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Introduction

1.1 Radiotherapy Basics
The main principle in radiotherapy is to destroy the tumour, with a  
minimum amount of damage to healthy tissue. To achieve this goal,  
radiotherapy uses ionizing radiation beams1. These beams can consist of  
electrons, photons, protons or even more exotic heavy particles, but photon  
beams are the most commonly used irradiation type. The photon irradiation is 
produced by a so-called linear accelerator or linac. A radiotherapy treatment can 
consist of a single irradiation (fraction) but more often, the patient is receiving the 
prescribed dose in multiple fractions. The number of fractions depends on the type 
of cancer that is being treated. Typically, a patient is being treated on a daily basis 
over a period of several weeks. One fraction is given in ten to twenty minutes.

Before treatment, a CT-scan of the patient is made to visualize the patient interior 
and the tumour. In this CT-scan (the planning CT) a physician delineates the 
tumour and the healthy organs at risk (OAR). The tumour volume is known as 
the gross tumour volume (GTV). It is surrounded by a region where microscopic 
infiltration of the tumour is suspected. This region is also delineated and is called 
the clinical target volume (CTV). Then a treatment plan is calculated that delivers 
the desired dose to the CTV while at the same time the dose to the OARs is not 
allowed to exceed the maximum dose tolerated by these organs.

The treatment plan includes number of beams, beam angles, beam dimensions or 
even advanced fluence patterns for each beam. Each day that the patient returns to 
receive the scheduled fraction, the patient is positioned on the table by tattoo marks 
on the skin that are linked to the coordinate system of the planning CT. However, 
the planning CT is just a snapshot of the anatomy in time. Every following day, 
the tumour may have moved, relative to the markers on the skin. This movement 
between fractions is called inter-fraction motion. Movement of the tumour that 
occurs within the time period of one treatment fraction is called intra-fraction 
motion.

1 Only external radiotherapy is discussed here. Radiotherapy can also be adminis-
tered from the inside by positioning radioactive sources inside the patient. This procedure is 
known as brachytherapy.

1
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This uncertainty on the tumour position is taken into account by applying margins 
around the delineated CTV (ICRU Report 50), which results in the planning 
target volume (PTV). 99% of the PTV should receive 95% of the prescribed dose. 
Inevitably, healthy tissue is hereby also irradiated. This does not only lead to an 
undesired high dose to healthy tissue. If critical organs with a low radiotolerance 
are present within the margins of treatment, the administered dose has to be 
reduced. This limits the dose that can be delivered to the tumour. For example, 
in the treatment of prostate cancer, the tolerance of the rectum determines the 
dose that the tumour can receive. A lower dose to the tumour causes a lower cure 
probability.

For some tumour sites, recurrence of the tumour after treatment within the GTV 
indicates that the currently administered dose may be too low (Chao et al. 2003, 
Daly et al. 2007). Local tumour control could be improved by boosting the dose on 
the tumour. However, large margins prevent us from going to higher dose levels.

1.2 Image Guided Radiotherapy
In the continuous search for better treatment outcome in radiotherapy, margin 
reduction is therefore essential. An important contribution to the margins is 
the positional uncertainty of the tumour (Van Herk et al. 2000, Stroom and 
Heijmen, 2002). Therefore, the margins can be reduced by imaging the patient 
during or just prior to treatment, known as image guided radiotherapy (IGRT). 

Several IGRT methods have been designed. With EPIDs (electronic portal imaging 
device) mounted on the linac, transmission images of the patient can be obtained 
using the MV treatment beam (Gilhuijs et al. 1996). These transmission images 
show the bony anatomy which is a more reliable guidance to tumour position 
than skin markers. Additional diagnostic X-ray tubes can be mounted on the 
linear accelerator to obtain better quality transmission images (Drake et al. 2000, 
Shirato et al. 2000).

For the prostate, positional accuracy can be further improved by using implanted 
fiducial markers that are, invasively, implanted in the prostate (Nederveen et al. 
2001). The prostate position is reflected by the location of the markers in the EPID 
transmission images. Markers at other tumour sites have been investigated and 
are used in some institutes (Harada et al. 2002, Kitamura et al. 2002) but are not 
common practice.

A conebeam-CT mounted on a linear accelerator is able to produce online CT-
images of the patient (Jaffray et al. 2002). Transmission images of a rotating 
diagnostic X-ray tube are used to reconstruct a 3D image of that part of the patient. 
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This allows 3D imaging before treatment and in between fractions. 

In contrast to conebeam CT, that uses an additional kV X-ray tube, the tomotherapy 
system uses the MV treatment beam to generate a CT-image of the patient (Mackie 
et al 1993, Ruchala et al. 1999). 

Ultrasound imaging does not use X-ray beams, but is based on the differences in 
the impedance of sound in the tissue. Ultrasound is a relatively cheap way to obtain 
3D information on the tumour and its surroundings. However, images are hard to 
interpret and by applying the ultrasound probe, the anatomy is deformed which 
makes it not fully representative for the anatomy during treatment. It is used for 
example for prostate and breast tumour position verification (Serago et al. 2006, 
Coles et al. 2007).

Recently, another position verification method that does not rely on X-ray 
attenuation has been introduced. For this approach, electromagnetic markers 
(transponders) are implanted inside the tumour. The position of these markers can 
be traced by transmitting and receiving RF-fields (Litzenberg et al. 2007).

All these systems have drawbacks. Ultrasound, although able to monitor intra-
fraction motion and soft-tissue contrast, causes deformation of the anatomy 
when the ultrasound probe is applied. EPIDs, conebeam CT and tomotherapy 
rely on X-ray attenuation which inherently limits soft-tissue contrast. Therefore, 
the visibility of the tumour is still limited and positioning is mostly done on 
the basis of the bony anatomy. Also, they are not able to monitor intra-fraction 
motion. Markers can give direct information on the tumour position. The recently 
developed electromagnetic markers can also be tracked during treatment, which 
provides information on intra-fraction motion. Drawbacks of markers are that 
not all tumour tissues are suitable for marker placement, marker placement under 
ultrasound guidance with a needle is an invasive procedure but most of all, markers 
do not provide an anatomical overview of the tumour surroundings.

Figure 1.1: Soft-tissue contrast in the prostate for CT (left) and MRI (right)
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Imaging of the tumour surroundings is desirable for a variety of reasons. Firstly 
the dose to the tumour is only then limited if OARs are present within the PTV. If 
the distance between CTV and OAR is sufficient, higher dose levels may be given 
(Kerkhof et al. 2007a). Also, tumours may deform or shrink during the course of 
treatment (Ding et al. 2007, Kerkhof et al. 2007b). Furthermore, daily images of 
the tumour and surroundings allow the reconstruction of the accumulated dose to 
the tumour and OARs. This capability will provide more insight in the dose effect 
relationship for various tissues. 

1.3 The MRI-accelerator
The modality of choice for online position verification, would therefore be MR 
imaging. MRI is a fundamentally different imaging process and offers superior 
soft-tissue contrast2 in comparison to other modalities (Figure 1.1). Additionally, 
imaging should be possible during actual treatment to cope with intra-fraction 
motion. The UMC Utrecht, in cooperation with Elekta, Crawley, UK and Philips 
Research, Hamburg, Germany, is developing a hybrid MRI-linear accelerator 
system that fulfils these requirements. In the design, a 6 MV linear accelerator is 
mounted on a ring around a 1.5 Tesla (T) MR scanner (Figure 1.2). The patient 
is lying in the MR scanner and is irradiated by the treatment beam that passes 
through the cryostat of the MR scanner. For this design to become feasible, several 
problems had to be coped with. 

In the strong magnetic field of an MR scanner, moving electrons will be deflected. 
To avoid interference of the magnetic field with the acceleration of electrons in 
the linac, the following solution was implemented: A 1.5 T MRI-scanner actually 
has two coil systems, generating two opposing magnetic fields that result in a 
homogeneous 1.5 T magnetic field in the bore of the scanner. The secondary, 
opposing coil system normally is adjusted in such a way that the magnetic field 
away from the scanner rapidly reduces to zero. This is called ‘active shielding’. For 
the MRI-accelerator, the same secondary coil system is used to generate a donut 
shaped region around the longitudinal axis of the MR-scanner with zero magnetic 
field. By installation of a linear accelerator in exactly this region, it can operate 
without being hampered by (or distorting) the magnetic field of the MR scanner.

Other problems would be the beam scatter, attenuation and fluence inhomogeneity, 
caused by irradiating through the different components of the MR scanner. The 
design of the MR scanner was therefore adapted, to minimize and homogenize the 
presence of heavy materials in the treatment beam. After these adaptations in the 

2 In MR images, the grey value of each tissue is determined by the scan settings. In 
this way, a whole range of soft-tissue contrasts is available.
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frame, the primary coils and the gradient coils, the scatter caused by the system is 
comparable to 10 cm aluminium or a conventional fluence modulation wedge.

A problem still under investigation are the RF-fields of the machines that are 
being combined. While generating high energy electrons of several MV, the linear 
accelerator produces RF-pulses. At the same time, the MR scanner is alternatively 
generating and receiving an RF-field. An RF-field is generated to excite the nuclei 
of the hydrogen atoms in the patient. These excited atoms, while returning to their 
ground state, transmit RF-signals that are received again by the MR-scanner. The 
RF-field of the accelerator may well interfere with the MR-scanning procedure. 

Figure 1.2: Design of the MRI-accelerator
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For true scanning during treatment, the timing of the linear accelerator and the 
MR scanner have to be tuned to each other to allow intermittent scanning and 
irradiation on a millisecond scale. 

These adaptations to the MR scanner make the design feasible. However, the 
patient in the system is being irradiated in the presence of a 1.5 T magnetic field.

The investigation of the influence of the magnetic field on the dose distribution, by 
means of Monte Carlo simulations, is the purpose of this work.

1.4 Dose deposition in the presence of a 1.5 T magnetic field
To understand how the magnetic field influences the dose distribution, the 
radiotherapy physics of photon irradiation will be explained here briefly:

When irradiating the patient, the high energy photons in the treatment beam 
penetrate all through the tissue. Attenuation occurs due to interactions of the 
photons with atoms in the tissue. Four types of photon interactions can be 
distinguished: Rayleigh scattering, Einstein’s photoelectric effect, Compon scatter 
and Pair production. In Compton scatter, the photon scatters at a photon which 
changes its direction and releases an electron from the atom. In the photoelectric 
effect, the photon is absorbed while releasing an electron. Rayleigh scatter changes 
the direction of the photon, but does not release an electron. In pair production a 
photon is transformed into an electron-positron pair.

The photoelectric effect and Compton scatter result in the generation of high 
energy electrons, that have been ‘shot out of the atom’ by a photon. These electrons 
are called ‘secondary electrons’. In contrast to photons, these electrons have a 
much smaller penetration depth. With numerous interactions, they scatter through 

Figure 1.3: Electron trajectory examples. (a) electron trajectory in vacuum at  
B >> 0. (b) electron trajectories in tissue. (c) electron return effect (ERE)

(a) (b) (c)
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the tissue while loosing their energy. The energy is being lost to the release of 
many more (lower energy) electrons. Molecules that have lost one electron or more 
due to ionizations from the irradiation, become positively charged ions. To these 
ions, this is an energetically unfavourable situation. They become highly reactive 
to other chemical substances and are therefore called ‘radicals’. The enlarged 
concentration of these highly reactive radicals in the cell nucleus results in DNA-
damage and, as a result, cell kill.

The measure of radiation damage to the tissue is expressed as the dose (symbol: D, 
unit: J/kg or Gray, Gy). The dose is the energy that is being deposited in the tissue 
by the secondary electron avalanche. 

All charged particles that move in a magnetic field are subject to the Lorentz force. 
The Lorentz force on a particle always acts perpendicular to the particle direction. 
This means that a magnetic field can neither accelerate or decelerate a particle, 
but it can only change its direction. A charged particle (for example an electron) 
in vacuum with a given initial energy will therefore travel in a circular or helical 
trajectory (figure 1.3a).

In the presence of a 1.5 T magnetic field, the photons in the irradiation beam are 
not affected, but the secondary electrons are deflected by the Lorentz force. In 
tissue or water, the electrons scatter with numerous interactions, like a marble in 
a pinball game. They are not able to fulfil their helical trajectories, but rather the 
electrons travel in a series of arc-shaped trajectories between interactions, where 
each interaction changes the direction of the electron (figure 1.3b).

If the scattering electrons reach the patient exterior or an air cavity within the 
patient, they are confronted with a much lower density medium: air. Now, their 
helical trajectories can be fulfilled and these electrons return into the tissue after 
an arc-shaped trajectory of approximately 180 degrees (figure 1.3c). The return 
of secondary electrons into the tissue causes striking dose increase at all tissue-air 
boundaries. This effect has been called the ‘electron return effect’ (ERE).
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1.5 Monte Carlo simulations
Monte Carlo simulations are a powerful and reliable method to determine the 
dose distribution. All other dose calculation methods in the field of radiotherapy 
rely on data sets obtained by dose profile measurements. Because large-scale 
dose measurements in the presence of a magnetic field cannot yet be performed, 
Monte Carlo simulations are the only way to determine the dose distribution in the 
presence of a magnetic field.

Although Monte Carlo simulations have become common practice (for research 
purposes) in radiotherapy (Rogers 2006, Verhaegen and Seuntjens 2003), dose 
calculations in the presence of a magnetic field are rare. Most Monte Carlo codes 
that are used in radiotherapy do not, in general, provide the functionality to include 
magnetic fields in the simulation. Bielajew (1993) adapted the EGS4 Monte Carlo 
code to implement magnetic fields. He demonstrated that longitudinal magnetic 
fields may be used for photon irradiation to constrain the lateral spreading of 
secondary electrons. These ideas were further evaluated (Wadi-Ramahi et al. 
2001, Naqvi et al. 2001, Chen et al. 2005) but were never carried out into practice. 
The same code was used to investigate the application of a heterogeneous lateral 
magnetic field for in-depth dose steering (Reiffel et al. 2000, Li et al. 2001).

Because EGS4 was written in the old-fashioned Fortran and because the magnetic 
field implementation was not freely available, this Monte Carlo code was not 
preferred. Instead, we have decided to use GEANT4 (Agostinelli et al. 2003, 
Allison et al. 2006). It is written in C++ and freely available in an open source 
format, the magnetic field is incorporated by default and the code is continuously 
being updated and improved by its developers: the GEANT4 Collaboration. It was 
designed originally for high energy particle experiments at CERN, but because the 
implementation of the physics was chosen very general, GEANT4 can be used to 
simulate any situation where charged particles travel through a medium. GEANT4 
now covers a wide field of applications, including space flight irradiation protection 
and medical physics.

In Monte Carlo simulations, radiotherapy irradiation is implemented as single 
photons and/or electrons. These individual particles are tracked through the 
simulation geometry. For each material that is traversed, the atomic cross-sections 
are calculated that determine the possibility of interaction. Random numbers 
decide whether an interaction takes place, in what direction the particle scatters 
and whether new particles will be generated. For radiotherapy, typically the energy 
deposition of these scattering particles in the tissue is of interest to the user. The 
spatial distribution of deposited energy divided by the local density is in fact the 
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dose distribution. The dose distribution of few of these particle tracks (or events, or 
histories) will not be very interesting. But by repeating this procedure millions of 
times, statistics ensure that a dose distribution appears. 

The statistical nature of Monte Carlo simulations also causes a statistical 
uncertainty attached to any calculated measure or value. To determine this 
uncertainty each calculation is repeated several times which results in a mean 
value and a standard deviation on this value. This standard deviation, divided by 
the square root of of the number of calculations, is the statistical uncertainty on the 
outcome.

1.6 Outline
Goal of this thesis is to investigate the dose distribution in the presence of a 
magnetic field. The following approach is followed:

First, the Monte Carlo code GEANT4 is tested to investigate its correct functioning 
for radiotherapy without magnetic field. This preparatory work is presented in 
the first two chapters after the introduction. In chapter 2, the geometry of a linear 
accelerator is implemented into GEANT4 to simulate the linac output. The output 
is verified by measurements. Chapter 3 goes into detail on the representation of 
realistic patients in the GEANT4 simulation geometry by importing CT-data. Dose 
distribution calculations on a CT-data representation of a polystyrene phantom are 
compared to dose distribution simulations on a geometric description of the same 
phantom and to measurements. Issues on memory consumption and performance 
are being looked upon. 

Chapter 4 then deals with the dose distribution, for a homogeneous medium, in the 
presence of a 1.5 T magnetic field. The results of the curved trajectories between 
interactions (as described in section 1.4) on the dose distribution are investigated.

In chapter 5, the electron return effect (ERE) is presented. Simulations have been 
performed to calculate the dose distribution for water-air-water phantoms and 
water phantoms with a cylindrical air cavity. The ERE is also demonstrated by 
experiment. The compensating effect of opposing beams is investigated.

Due to the magnetic field, the average direction of the electrons in phantoms or in 
tissue is deflected. As a result, the surface orientation relative to the beam plays 
an important role for the ERE and the build-up distance. For example, the dose 
increase due to the ERE depends heavily on the exit-surface angle. These effects 
are presented in chapter 6. Again, the compensating effect of opposing beams is 
investigated.
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Before the ERE is investigated in more detail, the dose distributions in the 
presence of a magnetic field that are calculated by GEANT4 are verified by dose 
measurements in chapter 7. In-depth and lateral dose profiles at a magnetic field 
strength of 0.6 and 1.3 T are measured using radiochromic films. The experimental 
geometry is then implemented in GEANT4 to calculate the dose distributions 
under the same conditions. Subsequently, the agreement between simulations and 
measurements is evaluated to determine the accuracy of the GEANT4 simulations. 

After the large exposure that the UMC Utrecht generated on the MRI-accelerator, 
this idea was adopted by a couple of other institutes. This resulted in other designs 
of radiotherapy accelerators with online MR imaging. These systems operate on 
much lower magnetic field strengths. In chapter 8, the magnetic field dose effects 
that were described in chapter 5 are investigated as a function of the magnetic field 
strength. Additionally, also the effects in lung tissue are included.

The consequences of all these dose distribution changes for radiotherapy treatment 
with our 1.5 T MR-accelerator is investigated in chapter 9. An inverse treatment 
planning approach is presented to calculate IMRT treatment plans that result in 
optimized dose distributions in the presence of a magnetic field. A treatment plan is 
calculated for three anatomical sites: prostate, larynx and oropharynx. Calculations 
are performed for B = 0 T and for B = 1.5 T, after which both resulting dose 
distributions are compared.

A summary on this work is given in chapter 10 and a general discussion is 
presented in chapter 11. Appendices include an elaborate discussion on the Monte 
Carlo calculations and some mathematical derivations. 
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Linear accelerator model

The UMC Utrecht has started up an investigation to determine the 
dose distribution in the presence of a magnetic field using Monte 

Carlo simulations. For this purpose, an output model of an Elekta 
SL linear accelerator was implemented using the Monte Carlo code 
GEANT4. The output model was evaluated by simulating the dose 
distribution in a water phantom and comparison to ionisation chamber 
measurement profiles (both pdd and lateral). After a gamma analysis 
the agreement turned out to be 1%/1 mm for the pdd profiles and 2%/2 
mm for the lateral profiles. The model is therefore suitable to serve as 
the input for Monte Carlo simulations that require the closest possible 
agreement to reality.

2
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2.1 Introduction
The UMC Utrecht, in cooperation with Elekta and Philips Medical Systems, is 
developing an integrated 6 MV linear accelerator – 1.5 T MRI system. In this 
system, the patient will be irradiated in the presence of a 1.5 T magnetic field, 
which will affect the dose distribution. These changes in the dose distribution 
due to the magnetic field can only be calculated using Monte Carlo simulations. 
Monte Carlo simulations are capable of getting the closest possible agreement 
to reality for all kinds of irradiation circumstances (heterogeneous medium, 
scatter calculations, magnetic fields) because of the direct causal nature of these 
simulations. However, to achieve such close agreement, first the linear accelerator 
output has to be modelled as accurately as possible.

In contrast to simulating dose distributions in a magnetic field, modelling linear 
accelerator output has become common practice in the field of radiotherapy. 
An overview is given by (Verhaegen and Seuntjens, 2003). In this chapter, 
our approach to simulate the output of an Elekta SL linac is presented. The 
performance was improved using bremsstrahlung splitting, phase-space files and 
symmetry exploitation (these terms are clarified in section 2.2). The quality of 
the output simulation was evaluated by simulating dose distributions in a water 
phantom and comparing them to measurements. The agreement was evaluated 
using a gamma analysis.

All these investigations will provide us with an accurate respresentation of the 
linear accelerator output. This model will be of great value when the influence 
of the magnetic field has to be determined, especially when the simulated dose 
distribution has to be matched to measurements.

2.2 Materials and Methods
For all simulations, the Monte Carlo code GEANT4 has been used 
(Agostinelli et al. 2003, Allison et al. 2006). This code was developed originally 
by CERN to simulate high energy particle physics detectors. However, the code 
is very versatile and nowadays the applications are widespread including fields of 
space flight radiation protection and also medical physics. Validation of this Monte 
Carlo code, particularly aimed at radiotherapy, is given by Perez et al. (2004) and 
Carrier et al. (2004).

The first section in this chapter deals with the simulation and evaluation of the linac 
output. The second section is devoted to several aspects concerning dose scoring 
and voxel navigation. Note that for the evaluation in the first section, some methods 
described in the second section have been used.
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2.2.1 Linear accelerator implementation

All components of an Elekta SL-25 linear accelerator that have a non-negligible 
impact on the beam fluence were modelled in GEANT4 according to the 
(confidential) specifications supplied by Elekta. A graphical representation of 
this simulation geometry is presented in figure 2.1. These components include 
the target, beam hardener, primary collimator, flattening filter and secondary 
collimator. Note that the target is a very small tungsten disc, 1 cm in diameter, 
and therefore not visible in figure 2.1. The ionisation chamber and the mirror 
were excluded because their influence on the beam fluence was considered 
disregardable.

The primary electrons incident on the target were simulated as a unidirectional 
beam (all electron velocities pointing downward). The energy spectrum of the 
electrons was defined as specified by Elekta. The spatial distribution in the beam 
was a gaussian with a FWHM3 value of 3 mm. This value was found iteratively 
by matching simulated lateral dose profiles to water tank ionization chamber 
measurements.

In the target, the electrons generate photons due to a process called 
‘Bremsstrahlung. This creates a predominantly downward directed photon beam. 
The beam hardener absorbs more low energy photons than high energy, which 
increases the average energy in the energy spectrum (i.e. the beam becomes 
harder). Thereafter, the photons enter the primary collimator where a conically 
shaped opening creates a conically shaped beam; other photons are absorbed by 
the collimator. Finally, the secondary collimators (or ‘jaws’) confine the beam to a 
rectangular shape. The flattening filter is designed to attenuate the beam such that 
a flat cross-sectional dose profile is obtained in a measurement phantom at 5 cm 
depth. A graphical representation of a Monte Carlo simulation of this process is 
presented in figure 2.2.

3 Full Width Half Maximum. This value is not unambigiuous. A detailed discussion 
is presented in Appendix B.1
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2.2.2 Methods of efficiency improvement

The efficiency of this simulation process is very low: Typically, for a 10 x 10 
cm2 field, only 0.15%. So for every photon that passes in between the jaws, 680 
electrons would have had to be fired at the target. This ratio is improved using the 
following techniques:

Bremsstrahlung splitting
One of the ways to improve efficiency is by implementing Bremsstrahlung 
splitting. Physically, if a bremsstrahlung event occurs on an electron, one photon 
is created. In the world of simulation, however, nothing prevents us from changing 
this implementation and generate, say, 20 photons for each bremsstrahlung event. 
The scatter angle and energy of these photons are all independently sampled. 

Figure 2.1: Graphical representation of linear accelerator simulation
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In order to avoid disturbing the energy balance, all these photons get a certain 
‘weight’ number tagged to them, which is in this case 1/20. In the scoring phantom, 
the energy deposition will be multiplied with this weight number.

Phase-space files
Another powerfull and very common procedure to improve the efficiency is the 
use of phase-space files. At certain levels in the linac geometry, the simulation is 
‘stopped’ and all particles arriving at this level are stored. Effectively, their particle 
type, position, direction, energy and weight are stored into a file (appendix C). 
These files are called phase-space files. These files then serve as input for the 
simulation of the next stage in the linac geometry. In our implementation, phase-
space files are created at two levels indicated in figure 2.1: one level between the 
flattening filter and the jaws and one level below the jaws. This approach has two 
major advantages. At first, particles from the phase-space files can be re-used. A 
phase-space file of 1 million particles can be used to generate 4 million particles 
in the simulation. Because particles typically do not scatter at the same spot in 
the phantom, firing the same particle four times increases the statistical accuracy. 
However, one has to take care not to exaggerate this re-usage factor. If it is chosen 
too large, so-called phase-space artifacts appear in the dose distribution. A re-usage 
factor below 40 is considered a safe setting (Van der Zee and Welleweerd, 1999).

The second advantage is that phase-space files only have to be created once 
and can then be used for many simulations. For example: a phase-space file set 
containing the output of a 10 x 10 cm2 beam can be used two times to simulate the 
dose distribution with and without magnetic field.

Figure 2.2: Simulation visualisation

(a) 600 electrons (b) 2400 electrons (c) 2400 electrons
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Exploiting symmetry
The phase-space files that were created at level 1 in figure 2.1 are called ‘head 
phase-space files’ and those that were created at level 2 are called ‘jaw phase-space 
files’. Head phase-space files contain a representation of the particle fluence from a 
perfectly azimutally symmetrical geometry. This allows the rotation of the particles 
from the phase-space files around the central axis by an arbitrary angle before firing 
them into the module where the jaws are simulated. This procedure enables higher 
re-usage factors. For the jaw phase-space files, this rotational symmetry is violated 
due to the jaws. However, if the jaw settings are symmetrical, the fluence still 
posesses mirror symmetry in the x- and y-axis. Therefore, the particles are mirrored 
arbitrarily in the x- and/or y-axis before being fired into the next module. 

2.2.3 Testing the simulated output

In order to verify the linear accelerator model, ionisation chamber4 measurements 
were performed for comparison. Pdd and lateral profiles were measured in a 
5 x 5 cm2, a 10 x 10 cm2 and a 15 x 15 cm2 6 MV irradiation field (SSD = 1 m). A 
second set of measurements was performed in a polystyrene layer phantom with a 
parallel plate ionisation chamber5 to obtain accurate results in the build-up region.

The Monte Carlo linear accelerator model was used to calculate the dose 
distributions for a 5 x 5 cm2, a 10 x 10 cm2 and a 15 x 15 cm2 6 MV irradiation field 
in water (SSD = 1 m). For these field sizes, various phase-space files were created 
with differing settings. A complete overview of all parameters is given by table 2.1.

The jaw phase-space files were fired on a 0.3 x 0.3 x 0.3 m3 phantom with a 
1 x 5 x 1 mm3 dose scoring grid. Convolution of this grid enabled the extraction 
of high resolution, yet low noise dose profiles. For comparison to measured pdd 
curves, the dose distribution was convoluted over a 15 x 3 x 1 voxel range to obtain 

4 IC 15, Welhöfer Dosimetrie, Swarzenbruck, Germany
5 Roos PPC 35, Wellhöfer Dosimetrie, Swarzenbruck, Germany

Table 2.1: Phase-space file usage details, number of particles fired and obtained 
statistical accuracy in dose deposition grid.
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the dose distribution of 15 x 15 x 1 mm3 voxels. For comparison to measured 
lateral profiles, the dose distribution was convoluted over a 5 x 1 x 5 voxel range to 
obtain the dose distribution of 5 x 5 x 5 mm3 voxels.

The agreement between the measurements and the simulations has been evaluated 
by a gamma analysis (Low et al. 1998). For each point on the curve, the gamma 
index has been calculated with criteria 2%/2mm, according to formula [2.1]. The 
gamma test passes, if the gamma index remains below 1 for all points.

 [2.1]

Calculation of gamma index Iγ 
Δ D: Dose difference 
Δ Dcrit: Dose difference criterium 
d: distance to dose agreement 
dcrit: distance to agreement criterium

 
2.3 Results and discussion

In figure 2.3 the measured and simulated in-depth profiles are presented for 5 x 5, 
10 x 10 and 15 x 15 cm2. Simulated and measured curves have been normalised at 
a depth of 1.6 cm. In the same graph, the gamma index is plotted against the right 
axis. The agreement is very close, also in the build-up region where no electron 
equilibrium exists. In fact, the criteria could even be tightened to 1%/1 mm and the 
gamma test would still pass.

