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Chapter 1

General introduction

1.1 New developments in radiotherapy

The quality of radiotherapy for treating patients with cancer has improved

significantly in the past couple of years due to technological developments in

three areas. The use of multiple imaging modalities make it possible to visual-

ize the tumor and define the target for irradiation. With intensity-modulated

radiotherapy (IMRT) a dose distribution can be tailored to this target volume

and with improved position verification technology it is guaranteed that the

dose is indeed deposited in the right place.

Before the radiotherapy treatment, it is important to know the exact bound-

aries of volume to be irradiated. Therefore, the regions of interest (ROIs),

such as target volumes and organs at risk (OAR) are delineated on a plan-

ning computer tomography (CT). This is particularly important for IMRT,

because with this technique the dose distribution is shaped accurately around

the target volumes. Consequently, if the targets and organs at risk are not

delineated correctly, (Austin-Seymour et al., 1995), the dose distribution will

be inappropriate for the patient.

CT is most commonly used for radiotherapy treatment planning, but magnetic

resonance imaging (MRI) is of increasing importance (Huch Böni et al., 1996;

Cruz et al., 2002). The advantage of MRI is its good soft tissue contrast. CT

provides information on the electron density and is therefore necessary for dose

calculation.

Magnetic resonance spectroscopy (MRS) and positron emission tomography

(PET) have the potential to characterize the tumor and provide information

1



2 Chapter 1. Introduction

about the tumor metabolism (Ling et al., 2000). Application of multiple imag-

ing modalities and subsequent registration of the obtained images, enables

clinicians to define targets with higher reliability. This may lead to a reduc-

tion of margins around the target volumes and prescription of higher doses

(Mohan et al., 2000; Zelefsky et al., 2000; Nederveen et al., 2001; Vicini et al.,

2001) to certain parts of the target. At the same time, the organs at risk can

be spared better.

With IMRT it is possible to shape the dose distribution to the anatomical

and biological characteristics of the tumor, a concept called dose painting

(Ling et al., 2000; Webb, 2001b). To this end a non-uniform beam intensity is

used. This variation in intensity can be achieved by using compensators that

attenuate the beam at specific positions, or by using a multi-leaf collimator

(MLC) with which a sequence of irregular field shapes can be delivered (Jordan

and Williams, 1994; Galvin et al., 1993b; Das et al., 1998).

Determining the optimal way of modulating the radiation beams for IMRT

is generally done by inverse treatment planning (ITP). ITP works backward

through the complex range of radiation delivery options. The most important

inputs for ITP are number of beams, their orientations, ROIs and prescriptions

to the ROIs. The output is the calculated dose to the ROIs and a description

of the treatment fields (beam segments) which have to be delivered.

The final important step in radiotherapy treatment is position verification

during the therapy. To avoid underdosing the target volume due to geometrical

uncertainties (Jaffray et al., 1999; Langen and Jones, 2001) it is common

practice to apply a margin around the target volume. A drawback of this

approach is that healthy tissue is irradiated as well. To deliver the dose to

the correct location it is essential that positions of the target(s) and OAR(s)

during the treatment are the same as on the IMRT plan.

Stroom et al. (1999) and Van Herk et al. (2000) presented a ‘margin recipe‘

in which the relation between random and systematic positioning errors and

the required margin was established. In order to minimize the size of these

margins in particular the systematic positioning uncertainty must be reduced

as much as possible.

In adaptive radiotherapy (ART)(Martinez et al. (2001)) the target motion and

systematic variation in patient setup is estimated by daily imaging during the
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first few treatments fractions. Subsequently, a new treatment plan is made in

which an individual margin is applied that encompasses the positions found

in these treatment fractions.

Imaging during the treatment fraction has the possibility to recognize changes

in patient anatomy due to internal organ motion. If the imaging technique

provides sufficient soft-tissue contrast also the response of the tumor to the

treatment can be observed. This approach is called image-guided radiotherapy

(IGRT) and its potential is being explored clinically to date using a cone-beam

CT mounted on an accelerator (Jaffray et al., 2002) and with the tomotherapy

system (Mackie et al., 1993). Raaymakers et al. (2004) are working to integrate

an MRI system with a linear accelerator so use the superior soft-tissue contrast

of an MRI for treatment guidance in radiotherapy.

1.2 Design equipment

Technological improvements in design of linear accelerators have made IMRT

and IGRT possible. Nevertheless, many linacs that are currently used have not

been designed specifically for this purpose. In this paragraph we describe the

available equipment for IMRT and IGRT and discuss possible improvements

that would benefit the quality of the treatment.

1.2.1 Linear accelerator and multi-leaf collimator (MLC)

A linear accelerator (linac)(Khan, 1994) is the most commonly used device

for treatment of patients with cancer in external beam radiotherapy (EBRT).

The Linac delivers a high-energy ionization radiation (photons or electrons) to

the region of the patient’s tumor. The absorption of radiation in the treated

area damages the diseased cells.

To minimize irradiation of healthy tissue beams should be shaped. Commonly,

this is achieved by using an MLC. The MLC (Jordan and Williams, 1994;

Galvin et al., 1993b; Das et al., 1998) is located in Linac’s treatment head

and is composed of computer controlled tungsten leaves. The various types of

MLCs that are currently available commercially have different leaf widths and

number of leaves. Originally, they have been introduced as a substitute for alloy

block field shaping. Now, they are used for intensity modulated radiotherapy



4 Chapter 1. Introduction

as well. With an MLC IMRT can be performed in two ways (Chui et al.,

2001). A step-and-shoot approach of delivering IMRT can be applied (Bortfeld

et al., 1994; Webb, 2001b). This usually produces a big number of segments.

Therefore, MLCs should be capable of delivering many segments quickly. A

second approach is dynamic IMRT. Here, the MLC leaves need to allow fast

movement and accurate positioning.

MLCs typically have leaves of 1 cm width projected at the isocenter and can

produce a maximum field size of 40 x 40 cm2 (Jordan and Williams, 1994;

Galvin et al., 1993b; Das et al., 1998). While the field size is sufficient for most

treatments, the leaf width limits the precision at which fields can be shaped.

By introducing add-on mini-MLC (Meeks et al., 1999; Xia et al., 1999; Cos-

grove et al., 1999; Hartmann and Föhlisch, 2002) with leaf widths ranging from

1.6 to 4.5 mm at isocenter, the problem of undulations is decreased. However,

a drawback is that none of them can achieve field sizes larger than 10 x 12 cm2.

Varian produces an MLC with 60 leaf pairs and a field size of 40 x 40 cm2. In

the central 20 cm of the field the leaf width is 0.5 mm while in the outer 10 cm

on both sides of the field the leaf width is 1 cm. With such a design a high

resolution is achieved in the central part of the field, but unfortunately not

in the outer part. Elekta produces a mini-MLC integrated in the accelerator

head with 40 leaf pairs and a field size of 16 x 21 cm2. The maximum field

size of the mini-MLCs is reduced because, at maximum overtravel and a ’hor-

izontal’ position the leaves may bend under their weight. The displacement

is proportional to the fourth power of overtravel and inversely proportional

to the square of the leaf width (Shigley and Mischke, 1989). Thus, by using

0.4 cm leaves rather than 1 cm the maximum overtravel for the leaf would

be decreased by a factor 0.63 without increasing the inter-leaf distance. It is

important to find the optimal balance between field size and leaf width.

Figure 1.1 shows an MLC manufactured by Elekta Ltd, Crawley, UK.

1.2.2 MRI-linear accelerator

From the currently available imaging modalities the MRI scanner has the

best performance in soft tissue contrast. This is important in defining tumor

boundaries relative to surrounding healthy tissue. Moreover, MRI and MRS

can characterize the tumor itself. Hypoxia, vascularity or blood flow inside the

tumor can be investigated and characterized.
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Figure 1.1: The multi-leaf collimator manufactured by Elekta Ltd. (From

Elekta website.)

From a clinical point of view having a precise on-line, soft-tissue based posi-

tion verification system for IGRT would be greatly beneficial. The feasibility

of integrating MRI system with a linear accelerator has been investigated by

Lagendijk and Bakker (2000); Lagendijk et al. (2002); Raaymakers et al. (2002,

2003, 2004). Figure 1.2(a) shows an illustration of an integrated MRI accel-

erator. The system combines a 1.5 T MRI scanner and single energy (6 MV)

radiotherapy accelerator rotating around it. Figure 1.2(b) shows a schematic

view of such a system.

1.2.3 A six-bank multi-leaf system

We propose an alternative design for an MLC. The idea comes from the project

at our department of integrating an MRI system with a linear accelerator.

Figure 1.2(b) shows a schematic view of such a system. The space available

for an MLC is small and the currently available MLCs are not compact enough

or they do not have the necessary performance specifications.

The six-bank MLC is an alternative design of a multi-leaf collimator that com-

bines high-resolution field shaping with a large field size. The system consists

of three layers of bank pairs, positioned at 60o relative to each other. The
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(a)
(b)

Figure 1.2: (a) An illustration and (b) a schematic view of a MRI-linear

accelerator.

bank pairs each have 40 single-focussed leaves with a standard 1 cm width

at isocenter. With the three layers of leaf banks a field-shaping precision can

be achieved comparable to that of mini-MLCs with a leaf width of 4 mm at

isocenter. The distance between the leaves and the source vary for each layer,

which will as a consequence produce a different geometric penumbra. Further-

more, by varying the leaf thickness the influence on transmission penumbra

can be made in order to have the same total penumbra for each layer.

Although, the initial idea was to make MLC suitable for MRI-accelerator only,

the MLC was developed further as a multipurpose MLC available for any

Linac. It could be used as a conventional 1 cm leaf width MLC or as a mini-

MLC. Furthermore, a six-bank MLC will have small transmission, and its

compact size will allow more clearance for the patient. Collimator rotation

would not be required and it will not suffer from the small maximal field sizes

of conventional mini-MLCs. Figure 1.3 shows a six-bank MLC.

1.3 This thesis

1.3.1 Purpose

The purpose of this thesis is to investigate if linac/MLC design can be im-

proved to achieve a better radiotherapy treatment of cancer patients. We will
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Figure 1.3: Schematic view of the six-bank MLC system and the computer

simulation parameters from the lateral view (all parameters are listed in

table 3.1).

examine which design parameters are the most important. Finally, we will

propose a new design of MLC and investigate its feasibility.

1.3.2 Outline

In chapter 2 we characterize and quantify the impact of linac/MLC design

parameters on IMRT treatment plans. The investigated parameters were: leaf

width in the MLC, leaf transmission related to the thickness of the leaves, and

penumbra related primarily to the source size. We used CT scans from head-

and-neck cancer patients. For each patient treatment plans were made with a

different set of linac/MLC parameters. A hypothetical ideal linac/MLC was
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introduced to investigate the influence of one parameter at the time without

the interaction with other parameters. As a reference to clinical practice, we

also optimized the plans with the clinically used Elekta SLi15.

In chapter 3 we present a design of an alternative multi-leaf collimator, called

a six-bank MLC, that combines high-resolution field shaping with a large field

size. The six-bank collimator will enable shaping fields of about 40 cm diam-

eter, with a precision comparable to that of existing mini-MLCs with a leaf

width of 4 mm.

For the six-bank MLC which would function as a multi-purpose collimator,

suitable for all types of treatments, it is important that IMRT can be delivered

as well. Chapter 4 presents a sequencer for delivering step-and-shoot IMRT

using a six-bank MLC. Two methods for delivering IMRT with a six-bank MLC

were developed. In a low-resolution mode similar segments can be delivered as

with a conventional two-bank MLC with a leaf width of 1 cm. The performance

in high-resolution mode is comparable to that of a mini-MLC with a leaf width

of 4 mm, but a trade-off had to be made between accuracy and number of

segments.

Chapter 5 presents an analytical model of an optimal MLC leaf design for a

given setup of parameters. This was of importance because the six-bank MLC

consists of three layers of two opposing leaf banks. The leaves in the banks

that are closest to the source produce the largest geometric penumbra. This

effect was compensated by reducing the transmission penumbra of the higher

banks.

Summary and general discussion are presented in chapter 6. Here, we discuss

benefit of using different Linac design on IMRT. We summarize the perfor-

mance and characteristics of a six-bank MLC and IMRT sequencer developed

for it. Finally, the analytical model for leaf design is discussed.



Chapter 2

Influence of the Linac design on intensity-modulated

radiotherapy of head-and-neck plans

This chapter has been submitted as:

R. Topolnjak, U. A. van der Heide, G.J. Meijer, B. van Asselen, C. P. J. Raai-

jmakers and J. J. W. Lagendijk. Influence of the Linac design on intensity-

modulated radiotherapy of head-and-neck plans.

Abstract

In this study, we quantify the impact of linac/MLC design parameters on IMRT treat-

ment plans. The investigated parameters were: leaf width in the MLC, leaf transmis-

sion, related to the thickness of the leaves, and penumbra related primarily to the

source size. Seven head-and-neck patients with stage T1-T3N0-N2cM0 oropharyn-

geal cancer were studied. For each patient nine plans were made with a different set

of linac/MLC parameters. The plans were optimized in Pinnacle3 v7.6c and PLATO

RTS v2.6.4, ITP v1.1.8. A hypothetical ideal linac/MLC was introduced to investigate

the influence of one parameter at the time without interaction of other parameters.

When any of the three parameters was increased from the ideal setup values (leaf

width 2.5 mm, transmission 0%, penumbra 3 mm), the mean dose to the parotid

glands increased, given the same tumor coverage. The largest increase was found for

increasing leaf transmission. The investigation showed that by changing more than one

parameter of the ideal linac/MLC setup, the increase in the mean dose was smaller

than the sum of dose increments for each parameter separately. As a reference to

clinical practice, we also optimized the plans of the seven patients with the clinically

used Elekta SLi 15, equipped with a standard MLC with a leaf width of 10 mm. As

compared to the ideal linac this resulted in an increase of the average dose to the

parotid glands of 5.8 Gy.

9
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2.1 Introduction

A novel approach of delivering intensity-modulated radiotherapy (IMRT) is

known as rotation IMRT or dynamic helical tomotherapy as presented by

Mackie et al. (1993). The system is equipped with a multi-leaf collimator with

leaves of 6.25 mm width and 10 cm thickness. Van Vulpen et al. (2005) com-

pared step-and-shoot IMRT delivered by a conventional MLC with dynamic

helical tomotherapy IMRT plans for patients with head-and-neck cancer. The

results showed that the mean dose to the parotid glands can be reduced with

about 6.5 Gy by using the tomotherapy system. This raises the question as to

what is the influence of the linac/MLC design parameters on IMRT.

Several authors investigated the effect of the leaf width on IMRT plans (Fiveash

et al., 2002; Burmeister et al., 2004; Leal et al., 2004; Wang et al., 2004, 2005;

Nill et al., 2005; Zhu et al., 2005). An overall conclusion is that when the size

of the target is small, it is beneficial to use MLCs with smaller leaf width. By

using sampling theory Bortfeld et al. (2000) showed that optimum leaf width

is 1.5-1.8 mm for the leaves without transmission.

The main purpose of this study is to extend the investigation of linac/MLC

design to the impact of MLC leaf thickness and source size. As the starting

point we chose a hypothetical ideal linac. By increasing the MLC leaf width

and the source size, and by decreasing the MLC leaf thickness the impact of

these parameters on the IMRT plans was characterized.

In this planing study CT scans of seven head-and-neck patients with stage

T1-T3N0-N2cM0 oropharyngeal cancer were used. The first reason for this

choice is that head-and-neck patients are complex and the dose requirements

are challenging because of the variation in target dose and the overlap of

targets with organs at risk (OAR). Secondly, five patients from our group of

seven were already investigated (Van Vulpen et al., 2005), which gave us the

opportunity to compare our results with that study.

Two treatment planning systems (TPSs) have been used so that the bias of

specific planning system on the results could be minimized. Computations were

made on both Pinnacle3 v7.6c (Philips Medical Systems, Best, The Nether-

lands) and on PLATO RTS v2.6.4 (Nucletron BV, Veenendaal, The Nether-

lands).
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2.2 Methods and Materials

2.2.1 Patients

Seven head-and-neck patients with stage T1-T3N0-N2cM0 oropharyngeal can-

cer were studied. A planning CT scan (Philips Aura) with 3 mm slice thickness

was made and CT-images were transformed to the treatment planing system

(TPS).

The regions of interest (ROI) were split in two groups: the targets and the

organs at risk (OAR). The primary tumor GTVprim, the positive lymph nodes

GTVnodes and a volume for elective irradiation of lymph nodes were contoured

by a physician as targets. CTVprim/nodes were defined at 10 mm around the

GTVprim/nodes. Organs at risks were the parotid glands and the spinal cord.

Five patients from our group of seven were already investigated in another

study (Van Vulpen et al., 2005). Two of them had positive lymph nodes on

both sides and three on only one side. Two patients without positive lymph

nodes were added to the investigation to obtain a complete range of indica-

tions.

2.2.2 Plan criteria

According to the protocol used clinically at our department, a dose of 66 Gy

was prescribed to the PTV66(prim/nodes), extending 5 mm around the

CTVprim/nodes. The dose was boosted further to 69 Gy in the PTV69(prim/nodes),

extending 5 mm around the GTVprim/nodes. For the elective lymph nodes a dose

of 54 Gy was prescribed to the PTV54(elec. nodes), extending 5 mm around the

CTVelec. nodes. Figure 2.1 shows the OARs, targets and the prescription to the

targets for one patient.

In our investigation the mean dose to the parotid glands (Eisbruch et al., 1999;

Roesink et al., 2001) was used as the quantitative measure for sparing of OARs

and minimized as much as possible. In addition, the maximum volume of the

spinal cord which received more than 46 Gy had to be smaller than 2 cc and

care was taken to avoid ’hot spots’ in the body. Because the PTV54(elec. nodes)

and the parotid glands were overlapping, a trade-off between target coverage

and parotid gland sparing had to be made. In order to quantitatively compare

plans, hard constraints were imposed on the target coverage: 99% of the target
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Figure 2.1: The ROIs for one patient. The prescribed dose to the primary

tumor and positive lymph nodes in the boost region was 69 Gy, and 66 Gy

elsewhere. For the elective lymph nodes the prescribed dose was 54 Gy. Note

the overlap of the targets with parotid glands.

volume had to receive at least 95% of the prescribed dose. The volume that

received more than 107% of the prescribed dose should be smaller than 2 cc.

