
INFORMATION TO USERS

This manuscript has been reptOduced tram the microfilm m.ter. UMI films

the texl directly from the origiNiI or copy lUbmitted. Thus, some thesil and

dissertation copies are in typewriter face, while OIhers may be tram any type of

computer printer.

The quallty of thl. reproduction la dependent upon the quallty of the

copy aubmitted. Broken or indistinct print, c:oIored or poor quality illustrationl

and photographs, print bleedthrough, substandard marginl, and improper

alignment can adversely affect I8production.

ln the unlikely event that the author did not send UMI a comple. manuscript

and there are missing pegel, the.. will be noted. AllO, if unauthorized

copyright material had ta be removed, 8 note will indicate the deletion.

Oversize materials (e.g., m&pS, drawings, ch8rt1) are reproduced by

sectioning the original, begiming al the upper 1eft·t81d corner .,d conti~ing

from left ta right in equal sections with small overtaps.

Photographs induded in the original manuscript have been reproduced

xerographically in thil copy. Highlr quality e- x r black and white

photographie printl are available for any photographl or illustrationl appearing

in thil COPY for ., additional charge. Contact UMI directly to arder.

Bell &Howell Information and L..ming
300 North ZHb Ra.d, Ann Arbor, MI 48108-1348 USA

800-521-0800





•

•

.'

Delivery and verification of
intensity-modulated x-ray beams in radiotherapy

by

Arthur J. Curtin-Savard
Department of Physics

McGill University, Montréal
November 1998

A thesis submilted to the Faculty ofGraduate Studies and Research
in ptlrtia/fu/fillment ofthe requirements for the degree of

Doctor ofPhilosophy.

OAnhur Curtin-Savard 1998



1.1 Nationallibrary
of Canada

Acquisitions and
Bibliographie services

395 Wellington Street
Ottawa ON K1 A 0N4
canada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques

395. rue Wellington
Ottawa ON K1 A 0N4
Canada

Our lUI Not'.",*,",-

The author bas granted a non­
exclusive licence allowing the
National Library ofCanada to
reproduce, 1080, distribute or seO
copies of this thesis in microfonn,
paper or electronic formats.

The author retains ownership ofthe
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may he printed or otheIWise
reproduced without the author' s
penmSSlon.

L'auteur a accordé une licence non
exclusive permettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

0-612-50138-8

Canadl



•

•

•

ABSTRACT

In modem radiotherapy, 3D conformaI dose distributions are achieved using

several beam ports each baving pre-calculated planar distributions of photon beam

intensity. The intensity matrix for a given beam port is generated by independent motion

of the leaves of a multileaf collimator (MLC). ln this thesis, we have used the step-and

shoot approach to intensity-modulated beam delivery, the sarest and most popular

approach at the moment. The tirst component of this thesis was to write a leaf sequence

algarithm to control the MLC fitted to our Clînac 2300 CID linear accelerator. Our

algorithm is more efficient than other published step-and-shoot type algorithms, and takes

inta account the MLC transmission, MLe penumbra, and change in scatter conditions

with field size.

Although sophisticated means to calculate and deliver these spatially-modulated

beams have been developed by our group as weIl as by other Medical physics research

centres~ means ta verify their aetual delivery are definitely the most problematic at the

moment~ making equipment and treatment quality assurance diffieult ta enforce. The

second (and major) component of this thesis bas been to investigate the use of a new

portal imaging device for dosimetric verification purposes. We show that an electronic

ponal imaging device of the scanning liquid ionization cbamber type yields images which,

once calibrated from a previously-determined calibration curve, provide highly-precise

planar maps of the incident dose rate distribution. For verification of an intensity­

modulated beam delivered in the segmented approach with an MLC, a portal image is

acquired for each subfield ofthe leafsequence. Subsequent to their calibration, the images

are multiplied by their respective associated monitor unit settings, and summed to

produce a planar dose distribution at the measurement depth in phantom. The excellent

agreement of our ponaI imager measurements with calculations of our treatment planning

system and measurements with a one-dimensional beam profiler attests ta the usefu1ness

and relative simplicity of this method for the planar verification of intensity..modulated

fields, which are produced in the segmented approach on a computerized linear accelerator

equipped with an MLC.
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RÉSUMÉ

Dans la radiothérapie moderne, des distributions de dose qui épousent le volume

cible en 3D sont généralement produites par l'effet cumulatif de plusieurs faisceaux de

rayons X dont chacune possède une intensité qui varie dans l'espace. Dans cette thèse, les

matrices d'intensité sont générées par le mouvement des lamelles d'un collimateur

multilames (CML) selon rapproche <<step-and-shoot», l'approche la plus sure et la plus

répandue aujourd'hui. La première composante de cette thèse fut de concevoir un

algorithme «step-and-shoot» qui permetrait le contrôle informatisé du CML de notre

accélérateur linéaire Varian Clïnac-2300 CIO. L'algorithme que nous avons conçu est plus

éfficace que les autres algorithmes publiés jusqu'à présent, et tient compte de l'opacité du

Cw.. à la radiation, de sa pénombre, et de la variation du débit avec la grandeur du champ

défini par le CrvfL.

En 1998. les méthodes pour le calcul des matrices d'intensité et des techniques

d'exécution à l'accélérateur thérapeutique sont hautement raffinées. Cependent, il existe

présentement une importante lacune du côté de la vérification expérimentale de ces

faisceaux. La deu~ième composante de cette thèse fut donc d'explorer l'emploi possible

d'un nouveau système d'imagerie numérique pour fin de vérification dosimétrique. À ce

propos, nous démontrons qu'un système d'imagerie numérique à chambre d'ionization

liquide donne des images qui, une fois calibrées à l'aide d'une courbe de calibration

préalablement déterminée. représentent fidèlement la distribution de dose dans le plan de

mesure du système d'imagerie.

Pour la validation d'un faisceau de rayons X exécuté selon l'approche <<step-and­

shoot» une image numérique est acquise pour chaque segment du faisceau. Chaque

image est ensuite calibrée, multipliée par sa valeur correspondante d'unités monitrices. er

finalement additionnée avec la somme des autres images. Le résultat de ces opérations

donne une distribution de dose qui est en excellent accord avec d'autres mesures

expérimentales indépendantes, ainsi qu'avec les calculs de notre système de planification

des traitements.
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ORIGINAL CONTRIBUTION

The principal original contribution of this thesis regards the use of a scanning

liquid ionization (SLIC) eleetronic ponal imaging device (EPID) for dosimetric

purposes. This SLIC EPID was initially designed ta acquire transmission images in

arder to verify proper patient positioning in the X-ray therapy beam. However we have

shown that, with the use of a measurement protocol described in this thesis, the SLIC

EPID is ideally-suited for the dosimetric verification of intensity-modulated X-ray heams

produced with a multileaf collimator (MLC) in the step-and-shoot approach. The SLIC

EPID can thus he used both to verify the delivery of patient-specifie MLC leaf sequences

prior to actual patient treatment. and to perform the measurements required for the

commissioning of a leaf sequence algorithme Finally, the SLIC EPIC is also useful in the

design of the leaf sequence a1gorithm since with it one may acquire ail the beam

parameters required for the writing of an accurate leaf sequence algorithm: the MLC

transmission values, MLC leaf penumbra widths, a measure of the MLC tongue-and­

groove eiTeet, a detennination of the coincidence of MLC axis of rotation with beam

crosshairs, etc.

The second original contribution is the writing of a step-and-shoot leaf sequence

algorithm which is more efficient than other published step-and-shoot type algorithms.

Rather than assigning approximately equal doses to each subfield of the leaf sequence,

our algorithm assigns the bulk of the radiation dose to the tirst subfield. This approach is

more similar to conventional X-ray photon radiotherapy. and thus more comforting to

medical personnel and to the patients. Furthermore. because fewer subfields are required

in our approach. the execution of the treatment is more rapid and beam verification is

simplitied. We have al50 shown that a standard irregular-field fonnalism May

successfuUy be used to account for the photon and elecb'on scatter variations of the

iii
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MLC-defined subtields of the leaf sequence which is a funher contribution of our

algorithm.

The third contribution is not original but important nonetheless. As a result of the

work presented in this thesis. the McGill University Hospital Centre became the tirst

medical centre in Canada to use MLC intensity-modulated radiation therapy in patient

treatment. At present. only a few centres in the United States offer this type of patient

treatment.
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1.1 PLACE OF RADIOTHERAPY IN MANAGEMENT OF CANCER

• ft is forecast l that, in Canada, 130 000 new patients will be diagnosed with cancer

in 1997. In the United States the number is a little over ten rimes greater2, reflecting the

roughly 10 limes larger population of the United States compared to Canada.

Radiotherapy is one of the three principal modes of treatment available to cancer

patients, the other two being surgery and chemotherapy. Frequently radiotherapy is most

advantageous to the patient when employed together with the other two modalities: for

instance, the patient may tirst he subjected to surgery, then locally treated with radiation

to sterilize cancerous cells left behind after the surgery, and alsa given a course of

chemotherapy if distant metastatic disease is suspected. Ali in ail, whether used as the

sole mode of tteatment or in conjunction with other modalities, radiotherapy is

prescribed to over half of today's cancer patientsl.4.

•
1
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1.2 RATIONALE FOR THE CONFORMAL APPROACH

lonizing radiation is hannfuJ not only ta cancerous cells but also to nonnal cells.

Sînce the discovery of X rays by Roentgen in 1895. the discipline of radiation oncology

has been faced with the challenge of delivering a lethal (tumouricidal) dose to the

diseased cancerous tissue while at the same time keeping the dose to surrounding healthy

tissues below the level which would lead to serious radiation-induced complications.

Unfortunately, with current treatment techniques, the value of the radiation dose

prescription is generally limited by considerations of acceptable rates for serious

complications resulting from the irradiation of tissues surrounding the tumour, rather

than by considerations of the dose required to eradicate the tumour. For instance,

although doses exceeding 60 Gy are often required to eradicate a cancer of the prostate,

doses as low as 4S Gy to the small bowel in the vicinity of the prostate can result in

radiation-induced obstruction requiring surgical intervention'. In the treatment of liver

cancer, a dose of 50 Gy to 113 of the Iiver, a dose of 35 Gy to 2/3 of the Iiver, or a dose

of 30 Gy to the entire Iiver ail result in a S-year 5~1. probability of liver failure6·7, yet

much higher doses are usually required for a cure ofhepatic tumours.

Of course, ail organs or tissues of the body are not equally sensitive to radiation.

Therefore special attention must he given to each case depending on the site of treatment.

and the risk of radiation-induced complications must he weighed against the risk of not

attaining a cure for cancer when prescribed doses are too low. However, a greater ability

to selectively irradiate diseased tissue and spare healthy tissues will make this evaluation

of risks easier in two ways: tintly, for tumours that respond favourably to current dose

levels, the probability of radiation-induced complications will be decreased and.

secondly, the doses to tumours that do not respond favourably ta current dose levels may

he escaJated while maintaining current levels ofradiation·induced complications.

2
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Radiotherapy, with the exception of total body photon irradiation, represents a

Iocalized treatment. Roughly 700,4 of ail cancer patients have their disease eonfined to

the original site at the time of tirst diagnosis' and approximately two-thirds of these

patients attain a cure with the current treatment protocols involving radiotherapy and/or

surgery9. The one-third of patients who initially present solely with localized disease but

are not cured may he divided approximately equally into three groups: 1) those who

recur at the site of primary treatment alone. 2) those who recur both at the primary site

and at a distant site, and 3) those who recur solely at a distant site lG-12. It is immediately

obvious that imPr0vements in the application of radiotherapy (particularly dose

escalation) will he beneficial to groups 1 and 2. However, a number of publications!J. 1.­

studyjng the temporal evolution of secondary tumours have indicated a possible causal

relationship between recurrenee at the primary site and the growth of distant metastatic

lesions. Thus improvements to radiotherapy May be beneticial to group 3 as weil.

The desire to tailor or to confOnD the distribution of radiation dose to the defined

tumour volume is at the heart of what is commonly referred to today as conformai

radiotherapy. Confonnal radiotherapy should lead to fewer radiation-induced

complications and/or better local control resulting in better cure rates. The

implementation of conformaI radiotherapy into clinicat practice requires sophisticated

medical equipment which will be discussed next.

1.3 THE RADIOTHERAPY LINEAR ACCELERATOR

A. GeDeral structure

The Varian Clinac 2300 C/DIS linear accelerator (linae) which was used for the

exPeriments reported in titis thesis is fairly typical of the state-of-the-art radiation therapy

units. Il produces 6 MV and 18 MV photon beams as weil as electron beams with

3
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energies of 6 MeV, 9 MeV, 12 MeV, lS MeV, 18 MeV, and 22 MeV. Its mechanical

structure consists of three main components: the head from which emerges the radiation

beam collimated to the desired field shape; the gantry containing most of the power

components for producing the radiation beam; and the patient support assembly (couch)

upon which the patient is positioned for treatment. These components are shown

schematically in Fig. 1.1. The collimators in the head can be rotated to assist in matching

the field shape to the tumour volume. The intersection point of the collimator axis and

the gantry axis is called the isocentre, which is generally where the cenb'e of the tumour

is placed during patient treatment. Typically, the isocentre is 100 cm from the target,

which is the source of photon radiation. Lasers on the treabnent room walls and ceiling

aid in positioning the patient accurately into the radiation field.

isocentre

F~:re J./. Diagra", ofan ÎSocentric treal",enlllnit slrowi"g lhe Ihree bœic co"'pone",s:
he . gantry. and couch.
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B. Productioa of X r.y•

ln a linear accelerator a beam of X rays is produced by bombarding a Metal target

with a beam of high-energy electrons. The electrons are boiled off a filament,

accelerated to kilo-electronvolt (keV) energies in an electron gun, and injected ioto a

dise-Ioaded waveguide which receives its radiofrequency power from a klystron. The

electrons emerge from the wave-guide as a roughly monoenergetic beam with an energy

in the mega..electronvolt (MeV) range. This pencil electron beam. which is horizontal,

passes through a 2700 bending magnet so that it is directed toward the isocentre of the

linac. In the photon mode, the electron beam strikes a tungstenlcopper target where a

broad spectrum of X rays is produced by bremsstrahlung interactions. The target is

sufticiently thick to completely stop ail incident electrons, and is surrounded by a

tungsten shield with a circularly-symmetric aperture which serves as the primary

collimator for the radiation heam.

Bremsstrahlung photons are emitted into a 41t geometry, but at mega..electronvolt

energies the spatial distribution of these photons is primarily forward-peaked. This

implies that the X..ray beam produced in the target has its greatest intensity on the beam

central axis and must he flattened in order ta achieve an acceptable unifonnity of

intensity over the wide area used in radiotherapy. The flattening of the beam is

accomplished by a suitable, preferably low atomic number, filter having a cone-like

shape. Each of the IWo photon beam energjes is flattened by its own filter. These

flattening filters are placed on a rotating carrousel also containing SC8ttering foils which

are required for the electron beam mode.

Just below the flattening filter are two sealed transmission ionization chambers

which serve to measure the amount of radiation delivered to the patient and to shut off

the beam when the preset number of monitor UDits (MU) of radiation bas been delivered.

s
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Two chambers are required for safety reasons in case one of them fails. An MU is the

linear accelerator's measure of the radiation that has been delivered. Generally. the

sensitivity of the monitor chambers is adjusted such that 1 MU provides a dose of 1 cGy

to a point at depth of maximum dose (dlfta) in a water-equivalent phantom when the

phantom surface is at isocentre of the linac and the field size is set to 1Ox 10 cm!. A

typical daily MU setting for patient treabnent is 300 MU; the electrometers in the

Clïnac 2300 accelerator which read the charge collected in the monitor chambers have a

resolution of 11256 MU. One of the monitor chambers is sectioned ioto four quadrants

and can thus serve, in a crude way, to verify the beam's tlamess as weil. The CHnac

2300 CID can 0Pelëlte at dose rates ranging from 100 MU/min to 600 MU/min in steps of

100 MU/min.

c. ProcluetioD of eleetroDs

When the Clinac 2300 CID is placed into the electron mode. the target is removed

from the beam line and the carrousel rotated 50 that the photon tlattening tilter is

replaced by the scattering foil which serves to diffuse the narrow electron beam

unifonnly over the maximum width of the treatment field. For equal MU rate, the beam

current is reduced by a factor of approximately 100 compared to the photon mode since

electrons are no longer "wasted" in the very inefficient bremsstrahlung pracess in the

target nor are photons lost to attenuation in the tlattening filter.

D. &eam-sbapIDllystem

Just below the two ionization chamben are the secondary collimators: two super...

imposed pairs ofmovable tungsten "jaws" positioned at right angles to each other. They

cao he used to define rectangular apertures from OxO cm! to 40x40 cm! at the isocentre of

the therapy unît. Sïnce the jaws move independcntly, the centre of the rectangular field

need not correspond to the axis ofcollimator rotation; this is a useful feature in some less

6
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conventional treatment set-ups. The jaws are 7.8 cm thic~ and have an X-ray

transmission of approximately 1%.

In the photon mode, non-rectangular apertures can he achieved by manufacturing

a custom set of metal blocks (usually made from Lipowitz's metal which is an alloy of

bismuth, lead. tin, and possibly cadmium16) to he placed in an accessory ttay under the

secondary collimators. Non-rectangular apertures cao also he produced with a multileaf

collimator (MLC), which on the Varian accelerators is an optiona) field-shaping device

bolted ooto the linac head under the secondary collimators. The Varian MLC has 26

pairs of movable, opposing tungsten "Ieaves" which project to a width of 1 cm at the

isocentre. The MLC can thus he used to derme irregular apertures of maximum

dimension 26x40 cm2• The leaves are 6.1 cm thick and have a transmission of 2.50/0 at

the photon energy of 6 MY and 3.5% at the photon energy of 18 MY. 80th of the

"tertiary" collimation systems (blacks and MLC) are placed at approximately 50 cm from

the machine isocentre.

ln the electron mode, the considerable scattering of the electrons as they move

through the air of the treabnent room requires that the tertiary collimation he placed very

close to the patient's skin. This obviates the use of an MLe or blacks placed in the

accessory tray. Instead, special electron cones with square apertures are used to extend

the secondary collimation system down to within a few centimetres of the patient's

surface. Ifan aperture other than square is required, custom-made metal cut-outs (lead or

special alloy) approximately 1cm thick cao he inserted ioto the end of the elcctroo cone

close to the patient's skin. Electron beams were not used in experiments reported in this

thesis and will not he discussed further.

7
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Ali components of the Varian Clïnac 2300 CID linear accelerator are under

computer control except for the movement of the couch. This means that the position of

the four secondary collimators, the individual positions of the MLC leaves, the angle of

the gantry, the angle of the collimator, the energy (and type) of the radiation beam, and

the duration of the inadiation may all be controlled from a keyboard located outside of

the treatment room. It is also possible to load-in a computer text file and use it to control

any or ail of the motions of the accelerator as weil as to instruct il when to tum the beam

on and off. The software allowing this dynamic control of the linear accelerator is

referred to as the Varian Dynamic Bearn Delivery (OBO) Toolbox and has recently been

acquired for our Clinac 2300 CIO.

1.. BEHAVIOUR OF MEGAVOLTAGE PHOTON BEAMS IN TISSUE OR
TISSUE-8IMILAR MATERIALS• A. DeRDidoD ofdose

•

The radiation dose is the arnount of energy deposited by the radiation beam in a

medium per unit mass of the medium. The SI units are thus Jlkg; however, the special

designation ofGray (Gy) bas been assigned to this quantity and 1 Jlkg = 1 Gy.

B. CUDie•• para.etrlzadon of dose

The hehaviour of a single beam of radiation in a phanlom (a black of tissue­

equivalent material) cao he described etTectively by three dosimetric quantities: the

percent depth dose (PDD), the otT-axis ratio (OAR), and the machine dose output. A

percent depth dose curve gives the variation of the central axis dose with depth in a

medium, nonnalized to 1()()O/u at the depth of maximum dose dflltlr. The PDD curve

changes with beam type and energy, as weil as with field size and source-surface distance

(SSD). The depth of maximum dose increases with beam energy because of an

increasing range of the secondary electrons in the medium, and also presents a slight

8
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variation with field size as a result of field-size dependent spectral variations of the

beam. Figure 1.2 shows PDD curves in tissue for a IOxlO cm2 field for the CUnac 2300

CID linear accelerator at 6 MV and 18 MY photon energies. The region immediately

beyond the phantom surface in which the percent depth dose is rising to its maximum

value is known as the dose build-up region. This region. which is greater for beams of

higher energy. reduces the dose to the patient's skin and adjacent visceral tissues,

resulting in the so-called "skin-sparing effectIf which is often desirable and beneticial in

treatments involving deep-seated tumOW'S.
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FiF![e /.2. Percent depth doses a/the C/intlC 2JOO CID linear accele,.alor in tissue/o,. a
JOxO crfield and photon energies of6 MY and /8 MY.

•
The off-ax;s ratio (DAR), also known as a dose profile, gives the variation of the

dose in a medium perpendicular to the beam central axis at the same depth in phantom,

nonnalized to lOOOA. on the beam central axis. The OARs are measured in planes through

9
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the field centre. either along the width or the length. and vary with field size. depth in

phantom. beam energy. SSO, and size of the radiation source. Figure 1.3 shows an DAR

plot for a IOxl0 cm2 field for the 18 MY beam of the CHnae 2300 CID linear accelerator

at a depth of 3.5 cm in a water phantom. The effeet ofa wedge tilter on the beam is alsa

shown; it reduees the overall intensity of the beam. but to a greater degree on the thick

side of the wedge. Several wedges of different "strengths" serve as accessories for the

two treatment units; these are used, when appropriate. to obtain more suitable distribu­

tions of dose within the patient. The strength of the wedge is expressed by the wedge

angle. Le. the angle fonned between the isodose line at a depth of 10 cm and a line

perpendicular to the beam central axis. The wedge factor. which characterizes the

attenuation of a panicular wedge on the beam central axis. is given by the ratio of the

dose rates with and without the wedge. measured at depth dfltll1l in phantom for an SSO of

~ ~ ~ 0 2 468
Distance trom beam central axis (cm)

"1

1 i i i i i i 1

: 18MV
with wedge

..... ; ,.

.. .
•• - 1...... .

i i
1

i i 1 i i i i 1 i

~,
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• 120 i 1

100 ~

-~0
80 --CD

CI)

0
"0
"0 60 -
CD
.~
1i
Ë 40 -
0 ~

Z ~

20
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0
·8

•
Fi~ 1.J. Off-axis ,atio at 18 MY photon energy for a JOx IOcr field fo, the Clinac
2J~D linea, accele,ato, at a depth ofJ.S cm in water. Al~o shawn is the effect ofa
wedge with a wedgefactor of0.41 on the dose profile at the same depth in phanlo",.
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The output of a radiotherapy treatment unit gives the dose rate to the d.... point,

with the phantom surface at the isocentre. The output increases with field size for

reasons described in detail in Chapter 4. Knowledge of the machine output, the PDOs,

and the OARs for the range of available field sizes for a given treatment unit allows one

to know the dose at any point in the phantom.

ln a patient the presence of surface obliquities or tissue heterogeneities will

require point-by...point corrections to the dose matrix, which are accomplished by the

computerized treatment planning system (TPS). Nowadays, TPSs perfonn dose

calculations based on a true three·dimensional (3D) representation of the patient

anatomy. TPSs are discussed further in Chapter 2.

c. Vneert.laty in tbe deUvereci dose

Even slight variations in total dose delivered to the patient in photon radiotherapy

can significantly alter the probability of tumour control and normal tissue complications.

For this reasan, the International Commision on Radiation Units and Measurements

(ICRU) has recommended a goal of a ±S% precision in the dose delivered to the target

volumel7• For bis M.Sc. thesis. the author performed an uncertainty anaIysis which

tracked the uncenainty in dose delivery through the entire radiotherapy pracess:

calibration of the secondary standard, calibration of a field instrument, output

determination of the treatment unit, measurement of beam parameters. calculation of an

isodose distribution, calculation of the required machine setting, and the delivery of the

radiation dose to the patient on the treatment machine. The study" found cumulative

beam intensity uncertainties of ±3.8% (one standard deviation) and cumulative beam

positional uncertainties of ±S.S mm (one standard deviation). These estimates were in

good agreement with other previously published studiesl9.22•
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1.5 TECHNICAL REQUIREMENTS FOR CONFORMAL RADIOTHERAPY

To achieve an aceurate lailoring of the dose distribution to the tumour four

requirements must he met: A) accurate spatial represention of the tumour in three

dimensions; H) calculation of intensity profiles for a number of beams that will deliver a

confonnal dose distribution; C) production and delivery of the calculated intensity

profiles; and 4) verification of the actual delivered dose distribution.

A. Three-dimeosioDal represeotatlon of patient anatomy

Visualization of the anatomy of the patient is usually Petformed with computed

tomography (CT). A CT unit consists of a couch upon which the patient lies and a halo

Înto which the couch can he moved. The halo contains a low-energy X-ray tube and X­

ray detectors. To acquire CT data, the X-ray tube is set in a rotational motion about the

patient while emitting a thin fan-beam of radiation. The detectors record the radiation

transmitted through the patient at each angle of the tube. A mathematical algorithm uses

these projections to reconstruct axial slices of the patient anatomy with an excellent

spatial resolution (-1 mm). The couch is then moved slightly to collect transmission data

in the next slice. Sorne modem URits have the possibility for helical scanning, in which

the couch is in continuous linear motion during the scan. CT data cao easily he

transformed into an electton-density map of the patient. which is very usefuJ for

correeting patient dose distributions for the presence of tissue heterogeneities such as

bone or lung. An example ofa CT slice of the abdominal regjon is shOMl in Fig. 1.4.

Another imaging device which finds occasional use in radiotherapy2J.24 is the

magnetic resonance imager (MRl). The external appearance of the MRl unit is similar to

that of a CT unit, consisting of a couch and a cylindrical tunnel ioto which the patient is

inserted. Magnets located in the tunnel create a powerful, and extremely homogeneous.

magnetic field oriented aloog the cylinder's axis. This magnetic field preferentially

aligns nuclear spins in the patient and sets them into rotation at a resonance frequency

12
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which is primarily a function of atomic species. Three weaker magnetic fields are used

to establish magnetic field gradients in the craniallcaudal, anterior/posterior, and

leftlright directions thereby creating different resonance conditions in each voxel of the

patient. The voxels are read out with a radio-frequency coil and used to reconstruct

slices of the patient anatomy, typically in the sagittal plane. The main advantage of MRJ

over CT is superior soft-tissue contrast, conttast which can he manipulated by the

selection of various read-out sequences each providing a ditTerent view of the internai

composition of the patient, sorne of which May show thc cxtent of disease more

distinctly. However, there exists no straightforward manner to corrclate the MRl data

with electron densities thus, if used for dosimetric planning, the user must he willing to

sacrifice the knowledge of tissue heterogeneities. Furthermore, MR.I sutTers from

artefacts2S that, in sorne circumstances, cast doubt upon the spatial accuracy of displayed

structures. Therefore, modem application of MRI to radiotherapy imaging usually

involves "registering" the MRI data set to an analogous CT data set thus providing the

"fused" data with the spatial electron density resolution of the CT and the contrast

resolution of the MRI.

fJ:1Jre 1.4. cr sUce i" lM abdotftilltl/ "';0". 'l1Ie bltll/der (yellow), se",inaI vaicles
(J ~. Qïïd reclll", (pvrple) Nwe bft" olltlined.
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ln cenain specialized tteatments ultrasonic imaging May he used for target

definition. Although the images produced by this imagjng modality are generally of poor

quality, ultrasound units have the advantage of heing entirely without hazard to the

patient or personnel, and also of being small enough for use in an operating room. The

u1trasound imaging modality is thus very practical for use as a guide during the

implantation of radioactive Prostate seeds or brachytherapy catheters.

