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1 Introduction 

 

1.1 Introduction to Hyperthermia 

Most patients with cancer are treated by surgery, radiotherapy and chemotherapy. Based 
on the tumor type, stage and patient condition, these treatment modalities are either 
applied as single treatment or in a multi-modality approach. Since the 80s hyperthermia, 
a treatment modality based on tumor heating, has been introduced in the clinic and 
applied for an increasing number of tumor types. Hyperthermia aims at tumor heating 
in the range of 41–45 ºC. A direct cell killing is observed at temperatures above 43 ºC, 
however, in practice it is very challenging to achieve such tumor temperatures without 
causing excessive heating of normal tissue. Hyperthermia is, therefore, primarily 
administered at moderate temperatures of 41 to 42ºC, at which hyperthermia works as 
a sensitizer in combination with other treatment modalities, i.e. with radiotherapy or 
chemotherapy. Many randomized clinical studies have shown that the therapeutic effect 
of radiotherapy and chemotherapy is significantly enhanced when used in combination 
with hyperthermia. 

1.2 Biological rationale 

The biological rationale of hyperthermia has been studied extensively. Various 
mechanisms are associated with hyperthermia-induced radio- and chemosensitization. 
The main mechanism of radiotherapy is inducing DNA damage in tumor cells. The 
DNA damage repair process that follows is undoing part of the therapeutic effect of 
radiotherapy. Hyperthermia inhibits DNA-repair  and thereby enhances cell kill after  
radiotherapy [1,2]. Furthermore, tumor cells are less affected by radiotherapy during the 
S-phase of the cell cycle [3], while an increased cell killing is observed during this phase 
after combined modality treatment  [4,5]. 
In general, well oxygenated tumors are more sensitive to radiotherapy [6,7]. Since 
hyperthermia increases tumor blood flow, it enhances the oxygenation of hypoxic 
tumors (i.e. oxygen-deprived tumors) and may thereby serve as a radiosensitizer of these 
tumor types [8]. The increased tumor blood flow also leads to an elevated uptake of 
cytostatic agents, thereby enhancing the effectiveness of chemotherapy [9–11].  
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1.3 Hyperthermia in the clinic 

Hyperthermia is currently applied for the treatment of various tumor sites including 
melanoma, breast, cervical, bladder, esophagus and prostate tumors. The hyperthermia 
techniques are categorized in local, superficial, loco-regional and whole-body 
hyperthermia, depending on the target volume and location.  

1.3.1 Local Hyperthermia 

In local hyperthermia the heating volume is restricted to the tumor volume. Heating is 
performed using either intracavitary or interstitial heating techniques. In intracavitary 
hyperthermia a hyperthermia applicator is located adjacent to the tumor through 
existing body cavities, such as the esophagus, rectum, vagina and bladder. A 
disadvantage of intracavitary hyperthermia is  that this technique suffers from low 
penetration depth resulting in steep temperature gradients and thus a rather 
heterogeneous temperature distribution [12].  

In interstitial hyperthermia one or more thin cylindrical applicators are inserted in 
the tumor [13]. This technique can be applied concomitantly  with interstitial 
radiotherapy (i.e. brachytherapy) [14]. As an alternative to interstitial applicators, 
magnetic nanoparticles can be administered, which produce heat when subjected to an 
alternating magnetic field. The clinical use of nanoparticles is still under investigation 
[15–17]. 

1.3.2 Superficial Hyperthermia 

Malignant recurrences of advanced breast cancer and melanoma located at the skin 
surface are commonly treated by superficial hyperthermia with various microwave and 
ultrasound applicators. At the AMC, contact flexible microstrip applicators (CFMAs) 
operating at 434 MHz are used for this purpose [18–20]. Due to the limited penetration 
depth of radiofrequency waves at 434 MHz, these applicators are limted to treatment 
of tumors located within a few centimeters from the skin. To reduce electromagnetic 
reflection at the skin, a water bolus is placed between patient and applicator. To assist 
the heating, water with a temperature of 41 ºC is circulated in the water bolus. An 
example of a system for superficial hyperthermia is shown in Figure 1 together with 
different sizes of applicators used.  

1.3.3 Loco-regional Hyperthermia 

Non-invasive heating of deep seated tumors, such as in cancer of the uterine cervix, 
urinary bladder, and rectum, is technically more challenging and requires more advanced 
techniques. Most current techniques are radiative phased-array devices operating at 
frequencies between 70-120 MHz allowing the necessary penetration depth for those 
deep seated tumors. Furthermore, the wavelength at these frequencies allows for 
sufficient spatial steering. Focused heating is created by constructive interference of the  
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Figure 1. Superficial hyperthermia system (left), contact flexible micro strip applicators 
(top right) and a patient during superficial hyperthermia treatment (bottom right). 
 