With this procedure we had a well defined target coverage for all plans, so that

the mean dose to the parotid glands could be used as a quantitative measure

for comparing the plans.

2.2.3 Inverse treatment planning

The planning was performed on two different TPSs, Pinnacle3 v7.6c (Philips

Medical Systems, Best, The Netherlands) and PLATO RTS v2.6.4 with ITP

v1.1.8 (Nucletron BV, Veenendaal, The Netherlands). The purpose of using

two TPSs was to reduce the dependency of this planning study on one partic-

ular TPS. The modelling of the beam and the multi-leaf collimator is imple-

mented differently in Pinnacle3 and in PLATO. The optimization engine in

the IMRT modules is different as well.

For both TPSs, all calculations were performed with an identical beam set-up.
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Nine equidistantly spaced beams were used and sequenced with 15 intensity

levels. The collimator angle was 0◦ for the first beam and it was increased for

5◦ in each following beam.

PLATO optimization.

The PLATO treatment planning system with its inverse treatment module

ITP has several specific features to which the optimization approach must be

tailored.

Some of the ROIs as defined above, are overlapping. In order to avoid incon-

sistent dose criteria to a voxel in an overlap region, an overlap priority can be

defined. This allows the user to select to which ROI a voxel belongs.

In the dose prescription a maximum/minimum dose to a target can be defined

in combination with a weight value. For organs at risk a maximum dose and

weight are defined, but no prescription on the average dose is possible. In order

to minimize the dose to the parotid glands, the maximum dose was set to 0 Gy,

but a relatively small weight was applied. By using a maximum dose of 0 Gy,

rather than a more realistic value, we ensure that there is always a benefit to

reduce the dose to the organ at risk if this can be done without compromising

the dose coverage of the target volumes.

The tools to optimize the dose in PLATO ITP are rather limited. In order to

achieve a good tumor coverage combined with a better sparing of the OARs,

artificial volumes were created so as to obtain a better control of the dose

distribution. The parotid glands were split in an upper and a lower part. The

upper part was defined as the volume on the CT slices where only the parotid

gland and no target volumes were present. The rest of the parotid gland was

defined as the lower part. As hard constraints are not available in PLATO

ITP, the weight of the dose constraint in the upper part was always set to the

maximum value of 100. The PTV54(elec. nodes) of the elective nodes were also

split in an upper and lower part. The lower part was defined as the volume on

the CT slices where no parotid gland was present and rest of the volume was

defined as the upper part.

The fluence optimization was performed with resolution determined by the

width of the leaves in the MLC, and the step size. The step size was fixed to

2.5 mm, the leaf width varied from 2.5 to 10 mm. After creating an optimal
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fluence, it was sequenced with 15 intensity levels. A sliding window technique

(Bortfeld et al., 1994) was used and median filter of 5 voxels was applied. The

dose calculation model in ITP is limited in order to enhance the calculation

time. Therefore, the segments were exported to the RTS module where a full

three dimensional (3D) pencil beam dose calculation was performed (Bortfeld

et al., 1993). A plan was accepted if it met the prescription criteria after this

step.

Pinnacle3 optimization.

Just as PLATO, the IMRT module in Pinnacle3 has several specific features

that require a specific approach to obtain the optimal treatment plans. The

problem of conflicting criteria in overlapping regions of interest is solved in

Pinnacle3 by creating additional ROIs. Figure 2.2(a) shows two targets where

T1 has a higher prescription dose than T2. Subsequently, T1 is higher in hier-

archy, meaning that the prescription dose in the overlapping region is dictated

by the prescription dose of T1. In order to steer the dose distribution on the

remaining part of T2, two new ROIs are generated (T2’ and T2’+). T2’ (fig-

ure 2.2(b)) is a copy of T2, but without T1 and a minimum dose objective is

applied in that region. Furthermore, to realize a fairly homogeneous distribu-

tion a uniform and a maximum dose objective are applied on the remaining

part of T2 (T2’+). T2’+ (figure 2.2(c)) is defined as a copy of T2, but it has a

margin of 5 mm to T1. The 5 mm margin serves as a transition zone to build

up the dose to the target T1. This procedure is applied to all overlapping

structures with different hierarchies starting with the highest priority for the

targets with the highest dose and ending with the OARs.

In Pinnacle3 prescriptions were used in terms of a maximum/minimum dose,

a uniform dose and a mean dose. For each target (T) two additional ROIs

were created (T’ and T’+) (figure 2.2(b)–(c)). For T’+ maximum (107% of

the prescribed) and uniform (prescribed) dose prescriptions were used. For T’

only minimum (95% of the prescribed) dose prescription was applied. Finally,

maximum dose and mean dose prescriptions were applied for the regions of

the spinal cord, parotid gland and the body which do not overlap with the

targets.

The fluence optimization was performed with a voxel resolution of 5 mm. Af-

ter creating an optimal fluence map a K-means Clustering (Wu et al., 2001)
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(a) (b) (c)

Figure 2.2: Additionally created ROIs in Pinnacle3 TPS: (a) two targets

where T1 has a higher prescription dose than T2, (b) T2’ is a copy of T2,

but without T1, (c) T2’+ is a copy of T2, but it has a margin of 5 mm to

T1.

sequencer with 15 intensity levels was used to obtain field segments. Subse-

quently, direct machine parameters optimization (DMPO) was applied to the

sequenced segments in which the position of the leaves could be modified with

a precision of 1 mm.

A plan was accepted if the prescribed dose criteria were met in an accurate

dose calculation using the convolution/superposition algorithm (Mackie et al.,

1987).

2.2.4 Linac/MLC design parameters

In order to investigate the influence of a single linac/MLC design parameter

without the interaction of other parameters, we took a hypothetical ideal linac

as the starting point. For this linac the values of MLC leaf width, leaf trans-

mission and source size are listed in table 2.1. All other linac/MLC parameters

were set to the values of the Elekta SLi15 accelerators used in our clinic.

The values for the MLC leaf width could easily be defined in both TPSs. The

leaf step in PLATO was 2.5 mm. In Pinnacle3 it was set to default value of

1 mm in the final DMPO phase of the optimization. In PLATO the size of

the voxel in a fluence grid was defined by the size of a leaf step. We used the

smallest leaf step possible, given the limitations of hardware memory.
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Table 2.1: Hypothetically ideal and middle linac/MLC design parameters.

hypothetically ideal middle

design parameter linac/MLC linac/MLC

MLC leaf width (mm) 2.5 5

MLC transmission (%) 0 0.75

source size (mm) 0.1 2

Defining the MLC leaf transmission was straightforward in both TPSs. The

transmission of backup jaws in PLATO was set to 100% so that it was possible

to investigate the effect of MLC leaf transmission only. In Pinnacle3 it was not

possible to set the transmission of the backup jaws higher than 20% or to

remove them completely. However, their position could be fixed to the biggest

aperture for each beam.

In PLATO it was not possible to modify the source size directly. Therefore we

had to mimic this indirectly. The effect of a specific source size on the fluence

matrix in PLATO is implemented by blurring the fluence with a Gaussian

function. For the ideal linac/MLC design we used a Gaussian with a full-

width-half-maximum (FWHM) of 0 mm. In Pinnacle3 TPS the source size is

a parameter which can be set directly.

All calculations were performed with a photon energy of 6 MV, which is the

standard energy for head-and-neck patients at our department. The inves-

tigation was performed by changing only one of the parameters in the ideal

linac/MLC. The values for the leaf widths were 2.5, 5 and 10 mm. Furthermore,

the values for transmission were 0%, 0.75% and 1.5%. Finally, the source sizes

were 0.1, 2 and 4 mm in Pinnacle3, and FWHM values of Gaussian function

in PLATO were 0, 5 and 10 mm.

In addition, we performed computations for a linac/MLC design with the

median values of each of the investigated parameters. They are listed in ta-

ble 2.1. We will refer to the linac/MLC with these parameters as the ’middle’

linac/MLC. Finally, to have a clinicly relevant reference for the calculations,

we performed computations for the Elekta SLi15 accelerator equipped with

1 cm leaf width MLC (Jordan and Williams, 1994) used at the Catharina

Hospital (Eindhoven, The Netherlands) and at our department.
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Table 2.2: Input and calculated transmission (trans) parameters for

Pinnacle3 and PLATO TPS.

Pinnacle3 PLATO

input trans (%) calculated trans (%) input trans (%) calculated trans (%)

0 0 0 0

0.75 0.83 0.75 0.78

1.5 1.59 1.5 1.5

2.3 Results

2.3.1 Parameters check

The leaf width was verified by visual inspection of the fluence maps. In all

created segments the leaf width was in agreement with the input values of

both TPSs.

To be able to check the other design parameters a water equivalent phantom

(40x40x40 cm3) was created in both TPSs. The source-surface distance (SSD)

was 1 m and a 6 MV open field of 10x10 cm2 made by MLC leaves only was

created. A dose profile was taken at Dmax=1.6 cm, from which transmission

and penumbra data were calculated.

The transmission of the leaves was checked by comparing the intensity at the

center of the field at Dmax when the field was opened, with the intensity for the

situation of a field closed entirely by the MLC leaves. In both cases the same

number of monitor units (MU) was delivered. In both TPSs the calculated

transmission of the leaves was in agreement with the input transmission set in

the TPSs. The check was performed for 0%, 0.75% and for 1.5% transmissions.

Table 2.2 lists the input parameters and calculated transmissions.

The effect of the finite source size in Pinnacle3 or the effect of blurring the

fluence matrix with different Gaussian functions in PLATO has influence on

the dose penumbra (80-20%). Therefore, by measuring the dose penumbra (80-

20%) we were able to check if the chosen values for the source size in Pinnacle3

and the FWHM of the Gaussian function in PLATO matched. Table 2.3 lists

the input parameters and calculated dose penumbra (80-20%) for both TPSs.
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Table 2.3: The source size values used in Pinnacle3, FWHM values of Gaus-

sian function used in PLATO TPS and calculated penumbras (80-20%) for

both TPSs.

Pinnacle3 PLATO

source size penumbra 80/20 Gauss (FWHM) penumbra 80/20

(mm) (mm) (mm) (mm)

0.1 3 0 2.6

2 5 5 6

4 8.5 10 9.8

2.3.2 Ideal plans

The plans obtained for the ideal linac/MLC (chapter 2.2.4) all met the required

plan criteria (chapter 2.2.2) for all patients in both TPSs. The dose gradients

in the direction of OARs were steep. We did not find a significant difference

in steepness of the dose gradient to the parotid glands from contralateral or

the ipsilateral (Spiessl et al., 1985) side.

Figure 2.3 shows a typical dose distribution calculated by PLATO for one

patient. Figure 2.4 shows the dose volume histograms (DVHs) obtained for the

(a)
(b) (c)

Figure 2.3: The dose distribution obtained by a hypothetically ideal

linac/MLC in PLATO TPS for one patient: (a) transversal, (b) coronal and

(c) sagital view.

same patient in Pinnacle3 and PLATO. From the DVHs good target coverage

can be observed as well as sparing of the OARs. For some of the ROIs the
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DVH curves differ between Pinnacle3 and PLATO TPS, indicating differences

in the dose distributions.

(a) (b)

Figure 2.4: DVHs obtained by a hypothetically ideal linac/MLC for one

patient in (a) Pinnacle3 and (b) PLATO.

The mean dose to the parotid glands for all patients achieved with the ideal

linac/MLC was 16.2 ± 8.7 Gy in Pinnacle3 and 17.6 ± 9.1 Gy in PLATO. The

large variation in mean dose between the patients is explained by variations

in size of the parotid glands and their overlap with the targets. The results

of the two TPSs were compared using a paired samples T-test. A p-value

of 0.126 was found, indicating that the difference in the mean dose to the

parotid glands between the two TPSs was not significant. While the individual

dose distributions differed between Pinnacle3 and PLATO (figure 2.4), the

similarity in mean dose to the parotid glands is understandable as the goal of

the optimization was specifically to minimize this dose, rather than to obtain

identical dose distributions.

As there was no significant difference between the mean dose to the parotid

glands obtained in Pinnacle3 and PLATO we will present the data of both

TPSs combined in the remainder of this paper. Thus, in total we have seven

patients and fourteen mean dose values to the parotid glands obtained by

Pinnacle3 and fourteen mean dose values obtained by PLATO.
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2.3.3 Leaf width

Figure 2.5 shows the result of increasing the leaf width on the dose to the

parotid glands for one example. By increasing the leaf width, the dose to the

parotid glands was increased mainly in the intermediate dose region.

Figure 2.5: DVH of the left (LP) and the right (RP) parotid glands for one

patient. Calculations were obtained for MLC’s leaf width 2.5, 5 and 10 mm

in PLATO TPS.

The increase of the mean dose to the parotid glands for all patients due to

increasing MLC leaf width from 2.5 mm to 5 mm and from 5 mm to 10 mm was

1.6 Gy and 1.7 Gy, respectively. Table 2.4 lists the mean dose and standard

deviations for each leaf width.

The paired samples T-test comparing the mean dose for an MLC leaf width

of 2.5 mm with 5 mm and of 5 mm with 10 mm showed that the observed

increase in the mean dose to the parotid glands is highly significant with p-

values smaller than 0.001.

2.3.4 Transmission

The consequence of the increase in leaf transmission on the dose to the parotid

gland is shown in figure 2.6 for one patient. The dose to the parotid glands

increased mainly in the low dose region.
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Table 2.4: The mean dose to the parotid glands obtained by Pinnacle3 (Pin)

and PLATO (PL) combined. Mean doses and standard deviation (SD) to the

parotid glands. a: A paired samples T-test showed a significant ( p<0.001)

increase of the mean dose to the parotid glands comparing the linac/MLC

design setup with the ideal linac/MLC. b: A paired samples T-test showed

a significant ( p<0.001) decrease of the mean dose to the parotid glands

comparing the linac/MLC design setup with the middle linac/MLC design.

ideal leaf width transmission source size middle Elekta

TPSs dose lin/MLC 5mm 10mm 0.75% 1.5% 2mm 4mm lin/MLC lin/MLC

Pin+PL mean (Gy) 16.9 18.5a,b 20.2a 19.0a,b 20.8a 18.0a,b 20.4a 20.2a 22.7

SD (Gy) 8.8 9.4 10.0 8.4 8.5 9.1 9.5 9.0 10.0
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Figure 2.6: DVH of the left (LP) and the right (RP) parotid glands for one

patient. Computations were obtained for MLC’s with transmissions of 0%,

0.75% and 1.5% in PLATO TPS.

The paired samples T-test showed a significant increase in mean dose ( p<0.001)

when increasing the transmission from 0% to 0.75% and from 0.75% to 1.5%.

Increasing the transmission of the leaves from 0% to 1.5% resulted in an in-

crease of the mean dose to the parotid glands of 3.9 Gy (table 2.4).

2.3.5 Source size

An increase of the source size had a similar effect on the dose to the parotid

glands as an increase in leaf width. The dose increased mainly in the interme-

diate dose region (figure 2.7).

Again, the paired samples T-test showed a significant increase in mean dose

( p<0.001) when increasing the source size from 0.1 mm to 2 mm and from

2 mm to 4 mm. Increasing the source size from 0 mm to 4 mm resulted in an

increase of the mean dose to the parotid glands of 3.5 Gy (table 2.4).

2.3.6 Middle linac/MLC

By using the middle linac/MLC (chapter 2.2.4) instead of the ideal linac/MLC

the dose to the parotid glands increased mainly in the low and intermediate
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Figure 2.7: DVH of the left (LP) and the right (RP) parotid glands for

one patient. Calculations were performed for linac’s source size of 0.1, 2 and

4 mm in PLATO TPS.

dose regions. Figure 2.8 illustrates an effect of increasing the dose for one

patient. Quantitatively, the average mean dose to the parotid glands of all

patients increased by 3.3 Gy. This shows that the increase of the dose for

middle linac/MLC was smaller than the sum of increases for all parameters

separately and bigger than the square root of sum of squared increases. For

our setup of parameters the transmission had the most dominant effect on

the dose. Actually, the mean dose was 1.2 Gy higher than obtained by only

increasing the transmission (table 2.4).

2.4 Discussion

In this investigation we studied the impact of three parameters in linac design

on dose distributions for complex IMRT treatment plans. In order to isolate

the influence of one parameter without the interaction of the others, we started

with the hypothetical ideal linac/MLC design (chapter 2.2.4). By using sam-

pling theory, Bortfeld et al. (2000) showed that the optimum MLC leaf width

is 1.5-1.8 mm. The value of 2.5 mm used in this study, was close to the ideal
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Figure 2.8: DVH of the left (LP) and the right (RP) parotid glands for one

patient. Calculations were performed with hypothetically ideal and middle

linac/MLC design (chapter 2.2.4) in PLATO TPS.

value. The transmission of 0% was ideal and also the source size of 0.1 mm

was considered to be close enough to the ideal value of 0 mm.

Other parameters in the linac design, such as the source-isocenter distance

and the distance between the source and the MLC were not included in this

investigation. However, both parameters impact mainly on the dose penumbra,

so that changing their values will have a similar effect as changing the source

size.

In our optimization procedure we used hard constraints for the dose coverage

of the targets. By having a well defined target coverage for all plans, the

mean dose to the parotid glands could be used as a quantitative measure

for comparing the plans. In order to facilitate the steering of the dose in both

TPSs, specific artificial volumes were defined. To ensure, that the best possible

plan for a particular set of linac design parameters was made, at least one plan

was made where the targets were slightly underdosed (99% of the volume not

receiving the prescribed dose) and one where they were slightly overdosed (99%

of the target receiving more than the prescribed dose). The plan obtained at

intermediate values of the dose prescription parameters in the TPSs yielded
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the required dose coverage in combination with the lowest average dose to the

parotid glands possible.

