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Abstract

In recent years intensity modulated radiation therapy with photons (xIMRT) has gained 

attention due to its ability to reduce the dose in the tissues close to the tumour volume. 

However, this technique also results in a large low dose volume. Electron IMRT (eIMRT) has 

the potential to reduce the integral dose to the patient due to the dose fall off in the electron 

depth dose curves. This dose fall off makes it possible to modulate the dose distribution in the 

direction of the beam by selecting appropriate electron energies. The use of a computer based 

energy selection method was examined in combination with the IMRT technique to optimise 

the electron dose distribution. It is clearly illustrated that the energy optimisation procedure 

reduces the dose to lung and heart in a breast cancer treatment. 

To shape the multiple electron subfields (beamlets) that are used in eIMRT, an electron multi 

leaf collimator (eMLC) is needed. However, photons produced in a conventional electron 

treatment head could penetrate such an added eMLC, thus producing an undesirable dose 

contribution. The leakage levels normally achieved are acceptable for standard single electron 

field treatments but could become unacceptably high in eIMRT treatments where a lot of 

small subfields are combined. To limit this photon contribution, the photon MLC (xMLC) 

was used to shield off large parts of the photon leakage. 

The effect of this xMLC shielding on the reduction of photon leakage, the electron beam 

penumbras, and electron output (dose level), was studied using Monte Carlo methods for 

different electron treatment head designs. The use of helium as a mean to reduce the electron 

scatter in the treatment head, and thus the perturbating effect of the xMLC on electron beam 

penumbra and output, was also investigated.  

This thesis shows that the effect of the xMLC shielding on the electron beam penumbra and 

output can be made negligible while still obtaining a significantly reduced x-ray leakage dose 

contribution. The result is a large gain in radiation protection of the patient and a better 

dynamic range for the eIMRT dose optimisation. For this optimisation a computer based 

electron energy selection method was developed and tested on two clinical cases. 

Keywords: Radiation therapy; Conformal therapy; IMRT; Electrons, Electron treatment 

head; Electron MLC; Bremsstrahlung reduction; Integral dose; Penumbra; Output factor 
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Sammanfattning (Swedish) 

Under de senaste åren har intensitetsmodulerad radioterapi med fotoner (xIMRT) vunnit 

uppmärksamhet pga dess förmåga att reducera dosen till vävnader i den omedelbara 

omgivningen till tumören. Denna teknik resulterar dock även i en stor lågdosvolym. Elektron-

IMRT (eIMRT) har möjligheter att reducera den integrala patientdosen genom dosavtagandet 

i elektrondjupdoskurvorna. Detta gör det möjligt att modulera dosfördelningen i strålfältets 

riktning genom att välja lämpliga elektronenergier. Användningen av en datorbaserad 

energivalsmetod har undersökts i kombination med IMRT-tekniken för att optimera 

elektrondosfördelningen. Det visas tydligt att energioptimeringsproceduren reducerar dosen 

till lunga och hjärta vid en bröstcancerbehandling. 

För att forma de många elektrondelfälten som används vid eIMRT behövs det en multiblads-

kollimator för elektroner (eMLC). Dock kommer fotoner som produceras i ett konventionellt 

elektronbehandlingshuvud att kunna penetrera en sådan adderad eMLC och därigenom 

producera ett icke önskvärt dosbidrag. Den läckagenivå som normalt erhålls är acceptabel för 

vanliga elektronbehandlingar med enkelstrålfält men kan bli oacceptabel vid elektron-IMRT-

behandlingar där en mängd små delstrålfält kombineras. För att begränsa detta fotonbidrag 

har foton-MLC:n (xMLC) använts för att avskärma stora delar av fotonläckaget. 

Effekten av denna xMLC-avskärmning på reduktionen av fotonläckaget, elektronstrålfältets 

penumbra och dosnivå (output) har studerats genom att använda Monte Carlo metoder för 

olika designer hos elektronbehandlingshuvudet. Användningen av helium undersöktes även, 

som ett sätt att reducera elektronspridning i behandlingshuvudet och därigenom den störande 

effekten av xMLC:n på elektronstrålfältets penumbra och dosnivå. 

Denna avhandling visar att effekten av xMLC-avskärmningen på elektronstrålfältets 

penumbra och dosnivå kan göras försumbar samtidigt som ett väsentligt minskat dosbidrag 

från röntgenstrålningsläckage erhålls. Resultatet är en stor vinst i patientstrålskydd och ett 

bättre dynamiskt omfång för eIMRT-dosoptimeringen. För denna optimering har en 

datorbaserad metod för val av elektronenergi utvecklats och testats på två kliniska fall. 
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Original papers 

This thesis is based on the following papers, referred to in the text by their Roman numerals: 

I Olofsson L, Mu X, Nill S, Oelfke U, Zackrisson B and Karlsson M, Intensity 
modulated radiation therapy with electrons using algorithm based energy/range 
selection methods, 2004 Radiother Oncol 73 223-31. 

II Olofsson L, Karlsson MG and Karlsson M, Effects on electron beam penumbra using 
the photon MLC to reduce bremsstrahlung leakage for an add-on electron MLC, 2005
Phys Med Biol 50 1191-1203. 

III Olofsson L, Karlsson MG and Karlsson M, Photon and electron collimator effects on 
electron output and abutting segments in energy modulated electron therapy 
- submitted 

IV Olofsson L, Karlsson MG and Karlsson M, Reduction of the unmodulated dose in 
energy modulated radiation therapy with electrons – submitted 

The papers in this thesis were reproduced with permission from the publishers. Paper I with 
permission from Elsevier, and Paper II with permission from IOP Publishing Limited 
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Abbreviations

CT Computer tomography

DVH Dose volume histogram 

ICRP International commission on radiological protection

ICRU International commission on radiation units and measurements

IMRT Intensity modulated radiation therapy 

eIMRT IMRT with electrons, including energy modulation 

xIMRT IMRT with photons 

MLC Multi leaf collimator 

eMLC Electron MLC

xMLC Photon MLC 

OAR Organs at risk 

SSD Source surface distance 
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1. Introduction 

When Wilhelm Conrad Roentgen discovered the x-rays in 1895, it was soon recognised that 

the x-rays had a strong effect on normal tissue. Only a few years later cancer patients were 

treated with the newly discovered x–rays. In 1928 the Swede Tor Stenbeck could show the 

first case of cured cancer with radiation. The patient was treated already 1899 for basal cell 

carcinoma on the nose (Ekelund 1995). In the x-ray tube, electrons are accelerated with an 

accelerating potential of approximately 200 kV when using conventional technique. These 

electrons are then stopped in a bremsstrahlung target to produce x-rays, also called 

bremsstrahlung photons. The need for higher energies in order to reach deep sited tumours 

lead in the 1940s and 1950s to the development of the betatron and linear accelerators for 

radiation therapy (Karzmark et al 1993). Valuable contributions to this development came 

from the advances in radar technology. 

The first Swedish high energy betatron was installed in Umeå 1962, with electron energies up 

to 35 MeV. This made it possible to use both electrons and bremsstrahlung photons for 

radiation treatment of cancer. In contrast to the penetrating bremsstrahlung photons, electrons 

have an energy dependant range making it possible to spare tissues behind the treated tumour 

by choosing a suitable energy. With the maximum energy from the betatron the electrons had 

a treatment range of approximately 7 cm. Today also linear accelerators for radiation therapy 

can produce electrons with energies up to approximately 20 MeV. With the MM50 race-track 

microtron, developed by a Swedish company (Scanditronix Medical AB, Uppsala), up to 50 

MeV electrons are now available. The first prototype of this accelerator was installed in Umeå 

1986.

