optimal. The large number of degrees of 
freedom of the heating device, i.e. the amplitudes and phases of the antennas, makes it difficult to 
avoid treatment limiting hot spots by intuitive amplitude/phase steering. Aim: Prospective 
hyperthermia treatment planning combined with high resolution temperature based optimisation 
was applied to improve hyperthermia treatment of patients with oesophageal cancer. Methods: 
All hyperthermia treatments were performed with ‘standard’ clinical settings. Temperatures 
were measured systemically, at the location of the tumour and near the spinal cord, which is an 
organ at risk. For 16 patients numerically optimised settings were obtained from treatment 
planning with temperature based optimisation. Steady state tumour temperatures were 
maximised, subject to constraints to normal tissue temperatures. At the start of 48 hyperthermia 
treatments in these 16 patients temperature rise (ΔT) measurements were performed by applying 
a short power pulse with the numerically optimised amplitude/phase settings, with the clinical 
settings and with mixed settings, i.e. numerically optimised amplitudes combined with clinical 
phases. The heating efficiency of the three settings was determined by the measured ΔT values 
and the ΔT-ratio between the ΔT in the tumour (ΔToes) and near the spinal cord (ΔTcord). For a 
single patient the steady state temperature distribution was computed retrospectively for all 
three settings, since the temperature distributions may be quite different. To illustrate that the 
choice of the optimisation strategy is decisive for the obtained settings, a numerical optimisation 
on ΔT-ratio was performed for this patient and the steady state temperature distribution for the 
obtained settings was computed. Results: A higher ΔToes was measured with the mixed settings 
compared to the calculated and clinical settings; ΔTcord was higher with the mixed settings 
compared to the clinical settings. The ΔT-ratio was ~1.5 for all three settings. These results 
indicate that the most effective tumour heating can be achieved with the mixed settings. ΔT is 
proportional to the Specific Absorption Rate (SAR) and a higher SAR results in a higher steady 
state temperature, which implies that mixed settings are likely to provide the most effective 
heating at steady state as well. The steady state temperature distributions for the clinical and 
mixed settings, computed for the single patient, showed some locations where temperatures 
exceeded the normal tissue constraints used in the optimisation. This demonstrates that the 
numerical optimisation did not prescribe the mixed settings, because it had to comply with the 
constraints set to the normal tissue temperatures. However, the predicted hot spots are not 
necessarily clinically relevant. Numerical optimisation on ΔT-ratio for this patient yielded a very 
high ΔT-ratio (~380), albeit at the cost of excessive heating of normal tissue and lower steady 
state tumour temperatures compared to the conventional optimisation. Conclusion: Treatment 
planning can be valuable to improve hyperthermia treatments. A thorough discussion on 
clinically relevant objectives and constraints is essential. 

 

6.1 Introduction 
 

N THE Academic Medical Center (AMC) at the University of Amsterdam locoregional 
hyperthermia is applied using the 70 MHz AMC-4 phased array system (Van Dijk et al., 

1990). For optimal treatment outcome a uniform tumour temperature is pursued, which can 
be difficult to achieve (Oleson et al., 1993; Wust et al., 1995; Hand et al., 1997). The goal 
tumour temperature is usually 43 °C for one hour (Sapareto and Dewey, 1984), but the 
thermal dose achieved in the patient can be sub-optimal due to the occurrence of treatment 
limiting hot spots in normal tissue and systemic stress at high power. Such limitations are 
difficult to avoid intuitively due to the large number of degrees of freedom of the heating 
device, i.e. the amplitudes and phases of the four antennas. 

I 
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 Several numerical optimisation techniques have been described in literature to obtain 
amplitude/phase settings for optimal tumour heating. Optimisation methods based on 
Specific Absorption Rate (SAR) (Bardati et al., 1995; Wust et al., 1996; Das et al., 1999a; 
Wiersma et al., 2002) are more widely applied than temperature based methods (Nikita et 
al., 1993; Wust et al., 1996; Das et al., 1999b). However, temperature based optimisation is 
clinically more relevant than SAR optimisation, since hot spots will correspond to 
temperature rather than to SAR and several important factors like perfusion, conduction and 
bolus cooling are not taken into account when optimising a SAR distribution (Kok et al., 
2005a; Wiersma et al., 2007). For adequate treatment planning it is also necessary to 
perform simulations at high resolution. At low resolution small anatomical structures can be 
modelled incorrectly or even missed, which can result in an erroneous prediction of hot 
spots (Van de Kamer et al., 2001b; Kok et al., 2005a). Computer limitations hamper E-field 
calculations at high resolution and thereby direct high resolution optimisation. A quasi-
static zooming technique has been developed to calculate the power density at high 
resolution (Van de Kamer et al., 2001b). This quasi-static zooming has been combined with 
a temperature based optimisation method to perform high resolution optimisation (Kok et 
al., 2005a). 
 Oesophageal tumours are more difficult to heat than for example pelvic tumours due to 
the cooling capabilities of the lungs, heart and aorta. Moreover, because of the close 
anatomical relation between the oesophagus and the spinal cord, more prudence is needed 
to prevent neurological toxicity due to overheating of the spinal cord. To overcome these 
difficulties treatment planning could be of clinical value.  
 
Purpose 
 

To improve locoregional hyperthermia treatment of patients with oesophageal cancer, 
prospective treatment planning combined with high resolution temperature based 
optimisation (Kok et al., 2005a) was applied in the present study. SAR measurements were 
performed at the beginning of hyperthermia treatments to compare the heating efficiency of 
numerically optimised and clinical amplitude/phase settings.  

Furthermore, the relation between local SAR measurements and the amplitude/phase 
settings of the antennas together with the patients’ dorsoventral and lateral diameters was 
examined to obtain more insight in the value of treatment planning and the power steering 
capabilities of the heating device.  
 

6.2 Patients and methods 

6.2.1 Patients 
 

In 2002 a feasibility study (Albregts et al., 2004) has been completed, applying neo-
adjuvant locoregional hyperthermia combined with chemotherapy (cisplatinum + 
etoposide) in patients with operable oesophageal cancer. Since it was concluded that 
hyperthermia was feasible for oesophageal cancer, a phase II study for the treatment of 
stage II or III oesophageal cancer was started in August 2003, applying 41.4 Gy 
radiotherapy in 1.8 Gy daily fractions in combination with weekly locoregional 
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hyperthermia for five weeks and concurrent chemotherapy (carboplatin + paclitaxel). An 
oesophageal resection was planned 4-6 weeks after completion of the neo-adjuvant 
thermochemoradiation. A total of 28 patients have been treated so far, with a median 
tumour length of 6 cm (range 2-12 cm) at the start of the first hyperthermia treatment. All 
tumours were located below the carina level with mostly no cardia extension, or an 
extension less than 2 cm. Pre-treatment tumour stage consisted mainly of stage III tumours; 
75% of the patients had an adenocarcinoma and 25% had a squamous cell carcinoma.  
 

6.2.2 Treatment planning 
 

The treatment planning software has been developed at the department of radiotherapy of 
the University Medical Center Utrecht (Van de Kamer et al., 2001a) and was expanded at 
the department of radiation oncology of the AMC. The planning was performed for 16 
patients and was based on a CT scan of the patient in treatment position (i.e. prone position) 
on a water bolus and mattresses, identical to those used during hyperthermia treatment. A 
total length of 60 cm was scanned with a slice thickness of 5 mm. The tumour, heart, aorta 
and spinal cord were outlined manually by a radiation oncologist. The rest of the dataset 
was segmented semi-automatically into muscle-like tissue, fatty tissue, bone, lung and inner 
air (e.g. in bowels) using a histogram of the Hounsfield Units of the CT data set (Hornsleth 
et al., 1996). The segmented data set was downscaled using the ‘winner take all’ method 
(James and Sullivan, 1992b), which means that a low resolution voxel is assigned the 
dielectric and thermal properties of the most frequently occurring tissue type of the 
corresponding high resolution voxels. Dielectric and thermal properties, including 
perfusion, used for the simulations were obtained from literature (ESHO Taskgroup 
Committee 1992; Gabriel et al., 1996) (see Table 6.1). The volumetric perfusion rate Wb 
used in the simulations was constant, but an increase due to hyperthermia (Song, 1984) was 
taken into account by using increased values (ESHO Taskgroup Committee 1992; Gabriel 
et al., 1996) compared to resting tissue. The E-fields were calculated at a resolution of 
1×1×1 cm3. Quasi-static zooming (Van de Kamer et al., 2001b) was combined with a 
temperature based optimisation method to perform high resolution optimisation (Kok et al., 
2005a) at 2×2×5 mm3. The goal tumour temperature was 43 °C and constraints to normal 
tissue were set to 42 °C. During hyperthermia treatment the temperature measured in the 
back musculature, close to the spinal cord, is not allowed to exceed 41 °C to prevent 
overheating of the spinal cord. The temperature in the spinal cord is likely to be somewhat 
lower than the temperature in the back musculature, so a constraint of 40 °C was chosen for 
the spinal cord in the numerical optimisation. In addition, power constraints were set to 
prevent clinically irrelevant settings. No antenna was allowed to supply less than 10% or 
more than 40% of the total power. The heart and aorta were kept at a constant temperature 
of 37.5 °C (the systemic temperature, being slightly elevated due to the hyperthermia) 
during the simulations, which is realistic due to their very high blood flow. The temperature 
of the water bolus was kept constant at 12 °C. 
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 σ (S m-1) εr (-) ρ (kg m-3) c (J kg-1 °C-1) k (W m-1 °C -1) Wb (kg m-3 s-1) 
Air   0   1       1.29   10000*     0.024   0 
Aorta   0.83 75 1025     3740     0.58   - 
Bone   0.05 10 1595     1420     0.65   0.12 
Fatty tissue   0.06 10   888     2387     0.22   1.1 
Heart   0.95 93 1025     3740     0.58   - 
Lung   0.2 20   750     3000     0.25   3.6 
Muscle-like   0.75 75 1050     3639     0.56   3.6 
Spinal Cord   0.32 53 1050     3639     0.56   3.6 
Tumour   0.74 65 1050     3639     0.56   1.8 

 
Table 6.1: Values of the dielectric and thermal properties used in the simulations, for different tissue types at 

70 MHz and under hyperthermia conditions; conductivity (σ  (S m-1)), relative permittivity (εr (-)), 
density (ρ (kg m-3)), specific heat capacity (c (J kg-1 °C-1)), thermal conductivity (k (W m-1 °C-1)) 
and perfusion (Wb (kg m-3 s-1)).* The value of c used for air was  ten times too high in order to  
allow larger time steps in thermal computations. The effect on the steady state temperature is 
negligible (< 2·10-5 °C). 

6.2.3 Treatment setup and measurements 
 

Patients were treated in prone position in the AMC-4 waveguide system. Clinical 
experience has led to standard power ratios for the four antennas for different tumour 
locations, which are considered clinically optimal for each specific tumour site. For 
oesophageal tumours, this has led to standard power ratios for the top, bottom, left and right 
antenna of 1 : 3 : 3 : 3. Power is proportional to the square of the amplitude of the E-field. 
The top antenna, which is closest to the spinal cord, delivers less power to prevent 
overheating of the spinal cord. Phase settings are clinically optimised by maximizing the E-
field, measured at the tumour site using an E-field probe, where the top antenna is the 
reference (i.e. phase 0°). The standard clinical amplitude settings, together with the 
clinically optimised phases are referred to as ‘clinically optimised settings’. Tumour, spinal 
cord and systemic temperatures were monitored using multi-sensor thermocouple probes. A 
thermometry catheter in the back musculature at the level of the tumour was inserted under 
local anaesthetics to monitor the temperature near the spinal cord, which was not allowed to 
exceed 41 °C. Tumour temperatures were measured using two thermocouple probes 
mounted on opposite sides of an inflatable balloon catheter in the oesophagus. The systemic 
temperature was measured rectally. Figure 6.1 shows a patient during a hyperthermia 
treatment and a schematic representation of the thermometry. 
 At the start of treatment ΔT measurements (De Leeuw et al., 1993) were performed by 
applying a 30 s power pulse of 800 W (see Figure 6.2). The ∆T is the temperature rise in 
these 30 seconds. A prepulse of 5 s was applied, followed by a power off period of 5 s. 
Next the 30 s power pulse was applied, also followed by a power off period of 5 s. The ΔT 
is the difference between the measured temperatures after both power off periods. Such a 
technique has the advantage that any contribution of self-heating of the thermocouple is 
equal for both measurements and is thus eliminated by subtraction (De Leeuw et al., 1993). 



Chapter 6 

100 

 
 

Figure 6.1: Patient setup in the 70 MHz AMC-4 phased array locoregional hyperthermia system during 
treatment (left) and a schematic representation of the applied thermometry (right). 

 
  

 
Figure 6.2: The power pulse scheme for the ΔT measurements applied at the start of each treatment.  

The units along the vertical axes are arbitrary (a.u.). 
 

6.2.4 Amplitude/phase settings applied for ΔT measurements 
 

At the start of all hyperthermia treatments ΔT measurements were performed with clinically 
optimised amplitude/phase settings. For 48 treatments in 16 patients, two additional settings 
were applied for the ΔT measurements. The following settings were tested in random order: 
 

I. Calculated: The numerically optimised amplitude/phase settings. 
II. Clinical: The clinically optimised amplitude/phase settings. 

III. Mixed: The numerically optimised amplitudes with the clinically optimised phases. 
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6.2.5 Hyperthermia treatment 
 

The hyperthermia treatment was performed with the clinically optimised settings for one 
hour at steady state temperature. Temperatures were measured every 30 seconds after a 5 s 
power off period. Steady state tumour temperatures were expressed in terms of T10, T50 and 
T90, i.e. the temperature at least registered by 10%, 50% and 90% of thermosensors in the 
target area, respectively, over the duration of the steady state period. 
 

6.2.6 Analysis 
 

The clinical merit of the different amplitude/phase settings was evaluated by analysis of the 
results of the ΔT measurements. The mean value of ΔT measured at the oesophageal tumour 
is ΔToes. The deepest thermocouple sensor in the back musculature, i.e. the sensor closest to 
the spinal cord, represents ΔTcord, the ΔT near the spinal cord. In addition to the ΔT values 
the ratio ΔToes /ΔTcord was determined to provide a criterion for tumour heating efficiency. 
A high ΔT-ratio means a high temperature rise in the tumour compared to the spinal cord 
and thus effective tumour heating.  
 The ΔT values and ∆T-ratios measured for the three different settings were compared 
using ANOVA with a Bonferroni post-hoc test and are presented as mean ± SEM, averaged 
over the 48 treatments. A value of p < 0.05 was considered statistically significant. 
 
 To obtain more insight in the value of treatment planning and the power steering 
capabilities of the heating device, the relation between ΔToes, ΔTcord and the 
amplitude/phase settings of the different antennas was studied for the 48 treatments, 
applying multivariate analysis. The patients’ dorsoventral (AP) and lateral (LAT) diameters 
at the tumour location, determined using the planning CT scan (Figure 6.3), were also 
incorporated in the multivariate analyses to account for a possible influence of patient 
dimensions on the achieved temperature rise. Partial correlations were determined with 
SPSS and a value of p < 0.05 was considered statistically significant.  
 

 
 

Figure 6.3: Example of the patient’s dorsoventral (AP) and lateral (LAT) diameters, determined 
from the CT scan in treatment position. The location of the tumour is marked as ‘t’. 
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6.2.7 Computed ΔT values and steady state temperature distributions 
 

The calculated settings were obtained by numerically optimising the tumour temperature, 
subject to normal tissue constraints, while the clinical and mixed settings were acquired by 
adjusting the phases at the start of treatment in order to optimise the measured E-field at the 
tumour for the amplitudes concerned. Since the clinical and numerical optimisation 
objectives are different, the clinical, calculated and mixed settings will probably be quite 
different as well as the corresponding SAR and temperature distributions. 
 To illustrate this, the SAR distribution resulting from the clinical, calculated and mixed 
settings was computed for patient number 12 and normalised to the amount of power 
applied in the clinic (800 W). The ΔT values and their ratio after a 30 s power pulse as well 
as the steady state temperature distributions were compared. Perfusion values of tissue 
under normothermic conditions (Song, 1984) were used for calculation of the ∆T values, 
since the start of treatment was modelled in this case. The perfusion values were chosen a 
factor five lower than listed in Table 6.1. Heart and aorta were kept at a constant systemic 
temperature of 37 °C instead of 37.5 °C. 
 In the clinic, ΔToes is the mean value of the ΔTs measured at the location of the 
oesophageal tumour. Temperatures are measured intraluminally at the oesophageal wall and 
not invasively in the tumour. Since a homogeneous tumour temperature is generally 
difficult to achieve and the creation of the SAR focus is also based on intraluminal E-field 
measurements, the measured ∆Toes is probably closer to the maximum than to the average 
temperature rise in the tumour. Therefore, in this computed example of patient 12, the 
maximum tumour temperature rise was taken as ΔToes. ΔTcord was represented by the 
temperature rise of a voxel of the back musculature near the spinal cord. 
 

6.2.8 Numerical optimisation on ΔT-ratio 
 

To illustrate that the choice of the optimisation strategy is decisive for the obtained settings, 
optimisation on ΔT-ratio was performed for patient 12. The ratio Toes/Tcord after 30 seconds 
was maximised, where Tcord is the average temperature in a rectangular volume in the back 
musculature and Toes is the average temperature in the tumour. This is similar to 
maximising ∆Toes /∆Tcord, but has the advantage that of two different settings yielding the 
same ∆T-ratio, the one generating the highest temperature rise will be preferred, which is 
advantageous for the steady state tumour temperature. No constraints to normal tissue were 
imposed. Again, perfusion values of tissue under normothermic conditions were used and 
the heart and aorta were kept at a constant temperature of 37 °C.  
 The ΔT-ratio was evaluated using the maximum tumour temperature rise (ΔToes) and the 
temperature rise in one voxel of the rectangular volume, close to the spinal cord (∆Tcord). 
The steady state temperature distribution was computed and compared with the temperature 
distributions computed for the clinical, calculated and mixed settings. 
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6.3 Results 
 

Table 6.2 shows the clinical, calculated and mixed power ratios and phase settings that 
were tested at the beginning of a hyperthermia treatment of patient 12. The top antenna is 
the reference, i.e. phase 0°. The applied power was set to 800 W for all ΔT measurements. 
Note that the calculated settings are quite different from the clinical settings. Moreover, a 
strong asymmetry can be observed between the power applied by the left and right antenna. 
Similar asymmetric amplitudes were observed in almost all numerically optimised settings. 
The measured ratios ΔToes /ΔTcord were 0.49/0.25 = 2.0, 1.04/0.31 = 3.4 and 1.16/0.23 = 5.0 
for the calculated, mixed and clinical settings, respectively. 
 

 Ptop Pbottom Pleft Pright Φtop Φbottom Φleft Φright 
Calculated 1 1.84 0.47 1.29 0° 26° −47° 24° 
Clinical 1 3 3 3 0° 0°   10° 20° 
Mixed 1 1.84 0.47 1.29 0° 0°   10° 20° 

 
Table 6.2: Example of calculated, clinical and mixed power ratios (P) and phase settings (Φ) for patient 12, 

normalised to the top antenna. The top antenna is the reference, i.e. phase 0°. 
 
 Figure 6.4 shows three orthogonal slices of the steady state temperature distribution 
resulting from the calculated settings of Table 6.2. The heart and the aorta are clearly 
visible as large volumes of 37.5 °C. The patient is in prone position, and left and right in 
these figures correspond to left and right of the patient. In the right flank the constraint of 
42 °C was met, while in the left flank the temperature remains below this constraint. 
However, in the coronal slice of Figure 6.4, an arising hot spot of 42 °C can be observed in 
the stomach between the left applicator and the tumour, which acts as a limitation for the 
left antenna, so these settings are optimal in compliance with the constraints set to normal 
tissue. 
 

6.3.1 ΔT measurements 
 

The average results of the ΔT measurements for 48 treatments in 16 patients are shown in 
Table 6.3. The measured ΔToes was significantly higher with the mixed settings than with 
the other two settings. A significantly higher ΔTcord was found with the mixed settings 
compared to the clinical settings, while the ratio ΔToes/ΔTcord was not significantly different 
for the three settings.  
 

 ΔToes ΔTcord ΔToes / ΔTcord 
Calculated   0.36 ± 0.02 °C* 0.29 ± 0.02 °C 1.3 ± 0.09 
Clinical  0.38 ± 0.03 °C* 0.23 ± 0.02 °C* 1.7 ± 0.15 
Mixed  0.48 ± 0.04 °C 0.33 ± 0.02 °C 1.5 ± 0.12 

 
Table 6.3: Results of ΔT measurements performed with calculated, clinical and mixed settings,  

averaged over 48 treatments (mean ± SEM) in 16 patients. * Significantly different  
from values measured with mixed settings (p < 0.05). 



Chapter 6 

104 

 

 
 
Figure 6.4: Transversal, coronal and sagittal slices of the numerically optimised temperature distribution and the 

corresponding anatomy of patient 12. The tumour temperature was maximised, taking constraints of 
42 °C to normal tissue and 40 °C to the spinal cord into account. 

 

 
 
Figure 6.5: Transversal slices of the steady state temperature distribution of patient 12 resulting from the 

calculated, clinical and mixed settings as well as the steady state temperature distribution resulting 
from the settings prescribed by optimisation on ΔT-ratio. In all cases, the total power was normalised 
to the amount applied in the clinic (800 W). 
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6.3.2 Multivariate analysis 
 

The ΔT near the spinal cord was mainly dependent on the power of the top antenna. The 
partial correlation coefficient was R = 0.34 (p<0.05). The patients’ diameters also had a 
significant influence on ΔTcord. The partial correlations for the dorsoventral and lateral 
diameters were R = −0.22 and R = −0.31 (p<0.05), respectively. The ΔT in the oesophagus 
depended mainly on the patient’s dimensions. A partial correlation coefficient of R = −0.22 
and R = −0.21 (p<0.05) was found for the dorsoventral and lateral diameters, respectively. 
The partial correlations between diameters and ∆T values were negative, implying that 
larger diameters resulted in lower ∆T values. 
  