In studying the effect of changing the design parameters, we could have pre-

served the dose prescription parameters in the two TPSs constant. While this

is a commonly used approach (Fiveash et al., 2002; Wang et al., 2004, 2005;

Nill et al., 2005), we found that our hard constraints would not be met in all

cases. Indeed, by modifying the dose prescription parameters in the TPSs, we

were able to improve the quality of the plans by meeting the constraints to

target coverage and limiting the average dose to the parotid glands. Using this

approach, the plans made with the ideal linac yielded similar results for both

planning systems. Indeed, no significant difference was found in the average

dose to the parotid glands for the plans generated in Pinnacle3 and PLATO.

In this investigation the number of beams was fixed to nine. While this was

the maximum number achievable, due to memory limitations of our PLATO

system, it may be considered sufficient for most IMRT applications (Bortfeld

et al., 1990; Mohan et al., 2000).

Five of the patients studied here, were also used in the study by Van Vulpen

et al. (2005), in which conventional IMRT was compared with tomotherapy. In

that study the mean dose to the parotid glands was 30 Gy with a conventional

Elekta SLi15 accelerator and using PLATO for treatment planning. The mean

dose to the parotid glands was 24 Gy with the Tomotherapy system. In our

investigation, for the same patients, we found out that the theoretical limit

of the mean parotid gland dose for an ideal linac/MLC was 18.3 Gy using

PLATO. For the conventional Elekta linac/MLC we found a mean dose of

24.4 Gy. This is about 6 Gy less compared to conventional Elekta linac/MLC

design in the investigation of Van Vulpen et al. (2005) and it is comparable to

the results with the Tomotherapy system in the same study. This shows that

our elaborate strategy of dose optimization indeed has the potential to provide

better treatment plans. Nevertheless, the difference found by Van Vulpen et al.

(2005) between the conventional IMRT and the Tomotherapy system seems

quite plausible. The Tomotherapy system has a leaf width of 6.25 mm, a leaf

thickness of 10 cm, and a source-isocenter distance of 85 cm. Consistent with

our findings, these parameters should result in better IMRT distributions as

compared to the conventional Elekta linac/MLC design.
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Our study showed that by changing more than one parameter from the ideal

linac/MLC setup, a smaller increase in the dose to the parotid glands was

observed than the sum of the individual contributions. The transmission of the

MLC leaves had the most dominant effect. Consequently, by manufacturing

MLCs with thicker leaves as suggested earlier Topolnjak et al. (2002, 2003b,a,

2004a,b, 2005) , the IMRT treatment of head-and-neck cancer patients could

benefit. An improvement of 2.5 Gy of the mean parotid gland dose was found

when going from the conventional Elekta linac/MLC to the middle linac/MLC.

An improvement of 5.8 Gy was possible by going to the ideal linac/MLC. The

clinical impact of these differences can be assessed by observing the normal

tissue control probability (NTCP) curves as proposed by Roesink et al. (2001)

and Eisbruch et al. (1999). A complication is defined as a reduction of the

stimulated parotid flow rate one year after a radiotherapy treatment to less

than 25% of the of flow before the treatment. Depending on the model used

(Roesink et al. (2001) or Eisbruch et al. (1999)), the dose reduction found

between Elekta and middle linac/MLC results in an average decrease of the

NTCP between 4% and 9%. Likewise, the dose reduction between Elekta and

ideal linac/MLC results in the decrease of the NTCP between 8% and 17%.

2.5 Conclusion

In this study, the impact of the MLC leaf width, MLC leaf transmission and

linac’s source size on IMRT treatment plans of seven patients with head-neck

cancer have been investigated. By increasing those parameters from their ideal

values to the the clinically used Elekta SLi 15, equipped with a standard MLC

with a leaf width of 10 mm, an increase of the mean dose to the parotid

glands of 5.8 Gy was observed. The investigation showed that by changing

more than one parameter from the ideal linac/MLC setup, a smaller increase

in the the mean dose to the parotid glands was observed than the sum of

the contributions of each parameter separately. The dose increased mainly by

increasing the transmission of the MLC leaves.
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Chapter 3

A six-bank multi-leaf system for high precision

shaping of large fields

This chapter is based on the article:

R. Topolnjak, U. A. van der Heide, B. W. Raaymakers, A. N. T. J. Kotte,

J. Welleweerd and J. J. W. Lagendijk. 2004. A six-bank multi-leaf system for

high precision shaping of large fields. Phys Med Biol. 49 2645–56.

Abstract

In this study, we present the design for an alternative MLC system that allows high

precision shaping of large fields. The MLC system consists of three layers of two

opposing leaf banks. The layers are rotated 60◦ relative to eachother. The leaves in

each bank have a standard width of 1 cm projected at the isocenter. Because of the

symmetry of the collimator set-up it is expected that collimator rotation will not be

required, thus simplifying the construction considerably.

A 3D ray tracing computer program was developed in order to simulate the fluence

profile for a given collimator and used to optimize the design and investigate its

performance. The simulations show that a six-bank collimator will afford field shaping

of fields of about 40 cm diameter with a precision comparable to that of existing mini-

MLCs with a leaf width of 4 mm.

27
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3.1 Introduction

Accurate field shaping is becoming increasingly important in radiotherapy.

While alloy blocks allow high precision field shaping, it is quite time con-

suming to make them for each individual field. For this reason modern linacs

are equipped with a multi-leaf collimator (MLC). These MLCs typically have

leaves with a width of 1 cm at the isocenter and can produce a maximum

field size of 40 cm (Jordan and Williams, 1994; Galvin et al., 1993b; Das

et al., 1998). While the field size is sufficient for most treatments, the leaf

width limits the precision with which fields can be shaped. In a comparison

between MLCs with 1 cm leaves and alloy blocks, Galvin et al. (1998) noted

that the effect of high-precision field shaping is often blurred by the use of

multiple beams and by set-up variations. Nevertheless, the undulations of the

1 cm leaves become problematic in particular when sharp dose gradients are

required and the distance between target and organ at risk is small. Thinner

leaves improve this, although no further benefit is expected for leaf widths

below 1.8 mm because of the width of the dose deposition kernel (Bortfeld

et al., 2000). Otto et al. (2002) investigated dose conformity and found that

complex and small shapes are more sensitive to the leaf width.

Nowadays, several types of mini-MLCs are on the market that can be attached

below the conventional linac head. The leaf widths range from 1.6 to 4.5 mm at

isocenter. The physical characteristics of mini-MLCs, such as the penumbra,

the transmission and leakage and the field-shaping precision were determined

in various studies (Meeks et al., 1999; Xia et al., 1999; Cosgrove et al., 1999;

Hartmann and Föhlisch, 2002). These studies showed both the improved field

shaping by reduced undulation and the reduced penumbra of the individual

leaves. The latter mainly because the distance of the add-on mini-MLC to the

source is larger. The precision of field shaping with a mini-MLC was found

sufficient for radiosurgery and small-field intensity modulated radiotherapy

(IMRT).

However, a drawback is that none of them can achieve field sizes larger than

10x12 cm2. Varian produces a MLC with 60 leaf pairs and a field size of

40x40 cm2. In the central 20 cm of the field the leaf width is 0.5 mm while

in the outer 10 cm on both sides of the field the leaf width is 1 cm. With

such a design a high resolution is achieved in the central part of the field, but
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unfortunately not in the outer part. Elekta produces a mini MLC integrated

in the accelerator head with 40 leaf pairs and a field size of 16x22 cm2.

The key problem is realizing a large field-size MLC with a high resolution field

shaping ability. Several approaches have been proposed to tackle this problem.

The effective field shaping resolution can be improved by superimposing two

MLC-shaped fields with a small shift of the isocenter or a rotation of the colli-

mator between them (Siochi, 1999a; Evans and Partridge, 2000; Bortfeld et al.,

2000; Otto and Clark, 2002). Also, considerable research was done in direction

of radical alternative designs of MLCs and delivery techniques. Webb (2001a)

investigated the concept of a shuttling MLC in which small elements in the

collimator can swap to an adjacent position instantaneously. A similar idea by

Lagendijk using a checkerboard was presented in the same paper. Webb (2002)

also developed the idea of using only jaws and a mask for IMRT. Williams and

Cooper (2000) presented a method of high-resolution beam collimation by us-

ing tertiary grid collimator situated below the conventional MLC.

In this study, we present the design for an alternative MLC system that allows

a high precision shaping of large fields. We took the existing MLCs with 1 cm

wide leaves as the starting point. The new system consists of three layers of

bank pairs positioned at 60◦ relative to eachother. The bank pairs each have

a standard 1 cm leaf width projected at the isocenter. With the three layers

of leaf banks, a field-shaping precision can be achieved comparable to that of

mini MLCs with a leaf width of 4 mm at isocenter.

In order to study the physical properties of such a design, a computer program

was developed that simulates the fluency profile for a given collimator set-

up. The program uses three-dimensional (3D) ray tracing in similar way as

presented by Chen et al. (2000) and takes into account the geometry of the

system, the transmission through the leaves and the leaf tips.

The program was validated by comparing calculations for the Elekta MLC

with measurements. Typical tests are the penumbra profile and the output as

a function of the field size (Huq et al., 2002; Jordan and Williams, 1994). For

these tests, the calculations showed good agreement with the measurements.

The program was then used to characterize the penumbra, transmission and

beam-shaping precision of the six-bank MLC.
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Table 3.1: The computer simulation parameters.

Collimator set-up Number of bank pairs (C1)

Angles between bank pairs (C2)

Bank pair Number of leaves (B1)

Distance source-bank (B2)

Leaf thickness (B3)

Coefficient of attenuation in leaves (µ) (B4)

Radius of tip curvature (B5)

Offset of tip curvature (B6)

Leaf width at isocenter (B7)

Source Size (S1a), distribution (Gaussian) and resolution (S1b) of primary

Size (S2a), distribution (Gaussian) and resolution (S2b) of secondary

Distance primary-secondary source (S3)

Distance source-isocenter (S4)

Ratio in contribution primary-secondary source (S5)

Fluence plane Size (F1)

Resolution of calculating (F2)

Distance source-plane (F3)

3.2 Ray tracing

3.2.1 Computer simulation

In order to investigate the performance of a six-bank collimator and to find

the optimal design, we made a computer program simulating existing and new

collimators. It is based on a 3D ray tracing algorithm similar to that described

by Chen et al. (2000). Ray lines are cast from a two-dimensional (2D) source

to a fluence plane. The attenuation of each ray line is calculated from the path

length through the collimator leaves and the corresponding linear attenuation

coefficient. We used a single attenuation coefficient of µ = 77.2 m−1 corre-

sponding to the attenuation of 4 MeV photons in tungsten. At this energy

the attenuation exhibits a minimum (Bureau of Radiological Health, 1970).

The collimator is defined analytically and the surface of every leaf is specified,

including a rounded leaf tip. The parameters describing the collimator set-up

are listed in table 3.1 (see also figure 3.1).

The source was modeled as a matrix describing a 2D Gaussian intensity dis-
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Figure 3.1: Schematic view of the six-bank MLC system and the computer

simulation parameters from the lateral view (all parameters are listed in

table 3.1).

tribution. From each matrix element radiation is emitted isotropically, so that

a flat fluence distribution for an open field is obtained. The size of the pri-

mary source has been studied in detail for various linear accelerators (Jaffray

et al., 1993; Loewenthal et al., 1992). Typically values for the full-width-half-

maximum (FWHM) were found between 1 and 2 mm. For this reason we have

carried out our calculations using a FWHM of 1.5 mm. A secondary source is

implemented similarly, to account for the scatter produced in the flattening

filter (Liu et al., 1997; Chen et al., 2000). We used a FWHM of 4 cm and a

relative intensity contribution of 10% based on simulation of the collimator

scatter factor as a function of the field size (Zhu et al., 1995).
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Table 3.2: Elekta MLC parameters.

Number of leaves pair 40

Distance source-bank 29.8 cm

Leaf thickness 7.5 cm

Radius of tip curvature 11.9 cm

Leaf width at isocenter 1 cm

Primary source size (FWHM) 1.5 mm

Secondary source size (FWHM) 4 cm

All calculations were done using a primary and secondary source of 30x30

pixels and a fluence plane of 400x400 pixels. The fluence plane has a size of

40x40 cm2 resulting in a fluence resolution of 1 mm. Calculations performed

at a higher resolution showed no further change in the fluence profile. For

this configuration the calculation time was approximately 1 h on a 2.8 GHz

Pentium 4 PC operating under the Linux operating system.

3.2.2 Validation of the computer simulations

The computer simulation program described above was tested with a series of

simulations based on the geometry of an Elekta SLi20 accelerator, equipped

with an MLC. Table 3.2 shows the parameters used, and a detailed description

of the collimator is given in Jordan and Williams (1994). All measurements

were done using a beam energy of 10 MV, with a photon energy spectrum

peaking around 1/3 of that energy.

The first test was the simulation of the collimator scatter factors (Sc). The

fluence was calculated for a series of square fields, with sizes ranging from 2 to

28 cm. The value at the center of the field is a combination of the contribution

of the primary and secondary source. The fluence intensity at the center drops

sharply for small field sizes and this relation strongly depends on the size and

relative contribution of the primary and secondary sources (Zhu et al., 1995).

Normalizing the center field values to that of the 10x10 cm2 field, a curve

appears that can be compared to the collimator scatter factors as measured

with an ionization chamber (ionization chamber 2571, Saint Gobain Crystals

& Detectors Ltd, Reading, UK) in a mini phantom (figure 3.2(a)). While the

correspondence between measurement and simulation is good, small differences
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must be attributed to the simple model used for the primary source as well as

the scatter contribution of the flattening filter.

 94

 96

 98

 100

 102

 104

 106

 0  5  10  15  20  25  30

Sc

field size [cm]

measured 10MV
simulation

(a)

 0

 20

 40

 60

 80

 100

 120

 0  2  4  6  8  10  12  14

field size [cm]

measured 10MV
simulation

simulation + 3mm Gaussian

(b)

Figure 3.2: Validation of the computer simulations. (a) The collimator scat-

ter factor as a function of field size. (a) The half profile for a 20x20 cm2 field

in water phantom at dMAX=2 cm.

The second test was the simulation of the profile across a square field of

20x20 cm2 in a water phantom. The profile was measured at dMAX=2 cm us-

ing an IC15 type ionization chamber (Wellhöfer, Schwarzenbruck, Germany)

(figure 3.2(b)). The simulation yields fluence, without considering the effects

of scatter inside the water phantom.

In the region inside the field all radiation from the primary and secondary

sources reaches the surface of the phantom. The calculated fluence profile

shows a flat area within the beam, a sharp penumbra and a gradual decline

outside the beam. However, the fluence falls off more steeply than the measured

dose. This suggests that the phantom scatter and the measurement probe cause

a more gradual fall-off.

The connection between the fluence and the dose is a complex issue. In the

Bortfeld et al. (1993) model a convolution with three pencil beams is used

to calculate the dose. The three kernels represent the primary radiation and

scatter for small and for big fields. At dMAX the contribution of the first

kernel, which can be described by a Gaussian with σ approximately 3 mm, is

dominant. For the sake of simplicity we convolved the fluence profile with this
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Gaussian function (dashed curve in figure 3.2(b)). In the penumbra region this

curve indeed shows good agreement with the measurement.

These two tests show that the simulation program predicts both collimator

scatter and fluence profile of an Elekta accelerator in reasonable agreement

with experimental data.

3.3 The six-bank multi-leaf system

For simulating the six-bank multi-leaf system, we have used the parameters for

primary and secondary sources as specified in the previous section. We have

left out the wedge and replaced Elekta’s collimator set-up (including MLC)

by a six-bank MLC. Thus, the space available for a six-bank collimator in the

Elekta-accelerator geometry lies below the ionization chamber. Although room

is left for the X-collimator, it can be removed as the three MLC layers produce

sufficient attenuation. We have chosen not to lower the collimator down to the

adaptor ring, as the lowest pair of leaf banks would become unpractically large.

Figure 3.1 shows a schematic view.

3.3.1 Design

Our goal for designing this collimator is to achieve a large field size (40 cm

in diameter) in combination with the ability of high resolution field shaping,

comparable with mini MLCs with a leaf width down to 4 mm at isocenter.

The six-bank collimator has three layers of two banks, each with a width of

1 cm at isocenter. The leaf motion directions of the three layers are separated

by 60◦. Because of this three-fold symmetry, the need for collimator rotation

is reduced. In fact, we propose to abolish collimator rotation completely, thus

simplifying the collimator head manufacturing considerably. In our simulations

we choose the top pair of leaf banks to travel perpendicular to the axis gun

to target. The middle pair will be rotated 60◦ anti-clockwise, as seen from the

source, the lowest pair is rotated another 60◦.

Each leaf bank has 40 leaves and is single focused, with the sides of the leaves

diverging from the source. The leaves move in one plane. Interleaf transmission

in one leaf bank will be blocked by the two other banks. For this reason we
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Table 3.3: Parameters for the six-bank MLC.

Distance from

Banks pair the source (cm) Leaf thickness (cm) Tip curvature (cm)

High 26 5 8

Middle 33.5 4 6

Low 40 3.5 4

expect that a tongue-and-groove design will not be required, thus simplifying

the design of the leaves.

We believe that it is convenient if the size of the penumbra does not depend

on the orientation of the field or the field size. In the absence of collimator

rotation, the penumbra will be determined by different leaf banks, depending

on the field orientation. Therefore, the design should be such that the three

layers of banks produce more or less the same penumbra.

Several physical effects contribute to the penumbra: geometry, transmission

and scatter. The scatter is primarily produced in the phantom or patient.

Its contribution to the penumbra depends on the field size, photon energy,

phantom/patient and depth. The phantom scatter does not depend on the

specific MLC design. The size of the geometric penumbra linearly depends on

the source size, and is inversely proportional to the distance between the source

and the leaf bank. The leaf thickness and curvature influence the transmission

penumbra. A thicker leaf with less curvature will attenuate a ray more quickly

and thus result in a smaller transmission penumbra. The curvature of the leaf

tips is used to create a transmission penumbra that is independent of the

position of the leaf tip in the field (Jordan and Williams, 1994).

The leaves in the banks that are closest to the source will produce the largest

geometric penumbra. This effect is compensated to some extent by reducing

the transmission penumbra of the higher banks. To this end the leaf thickness is

chosen 3.5 cm, 4 cm and 5 cm from the lowest to the highest bank respectively.