Lead and tungsten collimators are used to restrict the width of the radiation beam to protect 

tissues surrounding the tumour. With two pairs of orthogonal collimator blocks a rectangular 

field can be achieved. To better shape the field to the form of the treatment target, extra lead 

blocks can be positioned below the collimator. Today multi leaf collimators (MLC) make it 

possible to shape the field almost arbitrarily. This is also a prerequisite for the increasingly 

popular intensity modulated radiation therapy (IMRT) method for photons, where each 

treatment field is subdivided into smaller subfields, so called beamlets or segments, with 

individual intensities. With this technique a closer conformity between the tumour and high 
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dose volume can be accomplished. However, a larger volume will also be irradiated with low 

doses (Webb 2001). 

Electron collimation was first implemented using cone shaped collimators. However, the 

excessive electron scattering from the collimator walls caused large variations in the flatness 

of the beam with beam size and distance between the collimator and patient. The wall-

scattered electrons also shifted the dose maximum closer to the surface of the patient 

(ICRU 35 1984). This was much improved with the introduction of the multi level collimating 

electron applicator, using multiple layers of relatively thin collimators, thus reducing the 

electron scatter. To improve the conformity with the target shape, an individually moulded 

insert is used at the last level of collimation. These collimators are all used with the last 

collimating level close to the patient (proximity geometry) while photon collimation is 

performed at some distance to make isocentric treatments possible (isocentric geometry). 

There are several proposals in the literature on how to introduce an electron MLC (eMLC). 

An exclusive solution already in use for isocentric mixed electron and photon treatments, with 

a combined electron-photon MLC, is the MM50 Race-track Microtron (IBA/Scanditronix, 

Belgium) (Karlsson et al 1992, Masterson et al 1995). The MM50 uses a scanned electron 

beam, with helium in the treatment head to reduce electron scattering. However, using the 

photon MLC also for electrons in a standard air filled treatment head with scattering foils will 

cause wide penumbras (Klein et al 1996, Klein 1998) unless short SSDs are used (Moran et al 

1997, Jansson et al 1998). Replacing the air with helium in the treatment head will reduce the 

scattering of electrons, thus improving the penumbras substantially (Karlsson et al 1999, 

Karlsson and Karlsson 2002).

Another solution that could require less modification of the treatment head would be to use an 

add-on eMLC. These add-on devices can either be designed for fixed SSD proximity 

treatments, the same way as conventional electron applicators (Lee et al 2000, Ma et al 2000, 

Deng et al 2002), or they can be designed for isocentric treatments with an isocentre clearance 

comparable to that of a conventional CT scanner, e.g. 35 cm. They can also be applied in a 

retractable design for a combination of proximity and isocentric treatments (Hogstrom et al 

2004). In order to reduce the size of secondary scattering sources, these collimators can be 

partially or totally filled with a low density gas such as helium (Blomquist et al 2002). 
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With the use of multi-leaf collimation for both electrons and photons, mixed beam treatments 

become more convenient in a number of applications (Karlsson and Zackrisson 1993, 

Zackrisson and Karlsson 1996, Karlsson and Zackrisson 1997). It also opens up the 

possibility to use intensity modulated radiation therapy with electrons (eIMRT) (Hyödynmaa 

et al 1996, Ma et al 2000, Korevaar et al 2002). With the use of an isocentric geometry for the 

eMLC, it will also be possible to combine photon and electron IMRT in isocentric treatments 

to benefit from the best properties of both types of radiation (Mu et al 2004). 

Photons have sharper and depth independent penumbras and better depth penetration. For 

electrons, the dose to healthy tissues behind the target volume could be reduced by using 

range modulation, i.e. by properly varying the electron energy. In Paper I, the use of a 

computer based range/energy selection algorithm was studied, to optimise the electron dose 

distribution for a typical breast cancer treatment (after surgery).  

For a standard treatment head for electrons with scattering foils, there will always be some 

bremsstrahlung leakage through the add-on electron collimator. This bremsstrahlung, mainly 

coming from the scattering foils, is normally within acceptable levels for conventional single 

electron beam treatments. However, the extensive use of numerous subfields (beamlets) to 

modulate a larger beam in eIMRT, changes the conditions. Using an add-on eMLC with fixed 

photon collimation above the eMLC will during the whole eIMRT delivery expose a large 

area to bremsstrahlung leakage. This can introduce a considerable bremsstrahlung dose 

contribution, as overlapping parts of this unmodulated leakage will add up during the eIMRT 

treatment. Electron collimators are much thinner than the photon MLC, to reduce electron 

scattering from the eMLC edges. 

A method to reduce this bremsstrahlung leakage dose by using the photon MLC (xMLC) to 

follow the movements of the eMLC was investigated in Papers II – IV. The xMLC will than 

shield off the main part of the bremsstrahlung photons from the eMLC. In Paper IV this 

shielding is shown to significantly improve both the integral dose to the patient and increase 

the dynamic range for the modulation. 

However, as the xMLC field size approaches the eMLC field size also parts of the effective 

electron source will be shielded. Electrons scattered in the scattering foils, treatment head gas 

etc., produces an extended electron source that requires a margin between the xMLC and 
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eMLC field sizes to avoid perturbating the electron field (ICRU 35 1984). The effect of the 

xMLC tracking-margin on electron beam penumbra and output factor is studied in Papers II 

and III respectively. 

The aim of the investigations presented in this thesis was to develop an algorithm for 

computerised energy/range optimisation in electron IMRT. Further, a method to use the 

photon MLC to achieve a substantially reduced integral dose, from bremsstrahlung leakage 

through the eMLC, was investigated. A comparison of the traditional fixed SSD (proximity) 

geometry and the isocentric geometry was also performed. 
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2. Electron and photon beams for radiation therapy 

Linear accelerators, where electrons gain energy by surfing on a micro wave, are the most 

commonly used accelerators for radiation therapy of cancer tumours. X-ray tubes, with an 

accelerating voltage up to approximately 200 kV, are also still in use, but to a much less 

extent. In both cases, electrons are accelerated and then stopped in a target where 

bremsstrahlung photons are produced. Since the electron energies achieved from a medical 

linear accelerator can be up to approximately 20 MeV, the range of the electrons is long 

enough to also be used directly for treatment. 

Fig. 1. Depth dose curves for some important types of radiation used for radiation therapy: 

6 MV photons (thick solid line), 200 kV photons (thin solid line), 20 MeV electrons (thick 

dotted line) and protons with a maximum energy of 200 MeV (thin dashed line). For protons 

the depth dose is shown both as a single energy Bragg peak and a spread-out Bragg peak 

resulting from the passage of a varying absorber. 

The dose variation with depth in a water tank is shown in Fig. 1, to illustrate the principal 

differences between different types of radiation used in radiation therapy. Since the human 

body to a large extent consists of water, such a water tank is often used as a model of the 

patient (phantom) for measuring purposes. For historical reasons, the radiation quality of 
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bremsstrahlung photons is denoted by the accelerating voltage that would be needed to 

produce the photons. The low energy photons from an x-ray tube (200 kV in Fig. 1), deliver a 

maximum dose close to the surface of the patient and are mainly used to treat skin carcinomas 

and other superficial diseases. For photons from a linear accelerator, or other high energy 

therapy accelerator, the decrease with depth is much slower (6 MV in Fig. 1). Thus, this 

radiation quality can be used to reach deep sited tumours. These photons also show a useful 

skin sparing effect. 

Electrons show a relatively steep slope in the depth dose when they reach their maximum 

range. This makes it possible to spare organs behind the treatment volume when electrons are 

used. At larger depths a dose of only a few percent is received from bremsstrahlung photons 

mainly produced in the radiation treatment head (Fig. 2). 