Lateral profiles for all investigated field sizes are presented in figure 2.4. Both the 
simulated and the measured profiles have been normalised at the central axis. In 
the same graph, the gamma index is plotted against the right axis. The agreement 
does not reach the values for the in-depth profiles. The profiles are more noisy 
due to the smaller convolution volume and the tails of the graphs have a small 
systematic deviation. However, the agreement is still within 2%/2 mm which is 
very acceptable for radiotherapy purposes.

2.4 Conclusion
We implemented a linear accelerator model using the Monte Carlo code GEANT4. 
The output was used to generate dose distributions in a water phantom. Evaluation 
of the model by comparison to measurements showed an agreement of 2%/2 mm 
for lateral profiles and even 1%/1 mm for pdd’s.
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Figure 2.3: Simulated and measured pdd profiles for 5 x 5 cm2, 10 x 10 cm2 
and 15 x 15 cm2 6 MV photon field. Solid lines: simulations. Dashed lines: 
ionization chamber measurements. (The latter are hard to see because of the 
close agreement) The gamma index with criteria 2%/2 mm is plotted in the same 
graph, against the right axis.

Figure 2.4: Simulated and measured lateral profiles at 5 cm depth for 5 x 5 cm2, 
10 x 10 cm2 and 15 x 15 cm2 6 MV photon field. Solid lines: simulations. Dashed 
lines: ionization chamber measurements. (The latter are hard to see because of 
the close agreement) The gamma index with criteria 2%/2 mm is plotted in the 
same graph, against the right axis.
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Dose calculations on CT-data 
using GEANT4

The CT-data implementation in GEANT4 has been tested to present 
additional validation for radiotherapy dose calculation around air 

cavities and a consistency check between voxelised and continuous 
implementation of geometries. Therefore, a polystyrene phantom with 
rectangular air cavity was irradiated and percentage depth dose (pdd) 
and lateral profiles were obtained by ionisation chamber and film mea-
surements respectively. Simulations were performed with a CT-based 
voxelisation and a geometrical implementation of the same phantom. 
Results show agreement between all three curves within bounds of 
measurement and simulation accuracy. 
Also, customised improvements in the CT-data navigation and 
implementation have been investigated on their performance increase. 
Navigation can be improved by using nearest neighbour navigation or 
navigation based on the local coordinate system. The CT-data imple-
mentation was improved by omitting the air voxels, that are instead 
represented by a continuous underlying material. Local coordinate 
navigation increases calculation speed by 7% and nearest neighbour 
navigation does not increase calculation speed in comparison to the 
conventional navigation method of GEANT4, but both do reduce 
memory consumption. We demonstrated that omitting the air voxels 
increases calculation speed by ca. 20% and reduces memory consump-
tion. The exact gain depends on the proportion of air in the CT-data 
set. Omitting the air voxels turns out to be the most efficient method 
of improving the performance of Monte Carlo simulations on CT-data 
sets using GEANT4. 

3
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Figure 3.1: Experimental setup

3.1 Introduction
Monte Carlo simulations are rapidly becoming an useful tool for the calculation 
of dose deposition for radiotherapy (Cygler et al. 2005, Boudreau et al. 2005). 
Especially around air cavities, where conventional treatment planning algorithms 
are known to have difficulties in achieving the desired accuracy, Monte Carlo 
simulations are proving their value (Martens et al. 2002, Jones et al. 2005).

A relatively new code in the field of radiotherapy is GEANT4 (Agostinelli et al. 
2003). It is an open-source, well maintained software toolkit, designed originally 
for high energy particle detectors at CERN. Nowadays, the applications cover 
a wide range of fields, among which radiotherapy (Pia et al. 2003, Barca et al. 
2003). Because it is an open-source program, it can be adapted by users to add or 
improve functionality. Monte Carlo simulations for treatment planning purposes 
require the implementation of CT-data. The standard method provided by GEANT4 
was validated by Rodrigues et al. (2004) by comparing the simulation results 
to a treatment planning system (TPS) and thermoluminescent detector (TLD) 
measurements in an Anderson phantom. Parts of the CT-implementation method 
can be changed in order to achieve better performance. For example, Jiang and 
Paganetti, (2004) improved the way particles navigate through the CT-voxels. 
At our department, some more improvements have been developed, both in 
the navigation method and in the way the CT-data set is implemented into the 
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simulation geometry. These changes will be described in detail in section 3.2.2.

The purpose of this article is two-fold: At first, it will give additional validation 
of GEANT4 dose calculations in a CT-data based geometry. The agreement of 
GEANT4 dose calculations in a prostate anatomy to a conventional treatment 
planning system is presented. Special attention is given to validation around 
air cavities. In order to compare the calculated dose levels around air cavities 
to measurements, the irradiation of a polystyrene phantom with rectangular 
air cavity was simulated, using a CT-scan of that phantom. Results were then 
compared to measurements. In order to check the consistency of the voxelised 
CT-data implementation, the phantom was also implemented as a non-voxelised 
geometrical body for comparison. Secondly, this paper will present a comparison in 
calculation speed and memory consumption for customised CT-data navigation and 
implementation improvements.

3.2 Materials and Methods

3.2.1 Measurements on air cavity phantom

A multilayered, polystyrene phantom was used with a 4 x 2 cm2 air cavity 
inside (see figure 3.1). The third dimension was considered infinitive. The top 
of the cavity was positioned 4 cm below the phantom surface. The phantom was 
irradiated with a 4 x 4 cm2 6 MV beam, with the center of the air cavity at the beam 
axis.

Ionisation chamber measurements were performed to obtain pdd profiles. One 
phantom layer was exchanged by a layer containing a parallel plate ionisation 
chamber6. The chamber had an effective dose measurement point of 1 mm below 
the chamber surface. The pdd curves were normalised to their own maximum 
value. To obtain lateral profiles, radiographic film measurements were performed 
by pressing a film between two phantom layers7. The resulting optical density 
profiles were calibrated to obtain the true dose values. Then, the profiles were 
normalised to the center dose value of the curve of depth = 85 mm.

3.2.2 Simulation

For all simulations GEANT4.7.0 has been used (http://GEANT4.web.cern.ch). 
General validation results are presented by Pia et al. (2003). Validation more 
specific to medical purposes is given by Perez et al. (2004), Carrier et al. (2004) 
and Rodrigues et al. (2004).

6 Roos PPC 35, Wellhöfer Dosimetrie, Swarzenbruck, Germany
7 X-OMAT V2, Kodak, Rochester, NY, USA
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The LowEPhysicsProcesses package has been used. All customary physical 
processes for medical applications were activated. The CutValue was set to 100 
μm for all particles. This means that secondary particles are only generated if their 
energy is high enough to travel at least 100 μm through the medium in which they 
are generated. 

Linac and CT-data implementation
The output of an Elekta SL linac is determined by simulating all components that 
have a non-negligible influence on the resulting dose distribution. The accelerator 
head without the secondary collimator is simulated separately and the output is 
stored in phase-space files. These files serve as input for the simulation of the 
secondary collimator. The symmetry of the geometry is exploited by rotating the 
particles around the central axis by an arbitrary angle, before being fired into the 
next simulation module. This procedure allows a higher level of oversampling. At 
a plane below the jaws, the output is stored again in phase-space files. These files 
then constitute the input for any given geometry. If the beam shape is symmetrical, 
the particles are mirrored arbitrarily in the x- and/or y-axis before being fired 
on the patient geometry. This linac implementation is in correspondence with 
measurements within 1.5%/0.5 mm for pdd’s and 3%/3 mm for lateral profiles 
(chapter 2).

CT-data can be used to create a realistic patient simulation geometry. The 
Hounsfield units are converted to material properties, using the conversion table 
presented by Schneider et al. (2000). The voxels are placed into a geometrical box 
(the so-called ‘mother volume’) using the G4ParameterisedVolume class.

Figure 3.2: Dose distribution of Geant4 (a) in comparison to PLATO (b). Dose 
profiles in x-direction are plotted in (c).

(a)

(b) (c)
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Figure 3.3: Comparisons of simulated pdd profiles using a geometrical or a CT-
data based phantom representation to measurement.

Figure 3.4: Comparisons of simulated lateral dose profiles using a geometrical 
or a CT-data based phantom representation to measurement. Profiles at 1 mm 
and 5 mm below gap are presented.
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Simulations for validation and consistency
First a rough test is performed to compare the simulated dose distribution of 
a simple box technique in a (relatively homogeneous) prostate anatomy to the 
treatment planning system PLATO. In order to test the more challenging dose 
distribution around air cavities, the measurements described in section 3.2.1 were 
simulated in the following way:

A continuous simulation geometry was implemented, describing the well-defined, 
polystyrene phantom with air cavity (figure 3.1). Also, a CT-scan of the phantom is 
made with voxel dimensions of 2 x 2 x 2 mm. This CT-data set served as the basis 
for a voxelised implementation of the polystyrene phantom. Voxels were assigned 
the material air if the hounsfield number was below -700 HU and polystyrene 
otherwise. This threshold was shown to cause the least amount of partial volume 
effects.

Both phantoms were irradiated with a simulated 4 x 4 cm2 6 MV linear accelerator 
photon beam at 100 cm SSD. 10 Bins of 8.5·106 particles were used.

In the geometrical phantom, energy deposition was scored in two ways. First, 
to match the measured pdd data, it was scored along the central beam axis in 
cylindrical voxels of 0.5 mm thickness and 8 mm radius, being the radius of 
the sensitive area of the ionisation chamber that was used for the measurements 
(section 3.2.1). Secondly, to be able to compare to the lateral profile film 
measurements and to the results of the CT-data based simulation, dose was also 
scored in 2 x 2 x 2 mm3 voxels. Energy deposition of every step was divided 
proportionally over the traversed voxels. To obtain lateral dose profiles with 
sufficient accuracy, the symmetry was exploited by taking the average profile over 
6 adjacent voxel rows.

For the CT-data defined geometry, energy deposition was scored in the CT-voxels 
of 2 x 2 x 2 mm3. Dividing the energy deposition over the voxels proportionally 
is not necessary for voxelised geometries, because steps cannot cross volume 
boundaries. The pdd profile was obtained by taking the average profile over the 6 
central voxel columns. Lateral profiles were obtained by taking the average profile 
over 5 adjacent voxel rows.

For reasons explained in section 3.4 the maximum stepsize was set to 50 μm. 

Comparing CT-data navigation and implementation methods
In this part, the investigated changes in CT-data navigation and implementation 
will be explained. Then, the simulation approach to compare these navigation and 
implementation methods is described. 
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Navigation methods:
SmartVoxel navigation (standard) Conventionally, when a particle in GEANT4 
is leaving a CT-voxel at a certain point, the navigator has to consider all other 
CT-voxels whether the particle has just entered one of them. Because this search 
operation would take way too much time, the CT-data set is overlayered with a 
navigation grid called SmartVoxels. A map is created to account for which CT-
voxels belong to what SmartVoxel. The navigator now only has to check CT-
voxels enclosed within the SmartVoxel where the particle is currently located. 
The navigation speed is determined by the mesh size of the SmartVoxel grid and 
can be adjusted by the parameter ‘optimisation factor’. The higher its value, the 
smaller the SmartVoxels, the less CT-voxels that have to be checked for navigation 
purposes and thus the higher the simulation speed. However, memory consumption 
will increase with increasing optimisation factor because of the map that has to be 
created. Also, memory consumption will increase strongly with increasing CT-data 
set size. The memory consumption often limits the size of the CT-data sets that can 
be used and/or the optimisation factor that can be chosen.

NearestNeighbour navigation Since in a CT-data representation, the parameterised 
volumes (voxels) are abutting, navigation can be improved by having the navigator 
only check adjacent voxels (Jiang and Paganetti, 2004). Now the navigation 
speed will be a constant high value, without the need for a memory consuming 
SmartVoxel grid. For this purpose, we adapted the GEANT4 source code.

LocalCoordinate navigation Yet another method of navigation is by using the 
local coordinate of the particle to calculate which voxel will be entered next. The 
local coordinates are the coordinates of the particle in the system of coordinates 
of the mother volume of the parameterisation. The local x-coordinates of all voxel 
boundaries in the x-direction are stored in an array. The same is done for the y- 
and z-direction. Imagine a particle leaving a certain voxel through a boundary in 
the positive x-direction. At the moment when the navigation algorithm is called 
to determine which voxel the particle will enter, the position of the particle is at 
the upper x-boundary of the present voxel. Therefore, the x-value of the local 
coordinate of the particle will correspond to the value in the x-boundaries array, at 
the position one above the current voxel index. In the more general case, the local 
coordinates of a particle leaving a voxel are compared to the values in the boundary 
arrays adjacent to the location of the current voxel indices. With a maximum of six 
tests the navigator knows the indices of the next voxel to be traversed. Note that 
these tests only involve the comparison of two double numbers and are much less 
time consuming than testing whether a point is located within a voxel, like is done 
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for NearestNeighbour and SmartVoxel navigation. Again, there is no need for a 
memory consuming SmartVoxel grid and also for this method, the source code was 
changed. 

CT-data implementation
In GEANT4, a normal CT-data implementation will not use the material of the 
mother volume. Possible improvement is the omission of the voxels with the 
most frequently occurring medium (e.g. air) and assigning this medium to the 
mother volume. Now the omitted voxels are represented by the mother volume. 
The reduced number of voxels results in a lower memory consumption. Also, this 

Figure 3.5: Comparison of simulation speed and memory consumption for 
SmartVoxel, LocalCoordinate and NearestNeighbour navigation, depending on 
the optimisation factor. Memory consumption is plotted against the right axis. 
Results are presented for simulation with air voxel placement (a) and without 
air voxel placement (b).

(a) (b)

Figure 3.6: Relative dose profile behind airgap for measurements and 
simulations on a geometrical phantom with and without maximum step 
length. Also plotted is the dose profile for a simulation using the new version 
Geant4.8.0.
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implementation will increase the calculation speed, because particles can travel 
through the homogeneous mother volume material with fewer steps. Especially in 
low density materials (where stepsizes are usually large) the speed increase will be 
significant. The speed increase will be most significant, if the omitted voxels are air 
voxels. 

When using the method of not placing the air voxels, the navigation algorithm 
can not entirely depend on the nearest neighbour approach anymore. Therefore, 
the SmartVoxel navigation is always present as a backup. This will cause 
the simulation speed also for NearestNeighbour navigation to depend on the 
optimisation factor. Because LocalCoordinate navigation does not check whether 
the voxel, belonging to the indices that were found, actually exists, it is not suitable 
for a CT-data implementation where some voxels have been omitted. Therefore, 
it is not included in the comparison of navigation methods using a CT-data 
implementation without air voxel placement.

Simulation method for comparison
All simulations to test the performance of the different CT-data implementations 
described above, were done in the same way. A CT-data set of a neck region 
(196 x 174 x 22 voxels of dimensions 0.95 x 0.95 x 3 mm3) was irradiated with a 
phase-space file of a 3 x 3 cm2 6 MV linac photon beam. The CT-data set was large 
enough to show significant changes in the memory consumption and calculation 
speed for the investigated implementation methods. All simulations were done on a 
pentium 4 2.66 GHz standard personal computer with 512 MB internal memory. 

3.3 Results

3.3.1 Validation and Consistency of CT-data implementation

The results for the calculation of the dose distribution for a prostate treatment plan 
with GEANT4 and PLATO is presented in figure 3.2.

For the polystyrene phantom validation tests, pdd profiles of the measurements 
and both simulation methods are presented in figure 3.3. The agreement between 
all three curves is within 1%/1mm. Lateral profiles are presented in figure 3.4. In 
the profile for CT-data implementation, one striking deviation is found to the left 
of the air cavity, caused by a partial volume effect. Disregarding this deviation, 
the agreement with geometrical implementation lies within 2%/2mm. The 
agreement between geometrical implementation and measurement also is 2%/2mm. 
Agreement between CT-data implementation and measurement is within 3%/2mm.

The statistical accuracy of the simulations is presented as two times the standard 
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deviation, expressed as a percentage of the normalisation value. For the simulation 
on the geometrical phantom, the statistical accuracy of the pdd profile was 
approximately 1.0 %. The lateral profiles showed an accuracy of 1.5 %. The 
simulation on the CT-data based phantom resulted in an accuracy of 2.0 % for the 
pdd profile and 2.5 % for the lateral profiles. 

3.3.2 Comparison of CT-data navigation and implementation methods

First simulation speed using SmartVoxel navigation is presented as a function 
of the optimisation factor in comparison to the simulation speed using 
NearestNeighbour and LocalCoordinate navigation (figure 3.5a). The memory 
consumption is also plotted in figure 3.5a against the right axis, as a percentage of 
the total memory capacity. It can be seen that LocalCoordinate navigation gives 
the highest simulation speed, which is 7% faster than SmartVoxel navigation 
when using a high optimisation factor. SmartVoxel navigation is a little faster 
than NearestNeighbour, but this goes at the expense of rather large memory 
consumption. Only LocalCoordinate and NearestNeighbour navigation can 
combine a high simulation speed with a low memory consumption.

The performance, using a CT-data implementation where the air voxels are 
omitted, is presented in the same way in figure 3.5b. Local coordinate navigation is 
not included because it does not work when part of the voxels is non-existent. The 
overall simulation speed is 20% higher than with air voxel placement. SmartVoxel 
navigation is 4% faster than NearestNeighbour navigation for high optimisation 
factors, but NearestNeighbour is faster for lower optimisation factors. The memory 
consumption is decreased by 30%, due to the omitting of the air voxels.

3.4 Discussion

3.4.1 Validation and consistency of CT-data implementation

The consistency between the simulation with a geometrical representation of the 
phantom and the simulation with a CT-voxel representation of the phantom is very 
good (within the statistical accuracy of the simulations). The same goes for the 
simulated profiles against the measured profiles. The agreement is slightly better 
for pdd data than for lateral profiles, which is explained by the fact that the linac 
output already showed better agreement for pdd’s and the ionisation chamber 
measurements are more accurate than the film measurements.

The partial volume effect in figure 3.4 (at the x-axis value of -0.9 cm) is caused by 
a non-ideal alignment of the phantom boundaries and the voxel boundaries of the 
CT-scanner coordinate system. The most suitable threshold was found to be -700 
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HU but then still some voxels in the cavity were assigned the material polystyrene 
instead of air.

Because conventional treatment planning systems have difficulties calculating the 
correct dose deposition around air cavities, these situations are often checked with 
Monte Carlo simulations. It is therefore most important that Monte Carlo dose 
calculation engines are able to simulate these situations correctly. This test shows 
that GEANT4 fulfils this requirement. However, a limitation of the maximum 
stepsize is necessary. This causes a strong decrease in computation speed of 
approximately 60%. In figure 3.6 the dose profile right after the gap, simulated in 
the geometrical phantom with and without maximum step length, is presented next 
to the measurements. 

The reason for this deviation probably lies in the boundary crossing algorithm, 
as was also pointed out by Poon et al. (2005a). This problem has been solved by 
the advent of GEANT4.8.0. The physics process ‘multiple scattering’ has been 
improved adjusting the stepsize and lateral displacement of charged particles near 
geometrical boundaries. When repeating these tests with GEANT4.8.0 it was 
found that results agree to measurements, without imposing a maximum stepsize 
(figure 3.6).

3.4.2 Comparison of CT-data navigation and implementation methods

The results of the comparison between SmartVoxel, NearestNeighbour and 
LocalCoordinate navigation for the CT-data implementation with air voxel 
placement show that the best performance is obtained using LocalCoordinate 
navigation. A disadvantage of SmartVoxel navigation is that, in order to set 
the optimisation factor at an optimal level, memory consumption can increase 
considerably. This goes particularly for large CT-data sets, because the memory 
consumption scales with the CT-data set size. In that case, the optimisation factor 
may have to be set at a suboptimal level, reducing simulation speed even further.

Using the CT-data implementation without air voxel placement, the 
LocalCoordinate navigation is not available. The simulation speed for the other 
two navigation methods is increased by 20%. This is caused by the fact that the air 
voxels are now represented by a continuous air space. The navigation algorithm 
is now free to let particles take large steps in the air space surrounding the patient, 
instead of having the particles take one step for each traversed voxel. Also, 
because of the reduction of the number of voxels, the memory consumption is 
decreased considerably (30%). More generally, the increase of speed and reduction 
of memory consumption will depend on the proportion of air voxels in the CT-
data set. However, for common CT-data sets, the simulation speed using a CT-
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data implementation without air voxels will be higher than using a conventional 
implementation with air voxels. Note that the reduction in memory consumption 
allows the usage of higher optimisation factors.

Because NearestNeighbour navigation fails if a particle reaches the continuous air 
space, the SmartVoxel navigation (which is still present as a backup method) takes 
over in such cases. Therefore, the calculation speed goes down with decreasing 
optimisation factor, but becomes higher than SmartVoxel navigation speed, which 
decreases more rapidly. 

3.5 Conclusions
The GEANT4 CT-data implementation is correct and is in perfect agreement with 
results on a homogeneous representation of the same phantom, apart from partial 
volume effects. Using GEANT4.7.0, strong inhomogeneities require a reduced 
maximum stepsize to obtain correct results after the inhomogeneity. This necessity 
is lifted using GEANT4.8.0.

Using a CT-data implementation with air voxels, the local coordinate navigaton 
method is 7% faster than the conventional SmartVoxel navigation algorithm, 
which is again a few percent faster than NearestNeighbour navigation. Because 
SmartVoxel navigation memory consumption is rather high and increases with CT-
data set size, the simulation speed for SmartVoxel navigation may turn out lower if 
the optimisation factor has to be reduced because of memory constraints. 

Using a CT-data set implementation without air voxel placement increases 
simulation speed for the SmartVoxel navigation by approximately 20% and reduces 
memory consumption by approximately 30%, depending on the proportion of 
air voxels in the CT-data set. In this case, SmartVoxel navigation gives the best 
performance, followed by NearestNeighbour navigation. Navigation based on local 
coordinates is not available for this implementation.

Overall: As long as memory constraints are not a problem, the conventional 
SmartVoxel navigation method in combination with the CT-data implementation 
without placing the air voxels gives the highest performance. Also, this method 
does not require adaptations of the GEANT4 source code. However, if memory 
constraints do play a part (low memory capacity or large CT-data sets) and the 
optimisation factor cannot be set at the optimal level, an alternative navigation 
method may increase the simulation speed. 
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Dose deposition at 1.5 T  
in homogeneous phantoms

Integrating Magnetic Resonance Imaging (MRI) functionality with 
a radiotherapy accelerator can facilitate on-line, soft-tissue based, 

position verification. A technical feasibility study, in collaboration 
with Elekta Oncology Systems and Philips Medical Systems led to 
the preliminary design specifications of a MRI accelerator. Basically 
the design is a 6 MV accelerator rotating around a 1.5 T MRI system. 
Several technical issues as well as the clinical rational are currently 
under investigation. The aim of this paper is to determine the impact 
of the transverse 1.5 T magnetic field on the dose deposition. Monte 
Carlo simulations were used to calculate the dose deposition kernel 
in the presence of 1.5 T. This kernel in turn was used to determine the 
dose deposition for larger fields. Also simulations and measurements 
were done in the presence of 1.1 T. The pencil beam dose deposition 
is asymmetric. For larger fields the asymmetry persists but decreases. 
For the latter the distance to dose maximum is reduced by approxi-
mately 5 mm, the penumbra is increased by approximately 1 mm, and 
the 50% isodose line is shifted approximately 1 mm. The dose deposi-
tion in the presence of 1.5 T is affected, but the effect can be taken 
into account in a conventional treatment planning procedure. The 
impact of the altered dose deposition for clinical IMRT treatments is 
the topic of further research. 

4

This chapter was also published as:

Raaymakers B W, Raaijmakers A J E, Kotte A N T J, Jette D and Lagendijk J J W 2004 
“Integrating a MRI scanner with a 6 MV radiotherapy accelerator: dose deposition in a 
transverse magnetic field” Phys. Med. Biol. 49 4109-4118
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4.1 Introduction
In clinical practice position uncertainty is dealt with by applying margins around 
the volume to be irradiated (ICRU99, Van Herk et al. (2000), Stroom et al. (2002). 
The goal of position verification is decreasing these margins, which in turn can 
lead to sparing of organs at risk and dose escalation. Finally this can converge 
to full image guided radiotherapy (Ling et al. 2000). Various techniques are 
currently under investigation or already in clinical use to improve the position 
verification. For instance transmission images of the MV-treatment beam are used 
and although these yield poor soft tissue contrast they are still very suitable for 
positioning using the bony structure (Gilhuijs et al. 1996) or implanted fiducial 
markers (Nederveen et al. 2001). The contrast can be increased by using additional 
diagnostic x-ray tubes; this can be done 2-dimensionally, i.e. taking a single 
transmission image (Drake et al. 2000), or 3-dimensionally by using multiple x-ray 
tubes and cameras (Shirato et al. 2000). 

Alternatives include the use of pre-treatment ultrasound imaging (Serago et al. 
2002), the integration of (cone-beam) CT functionality with the accelerator 
(Jaffray et al. 2002) or the tomotherapy system (Mackie et al. 1993, Ruchala et al. 
1999). The CT options yield great detail on the bony structure or implanted 
markers, but x-ray based soft-tissue contrast is inherently limited (Groh et al. 
2002). The full image guided radiotherapy we aim for includes on-line, soft-
tissue based, position verification by integrating Magnetic Resonance Imaging 
(MRI) functionality with a radiotherapy accelerator (Lagendijk et al. 2002, 
Raaymakers et al. 2004a). This enables direct visualisation of the tumour and the 

Figure 4.1: Artistic impression of an integrated MRI accelerator
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surrounding structures, ultimately allowing on-line optimisation of the treatment 
plan.

At our department we have conducted a study into the technical feasibility of such 
an integrated system. An artistic impression of what the system can look like is 
shown in figure 4.1.

Basically the design is a conventional 1.5 T MRI system with a small, single 
energy (6 MV) accelerator rotating around it. In collaboration with Philips Medical 
Systems, Hamburg, Germany, it was found that the active magnetic shielding 
system of a standard system can be modified in order to magnetically decouple 
the accelerator and the MRI system. This requires no compromise to the magnetic 
field homogeneity and no additional construction complexity. The consequence of 
this design is beam transmission through the MRI system. Transmission through 
the MRI system results in beam attenuation, scatter and field heterogeneity. Also in 
collaboration with Philips Medical Systems the creation of radiation portals in the 
MRI system was investigated, i.e. minimising the amount of material in the beam’s 
eye view. Preliminary investigations show that the beam quality after transmission 
is acceptable. Most important was the conclusion that the integration is technically 
feasible.

The focus of this paper is another technical topic: the dose deposition in a 1.5 T 
magnetic field. Obviously the 6 MV photon beam travels unhampered in a 
magnetic field. However, the actual dose deposition in tissue is the result of an 
avalanche of secondary electrons (Khan, 1994). The trajectory of these electrons 
is affected by the presence of a magnetic field and can be calculated using Monte 
Carlo simulations (Jette et al. 2000a). The induced curvature depends on the 
electron energy and the magnetic field strength. Actually, given 3-dimensionally 
controlled, high strength magnetic fields, this effect can be used to modify 
and optimise electron or photon beam dose distributions (Bielajew et al. 1993, 
Nardi et al. 1999, Reiffel et al. 2000, Jette et al. 2000b).

The aim of this study is to investigate the impact of a 1.5 T magnetic field on the 
dose deposition for the specific case of our proposed integrated MRI accelerator, 
i.e. an axial 1.5 T magnetic field perpendicular to the 6 MV photon beam. The 
aim is to determine the impact and significance of the magnetic field on the dose 
deposition. 

Monte Carlo simulations will be used to determine the dose deposition kernel 
with and without the presence of a 1.5 T magnetic field. Also the impact on larger 
radiation fields, 1 x 1 and 5 x 5 cm2, will be studied. For this study the freely 
available (http://GEANT4.web.cern.ch/GEANT4/) GEANT4 (Agostinelli et al. 
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2003) Monte Carlo code was used, a package to simulate the passage of particles 
through matter. Arbitrary geometries and EM-fields can be included, and a large 
set of particles comes with it. The package offers physics processes ranging 
from 250 eV up to 1 TeV. It is developed by the CERN, Switzerland, within an 
international collaboration of over 100 scientists and was initially developed 
for high energy physics applications. There is a low energy extension, which is 
validated specifically for medical physics purposes (Carrier et al. 2004). Simple 
geometries were simulated for both photon and electron irradiation and compared 
with codes widely used in medical physics, i.e. MCNP (Briesmeister et al. 1997), 
EGS4 (Nelson et al. 1985) and EGSnrc (Kawrakow et al. 2000). The mutual 
differences for heterogeneous media were smaller than 5% and the difference with 
measurements was smaller than 4%. Literature on experimental validation with 
the incorporation of a magnetic field has only been reported for EGS4 and did not 
show fair correspondence between calculation and experiment (Litzenberg et al. 
2001). While it is not the goal of this paper to validate the inclusion of magnetic 
fields in Monte Carlo calculations, we included experimental data for this specific 
set-up.