There is a 2.5 cm clearance between the layers for a mechanism to drive the

leaves. The parameters for the three layers of leaf banks are listed in table 3.3.

A patent application based on the described different leaf thickness has been

made by Elekta Ltd.
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3.3.2 Characteristics

For characterizing the performance of the six-bank MLC and comparing it

with conventional MLC systems, we chose to calculate the fluence. Although

dose is the clinically relevant quantity, fluence profiles are less blurred and

thus pose a more stringent test of the performance.

The penumbra for each layer of leaf banks.

For each layer of leaf banks the variation of the penumbra width with leaf po-

sition was investigated. The fluence was calculated for rectangular fields with

leaves of one bank at a position between -20 and +20 cm at the isocenter plane.

The midline of the field is at 0 cm, and a negative sign indicates overtravel.

The penumbra (80-20%) was calculated from a profile along the center of a

leaf in the bank (figure 3.3).
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Figure 3.3: The penumbra width for each layer of leaf banks separately.

The curves for all pairs of leaf banks are similar at the value of about 4.3 mm,

and vary less than 0.7 mm with the leaf position between -20 and +15 cm. The

penumbra width (80-20%) for the leaf position at +18 and +20 cm increases

for all three layers. The reason for increasing penumbra is a flattening filter,

which has a contribution to the penumbra with its full size for those leaf

positions. The effect is the most dominant for the lowest layer because, the
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leaves in that layer are the thinnest and have the biggest transmission (6.5%).

Furthermore, a small contribution of irradiation from the flattening filter has

a significant influence on the penumbra width (80-20%).

The penumbra of rotated fields.

The edge of an arbitrary field will be made by a combination of the three layers

of leaf banks. As our design will have a non-rotating head, we have investigated

the size of the penumbra for different orientations of a straight field edge. A

half field was rotated from 0◦ to 180◦ in 10◦ steps. For the three layers of leaf

banks, the leaves were positioned such that the leaf tips touch the intended

field edge. Profiles were taken perpendicular to the field edge. A total of 50 of

such profiles were generated along the length of the field edge and the average

width of the penumbra (80-20%) and the standard deviation was calculated.

The average is plotted in figure 3.4 as a function of the angle between the gun-

target direction and the field edge. The standard deviation was found to vary

typically from 0.3 to 0.7 mm depending on the angle. All three leaf banks will

produce an undulation around the field edge. The combination of the three

patterns is quite irregular and causes variations in the resulting penumbra

width along the edge. This effect is reflected in the standard deviation. If the

half field is positioned exactly in the center the it can be matched precisely

with diverging side of the leaves at the 90◦, 150◦ and 30◦, respectively, from

the highest to the lowest bank. In figure 3.4, two minima are found at 150◦

and 30◦ as a result of this effect. There is no minimum at 90◦ because at that

angle, the field was matched with diverging part of the leaves in the highest

bank with a relatively large geometric penumbra. In general, such a precise

match will not occur. We shifted the half field by 3.5 and 7 mm and repeated

the test. Now the minima have disappeared. In fact, for a shift of 7 mm some

maxima appear as a large mismatch between the leaves and the field edge

results in effective blocking by only two of the three layers of leaf banks.

For comparison, we calculated the penumbra width for an Elekta MLC. Be-

cause collimator rotation is possible, the penumbra will not depend on the

field angle. Overall, the penumbra generated by the six-bank MLC is similar

to that of the Elekta MLC. As the top leaf bank creates a larger penumbra

than the lower two, some angle dependence is found.
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Figure 3.4: The penumbra width for the entire collimator as a function of

field angle.

Undulation test.

A MLC will approximate an irregular field shape by creating an undulating

pattern around the desired shape. The amount of undulation is an indication

for the precision of the MLC field shaping. To quantify the performance of

the six-bank collimator for high resolution field shaping, we used the profiles

perpendicular to the intended field edge as described in the previous section.

The half field was shifted by 3.5 mm, as described above, to avoid specific

matches between the field and the diverging part of the leaves. The results for

the six-bank MLC were compared to the conventional Elekta MLC (table 3.2,

Jordan and Williams (1994)). For comparison with a mini MLC, we also simu-

lated a collimator with the same parameters as the Elekta MLC, except using

100 leaf pairs with a width of 4 mm at isocenter. In contrast to the previous

section, collimator rotation was not allowed for the Elekta and mini MLCs.

As in the previous section, the leaves were positioned such that the leaf tips

touch the intended field edge.

The degree of undulation was quantified by calculating the distance between

the intended field edge and the 50% fluence line (the actual field edge) (fig-

ure 3.5). The average distance reflects the degree to which the field is enlarged
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by the undulations. The standard deviation is a measure for the degree of un-

dulations. In figure 3.6(a), the average distance is plotted as a function of the

field rotation angle. The solid line for the conventional Elekta MLC shows a

minimum at 0◦. Here we can match the field edge with the leaf tips. The value

at 0◦ is the distance between the tip of the leaf and the actual 50% decrement

line, used in radiotherapy practice as the reference position of a leaf. Another

minimum is found at 90◦ because we match a field with the diverging side of

a leaf. That extreme depends on the distance of the side to the field edge.

Figure 3.5: The overdose area and average distance between the intended

field edge and the 50% fluence line.

The mini MLC shows a similar curve but at a lower level, indicating the

reduced undulations. At 90◦, a maximum is found as the match between the

side of a leaf and the field edge is unfavorable. The curve for the six-bank

collimator exhibits three minima made by the leaf tips at 0◦, 60◦, 120◦. Overall

the curve lies around that of the mini-MLC, indicating that the degree of

undulation is comparable.

Figure 3.6(b) shows the standard deviations as a function of the field ori-

entation. The curves for the Elekta and mini MLCs show a value of 0 for

orientations of 0◦ and 90◦, indicating the absence of undulations. The stan-

dard deviation for the six-bank MLC lies mostly above that of the mini MLC,

but below 0.9 mm for all angles.
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Figure 3.6: The results of undulation test, 3.5 mm shifted field. (a) The

average distance between the 50% isodose line and the intended field edge, as

a function of field angle. (b) The standard deviation of the distance between

the 50% isodose line and the intended field edge, as a function of field angle.

Conformity of circular fields.

The precision of field shaping was characterized further by creating circularly

shaped fields (Zhu et al., 1998; Xia et al., 1999; Otto and Clark, 2002; Kil-

loran et al., 2002), ranging from 4 to 16 cm in diameter. The conformity of

the resulting fluence compared to the intended field was determined as the

difference in surface area divided by the area of the intended field. The leaves

were positioned such that the leaf tips touch the intended field edge. As shown

in the previous section, the 50% decrement line lies at some distance from the

leaf tip, so that a slightly larger field is created. For the Elekta and the mini

MLC this shift is about 0.7 mm, and for the six-bank MLC it is about 1 mm.

Figures 3.7(a)–(c) show the calculated fluence for a circle with the contour of

the intended field. For the Elekta and mini-MLCs the leaf-travel direction is

horizontal in the figure. The conformity as a function of the circle diameter

is plotted in figure 3.8. For all diameters the six-bank MLC shows a better

performance than the Elekta and mini-MLCs. The wiggle in the curve of the

mini-MLC at a diameter of 6 cm is an artifact caused by a mismatch of the

4 mm wide leaves and the radius of 3 cm. In particular at the top and bottom

of the fluence graphs, the Elekta and mini-MLCs show a large area outside

the intended circle getting a high fluence. In practice, one could position the



3.3. The six-bank multi-leaf system 41

leaves slightly more inward, so that the midline of the leaves touch the circle.

The area outside the circle would be reduced at the cost of underdosing a

small area inside it. For the six-bank MLC this would not be a good approach.

Leaves of one bank pair could block part of the circle, in order to minimize

the area outside the circle. However, this area is blocked already by the two

other pairs of banks.

(a) (b) (c)

Figure 3.7: The simulation of the fluence of a field conforming to a circle

with radius 12 cm. (a) Elekta. (b) Mini. (c) Six-bank.
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Figure 3.8: Conformity as a function of circle diameter.
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3.4 Discussion

In this study, we propose a six-bank multi-leaf collimator assembly that com-

bines a large field size with a high precision field shaping ability. The design

is based on a conventional MLC with a leaf width of 1 cm, typically creating

maximum field sizes of 40x40 cm2. By creating three layers of bank pairs, at

60◦ relative to eachother, a polygon field shape is created with 12 sides and a

distance of 40 cm between the opposite sides. At maximum overtravel and a

’horizontal’ position the leaves may bend under their weight. The maximum

tolerated displacement at the leaf tip is limited by the interleaf distance. Thus,

the maximum overtravel that can be achieved will depend on the stiffness of

the leaves. The displacement is proportional to the fourth power of overtravel

and inversely proportional to the square of the leaf width (Shigley and Mischke,

1989). Thus, by using 1 cm leaves rather than 0.4 cm the maximum overtravel

for the leaf can be increased by a factor of about 1.6 without increasing the

interleaf distance. Based on Elekta’s beam modulator with 0.4 cm leaves and

a full travel of 21 cm at isocenter, the maximum travel in horizontal position

for 1 cm leaves is estimated to be at least 38, 34 and 32 cm, respectively,

from the highest to the lowest layer. However, because the six-bank MLC will

be non-rotating, the leaves will not move horizontally so that even an larger

travel will be feasible.

A six-bank MLC will not have the physical wedge. As a straight field edge

can be achieved in any direction with the combination of the three banks, a

virtual wedge can be created by moving this edge in defined steps from one to

the other side of the field.

The concept of a six-bank MLC was tested in this study with a series of

computer simulations. The results indicate that indeed a field shaping precision

can be achieved that is similar to or better than a mini-MLC with a leaf width

of 4 mm. Due to the combined behavior of the three leaf layers the undulation

of the field edge around the desired shape is reduced. While the penumbra

that can be realized will depend on the detailed parameters of the leaf banks,

our study shows that for a reasonable set of parameters a penumbra can be

achieved similar to that of a conventional MLC. For the six-bank collimator,

a penumbra is formed in varying degrees by all three banks. We studied the

variation of the penumbra width as function of angle and shift of the field edge

and found it to be sufficiently stable. As a consequence, collimator rotation
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would not be required, so that the construction of the accelerator head could

be simplified considerably. This MLC construction itself may be simplified

because we expect that the leaves will not require a tongue-and-groove design,

since interleaf transmission is always blocked by the leaves from at least one

other layer.

Future work involves the development of an IMRT sequencer for the six-bank

MLC and the study of the system in a variety of clinical examples. In collab-

oration with Elekta we will work towards a prototype for further testing.
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Chapter 4

IMRT sequencing for a six-bank multi-leaf system

This chapter has been published as:

R. Topolnjak, U. A. van der Heide and J. J. W. Lagendijk. 2005. IMRT se-

quencing for a six-bank multi-leaf system. Phys Med Biol. 50 2015–31.

Abstract

In this study, we present a sequencer for delivering step-and-shoot IMRT using a

six-bank multi-leaf system. Such a system was proposed earlier and combines a high-

resolution field-shaping ability with a large field size. It consists of three layers of two

opposing leaf banks with 1 cm leaves. The layers are rotated relative to each other

at 60◦. A low-resolution mode of sequencing is achieved by using one layer of leaves

as primary MLC, while the other two are used to improve back-up collimation. For

high-resolution sequencing an algorithm is presented that creates segments shaped by

all six banks. Compared to a hypothetical mini-MLC with 0.4 cm leaves, a similar

performance can be achieved, but a trade-off has to be made between accuracy and

number of segments.

45
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4.1 Introduction

Multi-leaf collimators (MLC) with small leaf widths are available allowing

high-precision field shaping. Unfortunately, they suffer from small field sizes,

thus limiting their use to specific cases. For machines that are dedicated pri-

marily to stereotactic applications mini-MLCs have been incorporated into

the head of the accelerator. An example is the Elekta beam modulator. Al-

ternatively, add-on MLCs are used that allow a temporary conversion of an

accelerator with a conventional MLC (Meeks et al., 1999; Xia et al., 1999;

Cosgrove et al., 1999; Hartmann and Föhlisch, 2002). Varian produces a MLC

with 60 leaf pairs and a field size of 40x40 cm2. In the central 20 cm of the

field the leaf width is 0.5 cm, while the outer 10 cm on both sides have a leaf

width of 1 cm. While such a design provides a high resolution in the central

part of the field, the field shaping in the outer part has a low resolution.

In a previous study, we proposed an alternative design for a multi-leaf collima-

tor that combines high-resolution field shaping with a large field size (Topoln-

jak et al., 2004a). In this way a multi-purpose collimator can be created that

can be used for both common applications and high-precision treatments. The

system consists of three layers of bank pairs, positioned at 60◦ relative to each

other. The bank pairs each have 40 single-focussed leaves with a standard 1 cm

width at isocenter. With the three layers of leaf banks a field-shaping preci-

sion can be achieved comparable to that of mini-MLCs with a leaf width of

4 mm at isocenter. At the same time the mechanical rigor of the conventional

MLC is maintained so that large fields can be realized. Because of the three-

fold symmetry of the system, collimator rotations are not required, so that a

substantial simplification of the design can be achieved.

For the six-bank MLC to function as a multi-purpose collimator, suitable for

all types of treatment, it is important that intensity-modulated radiotherapy

(IMRT) can be delivered as well. In this study we focus on step-and-shoot

IMRT. One way of delivering IMRT would be to use only one layer of two leaf

banks as a primary collimator for IMRT sequencing. The two other layers are

then used as backup collimators to reduce transmission through the primary

MLC layer. While this approach is straightforward, the resolution of IMRT

sequencing would then be limited by the leaf width of the primary leaf bank.

It has been argued that high-resolution fluence distributions can improve a

dose distribution further (Bortfeld et al., 2000; Kubo et al., 1999; Shepard
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et al., 1999). Therefore, we have developed a sequencer for the six-bank MLC

system that allows the delivery of large IMRT fluence distributions with a

resolution comparable to a mini-MLC with a leaf width of 4 mm.

4.2 Materials and Methods

4.2.1 Conventional sequencing

With the six-bank MLC IMRT fields can be delivered in a conventional as

well as a high-resolution mode of operation. In the conventional mode, the

two leaf banks in one of the layers are used as the primary MLC used to

shape the segments. The leaf banks in the other two layers are used as back-

up for reducing the transmission through the leaves of the primary MLC. We

use an iterative algorithm similar to that proposed elsewhere (Convery and

Webb, 1998). We have chosen to use fixed numbers of monitor units for the

segments. Thus a threshold is defined at half this number of monitor units.

The sequencing procedure starts with closed leaf pairs at one extreme of the

field. From the input fluence a segment is derived by pushing the trailing leaves

forward until a fluence bixel is found above the threshold. From that point on

the leading leaves are retracted until a fluence bixel is found below threshold.

The leaves are allowed to touch each other, but interdigitation is prohibited.

The fluence delivered in such a segment is calculated and subtracted from the

input fluence. If the remaining fluence is above the threshold, it is used as

input for deriving the next segment. For this study, we have not considered

tongue-and-groove effects. Nonetheless, this can be easily included if required

(Van Santvoort and Heijmen, 1996).

For a conventional collimator set-up, back-up collimators are positioned just

around the aperture made by the MLC. For the six-bank MLC in low-resolution

mode, the back-up MLC layers are positioned such that the leaves touch the

field edge formed by the primary MLC. In this way, the transmission of the

MLC outside the open field is minimized.

Figure 4.1 shows the collimation of an aperture in low-resolution mode.
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(a)

Leaf motion

(b)

Leaf motion

(c)

Leaf motion

(d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

(p)

Figure 4.1: Example of the low-resolution sequencing; the sequencing was

done using two fluence levels. (a) Input fluence, leaves positions in the

(b) first, (c) second and (d) third layer, (e) first segment. (f) Input fluence for

the second segment, leaves positions in the (g) first, (h) second and (i) third

layer, (j) second segment. (k) Input fluence for the third segment, leaves posi-

tion in the (l) first, (m) second and (n) third layer, (o) third segment. (p) All

segments added together.



4.2. Materials and Methods 49

4.2.2 High-resolution sequencing

The algorithm for sequencing the fluence for a six-bank MLC in the high-

resolution mode differs in several respects from the conventional approach.

A flow diagram of the sequencer is shown in figure 4.2, an example of the

sequencing procedure in figure 4.3 and a description of the main steps is given

below.

The three layers of leaf banks cannot be sequenced independently as this

might result in apertures in the three layers that do not overlap. Therefore, a

connection between the layers has to be established in the sequencing process.

We propose the use of masks for each layer of leaf banks to indicate which part

of the fluence matrix is included in the aperture created by the other layers.

The aperture is represented in a matrix with a value of 1 for a bixel in the

open field and 0 for a bixel blocked by one of the leaves.

Step 1.

Figure 4.3(a) illustrates an input fluence and starting point for sequencing

algorithm. The initial set-up of the leaves in a layer is found by stepping each

trailing leaf forward until it touches a fluence bixel with an value exceeding the

threshold. From that point onwards the corresponding leading leaf is retracted,

opening a gap between the trailing and leading leaf. This continues until the

point where the leaf would uncover an ensemble of bixels that are all below

the threshold. As a result of this approach, the leaves touch the area inside the

mask with a fluence value above the threshold. Consequently, many fluence

bixels may be included at the edge of the aperture with values below the

threshold (figure 4.3(b)). However, these bixels may be blocked by the leaves

in the other layers of the six-bank MLC. Unduly blocking of fluence bixels

with intensity above the threshold would lead to an unnecessary reduction of

the mask and fragmentation of the segments.

Step 2.

The product of the mask (figure 4.3(b)) from the previous layer with the

input fluence (figure 4.3(a)) constitutes the input for setting up the leaves in

the second layer. The procedure to set-up the leaves is the same as described

in step 1.
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Input Fluence

Set leaves in all 
layers to produce an 
overlapping aperture

Find voxels for which leaves in
all layers  should be adjusted

Calculate fluence 
deliverd by segment

Subtrect fluence of 
segment from Input fluence

End

Create
Segment Fluence

Subtrect adjusted voxels
from segment Fluence 

Adjusted voxel function
already called?