B. Calcul.don of lateDllty promes

Methods to calculate the intensity profiles required to obtain a desired dose

distribution have been known for sorne rime. As opposed to conventional forward

planning in which the user attempts various beam configurations in an effort to acheive

an optimal dose distribution inside the target volume by trial and error, inverse planning

methods first sPecify the optimal dose distribution inside and outside the target volume

and then work backwards, in a more or less automatic fashion, toward the beam set-up

required to achieve such a dose distribution. Inverse planning methods currently in use

will he discussed in detail in the next chapter. However, it is important to note that these

methods, tbough often relatively simple conceptually, require a Breat deal of

computation, and cannot he implemented clinically without the aid of modem high-speed

computers.

c. DeUvery of the lateality promes

The calculated intensity profiles are delivered MOst simply through the use of

compensators. These custom-made metal filters are placed in the linear accelerator

accessory tray and their thickness at each ray-Hne point detennines the transmitted beam

intensity. A short-coming of comPensaton is that they are time-consuming to

manufacture and require the radiotherapy technologist to reenter the treatment room to

change the comPensating tilter when different fiiters are used for each beam port, as is

usually the case. More convenient is the use of the multileaf collimator (MLC) in a

14
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dynamic mode; in this method. the radio-opaque leaves of the MLC MOye independently

during bearn-on according to a pre-defined "leaf sequencing file" to create the desired

beam intensity distribution. Faster treabnent times are achieved compared to the use of

comPel1sators, since leaf sequences for ail beam ports can be pre-Ioaded into the linear

accelerator console and delivered in rapid succession. MLCs are becoming a standard on

new radiotherapy accelerators and thus this practical approach to intensity-modulation is

here to stay. Other more exotic approaches to the delivery of intensity-modulated bearns

include tomotherapy and intensity-modulated arc therapy, as discussed in Chapter 2.

D. Dose verifteation

Availibility of accurate methods for the verification of the delivered dose

distributions is the final technical requirement for aecurate confonnal therapy, and

probably the MOst Pr0blematic requirement at the moment. The ideal verification tool

will simultaneously record the dose distribution in a three-dimensional matrix. At

present, only two dosimetric media are inherently three-dimensional: the Fricke gel

dosimeter and the BANG gel dosimeter, but both, in addition to being cumbersome,

possess insufficient sensitivity, reproducibilty, and spatial resolution to be relied upon

exclusively. For dosimetry in a plane, film (either silver halide or radiochromic) can he

used as weil as electronic portal imaging devices (EPIDs). Radiographic film possesses

excellent spatial resolution but poor reproducibility. The radiochromic film, on the other

hand, requires doses hundreds of times greater than the typieal doses used in clinical

practice. EPlDs have an acceptable spatial resolution as weil as acceptable

reproducibility. Moreover, because of the digital nature of the images they produce, they

are al50 very practical and will be used extensively in this thesis. For point by point

dosimetry, ionization chambers and thermoluminescent dosimeters (TLOs) may also be

used. The latter two methods are very accurate and have goad reprodueibity, but the

measurement of an entire three-dimensional dose distribution with either of these

methods is very time-consuming and tedious.

15



•

•

•

1.8 MODERN CONFORMAL RADIOTHERAPY: A PATIENT CASE

Before describing the patient treatment pracess, it is important to define the tenns

used to describe the tumour and margins around the tumour. These are set forth in a

publication of the International Commision on Radiation Units and Measurements26

whicb clearly defines the various target volumes to he used in modern radiotherapy.

The gross tumour volume (OTV) is the palpable or visible (for instance by CT)

extenl of the turnour. Il contains the grealest density of cancerous cells and fonns a mass

which can he elearly identified as diseased. Surrounding this mass there usually exist

microscopie extensions of disease which also need to he treated. Microscopie disease

may alsa he suspected in regional lymph nodes. The volume eontaining the gross tumour

plus the suspected extent of microscopie disease is referred to as the clinical target

volume (CTV). This is, idea1ly, the volume the physieian would like to treat, Le., raise to

a tumouricidal dose.

However, unavoidable spatial inaccuracies such as lack of reproducibility in daily

patient set-up, patient (or organ) motion during treabtlent, and small variations in the

accW'Scy of the liDear accelerator read-outs require a margin to be left around the CTV in

order to ensure that the prescribed dose is actually delivered to the CTV. This margin is

typieally of the order of 1 em to 2 cm. The CTV, once augmented by this geometrical

margin, results in the planning target volume (PTV): the volume to which we must

attempt to deliver the dose in order to get, in reality, a complete irradiation of the CTV.

Oenerally, the PTV May have quite an irregular shape and it may not be possible

to fully tailor the high dose region to il with current dose calculation and delivery

techniques available in the standard radiotherapy depanment. The volume to a which a

high dose is delivered is called the treated volume. For instance, if the PTV is ellipsoïdal
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and an inadiation set-up containing four beams at gantry angles of 00
, 900

, 1800
, and

2700 is used for the treatment, the treabDent volume will be a rectangular parallelepiped.

The in-ad;ated volume is the volume of tissue which receives a dose that is considered

significant in relation to normal tissue tolerance. 80th the treated volume and the

irradiated volume depend on the treatment technique used.

In a modem radiotherapy clinic the lypical procedure undergone by a patient with

cancer is as follows:

1) Special patient immobilization devices, such as alpha-cradles (for abdominal

lesions), orfits (for cranial or cervical lesions), or plaster casts (for spinal lesions)

are fitted to the patient. These immobilization deviees greatly facilitate accurate

set-up of the patient on the treatment couch pennitting positional reproducibility

of around ±3 mm11,27. Theyalso immobilize the patient during the treatment with

irradiation. For the superior accuracy required in radiosurgical procedures. rigid

stereotactic frames bolted to the patient's skull are used for target localization as

weil as patient set-up on the treatment machine and immobilization during the

treatment.

2) The patient is set up witb the immobilization device on a CT-simulator. A CT­

simulator is a conventional CT unit equiped with a high-precision graphies

workstation for organ segmentation, and a set of lasers to aid in marking the

isocentre of the treatment on the patient's skîn. Once the CT study is completai,

the physician serolls through the CT slices and outlines the planning treatment

volume PTV. Other "critical" structures especially sensitive to radiation are alsa

outlined 50 that they can hopefully be avoided with the sophisticated treatment

planning and dose delivery techniques available in modem radiotherapy

departments.
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4)

The outlined CT slices are tranferred via a computer network to a treatment

planning workstation. At the treatment planning workstation the dosimetrist,

medical physicist~ and physician consider the best combination of beams with

which to treat the PTV. This involves selecting the number of beams to be used,

their energy, their point of incidence on the patien~ their angle of incidence on

the patient~ the shape and size of their aperture, their relative weights, and the

presence or absence of filters (or dynamic MLC) to spatially-modulate the beam

intensity. Especially useful in defming the beam apertures is the heam's eye view

(BEV) perspective which gives the user a view of the patient as if he or she were

located at the source of radiation. An example of a BEV perspective is shown in

Fig 1.5. The beam selection process May either be by trial and error or partially

automated, as mentioned above. The result is an isodose distribution, showing a

calculation of what the dose distribution in the patient will be for the particular

beam set-up.

The radiation oncologist examines the isodose distribution for acceptability.

GeneraJly, the criteria for acceptability are: a) coverage of the PTV by an isodose

surface of high isodose value; b) reasonable dose homogeneity within the PTV,

with a ±So/a inhomogeneity generally accepted*; and c) sufficiently low dose

values to critical structures. If the calculated distribution is acceptable. the

physician selects a given isodose surface to which the prescription dose of

radiation is to he given. A technologist or a physicist then perfonns a calculation

to translate the prescription dose into the appropriate machine setting (MU) for

each daily treatment field.

•
• Except for radiosurgical procedures where the dose is usually presc:ribed to the lowest isodose surface still
covering the PTV and an inhomoleneity of up to +100% is deemed acceptable•
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Fi~re J.5. Bea",'s eye view for a righllaleral pelvic field. The gr'OS& IIImour volume
rrèrJ, the planning IIImour volume (yellow) , the ncIII. (blue). the bladder (purple). and
the location ofshie/ding blacks (green olltline) are shown.

S) The prescribed radiation is administered to the patient in small daily doses,

known as frQctio~ over a period of time whi(:h is generally from three to five

weeks. Fnctionation of the radiation treatment, as opposed to delivery in a single

dose, bas been proven to result in far fewer normal tissue œmplications for the

same level of patient (:ure. Check films (also known as portal images) are taken

every few treatments to verify œDtinuously the positioning of the patient in the

radiation beam. During the month or 50 of treatment, the patient's well-being is

monitored by weeldy consultations with the attending pbysician•
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1.7 SUMMARY

This chapter bas discussed some of the fundamental aspects of radiation

oncology: the structure of a modem high-energy therapy unit, the behaviour of a photon

beam in tissue, the typical procedure undergone by a patient treated in a radiation

oncology department. the rationale for a higher confonnity of the r.diation dose to the

planning target volume, and the technical requirements to achieve such a higher dose

conformity.
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2.1 INTRODUCTION

This chapter will discuss: firstly, the need for computerized optimimtion of

treabnent planning; secondly, the criteria used for the optimization; thirdly, the major

theoretical approaches used at present for this optimimtion; and fourthly, the currently

used means to deliver the optimized dose distributions to the diseased site within the

patient.

2.2 NEED FOR COMPUTERIZED OPTIMIZAYION

Unti) the 1990s radiotherapy was generally considered to he a two-dimensional

treatment modality. A lead wire axial contour of the patient was taken at the Proposed

centre of the tteatment field and used to plan the disposition of the radiation beams

around that "slice". It was generally assumed that ail other slices of the patient in the

treabnent field were identical to the centre slice. Unfortunately, this sometimes caused

appreciable errors in dosimetry, particularly when a slice adjacent to the central slice

contained an important tissue heterogeneity or a sudden difTerence in the contour.
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There are three reasons for the restriction of treatment planning to two

dimensions. The tirst is that. UDtil recently, the computer systems could not handle the

computational complexity of a three·dimensional representation of the patient in a time

that was reasonable for clinical use. The second reason is that the treatlnent UDits were

(and still are) designed primarily to facilitate the delivery of coplanar treatments; non­

coplanar treatments require the couch to he rotated, rendering the patient set-up and dose

delivery more difficult. The final reason is that there bas always been a shortage of CT

units, a1though this shortage is less severe nowadays. However the upside of the quasi­

universai restriction to two-dimensional treatment planning was that most calculated

plans were fairly simple and could easily he "optimized" by an experienced planner.

Today, in 1998, most patients undergo a complete CT study of the affected region

before treatment. Enough patient data then exists to construct a complete, and very

accurate, three-dimensional model of the patient (usually referred to as the "virtual

patient"). Full 3D planning cao then be performed on the virtual patient with bearns

incident from any direction. The coverage of the PTV by any particular beam can he

visualized with the "beam's eye view" (BEY) tool, and shielding may be adjusted to

conform the beam to the PTV. Furthermore, on some advanced TPSs the intensity

distribution across each field can he modulated to obtain a more unifonn distribution of

dose within the PTV. Finally, these new TPSs are not only very accurate, they alsa

perfonn the three·dimensional dose calculations sufficiently fast for clinical use.

With the contemporary sophisticated treatment planning methods even an

experienced planner cannot take full advantage of ail the available treatment

possibilities l • Even if customized beam profiles are not alloweci, there still exists the

possibility of a multitude of beams (typically 3-1S) incident on the patient from any

direction, each having its own aperture, energy, weight and, possibly, wedge or
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compensator. For normal tissues, one must consider complicated dose-volume

relationships (e.g., for an abdominal lesion. is it better to irradiate one kidney to 40 Gy

while sparing the other, or treat both kidneys to 20 Gy?). Additionally, there always is

an impetus to minimize the integral dose (total energy) delivered to the patient. This is

generally achieved by choosing beam orientations which reach the PTV after having

traversed a minimum amount of healthy tissue. The great number of variables to

consider render it almost impossible for a human operator to find the optimum treatment

plan for the patient among the vast assortment of!easible plans. When, in addition, the

possibility for intensity-modulated beam profiles is also considered. the number of

variables in the problem increases tremendously since the intensity for each small

"beamlet" within each beam must he determined. The optimization task now definitely

requires the assistance ofa computer.

2.3 THE OBJECTIVE FUNeTION

In order to select the optimum tteatment plan from among a set of feasible plans,

one must establish a quantitative method for evaluating the merlt of a plan. The

mathematical expression used to rank the plans is called the objective fùnction. The

objective function is generally minimized (i.e., a lower score means a better plan) but

occasionally it is defined with the goal to be maximized. In the foUowing, we will

assume that the goal is to minimize the objective function. A1though it May seem

simplistic to reduce the entire three-dimensional treatment plan to a single number, it is

important to remember that this is in fact a1ways what one does whenever one assigns a

rank to a series of items.. However, it becomes imperative to spccify an objective

function which truly desaibes the "optimality" ofa treatment plan.

25



• The simpler objective functions are the physical objective functions which

address the value of the radiation dose al specific points in the patient within the PTV

and the nonnal tissues (particularly structures especially sensitive to radiation). They

generally attempt to maximize homogeneity of dose within the PTV and minimize dose

to normal structures outside the PTV. An example of an objective function F which

attempts only to homogenize the dose within the PTV is:

(2.1 )

•

•

where Do is the desired dose to the PTV and Dp is the dose to points p selected for

scrutiny by the objective function. If we desire to include a factor to encourage sparing

of normal structure K, we might change the objective function F to:

(2.2)

where D. is the dose to points k in the nonnal structure. Equations (2.1) and (2.2) are

only two simple examples, and the physical objective function May he Mitten in Many

other more complicated fonns.

Considerably more complex are the biological objective functions. Instead of

considering the physical distribution of dose within the patient, these functions consider

the biological effects of the ndiation dose, as expressed by the tumour control

probability (Tep) and the normal tissue complication probability (NTCP). They attempt

to maximize the former and minimize the latter. An exampl~ of a biological objective

function is:
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where P,r: is the probability for tumour control, p",c.,: is the probability for normal tissue

complication of organ k, given a weight Wt in the objective function. The Tep and

NTCP are evaluated from the doses given to various points in the PTV and the normal

structures according to dose-effect relationships which at present are still very sketchy

and contain large uncertaintiesJ•4• This is the principal drawback of biological objective

functions.

2.4 APPROACHES TO DOSE OPTIMIZATION

We will now discuss a few of the more widely-used dose optimization techniques.

Sorne are useful ooly for the optimization of beam weights, athers only for finding the

intensity-modulated beam profiles, and some for ail variables of the treatment plan.

A. LiDea, or quadnde programDliDI

Linear (or quadratic) programming algorithms express the objective function as a

linear (or quadratic) function of the variables to be optimized. For instance, imagine that

the task is to optimize the beam weights Xi for a set of beams whose apertures, energies,

directions, etc. have already heen selected. We will set up a series of equations, linear

(or quadratic) in the x, which spccify the limits on doses to normal structures as weil as

the maximum and minimum doses to the PTV. An additional constraint on the Xi must of

course he that they are non-negative. Various well-known techniques, such as the

simplex algorithmS.6, the Gauss-Marquardt non-Hnear regression technique7, orthogonal

matrix transformations··9, or Powell's implementation of the Goldfarb and Idnami's

quadratic programming algorithm'o•
"

, can be used to find a best fit of the Xi to the
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various constraints. Limitations of the programming method are, firstly, that ail

constraints must he linear (or quadratic) in the variables Xi and, secondlyt that the

methods will not provide an approximate solution if no true solution exists. A failure of

this sort then requires a refonnulation of the initial constraint equations.

B. Gradient metbocls

Gradient methodsI1.1~ start from an initial guess of the beam weights (or beamlet

weights) and find the quickest path ta the bottom of the potential weil in which the initial

guess lies. A major shortcoming of the gradient methods is that the global minimum for

objective functions containing more than one weil May not he found. However, this is

not a concem when the only criterion is the homogenization of the PTV dose since, in

this case, the function has but one minimum, nor is it a problem if one has an alternative

method for positioning the initial guess in the weil containing the global minimum. The

main advantage of the gradient methods is speed.

One example ofa gradient approach will he presented herel2• ln this example, the

objective function F is fonned as the product of a number of score functions relating to

the Tep for the tumour and the NTCP for the normal structures:

(2.4)

•

where So is the score function for TCP (it decreases if Tep increases) and St to SN are

the score functions for the N various orlans al risk (these decrease as NTCP decreases).

Let x; he the i th beam weight at iteration t. The value of this beam weight al the

nexl iteration will then he given by:
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x. = x· + II. - ,, , ~ .,
(2.5)

•

•

where the partial derivative 8F/dti will he calculated using a dosimetric model that

computes the change of the objective function for a certain change in the beam weight

Xi. The parameter À controls the rate of change of the ray weights per iteration. ln

order to maximize the chance of finding the global minimum of F within the shortest

possible rime, À will he made large when the partial derivative of F is smalt, and small

when the partial derivative of F is large. Iterations which yjeld negative values for Xi

are truncated to zero. The iterations continue UDtil desired criteria on the dose

homogeneity, Tep, NTCP, etc., are satisfied.

c. FUtered-projeetioD

The filtered-projectïon algorithml6-11 for conformai radiotherapy is the procedural

inverse of the tiltered backprojection algorithm used in computed tomography. ln

computed tomography, the transmission data collected at each detector angle is filtered

and then projected back ooto a matrix. The sum of ail backprojections yields a patient

map which, at each pixel, is proportional to the linear attenuation coefficient of that

pixel.

The inverse operation is to stan with a desired map inside the patient (i.e., the

dose distribution) and for each pre-defined beam angle project the dose distribution ooto

the apenure of each beam. Once filtered to compensate for lateral photon scatter and

geometric blur, we have the desired beam intensity profiles. However, since the

idealized dose map we have specified within the patient has a value of zero dose outside

the PlV, the intensity profiles will contain negative portions, which are physically

impossible to deliver. A simple truncation of the negative values to zero results in
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substantial dose inaccuracies; thus, by itself: filtered-projection does not yield a feasible

solution. However, subsequent iterative corrections can be applied to bring the beam

intensity profiles closer to an optimum solution.

The main advantages of this method are its speed and its use of powerful and

elegant image processing techniques that are extremely well-developed and familiar due

to their extensive use in computed tomography.

o. Algebralc metbod

Dy perfonning a pixel by pixel correction to the intensity profiles rather than

solving the entire problem at once, the algebraic method I6•19.21 works backward in a very

straightforward manner from a desired dose disbibution to a set of intensity profiles.

The algorithm is ta a certain degree the inverse of the algebraic reconstruction technique

used in computed tomography.

Let us start with a desired dose distribution Do attained with J beams incident on

the patient. We will assip initial tluences to the beams as XI. Choosing a particular

pixel within the PTV, we calculate the dose distribution D that results from the initial

choice of the beam profiles. The difference between the desired and calculated dose

distributions is Do -D. We update the beamlets for each of the beam profiles

contributing ta the dose at the particular pixel ; by a quantity proponional to Do - D,

I.e.,

(2.6)

•
where Cj is a constant that May be different for each beam. We DOW proceed to the next

pixel, and so forth, until ail pixels in the PTV have been examined once. Because
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changes in the doses delivered to other pixels rnay subsequendy change the dose that was

detennined for the first pixel, we May need to rePeat the entire proc::ess for a number of

iterations, with the resulting ca1culated dose rnatrix D each time approacbing closer to

the desired dose rnatrix DQ •

The advantages of this method are that it is very simple and fast. A disadvantage

is that it does not perform very weil with complicated objective functions since the

iterative Eq. (2.6) cannot distinguish between a dose discrepancy within the PlV and an

excess dose to a nonnal structure.

E. Simu.ated aDneaUnl

The simulated annealing method22-26 performs a computational process analogous

to the cooling of a solid trom an initial high-temperature amorphous state to a final low­

temperature crystalline state. The principal advantage of the simulated annealing

algorithm is that it has the ability to escape local minima and thus fmd the global

minimum of any objective function. Its drawback is that it is comparatively slow.

To start otT the algorithm, an initial solution x is proposed where x is a vector

whose components are the beam weights of all the detined beamslbeamlets. At the start

of the algorithm, the initial solution is the current solution. The dose distribution

produced by the current solution and the corresponding value of the objective function F

are calculated.

-The magnitude of a displacement vector in solution space Ax is generated

according to a generating function. Different types of generating functions have been

examined by various authon. Once the magnitude of the displacement vector is

detennined. its components â.r; are distributed at random. The vector x+ Ai- is then

31



• used in a trial solution and a dose distribution is calculated. The objective function is

then calculated and its value compared to the previously obtained value. If the new bial

solution represents an improvement over the previous current solution, it replaces it and

becomes the new current solution. The new solution May be in a different weil of the

objective fonction 50 that, in a sense, the algorithm has perfonned a tunnelling process.

If the new trial solution does not represent an improvement over the previous current

solution it is not necessarily discarded. It will replace the curreot solution with a

probability given by:

p (-[F(i') - F(i)])=exp T . (2.7)

•

•

where T is a temperature parameter, to he discussed next. The non-zero probability of

retaining a solution with a higher value of the objective function allows the algorithm to

climb out of wells. The tunnelling and climbing features of the simulated annealing

algorithm allow the algorithm to explore the entire solution space.

In analogy with the annealing process, the temperature T of the system and the

magnitude of the displacement vector &X both decrease with time. The initial large hops

and greater potential for hill-climbing penDit a coarse exploration of the toPOgraphy of

the objective fonction; the smaller fmal hops and more limited potential for hill-climbing

penDit the solution to descend slowly ioto the weil which contains the global minimum.

F. Genetie a110ritbm

Genetic algorithms27.21 function on the basis ofa "oatural selection" of the "finest"

treatment plans and elimination of those plans considered less fit. The algorithm begjns

by defining the initial population. a set of treatment plans consisting of a number of
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• beams whose parameters are chosen at random within the allowed limits. An example of

an individual treatment plan is the following:

Beam index:

Beam weight:

34

0.32

65 21

0.07 0.21

56 99

0.09 0.06

43 39

0.06 0.12

22

0.04

84

0.03

•

•

where each beam index specifies a unique set of parameters for energy, apenure,

direction, and wedge, and the beam weight specifies the fractiona] weight that is assigned

to that beam in the plan.

The dose distributions for all plans in the initial population are evaluated and

assigned a fimess value by means of an objective function. A set of reproduction

operators.. which preferentially select for the fittest plans, are then used to create a new

generation of plans. The reproduction operaton mimic DNA cros5Over, cloning,

mutation, as weil as spontaneous generation and plan death. Each plan in the new

population is again ranked according to its fitness. The process continues for a

predetermined number of generations or until a certain degree of improvement is shown

in the treatment plans.

G. Mbecl iDteaer

The Mixed integer algorithml 9-11 is ditTerent from the algorithms 50 far presented

in that its goal is to maximize the dose to the centre of the PTV white simultaneously

respecting the set of dose-volume constraints on the sensitive organs that have been laid

down.

Suppose that a set of N beams bas been defined and. that the weight of beam j is

xj ' with xj non-negative. Suppose also that we have a series of nonnal structures
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• denoted by the subscript k, cach having Mt dose calculation points. The dose from a

unit-weight heam j to the lth dose calculation point of structure k will he designated as

Qie.i. The dose-volume condition for structure k can then he expressed as:

N

~ Q. . ex. sb~ ,
~ la} } ..

i-I
(2.8)

•

where bt is a dose Iimit for normal structure k that a certain number Li: of the Mt points

must satisfy to ohey the imposed dose-volume constraint on organ k .

We may also wish to express a limit on the dose heterogeneity we are willing to

accept within the PTV. Let there he H points on the boundary of the PTV and let cJri he

the dose to a particular point h for a unit-weight of beam j. Unless the PTV is

exceedingly large, setting a limit on the dose heterogeneity at the PTV boundary is

equivalent ta (and simpler than) setting a limit on the dose heterogeneity to the entire

PTV. The the heterogeneity condition can he written as:

(2.9)

where di is the dose given to the centre of the PTV for a unit-weight heam, and t is the

percent heterogeneity allowed on the dose. The goal is then to maximize the dose to the

centre of the PTV:

(2.10)

•
Simple situations having few dose points in each organ can he solved by an

exhaustive enumeration of ail possible combinations of the beam weight vector x which
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• satisfies the constraints and the selection of the one which maximizes the PTV dose.

More complex problems can he solved according to the mixed integer method which

requires a slight modification of Eq. (2.8) to explicitly include the fraction Lt of the Mit

points that must he kept below a certain dose level.

We now reMÎte Eq. (2.8) as:

N

LQili ex} ~bt + O;,U.
}-I

with Oi' = 0, 1 . (2.11 )

The quantity (b t +Ut) is the maximum dose that any point il of nonnal structure k is

allowed to receive. However, as stated Previously, L. of these Mit points must receive

less than b•. Thus we will add the condition:

•
M,

L~A s(~ - Lit) •
1. -1

(2.12)

•

Equations (2.9) through (2.12) when taken together define a linear program which cao he

solved with standard techniques.

H. Searcb for. fea.lble soludoD

Two methods have been proposed in which an objective function is not used at

ail. Rather, a number of constraints are set up and either a random search through the

space of possible solutions32 or a method of projecting the solution space onto the various

constraintsl 3,J4 is employed. In these two methods, the first solution which satisfies the

constraints is chosen. These approaches assume that ail solutions satisfying the

constraints are clinically acceptable and of roughly equal value. This is true only if the

various constraints are set up judiciously sucb that the space of feasible solutions is smal)

and relatively "Oat".
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1. CADPLAN's metbod for dose distributiOD optimizadoD

Version 2.79 of the CADPLAN treatment planning systemlSJ6 is not very

advanced in tenns of possibilities for optimization. The only aspect of a treabnent plan

that May be optimized is the beam profiles and this only for the case of a single beam, or

for sets of parallel-opposed beams. In other words, version 2.79 of the CADPLAN

software can perform dose compensation 10 a plane. It is anticipated that version 3 will

have the ability to perform dose compensation 10 a volume, i.e., the ability to calculate

the required dose profiles for an arbitrary number of beams that will deliver a unifonn

dose to the PTV.