4.2 Methods

4.2.1 Monte Carlo simulations of the dose deposition kernel in a 1.5 T field

The GEANT4 Monte Carlo code was used to characterise the dose deposition 
kernel of a 6 MV photon pencil beam in a 1.5 T magnetic field. The realistic energy 
spectrum of the 6 MV photon beam of our clinical accelerator, Elekta SLi 20, was 
used (Van der Zee and Welleweerd, 1999). The energy spectrum was determined 

Figure 4.2: Schematic drawing of the set-up as used in the Monte Carlo 
simulations.
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using BEAM (Rogers, 1995), an extension on the EGS4 code (Nelson et al. 1985) 
to facilitate the modelling of radiotherapy treatment units.

Geometrically, a photon pencil beam incidents the water phantom perpendicularly 
at the y = 0 plane; at this plane also the half space with the magnetic field of 1.5 T 
starts, see also figure 4.2.

The magnetic field is directed along the z-axis, so the expected asymmetry is in 
the direction of the x-axis. The scoring region was 5 by 5 cm2 for the xz plane and 
10 cm along the y-axis, i.e. 10 cm is the maximal depth. The scoring voxels are 
1 x 1 x 1 mm3.

The pencil beam dose deposition was calculated using 10 million events. By 
convolving the pencil beam dose deposition (with and without the presence of 
a magnetic field) with an arbitrary field shape, the dose distribution of larger 
radiation fields can be determined for a homogeneous phantom. This is done for 
both a 1 x 1 and a 5 x 5 cm2 field and for both 1.5 and 1.1 T. For the pencil beam in 
a 1.1 T magnetic field the volume of the magnetic field is limited to 4 cm long (that 
is along the y-axis), 2 cm in the z direction and 3 cm in the x direction; this is in 
correspondence with the volume available for measurements, see also section 4.2.2.

Note that this way of determining the dose deposition for finite field sizes will 
not lead to perfect quantitative correspondence between measurements and 
simulations. When using the convolution with the pencil beam kernel, the 
penumbra will be determined merely by the phantom scatter and the magnetic field; 
it neglects the impact of diaphragm blocks, divergence of the beam, finite source 
size and beam contamination. It is beyond the scope of this paper to incorporate 
these detailed specifications of the measurement set-up in the Monte Carlo 
simulations. We are mainly interested in the impact of the magnetic field on the 
dose deposition, which can still be investigated since the correct energy spectrum is 
used. 

4.2.2 Measuring the dose distribution of a 1 x 1 cm2 field in a 1.1 T field

The dose distribution of a 1 x 1 cm2 field in the presence of a 1.1 T magnetic field 
was measured using film dosimetry, with ready pack EDR2 films, Eastman Kodak 
Company, Rochester, NY, USA. The set-up was similar to the simulations for the 
pencil beam kernel as shown in figure 4.2. The magnetic field was produced by a 
bending magnet taken from an old Elekta SL75/20 accelerator, from which the pole 
shoes were adapted. The rectangular volume between the magnetic poles was 4 cm 
long (that is along the y-axis), 2 cm in the z direction and 3 cm in the x direction. 
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A split, water equivalent phantom was used with the film positioned in the 
middle of the phantom, tightly filling the space between the pole shoes. The film 
was positioned in the xy-plane and irradiation was done with the incident beam 
tilted 2° along the x-axis. The latter is done to prevent over response of the film 
(Suchowerska et al. 2001). Using this set-up both the depth-dose curve and the 
penumbra in the x-direction were measured, both with and without the presence of 
the magnetic field.

4.3 Results

4.3.1 Monte Carlo simulations of the dose deposition kernel in a 1.5 T field

In figure 4.3 the impact of the 1.5 T field on the pencil beam dose deposition kernel 
is shown. Figure 4.3a shows the dose curve along the central axis of the pencil 
beam. One can not speak of the build up distance for a pencil beam since there 
is no lateral electron equilibrium. Still from figure 4.3a the difference due to the 
1.5 T is quantified and found to be 3 mm. I.e. it requires a 3 mm shift in depth of 
the 1.5 T profile to match the part of the profile beyond dose maximum with the 
corresponding part of the 0 T case. 
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The main difference due to the magnetic field is expected as an asymmetry of the 
dose deposition in the lateral (x) direction. This is shown in figure 4.3b where the 
80-20 penumbra in the x-direction at both sides of the dose deposition is shown 
as a function of depth. After a few mm already a clear distinction between the 
situation with and without magnetic field is visible. Without the magnetic field, the 
penumbra is approximately 0.7 mm and (obviously) the penumbra at both sides of 
the dose deposition is equal (lines for left hand side (-x direction) and right hand 
side (+x direction) penumbra are overlapping). With a magnetic field present this is 
no longer true; the penumbra is either slightly smaller, 0.6 mm or larger, 1 mm.

4.3.2 Dose distributions of 1 x 1 and 5 x 5 cm2 fields in the presence of a 
1.5 T field

The pencil beam kernel as shown in section 3.4.1 is used to determine the 
dose distribution of 1 x 1 and 5 x 5 cm2 fields in the presence of a 1.5 T field. 
Figure 4.4a shows the central dose profiles in the x direction at 5 cm depth. The 
asymmetry caused by the magnetic field can be seen clearly. The width at 50% for 
the 5 x 5 cm2 field is unaffected by the magnetic field. However the entire field is 
shifted approximately 0.7 mm; this is true for all depths beyond dose maximum 
(not presented here) and this is also found for the 1 x 1 cm2 field.

Figure 4.4b shows the impact on the depth-dose curve for the 1 x 1 and the 
5 x 5 cm2 field. The build-up distance decreases for the 1 x 1 and 5 x 5 cm2 field 
with approximately 5 mm due to the 1.5 T magnetic field. This means a shift 
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in depth of 5 mm causes the profiles to coincide for the part beyond the dose 
maximum. While figure 4.4a shows very smooth graphs, figure 4.4b shows some 
noise due to the statistical nature of Monte Carlo modelling. This is because a 
pencil beam kernel is used in the convolution, the longitudinal direction, i.e. the 
resulting depth-dose curves, reflects this noise of the pencil beam kernel. In the 
plane perpendicular to the pencil beam, the convolution intrinsically blurs the 
noise, yielding smooth profiles as shown in figure 4.4a.

In figure 4.5 the 80-20 penumbra of both fields is shown as a function of the depth. 
For both cases the penumbra increases by the presence of the magnetic field. For 
the 1 x 1 cm2 field the lateral electron equilibrium is not fully reached anywhere in 
the field and the penumbra is asymmetric, although not as severe as for the pencil 
beam dose deposition. For the 5 x 5 cm2 field full lateral electron equilibrium exists 
in the central part of the field and the penumbra is perfectly symmetric, the lines 
for the left hand side and the right hand side penumbra are coinciding. Nevertheless 
the dose distribution is asymmetric as can be seen in figure 4.4a. This will be 
discussed in section 4.4.1.

4.3.3 Measured dose deposition of a 1 x 1 cm2 field in the presence of a 1.1 T 
magnetic field

Figure 4.6 shows the measured and calculated depth-dose curve as well as the 
80-20 penumbra as function of depth for a 1 x 1 cm2 field, both with and without 
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Figure 4.6:Film measurements and Monte Carlo simulations showing the depth-
dose curve and the 80-20 penumbra for the 1 x 1 cm2 field with and without the 
presence of 1.1 T.
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the presence of 1.1 T. The measured depth-dose curve (figure 4.6a) is unreliable 
for very shallow depths (first few mm) whereas the dose maximum could be 
determined more precisely. Therefore the measurements and simulations, both 
with and without 1.1 T are plotted such that the part beyond dose maximum is 
coinciding. The required shift of the profiles is then a measure for the decrease in 
build up. For the simulations a shift (i.e a decrease of build up) of 3 mm was found. 
For the measurements a shift between 2 and 3 mm was found. 

The 80-20 penumbra, as presented in figure 4.6b and 4.6c, clearly increases in the 
presence of the magnetic field. Both the measurements and the simulations show an 
increase for the 80-20 penumbra of approximately 1 mm. The asymmetry between 
left hand and right hand side penumbra as visible in figure 4.6c can not be judged 
from the measurements in figure 4.6b. 

For the simulations a shift of approximately 0.4-0.5 mm of the 50% isodose line 
was found (not presented here), this measure could not be determined for the 
experimental set-up because the films were not positioned according to the beam 
axis in an absolute way.

4.4 Discussion

4.4.1 Dose deposition at 1.5 T

The pencil beam dose deposition kernel is clearly asymmetric in the direction 
perpendicular to the 1.5 T magnetic field, as seen in figure 4.3. For larger fields the 
asymmetry induced by the magnetic field decreases, as shown for the 1x1 cm2 field 
in figure 4.4a and 4.5a. As soon as lateral electron equilibrium in the central part of 
the field exists, as is the case for the 5x5 cm2 field, the asymmetry in the penumbra 
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Figure 4.7: Schematic illustration of convolving a pencil beam kernel with a 
given field in 1D. The maximum reached in the convolution is the sum of all 
kernel values: 10. The profile is clearly asymmetric but the 80-20 penumbra, as 
indicated by the horizontal brackets, is perfectly symmetric, namely 2 ‘voxels’. 



47

Chapter 4: Dose deposition at 1.5 T in homogeneous phantoms

4

disappears (figure 4.5b), whereas the dose distribution remains asymmetric as can 
be seen in figure 4.4a. For this case the penumbra increases approximately 1 mm 
by the presence of 1.5 T.

It seems counter-intuitive that the 80-20 penumbra becomes symmetric whereas 
a dose profile is clearly asymmetric. Still this is straight-forward with the 
convolution method in mind. Basically, taking the convolution is placing a number 
of pencil beam kernels side-to-side, filling up the required field size, given a certain 
normalisation and a finite kernel size. Figure 4.7 shows a diagram in which this is 
illustrated for an example in 1D.

The left hand slope is determined by the integral of the kernel. The maximum is 
determined by the integration of the entire kernel along the given profile. The right 
hand slope is determined according to the same integral, only starting at the other 
side. This yields the same, albeit mirrored, slope and therefore the 80-20 penumbra, 
as this is a relative measure within this slope, will be the same for both sides. 
Note that the maximum is only reached if the profile is wide enough to integrate 
all values of the kernel for this profile, i.e. for our situation, that there is lateral 
electron equilibrium.

Despite the asymmetric dose deposition the abutment of fields is not affected. 
Adding a number of pencil beam kernels (i.e. taking the convolution) to obtain a 
5 x 5 cm2 field does yield a flat field as shown in figure 4.4a. 

Besides the increased penumbra, the 1.5 T magnetic field causes a shift of 
approximately 0.7 mm of the 50% isodose line. Also the impact on the build-up 
distance becomes noticeable. The latter decreases by approximately 5 mm, as seen 
in figure 4.4. 

4.4.2 Dose deposition in 1.1 T

The measurements were limited to a 1 x 1 cm2 field and to 1.1 T magnetic field. 
As mentioned in section 4.2.1 the Monte Carlo simulations are neglecting various 
elements of the measurements; however, they do use the correct photon energy 
spectrum. The effect of the magnetic field is determined by the energy of the 
(secondary) electrons, so by the photon energy spectrum and the magnetic field 
strength. These are the two quantities that are taken into account correctly and 
therefore the magnitude of the impact of the magnetic field can be compared 
between measurements and simulations. They are shown to be in agreement.

The behaviour of the dose deposition in 1.1 T is very similar to that in 1.5 T. The 
difference is that the increase in penumbra and the shift of the 50% isodose line are 
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both slightly smaller, the difference between the depth-dose curves of 1.1 and 1.5 T 
is too small to be evaluated.

4.5 Conclusion
For this specific configuration, the magnitude of the impact of the magnetic field 
as measured in 1.1 T was found to be in agreement with the corresponding Monte 
Carlo simulations. 

For radiation fields where lateral electron equilibrium exists, the impact of the 1.5 T 
magnetic field on the dose deposition by a 6 MV photon beam can be summarised 
as follows: a decrease of the build-up distance by 5 mm, a symmetric increase of 
the penumbra in the direction perpendicular to the magnetic field by 1 mm and in 
the same direction a shift of the entire radiation field by approximately 0.7 mm. 
For fields too small to have lateral electron equilibrium in the central part of the 
field, the penumbra in the direction perpendicular to the magnetic field becomes 
asymmetric.

Abutting radiation fields in the presence of a magnetic field does not yield 
problems. For treatment planning, the increased penumbra and reduced build-up 
distance can be incorporated in a conventional manner. The induced 0.7 mm shift 
of the isodose line in the direction perpendicular to the magnetic field requires the 
inclusion of asymmetric and direction-dependent dose profiles.

In conclusion, the impact on the dose deposition for our specific configuration of a 
6 MV photon beam in a transverse 1.5 T magnetic field can be taken into account 
in a conventional treatment planning procedure, with special attention being paid to 
the direction-dependent dose shift of 0.7 mm. 

For single fields, the overall impact of the magnetic field is small. For instance 
the shift of 0.7 mm can easily be dismissed. However for IMRT treatments, when 
abutting segments from different gantry positions, under- or over-dosage can occur. 
The impact of the altered dose deposition for clinical IMRT treatments is the topic 
of further research.
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The Electron Return Effect

In the framework of the development of the integration of a 
MRI-scanner with a linear accelerator, the influence of a lateral, 

magnetic field on the dose distribution has to be determined. Dose 
increase is expected at tissue-air boundaries, due to the Electron 
Return Effect (ERE): Electrons entering air will describe a circular 
path and return into the phantom causing extra dose deposition. 
Using IMRT with many beam directions, this exit dose will not 
constitute a problem. Dose levels behind air cavities will decrease 
because of the absence of electrons crossing the cavity. The ERE 
has been demonstrated both by simulation and experiment. Monte 
Carlo simulations are performed with GEANT4, irradiating a 
water-air-water phantom in a lateral magnetic field. Also an air 
tube in water has been simulated, resulting in slightly twisted 
regions of dose increase and decrease. Experimental demonstration 
is achieved by film measurement in a perspex-air-perspex phantom 
in an electromagnet. Although the ERE causes dose increase 
before air cavities, relatively flat dose profiles can be obtained for 
the investigated cases using opposite beam configurations. More 
research will be necessary whether this holds for more realistic 
geometries with the use of IMRT and whether the ERE can be 
turned in our advantage when treating small tumour sites at air 
cavities.

5

This chapter was also published as:

Raaijmakers A J E, Raaymakers B W and Lagendijk J J W 2005 “Integrating a MRI scan-
ner with a 6 MV radiotherapy accelerator: Dose increase at tissue-air interfaces in a lateral 
magnetic field due to returning electrons” Phys. Med. Biol. 50 1363-76
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5.1 Introduction
Daily information on the exact tumour position during radiotherapy leads to 
a decrease of margins around the irradiated volume (ICRU99, Van Herk et al. 
2000, Stroom et al. 2002). For position verification, various imaging modalities 
are in use or under investigation: Transmission images using the MV-treatment 
beam of the bony structures (Gilhuijs et al. 1996) or implanted fiducial markers 
(Nederveen et al. 2001), transmission images from additional diagnostic x-ray 
tubes mounted on the accelerator (Drake et al. 2000, Shirato et al. 2000), pre-
treatment ultrasound imaging (Serago et al. 2002), cone-beam CT imaging 
(Jaffray et al. 2002) and the tomotherapy system (Mackie et al. 1993, Ruchala et al. 
1999). The CT options yield great detail on the bony structure and implanted 
markers, but x-ray based soft-tissue contrast is inherently limited (Groh et al. 
2002).

Therefore at our Radiotherapy department of the University Medical Center 
Utrecht we are working on integrating MRI functionality with a linear accelerator 
for on-line, soft-tissue based position verification and treatment monitoring for 
image guided radiotherapy (Lagendijk et al. 2002, Raaymakers et al. 2004a). The 
preliminary design is a conventional, slightly modified 1.5 T MRI system with a 
small, single energy (6 MV) accelerator rotating around it. Thus irradiation takes 
place under the continuous presence of a lateral 1.5 T magnetic field.

When matter is exposed to photon irradiation a cascade of electrons deposit 
energy along their path. In a magnetic field the trajectories of these electrons will 
be deflected due to the Lorentz force, and a change in the dose distribution is to 
be expected. In order to anticipate on this effect in MRI-accelerator treatment 
planning, the influence of a lateral magnetic field on the dose distribution has to be 
determined.

Although the influence of longitudinal magnetic fields has been studied intensely 
by Bielajew (1993) and Naqvi et al. (2001), research on dose deposition in lateral 
fields is sparse. Reiffel et al. (2000) and Li et al. (2001) pointed out that strong, 
longitudinal gradients in lateral fields can be used to boost and shield regions in a 
phantom, under high energy photon irradiation.

Previously, we investigated, specifically for the MRI-accelerator configuration, 
the change in dose distribution from a convoluted pencil beam in a homogeneous, 
semi-infinite phantom under the influence of a lateral, homogeneous, magnetic 
field (Raaymakers et al. 2004b). This study revealed a reduced build-up distance 
and an increased, slightly shifted penumbra. The current paper deals with the next 
step, the influence of a lateral magnetic field on the dose distribution in a finite, 
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inhomogeneous phantom. An additional effect that can be expected is the dose 
increase at water-air boundaries, due to the following:

During irradiation without magnetic field, free electrons are generated that 
travel through the phantom. This process causes a constant flux of electrons in a 
predominantly downward direction. Dose deposition arises from these electrons 
losing energy along their path. At the end of the phantom, the electrons enter the 
underlying space and cause no more damage in the phantom. In the presence 
of a magnetic field, the trajectories of the electrons will be bent, describing a 
helix. In the phantom, the mean free path length is short (in comparison to the 
helical radius). The electrons scatter from interaction to interaction, with curved 
trajectories in between. However, as soon as the electrons leave the phantom and 
enter air, their mean free path length will be long (compared to their helical radius). 
Therefore, the helical path can be followed without interaction and the electron will 
re-enter the phantom. This will happen regardless of the exit-angle of the electrons. 
Thereby effectively all electrons return into the phantom. This will cause a severe 
dose increase at the exit area of the beam. In fact, it is like an additional electron 
beam pointed at the phantom-air interface from the opposite side of radiation. This 
effect will be referred to as Electron Return Effect (ERE). 

In this study, the ERE will be demonstrated by results from Monte Carlo 
simulations and experiment. Besides the exit area of a treatment beam, the ERE 
will also take effect at air cavities in the patient. Therefore, two geometries with 
inhomogeneous phantoms were simulated: A water phantom with an air layer and a 
water phantom with an air tube.

The purpose of this study is to demonstrate and qualitatively characterize the 
Electron Return Effect.

5.2 Materials and Methods

5.2.1 Simulation

For all simulations the Monte Carlo package GEANT4 has been used. GEANT4 is 
a freely available, open source program, created by the GEANT4 Collaboration. It 
has its origin at CERN where it was developed for high energy particle detectors, 
but nowadays the applications are widespread (Agostinelli et al. 2003). Validation 
of the code can be found on the GEANT4 website (http://GEANT4.web.cern.
ch). General validation results are presented by Pia et al. (2003). Validation more 
specific to medical purposes is given by Perez et al. (2004), showing agreement in 
brachytherapy dose distribution between GEANT4 and an analytical calculation 
model and Carrier et al. (2004), demonstrating agreement of GEANT4 to other 
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Figure 5.1: Experimental setup

Monte Carlo codes widely used in the radiotherapy community.

The LowEPhysicsProcesses package has been used, which was also developed 
by the GEANT4 collaboration. All customary physical processes for medical 
applications were activated. The CutValue was set to 10 μm for all particles. This 
means that secondary particles are only generated if their energy is high enough 
to travel at least 10 μm through the medium in which they are generated. For the 
whole phantom, the maximum steplength was set to 0.4 mm, to prevent energy 
misdeposition. Since energy is deposited in the voxel containing the starting point 
of a step, the stepsize must be chosen smaller than the voxel size, especially when 
dealing with large density differences along particle tracks. For the calculation of 
the trajectories of charged particles in a magnetic field, the method “ClassicalRK4” 
was used.

In order to demonstrate the ERE, two geometries were studied: 

The first geometry consisted of a water phantom of 10 x 10 x 10 cm3, split in the 
middle by an air slit parallel to the x-y plane of 2 cm thickness. Containing two 
water-air boundaries, this geometry should give a clear picture of the ERE. In the 
phantom, the air slit and the surrounding of the phantom, a magnetic field was 
defined of 1.5 T pointing in the positive y direction. A schematic drawing of the 
geometry is presented by figure 5.2a. The phantom, including the air slit, was 
covered by a so-called Read-Out Geometry, being a grid of 201 x 201 x 200 voxels. 
This grid was used to score energy deposition in the voxels. The number of voxels 
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in the x and y direction was chosen odd, to have a voxel column being the exact 
center of the phantom in the x-y plane. The number of voxels in the z-direction 
had to be even, to avoid partial volume effects. The phantom was hit by a photon 
pencil beam, pointed in the negative z-direction at the center voxel column. The 
energy distribution of the photons was a simulation of a 6 MV linear accelerator 
(Van der Zee and Welleweerd, 1999). 1·107 events were generated. The resulting 
dose deposition grid has been convoluted to simulate the response of a 4 x 4 cm2 
beam. Every slice of the energy deposition grid can be presented graphically by a 
grey-tune or colour image. Profiles can be extracted to plot dose distributions along 
a line of interest. 

The second geometry consists of an air tube in a water phantom. This geometry is a 
more realistic approximation of an air cavity in a patient. Again a 10 x 10 x 10 cm3 
water phantom was used, containing a 2 cm diameter air tube along the central 
y-axis, parallel to the magnetic field. A schematic drawing is given by figure 5.6a. 
The same energy scoring grid was used as described above. Because in this 
situation symmetry can only be found in the y-direction, a pencil beam approach 
would not work. Therefore a paper sheet approach was used, where unidirectional 
photons were fired from a random spot across a line over the phantom in the 
x-direction. This line was chosen to be 4 cm, so the beam would extend 1 cm at 

(a) Simulation setup (b) Central x-z plane
Figure 5.2: Schematic simulation setup (a) and energy deposition in central 
plane perpendicular to magnetic field direction for phantom with air slit (b).
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each side of the tube. Because the photons were spread over a line on the surface 
of the phantom, 9·107 events were necessary to obtain acceptable accuracy. The 
obtained distribution was convoluted in the y-direction over 61 voxels (3 cm). 
Results are presented in the same way as described above.

To obtain dose distributions of opposite beam configurations, the dose distribution 
of a certain geometry was rotated by 180° and added up to the original. In the same 
way, dose distributions of four sided irradiations have been obtained. In this case 
however, a dose deposition grid of 200 x 201 x 200 voxels was used, because the 
grid’s x- and z-dimension must be equal when rotating over 90°. 

5.2.2 Experiment

To support the outcomes of the simulations, the ERE was also demonstrated 
experimentally. A schematic drawing of the setup is given by figure 5.1. An 
electromagnet was used with a homogeneous field strength of 0.8 T. The 
homogeneity was guaranteed within a few percent in the slit of 2 cm between the 
pole shoes. Between these pole shoes two plates of perspex were inserted with a 
Kodak X-Omat V film pressed in between. The plates were identical and positioned 
in such a way that the top was placed just below the top of the pole shoes. At a 
depth of 2 cm below the top, a slit was cut out of both plates of 1 cm thickness. The 
whole setup was irradiated by a 10 x 10 cm 6 MV beam for 60 MU8.

5.3 Results and Discussion

5.3.1 Simulation

Water phantom with air layer
In figure 5.2b the energy deposition in the central plane perpendicular to the 
magnetic field direction is shown. One can clearly see the dose buildup just before 
the water-air boundaries. This region of dose increase is shifted considerably to the 

8 1 MU is defined as the amount of radiation necessary to cause a dose of 1 cGy in a 
semi-infinite water phantom with a 10 x 10 cm2 field at dose maximum.

Table 5.1: Radius of electron trajectories for 
several energy values with B = 1.5 T. 
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left, ranging even into part of the phantom outside the primary photon beam. This 
is explained by the fact that the electrons describe a helical arch before returning 
into the phantom. The shift of the maximum dose area is approximately 4 mm. This 
value is in agreement with theoretical estimates: In table 5.1 the radii of electron 
trajectories in vacuum in the presence of a magnetic field are shown. The average 
energy of the photons is 2 MeV (one third of the accelerator voltage). The shift 
is explained if the average electron energy is approximately one quarter of the 
average photon energy, which is a reasonable assumption. In this case the radius 
of the path of the electron leaving the phantom will be 2.2 mm. Therefore, the 
electrons will deposit the remainder of their energy roughly 4 mm from their exit 
point. This explains the dose shift in the simulation results.

In figure 5.3 the energy deposition at the central z-axis is plotted in comparison to 
the situation without magnetic field. All values are normalized to the maximum 
value of the curve with B = 0.

Looking at the start of the curves, right under the phantom surface, first 
the decrease of the initial buildup distance is apparent, like described by 
Raaymakers et al. (2004b). Thereafter the curves follow the same trajectory, until 
the ERE comes into play. Strong dose buildup right up to the air slit is shown 
when B = 1.5 T. The curve without magnetic field just follows its path until the air 
slit. Just before the slit, a small dip appears due to the absence of backscattering 
electrons. When B = 1.5 T, the electrons generated in the phantom do not cross the 

Figure 5.3: Dose profile on central axis for phantom with air slit in comparison 
to the situation without magnetic field.
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air cavity so dose levels in the air slit are lower, except for the first 2 mm where the 
electrons are following their helical trajectories. After the slit the curve for B = 0 
continues almost at the same dose level as before the slit. The reason it doesn’t 
return to the same dose level from before the slit, is the lack of lateral electron 
equilibrium due to the lateral spread of the electrons in the air slit. However, when 

Figure 5.4: Energy deposition in central plane perpendicular to magnetic field 
direction for phantom with air slit using opposing beams. Arrow indicates 
region of energy deposition outside primary photon beam.

Figure 5.5: Dose profile on central axis when using opposing beams on a 
phantom with air slit in comparison to the situation without magnetic field.



57

Chapter 5: The Electron Return Effect

5

a magnetic field is present, no electrons will have crossed the slit and electron 
equilibrium has to be built up again from ionization by the photon beam, in the 
same way as in the top of the phantom. Indeed, the parts of the curve at the start 
and right after the slit are identical. The only difference is that in the second case 
a lower maximum is reached, due to attenuation of the photon beam. After this the 
two curves follow the same path until the second ERE at the end of the phantom 
comes into play, where the process repeats as described above. 

The dose increase just before the air gap, with respect to the situation without 
magnetic field, is effectively subtracted from the dose levels in the region behind 
the air gap. It was this observation, that led to the assumption that the effect 
could be counterbalanced by opposing beams. Results of the calculation of such 
a distribution are shown in figure 5.4. Plots of the in-depth dose profile on the 
central axis in comparison to the situation without magnetic field are presented in 
figure 5.5. 

From figure 5.4 and 5.5 it becomes clear that the overall dose distribution can be 
made relatively flat when using opposing beams. Outside the photon beam, to 
the left of every air-water interface, a region of dose increase can be observed, 
due to the returning electrons. One of these regions is indicated with an arrow in 
figure 5.4.

(a) Simulation setup (b) Central x-z plane

Figure 5.6: Schematic simulation setup (a) and energy deposition in central 
plane perpendicular to magnetic field direction for phantom with air tube (b). 
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Figure 5.5 shows that the skin sparing effect is decreased but still present. In the 
air gap, dose levels for B = 1.5 T are a little higher near the boundaries and much 
lower in the rest of the slit. Furthermore, still a minor dose increase is visible at 
both sides of the air gap. Apparently, the dose increase and decrease due to the ERE 
do not totally cancel each other out (see also figure 5.3). One must keep in mind 
that the two effects (dose increase before the gap and dose decrease after the gap, 
figure 5.3) are due to two different physical processes. The first is caused by energy 
deposition from returning electrons, the second is related to dose buildup from the 
primary photon beam. Therefore, an exactly flat profile was not to be expected. 
Still, the profile shown in figure 5.5 is reasonably flat. 