Are there voxels
to be adjusted?

Input fluence
<= threshold ?

Yes

Yes

No

No

No

Yes

Figure 4.2: Flow diagram of an IMRT algorithm for a six-bank MLC in the

high-resolution mode.
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(a)

Leaf motion

(b)

Leaf motion

(c)

Leaf motion

(d)

(e) (f) (g) (h)

(i) (j) (k) (l) (m)

(n) (o) (p) (q) (r)

(s) (t) (u) (v) (w)

(x)
Figure 4.3: Example of high resolution sequencing; the sequencing was done using two fluence

levels. (a) Input fluence, leaves positions in the (b) first, (c) second and (d) third layer after the first
iteration. Further, the leaves positions in the (e) first, (f) second and (g) third layer after second
iteration, (h) first segment. (i) Input fluence for the second segment, leaves positions in the (j) first,
(k) second and (l) third layer, (m) second segment. (n) Input fluence for the third segment, leaves
positions in the (o) first, (p) second and (q) third layer, (r) third segment. (s) Input fluence for the
fourth segment, leaves position in the (t) first, (u) second and (v) third layer, (w) fourth segment.
(x) All segments added together.
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As the features in the fluence grid and the leaf shape are not necessarily

aligned, an undulation in the field edge may occur due to the resampling of

the leaf shape on the fluence grid. This undulation then shows up in the mask

and thus in the input for the other layer of leaves. As a result, leaves travel-

ling at a 60◦ angle relative to the previous layer, may encounter a repeating

pattern of bixels that should and should not be covered. Such a pattern could

lead to a fragmentation of the segment into very small parts (figure 4.4). To

counter this undesirable effect, we propose to deliver these fragments in one

segment if the gap between them is sufficiently small. The leading leaf is po-

sitioned as described in step 1. However, if the next step uncover an ensemble

of bixels that are all below threshold, the routine will not stop. Instead, up

to a predefined distance further along is probed. If within this range a fluence

bixel is encountered with a value above threshold, the leading leaf is retracted

so as to include this bixel in the aperture.

(b) (c) (d)(a)

Figure 4.4: Illustrations of fragmentation due to undulating field edges in

the high-resolution mode. (a) Aperture to be delivered; (b) leaf positions in

the first layer; (c) leaf positions in the second layer without allowing any gap;

(d) leaf positions in the second layer with allowed gap.

Another effect caused by leaves travelling at a 60◦ angle relative to the fluence

grid, is that the leaves can not always block the whole bixel. We have made

the choice that the bixel can not be partially blocked. If the center of the bixel

is blocked, we consider the entire bixel to be blocked.

Figure 4.3(c) shows the position of the leaves in the second layer.
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Step 3.

The product of the mask (figure 4.3(c)) from the previous layer with the input

fluence (figure 4.3(a)) constitutes the input for setting up the leaves in the

third layer. The procedure to set-up the leaves is the same as in step 2.

The apertures derived for the three layers now may differ considerably in size.

This occurs, for example, when the first layer produces a large field, which

cannot be delivered in one segment by the second or third layer of leaves (fig-

ures 4.3(b)–(d)). In this case, the non-overlapping part of the apertures will

not be blocked by the first and the second layer of leaves, which is not optimal.

Therefore the iteration continues. For each layer an updated mask is calcu-

lated. If the mask is changed relative to the previous iteration the leaf set-up

is also adjusted. The iteration (step 1, step 2 and step 3) terminates if in two

subsequent layers no adjustment of leaf set-up occurred. This procedure en-

sures that the optimal cooperation of the three layers of leaf banks is achieved.

In the example for segment one, two iteration were needed (figures 4.3(b)–(d),

(e)–(g)) to derive the final segment (figure 4.3(h)).

Step 4.

At this stage, the rough outline of the segment is established in all three layers

and a stable aperture is achieved. A further improvement is now achieved by

weighting the benefit for an bixel involved in a step against that at another

bixel involved in the same step. Iteratively, each leaf is moved inwards by a

small step if the average value of the bixels involved in the step is below the

threshold.

Step 5.

When a segment is finally derived, the fluence delivered can be calculated and

subtracted from the input fluence. If the input fluence is below the threshold

the algorithm terminates, otherwise it will continue to make another segment.

The example in figure 4.3(a) can be sequenced in four segments (figures 4.3(h),

(m), (r) and (w)). Figures 4.3(e)–(g), 4.3(j)–(l), 4.3(o)–(q) and 4.3(t)–(v) show

the positions of the leaves in the first, second and the third layer, respectively,
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for each segment. For this example, the further optimization of the leaf posi-

tion (step 4) did not show any improvement. So, if we would had moved any

leaf inward we would have created more underdose area than we would have

covered overdose area. Finally, figure 4.3(x) shows the sum of all segments

added.

4.2.3 Parameters for evaluating IMRT sequences

The performance of the six-bank MLC for delivering intensity-modulated flu-

ences is compared to a mini-MLC (0.4 cm leaves) and a conventional MLC

(1.0 cm leaves). We evaluate the sequences based on their accuracy and effi-

ciency in terms of monitor units and leaf travel (LT).

The root-mean-square (RMS) indicates the accuracy to which the sequence

delivers the input fluence (Bär et al., 2001; Budgell, 1999). It is defined as

RMS =

√

√

√

√

1

n · m

n
∑

i=1

m
∑

j=1

(F (i, j)or − F (i, j)seq)
2 (4.1)

where n and m are the number of elements in the row and in the column of

the fluence profile respectively; For is the original and Fseq is the sequenced

fluence.

As described above, sequencing was done using a fixed number of ten fluence

levels, evenly distributed between 0 and the maximum fluence in the matrix.

As a benchmark for a particular fluence matrix it was stratified to the same

number of equidistant levels, and the RMS error between this stratified matrix

and the input was calculated. In this way, the effect of stratification on the se-

quenced fluence can be distinguished from the effect of the various sequencing

approaches for the six-bank and conventional MLCs.

The efficiency factor (EF) is defined as the ratio between the maximum of the

input fluence matrix (max(For)) and the total number of monitor units for a

MLC (TNMUMLC) to deliver all segments (Galvin et al., 1993a; Convery and

Webb, 1998).

EF =
max(For)

TNMUMLC
(4.2)
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The EF is the reciprocal of the modulation scale factor (MSF) (Xia and Verhey,

1998; Dai and Hu, 1999).

For step-and-shoot IMRT the time required for delivery depends on three

parameters that can be derived from a sequence (Siochi, 1999b). The total

number of monitor units bears on the time needed for actual irradiation and

is reflected in the EF. The number of segments relates to the number of times

the beam has to halt. The maximum leaf travel relates to the time required

to set up the segments. The maximum leaf travel per segment transition is

calculated by finding the maximum distance any leaf has to travel in the

transition between two segments. The total maximum leaf travel is the sum

of these values for all transitions.

For conventional MLCs, back-up collimators are used frequently to attenuate

the transmission outside the aperture formed by the leaves of the MLC. As

these collimators produce only a box around the aperture, some part of this

region will be blocked by leaves only (one layer). For the six-bank MLC, field-

shaping occurs by all three layers of leaves. As a result, a smaller area is

expected to be blocked by leaves of only a single layer. In order to quantify

the back-up collimation, we calculate for each segment the area blocked by

a single leaf and the area of the bounding box around the input fluence. For

each sequence, the average area of the box and the average area covered by

one layer of leaves are calculated.

4.2.4 Fluence matrices

In this study, we compare the sequencing for three types of collimators of high-

resolution fluence matrices: (1) a conventional MLC with 40 leaf pairs of 1 cm

width, (2) a conventional mini-MLC with 100 leaf pairs of 0.4 cm width and

(3) the six-bank MLC with 1 cm leaf width. Fluence matrices obtained from

inverse treatment planning programs typically are adapted to the properties

of the MLC: the width of a fluence bixel is equal to the leaf width. The length

of a bixel is equal to the minimal step size allowed and is chosen 2 mm. For

comparing the different MLC designs such an adapted fluence matrix is not

practical. Therefore, we use matrices with a resolution of 2x2 mm2 as input

for the sequencers for all three types.

For the conventional MLCs with 0.4 and 1 cm leaf width we use the iterative
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sequencing algorithm described above (section 4.2.1). However, because the

input fluence matrix has bixels smaller than the leaf width, even a 2 mm step

of a single leaf will cover multiple fluence bixels. For this reason the high-

resolution fluence matrices are resampled to 2 × 4 and 2 × 10 mm2, so that

the average value of the involved bixels is considered.

For a conventional MLC the size of the area which a leaf can cover in one

step is A · B, where A is the leaf width, and B is the size of a leaf step. For a

six-bank MLC the size of such area is B2 ·
√

3/4.

We tested the capacity of the MLCs to deliver intensity modulated fluences

with four geometrical examples. Fluence matrices were generated with a

2 × 2 mm2 resolution and a size of 12 × 12 cm2 (figures 4.5(a), 4.6(a), 4.7(a)

and 4.8(a)). The maximum value was set to 100. In addition, five clinical ex-

amples were obtained for prostate (Pros) and five for head-neck (HN). IMRT

plans for the clinical examples were generated in PLATO (Nucletron, Veenen-

daal, The Netherlands). A hypothetical MLC with 200 leaf pairs of 2 mm width

was introduced, so that a fluence map could be generated with a 2 × 2 mm2

resolution. The fluence matrices belonging to the prostate examples had a size

of 12 × 12 cm2. The fluence matrices for the head-neck cases were 16 × 16 cm2.

During the optimization, median filtering of the fluence was applied in order

to smooth the fluence. The theoretical fluence was exported and normalized

to a peak value of 100. These fluence matrices were used as input for the se-

quencing in this study. Figure 4.9(a) illustrates a prostate (Pros 1) example

and figure 4.10(a) illustrates an example of head-neck (HN 1).

4.3 Results

4.3.1 Conventional sequencing

The geometrical fluence matrices described in section 4.2.4 were sequenced to

ten intensity levels, equally spaced between zero and the maximum value of

100. For sequencing of the fluence for the conventional MLC and the six-bank

MLC in conventional mode, the fluence matrices were resampled to bixels of

2 × 10 mm2. The segments of the conventional MLC and the six-bank MLC

were not completely identical. Because of different leaf thickness, a different

fraction of fluence is transmitted outside the aperture. As a result, bixels that
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(a) (b) (c) (d)

(e) (f) (g)

Figure 4.5: Example A (z = −a1(x
2+y2)+a2), size 12 × 12 cm2: (a) original

fluence. Fluence sequenced with (b) 1 cm MLC, (c) mini-MLC and (d) six-

bank (HR). Absolute difference between the original and sequenced fluence

for (e) 1 cm MLC, (f) mini-MLC and (g) six-bank MLC (HR).

are initially just above the threshold for inclusion in a segment may end up just

below it. This causes small variations in segments between the conventional

MLC and the six-bank MLC in low-resolution mode. The effect is the biggest

in the Pros 1 example with a difference of 2% in RMS error. The degree of

back-up attenuation differs for the two collimator systems. The average area

covered by one leaf is consistently smaller for the six-bank MLC than for

the conventional MLC (table 4.1), however, at the cost of an increase in leaf

travel. For the prostate (Pros 1) and head-neck (HN 1) fluence maps the same

comparison was made and indeed the area covered by only a single leaf is

negligible for the six-bank MLC, while it constitutes up to half the area of the

bounding box for a conventional MLC.

4.3.2 High-resolution sequencing

The high-resolution sequencing of the six-bank MLC was compared to the

results of the mini-MLC as well as the conventional MLC. As in the low-
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(a) (b) (c) (d)

(e) (f) (g)

Figure 4.6: Example B (z = b1cos[b2(x
2 + y2)]/exp[b3(x

2 + y2)] + b4), size

12 × 12 cm2: (a) original fluence. Fluence sequenced with (b) 1 cm MLC,

(c) mini-MLC and (d) six-bank (HR). Absolute difference between the origi-

nal and sequenced fluence for (e) 1 cm MLC, (f) mini-MLC and (g) six-bank

MLC (HR).

resolution mode, the six-bank MLC has a highly efficient back-up collimation

(table 4.2). Figures 4.5(b)–(d), 4.6(b)–(d), 4.7(b)–(d), 4.8(b)–(d) show the

results for geometrical examples. For geometrical examples A and D we find

that the number of segments for the six-bank MLC is identical to that of the

mini-MLC (table 4.3). For example B–the sinc function–a substantially larger

number of segments is found. However, many of these are smaller than 1 cm2.

Removal of these segments reduces the number so that it is similar to the mini-

and conventional MLCs, while the impact on RMS error is small. Nevertheless,

the resulting fluence is not as good as for the mini-MLC because the concave

field shapes with a small radius cannot be formed as accurately by the 1 cm

leaves as by the 0.4 cm leaves of the mini-MLC.

The average area blocked with only one layer of leaves as shown in tables 4.1

and 4.2 increases when the six-bank MLC is used in high-resolution as com-

pared to low-resolution mode (examples A and D). This is a consequence of
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(a) (b) (c) (d)

(e) (f) (g)

Figure 4.7: Example C (z = c1sin
2(c2|x|)sin2(c2|y|)), size 12 × 12 cm2:

(a) original fluence. Fluence sequenced with (b) 1 cm MLC, (c) mini-MLC and

(d) six-bank (HR). Absolute difference between the original and sequenced

fluence for (e) 1 cm MLC, (f) mini-MLC and (g) six-bank (HR).

the discretization of the fluence matrices and our choice to consider a bixel as

blocked entirely, if its center is blocked by a leaf. In low-resolution mode the

fluence bixels are 2 × 10 mm2 as compared to 2 × 2 mm2 in high-resolution

mode. A leaf that partially blocks the low-resolution bixel is considered to

block it in full, while in high-resolution mode part of the same area is recog-

nized as not blocked.

For geometrical example C the six-bank MLC requires twice as many segments

as the mini-MLC. This is caused by the fact that the mini-MLC can deliver

the two parallel peaks in one sweep. The dark line in between is covered by the

leaves only. For the six-bank MLC the first step in the sequencing algorithm

derives apertures for the three layers of leaf banks with similar size, so that

areas outside the apertures are optimally covered by all the layers. As a result

the two parallel peaks will be delivered separately.

For the geometrical examples, the RMS error of the six-bank MLC was com-
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(a) (b) (c) (d)

(e) (f) (g)

Figure 4.8: Example D (z = d1sin
2(d2|x|)cos2(d3|y|), d2 = d3/2.5), size

12 × 12 cm2: (a) original fluence. Fluence sequenced with (b) 1 cm MLC,

(c) mini-MLC and (d) six-bank (HR). Absolute difference between the origi-

nal and sequenced fluence for (e) 1 cm MLC, (f) mini-MLC and (g) six-bank

MLC (HR).

parable to that of the mini-MLC and better than the conventional MLC. In

particular for examples A and D the RMS error after high-resolution sequenc-

ing is only slightly higher than the RMS error calculated from the stratified

fluence maps. This shows that the RMS error is mainly caused by the strati-

fication and not by the further sequencing.

For the ten clinical examples, we found that the number of segments for the six-

bank MLC is considerably higher than for the mini-MLC. Again, this is mainly

caused by a large number of very small segments in the sequence. Removal

of segments and isolated areas smaller than 1 cm2 results in a number of

segments quite comparable to that of the mini-MLC except for the HN 1 and

HN 4 examples. In table 4.4 the results are listed for both the full sequence

and the sequence with fields and isolated areas smaller than 1 cm2 removed

(in parentheses).

For the prostate fluence maps we find that the average RMS errors for the con-
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Table 4.1: Back-up collimation and leaf travel for conventional MLC with

1 cm leaf width and the six-bank MLC in conventional mode (low resolution

(LR)). Data presented are the number of segments, the average size of rect-

angular shape around aperture (box), the average size of the area blocked by

only one layer of leaves (one layer), and leaf travel (LT).

Number of Box One layer LT

Example MLC segments (cm2) (cm2) (m)

A 1 cm 10 107.4 13.0 0.13

Six-bank (LR) 10 107.4 0 0.16

B 1 cm 18 35.7 11.0 0.39

Six-bank (LR) 17 35.8 6.4 0.49

C 1 cm 18 30.4 10.4 0.19

Six-bank (LR) 18 30.6 1.2 0.65

D 1 cm 14 26.6 4.2 0.23

Six-bank (LR) 14 26.6 0 0.30

Pros 1 1 cm 17 32.4 9.7 0.38

Six-bank (LR) 18 30.7 0.7 0.73

HN 1 1 cm 30 36.9 19.2 0.83

Six-bank (LR) 30 36.6 0.4 1.83

ventional, mini- and the six-bank MLC are 14.6 ± 2.2, 8.9 ± 1.6, 7.6 ± 1.1 re-

spectively. If we remove all segments and isolated areas smaller than 1 cm2 the

numbers are 14.7 ± 2.2, 9.5 ± 1.7, 9.3 ± 1.0. All RMS errors are substantially

larger than the RMS error from the stratified fluence maps. Figures 4.9(e)–(g)

show Pros 1 example where the differences are mainly located at the bound-

aries of the fluence. For the conventional and mini-MLCs the differences are

especially large at the top and bottom end of the fluence maps (figures 4.9(b),

(c)), because of the discretization of the leaf width.

The six-bank MLC for the head-neck examples can achieve a similar average

RMS error as the mini-MLC (6.2 ± 0.4 mini and 6.2 ± 0.8 the six-bank MLC),

but only at the cost of an unrealistically large number of small segments.

The head–neck fluence maps are 16 × 16 cm2 and are substantially larger

than prostate maps. Here the same effect, where the differences are mainly
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Table 4.2: Back-up collimation and leaf travel for mini-MLC with 0.4 cm leaf

width and the six-bank MLC in high-resolution mode (HR). Data presented

are the number of segments, the average size of rectangular shape around

aperture (box), the average size of the area blocked by only one layer of

leaves (one layer), and leaf travel (LT). The results listed in parentheses do

not include fields and isolated areas smaller than 1 cm2.