To understand CADPLAN's algorithm for compensation to a plane, consider the

radiation beam incident on the patient in Fig. 2.1. The plane in the patient at which the

user desires to achieve a unifonn dose is called the compensation plane. Presently, as

shown in Fig. 2.1, the profile of the X-ray beam incident on the patient is Oat (unifonn)

resulting in unequal doses to the five points shown on the compensation plane, with the

highest dose opposite profile point %. since the amount of tissue traversed by the beam is

the lowest at this point.

CADPLAN leaves the intensity for point %. unchanged and corrects the

intensities opposite the other profile points by multiplying them with the reciprocal of the

dose at the compensation plane. For instance, without intensity modulation, the dose

point opposite xt receives a relative dose of95%. To bring this in lioe with the relative

dose opposite point x.' the intensity at XI needs to he increased by the factor (O. 95r
t

•

CADPLAN uses this algorithm to caneet ail points contained within the field limits at

spatial intervals of 2.5 mm. This fonns a "compensation matrix". The user is asked ta

specifiy a distance from the field edges at which the compensation will case, to ensure
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• that the algorithm does not attempt to compensate in the penumbra region. CADPLAN's

algorithm is not precise enough to handle adequately the compensation in the penumbra

region where the dose gradient is very steep. Typically, the user should specify that the

compensation is to stop approximately 1 cm from the field edge.

x..
X-ray beam

Xl

patient

90GA. 89GA. 100% 940/0

--~------- ~---~~----~~ ~-----~---~- ----------
compensatio plane

•

Fw:::e 1. J. Diagram 10 i/lustrate how venion 2.79 ofthe CADPUN treatmenl planning
so are ca/culales interuity.modulated bea", profiles.

•

If 50 desired by the user, the intensity matrix calculated by CADPLAN can be

converted to a 3D plot of thicknesses , for a physical compensator according to a simple

Unear anenuation fonnula:
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where IJ" is the effective linear attenuation coefficient for the compensator material and

J/Io is the intensity at an arbitrary point of the compensation matrix relative to the

maximum intensity. The plot of physical compensator thicknesses can be output in the

form ofa file destined to be read by a computerized milling machine.

It is evident that CADPLAN's optimization algorithm is crude and suffers from

Many shortcomings. Firstly, it only perfonns compensation to a plane and accomodates

at MOst two beams per compensation plane. Secondly, it does not account for the fact

that changes in beam intensity at one point affect neighbouring points. Sorne algorithms

use iterative methods to account for this scatter contribution but CADPLAN simply

ignores il. Thirdly, when converting the intensity values to thicknesses for a physical

compensator, CADPLAN models the linear accelerator photon beam, which is composed

of a wide spectrum of energies, as a monoenergetic photon beam having an effective

energy given by E., and an effective attenuation coefficient 1Jf6' This is very simplistic

since, for polyenergetic beams. the shape of the energy spectrum changes with the

penetration of the beam into a medium. Generally, the lower energy photons are

preferentially attenuate~ creating a "hardening" of the beam with increasing depth, i.e., a

decrease in the effective attenuation coefficient of the beam. Tests to evaluate the

performance of CADPLAN's algorithm for the calculation of beam profiles will be

presented in Chapter 6.
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2.5 APPROACHES TO 3D CRT

Once the parameters of an optimum treatment plan have been detennined, the

treabnent plan must he implemented on the linear accelerator. A number of approaches

for delivering the 3D dose distributions are presented below.

A. Vse of pbysleal compea.ton lor IDteasfty modul.doD

Metal compensators have been used for some time to alter the photon fluence

pattern incident on the patient, panicularly for single-field or parallel-opposed field

configurations. To use compensators in 3D conformai treabnents, the various intensity

profiles calculated by the optimization routine for each field must be converted to maps

of compensator thickness. A number of algorithms have been derived ta Perfonn this

task6· 37
"'

3
•

Conceptually, titis approach is very simple but it bas a major disadvantage in that

it is quite time consumingW since for each field a compensator must be milled with a

computerized milling machine and, at the lime of patient treatment, the radiotherapy

technologist must enter the treatment room to change the compensator for each field.

Furthennore, each comPellSator must he documented and stored. Approaches much less

demanding of the rime resources of a radiotherapy department but, on the other hand,

considerably more complicated have been developed for this purpose during the past few

years and are brietly discussed below.

B. Vse of multUe.' caWm.ton for IDteality modalldoD

Multileaf collimators, which are described in detail in Chapter 4, are normally

used for a practicaI delineation of irregular fields, but cao alsa he used ta achieve beam

intensity modulation. A number of coplanar or noncoplanar fields are selccted either by

forward planning or inverse planning. Typically, the plan configuration will be similar

ta tbat used in conventional planning. However, an optimization routine will be used to
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detennine intensity profiles for each field to yield a desired distribution of dose within

the PTV. A leaf-sequencing algorithm will then be called upon to establish the proper

MLC leaf positions needed ta deliver the intensity distribution for each field. The

delivery of the intensity-modulated fields cao be performed either in a dynamic mode or

in a static mode.

In the dynamie mode, each set of leaf pairs moves independently according to the

leaf-sequencing algorithm while the beam is on. The first field is delivered, and as the

gantry and collimator rotate ta bring the Iinear accelerator into position for the next field

the beam is shut otT. When the position for the second field is established, the beam is

once apin tumed on and the leaves move according to a new leaf sequence to deliver the

intensity profile for the second field. This continues until ail fields of the treatment plan

have been executed. The motions of the lcaves as weil as the gantry, collimator, and

jaws are ail under computer control and the treatment cao he completed very rapidly. A

number of leaf-sequencing algorithms have been published for use with the dynamic

mode'5.51. However, as discussed in Chapter 3, methods for the verification of dose

distributions delivered in dynamic mode are troublesome and still in their infancy. Thus

the dynamic mode is used clinically only in a few centres around the world and bas not

yet been adopted for use in our institution.

ln the s'atie mode, the treatment rimes are slightly longer than in the dynamic

mode since the lcaves never move while the beam is on. Instead, the beam is temporarily

sbut otT as the leaves move in UDison ftom one configuration to the next, defined by the

leaf-sequencing algorithm. Each static MLC configuration is referred to as a subfield;

the ensemble of subfields at a given gantry angle forms the field. Otherwise, the

treatment is delivered similarly to the dynamic treatment, Le., the fields are treated

sequentially under computer control. Although slightly more time-consuming to deliver,
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a significant advantage of the static approach is that the dosimetry of static fields is much

beUer understood and easier to verify than the dosimetry of dynamic fields. Aigorithms

for the static mode approach to intensity modulation have been given in the literature52-".

Our particular algorithm for dose delivery in a static mode is described in Chapter s.

c. Tomotbenpy, Peacoek System, lateasity-modulated Arc Tber.py (DIAn
Three specialized apProaches to intensity-modulation, namely tomotherapy, the

Peacock system, and IMAT, also use a type of multileaf collimator to achieve intensity­

modulation. However, they are sufficiently different from the basic MLC approach to

warrant a separate discussion. Ali three techniques, instead of modulating the beam

intensity at a number of fixed gantry angles, modulate the beam intensity simultaneously

with the rotation of the gantry about the patient.

Tomotherapy units'l-6O have been proposed as the ideal radiotherapy b'eatment

machine, however, they are still under development and have not yet been applied to

clinical use. The proposed unit resembles a modem CT unit except that, in addition to

the low-energy diagnostic X-ray tube, the tomotherapy unit contains a miniature 6 MV

waveguide operatiog in the X-band at -104 MHz. The therapy beam is collimated ioto a

1 cm wide fan and rotates continuously about the patient while the patient couch is

translating, resulting in a helical path about the patient. In order to achieve a conformai

distribution of dose within the patient, intensity modulation is constantly provided by

centimetre-wide tungsten vanes spanning the width of the fan beam. A very appealing

property of tomotherapy units is that, due to the presence of the diagnostic tube in the

unit, the patient set-up can be verified with a CT procedure cach day before treatment,

and even during treatment for detection ofexcessive patient motion.
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The Peacock syate""I"', on the other band, is a commercially available add-on

package for a conventional isocentric linear accelerator. Currently, it is used only for

treatment of intracranial lesions. The Package consists of software for inverse treatment

planning, a special multileaf collimator incorporating opposing pairs of 0.85 cm wide

vanes to perfonn the intensity modulation, and a device for precision indexing of the

couch. Patient treatment first involves rigid immobilization using a metal plate screwed

into the patient's sku1l, and then beam delivery under continuous full gantry rotation

while the opPOsing pairs of vane provide intensity-modulation with the couf:h stationary.

Two 1 cm thick slices of the PlV are treated at each couch position; the couch is then

translated to treat the next two slices of the PTV.

Like tomotherapy and the Peacock system, the intensity-modulated arc therapy

(1MA T)6~ employs gantry rotation about the patient simultaneously with intensity­

modulation. However, this is about as far as the resemblance goes. Contrary to the two

preceeding approaches, in IMAT the dose is delivered ta the Patient through a series of

arcs rather than complete gantry rotation. Additionally, the intensity modulation is

provided by a conventional multileaf collimator. The aperture of the multileafcollimator

changes shape as the gantry rotates to execute the arc. The number of arcs required to

treat the patient depends on the complexity of the dose distribution to he delivered and

the degree ofprecision desired. Finally, since the full width of the PTV can he treated ail

at once, no movement of the couch is needed during treatment. This approach has not

yet been implemented for clinical use.

2.6 SUMMARY

This chapter bas discussed the cunently-used means for calf:ulating and

delivering optimized beam intensity matriœs. When delivered together, the som of these
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intensity-modulated fields yields a dose distribution which, in theory, will conform

tightly to the target volume and produce a homogeneous dose within il, thus sparing

surrounding healthy tissues.
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3.1 INTRODUCTION

This chapter f1l'St presents an overview of dosimetry techniques used in photon

beam radiotherapy, and then describes in detail the use of an electronic portal imaging

device (EPID) for the verification of intensity-modulated beams produced by a multileaf

collimator (MLC).

3.2 DOSIMETERS USED IN RADIOTHERAPY

A. WeU-establilhed teebaiques

The well-established dosimeters in photon beam radiotherapy are the following:

the ionization chamber, the semiconductor diode, thennoluminescent dosimeters, the

Fricke solution, and silver bromide film. A number of newer dosimetry techniques

which are also beginning to find Cavour in radiotherapy include the Fricke gel, the BANG
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polymer gel, and radiochromic film. We will review briefly each of these radiation

dosimeters and state sorne of their advantages and disadvantages.

An ionization chamber measures the ionization produced by the radiation field in

the chamber sensitive volume tilled with some gas, MOst commonly air. The collecting

volume (of dimensions typically around 1cml or less) is bounded by two electrodes with

a potential ditTerence on the order of 300 V. The two most common types of ionization

chambers for radiotherapy applications are the parallel-plate (end-window) chamber in

which the electrodes consist of two parallel dises severa) millimeters apart, and the

cylindrical (thimble) chamber in which the outer electrode is in the Corm of a thimble,

with the inner electtode Pfotruding ioto the thimble. The advantages of ionization

chambers are the very low dependence of their response on radiation energy and the

extremely high reproducibility of the measurements, making them the dosimeters most

suitable for measurements of treatment machine outputs. The principal disadvantage is

that dose is sampled only at a single point: measurements in a plane are thus time­

consuming, and even more sa in a volume.

Semiconductor dos;meters consist of a pen junction operating in reverse bias, Le.,

in diode mode. Electron-hole pairs fonned in the dosimetric sensitive volume (depletion

layer) by collisional interactions of the ionizing radiation yield a charge proportional to

the dose received by the diode. The diode may also he operated in the photovoltaic mode

without any bias at ail; the diode response is smaller, but the leakage current is alsa

reduced considerably. Volume for volume, semiconductor detectors are over 10' times

more sensitive than gas-filled chambers. A factor of 1()3 cornes from the ratio of

densities and another order of magnitude comes from the energy required to create an

electron-hole pair (2.7 eV for silicon in comparison to 33.97 eV, the average energy

required to create an ion pair in air). Thus, for radiotherapy applications the depletion
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layers ofdiodes can be made extremely small, typically a few tenths ofa mm3 in volume,

which is very practical in measurements requiring a high spatial resolution. The

disadvantages of diode dosimeters are that they are generally not tissue-equivalent, their

response depends significantly on their orientation with respect to the radiation beam

and, like ion chambers, they sample dose at only one point. However, diode anays for

measurement of beam profiles have recently become commercially available.

Thermoluminescent dosimeters (TLDsJ consist of small amounts of

thermoluminescent material of volume around 1 mm3, in solid crystal or powder fonn.

The MOst popular TLD material is lithium fluoride. When exposed to radiation,

electrons in TLDs are promoted to higher energy levels and trapped in metastable states

IYing in the forbidden energy gap. These states have lifetimes ranging from seconds ta

years, the deeper the trap the longer its Iifetime. Thermoluminescent materials can thus

conserve a pennanent record of the radiation dose rec:eived and this dose record cao be

extraeted by supplying energy to the TLD in the fonn of heat, which causes the emission

of a quantity of light proportional to the original radiation energy absorbed. In the case

of lithium fluoride the eDlitted light falls in the blue part of the visible spectrum. The

advantages of tissue-equivalent thermoluminescent materials for dosimetry are low

dependence of response on radiation energy, small dosimeter size (pennitting good

spatial resolution of dose measurements) and reasonable reproducibility. A disadvantage

is the read-out procedure of each TLD which is lengthly and tedious. The ideal use of

TLD is for dose verification measurements on patients during their treabnent, with one or

more TLDs taped to the patientls skin or placed within body cavities.

The Fricke dos;meter solution is an acidic aqueous solution of ferrous sulfate.

lonizing radiation reduces the ferrous ions to fenic ions in a degree proportional to the

radiation dose received by the solution. Measurement of the resultant concentration of
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fenic sulfate is performed optically, i.e., by recording the change in transmission of the

solution after irradiation, in the ultraviolet region at 304 om. No v;sual change

accompanies the irradiation. There are few advantages to this method except that it May

be labelled as an absolute dosimetry technique provided that the energy required to

oxidize a ferrous ion to a ferric ion is known. Disadvantages include the need for very

careful preparation of the solution, a relatively low sensitivity, as weil as dependence of

dosimeter response on volume. temperature, and oxygen concentration.

Si/ver bromide film consists ofa cellulose base to which is bound a thin emulsion

ofsmall crystals of silver bromidc. The action of radiation is to reduce some of the silver

atoms in the emulsion fonning a fllatent image" invisible to the eye; subsequent

development of the film reduces the whole silver bromide crystal for those crystals

containing a reduced silver atome The development results in substantial amplification.

revealing to the unaided eye a 2D "map" of the radiation distribution to which the film

was subjected. Quantitative evaluation of the optical density at each point on the film is

obtained with a scanning densitometer; optica1 density cm then be converted to radiation

dose if the film's characteristic curve is known. Film is an attractive dosimeter since with

it one can measure radiation dose in an entire plane simultaneously with a very high

spatial resolution (order of microns). However, irksome Pr0blems of film are that the

response depends severely on radiation energy below energies of - 200 keV; that the

relationship between measured optical density and radiation dose received saturates at

moderate doses (- 50 cOy); and that development conditions of the film affect the

resultant optical density in a significant and quite irreproducible manner. Sorne

investigatorsl .2 have pro~ elaborate techniques to circumvent these difficulties,

however, most physicists favolU' an approach that does not involve dubious "correction

factors".
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B. R~DttKhD~ua

The Fricke gel dosimeterl is closely related to the Fricke ferrous sulfate solution,

discussed above, except that the ferrous sulfate is now dissolved into gelatin. Because of

the gel matrix, the ferric sulfate produced by the radiation field does not readily migrate,

and the Fricke gel dosimeter thus records three-dimensional dose information ail at once

·a remarkable attribute of this new dosimeter. Contrary to the read-out of the Fricke

ferrous sulfate solutions with a spectrometer, the read-out of the gels is performed in a

magnetic resonance imager (MRI), exploiting the different magnetic suceptibilities of the

two charge states of the iron ions. The principal drawback of Fricke gel dosimetry is the

poorly-established reproducibility of the technique4". Moreover, in order for ion

migration to he truly insignjficant, the Fricke gel must be read on the MRI within an hour

of irradiation. This can he a serious constraint in MOst institutions since physics access to

MRI units is often severely limited by a heavy patient load.

The same three..dimensional imaging capability exists with an even newer

dosimeter: the BANG polymer geJ5·· composed of acrylamide, bis-acrylamide, and again,

gelatin. Irradiation causes the bis-acrylamide to fonn cross-links with the acrylamide,

transfonning the monomer state to a polymer state to a degree proportional with the

radiation dose. Quantitative read-out is performed with an MRI unit, but the dose record

May also be examined qualitatively by eye, which is an agreeable feature the Fricke

ferrous sulfate gel docs not possesse There is no migration, as in the Fricke gel, thus the

read-out need not he performed immediately after irradiation. The three-dimensional

imaging capabilities of this new gel technique are very exciting and funher research may

make the BANG gel the comerstooe of future three-dimensional radiotherapy dosimetry.

Radiochromic ftlm9-11 consists of a polyester base ooto which a thin emulsioo of

radio-sensitive dye bas been deposited. Radiation tums the dye molecules a deep blue,
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without any development whatsoever. Ambient office lighting bas a negligible efTect on

the film since the radio-chemical interaction requires an energy greater than about 3 eV

to proceed, but exposure to sunlight because of its ultraviolet component should he

avoided. Precise read-out of the optical density of the radiochromic film is possible with

a He-Ne laser densitometer and is strictly linearly proportional to dose. The advantages

of radiochromic film are very low dependence of the response on radiation energy, the

fact that dose may he recorded in an entire plane at once, and extreme ease of use since

there is no development and no need to proteet the unexposed film ftom ambient

lighting. The disadvantages of radiochromic film are its high cost and its very low

sensitivity, which implies that a large dose must he imparted to the film in order to

achieve a suitable optical density range. These drawbacks make radiochromic film

impractical for routine radiotherapy dose measurements, yet its low sensitivity is very

useful for certain specialized applications, such as stereotactic radiosurgery verification

and brachytherapy source autoradiographs.

3.3 GENERAL DESCRIPTION OF THE VARIAN SLle EPID

Figure 3.1 is a sketch of the image detection unit (IDU) of the Varian EPIDI2.

The prototype of this device was built at the Netherlands Cancer Institute in the early

19805. The mu consists ofa control unit, 256 high-voltage switches, 256 eleetrometers,

and an ionization cbamber filled with a 1 mm thick layer of a liquid hydrocarbon (iso­

octane). The ionization chamber is sedioned electronically into 65536 "pixels"

(256)(256 matrix) by 256 high-voltage polarizing electrodes and the 256 electrometer

sense wires which criss-cross the cbamber perpendicularly to each other. The total area

of the ionization chamber is 32x32 cm:!, givmg each pixel an area of 1.25x1.25 mm2•

This type of EPID is referred to as a scanning liquid ionization chamber (SLIC).
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In the "standard mode" the read-out of the IDU after irradiation is perfonned in

the following sequence13:

(1) High-voltage line #1 is connected to 250 volts.

(2) Ail 256 electrometers are read simultaneously to acquire the pixel values for Hne

#1. This step is perfonned six times in sequence and the average is calculated

digitally. Line #1 is disconnected ftom the power supply.

(3) High-voltage Hoe #2 is connected to 250 volts.

(4) Ail 256 electrometers are again read simultaneously to acquire the pixel values

for Hne #2. This step is perfonned six times in sequence and again the average is

calculated digitally. Line #2 is disconnected ftom the power supply.

(5) High-voltage line #3 is switched to 250 volts. etc...

Fipre J.J. DÜlgrtl", oftlte image .tection "nit (IDU) oftlte J'ariG" Jca"ni"g liquïd
;oni%tltio" c_ber (SUC) EPID.

•

•
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Read-out of the entire IDU takes S.9 s in the standard mode. In the "fast mode",

pairs ofhigh-voltage lines are polarized simultaneously, which reduces the total read-out

time to 2.9 s but concurrently decreases the spatial resolution by a factor of two in the

direction perpendicular to the high-voltage lines.

The mu is supported by a robotic arm with three degrees of freedom permitting

source-detector-distances (SDDs) ranging from 90 cm to 200 cm, and allowing

horizontal displacements of about 1S cm in ail four directions. The manufacturer

cautions against irradiating the electronics surrounding the ionization chamber,

recommending a maximum field size at an SOD of 100 cm of 32x32 cm2• When not

needed, the support arm allows the IDU to be fully retracted from the radiation beam and

stored next to the gantry counterweight.

Signais from the IDU are sent to the image detection interface (101) which

contains power supplies and hardware for synchronizing the EPID with the Clinac

2300 CID. The IDI is located outside the treatment room and is conneded to an IBM­

compatible PC for image processing and visuaiization. The PC is networked to a printer,

a frame-grabber for digitization of simulator films, and to other PCs which may he used

remotely to view images and perfonn file management.

3.. PHYSICS OF IMAGE FORMATION IN THE SLle EPID

Radiation striking the mu ionizes some of the molecules within the ionization

chamber, creating positive ions and Cree electrons. The Cree electrons are rapidly

captured by electronegative impurities in the iso-octane liquid and thus ail charged

panicles in the chamber sensitive volume have mobilities characteristic of moderately

heavy ions'·. With the relatively low ion mobility and the high density of the liquid,
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recombination loss in the chamber is considerable. As a result. the ion...pair concentration

in the ionization chamber rapidly reaches a steady state in which ion-pair creation by the

radiation field is balanced by ion-pair recombination. The steady-state ion-pair

concentration in the iso--octane layer is then sampled by the high-voltage pulses applied

in tum to each pixel.

A qualitative description of the dependence of a given pixel value on dose rate

(i.e., the characteristic curve) is easily derived as foIlows. Let n(t) he the ion-pair

concentration in the liquid. The rate of change of the ion-pair concentration will involve

two tenns, one positive and one negative. The positive tenn accounts for ion-pair

creation and will be proportional to the dose rate b impinging on the liquid in the

ionization chamber. The negative tenn accounts for the recombination loss and,

according ta elementary chemical kinetics, will he proportional to the product of the

positive and negative ion concentrations. The differential equation goveming the ion­

pair concentration is therefore given as:

~~tl =aD- b[n(tlj2 • (J.I)

where Q and b are cor stants. In the steady state, dn( t)/dt =0 and the ion-pair

concentration, using Eq. (3.1), reaches the equilibrium value n.. given by:

~ab
n ---~,,- b . (3.2)

•
ln this simpli6ed model, the equilibrium ion-pair concentration is proponional to

the square-root of the dose rate. Sinc:e the read-out of each pixel is simply a sampling of

the steady-state ion-pair concentration in eacb pixel. one expects the pixel value to he
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roughly proportional to the square-root of the dose rate al the IDU. In practice,

however, the calibration curve involves higher order terms and should he detennined

exPerimentallyls.zo in the range of dose rates encountered. The calibration curve is

expected to he independent of photon energy since iso-octane is composed of low atomic

number elements. The preceeding derivation of Eq. (3.2) is a condensed version of the

derivation given by van HerkIS.

3.5 BASIC EXPERIMENTAL INVESTIGATIONS OF THE EPID

The exPerimental investigations performed with the EPID which will he

described in this section are the following:

A. Determination of the depth of maximum dose for the EPID

B. Determination of the characteristic curve for the EPID

c. Reproducibility ofpixel values for identical irradiation conditions

D. Investigation of variations of the characteristic cun'e with field size

E. Investigation of umemory effectif of the EPID.

Ail exPeriments reported in this section were performed in the standard

acquisition mode with the EPID at a source-detector distance of 100 cm. The dose rate

was selected to be 400 MU/min for bath the 6 MV and the 18 MV photon beams

produced by the Varian Clinac-2300 CID linear accelerator. Ali stated pixel values are

actual1y an average of the pixel values in a matrix of 9x9 pixels comprising a region of

interest (ROI) al the centre of the EPID image.

A. BuOd-up lDeMUrealeatl

When a choice exists as ta what depth dosimetric measurements are to he

perfonned, the depth of maximum dose d_ suggests itself for two reasoos. The first
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reason is that at d.. the detector will register the largest signal, thus giving the largest

number of significant figures in the measurement results and the largest signal·to-noise

ratio. The second reason is that the dose gradient is small in the fegion surrounding d"..;

performing measurements at depth d",. therefore minimizes the impact of small

uncertainties in the depth.

To detennine experimentally the depth of d.,. for the Varian EPID, the field size

was set to 10x10 cm:! and irradiations were carried out with various thicknesses of solid

water placed on the IOU. Results are shown in Fig. 3.2 for the 6 MY and the 18 MV

photon beams. For measurements at shallow deptbs in phantom, sheets of phantom

material may be placed directly on the cover of the imager. However, with standard-size

sheets (30x30 cm2) the weight of 4 cm of phantom material will trip the EPID's collision

interlocks. [n order ta perform experiments at greater depths in phantom, a custom jig

was manufactured allowing additional sheets of solid water to he suspended above the

imager surface while still making contact with those placed directly on the surface of the

imager.

The results displayed in Fig. 3.2 indicate that a thickness of 1 cm of solid water

and 3 cm 50lid water placed on the surface of the imager constitutes the depth of

maximum dose for the 6 MV and 18 MV beams, respectively. It should be noted that

this 50lid water depth is supplemental to the build-up provid~ by the printed·circuit

board in front of the iso-octane layer, the rohacell foam cushioning the printed circuit

board, and the 1 mm steel cover plate of the mu. Our experiments showed that the

depth ofd".. variN by approximately 1 mm and 2 mm for the 6 MV and 18 MY photon

beams, respectively, as the field size was changed from SxS cm:! to 20x20 cm1•

However, since the dose varies 50 little with depth in the d",. region, we ignore this small

variation and perform all our stated d.. measurements with the same thickness of solid
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• water, regardless of the field size. As evident from Fig. 3.2, this thickness is 1 cm of

solid water for the 6 MV beam and 3 cm of solid water for the 18 MY beam.

Figu,e J.1. The EPID pixel value for a IOxIO cm1 field al an SDD of 100 cm as Q

/unclion ofthicknesI ofsolid waler p1aced on the image' sur/Gce fo, the 6 MV and J8 MY
photon beG"".
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•
Backscatter is provided only by the lower printed circuit boar~ with a thickness

of about 1 mm. However, photon and electron bac~tter are relatively unimportant al

megavoltage energies and we consider the minor correction for lack of backscatter to he

iDcluded in the detennination of the calibration curve of the EPID, discussed next.

