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Chapter 1

General introduction

1.1 Introduction

Modern treatment of cancer is multi-disciplinary. Depending on tumour stage, lo-

calisation and patient condition, treatment can be composed of different modali-

ties among which surgery, radiotherapy and chemotherapy are the most common.

For the treatment of locally advanced cancer in particular, radical surgery might no

longer be feasible and radiotherapy and chemotherapy not sufficiently effective. Hy-

perthermia, a treatment modality that elevates the temperature level in tumours to

40 – 45◦C, has the potential to overcome these problems as it is strong radio- and

chemosensitizer. This was demonstrated in various randomized phase III trials over

the last decades.

Ongoing research is carried out to further investigate the clinical potential of hy-

perthermia for various tumour localisations but also concerning the biological mech-

anisms explaining hyperthermia’s added value. Furthermore, and this is the main

subject of this work, research on the technical and physical aspects of the heating

process is carried out in order to gain improved control of the temperature distribu-

tion during hyperthermia treatment.

1.2 History of hyperthermia

Thermal medicine has a long history. Already in 1893 the observation was made

in cancer patients that a fever could lead to remission of the tumour (1). This fever
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was induced by deliberately causing a bacterial infection. This was one of the first

examples of what would later be called ”whole-body” hyperthermia, referring to the

change in the systemic temperature.

As technology progressed, other ways of administering whole-body hyperther-

mia were developed e.g. infra-red heating of the patient. In addition, local and loco-

regional forms of hyperthermia treatment became subject of investigation. These

types of treatment are generally based on the use of electromagnetic devices. First

these devices operated in a capacitive way, where electric currents travel through the

patient from one electrode to the other. Later, radiative electromagnetic heating de-

vices became available providing improved control of the electric field distribution

and hence the temperature distribution in the patient.

1.3 Biological rationale

Hyperthermia is an adjuvant treatment modality. In the clinic it is always combined

with radiotherapy, chemotherapy or their combination. The rationale for this is that,

besides the direct cell killing effect of hyperthermia, it is mostly considered to be a

radio- or chemo-sensitizer. For the direct cell kill it has been shown that with increas-

ing temperature and treatment duration the surviving fraction of cells decreases (2).

Direct cell kill requires temperatures that are in the order of 43◦C or higher and it is

in general not feasible to achieve such high temperatures over the complete tumour

volume without causing normal tissue hot-spots (3).

Besides the direct cell killing mechanism, multiple indirect cell killing mecha-

nisms have been suggested to explain radio- and chemo-sensitization. These mech-

anisms are already active at lower temperatures and are therefore clinically highly

relevant.

In response to heat, thermo-regulatory processes can, by means of vaso-dilation

and -constriction, alter tissue perfusion. Tissue perfusion is expected to increase in

response to the elevation of temperature (4). This may lead to an improved delivery

of cytostatic agents and can contribute to better oxygenation of the target volume.

The latter effect can contribute to overcome hypoxia associated radio-resistance (5).

Heat also interferes with DNA damage repair mechanisms. Radiotherapy kills

tumour cells through the infliction of DNA damage by photons or particles. The

most severe type of damage is a double strand break, in the less severe case a break is

present in only a single strand. Recent findings have shown that mild hyperthermia,

the type of hyperthermia that is realized clinically with temperatures of typically
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41◦C, inhibits homologous recombination (6). This is an important mechanism for

the repair of double strand breaks because it leads to error free repair of DNA. By

inhibiting repair, the net damage that radiotherapy induces is increased as less of

the damage can be repaired. In this way hyperthermia leads to a higher effective

radiation dose (7).

Furthermore immunological effects are associated with hyperthermia. As fever is

an immunological response, it was hypothesized early on that the reverse could also

hold: an increase in temperature induces immunological activity. These effect are ex-

pected in particular for whole body hyperthermia where systemic stress is induced.

For an extensive overview on immunological effects associated with hyperthermia

the reader is referred to (8).

Given the interaction of heat with radio- and chemotherapy the relative timing of

hyperthermia, chemo- and radiotherapy is an important parameter in the optimiza-

tion of treatment. It has been shown that concomitant radiotherapy and hyperther-

mia is most beneficial (9). However, this is difficult to realize clinically for reasons

of patient logistics. For this reason, and because of the increased risk of normal tis-

sue toxicity, hyperthermia is generally scheduled shortly after radiotherapy delivery.

Cytostatics may be administered during hyperthermia treatment.

1.4 Clinical hyperthermia

The combination of hyperthermia with radiotherapy or chemotherapy has proven

to improve local control and overall survival (10; 11; 12; 13) for different tumour lo-

cations. Among these localisation are cervix uteri carcinoma, chest wall recurrences

of mamma carcinoma and malignant melanoma. An extensive overview of random-

ized trials can be found in (14; 15).

