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Aims and scope

Recognizing the importance of accurate dose determination in radiation therapy
the International Atomic Energy Agency initiated a programme in dosimetry of
ionizing radiation soon after its formation. In 1968 TAEA, in co-operation with
WHO, initiated a regular mail dosimetry service, covering 200 to 400 hospitals
annually. Secondary Standards Laboratories (SSDLs) were set up and a Network
of SSDLs was established in 1976.

The 1AEA was also involved in developing and recommending dosimetry
procedures in radiotherapy (e.g. Technical Report Series No. 110 and 277).
The present paper suggests procedures for dose monitor determinations to be
used when photon beams from 60Co.units or accelerators are used in radiation
treatments, '

The present work was initiated by the IAEA and the first draft was outlined
by & consultants' group in Vienna in December 19972, The members of this
group were B, Bjidrngard (USA), A. Bridier (France), A, Dutreix (Belgium),
B. Mijnheer (The Netherlands), J. Shaw (UK), and H. Svensson {responsibie
IAEA officer). Further consultants' meetings were held in November 1993
(Paris), May 1994 (Belgium) and May 1995 (Vienna).

The core part of this report (chapters 5 to 7) is based on papers by A. Bridier
and A. Dutreix (Bridier and Dutreix, 1986; Dutreix et al. 19943, The final
ideas have been developed during these consultants' meetings and also in
meetings sponsored by the European Society for Therapeutic Radiology
and Oncology (ESTRO). A workshop with 110 participants, representing
much of the international expertise in this field, was organized by ESTRO
{directors ! A. Dutreix and H, Svensson) in October 1995 (ltaly) to discuss
the draft report. Suggestions given at this meeting were introduced in the
final draft.
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Foreword.

Recognizing the importance of accurate dose determination in radiation therapy
the International Atomic Energy Agency inifiated a programme in dosimetry of
lonizing radiation soon after its formation. In 1968 IAEA, in co-operation with
WHO, initiated 8 regular mail dosimetry service, covering 200 to 400 hcspi“tais
annually. Secondary Standards Laboratories ($SDLs) were sef up and a Network of
SSDLs was established in 1976.

The IAEA was also involved in developing and recommending dosimetry
procedures in radiotherapy (e.g. Technical Report Series No. 110 and 277). The
present paper suggests procedures for dose monttor determinations to be used when
photon beams from $0Co-units or accelerators are used in radiation treatments.

The present work was initiated by the IAEA and the first draft was outlined
by a consulfants’ group in Vienna in December 1992, The members of this group
were B. Bjirngard (USA), A. Bridier {France), A, Dutreix (Belgium),
B. Mimheer (The Netherlands), I. Shaw (UK), and H, Svensson {responsible IAEA
officer). Further consultants’ meetings were held in November 1993 (Paris), May
1994 (Belgium) and May 1995 {Vienna).

The core part of this report (chapters § to 7) is based on papers by
A. Bridier and A. Dutreix (Bridier and Dutreix, 1993; Dutreix et al., 1994), The
final ideas have been developed during these consuliants” meetings and also in
meetings sponsored by the European Society for Therapeutic Radiclogy and
Oncology (ESTRO). A workshop with 110 participants, representing much of
the international expertise in this field, was organized by ESTRO {directors:
A. Dutreix and H. Svensson) in October 1993 (ltaly) to discuss the draft report.
Suggestions given at this meeting were infroduced in the final draft.
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Summary and conclusions.

A procedure for moniter unit calculation for radiation treatments with photon
beams from accelerators and 50Co-units is recommended. The formalism can be used
for most practical situations met in radiotherapy, e.g. isocentric and fixed source-skin
distance treatments, use of rectangular and blocked beams of different sizes and of

wedges.

The basis for the procedure is the monitor calibration in the reference geometry:
10 cm depth in water, 2 source-detector distance equal to a) the istocentre distance
(generally 100 ¢m) and a 10 cm x 10 cm field size at this distance or b} the regular
source-skin distance (generally 300 cm) and a field size of 10 ¢m x 10 cm at this
distance. The traditional monitor calibration referring to dose maximumm has been
replaced by a calibration at 10 om depth for ali beam geometries. The reason for this
change is that the maxinum dose depends on the degree of electron contamination which

varies critically with change in beamn geometry.

In order to simplify the procedure, measuremnents in a mini-phantom are
recommended for several irvadiation geometries. It is possible in this way to separate
between the field-size dependence of the monitor response due to scatler in the
aceoelerator {or 6{}C‘o—unit} head and due to scatier in the water phanton,

Commercial treatment planning systems can often be used for monitor unit
determinations for irradiation geometries used in clinical practice. [t is, however, of
great importance that these computations can be verified in an independent way to avoid
errors and to improve accuracy, Furthermore, a vniform method used by different
departments will help in communication between departments. Itis alse expected that
common ferms and concepts will simplify the publication of different dosimeny
interaction coefficients and correction factors and make them useful to other departments.
This will hopefully result in a database very much needed in this field, and ultimately in

an improved consistency in dosimetry procedures in radiotherapy.
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1. INTRODUCTION

There is increasing evidence indicating that & high degree of accuracy in dose
delivery is essential for the success of radiotherapy. From z review of dose-cffect
curves a standard requirement of 3.5% has been proposed for the accuracy needed in
dosimerry. This figure is the total uncertainty f.e. combined uncentainties of class A
and B, see TAEA TRS 277} and is stated as one standard deviation in the dose value at
the specification point or in the mean dose to the target volurne {Wambersie et al.,
1994y,

A working group in the European Organisation of Research and Treament of
Cancer (EORTC) concluded that such a high accuracy in clinical dosimetry could be
maintained if the following action levels were adopted (Fohansson et al., 1986):

» 1 3 <% for calibration of therapy units, and

s 1 3 % for the delivery of prescribed dose (when depth dose characteristics,

shielding blocks, ways, wedges or other non-reference conditions are involved).

Even closer tolerance is desirable for some freatments (Brahme. 1988},
particularly to distinguish results from different treatment techniques on patient
groups. but would generally be unauwainable in most routine clinical procedures.
Work is, however, continually developing to improve the dosimetrical accuracy. The
present document should be considered a8 part of this work.

The technical possibilites to gencrate optimised radiation fields have greatly
improved, by such things as use of different field shapes, different beam qualities,
wedges or other beam intensity modifiers. Al these parameters influence the
characteristics of the dose distributions. making accurate patient dosimetry more
difficudt. It is important therefore, to investigate and suggest methods that can be
used for aceurate dose determination for both simple and complex beam geomenies.

Accurate dosimetry invelves a large sumber of steps, starting with the
cudibragion of a dosimeter through the determination of the absorbed dose at a point of
intgrest in the parient. International and national protocels are available for the
deterrninadon of the dose at a reference pointin a standardised geometry. Subsequent
steps are, however, not dealt with in such protocels. The nse of common procedures
is of imporiance fo create & coherent system which should improve accuracy and

atlow meaningful comparisons of weatment resuits to be made, both inside a centre
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and between centres. The adoption of common methoeds would also simplify exrernal
andits of the applied dosimetry procedures in a depaniment.

The first step in the dosimetric chain is to base the ionisation chamber
calibration on & cormymon international standard. The BIPM {international Bureay of
Weight and Measures) has developed infernational reference standards for 80Co
garmma tadiation for the quantides air kerma and absorbed dose to water. The
Primmary or Secondary Standards Laberatories (PSDLs or SSDLs) compare or base
their standards on calibrations at the BIPM. The calibration procedures and quality
control programunes which guarantee accepiable accuracy for the calibrations have
recently been outlined in a report from the IAEA (International Atomic Energy
Agency) Report TRS 374 (1AEA, 1994).

Only a few PSDLs are able to calibrate dosimeters in terms of absorbed dose
to water at beam qualities other than %0Co gamma radiation. However, the IAEA has
published a protocol, Report TRS 277, which includes conversion factors and
procedures for using 80Co gamma air-kerma calibrated chambers for determination of
absorbed dose to water with photon beams from accelerators (IAEA, 1987). Various
national protocels are also available many of which apply the same recommended
data sets or are based on IAEA 'TRS 277,

The protocol described in TRS 277 deals with absorbed dose determination
under reference conditions. These conditdons are: usual treatment distance. a field
size 10 cm x 10 cm at this distance, 5 om depth in water to the effective point of
measurement for 80Co gamma radiation and high energy x-rays with quality index
Tagio < 07 (= 10 MV). For Tagyig > 0.7 a depth of 10 cm instead is recommended.
The radonal for using two depths is that beams with low photon energies often are
used for treatment of tumours situated at medivm depth (fe. = 5 om) while high
energy photon beams mainly are used for treatment at greater depths. The purpose is
10 achicve the most accurate dose at the centre of the wrget volume. In addition, in
order to ensure electron equilibrivm at the point of measurement and to avoid the
presence of contaminating electrons in the beam, the depth should be larger than the
range of secondary electrons. It would, however, be more practical to use only one
reference depth for all beam qualities in the calibration of an accelerator dose
monitor. Moreover, the use of one reference depth would simplify the whole
catculation procedure to determine the dose at the point of inferest in a patient as one
consistent formalism could be used. The IAEA TRS 277 could stll be used as the
pasis for dosimetry, as values of dosimetric interaction coefficients reported for 5 em
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depth are also usable at 10 crm: the variation with depth (> 5 cm) being very small
(Svensson and Brahme, 1986}

It has been common procedure to measure the dose at the reference depth and
then to use relative depth dose information to establish the accelerator dose monitor
calibration (output factor) valid for dose maximum. There are several problems in

this procedure:

- The steps from absorbed dose measurement in the reference geometry o the
determination of the dose at dose maximum at any fleld size (per accelerator monitor
unit) arg only briefly described in national or international protocoels, of are omitted.

will therefore include additional uncertaintics as most detector systems have a
different response at 5 or 10 cm from that at dose maximurm. The response might
depend on the field size as the electron contamination at dose maximum is & functon

"Fhis procedure must always include the use of depth dose data. The measurement

of the collimator setting, use of blocks. wedges, ete.

- The output factor refers to different depths for a given accelerator potential as the
depth of dose maximum varies with field size. These depths of dose maximum are
not simple to determine using a detector with an exiended sensitive volume {e.g. 2
cylindrical fonisation chamber), as the determination is eritically dependent on the

definition and use of an effective point of measurement.

In the present reporr it is stronply recommended that ourput factors arg

determined at 10 ¢m depth.  The reference conditons should preferably be an
isocentric set-up, generally a source - detector distance of 100 em and a 10 cm x 10

cm field at this distance. Alternatively or in addition, an 88D of 100 ¢cm could be
wsed and a 10 cm x 10 om field size at the phantorn surface, In the present report i is

thus assumed that the absorbed dose per accelerator menitor unit under these
reference conditions, I, has been determined according to well established

recommendations (generally JABA TRS 277). DR should thes be used as the basis
for determination of absorbed dose at any point of interest along the central axis in a

watcr phantom for varjous parameters used in radiation treatinents,

Monitor units and complete dose distributions are to-day generally computed
with treatment planning systems. The dose calculation algorithms and the dose
computation procedures in such systems are often not completely known by the user.
The accuracy in these computations sust be tested by the local physics staff by




4

performing dose measurements in phantom for typical irradiation geometries. In the
daily routine, the procedure described in this report could be applied to check dose
calculations {rom a compurer planning system at specific points. It is obvious that the
accuracy in the present procedure ought to be of the order of one or two percent in
order to determine the dose to the targer volume with an uncertaioty of less than
3.3 % (1 SD). Tests of the procedures indicate that this goal can be reached. if the
uncertainty in dosimetry interaction coefficients from the dosimetry protocol
(generally JAEA TRS 277) is disregarded,

The present report describes all the measurements and calenlations needed for
the determination of absorbed dose per aceelerator monitor unit along the central axis.
Commor dosimetrical data for different accelerator units might sometimes be used to
simplify the measurement procedures. A second docurnent, corrently under

preparaton, includes tables of such data,

The present report does not cover asymmetric fields, dynamdc wedges and
muliileat collimators. Procedures for those are, however, under preparation based on
the suggested formalism contained in this report.