Fig. 2. Graph showing the principal layout of a radiation treatment head for electrons. Some 

of the dimensions are exaggerated to make the graph clearer. 

For the protection of tissues behind the treatment volume an ever sharper slope of the depth 

dose would of course be desirable, but then protons or heavy ions are needed. The dose 

maximum for these particles is so sharp that the energy has to be varied to cover a useful 
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depth interval. This adds dose in front of the maximum dose, reducing some of the advantage 

with this type of radiation. A depth dose curve for such an energy-scanned proton beam is 

shown in Fig. 1 for comparison. However, these facilities are very expensive and are therefore 

only used in a few national centres. 

To use electrons for radiation therapy, the initially mm-sized electron beam has to be spread 

out to a large enough area. The principle is illustrated in Fig. 2 showing a standard radiation 

treatment head for electrons. When the electrons leave the linear accelerator through a 

vacuum window, the electron beam is scattered in two steps, passing a pair of scattering foils. 

This widens the beam by increasing the mean scattering angle of the electrons. Unfortunately 

this will also result in some bremsstrahlung generation in the foils. Some additional scattering 

will arise in the ionisation chamber, monitoring the amount of radiation on its way towards 

the patient, and collimator edges but also in the air in the treatment head. 

All this downstream scattering will cause some of the electrons travelling outside the 

geometrical cone, shaped by the collimators, to contribute to the electron beam passing the 

last collimating level. The effect of this is that the upstream collimators have to open up extra 

to avoid perturbating the treatment beam. The shape of the beam edges, the penumbra of the 

beam, is especially sensitive to this perturbation. 
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3. IMRT with electrons 

A potential advantage of electron-IMRT is that the dose fall off in the depth dose curve makes 

it possible to modulate the dose distribution in the direction of the beam by selecting different 

electron energies. Paper I examines the use of a computer based energy/range selection 

algorithm in combination with the IMRT technique to optimise the electron dose distribution. 

One cm square electron beamlets, ranging from 2.5 to 50 MeV, were precalculated in water 

using Monte Carlo methods. A modified IMRT optimisation tool was then used to find an 

optimum mix of electron energies and intensities. The main principles used are illustrated in 

some simple geometries and tested on two clinical cases of breast cancer (after surgery). 

The electron IMRT optimisations have been performed with a modified research version of 

the IMRT program KonRad (DKFZ-Heidelberg, Department of Medical Physics, Germany) 

(Bortfeld et al 1990, Bortfeld et al 1992, Bortfeld et al 1993, Bortfeld et al 1997, Nill et al 

2000). One of the main features of the KonRad software is the use of a pre-calculated dose 

matrix, the Dij matrix. This makes the memory demands quite high, preferably more than 

1 GB, but instead the actual optimisation time will be independent of extra time spent on 

careful dose calculations for the individual beamlets. In paper I, a simple pencil beam 

algorithm has been used to illustrate the principles of eIMRT with the KonRad software, but 

precision Monte Carlo calculations could also be used. 

3.1 Optimiser 

For the evaluation of the achieved dose distribution, during the optimisation, an objective 

function )(wF  was calculated. 

r
N

r
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N

v

rvrovrru ddpddpwF
,

2
max,,

2
min,, )()()(

where w  is a vector with all the weight factors wi, Nr is the number of regions describing 

targets or organs at risk, Nv,r is the number of voxels in region r, dv is the dose to voxel v, and 

pu,r is the penalty factor for under dosage of voxel v in region r compared to the minimum 

value dmin,r . pu,r is set equal to zero if dv is larger then or equal to dmin,r . po,r is the 

corresponding over dosage factor that is set to zero if dv is smaller or equal to dmax,r . For 

organs at risk dmin,r is always set equal to zero. 
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 (a) (b) 

Fig. 3. Diagrams describing the progress of the objective function with an increased number 

of iterations during the optimisation. The black dot on the curves shows when the change in 

the objective function is less than 0.1 %, a default value used by the optimiser KonRad to stop 

the iteration. (a) Three energy maps optimised with focus on sparing organs at risk. (b) Three 

energy maps optimised with focus on target coverage. 

The objective function is then minimised by changing the weight factors using a Newton 

gradient method (Bortfeld et al 1990, Holmes and Mackie 1994) until the change of the 

objective function becomes lower than a selected value. At first, the endpoint used for these 

optimisations was the default value, 0.1 %. However, increasing the number of iterations, 

even at this small gradient, could cause a total change in the objective function of up to 10 % 

when using energy mixing (Fig. 3). 

3.2 Energy selection algorithm 

To use energy modulation in eIMRT there are two main approaches. Either all available 

electron energies are used in each beamlet and mixed by optimising their relative intensities. 

However, this seems to increase the risk of obtaining suboptimal solutions from the 

optimisation as the optimisation matrix then becomes very large. The approach used in paper 

I is to select an energy based on the range needed to reach the far edge of the target volume. A 

similar technique has been demonstrated for protons (Oelfke and Bortfeld 2001). However, 

the much larger scattering for electrons causes strong beam size dependence for the range as 
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lateral equilibrium will be missing between electrons scattered into and out of the beam, for 

smaller field sizes. 

Fig. 4. Changes in the R90 range in water per 2.5 MeV energy change for different energies 

and field sizes. The R90 range is the depth of the 90 % dose level. 

The increase in range in water per 2.5 MeV energy step is illustrated in Fig. 4 together with 

the difference between large and small field sizes. Some of these range steps are quite large, 

especially if lung tissue with its low density is involved, the step length will then become at 

least twice as large. Therefore, energy mixing was used to accomplish intermediate steps as 

illustrated in Fig. 5. 

Fig. 5. Principle of energy mixing together with energy layer reduction. 

An original range selected energy matrix (energy map) was first constructed from a R90 range 

table for large electron fields in water. (The R90 range is the depth of the 90 % dose level). In 

this energy matrix each bixel was assigned the lowest possible electron energy to reach 

beyond the far edge of the target volume. Next, an energy matrix with one step lower energy 
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(2.5 MeV) for all the bixels was constructed, i.e. with a range just about to short (range 

reduction matrix). A mixing of these two energy matrixes will reduce the range, compared to 

the originally selected energies, to protect organs at risk behind the target. To compensate for 

range loss caused by lack of lateral electron equilibrium at beam edges and sharp range 

gradients, a third energy matrix was also added with higher energies selected for the bixels 

(energy boost matrix). 

To avoid achieving suboptimum solutions from the KonRad optimiser when mixing too many 

energy matrixes, a third step was included. After the intensities of the three energy matrixes 

had been optimised with KonRad, the dominant of the range reduction matrix and the energy 

boost matrix was selected for each bixel and fused into one matrix. A final optimisation was 

then performed mixing this fused energy matrix with the original range selected energy 

matrix. 

The use of an energy boost (increased energy) at field edges is illustrated in Fig. 6. The target 

volume is illustrated with a rectangular shape and organs at risk with grey circles. With a 

single energy and geometrical field edges close to the borders of the target, the dose coverage 

in the target is poor (Fig. 6 (a)). The energy boost of Fig. 6 (b) improves the target coverage 

while protecting closely positioned laterally situated organs at risk. Another method to 

improve target coverage is to increase the electron field size but at the cost of an increased 

dose to these laterally situated organs at risk, as illustrated in Fig. 6 (c). For organs at risk 

situated closely behind the target the increased field size method has an advantage over the 

energy boost method instead. A combination of these two methods should therefore be 

implemented (Mu 2005). Yet another method is described by Korevaar et al. (Korevaar et al 

1998, Korevaar et al 1999) where they use a narrow photon beam to sharpen the electron 

beam penumbra. 
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Fig. 6. Illustration of the principle for beam edge compensation. A 10 cm wide, rectangular 

target (hatched) treated with 15-MeV electrons was used. The 30 %, 50 %, 70 %, 90 % and 

95 %, isodose lines are shown. (a) shows an underdosage to the lateral border of  the target 

volume due to the loss of out-scattered electrons. In (b) the left lateral part of the beam is 

replaced by a narrow, equally weighted, 20 MeV electron beam. This will reduce the loss of 

scattered electrons, but the absorbed dose downstream from the target is increased. (c) shows 

the effect of an extra beam margin to the target volume. This creates inward scattered 

electrons close to the target volume and will not increase the absorbed dose downstream from 

the target but results in an increased dose laterally. 