B. Detennl.adoD of tbe E'ID cbaraeterlstic cu"e

•

A charaeteristic curve relates the dose (or dose rate) received by a detector to the

value of its output. The SLIC EPID is a differential dosimeter and thus we want to relate

ils pixel value to the incident dose rate. The dose rate al the IDU can be varied eithcr by

placiog attenualors ioto the radiation beam or by varying the SDD of the IDU and

causing the dose rate to ran otTessentially according to the inverse-square law.
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To determine a characteristic curve for the EPID with the attenuation meth~

various thicknesses of lead were placed on the upper accessory tray of the linear

accelerator (distance of 58.5 cm &om the X-ray source) to a maximum lead thickness of

61 mm. For each lead thickness, the average pixel value in the 9x9 ROI at the field

centre was recorded. A field size of lOx 10 cm1 was used, centred on the IDU. In order

to correlate the pixels values with the dose rate impinging on the IDUt the mu was

retracted and a calibrated Farmer chamber was positioned at the appropriate d",. depth in

a solid water phantom with an SAD of 100 cm. The lateral dimensions of the solid water

phantom were 30x30 cm2, thus reproducing weil the side-scatter conditions of the

EPIDI6. The lead sheets were then removed in reverse arder and the dose rates recorded.

Results are shown in Fig. 3.3 for the 6 MV and 18 MV photon beams (curves

shawn are not mathematical fits and are meant simply as an aid ta the eye). For

comparisollt a characteristic curve measured al an SSO of 140 cm is also shown in

Fig. 3.4. Other studies of the SLIC EPID calibration procedure have been published by

Zhu l ? and Yinll and our results are similar to theirs.

To detennine a characteristic curve for the EPID with the inverse-square law

method, readings were taken with the EPID al various SDOs ranging from lOS cm to 180

cm. Again a field size of 10x10 cm2 was used, centred on the IDU. In order to correlate

the pixels values with the dose rate impinging on the IDU, the IDU was retracted and a

calibrated Fanner chamber was positioned at depth d... in a solid water phantom and

readings were subsequently recorded at SADs ranging from lOS cm to 180 cm. Results

of this experiment are shown and compared to results obtained with the lead attenuator

method in Fip. 3.S and 3.6.
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Figures 3.5 and 3.6 show that the characteristic curves obtained by varying the

SDD or by placing attenuators in the beam are equivalent. Furthennore, curves obtained

with aluminum attenuators are identical to those obtained with lead attenuators,

confinning our hypothesis that the response for the SLIC EPID is vinually energy­

independent at the energies investigated. At lower energies, Boellardl9 has demonstrated

a significant etTect ofbeam energy on the pixel response.

Because of various factors such as electrode shape differences, electrode surface

inhomogeneities. and slight local variations in thickness of the iso-octane layer, the

measured sensitivities of pixels of the mu vary considerably for identical dose rates (up

to 4(010)20. Since the design purpose of an EPID is to produce acceptable transmission

images of patient anatomy and the radiation field Iimits, the response of each pixel must

he adjusted in order to equalize their sensitivities, otherwise the images will he

unnecessarily Doisy. The simplest way to achieve this is to assume that an open beam

emerging from the linear accelerator is completely uniform in intensity and then to adjust

the software gain of each pixel such that the supposed uniform field yields an image with

equal pixel values. This is the method Varian bas adopted, and it is well-suited ta

imaging purposes. The manufacturer recommends that this equalization procedure he

performed every two weeks, we have found that an interval of t month is sufficient.

However, an open field produced by a Iinear accelerator is not entirely unifonn

and its Oatness also depends on the depth of measurement in phantom. For instance,

with the Varian Clinac 2300 CID at 6 MY there is approximately a 3% increase in the

dose at points 5 cm laterally from the isocentre for measurements al a depth of d",.. At

t8 MV, the corresponding figure is 2%. This increase in dose al d",. for off-axis points

is referred to as the "beam horns" and is required if the dose profile is to meet the tlamess

specifications which are usually stated for a depth of tO cm in a water phantom. Since
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the pixel sensitivity equalization procedure adopted by Varian effectively removes the

horns, they must he reinstated when measuring beam profiles with the EPID. This is

achieved through a multiplication ofpixel values by the appropriate off-axis ratios.

It is important to note that when perfonning EPID dose measurements backscatter

is provided only by the lower printed circuit board (I.S mm thick). This does not yield

true in-phantom measurement conditions and lowen the recorded EPlD signal by 1%-2%

at megavoltage energies. However, the lack of photon and electron backscatter should he

a relatively unifonn percentage over the imager surface and we consider the small

correction required ta account for reduced backscatter to he included in the calibration

curve of the EPID.

c. Reproduc:ibWty

The stability of the pixel calibration curve with time was investigated by

acquiring an EPID image on a random basis (at an average interval of 2 weeks) over a

period of 24 months and using the image to evaluate the dose rate of the linear

accelerator. The dose rate as predicted by the EPID image was then comPared to the

dose rate as measured by a calibrated Fanner chamber. An agreement within ±2.S%, one

standard deviation, was found, which is slightly worse than the stability recorded by

Zhu17 for the same model of EPID during a period of 2 months. Despite numerous

efforts, the stability of our dose measurements obtained with the EPID could not he

improved significantly; we thus conclude that the SLIC EPID is not suitable for routine

output determination of a linear accelerator.

The precision of the robotic ann in positioning the Iiquid matrix wu investigated

over the same 24-month period. It was round to be better than ±1 mm in ail three

dimensions.
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D. EfI'eet of field Ilze oa tbe eharaeterilde eurve

To determine the effect of field size on the characteristic curve, the pixel value of

the (DU at the field centre was measured for square field sizes ranging from 3x3 cml to

20x20 cm2• These pixel values were then convened to dose rates using the characteristic

curve measured above for the 1Ox 10 cm2field and nonnalized to the dose rate measured

with a calibrated Fanner chamber for each of the field sizes. The data showed that the

eiTect of field sizc on SLIC EPID response is negligible (within ±1%), in accordance

with the results ofZhu17.

E. Memory efl'eet of the EPID at blgh lm.le aequlsidoD ntes

It was suspected that the relatively low mobility2()'22 of the ions in the iso-octane

of the IDU might translate into a very slow retum of the imager to the pre-irradiation

stable state and cause problems, particularly at very high dose rates or very high image

acquisition rates. This implied tha!, for images acquired in rapid succession under

identical conditions, the read-out EPID pixel values would increase steadily without

saturation, resulting in significant errors.

To test the magnitude of this etTect we acquired four series of images, each series

consisting of 10 images obtained with a dose rate of 400 cOy/min and a given rest

interval between successive irradiations. As in our other experiments, the Mean pixel

value in a 9><9 pixel matrix centered around the beam central axis was examined. In

Fig. 3.7 we plot the Mean pixel values of the region-of-interest as a function of the image

index number (from 1 to 10) for four series with rest intervals of 6, 15, 30, and 60

seconds between successiv~ irradiations. The Mean pixel values are normalized ta 100

for the fll'st image acquired in each senes. The shorter the rest interval, the steeper the

error slopc, amounting to -0.7% per image for a 6 sec rest interval and essentially 0 for a

60 sec rest interval. Thus, al a dose rate of 400 cOy/min, a minimum rest interval of 60
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sec IS required to achieve reproducible results, and this equilibration lime is

approximately proportional to the dose rate al the imager plane (for example, the

equilibration lime decreases to only IS seconds at a dose rate of 100 cOy/min).
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FillUre J. 7. Cen".e pixel values for idenlical 6 MY EPID images taken at image
acquisition intervals rangingfrom 6 s to 120 s.

3.6 BASIC DOSIMETRIC APPLICATIONS OF THE ILIC EPID

ln order to illustrate the use of the EPID in basic dosimetric applications23 , four

ditTerent measurement situations related to our subsequent work on beam intensity

modulation were investigated and the results are presented below.

•
A. Multileaf colU.ator cenmUty

To verify that the centre of the multileaf collimator (MLC) field coincides with

its axis of rotation, a narrow symmetric slit (width: 1 cm) is defined with the MLC and
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irradiations are perfonned at collimator angles of 0°, 45°, 90° and 135°. Since the SLIC

EPID is not an integrating dosimeter, a separate image must he acquired at each

collimator angle. However, the resulting images may he summed numerically with

standard image-processing software to yield the star-shot pattern shown in Fig. 3.8. The

lines of symmetry for each of the four radiation slits can then be drawn on the star-shot

image and their intersection examined very precisely with software magnification: the

smaller the region of intersection, the better is the coincidence between the MLC axis of

rotation and the MLC field centre. ln this application, it is not necessary to convert pixel

values to dose rates.

Figure J.8 Star-shot in'tldÙltion paltem obta;ned /rom the mmmation of four
uncalibrated EPID images of a IIQI7'OW, qmmetric. MLC4efined field at col/imator
angles of0, 45, 90 and 1J5 de".s.

From this example. it is easy to sec how the EPID can al50 be used to verify the

junetion of abutting fields. the alignment of a haltblock. or the coinciclence of radiation

and light fields. In this lut application, the lipt field measurements can be taken with

respect to the crosshair and compared to the radiation field images in wbich the crosshair

position bas been recorded on the EPIO images by placÎng a hexagonal nut at the

crosshair position.
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Measurement of MLC transmission is an application in which the EPID pixel

values must he converted to dose rates in order to derive transmission values. In our•
B. Maltileaf coWmator traDlmissloD

experiment, an EPID image of the fully-closed multileaf collimator was acquired using

the appropriate thickness of build-up material and converted to a dose rate image

according ta the 18 MY calibration curve for an son of 100 cm of Fig. 3.3. The

calibrated dose rate image was analyzed numerically to obtain the transmission for the

"interleaf' and "Ieaf end" regions, as weil as for the "average" multileaf collimator

transmission, as depicted in Fig. 3.9. Results are in close agreement with ionization

chamber measurements. For comparison, at the photon energy of 18 MV, the average

MLC transmission was measured to he 2.7°1t» with the EPID and 2.5% with an ionization

chamber.

•
area over which
average 1eak8ge
is calculated

"'--leafend
leakage

interteaf
leakage

•
Figure 3.9. Ca/ibraled EPID ;",age ofllte trarumÎ$a;on atlS MY HQIff energy ,"rou," a
jully-c/œed MLC w;t" ;lIlISlral;on oflite re,ions in whic" Ihe "inlerlear. "Ieafend" and
"average" trCIIUmi.Jaion were ca/cu/GIet/.
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C. PeDumbra width measuftmeau

The EPID can also he used to measure beam penumbra. In our experiment, a

4x4 cm2 MLC field was set and an EPID image acquired with the liquid matrix at an

SDD of 100 cm and with an appropriate thickness ofbuild-up material. The centre of the

4x4 cm2 field was subsequently moved to numerous off-axis positions with images

acquired at each of these new field positions. In this manner, the penumbra widths as a

function of the field position were mapped out. The images were read into image­

processing software which was instructed to superimpose the 10010, 20010, SooAt, and 90%

isodose lines onto the calibrated image. The images were then magnified and the 90%­

100/0 and SO%-20010 penumbral widths were measured on·screen with a nder function.

Results were in excellent agreement with film measurements. For example, at 6 MV we

measured with the EPID the 800;'o-200J'o leaf-end PeIlumbra at beam centreline to he

4.0 mm while film measurements gave 3.9 mm.

D. Compealltor verifleation

As a final example. the EPID was used to verify the compensator calculation

a1gorithm of our 3D CADPLAN treabnent planning system. Several test phantoms,

consisting of one or more inclined planes, were constructed and their contours were

entered into the treatment planning system. For each phantom. a single-beam irradiation

was planned which included a comPenSator designed to provide unifonn dose at a

specified depth. The compensaton were then milled (by band) according to the

specifications determined by the treabnent planning system.

For each phantom and compensator, four EPID images were acquired and

converted to dose rate images. A profile al field centre was then extracted. The four

profiles for one parlicular compensator test are shown in Fig. 3.10: profile (a) represents

an image of the open beam with no phantom; profile (b) an image of the open beam with
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the phantom in place; profile (c) an image of the compensated beam and no phantom;

and profile (d) an image of the compensated field with the phantom in place. The field

sizc for this compensator test was 1OX10 cm2 , beam energy 6 MV.
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Figure 3.10. Fo",r dose rate profiles l13ed to telt a comperuator design algorithm.
Profile (a) represents an image ofthe open beam with no phantom. profile (h) an image
of the open beam with the phantom in place. pf'Ojile (c) an image of the compemated
beam and no phantom. and profile (d) an image of the compensated jield with Ihe
phantom in place.

•

For a perfectly designed and manufactured compensator, profile (d) should

resemble profile (a), except for an intensity scaling factor. The ratio of the dose rates on

the central axis of the compensated field [profile (c)] vs open field [profile (a)] cao also

be used to verify the compensator transmission factor with a very good accuracy (0.820

with the EPID, compared to 0.826 measured with an ionization chamber).
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3.7 USE OF THE SLIC EPID FOR THE VERIFICATION OF INTENSITV·

MODULATED BEAMS

The measured data which will be acquired when the SLIC EPID is used for the

verification of an intensity-modulated field consists of a series of EPID images. equal in

number to the number of MLC subfields in the segmented treatment. A routine was

written in the C·language to read-in the EPID image for subtield ;, calibnte it according

to the appropriate calibration curve, multiply the result by a weighting factor, and sum ail

calibnted image matrices E1J to produce a dose distribution DJ for field j. The

weigbting factor used ta multiply the images is the appropriate MU setting Mlf;J

corresponding to the given subtield. i.e.:

D. =~MU. ,E 1J '
J ~ '.J

(3.3)

•

•

where E is in units of cGylMU and thus D is in units of cOy. As described above, the

ca1ibrated image matrices E are corrected by the appropriate otT-axis ratio values. The

dose distribution 0 Can then be compared to measurements performed with other

dosimeters or to the predictions of a treatment planning computer. These comparisons

are the subject ofChapter 6.

3.8 SUMMARY

This chapter bas reviewed dosimeters currendy used in photon beam radiotherapy

and bas provided a detailed description of the Varian electronic ponal imaging device

(EPID). Although this latter technology is relatively new, it has gained wide acceptance

and an EPID is now almost a standard accessory on modem linear accelerators. A SLIC

EPID combines the advantages of two-dimensional dose recording with excellent

reproducibility, low dependence of response on radiation energy, and little expense
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beyond the initial purchase. We therefore consider SLIC EPIDs to be the dosimeters of

choice for the verification of intensity-modulated beams delivered in a step-and-shoot

approach.
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4.1 INTRODUCTION

This chapter describes in detail the Varian multileaf collimator (MLC) which was

used in our experiments to deliver the intensity-modulated photon beams. Also presented

and discussed are experiments which characterize the MLC in tenns of its alignment,

accuracy of leaf positioning, radiation penumbra.. radiation transmission, and etTect on

machine output.

4.2 DESCRIPTION OF THE VARIAN MULTILEAF COLLIMATOR

Presently, there are five commercial manufacturers of MLCs: General Electric

Medical Systems, Philips Medical Systems, Scanditronix. Siemens Medical Systems, and

Varian Oncology Systems. The basic designs of ail commen:ially-available MLCs are

similar; however, the MLCs of these companies ditTer in characteristics such as the total

77



•

•

•

number of leaves, the leaf width. the shape of the leaf ends, and whether or not the leaves

move perpendicularly to the beam central axis or along an arc focused at the source of

radiation. The MLC installed on our Clinac 2300 CID linear accelerator is the one

manufactured by Varian as an attachment to the standard Clinac-2300 CID and will he

described in detail below. Some companies offer their MLCs as an attachment to a

standard linear accelerator, athers offer them as a replacement of the lower jaws in a

standard linear accelerator. Attachment models are more practica1 because the linac May

he used for standard radiotherapy during MLC malfunctions.

A. Pbysical cbarlcterisdcs of tbe lelves

Figure 4.1 shows an end view and a side view of an individual leaf of the Varian

MLC. The leaves are machined from solid tungsten to the dimensions shawn in the

figure. The "tongue and groove" constnlction of the leaf sides reduces radiation leakage

between leaves. In our particular MLC model ail leaves are identical on a given side, but

with minor differences between sides. There are a total of 52 leaves in ail: 26 on the side

of the YI collimator (these are referred to as the "A" leaves) and 26 on the side of the Y2

collimator (the "8" leaves). The horizontal midline of the leaves is positioned at exactly

49.9 cm from the radiation source (x-ray target), providing an effective leaf size at the

isocentre of 1.00 cm.

The leaves are slightly wider at their base than at their apex resulting in focusing

in the direction perpendicular to the direction of the leaf motion. The leaves are not

focused in the direction parallel to the leaf motion, since focusing of the leaves alons this

axis would require that the leaves travel on an arc, complicating the construction of the

MLC and requiring more room in the head of the Iinear accelerator, thus reducing

clearance around the patient couch. However, linear translation of the leaves will resutt

in important variations in beam penumbra witb leaf position. Ta minimize this, the leaf
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ends are given a rounded profile. As demonstrated by a number of investigators'-4, the

rounded leaf ends preserve a roughly constant penumbra for ail leaf positions by

improving the penumbra at large off-axis positions and degrading it near beam

centreline. Our experimental data presented in Section 4.8 confirms this statement.

•
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Figure 4. J. Dimensions ofa Varian Mie lealfrom the "A" bank ofleaves.

B. RaDie of le.1 modoD

The leaves rest in a movable carriage, and the leaves on either side of the caniage

can be moved either as a group by caniage moton A or B, or individually by individual

leaf motors. The combination of these IWo motions allows the leaves to he positioned

anywhere from +20 cm (Cully retraeted from the beam) to -16 cm (16 cm over beam

centreline). However, due to the relatively short leaf length, no two leaves on the same

camage May differ in position by more than 14.5 cm; otherwise a void is ereated behind

the most extended leaf allowing radiation to pass through. The maximum field size for

an MLC-blocked field is 4Ox26 cm:! whicb is sufficent to treat the overwhelming

majority of targe! volumes which present themselvcs in radiation thenpyl.5. Note that
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the MLC (eaves move parailei to the X jaws regardIess of the orientation of the

collimator.

When the MLC is used dynamically for intensity-modulation, the present version

of Variants leaf control software does not allow carnage motion during the treatment.

This implies that the maximum difference between leaf positions for leaves on the same

side is 14.5 cm during the entire treatment, i.e., for ail the subfields it contains.

c. MonitoriDg or le.r positions

The leaves are moved individually by high precision stepping motofS. The

accuracy of their positioning is assured by two feedback systems.

The primary position feedback mcchanism involves an optical calibration, which

takes place each time the accelerator is switched from a standby to ready mode.

Precisely at beam centreline, and at the level of the MLC leaves, a light beam from an

LED is shone through a thin slit towards a photodiode located on the opposite side.

Optical calibration is achieved by slowly "touching" each leaf in turn to the light beam

and noring the stepping motor count. Throughout the day, the position of a lcaf is known

from the number of motor counts relative to the position of the light beam. The

quadrature phase encoders divide each millimetre of leaf travel at isocentre level into 598

parts (540 pans for the caniage encoders), and are thus extremely accurate. However.

lack ofmechanical tightness or a faulty motor can destroy the one-to-one correspondence

between motor count and leaf position. Therefore secondary feed-back systems of lower

accuracy have been implemented for bath the leaf positions and caniage positions.

The secondary feed-back system for the leaf position relies on two strips of

elcctric pads located on top of each leaf. Two brushes. one on cach side of the lesf,
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complete a ditTerent circuit depending on leaf position. This provides a positional

reading which can he compared to the readings from the optical system. This secondary

feed-back system has a resolution of approximately 1 mm at isocentte. The secondary

feedback system for the carriage position consisls of a translucent strip onto which

equally-spaced parallel opaque bars (five bars per mm) have been imprinted. This strip

is attached to the carriage and intercepts an optical detecrion system composed of an

infrared LED and a photodiode. The number of dips in the photodiode signal provides

an accurate record of the two carriage positions.

D. Computer interfaee

The signals sent to the moton, and the feedback signais received from the leaves

and carnage are handled by an IBM 486 computer equiped with dedicated interface

cards. Another IBM 486 computer serves as a user interface, and contains high-Ievel

software in a Windows environment for setting the desired leaf positions. A third IBM

486 computer is home to a program called an MLC Shaper, also in a Windows

environment, which is used for automatically setting the leaf positions to shield the

region around a given PTV. Once the leafpositions are determined by the Shaper. a data

file is written to disk which cao he physically brought to the MLC workstation or sent

through the network. However, the Shaper is useful only for MLC blocking; an in-house

developed program described in Chapter S is used to write the necessary computer files

for MLC intensity-modulated treatments.

••3 USE OF A MULTILIAF COLLIMATOR AS A REPLACEMENT FOR
CONVENTIONAL BLOCKS

In addition to its use in intensity-modulation of photon beams, the MLC also

serves the elementary purpose of providing beam blocking for tissues surrounding the

PTV. It is thus important to investigate not only whether the MLC is well-suited for
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beam intensity-modulation but also whether it can adequately he used as a replacement

for conventional focused blacks, which traditionally are used to provide optimum

shielding around the PTV.

Concerning the penumbra produced by the MLC. at tirst glance the projected

1 cm leaf width of the MLC, the rounded lcaf ends, and the scalloping, or step-like

appearence of the MLC-defined apertures would appear to provide lesser conformity to

the intended target than focused blocks. However, studiesl.2.6-1 have shown that when one

considers how the molding, mounting and alignment pracesses affect the accuracy of

apertures generated by custom blacks, and particularly the effect of daily set-up

variations7•9•IO, the PeI1umbrae of bath the MLC and focused blacks are almost identical.

For bath shielding devices, the high-dose region conforms equally weil to the intended

target resulting in Tep and NTCP values which are essentially indistinguishable. Section

4.8 compares measured penumbral values for MLC and facused cerrobend blacks.

Section 4.7 will show that althoup the leakage between lcaves can reach 4%, the

average transmission for the MLC is significantly less than for cerrobend blacks. Section

4.10 will show that, at least for the VIrian MLC, the effeet of aperture size of machine

output can he described in the same manner that has traditionally been used for fields

shielded with blacks.

Finally, concerning ease of use, several studiesil•U have shown that the use of

MLCs results in a substantial reduction of in-room lime for the technologists, allowing

either more fields to be treated per day for each patient, or greater patient throughput.

The use of an MLC eliminates the manufacturing of shielding blacks and the 8SSOCiated

exposure of hospital workers to toxic fumes released during the manufacturing of these

shielding blacks. Futhennore, the blocks are quite heavy and must be transpotted from
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the mold room to the treatment unit and Iifted into the accessory tray for each treatment.

The electronic nature of the MLC files obviates this manipulation and al50 permits rapid

modifications of a field aperture, while for blacks, any modification generally requires

recasting.

4.. MULTILEAF COLLIMATOR METRleS

Before proceeding to an investigation of the dosimetric attributes of the Varian

MLC, we fint examine a number of its geometric properties. These are: (A) agreement

between the MLC axis of rotation and the field crosshairs; (B) agreement between the

MLC centre and the field crosshairs; (C) the size of an individual leaf projected to

isocentre; and (0) verification that the direction of leaf travel is parallel ta the edge of the

y jaws.

A. Agreellleat between MLC asls of rotatioD and field erossbatn

Ta verify that the axis of rotation matches the field cross haïr, the conventional

star-shot patteml4 May be employed. To produce a star pattent, a narrow slit (lx20 cm:!)

was defined with the MLC and irradiations were canied out at collimator angles of 0°,

45°, 90°, and 135° with the EPID as measuring device at an extended SSO of 140 cm to

increase magnification. A hexagonal nut wu placed on the EPID detector surface to

record the position of the field crosshairs. The resulting EPID images for each

collimator angle are then summed numerica1ly ta yjeld a combined image as shown in

Fig. 4.2.

Image processing software was used to precisely position a bisector line at the

centre of each inadiated slit. Software magnification of the region in Fig. 4.2 in which

the bisectors meet, shows that the radiation isocentre is stable with collimator angle to

within 0.3 mm and agrees with the crosshairs ta within 0.1 mm. The uncertainty on this

detennination was estimated to he about ±O.S mm.
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Figure 4.2. Sta,-shot test patte", used to establish coincidence between the MLC axis of
rotation and the.field crossMi,.s.

Agreement between the MLC ceDtre aad the fteld erOllbain

The leaves were configured in the pattern shown in Fig. 4.3 to examine three

other geometric attributes of the MLC. The hatched square indicates the radiation field

as defined by the upper and lower jaws; blocking within the field (white areas) results

from selected leaves of the MLC being closed to midline. A small hexagonal nut was

placed on the EPID at the position orthe crosshairs to record its position.

Ry drawing a Une A through the centres of the leaf ends and another

perpendicular Hne B through the centres of the four closed leaves and comparing their

intersection to the position of the nut, we cao detennine agreement between the

crosshairs and the centre of the MLC. For the example shown in Fig. 4.3 we detennined

agreement to within 0.11 mm. From the conclusion of the previous test described in
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Section 4.4(A), we cao now a1so conclude that the centre of the MLC coincides with its

axis of rotation.

1

E-

F

Figure 4.3. The MLC test configuration used to lIerify Jo",e MLC di",ensions.

c. Size of ln individualleaf projected at IsoeeDtre

The size of an individual leaf at isocentre may he determined from the length of

the lines denoted C or 0 in Fig. 4.3 and adjusting for the magnification of the image.

Lines C and 0 are drawn from the inside of one leaf pair to the outside ofanother pair in

order to compensate for beam PeIlumbn. We measure the leaf width at isœentre to be

1.007 cm, averaged over 20 leaves.

85



•

•

•

D. Me.sure of p.nUelnell betweea tbe dlreetioa of le.f modo. aad Y jaws

The lines in Fig. 4.3 denoted by E and F are drawn upon a line of constant pixel

value and show the direction of leaf motion. These lines can he compared to the hatched

lines drawn for the jaw positions to verify that the MLC leaves travel parallel to the Y

jaws. Here wc detennine that the MLC leaves are parallel to the Y collimator jaws to

within 0.16°.

4.5 LEAF POSITIONIHG FOR TREATMENT

A. Le.f-dp positionial coaveadons

The tip of the MLC leaves can abutt with the contour of the PTV in a number of

different ways, the most common of which are illustrated in Fig. 4.4. In the in-bound

coverage, the entire width of the tip is inserted ioto the PTV. This maximally spares the

surrounding tissues, but partiaUy shields the target. In the out-bound coverage, the entire

width of the leaf tip remains exterior to the PTV. The high-dose region now completely

encompasses the PTV, but also extends into the healthy tissues. In the cross-bound

coverage, the leaf tips iotersect the contour of the PTV in sorne manner. Several types of

cross-bound coverage have been proposed such as the equal area approach6•15, the

chamfèr approachl6 and the midleafapproach. Since the contour of the PTV is generally

smooth and varies slowly, these cross-bound approaches ail lead, approximately, to the

same dosimetric result as if the centre of the leaf tip is set to intersect with the PTV

contoW' (mid-/eafcoverage). This last approach is the one that is used in our clinic when

the MLC is employed for field blocking and will continue to be used for the dynamic use

of the MLC. It works weil, with a notable exception, as illustrated in Fig. 4.4. In this

case, the equal area approach is superior.
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Figure 4.4. I/lustration ofvarious methods ofconforming the MLC /eaves la an arbitrary
planning targel volume.