2. LIST OF SYMBOLS

The symbols for the physical quantities within this report are those genemlily
adopted by ICRU. in which one single letter is used instead of several letiers as
sometimes used in the literature. e.g. TPR? is replaced by Tyg,. The symbol D is
used by ICRU to indicate dose per time interval. In the present report, f)g indicates
for 69Co units the dose per time interval measured at the reference geomery. In
addition Dy is used as the symbol for the dose per accelerator monitor unit also

measured at the reference geometry.

Thers is a wend from fixed source-skin distance treatments to isocentric
rearments. When 2 fixed source-skin distance is used this has therefore been

indicated with an apostrophe ().

2.1 SYMBOLS

B fracdon of the prescribed dose delivered with a wedge in the beam

¢ treatment field size detined by the collimator at the reference distance
fy orfy,

Ce collimator equivalent square for a rectangular collimator setting

(X.Y), where X and Y are the openings of the upper and lower jaws,
respectively. The collimator equivalent square should be used for the
guantities related to the head scatter factor

reference field size defined by the collimator at fg orfg . A 10 cm X

Cr
10 cm field size is recommended

CR reference field size defined by the collimator at f = £ +2g. A field

. fo+zg . .
size cf = ¢y o~te—>B is recommended @ ie. 11 cm X 11 cm if
R

fo =100 cm

D absorbed dose in treatment conditions at the reference distance fr

By absorbed dose measured in the mini-phantom

Dp(z) Primary component of the absorbed dose at depth z in & phantom




=

fr

]
dose prescribed 1o a patient

absorbed dose in rreatment conditions at the reference source-skin
distance f

absorbed dose in treatment conditions at the source-skin distance £} =
fz

ratio of percentage depth dose at 20 om and 10 om depth, at fixed

source-skin distance, and a field size 10 cm x 10 cm at the phantom

surface

absorbed dose per monitor unit. under isccentric conditions
determined in a large water phantom in reference conditions of depth
(zg) and field size (cp) at a source w poing of interest distance fu

absorbed dose per monitor unit, under fixed source-skin distance

conditions determined in a large water phantom in reference
conditions of depth (2g) and field size {cp) at a source-skdn distance
Fe

absorbed dose per monitor unit, a¢ a fixed souwrce-skin disunce fr,

detenmined in 4 large water phantom in reference conditions of depth

{xg) and ficld size (sg)

ratio of the effective attenuation coefficients of the open and wedged
fields

distance from source to point of interest

reference distance from source {o isocentre (= distance from solrce to
peint of interes: under isocentric conditions)

treatment distance from source to skin ( when differing from iy )

fixed source-skin distance

reference distance from source to skin under fixed source-skin

distance conditions.

treatment distance from source to skin (when diffesing from § %)




ko, b ( C,Sg,)

ki}{cssb)

ke (cy8,)

kmz{f»‘}

7

corsection factor for the presence of shielding blocks in the beam
determined with the mini-phantom at reference depth zy (isocentric
congitions}; ¢ and sp represent the field sizes defined by the
collimator and by the shielding blocks respectively at fy

correction factor for the presence of shielding blocks in the beam
determined in a large water phantom at reference depth zg (isocentric
conditions); ¢ and $p represent the field sizes defined by the
collimator and by the shielding blocks respectively at fg

correction factor for the presence of shielding blocks in the beam
determined in a large water phantom at reference depth zg (fixed
source-skin distance conditions); € and s, represent the field sizes
defined by the collimator and by the shielding blocks, respectively, at
g

mansrission factor of the shadow fray supporting the shielding blocks
determined at zg with the mini-phantom for the field size car fy

{isocentric conditions}

transmission factor of the shadow tray supporting the shielding blocks
determined ar 7z in a lorge water phantom for the feld size cnt fp
{isocentric conditions)

transmission factor of the shadow fray supporting the shiclding blocks
determined with the mini-phantom for the field size ¢ at £ (fixed

source-skin distance conditions)

trangmission factor of the shadow tray supporting the shieiding blocks
determined at zg in a large water phantom for the field size ¢ atfg

(fixed source-skin distance conditions})

K. wi{Zg,er) wedge factor determined in the mini-phantom at depth zy for the field

kwiZa.Cr}

size ey at fi (isocentric conditions)

wedge factor determined in a large water phantom at depth zg for the

field size ¢g at fy, (isocentric conditions}

Kk, w{Zg.cg} wedge factor determined in a mini-phantom at depth zg for the field

size eg at I (fixed source-skin distance conditions)




ki(zp,cp)

Oyic)

Oxle)

Oglc)

Op(c)

04(s)

Plz,s. 1)

Prizs.fy)

wedge factor determined in a large water phantom at depth 2y for the
field size o atfy, (fixed source-skin distance conditions)

output ratio determined with the mini-phantors for the field size ¢ at

fr (iseconwic conditions)

output ratic determined at the reference depth zg in full scatter
condidons for the field size ¢ at fr (fsocentric conditions}

output ratio determined with the mini-phantom for the field size ¢ at
£ (fixed sourve-skin distance conditons)

output ratio determined at the reference depth zg in foli scaner
conditions for the field size ¢ at £ (fixed source-skin distance

conditions}

outpus ratio determined at the reference depth zp in fudl scaier
conditions for the field size s at the source-skin distance £ (7 # fg)

percentage depth dose at depth z and for a square field size st ratio of
the dose at a given depth z 1o the dose at the depth of maxinum dose
Zm I & water equivalent phantom, for the same field size § at the

same source-skin distance 7.

reference percentage depth dose at depth 7 and for a square field size

s ratio of the dose at a given depth 7 to the dose at the reference depth
zg (16 ¢m) in 2 water equivalent phantom for the same field slze s at
the samne sowrce-skin distance .

radius of a secior in the Clarkson's method

equivalent radius of a square or rectangular field : radius of a circular
field having the same percentage depth dose as a square or rectngular
field

treatment field size defined by the collimator at f} in fixed source-

skin distance conditions

treatroent field size defined by the collimator at £5 + 2

treatment field size defined by the collimator at £5 + 2
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reatment field size defined by the shielding blocks at the point of
interest in isocentric conditions (fg) or at the skin in fixed source-skin
distance conditions (f or £7) (for blocked fields)

trearment field size defined by the shielding blocks at f5 + 2
weatment field size defined by the shiclding Mocks at 7 + zp

equivalent sguare of a rectangular field. sg should be used for the

quantities related to phantomn scatter

reference field size defined by the collimaor at 7},

scatter-primary ratic defined as the ratio of the scatter contribution of
absorbed dose to the primary contribution of absorbed dose, ardepth #
in a phantom for 2 field size ¢ at that depth.

seatter-primary ratio defined as the ratio of the scaner contribution of
absorbed dose to the primary contribution of absorbed dose, atdepth z

in a mini-phantom .
scatter-primary ratio at a point of polar coordinates r and 8

tissue-phantom ratio at depth z for a square field size 5 at the detector
distance: ratio of the absorbed dose at depth 2 to that at reference
depth zg measured in a large water phantom at a fixed source-detector

distance
ratio of ionisation chamber readings at depth of z and 2g, at constant
sopree detector distance, measured in 2 mini-phantom

ratio of absorbed doses at depths of 20cm and 10cm, measured in a

large water phantom, at constant source-detector distance for the
reference field size 10 om X 10 cm. This quantity is alse called the
quatity index (when zg = 2{}. e, 2=2Wemands= 18cmx 10cm,
T(z8) = Tyops0)

ratio of lonisation chamber readings at depth of 20cm and 10cm, at

constant source-detector distance, measured in a2 mini-phantom

number of monitor enits




Vir,s)

Zp

R

g
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volume-scatter ratio; ratio of the dose at depth z in a large water
phantom to the dose in the mini-phantom for the same field size g and

the same source-point of interest distance
geatment depth
depth: of maximum dose

reference depth

lnear attenuation coefficient
effective wedge angle

seetor angle

norminal wedge angle

energy fluence

The definitions given for Qg, Q. V. Py, T ete., refer to open fiekds, When
the letter w appears into brackess (for example Og(e,w) or Tz, ¢, W)}, the quoted
quantity refers to a wedged bheam and its definition is similar to that given for the
corresponding quantity used for an open beam. When the index b is used for Py and
T {(Pgp,Th). those quantities refer to a blocked beam with a shadow tray in the bearn
and their definitions are similar to those given for the corresponding quantities used

for open beams.
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3.  RADIOTHERAPY EQUIPMENT
31 INTRODUCTION

This chapter deals with aspects of the design of radiotherapy equipment which
affect the beam characteristics, and which are therefore important when performing

monitor unit calculations for high energy photon beams,
3.2 THE RADIATION SOURCE
321 60Co Gamma-ray Source

In a 80Co unit, gamma rays are produced by the disintegration of 80Co nuclei.
For each disintegration event, {wo ganuma rays are produced with energies of 1.17
and 1.33 MeV. These are accompanied by the emission of a beta particle (electzon)
which is absorbed within the source or its container and which can be effectively

ignored.

The source consists of either pellets or small cylinders of cobalt within 2
welded steel container. The source is usnally a cylinder of 1-2.5 cm diameter and 2-
2.5 cm height. Emission from the source is approximately isomopic, i.e. the same in
all directions, and this emission pattern is modified by the scurce housing and
collimator system. A significant number of emitted photons is scattered by this
housing and collimation system. generating lower energy photons which coniribute
30% of the fluence to the reatment beam, as can be derived from the energy spectrum

of figure 3-1.

At large distances, the source of radiation is effectively a point. Consequently
the photon fluence decreases with the inverse-square of the distance from this source.
This causes a small variation of fluence in a plane perpendicular to the central axis of
the bearn, which complements a greater variation caused by a decrease in fluence of

scattered photens with distance from the central axis.

3.2.2  Accelerator X-Ray Source.

With accelerator produced photon beams, the radiation is produced when a
pulsed stream of high-energy electrons impinges upon 3 target. This target is & disc
of mesal of high atomic sumber which is mounted at the end of the evacuated wave
guide atong which the electron stream is flowing. Whea the electrons are suddeniy
stopped in the target, bremsstrahiung photons (x-rays) are produced.
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Figure 3-1 : Energy spectra of 50Co beams from radiotherapy units a) From Jessen
(1973) and b) from Lofroth et al., (1973). Data are given for 6 x 6 cm? and 15 x 15

cm? fleld sizes for two different types of $0Co units (SSD 100 cm). It is seen that
there are approximately 0.4 to 0.5 photons below 1 MeV for each photon above |
MeV,

The cross sectional size of the stream of electrons at the target is typically
only a few millimetres, and therefore the ‘source’ of x-rays is smail. The x-ray fluence
varies with both distance and angle of emission. The distance dependence of the
fluence is primarily determined by the inverse-square law. The latter dependence
arises because the angular emission of x-rays is very non-isotropic: at high energies,
the Bremsstrahlung photons are emitted preferensially in the direction of travel of the
incident electrons - a feature which becomes more pronounced for higher incident
electron energies,
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X-rays are emitted with a continuous distribution of energies up to the
maximom energy comresponding to that of the incident electrons, determined by the

accelerating system conditions (figure 3-2).