3.3 Optimised clinical examples 

Numerous examples of an increasingly more advanced use of electrons in cancer treatment 

can be found in the literature. Using the scanned beam MM50 Race-track microtron Karlsson 

and Zackrisson suggested the use of multiple electron beams with varying energy and 

intensity together with photons for cancers in the head and neck and lung regions (Zackrisson 

and Karlsson 1996, Karlsson and Zackrisson 1997). They also suggested the use of multiple 

energy segments for treatment of the chest wall after breast cancer surgery. The MM50 was 

equipped with a combined photon/electron MLC making isocentric treatments possible. 
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Karlsson et al. (1998) later studied the use of wedge shaped electron beams in combination 

with photons modifying the scan pattern of the MM50.  

The use of modified scattering foil electron treatment heads with helium has also been studied 

as a mean to simplify field matching when combining several electron and photon beams 

using isocentric techniques (Blomquist et al 2002). Examples are given for treatments in the 

head and neck, and breast/chest wall regions.

Li et al. used an approach with an unmodulated electron field together with photon IMRT for 

treatment of head and neck and breast cancer (Li et al 1999, Li et al 2000). An example with 

multiple energy and intensity modulated electron and photon beams in the head and neck 

region was given by Mu et al. (2004). The modulation was performed manually to investigate 

possible advantages with the technique compared to photon IMRT. 

Computer based energy and intensity modulated electron treatments have also been 

demonstrated, using 3 to 5 simultaneous electron energies, for treatment of breast cancer (Ma 

et al 2000, Lee et al 2001, Ma et al 2003).

To make it possible to use an increased number of energies in eIMRT while keeping the 

optimisation matrixes reasonably small, the energy mixing method of Paper I was tested on 

two breast cancer patients after surgery. Dose volume histogram (DVH) curves were used to 

describe the dose distribution in the target and organs at risk (OAR). The DVH-curves show 

the percentage of a volume receiving at least the dose shown at the x-axes. The effect of the 

different energy mixing steps is illustrated in Fig. 7. 

It is clearly illustrated that the energy optimisation procedure lowers the dose to lung and 

heart and makes the dose in the target more homogeneous. Comparison with a clinically 

acceptable four segment plan indicates the advantage of the used electron IMRT technique 

(Paper I). 
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Fig. 7. Dose volume histograms showing the effect of energy mixing for a breast cancer 

patient irradiated after surgery. Optimisation with low OAR-dose priority: the range-selected 

single energy matrix (dotted curve), two energy mix with lower energy added (dashed curve), 

three energy mix with energy boost added (full curve), and reduced two energy mix (long 

dash curve). DVHs for heart (thick curves), lung (thin curves), and target (intermediate 

curves) as indicated in the figure. 

All optimizations were performed using 500 iterations instead of the default endpoint, of 

0.1 % change in the objective function. The effect of this is illustrated in Fig. 8 where a clear 

improvement for the lungs can be seen when the number of iterations is increased beyond the 

default endpoint for a mix of three energies in each bixel. This need of an extended number of 

iterations was observed in all cases involving energy mixing and should be further 

investigated.
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Fig. 8. Dose volume histogram (DVH) curves illustrating the change achieved from 

increasing the number of iterations beyond the default endpoint of a 0.1 % change in the 

objective function. Solid lines show the result of 500 iterations and dashed lines corresponds 

to the default endpoint. DVHs are show for heart (thick curves), lung (thin curves), and target 

(intermediate curves). 

Finally, in order to be useful in the clinical routine the eIMRT plan has to be segmented, i.e. 

reduced into a limited number of energy and intensity segments. An energy segmentation for 

the patient in Figs. 7 and 8 is shown in Fig. 9, using data from Mu et al. (Mu 2005). The 

number of energy layers was reduced to only one and the minimum size allowed was four 

bixels. This resulted in 15 energy segments, totally 23 segments if intensity segmentation was 

added. To make it possible for the MLC to shape all the segments, some of them had to be 

subdivided thus adding an extra 4 segments. This made a total of 27 segments to be delivered 

for this special case. 
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Fig. 9. Energy segmentation of an eIMRT plan for a chest wall treatment after breast cancer 

surgery. Energies given in MeV. 
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4. Bremsstrahlung leakage and electron IMRT 

In the IMRT technique, an ordinary radiation beam is divided into several small subbeams 

(beamlets) with varying intensity. To get the same radiation dose to the tumour volume, the 

number of monitor units will increase compared to a single radiation beam treatment. Monitor 

unit is a quantity describing the amount of radiation passing through the monitor ionisation 

chamber (Fig. 2), i.e. an increase in monitor units means that more radiation is passing 

through the radiation treatment head. The reason is that only a small fraction of this radiation 

is let out by the collimator, to produce the small subbeams used. 

The increase in monitor units in photon IMRT will be of the order of 2 – 5 times compared to 

single beam treatments (Carlson 2001). As the monitor units increase, the amount of radiation 

that has to be stopped by the collimators also increases and thus, the amount of collimator 

leakage. For photons this is solved by using an upper pair of collimator jaws to provide extra 

shielding. A tongue-and-groove design is also used to reduce the interleaf leakage of the 

xMLC.

The energy modulation used in eIMRT will add more segments that have to be delivered 

independently, compared to pure intensity modulation as in xIMRT. When intensity 

modulated segments are delivered a large part of the dose to high intensity segments can be 

delivered together with the low intensity segments. This means that only a low dose addition 

has to be done to some of the individual segments to reach the final intensity variation 

needed. Thus, the increase in monitor units will be much smaller than the number of segments 

would imply. Segments with different energies on the other hand, have to be delivered 

separately. The only exception to this is when two energies are mixed to obtain intermediate 

penetration depths (Paper I). 

In the example from Mu et al. (Fig. 9) (Mu 2005) 8 different energies was used resulting in a 

total of approximately 15 independent segments including the intensity modulation. In this 

case the increase in monitor units would therefore also be approximately a factor of 15 

compared to a single beam treatment. 

Despite the fact that the electrons are intended to be used without conversion to 

bremsstrahlung in the electron treatment head, some unwanted bremsstrahlung is still 
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produced, mainly in the electron scattering foils. As the electron collimators are made 

relatively thin to avoid unnecessary electron scatter from the collimator edges, approximately 

half of these bremsstrahlung photons will penetrate the eMLC for the higher electron energies 

used (Lee et al 2000). This leads to an approximate bremsstrahlung dose contribution in the 

order of 1 % from leakage, outside a single electron beam (Hogstrom et al 2004). With the 

implied increase in monitor units for eIMRT, this would lead to an unacceptable 15 % leakage 

dose contribution. 