B. CoWmltor orieatation

Proper collimator rotation can help to optimize conformity of the high-dose

region with the PlV. As demonstrated by Brahme I5•17, the trick is simply to use as many

leaf pairs as possible to define the MLC aperture. This implies that the collimator should

be rotated such that the MLC leaves travel at rigbt angles to the largest dimension of the

panicular BEV of the PTV. This idea) situation is depicted in Fig. 4.5(a) and conttasted

to the case in which the leaves travel parallel to the greatest dimension of the PTV in Fig.

4.5(b). This convention on collimator rotation will guarantee higher confonnity for the

tint MLC segment in an intensity-modulated field, which generally delivers upwards of

8oo/o of the dose for that field. It will also aid in delivering the spatial dose gradient

(which is delivered with the other segments) since the 1 cm leafwidth at the isocentte is

the Iimiting factor in achieving the desired dose profile and using more leaves will allow

greater spatial precision in dose delivery. An exception to the genen1 rule for choice of

collimator angle arises when a particular orientation is required to accurately shield a

critical structure such as the spinal cord.
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Jaw positions .eco.panying MLC-clefined bloeldnl

When the MLC is used for blocking, the X (upper) and Y (Iower) jaws are

positioned to form a bounding rectangle around the MLC aperture so as to minimize the

transmission dose to the patient. These positions are also i1lustrated in Fig. 4.5. When

the MLC is used for dynamic delivery, we employ the sarne convention for the jaw

positions for the first subtield, and keep the jaws stationary in this position during the

entire intensity-modulated treatment.

\ Jjaws (Iower)
y jaws (upper)

collimator at 0° collimator at 90°

(a) (b)

Figure 4.5. I/lustration'ofhow the choice ofcol/imat"r orientation can affect Ihe MLC
c01lerage ofthe planning larget 1Iolume. In (a) the ideQ/ col/imator angle. and in (h) the
wont co/limato, angle fa, this PTV.
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4.6 LEAF POSITIONING TESTS

Tests were performed to verify the precision (i.e., reproducibility) and also the

accuracy of leaf positioning. These tests were: (A) verification of the positional

reproducibility of individual leaves; (B) verification of the positional agreement of ail

leaves at a number of field positions; (C) measurement of the radiation..field position of

one leaf compared to its digital readout; and (0) measurement of the light..field position

ofone leaf compared to its digital readout.

A. PosidoDal reprodueibWty of Indlvidu.lle.va

The positional reproducibility of two leaves (Ieaves 12A and 178) was measured

at a gantry angle of 0° by taping a piece of graph paper to the treatment room tloor at an

extended SSO of 207 cm and recording the position of the leaf as measured by the light

field. The positional reproducibility was beUer than 0.2 mm (at 100 cm) in situations

where the lcaf was starting from an open or closed position and situations in which the

leaf was or was not extended beyond beam centreline.

The same exercise was undertaken at a gantry angle of90°, but DOW the SSO was

390 cm since the graph paper could he taped to the wall of the treatment room. This

allowed even greater discrimination of leaf position and allowed us to conclude that the

positional reproducibility is better than 0.18 mm in situations where the leaf was starting

from an open or closed position and situations in which the leaf was or was not extended

beyond beam centreline. This result seems more impressive on noting that this second

test was performed with the leaves oriented vertically, i.e., subjected to the influence of

gravity.

B. AlreemeDt betweeD aU le.va at • DUBlber of posidons

Verification of the positional agreement of all leaves when driven as a group to

the same location was accomplished by producing the irradiation pattern of Fig. 4.6(a).
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The pattem was produced by irradiating the EPID with the six MLC-defined "sHts"

depicted in Fig. 4.6(b) and summing the images numerically. Subsequent windowing of

the cumulative image leads to Fig. 4.6(a) which shows with great detail those regions

where the penumbras of the six fields overlap and provides a very sensitive measure of

the agreement of leaf position. This type of test pattem can easily detcct submillimetre

errors in the positioning of the (eaves ll•

c. RadiatloD-Oeld venui dlgita. read-out

The agreement between the radiation-field position for bath the MLC leaf ends

and leaf sides with the readout was verified using the EPID. The surface of the detector

was placed at a distance of 100 cm from the source and images were acquired for various

positions of the leaf ends which were swept across the field as a group. A sufficient

thickness of soUd water was placed on the detector to obtain electronic equilibrium at the

position of the EPID sensitive volume (cf. Section 3.S). The position of the isocentre

was recorded on the images by placing a hexagonal nut at the location of the laser

crosshairs.

The EPID images were tirst calibrated and then image processing software was

used to trace the SOOIO, 60010, 7001'0, and 800!'o isodose lioes on the images. For linear

accelerator jaws, the readout position generally corresponds to the position of the SO%

isodose line, but this is not necessarily the case for the MLC leaves. The leaf end data

from this experiment is shown in Figs. 4.7 and 4.8 at bath the 6 MV and 18 MV photon

energies, respectively. Figure 4.9 depicts the data for the leaf sides. The ordinate in

Figs. 4.7 through 4.9, entitled "positional difTerence", is obtained by subtracting the

readoul position from the measured position of the particular isodose line.
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energies, respectively. Figure 4.9 depicts the data for the leaf sides. The ordinate in

Figs. 4.7 through 4.9. entitled "positional difference", is obtained by subtracting the

readout position (rom the measured position ofthe particular isodose line.

(a)

• (h)
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Figures 4.7 and 4.8 show that the SOOAJ Hne is separated by approximately 1.0 mm

and 1.5 mm from the readout position of the MLC leaf ends for the 6 MV beam and the

18 MY beam, respectively. In bath figures, it is the 7()oA. isodose Hne which essentially

corresponds to the readout position. Using film and an MLC identical to oW'S, Galvinl9

detennined that it is the 61% isodose Hne which corresponds to the readout at the 6 MV

and 1S MV photon energies; given the experimental uncertainties, his conclusion agrees

with ours.

0.30 l' . j 1 i t i i i i 1 i . i i ,. i· 'i l' i il'
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Distance of MLC leat tip tram beam central axis (cm)

Figure 4.7. Position of the 50%. 60%. 70%. and 8oo/(, isot/ose lines at 6 MY photon
energy as a{unction ofthe readout position ofthe leafends.
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Figure 4.8. Position of the j()ol6. 60%. 70%. and 8oo" i&odme lines at 18 MV photon
ener-gy as Q junct;on ofthe nœollt position ofthe leafends.
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As can be observed from Fig. 4.9, the SOOAt isodose line for the leaf sides agrees

fairly weil with the readout for both the 6 MV and 18 MY photon beam energjes.

However, it is still approximately 0.5 mm in error for both beam energies. The 60% line,

on the other han~ is also approximately O.S mm in error, but in the opposite direction.

We can thus conclude that the SS% isodose line of the leaf sides corresponds to the

readout, which is in agreement with the results obtained by Galvin l9• We suspect that

this is a slight design error on the pan of the manufacturer since one generally tries to

match the readout with the SOOAt isodose line.
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Figure 4.9. Position of the 50% and 600/0 isot/ose Unes al 6 MY and 18 MY pholon
ene,.,ies as a junction ofthe readoul position of'Ire leafaides.

Lilht-neld venui dilita. read-out

The agreement between the light-field position of the leaf ends and the digital

read-out of the leaf position on the MLC computer was verified by taping a piece of

graph paper to the couch at an SAD of 100 cm and recording the position of the tip of

leaf 13A, as shown from the tight field and comparing it to the readout on the MLC

computer. Results are shown in Fig. 4.10 as the solid circles. The ordinate, entitled

"positional difference", is obtained by subtracting the readout position from the measured

light-field position of the leaf end.
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Figu,.e 4. /O. L;ght-:fieldposition ofthe leafentb lU Q jimct;on ofthe;,. readout position.

An observation was made thal there is a systematic deviation in the Iight-field

position of the leaf tip compared to the readout. Similar deviations have been reported

previously by other investigatorsl.19JO and explained as a simple consequence of the

rounded leaf ends. As shown in Fig. 4.11, regardless of the leaf end position within the

field. there is a1ways an offset between the light-field and radiation·field positions. Since

what reaUy maUers is the agreement of the digital readout with the radiation field rather

than with the light-field, the VIrian software adjusts on purpose the position of the leaf

ends slightly from their ~out positions. The solid line in Fig. 4.10 is the data

contained in the correction file MLCTABLE.TXT. We thus sec that the Iight-tield

position of the leafends follows the expected corrected positions very closely.
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Figure 4. J1. Illustration ofthe relative position ofthe /ight field and the radiation field
Jar an Mle /eafend. The position ofthe light field source corresponds ta the position of
the x-ray source.

We also examined the agreement of the light-field position of the leaf sides with

the readoul in a similar fashion as for the leaf ends. Due to the tangue and groove

construction, the position of the Hght field will he different depending on whether we are

considering the inside of one leaf or the outside of the adjacent lcaf. Data collected in

this experiment is presented in Fig. 4.12 and shows that, for the leaves close to the beam

centreline (e.g. leaves l2A, l3A) the average of the light-field positions for the inside of

one leaf and the outside of the adjacent leaf agrecs with the digital readout. However, for

the leaves far from beam centreline (e.g. leaves 26A, 1B) this agreement no longer exists,

and there is a discrepancy with the readout values on the order of 1 mm. This is due to

the shadow projected by the tongue.
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4.7 DOSIMETRIC MEASUREMENTS OF THE MLC

The geometric properties of our MLC are now understood and we proceed to the

dosimetric measurements of the MLC, which consist of transmission measurements, an

analysis of beam penumbra, and an evaluation of the tongue and groove etTect. These

studies were canied out with the SLIC EPID.

A. TraDlmiuloD measureme.u

•
When perfonning intensity-modulated treatments, the MLC leaves are used to

shield certain regions of the PTV for varying proPOnions of the total bearn-on time;

therefore it is essential to be aware of the transmission values of the MLC leaves for the
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various photon energies at which intensity-modulation will he perfonned. It will then he

possible, as described in Chapter S, to incorporate the etTeet of leaf transmission into the

calculation of the leaf sequences through accounting for the contribution of the

transmitted dose to the total delivered PTV dose.

The transmission of the MLC was measured with the SLIC EPID with an SDD of

100 cm and beam energies of 6 MY and 18 MV. In order to reject electrons and low

energy photons scattered from the leaves , a layer of salid water equal in thickness to the

depth of dose maximum for the particular beam energy used was positioned on the

sensitive area of the EPID. The leaves were closed at midline with the upper and lower

linac jaws fully opened to provide a field size of 40x40 cm2• The EPID image obtained

is shown in Fig. 4.13. This image was calibrated and used to extract three transmission

measurements" as shown in the figure: the average MLC leabge; the interleaf (or

maximum) leakage; and the leaf end leakage for leaves closed at midline. In order to

validate the EPID measurements" ionization chamber readings were acquired at positions

A and B and used to derive an average value of the MLC transmission. Results are

presented in Table 4.1.

The average transmission is a more important parameter than the maximum

(interleat) transmission since, because of the daily set-up errors (and to a lesser degree,

patient motion), the peaks of interleaf transmission will move about the PTV and create a

fairly unifonn transmission dose. Studies21-25 have shown that daily set-up erron are on

the order of:t3 mm with patient motion contributing an additional :tG.S mm to :t4 mm to

the positional uncertainty, depending on treatment site. We observe that the average

values for the MLC transmission obtained with the EPID are quite low and agree closely

with the values obtained witb the ionization chamber. 80th the average and maximum

transmission values fall within the specifications of the manufacturer of the MLC. The
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average values a1so agree with values obtained by other investigatorsllol9.26 for the Varian

MLC, which range from 2.0%-4.0% for the 6 MY beam and 3.5%-S.0% for the 18 MV

beam. The transmission of cerrobend blacks, on the other hand, is generally about S%

for typical thicknesses used clinicaUy0

A

-----Ieafend
leakage

•

area over which
average leakage
is calculated

B interleaf
leakage

F~r{e 4. JJ. The EPID image of the transmission of the MLC. The regions used to
ca cu/ate the Q\lerage. interJeaj. and lea!end transmission are .shown.

euureme. e ce

SLIC EPID

ionization chamber

pbotoas

interleaf=3.10/.

average =2.00A.

average =2.4 %

photo.s

interleaf=3.6%

average =2.5%

average =2.7%

•

Table 4./. Comparison of the transmission V"'lIes for ,Ite Variall MLC al 6 MY and
18 MYphoton energies m~asllred with 'he SUC EPID and ail iOllization chamber.

The leafend 1eakase is approximately 3001'0 for bath energies when the leaves are

closed at midline since the lcaves are Rot a1lowed by the MLe software to aetually touch.
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lf the leaf ends are displaced from midline, the leakage falls to around 200,4 since photons

must then pass through the gap at an angle. However, leaf end leakage is of no

consequence in the approach we have taken ta intensity-modulation since leaf..pairs

which are "inactive" in the leaf sequence will be closed (as a role) ta positions away from

midJine and al50 behind ajaw of the linear accelerator.

B. ADalysis of MLC penumbra

The penumbra of the MLC leaf ends and leaf sides was measured with the EPlD

as weil. This was accomplished by seuing up the detcctor swface at an SOO of 100 cm

with 1 cm and 3 cm additional solid water build-up for the 6 MY and 18 MY photon

beams. respectively, corresponding to a depth of d",.. A 4x4 cm2 field was set with the

MLC leaves with the linac jaws set to provide a field size of 40x26 cm2• The centre of

the 4x4 cm2 field was moved laterally (i.e., along the direction of the leaf motion) from

ocm to 12 cm and was also moved radially (i.e., perpendicularly to the direction of lcaf

motion) from 0 cm to 10 cm. At each new field position an EPID image was acquired.

The penumbral widths were then determined by reading the images inlo an image

processing program which was instructed to calibrate the images and draw the l00At,

200At, 800At, and 90% isodose lines. The images were then magnified and the 900At-l00/0

and 80°At-2oo/0 penumbral widths were measured on sereen with a roler function. Results

are shown in Figs. 4.14 and 4.15 for the leafends and leafsides. respectively, at both 6

MY and 18 MY photon energies. Knowledge of these penurnbral widths will play an

important raie in producing an accurate leaf sequencing algorithm for intensity­

modulation.

The results show, tint of ail. that the penumbral widths for the leaf ends are

constant with lcaf position, as intended by the rounded design of the tips. The penumbral
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widths for the leafsides are also constant with position in the field. For the 6 MV beam,

the 800A.-200A. penumbral width is about 4 mm for the leaf ends and slightly smaller

(3 mm) for the leaf sides due to focusing in this direction. For the 18 MY beam, the

80010-200A. penumbra is about 8 mm for the leaf ends and 7 mm for the leaf sides. The

bulk of penumbral measurements were taken along the principal axes of the field;

however, spot checks confirmed the validity of the results at arbitrary positions within

the field. The results of other investigatorsl9J6 measured with scanning ionization

chambers or silver halide film (the response of which has been corrected for energy

dePelldence in the penumbral region) are approximately 1 mm narrower for the 6 MY

beam and 2 mm narrower for the 18 MV beam. These differences are of the order of the

uncenainties for this type of measurement.

20 i '1 i i " i" 1 i i , i ' '1t ~- -~- -6- - 6 - - 6 - - ~ .. i
. ~, 1

• - -A - -f:( l ' -- 'A 1
_ 15 ~ '/s - leaf end J! F 90% .10% ,18 MV 1
J: 1 90% -10%

, 6 MV J
~ [ 1
"i 10 ~
~ __ 0 - - 0 - -0 - -0 - -0- - .()
- - -0 - -0 - -0- - 0- - - - -
~ -------..-4r-.-.-......-.-
! , 80°"-20% , 18 MV
:. 5

'\ 80% -20%
, 6 MV

o
-1 0 -5 0 5 10 15

Distance of leaf tip fram beam central axis (cm)

Fm 4. J4. MLC lea!end penumbra widths as a junetion ofleafposition for 6 MY and
J8 photon energies.
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c. TODlue lad groove effect

A final, and often inconsequential, dosimetric considention when using an MLC

is the tongue and groove etTect, which results from the stepped profile of the leaf side.

Both the tongue and groove portions of the leaf sides (drawn in Fig. 4.1) seaner photons

from the beam laterally and reduce the Ouence directly downstream from the tongue and

groove. An example ofthis effeet is illustrated in Fig. 4.16. The radiation fields in (a)

and (b) are complements of each other and, when added together, should produce a

unifonn fluence. However, because of the scattering ofthe tongue and groove, the actual

result is (c) in which there is a small underdosage directly downstream from the tongue

and groove and an equal overdosage on either side. In Fig. 4.16(c), windowing has been
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(a) (h)

•

•

(c)

Figure 4./6. Depiction o/the MLe "tongue and groove" effect. When added together.
IWO comp/ementaTy radiationjields (a) and (b) do not produce afù/ly uni/oml radiation
fluence within the field (c).

applied to the image to visually accentuate the tongue and groove effect. [n tenns of

absolute numbers the tongue and groove eiTeet results in a dose decrease of
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approximately 200A. over about 1 mm which is the same value as that measured by

Galvin19 and by van Santvoort27• Although this dosimetric effect seems important, two

considerations mitigate its effects. The first is that adjacent leaves generally follow each

other in intensity-modulated treatments and thus do not diiTer too greatly in position, yet

the tongue and groove eiTeet is ooly important when they do ditTer. The second is that,

similarly to the situation for the interleaf leakage (Section 4.7.A), daily set-up variations

and patient motion are sufficient to uniformly spread out the underdose and overdose

regions caused by the tongue and groove eiTeet.

D. InOueaee of tbe MLC OD otber dOllmetrie par.meten

A number of publications have shown that the presence of an MLC does not alter

the other dosimetric parameters of the photon beant, such as the Percent depth dose

values2.26 or its characteristics in the build-up region2•

4.8 INFLUENCE OF THE MLC ON BEAM OUTPUT

A. B••le tbeory

The output of a radiotherapy linear accelerator, for a particular collimator seuing,

is generally defined as the dose Pel" MU given ta a reference point in phantom when the

phantorn surface is at 100 cm from the source. Habitually, the reference point is taken at

a depth dtrltl1l in phantom. Sorne accelerators show a deviation in dose linearity at low MU

sertings, but we have demonstrated that this problem does not exist OB. newer generation

Varian Clïnacs. The ratio of the output for a given field to the output of a lOxlO cm:!

field defined by the jaws is termed the relative dose factor (RDF ) or output factor. The

output factors or, equivalently, the RDFs, are generally measured for the range of square

symmetric fields available on the particular treatment unit. Simple rules (desaibed

below) aHow the calculation of RDF values for rectangular and asymmetric fields trom
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the symmetric square field data. The output of arbitrarily shaped fields, such as those

defined by a MLC, depends largely on the characteristics of the particular MLC, and will

also he discussed below.

The output of a linear accelerator (and hence the RDF) varies as a function of

field size. The reasons for this are the following:

1. Ali photons emerging from the linear accelerator head do not originate from a

point source. In fact, as shown in Monte Carlo studies28.29 and also measured by a

number of investigatorsl o-l2, a sizable percentage of photons are generated outside the

nominal target regjon, particularly through forward-scattering in the tlattening filter. The

result is that, as the collimators are opened, a greater number of these "extrafocal

photons" can reach the detector placed at the reference point, thus increasing the output.

For the CHoac 2100 CID which has a similar head configW'8tion to the Clïnac 2300 CIO,

measurements12 indicate that approximately 80/0 of the photons contributing to the output

originate outside the focal spot.

2. A certain percentage of photons is always back-scattered into the beam monitor

chamber which, as explained in Chapter l, measures the number of monitor units

delivered. However, as the collimators are opened. the upper surface of the collimators

exposed to the beam decreases and fewer photons are scattered back to the monitor

chamber. This means that for larger field sizes, a smaller number of MU are counted for

a given dose delivered at the reference point or, in other words, that the output is higher.

For the Clïnac 2300 CID which bas a thin Kaptan exit window rather than a thicker metal

one as in some accelerators. measurementsll show that. as field size is increased from

SxS cm! to 40x40 cm2, the backscatter component to the output increases by 1.7 % for

the 6 MY and 2.4 % for the 18 MY beam.
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3. As the collimators are opened. a larger area of the collimator faces (upper and

lower jaws) are exposed to the beam, scattering a greater number of photons into the

reference point. Work by AhnesjoJ4 bas shown that this effect contributes less that 1%

to the total beam fluence.

4. In the phantom, a larger field size means that tbere is a larger volume of

irradiated medium trom which photons can be scattered toward the reference point. This

phantom scatter increases the measured output.

The tint three factors listed above as affecting the output depend on the

configuration of the linear accelerator, i.e., the positions of the collimators relative to the

source, the size/composition of the flattening tilter, the characteristics of the monitor

chamber, the beam energy, etc. Collectively, these three factors detennine the

"collimator scatter't or .thead scatter" which differs tram one lUtit to the next. The founh

factor, which in theory depends only on the phantom, bas in faet been shown to he

independent of the particular treatment unit involved35 and is refened to as "phantom

scatter".

Theories have been proposed ta predict scatter factors in an analytjcal manner

(i.e., without relying on beam measurements) by integrating over the area of extended

source seen by the detectorJ6.J7. These calculations are accurate, but complicated, and in

fact depend on measured data since they require estimates of the relative contribution of

scatter radiation ta primary radiation as weil as its spatial distribution. Another approach

is the well-known sector-integration method developed by ClarksonJ'J9, which is widely­

applicable and fairly accurate. However, our aim in this section is to develop a simple

theor)' for the calculation of relative output factors which can he applied to the specific
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case of intensity-modulation performed with an MLC in the segmented approach. We

will show that. under certain conditions, the collimator seatter factor is insensitive to the

positions of the MLC leaves and depends ooly on the positions of the secondary

collimators, and can he adequately predicted by interpolation in the measured tables for

square, symmetric fields.

Mathematically, one separates the influence of the collimator scatter (Sc) on the

output trom the influence of the phantom seatter (Sp) on the output by writing the RDF

as the product of the IWo factors26.J5.40.... :

(4.1)

•

•

ln what follows, we will flfSt discuss collimator seatter in the absence of tertiary

blocking, then show how the MLC affects this quantity and. finallYt discuss the phantom

seatter.

B. CoUimator sc.tter (no MLC)

ln order to isolate collimator scatter trom phantom seatter, measurements of

collimator scatter are perfonned in air with an ionization chamber surrounded only by

sufficient build-up material for electronic equilibrium to be auained in the chamber

sensitive volume. If the entire build-up is a1ways covered by the radiation field. changes

in the chamber readings as the field sizc is varied will reflect only the changes in

collimator scatter. Typically, build-up caps for radiotherapy chambers are constnlcted

from tissue-equivalent materials such as polystyrene or plastic; however, higher density

materials, such as aluminum or copper, are sometimes required for measurements of the

collimator scatter factor with very small field sizes and high photon beam energies. A

graph showing collimator factors for the Clîue 2300 CID at 6 MV and 18 MV photon
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• energies is shown in Fig. 4.17 for square, symmetric fields. A symmetric field is one

whose field centre corresponds with the beam central axis. Like the RDF, the collimator

factor is nonnalized to 1.00 for a IOxlO cm! field size.
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Figu,.e 4.17. The cO/limato,. scalle,. facto,. as a function of field sée fa,. squa,.e,
sy",me".ic fields fa,. the C/inac 2300 CID linea,. accele,.ato,. at 6 MV and 18 MY photon
ene,.,ies.

The data in Fig. 4.17 is for square fields. When dealing with rectangular fields,

one generally calculates an "equivalent square", which bas similar radiation parameters as

the rectangular field. The complete fonnula for this is given in the literature"2.

However, if the elongation ratio of the rectangular field is less than 2, the exact fonnula

is very weil approximated by:

•
/w$----

- 2(/+w) •
(4.2)
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where / and w are the length and width of the rectangular field, respectively.

So far, it has also been assumed that we are dealing with symmetric fields. Since

modem linear accelerators such as the Clînac 2300 CID have four independently­

movable jaws, the centre of the field need not correspond with the beam axis. As was

discussed in Chapter l, as one moves away &om the central axis at a constant depth in

phantom the dose varies, as described by the off-axis ratio. At a depth of dllflln where the

output is measured, the OAR increases as the point of measurement moves away from the

beam central axis. In arder ta predict collimator scalter factors for asymmetric fields,

one takes the Sc corresponding ta the equivalent square of the aperture and then

multiplies it by the OAR corresponding to the distance that the field centre is removed

&om the beam central axis.

As stated above, the dominant reason for the variation of the collimator scatter

factor with field size is the differing views of the extended source presented to the point

of measurement. Since the upper and lower collimators are at different distances from

the source, it is not surprising that, for rectangular fields, an interchange of the X and Y

jaw positions, while conserving the same field size, results in a change in the collimator

sealter. And, as illustrated by Yu"], changes in backscatter ta the monitor chamber as the

jaws are interchanged alsa conbibutes to this phenomenum, known as the "collimator

exchange effect". Typically the magnitude of the effect is small, and is negleeted unless

the elongation of the field is very high (e.g., greater than 4). For instance, at a photon

energy of 6 MV, we measured the output for a IOx30 cm2 field to be 1.029 and the

output of a 30xlO cm1 field to he 1.011, whereas the output of the equivalent square

field (15x15 cm2) is 1.033.
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three factors which affect the collimator scatter, it is easily seen Q priori that the addition

of an MLC as a tertiary collimator as in, for example, the Varian MLC system, will not

have a major impact on the output of the accelerator. Firstly, the solid angle presented to

the source by the leaf ends or leaf sides is too small to generate significant scatter onto

the detector plane, scatter which is already almost insignificant even from the secondary

collimators. Secondly, the Varian MLC is positioned too far tram the beam monitor

chamber to seaner a significant portion of photons back into il)). Thirdlyt due ta its large

distance from the source, the ability of the MLC to shadow out portions of the extrafocal

radiation is limited. It is ooly in situations for which the MLC aperture is very much

smaller than the aperture defined by the secondary collimators that the presence of the

MLC cao shadow out portions of the extended source and have an effeet on the

collimator seaner. To illustrate this poin~ we consider a wxJ cm:! symmetric field

defined by the secondary collimators and calculate the limiting symmetric field defined

by the MLC for which the extended source is further shielded by the MLC and the output

is atTected.

•

•

c. Collimator satter (witb MLC)

We DOW consider the etTeet of the MLC on the collimator seatter. Ifwe recall the

Consider a detector positioned in air on the beam central axis at a distance SAD

from the source as in Fig. 4.18. Initially, we assume the MLC to he retracted and the

secondary collimators to define a field size of w x J cm2• The opening of the jaws at the

level of the jaws will be given by:

X direction: wd,"
SAD

and y direction: ~
SAD

(4.3)

•
where d/OMo and d. are the distances of the top surfaces from the x-ray target of the lower

and upper jaws, respectively.
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F.e 4.18. Prope" sca/e tiraw;ng of the co/Umation system of the Va,.;an Clinac
13 CID.
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The tlattening tilter is the dominant source of extrafocal radiation. The area on

the flattening tilter ftom which seatter can reach the detector is a function of the two

positions of the secondary collimators, calculated in Eq. (4.3). Usang similar triangles,

the area on the flattening filter is given by:

X direction: (Wd,.)( 100 -d,) Y direction:
~ SAD 100 - dlow '

(.!!!...'(100 -d,)
~SAD) 100- d ' (4.4)

IIp

where d, is the distance from the x-ray target to the base of the flattening tilter.