6.3.3 Computed ΔT values and steady state temperature distributions 
 

For the case in Table 6.2, the computed ΔT values and steady state temperature 
distributions were compared for the calculated, clinical and mixed settings. The amount of 
power was normalised to the amount applied in the clinic (800 W). The measured ratios 
ΔToes/ΔTcord were 2.0, 3.4 and 5.0 for the calculated, mixed and clinical settings, 
respectively. Treatment planning calculations yielded ΔT-ratios of 2.4, 2.8 and 3.5.  
 For this example, both simulations and clinical measurements showed the highest ratio 
ΔToes/ΔTcord with the clinical settings, followed by the mixed settings. The calculated 
settings showed the lowest ∆T-ratio. Table 6.4 shows that the computed ∆Toes as well as the 
computed steady state tumour temperatures resulting from the calculated, clinical and 
mixed settings were comparable. However, computed steady state temperature distributions 
showed that the clinical and mixed settings yielded a maximum normal tissue temperature 
of 45.1 °C and 44.9 °C, respectively. The calculated settings resulted in a maximum of  
43.2 °C (before power scaling this maximum just reached the enforced constraint of 42 °C). 
This demonstrates that the numerical optimisation did not prescribe the mixed or clinical 
settings, because it had to comply with the constraints set to the normal tissue temperatures.  
 

 ΔToes/ΔTcord = ratio (M) ΔToes/ΔTcord = ratio (C) T10 T50 T90 Tmax Tcord 
Calculated 0.49 / 0.25 = 2.0 0.89 / 0.37 = 2.4 42.2 41.2 39.5 43.2 41.0 
Clinical 1.16 / 0.23 = 5.0 0.94 / 0.27 = 3.5 42.2 41.2 39.4 45.1 39.9 
Mixed 1.04 / 0.31 = 3.4 0.97 / 0.35 = 2.8 42.5 41.5 39.5 44.9 40.8 

 
Table 6.4: The clinically measured (M) and computed (C) ratios ΔToes/ΔTcord for patient 12, resulting from the 

calculated, clinical and mixed settings. The simulated steady state tumour temperatures T10, T50 and T90 
are also listed, together with the maximum temperature in normal tissue (Tmax) and the temperature in 
the back musculature, near the spinal cord (Tcord). 

6.3.4 Numerical optimisation on ΔT-ratio 
 

The power ratios returned by optimisation on ΔT-ratio were 1.0 : 4.0 : 2.4 : 2.6 for the top, 
bottom, left and right antenna. The top antenna delivers 10% of the total power, which was 
a constraint for the minimal amount of power supplied by each antenna. The bottom 
antenna is more effective for tumour heating than the left and right antenna and reaches the 
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maximum of 40% of the total power. The remaining power (50%) is distributed almost 
evenly over the left and right antenna. When using the top antenna as reference (i.e. phase 
0°), the phases of the bottom, left and right antenna were approximately equally negative:  
-110°, -120° and -117°, respectively. This corresponds to a phase shift of ~110° for the top 
antenna only, thereby shifting the power focus more to the bottom antenna and preventing 
power absorption in the back musculature. The computed ratio ΔToes/ΔTcord was  
6.67·10-1/1.755·10-3 = 380. With these settings and the total power normalised to the 
amount applied in the clinic (800 W), the simulated steady state temperatures T10, T50 and 
T90 were 40.3, 39.4 and 38.2 °C, respectively. The maximum normal tissue temperature was 
47.3 °C, whereas the back musculature near the spinal cord was only 37.02 °C at steady 
state. The maximum temperature in the spinal cord itself was 37.6 °C. 
 Figure 6.5 shows transversal slices of the steady state temperature distribution resulting 
from the settings prescribed by optimisation on ratio as well as the temperature distribution 
resulting from the calculated, clinical and mixed settings.  
 

6.4 Discussion 
 

Clinical applications of hyperthermia treatment planning so far were of retrospective nature 
(Gellermann et al., 2000; De Leeuw et al., 2003; Sreenivasa et al., 2003; Van Haaren et al., 
2005). In the present study prospective hyperthermia treatment planning combined with 
high resolution temperature based optimisation was applied to patients with oesophageal 
cancer, treated with hyperthermia combined with chemoradiation. At the start of 
hyperthermia treatments temperature rise (ΔT) measurements were performed to compare 
the heating efficiency of numerically optimised amplitude/phase settings with clinically 
optimised settings and with a combination of clinically and numerically optimised settings, 
i.e. mixed settings. The ratio between the ΔT in the oesophagus and the ΔT near the spinal 
cord was not significantly different for these three settings, while the highest ΔT values 
were observed with the mixed settings. This implies that with the mixed settings the same 
tumour heating can be achieved with less applied power, indicating more effective heating.  
 The mixed settings combine numerically optimised amplitudes with clinically optimised 
phases. Another candidate for mixed settings would have been the combination of standard 
clinical amplitudes and numerically optimised phase settings. However, because ΔT 
measurements are time consuming, it is not feasible to examine too many different settings.  
 

6.4.1 SAR and steady state temperature 
 

The initial ΔT is proportional to SAR, since perfusion and conduction can be neglected 
during the short power pulse at the start of treatment. However, a high SAR does not 
always result in a high steady state temperature, or a low SAR in a low temperature, mainly 
due to the varying perfusion values of different tissue types. Especially at tissue boundaries 
the relation between SAR and steady state temperature is complicated because of 
inhomogeneous dielectric and thermal properties. Specifically at superficial locations 
temperatures are affected by bolus cooling. 
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In the present study, a correlation of ~0.5 was found between ΔT and steady state 
temperatures, indicating that the steady state temperature is not fully determined by SAR. 
The oesophagus is in close vicinity to the heart, aorta and lungs, which have a large cooling 
capability affecting the steady state tumour temperature. Nevertheless, a higher power 
deposition will result in a higher temperature, so the results of the ΔT measurements can to 
some extent be extrapolated to steady state. 
 

6.4.2 Optimisation techniques 
 

The location of the power focus in the tumour is created mainly by phase steering. In the 
clinic phases are optimised by maximising the E-field, measured at the tumour site using an 
E-field probe. Clinical optimisation of amplitude settings is difficult and time-consuming. 
Therefore standard settings based on clinical experience are applied for different tumour 
locations.  

The ultimate clinical goal in hyperthermia treatment planning is a reliable planning 
system that provides the opportunity to find amplitude/phase settings yielding optimal 
temperatures in the target area, while respecting user-defined constraints to normal tissue. 
Therefore, the calculated settings were not optimised for the best ∆T-ratio, but for the 
highest possible tumour temperature while respecting normal tissue constraints. In fact, 
none of the calculated, clinical and mixed settings were optimised for the highest ∆T-ratio, 
but the ΔT values and their ratio were convenient criteria to judge the quality of the three 
different settings, since clinical thermometry during treatment was limited to the tumour 
location, the rectum and the back musculature near the spinal cord. 
 Settings very different from those listed in Table 6.2 were prescribed with the ∆T-ratio 
as the objective of the numerical optimisation and without temperature constraints to 
normal tissue. Additional constraints on the amplitudes are particularly necessary for 
optimisation on ∆T-ratio. Without these constraints it might be optimal to simply switch off 
the top antenna and deliver almost all power by the bottom antenna, which is not regarded a 
clinically relevant strategy. Moreover, it is not really necessary to pursue such a high ∆T-
ratio that the spinal cord temperature remains close to 37 °C. 
 The computed steady state tumour temperatures resulting from the settings prescribed 
with optimisation on ∆T-ratio were lower than with the settings prescribed by the 
conventional optimisation strategy, despite the very high ∆T-ratio of 380. This example 
demonstrated that the optimisation is quite capable of optimising any required objective, 
but the choice of this objective and other input parameters and constraints is crucial for the 
resulting settings and steady state temperatures. 
 

6.4.3 ΔT-ratio and steady state temperature distribution 
 

For patient 12 the ΔT-ratio and steady state temperatures were computed for the calculated, 
clinical and mixed settings. The calculated settings yielded the distribution with the lowest 
ΔT-ratio, but the computed steady state temperature distributions for the clinical and mixed 
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settings exceeded the normal tissue constraints used in the optimisation. This explains why 
neither clinical nor mixed settings were prescribed by the numerical optimisation.  
 The calculated and mixed settings differ in phase setting only, so apparently the phases 
of the mixed settings are more favourable for ∆Toes, indicating a better focus of the local 
SAR in the target. The clinical and mixed settings differ in amplitude setting only, so 
apparently the calculated amplitudes are more favourable for ∆Toes. The top and bottom 
antenna are more effective for tumour heating than the left and right antenna. For the 
example shown in Table 6.2 the top and bottom antenna together delivered 40% and 62% 
of the total power for the clinical and mixed settings, respectively. This might explain why 
the mixed settings yielded the highest ∆Toes, averaged over all 48 treatments. 
 The clinical relevance of the computed hot spots is uncertain. Clinical thermometry is 
limited and hot spots will only be observed when pain complaints occur, with exception of 
the location of the thermocouple probe near the spinal cord. In our clinical practice pain 
complaints generally do not occur, so whether the restrictions imposed on the numerical 
optimisation are clinically relevant remains subject of investigation. Possibly, the 
constraints applied in this study were too strict and/or the computed temperature levels 
were not fully correct. This also supports the conclusion of the previous paragraph that the 
choice of objective and constraints is important for the achieved settings and temperatures. 
 

6.4.4 Uncertainties in treatment planning 
 

The difference in computed ΔT-ratio for the three settings showed the same trend as the 
clinical measurements, but quantitatively the values deviated considerably. This can be 
explained as follows. There was an uncertainty between the location of the temperatures 
used for the computed ∆T-ratios and the location of temperature measurements in the clinic. 
The CT scan was a pre-treatment scan and therefore the exact locations of thermometry 
were not visible on this CT. Consequently, an exact correspondence can hardly be 
expected. Furthermore, deviations in SAR can be introduced by uncertainties in the 
dielectric properties. Dielectric properties were obtained from literature and the reported 
values show a large spread. Apart from the organs which were outlined manually, all tissue 
was assigned the dielectric properties of either fat, muscle, bone, lungs or inner air. 
Dielectric imaging techniques, such as MRI based techniques can be useful to obtain a 
complete map with dielectric tissue properties (Farace et al., 1997; Van Wieringen et al., 
1998). In the future, these techniques will probably have an important role in hyperthermia 
treatment planning. 
 The numerical amplitude/phase optimisation was based on steady state temperatures and 
accurate temperature calculations are complicated by uncertainties in thermal properties, 
especially the perfusion rate. The impact of the normal tissue constraints in the optimisation 
is strongly determined by local tissue perfusion. Perfusion values were obtained from 
literature, but these values show a large spread and can be different for individual patients. 
Furthermore, different organs were segmented as the same tissue type, while their perfusion 
might be totally different (e.g. muscle and liver). Availability of a complete perfusion map 
for individual patients can improve the reliability of temperature calculations. Contrast 
enhanced multi-slice CT techniques can be applied to obtain information about the local 
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perfusion (Van den Berg et al., 2006), but the values obtained by these techniques are only 
valid under normothermic conditions, so elevated perfusion levels under hyperthermic 
conditions remain unknown. Perfusion values can also be estimated from thermal decay 
measurements at the end of treatment (Waterman et al., 1987; Diederich et al., 1989; Van 
Vulpen et al., 2002b). This method provides an estimation of the local perfusion under 
hyperthermic conditions, but it is limited to the locations of clinical thermometry. 
 

6.4.5 Asymmetry in numerically optimised settings 
 

The settings prescribed by the numerical optimisation showed a strong asymmetry in the 
power supplied by the left and right antenna (Table 6.2). Despite the relatively low amount 
of power supplied by the left antenna, an arising hot spot of 42 °C was observed between 
the tumour and the left antenna. In addition to the left antenna, the top and bottom antenna 
also contribute to this arising hot spot. The distance to the tumour is shorter for the bottom 
and top antenna than for the left and right antenna; therefore it is more optimal for tumour 
heating to set the amplitude of the top and bottom antenna as high as possible, resulting in a 
lower amount of power supplied by the left antenna. The anatomy in Figure 6.4 shows that 
the left side of the patient has a higher inhomogeneity in tissue properties than the right 
side. The liver is a relatively large organ, which is situated at the right side and was 
segmented as homogeneous muscle tissue. Hot spots will generally occur at tissue 
boundaries, so the asymmetric anatomy may provide an explanation for the asymmetric 
settings in Table 6.2. The numerical optimisation prescribed similar asymmetric amplitude 
settings for the left and right antenna for almost all 16 patients planned. Optimisation on 
∆T-ratio, however, did not take normal tissue hot spots into account (with exception of the 
spinal cord). This example showed that the asymmetry between the power supplied by the 
left and right antenna disappears when asymmetries in the anatomy are not taken into 
account. 
 

6.4.6 Multivariate analysis 
 

Examination of the relation between initial ΔT and the amplitude/phase settings of the 
different antennas together with the patients’ diameters yielded little results. The relatively 
low partial correlation coefficients may be due to the limited spread in input, since only 
calculated and clinical amplitudes and phases were included in this analysis. The 
correlation coefficients mentioned in the Results should therefore be regarded as indication 
only. The ΔT at the oesophageal tumour depended mainly on the patient’s diameters. The 
partial correlations with the diameters were negative, which implies that larger diameters 
result in lower ΔT values. This is due to the fact that the amount of power reaching the 
tumour decreases with increasing diameters, because of the fast decay of the 
electromagnetic field. The temperature rise near the spinal cord depended predominantly on 
the power of the top antenna, which is closest to the spinal cord. In the clinical setting, the 
power of the top antenna is initially set to 10% of the total power to prevent overheating of 
the spinal cord and often overheating is indeed a limitation during treatment. However, the 
numerical optimisation frequently prescribes a higher power for the top antenna. This 
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suggests that during the optimisation procedure destructive interference is applied to 
suppress the spinal cord temperature. Since the other antennas do contribute to ΔTcord, the 
patient’s dimensions also had a significant influence. 
 
The research presented here is a first step in the clinical application of hyperthermia 
treatment planning. In the near future, more aspects of the clinical application of treatment 
planning are to be studied. Numerical optimisation on ∆T-ratio can possibly improve 
tumour temperatures. In the demonstrated example, steady state tumour temperatures were 
not very impressive, but the power of the top antenna can be substantially increased without 
overheating the spinal cord, since the steady state temperature in the spinal cord was 
predicted to remain below 38 °C. Such a strategy may lead to an improvement of tumour 
temperatures in the clinic, since the top antenna contributes more effectively to tumour 
heating than the left and right antennas. However, when considering optimisation on ratio it 
would be more appropriate for clinical application to optimise the ratio of the steady state 
temperatures instead of the ΔT-ratio. A demerit of optimisation on ratio is that hot spots in 
normal tissue are generally not taken into account, so this will still not provide the real 
clinically optimal amplitude/phase settings. The desired clinically optimal amplitude/phase 
settings have to yield the highest possible tumour temperatures, while preventing toxicities 
in normal tissue. Therefore, a thorough discussion on clinically relevant objectives and 
constraints is essential. 
 

6.5 Conclusion 
 

Treatment planning can be useful to improve hyperthermia treatments by more effective 
tumour heating. The same tumour heating with less applied power is expected to be of 
benefit for the patient, since it probably results in a reduction of systemic stress and 
possibly fewer treatment limiting hot spots. Consequently, higher tumour temperatures can 
be achieved in the clinic without increasing the amount of applied power. The applied 
objective function and constrains for numerical optimisation are crucial for the obtained 
settings, so a thorough discussion on clinically relevant objectives and constraints is 
essential. 
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Abstract 
 

Introduction: This study compared simulated temperature distributions of intraluminal heating 
devices, concerning penetration and homogeneity. A hot water balloon, a 434 MHz monopole 
and 915 MHz dipole antenna, both with incorporated cooling, and a 27 MHz applicator were 
investigated. Methods: The hot water balloon had an inlet temperature of 45 °C and a flow rate 
of 7.85 ml s-1. The cooling water and air had a temperature of 41 °C and 37 °C and a flow rate 
of 5.89 ml s-1 and 1.8 l s-1, respectively. A 27 MHz applicator consisting of one or two 
electrode(s) was modelled to demonstrate axial steering for inhomogeneous tissue properties. 
Calculated power distributions were scaled to a total power of 10 W in tissue before the 
corresponding temperature distributions were calculated. Results: The hot water balloon and 
the 27 MHz device showed a thermal penetration depth of ~4 and ~10 mm, respectively. The 
penetration depths of the 434 and 915 MHz applicators were comparable: ~10 and ~16 mm with 
water and air cooling, respectively. With the 27 MHz applicator, spatial steering was applied to 
minimise temperature gradients along the applicator. The 434 and 915 MHz antennas have no 
steering possibilities. The temperature distribution of the hot water balloon is not affected by 
inhomogeneous dielectric properties, only slightly by inhomogeneous perfusion. Conclusion: A 
hot water balloon is useful for heating tumours with a limited infiltration in tissue, while a 27 
MHz device has the best potential to realise a homogeneous temperature distribution in larger 
tumours. 

 

7.1 Introduction 
 

YPERTHERMIA is heating of tumours in the range of 41 − 45 °C, while preventing 
excessive heating of normal tissue. Clinical outcome is strongly correlated to the 

achieved thermal dose (Shimm et al., 1990; Cox and Kapp, 1992; Oleson et al., 1993; 
Sherar et al., 1997). Therefore, a sufficiently high and homogeneous steady state 
temperature in tumour tissue is important, but this is difficult to achieve in the clinic (Ryan 
et al., 1994; Wust et al., 1995; Hand et al., 1997). 
 Tumours located at an existing lumen or cavity, such as oesophagus, rectum, cervix 
uteri and bladder, are relatively easily accessible and therefore intraluminal or intracavitary 
heating techniques are a natural choice. A disadvantage of intraluminal hyperthermia 
devices is their small (thermal) penetration depth, i.e. the depth where the power or 
temperature is reduced to 1/e times the value at the surface of the applicator. The 
penetration depth of the absorbed power generally increases with decreasing frequency, but 
for intraluminal applicators the upper limit of the penetration depth is determined by the 
radius of the cavity. The depth where the absorbed power is reduced to half the value at the 
antenna surface is at most equal to the radius of the cavity (Vrba et al., 1996). To achieve 
minimally required therapeutic temperature levels over the complete tumour volume, a high 
surface temperature will be necessary, which may induce thermotoxicity. 
 To improve the effective thermal penetration depth of microwave applicators, and 
thereby the homogeneity of the temperature distribution, applicators with an incorporated 
water or air cooling system can be applied (Scheiblich and Petrowicz, 1982; Eppert et al., 
1991; Yeh et al., 1994). Using active cooling, the maximum temperature will be shifted 
away from the applicator surface, so the surface temperature will not be a treatment limiting 
factor and a larger volume can be heated to minimally required therapeutic levels. 
 Besides using microwave heating, tumours at a lumen or cavity can also be heated using 
a balloon with circulating hot water (De la Rosette et al., 2001; Corica et al., 2003) or a 

H 



Intraluminal heating techniques 

 113 

capacitive heating device (Crezee et al., 1999a). A hot water balloon is a relatively simple 
technique, which will generate a homogeneous heat radiation in axial direction, provided 
that the flow rate is high enough to maintain a constant water temperature, i.e. the 
temperature gradient of the water in axial direction is negligible (Hand et al., 1991). 
Capacitive heating techniques using electrodes allow for spatial steering in axial direction 
by using multiple electrode segments (Crezee et al., 1999a). The power delivered by the 
electrodes can be adjusted individually to compensate for inhomogeneities in tissue and/or 
perfusion. 
 In this study different intraluminal heating techniques were simulated and compared. 
The modelled geometry represented the oesophageal lumen surrounded by a block of tissue. 
The investigated heating techniques were a hot water balloon, a 434 MHz monopole 
antenna and a 915 MHz dipole antenna, both with incorporated water or air cooling, and a 
27 MHz capacitive heating technique using electrodes. The penetration depths and the 
homogeneity of the temperature distributions were compared.  
 

7.2 Methods 
 

The heating ability of a hot water balloon, a 434 MHz monopole and 915 MHz dipole 
antenna with incorporated water or air cooling system and a 27 MHz capacitive heating 
technique was investigated. To calculate power and temperature distributions, the 
oesophagus was modelled as a cylinder of air with a diameter of 1 cm, surrounded by a 
block of homogeneous muscle tissue. The target volume to be heated was assumed 8 cm 
long. In clinical practice, an applicator should have an appropriate length to heat the tumour 
over its length. An average tumour length of 8 cm was assumed. Incorporating a clinical 
variation in tumour length complicates comparison between these heating devices. 
Therefore, a target volume of 8 cm was assumed in this study and all modelled applicators 
had a length of 8 cm. Note that in the simulations no tumour was modelled, since this 
would incorporate additional independent parameters. When a tumour would be modelled, 
its parameters (tumour size, thermal and dielectric properties) can vary and this natural 
variation should then be reflected in the analysis. This analysis would be complicated, since 
specific tumour properties, such as a certain tumour volume, might favour one applicator 
over other types. To explore exclusively the differences between various intraluminal 
applicators it is appropriate to model homogeneous tissue. All simulations were performed 
at a resolution of 0.5×0.5×1.0 mm3; see sections below for the modelling of the various 
applicators in more detail.  
 

7.2.1 Hot water balloon 
 

A hot water balloon with a diameter of 1 cm and a length of 8 cm was modelled. For patient 
safety, the temperature in the target volume is generally not allowed to exceed 45 °C. The 
water had an inlet temperature of 45 °C and a flow velocity of 10.0 cm s-1, which 
corresponds to a flow rate of 7.85 ml s-1. The total computational volume was 6×6×12 cm3. 
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The outer boundaries of the computational domain were kept at a constant temperature of 
37 °C. 
 

7.2.2 434 MHz monopole and 915 MHz dipole 
 
434 MHz monopole  
 

The modelled 434 MHz monopole antenna is a coaxial cable shortened at one end. It 
consisted of an inner conductor, dielectric insulation and an outer conductor with a 
diameter of 1, 3 and 5 mm, respectively. The antenna had a ring aperture of 2 mm in the 
external cable, which corresponds to two voxels in axial direction. The radiating monopole 
is the outer surface of the applicator from the ring aperture to the shortened end. 
Electromagnetic field is generated by the currents flowing on the monopole surface and on 
the external surface of the coaxial cable feeding the monopole.  