4.1 Monte Carlo tools 

Monte Carlo simulation techniques have been used to investigate the effects of the photon 

MLC tracking on dose reduction outside the electron beam, electron beam penumbra and 

electron output. This is a mathematical tool that uses random numbers to recreate a virtual 

model of the physics studied. In this case, virtual electrons are created and followed through a 

model of the electron treatment head, together with secondary electrons and photons 

produced, all interacting as real electrons and photons would. This is repeated a large number 

of times, so called histories, to reduce the statistical uncertainty in the result. Depending on 

what happens along the electron and photon tracks, a numerical flag can be attached so that it 

can be identified later. This makes it possible to analyse the importance of different 

contributions to the outcome, e.g. electron scatter in the xMLC or eMLC. 

As Monte Carlo is very computer intensive, the HPC2N parallel computing PC cluster (High 

Performance Computing Centre North, Umeå University, Sweden) was used for the 

simulations. The BEAMnrc code (Rogers et al 1995) was used to simulate the electron 

treatment head. As electrons interact very often it is not practical to follow each interaction 

with the materials in the accelerator head, as the electrons travel from the exit window of the 

electron accelerator and out through the electron collimator. This would lead to unreasonable 

simulation times. The electrons are therefore followed in steps, grouping a series of individual 

interactions together. For this the PRESTA II electron-step algorithm (Kawrakow 2000) was 

used to properly calculate mean energy losses and scattering angles during steps long enough 

to produce reasonable calculation times. 

This way typical calculation times for 108 histories were between 1 and 2 hours on 32 parallel 

processors. One history was in this case the creation of a new primary electron passing 
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through the vacuum window of the linear accelerator used to accelerate the electrons to their 

selected energy. The relatively short calculation times meant that the main restriction for the 

calculations actually was the size of the phase spaced files collected at the different data 

sampling planes. The phase space file describes all particles passing the data sampling plane, 

i.e. charge, energy, position, direction etc. This makes it possible to analyse the files with 

BeamDP (part of the BEAM package) to achieve information about the passing radiation 

beam, e.g. to get planar electron fluence profiles (number of particles per area) or angular 

distributions. The phase space files were also used to start new Monte Carlo simulations with 

DOSXYZnrc (part of the BEAM package) to follow the electrons and photons down into a 

water tank. This way dose profiles on the surface of the water etc. could be calculated. 

4.2 Electron MLC 

The eMLC designs studied in Paper II – IV, for use with electron IMRT, are based on a 

standard dual scattering foil electron treatment head with the eMLC as an add-on, below the 

xMLC. There are two main geometries of interest. The isocentric geometry in Fig. 10 (a) with 

an isocentric clearance of 35 cm, approximately corresponding to the clearance in a CT 

scanner, and the proximity geometry in Fig. 10 (b) where the eMLC is positioned close to the 

skin of the patient. The distances in Fig. 10 are given as the source surface distance (SSD) to 

the distal surface of the MLCs and, to the scoring planes where data for the phase space files 

were collected. 

The proximity geometry is the most commonly used geometry for electron treatments. As 

electrons scatter a lot, also in air, collimation close to the patient reduces penumbra 

broadening, thus producing an electron beam with relatively sharp edges. The isocentric 

geometry on the other hand simplifies the use of combined electron and photon treatments as 

the treatment head can be positioned in different directions towards a common isocentre 

during the delivery of the electron and photon beams. The use of a constant source isocentre 

distance than gives a geometrical fit of adjacent beams. 
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Fig. 10. Principal geometries used in the Monte Carlo simulations. The main data sampling 

planes are at SSD 90 cm for geometries (a) and (c), and at SSD 100 and 105 cm for geometry 

(b). (a) isocentric eMLC geometry using an eMLC at 35 cm from the isocentre (25 cm from 

the main data sampling plane) with different gas mixtures in the treatment head. (b) proximity 

geometry using an eMLC 5 cm from the isocentre (5 or 10 cm from the main data sampling 

planes) with an air filled treatment head. (c) geometry of the Race-track Microtron with the 

combined photon and electron MLC at 31 cm from isocentre (21 cm from the main data 

sampling plane) with a helium filled treatment head. 

To improve the isocentric geometry, helium was used to reduce scattering in the treatment 

head. Either all the gas in the treatment head was replaced with helium, the isocentric helium 

geometry, or only the gas in the volume between the xMLC and the eMLC was replaced, the 

He/air isocentric geometry. The other design parameters used in the Monte Carlo simulations 

were taken from the Siemens Primus treatment head (Siemens AG, Concord, USA), selected 

to represent a standard dual scattering foil treatment unit. 

The MM50 Race-track Microtron (IBA/Scanditronix, Belgium) (Fig. 10 (c)) was used as a 

reference to a radiation treatment unit already in use for combined electron and photon 

treatments in the isocentric geometry. This is a scanned beam machine with helium in the 

treatment head, which uses a combined photon and electron MLC. The use of a scanned 

electron beam together with the low scattering in the helium gas makes it possible to use the 

7.5 cm thick (tungsten) photon MLC also for electron collimation without seriously 

compromising the electron beam characteristics (Karlsson et al 1992, Masterson et al 1995). 
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To evaluate the different geometries and treatment head gas combinations, the properties of 

radiation passing the scoring planes were collected during the Monte Carlo simulations. The 

scoring planes were positioned at a distance from the isocentre were the patient would 

normally be. That is 10 cm in front of the isocentre for the isocentric geometry and at the 

isocentre, 5 cm after the eMLC, for the proximity geometry. In the proximity geometry (Fig. 

10 (b)) an extra scoring plane at 10 cm from the eMLC was used to approximate a geometry 

proposed by Hogstrom et al. to be used with a retractable eMLC (Hogstrom et al 2004). 

The chosen thickness of the add-on electron MLC was 1 cm of tungsten. This is much thinner 

than the photon MLCs in use to reduce the scattering of electrons from the collimator edges 

(Lax and Brahme 1980, Ebert and Hoban 1995, van Battum et al 2003). The use of a thin 

eMLC is also important to reduce weight and cost. However, the chosen thickness will still 

stop the electrons with a good margin, as the electron range (Rcsda) in tungsten is only 0.5 cm 

for 20 MeV electrons (0.8 cm at 50 MeV). 

4.3 Photon MLC tracking 

When electron applicators are used to collimate single electron beams, the collimating level 

closest to the patient is shaped to follow the outline of the tumour volume. Collimation in 

front of this level is set to the most appropriate square size, from a set of available applicators. 

The photon collimator is also used in this way. However, the use of a fixed size on these 

collimators is not optimal during eIMRT. The use of many small electron beamlets to form 

the energy and intensity modulated electron beam could result in unacceptably high dose 

contributions from bremsstrahlung leakage. 

A suggested remedy to avoid most of this bremsstrahlung leakage is the use of xMLC 

tracking (Papers II – IV). Always setting the xMLC to a slightly larger field size compared to 

the eMLC will shield a large portion of the eMLC from bremsstrahlung exposure (Fig. 11), 

thus substantially reducing the bremsstrahlung leakage. Unfortunately the field sizes can not 

be set equal, as the xMLC than would perturb the electron field resulting in a much broader 

penumbra and reduced electron output. 
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The reason that this margin, the shielding margin, between the xMLC and eMLC settings is 

needed is that electron scattering in the electron treatment head leads to an extended electron 

source. This extended source will be partially shielded if the xMLC is set too close to the 

eMLC beam edge.  

Fig. 11. Photon MLC tracking the electron MLC with a margin of 1 cm. The collimator leaves 

are viewed in the direction of the beam with the unshielded part of the eMLC shown in grey 

colour.