PHOTONS f MeV

ENERGY (MeV)

Figure 3-2 : Photon energy spectrum of a 6 MV x-ray beam from Mohan and Chui
{1985). ‘The curve is redrawn and is based on Monte Carlo calculations, 88D = 100
cm, computation for a radial range of 0-3 cm. The mean energy of the photons Is
1.51 MeV.

3.2.3 Beam Flaftening and Hardening.

‘The x-ray beam produced in the target must be modified to make it suitable

for therapy:

¥ by removal of low-energy photons which would be more readily absorbed in ussues

which overiay the target volume:

* by modifying the tntensity distribution in order to produce a uniform dose profile at

depth.
These modifications age achieved by the use of filters.

The unperturbed fluence profile from the target of a linear accelerator is
peaked along the central axis of the beam, due to the predominantly forward
production of photons in the target. A beam flattening filter is used to generate the
desired primary fluence profile for the beam. Such a profile is purposefully decreased
on the central beam axis to compensate for the reduction in phantomescattered
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radiation, at the beam edges. The flauening filter is therefore roughly conical in
shape, with the thickest part aligned with the central axis. For cobait vaits, the
unperturbed primary fluence profile is much more uniform, so that flattening filters

are not generally employed.

The fiattening filter will affect the x-ray spectrum by selectively absorbing
low energy x- rays, and by producing scattered photons which are then incident upon
the patient. The effects of beam flattening, beam hardening and beam scattering are
therefore interrelated and the design of a suitable filter is complex. For low-energy
machines, beam hardening is best achieved using high atomic number materials. For
the highest energy machines. such materials would remove high energy photons by
means of pair-production interactions, and in these situations beam hardening can

best be achieved using materials of medium or low atomic number.

The scattered photons produced by the flattening filter may contribute op to
10% of the total dose to the patient, and since these photons are scattered throagh
small angles and with litde change in energy, they have similar penetraton
characteristics as the unscattered component,

Some accelerators use alternative methods for beam flatening such as
electron-beam scanning. Such accelerators may need to incorporate a filter

specifically for beam hardening,
33 COLLIMATION

Several collimators are used to define the beam. Close to the radiation source
is a block of material of high density, high atomic namber, which has a comical
aperture. This bleck, together with other shielding, forms the primary collimator, and
resiricts the bearn size to shightly greater than the maximum size used for tweatment.
Beyond this block are the secondary collimator Blocks which are moved in and out to
produce rectanguiar field shapes. The detailed posi:ionizzg and design of the blocks
can affect the size of the beam penumbra. In some designs the penumbra is
minimised by ensuring that the inner surface of the blocks always proiects back to the
radiation seurce for all possible openings. Other designs include non-flat inner

surfaces which ensure consistency of penumbra.

The collimators may be coupled together in X and Y pairs (Jower and upper
pairs, respectively), se that opposing blocks assume identical displacements from the
central axis (the axis of rotation of the collimator system, which coincides with the
line from the isecentre te the radiation source). Independent movement is now
becoming increasingly common, as this aliows the generation of rectangular beams
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which are offset from the central axis {(asymmetric beams). It is imporant therefore
to distinguish between the central axis as defined above, and the heam axis which
represents the projection of the centre of a defined collimator opening. For symmetnic
bearmns these are coincident, but they differ for asymmetric beams. It should be noted
that in this report we are only dealing with monitor unit determination at points along
the central axis. The principal planes of 2 rectangular beam are the planes which
contain the central axis and are paralle! to one side of the rectangle.

Multileafl ¢ollimaters are aliso becoming readily available. A muliileaf
collimator system consists of a pair of arrays of adizcent collimating "leaves” (ig.
thin blocks), where each leaf can be moved independently. This allows the
generation of irregular, asymmerric field shapes, Such a system may replace one of
the conventional collimator pairs, or may be additional. In the latter case, the distance

between patient and collimator will be reduced.

It is necessary to distinguish between the terms collimator setting and field
size. The collimator setting is the nominal setting of the collimator, usually a scale
readout which indicates the beam dimensions at the isocentre. The fleld size
indicates the beam dimensions at sorne distance of interest which may differ from that
of the isocentre. The field size therefore equates to the collimaror setting at the

isocentre distance, for unblocked beams.
3.4  THE BEAM MONITOR

The photon fluence i3 monitored by a fiat ionisation chamber that extends
across the opening in the primary collimator, and is positioned (nowadays} between
the flattening filter and the secondary collirator. The ionisation chamber consists of
several clements, the signals from which are used to conol a number of beam
parameters in addition to radiation dose, such as symmetry and uniformity of the
radiation beam. Accelerators have two independent chamber systems to monitor the
delivered radiation - 2 primary and a secondary (back-up) channel. Because the
radiation from a 50Co unit is entirgly predictable, these units have a timer system in
place of ionisation chambers to contrel the delivered radiagon.

The primary objective tn "calibeating” this menitor is the determination of the
relationship between the sipnul froms the beam monitor system (expressed in monitor
unitsy and the absorbed dose delivered under reference conditions. This procedure is
described in desail in the IAEA protoco] TRS 277 (JAEA, 1987},

The position of the menitor chamber in the treatment head is an imporzant
consideradon. The jonisation current from the chamber may be enhanced by
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backscattered photons and clectrons from the collimators, which may vary
considerably with collimator opening (Kubo 1989, Luxton and Astrahan 1988, Lamet
al. 1996). This may lead to increased variation in dose per monitor unit with changes
in field size. Furthermore, differences in backscatter received by different parts of the
monitor chamber may affect the control of the beam parameters. To minirmise these
effects, the monitor chamber may be protected from changes in backscatter by the
inclusion of a metai plate between the chamber and the collimator assembly, and by

maximising the separation between menitor chamber and collimators.

Should the accelerator change its basic operating pasameters, the varioas beam
characteristics will also change, leading to variations in profile shape and beam
quality. The refationship between monitor units and dose under reference conditions
may alse chan ge. A regular quality controf programme may identify such changes.
In addition, the linearity of dose with monitor setting can be affected by changes
which oceur in the operational parameters during a single exposure. It is therefore
necessary fo establish the dose per monitor vait relationship for a number of different

monitor seftings,
3.5  BEAM MODIFIERS

351 Woedge Filters

‘The purpose of the wedge filter Is to modify the dose dismibution in one of the
principal planes of the beam so thar the isodose lines are rotated refative to their open
bearm position, This can be done by inserting a metal wedge in the beam, hence the
name . The detailed shape of & wedge filter may be complex to produce the desired

dose disgribution.

Use of a wedge will produce additional scatter which will increase with wedge
thickness. The relative amount of scattered radiation which reaches the patient will
depend upon the wedge posidon and field size (Zhu et al., 1993),

Wedges may be mounted on the face-plate of the head, and are termed
external wedge. Alternatively, the wedge may be placed inside the head upstream of
the adjustable collimator (internal wedge). Such a wedge can be moved in or out of
the beam by remote control. Since there is only room for one wedge mounted
internatly, it is nsual to incorporate a wedge with a steep wedge angle (e.g. 60°) and
produce shallower angles by mixing wedged and open beams in suitable proportions.
“This is called a universal wedge. The wedge can be designed for large fields. but the
larger the field covered, the thicker the wedge has to be, which has dosimetric

gonsequences.
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One further technique 1o produce wedge-shaped dose distributions requires the
movement of one collimator progressively across the field during irradiation. The
velocity may be programmed to give a dose profile similar to that produced by any
conventional wedge, This is a dynamic wedge.

352 Blocks and Trays

For some treatments, additional blocks of a metal or alioy of high density may
be used to shape the field te conform to the target volume or to prosect organs at risk
{multileaf collimators may be used for the same purpose). Optimal block placement
is achieved using blocks which are formed with surfaces that project back to the

source, so-called "focused” or "divergent” blocks,

‘The tray on which the blocks are mounted atienuates the beam slightly. The
use of blocks alsa changes the scattered sadiation component of the beam by

* Producing additional photon and electron scatter from the block tray.
Plectrons ejected from the block tray will increase the dose close to the surface. This
effect is strongly dependent upon the distance between the way and the patient

surface.

* Meodifying the volume in the patient from which scattered photons are
gencrited. This will change the dose aiso at the beam axis,

* Partiaily shielding the head scatter,

3.5.3 Compensators

When the surface of the patiesst is very uneven as in the head-and-neck region,
it can be difficult to achieve a uniform dose over the trget volume, since the beamt is
attenuated and scattered differendy in different regions. A compensator may be used
to counter-balance these effects by interposing various thicknesses of material in
different parts of the beam. Compensators may also be used to modify dose
distributions which are adversely affected by internal body structures (e.z. air or

bone).

The use of compensators will affect the calcuiation of dose per monitor unit in

a manner similar to wedges.

3.54 Spoilers and Bolus
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On oceasion, it may be desired to increase the superficial dose for high-energy
photon beams which show significant "skin-sparing”. The most common technigue is
to place some water-equivalent materfal on the patient's skin, ie. bolus. The
dosimetric conseguences are handled by treating this bolus as part of the padent,
increasing the treatment depth and decreasing the source-surface distance by the bolus

thickness.

The skin dose can alse be increased by adding a spelier to the beam,
essentially a block tray without blocks, the purpose of which is to produce secondary
electrons which travel on to the patient surface,
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4.  PHYSICAL AND DOSIMETRIC BEAM
CHARACTERISTICS

4.1  INTRODUCTION

When a beam of photons enters a patient (or phantom)}, energy is transferred
from the beam and deposited within the patient as a result of photon interactions.

‘This chapter concentrates on this aspect and introduces various concepts,
models. terms and physical processes which relate to the pattern and magnitde of
this energy transfer, General characteristics of these processes are discussed, together

with their relative importance.
42  PRIMARY AND SCATTERED COMPONENTS

One basic physical principle which has been used for many years in photon
dose calculations involves partitioning the dose delivered to each volume element into
two components - primary and scatter, The photons that enter through the surface
of the patient or phantom are referred to as incident or primary photons. The first
time such photons interact within the mediwm, they contribute to primary dose
through secondary electrons {see section 4.3.3), Scaitered component is that part of
the dose which is deposited by photons which have previously interacted at least once

in the mediam.

These twe components obey the same physical laws (divergence. attenuation,
generation of secondary photens and eiectrons), but have very different source
distributions and energy spectra. Hence, mathematical expressions derived to
describe their effects, whether gxact or by approximation, have little in common.

Dose cajculation models which achieve separation of these componenis have
gained considerable success when calculating complex treatment plans.