The optimal antenna length (i.e. the resonance length) in muscle tissue was predicted 
from the electromagnetic field theory of insulated antennas in conducting or dielectric 
media (King et al., 1983). The optimal length for a quarter-wave monopole at 434 MHz 
was predicted to be ~7 cm. The theoretical model used (King et al., 1983) has three regions: 
inner conductor, insulator and tissue, so the outer conductor was not taken into account and 
the resonance length for the applicator modelled in this study might be slightly different 
from the one predicted by the model in King et al. (1983). The predicted resonance length 
should be interpreted as an indication of the optimal antenna length. A monopole of 8 cm 
was modelled, which is close to the theoretical resonance length and is thus expected to 
perform well.   

 

 
Figure 7.1: Schematic representation of the modelled water cooled and air cooled monopole antenna (a and b) 

and the coaxial dipole antenna (c and d). In case of air cooling the cooled section reached over the 
complete length of the modelled oesophagus (b and d). These longitudinal cross sections are not on 
scale. 
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Figure 7.1a and 7.1b show a schematic representation of the modelled water cooled and 
air cooled monopole antenna. The volume of interest in axial direction extends 4 cm below 
and 4 cm above the aperture and is also indicated in this picture. A section of 10.2 cm (5 cm 
above and 5 cm below the aperture) was cooled with distilled water at 41 °C with a flow 
velocity of 10.0 cm s-1, which corresponds to a flow rate of 5.89 ml s-1. Air cooling was 
applied over the complete length of the modelled oesophagus with air of 37 °C flowing at 
30.0 m s-1, or 1.8 l s-1 in the target region.  The flow direction in the simulations was from 
top to bottom (i.e. annulus-first flow). 
 
 
915 MHz dipole 
 

Since the resonance length at 915 MHz is about half the resonance length at 434 MHz, a 
half-wave dipole antenna was modelled. The dipole was symmetric and consisted of  
2 sections of 4 cm (i.e. approximately a quarter wavelength) with an aperture of 2 mm. The 
dipole antenna was modelled as a coaxial antenna, which is defined as ‘an antenna 
comprised of an extension to the inner conductor of a coaxial line and a radiating sleeve 
which in effect is formed by folding back the outer conductor of the coaxial line’ (Elliott et 
al., 1983). The diameters were 1, 2.5, 3, 4 and 5 mm for the inner conductor, first dielectric 
layer, outer conductor, second dielectric layer and the back-folded outer conductor, 
respectively.  

Figure 7.1c and 7.1d show axial cross sections of the modelled coaxial dipole antennas. 
The water cooled section was 10.2 cm long and reached 1 cm beyond the proximal and 
distal end of the dipole. The water had a flow velocity of 10.0 cm s-1, which corresponds to 
5.89 ml s-1 over the length of the dipole, and an inlet temperature of 41 °C. As for the 
monopole antenna, air cooling was performed over the complete length of the modelled 
oesophagus with air at 37 °C and a flow velocity of 30.0 m s-1, corresponding to 1.8 l s-1 
over the length of the dipole. 
 
The E-field distributions were calculated with our voxel based treatment planning system 
using the finite difference time domain (FDTD) method to solve Maxwell’s equations (Van 
de Kamer et al., 2001a). The FDTD method has been validated earlier using analytical 
solutions (Sullivan, 1992). The implemented computer code has been validated using 
analytical solutions. Furthermore, calculated and measured E-field distributions in tissue-
equivalent phantoms have been compared for a specific clinical setup (Van de Kamer et al., 
2001a; Van Haaren et al., 2003). Deviations between simulations and measurements were 
in the same order of magnitude as the measurement accuracy. The coaxial source point was 
positioned in a ‘gap’ in the inner conductor (Figure 7.1) and excited by means of a triple 
cosine pulse.  

At a large distance from the applicator the E-field will be zero. Using zero E-field as a 
boundary condition, a very large computational domain would be necessary to avoid 
reflections in the volume of interest. To avoid reflections when using a smaller, manageable 
computational domain, several types of absorbing boundary conditions have been proposed 
in literature (Bayliss and Turkel, 1980; Mur, 1981; Berenger, 1994; Berntsen and 
Hornsleth, 1994). Absorbing boundary conditions aim to absorb the electric field as if the 
domain was not truncated. A perfectly matched layer is the most effective boundary 
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condition and was designed to absorb without reflections of the electromagnetic waves 
(Berenger, 1994).  In this study, a nearly perfectly matched layer (Cummer, 2003) was 
implemented, which performs identically to the standard perfectly matched layer (Hu and 
Cummer, 2004). The volume of the computational domain was 7×7×22 cm3, including 10 
layers for absorbing boundary and a perfect electric conductor (E = 0 V m-1 inside the 
perfect electric conductor and the tangential field Etang = 0 V m-1 at the surface) at all sides. 
The computational volume was chosen such that the SAR beyond the computed distribution 
(i.e. the volume excluding the absorbing boundary layers) is negligible. However, the 
thermal penetration depth will be larger than the SAR penetration depth, since active 
cooling is applied. Therefore, this volume was extended in the xy-direction to 10 cm with 
SAR values of 0 W kg-1 in order to set an appropriate 37 °C boundary condition for 
temperature calculations.  Figure 7.2 shows transversal cross sections of the computational 
domain applied for E-field (left) and thermal (right) computations. Because of cylindrical 
symmetry of the geometry, the resulting temperature distribution will also be cylindrical 
symmetric. Temperature values at both sides of a plane of symmetry should be equal, 
which implies a zero derivative, i.e. no heat will pass through the plane of symmetry. To 
reduce the computation time, only one quarter of the total volume was simulated for 
thermal computations, applying adiabatic boundary conditions (i.e. no heat transfer, k = 0 
W m-1 °C-1) at the planes of symmetry. The annular volumes of interest VOI 1 and VOI 2, 
with an outer radius of 1 and 1.5 cm respectively, are used later on for analysis of the 
temperature distributions. 

 

 
 
Figure 7.2: Schematic representation of the computational domain used for the E-field (left)  

and temperature (right) calculations. 
 

7.2.3 27 MHz capacitive heating 
 

Heating at 27 MHz is based on capacitive coupling (Marchal et al., 1989; Visser et al., 
1989), such as in the multi-electrode current source (MECS) interstitial hyperthermia 
system (Visser et al., 1989; Kaatee et al., 1997; Crezee et al., 1999a). This method is a 
variation on the local current field method, i.e. resistive heating by means of currents 
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passing between different pairs of electrodes or between electrodes and an external ground 
plane. The electrodes are inserted in loss-less implant catheters. The catheter acts as a 
capacitor between the electrode and tissue. The electrode acts like a current source, since 
the impedance across the catheter is large compared to the tissue impedance (Deurloo et al., 
1991). The length of the electrode(s) is not critical; any applicator length can be 
constructed, making this type of heating very flexible. The applicator consists of a catheter, 
covered partly by conducting paint at the electrode locations. A conductor inside the 
catheter connects each electrode to a coaxial cable, which connects the electrode to the 
generator system. Energy transfer from electrode to tissue is only effective over the painted 
area (i.e. the electrode surface) (Deurloo et al., 1991). The concept of capacitive heating 
with electrodes can also be used to develop an intraluminal multi-electrode current source 
heating system.  

Because the volume of interest is relatively small compared to the wavelength of 27 
MHz in tissue (~1 m in muscle tissue (Johnson and Guy, 1972)), a quasi-static 
approximation of Maxwell’s equations was used. At the University Medical Center Utrecht, 
a sophisticated application has been developed to calculate the power distribution due to 
one or more current source applicators, which makes use of the quasi-static approximation 
of Maxwell’s equation (De Bree et al., 1996). This application has been verified using 
analytical solutions (De Bree et al., 1996) and was used to calculate the power distribution. 

One electrode segment of 8 cm was modelled in a closed end polyethylene catheter with 
an inner and outer diameter of 0.9 and 1 cm, respectively. An air gap of 0.5 cm was 
modelled between the electrode and the closed end of the catheter. The open end of the 
catheter was located 1 cm from the proximal end of the electrode. A current source 
electrode can be described geometrically as a tube with a constant current density normal to 
its surface. The hollow electrode was discretised and the total current of the electrode was 
distributed evenly over all its associated nodes. This corresponds to a current injection in 
the ‘air’ layer next to the catheter wall. The current is injected in discrete points at the 
centre of these nodes (De Bree et al., 1996). For temperature calculations the total power 
will be scaled, so the total current is scaled accordingly. The total volume was 17×17×17 
cm3, with boundary condition V = 0. Because of cylindrical symmetry of the geometry, 
again only one quarter of the total volume was simulated, applying adiabatic boundary 
conditions (σ = 0 S m-1, εr = 0 and k = 0 W m-1 °C-1) at the planes of symmetry. For 
temperature calculations the total volume was cropped to 12×12×17 cm3. 

The left-hand side of Figure 7.3 shows a picture of an interstitial MECS applicator, 
which consists in this case of two hollow electrodes in a catheter. The right-hand side of 
Figure 7.3 shows the computational domain used for power and temperature calculations 
and shows schematically how a current source applicator was modelled. 
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Figure 7.3: Schematic picture of a 27 MHz multi-electrode current source interstitial applicator  
in a catheter (left). The right picture shows the computational domain used for the power  
and temperature calculations. 

  

7.2.4 Inhomogeneous tissue properties 
 

Inhomogeneities in tissue can occur in dielectric properties and perfusion and will affect the 
temperature distribution induced by the applicators. Inhomogeneities in dielectric properties 
will have no influence on the heating pattern of a hot water balloon. However, 
inhomogeneities in dielectric properties will often imply differences in thermal properties, 
of which the perfusion is the most important factor for the achieved temperature 
distribution. The 27 MHz device can consist of multiple electrode segments, which allows 
axial steering. In view of this, inhomogeneous tissue properties were studied for the hot 
water balloon and the 27 MHz device. The computational volume was divided in two equal 
parts. The lower half of the volume had lower dielectric properties (σ = 0.5 S m-1 and 
εr =75) and a lower perfusion (Wb = 2.22 kg m-3 °C-1), compared to the upper half (σ = 0.71 
S m-1, εr = 102 and Wb = 5 kg m-3 °C-1). The use of multiple electrode segments makes 
steering in axial direction possible with the 27 MHz applicator. The single electrode 
segment was replaced by two electrodes of 3.8 cm, with a gap of 5 mm in between.  
 

7.2.5 Temperature calculations 
 

Temperature distributions were calculated by solving the bio heat transfer equation 
(Pennes, 1948): 
 

   PTTWcTk
t
Tc bbttt +−−∇⋅∇=

∂
∂ )()( artρ ,                (7.1) 

 



Intraluminal heating techniques 

 119 

with ct the specific heat capacity (J kg-1 °C-1) and ρt the tissue density (kg m-3). The term 
)( Tkt ∇⋅∇  represents the heat conduction in tissue, with kt (W m-1 °C-1) the thermal 

conductivity of tissue. The second term on the right represents the perfusion, with cb the 
specific heat of blood, Wb (kg m-3 s-1) the volumetric perfusion rate and Tart the local arterial 
or body core temperature (37 °C). The power density added by the heating device is 
represented by P (W m-3). The calculated power distributions were scaled to 10 W in the 
modelled tissue volume. Temperature distributions were calculated at steady state. The 
dielectric and thermal properties used for the simulations are summarised in Table 7.1 
(ESHO Taskgroup Committee 1992; Gabriel et al., 1996).  

For the air cooled applicators the domain had to be enlarged in axial direction (the upper 
boundary in Figure 7.1) to set an appropriate boundary condition of 37 °C. As a 
workaround, the domain was virtually enlarged by applying a thermal conductivity kt = 
0.01 W m-1 °C-1 to the muscle tissue of this transversal boundary plane. 
 

 σ (S m-1) εr (-) ρ (kg m-3) c (J kg-1 °C-1) k (W m-1 °C -1) 
Air      0     1        1.29       1000*       0.024 
Distilled water       0.04   80  1000       4180       0.6 
Metal 1.0 · 107     1  7900         460     75 
Muscle 27 MHz      0.71 102  1050       3639       0.56 
Muscle axial steering 27 MHz      0.5   75  1050       3639       0.56 
Muscle 434 MHz      0.87   60  1050       3639       0.56 
Muscle 915 MHz      1.0   58  1050       3639       0.56 
Polyethylene 1.2·10-6     2    950       2500       0.4 
Teflon 5.0·10-5     2.1  2200       1000       0.25 

 
Table 7.1: The dielectric and thermal properties used in the simulations; conductivity (σ (S m-1)), relative 

permittivity (εr (-)), density (ρ (kg m-3)), specific heat capacity (c (J kg-1 °C-1)) and thermal conductivity 
(k (W m-1 °C-1)). *The value for stationary air in the oesophagus was set to 10000 J kg-1 °C-1 to allow 
large time steps.  

 
For all simulations, a perfusion rate of 5 kg m-3 s-1 was applied, which corresponds to  

30 ml 100 gr-1 min-1. For the above described demonstration of axial steering at 27 MHz the 
lower part of the volume had a perfusion of 2.22 kg m-3 s-1 and the total power for two 
electrodes was scaled to 6.5 W to avoid temperatures exceeding 45 °C. Since the anatomy 
exhibits cylindrical symmetry, only one quarter of the total volume was simulated to 
calculate temperatures, applying adiabatic boundary conditions at the planes of symmetry.  
 
Active cooling  
 

Heat transfer to the circulating water or air was modelled using the heat flux relation: 
 

   0)( cool =−+
∂
∂ TTH

n
Tkt ,                          (7.2) 

 
where kt (W m-1 °C-1) is the thermal conductivity of tissue, ∂/∂n denotes the derivative in 
the direction of the outward normal to the surface, which is the radial direction in this case, 
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T is the tissue temperature at the oesophageal wall, Tcool is the local temperature of the 
flowing water or air and H is the heat transfer coefficient (W m-2 °C-1). The Reynolds 
number (Re) is defined as  
 

   
η

ρwhvDRe ≡ ,                         (7.3) 

 
where v (m s-1) is the mean flow velocity, ρ (kg m-3) is the density of the cooling medium 
and η (kg m-1 s-1) is the viscosity. For water at 41 and 45 °C a viscosity of 6.53·10-4 and 
5.97·10-4 kg m-1 s-1 was used, respectively. Air at 37 °C had a viscosity of 1.867·10-5 kg m-1 

s-1 (http://www.engineeringtoolbox.com). The hydraulic diameter is represented by Dh (m). 
For a tube Dh is simply the diameter of the tube and for an annulus Dh is defined as Dh = 
2(ro-ri), where ri and ro are the inner and outer radius of the annulus, respectively. Flow is 
laminar for Reynolds numbers ≤ 2300 and turbulent for Re > 2300. The Nusselt number 
(Nu) is related to the heat transfer coefficient using 
 

   
hD
kNu

H = ,                                   (7.4) 

  
with k (W m-1 °C-1) the thermal conductivity of water or air. 
 When the flow has a completely developed temperature profile as well as a fully 
developed velocity profile, the heat transfer between tissue and the circulating air or water 
can be treated as constant. At high flow rates, as applied in this study, the temperature 
profile near the entrance is not yet fully developed. For turbulent flow, as applied for air 
cooling, the entry length is much shorter than for laminar flow. Therefore, for turbulent 
flow entrance effects were ignored and a constant Nusselt number was applied over the 
complete cooling length. In an applicator with integrated cooling, the coolant flows through 
a concentric annulus. The Nusselt number for turbulent flow in a concentric annulus is 
given by (Petukhov and Roizen, 1963):  
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where Di and Do are the inner and outer diameter of the annulus, respectively. The value of 
Nutube is given by (Petukhov, 1970): 
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In equation (7.6) Pr is the Prandtl number: Pr = ηc/k, with c (J kg-1 °C-1) the specific heat 
capacity of the coolant and Re is the Reynolds number from equation (7.3). The complete 
cooling length was considered a concentric annulus with Di = 0.005 m and Do = 0.01 m.  

For laminar flow, as applied for water cooling, thermal entrance effects were taken into 
account by calculating the local Nusselt number as a function of the axial position (Kok et 
al., 2005b). A fully developed velocity profile can be assumed for water since Pr > 1, so 
the velocity profile develops faster than the temperature profile (Kays and Crawford, 1980). 
For the hot water balloon local Nusselt numbers were calculated using the theory described 
by Kays and Crawford (1980). Entrance effects of laminar flow through an annulus have 
been described in great detail by Lundberg et al. (1963). In this study the heat flux over the 
outer wall was assumed constant and the inner wall was treated as insulated. 

The heat exchange between the cooling medium and tissue was implemented using a 
separate tissue and balloon space, similar to the implementation of discrete vessels 
described by Kotte et al. (1996). To avoid underestimation of the lumen wall temperature, 
heat exchange between balloon and tissue only takes place at the wall of the balloon, in 
outward radial direction. Each time step, the temperature profile of the coolant was shifted 
axially to mimic fluid flow (Kotte et al., 1996). 
  

7.2.6 Comparison of SAR and temperature distributions 
 

The treatment planning software used at our department uses Cartesian coordinates. From 
the 3D Cartesian SAR and temperature distributions, an average radial profile was 
determined at each axial location. This results in a longitudinal cylindrical symmetrical 
cross section. The penetration depth of the absorbed power was compared for the different 
radiating antennas. Furthermore, the thermal penetration depths were compared for all 
intraluminal devices, as well as the homogeneity of the temperature distribution. The 
penetration depth was defined as the depth where the SAR or temperature rise is reduced to 
1/e times the maximum SAR or temperature rise. The homogeneity of the temperature 
distribution was examined by the axial temperature profile over the tissue voxels next to the 
lumen and by the overall temperature heterogeneity coefficient (HC), which is defined as 
(Van der Koijk et al., 1997): 
 

   
art90

9010HC
TT
TT

−
−

= ,                        (7.7) 

 
where Tart is the local arterial temperature (37 °C) and T10 and T90  are the temperature at 
least achieved in 10% and 90% of the target volume, respectively. This heterogeneity 
coefficient is an indication of the heterogeneity, relative to the T90 achieved; a high HC 
implies a heterogenous temperature distribution. The heterogeneity coefficient was 
determined over an annulus around the oesophagus with an inner radius of 0.5 cm and an 
outer radius of 1 and 1.5 cm. This annulus extended 4 cm above and below the aperture of 
the 434 and 915 MHz antennas and over the complete length of the hot water balloon and 
27 MHz electrode(s). See also Figures 7.1-7.3 for the definition of these volumes of 
interest. 
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7.3 Results 
 

The SAR and temperature distributions resulting from the different intraluminal applicators 
were examined. The radial position r = 0.5 cm corresponded to the lumen wall. The axial 
position z = 0 cm corresponded to the location of the aperture of the 434 and 915 MHz 
antennas and to the centre of the hot water balloon and the 27 MHz applicator. 
 

7.3.1 SAR distributions 
 

The radial SAR profiles at z = 0 are shown in Figure 7.4 (a). The corresponding penetration 
depths are listed in Table 7.2. The penetration depths of 434 and 915 MHz were 
approximately equal. Air cooling provided a much larger SAR penetration depth than water 
cooling. The maximum SAR near the aperture was much higher with water cooling, but the 
decay was much slower when air cooling was applied. Figure 7.4 (b) shows the axial SAR 
profiles over the first tissue voxels, directly next to the applicator. This figure shows that 
using air cooling the SAR is more extended in axial direction along the proximal part of the 
oesophagus, while the SAR was more concentrated around the target area when water 
cooling was applied. 
 

 SAR (mm)  Thermal (mm) 
Hot water balloon -         4.2 
434 MHz air cooled 4.7       17.1 
434 MHz water cooled 1.4       10.3 
915 MHz air cooled 4.9       16.1 
915 MHz water cooled 1.5       10.3 
27 MHz 2.6         9.9 

   
         Table 7.2: SAR and thermal penetration depths at z = 0 of the different intraluminal heating devices. 
 

 (a)  (b) 
 
Figure 7.4: Radial (a) and axial (b) SAR profiles of the different intraluminal heating devices. Radial profiles 

were determined at z = 0 and axial profiles were determined over the first tissue voxels next to the 
applicator. In figure 7.4 (b) the connector is located at the right-hand side. 
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7.3.2 Temperature distributions 
 

Figure 7.5 (a) shows the radial temperature profiles at z = 0. This graph shows that the 
thermal penetration of the microwave antennas was improved using active cooling by 
shifting the temperature maximum away from the oesophageal wall. The thermal 
penetration depths were determined from these curves and are listed in Table 7.2. The SAR 
penetration depth was smaller for water cooled antennas compared to air cooled antennas, 
which was also reflected in the thermal penetration depth. Figure 7.5 (b) shows the axial 
temperature profiles next to the applicator. The hot water balloon and 27 MHz current 
source applicator showed the most uniform temperature profile in axial direction. A slightly 
larger temperature rise (~1 °C) can be observed at the proximal end (i.e. the entrance 
region) of the hot water balloon, compared to the distal end. This is remarkable, since the 
temperature drop of the circulating water was negligible (0.084 °C) over this length. The 
larger temperature difference in the neighbouring tissue can be explained by the variation in 
Nusselt numbers over this length. The Nusselt numbers are much larger at the entrance 
region, which implies a better heat transfer to tissue. Air cooled microwave applicators 
showed a more extended heating pattern in the proximal axial direction than water cooled 
applicators. 
 

(a) (b) 
 
Figure 7.5: Radial (a) and axial (b) temperature profiles of the different intraluminal heating devices. Radial 

profiles were determined at z = 0 and axial profiles were determined over the first tissue voxels next 
to the applicator. 

     
 Figure 7.6 shows contour plots in the longitudinal cross section of the temperature 
distribution resulting from the hot water balloon and the 27 MHz current source applicator. 
The heating patterns appeared rather similar, but the 27 MHz device yielded more curved 
contours and a larger penetration depth than a hot water balloon.  