1.4.1 Applications of hyperthermia

In clinical practice different techniques are used to administer hyperthermia. These

techniques differ mainly in the volume that they intend to treat.

1.4.2 Local hyperthermia

Local hyperthermia is the most conformal type of hyperthermia treatment. Heating

is restricted to the tumour volume meaning that heat has to be generated within the
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tumour. This can be achieved in different ways. A possible method is the insertion

of electrodes (16). Alternatively, local heating may be realized with magnetic par-

ticles (17). These particles are inserted in the tumour and the patient is placed in a

time-varying magnetic field. This induces currents within the particles that are dis-

sipated causing local heating. A special type of magnetic particles are self-regulating

particles (18). Their magnetic properties change from ferromagnetic to paramagnetic

at a particular temperature, resulting in a change in power production preventing

excessive heating.

Apart from the fact that local hyperthermia treatment is inherently rather inva-

sive, there is a large risk of heterogeneity in the temperature distribution. Particles

behave like point sources which implies a strong decay of temperature as the dis-

tance relative to the particle increases. In particular in highly perfused tissues a high

particle density is required to assure adequate heating. In case of heating with elec-

trodes, the temperature decays not as rapidly as holds for particles, however, the

number of electrodes that can be applied is limited.

1.4.3 Superficial hyperthermia

Malignant melanoma of the skin and chest wall recurrences are the main tumour

sites for superficial hyperthermia. Radio-frequency (RF) electro-magnetic waves

with a frequency of 434 MHz are used in order to heat a target volume situated

within a few centimetres from the body surface. This limitation concerning the loca-

tion of the treatment volume is related to the penetration depth1 of the RF waves at

434 MHz. As additional heating and to improve electromagnetic coupling 2, water

of typically 41◦C is circulated through a water bolus that is in between the antenna

and the patient.

1.4.4 Loco-regional hyperthermia

Tumours that are deep-seated in the body such as cervix carcinoma, bladder and rec-

tum tumours can be treated using loco-regional hyperthermia. Most modern loco-

regional hyperthermia devices are phased-array devices that operate at frequencies

around 100 MHz. The penetration depth at this frequency is sufficiently large while

the corresponding wavelength is sufficiently small to allow for spatial steering. Be-

1The penetration depth is the distance over which energy absorption leads to a factor e−1(≈63%)
reduction in field amplitude

2A high contrast in electrical permittivity causes reflection of incident waves.
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(a) Contact flexible micro strip applicators (CFMAs)

(b) Application of a CFMA (type 5H)

Figure 1.1: Contact flexible microstrip applicators (a) and an example application (b).
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tween each antenna and the patient water circulates in one or more boli, for loco-

regional hyperthermia however the water temperature is relatively low (for the loco-

regional hyperthermia systems in the AMC, the inflow temperature is approximately

12◦C) to prevent superficial overheating. The phased array set-up allows making use

of constructive and destructive interference of the different fields in order to ’steer’

the distribution of absorbed energy. The conformity of this distribution is the result

of a trade-off between penetration depth and the typical wavelength determining

the scale of interference patterns.

1.4.5 Whole-body hyperthermia

Whole body hyperthermia aims at the elevation of the systemic temperature of the

patient. This type of treatment is applied in patients with metastatic disease and is

generally combined with chemotherapy (19). Different techniques exist to achieve

systemic heating. One possible method is the extra-corporeal heating of the blood.

Complications are known to arise however from changes in the coagulation system.

Other methods include direct heating of the skin and heating with radiant heat in

an environment with high humidity. Typical treatment duration is one hour at a

maximum tolerable systemic temperature of 41.8◦C (20).

1.5 Hyperthermia treatment planning

Hyperthermia treatment is technically challenging. In loco-regional hyperthermia,

the quality of the treatment is dominantly determined by the choice of phase and am-

plitude settings that combines effective target heating with controlled heating of the

normal tissues. Current clinical practice is that the initial phase and amplitude set-

tings are empirically determined values. In the AMC, phase settings are determined

in a separate phase optimization procedure that is based on electric field measure-

ments. The patient is instructed to report any form of discomfort or pain in an early

stage so that hot-spots, normal tissue regions where the temperature exceeds the

tolerable level high, e.g T > 45◦C, are avoided. To mitigate a (potential) hot-spot,

first the amplitude and phase settings are changed of the antenna that is the clos-

est to the location where the complaint is reported while preserving the total power

level. If this adaption proves to be insufficient, as a last resort the power level will

be reduced.