 

 
 

Figure 2. a) 70Mhz AMC-4 phased-array waveguide system, b) 70Mhz AMC-8 
phased-array waveguide system, c) ALBA 4D phased-array 70MHz waveguide 
system, and d) BSD2000 3D system with the SigmaEye applicator. 
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electric field generated by a ring of antennas surrounding the patient.  Most systems that 
are currently used consist of 4 up to 24 antennas. 
At the AMC, the 4 and 8 waveguide systems, referred to as AMC–4 and AMC–8, 
respectively, have been developed and implemented in the clinic (Figure 2a and 2b). 
Both systems operate at a frequency of 70 MHz. The main difference is that AMC–8 
consists of two rings, each containing four waveguides, whereas in AMC–4 the 
waveguides are positioned in a single ring. More recently, the commercially available 
Alba4D system (Figure 2c) has been designed which is based on the AMC-4 system. 
Other commercial systems made available by Pyrexar consist of one or three rings, each 
containing eight dipole antennas operating at a frequency of 100 MHz (Figure 2d).  

Tumor specific heating with aforementioned systems is challenging due to the large 
number of degrees of freedom. Due to the complex interaction of electromagnetic 
waves with patient anatomy, spatial steering by intuition becomes impossible with an 
increasing number of antennas. Therefore, loco-regional hyperthermia requires patient-
specific treatment planning to compute the optimal antenna settings to maximize the 
tumor temperature while preventing excessive heating (hot spots) of normal tissue.  

1.3.4 Whole-body Hyperthermia 

Whole-body hyperthermia is applied for the treatment of metastatic disease. The desired 
body temperature is between 39°C and 41.8°C for a duration of approximately 1 hour. 
Body temperature should be strictly limited to 41.8°C to avoid neurotoxicity. As body 
temperatures above 39°C cause significant stress to the cardiac system, continuous 
patient monitoring is essential during this type of hyperthermia. Whole-body 
hyperthermia is usually delivered during patient sedation and is commonly applied in 
combination with chemotherapy [21–23]. 

1.4 Hyperthermia Treatment Planning  

The process of determining the optimal treatment parameters to maximize the 
treatment outcome, by electromagnetic (EM) and thermal modeling, is known as 
hyperthermia treatment planning (HTP). More specifically, HTP consists of the 
following consecutive steps: 
a) Generation of a patient model,  
b) Electromagnetic field simulations and absorbed power computations, 
c) Temperature computations, 
d) Optimization. 
 
Generation of a patient model 
The first step of HTP is the generation of a patient model containing electric and 
thermal properties of all tissues in the volume of interest. In current practice, patient 
models required for HTP are obtained by pre-treatment CT data. These data contain 
tissue density information based on Hounsfield units. Electric and thermal tissue 
properties cannot be derived from the CT measured Hounsfield units. These CT images 
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are therefore only used for tissue segmentation based on intensity thresholding. Due to 
the limited contrast between tissues, only bone, air, fat, and muscle tissue can be 
segmented automatically. Next, electric and thermal property values from the literature 
are assigned to these tissue types, yielding a dielectric and thermal patient model. 
 
Electromagnetic field simulations 
After creation of the dielectric patient model, the next step in HTP is to compute the 
electromagnetic field (E-field) distribution induced by the heating system through 
electromagnetic field simulations. More specifically, the E-field distribution is obtained 
by solving the Maxwell’s equations by numerical simulation techniques such as the 
Finite Difference Time Domain (FDTD) method. The E-field interactions between the 
heating system and the patient are governed by the electric tissue properties. Therefore, 
the accuracy of the dielectric model is very important in this step. Here the computation 
of the Specific Absorption Rate (SAR) plays an important role and is given by  
 

𝑆𝐴𝑅 =
𝜎‖𝐸(𝜎, 𝜀r)‖2

2𝜌
                                                      (1) 

 

with 𝜎 and 𝜀r being the electric conductivity and relative permittivity, respectively, 𝐸 

the electric field, and 𝜌 the tissue mass density. 𝑆𝐴𝑅, expressed in Watts per kilogram 
[W/kg], is a measure of the rate at which energy is absorbed in tissue. 
 