Figure 7.7 and 7.8 show contour plots of the temperature distribution resulting from the 
water and air cooled 434 MHz monopole antenna and the 915 MHz dipole antenna. These 
two figures show in more detail the extended heating in axial direction when air cooling is 
applied. In case of water cooling the heating pattern is more concentrated to the target area.  
The achieved maximum temperature is higher using water cooling, albeit with a smaller 
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penetration depth. This can be explained by the high permittivity of water, providing a good 
dielectric coupling of fields to tissue and the low permittivity of air, which provides a poor 
coupling (see Discussion). The cooling water of the cooled monopole and dipole antenna 
showed a maximum temperature rise of 0.066 and 0.07 °C, respectively. Cooling air 
showed a maximum temperature rise of 0.39 and 0.44 °C, for the monopole and dipole 
applicator respectively. 

 

  
 

Figure 7.6: Contour plots of the temperature distribution resulting from a hot water balloon (left)  
and a 27 MHz current source applicator consisting of one electrode segment (right).  
The flow direction in the hot water balloon is indicated with an arrow. 

 
 

  
 

Figure 7.7: Contour plots of the temperature distribution resulting from a 434 MHz air cooled (left)  
and water cooled (right) coaxial monopole antenna. The flow direction is indicated  
with an arrow. 
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Figure 7.8: Contour plots of the temperature distribution resulting from a 915 MHz air cooled (left)  
and water cooled (right) coaxial dipole antenna. The flow direction is indicated with an 
arrow. 

 
Inhomogeneous tissue properties  
 

Figure 7.9 shows the temperature distribution in inhomogeneous tissue resulting from a hot 
water balloon and a 27 MHz current source applicator consisting of a single electrode. The 
upper and lower part of the volume had different dielectric properties and a perfusion rate 
of 5 and 2.22 kg m-3 s-1, respectively. For the hot water balloon, the temperature profiles in 
axial direction were still rather homogeneous, since inhomogeneities in dielectric properties 
have no influence and despite the large heterogeneity in perfusion rate, a relatively small  
 
 

     
 

Figure 7.9: Contour plots of the temperature distribution in inhomogeneous tissue resulting from a hot 
water balloon (left) and a 27 MHz current source device (right). The flow direction in the  
hot water balloon is indicated with an arrow. 
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heterogeneity was observed in the temperature profiles. Far more heterogeneous 
temperature profiles were achieved for the single electrode 27 MHz device. The 
temperatures in the lower part of the volume were significantly higher.  

The homogeneity of the temperature distribution can be improved by using two 
independent electrodes. Figure 7.10 shows the temperature distribution when two 
electrodes were used with current amplitudes 1:0.66, resulting in more homogeneous 
heating along the applicator. Power was scaled to 6.5 W in this case. 
 
 

 
 

Figure 7.10: Contour plot of the temperature distribution in inhomogeneous tissue  
resulting from a 27 MHz current source device with two electrodes,  
using current amplitudes 1:0.66. 

 
Heterogeneity coefficients  
 

The overall heterogeneity coefficients (HC) were determined for all calculated temperature 
distributions over an annulus around the oesophagus with an inner radius of 0.5 cm and an 
outer radius of 1 and 1.5 cm. Results are shown in Table 7.3. The highest HC in the small 
annulus, i.e. the most heterogeneous temperature distribution, was achieved with the air 
cooled 915 MHz dipole. This is due to the relatively large area around the lower part the 
dipole, in which a very low temperature was achieved (cold tip). The water cooled dipole 
yielded a more symmetric heating pattern, resulting in a lower HC. The 434 MHz air cooled 
monopole antenna on the other hand, showed a rather good HC (HC = 0.8 in the small 
annulus), but the achieved temperatures were rather low. Besides homogeneity of the 
temperature distribution, achieving sufficiently high temperatures is also important. 
Consequently, a larger amount of power will be necessary for more adequate heating. For 
434 MHz the temperature distribution became less uniform with water cooling. The hot 
water balloon showed a rather homogenous temperature profile in axial direction (Figure 
7.5 (b)). However, a relatively large HC (HC = 1.7 in the small annulus) was observed, due 
to the very small thermal penetration depth. This value is not very bad compared to those 
for the microwave antennas, but the values for the annulus with an outer radius of 1.5 cm
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 Annulus 1 cm Annulus 1.5 cm 
 T90 (°C)  T10 (°C) HC T90 (°C)  T10 (°C) HC 
Hot water balloon 39.21 42.95 1.7 37.81 42.19 5.4 
434 MHz air cooled 38.45 39.63 0.8 38.35 39.50 0.9 
434 MHz water cooled  39.56 44.91 2.1 38.66 43.97 3.2 
915 MHz air cooled 38.01 41.54 3.5 37.92 41.24 3.6 
915 MHz water cooled 39.98 45.27 1.8 38.93 44.10 2.7 
27 MHz 1 segment 41.33 43.65 0.5 39.59 43.36 1.5 
27 MHz 1 segment inhomogeneous tissue 41.14 47.97 1.6 39.71 47.06 2.7 
27 MHz 2 segments adapted amplitudes 41.68 44.48 0.6 39.72 44.12 1.6 
Hot water balloon inhomogeneous tissue 39.52 43.00 1.4 38.03 42.43 4.3 

   
Table 7.3: Temperatures (T90 and T10) and the heterogeneity coefficient (HC) determined over an annulus around 

the oesophagus with an inner radius of 0.5 cm and an outer radius of and 1 and 1.5 cm. This annulus 
reached 4 cm above and below the aperture of the 434 and 915 MHz antennas and over the complete 
length of the hot water balloon and 27 MHz device.  

 
clearly show that the small penetration depth is the limiting factor to achieve a 
homogeneous temperature distribution in larger tumours, when using a hot water balloon. 
For the air cooled applicators the heterogeneity coefficient is approximately equal for both 
annuli. The 27 MHz device had a larger penetration depth compared to the hot water 
balloon and showed the lowest HC in homogeneous tissue.  

In the case of inhomogeneous tissue, the heterogeneity coefficient became much higher 
with a single 27 MHz electrode, but using two independent electrodes with different current 
amplitudes a more homogeneous temperature distribution could be achieved, with a HC 
comparable to the case of homogeneous tissue. A hot water balloon in heterogeneous tissue 
showed a slightly better HC compared to the homogeneous case. Due to the lower perfusion 
rate in the lower half of the volume the penetration depth is slightly larger, which is 
reflected in the T10 and T90. 
 

7.4 Discussion 
 

In this study, numerical simulations were performed to compare the SAR and temperature 
distributions of different intraluminal heating techniques, regarding penetration depth and 
homogeneity of the temperature distribution. The modelled geometry represented the 
oesophagus surrounded by a block of tissue, but the results will be valid for other 
intraluminal/intracavitary tumour sites as well. A hot water balloon, a 434 MHz monopole, 
a 915 MHz dipole and a 27 MHz current source applicator were investigated. Incorporated 
water or air cooling was modelled to improve the thermal penetration depth of the 
microwave antennas. The monopole and dipole antennas were assumed to be constructed 
from a coaxial cable. There are several possibilities to design a monopole or a dipole 
antenna and a different design of the antennas could lead to different radiation patterns, so 
the results of this comparative study cannot be generalised directly to other antennas. 
However, properties as penetration depth and differences between water and air cooling 
will be valid for other antenna designs as well. 
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 The performance of the microwave antennas depends on both the resonance length and 
proper impedance matching of the antenna to the generator system. The insertion depth of 
the microwave antennas generally has also an impact on the reflection coefficient. In this 
case, however, oesophageal tumours are heated and the applicator and a large part of the 
coaxial feeding cable are inserted in the oesophagus. The total inserted length will generally 
be about 40 cm, so there is no tissue-air interface near the region of interest in contrast with 
interstitial hyperthermia. Thus, for the situation examined in this chapter, the reflection 
coefficient will mainly be determined by the length of the coaxial cable, which connects the 
applicator to the generator system.  

The resonance length is the length at which the antenna performs optimally for the 
applied frequency. In this study, the resonance length of the microwave applicators was 
determined using an analytical solution, which served as an estimate. The length of the 
modelled antennas was close to this theoretical length. An antenna can also be expected to 
perform well when designed slightly shorter or larger than the true optimal length. This is 
not the case if the antenna is completely off resonance. 

Matching of the antenna to the generator system is not relevant for the simulations 
presented in this study. The purpose of this study was to compare the general behaviour of 
several antennas, in terms of penetration depth and homogeneity of the temperature 
distribution. A nearly perfectly matched layer absorbing boundary condition was used to 
truncate the computational domain and the actual length of the coaxial cable was not 
incorporated in the simulations. This boundary condition was designed to absorb without 
reflection of the electromagnetic waves. In clinical practice impedance matching is 
important to minimise reflections over the coaxial cable. It provides a greater efficiency in 
power output, but does not alter the electromagnetic field and heating properties of the 
antennas as calculated in this study. 
 In general, the penetration depth decreases with increasing frequency. However, for 
cylindrical applicators the penetration depth is limited by the radius of the antenna (Vrba et 
al., 1996). This explains why almost no difference in penetration depth is observed between 
a 434 MHz monopole and a 915 MHz dipole antenna in this study. A higher frequency 
yields a higher SAR at the surface of the applicator due to the higher electrical 
conductivity, but with a comparable decay. 
 In spite of the small SAR penetration depth of intraluminal microwave techniques, a 
larger thermal penetration depth can be achieved when cooling of the antenna surface is 
applied, since the temperature maximum is shifted deeper into the tissue. Water cooling is 
more efficient than air cooling since the specific heat capacity and density are much higher 
and therefore water requires a lower flow rate to establish the same cooling rate as air. In 
this study, with the same power scaling, water cooling is found to yield a higher SAR and 
temperature in the region of interest near the lumen than air cooling, albeit with a smaller 
penetration depth.  

Water provides more effective coupling of fields to tissue due to the high permittivity of 
water. This can be derived from the condition that the normal electric flux (εrE) should be 
continuous at the water-tissue or air-tissue interface. With less efficient coupling to tissue 
the electric field will also propagate in axial direction, as can be observed in case of air 
cooling. Thus, due to efficient coupling the SAR pattern will be more concentrated to the 
target area in case of water cooling. In case of air cooling, the inefficient coupling results in 
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a line source-like behaviour rather than a point source-like behaviour. This explains the 
larger penetration depth with air cooling.  

Figure 7.4 (b) shows a symmetric axial profile for the 27 MHz applicator, since this 
geometry is symmetric. The axial SAR profiles of the microwave applicators are 
asymmetric, but water cooled applicators show a more symmetric profile than air cooled 
applicators. Initially, a symmetric axial SAR profile might be expected for a symmetric 
dipole antenna.  However, due to the coaxial feeding cable connected to the microwave 
antennas, the geometry becomes asymmetric and thus SAR profiles in Figure 7.4 (b) are 
asymmetric. 

The hot water balloon shows a homogenous heat radiation in axial direction, but due to 
the small penetration depth the heterogeneity coefficient of the temperature distribution is 
relatively large. The 27 MHz device also has a homogenous temperature profile in axial 
direction and the penetration depth is better than for the hot water balloon, so a low 
heterogeneity coefficient is obtained. Axial steering is possible with this device so a 
relatively homogeneous temperature distribution can be maintained in case of 
inhomogeneous dielectric and thermal properties. In this example, two segments of 4 cm 
were used, but steering with this device is possible at centimetre scale, so more than 2 
segments are also possible. The temperature distribution of a hot water balloon is not 
affected by inhomogeneities in dielectric properties. However, inhomogeneities in dielectric 
properties will often imply differences in thermal properties, of which perfusion is the most 
important factor. A large inhomogeneity in perfusion results in a relatively small 
heterogeneity in the temperature profile in axial direction, which makes this device rather 
robust.  

For the 434 MHz monopole, air cooling results in a more homogeneous temperature 
distribution than water cooling. For the 915 MHz dipole on the other hand, the temperature 
distribution induced by the water cooled antenna is more homogeneous. Since the aperture 
is in the centre of the target volume, the cold tip of the antenna is in the volume of interest 
when a dipole is used. Using a monopole of 8 cm, the cold tip is outside the volume of 
interest. With water cooling, the temperature at the tip of the dipole is elevated. Therefore, 
air cooling seems better for a monopole antenna, while water cooling seems more 
favourable for a dipole applicator, provided that the aperture is located in the centre of the 
target volume.  

The temperature at the antenna tip can also be elevated by using more advanced air 
cooling. Using a flow channel which cools the proximal end with full effect and leaves the 
distal end uncooled, the small temperature elevation at the applicator tip will not be erased 
by the surface cooling (Schweizer, 1991). Such an advanced cooling technique can be used 
to improve the homogeneity of the temperature distribution, but the microwave devices lack 
axial steering so in case of inhomogeneous tissue properties it will be very difficult to 
create a temperature distribution with a low heterogeneity coefficient. In theory, it would be 
possible to design a microwave antenna consisting of more segments and thereby allowing 
some axial steering. However, a major advantage of the 27 MHz current source applicator 
is that it is possible to use very small elements (~1 cm), which allows steering at an 
extremely small scale. 
 Several previous studies preferred air cooling to water cooling (Eppert et al., 1991; 
Trembly et al., 1991; Yeh et al., 1994), since air cooling is easier to establish and yields a 



Chapter 7 

130 

better thermal penetration and sufficient tumour cooling. In this chapter, annulus-first flow 
(i.e. top to bottom) was modelled, but in clinical practice tube-first flow (i.e. bottom to top) 
will yield a greater symmetry in the tissue cooling rate (Eppert et al., 1991) and will thus 
result in a more favourable temperature distribution compared to annulus-first flow. The 
tissue cooling rate q’tis (W m-1) can be calculated by q’tis = πDoH(Twall - Tair), with Twall the 
local temperature at the oesophageal wall and Tair the air temperature. In this chapter, the 
heat transfer coefficient is assumed constant for turbulent flow and the simulated 
temperature rise of the circulating air is less than 0.5 °C, so for these simulations tube-first 
flow will yield minor differences in the achieved temperature distributions.  
 In the case of air cooling with turbulent flow, the Nusselt number is assumed constant 
over the complete length, since the thermal entry length is much shorter than for laminar 
flow. The annulus has an inner and outer diameter of 0.5 cm and 1 cm in the target volume, 
respectively. The annulus of the dipole antenna is slightly larger before the cooling air 
reaches the target region (see Figure 7.1) and at the end of the monopole and dipole 
antennas, the air flow enters a tube section. A flow velocity of 30 m s-1 in the target region 
corresponds to a volume flow of 1.8·10-3 m3 s-1 and yields a heat transfer coefficient of 141 
W m-2 °C-1. This volume flow will enter the larger annulus section with a velocity of 24.7  
m s-1, which implies a heat transfer coefficient of 116 W m-2 °C-1. When the air flow 
reaches the tube section the flow velocity will be reduced to 22.5 m s-1, which yields a heat 
transfer coefficient of 107 W m-2 °C-1. These local heat transfer coefficients are about 20% 
lower than the value of 141 W m-2 °C-1 used for the annulus in the target region. In the 
transitional regions, there will be a certain entrance length for the velocity profile to fully 
adapt to the new geometry, so for example in the transitional region from annulus to tube 
the heat transfer coefficient will be slightly larger than 107 W m-2 °C-1. Furthermore, these 
regions are outside the target region, so it seems justified to assume a constant value for this 
heat transfer coefficient. 

The resulting temperature distribution from the hot water balloon and the microwave 
antennas with integrated cooling is dependent on the inlet temperature and the flow velocity 
(Eppert et al., 1991; Yeh et al., 1994). Cooling will be optimal when the axial temperature 
gradient of the coolant is negligible. In these simulations the temperature gradients are 
smaller than 0.5 °C, so the coolant temperature remains nearly constant and thus the flow 
velocity was chosen appropriately. The inlet temperature was chosen such that the wall 
temperature was in the therapeutic range for hyperthermia treatments. A lower inlet 
temperature for air cooling will improve the tumour cooling rate, but will also yield a lower 
tissue temperature at the lumen wall. Figures 7.5-7.8 show that the inlet temperatures are a 
reasonable choice. The water cooled applicators show a maximum tissue temperature 
slightly exceeding the maximum acceptable temperature of 45 °C. This can be compensated 
by applying a slightly lower amount of power; the lumen wall temperature is in the clinical 
therapeutic range. In the clinic, only temperature information of the lumen wall will 
generally be available so the maximum temperature remains unknown using applicators 
with integrated cooling. This maximum temperature can be estimated using the measured 
lumen wall temperature (Kok et al., 2005b). 

Due to the large relative permittivity of water, a water cooled antenna tends to behave as 
a bare antenna (Yeh et al., 1994), which is also surrounded by material with a high 
permittivity. Air on the other hand has a very low relative permittivity. It has been shown 
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that a bare antenna has a lower radial penetration than an insulated antenna (De Sieyes et 
al., 1981). With less efficient coupling to tissue the electric field will also propagate in axial 
direction, which explains the line source-like behaviour of air cooled antennas. Thus, 
despite the better coupling of fields to tissue using a high permittivity coolant, a low 
permittivity is more beneficial for the penetration depth. Another possibility for cooling of 
the antenna surface would be to apply some kind of oil. Oil has a low permittivity and 
conductivity and a relatively high density and specific heat capacity, resulting in a better 
penetration than water cooling and more effective cooling than using air. Despite 
sophisticated cooling techniques for intraluminal microwave applicators, the lack of axial 
steering of these devices remains a drawback. 
 

7.5 Conclusion 
 

A hot water balloon and a 27 MHz current source applicator yield the most uniform heat 
radiation in axial direction. For superficial tumours with a penetration up to a few 
millimetres, a hot water balloon will generally be sufficient. In view of the thermal 
penetration depth, the temperature profiles and the heterogeneity of the temperature 
distributions, a 27 MHz device will preferably be used for heating of non-superficial 
tumours. A 434 MHz monopole antenna with integrated air cooling may also be 
appropriate, but a major advantage of the 27 MHz current source device is the possibility of 
spatial steering by using multiple segments. The penetration depth is relatively good and a 
27 MHz multiple electrode applicator is an appropriate choice in view of the difficulties 
with axial steering when using microwave devices.  
 

7.6 Further research and application 
 

Intraluminal heating techniques alone are probably insufficient for adequate tumour 
heating. Since tumours can penetrate up to a few centimetres in the surrounding tissue, the 
radial penetration depth of intraluminal applicators will be a practical limitation for larger 
tumours. Regional hyperthermia provides more homogeneous tumour temperatures, but 
tumour temperatures often remain below the desired 43 °C because of treatment limiting 
hot spots in normal tissue, particularly during hyperthermia treatments of patients with 
oesophageal cancer (Albregts et al., 2004). A combination of intraluminal and external 
heating is expected to yield higher temperatures than with external heating alone and a 
more homogeneous temperature distribution than with intraluminal heating alone. At the 
AMC, combination of intraluminal devices with the locoregional 70 MHz AMC-4 
waveguide system is planned. This is subject of current research at our institute (Van 
Haaren et al., 2006b). The clinical value of a hot water balloon combined with locoregional 
hyperthermia is under investigation. In view of the results of this study, an intraluminal 27 
MHz device will also be developed and tested in the near future. 
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Abstract 
 

During intraluminal or intracavitary hyperthermia treatments limited non-invasive temperature 
information is available, which may result in sub-optimal treatment control. This chapter 
describes a method for estimating temperature maximums and their corresponding locations in 
tissue heated by a cylindrical applicator with an incorporated cooling system, assuming a 
hollow cylinder of homogeneous tissue. The main purpose of this study is intraluminal heating of 
tumours at the oesophagus, but the principle described is generally applicable for cylindrical 
applicators. When assuming no perfusion and only radial heat flow in the heated tissue, an 
analytical expression for the temperature profile can be derived such that the complete profile 
can be reconstructed from the inner wall temperature only. For situations with perfusion, finite 
difference simulations were performed and the resulting simulated inner wall temperature was 
put into the analytical expression to obtain an estimation for the maximum temperature and the 
corresponding location. This way, an estimation method was developed which does not require a 
priori knowledge of the perfusion rate or invasive thermometry. For volumetric perfusion rates 
in the clinically relevant range of 0 − 10 kg m-3 s-1, the deviations between simulated and 
estimated temperature maximums were less than 10% and the difference in location was 
typically a few tenths of a millimetre. These deviations are small enough for treatment control 
purposes. 
 