Figure 5.7: Dose levels on central axis for phantom with air tube in comparison 
to the situation without magnetic field.
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Water phantom with air tube
For the second geometry, the case of a phantom with an air tube as inhomogeneity, 
basically the same effect was shown. However, the cyclic shape of the 
inhomogeneity caused an extra asymmetrical effect. In figure 5.6b, it becomes clear 
that the region of dose buildup concentrates at the upper right part of the tube. At 
the same time one can see a region of reduced buildup at the lower left part of the 
tube. These regions are caused by the ERE, in the same way as has been explained 
for the air slit simulations. The reason that the whole is twisted to the right is that 
the initially predominantly downward direction of the electrons is diverted by the 
magnetic field into a predominantly down-left direction. As a consequence, more 
electrons will cross the upper-right boundary of the tube at right angles, being 
redirected straight away and thereby causing the highest dose buildup. On the other 
hand, not so many electrons will cross the upper-left boundary.

The central axis dose profile is presented in figure 5.7 and shows the same 
behaviour as figure 5.3. To achieve the same smoothness as figure 5.3, an 80-fold 
number of events was needed in comparison to the pencil beam for the air slit 
geometry. In fact, only nine times that number has been used (90M events). As the 
effect is clearly visible and for the sake of computation time, the noise level was 
accepted.

Again, the energy distribution has been calculated for opposing beams (figure 5.8). 
The indicated lines represent the profiles on which the dose levels have been 
plotted in figure 5.9. These are the central axis and the vertical lines 8 and 12 mm 
off-axis in the x-z plane.

Due to the asymmetric character of the dose distribution around the tube, the dose 
profile turned out to be not quite so flat. In the upper left and lower right part of 
the tube, the dose levels are somewhat higher. Figure 5.9 shows that the highest 
dose levels are actually achieved some distance from the central axis. However, 
when the dose distribution of a four sided irradiation is calculated, all effects cancel 
out against each other and the result becomes desirably flat. Results are shown in 
figure 5.10 and again lines indicate the profiles as presented in figure 5.11. The on-
axis dose profile in comparison to the situation without magnetic field is shown in 
figure 5.12.
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Results show that a nice plateau can be achieved using a four side irradiation 
technique. The flat dose profiles shown by figure 5.11 do not necessarily count for 
other geometries. More research will be done on how desirable dose distributions 
can be achieved in varying situations, thereby including the use of IMRT which 
was already incorporated in the design of the MRI-accelerator. However, care 

Figure 5.8: Energy deposition in central plane perpendicular to magnetic 
field direction for phantom with air tube using opposing beams. Lines indicate 
profiles as presented in figure 5.9

Figure 5.9: Dose levels on central axis for phantom with air tube using 
opposing beams. Central axis PDD is compared to 8 and 12 mm off-axis PDDs. 
These profiles are also indicated in figure 5.8
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must be taken when compensating the ERE with IMRT. Due to the same ERE, the 
dose deposition of the IMRT beam segments will be different and this deviation 
has to be taken into account. Therefore, a Monte Carlo based treatment planning 
procedure seems necessary.

Figure 5.10: Energy deposition for phantom with air tube, irradiated from four 
sides. Central plane, perpendicular to magnetic field direction. Lines indicate 
profiles as presented in figure 5.11

Figure 5.11: Dose levels for phantom with air tube irradiated from four sides. 
Central axis PDD is compared to 8 and 12 mm off axis. These profiles are also 
indicated in figure 5.10 
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However, in those situations where high dose levels have to be delivered to small 
regions near air cavities (e.g. larynx) the ERE may be turned in our advantage. In 
conventional systems lateral electron scatter will decrease the dose at the surface 
of the cavity (Petoukhova et al. 2004). This might be prevented using the ERE. The 
returning electrons effectively create an electron beam pointed at the surface from 
within an air cavity, by which high dose levels can be delivered to surface regions. 
This functionality will be investigated in near future.

5.3.2 Experiment

In figure 5.13 images of the film are presented for B = 0 and B = 0.8 T respectively. 
White areas refer to high exposure, dark areas indicate low exposure. Two 
measurements were performed for both B = 0 and B = 0.8 T. For B = 0 T, the 
dose profile on the central axis, averaged over the two measurements, is plotted 
in figure 5.14 and is normalized at 1 cm depth. To be able to compare the profiles, 
the B = 0.8 T profile (also averaged over two measurements) was scaled in such a 
way, that the value at 7 cm depth would be the same as for B = 0. This procedure 
is accounted for by the fact that the simulations show that the dose levels are the 
same for B = 0 and B = 1.5 T at a few centimeters below the gap (Figure 5.3 and 
figure 5.7).

Whereas the slit is hardly visible in the case of B = 0 due to charge release by the 
primary photon beam in the film itself, it is overly clear in the case of B = 0.8 T 

Figure 5.12: Dose levels for phantom with air tube irradiated from four sides. 
Central axis PDD in comparison to the situation without magnetic field. 
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because of the dose increase at the top of the slit and the dose decrease at the 
bottom. However, in figure 5.14 the curve for B = 0 also shows a slight dose 
increase before the gap. This minor ERE is caused by the permanent magnetization 
of the pole shoes. 

(a) (b)

Figure 5.13: Film results for the case of B = 0 (a) and B = 0.8 T (b).

Figure 5.14: Plot of dose level along central axis.
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The goal of the experiment was to demonstrate the ERE, so quantitative agreement 
with simulation has not been pursued, also because of the many disturbing factors 
and uncertainties. (e.g. pole shoe scatter, film artifacts caused by the vertical 
positioning, undefined magnetic field outside the central area etc.) The results 
clearly demonstrate the ERE and thereby support the outcomes of the simulations.

5.4 Conclusions
When irradiating in a transversal magnetic field, the ERE has to be taken into 
account. The ERE causes a dose increase of 40 % at the photon beam exit area of 
the phantom (in comparison to the dose level in a semi-infinite phantom at the same 
depth). In order to keep skin dose levels sufficiently low, many beam directions 
will be necessary. For the MRI-accelerator, this causes no extra constraint, since it 
was meant for IMRT treatment anyway and IMRT treatment plans consist already 
of many beam directions.

The ERE also takes effect at air cavities if the cavity is larger than once or twice the 
electron trajectory radius in air. Dose levels before such cavities will be increased. 
After such cavities, full buildup has to be reestablished, since no electrons can pass 
the cavity. In these regions dose levels are lower. 

At a first glance, the undesirable effects can be counterbalanced by opposing beam 
techniques. Relatively flat dose profiles are obtained and the skin sparing effect 
remains, but is strongly reduced. More research will be necessary, to check whether 
this holds for more complex geometries. The use of IMRT may be required to 
achieve flat dose profiles.
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At the UMC Utrecht, in collaboration with Elekta and Philips 
Research Hamburg, we are developing a radiotherapy accelerator 

with integrated MRI functionality. The radiation dose will be delivered 
in the presence of a lateral 1.5 T field. Although the photon beam is 
not affected by the magnetic field, the actual dose deposition is done 
by a cascade of secondary electrons and these electrons are affected by 
the Lorentz Force. 
The magnetic field causes a reduced build-up distance: because the 
trajectory of the electrons between collisions is curved, the entrance 
depth in tissue decreases. Also, at tissue-air interfaces an increased 
dose occurs due to the so called electron return effect (ERE): electrons 
leaving tissue will describe a circular path in air and re-enter the tissue 
yielding a local dose increase. 
In this paper the impact of a 1.5 T magnetic field on both the build-up 
distance and the dose increase due to the ERE will be investigated as a 
function of the angle between the surface and the incident beam. 
Monte Carlo simulations demonstrate that in the presence of a 1.5 
T magnetic field, the surface dose, the build-up distance and the 
exit dose depend more heavily on the surface orientation than in 
the case without magnetic field. This is caused by the asymmetrical 
pointspread kernel in the presence of 1.5 T and the directional behav-
iour of the re-entering electrons. 
Simulations on geometrical phantoms show that ERE dose increase at 
air cavities can be avoided using opposing beams, also when the air-
tissue boundary is not perpendicular to the beam. 
For the more general case in patient anatomies, more problems may 
arise. Future work will address the possibilities and limitations of op-
posing beams in combination with IMRT in a magnetic field.

6

This chapter was also published as:

Raaijmakers A J E, Raaymakers B W, van der Meer S and Lagendijk J J W 2007 
“Integrating a MRI scanner with a 6 MV radiotherapy accelerator: impact of the surface 
orientation on the entrance and exit dose due to the transverse magnetic field” Phys. Med. 
Biol. 52 929-939
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6.1 Introduction
At the UMC Utrecht, in collaboration with Elekta and Philips Research Hamburg, 
we are developing a radiotherapy accelerator with integrated MRI functionality 
(Raaymakers et al. 2004a). The aim of this system is on-line, soft-tissue based 
position verification and treatment monitoring. In summary, the design is a closed-
bore 1.5 T MRI system with a ring around it in the mid-transversal plane in which a 
small single energy accelerator is mounted. The MRI system is modified such that 
the magnetic interference between the two systems is minimised and that the beam 
transmission through the MRI system is optimised (Raaymakers et al. 2004a).

The radiation dose will be delivered in the presence of a lateral 1.5 T field. 
Although the photon beam is not affected by the magnetic field, the actual dose 
deposition is done by a cascade of secondary electrons and these electrons 
are affected by the Lorentz Force. The impact of a lateral magnetic field on 
the dose distribution for a homogeneous phantom has been investigated by 
Raaymakers et al. (2004b): a reduced build-up distance and a slightly shifted, 
increased penumbra were found. Raaijmakers et al. (2005) studied the dose in a 
lateral magnetic field at tissue-air interfaces. At these interfaces an increased dose 
was shown due to the so called electron return effect (ERE): electrons entering 
air will describe a circular path in air and re-enter the tissue yielding a local dose 
increase. Both studies used photon beams perpendicular to the entrance and exit 
surface of the phantom. 

Figure 6.1: A schematic representation of the approximate electron behaviour in 
a magnetic field. In table: Radii of helical electron trajectories in air for given 
energies
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Using obliquely incident high energy photon beams without magnetic field, the 
dose deposition in the build-up region has been studied extensively. The issue 
was first investigated by Jackson et al. (1971) and Orton et al. (1972). Gerbi et al. 
(1987) extended these results to higher energies. Accurate measurements of 
the skin dose for obliquely incident beams have been performed using TLD 
extrapolation (Kron et al. 1993, Kron et al. 1996) and more recently using ultra thin 
TLDs (Lin et al. 2001, Stathakis et al. 2006) where the latter also measured the exit 
dose. All studies show that the dose in the build-up region and in particular the skin 
dose increases for an increasing tilt angle of the incident surface. The exit dose, on 
the other hand, decreases for an increasing tilt angle of the exit surface.

However, in the presence of a 1.5 T magnetic field, these findings no longer apply 
because the directional behaviour of the electrons is changed. This behaviour is 
indicated schematically in figure 6.1. On top of that, the ERE at the exit side of the 
beam will also depend on the surface orientation. In this paper, both the build-up 
distance and the dose increase due to the ERE will be investigated as a function of 
the angle between the surface and the incident beam.

Raaijmakers et al. (2005) also showed that homogeneous dose distributions around 
air cavities in the presence of a magnetic field can be obtained using opposing 
beams. In this paper, these findings are extended to the more general case with 
angulated air-tissue boundaries.

6.2 Methods

6.2.1 Monte Carlo simulations

The Monte Carlo toolkit GEANT4 has been used to calculate the dose distribution 
in a water phantom in the presence of a magnetic field. GEANT4 is a versatile 
Monte Carlo code, developed and maintained by the GEANT4 collaboration 
(Agostinelli et al. 2003). All customary physical processes for medical applications 
from the LowEPhysicsProcesses package were activated. The CutValue was set to 
0.1 mm for all particles. This means that secondary particles are only generated if 
their energy is high enough to travel at least 0.1 mm through the medium in which 
they are generated. An energy deposition grid with a voxel size of 1 x 1 x 1 mm3 
was overlayered on the phantom. For each particle step, the energy deposition 
was distributed proportionally over the traversed voxels. For the calculation of the 
trajectories of charged particles in a magnetic field, the method “ClassicalRK4” 
was used.

Since the phantom is symmetrical in the y-direction (see section 6.2.2), the paper 
sheet approach as introduced by Raaijmakers et al. (2005) was used. This means 
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that unidirectional photons with a simulated 6 MV linac energy spectrum were fired 
in the negative z-direction from a random spot across a line over the phantom in the 
x-direction (figure 6.2). For most simulations, a beam width of 4 cm was chosen. 
The obtained dose distribution was convoluted in the y-direction to get the dose 
distribution for a 4 x 4 cm2 field.

All simulations were performed 10 times, firing 160·106 photons in total. Every 
obtained dose distribution was convoluted as explained above. From these 10 
convoluted dose distributions, an averaged dose distribution and a standard 
deviation distribution were calculated. The maximum statistical uncertainty (within 
the area of interest) was 1%, 1 SD. 

(a) no oblique surf. 
α = 0°

(b) entrance surf.  
α = 30° 

(c) entrance surf.  
α = 45° 

(d) entrance surf. 
α = -60°

(e) exit surface, 
α = 60° 

(f) exit surface,  
α = 45°

(g) exit surface, 
α = -30° 

(h) lateral profile

Figure 6.2: Examples of simulation geometries for varying obliqueness of 
the exit and entrance side. Simulated 6 MV photon beam in grey, extracted 
dose profiles indicated by the dot-dashed lines. The magnetic field is directed 
perpendicularly into the page.
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6.2.2 Phantom geometries

The effect of an oblique tissue-air interface has been investigated for both the 
entrance side and the exit side of a 10 x 15 x 17 cm3 water phantom. When varying 
the obliqueness at the exit side, the entrance side was kept perpendicular to the 
beam; when varying the obliqueness at the entrance side, the exit side was kept 
perpendicular to the beam. An angle α was defined as indicated in figure 6.2 and for 
both the entrance and the exit surface orientation α values were: -75°, -60°, -45°, 
-30°, 0°, 30°, 45°, 60° and 75°. A few of these simulation geometries are shown in 
figure 6.2. Both the width of the phantom and the length of the central profile were 
kept at a constant value of 10 cm and 17 cm respectively.

A special case is figure 6.2h, where a lateral profile was extracted from a 
6 x 15 x 22 cm3 water phantom. An irradiation line of 6 cm was used so the field 
would cover the whole phantom. The resulting dose distribution was convoluted in 
the y-direction to simulate a 6 x 4 cm2 field. 

All simulations have been performed for B = 0 T and B = 1.5 T. 

6.2.3 Evaluation of the dose profiles

From the central depth dose profiles, the impact of the surface angle α on the dose 
distribution was determined for the exit dose and the build-up region. For this 
purpose, the impact on the exit dose has been defined as the difference between 
the exit dose for a given angle at 0 or 1.5 T and the exit dose for a perpendicular 
exit surface (α = 0°), at 0 T. This difference was normalised on the overall dose 
maximum of the 0 T situation (i.e. the dose at 1.6 cm depth). For B = 1.5 T: when 
due to the ERE a local dose maximum occurred before the exit surface, then this 
dose maximum (top of ERE peak) instead of the exit dose was used to determine 
the difference.

In order to demonstrate the impact on the build-up region the distance to dose 
maximum dmax and the surface dose9 (Dsurf) will be presented.

6.3 Results

6.3.1 Orthogonal surfaces

First, the in-depth dose profile with perpendicular exit surface is compared to the 
lateral profile in a fully irradiated phantom. For the in-depth profile, the simulation 
9 N.B: In literature, by ‘skin dose’ (or sometimes ‘surface dose’) is meant the dose 
over the top 70 μm (Kron et al. 1993, Lin et al. 2001, Stathakis et al. 2006). Here, ‘surface 
dose’ refers to the average dose over the top 1 mm (dose in first voxel).
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geometry is described by figure 6.2a. The dose profiles for B=0 and 1.5 T are 
presented in figure 6.3a. The magnetic field induces a shorter build-up distance and 
an ERE peak of 34% at the exit side (percentage of dose maximum).

For the lateral profile, the simulation geometry is described by figure 6.2h. The 
dose profiles for B=0 T and 1.5 T are presented in figure 6.3b. Here a dose increase 
of 58% at the left hand side is shown, due to returning electrons (percentage of 
dose at central axis). This will be referred to as lateral ERE. At the right hand side 
the dose in the presence of a magnetic field decreases.

6.3.2 Oblique surfaces

The impact of the surface orientation on the entrance and exit dose has been 
determined for 0 and 1.5 T. For 0 T, results are in agreement with those found 
by Gerbi et al. (1987), except for the top voxel layer, due to the absence of 
contamination electrons in the simulations. Separate depth-dose profiles for 0 T are 
not presented.

For 1.5 T the build-up distance is affected by the surface orientation as shown in 
figure 6.4a. Clearly the build-up distance decreases when starting from α = -75° 
and rotating counter clockwise. This behaviour is shown more quantitatively in 
figure 6.4b where the build-up distance (dmax) is plotted as a function of the surface 
orientation and a decrease of the build-up distance can be seen when the entrance 
surface starting at α = -75° is rotated counter clockwise with respect to the incident 

(a) Surface perpendicular to beam (b) Surface parallel to beam

Figure 6.3: The central in-depth dose profile and the lateral profile at 17 cm 
depth for both 0 T and 1.5 T. Simulation geometries are as presented in figure 
6.2a and figure 6.2h.
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beam. Also indicated in figure 6.4b is the surface dose (dose in first voxel, Dsurf). 
The surface orientation with the minimum surface dose is α = -30° and the surface 
dose increases strongly for large positive angles. Note that the α = +60° and +75° 
entrance surfaces are already quite close to a vertical edge. As a consequence, the 
lateral ERE becomes visible in the shape of an overshoot, figure 6.4a. See section 
6.4.1 for more details. 

(a) Depth dose profiles for various α  
at 1.5 T

(b) Build-up distance (dmax) and surface 
dose (Dsurf, against right axis) as a 

function of α for 0 and 1.5 T
Figure 6.4: Simulation results for varying orientations of the entrance surface 
angle α. (Simulation geometries as indicated in figure 6.2)

(a) Depth dose profiles for various α  
at 1.5 T 

(b) Impact on the exit dose as a function 
of α for 0 and 1.5 T

Figure 6.5: Simulation results for varying orientations of the exit  
surface angle α. (Simulation geometries as indicated in figure 6.2)
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The impact on the exit dose (as defined in section 6.2.3) shows a similar behaviour 
as a function of the surface orientation (figure 6.5). Starting from α = 75° the 
exit dose increases when the exit surface is rotated clockwise with respect to the 
incident beam. This trend is broken below α = -60° where the exit dose decreases 
again. 

6.4 Discussion
A general insight on the behaviour of secondary electrons in an irradiated phantom 
in the presence of a magnetic field is necessary to fully understand the results 
described above. 

In figure 6.6a, the direction histogram of secondary electrons is plotted for B=1.5 T 
and B=0 T. The irradiation of a 10 x 10 x 10 cm3 phantom by a mono-directional, 
10 x 10 cm2 beam with a 6 MV linac spectrum was simulated. For each electron 
step10, the projection of the step direction on the plane perpendicular to the 
magnetic field direction was determined. Then, the angle between this projection 
and the photon irradiation direction was calculated and stored into the histogram. 
Each histogram was normalized to the total number of entries in all bins. Electrons 
leaving and re-entering the phantom more than once are counted only one time. For 
B = 1.5 T, the Lorentz force causes the dominant direction to shift to -10° instead 
of 0° for B = 0 T. Also, the histogram for B = 1.5 T has an asymmetrical shape: 
more electrons move from right to left than in the opposite direction.

Although figure 6.6a describes the electron flux distribution in electron 
equilibrium, it does not say anything about the trajectory the electrons will travel. 
This will be, on average, downward at first and then gradually deflecting to the 
left as indicated in the upper part of figure 6.1. This behaviour is demonstrated by 
figure 6.6b, where the direction histograms for electrons are plotted for various step 
numbers. Each electron starts its trajectory at step number 1 and all subsequent 
numbers represent steps further on in the trajectory. The histograms widen, due 
to the scattering of the electrons and, more important, the average direction shifts 
from 0 to -50° and further. Note that each histogram was normalized, so the height 
of the curves does not represent the number of electrons that reach a certain step 
number.

10 In Monte Carlo simulations, particle trajectories are represented by series of steps. 
In each step the aggregate energy loss, directional change and lateral displacement from all 
physical processes is calculated.
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(a) Electron step direction histogram (b) Direction histogram sorted by step 
number for B=1.5 T

(c) Point spread kernels (d) Electron flux through exit surface for 
B = 1.5 T

Figure 6.6 (a): Direction histograms of secondary electrons in an irradiated 
phantom. Indicated is the angle between the projection of the step direction 
on the plane perpendicular to the magnetic field and the primary photon beam 
direction. (b): Direction histograms sorted by step number. (c): Pointspread 
kernels with and without magnetic field for a simulated 6 MV linac spectrum. 
(d): Electron flux through exit surface for various exit surface orientations. 
Indicated is the number of electrons passing the exit surface during one 
simulation, divided by the exit surface area and normalized to the situtation 
where α = 0°.

Figure 6.6c shows the pointspread kernel in the presence of a magnetic field, being 
the energy distribution due to primary photon interactions in one voxel. Clearly 
visible are the asymmetrical shape and the predominantly down-left direction in 
which the electrons move and deposit their energy. 
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6.4.1 Dependency of build-up distance on entrance surface orientation

In the presence of a magnetic field, the build-up distance depends on the entrance 
surface orientation as described by figure 6.4. This relation can be explained by 
the following: Figure 6.6c shows the direction in which dose is deposited after 
a photon interaction in a magnetic field, which is approximately down-left. This 
means that for each point in the build-up region, the dose in that point depends on 
the amount of build-up material to the upper-right side of that point. Therefore, a 
more negative orientation angle α of the entrance surface, figure 6.2d, will cause a 
lower dose in the build-up region. The dose further downward will reach the same 
level as for any other entrance surface orientation because the dose is then only 
depending on the attenuation of the photon beam. This combined will effectively 
result in a larger build-up distance.

Another way of saying is that the electrons follow, on average, a trajectory 
indicated by the arrows in the upper part of figure 6.1. This is also demonstrated 
by figure 6.6b. This means that for positive angles of the surface orientation, the 
electrons will be bent slightly towards the surface, i.e. deposit their energy closer 
to the surface, while for negative angles the electrons will be bent away from the 
surface, i.e. deposit their energy further away from the surface. 

At the same time, the lateral ERE will play a part: Secondary electrons leaving 
the phantom through the incident surface will be forced back into the phantom 
and increase the dose in the build-up region. This effect will increase for larger tilt 
angles of the entrance surface. Also, because the lateral electron transport is much 
higher in the leftward direction than in the rightward, figure 6.6a, this effect will be 
stronger for incident surfaces with a positive angle α. This explains the overshoot 
in the build-up region of the profile for α = 60º and 75º.

6.4.2 Dependency of exit dose on surface orientation

In the presence of a 1.5 T magnetic field, the exit dose due to the ERE behaves as 
indicated by figure 6.5. This is explained by the following: 

First, the exit dose for geometries with a high positive exit surface orientation angle 
α, figure 6.2e, will suffer from the asymmetrical pointspread kernel, explained in 
section 6.4.1 for the build-up region.

Another consequence of the asymmetrical kernel is that the exit surface orientation 
influences the electron flux through the exit surface. For each simulation geometry, 
the number of electrons leaving the surface has been counted and divided by the 
exit surface area. This value was normalized to the situation where α = 0° and 
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plotted in figure 6.6d. (Again, electrons leaving and re-entering the phantom 
more than once were counted only one time) The graph shows that the electron 
flux across the exit surface increases when the exit surface angle decreases until 
α = -45°. Because the electrons leaving the phantom will return into it due to 
the ERE, the increasing electron flux will result in higher dose levels for lower 
(negative) values of α. For values of α below -45° the outgoing electron flux 

Figure 6.7: A schematic representation of the average electron behaviour 
leaving an angulated surface in the presence of a magnetic field. The photon 
beam is coming from above and the magnetic field is directed into the plane of 
the paper.

Figure 6.8: Layer thickness of increased dose due to the ERE decreases for 
decreasing negative values of α. Presented are 2D dose difference distributions 
for α = 0° and -60°(a) and the dose difference profiles perpendicular to the 
exit surface from α = -75° to 0°(b). The profiles are drawn as indicated by the 
arrows in figure (a) and are corrected for partial volume effects.

(a) Dose difference  
distributions

(b) Dose difference profiles
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decreases again. The subsequently expected exit dose decrease, however, is 
postponed until α = -75° due to the directional behaviour of the returning electrons:

The orientation of the exit surface influences the angle under which the electrons 
return into the phantom. This is explained by figure 6.7. For the α = 0° exit 
surface the electrons will return to the surface perpendicularly. (Actually because 
the average electron direction is -10°, fig. 6.6a, this is the case for the -10° exit 
surface). When rotating the exit surface clockwise, the returning electrons will 
re-enter more and more parallel to the surface. This causes a decreasingly thin 
layer in which the energy of the re-entering electrons is deposited. This is shown 
in figure 6.8a where the dose difference between 1.5 and 0 T is shown for α = 0º 
and -60°. The layer of increased dose becomes thinner for more negative angles. 
This is even clearer from the profiles taken perpendicular to the exit surface, shown 
in figure 6.8b. Note that depositing the same amount of energy in a thinner layer 
results in higher dose levels. Because the decrease of the layer thickness stops at 
α = -60º, the decrease of the outgoing electron flux causes a lower exit dose for 
α = -75º as indicated by figure 6.5.

6.4.3 Consequences

When irradiating in the presence of a magnetic field, Raaijmakers et al. (2005) 
demonstrated that for perpendicular interfaces, reasonably flat profiles can be 
obtained using opposing beams. This is caused by the fact that the dose increase at 
one side of the cavity is cancelled out by the dose decrease at the other side of the 
cavity.

The same approach has been followed for the phantoms in figure 6.2. The dose 
distributions with tilted entrance surfaces were rotated 180° and added up to 
the corresponding dose distribution with a tilted exit surface. The resulting dose 
distribution is the dose distribution when the phantom would have been irradiated 
from both sides, figure 6.9a.

The opposing beams dose distribution is flat in the middle but near the angulated 
surface some deviations occur as indicated by figure 6.9b, where the central dose 
profiles are presented. A minor ERE-peak is visible for α = 75° and the geometries 
where α is negative show some dose decrease in the last two centimeters before 
the interface. The angles with large build-up distances (negative values of α) 
correspond to orientations with high exit doses (also negative values of α) and vice 
versa. As a consequence, the inhomogeneities in the exit dose of the central dose 
profile are minimal, ranging from +7% to -12% for α = 75° and -75° respectively.

Note that these results have been obtained using monodirectional photon beams. 
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Real linac beams are diverging and this will cause some extra inhomogeneities 
in the dose distribution. Preliminary, these findings suggest that the treatment 
planning approach will be opposing beams in combination with IMRT. To study the 
possibilities of IMRT, inverse optimisation of magnetic field pencil beam kernels 
is necessary. These can be calculated by a full Monte Carlo simulation, which is 
already done at our department right now. The findings in this article may help to 
come up with a more analytical, less time consuming approach.

6.5 Conclusion
When a phantom is fully irradiated in the presence of a 1.5 T magnetic field, the 
electron return effect (ERE) exists at the exit side of the beam and at one lateral 
side. 

The entrance and exit dose are almost linearly dependent on the angle α of the 
surface orientation relative to the incident beam. For the investigated geometries, 
the build-up distance ranges from 0 mm for α = 60° and 75° to 35 mm for α = -75°. 
The entrance dose is minimal for α = -30° (24.7% of Dmax) and increases strongly 
for large positive angles (142% of Dmax for α = 75°. The exit dose is maximal for 
α = -60° (56% dose increase) and decreases for increasing α to 16% dose decrease 
for α = +75° (percentage relative to Dmax).

Figure 6.9: Simulation of opposing beams on phantom. (a) Graphical 
representation. (b) Central dose profiles for opposing beams as indicated by the 
dot-dashed line in figure a for various surface orientation angles α.

(a) (b)
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For the entrance dose, this behaviour is caused by the asymmetrical point spread 
kernel and, partially, by electrons returning into the phantom through the incident 
surface (lateral ERE). For the exit dose, the dependency is explained by the 
asymmetrical point spread kernel, a change in the secondary electron flux through 
the exit surface and the directional behaviour of the secondary electrons when 
returning into the phantom. 