The effect of this shielding margin on the planar photon fluence can be seen in Fig. 12 for a 

10x10 cm2 electron field (22.5 MeV). The fluence profiles were calculated at SSD 90 cm 

where the field size is projected to a ±4.5 cm off-axis distance. Clear steps can be seen in the 

bremsstrahlung photon fluence outside the electron field size for the different shielding 

margins, from 0 to 3 cm. The steps show a penumbra caused by the angular distribution of the 

relatively forward directed bremsstrahlung photons. However, an increasing over-all level of 

photon fluence can also be seen as the shielding margin is increased. This indicates the 

presence of large angle photons from the eMLC that makes the use of large shielding margins 

even worse. This wider spread of the bremsstrahlung photons will cause more overlapping 

with neighbouring eIMRT segments, thus increasing the eMLC leakage dose contribution. 
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A similar graph can be found in Paper II showing the photon dose contribution on the surface 

of a water tank and at the depth of the photon dose maximum, compared to the total surface 

dose profiles. For 22.5 MeV electrons, the photon dose at the central axis was maximum 8 % 

while the eMLC leakage photon dose, outside the eMLC field, was approximately 3 % 

without xMLC tracking. 

Fig. 12. Planar bremsstrahlung photon fluence (arbitrary units) for different shielding 

margins and a 10x10 cm
2
 eMLC field at SSD 90 cm with 22.5 MeV electrons. Shielding 

margin 0 cm (thick black line), 1 cm (thick grey line), 2 cm (thin black line) and, 3 cm (thin 

dotted line). 
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4.3.1 Unmodulated dose 

Both the isocentric and proximity add-on eMLC geometries, as described in Fig. 10 (a) and 

(b), were used to study the effect of xMLC tracking on the dose contribution from 

bremsstrahlung leakage through the eMLC (Paper IV). A schematic description of the 

irradiated volume in a patient from an electron beam treatment is shown in Fig. 13. The 

irradiated volume is divided into three principally different dose regions: the treatment region, 

the bremsstrahlung tail region, and the leakage dose region. In reality there will be some 

overlap between these three regions caused by electron scatter. 

In an electron beam, the treatment region is shaped by both the electron collimator settings 

and the range (energy) of the electrons. The principal shape of such a region is shown in 

Fig. 13, together with two other regions with dose caused by bremsstrahlung mainly produced 

in the electron scattering foils. 

Fig. 13. Schematic description of the main dose regions during electron treatment. The 

treatment region (dark grey) is the volume selected for treatment. The bremsstrahlung tail 

region (middle grey) is the volume affected by bremsstrahlung passing through the eMLC 

opening and the leakage dose region (light grey) is the volume affected by bremsstrahlung 

leakage through the eMLC. 
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Behind the treatment region there will be a volume with dose from the more penetrating 

bremsstrahlung photons also passing through the collimator opening. This is shown as the 

bremsstrahlung tail region in Fig. 13 and is an unwanted dose contribution coming from 

bremsstrahlung photons. Although this contributes to the dose behind the treatment volume, 

this dose is still part of the modulated beam and restricted by the eMLC settings during the 

eIMRT treatment. Both the dose to the treatment region and the bremsstrahlung tail region 

will therefore be regarded as the modulated dose. As this dose comes from radiation passing 

through the opening of the eMLC it will also be called collimated dose.

Finally there will be a region with dose from the bremsstrahlung leakage through the eMLC, 

the leakage dose region in Fig. 13. Just like the bremsstrahlung tail region this is a volume 

with unwanted dose, but this dose will in contrast not be modulated by the eMLC. Instead it 

will overlap other electron beam segments and add dose to regions with different energy and 

intensity settings. This bremsstrahlung leakage will thus be regarded as an unmodulated dose

contribution.

Integral dose was used both to describe the background dose from the bremsstrahlung leakage 

and for risk estimates. It is defined as a summation of absorbed dose multiplied with the 

corresponding partial volumes over a specified total volume. Here it will refer to a 

30x30x30 cm3 cube of water, studied as a simplified model of the patient volume affected by 

an eIMRT treatment or the whole body for the calculations of effective dose (a weighted 

mean dose to the whole body). 

When a large number of subfields are used to build an eIMRT treatment field, the 

unmodulated integral doses (integral leakage dose) of the different segments are added in a 

much larger degree than the corresponding doses in the treatment volume. The treatment dose 

is to a large extent achieved from abutting beam segments while the leakage-dose adds up, 

mainly from many overlapping leakage regions. This means that the integral dose outside the 

treatment region will substantially increase compared to the value of an individual subfield. In 

an example based on an eIMRT plan for a breast cancer patient (after surgery) presented by 

Mu et al. (Mu 2005) approximately 15 independent electron segments were needed. This 

would give an increase also in the integral dose outside the treatment region of about 15 times 

if xMLC tracking is not used.



L Olofsson 

  32 

To find a parameter that is less affected by the transition from the individual eIMRT electron 

beam segments to the full eIMRT treatment field, the unmodulated integral dose fraction was 

introduced in Paper IV. This is the ratio between the unmodulated and modulated integral 

doses, i.e. the integral leakage dose divided by the integral collimated dose. When the 

individual subfields are added both the modulated and unmodulated integral doses will 

increase approximately equally. The modulated integral dose will increase mainly from the 

increase in volume when the subfields are added, while the unmodulated integral dose will 

increase mainly from the addition of overlapping leakage regions. A disadvantage with this 

concept is that the unmodulated integral dose fraction has a relatively strong field size 

dependence. The modulated integral dose will approximately decrease proportionally to the 

field size while the unmodulated integral dose stays fairly constant for small beam segments 

in larger eIMRT beams. 

It was found (Paper IV) that with a fixed xMLC setting of 25x25 cm2, the eMLC leakage dose 

for a 5x5 cm2 eMLC field in the 30x30x30 cm3 water cube could generate an unmodulated 

integral dose (eMLC leakage) 1.5 times larger than the modulated integral dose from the 

collimated radiation beam. This could be reduced by more than a factor of 6 by using the 

xMLC tracking technique with a shielding margin of 2 cm, i.e. the margin between the xMLC 

and eMLC field borders. 

The concept of the mean leakage dose to the irradiated volume was introduced in order to 

estimate the unmodulated background dose reducing the dynamic range of the eIMRT 

optimisation. It was defined as the integral leakage dose to the 30x30x30 cm3 cube divided by 

the volume of the cube. An example based on realistic energy modulated treatments shows, 

that the use of xMLC tracking would lead to a significantly larger dynamic range for the dose 

modulation. For 22.5 MeV electrons the use of xMLC tracking with a tracking margin of 

2 cm resulted in a reduction of the mean leakage dose to the irradiated volume with a factor of 

6, from 16 to 2.6 % relative to the central-axis surface dose. This agrees fairly well with the 

10 fold reduction in bremsstrahlung exposed eMLC area when changing from the fixed 

xMLC field to the tracking field in the example (Paper IV). 

In order to make general risk estimations for secondary cancers due to the unmodulated 

bremsstrahlung contribution, the concept of mean leakage dose to the whole body was also 
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introduced. It was approximated as the integral leakage dose to the 30x30x30 cm3 cube 

divided by the volume of the whole body. Risk estimates were based on the 5 % risk per Sv of 

inducing fatal cancers for the whole population (ICRP 60 1990).

It was found (Paper IV) that the lifetime risk for induced cancer in the region outside the 

treatment volume can be substantial if xMLC tracking is not used, e.g. the lethal cancer risk 

could be of the order of 20 % with the use of high energy electrons (around 20 MeV) in a 

20x20 cm2 eIMRT field. Despite the many uncertainties involved in the approximate risk 

estimation used, the risk is definitely large enough to be taken into serious consideration, 

especially when younger patients are treated. Photon MLC tracking could reduce the risk with 

a factor of 6. The use of this technique should therefore be an important consideration when 

introducing the eIMRT method. 