8.1 Introduction 
 

YPERTHERMIA is the application of elevated temperatures (41 − 45 °C) to tumour 
tissue and is applied to improve the effectiveness of radiotherapy and/or 

chemotherapy. Tumours located in body cavities such as oesophagus, rectum and cervix 
form a special group for clinical hyperthermia. Due to their accessibility intraluminal 
hyperthermia is often preferred to locoregional heating.  
 The widely accepted optimal hyperthermia dose (Sapareto and Dewey, 1984) is one 
hour at 43 °C. Clinical data show a strong correlation between thermal dose and clinical 
outcome (Dewhirst et al., 1984; Shimm et al., 1990; Cox and Kapp, 1992; Sneed et al., 
1992; Oleson et al., 1993; Kapp and Cox, 1995; Sherar et al., 1997; Wust et al., 1998b). A 
uniform temperature rise in tumour tissue is essential to obtain optimal clinical results, but 
achieving this is a major problem in clinical hyperthermia (Oleson et al., 1993; Prionas et 
al., 1994; Ryan et al., 1994; Seegenschmiedt et al., 1994; Wust et al., 1995; Hand et al., 
1997). The temperature distribution is usually quantified by T10, T50 and T90, the 
temperature at least achieved in 10%, 50% and 90% of the tumour, respectively. T90 is a 
measure for the minimum temperature, and often remains below 39 − 40 °C, which is too 
low for optimal radiosensitisation and/or chemosensitisation. 
 For intraluminal or intracavitary applicators, the power deposition decreases rapidly 
with increasing distance from the applicator. The penetration depth, i.e. the location where 
the power is reduced to 1/e times the power at the surface of the applicator, is at most a few 
millimetres, which makes it hard to obtain a uniform temperature rise. 
 Furthermore, elevated tissue temperatures result in an increase of the volumetric 
perfusion rate (Sekins et al., 1984; Song, 1984; Milligan, 1987); the perfusion rate can 
increase up to a factor 10, depending on several factors including the type of heating. For 
example, during local heating the perfusion rate increases much more than during regional 
hyperthermia (Van Vulpen et al., 2002a). This implies that a high specific absorption rate 

H 
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(SAR) does not necessarily result in a high temperature. Considering these issues, one can 
conclude that local hyperthermia is technically complicated.  
 To achieve higher temperatures in the heated tissue and to obtain a more uniform 
temperature distribution, applicators with an incorporated cooling system can be applied 
(Scheiblich and Petrowicz, 1982; Eppert et al., 1991; Yeh et al., 1994). Without cooling the 
maximum tissue temperature would be the temperature at the surface of the applicator. This 
would be the treatment limiting factor since a high surface temperature is necessary to heat 
the whole tumour volume to minimally required therapeutic levels and too high 
temperatures may lead to thermotoxicity. By applying active cooling, the temperature 
maximum will shift to a deeper location and the existing high temperatures and temperature 
gradient in the direct vicinity of the lumen will be reduced. The effective penetration depth 
is thus increased and a larger volume can be heated to minimally required therapeutic 
levels. 
 For adequate treatment, it is necessary to know the maximum temperature and the 
location, i.e. depth, of that maximum. With this knowledge, it is possible to heat the tumour 
region more effectively, since the antenna output can be adjusted in order to achieve a 
therapeutic range but not exceeding a critical temperature. For clinical application it is 
desirable to obtain temperature information non-invasively. The only temperature value that 
can be measured non-invasively is the tissue temperature at the surface of the applicator. It 
would be helpful if computations could be used to derive the real temperature distribution, 
but such simulations are not very reliable since essential patient specific anatomical and 
physiological data, such as the perfusion rate, are not fully known.  
 To obtain insight in the relation between the measured tissue temperature at the surface 
of a cylindrical applicator and the maximum temperature reached in the heated volume, 
temperature distributions were studied due to such a heating system in a hollow cylinder of 
homogeneous tissue with various perfusion rates. Initially, assuming only radial heat flow 
and no perfusion in the heated tissue, it is demonstrated that it is possible to reconstruct the 
complete temperature profile in the homogeneous cylinder analytically from the inner wall 
temperature only. For the situation with perfusion, finite difference simulations were 
performed with perfusion rates in the clinically relevant range of 0 − 10 kg m-3 s-1 and the 
simulated inner wall temperature was used in the analytical expression without perfusion to 
obtain an estimation for the temperature maximum and the corresponding location. 
Simulations were carried out with only radial heat flow as well as with both radial and axial 
heat flow. The main purpose of this study was to estimate the temperature maximum and 
corresponding location during intraluminal heating of the oesophagus, but the principle 
described is generally applicable for cylindrical applicators. Another application is 
interstitial hyperthermia, which will also be discussed.  
 

8.2 Methods 

8.2.1 Model representation 
 

A schematic representation of an intraluminal applicator with an integrated water cooling 
system in the oesophagus is depicted in Figure 8.1 (a). Figure 8.1 (b) shows a model 
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representation of heating the oesophagus with such an applicator. The oesophagus is 
represented by a hollow cylinder of homogeneous tissue with inner radius a, outer radius b 
and length L. A part of it is heated and a slightly larger part, including the heated section, is 
cooled. The cooled section is slightly larger to avoid hot spots at the proximal and distal 
end of the heated section. 
 

(a)    

                (b)  
 

Figure 8.1: (a) Example of an intraluminal applicator with incorporated water cooling system in the 
oesophagus. (b) Model representation of heating the oesophagus with a water cooled 
applicator.  

 

8.2.2 Bio heat transfer equation 
 

For local hyperthermia applications, the conventional bio heat transfer equation (Pennes, 
1948) is generally used. This equation was introduced by Pennes and can be regarded as the 
heat transfer equation for solids, extended with a heat sink term describing the thermal 
effect of blood flow and a term describing the power added by the heating system. The 
energy balance for homogeneous tissue is:  
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where ρt is the tissue density (kg m-3) and ct the specific heat capacity (J kg-1 °C-1) . The 
first term on the right-hand side represents the conduction in tissue, with kt the thermal 
conductivity of tissue (W m-1 °C-1). The second term on the right is the heat sink term, with 
cb the specific heat capacity of blood, Wb the volumetric perfusion rate (kg m-3 s-1) and Tart 
the local arterial temperature, which is usually taken equal to the body core temperature  
(37 °C). The absorbed power is represented by P (W m-3). 

For a cylindrical system as shown in Figure 8.1 (b) equation (8.1) was expressed in 
cylindrical coordinates: 
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The power distribution was assumed to decrease exponentially in radial direction due to 
energy absorption in tissue. This power is absorbed over a cylindrical surface that increases 
with r (Yeh et al., 1994; Vrba et al., 1996): 
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for a ≤ r ≤ b, with d the penetration depth and P0 the intensity at the surface r = a. 
Expressing μ as in (8.3) results in P(a+d) = P0 e-1, which is in accordance with the 
definition of penetration depth. The surface r = a is cooled with water at a constant 
temperature. Heat transfer to the circulating water at r = a was modelled with the boundary 
condition: 
 

   0))(( water =−+
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n
Tk at ,                       (8.4) 

 
where Ha is the heat transfer coefficient, Twater the water temperature and ∂/∂n denotes the 
derivative in the direction of the outward normal to the surface. At r = b, heat transfer to 
neighbouring tissue was modelled using a similar boundary condition:  
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Tk bt ,                      (8.5) 

 
with Hb the heat transfer coefficient. Inhomogeneities in neighbouring tissue, e.g. heart, 
aorta and lungs, are translated into heterogeneities in this Hb along the cylinder wall. 
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8.2.3 Radial heat flow and no perfusion 
 

Initially, only radial heat flow and no perfusion was assumed in the heated volume. One is 
interested in steady state temperature distributions, which reduces (8.2) to 
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Equation (8.6) can be solved analytically, using the boundary conditions (8.4) and (8.5). 
However, in clinical applications the heat transfer coefficient Hb is usually not known, so to 
solve (8.6) it is more appropriate to make use of the measured inner wall temperature T(a) 
instead of condition (8.5). Following this approach, the analytical solution to (8.6) 
becomes: 
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It is worth noticing that the heat transfer coefficient Hb at the outer boundary is not 
explicitly present in this expression and the only unknown parameter is T(a). The heat 
transfer coefficient Hb is implicitly present in the measured temperature T(a), since Hb is 
present in the analytical expression for T(a), which can be derived using the boundary 
conditions. 

A cylinder with inner radius 5 mm and outer radius 10 mm was modelled. Without loss 
of generality, the inner wall was cooled with water at a constant temperature of 41 °C. This 
water should have a flow velocity high enough to maintain a constant temperature i.e. the 
temperature gradient in axial direction is negligible. The heat transfer coefficient Ha is 
constant when the flow has both a fully developed temperature profile and a completely 
developed velocity profile. However, at high flow rates the temperature profile near the 
entrance is not fully developed yet. Since thermal entrance effects are significant, Ha varies 
considerably (Kays and Crawford, 1980) at high flow rates. To take this into account in this 
one dimensional case, a mean heat transfer coefficient was derived. Assuming a mean flow 
velocity of 10 cm s-1 and heated and cooled sections of 8 and 10 cm respectively (see 
Figure 8.1 (b)), a heat transfer coefficient Ha of 1300 W m-2 °C-1 was found, averaged over 
the heated section (see appendix). The properties of muscle tissue were used (ESHO 
Taskgroup Committee 1992): kt = 0.56 W m-1 °C-1, ct = 3639 J kg-1 °C-1 and ρt = 1050 kg  
m-3. A penetration depth of 3 mm was chosen and a total power of 10 W was absorbed over 
a length of 8 cm, which determines P0 in equation (8.3). To test the accuracy with respect to 
the inner wall temperature, slightly different values for T(a) (42.4, 42.5 and 42.6 °C) were 
used to reconstruct analytical temperature profiles based on equation (8.7). 



Estimation of the temperature maximum 

 139 

8.2.4 Radial heat flow with perfusion 
 

To simulate the steady state radial temperature profile for the situation with perfusion, the 
explicit Euler Forward finite difference scheme (Shampine et al., 1996) was used. For the 
1D simulations, 101 equidistant grid points were used. The same parameters were used as 
for the situation without perfusion, varying the penetration depth between 1 and 4 mm. The 
heat transfer coefficient at r = b was chosen Hb = 100 W m-2 °C-1. In clinical situations, the 
perfusion rate is usually unknown, so one wants to develop an estimation method without a 
priori knowledge of the perfusion. The finite difference simulations with perfusion were 
compared with the analytical expression (8.7) derived for the case without perfusion. The 
value for T(a) obtained from a simulation was used as if it were a measurement and was put 
into equation (8.7), which gives an estimation for the temperature maximum and its 
location. This way, an estimation method was developed which does not require a priori 
knowledge of the perfusion rate. A volumetric perfusion rate of 0.5 – 1.0 kg m-3 s-1 
represents resting muscle tissue (Song, 1984). The values used for the volumetric perfusion 
rate were 3.6, 6.8 and 10 kg m-3 s-1, covering the clinically relevant range of perfusion rates 
up to 10 kg m-3 s-1.  
 

8.2.5 Radial and axial heat flow with perfusion 
 

When axial heat flow, i.e. heat flow in z-direction (see Figure 8.1 (b)), is taken into account, 
inhomogeneities in the heat transfer coefficient at r = b can be introduced, representing 
inhomogeneities in neighbouring tissue, e.g. heart, aorta and lungs. A total length of 20 cm 
was modelled and the parameters of section 8.2.4 were used. The outer boundary of the 
cooled section was divided into four equal parts of 2.5 cm with different heat transfer 
coefficients. For these four parts, Hb = 600, 300, 50 and 100 W m-2

 °C-1, respectively; see 
Figure 8.2. For the remaining parts, Hb = 100 W m-2 °C-1 was chosen. For these 2D 
simulations 202 grid points were used in axial direction and 101 in radial direction. 
  
 

              
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: The outer boundary of the cooled section was 
divided into four equal parts of 2.5 cm with different heat 
transfer coefficients. For these four parts, Hb = 600, 300, 50 and 
100 W m-2

 °C-1, respectively. 
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The temperature rise of the circulating water was simulated by applying conservation of 
energy. In addition, to mimic flow the temperature profile of the water was shifted axially 
each time step. To take entrance effects into account, the Nusselt number as a function of 
the axial position was used along the cooling water, resulting in a local heat transfer 
coefficient at r = a (see appendix). Heat transfer to air takes place at the proximal and distal 
end of the cooling water balloon. A heat transfer coefficient Hair = 10 W m-2 °C-1 was used.  
 

8.2.6 Interstitial hyperthermia 
 

Single applicator 
 

For application of the above described method to interstitial hyperthermia, an inner radius a 
of 1 mm was used. The outer radius b was chosen 10 mm and penetration depths of 0.5 and 
1 mm were considered. The values used for the volumetric perfusion rate were 6.8 and 10 
kg m-3 s-1. A section of 5 cm muscle tissue was heated and 6 cm of the applicator was 
inserted in tissue. A total power of 4 W absorbed in the heated section was chosen and a 
flow of 2.5 ml s-1 was used (Hand et al., 1991), which corresponds approximately to a mean 
velocity of 1 m s-1, assuming the radius of the antenna to be a/2. This resulted in a heat 
transfer coefficient Ha = 5350 W m-2 °C-1, averaged over the heated section.  
 
Multiple applicators 
 

Normally, interstitial implants consist of multiple applicators at regular distances. For a 
mutual spacing of 2b it is clear that by applying an appropriate boundary condition at r = b, 
it is possible to simulate the temperature profile in case of the presence of neighbouring 
interstitial applicators (Hand et al., 1991): 
 

0=
∂
∂

n
T ,  or equivalently:  Hb = 0 W m-2 °C-1. 

 
A mean distance of 1.5 cm was chosen, which means that the outer radius b is 7.5 mm. 
Again, penetration depths of 0.5 and 1 mm were considered and volumetric perfusion rates 
of 6.8 and 10 kg m-3 s-1. 
 

8.3. Results 

8.3.1 Radial heat flow and no perfusion 
 

Figure 8.3 shows radial temperature profiles based on equation (8.7) with inner wall 
temperatures T(a) = 42.4 °C, T(a) = 42.5 °C and T(a) = 42.6 °C and a penetration depth of 
3 mm. Table 8.1 gives values for the corresponding heat transfer coefficient (Hb), the 
temperature maximum (Tmax) and the location of the maximum (rmax). The results 
demonstrate that slightly different values for T(a) correspond to fairly different temperature 
profiles and relatively large variations in Hb.  
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Figure 8.3: Analytical temperature profiles without perfusion according to equation (8.7)  
for T(a) = 42.4 °C, T(a) = 42.5 °C and T(a) = 42.6 °C. 

 
T(a) (°C) Hb (W m-2 °C-1) Tmax (°C) rmax (mm) 

42.4 270.99 44.86 6.77 
42.5 207.54 45.32 6.92 
42.6 163.91 45.81 7.07 

 
Table 8.1: Values of the heat transfer coefficient (Hb), the temperature maximum (Tmax)  

and the location of the maximum (rmax) for the situation without perfusion. 
 

8.3.2 Radial heat flow with perfusion 
 

For the case with perfusion, the simulated wall temperature T(a) was put into expression 
(8.7) to obtain an estimation for the temperature maximum in the heated volume and the 
corresponding depth. Next, the accuracy of this estimation, which does not take perfusion 
into account, was evaluated. Results of these simulations and estimations are shown in 
Figure 8.4, for a penetration depth of 1 and 4 mm and volumetric perfusion rates of 3.6, 6.8 
and 10 kg m-3 s-1; note that the estimated curves were determined with use of T(a) only. The 
values of the simulated and estimated temperature maximums and locations are shown in 
Table 8.2. For a small penetration depth (~1 mm) the estimated profiles correspond quite 
well to the simulations until the maximum is reached. For larger penetration depths, the 
deviations are larger but still less than 10% in temperature maximum and typically a few 
tenths of a millimetre in location. 
 



Chapter 8 

142 

37

38

39

40

41

42

43

44

5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

T
em

pe
ra

tu
re

 (
o C

)

r (mm)

Penetration depth d=1 mm

 Wb=3.6 (S)
 Wb=3.6 (E)
 Wb=6.8 (S)
 Wb=6.8 (E)
 Wb=10  (S)
 Wb=10  (E)

 
 

37

38

39

40

41

42

43

44

45

5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

T
em

pe
ra

tu
re

 (
o C

)

r (mm)

Penetration depth d=4 mm

 Wb=3.6 (S)
 Wb=3.6 (E)
 Wb=6.8 (S)
 Wb=6.8 (E)
 Wb=10  (S)
 Wb=10  (E)

 
 

Figure 8.4: Simulated temperature profiles (S) together with the estimated curves (E)  
for a penetration depth of 1 and 4 mm, with volumetric perfusion rates (Wb)  
of 3.6, 6.8 and 10 kg m-3 s-1

.  

 

8.3.3 Radial and axial heat flow with perfusion 
 

The effects of introducing inhomogeneities in the heat transfer coefficient Hb in the case 
with radial and axial heat flow are shown in Figure 8.5. In this figure, the temperature 
maximums along the z-axis according to the simulations are plotted together with the 
estimations for penetration depths d = 1 and 4 mm, and volumetric perfusion rates of 3.6, 
6.8 and 10 kg m-3 s-1. Figure 8.6 shows the radial locations of the simulated and estimated 
temperature maximums. Again, the estimations and the simulations correspond rather well, 
with exception of the situation Hb = 50 W m-2 °C-1 in combination with a large penetration 
depth.  
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Wb  
(kg m-3 s-1) d (mm) Tmax (°C) 

(simulated)
Tmax (°C) 
(estimated)

Deviation (%)
(w.r.t. Tart) 

rmax (mm) 
(simulated)

rmax (mm) 
(estimated) 

       3.6               1 44.82 44.72 -1.3 6.20 6.10 
       3.6               2 45.25 45.01 -2.8 6.85 6.60 
       3.6               3 45.45 45.13 -3.7 7.20 6.85 
       3.6               4 45.56 45.20 -4.2 7.35 7.00 
       6.8               1 44.16 44.03 -1.8 6.05 5.90 
       6.8               2 44.33 44.05 -3.9 6.65 6.30 
       6.8               3 44.43 44.04 -5.2 6.95 6.50 
       6.8               4   44.50 44.04 -6.0 7.15 6.60 
     10                  1 43.67 43.54 -2.0 5.90 5.75 
     10                  2 43.66 43.38 -4.3 6.45 6.05 
     10                  3 43.68 43.29 -5.8 6.75 6.20 
     10                  4 43.70 43.25 -6.7 6.95 6.30 

 
Table 8.2: Values of the simulated and estimated temperature maximums and corresponding locations,  

for penetration depths of 1-4 mm and volumetric perfusion rates of 3.6, 6.8 and 10 kg m-3 s-1
. 

 

8.3.4 Interstitial hyperthermia 
 

Single applicator 
 

Results for the simulation of a single interstitial applicator for a penetration depth of 0.5 
and 1 mm and volumetric perfusion rates of 6.8 and 10 kg m-3 s-1 are shown in Figure 8.7. 
The values of the simulated and estimated temperature maximums and locations are given 
in Table 8.3. The deviations are comparable to those of the intraluminal case. 
 
Multiple applicators 
 

Figure 8.8 shows results for the simulation of an interstitial applicator within an implant of 
multiple applicators for a penetration depth of 0.5 and 1 mm and volumetric perfusion rates 
of 6.8 and 10 kg m-3 s-1. The values of the simulated and estimated temperature maximums 
and locations are given in Table 8.4. The values in this table show that the method 
demonstrated in this chapter is well applicable to both intracavitary and interstitial 
hyperthermia. 
 

8.4 Discussion and conclusion 
 

Intraluminal applicators with integrated cooling to increase the effective penetration depth 
have been described in literature (Scheiblich and Petrowicz, 1982; Eppert et al., 1991; Yeh 
et al., 1994). However, a method to pursue optimal antenna regulation in absence of 
invasive temperature information was not reported yet. This chapter describes a method for 
estimating the temperature maximum and corresponding location in tissue heated by an 
intraluminal cylindrical applicator with incorporated water cooling system. The estimation 
method presented here was developed to estimate the temperature maximum with use of the 
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Figure 8.5: Simulations (S) and estimations (E) of the temperature maximums along the z-axis,  
for a penetration depth of 1 and 4 mm, with volumetric perfusion rates (Wb) of  
3.6, 6.8 and 10 kg m-3 s-1

.  
 
lumen wall temperature only, which is the only temperature value that can be measured 
non-invasively. As demonstrated, the principle is also applicable to interstitial heating 
systems. Furthermore, it can be adapted to be used for other cooling systems, such as air 
cooling. Application to non-cylindrical hyperthermia systems with a small penetration 
depth, such as superficial applicators with a penetration depth up to a few millimetres, 
might be possible, but for penetration depths of a few centimetres this method is not very 
likely to produce a reliable estimation of the temperature maximum.  

This study aimed to develop an estimation method which does not require a priori 
knowledge of the perfusion rate or patient specific anatomy. Tissue perfusion rates depend 
for instance on local response and are generally unknown in clinical applications. Usually 
thermal decay measurements are performed to obtain a rough estimate of the perfusion 
(Waterman et al., 1987) and this information could be used to obtain a more reliable  
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Figure 8.6: Simulated (S) and estimated (E) locations of the temperature maximums along the  
z-axis, for a penetration depth of 1 and 4 mm, with volumetric perfusion rates (Wb)  
of 3.6, 6.8 and 10 kg m-3 s-1

.  
 
estimation of the temperature maximum and its location. However, because of the active 
cooling applied here, thermal decay measurements will not provide useful information. 
Therefore, it is important to have a relatively robust estimation method, which does not 
require a priori knowledge of the perfusion rate. 

When a hollow cylinder of homogeneous tissue is assumed with no perfusion and only 
radial heat flow, the complete temperature profile can be reconstructed analytically from 
the inner wall temperature only. For the case with perfusion, finite difference simulations 
were carried out with various clinically relevant perfusion rates. The simulated inner wall 
temperature was used as if it were a measurement and was put into the analytical expression 
derived for the case without perfusion to obtain an estimation for the temperature maximum 
and the corresponding location. The simulated and estimated temperature maximums  
 



Chapter 8 

146 

37

38

39

40

41

42

43

44

45

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

T
em

pe
ra

tu
re

 (
o C

)

r (mm)

Penetration depth d=0.5 mm

Wb=6.8 (S)
Wb=6.8 (E)
Wb=10  (S)
Wb=10  (E)

 
 

37

38

39

40

41

42

43

44

45

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

T
em

pe
ra

tu
re

 (
o C

)

r (mm)

Penetration depth d=1 mm

Wb=6.8 (S)
Wb=6.8 (E)
Wb=10  (S)
Wb=10  (E)

 
 

Figure 8.7: Simulated temperature profiles (S) together with the estimated (E) curves for  
a single interstitial applicator. A penetration depth of 0.5 and 1 mm and volumetric  
perfusion rates (Wb) of 6.8 and 10 kg m-3 s-1 were used.  

 
correspond quite well for small penetration depths (~1 mm) and for larger penetration 
depths (up to 4 mm) these values differ still less than 10%. However, even small 
temperature differences (e.g. ~0.5 °C) can cause significant differences in thermal dose, 
since the thermal dose is exponentially dependent on temperature. The differences in 
location in the discussed examples are typically a few tenths of a millimetre. Deviations 
were larger for the situation Hb = 50 W m-2 °C-1 in combination with a large penetration 
depth. However, in this case both the simulated and estimated temperatures are clinically 
unacceptable, since temperatures are too high for hyperthermia purposes  
(> 45 °C). It is assumed that the estimation fails here because perfusion becomes relatively 
more important when Hb is low, especially when the penetration depth is large. 
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Wb  
(kg m-3 s-1) d (mm) Tmax (°C) 

(simulated)
Tmax (°C) 
(estimated)

Deviation (%) 
(w.r.t. Tart)  

rmax (mm) 
(simulated)

rmax (mm) 
(estimated) 

       6.8              0.5 45.97 45.96 -0.1 1.81 1.72 
       6.8              1.0 45.35 45.16 -2.2 2.44 2.26 
     10                 0.5 45.48 45.44 -0.4 1.72 1.72 
     10                 1.0 44.51 44.31 -2.6 2.26 2.08 

 
Table 8.3: Values of the simulated and estimated temperature maximums and corresponding locations in case 

of a single interstitial applicator, for penetration depths of 0.5 and 1 mm and volumetric perfusion 
rates of 6.8 and 10 kg m-3 s-1. 