43  PHOTON AND ELECTRON TRANSPORT

4.3.1 Secondary Electrons

A second fundamenial distinction differentintes between the primary and
scattered photons, and the movement of the electrons generated by these photons.
“This distingtion becosmes increasingly important for higher energy photons. When
photon energy is low, the range of the electrons produced in the medium is very short
and a point deposition approximation {.e. energy of electrons is deposited where they
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are produced) is reasonable. The range of the most energetic secondary electrons will
reach | mm at about 500 keV but 10 mm at about 2 MeV. For high energy machines.
point deposision Is no longer applicable and eleciron transport must be taken into

account for accurate calenlation of dose.

4.3.2 Kermga and Dose,

At low photon energies, where point deposition of energy may be assumed,
collision kerma equals dose, ie. the kinetic energy released per unit mass (ignoring
subsequent bremssrahlung losses) equals the energy absorbed per unit mass. This is
a special, simple case of electron equilibrivm. For higher energics, electron
transport cannot be ignored. In these circumstances, electron equilibrium exists when
the sum of all energy carried away by electrons (produced by interacting photons)
from a small volume equals the sum of all energy carried into that region by elecirons
generated from the surroundings. Lack of equilibrium occurs where the production of
electrons rapidly changes, such as near beam edges and near external surfaces. The
region near the enwance surface of the beam is the most obvious example. Here,
there is a greater transfer of radiation energy o kinetic energy than is absorbed in the
medium Le. collision kerma exceeds dose, Lack of equilibriam, although to a much
smaller extent than exists at the surface, arises from the gradient introduced by the
attenuation and divergence of photons in a medium. Sometimes, this condition is

referred to as "transient electron equilibrium".

#4.3.3 Primary Dose

Those photons which are incident upon the surface of the patient (or phantom)
are termed primary. Some of those will have travelled directly from the radiation
source: others will have been produced as a result of interactions within the stmuctures
comprising the treatment head. Most of these interactions are Compton-scatiering
events, which generate secondary electrons in addition to scattered photons (see
4.3.7). In addition, pair production can occur if the incident photon has sufficient
energy {i.e. above 1.02 MeV), resulting in the generation of elecon-positron pairs
and subsequent generation of photons of (.51 MeV from positron annihilation. The
incident or primary radiation therefore consists of photons coming divectly from the
source, together with photons and electrons produced within the beam by the above
interaction events, Since these occur mostly in structures in the head of the machine
{(some occur in the intervening nir), we refer to the photon component as head-
scattered photons, but they still belong fo the "incident” or "primary” group.
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"The dose from primary photons to the central axis of an open beam at depth in

2 phantorn will depend upon:
#  Distance from the source {f)

* Head-scater, which wili depend vpon collimator setting (¢) and other beam

defining parts {blocks, wedges)

*  Atftenuation, i.e. absorption and scattering in the phantom, determined by depth (7)

and beam energy {E).

Elecron wansport and the ack of electron equilibrium will in addition

determine the Iocal energy deposition, Le. the dose,

At any depth, the dose contribution from primary photons is determined by the
collimator setting, and not by the size of the radiaton field at that depth.

4.3.4 Flectron Contamination

The primary photon beam is contaminated with elecirons generated in the
flatteping filter, collimator, air and other intervening raaterial in the beam between the
accelerator and the patient. For an open beam (Le, without wedge, tray and blocks) at
551> 100 om and an aceelerating potential up to about 10 MV the electrons generated
in air generally dominate. At higher potentials instead, electrons from the flanening
filier are of greater imporunce (Nilsson, 1985). Figure 4-1 shows an experimental
determination of the electron contamination. Clean open beams were obtained using
mugnetic deflection of the comtaminating elecrons leaving the accelerator head.
Addition of different materials in the beam influences widely the dose distribution at
depths up to the range of these electrons, From Figure 4-1 it 1§ seen that such
electrons are of importance up to about 6 cm for 21 MV x-rays. The contaminating
electrons complicate dose measurements and the reference depth for dose
determination should be beyond the range of these electrons, Therefore 10 em is
recommended as reference depth in this report which should exclude contaminagng

electrons up 10 at Jeast 40 MV,
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Figure 4-1. Depth dose curves for a 21 MV photon beam. Curve n° [ is obtained
using magnetce deflection of contaminating elecrons, Curve n° 2 is for a beam
without magnetic deflecton. Curves 3-3 are for some typical filters and blocks
introduced in the beam in daily clinical practice, with no magnetic deficetion. 88D
and field size are the same in all cases (85D = 100 ¢m and feld size 7 om x 7 cm)
{personal communication R, Sidgren, Umedl,

4.3.5 Inverse-Square Law

The number of photens per unif area from a point source decreases rapidly
with the distance from the source. in vacuum, it follows the "inverse-square law", i.c.
the fluence is inversely proportional to the square of the distance. For a high-energy
photon beam, this is net exactly correct, since the head-seattered photons come from
severad components at various distances from the target. The towml primary fluence
therefore behaves as if the source was slightly displaced (the "virmal" scurce)
{McKenzie and Stevens 1993). The effect needs o be considered only when
distances are different from those at which dats were measured or calibrations made
(i.e. SSD vs. isoventric), especially when a wedge of large angle is in the beam. An
alternative 1o the "virmal source” approach is to use a two-source modet, in which a
smail "true” x-ray source is considered together with an extended source of the head-
scastered photons {Ahnesid et al., 1992, Dunscombe and Nieminen, 1992, Jaffray et

ak., 1993},

in this report, it is assumed that the inverse-square Jaw helds.
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4.3.6 Effects of Wedges and Blocks

If a wedge Is inserted in the beam, the fluence distribution of primary photons
is modified. In addition. head-scatiered photons are generated. This effect is larger
for imernal than extornal wedges, This increase In head-scatter i the main reason

why wedge factors vary with fleld size,

Blocks inmoduced Inte the beam may modify the head-scatter by partly
obscuring the structures inside the accelerator head that generate such photons. There
may in additon be a small amount of scatter generated, particularly at low photon
energies (Lam and Ten Haken. 1998), For points on the contral axis, these effects are
simall. except for the situations where the bloek is very close to, or obscures. the
central axis (Van Dam et al., 1992, Tatcher and Bilirngard, 1994),

The additional photon fluence due to head-scatter is generally considered to be
the same throughout the beam as in its cenoe. This is an approximation, and with the
increased utilisation of asymmetric beams and beams shaped by multileaf collimators,
techniques 1o account for its variation are being developed (e.g. Chaney et al,, 1994,
Lam et al., 1996, Yu and Sloboda, 19563

4.3.7 Phantom Scatfered Photons

When the primary photons interact in the irradiated medium, they do so
mostly by Compton scattering which dominates in materials of low atomic numbers
in the energy range mainly used in radiation oncology. When an incident photon
interacts by a Compton type scatter, 2 secondary photon is produced. At high
energies, the secondary photons tend to be enntied in the forward direction with little
energy loss. The secondary photons can, in their turn, produce other scattered

photons,
In treatment planning systems, some dose calculation algorithms distinguish

also between once-scattered (ie. scattered photons produced by a primary photon)
and maltiple-scaitered photons (scattered photons produced by interaction of scattered

photons} .

The proportion of dose due 1o scattered photons depends apon photon energy
and the volume of patient irradiated { field size, depth and patient thickness),

4,3.8 Dose Profiles

The primary photon fluence is not constant across the beam. In the "open”
beam, the flattening filter is infroduced to make the fluence uniform but some
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variation {see section 3.2.3) stll exists, and in & wedged beam the fluence is
deliberately and very significantly distorted. When calculating doses, the variation in
primary contribution may be accounted for by use of primary off-uxis ratios. i.e. the
ratio of the primary contribution off-axis to that on the central axis. Calculation of
scatter conwibution, however. requires integration over the entire field, with the

primary off-axis ratios used as factors weighting scatter production,

Some empirical dose caleulation methods use off-axis ratios in a combined
{primary and scatter} way, such that these total off-axis ratios must vary with both
field size and depth.

44  BEAMQUALITY
4.4,1 Beam Qualify Specification

Beam production involves both generation and collimation processes. The
sections an the radiaton source {3.2) and on photen and electron transport (4.3
above), describe those processes which determine the resultant energy spectrum of the
beam, These processes are complex, and depend upon the geometrical design and
construction of the treatment head.  As a result, beams generated by different
equipmens operating at the same nominal energy may vary sigﬁiﬁcamiy in their
spectral distributions. Becouse low-energy photons are generally more readily
attenuated in tissue than are high-energy photens, statement of the nominal energy of
a beam is a poor specifier of the resuitant beam and its properties.

As a result, beam quality is usually specified in terms of the penetrating
properties of the beam. Various specifications have been ased for this, based nsually
upen the relative doses at two specified depths in tissue (water) under reference

conditions, These includea:,

*Disite The ratio of absorbed dose at 20 ¢m and 10 om depth, at fixed 8D
and a field size 10 cm x 10 em at the phantom surface. These two measurements may
be performed simuitanecusly, as required in the TAEA postal TLD measurement of

beam quality (NACP 1980, Cunningham and Schultz 1984),

*Taone The ratio of absorbed dose at depths of 20 cm and 10 cm, at constang
source-detector distance and a field size 1 cm X 10 cm at the effective depth of the
detector.  This quantity is referred to within this text as the quality index This
measurement is frequently used within dostmetry protocols (AAPM 1983, Bridier et
al., 1986, TAEA 1987,
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* (¥ alnns The rado of lonisation chamber readings at depth of 20 cmand 10 om,
at constant source-detector distance, but measured in a mini-phantom.  This
measurement is particularly useful in assessing the variagons in beam quality across a
beam (Nystrism and Karlsson 1994, Zefkili et al. 1994, Georg and Durreix 1997).

The depth of 80% dose level relagive to the dose maxirnum is also sometimes
used. This methed of specification is influenced by electron contamination at the
depth of dose maximum, as discussed in section 4.52, and is therefore not

recommended.

Within this report, beamn quality will be expressed in terms of quality index for
those parameters which are crijically dependent upon quality, and in more general
terms {e.g. nominal MV} where only a general indication of quality is necessary.
Comparison of some of the above quality specifiers may be found elsewhere (Dutreix

and Bridier 1935}
4.4.2 Attenuation and Beam Hardening

The probability that a primary photon will reach 2 point at depth z is
dependent upon the likelithood of interactions with the medium it traverses.
Attenuation of the primary photons in water 1s equal to e"H2, where | is the average
tinear attenuation coefficient of water for the photons in the beam. Since the
spectrum is broad, photons of lower energy will be attenuated more than higher-
energy photons, such that the beam becomes steadily more penetrating. Thus, |5 may

be reduced with depth. This is termed "beam bardening”,

The value of 4 is also likely to change when the beam bhas to pass through a
wedge filter. Removal of low-energy photons wifl result in the beam being "harder”,
i.e. more penetrating. At very high photon energies, a sufficient number of the
highest-energy photons may be removed by pair-production in the high-atomic-
number wedge material accompanied by (.51 MeV photons from positron
annihilation. so that the beam will be slightly less penetrating, i.e. "softer”.

Since photons in different parts of the beam are generated at differens angles
within the target and pass through different thicknesses of the flantening filter {and
also of the wedge, if one is used), one would expect noticeable variations of the
attenuation coefficient U within the beam. The variztion may be significant when
calculating doses for points at some distance from the central axis, especially when a
wedge of farge angle is ased.