To obtain an equivalent projection ooto the flattening tilter with a field defined

by the MLC, the leaves will have to define a field of size of:

•
X direction:

y direction:

(Wd,qw)( 100 -d )(100 -delr ) =(W~qw)(I00-d"'f) and
\ SAD 100 - "'ow 100 - d \ SAD 100- d,ow

(4.5)

•

where d""c is the distance from the x-ray target to the middle of the MLe leaves.

For the panicular values of d, d,ow ' d"", and dWllc applicable to the CHnac 2300

CIDJ6t Eq. (4.5) reduces to:

X direction: O.298w

(4.6)

y direction: 0.164/ .
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This implies, for instance, that for a lOx 10 cm2 field defined by the upper and lower

jaws, the MLC can define a field as small as 3.0x1.6 cm2 without changing the collimator

seaner of the 1Ox 10 cm2 field.

To verify this hypothesis, an experiment was perfonned in which the linac upper

and lower jaws were set to a field size of 2Sx25 cm2 and the collimator seaner factor was

measured with an ionization chamber as the MLC aperture was varied from 30x20 cm2 to

6x20 cm:! and from 15x26 cm2 to 15x6 cm:! at 6 MY photon energy. The ionization

chamber had the appropriate build-up cap and was placed on the beam central axis at a

source-chamber distance of 100 cm. According to Eq. (4.6), the collimator scaner factor

should not change significantly uotil either the MLC leaves are closed further than 25 cm

x 0.298 = 7.5 cm in the X direction, and 25 cm x 0.164 = 4.1 cm in the Y direction.

Although MLC fields narrower than 6 cm could not he investigated due to the large size

of the chamber build-up cap, the data in Fig. 4.19 supports the hypothesis that the MLC

has a negligible etTect on the collimator sealter over a wide range of positions, and that it

is actually the position of the upper and lower jaws which govem the collimator sealter

factor.

Inverting Eq. (4.6), it cao he said that insofar as the secondary collimators remain

"close" to any MLC..defined field then it is the position of the secondary collimators and

not the shape of the MLC aperture that dictates the magnitude of the collimator sealter.

"Close" will Mean, for the X..direction, that the position of Xl (or X2) will not he greater

than 1/0.298 = 3.4 times the position of the A leaves (or B leaves). In the Y..direction,

the allowance is even more generous and the position of the Y1 or Y2 jaws must not he

greater than 1/0.164 =6.1 rimes the opening of the MLC in the Y-direction.
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• Figure 4. J9. Co/limalor scalter fâctor at 6 MJI photon energy illustraling the validity of
the hypothesis that. for a given selling ofthe jaws. the posilions ofthe MLC leaves have
negligible eJfect on the col/imator scalterfactor for a wide range ofMLC positions. The
/inae upper and lowerjaws were set to 15x25 ctill.

In the approach we have adopted for the use of MLC-defined subtields to deliver

an arbitrary intensity-modulated beam, the jaws af the treatment machine are stationary

during treatment and define a bounding rectangle of the tirst MLC subtield. Since in the

dynamic mode the largest allawable MLC field size is 14.5x26 cm!, the largest setting

far the secondary collimatars will he lS.7x26.4 cm:!.. For this setting of the jaws, only

the output ofMLC fields smaller than 4.3x4.) cm! will he atTected. Typically, however,

the secondary collimators will define much smaller fields with correspondingly smaller

limiting MLC subfield sizes. Althaugh it is possible for MLC subtields of a given leaf

•
sequence to violate these Iimiting positions, such cases are relatively rare and involve

only a small fraction of the total MU delivered for a beam pon. They will thus he

ignored similarly to methods used with success by other investigatofS"O·....·.., .
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D. Pb••tom scaUer

With or without the presence of the MLC, the phantom scatter factor will depend

solely 00 the radiation field size at the reference point. The phantom seatter factor is

difficult to measure, sioce one must vary the amount of phantom material irradiated

while keeping identical collimator seatter (i.e., identical jaw and/or MLC positions).

Nonetheless, there are two methods for doiog this: the ftr5t is to place shielding directly

on the phantom surface thus defining a variable volume from which seatter can

contribute; the second is to construct a series of phantoms of various dimensions.

However, these two methods are arduous, and since both the RDF and Sc are easy ta

obtain experimentally, the Sp is usually calculated by division of the RDF by the Sc.

Figure 4.20 shows the Sp obtained in this manner for the 6 MY and 18 MY photon

beams of the Clinac 2300 CID linear accelerator. The contribution to the 6 MY phantom

seatter increases gradually with field size, while the contribution of the 18 MV phantom

seatter satmates for fields larger than 15x 15 cm2 field size, since at these high photon

energies scattering is strongly forward-peaked and a negligeable percentage of photons

(or electtons) are side-scattered or back-scattered ioto the detector from surrounding

phantom material.

The data in Fig. 4.20 is for square fields. Just as for the collimator scatter factor,

one can obtain the phantom scatter factor for a rectangular field quite precisely by

looking up the Sp of the equivalent square of the rectangular field. However, when

dealing with MLC-defined fields, the situation is more complieatcd since ail fields are

not necessarily square or rectangular. Our approach to the calculatioo of the equivalent

square to be used for determination of the phantom scatter factor for MLC-defioed fields

has been to use the area/perimeter rule ofthumb [Eq. (4.2)] since, in our experienee, the

MLC subtields are generally not too ditTerent from rectangles or ellipses, both of which

obey the arealperimeter rule quite weil.
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F;~e 4.20. The phantom scaller jactor as a function offield size for square. symmetric
fie on the CUnac 2Joo CID Unear a(.·celerator at 6 MYand J8 MV photon energies.

E. Experimental verlfle.don of selected Reid apertures

The theory elaborated in tbis section for the prediction of relative dose factors

was tested against measurements with an ionization chamber for various field apertures

defined by the MLC. The apertures used and the resulting RDF, Sc' and Sp values are

shown in Fig. 4.21 and Table 4.2, respectively. The asterixes in Fig. 4.21 denote the

•

position of the centre of the ionization chamber, i.e., the reference point on the beam

central axis. For 18 MV photons, no proper build-up cap was available in our cHnie, and

the collimator seatter factor was not measured. For the slit field, the width of the field

was too narrow to cover even the 6 MY build-up cap and the Sc was not measured. To

obtain the measured values, the RDF and Sc were measured, as discussed above, and

then used to derive a "measured" value for the SI'. For the theoretical values, an Sc

value for the equivalent square field of the jaw setting and an SI' value for the equivalent
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square field at the phantom surface were interpolated in tables for square fields and

multiplied to derive a value for the RDF. The agreement between experimental and

theoretical values is a1most always better than ±2% and thus considered acceptable. The

worst deviations occur for the most elongated fields, since at high elongations the

arealperimeter rule for determining the equivalent square is less reliable.

•
diamond

sUt

MLCarb.2

corner

MLC arb. 1

MLC arb. 3

•
Figure 4.2J• slulpes oflhe six MLC-dejinedjields ra.to verify the agreelflent belWeen
measured and calCll!tlted relative dose factors and collimtllOr /Getors. The IUterix
denotes the poIilion oflhe ion ehamber centre.
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6MV 18MV

RDF Sc Sp RDF Sc Sp

diamond (meas.) 1.031 1.028 1.003 1.048 - --
diamond (cale.) 1.025 /.025 /.000 /.043 /.043 /.000

corner (meas.) 1.050 1.055 0.996 1.054 -- ---
corner (ca/c.) 1.052 /.063 0.990 /.062 /.065 0.997

sHt (meas.) 1.000 -- -- 1.000 --- ---
slit (calc.) /.016 /.025 0.99/ /.029 /.043 0.987

MLC arb 1 (meas.) 1.024 1.027 0.998 1.029 --- ---
MLC arb 2 (calc.) 1.033 /.035 0.998 /.047 /.050 0.997

MLC arb 2 (meas.) 1.030 1.029 1.001 1.047 -- ---
MLC arb 2 (calc.) /.024 /.025 0.999 /.04/ /.043 0.998

MLC arb 3 (meas.) 1.031 1.028 1.002 1.028 --- ---
MLC arb .3 (ca/c.) /.033 /.0.34 0.999 /.046 /.048 0.998

Table 4.2. ComfJfJrison o/meœured and ca/culated re/at;tle dose factors and col/imator
factors/or the six MLC-dejinedjields a/Fig. 4.21.

C.9 SUMMARY

A thorough description of the Varian multileaf collimator (MLC) has been given

in this chapter. Measurements were undertaken to evaluate its suitability for

conventional beam blocking. The required beam penumbra. transmission, and leaf­

positioning measurements for the development of a leaf-sequencing algorithm have alsa

been canied out. The output of the Varian MLC bas been shown to he accurately
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predieted (within :3%) by the product of the collimator seatter factor of the jaw setting

and the phantom seatter factor of the irregular field at the patient surface.

2.

3.

5.

4.
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5.1 INTRODUCTION

This chapter describes the computer program which bas been written to calculate

the required multileaf collimator positions for the delivery of a given intensity mattix.

The program's input data. mathematical algorithm, output data, and user-interface are

discussed. The intricate details of the computer code will not he discussed but can he

obtained by consultation with the author.

5.2 PROGRAMMING PLATFORM

The program was written on a Hewlett Packard 700-series UNIX workstation

with the aid of the Advanced Visualization Systems (AVS) software development

package. The AVS package provides a sophisticated programming environment which

handles Many input/output procedures, and most rendcring, display, and graphing
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funetions. It also contains a library of multi·dimensional image-processing and image­

anaIysis tools. The basic unit in the AVS package is known as a module. which is a

routine written in either the C or Fortran programming language, with certain additional

lines of code to allow it to function in the AVS environment. Modules generally exhibit

one or more input and output pons, enabling a set of modules to he "piped" together,

thereby creating a dedicated application. The AVS package cornes equipped with a

standard set of modules, but the user May also M'Îte portions of code for bis own specifie

purposes and compile it as an AVS module. The majority of modules used in our

dynMLC program fall ioto this latter category.

5.3 INPUT DATA FOR THE tlyllMLC PROGRAM

The dynMLC program requires two inputs: a matrix containing beam intensity

values (i.e, relative energy fluence values) as a function of position at the level of the

Patient isocentre (referred to as the CADPLAN intensity file) and a beam's.eye view

(BEV) file giving the shape of the radiation field at the level of the patient surface

(referred to as the CADPUN BEY file). The dynMLC program is written to accept

these two files in the fonnat produced by the CADPLAN treatment planning system.

CADPUN ;ntensity file: Patient record (i.e., header) of 708 bytes containing

information relative to the patient and the field for which the compensator was designed.

The file then contains the calculated intensity values in a 177x177 array, ranging from a

minimum value of 0 to a maximum value of 1. The resolution of the grid is 0.25 cm,

thus giving a total physical size for the matrix of 44.0x44.0 cm:!. The intensity file has a

file size of 126024 bytes and is in binary fonnat with each intensity value occupying four

bytes. In theory, values beyond the field limits should have an intensity value equal to
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zero, but due to imperfections of the CADPLAN TPS this is not usually true. Therefore

to handle this problem we need a second file, the CADPLAN BEV file.

CADPLAN BEVfile: Patient record (i.e., header) of 240 bytes containing infonnation

relative to the patient and the field for which the BEV was defined. The file then

contains X and Y coordinates for the venices of the shielding blacks the dosimetrist May

have entered. If the dosimetrist elects to use the ~C rather than blacks for shielding,

the MLC leaf-end positions for the 26 leaf-pairs are stored as weil. The BEV file bas a

file size of 9600 bytes and is in binary fonnat with each MLC position occupying four

bytes.

The dynMLC program presents a file browser through which the user May select

the CADPLAN intensity file and BEV file for the case at band. Once seleeted, the

intensity file is immediately interpolated out to a 401 x401 pixel matrix at a resolution of

1.00 mm. This inereased resolution is useful in the calculation of the leaf sequence

discussed below. Since the maximum field size attainable with the Clinac 2300 CID is

4Ox40 cm2, a 2 cm border around the intensity matrix cao be eropped away. The BEV

black file containing the coordinates of the MLC leaf ends is alsa cast onto a 401x401

pixel matrix at 1.00 mm resolution, similarly to the intensity mab'ÏX. Values under a leaf

are assigned a value of zero; values not accluded by a leaf are assigned a value of 1.

The two input matrices, now in their new 401 x401 format, are then multiplied

together, pixel by pixel. This bas the etTeet of masking out the unwanted extensions of

the intensity matrix, thus limiting the intensity matrix to the regiOD to be treated. The

resultant matrix, an example of which is shown in Fig. 5.1, is presented to the user for

qualitative inspection on screen as a series ofcontour lines. For quantitative inspection, a

dashed line (also shown in Fig. 5.1) can be moved interactively through the contour plot
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• in both the X and Y directions. A profile of the intensity matrix at the position of the

dashed line is displayed in the fonn ofa graph as by an example in Fig. 5.2.

10

- 5
E
~
.S!!
x
lU

i
~•.!
!• ~

~

i ·5 ,Ci

field defined by the MLC

10-5 0 5
Distance tram beam central axis (an)

·10 ""'"-- oAo- ---l _

·10

Figure 5.1. Intensity matrix prese"ted for qualitative inspection as a series of contour
Unes. ln this representation. the atensions ofthe intensil]1natrix which lie undemeath
Ihe MLC Jeaves have been mœked ouI. The dala are nonna/ized to !OOOA,.
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5.4 DETERMINATION OF LEAF POSITIONS

A. Overview

The dynMLC program makes use of the "starie subfield" approach to beam

intensity modulation. ln this approach, the required intensity distribution for a given

radiation field is delivered to the patient through a Pfe-calculated sequence of MLC­

defined subfields, each having a different associated monitor unit setting. Its a1gorithm is

similar in conception to the a1gorithm presented by Bortfeldt.2. However, our technique

is different in that it delivers the majority of the patient dose for a given field through the

fust MLC subfield of the leaf sequence, rather than delivering an equal dose through ail

subtields, as in Bortfeld's step-and-shoot leaf-sequencing algorithm. Our approach

provides for a faster beam delivery, since the leaf sequence contains fewer subfields, and

is also more comforting to traditionally-minded medical staff who generally view MLC

leaf motion during treatment with sorne apprehension. In our approach. the leaves

typically ooly rearrange themselves for the last 200!'a or 50 of the total number of monitor

units delivered for a given field.

ln simple terms, the calculation of the leaf sequence proceeds as follows. At 1

cm intervals thoughout the intensity matrlx, profiles of the intensity along the direction

of leaf motion are extracted. These profiles represent the intensity to he delivered under

each of the 26 leaf pairs of the MLC. Each 2D intensity profile is then partitioned, or

"slicedt
', ioto a number of regularly-spaced intensity levels. The positional coordinates

of the intercepts of a given intensity level with the intensity profile form a set of

positions at which that particular MLC leaf pair must he placecl during bearn-on to

deliver the given intensity level. This process is repeated for all intensity levels and then

for ail leaf pairs. Once completed. the resultant set of leaf pair positions is sorted to

establish a sequence of subfields which can be delivered efticiendy. A monitor unit
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setting is calculated for each suhfield from the knowledge of the panicular dosimetric

characteristics of the linear accelerator.
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Figure 5.2. lntensity profile a/ong the dashed Une in Fig. 5. / (Ihick line) and Ihe
approximale inlensity distribution lhal will be de/ivered ifan accuracy of±2% is selected
by the user (thin Une).

•

B. Specifia

Let us now expIain the procedure for detennining the leaf positions in greater

detail. For the moment. we will assume that the MLC leaves possess zero transmission

and an infinitely sharp penumbra. The small corrections to account for these two effccts

will he incorporated in the next section.
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Typically the intensity matrix bas a lowest value close to 0.8 (the maximum value

heing 1.0) and ail of the modulation occurs al intensity values higher than this minimum

value. The reason for this high minimum intensity value is that intensity-modulated

beam delivery is frequently used simply for missing tissue compensation. The the

photon intensity "beneath" this minimum value can he delivered in one sbot with a single

MLC-defined subfield. In this respect our algorithm is more efficient than the algorithm

of Bortfeld which always assumes the minimum value to he zero. The ftrSt task of the

program tberefore is to scan the intensity profiles under ail 26 leaf pairs and extraet a

minimum intensity value for the matrix. In the example depicted in Fig. 5.1 t the

minimum intensity value inside the radiation field limits is 0.756. The slicing of the

intensity distribution thus starts al tÎlis minimum value, minus half of the slicing

increment, and continues uotil the value of 1 is surpassed. The allowable. user-selected,

increments for the slicing of the intensity distribution are 0.01.0.02.0.03, and 0.04. The

selected increment specifies. with ail ather sources of error neglected, the accW'&cy of the

delivered intensity distribution compared to the desired intensity distribution, which will

he respectively, %0.5%. ±1.0, ±1.5%. or ±2.00". The cboice of the accuracy level a1so

affects the total treatment time since the number of subtields needed to approximate the

desired intensity distribution at a specified level of accuracy increases linearly with the

selected accuracy level. Figwee 5.2 illustrates this point for the profile under the leaf·pair

indicated by the dashed line in Fig. 5.1. An accuracy level of ±2.00" bas heen chosen for

this example.

Let •x: he the ; th position under lcaf-pair j corresponding to the intersection of

intensity level k with the desired intensity distribution [(Ut v). Thus, for instance, 81MX~9

will refer to the third intersection of the 88% intensity level with the profile of the

intensity distribution under leaf-pair 19. In order to determine ail of the intercepts •.r: ,
the dynMLC program first selects a lcaf pair. then an intensity level. finds ail the
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positional coordinates of the intercepts of tbat intensity level with a profile of the

intensity matrix, and then exhausts ail the intensity levels before switching to the next

leaf-pair. Ali of the intercepts with an even index i correspond to rising portions of the

intensity profile and thus to a position for aBside lcaf. Similarly, the intercepts with an

odd index i correspond to falling portions of the intensity profile and thus to a position

for an A side leaf.

There are two possible types of intersections between a given intensity level and a

profile of the intensity matrix. The tint is for the given intensity level to fall between

two points of the intensity profile. The second is for the given intensity level to exactly

cOn'espond to a point of the intensity profile. These two possible types of intersections

are illustrated in Fig. 5.3.

•
I(u" v)

%

(a)
I(~,v)

(b)

F~'!E,.e 5.3. IllustraIion ofthe IWO possible types ofinleneclions ofa given inlensily [evel
wil a p,.ofile of Ihe intemity dutrlbution. In (a), the intemity fevel falls belWeen IWO
points of the profile, while in (b) the inten.sity level intenects the profile at one of the
points ofIhe profile.

In the tint type of intersection, the position of the intercept cm be approximated

by a Iinear interpolation between u, and u~ such that:

(S.l)

• The second type of intersection is simpler, and results in the following simple solution:
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However. certain intersections of the second type must he exclude~ as depicted in

Fig. 5.4. The excluded cases are:

a) The intensity level intersects the profile at a local extremum. This places the

leaves on the A and B sides at the same positio~ whieh is redundant sinee radiation

cannot he delivered in this configuration. Therefore, we ignore this type of intersection.

b) The intensity level coincides with a plateau of the profile, which implies a

multitude of intersection points adjacent to one another. To avoid this impractical and

undesirable situation, one has the option of choosing the intersection point which

neighbours either the falling or the rising end of the plateau, or any point in between the

two. We choose the point which neighbours the falling end of the plateau, although it is

an arbitrary decision whether to "overdose" or "underdose" the plateau region.

80%
- - -

(a) (b)

•

Fi~re 5.4. Illustration of the IWo cases in which theintenection of a gillen intensity
leVé with a profile ofthe intensity distribution is problematie. In (a), the intensity level
intersecta with a local atre",u", ofthe profile and in (b) the intensity level caineides with
a plateau ofthe profile.

c. Sortla. of the leal posldo••

Once calculat~ the array •r: of leaf positions cao be sorted in one of two ways.

The leaf positions can be sorted independe"tiy on the A and 8 sides in order of

132



• increasing position in such a way that the leaves always travel &om left ta right. This is

known as the sliding window delivery technique. The leaf positions can alsa he sorted as

pairs of A and B leaf positions such that the B leafof the pair always moves from left to

right. but the A leaf does not necessarily. In this latter strategy. the leaves close in on

each peak of the intensity distribution in what is known as the close-in delivery

technique. Despite having ditTerent leaf sequences, both techniques yjeld the same

intensity matrix at the level orthe patient, as is depicted in the example of Fig. 5.5. Note

that the tirst subtield is the same for both techniques, i.e., it is excluded from the sorting

pracess.

• 11ft
•
1'"

........w..a.I

.tO ~ ~ ~ -a 0 2 4 1 • tO

..... in ..... (CIft)

(a)

.,. ......~
.tO ~ .. ~ -a 0 2 4 8 • tO

...... in ..... (CIft)

(b)

•

F~fiire 5.5. Illustration of IWo ways in which theleaf sequence may he sorted. The
cooured ban represent the dose contributions from the individual subflelds. In Ihe
s/id;ng window technique (a), a/lletlVes ",ove from left to r;ght. In the close-;n technique
(b). the letlVes converge on each peak ofthe intensily distribution.

D. Required nu.ber olsubllel.

The number of positions calculated for a given leaf-pair will depend on the

complexity of the intensity profile that must he delivered by that leaf-pair and on the

user-selected accuracy level. For a given accuracy level, the leaf-pair with the maximum

number of positions detennines the number of subfields required for the delivery of the

entire intensity matrÎX. Some leaf-pairs will complete their motions before the end of the
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full delivery of the field and others may not he needed at all during the delivery. These

"unused" leaves must be closed 50 as not ta allow the passage ofndiation. As mentioned

in Section 4.7, ta minimize leaf-end leakage, c10sed leaf-pain are positioned completely

ta one side of the field, and under one of the jaws of the linear accelerator.

5.5 CORRECTIONS FOR THE MLC TRANSMISSION AND LEAF PENUMBRA

To achieve aCCW'8te dosimetry two corrections must he applied ta the abave

calculation of the leaf sequence: one to account for photon transmission through the

MLC leaves and the other to account for the penumbra width of the leafends.

A. TraDIDlilsion tbroulb tbe MLC

As discussed in Section 4.7, the average transmission of the MLC is 2.5% for the

6 MV beam and 3.00/0 for the 18 MV beam. 1080ring this transmission will cause the

actually delivered intensity to be slightly elevated compared to the desired intensity, MOst

notably in regions that are shielded for a high proportion of the total irradiation time of a

given field. For example, a point which is supposed to receive an intensity of 7()oAt might

actually receive an intensity of 75%, if it is part of a complex intensity matrix which

takes a long time to be delivered.

To correct for the MLC transmission we must know the time that cach point in

the intensity matrix is occluded by the MLC relative to the total treatment time for the

given field. However, we cannot know this until we know the leaf sequence. This

therefore implies an initial run of the above algorithm to determine the approximate leaf

sequence. Th~ after the ftrSt pass of the leaf position calculation a1gorithm, we can

calculate the transmitted intensity that each point in the intensity matrix would

theoretically receive with the approximate leaf sequence. Subtraction of the transmitted
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intensity matrix from the original intensity matrix will yield a new "corrected" intensity

matrix on which we will run the leaf position calculation algorithm a second lime.

These new leaf positions, when d elivered. will yield the desired intensity matrix in the

presence of transmission. It is important to note that this method of correcting for

transmission is only a fust-order correction; further iterations of the method should he

used to increase accuracy. For example, the intensity value of the point mentioned above

which should receive 7(J01O will he reduced to 65% to account for the S% transmission.

However, the S% transmission value was calculated from the subfields detennined by the

tirst pass of the leaf position algorithm, not the second pass subfields which will actually

he used for treatment. Thus we May not actually get S% transmission, but ooly 4.9%
•

This source of errar is always small and therefore cao he neglected.

Let us assume we know the corrected intensity matrix l'(u, v). If N is the

number of subtields, &1 the slicing interval of the intensity profiles, and min[I( II, v)] the

minimum value of the intensity matrix, then the total relative intensity IlrJt is:

1'01 =min[l'(u,v)]+(N -l)M . (5.3)

The total relatille intensity represents the intensity (or beam-on time) required to

deliver the intensity matrix with the MLC compared to a physical compensator. For

single-peaked intensity matrices, the total percentage intensity will equal 100010. For

multiply-peaked matrices, on the other band. each peak must be treated separately and

the total percentage intensity will exceed 1000.....

The fractional time TD« that a point is occluded by the leaves is equal ta:

•
T =1,9' - l'(u, v)

ocr: l '
'01
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while the fractional time TUItII« that a point is unoccluded is equal to:

T =['(u, v) .
fUIOC'C I,ot

Thus the actual intensity lŒ1 (u, v) that the point (Ut v) will receive is given by:

lad(u, v) =l,ot TlIltOa + 1trIfIU T0« '

(S.S)

(5.6)

where I
lPG1IS

is the percentage transmission of the MLC at the selected photon energy. We

would like this aetual intensity to he equal to the original intensity matrix I(u, v), i.e.,

This leads to the following solution for the intensity matrix corrected for the MLC•
ItICt(u, v) == I(u. v) .

transmission:

l '{ )= iœJJ(u, v) - 1".., l
,u,v ( )'1101 - 1MII&I

(S.S)

(5.7)

•

and this is the fonnalism that we used to calculate the new leaf positions in the second

pass of the algorithme

B. Leal peaumbn

So far, our discussion bas neglected the etTett of the MLe leaf penumbra on the

delivered intensity matrix, sinee we have considered that the MLC leaves possess profiles

that resemble step functiODS.
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Section 4.7 contained a detailed discussion of the MLC penumbra. ft was

determined that the 800!'o-200!'o leafend penumbra is approximately 4.0 mm at 6 MY and

8.0 mm at 18 MV, regardless of the position of the leaf end with respect to the beam

central axis. The 900,10-100,10 leaf-end penumbra is 9.0 mm al 6 MY and 18.0 mm at

18 MY, Iikewise regardless of leaf position. The discussion in Section 4.7 also

established that, for the useful range of MLC positions, the readout position of a leaf end

corresponds to the 7()o,Io radiation intensity level within ±O.S mm.