 
With this estimation method, the estimated temperature profile is acceptable for small 

distances from the antenna up to the location of the temperature maximum; therefore, the 
antenna output can be adjusted to achieve a therapeutic range, but not exceeding a critical 
temperature. At locations beyond the temperature maximum, the estimated curves differ too 
much from the simulations to provide temperature information of use, so the effective 
penetration depth remains unknown. Consequently, this method will not predict T90 very 
accurately. T90 is an important parameter for the effect of therapeutic heating and is likely 
to be determined by the tumour temperatures at locations beyond the temperature 
maximum, especially for large tumours (i.e. penetrating far beyond r = b). Estimation of 
T90 would fail because the perfusion rate is unknown and deviations are larger beyond the 
position of the maximum; these deviations increase with increasing penetration depth (e.g. 
Figure 8.4 and Table 8.2). However, with this method the antenna output can be adjusted to 
provide optimal tumour heating and therefore T90 does become optimal, although no 
quantitative information on T90 is available. 

The effective penetration depth is larger than estimated with this method. The 
estimations of the maximum temperature and corresponding location are always under-
estimations and the simulated profiles are increasingly lower at locations beyond the 
temperature maximum. A possible explanation is the following. When perfusion is absent 
and the same heat transfer coefficient Hb is assumed as for the situation with perfusion, the 
resulting temperature profile, including the wall temperature T(a), would be much higher. 
As mentioned before, Hb is implicitly present in the measured wall temperature. The lower 
inner wall temperature from the simulation with perfusion was put in the analytical profile 
derived for the case without perfusion, and this automatically implies a larger heat transfer 
coefficient Hb for the latter, since without perfusion heat can only be removed at the outer 
wall. This explains why the estimated profiles are increasingly lower at locations beyond 
the temperature maximum. 

For simplicity, in the method described, the assumption of an ideal situation was made. 
The generated power was assumed to be homogeneous over the complete antenna length, 
but in practice the power distribution will be dependent on the location along the antenna. 
To obtain a reliable estimation of the temperature maximum, technical data of the heating 
system have to be known precisely, such that the penetration depth and the power 
distribution along the antenna are correctly known. Phantom measurements can be used to 
‘calibrate’ the method for a specific applicator. Furthermore, the spatial resolution of the 
measurements of the wall temperature should be high, since the power distribution (and 
thus the temperature maximum) depends on the location along the antenna. 
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Figure 8.8: Simulated temperature profiles (S) together with the estimated curves (E) for simulation  
of an interstitial applicator within an implant of multiple applicators. A penetration depth  
of 0.5 and 1 mm and volumetric perfusion rates (Wb) of 6.8 and 10 kg m-3 s-1 were used.  

 
Homogeneous tissue was assumed for the modelled cylinder, which might be realistic 

enough for application to the oesophagus. When heterogeneities are significant (e.g. a 
tumour growing in the oesophagus wall) the estimation will be less accurate, since for the 
situation without perfusion the analytical profile derived here will only correspond up to a 
small distance from the inner wall. Note that heterogeneities in neighbouring tissue, e.g. 
heart, aorta and lungs, will be translated into heterogeneities in the heat transfer coefficient 
Hb. 

Furthermore, several physical aspects were neglected, such as ohmic heating of the 
antenna, wall thickness of the water balloon and water flow return. Ohmic heating will 
result in power loss and if the extent of power loss is known from phantom measurements, 
this can be taken into account in the calculations. However, in general, it has no significant  
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Wb  
(kg m-3 s-1) d (mm) Tmax (°C) 

(simulated)
Tmax (°C) 
(estimated)

Deviation (%) 
(w.r.t. Tart)  

rmax (mm) 
(simulated)

Rmax (mm) 
(estimated) 

       6.8              0.5 46.74 46.67 -0.8 1.91 1.85 
       6.8              1.0 47.78 47.34 -4.1 3.02 2.63 
     10                 0.5 45.91 45.82 -0.9 1.78 1.72 
     10                 1.0 46.00 45.64 -4.0 2.56 2.30 

 
Table 8.4: Values of the simulated and estimated temperature maximums and corresponding locations for 

simulation of an interstitial applicator within an implant of multiple applicators, for penetration 
depths of 0.5 and 1 mm and volumetric perfusion rates of 6.8 and 10 kg m-3 s-1. 

 
effect on total tumour cooling (Eppert et al., 1991), so ohmic heating can be disregarded. 
The volume of the annulus through which the cooling water flows is assumed much larger 
than the volume of the very thin tube through which the water is flowing back, so water 
flow return will not have a strong influence. Wall thickness will also have some influence, 
but the wall of the water balloon is generally rather thin in proportion to the dimensions of 
the applicator, so its influence might be ignored. Nevertheless, with some adaptations it is 
possible to take these aspects into account in the simulations, but none will impair the 
principle described here. 

Verification of this method might be necessary to confirm the reliability of the obtained 
estimations. For a first impression phantom measurements can be performed, but for a 
complete verification in vivo measurements in animals (e.g. pig) are necessary. Once the 
reliability of this estimation method has been validated, it will provide a valuable tool to 
estimate temperature maximums and corresponding locations during intraluminal or 
intracavitary hyperthermia treatments. 
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Appendix: Heat transfer to circulating water 
 

At high flow rates, entrance effects of the cooling water are significant and should be taken 
into account with determination of the heat transfer coefficient Ha. This study considers the 
situation of water flowing through an annulus assuming a fully developed velocity profile. 
This problem has been solved in many variations by Lundberg et al. (1963). The heat 
transfer coefficient Ha is directly correlated to the dimensionless Nusselt number (Nu). The 
Nusselt number is related to the Stanton number (St), the Reynolds number (Re) and the 
Prandtl number (Pr) in the following way: 
 

PrReStNu ⋅⋅= ,                            (8.8A) 
 
where the Stanton number is defined as 
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with v the mean velocity of the circulating water (m s-1), ρw the density of water (kg m-3) 
and cw the specific heat capacity of water (J kg-1 °C-1). The Reynolds number is given by 
 

η
ρwhvDRe =≡

forces viscous
forces inertial ,                       (8.10A) 

 
with Dh the hydraulic diameter (m) of the annulus, defined as Dh = 2(ro-ri), with ri and ro 
the inner and outer radius, and η the viscosity of water (kg m-1 s-1). The Prandtl number is 
defined as 
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with kw (W m-1 °C-1) the thermal conductivity of water. 

Combining equations (8.9A), (8.10A) and (8.11A) results in an expression for the heat 
transfer coefficient Ha: 
 

h

w
a D

kNu
H = ,                      (8.12A) 

 
The value of the heat transfer coefficient Ha depends on flow properties, especially the 
velocity.  
 The heat flux over the outer wall is assumed to be constant and the inner wall is treated 
as insulated. The problem to be solved is an eigenvalue problem and by introducing a 
normalised axial position z+, which is defined as 
 

PrRe
Dz

z h/
=+ ,                       (8.13A) 

 
with z the axial position, the Nusselt number as function of z+ is given by Lundberg et al. 
(1963):  
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with Nu∞ the Nusselt number for a fully developed flow, Cn constants and Rn and λn the 
eigenfunctions and eigenvalues, respectively. The constants, eigenvalues and 
eigenfunctions in equation (8.14A) depend on the ratio of the inner and outer radius, 
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defined by r* = ri /ro. The outer radius ro is equal to a and the inner radius ri was chosen a/2, 
so r* = 0.5. Lundberg et al. describe a numerical procedure to find eigenvalues and for the 
problem discussed here they give the values of λ2

n
 and CnRn(1) for 1 ≤ n ≤ 4 as well as the 

Nusselt number for several values of z+. These values are shown in Tables 8.5A and 8.6A. 
For a fully developed flow Nu = 5.0365; this value is somewhat higher than for a tube 
(which is a limiting form of an annulus) with a constant heat flux over the wall and fully 
developed flow (Nu = 4.36) (Kays and Crawford, 1980). 
 

  n          λ2
n         CnRn(1) 

1    55.0615 -0.089811 
2  195.686 -0.029807 
3  421.048 -0.015431 
4  731.082 -0.009633 

 
Table 8.5A: Values of λ2

n
 and CnRn(1) for 1 ≤ n ≤ 4 with r* = 0.5. 

 
  

z+ Nu(z+) 
0.0001  30.8 
0.00015 26.8 
0.00025 22.6 
0.0005 17.9 
0.001 14.21 
0.0015 12.45 
0.0025 10.57 
0.005   8.547 
0.010   7.0265 
0.015   6.3445 
0.025   5.6931 
0.05   5.1861 
0.10   5.0458 
0.25   5.0365 
  ∞   5.0365 

 
    Table 8.6A: Values of the Nusselt number for various values of z+, for r* = 0.5. 

 
 

Since the exponential part of equation (8.14A) converges rapidly to zero, the values 
given in Table 8.5A are sufficient to calculate the Nusselt number accurately for z+ > 
0.0025 (calculation with these values gives Nu(0.0025) = 10.52). For 0.0001 ≤ z+ ≤ 0.0025 
the values in Table 8.6A were used with linear interpolation and for z+ ≤ 0.0001 the Nusselt 
number was estimated with use of the analytical formula for a tube (Kays and Crawford, 
1980), scaled by a factor 5.0365/4.36.  

The properties of water at 41 °C used were: kw = 0.6 W m-1 °C-1, ρw= 992 kg m-3, cw = 
4180 J kg-1 °C-1 and η = 6.53⋅10-4 kg m-1 s-1. For intraluminal application, the water 
temperature was assumed to remain nearly constant with a flow velocity of 10 cm s-1. The 
outer radius a is equal to 0.005 m, which results in a hydraulic diameter Dh of 0.005 m. 
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With these values Pr = 4.55 and Re = 759.6, which means that the flow is laminar since  
Re ≤ 2300 and as Pr > 1 the velocity profile develops faster than the temperature profile, 
justifying the assumption of a fully developed velocity profile. The cylinder in Figure 8.1 
(b) was heated over a length of 8 cm and cooled over 10 cm. To determine the mean heat 
transfer coefficient over the heated section, the mean Nusselt number Num was calculated 
over this section by integrating equation (8.15A) numerically. 
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Heating the section 0.01 ≤ z ≤ 0.09 is equivalent to 5.8⋅10-4 ≤ z+ ≤ 5.2⋅10-3, which gives  
Num ≈ 10.8. Finally, applying equation (8.12A) results in Ha ≈ 1300 W m-2 °C-1. For the 2D 
simulations the local Nusselt number as a function of z+ was used. 
 For interstitial application a flow velocity of 1 m s-1 was used. The outer radius a is 
equal to 0.001 m, which results in a hydraulic diameter Dh of 0.001 m and a Reynolds 
number Re = 1519. Assuming the section 0.01 ≤ z ≤ 0.06 (or 1.4⋅10-3 ≤ z+ ≤ 8.7⋅10-3) is 
heated and applying the same procedure results in a mean Nusselt number Num ≈ 8.9, which 
leads to a mean heat transfer coefficient Ha ≈ 5350 W m-2 °C-1. 
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N THIS thesis the research performed on computer simulations for locoregional 
hyperthermia as well as intraluminal heating is described. Aim is to develop a dual 

modality hyperthermia technique for treatment of cancer at the oesophagus and other 
intracavitary locations, which is expected to improve tumour temperatures and clinical 
outcome. 
 

9.1 Summary 
 

Hyperthermia is the application of elevated temperatures (41 - 45 °C) to tumour tissue. A 
frequently used technique is locoregional hyperthermia, which makes use of an external 
heating device. An increase of normal tissue temperatures is therefore unavoidable.  

Hyperthermia enhances the effect of radiotherapy and chemotherapy, but clinical 
outcome is strongly dependent on the achieved tumour temperatures. The goal tumour 
temperature is usually 43 °C for one hour, but it can be difficult to achieve such 
temperatures due to the occurrence of treatment limiting hot spots in normal tissue and 
systemic stress at high power. Systemic stress is defined as either a systemic temperature 
above 40 °C, a heart rate above 150 bpm, an abnormal blood pressure or ‘general 
discomfort’. For oesophageal tumours it is difficult to achieve the pursued tumour 
temperatures by locoregional hyperthermia due to the neighbouring heart, lungs and aorta. 
The heart and aorta have an extremely high blood flow (perfusion). This blood flow induces 
cooling, since the blood has a lower temperature than the heated tissue. The lungs also 
provide cooling in the target region due to continuous breathing. Furthermore, prudence is 
needed to prevent neurological toxicity due to overheating of the spinal cord, which is close 
to the oesophagus.  

An alternative approach is intraluminal hyperthermia. However, intraluminal heating is 
not suitable for large tumours, due to the small penetration depth, i.e. the depth at which a 
relevant temperature rise is still achieved. For large tumours, which penetrate a few 
centimetres in tissue, parts of the tumour will therefore not reach temperatures in the 
therapeutic range. Heating of oesophageal tumours can be improved by combining 
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locoregional and intraluminal hyperthermia. With such a combined technique, higher 
tumour temperatures will be achieved compared to locoregional hyperthermia alone. 
Furthermore, the temperature distribution in the tumour will be more homogeneous 
compared to intraluminal heating alone.  

Hyperthermia treatment planning includes the calculation of the electric field (E-field) 
distribution and the corresponding power distribution in the patient, temperature 
calculations and treatment optimisation. This thesis describes the research performed on 
treatment planning for locoregional hyperthermia as well as intraluminal heating for the 
development of a dual modality hyperthermia technique.  

 
Chapter 1 is a general introduction into hyperthermia. An extensive overview of 
hyperthermia techniques and some clinical results from literature are presented. 

Furthermore, an introduction into hyperthermia treatment planning is presented. Different 
techniques are described to calculate the electric fields and corresponding temperature 
distribution. An overview of existing treatment planning systems for hyperthermia is given 
and some applications of treatment planning are mentioned. 

 
In chapter 2 hyperthermia treatment planning as performed at the AMC is described. 
In 2002 the treatment planning system based on WF-CGFFT was replaced by the 

FDTD-based planning system developed at the University Medical Center Utrecht. The 
AMC-4 waveguide system was implemented in this planning system. This implementation 
is verified in chapter 2 by comparison of E-field and Specific Absorption Rate (SAR) 
measurements and calculations in tissue-equivalent phantoms. Deviations between 
measurements and calculations are comparable to the measurement accuracy in the 
transversal midplane of the phantom and slightly larger in the sagittal midplane.  

Multi-antenna hyperthermia systems such as the AMC-4 waveguide system have a large 
number of degrees of freedom; every applicator has an adjustable amplitudes and phase. 
Therefore, it is difficult to find antenna settings for optimal tumour heating by intuition. 
Treatment planning can help to find optimal antenna settings. For this purpose, an efficient 
temperature based optimisation method was implemented in the planning system. An 
objective function is used to maximise the tumour temperature, subject to user-defined 
constraints to normal tissue temperatures. The influence of the choice of the objective 
function and normal tissue constraints on the prescribed antenna settings and the 
corresponding steady state temperature distribution is investigated. Constraints to normal 
tissue temperatures are varied from 42 °C to 45 °C and an additional constraint of 40 °C to 
the spinal cord temperature is examined. A tumour temperature of 43 °C is pursued by 
minimising the difference from 43 °C, summed over all tumour points with a temperature 
below 43 °C. Another strategy maximises the tumour temperature by minimising the sum 
of all normal tissue temperatures, divided by the sum of all tumour temperatures. It is 
concluded that the results of temperature based phase/amplitude optimisation are strongly 
dependent on the normal tissue constrains and to a lesser degree on the objective function to 
be optimised.  

 
In chapter 3 the verification of hyperthermia treatment planning using invasive 
thermometry for 7 patients with a cervix uteri carcinoma is presented. Temperatures 
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are measured intracavitarily in the vagina and invasively in the tumour. At the start of 
treatment the temperature rise after a short power pulse is measured. The initial temperature 
rise is proportional to the absorbed power (SAR), since heat removal by conduction and 
perfusion can be neglected during this short power pulse. The absorbed power distribution 
is calculated with the FDTD-based treatment planning system using a pre-treatment CT 
scan in treatment position with the thermometry catheters in situ as input data. The catheter 
tracks in the calculated SAR distribution are reconstructed from the CT scan to compare 
measurements and calculations.  

Measured temperatures are strongly dependent on tissue contact of the catheters. Air 
between tissue and thermometry probes, which results in bad thermal contact, should be 
avoided. Despite the use of gynaecological tampon to pursue optimal tissue contact, it 
appears difficult to avoid remaining air between tissue and the thermometry probes. Bad 
thermal contact with tissue results in extremely high temperature rise measurements  
(~1 - 1.8 °C). These high temperature rises appear erroneous and are difficult to correlate 
with simulation results. On average, the correlation between measurements and simulations 
is 0.56 ± 0.28 (mean ± SD). A good correlation (R = 0.70 - 0.90) is found in cases of good 
thermal contact. Thus, it is concluded that problems for accurate verification are clinical of 
nature and mainly caused by sub-optimal tissue contact.  

 
The problems encountered in the verification study of chapter 3 cause doubt about the 
reliability of intracavitary temperature measurements. Chapter 4 reports a study on the 

impact of dielectric and thermal contact of thermometry probes with tissue on the measured 
temperatures. The reliability of intracavitary temperature measurements is examined by 
means of phantom measurements and a numerical model. The extent of thermal contact is 
varied. The tissue-equivalent phantom contains a hollow tube over the entire length. A 
thermocouple probe is placed centrally in the tube, which is filled with 1) air, 2) distilled 
water or 3) saline solution. The temperature rise after a short power pulse of the AMC-4 
waveguide system is measured. The numerical model represents a generalised and idealised 
regional hyperthermia situation. A thermometry probe in a cavity is modelled. This cavity 
is modelled after the properties in the phantom experiments and the temperature rise after a 
short power pulse is calculated. Both measurements and simulations show very high 
temperature rises in case of air. These high temperature rises are artefacts due to bad 
thermal contact and do not represent the temperature rise in the surrounding medium. This 
conclusion explains the artefacts observed in the verification study. 

 
In chapter 5 a strategy to perform temperature based optimisation at high resolution is 
presented. It is shown that high resolution computations are necessary, since 

temperature distributions at low and high resolution can be quite different. Hot spots at high 
resolution can be missed at low resolution and hot spots detected at low resolution might be 
artificial. Present-day computer limitations hamper direct E-field calculations at high 
resolution. In Utrecht, a quasi-static zooming technique has been developed to calculate the 
power distribution at high resolution. The high resolution power distribution is determined 
using the low resolution E-field distribution and the high resolution anatomy. The 
implementation of high resolution optimisation is not straightforward, since phase 
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information at high resolution is not preserved by quasi-static zooming, so the E-fields 
required for direct high resolution optimisation are not available.  

In chapter 5 quasi-static zooming is combined with the temperature based optimisation 
technique mentioned in chapter 2. First, an optimisation at low resolution (1 cm) is 
performed and the prescribed settings are used to calculate the corresponding high 
resolution temperature distribution. Next, a high resolution (2 mm) optimisation is 
performed and the new high resolution temperature distributions during the optimisation 
process are estimated using previous calculations. The estimation assumes that high and 
low resolution temperature distributions, though strongly different, respond in a similar way 
to phase/amplitude steering. To verify the prescribed settings at high resolution, the 
corresponding high resolution temperature distribution is calculated. Deviations between 
estimated and calculated temperatures are typically smaller than 0.2 °C in the volume of 
interest, which is accurate enough for treatment planning purposes. Thus, despite computer 
limitations temperature based phase/amplitude optimisation is possible at high resolution. 
This provides antenna settings for optimal tumour heating, without overheating normal 
tissue. 

 
In chapter 6 the strategy for high resolution temperature based optimisation as 
presented in chapter 5 is applied to 16 patients with oesophageal cancer. Clinical 

applications of hyperthermia treatment planning described in literature are of retrospective 
nature. In this study prospective treatment planning is applied and the prescribed settings 
are tested at the start of 48 hyperthermia treatment sessions in these 16 patients. The 
temperature rise after a short power pulse is measured at the tumour and in the back 
musculature near the spinal cord for three different settings of the AMC-4 system. These 
locations are clinically relevant since the tumour is the target area and overheating of the 
spinal cord should be prevented. The temperature rises measured with the optimised 
amplitudes and phases are compared with the temperature rises achieved with the standard 
clinical settings and with the calculated amplitudes and clinical phases, the so-called mixed 
settings. The hyperthermia treatments are then performed with the clinical settings. The 
temperature rises (ΔT) and the ratio between the temperature rise at the tumour and near the 
spinal cord (ΔT-ratio) are used to determine the heating efficiency. The ΔT-ratios are not 
significantly different for the three settings. The temperature rises at the oesophagus and 
near the spinal cord are highest for the mixed settings. Thus, the most effective tumour 
heating can be achieved with the mixed settings. The mixed settings are not prescribed by 
the optimisation procedure, because the optimisation has to comply with the constraints set 
to normal tissue temperatures. However, predicted hot spots (i.e. small regions in normal 
tissue with very high temperatures) in the calculated steady state temperature distributions 
for the clinical and mixed settings are not necessarily clinically relevant, since pain 
complaints generally do not occur in clinical practice. It is concluded that treatment 
planning can help to improve hyperthermia treatments, but a thorough discussion on 
clinically relevant objectives and constraints for optimisation remains essential. 