Number of Box One layer LT

Example MLC segments (cm2) (cm2) (m)

A mini 10 106.4 11.9 0.16

Six-bank (HR) 10 107.7 2.0 0.16

B mini 20 (18) 34.4 (38.1) 12.3 (13.6) 0.46 (0.43)

Six-bank (HR) 32 (21) 20.4 (34.8) 0.6 (1.0) 1.14 (0.75)

C mini 20 (18) 28.4 (31.0) 10.7 (11.3) 0.31 (0.30)

Six-bank (HR) 42 (36) 10.6 (12.3) 0.8 (0.9) 0.6 (0.58)

D mini 14 26.5 4.1 0.25

Six-bank (HR) 14 26.9 1.2 0.30

Pros 1 mini 17 (11) 29.7 (41.0) 9.4 (11.6) 0.33 (0.28)

Six-bank (HR) 45 (14) 9.1 (32.4) 0.4 (1.3) 0.80 (0.46)

HN 1 mini 32 (22) 38.9 (51.5) 22.3 (27.7) 0.99 (0.85)

Six-bank (HR) 110 (35) 8.1 (27.8) 0.5 (1.5) 2.49 (1.59)

located at the edges shows up (figures 4.10(e)–(g)), but the discretization of

the leaf width has less of an impact on the overall RMS error. Removal of

segments and isolated areas smaller than smaller than 1 cm2 results in a rea-

sonable number of segments, but an increase in average RMS error (6.9 ± 0.6

mini-MLC and 8.6 ± 0.7 the six-bank MLC). In all cases, the high-resolution

sequences produce a smaller average RMS error than the conventional MLC

(10.1 ± 1.3 all segments and 10.4 ± 1.5 without segments and isolated areas

smaller than 1 cm2).
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Table 4.3: RMS error and efficiency for conventional MLC, mini-MLC and

the six-bank MLC in high-resolution mode (HR), for geometrical examples.

Data presented are the number of segments, efficiency factor(EF), RMS error

of stratification and RMS error of sequencing. The results listed in parenthe-

ses do not include fields and isolated areas smaller than 1 cm2.

Number of RMS RMS

Example MLC segments EF (strat) (seq)

A 1 cm 10 1 2.87 3.98

mini 10 1 2.87 3.03

Six-bank (HR) 10 1 2.87 2.90

B 1 cm 18 0.55 2.10 5.71

mini 20 (18) 0.50 (0.56) 2.10 2.93 (3.08)

Six-bank (HR) 32 (21) 0.28 (0.48) 2.10 3.18 (3.55)

C 1 cm 18 0.56 2.80 8.09

mini 20 (18) 0.50 (0.56) 2.80 4.06 (4.15)

Six-bank (HR) 42 (36) 0.24 (0.28) 2.80 3.36 (3.54)

D 1 cm 14 0.71 2.84 3.94

mini 14 0.71 2.84 3.06

Six-bank (HR) 14 0.71 2.84 2.98

4.4 Discussion

For the six-bank MLC to function as a multi-purpose collimator, suitable for

all types of treatment, it is important that IMRT can be delivered as well.

IMRT fields can be delivered in a low-resolution (conventional), as well as in

a high-resolution mode. Our goal was to present the feasibility of the six-bank

MLC to deliver IMRT.

The low-resolution mode is a straightforward approach, that may be useful

when relatively simple IMRT techniques are used that do no require a high-

resolution. In that mode the conventional MLC and the six-bank MLC produce

almost the same segments and have similar RMS errors. The back-up collima-

tion for the six-bank MLC is significantly better than for a conventional MLC,

at the cost an of increase in total leaf travel.

The high-resolution mode is more complex than the low-resolution mode as

field-shaping occurs by all three layers of leaves. The three layers of leaf banks
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Table 4.4: RMS error and efficiency for conventional MLC, mini-MLC and the six-

bank MLC in high-resolution mode (HR), for clinical examples. Data presented: the

number of segments, efficiency factor (EF), RMS error of stratification and RMS

error of sequencing. The results listed between the brackets do not include fields and

isolated areas smaller than 1 cm2.

number of RMS RMS
Example MLC segments EF (strat) (seq)
Pros 1 1 cm 17 (14) 0.59 (0.71) 2.96 18.40 (18.44)

mini 17 (11) 0.53 (0.77) 2.96 11.16 (11.44)
6bank (HR) 45 (14) 0.17 (0.63) 2.96 8.12 (10.11)

Pros 2 1 cm 13 (10) 0.77 (1.0) 3.29 13.05 (13.07)
mini 14 (8) 0.63 (1.11) 3.29 6.74 (7.62)
6bank (HR) 39 (10) 0.24 (1.0) 3.29 7.88 (9.76)

Pros 3 1 cm 16 (11) 0.63 (0.91) 2.70 13.73 (13.85)
mini 16 (11) 0.59 (0.83) 2.70 7.33 (7.70)
6bank (HR) 47 (14) 0.18 (0.67) 2.70 6.27 (7.90)

Pros 4 1 cm 14 (10) 0.71 (1.0) 3.09 14.75 (14.91)
mini 17 (10) 0.56 (0.91) 3.09 9.66 (10.10)
6bank (HR) 38 (13) 0.24 (0.71) 3.09 8.88 (10.01)

Pros 5 1 cm 16 (12) 0.63 (0.83) 2.80 13.22 (13.37)
mini 19 (13) 0.50 (0.71) 2.80 9.71 (10.06)
6bank (HR) 40 (12) 0.20 (0.77) 2.80 6.70 (8.65)

HN 1 1 cm 30 (23) 0.33 (0.43) 2.84 10.92 (11.18)
mini 32 (22) 0.31 (0.45) 2.84 5.99 (6.64)
6bank (HR) 110 (35) 0.08 (0.28) 2.84 6.35 (8.30)

HN 2 1 cm 25 (16) 0.40 (0.63) 2.83 8.20 (8.41)
mini 25 (15) 0.40 (0.71) 2.83 5.67 (6.17)
6bank (HR) 85 (19) 0.10 (0.45) 2.83 4.87 (7.76)

HN 3 1 cm 23 (18) 0.43 (0.56) 2.86 9.77 (9.98)
mini 26 (21) 0.37 (0.48) 2.86 6.42 (7.10)
6bank (HR) 111 (25) 0.08 (0.40) 2.86 6.63 (8.65)

HN 4 1 cm 36 (21) 0.27 (0.48) 2.93 11.65 (12.37)
mini 39 (24) 0.26 (0.42) 2.93 6.72 (7.77)
6bank (HR) 148 (44) 0.06 (0.23) 2.93 7.00 (9.60)

HN 5 1 cm 23 (15) 0.42 (0.67) 2.91 10.04 (10.19)
mini 25 (14) 0.33 (0.71) 2.91 6.0 (6.81)
6bank (HR) 89 (18) 0.09 (0.56) 2.91 6.05 (8.70)
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(a) (b) (c) (d)

(e) (f) (g)

Figure 4.9: Example of prostate (Pros 1), size 12 × 12 cm2: (a) original

fluence. Fluence sequenced with (b) 1 cm MLC, (c) mini-MLC and (d) six-

bank (HR). Absolute difference between the original and sequenced fluence

for (e) 1 cm MLC, (f) ini-MLC and (g) six-bank MLC (HR).

cannot be sequenced independently as this might result in apertures in the

three layers that do not overlap. A connection between the layers is established

by use of masks for each layer of leaf banks to indicate which part of the fluence

matrix is included in the aperture created by the other layers.

Overall, the performance of the six-bank MLC is comparable to that of the

mini-MLC in terms of RMS error, but in particular for the head-neck examples

substantially more segments are required to achieve this.

Otto and Clark (2002) investigated the enhancement of IMRT delivery through

MLC rotation. Their results also show an improvement in spatial resolution.

However, they present a strong correlation between the number of segments

and the mean difference between realized and intended fluence. Indeed a

twofold reduction in mean difference between input and result fluence comes

at the cost of a doubling of the number of segments. In this study, we have

chosen not to allow this collimator rotation in the conventional MLCs. Con-
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(a) (b) (c) (d)

(e) (f) (g)

Figure 4.10: Example of head-neck (HN 1), size 16 × 16 cm2: (a) Original

fluence. Fluence sequenced with (b) 1 cm MLC, (c) mini-MLC and (d) six-

bank (HR). Absolute difference between the original and sequenced fluence

for (e) 1 cm MLC, (f) mini-MLC and (g) six-bank MLC (HR).

sidering the results by Otto and Clark (2002), it is reasonable to assume that

for 1 cm MLC an improvement in RMS would be possible, but at the cost of

increasing the number of segments. For the six-bank MLC this relation is not

as clear. In particular for the simpler examples (geometrical examples A,B and

D, and the prostate) the improvement in RMS error can be achieved without

increasing the number of segments larger than 1 cm2 substantially.

The large number of segments is the result of a choice that we made in the

sequencer algorithm: in order to achieve optimal blocking of areas outside the

aperture and the highest resolution field shaping, we repeated the segment set-

up for each layer of leaf banks until their mask was stable (section 4.2.2). The

consequence of this requirement is that concave shapes and segments consisting

of two or more isolated areas can not be delivered. In these situations, multiple

segments are required to deliver the fluence.

The choice to achieve optimal blocking by all three layers of leave banks bears
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also on the design of the six-bank collimator itself. If one assumes that all three

layers are required to block the beam outside the aperture, the thickness of

an individual leaf may be reduced. On the other hand, if the leaves are made

thicker, sufficient attenuation may be achieved with only one or two layers

of leaves. In that case, a reduction of segments may be realized by allowing

concave shapes and fragmented segments in the sequencing algorithm.

The high-resolution sequencer for the six-bank MLC is made for step and shoot

delivery of IMRT. Dynamic IMRT delivery with the six-bank MLC may well

be possible, but further work should be done to develop a suitable method.

We expect the leaf travel to be significant, in particular if the requirement to

use all three layers of leaves for blocking is maintained. Because the leaf banks

are at sharp angles relative to each other, extremely fast leaf travel may be

required in some layers.

4.5 Conclusion

In this study, we have presented two methods for delivering intensity modu-

lated radiotherapy with a six-bank MLC system. Using either the low- or the

high-resolution mode of sequencing reasonable sequences are obtained, with

respect to numbers of segments, monitor unit efficiency and leaf travel.

In low-resolution mode similar segments can be delivered as with a conven-

tional two-bank MLC with a leaf width of 1 cm.

The performance of the six-bank MLC in high-resolution mode is comparable

to that of a mini-MLC with a leaf width of 0.4 cm, but a trade-off has to be

made between accuracy and number of segments.

This combination of properties would make a linear accelerator equipped with

a six-bank MLC suitable as a general purpose machine.
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MLC Leaf Design

This chapter has been submitted as:

R. Topolnjak and U. A. van der Heide. MLC Leaf Design.

Abstract

In this study, we present an analytical approach for optimizing the leaf design of

a multi-leaf collimator (MLC) in a linear accelerator. To this end a model of the

linac is created that includes the following parameters: the source size, the maximum

field size, the distance between source and isocenter and the leaf’s design parameters.

First, the optimal radius of the leaf tip was found. This optimum was defined by the

requirement that the fluence intensity should fall from 80% of the maximum value

to 20% in a minimal distance, defining the width of the fluence penumbra. A second

requirement was that this penumbra width should be constant when a leaf moves from

one side of the field to the other. The geometric, transmission and total penumbra

width (80-20%) were calculated depending on the design parameters.

The model is used to characterize and quantify the effect of changing the leaf’s de-

sign parameters on the fluence penumbra. It is in agreement with Elekta, Varian and

Siemens collimator designs. The model was also used to find the optimal design pa-

rameters for a six-bank multi-leaf system. Such a system was proposed earlier and

combines a high-resolution field-shaping ability with a large field size.

69
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5.1 Introduction

In external radiation treatment accelerators equipped with multileaf collima-

tors (MLCs) are widely used to irradiate tumor and spare healthy tissue.

Elekta, Varian and Siemens are the most popular accelerators equipped with

MLCs. Jordan and Williams (1994), Galvin et al. (1993b) and Das et al. (1998)

described their designs and dosimetric characteristics. To irradiate tumor and

to spare healthy tissue as much as possible, it is important to have a steep

dose gradient. Here, the leaf design is critical because of its impact on the

penumbra (Galvin et al., 1992; Yu, 1998). For optimizing the leaf design in

practice, a balance must be found between the transmission of the leaves, their

range of travel, the position in the collimator as well as their total volume as

it relates to cost.

The easiest way to reduce the leaf’s geometric penumbra and to improve the

performance is by placing the collimator closer to the isocenter. However,

the consequence will be a bigger leaf volume (and thus increasing cost) and

possibly a reduction of leaf (over)travel. An other approach is to reduce the

leaf’s transmission penumbra by increasing the leaf thickness. But, in this case

the leaf volume and the required space for collimator inside the accelerator

head will increase.

In this paper we address the problem of deriving optimal leaf design and tip

curvature. We were motivated by the following three major issues. Firstly, the

leaf designs vary between vendors related to differences in the the geometric

design of the linacs. This raises the question as to what is the influence of such

different linac geometries on the optimal MLC? We therefore have character-

ized the effect of different compromises in linac design. Secondly, we want to

find an optimal leaf design for our six-bank MLC (Topolnjak et al., 2004a,

2005). Finally, we want to characterize and quantify the effect of different

compromises which have to be made between performance parameters.

One approach of finding the optimal set of parameters is by deriving analyt-

ical expressions for the penumbra. Alternatively, a numerical trial and error

approach can be used, such as ray tracing. The disadvantage of an analytical

approach is that generally approximations of the system have to be made. On

the other hand, the benefit is a better understanding and the opportunity of

finding the theoretical limitations of the system under consideration.
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In this investigation we present a simple analytical model by which a linac can

be described. The model incorporates the parameters for the source size, the

maximum field size, the distance between source and isocenter and the leaf’s

design parameters. With this model we characterize and quantify the effect

of changing the leaf’s design parameters on the fluence penumbra. Also, the

results of the model are compared to the collimator designs of the commercially

available MLCs of Elekta, Varian and Siemens. Finally, the model is used to

find the optimal design parameters for a six-bank MLC (Topolnjak et al.,

2004a), which is an alternative design of a multi-leaf collimator that combines

high-resolution field shaping with a large field size.

5.2 Materials and methods

In this investigation a simple analytical model by which a linac can be de-

scribed will be made. The design parameters included in the model are: leaf

thickness (lt), maximal field size (FS), source-MLC leaf distance (c), source-

isocenter distance (F ), coefficient of attenuation (µ), the source size (s), radius

of the leaf tip (R) and leaf position (lp) projected at the isocenter. The output

of the model will be the penumbra width (80-20%) (Khan, 1994; Sun and Zhu,

1995).

The leaf width is not included in the model as a parameter, because it does not

influence penumbra width directly. But, the leaf width is important because it

influences the maximum field size over which the penumbra should be constant.

At maximum overtravel and a ’horizontal’ position the leaves may bend under

their weight. The displacement is proportional to the fourth power of overtravel

and inversely proportional to the square of the leaf width (Shigley and Mischke,

1989). Thus, by using 0.4 cm leaves rather than 1 cm the maximum overtravel

for the leaf would be decreased by a factor 0.63 without increasing the inter-

leaf distance. It is important to find the optimal balance between field size and

leaf width. Furthermore, our findings are applicable to any leaf width, because

of a clear relation between leaf width and field size.

In intensity-modulated radiotherapy (IMRT) the maximum overtravel of the

leaves (defined as the maximum distance the leaf can travel across the midline)

has become an important issue. To be able to modulate an intensity of a beam
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at the edges of the field, sometimes it is necessary to use leaves from the

opposite bank. In this investigation the maximum field size (FS) will be a

variable, or it will be set to generally accepted size of 40 x 40 cm2. We will

assume that leaves have full overtravel capability.

The coefficient of attenuation µ = 77.2 m−1 was used, which corresponds to

the attenuation of 4 MeV photons in tungsten. At this energy the attenuation

exhibits a minimum (Bureau of Radiological Health, 1970).

Several physical effects contribute to the dose penumbra: scatter (Ps), ge-

ometry (Pg) and transmission (Pt) (Khan, 1994; Sun and Zhu, 1995). The

scatter is primarily produced in the phantom/patient and does not depend on

the specific leaf design. Furthermore, geometry and transmission of the leaves

contribute to penumbra. If leaves are further away from a source, the geom-

etry penumbra at the fluence plane will be smaller. Additionally, a thicker

leaf will attenuate a ray more quickly and thus result in a smaller transmis-

sion penumbra. In our model we deal with the geometric and transmission

penumbra separately.

In deriving the formula for geometric penumbra the Gaussian distribution

of the source has been approximated with the flat one and size of 2 mm.

Furthermore, the source was assumed to be a point in formulas for transmission

penumbra and for deriving the optimal radius of the leaf tip.

5.2.1 Radius of the leaf tip.

From a clinical point of view it is important that the leaves produce a constant

penumbra while moving move from one side of the field to the other. For single

focus leaves this can be achieved by using a round leaf tip.

The optimal radius of the leaf tip was defined by the requirement that the flu-

ence intensity should fall from 80% of the maximum value to 20% in a minimal

distance, defining the width of the fluence penumbra. A second requirement

was that this penumbra width should be constant when a leaf moves from one

side of the field to the other.

The first step is to find a radius of the leaf tip for a given setup of parameters.

In our model the parameters influencing the radius of the leaf tip are: lt, FS,

F and µ. For a given setup of parameters we can start increasing the radius
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of a leaf tip from the smallest possible value (2 · Rmin = lt). Then, penumbra

width 80-20% (P(80−20%)) will decrease in the whole region. After we achieve

the optimal radius of a leaf tip, penumbra width will continue to decrease in

the central part, but it will start to increase on the border of the field. This is

caused by increasing transmission at the edges. In other words, bigger radius

is better, but we have to be careful not to exceed maximum allowed radius

of the leaf tip on the edge of fields. That means, that irradiation ray should

always be able to have path going through the tip of a length which drops

irradiation to 20% of the initial value (right leaf on figure 5.1).