Typical measured radiation profiles of the MLC leaf-end are shown in Fig. S.6

for the 6 MY and 18 MY photon beams. These two profiles show us that, if the leaf end

is placed at the position indicated by the leaf sequence, the region under the leaf end will

he slightly overdosed and the region just past the tip will he slightly underdosed. Since

we are interested in treating the tumour to a high and unifonn dose, the behaviour of the

dose distribution in the region of the tumour is far more important titan the behaviour in

the low-dose region surrounding il. To this end, we will thus adjust the leaf positions 50

that the position indi~ated by the leaf sequence coincides with the 800,10 isodose line

rather than the 7()o,Io line. For the 6 MY and 18 MY photon beams, this implies shifting

the leaf-end positions by 1.0 mm and 2.0 mm, respectively. We reiterate that although

this approach treats the high dose region more uniformly, it does 50 at the expense of the

lower dose regions, which as a result are slightly over-treated.

As shown in Section 4.7, the leaf-side penumbra is slightly smaller than the leaf­

end penumbra because of the focusing of the leaves in the direction perpendicular to the

leaf motion. This is fortunate, since the method used to correct for the leaf-end

PeI1umbra cannot be used to correct for the leaf-side penumbra. The ooly way to open

the leaves funher in this direction is to open up an entire new pair of leaves, adding a full

additional centimetre to the treated area.
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Figure 5.6. Profiles of the leaf-end penu",bra at 6 MY (a) and 18 MY (h) photon
energies. The nadout position ofthe leafend initia/ly ",atches the 700.4 isodose line of
the radiation field but is shifted to "'atch the 80% isodose line.

Several investigatonJ·" have devised iterative methods to account for leaf-end

penumbra. Some of these methods are more accurate than ours, but have the

disadvantage of being considerably more complexe Sînce it is impossible to correct for

leaf-side penumbra, we do not believe that it is sensible to expend a substantial effort in
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trying to correct rigourously for the leaf-end penumbra. 50 our rodimentary correction

seems adequate.

5.8 DETERMINATION OF THE MONITOR UNIT SETTING FOR EACH SUBFIELD

A. Total reladve iDteDsity

As discussed above, the first subfield will deliver a relative intensity equal to the

minimum intensity value in the corrected intensity distribution, plus the accuracy level.

Thus, if the minimum value is 80% and the accuracy level is ±1.5%, the relative intensity

for the first subfield will he equal to 81.S°A.. For each subfield other than the first, the

associated relative intensity is twice the accuracy level or, in other words, the slicing

increment for the intensity distribution. Thus, if the accuracy level is ±1.50/0, all fields

other than the tint will deliver a relative intensity of 3.0°A.. This method results in a

filling of the intensity distribution, as shown in Fig. s.s. The maximum error in intensity

due to the use of a finite number of subfields corresponds approximately ta the selccted

accuracy level.

The intensity distribution depicted in Fig. 5.5 is single-peaked. ln sueb a case,

the total relative intensity of ail subfields will yjeld a value of 1()()OA. (plus or minus the

aeeuracy level of the calculation). In the case of a more general intensity distribution

with multiple peaks, such as that shown in Fig. 5.7, each peak will need to be irradiated

separately resulting in total relative intensities that exeeed 1000/0. The relative intensities

for each subfield are still detennined in the same manner but no longer total l000A..
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F~~re 5.7. Illustration of the fact ,hat intensity distributions containing multiple peau
wi resuJt in Q tola/ re/olive inlensity which exceeds IOOOA.

Caleuladon of mODitor unit .ttiap

The doses associated with each subtield must he converted to monitor units,

•

which are the "internai" UDits a linear accelerator uses to keep track of how much

radiation has been delivered. A monitor unit is that quantity of radiation which will yield

a dose of 1 cOy to a point at depth dffttl1l in phantom in an SSO set-up and a field size of

1Ox 10 cm:!. These conditions are known as the "calibration set-up", and the statement

1 MU = 1 cOy will generally not he true for other arbitrary conditions. Monitor UIlits are

measured by a transmission ionization chamber located in the head (nozzle) of the Iinear

accelerator. At regular intervals a physicist uses a calibrated ionization chamber to verify

that the output of the linear accelerator is equal to 100 cOy/l00 MU for the 1Ox 10 cm:!

field with the chamber placed at d",. in a water-equivalent phantom with a SSO of

100 cm. The tolerance on this detennination is ±2%; if the measurement falls beyond the
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tolerance, the gain in the monitor chamber's electrometer is adjusted in such as way that

the correspondence 100 cOy = 100 MU is achieved. The output of the linear accelerator

(i.e., the ratio cGylMU) increases slightly with increasing field size as described by the

relative dose factor (RDF). A method for obtaining the RDF for fields shaped with the

Varian MLC was described in detail in Chapter 4.

For SAD patient set-ups (by far the most conunon) there are two common

procedures for normalizing isodose distributions, resulting in two different methods for

calculating a monitor unit setting. One procedure is called isocentre-weighting and takes

the weights of the fields to be defined at isocentre. Thus in this method, three fields

having weights of 100010, 900At, and 60% will deliver doses in a ratio of 100%, 90010, and

60% of the total dose of 2S00At at the isocentre of the treatment. The other method is

ealled TMR-weighting (TMR = tissue maximum ratio) and takes the weights of the fields

to he defined aeeording to the referenee dose delivered for that field. This reference dose

is the dose at depth d".. in phantom with an SAD of 100 cm, which serves as the

reference point. In this procedure, three fields having weights of 100010, 90010, and 60010

will deliver doses in a ratio of 100010, 9()O1O, and 600Al to their respective reference points.

The MeGill hospitals use this latter technique.

Figure 5.8 illustrates a typical isodose distribution for a case of rectal earcinoma

treated with a photon energy of 10 MY, and planned according to the TMR-weighted

Methode The patient slice shown is at the isocentre level. There are threc radiation

fields, a posterior field of dimensions 14.Sx20.S cm2 with a weighting of lOOOAl, and two

lateral fields of dimensions 13.Sx20.S cm2 with weightings of 900A.. This weighting

implies that ifwe deliver 100 cOy to the posterior reference point and 90 cOy to each of

the lateral reference points, the isodose distribution, shown in Fig. 5.8, will he obtained

with a dose of 222 cOy at the isocentre. The latera1 fields each have a Metal wedge
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placed into the beam which selectively attenuates the beam toward the posterior of the

patient thereby compensating for the dose fall-off of the posterior beam as weil as the

slope of the patient's rump as seen from the lateral fields. The use of the wedge results in

a dose distribution which is more uniform in the region ofthe patient to he treated.

14.5x20.5 cm2, 100% weighting

5em ,
ANT lsocentre level

•

FiFifP 5.8. TMR-weighted isodose dütribution for a Ihree-field pelvic treatmenl al
10 photon energy. The posterior beam htua weighting of 100%; the IWO lateral
beams contain a wedge and each Iras a weight 0190%.

For this particular case, the physician bas prescribed a dose of 45 Oy to he

delivered to the isocentre in 2S daily fractions, giving a daily dose fraction of 1.80 Gy.

As stated above, the nonnalization of a TMR.-weighted isodose distribution is such that if

100 cGy are delivered thrOUgh the posterior field to the reference point and 90 cOy

through each lateral field to the reference point a dose of222 cOy will be delivered to the

isocentre. Sïnce we actuaIly only desire 180 cOy at the isocentre, we lmow that the dose
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for each field must he scaled by the factor (180/222), giving 81.1 cOy and 73.0 cOy for

the posterior and tateral fields, respectively.

The equivalent square field size is 17.0x17.0 cm2 for the posterior field which

gives an RDF of 1.034, or an output of 1.034 cGylMU. For the two lateraI fields, the

equivalent square field size is 16.3x16.3 cm2 which gives an RDF of 1.031, or an output

of 1.031 cGyIMU. We will thus require an MU setting of 78.4 MU to deliver the

81. 1 cGy needed for the posterior field and an MU setting of 70.8 MU to deliver the

73.0 cOy needed for each of the two tateral fields. However, for the lateraI fields, we

have neglected the attenuation of the wedge, which will, through a wedge factor, increase

the required MUs for the two tateral beams.

The attenuation of the wedge at the field centre is described with the wedge factor

(WF) which corresponds to the ttansmission of the wedge on the beam central axis. It is

usually measured in the calibration set-up. The wedge factor only describes the effeet of

the wedge on the beam central axis; the etTect at positions otT..axis is calculated by the

computerized treabDent planning system from measured beam profiles. The wedge used

in our case bas a factor of0.68 which means that the MU setting must be increased from

70.8 MU to 104.1 MU to account for attenuation as the central beam passes through the

wedge.

From this discussion it is evident that the MU setting for field F, treated in a

conventional manner with a TMR-weighted isodose distribution, is given by the fonnula:

•
Mlli( F) - dose(F)

WF(F) x RDF(F)
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where dose(F) is the dose for field F, RDF(F) is the relative dose factor for field F,

and WF( F) is the wedge factor for the wedge used in field F. ln the absence of a

wedge, WF(F) = 1.00.

c. COlDpeDsated Be.ms

In some cases, a combination of ditTerently-weighted beams, each of which may

possibly contain a wedge, is insufficient to obtain acceptable dose uniformity within the

planning target volume. It May then he desirable to use a variable thickness metal filter

known as a compemator, which is designed and buitt specifically for the case at hand. A

compensator May he thought of as a sophisticated wedge in which the thickness does not

simply follow a ramp, but varies independently from point to point aeross the beam. Ali

fields of a treatment plan may be compensated, or only the selected ones.

For such a "physical compensator" (i.e., a compensator made of sorne physical

material such as lead) the compensalor transmission factor (CTF) is, similarly ta the

wedge factor discussed above, the transmission of the compensator on the beam centtal

axis. It is usually measured with an ionization chamber in the calibration set-up. The

compensator factor is needed in dosimetric calculations because the MU setting for a

compensated beam must be multiplied by the reciprocal of the compensator factor to

account for the photon attenuation in the compensator, exactly as for a wedge. It is never

necessary to use both a wedge and a compensator for the same field. since any desired

intensity distribution can he 8Chieved with the compensator alone.

For dynamically-compensated beams delivered with the aid of an MLC, the

concept of the CTF can be carried over in its entirety. The compensator factor is no

longer measured, instead it is given by the value of the intensity matrix on the beam

central axis, before it is corrected for the MLC transmission. In order to reduce the effect
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• of small random variations in the intensity matrix produced by the CADPLAN, we take

the compensator factor as the average of the pixel values in a 6x6 pixel ROI (pixel size =

1.0 mm) at the centre of the intensity matrix. Just as for a physically...compensated beam,

the MU setting for the compensated beam must he multiplied by the reciprocal of the

comPel1sator factor to bring the dose al the reference point up to the value for the

uncompensated beam. Thus, in our static approach to intensity-modulation with an

MLC, the MU setting for subfield s , belonging to field F, will he:

MlJ( F ) _ dose(F,)
J - RDF(F

J
) x CTF(F)

(5.10)

•
Note that the centre of a gjven subfield will in general not correspond with the beam

central axis. It was shawn in Section 4.8 that in such circumstances the equation for the

MU setting should he corrected by the off-axis ratio. This, however, is unnecessary in

our particular case, since the off-axis behaviour of the photon beam is already

incorporated into the isodose distribution by the CADPLAN treabDent planning system,

and obviously does not need ta he corrected for a second time.

The total MU for the field F will then be:

MU( F) ="f- MU( F )= l "f- dose( FJ
) •

• • CTF(F). RDF(FJ )

(5.11 )

•

ln Eqs. (5.10) and (5.11) we assume that the dose (in medium) for a given

subfield, dose{F.), is directly proportional to the relative intensity (in air) for that

subfield. For instance, if the relative intensity for a particular subfield is 3%, the total

relative intensity is 1200A., and the total daily dose for the field is 100 cOy, then the daily

dose for the subfield will he (3/120)·100 cOy =2.5 cOy. The hypothesis of a simple
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• proportionality relationship between dose and intensity is not strietly valid due to photon

and electron transport in the medium; however, at shallow depths in phantom the

approximation is very good. The daily dose for the subfiel~ dose(F
J

), is, as we recall,

defined at a depth ofdllfla.

5.7 liME REaUIRED TO DELIVER A DYNAMICALLY-COMPENSATED FIELD

If the leaves of the MLC could move between subfields with infinite velocity, the

rime required to deliver the total MU for field F in a dynamically-compensated

treatment would be given by the ratio of the total MU for the field Eq. (S.1 t) and the rate

ofMU delivery, MU':

•
0m ~. _ MU(F) _ t ~ dose(F,)

" eF
- MU' - CTF(F) x MU' 1 RDF(F.) .

(5.12)

Typically, the total MU required for a field is of the order of 100 MU. Since our

Clinac 2300 CID is operated at 400 MU/min for patient treatment, this implies a

tteahUent rime on the order of 15 s per field. The DBD ToolBox software takes fractions

of a second to drive the MLC leaves from one subfield configuration to the next adding,

in total, at MOst a few seconds to the treatment lime.

Compared to treatments in which the intensity modulation is produced by a

physical compensator, inteDsity modulation using an MLC is generally slightly more

time-consuming. For a physical compensator, the lime required to deliver the total MU

for field F is given by:

•
. ,.. _ MU(F) _ dose(F)

',meF - MU' - MU' x CTF(F) x RDF(F) .
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• To compare this to the time needed to deliver a dynamica11y~ompensated

treatment [Eq. (5.12»), we define the efficiency factor (EF) which is the ratio of the time

required to deliver the treannent with a physical compensator to the rime required to

deliver the treatment dynamically, Le.,

EF = timer;- = dOSe(F)/~ dose(F,) .
timeF - RDF(F) 1 RDF(F

8
)

Sïnce all RDF values are almost identical, this cao he very weil approximated by:

EF == dose(F)
!dose(F,) .

(5.14)

(5.15)

•

•

The EF will never exceed 1.00; however, it will be equal to 1.00 for an intensity

distribution with a single peak. For an intensity distribution with multiple peaks, cach

peak must be inadiated separately, and this will invariably result in an EF that is less

than 1.00. The EF will also decrease with an increa5ing depth of modulation. As an

example, an intensity distribution which contains three peaks and bas a minimum value

of 8()OJO will have an EF of approximately 0.7, and thus a treatment which takes 20 s

with a physica1 compensator will take 28 s using MLC dynamic compensation, plus a

few seconds for MLC motion during beam delivery. However, in this latter approach,

there is no need for the technologists to enter the treatment room to replace the

comPellsator when switching from one compensated field to another and this results in

considerable saving in technologists' lime and effort.
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Once the subtields and their associated monitor unit settings are calculated, the

user of the dynMLC program cao view the subfields in a wiodow showing the 52 MLC

leaves drawn to seale at the top left, and three widget panels located at the bottom and on

the righl side. An example is shown in Fig. 5.9.

•
5.8 SUSFIELD VISUALIZATION

•

•

Fipre 5.9. ApJMtUQIICe of the computer wint/ow allowing the rue,. of the dynMLC
progra", ID \lUualize the MLC subjields and lite œsocÜlted lJ'ea""ent para",eten.

The panel al the bottom left contains a dial allowing the user to display a

particular subtield for viewing. The maximum value on the dial automatiçally scales to

the total number of subfields in the treatment. A button labelled "animate Rx" located

below the dia! cm be pressed to visualize the delivery of the entire sequence of subfields
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in approximately real-lime. The clark grey portions of the leaves are shielded by the

linear accelerator jaws. The panel on the top right side contains widgets allowing the

user to toggle between different calculation options. The options presented are the beam

energy (6 MV or 18 MV), the b'eatment set-up (SAD or SSD), the precision level of the

calculation (±O.S%, ±l.OO;/O, ±l.S%, ±2.00A" or ±S.OOAt), the delivery technique (sliding

windowor close-in), and the daily dose to be delivered by the field. If any of these

options are cbanged, a new set of subtields and as80Ciated MUs are immediately

recalculated corresponding to the new settings. The panel on the bottom left displays

sorne important resuIts of the calculation such as the dose, the RDF, and the MU for the

given subfield, and cenain other results whieh are the same for ail subfields, sueh as the

cornpensator factor, the efficiency factor, the MLC transmission" and the total MUs

required to deliver the field. Finally, the bottom right panel contains a space for the user

to write a filename for the ASCn file which is Mitten to control the MLC during

treatment. This file is known as a DMLC (dynamic MLC) file and bas ".dle" as ils

extension. Pressing on "write DMLC file" button Mites this file in DOS fonnat to an

extemal 3 1/2 inch flexi-disk.

The format of the DMLC file is as shawn below. The word "Field" would more

appropriately read "Subfield" in an MLC-modulated treatment but the Varian file format

must be respected. The "Index" is a fractional running total of the number of MU that

have been delivered. It is equal to 0 at the beginning of the delivery and 1 when the

delivery is finished and the total MU count bas been reachai. The utility ofthe fractional

dose is that it aHows the same leaf sequence to be delivered with different total MU

seuings. The particular leaf sequence listed below contains 17 ditTerent subfields;

however, in a segmented delivery approach the DMLC file must contain twice as many

"Field" as the number of subfields actually in the leaf sequence. The reason for this is

that., for every subfiel~ identica1 starting and finishiDg positions of the 1eaves must he

149



•
specified in the form of two "Fields", with only the &actional dose changing between

these two "Fields".

File Rev :: G
Treatment :: Dynamic Dose
Last Name :: DaVinci
First Name :: Leonardo
Patient ID :: 567567567
Number of Fields :: 8
Number of Leaves :: 52
Tolerance:: 0.10

Field = # 1
Index = 0.0000
Carriage Group = 1
Operator = McGill University
Collimator = 0.0

•

•

Leaf lA::
Leaf 2A::
Leaf 3A::
Leaf 4A::
Leaf SA =
Leaf 6A =
Leaf 7A::
Leaf BA::
Leaf 9A =
Leaf 10A ::
Leaf l1A ::
Leaf 12A ::
Leaf 13A =
Leaf l4A ::
Leaf l5A =
Leaf l6A =
Leaf l7A =
Leaf l8A =
Leaf 19A ::
Leaf 20A ::
Leaf 21A ::
Leaf 22A =
Leaf 23A =
Leaf 24A =
Leaf 25A =
Leaf 26A =
Leaf lB =
Leaf 2B::
Leaf 3B =
Leaf 4B =
Leaf SB =
Leaf 6B::
Leaf 7B::
Leaf 8B::
Leaf 9B =

-7.81
-7.81
-7.81
-7.81
-7.81
-7.81
2.01
2.01
2.01
2.01
1.71
1.61
1.61
1.62
1.82
2.01
2.01
1.52
0.21

-0.78
-7.81
-7.81
-7.81
-7.81
-7.81
-7.81
7.81
7.81
7.81
7.81
7.81
7.81
6.61
6.61
6.60

ISO



Leaf lOB = 6.60

• Leaf 11B = 6.61
Leaf 12B = 6.61
Leaf 13B = 6.51
Leaf 14B = 6.31
Leaf 15B = 6.11
Leaf 16B = 6.01
Leaf 17B = 5.71
Leaf 18B = 5.51
Leaf 19B = 5.31
Leaf 20B = 5.21
Leaf 21B = 7.81
Leaf 22B = 7.81
Leaf 23B = 7.81
Leaf 24B = 7.81
Leaf 25B = 7.81
Leaf 26B = 7.81
Note = 0
Shape :: 0
Magnification = 1.00

Field = # 2
Index = 0.8600
Carriage Group = 1
Operator = McGill University
Collimator :: 0.0
Leaf lA = -7.81• Leaf 2A = -7.81
Leaf 3A = -7.81
Leaf 4A = -7.81
Leaf SA = -7.81
Leaf 6A = -7.81
Leaf 7A = 2.01
Leaf BA = 2.01
Leaf 9A = 2.01
Leaf 10A = 2.01
Leaf 1lA = 1.71
Leaf 12A = 1.61
Leaf 13A = 1.61
Leaf 14A = 1.62
Leaf 15A = 1.82
Leaf 16A = 2.01
Leaf 17A = 2.01
Leaf 18A = 1.52
Leaf 19A = 0.21
Leaf 20A :: -0.78
Leaf 21A = -7.81
Leaf 22A = -7.81
Leaf 23A = -7.81
Leaf 24A = -7.81
Leaf 25A :: -7.81
Leaf 26A :: -7.81

• Leaf lB :: 7.81
Leaf 2B :: 7.81
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Leaf 3B :: 7.81

• Leaf 4B :: 7.81
Leaf SB :: 7.81
Leaf 6B :: 7.81
Leaf 7B :: 6.61
Leaf 8B :: 6.61
Leaf 9B :: 6.60
Leaf lOB :: 6.60
Leaf 11B :: 6.61
Leaf 12B :: 6.61
Leaf 13B = 6.51
Leaf 14B :: 6.31
Leaf 15B :: 6.11
Leaf 16B :: 6.01
Leaf 17B :: 5.71
Leaf 18B :: 5.51
Leaf 19B :: 5.31
Leaf 20B :: 5.21
Leaf 21B = 7.81
Leaf 22B :: 7.81
Leaf 23B :: 7.81
Leaf 24B = 7.81
Leaf 25B = 7 .. 81
Leaf 26B :: 7.81
Note :: 0
Shape = 0
Magnification :: 1 .. 00

• Field = # 3
Index = 0.8600
Carriage Group :: 1
Operator :: McGill University
Collimator :: 0 .. 0
Leaf lA :: -7 .. 81
Leaf 2A :: -7.81
Leaf 3A :: -7.81
Leaf 4A :: -7.81
Leaf SA :: -7.81
Leaf 6A :: -7.81
Leaf 7A :: 2 .. 00
Leaf SA :: 2 .. 00
Leaf 9A :: 2 .. 00
Leaf 10A :: 2 .. 00
Leaf 11A :: 1.71
Leaf 12A :: 1 .. 61
Leaf 13A :: 1 .. 61
Leaf 14A :: 1.61

•
etc fer all ether subfields •
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The positions of the linear accelerator jaws during beam delivery cao he set to a

bounding rectangle either by manual entry at the console or under computer control from

a CONfORMAL PROGRAM file which is a DOS file carrying ".cp" as its extension.

An example of this file is provided helow with explanatory comments prefixed by a #

Slgn.

Y2 pos.
5.0
5.0

Yl pos.
5.0
5.0

X2 pos.
6.4
6.4

IORDER IN WHICH VALUES FOR MOVING
#AXES WILL BE SPECIFIED BELOW (user-given)
1
lNUMBER OF TREATMENT INSTANCES
#,.
Xl pos.
7.8
7.8

2

4 lNUMBER OF MOVING AXES (user-given)
#PERMISSIBLE MOVING AXIS ARE: Gantry
1 Collimator rotation
1 all 4 jaws
1
IThe integer codes for each clinac axis are:
lGANTRY RTN=O
ICOLL RTN=l
#COLL Yl=2
#COLL Y2=3
"COLL X2=4
"COLL Xl=5

5 4 2 3

#dose frac.
0.000
1.000•

In this example, only the four jaws are instanced. However, in a general case, the

collimator and gantry orientations rnay alsa he controlled by the CP file. As for the

DMLC file, pressing on "write CP file" button writes this file in DOS format to an

external 3 1/2 inch tlexi-disk which can be read and compiled by the Clinac 2300 CID

console computer. Once the user is finished writing the DMLC and CP files, the

dynMLC program can he exited by choosing "Exit" from the main menu.

•
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5.9 SUMMARY

This chapter bas explained the dynMLC program, specifically: how the Pfogram

calculates the shape of the MLC-detined subfields required to deliver a particular

intensity-modulated be~ how it calculates the associated MU setting for each subfield,

and how it corrects for MLC transmission and MLC leaf penumbra. The time required to

deliver an intensity-modulated beam in the segmented approach on a computerized linear

accelerator bas also been evaluated.
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1.1 INTRODUCTION

The bulk ofthis chapter is dedicated to a description of the tests perfonned on the

dynMLC program to verify the precision with which it cao produce a given dose

distribution in a phantom. However, this chapter also describes tests designed to verify

the validity of CADPLAN's inverse-planning capabilities, i.e., whether it successfully

generates the intensity matrix required to produce the given dose distribution in the

phantom.

1.2 TESTS OF THE tIy"MLC PROGRAM

A. Procedure usedlor tbe dy"MLC tesb

Five fonnal tests of the perfonnance of the dynMLC program were carried out.

The aim of these tests was to verify whetber or not a certain planar dose distribution

couId be delivered to a uniform phantom, respec:ting not only the form of the dose

distribution but also the absolute dose at each point in the plane. For ail test cases, the

dose distribution was measured al a depth d",. in phantom; for the final two cases the

dose distribution was also measured al a depth of 10 cm in phantom.
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The test cases are as follows: a lOxlO cm2 open field; a ramp-like field, a

parabolic field; an inverted parabolic field; a (cosine)2-like field; and a clinically-useful

field. For ail cases, the objective was to deliver a dose of 100 cOy to the dlftlD{ point on

the central axis for an SAD 100 cm set-up with a 6 MV photon beam. The 18 MV

capabilities of the dynMLC program were not fonnally tested. There are two reasons for

this: firstly, beam intensity-modulation is almost never used clinically at such a high

photon energy, and secondJy, the 18 MV branch of the dynMLC program resembles the

6 MV branch in ail respects except for some differences in numerical constants.

The SLIC EPID, described in Chapter 3, was used for the verification of the dose

delivered by the intensity-modulated fields. As explained in Section 3.7, the EPID­

measured data set consists of an image for each subfield of the leaf sequence. The

images are calibrated through the measured calibration curve, multiplied by their

respective associated monitor unit settings, corrccted for the loss of beam homs, and

summed up to yield a distribution of the dose in the phantom at the EPID measurement

depth.

We compared the dose distributions measured with the EPID to the calculations

of our commercial 3D treatment planning system (CADPLAN, version 2.79; Varian

Associates, Palo Alto, CA). A compari5On between measured dose distributions with the

EPID and those obtained with the planning system is accomplished by calculating a dose

distribution for a beam nonnally-incident on a unifonn phantom; a condition which

approximates the geometry of the EPID measurements. This calculation yields isodose

distributions which can be suitably normalized to depict the dose in cOy in the plane of

measurement of the EPID.

We al50 compared our EPID measurements with beam profiler measurements for

the more complicated test ct~S (cosinel and clinically.useful cases). Our beam profiler
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(model 1170; Sun Nuclear Corp., Melbourne, FL) consists of 46 radiation-sensitive

diodes at intervals of 5 mm, arranged linearly. The diodes are calibrated before use to

account for their slightly ditTerent dose sensitivities. When subjected to a radiation tield,

each diode records a charge proportional to the cumulative dose at that position. We

veritied that the diode array response is stable with regard to moderate changes in beam

energy. In our eXPeriments, the array of diodes was positioned at the measurement depth

and sheets of phantom materia! were placed on top (and beneath) the profiler ta simulate

an in-phantom measurement. The beam profiler results were nonnalized ta the readings

obtained with a field for which the linear accelerator output (cGylMU) is accurately

known, thus allowing us to convert our charge readings directly into dose in cGy.

B. Open fteld

For the IOxlO cm! open field test case an intensity mattix was written which

contained a value of 1 within the field limils and a value of 0 beyond the field Iimits.