1.5 DOSIMETRIC QUANTITIES
4.5,1  Befinitions and Nomenciature

The following overview describes the quantities used within this text,

indicating the nomenclanire used.
Percentage Depth Dose,

Central axis percentage depth dose is the percentage ratio of the dose at depth
z on the central axis of the beam to the dose at Iy, the depth of maximum dose on the

cemtral axis, These doses are determined for constant SSD and field size at the
surface.

Tabies of typical percentage depth doses have been produced for various beam
qualities and for various field sizes (BIR, 1983}

For any given beam quality, percentage depth dose is a function of depth
field size (s} at the source-surface distance (f'). The nomenclature used in this text for

this quantity is P(2,5,f'} {e.z. see chapters 5 and 6),
Tissug-Air Ratio

The tissue-air ratio is the ratio of the dose at depth in tissue 1o the dose in air
(Le, to a small volume of tissue sitated in air and surrounded by just enough material
10 generate electron equilibrivm) at the same distance from the source and the same

field size.

This concept was widely used in calculations of {socentric treatrments using
low-energy radiation beams, but has inherent problems at higher energies where the
volume necessary Tor the maserial surrounding the point in air becomes large, such
that consideration of a point in air loses validity. However, because it is conceptually
simple, various atternpis have been made to redefine the quantity (BIR, 1983, Khan,

1684),

This report dees not yse this quantity because of these difficulties and
uncertainties but has introduced a related quandty : the volurne scatter ratio, V.
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Tissue-Phanfom Ratio

The dssue-phantom ratio is the rato of the dose at depth 2 to that as reference
depth zg in & water equivalent phantom for the same collimaior setting and source-

detector distance.

For a given beam quality, the tissue-phantom ratio is & function of depth z,
field size s at depth ¥, and reference depth 2. The nomenclature used within this
report is T(z,8} and the reference depth zp is 10 em,

From the definiton of the quality index (see section 4.4.1), it follows that two
beams of the same quality index have the same attenuation and scapering
characteristics and consequently idendeal values of the tissue-phantom rato for z
targer than zg (Bridier et al, 1986). However, when z is smaller than zp, the
contribution of contaminating electrons can modify the T value at depth as large as
the maximum ange of secondary electrons, Le, at-depth much larger than the depth
Z, of maximum dose. The higher the quality index. the larger the variation of T with
the head design and with the presence of beam medifiers such as trays or external
wedges (a review of the relevant literature can be found in Beauvais et al., 1993 and
Ahnesid et al., 1989), I is therefore necessary to measure T carefully for each
accelerator head design, for 2 values from 0 to the depth of g

Output Ratios,

Fhe output ratio in water {gdc) is the ratio of the absorbed dose at the
raference depth for field size ¢, 10 the dose at the same depth for the reference field
size ¢y, measured in a large water phantorn. where both ¢ and ¢y are defined at the

reference distance fp, Le.:

Dlzg,0) @.1)

Ogle)= Dlrmsen)

where these dose values are determined at the isocentre. The output ratic in waser
O} (¢} is similarly defined, but under conditions of fixed S5 and with the field size

defined at the surface,
The ratio Og{¢) is defined as the ratio of the absorbed dose at the reference
depth for field size ¢, to the dose at the same depth for the reference field size cg,

measured in a mini-phantom, where both ¢ and ¢g are defined at the reference
distance fy. Similarly an output ratio Og(c) can be defined under conditions of fixed

S8D and with the field size defined at the surface.
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TFissue-Output Ratio.

The tissae-output rato is the ratio of the dose at depth (2) for ficld size (8) to
the dose at the reference depth (zg) for a reference field size {cg), at the same source-

detector distance.

This ratio is equivalent to the product of the dssue-phantom ratic T{z,s) for
depth z and ficld size 5, and the owtput ratio Og(s). This quantity may be vsed to
simplify the expressions derived for monitor unit calculation in Chapter 5, and has
been used by other authors in deriving similar relationships. However, it includes
elements of both phantom scatter and head scatter, and because these components
have to be separated in caleulating monitor units for complex sitwations, this approach
has not been adopted within this report.

Volume-Scatter Ratio (V}

The velume-scatter ratio V(z,s) is the ratio of the absorbed dose at depth z for
a field size s at that depth in full-scatter conditions, to the dose in a mint-phantom at
the same depth. same collimator setting and same source-detector distance, It
therefore represents the fraction of additional scamter when measurements are
performed in 2 large phantom rather than in a mini-phantorn. It is assumed that V is
independent of f, i.e. the divergence of the beam has a negligible effect on the value
of V. A small influence of f on the tissue-phantom ratio has, however, been
demonstrated (Bilirngard et al. 1996),

Scatter-Primary Ratio {S)

The scatter-primary r&ti{) S{x.e) is the ratio of the scatier contribution of
absorbed dose and the primary contribution of absorbed dose, at depth z in a phantom
for a field size ¢ at that depth, A similarly defined quantity Sg(z) is the scatter-
primary rage for a minl-phantom. Sy{#} is independent of ¢.

It should be noted that scaster-primary ratio and volome-scatter ratio are
related:

1+S(z,

Vi) = L S@e)] 4.2)
[1+8,(z)]

The scatter contribution to absorbed dose can be determined by subtraction of

the primary contribution from the total absorbed dose, The primary contribution can

be determined by Monte Carle calenlations, or can be estimated by extrapolating the
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variation of dose with field size at depth 7 to zero field size (Bjimyard and Vadash,
19933,

452 Depth of Dose Maximum.

At the surface of the irradiated materisl, kerma exceeds dose as electron
equilibrium is not present. This simation changes with depth for two reasons. Firstly,
the number of secondary electrons propagating within the irradiated material
increases initially with depth. The rate of increase varies slightly with field size.
Secondly, in the surface layers of the irradisted material are electrons present arising
from electron contamination within the beam. The amount of this contamination
depends upon distance, field size, and upon the presence of beam modifying devices

{tray, compensator, wedge).

As a result, the depth at which maximum dose is achieved is not constant, but
depends upen the operational parameters of the equipment. Because of this variation,
the depth of dose maximum 2y, is defined in this report as the greatest of these depths,
usually for the smudlest field size and the largest source-phantom distance used in

practice.

At high beam energies. electron contamination ocewrs at depths considerably
greater than the depth of dose maximum. The variation ip this contamination with
change in operational parameters may be considerable, producing distortions in
quantities when they are normalised at this depth (percentage depth dose. tissue

maximm rato, tssue air ratio),

To overcome problems associated with uncertainties in dose detesmination at
Ty the recommendations within this report are thas all quantities are normalized to 2

reference depth of 10 cm. The equations derived are, however, generie, and apply

equally well at any large reference depth.
4.6  DOSE CALCULATION

Dose caiculation is the process within treatment planning by which the
magnimde and distribution of absorbed dose is calculated. It was ovtlined in section
4.2 as to why separate medeliing of primary and scatter componests may be
desirable. This and sabsequent sections described many of the features which need to

be taken into account,

Calculation of variation in primary contribution to the dose is relatively
stradghtforward in situations where electron equilibrium exists (although absalute
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determination of the primary component is not so easy). Determination of scatter is
more difficult. Rigorous calculation involves the summation of scatter-from each
volume element of the irradiated vohune - a complex and time consurming process. In

general, simphifications are adopted to facilitate computation.

4.6.1  Scatter Integration.

The scatter-primary ratio 8(z,¢) is a function of depth, field size and field
shape. itis generally assumed to be invariant with source-phantom distance,

Scatter integration is the process by which scater from the various volume
elements is surpmated. o situations where the primary congibution is constant across
the beam, the scaster integration needs to account only for geometrical effects. The

scatter (o a point at depth z is given by

D, (2)

Di1)=—q

* [S(r,00d0 (4.3)

where Dpf2) is the primary component, 8(r,8) is the scatter-primary ratio at a point of
polar coordinates r and & and the integral is taken around the perimeter of the feld.
Clarkson approximated this integral by s summaton over a number of B sectors
describing the field, and thereby determined an average valug of S for those sectors
(Clarison, 19413;

]

. — I
D,(2)=D,(z)+8 with S= ?ﬁ):sm,ei} A8 (4.4

where ry is the radius of sector |, and Af; is the angle subtended by the sector.

4.6.2 Equivalent Fields.

Circular or square fields equivalent to rectangular or frregnlar fields have been
defined during many years as those fields leading to the same percentage depth-dose
as the rectangular or irregular Beld under consideration, i.e. leading 10 the same value

of 8.

For any shape of field, there will be a circular field of radius B which has a
value of § at depth # identical to that calculated from the above summation. This is
termed the eqaivalent radius for the field. It is further assumed that such an
equivaient radius is valid at any depth. An accurate appreximation for p(;;in;s on the

centra axis of a square field of side %, is :
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R=0.561 s,
(4.5)

For  rectangular field of size L by W, it may also be shown that the
equivalent mdius may be given approximately by:

R=0.561 ELW

+ W
(4.6)

Combination of the above leads to the determination of an equivalent square
for the rectangular field such that

4LW
T AL+ W) @n

Le. 5y =4e (area/perimeter).
This relation was originally developed by Sterling et al., (1964).

Detailed calculations of equivalent ficlds have been performed by Day and
Adrd {1983) for circular, square and rectangular fields.

These equations for equivalent fields cannot be used without verification for
other parameters as for instance output ratios. The variation of output ratio is
critically dependent upon head scatter which is associated with the details of the
trentment head design.  Other equations have been proposed as described in section

3.6,
4,6.3 Compiex Situations.

The scatter integral presented in section 4.6.1 may be used to determine the
scatter cornponent for gregularly shaped fields. It may be generalised to sitations
where the primary component of the dose varies over the beam, or where the surface
of the irmadiated object is not normal to the central axis of the beam. Such situations
require detailed integration over the cross-sectional area of the beam.
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4.6.4 Pencil Beams.

An alternative approach is to consider the beamn as being composed of many

parallel pencif beams, each having a specific fluence.

Each pencil beasn contributes to the dese at points both near to and far from
the axis of the pencil. In the nearest region. the dose is deposiied by secondary
electrons produced by photons within the pencil. Energy is also tansporied by
scattered photons which themselves produce secondary electrons at a distance from
the pencil bearn. Several generations of scattered photons may be involved. The
function which expresses the dose as & function of depth and distance from the axis of
the pencil is called a kernel, Kemnels are calculated by Monte Carlo techniques andfor

by fit to experimental resulis,

Modelling a photon beam reguires a bundle of pencil beams of differing
fluences and energies, and hence differing kernels. Computation involves adding the
dose contributions from all pencil beams for each volume element of the irradiated
volume. a process known as ‘convolution’ or ‘superposition’. This type of calculation
has the potential to handle situations involving lack of electron equilibrium.