0 FS/2−FS/2

lp

PP (lp)g (lp)
t80P t20(lp)

R80d

µ

lt

c F

s

R

d20

Figure 5.1: Schematic drawing of a leaf placed at the left and the right edge

of a field. On the left-hand side is a leaf which presents the effect of geometric

penumbra. On the right-hand side another leaf and its transmission penumbra

are shown.
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The optimal radius of a leaf tip which minimizes transmission penumbra if

leaf is moved from the non-overtravel to the overtravel side is given by

R =
1

2
·

v

u

u

t ln(0.2)2

µ2
+

4 · ln(0.2)2 · F 2

µ2
· FS2

+
4 · ln(0.2) · F 2

·

q

4·F2+FS2

F2 · lt

µ · FS2
+ lt2 +

4 · F 2
· lt2

FS2

(5.1)

Appendix 5.A gives a description of derivation of equation (5.1). For design

parameters: F = 1 m, FS = 0.4 m and µ(4MeV ) = 77.2 m−1 (Bureau of

Radiological Health, 1970) equation (5.1) becomes

R =
√

28.3 − 26.6 · lt + 6.5 · lt2 (5.2)

5.2.2 Geometric penumbra.

Now that the optimal radius of a leaf tip is found, the geometric penumbra of

the leaves can be calculated. The geometric penumbra is actually a projection

of the source onto the isocenter plane and linearly depends on the source size.

The ratio of the distances between source and MLC leaf and between source

and isocenter plane also determine the geometric penumbra. If a leaf bank is

further from the source, the geometric penumbra at the isocenter plane will

be smaller.

On the left side of figure 5.1 a leaf from the right bank placed at the left edge

of the field can be seen. When leaf is moving from one to other side of the field

it will create a geometric penumbra with different parts of the tip. Further-

more, the distance between source and leaf tip is shorter when leaf is on the

right-hand side. As a consequence, geometric penumbra width will be smaller

when leaf is on the right-hand side. Now, we can find an analytical expression

for geometric penumbra width (80-20%) depending on the leaf position. The

design parameters in our model are: R, F , s and c.

Pg(80−20%)(lp) =
0.6 · s ·

(

F − c − R · sin
(

arctan
(

lp
F

)))

c + R · sin
(

arctan
(

lp
F

)) (5.3)

Appendix 5.B gives details about equation (5.3).
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5.2.3 Transmission penumbra.

On the right-hand side figure 5.1 shows a schematic view of a leaf from the

right bank placed at the right edge of a field. If a leaf position in the field

is known, it is possible to define two ray lines through which irradiation will

drop to 80% and 20% from the initial irradiation. The distance in the fluence

plane between points Pt20(lp) and Pt80(lp) is the transmission penumbra width

(80-20%).

In our model the parameters influencing transmission penumbra are distances

source-MLC leaf, source-isocenter, radius of a leaf tip and coefficient of atten-

uation. The position of the point Pt20(lp) is given by equation

Pt20(lp) = F · tan
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The position of point Pt80(lp) can been found with the same equation by

applying a drop in dose to 80% instead of 20%. Appendix 5.C gives detailed

description of equation (5.4).

5.3 Results

5.3.1 Radius of the leaf tip

To find the optimal radius of the leaf tip it is important to know how much

leaves can travel from one side of the field to other. The leaves should produce

a constant penumbra in the whole region as much as possible. Elekta (Jordan

and Williams, 1994) and Varian (Galvin et al., 1993b) do not produce MLCs

with full overtravel leaves, but in this investigation the radius of the leaf tip

was calculated assuming that leaves can fully overtravel. Furthermore, the

optimal radius of the leaf tip depends on the leaf thickness and maximal field

size of 40 x 40 cm2. Table 5.1 lists real and calculated (chapter 5.2.1) values

for the radius of the leaf tip for Elekta and Varian MLCs, based on the leaf

thickness of 7.5 cm for Elekta and 5.5 cm for Varian.
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Table 5.1: Real and calculated tip curvatures for Elekta and Varian MLCs.

tip curvature Elekta (cm) Varian (cm)

real 15 8
our calculation 14.0 8.9

5.3.2 Penumbra width (80-20%) for Elekta, Varian and Siemens

MLCs

Elekta (Jordan and Williams, 1994) and Varian (Galvin et al., 1993b) produce

MLCs with round tip and single focus leaves. On the other hand, Siemens

(Das et al., 1998) has MLCs with straight tip and double focus leaves. The

transmission through the leaf tip has contribution to the total penumbra for

the Elekta and Varian MLC’s but not for the Siemens MLC. However, the total

penumbra for the Siemens MLC is bigger than for Varian (Huq et al., 2002).

This is due to the fact that the leaves are closer to the source. As a result the

geometric penumbra is dominant, an effect that can not be compensated by

the absence of transmission penumbra.

Figure 5.2 shows total penumbra width (80-20%) depending on the leaf po-

sition for Elekta (dashed), Varian (doted) and Siemens (solid) MLCs. The

shape of the curves is consistent with experimental data presented by Huq

et al. (2002). However, our values are lower because the scatter penumbra

is not included in our equations for the fluence penumbra. In our analytical

model the source has been approximated by a flat one with a size of 2 mm.

Furthermore, we used µ(2MeV ) = 84.341 m−1 for mono-energetic photons,

which is the maximum energy peak for 6 MV photons used in work of Huq

et al. (2002).

5.3.3 Penumbra width (80-20%) for a general MLC

Figure 5.3(a) shows the effect of changing the distance source-MLC leaf, and

the leaf thickness on the geometric penumbra (80-20%). The leaf thickness

varies from 3 to 10 cm and the distance source-MLC leaf from 20 to 60 cm. Fig-

ure 5.3(b) shows the same effect but for the transmission penumbra (80-20%).

The data is calculated with the leaves placed in the center of the field. From

figure 5.3(a) we can see that leaves closer to the source produce a larger geo-

metric penumbra width (80-20%) for all leaf thicknesses. Furthermore, the leaf
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Figure 5.2: The total penumbra width (80-20%) depending on the leaf po-

sition (lp) for Elekta (dashed), Varian (doted) and Siemens (solid) MLCs.

(a) (b)

Figure 5.3: The effect of changing the distance between source and MLC leaf

(c), and leaf thickness (lt) on: (a) geometric and (b) transmission penumbra

width (80-20%). The white curve shows what would be the effect of changing

the c for Elekta and black curve shows for Varian linac design. Note, white

dot presents real Elekta design and black one presents Varian design.
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thickness does not have an effect on the geometric penumbra width (80-20%).

On the other hand, the transmission penumbra mainly depends on the leaf

thickness and less on the distance source-leaves (figure 5.3(b)). Additionally,

figure 5.3 shows the effect in our model of changing the distance source-MLC

leaf on the geometric and transmission penumbras for the Elekta (white curve)

and Varian (black curve) linacs. The white dot represents the Elekta design

and the black one the Varian design. Changing the distance source-MLC leaf

for Elekta and Varian MLCs would require a new design of the leaves, because

the physical leaf width should be changed.

Figure 5.4 shows the total penumbra width (80-20%) which is the square root

of the sum of the squared geometric and transmission penumbras. For leaves

thicker than 4 cm the geometric penumbra plays the most dominant role. The

most important parameter is the distance source-leaves. Moreover, the total

Figure 5.4: The effect of changing the distance between source and MLC

leaf (c), and leaf thickness (lt) on penumbra width (80-20%). The white curve

shows what would be the effect of changing the c for Elekta and black curve

shows for Varian linac design. Note, white dot presents real Elekta design

and black one presents Varian design.

penumbra width (80-20%) for the Varian linac design (black dot) is 1 mm

smaller than for Elekta (white dot). This is mainly caused by the smaller

geometric penumbra for the Varian design (black dot, figure 5.3(a)) than for

Elekta (white dot, figure 5.3(a)) linac.

The radius of leaf tip is optimal in terms of achieving the smallest possible

transmission penumbra that remains constant with leaf position in the field
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(chapter 5.2.1). Nevertheless, a small change remains of the penumbra (80-

20%) size if a leaf is moved from the non-overtravel to the overtravel side. The

reason for this change is that the distance between the source and the leaf

tip is different when the leaf is on the same position on non-overtravel or on

the overtravel side (figure 5.8B). The same effect happens for the transmission

penumbra, but it is smaller. If the leaves are positioned at lp = +20 cm instead

of in the center of the field (figure 5.4, lp = 0 cm), they will produce a smaller

penumbra width (80-20%) for all combinations of lt and c. Figure 5.5(a) shows

this difference. The stability of the system varies depending on the design. If

leaves are closer to the source and thicker, this effect become more prominent.

Figure 5.5(b) shows the difference in penumbra width obtained with leaves

positioned on the overtravel position at lp = -20 cm and in the center of the

field (P(80−20%)(lp = −20cm) − P(80−20%)(lp = 0cm)). The effect is similar,

but has opposite sign.

(a) (b)

Figure 5.5: The difference in penumbra width (80-20%) obtained with leaves

positioned at (a) lp = +20 cm or (b) lp = -20 cm and leaves positioned in

the center of the field (lp = 0 cm). The white curve shows what would be the

effect of changing the c for Elekta and black curve for Varian linac design.

Also, white dot presents real Elekta design and black one presents Varian

design.

5.3.4 A six-bank MLC

In a previous study, we proposed an alternative design for a multi-leaf collima-

tor that combines high-resolution field shaping with a large field size (Topoln-

jak et al., 2004a). The system consists of three layers of bank pairs, positioned

at 60◦ relative to each other. The space available for a six-bank collimator
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in the Elekta-accelerator geometry lies between the ionization chamber and

adaptor ring (18 cm < c < 50 cm). However, to avoid that the lowest pair of

leaf banks become unpractically large and to be able to achieve full overtravel

of the leaves we positioned the lowest layer at c = 41.75 cm. Furthermore, we

added others layers with the condition of keeping the penumbra width (80-

20%) size similar to the lowest layer as much as possible. Additionally, the

space of 2.5 cm between layers should be left for the leaf motors. Table 5.2

lists the positions of the leaves, leaf thickness and penumbra width (80-20%).

Figure 5.6 shows all possible solutions for leaf width and distance source-MLC

leaf with the condition that the penumbra width should lie between 3.6 mm

and 4.0 mm. The black, gray and white dots represent solutions for the leaves

in the highest, middle and the lowest layers of the bank pairs for the six-bank

MLC, respectively. The results (table 5.2) for the penumbra width (80-20%)

Figure 5.6: All possible solutions for leaf width and distance source-leaf

with a condition that penumbra width should be in range between 3.6 mm

and 4.0 mm. Black, gray and white dots represent solutions for leaves in the

highest, middle and the lowest layers of the bank pairs for the six-bank MLC,

respectively.

obtained from three-dimensional (3D) ray tracing (Topolnjak et al., 2004a) are

almost identical to the results in this investigation, when only the contribution

from the primary source is considered. Finally, the radius of the tip curvature

in the analytical model was set to the same value as in the 3D ray tracing

model (Topolnjak et al., 2004a).
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Table 5.2: Penumbra width (80-20%) (P(80−20%)(R)) depending on the
radius of the leaf tip (R) for analytical (anal) model with optimal R, with R
of the six-bank MLC, and for 3D ray tracing model (ray-trac) obtained with
primary source only.

Banks Distance from Leaf anal (optimal R) ray-trac (6bank R) anal (6bank R)
pair the source (cm) thickness (cm) P(80−20%)(R) (cm) P(80−20%)(R) (cm) P(80−20%)(R) (cm)

High 28.5 5 0.39 (7.6) 0.37 (8) 0.38 (8)
Middle 35.5 4 0.37 (5.1) 0.34 (6) 0.33 (6)
Low 41.75 3.5 0.38 (3.9) 0.37 (4) 0.37 (4)
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5.4 Discussion

In this investigation a simple analytical model describing a linac has been

presented. The model successfully characterizes and quantifies the effect of

changing the leafs’ design parameters on the fluence penumbra.

First, an optimal radius of leaf tip was found. By our choice, it was optimized

to produce minimal transmission penumbra width (80-20%) if leaves travel

from one side of the field to the other. The maximum field size (FS) and leaf

(over)travel have influence on the optimal radius of a leaf tip as well. In the

result section we used a maximum FS of 40 x 40 cm2. Finally, in defining the

optimal radius of the leaf tip the source was approximated by a point.

The concept of the geometric penumbra (chapter 5.2.2) was modelled using

a source with a finite size and a flat fluence distribution. In order to simply

the model for the transmission penumbra (chapter 5.2.3) the source was here

approximated by a point.

In our analytical model the flattening filter is not included. It could be mod-

elled in principle as a secondary source. However, because its size is large

relative to the primary source, it is questionable if the source can be approxi-

mated by a point, or by a flat finite fluence distribution. Because the relative

intensity contribution of the secondary source to the primary source is about

10% (Zhu et al., 1995) we believe it is valid to neglect this contribution to the

total penumbra. Indeed our model shows good agreement with results pre-

sented by Huq et al. (2002) for the Elekta, Varian and Siemens Linacs. We

expect that the model will become unreliable when the leaves are positioned

very close to the source, or when the leaf width is chosen very small.

The different setup of design parameters will result in different penumbra

widths (80-20%). From figures 5.3–5.4 it can be seen that for leaves thinner

than 4 cm the transmission penumbra becomes dominant and for leaves close

to the source the geometric penumbra gets more important. However, thicker

leaves and leaves closer to the isocenter will always produce smaller penumbra.

A drawback of increasing the distance source-MLC leaves is the reduction of

the maximal field size, the increase of the leaf volume and the reduction of the

clearance for the patient. The increase of leaf thickness only leads to a larger

leaf volume. By placing the collimator closer to the isocenter the volume of the

leaf will increase as square of ratio of source-leaf distances (V2 =
(

c2
c1

)2
· V1).
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Furthermore, to achieve the same field size by doubling c the real travel of the

leaves should double as well. By having the constant condition on deflection

of the leaves the allowed overtravel will increase
√

c2
c1

=
√

2 ≈1.41 times. That

means that without allowing a bigger deflection the maximum field size will

effectively be reduced.

By using a round leaf tip it is not possible to obtain a completely constant

total penumbra width if the leaves are moving from one side of the field to

the other. The penumbra width is always bigger on the overtravel side. The

main reason for this is an increase of the geometric penumbra due to smaller

distance between source and leaf tip. The effect of increasing the penumbra

width is relatively small compared to the total penumbra width. Again, if the

leaves are closer the source and thicker, this effect becomes more important.

Maybe with an ellipsoid shape of the leaf tip, further improvement in the

stability of the penumbra width could be archieved.

If overtravel of the leaves is limited, an assymetric situation is created. Now,

the center of the curve defining the leaf tip should no longer be positioned in

the middle of the leaf. We didn’t study this offset further because for IMRT

only leaves with full overtravel are considered.

5.5 Conclusion

In this study, we presented an analytical model by which a linac can be de-

scribed. The model is able to characterize and quantify the effect of changing

the leaf’s design parameters on the fluence penumbra.

For leaves thinner than 4 cm, the transmission penumbra becomes dominant,

and for leaves close to the source the geometric penumbra plays a role. How-

ever, thicker leaves and leaves closer to the isocenter will always produce

smaller penumbra. A drawbacks of increasing the distance source-MLC leaves

are a reduction of maximal field size, an increase of leaf volume and a decrease

of the clearance for the patient. The increase of leaf thickness increases only

leaf volume.

Finally, the analytical model was used to find the optimal leaf design param-

eters for a six-bank MLC. By choosing the leaf thickness of 3.5 cm, 4 cm and
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5 cm from the lowest to the highest bank respectively, the similar total fluence

penumbra width (80-20%) for all layers was achieved.
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Appendix

5.A Radius of the leaf tip

Attenuation in leaves can be described by formula (5.5A) and it has the fol-

lowing parameters: d is path length through the leaf tip, µ is a coefficient

of attenuation, Io is an initial irradiation, and I is irradiation on the fluence

plane (after attenuation).

I = Io · e−µd (5.5A)

If we want the initial irradiation to drop to 20% of its initial value, the path

length (d20) can be found from the equation (5.5A) as follows:

I(20%) = 0.2 · Io =⇒ d20 = − ln(0.2)

µ
(5.6A)

Figure 5.7A shows a schematic view of a leaf placed at the edge of a field. Let

B, be an input point where of the irradiation ray which passes through the

leaf tip. Let A be an output point of that ray. The distance between points A

and B is d20. To simplify, the origin of the coordinate system is placed at point

A. Now B has coordinates (−d20 · sin(α), d20 · cos(α)) where α = arctan(FS
2F )

Further, a circle approximating a leaf tip, and passing through A and B has

a center at D(Dx, lt/2) determined by:

(Ax − Dx)2 + (Ay − Dy)
2 = R2

(Bx − Dx)2 + (By − Dy)
2 = R2

(5.7A)

and after substituting
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B

x

µ

α

A(0,0)

FS

R lt/2

F

D(Dx,lt/2)R
d20

Figure 5.7A: Schematic view of a leaf placed at the edge of a field. Point C

is the position of the source, point A is point at the edge of a filed. d20 is the

distance between points A and B, and R is a radius of a tip.

(Dx)
2

+

(

lt

2

)2

= R2

(

−d20 · sin
(

arctan

(

FS

2F

))

− Dx

)2

+

(

d20 · cos
(

arctan

(

FS

2F

))

− lt

2

)2

= R2

(5.8A)

From the equations 5.6A and 5.8A, R can be found and it is given in equa-

tion 5.1.

5.B Geometric penumbra

Figure 5.8B shows a schematic view of a leaf of the right bank, placed at the

left, or the right edge of a field. Now, an angle α(lp) defined by a tangent of

the tip and the central axis can be defined. Let lp be a position of the leaf tip

projected at Iso-center, F be a distance between the source and the Iso-center,

c a distance between the source and the center of the leaf, and s a source size.