This intensity matrix was input into the dynMLC program, and a leaf sequence was

calculated at a precision level of %0.5%. As would be eXPeCted, the leaf sequence

consisted of ooly one subfield. with dimensions of 1Ox 10 cm:!. The monitor unit setting

associated with this unique subtield was 97 MU, exactly as would be obtained from a

hand calculation, if a dose of 100 cOy was desired at a depth dMœ = 1.5 cm in phantom

for an SAD set-up with a 6 MV photon beam.

c. Ramp-Uke field

The intensity matrix for the ramp-like field, as for the open field, atso had

dimensions of 1Ox10 cm:! but the beam intensity within the field limits increased Iinearly

from teft ta right. The intensity gradient was such that the left side of the field had zero

intensity (=0) and the rigbt side full intensity (=1). When the lcaves of the MLC were

configured ta move parallel ta the intensity gradient, the dynMLC program calculated a
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leaf sequence which was composed of 25 subfields. For this example, the precision level

of the leaf-sequence calculation was set to allow, in theory, a maximum discrepancy of

±2% between the desired and delivered intensity matrices. A lower value for this

inherent discrepancy could be achieved by increasing the number of MLC segments

allowed in the leaf-sequence file. The EPID-measured planar dose distribution at depth

d.... for this case is shown in Fig. 6.1(a). In Fig. 6.1(b), a profile of the EPID-measured

dose distribution is extracted along the dashed line of Fig. 6.I(a) and compared to the

calculation of the CADPLAN TPS. The agreement between the measured and calculated

dose distributions is excellent (±O.S% on central axis, ±2% elsewhere).

When the leaves of the MLC were configured to move perpendicularly to the

intensity gradient, the dynMLC program calculated a leaf sequence at a precision level of

±2% which was composed of 10 subfields. The EPID-measured planar dose distribution

at depth drfIIU for this case is shown in Fig. 6.2(a). In Fig. 6.2(b), a profile of the EPID­

measured dose distribution is extraeted along the dashed line of Fig. 6.2(a) and compared

to the calculation of the CADPLAN TPS. The agreement between the measured and

calculated dose distributions is again excellent (:tO.S% on central axis, ±2% elsewhere).

The finite MLC leaf width is apparent in Fig. 6.2, illustrating that it is genera1ly

preferable to aHow the leaves to move parallel ta the direction of steepest gradient in the

intensity matrix. 80th of these ramp-like intensity-modulated fields were delivered in a

"sliding window" technique.
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o. PanboUc field

The parabolic distribution was again nominally of dimensions 1Ox 10 cm2 with a

cylindrically-symmetric intensity within the field limits generated from the equation:

l=l+a{r-roY, (6.1)

•

where r is the radial spatial coordinate (in cm) measured from the beam central axis, r0

is the positional coordinate of the centre of the field, and Q is a scaling factor which

gives the curvature of the parabola. The leaf sequence file to deliver this intensity matrix

at a precision level of ±l.S% was composed of 28 subfields for a "close-in" technique.

The EPID-measured planar dose distribution at depth dllf41l for this case is shawn in Fig.

6.3(a). In Fig. 6.3(b), a profile of the EPID-measured dose distribution is extracted along

the dashed line of Fig. 6.3(a) and compared to the calculation of the CADPLAN TPS.

The agreement between the measured and calculated dose distributions is excellent

except in the Penumbra region.

E. laverted paraboUc Reid

An inverted parabolic field was also tested. The intensity matrix for the inverted

cap was obtained from the equation:

l=l-a{r-roY , (6.2)

•

where the variables are as defined above. At a precision level of ±1% the dynMLC

program calculated a "close-in" technique leaf sequence file composed of 28 subfields for

the delivery of this intensity matrix. The EPID-measured planar dose distribution at

depth d",. for this case is shown in Fig. 6.4(8). In Fig. 6.4(b), 8 profile of the EPID·

measured dose distribution is extracted along the dashed line of Fig. 6.4(8) and compared

to the calculation of the CADPLAN TPS. The agreement between the measured and

calculated dose distributions is excellent.
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F. CoslIIe-squared-Uke Reid

The aeademie example IS provided by a eylindrica11y-symmetric intensity

funetion 1 of the fonn:

J= eos2 [(r/r., }cos(,/r.,)]; r., = 2 cm , (6.3)

•

•

where r is the radial spatial coordinate (in cm) measured from the beam central axis and

r., is an arbitrary scaling factor, equal to 2 cm in our test. Ali values in the intensity

matrix beyond a radius r of 14.0 cm were set to zero. This intensity matrix is a very

demanding test case, since il possesses a high degree of modulation with maxima at

r =0, r = 7t cm, and r =2n cm, a shallow minimum al r = 1.72 cm, and a deeper

minimum (J =0) al r = 4.63 cm. Although the intensity value al this radius (4.63 cm) is

theoretically equal to zero, in-phantom seatter and transmission through the MLC will

result in a non-zero dose measurement at this point. It is true in general that the dose at a

panicular point will not be strictly proportional to the intensity at that point due to in­

phantom scatter. Nonetheless, the MLe transmission is corrected for in the calculation

of the leaf-sequence for ail points of the intensity matrix having a value greater than zero.

The leaf-sequence file required to produce the intensity matrix of Eq. 6.3 at 6 MV

photon energy was composed of 88 subfields (at a precision level of ±2%) with the

intention of produeing a dose of 100 cOy at depth d,.. on the central axis in a flat

phantom for an SAD set-up. The 88 MLC-detined segments were delivered with a

"sliding window" technique to achieve the dose distribution shown in Fig. 6.5, at a depth

of d".. in phantom and an SAD of 100 cm. A profile of the EPID-measured dose aloog

the dotted Iioe of Fig. 6.S was extraeted and is shown in Fig. 6.6(a) wbere it is compare<!

to the ealculation ofour treatment planning system as weil as the measurements with the

beam profiler. The agreement between the measured and calculated dose distributions is
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excellent (±O.S% on central axis, ±2% elsewhere). The agreement along the

perpendicular axis is not 50 good (around ±lOOIQ at worst) due to the 1 cm width of the

MLC leaves. Figure 6.6(b) depicts the same EPID-measured dose profile as Fig. 6.8(a)

but at 10 cm depth in phantom for an SAD set-up, also compared to the calculation of the

planning system and to the beam profiler measurements. Agreement here is very good

except in regions of steep dose gradient, which will he discussed below. A total of 348

monitor unils were necessary for the delivery of this "academic" dose distribution.

•
- - --

• Fi,!re 6.5. EPJD.melUllred 6 MV dœe dutrib.t;on for Ihe inteuity jîlnclion 0/Eq. 6.3
QI eplh d..for an SAD sel-"p.

165



i
i

l

1
l...
j

sa 100

\ [ ,.

f\
v
'

o 0

• 0

140 li i i il. lit i 1 i i i .. Iii . i

1 ----CADPLAN

~ -EPID
120 r 0 Bearn Profiler

1
0

1

:6:0 t ~
40lV
20 ~

O~I.....I...~I........l....JI........l....J~.....J....I...o......&.-I-L~....r-...L.....l.......l-..J........l.....J......l-..J.....I......L.....J......r.....J....J......l....~iOZ:

-1 00 -80 ·60 ·40 -20 a 20 40 60
Distance from central axis (mm)

•

(a)

- - - -CAOPLAN
-EPID

o Beam Profiler

Iii [ 1 Iii. i i il' , l' i 1 i i ! i i 1 l' i

O .......................I......L-O....................l-l.~.....L....I.....I.....L..-....I.....&o....J,...............L......L.....l...........~~...J......l......L....I.~~

·100 ·80 ·60 ·40 ·20 0 20 40 60 80 100

Distance fram central axis (mm)

20

40

140 ~i
C

120 ~'
100-i 80 ~

c3 60 ~
r

•

•
(b)

ripee 6 6. In (a) a profile ofthe EPID mesul"tmelll ;.1 atracteda/ong tire dotted line ;n
Fig. 6.5 showing agreement belWeen the EPID lfJtaslU"ement(-j. the mea.ruremenl wilh
the beam profiler 10). and the ca/cuJation c,,"ied out with cmr Ireatmelll planning syslem
f··). Pari (b) represenls the .lame dose profile as in (a). excepllhat il if gwen/or a
JO cm ckplh in phanlo", in an SAD sel-up.

166



•

•

•

G. CHaieaUy-u.'ul field

In routine practice the major ponion of the total radiation dose is adrninistered to

the patient through a principal (or main) field encompassing the initial PTV. However,

over rime the PTV will shrink due to the etTect of the radiation beam or we may have

reached the dose which May safely be given ta certain non-diseased structures within the

PTV. Thus, after several weeks of treatment a new PTV is generally defined. This

second field is referred ta as the boost field or coned-down field

For the clinical example of MLC intensity-modulation, we experiment with the

idea of delivering the boast radiation field concomittantly with the principal field, thus

shortening the treatment course for the patient significantly. To illustrate this approach

to treatment, we have selected a case of carcinoma of the tongue which consists of two

parallel-opposed lateral 6 MV photon beams, mirror images of each other, together

producing a dose of 60 Oy in the boosted volume and 4S Gy in the volume treated

exclusively by the principal field. The required intensity mattices to achieve this dose

distribution were calculated by our treatment planning system. The use of intensity­

modulated beams in this case compensates for the non-unîfonn contours in the neck

region and allows the administration ofa lesser dose to the posterlor portion of the targel,

keeping the spinal cord below 4S Gy, the tolerance dose for this structure.

Our segmented treabnent consisted of 18 subfields for cach beam, delivered

according ta a "close-in" technique. To test our ability to deliver the target dose

prescription, we delivered a dose of 100 cOy at d.. to a Oat phantom in an SAD set-up.

For this example, the precision level of the leaf-sequence calculation was set ta allow, in

theory, a maximum discrepancy of ±O.S% between the desired and delivered intensity

matrices. Figure 6.7 shows the EPID-measured dose distribution for this clinicat case at

depth dfWlJl and SAD 100 CM. Figure 6.8(a) shows the profile of the measured dose
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• distribution along the dashed line of Fig. 6.7 compared to the calculation of our planning

system and the beam profiler measurements. The agreement between the measured and

calculated dose distributions is excellent (±O.S% on central axis, ±2% elsewhere). Here

the 1 cm leaf width of the MLC leaves bas very little adverse effect on the dose profiles

along the perpendicular axis. Figure 6.8(b) depicts the same EPID-measured dose profile

as Fig. 6.8(a) but al 10 cm depth in phantom for an SAD set-up, also compared ta the

calculation of the planning system and ta the beam profiler measurements. The

agreement is slightly poorer here for reasons discussed below. For this case, beam

delivery in the step-and-shoot mode required a total of 138 monitor units.

•
- - -- - --

•
Figure 6.7. Dœe dûtriblltion at 6 MY photo" e_rgy for one tllteral field ofthe clinical
case measured at depth d_ /ora" SAD set-Ilp showing the weighted-mm of the 18
caUbrated EPID imagu.

168



• 140 ~ i

120 [
~

_100 ~
~ ,

~ 80 ~
en i
,8 60 r-

40

20

o
-so

1 i

-60 -40 -20 0 20 40 60
Distance tram central axis (mm)

i.,

~
;

J

~

1

"1.,
1
J
1

80

80

i J

l

1

604020o

(a)

- - - -CADPLAN
-EPID

o Bearn Profiler

o~~~..&.....L..JL......L.....4....1....L...~~......I.....l..~L-l..L......I......J...L....-~

·80 -60 ·40 ·20

20

40

140 ~i
i

C
120 r

~
100 !

f 80 ~
en
~ 60

•

Distance trom central axis (mm)

•
(b)

Fi.' 6 S. In (a). a dose profile along lhe dashed line ofFig. 6.7 show;ng agreemenl
between lhe EPID me.cuureme.nl (-). lhe me.asurement with lhe be.am profiler (0). and
lhe. calculation ofDIU Irealmen, planning syslem r-- -). Part (b) represenLs lhe same dose
profile as in (a). acep"hat il is givenfor a 10 cm deplh in phanlom in an SAD Sel-Ilp.

169



•

•

•

H. DilculSloD 01 the test cases

The five examples presented above show that the EPID measurements agree with

the beam profiler points to within ±2%, except in regions of steep dose gradient where

the agreement is ±2 mm between corresponding isodose lines. Considering the

uncertainties due to the set-up of these devices the discrepancy between the measured

data is not unexpected.

80th measurement devices (EPID and beam profiler) also agree weil with the

calculations of the CADPLAN TPS except in regions of very steep dose gradient at large

depths in phantom. We therefore conclude that the dynMLC program accW'8tely and

faithfully delivers a given intensity matrix. We attribute the lack of agreement between

measured and calculated data in regions of steep dose gradient at significant depths in

phantom to a problem with the CADPLAN TPS since we have seen this phenomenon

appear in other, totally-unrelated, instances involving routine treatment planning

procedures. The CADPLAN TPS cannot accW'8tely predict the contribution of scattered

radiation at these depths.

6.3 TESTS OF THE INVERSE.pLANNING ABILITIES OF THE CADPLAN TPS

[n the previous section, the dynMLC program has been shown to produce a leaf

sequence which accurately delivers a panicular intensity-modulated matrix. However. in

order to use intensity..modulated beams in patient treatment, we must also know whether

the correct intensity matrix is calculated by the TPS for each field of the treatment plan.

For the CADPLAN TPS. the correct intensity matrix is the one which provides a uniform

dose to the compensation plane taking into account the panicular patient geometry.

170



•

•

•

As explained in Section 2.S, CADPLAN's inverse-planning capabilities are

rudimentary and limited to compensation to a plane, witb a user-defined compensation

plane which must be perpendicular to the beam central axis. Compensation (i.e., uniform

dose) is guaranteed only at the depth of the defined plane; planes at other depths will

receive only approximate compensation.

We tested CADPLAN's compensation algorithm with the aid ofphantoms shown

schematically in Fig. 6.9. Two wedge-shaped phantoms were constructed out of

polystryrene, whereas the slab beneath them was solid water. 80th polystyrene and salid

water are tissue-equivalent materials. A CT study was perfonned on the phantom

according to the routine protocol established for patients. The CT slices were then

exported to the CADPLAN workstation where a 6 MY radiation beam with dimensions

of 22xlO cm:! was set up with the isocentre as shown in Fig. 6.9, and incident directly

from abave. CADPLAN was thm instrueted to design an intensity matrix to achieve a

uniform dose at the isocentre depth. This intensity matrix was imported into the dynMLC

program where a lcaf sequence was calculated. Additionally, the intensity matrix

computed by CADPLAN was converted <again by CADPLAN) to a 2D matrix of

aluminum thicknesses for the fabrication of a physical compensator. This aluminum

compensator was machiDed in our departmental machine shop.

The appropriateness of the intensity matrix calculated by CADPLAN was

evaluated experimentally with the EPID. The EPID was set up with the imaging plane al

100 cm from the source. A build-up thickness of 1 cm solid water was placed on the

imager (ils inherent build-up thiclmess is 0.6 cm), and on top of this the two wedge

phantoms were positioned. This set-up reproduced the arrangement shown in Fig. 6.9

with the EPID imaging plane al the isocentre depth.
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Figure 6.9. Side and 10p views ofIhe phantom used to verify CADPUN's comPensation
algorithm.

An EPID image was aequired for three measurement situations: (a) the

open beam with only the build-up on the imager, (b) the open beam with the phantom

and build-up in place, and (e) the eompensated field with the phantom and build-up in

place. Dose profiles were extraeted ftom the calibrated EPID images along the field

centtal axis for these three measurements and are shown in Fig. 6.10. In (a) we see the

beam horns associated with the open beam, in (b) the effeet of the uneven phantom

surface on the dose profile, and in (c) the flat dose profile which results &om the delivery

of the compensated beam to the uneven phantom surface. In Fig. 6.10 the compensation

was accomplished using the aluminum eompensator; very similar results were obtained
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when the intensity matrix was delivered using the leaf sequence computed by the

dynMLC program.

CADPLAN's compensation algorithm is able to reduce the variation in dose a10ng

the profile from -15% (curve b) to approximately 2% (curve cl. This is sufficiently

uniform for patient treatment. However, a number of other experiments similar to this

one have demonstrated that the results presented in Fig. 6.10 are atypical. Generally, the

level of dose unifonnity achieved at the compensation plane is not 50 good.

Furthermore, peculiar values of intensity are 50metimes calculated, especially for pixels

in the compensation matrix which do not strike the patient or, in other words, which are

incident on air. Thus CADPLAN's compensation algorithm should not he used in a

routine manner for patient treatment. Every intensity matrix produced by the

CADPLAN TPS must be scrutized carefully before use.
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Figure 6./0. EPID-verijication of CADPUN's co",peruation algorith", showing dose
profiles through the field centre for three cases: (a) the open beam with only the bwi/d-up.
(b) the open beam with the plulntom and build-up in place. and (c) the comperuatedfield
with the plulntom and build-up in place.
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6.4 SUMMARY

This chapter bas described dosimetric measurements for a number of intensity­

modulated beams. The results of these tests have allowed us to conclude that the

dynMLC program's ability to calculate the leaf sequence required for the delivery of a

given intensity-modulated bearn is excellent, but that CADPLAN at present forms the

weak Unk in our "chain" of intensity-modulation; it portrays shortcomings bath in its

ability ta calculate the intensity matrices and in its ability to predict the dose distribution

resulting from an intensity-modulated beam. Patients may nonetheless be treated with

this approach, but a critical examination must be made of each case and treatment must

be delivered with great care ta prevent any of a large number of potential errors which

may occur in the sophisticated intensity-modulated approach to conformai radiotherapy.

Before the dynamic MLC option on the Clinac 2300 CID linear accelerator cao he used

routinely for patient treabnent, a reliable quality assurance (QA) protocol will have ta he

developed. The tests described in this chapter will serve as an important basis for

developing this QA program.
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7.1 INTRODUCTION

In this chapter we present an account of the first patient treated with MLC

intensity-modulated beams in our institution.

7.2 DESCRIPTION OF THE FIRST PATIENT TREATMENT

At the McGill University Hospital Centre the first patient planned for intensity­

modulation began treatment on April 29, 1998. This was a case of carcinoma of the

right tonsil with extension into the skeletal muscle and surrounding soft tissue. A

decision was made to treat the patient in an isocentric set-up with two parallel-opposed 6

MY photon beams with dimensions of 13x13 cm2• Intensity-modulation was desirable in

this case ta compensate for the uneven surface of the neck region, as seen from the two

lateral fields. The intensity matrices were calculated with the CADPLAN TPS with a

sagittal comPellsation plane defined at the mid-separation depth. The BEV mode was

then invoked for each beam in order ta place the MLC shielding to proteet the eye and

nase, as weil as the anterior aspect of the brain. 80th the intensity matrices and the BEV

files were then exported to the dynMLC program.
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At the time of the planning for this patient's treatment, the Varian MLC software,

which serves to deliver a sequence of MLC-detined subfields in rapid succession, was

not yet available in our hospital. Without this software, it is still possible to deliver MLC

intensity-modulated x-ray beams, but these must he executed by loading-in each MLC

subfield manually and programming the desired number of MU into the Clïnae 2300 CID

console for that subfield

An intensity-modulated treatment executed in such a manner is somewhat

tedious, yet. it should produce resuIts almost identical to the more practical approach

available through the dynamic MLC software option. The only two differences are that

that integer MU settings must be used for each subfield (resulting in a small inaccuracy

since, for instance, 4.7 MU might become S MU for a given subfield) and that the

delivery time is slightly longer (in our case 30 s for each beam rather than 20 s). The

efficiency factor thus fell from around 1 to about 0.67.

Since we did not have access to the more practical approach, we proceeded with

the less sophisticated option, but limited the number of MLC subfields to five for each

lateral field in order to Iimit the effort required by the operator of the Clinac 2300.

Calculation of the leaf sequence for only five subtields per lateral beam implied setting

the precision level of the dynMLC calculation to ±S%, higher than would nonnally he

tolerated. but nonetheless providing a dose distribution superior to that which could he

aehieved without intensity-modulation.

A dose distribution in the mid-separation sagittal plane calculated by the

CADPLAN TPS, which incorporates the etTect of intensity-modulation. is shown in

Fig. 7.1. Although CADPLAN can provide the appropriate correction for tissue

inhomogeneities, the distribution shown in Fig. 7.1 docs not incorporate these corrections
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smce they are not routinely used in our department. The isodose lines in the figure have

been normalized according to the physician's prescription to show the total dose (in cOy)

that the patient will receive for cach daily fraction of the treabnent. The degree of dose

uniformity in the treated volume is far greater than can he achieved without the use of

intensity-modulated beams, where typically the dose unifonnity for this type of treatment

is ±lO%.

Prior to patient treatment, the leaf sequence calculated for this patient was

subjected to two tests. The ftrSt was a central axis measurement with a calibrated

ionization chamber of the cumulative dose &am the two lateral fields at the mid­

separation point (depth 7.2 cm), in a phantom approximating the patient geometry in the

treatrnent region. The measured dose in this test was 198.2 cOy in excellent agreement

with the prescribed daily dose of200 cOy. The second test was an EPID measurement of

the planar dose distribution resulting from the leaf sequence for the right lateral field

Perfonned at a measurement depth of 7.2 cm and an SAD of 100 cm. This measurement

a1lowed us to verify the proper orientation of the field and verify that the intensity

delivered to selected points was consistent with the patient thickness traversed by the

beam at that point.
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7.3 SUMMARY

The treatment was completed ta the entire satisfaction of the radiation oncologists

who treated the patient, the medical physicists who calculated the dose distributions and

beam delivery protocols, and the radiotherapists who executed the prescribed treatment.

The attending physician remarked that the patient had unusually mild skin reaction -an

unpleasant side effeet aImost invariably associated with irradiation in the head and neck

region. We suspect that the more uniform distribution of dose in the treated volume that

is obtained with MLC intensity-modulated treatments is to he credited for this milder

skin reaction. In view of the successful first intensity-modulated treatment at McGill,

planni61g for additional MLC intensity-modulated treatments is underway.
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8.1 THESIS SUMMARY

The objectives of this thesis were two-fold: (1) ta develop and study a system for

the delivery of intensity-modulated photon beams produced with a multileaf collimator

(MLC) and (2) to develop a practical method for the measurement and verification of

intensity-modulated photon beams. As evident from the experimental work presented in

this thesis, bath of these objectives have been accomplished.

The delivery aspect starts with an intensity matrix which forms the input data for

the dynMLC leaf..sequencing algorithm. We consider this intensity matrix a "given" in

our work and rely on software other than our own for its calculation. The matrices were

obtained trom our CADPLAN commercial treatment planning system when dealing with

actual patients or, on for experimental work not presented in this thesis, from the

theoretical endeavors ofanother graduate student in our department1• Using the intensity

matrix we write an MLC leaf sequence file, i.e., a description of the manner in which the

MLC configuration will vary as a function of the monitor unit setting. In arder to be

sufficiently accurate for patient treatment, the leaf-sequencing algorithm must

incorporate measured radiation parameters of the MLC installed on our computer­

controlled Clînac 2300 CIO linear accelerator. The parameters include the MLC leaf

penumbra, MLC transmission, radiation vs. tight-field coïncidence for the MLC leaves,

180



•

•

•

etc. Our leaf-sequencing algorithm is an adaptation of a step-and-shoot algorithm found

in the literature. the practical modification heing that our technique delivers the majority

of the patient dose for a given field through the first MLC subfield of the leaf sequence,

rather than delivering an equal dose through ail subfields, as in other published step-and­

shoot leaf-sequencing algorithms. Our approach provides for a faster heam delivery,

since the leaf sequence contains fewer subfields. The approach is also more cornforting

to traditionally-minded medical staff who generally view MLC leaf motion during

treatment with sorne apprehension. In our approach, the leaves typically only move for

the last 20% or 50 of the monitor units delivered for a given field.

Beam verification is an essential component of the radiotherapy process since

stringent demands are placed on the precision with which the dose must delivered to the

patient, and it is generally assumed that a precision better than ±S% is required. To this

end. we have developed a new procedure using a commercially-available electronic

portal imaging device (EPID) of the scanning liquid ionization chamber type (SLIC).

This EPID was designed for the acquisition of images in the treatment beam in order to

verify accurate patient positioning. However, we show that when a pixel to dose-rate

calibration curve is measured and appropriate experimental methods are followed, the

EPID cao also he used successfully for the measurement of planar dose distributions al

arbitrary depths in phantom. The precision of dose detennination with the SLIC EPID is

±2%. This measurement precision is sufficient to ensure a precision in dose delivery of

±S% to the patient, when the other sources of uncenainty in the treatment process, such

as the calculation of an isodose distribution and daily set-up of the patient on the

treatment unit, are considered. The EPID verification is quite rapid, requiring

approximately one hour for the verification of a typical clinical beam composed of -1S

subfields. Thus, compared to other available dosimeters, the SLIC EPID provides an

attractive compromise between rapidity of dose acqusition and precision of dose
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measurements. It is also appealing that the EPID can he used both to acquire the

radiation parameters of the MLC necessary for the development of a leaf-sequencing

algorithm and, subsequently, to verify the delivery of the leaf sequence. We therefore

consider the SLIC EPID to he ideally suited for the implementation and verification of an

intensity-modulated heam delivery system in the step-and-shoot mode.

8.2 FUTURE WORK

Regarding further development of the dynMLC program, we recommend that it

should not he pursued. Despite the fact that the dynMLC program incorporates a pleasant

user-interface and perfonns very rapidly and with surprisingly few bugs for a home­

made piece of software, it is, nonetheless, the work of a novice programmer and as such

cao never he wholly trusted. In the very near future, commercial treatment planning

systems will incorporate routines allowing the writing of leaf sequences. These routines

will he the work of professional programmers and therefore, one would hope, will he

more robust and versatile than our dynMLC program. Prograrnming is a lot of fun, but it

seems counterproductive to compete on this level. The dynMLC program has, bowever,

served two useful purposes: tirstly, il bas allowed us to investigate in detail the use of the

SLIC EPID for the verification of MLC intensity-modulated x-ray beams; and, secondly,

il has pennitted intensity-modulated patient treatment in our depamnent several years

ahead of what otherwise would have been possible.

ft is our opinion that future work should he directed toward the further study of

devices serving to verify the delivery of the intensity-modulated beams. As we stated in

the beginning of this thesis, development of this aspect of conformai therapy bas been

somewhat neglected and has lagged behind in comparison with other aspects, such as the
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computation of the intensity-matrices, the writing of the leaf sequences, and the technical

issues associated with beam delivery.

As we have shown, the SLIC EPID is extremely well-suited to the verification of

intensity-modulated beams. Nevertheless, a few interesting questions remain. To list a

few: (1) could the measurement of an intensity-modulated beam using the SLIC EPID

somehow he accomplished more rapidly? (2) could the "memory effect" be minimized?

(3) could the SLIC EPID he modified in arder to enable the measurement of dose

distributions resulting from intensity-modulated heams delivered dynamically2, Le., with

components of the Iinear accelerator in motion while the beam is on? (4) would it he

possible to use the SLIC EPID to verify the dose delivery to the patient) during the actual

treatment?
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