When irradiating an angulated air-tissue interface using opposing beams, the effects 
described above counteract each other. Nevertheless, dose increase or decrease of 
respectively up to 7 and 12% occur in the region near the tilted surface. (Values are 
maximum deviations for α = +75° and -75° respectively). 

Treatment plans for specific patients using opposing beams and/or IMRT are under 
investigation.
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Experimental verification of  
magnetic field dose effect simulations

The MRI-linear accelerator system, currently being developed, 
is designed such that the patient is irradiated in the presence 

of a magnetic field. This influences the dose distribution due to the 
Lorentz Force working on the secondary electrons. Simulations have 
shown that the following dose effects occur: The build-up distance 
is reduced, the lateral profile becomes asymmetric in the direction 
orthogonal to the magnetic field and at tissue-air interfaces the dose 
increases due to returning electrons. In this work, GafChromic film 
measurements were performed in the presence of a magnetic field to 
experimentally quantify these dose effects. Depth dose curves were 
measured in a PMMA-air-PMMA phantom and lateral profiles were 
measured in a homogeneous PMMA phantom with the photon beam 
protruding over the edges of the phantom. The measurement results 
confirmed the magnetic field dose effects that were predicted by 
simulations. This enabled us to verify GEANT4 Monte Carlo simula-
tions of these MRI-linac specific dose effects: The relative agreement 
for the depth dose curves between measurements and simulations was 
within 2.2%/1.8 mm. The relative agreeement for the lateral profiles 
was 2.3%/1.7 mm. Overall, the magnetic field dose effects that are 
expected for irradiation with the MRI-linac can be modelled using 
GEANT4 Monte Carlo simulations within measurement accuracy.

This chapter was also published as:

Raaijmakers A J E, Raaymakers B W and Lagendijk J J W 2007 “Experimental verification 
of magnetic field dose effects for the MRI -accelerator” Phys. Med. Biol. 52 4283-91

7
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7.1 Introduction
The UMC Utrecht, in cooperation with Elekta and Philips Medical Systems is 
developing a combined 1.5 T MRI-linear accelerator system. This will enable 
online soft tissue based image guidance and treatment response monitoring 
(Raaymakers et al. 2004a). For treatment planning, this system requires dose 
calculations in the presence of a magnetic field. The dose distribution from photon 
irradiation in the presence of a magnetic field deviates from standard treatment 
due to the Lorentz Force exerted on the secondary electrons by the magnetic field. 
Conventional treatment planning systems are therefore not applicable, but the dose 
distribution can be determined using Monte Carlo simulations.

Photon beam dose distributions in the presence of a magnetic field were first 
studied by Bielajew (1993) showing that strong longitudinal magnetic fields may 
be used to constrain the lateral spreading of secondary electrons. More recently, 
heterogeneous lateral magnetic fields were studied to investigate if such field 
inhomogeneities could be used to manipulate the dose distribution (Reiffel et al. 
2000, Jette et al. 2000a, Li et al. 2001). Dedicated for the MRI-accelerator we 
studied the dose distribution in a homogeneous, lateral magnetic field using 
GEANT4: 

In general, the magnetic field causes a reduced build-up distance and a shifted, 
asymmetrical penumbra (Raaymakers et al. 2004b). More pronounced is the effect 
of inhomogeneities in the target anatomy: all along the X-ray beam, tissue-air 

Figure 7.1: Setup of magnet relative to isocenter and linac head
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boundaries cause a strong dose increase because electrons are curving back into the 
phantom due to the Lorentz force. This phenomenon was referred to as Electron 
Return Effect or ERE (Raaijmakers et al. 2005).

A similar effect takes place if the irradiation field protrudes at the lateral side of the 
phantom to where the Lorentz Force is pointing: the electrons leaving the phantom 
at the lateral side will also cause an ERE dose increase, called the lateral ERE 
(Raaijmakers et al. 2007a).

Our next step will be to investigate how these magnetic field dose effects influence 
IMRT dose distributions in patient anatomies. But before that we want to do an 
experimental verification of these effects.

Figure 7.2: Measurement setup. Irradiation field indicated in dashed lines, 
PMMA phantom parts in grey. Gafchromic films were positioned as indicated. 

(c) Lateral profile measurement 
front view

(d) Lateral profile measurement 
cross-section

(a) Depth dose profile measurement 
front view

(b) Depth dose profile measurement 
cross-section
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The purpose of this work is to experimentally demonstrate the MRI-linac specific 
dose effects using GafChromic film measurements in the presence of a magnetic 
field. Second objective will be the verification of the agreement between the 
GEANT4 simulations of these dose effects and the measurements.

7.2 Materials and Methods

7.2.1 Measurements

Phantoms were designed where strong differences are to be expected between 
B = 0 T and higher field strengths (B in this case is the lateral magnetic field 
strength). Therefore, a depth dose curve was measured in a PMMA-air-PMMA 
phantom which should expose the reduced build-up distance and the ERE. A lateral 
profile was measured in a homogeneous phantom where the irradiation field was 
protruding at the lateral sides to demonstrate the lateral ERE. The changes in the 
penumbra turned out to be too small to be able to demonstrate them within the 
measurement accuracy. 

A 1.3 T Bruker magnet has been installed next to an Elekta SL11 linear accelerator, 
where the distance from the core of the magnet to the target of the linear 
accelerator was 2.82 m (figure 7.1). This setup was chosen to prevent the fringe 
field of the magnet from interfering with the components of the linac. 

Because the slit between the pole shoes is 4.4 cm, the measurement phantom 
was also restricted to this size. The depth dose curve was measured in a PMMA 
phantom of dimensions 8 x 15 x 4 cm3. Inside the phantom, a 2 x 4 x 4 cm3 air 
cavity was cut out with the top of the cavity 4 cm below the incident surface. For 
the lateral dose measurements a homogeneous PMMA phantom of 6 x 8 x 4 cm3 
was used. Both phantoms consisted of two halves where in between a GafChromic 
EBT film12 was positioned to measure the dose profile. The phantom was irradiated 
by a 4 x 10 cm2 6 MV photon field (field size at magnet core). Both setups are 
presented in figure 7.2. For the in-depth and lateral measurement, respectively 3200 
and 2400 MU were delivered to obtain an approximate maximum dose of 400 cGy 
in the measurement phantom, which is in the optimal dose response range of the 
GafChromic film, according to the manufacturer. 

Three magnetic field values were tested: 0 T, 0.6 T and 1.3 T. Each measurement 
was performed three times. The magnetic field strength was varied by increasing 
the current from the power supply.

11 Elekta Limited, Fleming Way, Crawley, UK
12 ISP, 1361 Alps Road, Wayne, NJ, USA



83

Chapter 7: Experimental verification of magnetic field dose effect simulations

7

Before irradiation, the films were scanned to acquire the background intensity 
profile. After irradiation, the scanning was postponed for two days to allow 
post-irradiation darkening to stabilize. The films were scanned using an Epson 
Expression 1680 Pro in 48-bit color mode. The red channel was extracted from 
the original tiff-files, because the films are most sensitive in this colour range 
(indicated by the manufacturer). To reduce noise levels, the average profile was 
taken over a band of 0.5 cm width along the central axis. The film intensity was 
converted to optical density as explained for example by Devic et al. (2005).

The calibration of the optical densities was done as follows: Calibration films were 
obtained by irradiating a 21 x 4 cm2 film strip with a 20 x 20 cm2 wedge field in a 
polystyrene phantom at 5 cm depth (water equivalent). Two films were irradiated 
with 700 MUs and 1500 MUs respectively. For the lateral profiles, a third film strip 
was irradiated with 250 MUs to increase the accuracy for lower dose levels. The 
films were processed in the same way as the measurement films, described before.

The calibration curve was obtained by matching the optical density profiles on the 
calibration films with a measured ionization chamber profile of the same wedge 
field. The resulting graph was fitted to formula [7.1], resulting in a value for a, b 
and n. The optical density profiles from the measurement films were converted to 
dose profiles using this formula. 
 

  [7.1] 

7.2.2 Simulations

For all simulations, the Monte Carlo code GEANT4 version 8.2 has been used. 
This is an open-source, freely available code, developed originally by CERN for 
the simulation of high energy particle experiments, but nowadays the applications 
are widespread, including the field of medical physics. 

The Elekta SL linear accelerator output was simulated as described in chapter 2.

In order to simulate the settings from section 7.2.1, the PMMA phantoms with 
the surrounding pole shoes have been implemented in the simulation geometry. 
Energy was deposited in a one-dimensional scoring grid through the axis of the 
phantom with voxels of 10 x 10 x 0.5 mm3. The energy deposition of each step was 
distributed proportionally over the traversed voxels. 
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The parameters ‘CutValue’, ‘deltaIntersection’ and ‘deltaOneStep’ were chosen 
0.1 mm13 and the differential equation solver (to determine the trajectory of charged 
particles in a magnetic field) was the classical Runge-Kutta method (Atkinson 
1988).

A phase-space file of 2.53·106 particles was used to fire 20·106 particles at the 
phantom. This phase-space file was obtained by simulation of the jaws with a 
1.5 x 3.5 cm2 field size at 1 m SSD (i.e. 4 x 10 cm2 at 2.82 m SSD). The input 
for this simulation was a phase-space file of 3·106 particles, that was obtained by 
simulation of the remaining accelerator head components, including the target 
where Bremsstrahlung splitting was implemented.

The simulations described above were performed 19 times with independently 
created phase-space files. From the resulting dose distributions, an averaged dose 
profile and a standard deviation profile were obtained. The chosen number of 
particles ensured a statistical accuracy of 0.5-0.7%.

7.2.3 Comparison

For the comparison of the lateral profiles, measured and simulated profiles were 
normalized on their central axis dose value.

For the depth dose curves a common approach would be to normalize all curves on 
dose maximum. However, the build-up distance is not the same for B = 0 and 1.5 T. 
It was therefore decided to normalize all simulated profiles on dose maximum for 
B = 0 T. Simulations showed that profiles with and without magnetic field would 
coincide if electron equilibrium was established, i.e. far enough from the PMMA-
air interfaces in the phantom. The measured profiles were therefore scaled such that 
they would coincide with the simulated profiles at a depth of 2.5 and 12 cm.

The agreement was evaluated by performing a gamma analysis as described by 
Low et al. (1998).

13 GEANT4 User’s guide for application developers, section 4.3.1: http://GEANT4.
web.cern.ch/GEANT4/UserDocumentation/UsersGuides/ForApplicationDeveloper/html/
Detector/electroMagneticField.html
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Figure 7.3: In-depth measurements and simulations for B = 0, 0.6 and 1.3 T. 
Dose levels are normalized to dose maximum for B = 0 T. Indicated below the 
graph is the gamma index with criteria 2 % / 2 mm, against the right axis. 
(This figure is presented in color on page 110)

7.3 Results and discussion

7.3.1 In-depth

Figure 7.3 shows the measured in-depth dose profiles for B = 0 T, B = 0.6 T and 
B = 1.3 T in comparison to the simulations.

Over the first 2 cm, the reduced build-up distance for B = 1.3 T (1.2 cm) can be 
observed as demonstrated by Raaymakers et al. (2004b). In a strong magnetic 
field, the electron trajectories between collisions are bent by the Lorentz Force. 
Effectively, the electrons deposit their energy over a shorter distance, causing a 
reduced entrance depth and thereby a shorter build-up distance. For B = 0.6 T 
this effect is almost too small to be noticed: the build-up distance is 1.5 cm in 
comparison to 1.6 cm for B = 0 T.
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Also clearly visible are the ERE peaks at both phantom-air interfaces for the 
profiles with non-zero magnetic field. The ERE peaks at the distal side of the 
phantom reach equally deep into the phantom, while the peaks at the proximal 
side of the air gap show a larger penetration for B = 1.3 T. This difference is due 
to the fact that electrons leaving the phantom and entering the cavity are restricted 
in their trajectory radius by the cavity dimensions. The trajectory radius depends 
on the energy of the electrons and the magnetic field. Hence, the energy spectrum 
of returning electrons from the cavity (and thereby also their penetration depth) is 
different for different field strengths. This causes the difference in ERE peak shape 
between B = 0.6 and 1.3 T at the proximal side of the cavity. At the distal side of 
the phantom, the returning electrons are not restricted in their trajectory radius. 
Therefore, their energy spectrum, penetration depth and ERE peaks shape are the 
same for B = 0.6 and 1.3 T.

At these same interfaces, the profile for B = 0 T shows a backscatter dip. 
Furthermore, the dose levels at the distal side of the gap are highest for the case 
when B = 0 T, because the electrons can traverse the air gap. When a magnetic 
field is present, electrons do not cross the air cavity (they are forced back into the 
phantom) and electron equilibrium has to be reestablished from the start. Therefore 
the build-up distances for B = 0.6 T and 1.3 T are the same as at the beginning of 
the phantom (1.5 and 1.2 cm respectively). 

The measured profiles in figure 7.3 are the averages of 3 independent 
measurements. The maximum deviation of each profile to the average profile 
was 2.0-2.5%. The statistical accuracy of the simulations was 0.5 % (1 SD). A 
gamma analysis was performed to quantify the agreement of the simulated relative 
dose profiles to the measured relative dose profiles. In figure 7.3 gamma index 
profiles are plotted against the right axis with criteria of 2%/2 mm. These criteria 
hold for all magnetic field values except for B = 1.3 T, where the gamma index 
exceeds 1 at the base of the distal ERE peak. The most stringent criteria at which 
the gamma index remains below 1 for all points are 2%/0.8 mm, 2%/1.1 mm and 
2.2%/1.8 mm for B = 0, 0.6 and 1.3 T, respectively. When a maximum stepsize of 
0.1 mm is imposed, the agreement improves to 1.7%/1.3 mm, 1.7%/1.5 mm and 
1.8%/1.5 mm, respectively (data not shown). 

Poon et al. (2005a) found that an imperfect boundary crossing algorithm of 
GEANT4 causes erroneous dose distributions near air cavities. Tests under Fano 
conditions showed that decreasing the maximum stepsize to 1 μm makes results 
sufficiently accurate (Poon et al. 2005a). These tests were performed with version 
6.2.p01. According to the GEANT4 Collaboration, the electron transport algorithm 
in version 8.2 should have been improved considerably. This may explain why 
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good agreement was found for B = 0 T without stepsize restrictions. 

However, simulations with magnetic field did show improved agreement with 
maximum stepsize restrictions. An explanation might be that the lateral and 
directional corrections after each step by the multiple scattering process are not 
entirely correct in the presence of a magnetic field, because of the curved trajectory 
of the electrons. Limiting the maximum stepsize also limits these deviations and as 
a result, the agreement is improved.

7.3.2 Lateral

In figure 7.4, the measured lateral dose profiles are presented for B =0, 0.6 and 1.3 
T in comparison to the simulations. On the left-hand side of the graphs, the lateral 
ERE (Raaijmakers et al. 2007a) is visible, causing an increased dose for B = 0.6 T 
and an even higher dose for B = 1.3 T. At the other side, the dose level for B = 1.3 
T is lowest, followed by 0.6 T and 0 T.

Figure 7.4: Lateral measurements and simulations for B = 0, 0.6 and 1.3 T. 
Dose levels are normalized to central axis dose for B = 0 T. Indicated below the 
graph is the gamma index with criteria 2 % / 2 mm, against the right axis. 
(This figure is presented in color on page 110)
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Again, the measured dose profiles are the average of three independent 
measurements. The measurement accuracy of the lateral profiles turned out to 
be lower: 3% maximum devitation from each individual profile to the averaged 
profile. The statistical accuracy of the simulations was 0.7 % (1 SD). The 
agreement between the measured relative dose profiles and simulated relative 
dose profiles is indicated by gamma index profiles in figure 7.4 with criteria for 
all profiles set to 2%/2 mm. The minimum criteria by which the gamma index still 
remains below 1 for all points are 2.0%/0.6 mm, 2.0%/0.9 mm and 2.2%/0.4 mm 
for B = 0, 0.6 and 1.3 T, respectively. Results showed no dependence on stepsize 
restrictions.

7.3.3 Gafchromic films

Gafchromic films are, unlike conventional films, suitable to do absolute dose 
measurements as was demonstrated by Devic et al. (2005). However, this was 
done using small pieces of film to measure a uniform dose. In our study, the films 
were used to measure dose profiles rather than uniform dose values. Furthermore, 
the measurements that were carried out in the presence of a magnetic field always 
indicated 1-4% lower dose levels than the profiles for B = 0 T at depths where 
simulations and physics analysis would expect them to be the same (In the region 
of electron equilibrium). The reduction in electron range in the presence of a 
magnetic field may cause some reduction in the dose level, but the observed 
differences are too large to be accounted for by this explanation. This may be an 
indication that the polymerisation process in the Gafchromic film is influenced by 
the magnetic field.

For these reasons, we did not aim for absolute dose level agreement and only 
the relative agreement between the profiles has been evaluated. This test will be 
sufficient for our next goal which is the simulation of IMRT inverse treatment 
planning in the presence of a magnetic field.
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7.4 Conclusion
The magnetic field dose effects that were studied before using Monte Carlo 
simulations are observed in measurements as expected. 

In-depth and lateral dose deposition profiles in the presence of a magnetic field 
were measured reliably using GafChromic films. The measurement accuracy was 
found to be within 2.5% for in-depth profiles and 3% for lateral profiles.

The simulated in-depth dose profiles through a PMMA-air-PMMA phantom 
were in relative agreement to measurements within 2%/0.8 mm, 2%/1.1 mm and 
2.2%/1.8 mm for B = 0, 0.6 and 1.3 T, respectively (Values represent gamma index 
criteria).

For the lateral profiles with field size extending over the lateral sides of the 
phantom, the relative agreement was found to be within 2%/0.6 mm, 2%/0.9 mm 
and 2.2%/0.4 mm for B = 0, 0.6 and 1.3 T, respectively (Again, values represent 
gamma index criteria).

All magnetic field dose effects can be modelled within measurement accuracy 
using GEANT4. This demonstrates that GEANT4 is a suitable Monte Carlo code 
to investigate the consequences of a magnetic field on the dose distribution for the 
MRI-accelerator. 
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Dependency of ERE on  
magnetic field strength

Several institutes are currently working on the development of a 
radiotherapy treatment system with online MR imaging modality. The 

main difference between their designs is the magnetic field strength of the 
MRI system. While we have chosen a 1.5 Tesla (T) magnetic field strength, 
the Cross Cancer Institute in Edmonton will be using a 0.2 T MRI scanner 
and the company Viewray aims to use 0.3 T. The magnetic field strength will 
affect the severity of magnetic field dose effects, like the electron return effect 
(ERE): considerable dose increase at tissue air boundaries due to returning 
electrons. This paper has investigated how the ERE dose increase depends on 
the magnetic field strength. Therefore, four situations where the ERE occurs 
have been simulated: ERE at the distal side of the beam, the lateral ERE, ERE 
in cylindrical air cavities and ERE in the lungs. The magnetic field comparison 
values were 0.2, 0.75, 1.5 and 3 T. Results show that, in general, magnetic field 
dose effects are reduced at lower magnetic field strengths. At the distal side, 
the ERE dose increase is largest for B = 0.75 T and depends on the irradiation 
field size for B = 0.2 T. The lateral ERE is strongest for B = 3 T but shows 
no effect for B = 0.2 T. Around cylindrical air cavities, dose inhomogeneities 
disappear if the radius of the cavity becomes small relative to the in-air radius 
of the secondary electron trajectories. At larger cavities (r > 1 cm), dose 
inhomogeneities exist for all magnetic field strengths. In water-lung-water 
phantoms, the ERE dose increase takes place at the water-lung transition and 
the dose decreases at the lung-water transition, but these effects are minimal 
for B = 0.2 T. These results will contribute to evaluating the trade-off between 
magnetic field dose effects and image quality of MR-guided radiotherapy 
systems. 

8

This chapter was also published as:

Raaijmakers A J E, Raaymakers B W and Lagendijk J J W 2008 “Magnetic field induced 
dose effects in MR-guided radiotherapy systems: dependency on the magnetic field 
strength” Phys. Med. Biol. 53 909-923
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8.1 Introduction
Online imaging has become a useful tool for margin reduction and, thereby, 
improvement of treatment (Jaffray et al. 2002, Nederveen et al. 2003, Pouliot et al. 
2005). MR-imaging, with its superior soft-tissue contrast, provides the best tumour 
visibility. Therefore, several institutes are working on a treatment system with 
online MR-guidance. 

At the UMC Utrecht, we have designed a system where a 6 MV linear accelerator 
is mounted on a 1.5 T MRI scanner (Lagendijk et al. 2000, Raaymakers et al. 
2004a, Lagendijk et al. 2007). This system has become feasible by adapting the 
linac and the MRI-system to avoid mutual disturbance by the magnetic fields. A 
prototype system for research purposes is currently being constructed. 

The private company Viewray Inc, Florida, intends to use a different approach. 
They circumvent the MRI-linac interactions by using Cobalt-60 irradiation rather 
than a linear accelerator. Three Cobalt-60 irradiation sources are mounted in a ring 
around a split 0.3 T MRI system (www.viewray.com). 

The Cross Cancer Institute in Edmonton has designed a system where the 
accelerator is mounted on a 0.2 T MRI scanner (Fallone et al. 2007). The magnetic 
interference is resolved by having the MRI scanner rotate along with the linac. 
Currently, a scale model is being built from a small animal MRI-scanner such as 
the MRmicro2 (MRTechnology Inc, Japan, www.mrtechnology.cu.jp) and a linear 
accelerator. 

A system that is not under development, but has been proposed in literature is 
a 0.25 T MRI scanner with a Cobalt-60 unit (Kron et al. 2006). This approach 
proposes a helical irradiation technique, like the tomotherapy system (Mackie et al. 
1993). 

These systems differ in the usage of different magnetic field strengths and magnetic 
field orientations. Since the AAPM 2007, a debate has started to what extent the 
magnetic field will affect the dose distribution. When irradiating in the presence of 
a 1.5 T magnetic field, the dose distribution is indeed affected (Raaymakers et al. 
2004a, Raaijmakers et al. 2005, Raaijmakers et al. 2007a). One can assume that 
these effects will be reduced by lower magnetic field strengths (Fallone et al. 
2007). 

This paper provides insight in the magnetic field induced dose effects, depending 
on the magnetic field strength. 
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8The magnetic field dose effects consist in general of two parts: First, in 
homogeneous tissue, the point spread kernel becomes asymmetrical which 
results in a reduced build-up distance and a shifted, asymmetrical penumbra 
(Raaymakers et al. 2004a). Secondly, at tissue-air boundaries, strong dose increase 
is observed due to secondary electrons that are forced back into the tissue by the 
Lorentz force (Raaijmakers et al. 2005). This effect has been called the electron 
return effect (ERE). Because the ERE is much more pronounced than the reduced 
build-up distance and the asymmetrical penumbra shape, only the ERE has been 
investigated. 

Obviously, the ERE takes effect at the distal side, where the beam leaves the tissue. 
But also lateral sides of the patient within the treatment beam and air cavities 
will be affected. In principle, the ERE will take place at all transitions to a lower 
material density. Therefore, irradiating lung tissue (which is highly heterogeneous) 
in the presence of a magnetic field also causes dose increase due to the ERE 
(Fallone et al. 2007). 

The characteristics of the dose increase due to the ERE will depend on the 
magnetic field strength (appendix B.2). Electrons that leave the tissue will return in 
an arc-shaped trajectory. The radius of this trajectory depends on the energy of the 
electron and the magnetic field strength, as indicated in table 8.1. For example, air 
cavities will only show the full ERE dose increase if the radius of the electrons is 
small enough to take the turn within the cavity without touching the distal side. At 
the distal side, ERE dose increase will only lead to high dose levels if the treatment 
beam is wider than the electron trajectory radius (as will be shown in section 8.3.1). 
Otherwise, the dose increase will occur outside the treatment beam where the dose 
is increased, but will not reach high dose levels. 

Table 8.1: In-vacuum electron trajectory radius (in mm), depending on the 
electron energy and magnetic field strength
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Dose distributions in the presence of various magnetic field strengths have been 
calculated by Monte Carlo simulations. Setups were chosen to investigate the four 
situations where the ERE takes effect: At the distal side of the patient, at the lateral 
side of the patient within the treatment beam, at air cavities and in lung tissue. The 
investigated magnetic field strengths are B = 0.2, 0.75, 1.5 and 3 T. 

Results will demonstrate to what extent the magnetic field dose effects depend on 
the magnetic field strength. Although a lower magnetic field strength may reduce 
the magnetic field induced dose effects (Fallone et al. 2007), at the same time, it 
will also reduce the quality of the MR-images. This paper presents a contribution to 
the discussion on the trade-off between the severity of magnetic field dose effects 
and MR-image quality. 

8.2 Materials and Methods
For all simulations, the Monte Carlo code GEANT4, v8.2 has been used 
(Agostinelli et al. 2003, Allison et al. 2006). This code has been shown to provide 
X-ray dose distributions with good agreement to measurements in the presence of a 
magnetic field (Raaijmakers et al. 2007b). 

The input for all simulations are unidirectional photons with a realistic 6 MV linear 
accelerator energy spectrum, figure 8.3a. This spectrum was derived from a full 
Monte Carlo simulation of a linear accelerator head (Raaijmakers et al. 2007b).  
To obtain a general insight on the influence of the magnetic field, the pointspread 
kernel of secondary electrons is calculated for all investigated magnetic field 
strengths: a photon pencil beam with the described energy spectrum is fired at a 
3.5 x 3.5 x 4.5 cm3 water phantom.  Secondary electrons are only tracked if they 
originate from a small 0.125 mm3 box, located 1 cm below the phantom surface.  
From this simulation, also the energy spectrum of secondary electrons has been 
determined.

8.2.1 Distal side of treatment beam

For the dose distribution at the distal side as a function of the magnetic field 
strength, the irradiaton field size is also of importance. For low magnetic field 
strengths, the electron trajectory radius is large. If the irradiation field size is small, 
the returning electrons will re-enter the phantom outside the target region. Only if 
the field size is large enough, the electrons will deposit dose in the region of the 
primary beam and the striking high dose levels at the distal side will occur. 

To investigate the increased dose distribution at the distal side of the beam, a 
20 x 20 x 8 cm3 water phantom was irradiated with a pencil beam. Dose was scored 
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in an isotropic 0.5 mm grid. 100M particles were fired in total, divided over 10 bins 
to determine statistical accuracy. Simulations were repeated for each magnetic field 
strength value. Resulting dose distributions were convoluted to obtain the dose 
distribution of a 5 x 5 or 10 x 10 cm2 non-divergent beam, figure 8.1a. 

8.2.2 Lateral ERE

The influence of the magnetic field strength on the lateral ERE was also 
investigated. A 6 x 6 x 8 cm3 water phantom, figure 8.1b, was irradiated with a 
paper sheet beam, as described by Raaijmakers et al. 2005: 1000M particles were 
fired in the negative z-direction from a 6 cm line in the x-direction. The resulting 
dose distribution was convoluted in the y-direction to obtain the dose distribution 
of a 6 x 6 cm2 non-divergent beam. Again, the simulation was divided into 10 bins 
to determine the statistical accuracy and the entire simulation was repeated for each 
magnetic field value. 

Figure 8.1: Simulation geometry for exit dose (a), lateral ERE (b),   
air cavities (c) and lung tissue (d)
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8.2.3 Air cavities

For air cavities, the dimensions of the cavity play a major part. ERE dose increase 
only occurs if the arc-shaped electron trajectory in the cavity is not intercepted by 
the other side of the cavity. The radius of the arc-shaped electron trajectories in the 
cavity depend on the magnetic field strength. Therefore, the influence of the cavity 
dimension has been investigated as well, next to the influence of the magnetic field 
strength. 

To investigate the influence of air cavity size and magnetic field strength on the 
dose distribution, the following simulations were performed: A 10 x 10 x 8 cm3 
water phantom with a cylindrical cavity with radius r, figure 8.1c, was irradiated 
with a paper sheet beam of 5 cm width in the x-direction. The resulting dose 
distribution was convoluted in the y-direction to obtain the dose distribution of a 
5 x 5 cm2 non-divergent beam. Again, the simulation was divided into 10 bins to 
determine the statistical accuracy and the entire simulation was repeated for each 
magnetic field value and for the following values of r: 3 cm, 2 cm, 1 cm, 5 mm, 
2 mm and for higher magnetic field strengths 1 mm. 