Temperature computations 
The temperature distribution induced by the heating system can be calculated using the 
computed power deposition in the previous step of HTP. To translate the power 
deposition to temperature distribution, tissue thermal properties are required and a bio 
heat model describing the heat exchange between the tissues and the tissue vasculature. 
A commonly used model to compute the temperature distribution is a continuum model 
described by the Pennes’ bioheat equation [24]: 
 

𝑐𝜌
𝜕𝑇

𝜕𝑡
= ∇ ∙ (𝑘∇𝑇) − 𝑐𝑏𝑊𝑏(𝑇 − 𝑇art) + 𝑃                                 (2) 

 

where c is the specific heat capacity, 𝜌 the tissue density [kg/m3], k the thermal 
conductivity [W m–1 K–1], cb the specific heat of  blood [J kg–1 K–1], Wb the volumetric 
perfusion rate [kg m–3 s–1], Tart the local arterial or body core temperature (37°C) and P 
the power density [Wm–3] added by the heating system. The power density is directly 
affected by the electric property values as 𝑃 = 𝜎‖𝐸(𝜎, 𝜀𝑟)‖2/2. The term ∇ ∙ (𝑘∇𝑇) 
represents the heat conduction in tissue and 𝑐𝑏𝑊𝑏(𝑇 − 𝑇art) models the perfusion. One 
of  the shortcomings of  the Pennes’ model is that it does not account for pre-heating 
of  blood and the direction of  blood flow. A more accurate but also more complex way 
to compute temperature distributions is by modelling discrete blood vessels [25] which 
requires additional data of the vasculature network in the heated region and information 
regarding the blood flow during hyperthermia.  
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Optimization 
Determination of the antenna settings (amplitude and phase) for most optimal tumor 
heating is not trivial or intuitive due to the large number of degrees of freedom and the 
complex interaction between tissues and the heating system. For this purpose, 
optimization tools have been developed that either compute optimal antenna settings 
on SAR or temperature distribution. Temperature based optimization is preferred rather 
than SAR optimization, since the latter does not include the important physiological 
heating and cooling mechanisms of  the human body. 

The temperature based optimization process aims at a tumor temperature of  43°C 
by minimizing the following objective function: 

∑ (max (43 − 𝑇(𝑥, 𝑦, 𝑧), 0))2

𝑇𝑢𝑚𝑜𝑟

,          (𝑥, 𝑦, 𝑧) ∈ tumor tissue,    (3) 

which minimizes the tumor volume with a temperature below 43°C. To avoid excessive 
normal tissue heating, a maximum tolerable normal tissue temperature of  45°C is 
imposed in this optimization process [26,27]. A high and homogeneous temperature is 
important for achieving tumor control. This goal is achieved by optimizing T90, which 
represents the temperature achieved in at least 90% of the tumor volume and is a 
measure for thermal dose. Thermal dose is commonly defined as the cumulative 
minutes at 43ºC and doubles with each 0.5ºC increase of tumor temperature. Therefore, 
every small increase of tumor temperature is clinically relevant. 

1.5 Outline of this thesis 

Chapter 2 gives a general introduction to imaging of electric properties (EPs) and how 
an MRI system can be exploited for this purpose. Furthermore, the conventional 
electric properties tomography (EPT) method is described and, finally, the novel 
method termed CSI-EPT, which is introduced during this research, is described. 

In Chapter 3 the feasibility of Electric Property Tomography (EPT) is investigated 
in the pelvic region. The feasibility of the EPT method was earlier investigated by other 
research groups for the head region; in this chapter the validity of the ‘transceive phase 
approximation’ is investigated for the pelvic region. For this purpose, electromagnetic 
simulations are performed for a pelvic-sized phantom and a human model. Finally, the 
EPT method is validated by MR experiments of the pelvic-sized phantom and a 
volunteer. 

In Chapter 4 the results of a patient study are presented. In this study, MR 
measurements of 20 cervical cancer patients were conducted and the electric 
conductivity of muscle, bladder content and cervical tumor are reconstructed using the 
EPT method.  

Chapter 5 focuses on the impact of the acquired in vivo electric conductivity values 
on tumor temperatures during hyperthermia treatment. Five patient models are used 
for this purpose. Here, it is investigated what the realized tumor temperatures are if the 
treatment would have been performed with antenna settings that are computed for 
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literature based conductivity values. Furthermore, the impact on tumor temperature is 
also investigated if the optimization is performed using the EPT-based model. 

In Chapter 6 a novel method of reconstructing the electric properties is introduced 
which is based on Contrast Source Inversion (CSI). In this study a new method, termed 
CSI-EPT, is implemented and its performance in general, and more specifically at tissue 
boundaries, is investigated.  

In Chapter 7 the CSI-EPT method, as introduced in the previous chapter, is 

exploited to reconstruct the SAR distribution based on 𝐵1
+ information only. CSI-EPT 

is able to reconstruct all necessary parameters for SAR evaluation, thus electric property 
parameters and the electric field, therefore the potential of CSI-EPT to reconstruct the 
SAR distribution is studied.  

Finally a summary and general discussion is given in Chapter 8 in English and in 
Chapter 9 in Dutch. 
  