Finally, a distance y(lp) can be defined:
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0
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Figure 5.8B: Schematic drawing of a leaf placed at the left and the right

edge of a field. All necessary variables to find geometric and transmission

penumbra are shown.
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α(lp) = arctan

(

lp

F

)

, y(lp) = R · sin(α(lp)) (5.9B)

Geometric penumbra is defined by 5.10B (Khan, 1994),

Pg =
s · (F − c)

c
(5.10B)

and penumbra width 80-20% is given by 5.11B

Pg(80−20%)(lp) = 0.6 · Pg(lp) (5.11B)

Finally, Pg(80−20%)(lp) is described in 5.12B

Pg(80−20%)(lp) =
0.6 · s · (F − (c + y(lp)))

c + y(lp)

=
0.6 · s ·

(

F − c − R · sin
(

arctan
(

lp
F

)))

c + R · sin
(

arctan
(

lp
F

))

(5.12B)

From 5.12B the size of a geometric penumbra while leaf is moving from one

side of the field to another is known. In the formulae above the Gaussian

distribution of the source was approximated with the flat one.

5.C Transmission penumbra

In this section analytical formula of transmission penumbra depending on leaf

position will be presented. On the right hand side of the figure 5.1 a schematic

view of a leaf from the right bank placed at the right edge of a field is shown.

If a leaf position (lp) in the field space is known, two ray lines through which

irradiation will drop to 80% and 20% from the initial irradiation can be defined.

If the distance in the fluence plane between points Pt20(lp) and Pt80(lp) is

considered, transmission penumbra 80-20% is known.

Pt(80−20%)(lp) is the distance between points Pt20(lp) and Pt80(lp):

Pt(80−20%)(lp) = Pt20(lp) − Pt80(lp) (5.13C)

Figure 5.8B shows all variables relevant for finding position of point Pt20(lp):
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Pt20(lp) = F · tan(γ20(lp)) (5.14C)

where γ20(lp) is an angle between 20% ray line and the central axis,

γ20(lp) = δ(lp) − ξ20(lp) (5.15C)

δ(lp) is an angle between ray line connecting center of a tip curvature and the

central axis, and ξ20(lp) is an angle between 20% ray line and the center tip

ray line,

δ(lp) = arctan

(

z(lp)

c

)

, ξ20(lp) = arcsin

(

h20(lp)

a(lp)

)

(5.16C)

z(lp) is the distance between the center of a tip and the central axis, a(lp) is

the distance between the source and the center of tip, c is the distance source-

center of a leaf and h20(lp) is the distance between 20% ray line and the center

of the tip.

h20(lp) =

√

R2 −
(

d20

2

)2

, d20 = − ln 0.2

µ
(5.17C)

R is a radius of the tip, d20 is a path length through the tip, and µ is a

coefficient of attenuation.

Further, from the equation (5.16C) a(lp) and z(lp) are

a(lp) =

√

z(lp)2 + c2

z(lp) = c · lp

F
+ x(lp) + l(lp)

(5.18C)

Figure 5.8B shows variables x(lp), y(lp) and l(lp)

l(lp) = y(lp) · lp

F

y(lp) = R · sin(α(lp))

x(lp) = R · cos(α(lp))

(5.19C)

Finally, α(lp) is an angle between the tangent of a leaf tip and the central axis

α(lp) = arctan

(

lp

F

)

(5.20C)

Now, by substitution of all variables in equation 5.14C the position of the

point P20(lp) is given in equation 5.4. Position of the point P80(lp) can be

found the same way as the position of the point P20(lp).



Chapter 6

Summary and general discussion

The aim of this thesis was to investigate the influence of linac/MLC design

on intensity-modulated radiotherapy (IMRT). Also, an alternative multi-leaf

collimator (MLC) design and IMRT sequencer were developed. Finally, an

analytical model of the optimal MLC leaves design was made.

The motivation for this work was given by the fact that a conventional

linac/MLC, currently available on the market, has not been designed for

IMRT. It has initially been designed for conformal radiotherapy. The MLCs

were constructed for beam shaping, but now they are also used for IMRT. A

step-and-shoot approach of delivering IMRT usually produces a large number

of segments. Therefore, MLCs should be able to quickly deliver multiple seg-

ments, to have small transmission, and to produce a sharp penumbra. With

the advent of imaging in radiotherapy and of IGRT, a higher precision of treat-

ments can be achieved. Thus, to benefit from this optimally, the resolution and

performance of an MLC should also be improved.

In chapter 2 the impact of linac/MLC design parameters on IMRT treatment

plans have been quantified. The investigated parameters were: leaf width of the

MLC, leaf transmission related to the thickness of the leaves, and penumbra

related primarily to the source size. Seven head-and-neck patients with stage

T1-T3N0-N2cM0 oropharyngeal cancer were studied. For each patient nine

plans were made with a different set of linac/MLC parameters. The plans

were optimized in Pinnacle3 v7.6c and PLATO RTS v2.6.4, ITP v1.1.8. A

hypothetical ideal linac/MLC was introduced to investigate the influence of

one parameter at the time without the interaction of other parameters. When

any of the three parameters was increased from the ideal setup values (leaf

89



90 Chapter 6. Summary and general discussion

width 2.5 mm, transmission 0%, penumbra 3 mm), the mean dose to the

parotid glands increased, given the same tumor coverage. The largest increase

was found when increasing the leaf transmission. The investigation showed

that by changing more than one parameter of the ideal linac/MLC setup, the

increase in the mean dose was smaller than the sum of the dose increments for

each parameter separately. As a reference to clinical practice, we also optimized

the plans of the seven patients with the clinically used Elekta SLi 15, equipped

with a standard MLC with a leaf width of 10 mm. As compared to the ideal

linac this resulted in an increase of the average dose to the parotid glands of

5.8 Gy. The clinical impact of dose differences can be assessed by observing the

normal tissue control probability (NTCP) curves as proposed by Roesink et al.

(2001) and Eisbruch et al. (1999). A complication is defined as a reduction of

the stimulated parotid flow rate one year after a radiotherapy treatment to

less than 25% of the of flow before the treatment. Depending on the model

used (Roesink et al. (2001) or Eisbruch et al. (1999)), the dose reduction found

between the Elekta and the ideal linac/MLC results in an average decrease

of the NTCP between 8% and 17%. Chapter 2 concludes that the MLC leaf

width, MLC leaf transmission and linac’s source size have a large impact on

IMRT treatment plans of patients with head-neck cancer. That motivated us

to propose an alternative multi-leaf collimator (MLC) designed according to

those findings.

The resolution of an MLC can be improved by decreasing the leaf width. A

drawback is that the maximum field size will decrease as well, because at

maximum overtravel and in a ’horizontal’ position, the leaves may bend under

their weight. The displacement is proportional to the fourth power of overtravel

and inversely proportional to the square of the leaf width (Shigley and Mischke,

1989). Thus, by using 0.4 cm leaves rather than 1 cm the maximum overtravel

for the leaf would be decreased by a factor 0.63 without increasing the inter-

leaf distance. It is important to find the optimal balance between field size and

leaf width. Another approach of increasing resolution of an MLC is by adding

more layers of leaves which was proposed and presented in chapter 3. A six-

bank multi-leaf system, presented here, is an alternative MLC that allows high

precision shaping of large fields. The MLC system consists of three layers of

two opposing leaf banks. The layers are rotated 60◦ relative to each other. The

leaves in each bank have a standard width of 1 cm projected at the isocenter.

Because of the symmetry of the collimator set-up it is expected that collimator
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rotation will not be required, thus simplifying the construction considerably.

Furthermore, inter-leaf transmission in one leaf bank would be blocked by

the two other banks. For this reason a tongue-and-groove design would not

be required. The total thickness of all three layers would be 12.5 cm. That

would decrease transmission of the MLC in comparison with MLCs available

on the market and would improve characteristics of the MLC considerably.

A 3D ray tracing computer program was developed in order to simulate the

fluence profile for a given collimator. It was used to optimize the design and

investigate its performance. The simulations showed that a six-bank collimator

would afford field shaping of fields of about 40 cm diameter with a precision

comparable to that of existing mini-MLCs with a leaf width of 4 mm.

For the six-bank multi-leaf system, which would function as a multi-purpose

collimator suitable for all types of treatments, the delivery of IMRT is also

an important task. A sequencer for delivering step-and-shoot IMRT using a

six-bank MLC has been described in chapter 4. A low-resolution mode of

sequencing was achieved by using one layer of leaves as primary MLC, while

the other two were used to improve back-up collimation. For high-resolution

sequencing an algorithm was presented that creates segments shaped by all

six banks. Using either the low- or the high-resolution mode of sequencing

reasonable sequences were obtained with respect to the number of segments,

monitor unit efficiency and leaf travel. In a low-resolution mode similar seg-

ments could be delivered as with a conventional two-bank MLC with a leaf

width of 1 cm. The performance of the six-bank MLC in high-resolution mode

was comparable to that of a mini-MLC with a leaf width of 0.4 cm, but a

trade-off had to be made between accuracy and number of segments. This

combination of properties would make a linear accelerator equipped with a

six-bank MLC suitable as a general purpose machine.

To irradiate the tumor and to spare healthy tissue as much as possible, it is

important to have a steep dose gradient. Here, the leaf design is critical because

of its impact on the penumbra. For optimizing the leaf design in practice, a

balance must be found between the transmission of the leaves, their range of

travel, the position in the collimator as well as their total volume as it relates

to cost. In chapter 5 an analytical approach for optimizing the leaf design of

an MLC in a linear accelerator has been given. To this end a model of the linac

has been created that includes the following parameters: the source size, the
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maximum field size, the distance between source and isocenter and the leaf’s

design parameters. First, the optimal radius of the leaf tip was found. This

optimum was defined by the requirement that the fluence intensity should fall

from 80% of the maximum value to 20% in a minimal distance, defining the

width of the fluence penumbra. A second requirement was that this penumbra

width should be constant when a leaf moves from one side of the field to

the other. The geometric, transmission and total penumbra width (80-20%)

were calculated depending on the design parameters. The model is used to

characterize and quantify the effect of changing the leaf’s design parameters

on the fluence penumbra. It is in agreement with Elekta, Varian and Siemens

collimator designs. Chapter 5 concludes that for leaves thinner than 4 cm

the transmission penumbra becomes dominant, and for leaves close to the

source the geometric penumbra is more important. However, thicker leaves

and leaves closer to the isocenter will always produce a smaller penumbra.

A drawback of increasing the distance source-MLC leaves is the reduction of

the maximal field size, the increase of the leaf volume and the reduction of

the clearance for the patient. The increase of leaf thickness only leads to a

larger leaf volume. Finally, the analytical model was used to find the optimal

leaf design parameters for a six-bank MLC. By choosing the leaf thickness of

3.5 cm, 4 cm and 5 cm from the lowest to the highest bank respectively, the

similar total fluence penumbra width (80-20%) for all layers was achieved.

In conclusion, linac/MLC design is of great importance for IMRT treatment

of patients. The effect of different setup of linac/MLC design parameters has

been characterized and quantified. As result of those findings, a new design of

an MLC has been proposed. By further improvement of IGRT and application

of on-line position verification on a daily basis, additional reduction of margins

will be possible. This would lead to a great benefit enhancement of a six-bank

MLC over the conventional MLCs.



Hoofdstuk 7

Samenvatting

Radiotherapie is een methode voor de behandeling van patienten met kanker

waarbij straling wordt toegepast. Voor dit doel wordt in de meeste gevallen een

lineare versneller (linac) gebruikt. Dit apparaat deponeert hoog-energetische

ioniserende straling (fotonen of electronen) in de tumor in de patient. De ab-

sorptie van deze straling in het weefsel beschadigt cellen. Intensiteitsgemod-

uleerde radiotherapie (IMRT) is een geavanceerde vorm van radiotherapie,

waarbij een niet-uniforme bundelintensiteit wordt gebruikt. Met deze extra

vrijheidsgraad is het mogelijk de vorm van de dosisverdeling nauwkeurig te

sturen.

De motivatie voor dit werk werd gegeven door het feit dat een conventionele

linac met multi-leaf collimator (MLC), zoals nu op de markt beschikbaar, niet

is ontworpen voor IMRT. In dit onderzoek is de invloed van het ontwerp van de

linac/MLC op IMRT bestudeerd. Ook werd een alternatieve MLC ontworpen

en een bijbehorende IMRT sequencer. Tot slot werd een analytisch model

opgesteld voor een optimaal ontwerp van MLC leaves.

In hoofdstuk 2 is de invloed van ontwerp parameters van de linac/MLC op

IMRT bestralingsplannen gekwantificeerd. De onderzochte parameters zijn:

de leaf breedte van de MLC; de transmissie van een leaf, gerelateerd aan

de dikte ervan; en de penumbra, vooral gerelateerd aan de grootte van het

focus van de stralingsbundel. Zeven patienten met kanker in het hoofd-hals

gebied (T1-T3N0-N2cM0 oropharynx tumoren) werden bestudeerd. Voor elke

patient werden 9 bestralingsplannen gemaakt met een verschillende combinatie

van linac/MLC parameters. De plannen werden geoptimaliseerd in Pinnacle3

v7.6c en PLATO RTS v2.6.4, ITP v1.1.8. Een hypothetische ideale linac/MLC
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werd geintroduceerd als referentie om de invloed van een van de parameters te

onderzoeken zonder interactie van de andere parameters. Wanneer een van de

drie parameters vergroot werd ten opzichte van de ideale waarde (leaf breedte

2.5 mm, transmissie 0%, penumbra 3 mm), dan leidde dit tot een verhoging

van de gemiddelde dosis op de parotis speekselklieren bij een gelijke bestraling

van de tumor. De grootste toename werd gevonden bij een verhoging van de

leaf transmissie. Het onderzoek liet zien dat bij verandering van meer dan een

parameter ten opzichte van de ideale linac/MLC de toename in parotis dosis

geringer was dan de som van de afzonderlijke componenten. Als referentie

naar de klinische praktijk hebben we voor de zeven patienten ook plannen

geoptimaliseerd met de klinisch gebruikte Elekta Sli 15, met een standaard

MLC met leaves van 1 cm breedte. Vergeleken met de ideale versneller leverde

dit een toename in gemiddelde dosis op de parotis klieren op van 5.8 Gy.

In hoofdstuk 3 wordt het ontwerp gepresenteerd van een alternatieve multi-

leaf collimator, de zes-bank MLC waarmee van grote velden de vorm met een

hoge-resolutie gemaakt kan worden. Het MLC systeem bestaat uit drie lagen

van twee tegenover elkaar liggende leaf banken. Deze lagen zijn 60 graden

gedraaid ten opzichte van elkaar. De leaves in elk van de banken hebben

een standaardbreedte van 1 cm, geprojecteerd in het isocentrum. Vanwege

de symmetrie van deze geometrie wordt verwacht dat rotatie van de collima-

tor niet nodig zal zijn, wat het ontwerp van de kop van de versneller sterk

vereenvoudigt. Een 3D ray tracing computer programma is ontworpen om het

fluentieprofiel van een gegeven collimator te simuleren. Dit programma werd

gebruikt om het ontwerp te optimaliseren en de prestaties ervan te bestuderen.

De simulaties toonden aan dat een zes-bank collimator nauwkeurige veldvorm-

ing mogelijk maakt van velden met een diameter van ongeveer 40 cm, waarbij

de precisie vergelijkbaar is met die van bestaande mini-MLCs met leaves van

4 mm breed.

Om mogelijk te maken dat het zes-bank multi-leaf systeem voor alle typen

bestraling bruikbaar is, is het van belang dat ook IMRT kan worden uit-

gevoerd. Een sequencer voor het afstralen van step-and-shoot IMRT met de

zes-bank MLC is beschreven in hoofdstuk 4. Een lage-resolute methode van

sequencing werd ontwikkeld door een van de lagen van de MLC te gebruiken

als primaire collimator, terwijl de andere twee uitsluitend werden gebruikt

om de transmissie buiten de apertuur van de primaire collimator te beperken.
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Voor hoge-resolutie sequencing wordt een algoritme gepresenteerd waarmee de

segment vorm door een combinatie van alle zes banken wordt gemaakt. Zowel

met de lage als de hoge resolutie methode werden goede sequenties verkre-

gen wat betreft aantal segmenten, efficientie van monitor eenheden en afstand

waarover de leaves moeten bewegen. Met de lage-resolutie methode werden

vergelijkbare segmenten gemaakt als met een conventionele MLC met 1 cm

leaves. De prestaties van hoge-resolutie methode van de zes-bank MLC zijn

vergelijkbaar met die van een mini-MLC met leaves van 0.4 cm breed, maar

hier moet wel een afweging worden gemaakt tussen nauwkeurigheid en aantal

segmenten. Deze combinatie van eigenschappen maakt een lineaire versneller

met een zes-bank MLC geschikt als algemeen bruikbare machine voor alle

typen externe radiotherapie.

Om de tumor te bestralen en gezond weefsel maximaal te sparen, is het belan-

grijk steile dosisgradienten te kunnen maken. Het ontwerp van de leaf van de

multi-leaf collimator is van groot belang vanwege de invloed op de penumbra.

Om het ontwerp van een leaf te optimaliseren is het in de praktijk nodig een

balans te vinden tussen de transmissie van de leaves, de afstand waarover ze

in het veld kunnen bewegen, de positie in de collimator en het totale volume,

gerelateerd aan de kosten van het apparaat. In hoofdstuk 5 is een analytis-

che aanpak gegeven voor het optimaliseren van het leaf ontwerp van een MLC

in een lineare versneller. Hiervoor is een model van de linac gemaakt waarin

de volgende parameters zijn opgenomen: de grootte van de stralingsbron, de

maximale veldgrootte, de afstand tussen bron en isocentrum en de ontwerp-

parameters van de leaves. Met de keuze van een dikte van de leaves van re-

spectievelijk 3.5, 4 en 5 cm voor de laagste, middelste en hoogste leaf banken,

werd een vergelijkbare totale fluentie penumbra bereikt voor alle lagen.

Het ontwerp van een linac/MLC is van groot belang voor de IMRT behandeling

van patienten. Het effect van de verschillende keuze van linac/MLC parameters

is gekarakteriseerd en gekwantificeerd. Als resultaat van deze bevindingen is

een nieuw ontwerp voor een MLC voorgesteld. Door verdere verbetering van

beeldgestuurde radiotherapie (IGRT) en de dagelijkse toepassing van on-line

positieverificatie zal een verdere reductie van marges mogelijk zijn. Hiermee

kan de zes-bank MLC grote voordelen hebben ten opzichte van conventionele

MLCs.
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