8.2.4 Lung tissue

The dose distribution in lung tissue in the presence of a magnetic field is not 
trivial. Each time the secondary electrons will traverse one of the numerous alveoli 
and bronchioles in lung tissue, they will be deflected. However, the alveoli have 
dimensions of approximately 60 μm; the bronchioles are even smaller in cross-
section. Taking into account the results from the air cavity simulations (section 
8.3.3), we state that cavities of these dimensions will not significantly influence the 
dose distribution. Therefore, the lung tissue can be represented by a homogeneous, 
low density material. In GEANT4 simulations, electron step sizes in lung tissue 
can be rather large and, in the presence of a magnetic field, these trajectories are 
curved. To prevent energy misdeposition in the scoring grid, the maximum stepsize 
was kept at a fraction of the voxel dimensions. 

A 10 x 10 x 16 cm3 water-lung-water phantom was implemented in the simulation 
geometry, where the lung tissue was represented by a 8 cm slab of water with 
a density of 0.25 g/cm3, figure 8.1d. The dose distribution of a 5 x 5 cm2 non-
divergent 6 MV photon beam was obtained by convolution of a pencil beam kernel. 
This kernel was calculated by firing a pencil beam of 100M photons with a realistic 
6 MV linac spectrum at the phantom. The resulting dose distribution was scored in 
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an energy scoring grid with 0.5 mm3 voxels. Therefore, the maximum stepsize was 
set to 0.1 mm. Again, the simulation was divided into 10 bins and the simulation 
was repeated for all magnetic field strengths (B = 0, 0.2, 0.75, 1.5 and 3 T). 

8.3 Results and discussion
The pointspread kernels of the secondary electrons in water, depending on 
the magnetic field strength, are shown in figure 8.2. Note that the scaling is 
logarithmic. Clearly, the kernels become more asymmetrical for increasing field 
strength. Also, the penetration of the electrons becomes smaller, which results in 
a smaller overall surface of the kernel. The penetration in-depth decreases from 
16 mm for B = 0 T to 7 mm for B = 3 T. The left-lateral penetration increases 
from 6.5 mm for B = 0 T to 11 mm for B = 1.5 T, but decreases again to 9 mm for 
B = 3 T. 

(a) (b)
Figure 8.3: Energy spectrum of secondary electrons and ‘primary’ photons 
(simulated linac output spectrum) (a) and energy fluence spectrum (b)

(a) B = 0 T (b) B = 0.2 T (c) B = 0.75 T (d) B = 1.5 T (e) B = 3 T

Figure 8.2: Monte Carlo calculated pointspread kernels for secondary  
electrons, depending on the magnetic field strength B. Logarithmic  grey value 
scaling is used. Primary photons are simulated with a  realistic 6 MV linear 
accelerator energy spectrum.
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(a) B = 0.2 T (b) B = 0.75 T

(c) B= 1.5 T (d) B = 3 T
Figure 8.4: Dose distributions for a 5 x 5 cm2 6 MV photon beam at the 
indicated magnetic field strengths.

The energy spectrum of secondary electrons is presented in figure 8.3a. It clearly 
shows a relatively large contribution from low energy electrons. However, low 
energy electrons contribute little to energy transfer. A more interesting diagram 
therefore is the energy fluence spectrum, figure 8.3b, which is the energy spectrum 
of figure 8.3a, multiplied by the energy value of each spectral bin. This diagram 
shows that the largest contribution to energy transfer is given by 0.5 MeV 
electrons. 

(a) B = 0.2 T (b) B = 0.75 T

(c) B= 1.5 T (d) B = 3 T
Figure 8.5: Dose distributions for a 10 x 10 cm2 6 MV photon beam at the 
indicated magnetic field strengths.
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(a) 5 x 5 cm2, central axis (b) 5 x 5 cm2, 5 mm from field edge

Figure 8.7: Percentage depth dose profiles for a 6 MV, 5 x 5 cm2 field (a and b) 
and a 10 x 10 cm2 field (c and d) depending on the magnetic field strength. (a) 
and (c) show the dose profiles an the central axis; (b) and (d) show the dose 
profile at 5 mm from the left-lateral irradiation field edge.

(c) 10 x 10 cm2, central axis (d) 10 x 10 cm2, 5 mm from field edge

Figure 8.6: Definition of electron return effect shift. Plotted are the lateral exit 
dose profiles in the x-direction. 
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8.3.1 Distal side of treatment beam

The dose distributions for the 5 x 5 and 10 x 10 cm2 beams for the various 
magnetic field strengths are presented in figures 8.4 and 8.5. The central axis 
percentage depth dose (PDD) curves are presented in figures 8.8a and c. The curves 
are normalised to the dose maximum for B = 0 T. The build-up distance reduction 
as reported by Raaymakers et al. (2004b) is insignificant for B = 0.2 T, but for 
B = 0.75 T and higher field strengths the build-up distance decreases. Build-up 
distances for B = 0, 0.2, 0.75, 1.5 and 3 T are respectively 17, 17, 15, 12 and 7 mm. 
At the distal side, the electron return effect causes a dose increase as described 
by Raaijmakers et al. (2005). The ERE dose increase region is shifted relative to 
the primary irradiation due to the finite radius of the electron trajectories in air. 
However, because of the continuous energy fluence spectrum (figure 8.3b) there is 
a range of electron radii and consequently no distinct shift threshold but a gradual 
rise and fall-off of the ERE dose increase in the lateral direction, which depends in 
the magnetic field strength and the irradiation field size. To be able to quantify this 
shift we define it as follows: First define Dexit, max, 0 T as the maximum exit dose at 
B = 0 T. Then we define a reference point in the lateral exit dose profile for B = 0 T 
as the point where the dose is 20% of Dexit, max, 0 T. Then, the ERE shift for a given 
magnetic field strength is defined as the distance from the reference point to the 
point in the lateral exit dose profile for this given magnetic field strength where the 
dose is 20% of Dexit, max, 0 T (figure 8.6).

For a 5 x 5 cm2 field and B = 3 T, the secondary electron radius is small and so 
the shift is only 4 mm. For B = 1.5 T it is 8 mm, for B = 0.75 T it has grown to 
15.5 mm and for B = 0.2 T it reaches 33 mm. For a 10 x 10 cm2 field, the shift for 
B = 3, 1.5 and 0.75 T is 4, 9.5 and 17.5 mm respectively. For B = 0.2 T, the dose 
has not dropped below 20% of the 0 T exit dose at 5 cm distance from the primary 
photon beam. This means that a considerable dose level exists at a large distance 
from the region of the primary photon beam, figure 8.5a. 

At 0.2 T, the electron trajectory radius is so large that the majority of the electrons 
return into the phantom outside the primary photon beam. The electrons that do 
return within the bounds of the primary photon beam cause an ERE dose increase 
that gradually increases from the right-lateral to the left-lateral side of the exit 
side of the beam. For the 10 x 10 cm2 field, this dose increase is larger because 
more electrons can contribute due to the wider beam exit region. In general, the 
ERE dose increase will increase with increasing field size until the field size is 
wider than the sum of the largest electron trajectory diameter and the widths of 
the penumbras (for B = 0.2 T this would be approximately 12 cm). Because the 
central axis dose profile is not representative of the ERE dose increase, off-axis 
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PDDs at 5 mm from the lateral left side of the beam have been drawn and plotted 
in figures 8.7b and d. 

For the 5 x 5 cm2 beams, the maximum ERE dose increase for B = 0.2, 0.75, 1.5 
and 3 T is respectively 20, 50, 40 and 20 % relative to dose maximum at B = 0 T. 
For the 10 x 10 cm2 beams, these values are 40, 52, 42 and 25 %. Strikingly, ERE 
dose increase is highest for B = 0.75 T and decreases for higher field strengths. 
This is caused by the following: From figure 8.2, the reduced penetration depth of 
secondary electrons becomes clear. This means that for a given high magnetic field 
strength, the electrons that arrive at the exit side of the phantom originate from a 
smaller volume segment in comparison to B = 0 T. This volume segment becomes 
smaller for increasing magnetic field strength. With the decrease of this volume 
segment where secondary electrons may originate, also the electron fluence at the 
exit side of the phantom decreases. This results in a reduced ERE dose increase. 
For 3 T, the point-spread kernel shows a dominant penetration of the electrons 
sideways. Apparently, the average electron direction in the phantom is pointed 
almost horizontally to the left. Section 8.3.2 will demonstrate that this leads to a 
higher lateral ERE dose increase. 

Furthermore, the deflection of low energy secondary electrons by the magnetic 
field is stronger (smaller trajectory radius). Consequently, low energy electrons are 
not able to penetrate far into tissue, because they are confined to their region of 
origin by the Lorentz force. This effect becomes stronger for higher magnetic field 
strengths. As a result, the energy spectrum of the secondary electrons that leave 
the phantom and contribute to the ERE becomes harder for increasing magnetic 
field strengths. This causes the ERE dose profile for B = 3 T to show a small dose 
increase, shortly after the distal side. 

8.3.2 Lateral ERE

The dose distributions that demonstrate the B-dependency of the lateral ERE are 
presented in figure 8.8. At the left-lateral side near the bottom of the phantom, the 
lateral ERE dose increase is supplemented by the distal side ERE electrons that 
curve around the corner and re-enter the phantom at the left-lateral side. The dose 
profiles at 2 cm depth (figure 8.9) present the lateral ERE without the contribution 
from electrons leaving the distal side of the phantom. 

For B = 0.2 T, the lateral ERE causes only a minor dose increase in comparison to 
the dose at the right-lateral phantom edge. The dose does not exceed the central-
axis dose level. At 0.75 T, there is a lateral ERE dose increase of 13 %. At 1.5 T, 
the dose has risen to 150 % and at 3 T it has reached 170 % of the central axis dose 
value. This increase is caused by the increasing flux through the left lateral side of 



102

A.J.E. Raaijmakers MR-guided radiotherapy: magnetic field dose effects

the phantom. This is a result of the changing average direction of the secondary 
electrons scattering through the phantom, which is also illustrated by the point-
spread kernels in figure 8.2. 

8.3.3 Air cavities

The dose distributions around cylindrical air cavities for varying cavity dimensions 
and magnetic field strengths are shown in figure 8.10. The dose distribution around 
these air cavities is characterised by a region of reduced dose and increased dose. 
The region of reduced dose is caused by the fact that electrons can not cross the 

(a) B = 0.2 T (b) B = 0.75 T (c) B = 1.5 T (d) B = 3 T

Figure 8.8: Dose distributions for a 6 x 6 cm2 6 MV photon beam at the 
indicated magnetic field strengths. The photon beam covers the full width of the 
phantom and thereby demonstrates the lateral ERE.

Figure 8.9: Lateral dose profiles at 2 cm depth for the  investigated magnetic 
field values. 6 MV, 6 x 6 cm2 field covering the full width of the phantom which 
results in the lateral ERE. The position at 0 cm refers to the lateral left side of 
the phantom in figure 1b.
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cavity, because they are forced back by the magnetic field. For B = 0.2 T and a 
cavity diameter of 3 cm, this region of reduced dose is located at the bottom side 
of the cavity. For B = 0.75 T, the region of reduced dose is located at the bottom 
side of the cavity, but slighly rotated clockwise. For B = 1.5 T and B = 3 T, the 
region of reduced dose is rotated even more. The ‘rotation’ of this region with 
increasing magnetic field strength is caused by the changing average direction of 
the secondary electrons (figure 8.2). 

(a) B = 0.2 T

(b) B = 0.75 T

(c) B = 1.5 T

(d) B = 3 T
Figure 8.10: Dose distributions for a 5 x 5 cm2 6 MV photon beam on a water 
phantom with air cavity (diameter: 30, 20, 10, 5, 2 and 1 mm) at the indicated 
magnetic field strengths.
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The region of increased dose shows a much stronger rotation with increasing 
magnetic field. Two effects play a role: the in-air electron trajectory radius, and 
the average direction of the secondary electrons in water. At 0.2 T, the average 
electron direction is not affected and points straight downward. The energy of the 
electrons that contribute most to energy transfer (figure 8.3) is approximately 0.5 
MeV and at 0.2 T their trajectory radius is 1.5 cm. This is the same as the radius of 
the cylindrical air cavity. Combined, this results in a dose increase at the lateral left 
side of the cavity. At 0.75 T, this electron radius is approximately 4 mm, and the 
average electron direction remains largely unchanged. This causes dose increase 
at the upper side of the cavity. At the same time, because the higher magnetic field 
confines the returning electrons to a smaller surface area, the dose in this region 
increases. At 1.5 T, the electron trajectory radius becomes smaller so the dose 
increases even more. Also the region of increased dose rotates further, caused by 
the deflected average direction of electrons in the phantom. At 3 T, the average 
direction of electrons is almost horizontal (figure 8.2) which results in a region of 
dose increase to the lateral right of the cavity. The maximum local dose increase 
around a cylindrical cavity with a diameter of 3 cm is 38, 53, 62 and 76% for 
B = 0.2, 0.75, 1.5 and 3 T respectively (percentages of dose maximum at B = 0 T). 

When decreasing the cavity diameter, the dose pattern around the cavity changes as 
the cavity diameter approaches the in-air electron trajectory radius and the regions 
of increased and decreased dose start to disappear. When the cavity diameter is 
small relative to the in-air electron trajectory radius (table 8.1), the electrons can 
cross the cavity in quasi-straight lines. In this case, the dose distribution is the same 
as without a cavity. This pattern is observed for all magnetic field strengths, but 
for high magnetic field strengths, the cavity diameter where the dose distribution 
becomes homogeneous is much smaller. This trend is clearly demonstrated by 
figure 8.10. Note that dose distributions that appear homogeneous in the color 
scale images, can have minor inhomogeneities. For example, the dose distribution 
for a cavity diameter of 1 mm at 1.5 T seems homogeneous, but the dose increase 
over the cavity is up to 10%. Really homogeneous distributions are only expected 
for even smaller cavity dimensions or when using mutilple beam directions 
(Raaijmakers et al. 2007c). 

8.3.4 Lung tissue

The resulting dose distributions for the water-lung-water phantoms are presented in 
figure 8.11. The central axis dose profiles are plotted in figure 8.12. As expected, at 
water-lung boundaries the ERE also causes strong dose increase, up to 40%. Not so 
trivial is the appearance of strong dose decrease at the proximal side of the lung-
water interface. This dose increase and decrease is insignificant for B = 0.2 T. 
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The secondary electrons that traverse from water to lung enter a much lower 
density material. Although they are still scattering, their mean free path length 
becomes large in comparison to their in-vacuum helical trajectory radius. They 
are now able to fulfil their arc-shaped trajectory and return into the water material 
layer. While these electrons scatter through the lungs with bumpy arc-shaped 
trajectories, they deposit dose which results in a region of increased dose at the 
distal side of the first water-lung boundary. The extent of this region into the 
lung depends on the electron trajectory radius and thereby on the magnetic field 
strength. For B = 0.75 T, the extent is largest, followed by 1.5 and finally 3 T. 
The ERE dose increase for these magnetic field strengths is 40, 49 and 27% 
respectively. 

On the central axis, ERE dose increase is almost absent for B = 0.2 T. At the 
lateral-left side of the interface, figure 8.11a, the increase may be a bit more 
significant but it is still no more than a few percent. Apparently, the arc-shaped 
electron trajectories through the lung tissue are so large that most of the ERE-
inducing electrons have scattered. This is what causes the extended region of 
increased dose (in comparison to B = 0 T) into the lung tissue layer until a depth of 
6.3 cm. 

In lung tissue, for a 5 x 5 cm2 beam at B = 0.2 and 0.75 T, lateral electron 
equilibrium will not exist and the lateral profiles will be highly asymmetrical. 
Therefore, the central axis depth dose profiles in figure 8.12 are lower than for 
B = 0 T (beyond a depth of 6.3 cm). For B = 1.5 and 3 T, due to the low density 
and small electron trajectory radii, the point spread kernel will be very confined. As 
a consequence, lateral equilibrium exists on the central axis and the dose level is 
again the same as for B = 0 T. 

At the lung-water boundary (second boundary), a striking dose decrease is 
observed for B = 0.75, 1.5 and 3 T of 25, 36 and 31% resepectively. This is caused 
by the following (figure 8.15): the accumulated dose at each point is deposited 
by many secondary electrons that originated in the vicinity of this point. In the 
presence of a magnetic field, this region is asymmetrical. If the low medium 
density allows the secondary electrons to travel in arc-shaped trajectories, the 
contribution to the dose at this point is delivered over these arc-shaped trajectories. 
This means that a boundary to a high density material will intercept these 
trajectories, resulting in a dose decrease in this certain point. The distance from 
the ‘certain point’ to the boundary at which this effect occurs is determined by the 
arc-shaped trajectory radius of the secondary electrons. Therefore, the extent of 
the region of decreased dose into the lung tissue layer decreases with increasing 
magnetic field strength. 
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At the other side of the lung-water boundary, electron equilibrium has to be 
reestablished. The behaviour in this build-up region is the same as for the primary 
build-up, showing a build-up distance reduction with increasing magnetic field 
strength (section 8.3.1). 

The pattern of dose increase around the first interface is similar to the pattern of 
dose decrease around the second interface. This provides an opportunity to use 
opposing beams to see whether these two regions may compensate each other. 

Figure 8.11: Dose distributions for a 5 x 5 cm2 6 MV photon beam on a water-
lung-water phantom at the indicated magnetic field strengths. 

(a) B = 0.2 T (b) B = 0.75 T (c) B = 1.5 T (d) B = 3 T

Figure 8.12: Central axis depth dose profiles for a 6 MV, 5 x 5 cm2 field on a 
water-lung-water phantom at the indicated magnetic field strengths.
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The resulting dose distribution for the opposing beams setting (one beam coming 
from above, the other coming from below) is presented in figure 8.13. Central axis 
dose profiles are plotted in figure 8.14 where the profiles are normalised to dose 
maximum at 0 T. These results clearly show the beneficial impact on the dose 
inhomogeneities when using opposing beams. The dose increase in figure 8.12 is 
reduced to dose inhomogeneities of 92-100 %, 92-108 %, 94-105 % and 88-102 % 
for B = 0.2, 0.75, 1.5 and 3 T respectively. 

Figure 8.14: In-depth central axis dose profiles for two opposing 6 MV,  
5 x 5 cm2 fields on a water-lung-water phantom at the indicated magnetic field 
strengths.

Figure 8.13: Dose distributions for two opposing 5 x 5 cm2 6 MV  photon beams 
on a water-lung-water phantom at the indicated magnetic field strengths.

(a) B = 0.2 T (b) B = 0.75 T (c) B = 1.5 T (d) B = 3 T
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8.4 Conclusion
The electron return effect (dose increase at tissue-air boundaries, ERE) that occurs 
when irradiating in the presence of a lateral magnetic field depends strongly on the 
magnetic field strength. In general, this effect becomes stronger with increasing 
magnetic field strength. The following situations were investigated: ERE at the 
exit side of the beam, beam extending over the lateral side of a phantom, ERE in 
cylindrical air cavities and ERE in lung tissue.

At the distal side, ERE dose increase depends on the magnetic field strength. For 
B = 0.2 T, the ERE dose increase also depends on the irradiation field size and is 
confined to the lateral left side of the phantom. More generally, if the field size is 
smaller than the in-air electron trajectory radius, the irradiation field size matters. A 
10 x 10 cm2 beam results in a 40, 52, 42 and 25% ERE dose increase for B = 0.75, 
1.5 and 3 T respectively. (Percentages are relative to dose maximum at B = 0 T) 

At the lateral side of a phantom, the ERE also depends on the magnetic field 
strength. The ERE dose increase is 13, 50 and 70% for B = 0.75, 1.5 and 3 T 
respectively. It does not occur for B = 0.2 T. (Percentages are relative to central 
axis dose at B = 0 T) 

The dose distribution around a cylindrical air cavity in a phantom depends 
heavily on the cavity diameter and the magnetic field strength. If the cavity is 
small compared to the radius of the electron trajectories in air, the magnetic field 
has little impact on the dose distribution. If the cavity is larger, then gradually 

Figure 8.15: Dose decrease at lung-water interface. In lung tissue, the 
secondary electron trajectories are arc-shaped. (a) gives a schematic 
representation of the electron trajectories that contribute to the dose at point P. 
(b) gives a schematic representation what happens in the vicinity of a higher 
density material: Because some of the trajectories interfere with the water layer, 
the resulting dose at point P will be lower.

(a) (b)
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inhomogeneities occur around the cavity. For a cavity diameter of 3 cm, the 
maximum dose increase is 38, 53, 62 and 76% for B = 0.2, 0.75, 1.5 and 3 T 
respectively. (Percentages are relative to dose maximum at B = 0 T) 

For water-lung-water phantoms the water-lung boundary shows ERE dose increase 
and the lung-water boundary shows dose decrease. This effect is insignificant for 
B = 0.2 T. Dose increase and decrease for B = 0.75, 1.5 and 3 T are +40/-25,  
+49/-36 and +27/-31% respectively. (Percentages are relative to dose maximum at 
B = 0 T) 

These results show that the ERE is indeed reduced at lower magnetic field 
strengths. This is true in particular for the lateral ERE, for small air cavities and for 
tissue-lung interfaces. However, for large irradiation fields the ERE dose increase 
reaches the same levels as for higher magnetic field strengths. Also, for larger air 
cavities in patients significant dose increase is encountered both for high and low 
magnetic field strengths. 

Hybrid MRI-linac system designs operating at 3 T would have less dose increase at 
the distal side but more dose increase due to the lateral ERE. The major drawback 
would be that the dose inhomogeneities around small air cavities such as the larger 
channels in lung tissue may become problematic. 

Our system, operating at 1.5 T, will face considerable magnetic field dose 
effects. These effects can be reduced by using opposing or multiple equidistant 
beams. Using IMRT, optimization algorithms can cope with the remaining 
magnetic field dose effects and homogeneous dose distributions can be obtained 
(Raaijmakers et al. 2007c). From this, and the results in the present study, we 
estimate that the advantage of high quality MR-images at 1.5 T outweighs the 
disadvantage of stronger magnetic field dose effects. 
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Here, the figures 7.3 and 7.4 are presented again, in color. 

Dose levels are normalized to dose maximum or central axis dose for B = 0 T. 
Indicated below the graph is the gamma index with criteria 2 % / 2 mm.

Figure 7.3: In-depth measurements and simulations for B = 0, 0.6 and 1.3 T. 

Figure 7.4: Lateral measurements and simulations for B = 0, 0.6 and 1.3 T. 
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Dose optimisation for the  
MRI-accelerator

A combined system of a 6 MV linear accelerator and a 1.5 T MRI 
scanner is currently being developed. In this system, the patient 

will be irradiated in the presence of a 1.5 T magnetic field. This causes 
a strong dose increase at tissue-air interfaces. Around air cavities in 
the patient, these effects may become problematic. Homogeneous dose 
distributions can be obtained around regulary shaped symmetrical 
cavities using opposing beams. However, for more irregulary shaped 
cavities this approach may not be sufficient. This study will investi-
gate whether IMRT can be used to cope with magnetic field dose ef-
fects, in particular for target volumes adjacent to irregulary shaped air 
cavities. Therefore, an inverse treatment planning approach has been 
designed based on pre-calculated beamlet dose distribution kernels. 
Using this approach, optimized dose distributions were calculated for 
B = 1.5 T and for B = 0 T. Investigated target sites include a prostate 
cancer, a laryngeal cancer and an oropharyngeal cancer. Differences 
in the dose distribution between B = 0 and 1.5 T were minimal; only 
the skin dose increased for B = 1.5 T. Homogeneous dose distributions 
were obtained for target structures adjacent to air cavities without the 
use of opposing beams. These results show that a 1.5 T magnetic field 
does not compromise the ability to achieve desired dose distributions 
with IMRT. 

9

This chapter was also published as:

Raaijmakers A J E, Hårdemark B, Raaymakers B W, Raaijmakers C P J and 
Lagendijk J J W 2007 “Dose optimization for the MRI -accelerator: IMRT in the presence 
of a magnetic field” Phys. Med. Biol. 52 7045-54
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9.1 Introduction
The UMC Utrecht, in cooperation with Elekta and Philips Medical Systems is 
developing a 6 MV linear accelerator system integrated with a 1.5 Tesla MRI 
scanner. This system will enable online position verification with superior soft 
tissue contrast (Raaymakers et al. 2004a). 

The dose distribution in such a system will be influenced by the presence of the 
magnetic field. The gamma rays are not affected, but all secondary electrons 
are deflected by the Lorentz Force. These electrons will describe helical paths 
in between collisions. The consequence of these curved trajectories is that the 
penetration depth of electrons becomes smaller and the average direction of 
electrons in the tissue is deflected. 

The results on the dose distribution are a decreased build-up distance and a shifted, 
asymmetrical penumbra (Raaymakers et al. 2004b). Even more pronounced is the 
electron return effect (ERE) as described by Raaijmakers et al. (2005): electrons 
leaving the tissue at the distal side will also experience the Lorentz Force. 
However, in air their mean free path is much longer than in tissue so they are able 
to complete their helical path. After an arc-shaped trajectory they will return into 
the tissue, which causes an increased dose at all tissue-air boundaries. Additionally, 
both the reduced build-up distance and the ERE depend heavily on the entrance or 
exit surface orientation (Raaijmakers et al. 2007a). 

The ERE also takes place at air cavities, causing an increased dose at the proximal 
side of the cavity. However, because the electrons entering the cavity are deflected 
and forced back into the tissue, they cannot traverse the air gap. Behind the gap 
electron equilibrium has to be reestablished from the start. Without magnetic field, 
electrons do traverse the air cavity and contribute to restoring electron equilibrium 
at the distal side of the cavity. As a consequence, the build-up distance behind the 
cavity with magnetic field is larger than without and, effectively, this results in a 
lower dose. 

Overall, the magnetic field causes increased dose at the proximal side of air 
cavities and decreased dose at the distal side. Using opposing beams, these effects 
cancel each other. For symmetrical cavities and smart beam choices, relatively 
homogeneous dose distributions can be obtained (Raaijmakers et al. 2005, 
Raaijmakers et al. 2007a). However, for more irregulary shaped cavities present in 
patients, this approach may not be sufficient. 

In this study we determine to what extent IMRT can be used to produce 
homogeneous dose distributions in the presence of a 1.5 T magnetic field, in 
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particular for targets adjacent to air cavities. Optimized dose distributions with 
magnetic field are calculated for three target anatomies: a prostate cancer plan, 
a laryngeal cancer plan and an oropharyngeal cancer plan. For this purpose, an 
inverse treatment planning approach has been designed based on pre-calculated 
beamlet dose distribution kernels. All these kernels are calculated using Monte 
Carlo simulations, that take all magnetic field dose effects into account. For 
comparison, the same procedure is followed for the case without magnetic field. 

(a) Prostate (b) Larynx, 6 beams

(c) Larynx, 5 beams (d) Oropharynx

Figure 9.1: Test case target anatomies, target structures, OAR’s and treatment 
plan beam setup
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9.2 Materials and Methods

9.2.1 Target anatomies 

For the first test case we have chosen a prostate cancer treatment plan, figure 9.1a. 
Because the target region is homogeneous, the ERE will only take place at the 
exit side of the patient. In general, IMRT treatment plans typically use many beam 
directions, so the exit dose increase caused by the ERE is not likely to cause a 
problem. It will only be a small fraction of the target dose. Therefore, for this 
target anatomy not much difficulty is expected. It serves primarily as a test case for 
the optimization approach and to determine the skin dose increase caused by the 
ERE and the reduced build-up distance. Two targets are delineated: the PTV and 
the Elective Boost Volume (EBV), that is defined at our department as the PTV 
minus the rectum overlap. Organs at risk (OAR) are the bladder, the rectum and 
the myelum. All these structures are shown in figure 9.1a, together with the five 
treatment beam directions. Dose prescriptions are presented in table 9.1. 

At air cavities near the target, the ERE dose increase may become more 
problematic. This case has been tested by calculating a laryngeal cancer treatment 
plan, figure 9.1b. This is a relatively simple plan with the target adjacent to an 
air cavity (the larynx) and the myelum as OAR. The small target volume ensures 
limited calculation times of the beam segment kernels. Because of the capacities of 
opposing beams to flatten the dose distribution around air cavities in the presence 
of a magnetic field, a treatment plan setup has been chosen with six opposing 
beams. Note that the ERE of the 270° beam may prove beneficial in reaching 
the prescribed dose in voxels at the target-air interface. Dose prescriptions are 
presented in table 9.1. 

Using opposing beams inherently counterbalances dose inhomogeneities due to 
the ERE, but this limits the degrees of freedom of the IMRT plan. A non-opposing 
beams setup would be favorable, but the question is whether such an IMRT setup 
can balance the ERE dose inhomogeneities. To solve this issue, a new treatment 
plan is calculated for the previous laryngeal cancer target anatomy based on five 
non-opposing beams. The 270° beam of the six-beam setup is maintained because 
its ERE might prove beneficial; the other beams are chosen at equidistant angles, 
figure 9.1c. 