It is also interesting to notice that the isocentric geometry has a clear advantage over the 

proximity geometry when the eMLC leakage dose is considered. The mean leakage dose to 

the irradiated volume was approximately 75 % higher for the proximity geometry (Paper IV). 

A reasonable explanation for this is that a larger fraction of the leakage radiation misses the 

patient at the larger distance from the eMLC for the isocentric geometry. 

4.3.2 Electron beam penumbra 

When a light bulb (extended light source) shines on an edge, the shadow will be diffuse 

instead of sharp, as different parts of the light source illuminate the surface behind the edge at 

different angles. This gives a transition region between full light and total shadow. This 

transition region is called the penumbra. An extended radiation source will in the same way 

create a radiation dose penumbra on an irradiated surface behind the collimator. To get good 

coverage in the treatment volume without unnecessarily irradiating surrounding tissues a 

narrow penumbra is desirable. This will also improve the modulation possibilities while extra 

care has to be taken in regions between abutting segments to avoid local over or under 

dosage.

Electrons scattered in the treatment head, i.e. scatter in the scattering foils, collimators, the 

gas in the collimator head etc. will produce an extended effective electron source. When the 

xMLC is used to track the eMLC there will be a risk for penumbra widening through partial 
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shielding of this effective electron source (ICRU 35 1984). The reason for the penumbra 

widening is illustrated in Fig. 14, where the xMLC and eMLC are aligned in the left part of 

the figure and the xMLC leaves a margin, the shielding margin, to the collimated eMLC field 

edge in the right part of the figure. In the central parts of the electron field, electrons scattered 

out of their original direction will be replaced with other electrons scattered into that position, 

i.e. we have lateral electron equilibrium. Close to the electron beam edge this is no longer the 

case. As illustrated, there will be a need for electrons scattered outside the cone formed by the 

main electron source and the eMLC, to compensate for out-scattered electrons at the beam 

edge.

Fig. 14. Illustration of the partial shielding of the extended electron source resulting from a 

xMLC setting without any margin to the eMLC field. The scattering of electrons (2) and (3) 

replace each other to maintain lateral equilibrium in the centre of the electron field while the 

out-scatter of electron (1) is not replaced by any electron corresponding to electron (4), if the 

xMLC – eMLC margin is too small. The resulting beam profile illustrates the effect this will 

have on the electron beam penumbra. 

Penumbras for both isocentric and proximity eMLC geometries have been analysed using 

Monte Carlo simulations (Paper II). For the analyses the clinical penumbra P50/90, between 

50 % and 90 % of the central axis surface dose profile, was studied. The influence of the gas 

in the electron treatment head has also been investigated. As the electrons travel relatively 

long distances in this gas, air will actually cause considerable electron scattering 
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contributions. Both the lower density and the lower atomic-number to mass-number ratio of 

helium will reduce this scattering when used to replace air in the treatment head. 

Comparison between planar fluence profiles in air and dose profiles at the surface of a water 

tank were performed (Fig. 15). Both the fluence and the surface-dose profiles were calculated 

at the same distance from the electron applicator. The profiles in Fig. 15 are shown for a 

10x10 cm2 electron field with three different xMLC settings. As the agreement between the 

profile pairs was better than 1 % the faster calculation of planar electron fluence could be 

used to determine the surface dose penumbras. 

It is also clearly illustrated in Fig. 15 that the use of the xMLC with no (10x10 cm2) or only 

1 cm (12x12 cm2) shielding margin will deteriorate the penumbra substantially for the 

isocentric geometry with air in the treatment head. 

Fig. 15. Comparison of planar electron fluence profiles (thick lines) and the corresponding 

dose profiles at the surface of a water tank (thin lines) for 22.5 MeV electrons. The electron 

field size was 10x10 cm
2
 and the electron treatment head was filled with air. Photon 

collimator field sizes: 10x10 cm
2
 (light grey lines), 12x12 cm

2
 (medium grey lines), and 

40x40 cm
2
 (black lines) 

While the narrowest penumbras can be achieved with the proximity eMLC geometry, the 

helium filled treatment head with the isocentric eMLC gave the smallest penumbras when 
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using a small shielding margin (Paper II). At 22.5 MeV energy, a shielding margin of 1 cm 

was enough to avoid penumbra degradation from the approximately 6 mm achieved (P50/90) 

for a helium filled isocentric geometry, while air-filled geometries (including the proximity 

geometries) required a 2 to 3 cm margin. For the lower, 9.6 MeV, electron energy a larger 

shielding margin of 2 cm was needed for the helium isocentric geometry while the air-filled 

geometries needed 3 cm or more. Fortunately the bremsstrahlung production is lower for 

these lower electron energies, so the larger shielding margins should not cause too much 

trouble.

4.3.3 Electron output 

The electron output factor describes the relation between the dose to the patient and the 

monitor units on the accelerator. To be useful in eIMRT, the variation of the output factor 

between different electron beam segments, with different shapes and sizes, should be 

minimised and must in all cases be well predicted. This output variation has been investigated 

in paper III, using Monte Carlo methods, for different electron field sizes, xMLC tracking 

margins and electron energies. This investigation also involved both the proximity and 

isocentric eMLC geometries of Figs. 10 (a) and (b), including the use of different gas 

alternatives in the electron treatment head.  

For the output analyses the variation of planar electron fluence in air was chosen instead of 

the conventional output factor referring to dose at dose maximum in water. The planar fluence 

has been shown to correspond well to the surface dose in water at the same distance from the 

eMLC (Fig. 15 and Paper II). 

For small eIMRT beam segments, lateral electron-scatter equilibrium is typically not fulfilled 

at the dose maximum. The conventional output factor for a single electron field would 

therefore change considerably when it is surrounded by the other electron segments in an 

eIMRT plan. Planar fluence in air will also be affected but to a lesser extent, as the lateral 

scatter of the electrons is much smaller in air then in water, i.e. the lateral electron equilibrium 

is more efficiently reached in air for small field segments. 

In Fig. 16 depth dose distributions in water are shown for 20 MeV electron beams with the 

same fluence at the surface but with different field sizes. One cm2 electron beamlets, without 

initial scattering on the water surface, were calculated with Monte Carlo methods and 
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afterwards added into larger fields. The dose is normalised to dose maximum of the 

10x10 cm2 electron field. This illustrates how an output factor based on dose at dose 

maximum would show a clear electron field size dependence while the surface doses are 

identical. With more realistic electron beams some discrepancies would show also for the 

surface dose, if the lateral electron-scatter equilibrium is not reached for the smallest field 

sizes. However, this would also propagate to the dose maximum and make the field size 

dependence at these depths even larger. 

Fig. 16. Field size dependence of the depth dose curves (SSD 100 cm) for 20 MeV electrons. 

Field size in cm
2
 attached to the curves, all normalised to the depth dose maximum of the 

10x10 cm
2
 curve. 

It was found (Paper III) that the electron fluence output shows a general increase with a 

growing shielding margin, depending on the reduced shielding of the extended virtual 

electron source. At shielding margins larger than 2-3 cm the output for high energy 

(22.5 MeV) electrons is no longer significantly affected by variations in the xMLC setting. 

However, with the xMLC fully open the output factor often shows a slight decrease caused by 

a reduction in xMLC scattered electrons. This is clearly illustrated in Fig. 17 where output 

curves are shown for 22.5 MeV electrons with and without these xMLC scattered electrons. 

Without the xMLC scatter the decrease of the curves is replaced by a slight increase instead. 