4.6.5 FElectron Transport Effects
(ay  Transient electron equilibrivm

As deseribed in sections 4.3.2 and 4.3.3, the effects of electron transport need
to be taken into account when there are gradients in the kerma distribution within the
irradiated medium which result in absorbed dose not being equal to collision kerma.
For transient electron equilibrium (see section 4.3.2) the gradient is small and the
ratio of dose to collision kerma is about LO2 and quite constant (Nilsson, 1985).
Since dose and not kerma is measured, this perturbation is already taken into account

in the beam data.
i), Lateral electron egailibrinm

Near the beam edges. dose will be Jess than kerma because electrons will be
travelling towards the outside of the beam, with no corresponding electrons ravelling
inwards. This is taken into account when measured beam profiies extend beyond the
penumbra region and are modelled with suitable functons. If the fields are very
small, as may be the case in stereotactic applications, the dose on the central axis may
also be affected by this process. This can be accounted for by using pencil-beam

kernels, or by introducing additonal measured factors.
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5. MONITOR UNIT DETERMINATION IN OPEN BEAMS

51 INTRODUCTION

The square or rectangular beams defined by & conventional collimator with
symnetrical jaws, are called open symmetrical beams when no beam modifier is
present in the beam, such as wedge, compensator, tray or shielding blocks. Square
and rectangular symmetrical beams obtained with asymmewical collimators or
multileaf colimators can be considered as open symmerrical beams in the absence of

a bearn modifier,

To calculate the number of monitor units U required to deliver the prescribed
dose Dy to the patient, the physicist must always refer to what is generally called the
monitor calibrazion_. that is the dose per monitor unit (or per unit of time for ®0Co
treatment units), Dy (see chapter 2, first paragraph), measured under reference
conditions as defined, for instance, in the Techaical Report 277 (1AEA,1987). Two
different sets of reference conditions corresponding to the two main irradiation set-
ups have o be considered : isocentric conditions and fixed source-skin distance.
They differ in general in relation to the distance from the source fo the point of
measurement and 1o the plane in which the fleld size is specified,

The choice of a reference depth much greater than the depth of maximum dose
for menitor calibration has been dictated by the necessity to decrease the unceriney
associated with measurernents at a depth where elecon conamination can be of
unpredictable influence. The same constraints apply to the measurements of the
outpul Tafio of © the normalisation of the tssuc-phantom ratio T or the percentage

depth dose P,

This document concentrates on measurements at a reference depth of 10 om,
but is similar to the approach of other authors {e.g. Khan [984). These authors select
a fixed reference depth, generaily the depth of maximum dose, for normalisation of T

or P, and for measurement of the ourput ratio,

In the next sections the basic quantities to be used in the dose calculation will
be considered and simple equations derived for the calculation of the number of

MORILOr WIS,
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32 GEOMETRIC CONDITIONS

In most radiotherapy departments, it is routine to treat some patients in
isocentric condidons and others at fixed source-skin distance.

In isocentric conditions the point of measurement for basic quantities is the
isocentre and therefore the reference distance fy, the source 1o isocentre distance, is
the distance from the source to the point of measurement. In addition, the depth of
the point of measurement 7y is specified as 10 em, and the collimator setting ¢ as 10

cm x 10 om at the isocentre,

When a fixed source-skin distance is used, this distance fy is used as the
reference distance. It is usuaily, but not necessarily, the source-axis distance for
isocentric units (if so Fy = fr ). The reference field size Cyis defined at the source-
skin distance fg. Therefore the field size ai the point of measurement, Le. at the

distance § = 3 + zg from the source is equal to ey X f/{; .

There are several possible approaches for the determination of basic quantities

in reference condidons:

) We strongly recommend to refer to 2 unique set of reference measurements
and 1o choose isocentric conditions as reference conditions. All the necessary
quantities for fixed source-skin distance will be calculated from this unique set of
reference data. For example, the dose per monitor unit, Dy, in reference conditions at
a fixed source-skin distance fy. Dy = D{zy,cq,fx) {sce section 5.5.2) is a derived
quamtity calculated from the dose per monitor unit Dy in reference isocentric
conditions. The calculation of Dy from Dy is not straightforward and does not
depend only on the inverse-square law. The method to be used to generate
information from a unique set of reference data, is described in Appendix Al and

Chapter 7.

We are aware that this is possibly a great change from the generally applied
measurement conditons and may present difficudties. For this reason we propose

other possibilities.

b) It is possible to use two different sets of reference measurements, including
two different reference doses, for the two groups of patents. However, when more
than 2 different geometric conditions are used on the same fweatment unit, for
example if more than one source-skin distance is used, the adoption of the second
approach would lead to a multiplicity of reference data, increasing the pussibility of

incorrect selection of specific data.
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¢y For special technigues, such as Total Bedy Irradiation. Total Skin
trradiation and Stersotactic Radiotherapy, U is recommended to use differeny sets of
reference measurements, including different reference doses, for the vazious groups

of paticnts,
5.3 OUTPUT RATIO

As expiained in chapter 3 the {luence of primary photons incident on the
phantom is the sum of the photons originating in the target and of the head scatered
photons. Consequently this fluence varies widely with the colilmator sewting. This
variation is depicted by the ontput ratio which is the rario of two doses measured at
the same depth in the phantom and at the same distance from the target, for two
different collirnator settings. Two approaches are considered here. In the first one,
the output ratio Oy is the rato of two doses measured in a large water phantom and
includes in addition the phantom scattered photons. In the secend approach, the
output ratio O, is the ratic of two doses measured in a misi-phantom in order o
reduce the influence of the phantom scattered photons as far as possible,

5.3.1 Measurement in Full-Scatter Conditions

The output rato Oy is measured in full-scatter conditions, in a large water

phantom as:

Dizy,0) (5.1)

Ogle)= Dlon ) )

where zg is the reference depth and oy the reference collimator seding (figure
5-1).

The guantity Og is easy to measure and is ot sensitive t0 a possible electron
contamination provided that zg is sufficiently large. However it is a complex
quantity since it accounts for both the head scatter variation and the phantom scatter
variation berween the field size of interest ¢, and the reference field size cp. As
treatsent machines have each pair of collimating jaws at different distances from the
source, the amount of head scater within a rectangular beam, and therefore Oy, will
depend upon the orientation of the rectangular field (see section 5.6}. For the same
reasons as mentioned for V, Og is assumed to be independent of the distance from the

point of interest to the source.
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Figure 5-1 : Conditions of measurement of the output ratio Og{c) in isocentric
conditions, as the ratio of the dose for a collimator setting ¢ and a collimator setting
¢y, in full scater condidons,

532 Measurement in a Mini-Phantom

In order to separate as far as possible the contribution of the head scatter and
the contribution of the phantom scatter to the dose, van Gasteren et al., {1991} have
proposed 1o measure the dose Dy at the reference depth 2y in a mini-phantom (fgure

3.

Figure 5-2 ; Conditions of measurement of the output ratio Ogfc) in isocentric
condidons, as the ratio of the dose for a collimator setting ¢ and a colfimator setting

¢y, in 8 mini-phantom.

The ourput ratio Oy measured in & mini-phantom is :

_ Dyzy, 0}
O (o= sz}‘(zwcg} 5.5

This ratic bas been shown to be independent of the choice of 2, in the mini-
phantom provided z, is large enough to eliminate the conmtribution of slectron
contarninstion. The width of the mini-phantom is not eritical, provided it is smaller
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than the field size achieved at the reference distance by the smallest collimator setting
used in clindcal practice, and large enongh to assure almost completely lateral elecron
eguilibrium. A width of 4 cm seems to be realistic for X-rays up to 25 MYV, since the
diameter of the water volume necessary to achieve quasi-lateral efectron equilibrivm

increases slowly with photon energy {Ahnesji et al., 1987,

The ratio ()4 can be considered 1o be equal to the head scatter factor {Khan,
1984} since the contribution of the scattering by the mini-phantom is constant and
small compared to the primary radiation, whatever the collimator setting Is, and
appears in both numerator and deneminater. Qg dees not depend str(;ngiy on
measurernent distance, being similar for all distances usuailly encountered in clinical
practice. [t is, however, generally measured at the reference distance. As will be
discussed in section 5.6, both Q4 and Qg depend upon the orientation of the

collimator for rectangular beams.
5.4  ISOCENTRIC CONDITIONS
54.1 General Conditions

5.4.1.1 Reference conditions

As stated in section 5.2, under isocentric conditions the point of measurement
for basic quantities is the isocenire, the reference distance fy is the distance from the

source o the isocentre and ¢ is the collimator setting at the isocentre.

5.4.1.2 Tissue-phantom ratio

The tissue-phantom ratic T{2,8) (see section 4.5.1) is the ratio of the dose
Dz,s,f} at the depth 2, and the dose D{zg,s,f) at the depth zg for the same field size §
at f and same source-point of interest distance f:

D{z,s,f) 5.3

T(Z,S} = {}{ZR,S,{'}

Under clinical conditions, the tissue-phantom ratio does not depend on £, as
has been discussed for the volume-scatter ratio, but is a fanction of the field size s at
f When the digtance fis the reference distance fg, T{2$) can be written as T{r,ch

54.2 Dose Calcolation in Full-Scatfer Conditions

In full-scatter isocentric conditions, the dose is measured at a consiant
reference distance fy from the source, equal to the distance between the source and
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the axis of rotation of the treament unit. The fiekd size at the depth of measurement
is the field size indicated by the collimator setting ¢ In these geomeirical conditions,
using the ousput ratio measured in reference condigons (g{c), the dose Dz, ara
depth z, collimator setting ¢ and 2 source-detector distance fg is caleulated by the

following equation :

ID(z,¢) =D, + U e O, (c)» T(z,¢)] (5.4)

where Dy = D{z,,cq,fy) is the dose per monitor unit or per timer unit in reference
conditions and ¥ is the number of monitor units or time units required to deliver the

dose P at depth 2 for the collimator setting ¢ {figure 5-3).

Figure 5-3 : Conditions of measurement for the derivation of the dose D(z,¢}, in
isocentric conditions, from the dese per monitor unit or per unit of time Dy in
reference conditions, and the output ratio Og{e) in full scatter conditions.

5.4.3  Dose Calculation when a Mini-Phantom is used
54.3.1 Derivation of hasic guantities from measurement with a mini-phanfom

In order o describe the contribution to the dose of the phantom scattered
photons, a new guantity is introduced, the velume scatter ratio V. Conceprually V is
sirmilar to the tissue-air ratio but the dose in air is now a quantity which can easily be

measured,

The ratio V of the dose D{2.s} at a depth 2 for a ficld size s at that depth in a
fuli-scatter water phantom, and the dose Do{%,8} in & mini-phantom for the same
depth, same collimator seiting and same source-detector distance f, represents the
contribution to the dose of the photons scatrered by the additional phantom material
when the seattering velume Is increased from the mini-phantom to the Jarge phantom:
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Vizs) = 2aSl) (5.5)
D,{z,s.f)

The volune scatter ratio V(z,8) depends upon the feld size s at the depth of
measurement. but is not. in 2 first approximation, a function of the source-detector
distance, provided that the two doses are measured at the same distance, However, as
the beam size s varies with the distance for a given collimator setting ¢, V(zsj=Y(z,c}
only when the distance f to the source is the reference distance fy,

The quantity Vizg,o} = Dizg,c)Dylzg,c), the ratio of the doses at the reference
depth in & large phantom and in the mini-phantony, is a function of the collimator
setting.  This volume scatter ratio at the reference depth is easy to measure (sce

figures 5-1 and 5-2),

When fis equal 1o fy, the ratio of V(zg.c} and V(zg.cgp) is proportonal to the
ratio of the output ratios Og and O :

V(zg,c) _ Oglc) 56
Vigcr)  0,(0) "

This ratio is identical to the phantom scatter correction factor Spizp,¢} a3
defined by several groups, e.g. Khan (1984) and van Gasteren et al.,, (1991).