As a final test case, a more complicated treatment plan has to be designed to 
investigate whether IMRT in the presence of a magnetic field will also work 
for a more complex target anatomy. An oropharyngeal treatment plan is chosen 
with multiple target structures: A primary target, a positive lymph node and 
two elective lymph node regions. For the dose prescriptions of the primary 
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target and the positive node, distinction is made between the PTVgtv and the 
PTVctv (Braam et al. 2006). Organs at risk are the salivary glands (parotid and 
submandibular) and the myelum. Note that again the primary target is located 
adjacent to an air cavity, the oropharynx. One modification has been made in the 
original plan. The elective lymph node target volume extended to beneath the 
clavicula. To limit the calculation time, these target structures have been cut off 
3 cm below the positive lymph node PTVctv. For the previous case, we predict 
that the opposing/non-opposing comparison of the previous target anatomy will 
result in a more favourable dose distribution for the non-opposing beam setting. 
Therefore, for this target anatomy, a seven beam setup has been designed as 
indicated in figure 9.1d. The dose prescriptions are as presented in table 9.1. 

9.2.2 Optimization procedure

In this section the optimization procedure is explained, and details are given on the 
calculation of the beamlet dose kernels. A general overview of issues concerning 
IMRT and inverse treatment planning optimization is given by Ahnesjö et al. 
(2006). 

The number of beams and the beam directions were fixed. All beam dimensions 
were large enough to cover the target structures plus 2.5 cm margin in beam’s eye 
view. Then, the beams were divided into 5 x 5 mm2 beamlets. 

prostate oropharynx
EBV Dmean = 76 Gy1 PTVctv Dmean = 66 Gy2

PTV Dmin = 70 Gy PTVgtv Dmean = 69 Gy2

rectum VD>72 Gy < 5% PTVctv pos. node. Dmean = 66 Gy2

VD>70 Gy < 25% PTVgtv pos. node. Dmean = 69 Gy2

VD>50 Gy < 60% PTV elec. node Le/Ri Dmean = 54 Gy2

bladder VD>72 Gy < 10% myelum Dmax < 46 Gy
parotid Le/Ri Dmean < 30 Gy

larynx submand. Le/Ri Dmean < 30 Gy
PTV Dmean = 66 Gy2

myelum Dmax < 46 Gy

1: 99% of volume should receive 95% of prescribed dose. 
2: All volume should receive between 95 and 107% of prescribed dose.

Table 9.1: Dose prescriptions for the target anatomies
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The dose distribution from every beamlet was simulated separately using the 
Monte Carlo code GEANT4 (Agostinelli et al. 2003, Allison et al. 2006). This 
code was shown to provide accurate results for gamma ray dose distributions in the 
presence of a magnetic field (Raaijmakers et al. 2007b). 

The gamma ray particle fluence of each beamlet was simulated by firing a square 
field of photons with a realistic 6 MV linac energy spectrum and the appropriate 
divergence. Head, flattening filter and MLC scatter were implemented at a later 
stage during the optimization. Electron contamination was disregarded. The patient 
CT-data set was rescaled from 0.8 x 0.8 x 3 mm3 to 2 x 2 x 2 mm3. The patient 
anatomy was implemented in the simulation geometry using an adapted version of 
the material conversion table by Schneider et al. (2000). 

The ERE causes a significant dose increase at discrete tissue-air boundaries. 
However, due to partial volume effects, many voxels on tissue-air boundaries will 
have a CT-number between -950 and -120 HU and are therefore considered lung 
material, according to the Schneider table. These low-density voxels will soften 
the interface, reduce the ERE and no longer represent a realistic interpretation of 
the patient. To avoid this situation and since no lung material was present in the 
investigated sites, this material was left out. All voxels with a CT-number in the 
lung-range are considered either air or tissue, and the threshold for this was chosen 
to be a CT-number of -500 HU. Another adaptation was that tooth fillings were 
implemented as an extra material, starting from 2000 HU. 

Figure 9.2: Optimization procedure for 5-beam treatment plan on laryngeal 
tumour with B = 1.5 T: (a) beamlet dose distribution kernel, (b) sum of beamlet 
kernels from the 198° beam. (Arrows indicate dose increase due to ERE),  
(c) sum of all beamlet kernels from all beams, (d) optimized dose distribution 

(a) (c)(b) (d)
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All voxels were placed as parameterised volumes on a background material of air. 
Air voxels were therefore omitted and represented by the background material. 
This approach ensured higher calculation speed and less memory consumption 
(chapter 3). For the dose scoring grid, the CT-data grid was used. No dose was 
scored in air voxels. 

The dose-distribution from one beamlet was simulated by firing the photon fluence 
model at the voxelized patient anatomy. The beamlet size or bixel resolution 
was 5 x 5 mm2. The fluence in each beamlet simulation was 60·109 particles/m2 
which ensured a statistical accuracy in the beamlet dose distribution of 2% (for 
all voxels with a dose more than 20% of dose maximum). An example of such a 
beamlet kernel for the larynx case at B = 1.5 T is given in figure 9.2a. Note the 
asymmetrical cross-sectional dose profile and the increased dose outside the beam 
at the distal side of the anatomy due to the ERE. The dose distribution of all kernels 
in one beam is shown in figure 9.2b, where the ERE dose increase is clearly visible. 

After calculating the dose distribution from each beamlet, the balanced sum of 
these kernels was optimized using the ORBIT algorithm, in cooperation with 
RaySearch Laboratories. Optimization was carried out with respect to the dose 
prescriptions as presented in table 9.1. For comparison, we used exactly the same 
objective functions for the B = 0 and B = 1.5 T cases. We did not adjust the relative 
weights of the constituent objectives (costlets) to modify the trade-offs between the 

Figure 9.3: Optimized dose distribution for prostate target anatomy for 
B = 1.5 T and B = 0 T. Transversal views are presented in figures (a) and (b); 
sagital views are presented in figures (c) and (d).
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target and the OARs. This makes the comparison fair, and the quality of the dose 
distributions really reflects the relative suitability of the beamlet kernels with and 
without magnetic field for IMRT. 

The head, flattening filter and MLC scatter were implemented during the 
optimization in the following way: The fluence was determined by a function of 
a non-negative opening ratio matrix (ORM). The primary fluence is the ORM 
convolved with a 3 mm standard deviation Gaussian. This is to reflect the primary 
source size plus edge effects at the MLC leaves. The scatter fluence is a 10% 
contribution and is enlarged with approximately 10% to reflect the position of the 
flattening filter and convolved with a 1.5 cm Gaussian. 

Because no dose was scored in air voxels, these voxels were disregarded during the 
optimization. As an example, the optimized dose distribution for the larynx case is 
presented in figure 9.2d. 

The acquired dose distributions were analysed by evaluating dose volume 
histograms (DVH’s). 

9.3 Results and discussion
For the prostate cancer case, the resulting optimized dose distribution for B = 1.5 
T and B = 0 T is presented in figure 9.3. The DVHs, presenting the dose coverage 
for all outlined structures are presented by figure 9.4. Since the pelvis region is a 
rather homogeneous anatomy, not much difference was expected between the dose 
distributions for B = 0 and 1.5 T. This is confirmed by these findings. The dose 
volume histograms at B = 1.5 T for all targets and organs at risk are almost exactly 
the same as those at B = 0 T. 

A drawback of the B = 1.5 T dose distribution is that the skin dose increases 
considerably for some beam directions. The largest increase was found at the 
proximal side of the beam with gantry angle 40° that showed a dose increase 
from 12 to 32 Gy with an incidental hot spot reaching 38 Gy. This is caused 
by the surface orientation dependency of the build-up distance reduction 
(Raaijmakers et al. 2007a). Although this skin dose will not lead to severe skin 
complications, reduction may be desirable. This can be achieved by using more 
beam angles or by covering unfavourable entrance/exit regions on the skin with 
extra build-up material. Another option would be to include the skin as OAR in the 
optimization. In that case, beam angles with a more favourable orientation relative 
to the body surface are likely to get a higher fluence intensity profile. 

Note that the dose increase due to the ERE at the distal side of the beams is less 
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significant due to the beam attenuation through the patient. The highest increase 
was found for the 320° beam: 7 Gy to 14 Gy. 

For the laryngeal cancer test case, two beam configurations have been evaluated. 
For the treatment plan with six opposing beams, all dose prescriptions have been 
met both with and without magnetic field (upper part of figure 9.5). The target 
coverage is equal for both cases, but the sparing of the myelum is slightly worse for 
B = 1.5 T Due to the close proximity of the target to the skin, the skin dose is high 
both for B = 0 and 1.5 T (larger than 50 Gy). 

For the treatment plan with five non-opposing beams, the DVHs are plotted 
in the lower diagram of figure 9.5. Differences between B = 0 and 1.5 T in 
target coverage and sparing of the myelum are now completely absent. These 
results show that opposing beams are probably not necessary when irradiating 
inhomogeneous target anatomies in the presence of a magnetic field. 

The results for the oropharynx case show that also with multiple targets and OARs 
near air cavities, the dose distributions for B = 0 and 1.5 T are not significantly 
different (figures 9.6 and 9.7). Again, the skin dose is high for both cases, although 
the high skin dose area for B = 1.5 T is a little larger. 

The larynx case with 5 beams and the oropharynx case show that IMRT can 
correct for magnetic field dose inhomogeneities without using opposing beams. 
One should note that the dose distribution obtained by the unbalanced addition of 
all beam segment kernels, e.g. figure 9.2c, already shows limited dose increase 
at tissue-air boundaries. The oropharynx case, for example, without optimization 
shows an ERE induced dose increase of only 5%. It seems that including many 
beam directions, although not strictly opposing, does have an alleviating effect. The 
remaining inhomogeneities are then corrected for by the IMRT optimization. 

In future, we will study this issue in more detail. Also, the influence of inter-
fraction motion and air cavity transformations on the cumulative dose distribution 
will be investigated.
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Figure 9.4: Prostate treatment plan dose volume histogram comparison between 
B = 0 T (dashed lines) and B = 1.5 T (solid lines).

Figure 9.5: Larynx treatment plan dose volume histogram comparisons between 
B = 0 T (dashed lines) and B = 1.5 T (solid lines). Upper diagram: treatment 
plan with 6 beams. Lower diagram: treatment plan with 5 beams.
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Figure 9.6: Optimized dose distribution for oropharynx target anatomy for 
B = 1.5 T and B = 0 T. Transversal views are presented in figures (a) and (b); 
coronal views are presented in figures (c) and (d).

Figure 9.7: Oropharynx dose volume histogram comparison between B = 0 T  
(dashed lines) and B = 1.5 T (solid lines). Target DVH’s are plotted magnified 
in outlet. Note that some dashed lines are completely covered by their solid 
counterpart and therefore invisible.
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9.4 Conclusion
An inverse treatment planning approach has been designed to calculate optimized 
IMRT dose distributions in the presence of a magnetic field. This approach has 
been used to investigate three target sites: prostate, larynx and oropharynx. 

The comparison of optimized dose distributions with and without a magnetic field 
shows equal target coverage and sparing of organs at risk. However, for specific 
skin surface orientations the magnetic field diminishes the build-up distance which 
results in a higher skin dose. 

Despite magnetic field dose effects like the electron return effect, homogeneous 
target dose distributions can be obtained for target volumes adjacent to air cavities 
without the use of opposing beams. 

Results show that the presence of a 1.5 T magnetic field does not compromise the 
ability to achieve prescribed dose distributions with IMRT. 
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Summary

In the search for better target coverage in radiotherapy, more accurate  
patient positioning is essential. Because organs and tumours can move  
within the patient, online imaging systems have been developed to image  
the patient’s anatomy shortly before treatment. At the department of  
radiotherapy of the UMC Utrecht, in cooperation with Elekta and Philips  
Medical Systems, we are developing a hybrid MRI-linear accelerator system.  
This system will provide online MR-imaging, not only shortly before but also 
during actual treatment. The MRI-accelerator will have superior imaging  
properties in comparison to the online imaging modalities that are currently 
available.

The design of this system is a 1.5 Tesla (T) MRI-scanner with a 6 MV linear 
accelerator mounted on a ring around it. The accelerator is able to rotate all 
around the scanner, and the patient will be irradiated through the MRI-scanner 
in the presence of a 1.5 T magnetic field. This magnetic field will affect the dose 
distribution. In this thesis, the changes in the dose distribution have been evaluated 
using Monte Carlo simulations. 

Monte Carlo is a simulation method based on atomic cross-section tables, 
interaction probability and random number drawing. Monte Carlo simulations are 
an established tool to do dose calculations for radiotherapy. Chapter 2 shows how 
the Monte Carlo code GEANT4 has been used to simulate the output of a linear 
accelerator. Chapter 3 deals with issues how to represent a patient in a Monte Carlo 
simulation based on its CT-data set.

In chapter 4 the impact of a 1.5 T magnetic field on the dose distribution in a 
homogeneous medium has been studied. When irradiating in the presence of 
a magnetic field, the secondary electrons that are generated by the photons, 
experience the Lorentz force. While scattering through the tissue, the electron 
trajectories between collisions with the atoms will be bent. This causes a reduction 
of the penetration depth into the tissue of these secondary electrons and this 
results in a shorter build-up distance. At the same time, all secondary electrons are 
deflected in approximately the same direction. This causes a shifted and somewhat 
asymmetrical lateral dose profile.

10
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A much more pronounced dose effect in the presence of a magnetic field can be 
found at tissue-air boundaries: in tissue, the secondary electrons scatter from one 
collision to the other like a marble in a pinball game. Their mean free path length 
is small in comparison to the radius of the arc-shaped electron trajectory. But if 
they exit the patient and enter free air, their mean free path length is suddenly 
increased dramatically. This enables them to fulfill their arc-shaped path and return 
into the tissue. Effectively, this causes considerable dose increase at all tissue-air 
boundaries. This phenomenon has been called the ‘electron return effect’ (ERE) 
and has been investigated in chapter 5. The ERE can be counterbalanced using two 
opposing beams. The ERE dose increase of the first beam is then compensated by 
the lower dose in the build-up region of the second beam. However, this goes at the 
expense of the skin-sparing effect.

Due to the deflected average direction of the secondary electron avalanche, the 
surface orientation relative to the beam direction has a large influence on the 
dose distribution. This is demonstrated in chapter 6. The build-up distance is 
influenced by the entrance surface orientation and ranges from 0-35 mm. The ERE 
is influenced by the exit surface orientation and ranges from 0-53 % dose increase. 
Fortunately these effects are such that they cancel out. So even with oblique 
incidence, opposing beams still result in reasonably flat dose profiles. Additionally, 
a ‘lateral ERE’ is described which occurs at the lateral side if the irradiation field 
protrudes over the edge of a phantom and also causes considerable dose increase 
compared to the dose on the central axis.

GEANT4 Monte Carlo simulations have demonstrated to be a useful tool to 
investigate the dose distribution in the presence of a magnetic field. To test the 
validity of all the simulation results, dose measurements have been conducted in 
the presence of a 1.3 T magnetic field and compared to simulations, as described 
in chapter 7. This verification study shows that GEANT4 is in agreement to 
measurements within at least 3%.

In a more general approach, chapter 8 aims at evaluating all magnetic field induced 
dose effects in the human body, depending on magnetic field strength. Extra 
parameters were involved in the study, because the influence of the magnetic 
field is often correlated to geometric parameters such as field size and cavity 
dimensions. Four issues were investigated: the ERE at the distal side, the lateral 
ERE, the ERE at cylindrical air cavities and the ERE at tissue-lung boundaries.

The ERE dose increase for a 5 x 5 cm2 6 MV field is 20, 50, 40 and 20% for 
B = 0.2, 0.75, 1.5 and 3 T respectively. For a 10 x 10 cm2 6 MV field and the same 
magnetic field values, the ERE dose increases are 40, 52, 42 and 25%. The lateral 
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ERE causes a dose increase of 0, 13, 50 and 70%. Simulations on cylindrical air 
cavities in water phantoms show that ERE dose increase becomes smaller with 
decreasing cavity diameter. For B=1.5 T, dose inhomogeneities around the cavity 
remain up to 10 % for a cavity diameter of 1 mm.

Lung tissue is highly heterogeneous due to the alveoli structure. However, 
the dimensions of the alveoli are typically 0.1 mm or smaller. Therefore, dose 
inhomogeneities around these alveoli are not expected and the lung tissue can 
be represented by homogeneous low density tissue. Simulated dose distributions 
on water-lung tissue-water phantoms show an increased dose at the tissue-lung 
interface and a dose decrease at the lung-tissue interface.

In spite of all these dose inhomogeneities caused by the magnetic field, chapter 9 
shows that homogeneous dose distributions can be obtained for clinical treatment 
plans using inverse treatment planning and IMRT. The investigated tumour sites 
include a prostate cancer, a laryngeal cancer and an oropharyngeal cancer. No 
clinically significant differences exist between the resulting dose distributions at 
B = 0 and 1.5 T. This shows that a 1.5 T magnetic field does not compromise the 
ability to achieve desired dose distributions.

Overall, this thesis has given an elaborate overview of the influence of the magnetic 
field on the dose distribution. It also demonstrates that radiotherapy treatment in 
the presence of a 1.5 T magnetic field is feasible.
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General Discussion

For the development of the MRI-accelerator, quantification of the  
magnetic field induced dose effects is essential to determine the  
consequences for patient treatment. This thesis has given an elaborate overview of 
these magnetic field dose effects. GEANT4 Monte Carlo simulations have been 
performed to determine the dose distribution of 6 MV photon irradiation in the 
presence of a 1.5 T magnetic field. The magnetic field causes a reduced build-up 
distance and a shifted, asymmetrical penumbra but the most significant change 
in the dose distribution is caused by the electron return effect: dose increase at 
tissue air boundaries caused by returning electrons. Although the magnetic field 
influences the dose distribution severely, this does not compromise the ability to 
achieve desired dose distributions using IMRT. 

In this chapter, comments on the results are presented and consequences and 
suggestions for the future are being discussed. The first part deals with technical 
details on the dose calculations using GEANT4. The second part takes a look at 
the phantom dose distributions and to what extent the convoluted pencil and paper 
sheet beams differ from realistic treatment beams. The third part comments on the 
results obtained from dose distribution simulations in patients, regarding inter-
fraction deformations, the necessity of IMRT and suggestions for the development 
of a treatment planning system. In the final part, various aspects of the MRI-
accelerator are being discussed including other technical challenges and a brief 
overview of the opportunities that the MRI-accelerator may provide. 

11.1 Dose calculations
All dose calculations in this thesis were performed with the Monte Carlo code 
GEANT4. This code is not common in the field of radiotherapy, mainly because 
other codes such as EGS4 and EGSnrc are faster. However, these codes do 
not provide the ability to implement magnetic fields by default. Also, they are 
written in old-fashioned Fortran. GEANT4 is open source, written in C++ and 
can implement magnetic fields. Besides, GEANT4 is a physically correct code. 
Other Monte Carlo codes that are dedicated to (magnetic fieldless) radiotherapy 
applications, make assumptions that speed up the code. These assumptions may 
limit the usability of these codes for our purposes. GEANT4 has been designed 

11
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for high energy particle experiments in CERN. Its physics implementations 
are general, applicable to all kinds of fields. We have therefore chosen to use 
GEANT4, in spite of the lower calculation speed. In appendix A, some methods 
are presented to increase the calculation speed of GEANT4, that may be useful for 
subsequent research on dose distributions in the presence of a magnetic field.

Chapter 7 has demonstrated that the agreement between dose measurements and 
dose calculations is within 3%. Deviations below this level are possible and this 
should be kept in mind when evaluating simulated dose distributions. In the future, 
more accurate dose measurements are expected which will enable a more thorough 
validation of GEANT4 dose calculations in the presence of a magnetic field. 
Possible remaining sources of deviation are discussed in appendix A.

11.2 Phantom dose distributions in the presence of a magnetic field
Chapter 4, 5, 6 and 8 give an elaborate overview of all the effects that come into 
play when irradiating with a 6 MV photon beam in the presence of a magnetic 
field. All simulations were performed with unidirectional photon beams. Dose 
distributions were obtained by the convolution of pencil beam or paper sheet beam 
kernels. This provides the advantage of faster calculations, higher resolution and/or 
lower statistical noise (appendix A.1). The simulations give a clear representation 
of the basic effects that occur. Therefore, this approach was preferred over 
simulations with phase-space files that represent realistic treatment beams 
(chapter 2). However, the usage of unidirectional simulation beams introduces 
some deviations from realistic treatment beams. Firstly, they are not divergent so 
their in-vacuum intensity does not fall off quadratically with distance. In denser 
media like water or tissue, this will result in a seemingly reduced attenuation in 
comparison to realistic beams. Secondly, their penumbra will be smaller because 
the linac head was not simulated. For realistic treatment beams, the penumbra 
consists of a contribution from the finite electron beam spot size on the target, a 
contribution from head scatter (flattening filter, primary and secondary collimator) 
and a contribution from phantom (or patient) scatter. In the simulations however, 
the penumbra will only consist of the phantom scatter part.

With these deviations in mind, the following comments can be made on the results 
that were obtained in chapter 4, 5, 6 and 8. 

In chapter 4, the dose distribution at B = 1.5 T in homogeneous water phantoms 
has been investigated. Results show a reduced build-up distance and a shifted, 
asymmetrical penumbra. The simulated penumbra contains only the phantom 
scatter contribution, which is only one part of the realistic penumbra. However, 
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only this phantom scatter contribution to the penumbra will be subject to the effect 
of the magnetic field. The electron spot size and the head scatter contribution will 
not be affected. Therefore, the shape of the penumbra for realistic treatment beams 
will be less asymmetrical. The shift however, increases (figure 11.1).

In chapter 5, a solution is presented to cope with the ERE dose increase by using 
opposing beams on water-air-water phantoms. With divergent beams, these 
results will become less beneficial, because a realistic treatment beam is wider 
at the exit side of the phantom where the ERE is generated. The part of the beam 
that falls outside the region that is irradiated by the opposing beam, will see no 
compensation of its ERE. But although the ERE dose increase is not compensated 
by an inverse profile (build-up region of the opposing beam), it will not be higher 
than the central axis dose where the ERE dose increase comes on top of the 

Figure 11.1: Lateral profiles for a 5 x 5 cm2 field at 2 cm depth. Comparison 
between convoluted pencil beam and phase-space files.

Figure 11.2: Opposing, divergent beams on water phantom with air layer at 
B = 1.5 T. Dose distribution and central axis dose profile
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entrance dose of the opposing beam. This applies to chapter 6 and 8 as well, where 
opposing beams have also been mentioned as a way to compensate the ERE. 
However, for short distances around the isocenter this effect can be disregarded. 
Figure 11.2 shows a 10 x 10 x 10 cm3 phantom dose distribution with an opposing 
beams dose distribution of realistic divergent beams, obtained by phase-space files. 
Results show no significant dose inhomogeneities.

So although the beam divergence may reduce the beneficial effect of opposing 
beams, they can still be used effectively to compensate the ERE. Also, when using 
opposing beams, the orientation dependency of the build-up distance and the ERE 
cancel each other (chapter 6). For air layers between tissue, opposing beams result 
in flat dose profiles. Opposing beams on water-lung-water geometries also result in 
flat dose profiles. 

Another issue that should be kept in mind is that the ERE dose increase will depend 
on the depth at which it occurs. The ERE dose increase after the photon beam has 
attenuated through 30 cm of water will be different from the ERE dose increase 
after 10 cm of water. The reported values for ERE dose increase in chapter 5 and 
7 are at a depth of 10 cm while chapter 6 reports ERE dose increase at a depth of 
17 cm. Since the ERE dose increase is usually reported as a percentage of dose 
maximum, the latter situation with more attenuation will show a smaller ERE dose 
increase.

11.3 Dose distributions in patients in the presence of a magnetic field

11.3.1 Dose distribution around air cavities without IMRT optimization

Homogeneous dose distributions around cylindrical air cavites can be obtained 
using a box-technique with four opposing beams (chapter 5). However, realistic 
air cavities in patients are never perfectly cylindrical. Chapter 9 has shown that 
using IMRT, homogeneous dose distributions can be obtained for targets adjacent 
to air cavities. In the discussion of that chapter, comments are made on the dose 
distribution without IMRT optimization. This situation is looked upon now more 
closely.

Figure 11.3a shows that relatively homogeneous dose distributions can still be 
obtained using an opposing beams technique with six beams. Without beam fluence 
modulation, the dose inhomogeneities are within -12 / +4 %. This is very limited in 
comparison to the 40% dose increase that one single beam causes at the distal side. 
Note that for B = 0 T, dose inhomogeneities are within -8 / +3 % (data not shown).

Opposing beams are not preferable due to the reduced degrees of freedom. Five 
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11non-opposing beams on a realistic air cavity show similar performance as six 
opposing beams. Apparently, many beams on an air cavity work quasi-opposing 
(figure 3 b). Now dose inhomogeneity is -10 / +4 %. Note that the region of 
reduced dose due to electrons not crossing the cavity has a rather larger deviation 
from the prescribed dose. In contrast, the ERE dose increase is limited to 4%.

The remaining dose inhomogeneities can easily be adjusted using IMRT and 
inverse treatment planning, as was shown in chapter 9. 

The question arises whether the MRI-accelerator is only suitable for IMRT 
treatments. If there are no air cavities located adjacent to the target volume, the 
ERE dose increase does not pose a problem. If there are air cavities in the target 
regions, then opposing beams may provide acceptable dose distributions without 
IMRT. However, due to the ERE at the exit side of the beams, many beams have 
to be used to prevent that the skin dose reaches tumour dose levels. Apart from 
this, the MRI-accelerator is a highly advanced radiotherapy system with optimal 
position verification. Using this system for regular, non-IMRT treatments is not 
something radiotherapy departments are likely to do.

11.3.2 Changes in the anatomy

The target anatomy in every fraction will deviate from the anatomy where the 
treatment plan had been designed for. With the MRI-accelerator translations 
can be taken care of and positional uncertainty is reduced to a minimum. Next 
to translations, also deformations occur. If these deformations occur in target 
regions that contain air cavities, the changed shape of the air cavity may induce 
a considerable change in the dose distribution due to the surface orientation 
dependency of the ERE (chapter 6). This will have to investigated in more detail.
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Results are presented on one example of an anatomy change: If the prostate is 
irradiated, some of the treatment beams cross the rectum. If a gas pocket passes in 
the rectum, the ERE of these beams may cause a significant dose increase on the 
rectum wall. This situation has been investigated. The planning CT of the prostate 
case in chapter 9 was manipulated to create an artificial air cavity in the rectum. 
Then, the dose distribution was calculated by irradiation with the same treatment 
plan that was used in chapter 9 at the presence of a 1.5 T magnetic field. The 
difference between the resulting dose difference and the dose distribution without 
gas pocket is presented in figure 11.4. The ERE causes a modest dose increase of 
9% on the lateral sides of the rectum wall (relative to the prescribed dose in the 
PTV). More disturbing is the underdosage upto 14% at the cranio-anterior side of 
the cavity (relative to the prescribed dose in the PTV). However, this underdosage 
is only reached if the cavity remains in place for the entire treatment. For single 
fractions, the change in the dose distribution will be limited. If gas pockets appear 

Figure 11.4: Deviation in the delivered IMRT dose distribution caused by a 
rectal gas pocket at B = 1.5 T.

Figure 11.3: Dose distribution around larynx air cavity at 1.5 T without IMRT 
optimization. 

(a) 6 beams (b) 5 beams
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11in a considerable number of the treatment fractions, the accumulated deviation 
may become significant. A possible solution could be to stop irradiating if a gas 
pocket appears in the rectum. After the gas pocket has been removed (released) the 
irradiation can continue.

11.3.3 A treatment planning system for the MRI-accelerator

The Monte Carlo calculations that were performed to simulate the beamlet dose 
kernels by which the optimized dose distribution could be calculated, are until now 
way too slow for a clinical treatment planning system (TPS). A commercial TPS 
takes several minutes on one workstation to calculate the dose for a given fluency 
profile. With the Monte Carlo code GEANT4 the same procedure takes one or two 
weekends on 100 work stations.