All the output curves are normalised to the 3 cm shielding margin for the helium filled 

isocentric eMLC geometry. 
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Fig. 17. Effect on electron output from electron scatter from the xMLC. Data is presented for 

a 22.5 MeV 10x10 cm
2
 eMLC field in the isocentric geometry with different shielding margins 

for the xMLC. Helium filled treatment head (squares), air filled (triangles), with xMLC 

scatter (filled symbols) and, without xMLC scatter (open symbols). 

It was also found (Paper III) that for small field sizes and low energy electrons (9.6 MeV), 

helium in the treatment head or shielding margins larger than 3 cm is needed to avoid a 

reduced electron output. The largest output variations were found for the proximity geometry 

for small field sizes where, for 9.6 MeV electrons the change in electron output could be more 

than 15 % going from a 3 cm shielding margin to a fully open xMLC. 
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Fig. 18. Planar electron contributions from the eMLC (thin line) and xMLC (thick line) 

relative to the planar electron fluence on the beam axis for a 5x5 cm
2
 electron field size and 

22.5 MeV electrons. Photon collimator settings: 40x40 cm
2
 (solid black line), 11x11 cm

2

(dotted line), and 5x5 cm
2
 (solid grey line). (a) Isocentric geometry with helium in the 

treatment head and (b) proximity geometry with air in the treatment head. 
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22.5 MeV electron field, with the xMLC varied between 5x5 cm2 and a fully open position of 

40x40 cm2, are shown in Fig. 18. Results for both the isocentric geometry with helium in the 

treatment head and the proximity geometry with air in the treatment head are shown in the 

figure. It was found (Paper III) that the contribution from the eMLC was significantly lower 

for the isocentric geometry with helium filled treatment head, at this smaller field size 

compared to a 10x10 cm2 field, thus indicating advantageous properties for beam edge 

matching in electron IMRT. 

It was also found (Paper III) that electrons from the xMLC contributed between 0.5 – 4 % for 

shielding margins between 0 and 3 cm. With the xMLC fully extended to 40x40 cm2 the 

contribution was significantly lower. In both cases the contribution from the xMLC was 

approximately equal or smaller at small field sizes. From the simulations an electron 

contribution between 0.5 – 3 % from the eMLC was further demonstrated for the larger 

electron field sizes, except for peaks contributing up to 4.5 % close to the field edge for the 

proximity geometry. Furthermore, the contribution from the eMLC was found to be 

significantly lower at small field sizes, for the isocentric geometry with helium in the 

treatment head, again indicating advantageous properties for beam edge matching in electron 

IMRT.

4.3.5 Matching of abutting electron segments 

In energy modulated electron therapy a large fraction of the segments will be arranged as 

abutting segments where inhomogeneities in segment matching regions must be kept as small 

as possible. To achieve this, a low scattering contribution from the eMLC and penumbras that 

are approximately the same (Paper II), are needed for the different abutting segments. 

To test the quality of beam edge matching with the xMLC tracking beams, four 5x20 cm2

electron field strips were combined to a 20x20 cm2 field for the isocentric geometry with 

helium or air in the treatment head (Paper III). For all the fields a 3 cm shielding margin was 

used. However, as the eMLC edges used were not focused there will be a geometrical 

mismatch between the abutting electron field segments, if this is not corrected for. This is 

illustrated in Fig. 19, where two collimator positions are shown: Position A for an abutting 

field to the right, and position B for an abutting field to the left.
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Fig. 19. Illustration of the geometrical error x achieved if the non focused collimator leaf 

positions are not adjusted. The collimator leaf A should be moved the distance x’ to the left to 

avoid a gap between the two abutting fields with their intended common border at the 

distance R from the central axis at the isocentre depth.

When delivering the beam segment to the right, the upper edge of the collimator in position A 

will restrict the beam while during the delivery of the left electron beam segment the lower 

edge of collimator B will restrict the beam. To avoid the gap x between the abutting fields the 

collimator in position A has to be moved to the left a distance x’. In Table 1 the gap x is 

calculated for some eMLC geometries according to the following equations: 

)(

/

tCDISO

tRSSD
x

ISOSSDR

x

tCD

t

R

x

It is shown that without any collimator position correction the proximity geometry results in 

smaller gaps than the isocentric geometry. Naturally a thicker eMLC leaf also results in a 

larger uncorrected gap. 

SSD

t

x

R

CD

ISO
x'R'

A B



L Olofsson 

  42 

Geometry SSD/cm CD/cm t/cm x/mm 

Isocentric 90 65 1.0 0.70 

Proximity 100 95 1.0 0.53 

Proximity 100 95 1.5 0.80 

Extracted 100 90 1.5 0.85 

Table 1. Calculated abutting field gaps for different unfocused eMLC geometries, without leaf 

position corrections. Field border between abutting segments at R = 5 cm with isocentre at 

100 cm. All distances in the table are given in cm except for x that is given in mm. 

The influence from this geometrical error can be seen in Fig. 20 where the variation in the 

abutting region is reduced by more than 5 % with the corrected eMLC leaf position for the 

isocentric geometry with an air filled treatment head and 22.5 MeV electrons. A fairly good 

agreement with the single 20x20 cm2 electron field is also shown in the figure. Similar results 

are shown in Paper III for both 9.6 MeV and 22.5 MeV electrons for the helium filled 

treatment head. 

The discrepancy between the full 20x20 cm2 electron field and the abutted field strips is 

shown to be less than 5 % when the eMLC positions are adjusted, with a variation in the 

abutting region of less than 3 % (Paper III). The rest is a general increase in the electron 

fluence output. However, without the correction of the matching position the dose variation in 

the matching region was up to 10 % in these examples. This implies the need for focused 

eMLC leaves, as the adjustment discussed above can only be performed in the direction of the 

movement of the leaves. Across the eMLC leaves the geometrical gap between abutting 

electron field segments would still remain if focused leaves are not used. 
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Fig. 20. Field edge matching for 22.5 MeV electrons and the isocentric geometry with air in 

the treatment head illustrated by 5x20 cm
2
 electron fields combined to 20x20 cm

2
.

Contributing subfields (dotted line), resulting combined field (thick solid line) and single 

20x20 cm
2
 field (thin solid line). The resulting combined field without any correction for the 

lack of divergent electron collimator leaf ends is also included (grey thick solid line).  
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5. Conclusions 

The use of a computer based range/energy preoptimisation of electron energies as 

input to an intensity optimiser has been shown, on two clinical cases, to have the 

potential to improve electron treatments with good target coverage and reduced dose 

to normal tissue. In this optimisation, dual energy mixing was shown to improve the 

range modulation to achieve a better adaptation to the distal edge of the treatment 

volume. 

An add-on electron multi leaf collimator (eMLC) can be used to deliver energy 

optimised treatments but can also add a significant bremsstrahlung leakage through 

the electron collimator. 

Photon MLC (xMLC) tracking will substantially reduce the unmodulated integral dose 

fraction resulting in a large gain in radiation protection of the patient and a better 

dynamic range available for the electron intensity modulation radiation therapy 

(eIMRT) dose optimisation. The effect of xMLC tracking on the electron beam 

penumbra and output can be made negligible while still obtaining a significantly 

reduced x-ray leakage contribution. 

The use of an isocentric eMLC leads to smaller x-ray leakage dose contributions 

compared to the proximity geometry. Using helium in the treatment head improves the 

situation further as a more efficient xMLC tracking can be used. 

It is important to further improve the eIMRT optimisation technique to also include 

mixed electron photon treatments, to achieve a closer relation between the 

optimisation parameters and the desired dose distribution, and to improve the 

segmentation technique. 

It is also important that the feasibility of the suggested beam collimation technique is 

tested further to make the eIMRT and mixed beam optimisation method available in 

the clinic for standard or slightly modified scattering-foil electron treatment heads. 
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