 
In chapter 7 several intraluminal hyperthermia techniques for heating oesophageal 
tumours are compared using numerical simulations. Important characteristics of an 

intraluminal heating device include penetration depth and possibilities of axial steering. 
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Furthermore, it is important to achieve a temperature distribution as homogeneous as 
possible in the target volume. A balloon with circulating hot water, a 434 MHz monopole 
antenna, a 915 MHz dipole antenna and a 27 MHz device consisting of one or two electrode 
segments are compared. All applicators have a length of 8 cm and a diameter of 1 cm. To 
improve the penetration depth of the 434 and 915 MHz devices, active cooling of the 
applicator surface using water or air is applied. The penetration depth and homogeneity of 
the SAR and temperature distributions are compared. The homogeneity is determined over 
an annulus around the applicator with an inner radius of 0.5 cm and an outer radius of 1 and 
1.5 cm. Axial steering, which is important to compensate for inhomogeneities in tissue 
properties and/or perfusion, is also examined.  
 The hot water balloon shows a rather homogeneous heat emission in axial direction, 
albeit with a small penetration depth, which limits the temperature homogeneity over a 
larger target volume. The temperature distribution is not affected by inhomogeneities in 
dielectric tissue properties, which makes a hot water balloon a rather robust device. The 
434 and 915 MHz applicators with integrated cooling show a better penetration. Water 
cooled antennas have a lower penetration than air cooled applicators due to the high 
permittivity of water. The 434 MHz air cooled monopole shows a more homogeneous 
temperature distribution than the 915 MHz dipole. However, these devices lack axial 
steering. The 27 MHz current source device shows an intermediate penetration depth. A 
major advantage of a 27 MHz current source device is the possibility of axial steering. It is 
shown that, despite tissue inhomogeneities, a homogeneous temperature distribution can be 
maintained by axial steering with multiple electrodes. Thus, for larger tumours a 27 MHz 
applicator has the best potential to realise a homogeneous temperature distribution, while a 
hot water balloon is sufficient for tumours with a small infiltration in tissue.  

 
Tumour temperatures are preferably measured intraluminally and not invasively, to 
avoid tumour implant risks for the patient. When intraluminal applicators with 

incorporated cooling are applied, the temperature maximum is shifted from the oesophageal 
wall to a deeper location in tumour tissue. For treatment control purposes, it is necessary to 
know the maximum temperature and the corresponding location, i.e. depth of the 
temperature maximum. With intraluminal temperature measurements the maximum 
temperature and corresponding location remain generally unknown. In chapter 8 a method 
to estimate the maximum temperature and the corresponding location using the measured 
lumen wall temperature is described.  
 A hollow cylinder of homogeneous tissue is modelled to be heated by an intraluminal 
applicator with a diameter of 1 cm and incorporated cooling. When only radial heat flow 
and no perfusion are assumed, an analytical expression for the temperature profile can be 
derived, such that the complete temperature profile can be reconstructed using only the 
lumen wall temperature. For situations with perfusion, the inner wall temperature resulting 
from finite difference simulations is put into the analytical expression to obtain an 
estimation for the maximum temperature and the corresponding location. Deviations 
between simulated and estimated temperature maxima are less than 10% (with respect to 
the basal body temperature) and the difference in location is typically smaller than half a 
millimetre. Heterogeneities in neighbouring tissue outside the modelled tissue cylinder are 
translated into heterogeneities in the heat transfer coefficient at the outer wall of the tissue 
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cylinder. These heterogeneities in heat transfer are also reflected in the measured lumen 
wall temperature and are thus implicitly taken into account in the estimation technique. 
Furthermore, this estimation method does not require a priori knowledge of the perfusion 
nor invasive temperature measurements, which makes it robust and easily applicable in the 
clinic. 
 

9.2 Discussion and future work 
 

Reliable hyperthermia treatment planning will be very useful in clinical practise. 
Temperature measurements during hyperthermia treatments are used to establish and 
maintain tumour temperatures in the clinically relevant range and to quantify the treatment 
in terms of thermal dose. Continuous measurements are important since the tissue 
properties, and especially tissue perfusion, are temperature dependent. Changes in tissue 
properties will affect the temperature distribution. Temperature measurements are often 
invasive and limited to a few measurement probes in the tumour and critical normal tissue 
locations. Non-invasive techniques to view a full 3D temperature distribution during 
hyperthermia treatments, such as MRI, are emerging (Clegg et al., 1995; Hekmatyar et al., 
2002; Hoffmann et al., 2002), but not yet easily applicable in the clinic. To apply MRI 
thermometry during treatments, the hyperthermia system has to be compatible with the 
MRI scanner, which is often a problem due to metal structures in the hyperthermia system. 
Using 3D MRI thermometry it would become possible to adjust antenna settings in reaction 
to actual temperature changes. However, MRI thermometry is not yet accurate enough to 
replace the customary invasive thermometry and, if it were accurate enough, obtaining 
optimal treatment settings by intuition is still nearly impossible with a large number of 
antennas. Furthermore, most hyperthermia systems, among which the AMC-4 waveguide 
system, are incompatible with MRI. Therefore, hyperthermia treatment planning remains a 
very useful tool to compare the effectiveness of different antenna settings and to obtain 
information about the 3D power and temperature distribution. 

In recent years, much research has been performed to improve the accuracy and 
reliability of hyperthermia treatment planning. Electromagnetic and thermal simulation 
methods have been validated and were found to be reliable. Despite these successful efforts, 
hyperthermia treatment planning is still not applied prospectively in the clinic to prescribe a 
treatment plan such as radiotherapy treatment planning. This is due to the fact that 
computational results are strongly dependent on the input, i.e. the dielectric and thermal 
tissue properties. This input is the main bottleneck in reliable clinical application of 
treatment planning. In the treatment planning studies described in this thesis dielectric and 
thermal properties for different tissue types are obtained from literature, but these values 
show a large spread and may be different for individual patients. Dielectric imaging 
techniques to obtain patient specific information about the dielectric properties are 
emerging (Farace et al., 1997; Van Wieringen et al., 1998; Mazzurana et al., 2003). A 
water content map obtained by MR imaging can be used to determine the permittivity and 
conductivity. It would be interesting to explore the differences in calculated SAR 
distributions when literature values or patient specific values obtained using MRI are used. 



Summary and discussion 

 159 

Such a study on the influence of substantial dielectric tissue properties is about to start at 
the AMC. 

Clinical verification of treatment planning using in vivo measurements is essential. The 
clinical verification study described in chapter 5 of this thesis was hampered by sub-optimal 
contact between thermometry catheters and tissue, which resulted in unreliable SAR 
measurements. In spite of these difficulties, for cases with optimal tissue contact a good 
correlation between measurements and simulations was found. A new verification study is 
planned at the AMC using extended invasive thermometry to obtain more reliable 
measurements for comparison with simulations. Additional subcutaneous thermometry 
probes will be used at relevant locations, which can be determined using treatment planning 
and a pre-treatment CT scan of the patient. This new study should provide more insight in 
the clinical reliability of SAR calculations.  

Once the calculated SAR distribution has been validated, the reliability of the calculated 
temperature distribution has to be examined. Perfusion is the least certain parameter in 
temperature calculations. The main difficulty is that perfusion is strongly temperature 
dependent. Contrast enhanced multi-slice CT techniques (Van den Berg et al., 2006) to 
obtain a complete 3D perfusion map are excellent, but provide perfusion values under 
normothermic conditions, which are generally much lower than perfusion values under 
hyperthermic conditions. To estimate the effective perfusion under hyperthermic 
conditions, thermal decay measurements at the end of treatment can be used (Waterman et 
al., 1987; Diederich et al., 1989; Van Vulpen et al., 2002b). The temperature decay when 
power is switched off is a measure for the effective tissue perfusion at the measurement 
location. Using this estimated perfusion the calculated steady state temperature distribution 
can be compared with measurements during treatments.  

To further improve the accuracy of thermal computations, the thermal impact of large 
vessels has to be incorporated as well. The perfusion rate in organs can be very 
inhomogeneous, as shown by Van den Berg et al. (2006) for the prostate. It was 
demonstrated that inclusion of the prostate vasculature and a complete perfusion map 
results in significantly lower calculated temperatures compared to the results from a heat 
sink model with a constant prostate perfusion. The inhomogeneity of the perfusion rate has 
to be examined for various tumour types as well (e.g. oesophagus, bladder and tumours of 
the cervix uteri). In the study of Van den Berg et al. perfusion values under normothermic 
conditions were obtained from contrast enhanced multi-slice CT imaging. Possibly, the 
discrete vasculature determined using this technique can also be used in combination with 
the information about blood flow during hyperthermia treatments as obtained from thermal 
decay measurements. 
 
Besides treatment planning, the heating device itself is also subject of investigation and 
development in order to improve hyperthermia treatments. Recently, the AMC-8 
waveguide system has become clinically operational (Crezee et al., 2006). This device is an 
upgrade of the AMC-4 system and consists of two rings of four waveguides, providing the 
possibility of 3D power steering, while the AMC-4 system is only capable of 2D steering. 
However, the use of more antennas also implies more degrees of freedom and thus more 
difficulties in finding optimal settings by intuition. Furthermore, the distance between the 
two rings can also be varied, which is an additional degree of freedom. Treatment planning 
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is a very useful tool to explore the possibilities of steering in patient anatomies and to make 
optimal use of the 3D control properties. Treatment planning can assist in selecting the 
optimal phase/amplitude settings for the eight waveguides. A research project on 
optimisation of regional hyperthermia using the AMC-8 system and advanced treatment 
planning techniques has started in October 2006. This project is also funded by the Dutch 
Cancer Society.  
 Several prototypes of intraluminal heating devices were constructed for the 
development of a dual modality heating technique for oesophageal tumours (Van Haaren et 
al., 2006b). The clinical value of a hot water balloon combined with locoregional heating is 
currently under investigation. From chapter 7 it has been concluded that a 27 MHz current 
source device has the best potential to realise a rather homogeneous temperature 
distribution for larger tumours. Therefore, an intraluminal 27 MHz device will also be 
developed and tested in the near future. 
 
Although hyperthermia treatment planning is not yet accurate enough to indisputably 
prescribe clinically optimal settings, it can be valuable for improving clinical treatments. 
Treatment planning helps to obtain more insight in the steering capabilities in realistic 
patient geometries and to select antenna settings more objectively. This will lead to higher 
tumour temperature levels, which in turn are likely to improve clinical outcome. The 
relation between tumour temperature and clinical outcome has been confirmed. For 
example, Overgaard et al. (1996) observed a significant dose-response relationship for the 
heat effect for malignant melanoma. Clinical data of 54 patients treated with hyperthermia 
showed a 5 year local control of 54% for patients with a high thermal dose (> 76 equivalent 
minutes at 43 °C), compared to 36% for patients with a lower thermal dose. Preliminary 
results from locoregional hyperthermia treatment of oesophageal cancer (Hulshof et al., 
2006) showed a trend between thermal dose and histological response. Hulshof et al. 
included 29 patients and the patients with a complete remission had on average a minimum 
tumour temperature of about 0.5 °C higher (~39 °C) compared to patients who had a partial 
remission (~38.5 °C). 

Thus, clinical outcome depends on the achieved tumour temperatures. When treatment 
planning and more advanced hyperthermia techniques can help to improve the tumour 
temperatures, this improvement will be reflected in the clinical response rate. 
Consequently, it is worthwhile to further improve the accuracy and reliability of 
hyperthermia treatment planning systems and to develop more sophisticated hyperthermia 
techniques.  
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N DIT proefschrift wordt het onderzoek beschreven dat is gedaan op het gebied van 
computersimulaties voor locoregionale en intraluminale hyperthermie. Het doel is om 

een gecombineerde verwarmingstechniek te ontwikkelen voor de behandeling van kanker 
in de slokdarm en andere intracavitaire locaties. Naar verwachting zullen hiermee hogere 
tumortemperaturen en betere klinische resultaten bereikt worden.  
 

10.1 Samenvatting 
 

Hyperthermie is de therapeutische toepassing van hoge temperaturen (41 - 45 °C) in 
tumorweefsel. Een veel gebruikte techniek is locoregionale hyperthermie, waarbij antennes 
om het lichaam geplaatst worden die voor een opwarming in de tumor zorgen. Hierdoor is 
enige stijging van de temperatuur in gezond weefsel onvermijdelijk.  

Hyperthermie versterkt het effect van radiotherapie en chemotherapie, maar de klinische 
resultaten zijn sterk afhankelijk van de behaalde tumortemperaturen. De streeftemperatuur 
voor de tumor is doorgaans 43 °C voor een periode van een uur, maar het bereiken van 
dergelijke temperaturen kan worden bemoeilijkt omdat het optreden van lokale 
oververhitting in gezond weefsel (hot spots) moet worden vermeden. Verder kan 
systemische stress ook een beperking zijn om de gewenste tumortemperaturen te behalen. 
Er is sprake van systemische stress als de lichaamstemperatuur boven 40 °C stijgt, als de 
hartslag boven 150 slagen per minuut komt, bij een sterk afwijkende bloeddruk of bij een 
algemeen gevoel van onbehagen van de patiënt. Voor patiënten met slokdarmkanker is het 
lastig om goede tumortemperaturen te behalen en te handhaven door de nabijheid van het 
hart, de longen en de aorta. Het hart en de aorta hebben een grote bloeddoorstroming 
(perfusie). Dit leidt tot koeling aangezien dit bloed een lagere temperatuur heeft dan het 
opgewarmde weefsel. De longen zorgen ook voor koeling in het doelgebied door de 
continue ademhaling. Bovendien is extra voorzichtigheid geboden om neurotoxiciteit ten 
gevolge van oververhitting van het ruggenmerg te voorkomen bij locoregionale 
verwarming van slokdarmtumoren.  
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Een alternatief voor locoregionale hyperthermie bij slokdarmtumoren is intraluminale 
verwarming. Hierbij is sprake van alleen lokale opwarming vanuit de slokdarm. Zulke 
technieken zijn vanwege de beperkte indringdiepte echter niet geschikt voor grotere 
tumoren. De indringdiepte is de diepte in het weefsel waarop nog een relevante opwarming 
gerealiseerd wordt. Voor grotere tumoren die een paar centimeter in het omliggende 
weefsel zijn geïnfiltreerd, zullen delen van de tumor mogelijk niet worden verwarmd tot 
temperaturen in de therapeutische range. Hyperthermie van slokdarmtumoren kan worden 
verbeterd door locoregionale en intraluminale hyperthermie te combineren. Met een 
gecombineerde techniek zullen hogere temperaturen worden bereikt dan met alleen 
locoregionale verwarming en bovendien zal de temperatuurverdeling homogener zijn in 
vergelijking met alleen intraluminale hyperthermie. 

Hyperthermiebehandelingsplanning betreft berekening van de elektrische veldverdeling 
en de bijbehorende vermogensverdeling in de patiënt, temperatuurberekeningen en 
optimalisatie van behandelingen. Dit proefschrift beschrijft het onderzoek dat is gedaan 
naar behandelingsplanning voor locoregionale en intraluminale hyperthermie ten behoeve 
van de ontwikkeling van een gecombineerde hyperthermietechniek.  

 
Hoofdstuk 1 betreft een algemene introductie over hyperthermie. Een uitgebreid 
overzicht van hyperthermietechnieken wordt gepresenteerd, alsmede een aantal 

klinische resultaten uit de literatuur. Daarna volgt een introductie over hyperthermie-
behandelingsplanning. Verschillende technieken worden beschreven om de elektrische 
veldverdeling en de bijbehorende temperatuurverdeling te berekenen. Er wordt een 
overzicht gegeven van bestaande systemen voor hyperthermiebehandelingsplanning en een 
aantal toepassingen van behandelingsplanning worden genoemd. 

 
In hoofdstuk 2 staat beschreven hoe hyperthermiebehandelingsplanningen worden 
uitgevoerd in het AMC. In 2002 is het behandelingsplanningssysteem gebaseerd op 

de WF-CGFFT methode vervangen door het planningssysteem dat is ontwikkeld in het 
Universitair Medisch Centrum Utrecht. Dit planningssysteem maakt gebruik van de Finite 
Difference Time Domain methode. Het AMC-4 hyperthermiesysteem is geïmplementeerd 
in dit planningssysteem. Deze implementatie wordt geverifieerd in hoofdstuk 2 door 
berekeningen en metingen van zowel elektrische velden als vermogensabsorptie (SAR) in 
weefsel-equivalente fantomen met elkaar te vergelijken. De afwijkingen tussen metingen en 
berekeningen zijn in het transversale middenvlak vergelijkbaar met de meetnauw-
keurigheid. In het sagittale middenvlak zijn de verschillen iets groter.  

Hyperthermiesystemen met meerdere antennes, zoals het AMC-4 systeem, hebben een 
groot aantal vrijheidsgraden. Elke antenne heeft een amplitude en fase die afzonderlijk is in 
te stellen. Daarom is het lastig om intuïtief de optimale instellingen te vinden. 
Hyperthermiebehandelingsplanning kan helpen om optimale instellingen te vinden. Voor 
dit doel is een efficiënte temperatuur gebaseerde optimalisatiemethode in het plannings-
systeem geïmplementeerd. Er wordt hierbij een doelstellingsfunctie gebruikt om the 
tumortemperatuur te maximaliseren, rekening houdend met door de gebruiker gedefinieerde 
beperkingen voor de temperaturen van normaal weefsel. De invloed van de keuze van het 
type doelstellingsfunctie en de keuze van de beperkingen voor de temperaturen van 
normaal weefsel op de voorgeschreven antenne-instellingen en de bijbehorende 
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temperatuurverdelingen wordt onderzocht. De beperkingen voor de temperaturen van 
gezond weefsel worden gevarieerd van 42 °C tot 45 °C en een extra beperking van 40 °C 
wordt opgelegd voor de temperatuur van het ruggenmerg. Een tumortemperatuur van 43 °C 
wordt nagestreefd door het verschil met 43 °C te minimaliseren, gesommeerd over alle 
tumorpunten met een temperatuur lager dan 43 °C. Een andere strategie maximaliseert de 
tumortemperatuur door de som van alle gezonde weefseltemperaturen gedeeld door de som 
van alle tumortemperaturen te minimaliseren. De conclusie is dat de resultaten van 
temperatuur gebaseerde fase/amplitude optimalisatie voornamelijk afhankelijk zijn van de 
opgelegde beperkingen aan de temperaturen van gezond weefsel en in mindere mate van de 
te optimaliseren doelstellingsfunctie.  

 
In hoofdstuk 3 wordt de verificatie van hyperthermiebehandelingsplanning 
beschreven, gebruik makend van invasieve thermometrie bij 7 patiënten met 

baarmoederhalskanker. De temperaturen worden intracavitair in de vagina en invasief in de 
tumor gemeten. Aan het begin van de behandeling wordt de temperatuurstijging na een 
korte vermogenspuls gemeten. De initiële temperatuurstijging is evenredig met het 
geabsorbeerde vermogen (SAR), aangezien warmteafvoer door conductie en perfusie 
verwaarloosd kan worden tijdens deze korte vermogenspuls. Het geabsorbeerde vermogen 
wordt berekend met het behandelingsplanningssysteem, gebruik makend van de 
anatomische gegevens van een CT scan die voorafgaand aan de behandeling is gemaakt. 
Deze scan is gemaakt in behandelpositie met de thermometriecatheters in situ. Het traject 
van de catheters in de berekende SAR-verdeling wordt gereconstrueerd met behulp van de 
CT scan om meting en berekening te kunnen vergelijken.  

De gemeten temperaturen zijn sterk afhankelijk van het weefselcontact van de catheters. 
Lucht tussen het weefsel en de thermometriecatheters dient vermeden te worden, omdat dit 
leidt tot slecht thermisch contact. Ondanks het gebruik van een gynaecologische tampon om 
optimaal weefselcontact te bewerkstelligen, blijkt het toch moeilijk te zijn om lucht tussen 
het weefsel en de thermometriecatheters altijd volledig te vermijden. Slecht thermisch 
contact met het weefsel leidt tot extreem hoge gemeten temperatuurstijgingen (~ 1-1.8 °C). 
Deze hoge temperatuurstijgingen blijken niet de werkelijke weefseltemperaturen te 
representeren en zijn dan ook moeilijk te correleren met de berekeningen. Gemiddeld is de 
correlatie tussen metingen en berekeningen 0.56 ± 0.28 (gemiddelde ± SD). In de gevallen 
waarbij het thermisch contact goed is, is er een sterke correlatie (R = 0.70 - 0.90). 
Problemen voor een goede verificatie zijn dus hoofdzakelijk van klinische aard en worden 
voornamelijk veroorzaakt door suboptimaal weefselcontact met de thermometriecatheters.  

 
De problemen die zich in de verificatiestudie van hoofdstuk 3 hebben voorgedaan, 
leiden tot enige twijfel over de betrouwbaarheid van intracavitaire temperatuur-

metingen. In hoofdstuk 4 wordt onderzocht wat de impact is van diëlectrisch en thermisch 
contact van thermometriecatheters met het weefsel op de gemeten temperaturen. De 
betrouwbaarheid van intracavitaire metingen wordt onderzocht met behulp van 
fantoommetingen en computersimulaties. De mate van thermisch contact wordt hierbij 
gevarieerd. Het weefsel-equivalente fantoom heeft als caviteit een holle pijp over de gehele 
lengte, waarin in het midden een thermokoppelprobe wordt geplaatst. De pijp is gevuld met 
1) lucht, 2) gedistilleerd water of 3) zoutoplossing. De temperatuurstijging wordt gemeten 
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na een korte vermogenspuls van het AMC-4 systeem. Het gebruikte computermodel 
representeert een gegeneraliseerde en geïdealiseerde regionale hyperthermiesituatie. Er 
wordt een thermometrieprobe in een caviteit gemodelleerd. Voor de caviteit worden de 
eigenschappen gemodelleerd zoals in de fantoomexperimenten en de temperatuurstijging na 
een korte vermogenspuls wordt berekend. Zowel metingen als berekeningen geven zeer 
hoge temperatuurstijgingen als resultaat in het geval van een caviteit met lucht. Deze hoge 
temperatuurstijgingen zijn artefacten veroorzaakt door slecht thermisch contact en 
representeren niet de werkelijke temperatuurstijging in het omliggende medium. Deze 
conclusie verklaart de artefacten die optraden bij de verificatiestudie. 

 
In hoofdstuk 5 wordt een strategie beschreven om temperatuur gebaseerde 
fase/amplitude optimalisatie op hoge resolutie uit te voeren. Er wordt aangetoond dat 

berekeningen op hoge resolutie noodzakelijk zijn, aangezien temperatuurverdelingen op 
lage en hoge resolutie wezenlijk verschillend kunnen zijn. Het kan voorkomen dat hot spots 
op hoge resolutie niet worden voorspeld op lage resolutie, of dat gedetecteerde hot spots op 
lage resolutie geen echte hot spots blijken te zijn op hoge resolutie. Door computer-
beperkingen wat betreft geheugen en rekentijd is het niet mogelijk om de elektrische 
veldverdelingen direct op hoge resolutie te berekenen. In Utrecht is een quasi-statische 
inzoomtechniek ontwikkeld om toch vermogensverdelingen op hoge resolutie te kunnen 
berekenen. Hierbij wordt de hoge resolutie vermogensverdeling bepaald met behulp van de 
lage resolutie elektrische veldverdeling en de hoge resolutie anatomie. De implementatie 
van temperatuur gebaseerde optimalisatie op hoge resolutie is niet triviaal, omdat de fase 
informatie niet behouden blijft bij quasi-statisch inzoomen en dus de elektrische velden niet 
beschikbaar zijn voor rechtstreekse hoge resolutie optimalisatie.  