One way of solving this discrepancy is by designing a treatment planning system 
that uses an adapted kernel that can calculate the dose distribution at 1.5 T in 
homogeneous media. This approach will include the reduced build-up distance 
and the asymmetrical penumbra. The ERE will then be superimposed on the dose 
distribution. The ERE dose increase can be calculated by raytracing or semi-Monte 
Carlo like approaches. For ray-tracing, the electron trajectory spectrum at tissue-air 
transitions is calculated and by following these trajectories, the extra dose can be 
deposited in the right region. A semi-Monte Carlo approach would be to sample 
the energy and directional distribution of secondary electrons when they leave the 
tissue. Then, a Monte Carlo simulation is performed with only these secondary 
electrons when they leave the tissue.

11.4 Final remarks
This thesis has characterised the effects of the magnetic field on the dose 
distribution and the consequences of these effects for patient treatment with the 
MRI-accelerator. In the development of the MRI-accelerator this is only a part of 
the issues that are to be investigated.

The linear accelerator generates its irradiation in pulses. These go accompanied by 
RF-pulses. MR-imaging is disturbed if such a RF-pulse is generated at a moment 
when the MRI-scanner is receiving the RF-signals from the atomic nuclei in the 
patient. Therefore, the linac pulse frequency and the RF excitation sequence of 
the MR-imaging procedure will have to be adjusted to each other to enable real-
time imaging during treatment. Furthermore, ionization chambers do not function 
properly in the presence of a magnetic field, which poses a problem for the 
dosimetry in the MRI-accelerator. Either the read-out of the ionization chamber can 
be corrected for the magnetic field induced distortion or other dosimetry methods 



134

A.J.E. Raaijmakers MR-guided radiotherapy: magnetic field dose effects

will have to be used. An optical system consisting of a laser, optical fibres and 
GafChromic films is currently considered (Rink et al, 2005). Also, solutions have 
to be created for the stray-field of the magnet. This should be low enough to avoid 
disturbance of linacs in adjacent treatment units. Finally, in order to obtain MR-
images with optimal quality, on-body RF receive coils are used. Irradiation will 
occur through these coils. The effect of these coils on the dose distribution also has 
to be investigated (Rieke et al, 2005). 

The MRI-accelerator provides unprecedented possibilities for margin reduction, 
real-time treatment monitoring and adaptive treatment. The benefit of daily 
imaging with increased soft-tissue contrast is currently being investigated in a PhD-
project (Kerkhof et al. 2007a, 2007b). Daily imaging provides usefull information 
but organ delineation on so many images by physicians or other experts is a too 
intensive labour task. Therefore, in another PhD-project, automatic delineation 
algorithms are being developed (Van der Put et al. 2007).

The availability of real-time high-quality imaging of the anatomy is unique in the 
field of radiotherapy and will likely result in treatment improvement. Boosting 
the GTV and thus reducing local recurrences (Chao et al. 2003, Daly et al. 2007, 
Gaffney et al. 2007, Yao et al. 2007) without generating additional normal tissue 
toxicity becomes possible. For example, the availability of real-time imaging may 
allow the correction of intra-fraction motion. Also, the daily real-time images 
enable the exact calculation of the accumulated dose that every organ receives. 
In this way the treatment can be adjusted if the accumulated dose to the target or 
OARs is not running on schedule. Retrospectively, with the information on the 
accumulated dose distribution and treatment outcomes such as tumour control and 
normal tissue complications, the dose effect relationships can be determined more 
accurately.

However, all these issues will have to be looked upon in detail, before the full 
potential of the MRI-accelerator will become clear. This thesis shows that magnetic 
field dose effects at 1.5 T are not an obstacle in the development of the MRI-
accelerator.
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A. Monte Carlo simulation speed and accuracy

A.1 Statistical accuracy, resolution and calculation time
The statistical accuracy of a simulated dose distribution is calculated by  
repeating the simulation several times and determining the average dose value 

and the standard deviation for each voxel. The standard deviation divided by a 
reference dose value (often dose maximum) times the square root of the number 
of simulation repetitions is the statistical error, which is an inverse measure for 
the statistical accuracy (formula A.1). In this work, the statistical error has often 
been denoted as just σ. Note that the statistical error is an intrinsic uncertainty of a 
Monte Carlo simulation and does not include other potential sources of error like 
the ones described in section A.1.3.

The dose distribution grid consists of voxels. In each voxel, energy is deposited 
by traversing electrons. The number of electrons has to be very large to obtain 
sufficient statistical accuracy, which requires a high number of primary particle 
events in the simulation. As demonstrated by Sempau and Bielajew (2000), the 
statistical error is proportional to the inverse square root of the number of events 

[A.1]

Formula A.1: Calculating the statistical error by simulation repetition 
  errstat: statistical error, 
  σstat: standard deviation of dose in voxel,  
  N: number of repetitions,  
  Dref: reference dose (dose maximum)

[A.2]

Formula A.2: Standard deviation of dose in voxel σstat, depending on number of 
events Nevents and voxel volume V

A
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of the simulation (formula A.2). The number of events is directly proportional to 
the calculation time. If a high dose grid resolution is desired, the voxel dimensions 
become smaller. This results in fewer electrons that traverse the voxel. The 
statistical error is therefore also proportional to the inverse square root of the voxel 
surface (formula A.2).

For every Monte Carlo simulation, a trade-off has to be made between the 
statistical accuracy, the dose grid resolution and the calculation time. Additionally, 
calculation speed in small geometrical phantoms is much higher (12 Mevents/
ha) than the calculation speed for dose calculations where a patient anatomy has 
been implemented by importing a CT- data set (0.5 Mevents/ha). The calculation 
of the pencil beam kernel to determine the dose distribution in figure 8.4 and 8.5 
takes 10 hoursa resulting in a statistical error of 0.3%b in a 0.5x0.5x0.5 mm3 grid. 
The total calculation time for the 10 x 10 cm2 dose distribution in figure 2.3 is 90a 
hours. After smoothing over a surrounding volume of 5x5x5 mm3 the resulting 
maximum statistical error is 1.2%b in a 1x5x1 mm3 grid. However, much more 
time is needed to calculated the phase-space files: 2750a hours. These phase-space 
files can be used for other simulations as well, but to increase the total fluence 
for the simulations, more time-costly phase-space files are needed too to prevent 
over-usage artefacts (section 2.2.2). The total dose calculation time of one of the 
beam segment kernels for the prostate case in chapter 9 is 3 hoursa resulting in a 
statistical error of 2%b in a 2x2x2 mm3 grid. Note that a 10 x 10 cm3 beam, divided 
into segments, takes 1200 hours to calculate.

Because of the considerable calculation times, fast simulation methods such 
as pencil beam convolution have often been preferred over a full linac head 
implementation with phase-space files. The consequence of this simplification is 
presented in section 11.2.
a: On a Pentium 4 2.66 GHz processor 
b: Maximum statistical error of all voxels with a dose more than 40% of dose maximum.

A.2 Dose calculation speed
Calculation speed has been a limiting factor for accuracy and resolution in all 
simulations. In chapter 2 and 3 some algorithm improvements have been presented 
to accelerate the calculation speed, but after these efforts no more attempts 
have been done to speed up the process. The ability to use all computers of the 
department during weekends in a computer cluster for Monte Carlo calculations 
has been an improvement beyond any speed increase that can be achieved by 
improving the calculation algorithm. Nevertheless, improvement of the algorithm 
may become desirable in the future. These methods may prove beneficial to 
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increase the calculation speed:

Weight sampling Weight sampling is a technique where particle tracks that enter a 
certain region of increased interest are split into multiple tracks (figure A.1a). These 
tracks are all tracked down independently and a reduced weight factor is assigned 
to them to maintain the energy balance. If the particle tracks leave the region of 
increased interest, they are killed randomly with a probability determined by their 
weight factor. This approach prevents spending time on the tracking of particles 
in a region where the dose distribution is of no interest to the user. In radiotherapy 
dose calculations this is often the case, because only the dose distribution in and 
around the tumour is important for evaluation.

Selective electron tracking For the same reasons, electron tracking may be switched 
off entirely in regions of low importance (figure A.1b). For example in the case 
of a prostate dose calculation, photon attenuation through the patient fat, muscles 
and the femur heads is of importance, because this affects the dose distribution in 
and around the prostate. However, the tracking of the electrons that are generated 
by the photon interactions in those structures takes considerable time, while these 
electrons can not contribute to the dose in the region of interest: the prostate and 

Figure A.1: Methods for increased simulation efficiency.

(a) Importance sampling: Photon that enters the region of importance (ROI) 
is split into five different photons. All these photons can generate secondary 
electrons. Note that only one of these photons is allowed to leave the ROI.

(b) Selective electron tracking: Photon beam generates a multitude of secondary 
electrons scattering through the tissue. These electrons are only tracked inside 
the ROI.

(a) (b)



138

A.J.E. Raaijmakers MR-guided radiotherapy: magnetic field dose effects

its immediate surroundings. It is therefore safe to switch off tracking of these 
electrons, which will increase calculation speed considerably.

Electron trajectory calculation in magnetic field The electron trajectories in a 
magnetic field are now calculated by solving a differential equation with the 
Runge-Kutta method for each step taken. The Runge-Kutta method is a numerical, 
iterative procedure (Atkinson, 1978). Since the magnetic field is homogeneous, 
the electron trajectory can be analytically described in terms of energy, momentum 
direction and magnetic field strength. Implementing this procedure into the 
simulation may speed up the calculations. GEANT4 provides some alternative 
methods to calculate the trajectory of particles in a magnetic field. One of 
them (the “G4HelixImplicitEuler” method) also takes a helical trajectory as a 
prerequisite to calculate the particle steps. This method was tested but it did not 
increase calculation speed. However, the Runge-Kutta method already is a quite 
fast procedure. The reduced calculation time for calculating the electron trajectory 
may not be significant in comparison to the time that is spent on the calculation of 
interaction probabilities.

Physics processes All simulations have been performed using the low energy 
physics processes. This ensures the highest accuracy, even for low energy particles 
down to 250 eV, but decreases the calculation speed. Question remains whether the 
low energy physics processes are really needed to achieve the desired accuracy in 
radiotherapy dose calculations. The standard physics processes may prove to be 
sufficient as well.

Electron trajectory database Yet another method would be to create a large 
database of possible scattering electron tracks and use these tracks if electrons are 
generated, rather than calculating them each time again in the simulation. 

The gain that can be obtained by these methods will vary. An electron track 
database would provide large speed increase, but this is also the most challenging 
method to implement. Thereafter, discarding the electrons outside a region of 
interest will probably provide the largest benefit, followed by importance sampling. 
What would be needed is a thorough investigation what processes pay a dominant 
contribution to the calculation time. Then focus should be given to improve these 
processes. This is something the GEANT4 Collaboration is working on as well. 
With the recent advent of version 9.0, calculation speed has already increased 
considerably.

In radiotherapy, other Monte Carlo codes like EGS4 and EGSnrc are used more 
frequently. These codes are much faster but they lack the capability to implement 
magnetic fields by default and they are written in old-fashioned programming 
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languages. Nevertheless, some have succeeded in adapting the code to implement 
magnetic fields (Bielajew, 1993). The investigation of these codes may be 
worthwhile. If we can implement the same adaptations to include magnetic fields, 
then they may prove to be a faster option than GEANT4. 

A.3 Dose calculation accuracy
GEANT4, like all other Monte Carlo codes for radiotherapy dose calculations, is 
a so-called condensed history code. Instead of simulating every single collision of 
a traveling particle with the atoms in the medium, these collisions are summarized 
over finite step lengths. After each step, the integrated change in energy, direction 
and position is calculated. When a magnetic field is implemented in the simulation, 
the same algorithm is used, but now the particle is assumed to travel in arc-shaped 
steps. So the resulting displacement of the particle after many curved paths with 
atomic collisions in between is assumed to be a curved step with the same radius 
as the many curved paths that constitute that step. After each (arc-shaped) step, the 
energy, direction and position are adapted in the same way as without magnetic 
field. Whether the integration of many curved paths between collisions is really 
correctly represented by an arc-shaped step and the same post-step correction as 
without magnetic field may be disputable.

Secondly, to calculate the dose distribution in homogeneous phantoms, the energy 
deposition in the tissue of each step is distributed proportionally over the voxels 
that were traversed by the particle in that same step. This approach assumes that 
the particle steps are straight lines. But in the presence of a magnetic field, charged 
particle trajectory steps are curved. This causes a minor deviation in the dose 
distribution depending on the average particle step size and the voxel dimensions.

Chapter 7 has demonstrated that the effects described above do not result in 
deviations in the calculated dose distributions over 3%. Deviations up to 3% 
are possible, and this must be kept in mind when a Monte Carlo simulated dose 
distribution is evaluated. If in the future dose measurement methods in the presence 
of a magnetic field become more accurate, then the Monte Carlo code can be 
validated with higher accuracy. Maybe then the influence of the above mentioned 
effects will become significant.
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B. Mathematical derivations

B.1 Electron spotsize definition in the linear accelerator model
The electron distribution in the beam that hits the target in a linear accelerator, is 
implemented in the Monte Carlo linac model as a unidirectional electron beam. 
This beam has a gaussian energy distribution with a certain FWHM (full width – 
half maximum) and a gaussian cross-sectional intensity profile, also with a certain 
FWHM. Implementing the cross-sectional intensity profile is not unambiguous. 
Either the radius of the electron position in the beam or the electron fluence 
through the beam can be a gaussian distribution.

One interpretation is that the radius r of all particles should be a gaussian 
distribution. A gaussian distribution is described by the formula:

      with   [B.1a and b]

and the probability that r < r0 is given by:

      [B.2]

In that case, the position of the primary particle can be given with the following 
code:

G4double phi = G4UniformRand()*2*PI; 
G4double r = abs(G4RandGauss:shoot(0, sigma)); 
position = G4ThreeVector(r*cos(phi), r*sin(phi), zcoord);

However, although the radius of the particles is distributed normally (gaussian), 
the fluency profile is not. This can be shown by looking at a circle divided into 
segments (figure B.1):

Figure B.1: If a circular disc is divided into segments with equidistant radii, the 
surface of these segments increases linearly.
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Although the radius increment of each segment is equal, the surface of the 
segments increases linearly. Therefore, with the same amount of particles in each 
segment, the fluency decreases. This effect causes the fluency distribution to be a 
non-gaussian (figure B.2). This means that an image of the electron beam on for 
example a fluorescent screen would not provide a gaussian intensity profile.

Figure B.2: If the radius of generated particles is distributed normally, the 
radius histogram shows a normal distribution but the fluence histogram does 
not.

Figure B.3: With the new distribution, the fluence histogram of the segments 
shows a gaussian distribution; the radius distribution does not
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So the second interpretation of a distribution with a certain FWHM is that the 
fluence, rather than the electron radius, is a gaussian distribution.

In order to reach a gaussian fluence profile, the following approach is followed: 
Because the surface of the disc segments increases linearly with r, the probability 
that a particle has a radius r should also increase linearly with r. So [B.1a] becomes:

      [B.3]

Where A0 is a normalization constant.

Evaluating the integral [B.2] with the new function for P(r) [B.3] results in:

     [B.4]

The normalization constant A0 depends on the desired maximum radius rmax
14:

      [B.5]

In C++, a random number between 0 and 1 can be drawn. Naming this value η, a 
function 

can be determined, such that r is distributed according to [B.4]: 

       [B.6]

   

The resulting fluence distribution is presented by figure B.3.

Both interpretations have been tested and the electron beam with the gaussian 
fluence profile (second description) provided the best agreement to measurements.

14 A true gaussian profile does not know a maximum value. It is introduced here to 
physically constrain the electron beam within a certain area.
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B.2 In-vacuum electron trajectory radius in the 
presence of a magnetic field B
A moving electron in a magnetic field describes a helical trajectory with a radius r. 
This radius can be calculated classically by the setting the Lorentz Force and the 
centripetal force equal to each other: 
 
       [B.7] 
 

B: Magnetic field strength 
q: Electron charge (1.6·10-19 C) 
v: velocity of electron 

m: Electron mass (9.11·10-31 kg) 
r: Electron trajectory radius

However, for relativistic energies where the velocity of the electrons approaches 
the speed of light, this description is no longer correct. The energies that are used in 
radiotherapy are relativistic (table B.1).

 
Table B.1: Electron velocities at energies encountered in radiotherapy

Therefore, the mass has to be replaced by the relativistic mass [B.8] and the 
velocity is calculated by formula [B.9]. Combined with [B.7] these result in [B.10]. 
 
       [B.8] 
 
 
       [B.9] 
 

E0: Electron internal energy (0.511 MeV) 
c: Speed of light (3.00·108 m/s) 
T: Electron kinetic energy

mrel: Electron relativistic mass 
v: Electron velocity

 
 
       [B.10]



144

A.J.E. Raaijmakers MR-guided radiotherapy: magnetic field dose effects

C. Phase-space file example
Example of a phase-space file, containing the linac output of a 10 x 10 cm2 6 MV 
field:

#Type: Planar Weighted 
#NParticles: 5413971 
#DistanceToTarget: 51.25 cm 
#DetectorAreaRadius: 3 cm 
#eEnergy: 6 MeV 
#eSpotSize: 3 mm 
#Accelerator: Elekta SL 
#DateOfCreation: 23.12.06 
#PhyicsListName: RTLowEPhysListWithSplit20 
#NeventsForConstruction: 25000000 
#MotherPhaSpaName: rad3cmEs3mmA.dat.bz2 
#MotherPhaSpaSize: 5000000 
#JawPosX1: 5 cm 
#JawPosX2: 5 cm 
#JawPosY1: 5 cm 
#JawPosY2: 5 cm 
#Particletype(1:e-/0:gamma) posX(cm) posY(cm) dirX dirY energy(MeV) weight 
0 -1.21418 -0.433595 -0.0234119 -0.0100324 0.896139 0.05 
0 0.779793 0.846296 -0.00945122 -0.0168728 1.95531 0.05 
0 0.734279 -1.45477 0.0126977 -0.0287405 0.31275 0.05 
0 -0.547427 -1.36527 -0.0115554 -0.0250146 0.764652 0.05 
0 -1.89179 1.45686 -0.0338533 0.0257517 0.266752 0.05 
0 1.18021 -1.08561 0.0229482 -0.0215781 0.361171 0.05 
0 1.08454 1.72094 0.0235253 0.0330996 2.82961 0.05 
0 -0.687735 -1.75472 -0.0135785 -0.0333386 0.678626 0.05 
0 -2.20955 -1.29451 -0.0419036 -0.0278544 1.63847 0.05 
0 7.51969 -2.62256 0.762459 -0.554129 1.19981 0.05 
0 2.00246 0.218962 0.0595831 0.0221171 0.320653 0.05 
0 -2.07488 -1.00026 -0.0407113 -0.0187955 0.347708 0.05 
0 -0.610936 0.177788 -0.0102158 0.00299226 1.24784 0.05 
0 2.34339 -2.6912 0.0464624 -0.0960836 0.96336 0.05 
0 -2.04589 -1.68535 -0.0410714 -0.030456 4.33475 0.05 
0 -0.908284 0.27646 -0.0253251 0.0189133 0.85902 0.05 
0 1.66274 -1.73915 0.0340389 -0.0317682 4.351 0.05 
0 0.399444 -1.38478 0.00734974 -0.0260266 1.39303 0.05 
0 -0.772648 0.851995 -0.0170549 0.0158322 0.715583 0.05 
0 0.145054 0.508129 0.00235826 0.00858038 0.833364 0.05 
0 -2.28267 -0.426515 -0.0443286 -0.0109317 0.839178 0.05 
0 -2.28267 -0.426515 -0.0443286 -0.0109317 0.839178 0.05 
0 -1.82526 -0.130953 -0.0328023 -0.00297762 4.00241 0.05 
0 0.663053 -0.0324602 0.0119284 0.000418616 1.47135 0.05 
0 -3.6697 -0.400283 -0.40446 0.150329 0.984982 0.05 
0 -1.90924 -1.76922 -0.0380991 -0.0345656 2.42663 0.05 
0 1.28702 1.00464 0.0274723 0.0184453 2.43038 0.05 
0 -0.11882 -0.851324 0.00638963 -0.0113414 0.773557 0.05 
0 -1.26692 0.118747 -0.0250835 0.000821714 2.95059 0.05 
0 -14.3309 -1.47748 -1.11489 -0.317234 0.48702 0.05 

... and another 5413942 lines 
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Nederlandse samenvatting

Om de huidige radiotherapie behandeling te verbeteren, is het van essentieel 
belang om de positie van de tumor binnen het lichaam nauwkeuriger te bepalen. 
Tumoren hebben geen rigide positie ten opzichte van het lichaam en daarom zijn 
beeldvormende technieken ontwikkeld om -op het bestralingstoestel- de anatomie 
van de patient weer te geven vlak voor de bestraling. Op de afdeling radiotherapie 
van het UMC Utrecht, in samenwerking met Elekta en Philips Medical Systems, 
werken we aan de ontwikkeling van een hybride MRI-scanner / bestralingstoestel. 
Dit systeem maakt het mogelijk om MRI-beelden van de patient te maken; niet 
alleen kort vóór maar ook tijdens de bestraling. MRI-beelden zijn namelijk veel 
beter geschikt om tumoren op te herkennen en te positioneren dan de beeldvormen 
waarmee nu wordt gewerkt op het toestel.

In het ontwerp wordt een 1,5 Tesla (T) MRI-scanner geïntegreerd met een 6 MV 
lineaire versneller. Deze versneller wordt geplaatst op een ring rondom de scanner, 
zodat deze vrij om de scanner heen kan draaien. In dit ontwerp wordt de patient 
echter bestraald in de aanwezigheid van een 1,5 T magnetisch veld. Dit magnetisch 
veld heeft een effect op de (stralings)dosisverdeling. In dit proefschrift worden 
deze effecten in kaart gebracht met behulp van Monte Carlo simulaties.

Monte Carlo is een simulatie methode die gebaseerd is op atomaire 
dwarsdoorsnedes, de kans op interactie en willekeurige getallen (dobbelstenen). 
Monte Carlo simulaties worden veel gebruikt binnen de radiotherapie voor 
dosisberekeningen. Hoofdstuk 2 laat zien hoe de Monte Carlo code GEANT4 
gebruikt is om de output van een lineaire versneller te simuleren. Hoofdstuk 3 gaat 
dieper in op de problematiek rond het implementeren van patiënt anatomieën in de 
Monte Carlo simulaties op basis van een CT-data set.

In hoofdstuk 4 wordt dan het effect van een 1,5 T magnetisch veld op de 
dosisverdeling in homogene media in kaart gebracht. Bij bestraling in de 
aanwezigheid van een magnetisch veld, worden de secundaire electronen (dit zijn 
electronen die zijn‘los geschoten’ door de fotonen van de bestraling) afgebogen 
door de Lorentz kracht. De electronen stuiteren door het weefsel van atoom naar 
atoom, maar de afgelegde trajecten tussen de botsingen zijn nu gekromd. Dit 
veroorzaakt een afname van de indringdiepte van de secundaire electronen in het 
weefsel met als gevolg een kortere build-up afstand. Tegelijkertijd worden alle 
electronen in dezelfde richting afgebogen. Dit veroorzaakt een verschoven en 
asymmetrisch lateraal dosisprofiel.
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Een veel meer opvallend dosis effect ten gevolge van het magnetisch veld vindt 
plaats op weefsel-lucht overgangen: in weefsel botsen de secundaire electronen 
van atoom naar atoom als een knikker in een flipperkast. Hun gemiddelde vrije 
weglengte is kort vergeleken met de straal van hun gekromde baan. Maar als 
ze vanuit de patiënt in lucht terecht komen, is hun vrije weglengte opeens vele 
malen langer. Hierdoor kunnen ze hun gebogen baan voltooien en terugkeren in 
het weefsel. Dit veroorzaakt een aanzienlijk hogere dosis op alle weefsel-lucht 
overgangen. Dit fenomeen wordt aangeduid met de term ‘Electron Return Effect’ 
(ERE) en is onderzocht in hoofdstuk 5. Het ERE kan worden tegengegaan door 
gebruik te maken van twee opponerende bundels. De ERE dosis toename van de 
eerste bundel wordt dan gecompenseerd door de lagere dosis in het build-up gebied 
van de tweede bundel. Dit gaat echter ten koste van het huidsparend effect. 

Door de afwijkende gemiddelde richting van de secundaire electronen lawine, 
heeft de oppervlakte-oriëntatie ten opzichte van de bundel een grote invloed op 
de dosisverdeling. Dit wordt aangetoond in hoofdstuk 6. De build-up afstand 
wordt bepaald door de intreed oppervlakte-oriëntatie en varieert van 0-35 mm. 
Het ERE wordt beïnvloed door de uittreed oppervlakte-oriëntatie. De resulterende 
toename in de dosis varieert van 0-53 %. Gelukkig is de afhankelijkheid van beide 
effecten dusdanig dat ze elkaar opheffen. Dus ook als het oppervlak scheef staat 
ten opzichte van de stralingsbundel, resulteren twee opponerende bundels nog 
steeds in vlakke dosis profielen. Daarnaast wordt het ‘lateraal ERE’ beschreven, 
dat plaatsvindt aan de laterale zijde als het bestralingsveld breder is dan het 
meetfantoom. Dit effect veroorzaakt eveneens een aanzienlijk hogere dosis ten 
opzichte van de dosis op de centrale as.

GEANT4 Monte Carlo simulaties zijn een nuttig hulpmiddel om de dosisverdeling 
in de aanwezigheid van een magnetisch veld te onderzoeken. Om de geldigheid 
van deze simulatie-resultaten te testen, hebben we dosismetingen verricht in de 
aanwezigheid van een 1,3 T magnetisch veld en deze vergeleken met simulaties, 
zoals beschreven in hoofdstuk 7. Deze verificatie-studie laat zien dat de resultaten 
van GEANT4-simulaties overeenkomen met de metingen met een nauwkeurigheid 
van tenminste 3%.

In hoofdstuk 8 worden alle dosiseffecten ten gevolge van het magnetisch veld 
in het menselijk lichaam onderzocht op hun afhankelijkheid van de grootte van 
het magnetisch veld. Extra parameters spelen een rol zoals de grootte van het 
bestralingsveld en de diameter van luchtholtes. Vier situaties zijn onderzocht: 
Het ERE aan de uittreed-kant van het lichaam, het laterale ERE, het ERE rond 
cylindrische luchtholtes en het ERE bij weefsel-long overgangen.
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De ERE dosis-toename voor een 5 x 5 cm2 6 MV bestralingsveld is  20, 50, 40 
en 20% voor B = 0,2; 0,75; 1,5 en 3 T respectievelijk. Voor een bestralingsveld 
van 10 x 10 cm2, 6 MV, en dezelfde waardes van het magnetisch veld, is de ERE 
dosis-toename respectievelijk 40, 52, 42 en 25%. Het lateraal ERE veroorzaakt een 
toename in de dosis van 0, 13, 50 en 70%.

Simulaties met cylindrische luchtholtes in water tonen aan dat de ERE dosis-
toename kleiner wordt bij een kleinere diameter van de luchtholte. Bij B = 1,5 T en 
een diamter van 1 mm zijn de dosis inhomogeniteiten rond de luchtholte nog steeds 
ongeveer 10%.

Longweefsel is zeer inhomogeen vanwege de structuur van de alveoli. De 
dimensies van deze luchtblaasjes zijn echter rond de 0.1 mm of kleiner. Om 
die reden verwachten wij geen dosis-inhomogeniteiten rond de alveoli en kan 
longweefsel gewoon worden gesimuleerd door homogeen weefsel met een lage 
dichtheid. Monte Carlo simulaties van water-long-water fantomen tonen een 
verhoogde dosis op de water-long overgang en een dosis afname op de long-water 
overgang.

Ondanks alle inhomogeniteiten in de dosisverdeling ten gevolge van het 
magnetisch veld, laat hoofdstuk 9 zien dat homogene dosis verdelingen voor 
klinische bestralingsplannen kunnen wordt bereikt door gebruik te maken 
van inverse planning en IMRT. De volgende tumor locaties zijn onderzocht: 
een prostaattumor, een larynxtumor en een oropharynxtumor. Na een dosis- 
optimalisatie blijken er geen klinisch relevante verschillen te zijn tussen de 
dosisverdelingen met B = 0 en 1,5 T. Dit toont aan dat een 1,5 T magnetisch veld 
geen belemmering vormt voor het bereiken van de gewenste dosisverdeling.

Al met al heeft dit proefschrift een uitgebreid overzicht gegeven van de effecten 
van het magnetisch veld op de dosisverdeling. Ook laat het zien dat bestraling in de 
aanwezigheid van een 1,5 T magnetisch veld uitvoerbaar is. Met deze resultaten is 
een volgende stap gezet op weg naar MR-geleide radiotherapie.
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