The scaner-primary ratio S(z,¢) for the beam size ¢ {see 4.2) can be related to
Viz,c) and So(z) where 8y(z) is the scater-primary ratio for the mini-phantorn, The
ratio 8§y{z) increases with depth, decreases with increasing energy and is independent
of field size. It cannot easily be measured but can be approximated by theoretical

calculatdon.
The tissue-phantom ratie T and the volume scaster ratio V are related by:

VY{z,s) . Dalz,5) |
V(ZR,S) BQ{Z;{}S) (5.7}

T(z,5) =

Both T and V depend upon depth z and field size s at the depth of
measurement, but not on the distance from the source.

For open beams, and when = fy, equation 5.7 becomes :

Viz,c) _ Dy(zc) (5.8

T = ) Dutzmre)
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where the second term on the right hand represents the beam attenuation i the
mini-phantom {T,},, by a thickness z-zg of material. This attenuation in the mini-
SEA

phantom is independent of 8 (or ¢) and § when Z is Jarger than zg (van Gasteren ¢t al.,
19913

5,4.3.2 Dose calculation when a mini-phantom is used

Using relation 5.6 between V and €, equation 5.4 can be rewritten as

Vizg,¢)

D(z,c}r:{}xollo()a{c)-v{z =
REVH

*Tiz,c) (5.9)

where the output ratic Og(c) accounts for variations In head scatter, and the
last two terms account for attennation and scatfering variations in the large water
phantom {figure 5-4). The ratio of volume scamer werms V, represents the
contribution of the phantom scatter at the reference depth when the beam size varies
from ¢g 10 ¢. This ratio is larger or smaller than 1, depending on whether ¢ is larger

or smaller than ¢ . Theoretical and expenimental determinations show that this mtie
depends on T, but is not very sensitive to the type of accelerator or to the radial

energy variation (Storchi and van Gasteren 1996, Sitherberg et al., 1996).

in open beams this separation of the different physical components of the dose
is not essential. but it facilitates the dose caleulation in more complex situations when
shielding blocks are used.

3.3  FIXED SOURCE-SKIN DISTANCE

‘When most of the reatments are performed at a fixed seurce-skin disiance, the
use of tissue-phantom ratio is not siraightforward and other guantities arc often

preferred.
%.5.1 General Considerations
5.51.1 Reference condifions

When a fixed source-skin distance is used., the total distance £is the reference
distance {5 plus the depth of the point of measurement in reference conditions:

f=fy+2p (5.1

At the point of meassement of the output ragio, the distance from the source
is f and therefore the ficld size iscof /£
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To avoid any confusion. when Qg and O are measured at a distance f =f}, +
zgx berween the source and the point of measurement, they are denoted Oy and O,
They refer to a field size ¢ at the surface and not at depth zg. For similar reasons, at
fized source-skin distance, doses will be labelled P {figure 5-5),

5.5.1.2 Perceniage depth dose

The conventional definition of the percentage depth dose Pz,s,£7) (see section
4.5.1) is the ratio of the dose DY{2s,f") at depth 2, and the maximum dose

D’ (2,5, along the beam axis, expressed as a percentage.

D'(z,s,§
D'(z,,,s,f")

Plzs i) = « 106 GRY )]

where £ s the fixed source-skin distance.

As it is recommended in this report o refer the basic quantities always o the
reference depth 7y and not to the depth of madmum dose 2y, it is recommended to
replace the convenuonal percentage depth dose P by the reference percentage depth

dose Py :

Piesf)
P (z,8,f)= el o 100 512
x50 D (2,5,8) &1

If the source-skin distance is equal {o the source-isocentre distance the Held
size s is expressed by the collimator setting ¢ and P(z.54'} can be written P{z.cf”).

5.8.2  Pwose Calculation in Full-Scatier Condifions

tUnader the full-scatter conditions of a large phantom at a fixed source-skin
distance equal to the source-isocentre distance, the dose can be cakulated as

[D"(znc, M) = D « U« Op () ¢ P, (7,6, T, )/ 100] (5.13)

where Dy = D2y, ¢,,£3) Is the dose per monitor unit in reference conditions

and U is the number of monitor units (figure 5-6).
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'y
Ca\ | G
y : %/% // Z
4 /////7
Doe U —_» D' (z,c t's)
O {c) Pg(ch' } /100

Figure 5-6 : Conditions of measurement for the derivation of the dose D¥({z,¢,f3 ), at

a fixed source-skin distance, from the dose per monitor unit or per unit of tme I‘)i{ in
reference conditions, and the cutput ratie OR{¢) in full scatter conditions.

%553  Dose Calculation when a Mini-Phantom is used
In equation 5.13 one can replace Of by Oy ¢

Vizg,exf/fy) (5.14)

Ox(c)=0s(c)e Vizg,oq X/ 12)

and then calculate the dose with a separation of the various physical quantities

Viz,exf/fy)

P (2,¢,1,)/ 100
Ve xiify e/

D(z,c,f; ) = D} « UsO(c) ¢

(5.15)

This separaton into head scatter and phanrom scatter terms is especialiy

useful when shielding blocks are nsed {figure 3-7).
56  RECTANGULAR FIELDS

Equations (5.1} to (5.15) are strictly valid only for square fields. The case of
irregular fields defined by additional blocks will be considered extensively in section
6.3 but most of the preseribed fields are not square but rectangular, The use of the
previous equations for rectangular fields is not straightforward because the
detesmination of an equivalent square for o rectangular field differs for head scatter

and for phantom scatter,
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The conventional approach {see 4.6.2) is that the scatter-primary ratio Sof a
given rectangular field for points on the central axis, can be calculated with the
conventional equivalent square §, 83 given by equation (4.7}, s, should therefore be
used in all guantities where phantom scatter variation has to be considered. such as

V. TorP.

Because of the collimator design, the head scatter and consequentdy Oy,
depends upen the orientation of the collimator for rectangular bearns. This effect is
generally called the collimator exchange effect (e.p. Kase and Svensson 1986,
Pattersson and Shragge 1981). The collimater exchange effect is mainly caused by a
difference in scattered radiation that can reach the point of measurement for the same
collimator setting of the upper and lower jaws. For some types of accelerators the
difference in monitor backscaner for upper and lower jaws also contributes to the
collimator exchange offect {Lam et al,, 1996),

If accurate values of Oy are desired, different combinations of collimator
width W and length L have to be considered. Vartous methods of parametrisation of
(g have been proposed, based upon fitting a specific function to the measured data
(Chen 1990, Szymezyk et al. 1991, Vadash and Bidrngard 1993, Yu et al. 1993). In
another approach, physical models have been developed to describe the photon
energy fluence reaching the point of caleulation (Ahnesié et al. 1992, Dunscombe and
Nieminen 1992, Yu and Sloboda 1996, Lam et al. 1996). A review of the various
parametrisation methods has recently been given by Jager et al (1996).

Most methods of paramenisation of Qg apply the equivalent field size method,
Recause equation 4.7 is symmewical in L and W more sophisticated equations have
peen suggesied. As an example, Vadash and Bjimgard (1993) have suggested the
following equation for 2 collimator equivalent square ¢, to a rectangutar collimator
setting (L. W), where . and W are the openings of the outer and Inner jaws

respectively:
ce = {A+ DLWH{AL+W) {5.16}

different values of A have been suggested, depending on the coliimator design and
the beam energy. For A={, the Sterling et al. formula (Bq. 4.7} is obtained.

The coliimator equivalent square c¢ should be used in the quantities O and
{)g which account for the head scatter variation. Because Og accounts for both the
head scatter varistion and the phantom scatter variation, the collimator equivalent
square ¢ for O differs from the value determined for Oy, Therefore the parameters
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used should be carefully determined in the measurement conditions of either O, or
Or,

Equations (5.4}, (5.9}, (5.13) and (5.15) can be wansformed into equations
(5.17), (3.18), (3.19) and (5.20), respectively, for rectangular fields, where ¢ in the
first part of the equations, stands for the collimator setting L, W:

D(z,c) =Dy e Ue O, (e, ) # T(z,s,) (5.17)

" e T V(zk’se} » w e
Dz,c) = Dy « U O,(c,) M a— Tes) T(z,8,) (5.18
D'(z,0,f7) = Dp o UeOfle,) o Py (2,s,,,)/ 100 (5.19)

V(2,8 % £/£})

s P (25,031 .
Ve <Pt (&5, 0007100 (5.20)

D {z,c,f,) =Dy s UeOlc,)#

3.7  CALCULATION BASED ON THE ENERGY FLUENCE

The method to caleulate the number of monitor units required to deliver the
prescribed dose is somewhaz different with algorithms that model the radiation beam
from its incident energy fluence ¥ and arrive at the dose by superposition or
convolution of kernels or by direct Monte-Carlo simulation. However, the principle
is the same as with the maditional algorithms in that the starting-point is the
calibration of the beam monitor in the reference geometry, Le. from Eq. 5.4 ¢

Dizg,cq) = Dg o U {5.21)

The difference is the methodology to arrive at the dose D(z,¢) at the point of
interest. This methodology will not be described in detail, onjy the architecture of the
relationship between W, U, D{z,c) and D{zg.Cr).

With the identty of Eq. (5.21) we can make the trivial but imporant staterment

WQ.QE’WF)__ (5.22)

Plzr,c}=D, e Uw
R Dlrg,cp)

In traditional methods, the ratio D{z,c}/1X{Zg,Cg) represents experimentat data,
for instance as in Eq. 5.9,

Vg, )

Viza,cn Tl ¢} (5.23)

Diz,c) =Dy s UeQylc)e
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This expression may be expanded further using measured ratios to correct for
deviations from the idealised geometrical conditions in which the tissue-phantom

ratio and the output ratio were measured.
In fluence-based calcuiations, a similar approach is used. The identity

Bz, ¢) Dime}  Wleg) (5.24)
Dizg,cp)  Fleg) Dlzg,ex) ‘

yields

: Wiey)  Dlze)
Diz,¢) = Dy o Usiit) DO 2
(#.c)=Dy " Dltmycq)  Fleg) (5.25)

Again, further expansion using calculated or measured ratios to correct for
additional processes is possible as long as the fundamental identity Fa.5.21 1
retained. For instance, Eq.5.26 is analogous 1o Fq.5.23 :

¥ic) . ey} .D(Z,C)
Wieg) Bleg,cp)  Wle)

Diz,e) =Dy o Ue
(5.26)

Here, (¢} ¥ (cp} corresponds to the ousput factor in air and accounts for the
same physical effects, although it is defined in terms of energy fluence, as Oplc). The
ratio D{z,c}/'¥(c) corresponds to the product of T(z,e} by V(zg,c) in Eq.5.23 but is
normalised to the incident fluence for the same collimator setting rather than the dose

at the reference depth,

The ratio ‘P(cg)ff}{z;t,c;;} corresponds, but is not identical, o 1/V{zg eg),

because Doy, o} is not equal to Wieg),

Both ratios In Eq.5.25 for instance are calculated, one for the reference
geometry and one for the padent geometry. The product of these two factors is
D(z.c)/D{zg,cr) and must agree with measured data,
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6. MONITOR UNIT DETERMINATION IN MODIFIED BEAMS

6.1, INTRODUCTION

The influence of beam modifiers, such as shielding blocks and wedge filters,
on the dose, can be taken into account guantifatively in two ways.

The conventional method is to refer to dose measurements performed in a
large phantom. This procedure takes into consideration the combined modifications
in head and in phantom scatter due to the presence of beam modifiers in the beam.