The drawback of this empirically established treatment strategy is that it is based
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(a) 3D 70Mhz AMC-8 phased-array waveguide system

(b) BSD2000 3D system with the SigmaEye applicator

Figure 1.2: Two phased array loco-regional hyperthermia systems: the 3D 70MHz
AMC-8 phased array waveguide system and the BSD2000 3D system with the 12
channel (12 dipole pairs) SigmaEye applicator.
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on focussing of power only. Potential hot-spots, are not considered initially. This

is where numerical simulation can potentially play a role. Numerical simulation

produces a 3D power- or temperature distribution that gives an indication of the risk

of hot-spots. Moreover, simulation can establish the relation between temperature

and phases and amplitudes. This can then be used in an optimization method.

The use of numerical simulation to improve hyperthermia treatment is often re-

ferred to as ”hyperthermia treatment planning” (HTP).

1.6 Thesis outline

In this thesis the role of treatment planning in loco-regional hyperthermia is investi-

gated. The presented research was motivated by the introduction of a newly devel-

oped 3D phased-array loco-regional hyperthermia system in our department.

Chapter 2 provides the reader with an overview of hyperthermia treatment plan-

ning for loco-regional hyperthermia. The first part of the chapter discusses the dif-

ferent steps that have to be taken to go from an image of the patient to an optimized

temperature distribution with corresponding machine settings. The second part of

the chapter discusses the assumptions that are made in this chain of modelling steps.

This provides the reader with the necessary background for the following chapters.

Chapter 3 presents a comparison of a four channel system, the 2D AMC-4 70MHz

phased-array system with the 3D AMC-8 system. The potential gain in tumour tem-

perature as a result of improved steering capabilities is investigated. Special atten-

tion is paid to the axial positioning of the patient and changes in total power level

associated with the improved tumour heating.

In chapter 4 the impact of tissue perfusion uncertainty is investigated. Tissue

perfusion is one of the most important factors in the conversion of absorbed elec-

tromagnetic power to temperature rise. Although perfusion can be measured under

standard conditions, perfusion levels largely change as a result of hyperthermia. Un-

less the hyperthermia device is integrated with an imaging modality, the perfusion

level during hyperthermia can only be estimated. In this chapter the impact of the

uncertainty in the perfusion data is investigated for different optimization strategies.

The role of uncertainty in tissue perfusion and dielectric parameters in design

and optimization of hyperthermia systems is studied in chapter 5. The thermal dose

that can potentially be delivered to the target increases with an increasing number

of channels available for phase - amplitude steering. However, at a certain point sat-

uration occurs: adding more channels will not lead to a relevant increase in heating
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potential. This defines the optimal number of channels for a particular application.

With an increasing number of channels it becomes increasingly difficult to under-

stand the relation between the temperature distribution and phase - amplitude set-

tings intuitively. Hence, to realize this potential gain, reliable treatment planning

is required. An important question however is whether the uncertainties discussed

earlier propagate in the simulated power density- and temperature distribution in

a way that is depended on the number of channels. If the impact of uncertainty in-

creases as the number of channels increases this will lower the optimal number of

channels in practice.

Chapter 6 is an introduction in to general purpose computation on graphical pro-

cessing units (GPUs). Hyperthermia treatment planning is computationally expen-

sive, especially in view of the necessity to perform parameter variations to account

for the uncertainty in the different modelling parameters discussed earlier. General

purpose computation on GPUs has been receiving increasing attention from about

the year 2003 from research groups in a variety of fields as it is a cost effective option

for massive parallel computation.

Chapter 7 presents an example of GPU computation from the radiotherapy field.

A ray tracing algorithm that is used in radiotherapy dose calculations will rewritten

such that it can be executed on a GPU. The algorithm is parallel by nature and was

hence chosen as good candidate to explore the benefits of GPU computing.

Chapter 8 presents an other application of GPU computation in a field that is

closely related to modelling of heating in hyperthermia, namely RF heating in high-

field magnetic resonance imaging (MRI). In this chapter the developed GPU FDTD

algorithm is applied to modelling of parallel transmit MRI of the head.

This thesis ends with a summary of the presented work and a more general dis-

cussion. Finally a number of recommendations for further research are given.

1.7 Purpose of the described research

This thesis does not intend to describe or formulate methods that predict the tem-

perature in or the biological dose to specific patients. As will become clear in this

thesis, these types of predictions are far from an acceptable level of accuracy to be

of value in a quantitative manner. In order to overcome this problem, accurate di-

electric measurements for specific patients and on-line measurement of the actual

perfusion and/or blood-flow during treatment are needed. Especially for the latter
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type of measurements, integration of the hyperthermia device and the measurement

device is crucial.

In this thesis we explore the limitations and possibilities of hyperthermia treat-

ment planning to find new ways of improving hyperthermia treatment with the aid

of numerical simulation.