In hoofdstuk 5 wordt het quasi-statisch inzoomen gecombineerd met de temperatuur 
gebaseerde optimalisatietechniek van hoofdstuk 2. Om te beginnen wordt er een 
optimalisatie op lage resolutie (1 cm) uitgevoerd en met de voorgeschreven instellingen 
wordt de hoge resolutie (2 mm) temperatuurverdeling berekend. Vervolgens wordt er een 
optimalisatie op hoge resolutie uitgevoerd, waarbij de nieuwe hoge resolutie 
temperatuurverdelingen tijdens het optimalisatieproces worden benaderd door gebruik te 
maken van de eerdere berekeningen. Bij deze benaderingen wordt ervan uitgegaan dat de 
temperatuurverdelingen op hoge en lage resolutie, ondanks dat ze heel verschillend zijn, 
ongeveer hetzelfde reageren op fase/amplitude sturing. Om de instellingen die door deze 
methode zijn voorgeschreven te verifiëren, wordt vervolgens de hoge resolutie 
temperatuurverdeling met deze instellingen berekend. De afwijkingen tussen benaderde en 
berekende temperaturen zijn over het algemeen kleiner dan 0.2 °C in het relevante gebied, 
hetgeen voldoende nauwkeurig is voor behandelingsplanningen. Ondanks de computer- 
beperkingen is het via deze strategie dus toch mogelijk om op hoge resolutie een 
temperatuur gebaseerde fase/amplitude optimalisatie uit te voeren. Dit levert de antenne-
instellingen die de hoogste tumortemperatuur opleveren, zonder de maximaal toelaatbare 
temperatuur voor normaal weefsel te overschrijden. 

 
In hoofdstuk 6 wordt de techniek voor temperatuur gebaseerde optimalisatie op hoge 
resolutie, zoals beschreven in hoofdstuk 5, toegepast bij 16 patiënten met 

slokdarmkanker. Klinische toepassingen van hyperthermiebehandelingsplanning beschre-

5 

6 



Samenvatting en discussie 

 165 

ven in de literatuur zijn tot dusver van retrospectieve aard. In deze studie wordt 
prospectieve behandelingsplanning uitgevoerd en de voorgeschreven antenne-instellingen 
worden getest aan het begin van 48 hyperthermiesessies verdeeld over 16 patiënten. Voor 
drie verschillende instellingen van het AMC-4 systeem wordt de temperatuurstijging na een 
korte vermogenspuls gemeten aan het luminale oppervlak van de tumor en in de rugspier 
ter plaatse van het ruggenmerg. Dit zijn belangrijke locaties, aangezien de tumor het 
doelgebied is en te hoge temperaturen in het ruggenmerg vermeden dienen te worden. De 
temperatuurstijgingen gemeten met de geoptimaliseerde amplitudes en fases worden 
vergeleken met de temperatuurstijgingen met de standaard klinische behandelinstellingen 
en met de berekende amplitudes gecombineerd met de klinische fase-instellingen, de 
zogenoemde gemengde instellingen. De hyperthermiebehandelingen worden vervolgens 
uitgevoerd met de klinische instellingen. De gemeten temperatuurstijgingen (ΔT) en de 
verhouding tussen de temperatuurstijging aan het oppervlak van de tumor en bij het 
ruggenmerg (ΔT-ratio) worden gebruikt om de verwarmingsefficiëntie te bepalen. De ΔT-
ratios zijn niet significant verschillend voor de drie instellingen. De temperatuurstijging van 
de slokdarm en ter plaatse van het ruggenmerg is hoger voor de gemengde instellingen. Dat 
betekent dat de gemengde instellingen dus het meest effectief zijn om de tumor te 
verwarmen. Deze gemengde instellingen worden niet voorgeschreven door de 
optimalisatieprocedure, omdat de optimalisatie rekening moet houden met de maximaal 
toegestane temperatuurstijging voor gezond weefsel. Hot spots (d.w.z. plaatsen in gezond 
weefsel waar de temperatuur te hoog wordt) die voorspeld worden in de berekende 
temperatuurverdelingen voor de klinische en de gemengde instellingen zijn echter niet per 
definitie klinisch relevant, aangezien pijnklachten over het algemeen niet optreden in de 
klinische praktijk. Behandelingsplanning kan dus helpen om hyperthermiebehandelingen te 
verbeteren, maar discussie over klinisch relevante doelstellingsfuncties en beperkingen 
voor gezond weefsel bij optimalisaties blijft noodzakelijk.  

 
In hoofdstuk 7 worden verschillende intraluminale hyperthermietechnieken voor het 
verwarmen van slokdarmtumoren met elkaar vergeleken middels computersimulaties. 

Belangrijke eigenschappen van een intraluminaal verwarmingssysteem zijn onder meer 
indringdiepte en mogelijkheden tot sturing. Verder is het belangrijk om een zo homogeen 
mogelijke temperatuurverdeling in het doelgebied te realiseren. De vergeleken 
hyperthermietechnieken zijn: een ballon met circulerend warm water, een 434 MHz 
monopool antenne, een 915 MHz dipool antenne en een 27 MHz applicator, samengesteld 
uit één of twee elektrodesegmenten. Alle applicatoren hebben een lengte van 8 cm en een 
diameter van 1 cm. Actieve koeling met water of lucht van het oppervlak van de 434 en 915 
MHz applicatoren wordt toegepast om de indringdiepte te vergroten. De indringdiepte en de 
homogeniteit van de SAR- en temperatuurverdelingen van deze applicatoren worden met 
elkaar vergeleken. De homogeniteit wordt bepaald over een ring om de antenne met een 
binnenstraal van 0.5 cm en een buitenstraal van 1 en 1.5 cm. Ook wordt er gekeken naar 
axiale sturing. Deze is belangrijk om te kunnen compenseren voor inhomogeniteiten in 
weefseleigenschappen en/of perfusie.  

Het verwarmingsprofiel van de warmwaterballon is sterk homogeen over de lengte van 
de ballon, maar door de beperkte indringdiepte is de temperatuurverdeling over een groter 
doelvolume minder homogeen. De temperatuurverdeling wordt niet beïnvloed door 

7 



Samenvatting en discussie 

166 

inhomogeniteiten in diëlectrische weefseleigenschappen, hetgeen een warmwaterballon een 
tamelijk robuust hulpmiddel maakt. De 434 en 915 MHz applicatoren met geïntegreerde 
koeling hebben een betere indringdiepte. Voor watergekoelde antennes is de indringdiepte 
kleiner dan voor luchtgekoelde applicatoren, vanwege de hoge permittiviteit van water. De 
434 MHz luchtgekoelde monopool antenne heeft een homogenere temperatuurverdeling 
dan de 915 MHz dipool antenne. Een nadeel van deze microgolfantennes is dat ze geen 
mogelijkheden tot sturing bieden. De 27 MHz applicator heeft een indringdiepte tussen die 
van de warmwaterballon en de microgolfantennes. Een groot voordeel van de 27 MHz 
applicator is de mogelijkheid tot axiale sturing. In een voorbeeld wordt aangetoond dat ook 
bij inhomogeniteiten in weefseleigenschappen een redelijk homogene temperatuurverdeling 
bereikt kan worden door te sturen met meerdere elektrodesegmenten. Voor wat grotere 
tumoren zal een 27 MHz applicator dus over het algemeen de beste mogelijkheden bieden 
om een redelijk homogene temperatuurverdeling te realiseren, terwijl een warmwaterballon 
goed zal voldoen voor tumoren die minder diep in het omliggende weefsel infiltreren. 

 
Tumortemperaturen worden bij voorkeur niet invasief maar intraluminaal gemeten, 
omdat invasieve metingen risico’s met zich mee kunnen brengen. Bij gebruik van 

intraluminale applicatoren met geïntegreerde koeling zal de maximumtemperatuur niet op 
de wand van de slokdarm liggen, maar dieper in het weefsel. Om goede controle over de 
behandeling te houden is het van belang om de maximale temperatuur en de locatie van dat 
maximum te weten. Echter, met intraluminale temperatuurmetingen zal het maximum en de 
betreffende locatie over het algemeen onbekend blijven. In hoofdstuk 8 wordt een methode 
gepresenteerd om de maximale temperatuur en de bijbehorende locatie te schatten met 
behulp van de gemeten temperatuur aan de wand van de slokdarm. 
 Er wordt een holle cilinder van homogeen weefsel gemodelleerd, die verwarmd wordt 
met een intraluminale applicator met een doorsnede van 1 cm en geïntegreerde koeling. Het 
is mogelijk om een analytische oplossing voor de resulterende temperatuurverdeling af te 
leiden, wanneer alleen warmtestroming in radiële richting en afwezigheid van perfusie 
wordt verondersteld. Met deze analytische uitdrukking kan de volledige temperatuur-
verdeling worden gereconstrueerd, gebruik makend van alleen de temperatuur aan de wand 
van de slokdarm. Voor situaties met perfusie worden computersimulaties uitgevoerd en de 
gesimuleerde temperatuur aan de wand van de slokdarm wordt ingevuld in de analytische 
uitdrukking om een schatting te verkrijgen voor de maximale temperatuur en de 
bijbehorende locatie. De verschillen tussen de gesimuleerde en geschatte maximum-
temperaturen zijn kleiner dan 10% (ten opzichte van de basale lichaamstemperatuur) en de 
verschillen in locatie van het maximum zijn kleiner dan een halve millimeter. 
Heterogeniteiten in het aangrenzende weefsel buiten de gemodelleerde cilinder worden 
vertaald in heterogeniteiten in de warmteoverdrachtscoëfficiënt aan de buitenwand van de 
cilinder. Deze heterogeniteiten in warmteoverdracht vertalen zich in heterogeniteiten in de 
gemeten temperatuur aan de wand van de slokdarm en worden dus impliciet meegenomen 
in deze schattingstechniek. Bovendien vereist deze methode geen a priori kennis van de 
perfusie en geen invasieve metingen. Dat maakt deze techniek robuust en gemakkelijk toe 
te passen in de kliniek. 
 

8 



Samenvatting en discussie 

 167 

10.2 Discussie en verder onderzoek 
 

Betrouwbare behandelingsplanning voor hyperthermie is bijzonder nuttig in de klinische 
praktijk. Temperatuurmetingen tijdens hyperthermie worden gebruikt om temperaturen in 
de klinisch relevante range te bewerkstelligen en te handhaven en om de behandeling te 
kwantificeren in termen van thermische dosis. Het is van belang om de temperaturen 
continu te meten, omdat weefseleigenschappen, en in het bijzonder perfusie, temperatuur-
afhankelijk zijn. Veranderingen in weefseleigenschappen zullen van invloed zijn op de 
temperatuurverdeling. Temperatuurmetingen zijn vaak invasief en beperkt tot slechts een 
paar plaatsen in de tumor en bepaalde risicogebieden in gezond weefsel. Technieken om 
zonder invasieve metingen de volledige 3D temperatuurverdeling in kaart te brengen, zoals 
MRI, zijn in opmars (Clegg et al., 1995; Hekmatyar et al., 2002; Hoffmann et al., 2002), 
maar deze zijn nog niet eenvoudig toepasbaar in de kliniek. Om tijdens behandelingen 
temperatuurmetingen met behulp van MRI te kunnen doen, moet het hyperthermiesysteem 
compatibel zijn met de MRI scanner. Vaak is dat een probleem door het gebruik van 
metalen onderdelen in het hyperthermiesysteem. Met 3D MRI thermometrie kan het 
mogelijk worden om de antenne-instellingen direct aan te passen in reactie op de actuele 
temperatuurveranderingen. MRI thermometrie is echter nog niet betrouwbaar genoeg om de 
gebruikelijke invasieve thermometrie te kunnen vervangen, maar ook met betrouwbare 3D 
MRI thermometrie tijdens de behandeling is het nog altijd nagenoeg onmogelijk om op 
basis van intuïtie de optimale behandelinstellingen te vinden voor een groot aantal 
antennes. Bovendien zijn de meeste hyperthermiesystemen, waaronder het AMC-4 
systeem, niet compatibel met MRI. Daarom blijft hyperthermiebehandelingsplanning 
bijzonder nuttig om de effectiviteit van verschillende antenne-instellingen voorafgaand aan 
de behandeling te vergelijken en om meer informatie over de 3D vermogens- en 
temperatuurverdeling te verkrijgen. 

De laatste jaren is veel onderzoek gedaan om de nauwkeurigheid en betrouwbaarheid 
van hyperthermiebehandelingsplanning te verbeteren. Elektromagnetische en thermische 
simulatiemethoden zijn gevalideerd en betrouwbaar bevonden. Ondanks deze succesvolle 
inspanningen wordt hyperthermiebehandelingsplanning nog altijd niet prospectief in de 
kliniek toegepast om een behandelplan voor te schrijven, zoals dit gebeurt voor 
radiotherapiebehandelingen. Dit is voornamelijk te wijten aan het feit dat de resultaten sterk 
afhankelijk zijn van de diëlectrische en thermische eigenschappen die worden gebruikt. Dit 
vormt het voornaamste knelpunt voor betrouwbare klinische toepassing van 
behandelingsplanning voor hyperthermie. In de studies beschreven in dit proefschrift zijn 
literatuurwaarden gebruikt voor de weefseleigenschappen, maar er zit een grote spreiding in 
deze waarden en bovendien kunnen ze voor individuele patiënten verschillend zijn. Er zijn 
diëlectrische beeldvormingstechnieken in opkomst die het mogelijk maken om patiënt- 
specifieke informatie over de diëlectrische eigenschappen te verkrijgen (Farace et al., 1997; 
Van Wieringen et al., 1998; Mazzurana et al., 2003). Met behulp van MR beeldvorming 
kan het waterpercentage in weefsel worden bepaald. Hiermee kunnen vervolgens de 
permittiviteit en de conductiviteit worden bepaald. Het is interessant om de verschillen te 
onderzoeken tussen de SAR-verdelingen berekend met literatuurwaarden en met patiënt- 
specifieke waarden verkregen met MRI. Een dergelijke studie naar de invloed van de 
diëlectrische weefseleigenschappen gaat binnenkort van start in het AMC.  
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Klinische verificatie van behandelingsplanningen door middel van in vivo metingen is 
essentieel. De klinische verificatiestudie beschreven in hoofdstuk 5 werd bemoeilijkt door 
suboptimaal contact tussen de thermometriecatheters en het weefsel, hetgeen heeft 
geresulteerd in onbetrouwbare SAR-metingen. Ondanks deze problemen wordt er wel een 
goede correlatie gevonden tussen metingen en simulaties voor de gevallen waar het 
weefselcontact goed was. Er is een volgende verificatiestudie gepland in het AMC, waarbij 
gebruik zal worden gemaakt van uitgebreidere invasieve thermometrie om meer 
betrouwbare metingen te verkrijgen voor vergelijking met simulaties. Er zullen extra 
onderhuidse thermometriecatheters worden aangebracht op relevante plaatsen die vooraf 
bepaald kunnen worden met behulp van behandelingsplanning en de CT scan die 
voorafgaand aan de behandeling wordt gemaakt. Deze nieuwe studie moet meer inzicht 
verschaffen in de klinische betrouwbaarheid van SAR-berekeningen.  

Wanneer de berekende SAR-verdeling gevalideerd is, dient de betrouwbaarheid van de 
berekende temperatuurverdelingen nader onderzocht te worden. Perfusie is de minst zekere 
parameter bij het berekenen van de temperatuurverdeling. De grootste onzekerheid komt 
voort uit het feit dat de perfusie sterk afhankelijk is van de temperatuur. Met behulp van 
multi-slice CT technieken (Van den Berg et al., 2006) kan heel goed een 3D 
perfusieverdeling worden bepaald, maar het nadeel is dat deze perfusiewaarden geldig zijn 
onder normale omstandigheden. Deze waarden zullen over het algemeen dus een stuk lager 
zijn dan de perfusie onder hyperthermieomstandigheden. De temperatuurafval aan het einde 
van de behandeling, wanneer het vermogen wordt uitgeschakeld, kan worden gebruikt om 
de effectieve perfusie op de meetlocatie te benaderen (Waterman et al., 1987; Diederich et 
al., 1989; Van Vulpen et al., 2002b). Gebruikmakend van deze geschatte perfusiewaarden, 
kan de berekende temperatuurverdeling worden vergeleken met de metingen tijdens 
behandelingen.  

Om de nauwkeurigheid van temperatuurberekeningen verder te verbeteren, dient de 
thermische invloed van grote bloedvaten ook gemodelleerd te worden. De perfusie in 
organen kan sterk heterogeen zijn, zoals aangetoond voor de prostaat door Van den Berg et 
al. (2006). In deze studie is aangetoond dat de inclusie van de vaatstructuur van de prostaat 
en de volledige perfusieverdeling significant lagere berekende temperaturen oplevert in 
vergelijking met het model zonder discrete vaten, waarbij een constante prostaatperfusie is 
verondersteld. De inhomogeniteit van verschillende tumoren (b.v. slokdarm-, blaas- en 
baarmoederhalstumoren) dient nog verder onderzocht te worden. Bij de studie van Van den 
Berg et al. zijn perfusiewaarden onder normale omstandigheden gebruikt die verkregen zijn 
met multi-slice CT beeldvorming. Mogelijk kan de vaatstructuur zoals bepaald met deze 
techniek in de toekomst ook worden gebruikt in combinatie met perfusiewaarden onder 
hyperthermieomstandigheden, verkregen door het meten van de temperatuurafval aan het 
einde van hyperthermiebehandelingen.  
 Naast behandelingsplanning is ook de hyperthermieapparatuur zelf voortdurend 
onderwerp van onderzoek en ontwikkeling om hyperthermiebehandelingen te verbeteren. 
Onlangs is het AMC-8 hyperthermiesysteem klinisch in gebruik genomen (Crezee et al., 
2006). Dit systeem is een uitbreiding van het AMC-4 systeem en heeft twee ringen met elk 
vier antennes, waardoor 3D vermogenssturing mogelijk is waar het AMC-4 systeem alleen 
de mogelijkheid tot 2D sturing heeft. Echter, meer antennes betekent ook meer 
vrijheidsgraden, wat het nog moeilijker maakt om intuïtief de optimale instellingen te 
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vinden. Bovendien is het bij het AMC-8 systeem ook mogelijk om de afstand tussen de 
twee ringen te variëren, wat een extra vrijheidsgraad oplevert. Behandelingsplanning is 
bijzonder nuttig om de mogelijkheden voor sturing in patiëntanatomieën te onderzoeken en 
om optimaal gebruik te maken van de 3D sturingsmogelijkheden. Behandelingsplanning 
kan helpen om de optimale fase/amplitude-instellingen voor de acht antennes te bepalen. In 
oktober 2006 is een onderzoeksproject van start gegaan om de regionale hyperthermie te 
optimaliseren, gebruik makend van het AMC-8 systeem en geavanceerde behandelings-
planningtechnieken. Ook dit project wordt gefinancierd door KWF Kankerbestrijding. 
 Er zijn inmiddels verschillende prototypes van intraluminale antennes gebouwd voor de 
ontwikkeling van een gecombineerde verwarmingstechniek voor slokdarmtumoren (Van 
Haaren et al., 2006b). De klinische waarde van een warmwaterballon gecombineerd met 
locoregionale verwarming wordt momenteel onderzocht. In hoofdstuk 7 is geconcludeerd 
dat een 27 MHz systeem over het algemeen de beste mogelijkheden biedt om een redelijk 
homogene temperatuurverdeling in grotere tumoren te realiseren. Daarom zal in de nabije 
toekomst ook een 27 MHz intraluminale applicator worden ontwikkeld en getest.  
 
Ondanks dat hyperthermiebehandelingsplanning nog niet nauwkeurig genoeg is om 
onbetwistbaar de klinisch optimale behandelinstellingen voor te schrijven, kan planning 
toch bijzonder waardevol zijn om klinische behandelingen te verbeteren. Behandelings-
planning helpt om meer inzicht te verkrijgen in de sturingsmogelijkheden in verschillende 
realistische anatomieën, zoals die bij patiënten voorkomen, en om goede antenne-
instellingen te selecteren. Dit leidt mogelijk tot hogere temperatuurniveaus, hetgeen 
vervolgens zeer waarschijnlijk zal leiden tot verbeterde klinische uitkomsten. De relatie 
tussen tumortemperaturen en klinische resultaten is aangetoond. Overgaard et al. (1996) 
hebben een significante dosis-responsrelatie aangetoond voor het effect van hyperthermie 
bij maligne melanomen. De gegevens van 54 patiënten die behandeld zijn met hyperthermie 
toonden een 5-jaars lokale controle van 54% voor patiënten bij wie een hoge thermische 
dosis (> 76 equivalente minuten op 43 °C) bereikt is, tegen 36% voor patiënten die een 
lagere thermische dosis hebben gehad. Voorlopige resultaten (Hulshof et al., 2006) laten 
een trend zien tussen de thermische dosis en de histologische respons bij locoregionale 
hyperthermiebehandelingen van patiënten met slokdarmkanker. Hulshof et al. hebben 29 
patiënten geïncludeerd en de patiënten met een complete remissie hadden gemiddeld een 
0.5 °C hogere minimum tumortemperatuur (~39 °C) in vergelijking met de patiënten met 
een partiële remissie (~38.5 °C).  

De klinische resultaten zijn dus afhankelijk van de behaalde tumortemperaturen. 
Wanneer behandelingsplanning en meer geavanceerde hyperthermietechnieken bijdragen 
aan hogere tumortemperaturen, zal dit zichtbaar worden in de klinische respons. Daarom is 
het zeker de moeite waard om de nauwkeurigheid en betrouwbaarheid van hyperthermie-
planningssystemen verder te verbeteren en om meer geavanceerde hyperthermietechnieken 
te ontwikkelen.  
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