The second method is to consider the changes in the head scaier
independently from the modification in scattered radiation produced in the phantorn
by the accessories interposed in the beam. Practically, the separasion of dose
components coming from the head of the weatment unit and the phantom requires
measurements performed in the mini-phantom described previously (paragraph 5.3.2)

and in & large water phantorm.

This method is particularly well adapted when dose calculations have 10 be
performed for complex weatment conditions using modified beams or referring to a
treasment distance different from the reference distance. In this report, both metheds
of dose calculation are presented for wedged and blocked fields. For each type of
medified beam (wedges or blocks), eguations are presented both for isecentric
conditions {sections 6.2.7 and 6.3.2} and fixed source-skin distance {sectoen 6.2.3 and
6.3.3). The equations presented in this section relate only 1o points located along the
central axis. It is furthermore assumed that the formalisms for wedges and blocks can
be applied independently ; Le. if both blocks and wedges are used, 2 combination of

both procedures is valid,
6.2.  WEDGED BEAMS

6.2.1. General Concepls

Wedge filters are often used in clinical practice to modify the dose
disgibution in the patient. The modification of the dose disaibution resuits in a slope
of isodnses being tumned through an angle related to the wedge angle, There s a

corresponding decrease of the cutput of the treatment unit.

The calculation of the number of monitor vnits in 2 wedged photon beam is
frequently based on the use of an unique correction factor. This factor, called wedge
factor, is defined as the ratio of the absorbed doses in waker at a point ajong the beam
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axis, with and without the wedge under reference conditions, for the same number of
menitor units {ICRU 1978),

Several anthors {e.g. Bjdmgard and Shackford, 1994, Georg et al., 1997,
Heukelom et al., 1994a, McCullough et al., 1986, Nircomand-Rad et al., 19972, Pain
ct al.. 1988) have shown however that the wedge factor varies with field size and

depth in & phantom,

This variation of the wedge factor with field size at a given depth has been
related to the filtration of the scattered radiation from the treamment head by the
wedge filter, 10 the addition of photons scattered by the wedge and, to 4 lesser degree,
to the changes in the amount of backscatter into the monitor of linear accelerators.

The variation of the wedge factor with depth in a phantom has been explained
by beam hardening through the wedge filter which absorbs and/or scatters the low-
energy photon beams. This effect leads to a change in the beam quality and
consequently to & modification of the depth dose distribution. The magnitude of this
modification depends upon the energy specum of the open beams and on the

composition and thickness of the wedge,

The reference condidons of ficld size and depth in phantom used for the
determination of the wedge factor are not well defined in the literature. For exampie,
no recommendation is given in ICRU Report 24 (ICRU, 1976). Some authors specify
a reference depth comresponding to the depth of dose maximum while others refer 1o a
larger depth. (5 cm or 10 cm), the measurements being performed in & water or water-
eguivalens phantorn of dimensions large encugh to ensure full scatter.

As a first approximation, the calculation of the number of ynonitor units for
wedged fields can be made by using the depth dose data (percentage depth dose or
tissue-phantom ratios) of the unwedged ficld and an average wedge factor measured
under reference conditions. This method does not take into account the variation of
the wedge factor with depth and field size, which may significantly affect the result.

The influence of the wedge filter on the dose at 3 given point in water can be
determined accurately either by using a wedge factor measured in a large water
phantom at the reference depth for the reference field size in conjunction with other
factors (e.g. O, P. T) measured specifically for the wedge under consideration, or by
using a wedge factor which varies with field size and depth in conjunction with

unwedged data for these other factors,
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In a second method, the wedge factor is measured in the mini-phantom (as
described in Chapter 5) under reference conditions and the depth dose is measured

separately in a large water phantom for each wedged field,

The present chapter teports the two methods of dose calculation using the
wedge factor determined with the mini-phantom or in a large water phantom. The
application of the derived relationships to the calculation of the number of monitor
units when a treamment is performed with & wedge filter present during pan of the
treatment, is discussed in detail in Appendix A2

6.2.2. Isocentric Conditions

The reference conditions {(depth 7y, field size ¢cg and distance between the
source and the point of interest fy) arc identical to that used for open beams (see

chapter 5). The field size eg is defined at fa.

6.2.2.1. Dose calcalation based on measurements with a mink-phantom

622 1.1 The wedpe facior

Bo(Zp Cp fg,w) ©.1)

K, i€pl=
SR By (Zh xR

The wedge factor K, u{cg) under reference conditions of field size o is the
ratio of the doses measured with the mini-phantom at the reference distance fg, with
and without the wedge filter in the beam, for the same number of moniter anits
(figure 6-1). It takes into account the modification of the head scatter produced

across the wedge filter,

Cr

DO(ZR' CR ¥ fR) DO (ZR’ c}{ b4 fR)w)

Figure 6-1. Diagram iflustrating the definition of the wedge factor k__(e,) measured
under isocentric conditons with a mini-phantom,




4,221 2 Dose colculation

The dose under treatment conditions D{z,c,fp, W) in 2 wedged beam: can be
catculated fron: the dose per monitor unit under reference conditions Iy in an open

beam according to the following relation (see figure 6-2).

Vizg, W),

Vo) k, wlcg) o Tiz,cow) (6.2)

D(z, 0,85, W) = Dy « U Oyc,whe

« Ogle,w} refers to the output ratic for field size ¢ and with the wedge filter in the
beam measured with the mini-phantom,

L Y, 0w) is the ratio of the volume scatter ratios for the field size ¢ with the
Vizg,cq)
wedge filter and for the field size cg without the wedge filter.
- Kowlen) is the wedge factor measured in the reference field (o) and digtance
{fr) with the mini-phantom,
- T{z,ew) is the tissue-phantom ratio a¢ depth z, for field size ¢ with the wedge

filter in the beam.

6.2,2,2, Dose calculation based on measurements in a large water phantom

6,222 1 Thew factor ) w

a) Under reference conditions

Diz, e85 w) 63)

kw{zﬂ’cﬂ)‘““ ZRQCR’ 4

The wedge factor kw {Zg, cx) in reference conditions {depth in water #z and
field sizg ey} is the ratio of the doses in water measured at the reference distance fy
from the source with and without the wedge in the beam, for the same number of

monitor units {figure 6-33
b} Under reatrnent conditions

The wedge factor Kw(z,¢) under treatment conditions at depth 7 and field size
¢ represents the ratio of the doses in water measured under these conditions at the
reference distance fy with and without the wedge filter in the beam, for the same

number of monitor anits.
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k. (z,¢) can be measured directly or derived from the wedge factor K {zy.0x)
determined under reference conditions by taldng into account the relative variation of
the wedge factor with depth and field size. The expression of k,{#,¢) is :

K (2, €} = Ky, (2R, Co)- Ay (23 ) By (2, ¢} (6.4}
where

a{za,0) is a refative factor which takes into account the field size dependence
of the wedge factor at the reference depth. I cosresponds to the ratic
of the output factor in water for the field size ¢ for the wedged beam
and for the corresponding open beam :

Oy (e, w)

Ogflc) ©

a,(zy,¢) =

and bel(7,6}  is a relative factor which takes into account the depth dependence of
the wedge factor for the field size under consideration. It is equal to
the ratic of the tissue-phantomn ratios at depth z for the field size ¢ for
the wedged beam and open beam, respectively:

by (2:6) = r;f‘{ﬁfgi (6.6)

in isccentric conditions, Kw(Zg,0r), 8.(2Zg,c) and b {z,c) are measured at a
distance benwveen the source and the point of interest equal to fi.

By combining relations (0.4, 6.3, 6.6}, the expression of Ky(#.0) is

Ogle,w)  T(z,¢,w) 67
Og(c} Tiz,¢)

kw (Z-,C) = kwfzxsc}t } b

.2.2.2.2. Dose caleulation

On the basis of the previous censiderations, the absorbed dose under the

presence of the wedge filter can be calculated from the absorbed dose per monitor
unit Dy determined under reference conditions of the open beam

- either by using the "reference wedge factor” Ky {zg,er) together with depth

and field size factors which relate o the 1o the wedped beam ¢

Biz,c,fy, w) = DR o -Ox(c,w)-kw(zn,cn}f_;’(z,c,w}
(6.8)
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Figure 6-4 describes the different steps used to derive D from DR.

- or, by using the wedge factor in treatment conditions ky(#,¢) together with
depth and field size factors which relate to the open beam !

Br,ofy,wl= f}R elieQ (e)ek {z,c)o¥(z,0} 6.9}

The wedge factor ku(z,¢} can be derived from Ky {Zg,¢g) according 1o relation
6.4 or 6,7. This method requires the experimental determination of the relative

variation of the wedge factor with depth and field size,

The two equations (relations 6.8 and 0.9} are equivalent and can be derived

casily from each other by use of equation 6.7,

Whichever method is chosen, carcful attention mast be paid to the parameters
needed for calculation @ some relate 10 the wedged beam, others to the open beam.

The algerithm of any computer programme must be checked to identify which
{if any} of the factors needed for the calculation of monitor units are integrated into

the software, and which factors need to be applied externally.

6.2.2.3. Reiation between the wedge factors determined in a large water phaniom
and with a mini-phantorm,

The wedge factor at the reference depth zy and for the reference field size cg
in a large water phantom is related to the wedge factor measured in a mini-phantom

under the same circumstances according to ¢

Vizg,cp, W) 6.10)

KofZo,cniz=k L
wizg,ep) =K, wleg) Vigcn)

kox(cg) takes into account the change in the head scatter by the wedge filter
whereas Kw(zz,cr} includes in addition the change in the phantom scatter (Bar-
Deroma and Bifiragard, 1994, Heakelom et al,, 1994b),

6.2.3. Fixed Sonrce-Skin Distance

For the treatment performed with the fixed source-skin distance technique, the
reference distance and the field size are defined at the skin of the patient and are fg

and cg, respectively, The reference depth s 2.

The distance fy is assumed to be equal to the source-rotation axis of the

treatment unit.
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6.2.3.1. Dose calcuiation based on measurements with a mini-phantom
311 wedpe facior

D, G 4
K., (cg) = DelmCraar¥) 611
UNCIREY
The wedge factor k; {cy} in reference conditions of field size ¢ is the ratio
of the doses measured with the mini-phantorn at the reference distance fy, with and
without the wedge filter in the beam (figure 6-5), for the same number of monitor

units.

’;"ﬁ

i
!
|
i
i
i
A\

By (z}{ +Cpoy f!R ) Dy {ZR » s f st)

Figure 6-5. Diagram illustrating the definition of the wedge factor ki ,(Ccg.%g)
measured at the reference source-skin distance fi with a mini-phantom.

6.2.3.1.2, Dose caleylation

The relation between D' (z,e, £ ,w) and {');1 is, according to figure 6-6:

. V{?«R)CgW} ok’ ,mféﬂl

D(z,¢,85,w) = Dy » Us Oj{e, w) {eg)

Vigg,ex) " 100
{6.12)
fr +
where | ¢ =ce “g“““,}“g"
fr
. TRtk

Cp = Cy 7
fx




“worusgd-Hu B yis siusamsesw o] SuLiegeT uaym pue
33 90URISID UIN5-001R08 Oyt 18 pauuiopiad S1 IINUIEON It UDYM ¥ weaq uado uB Ul SUORIPUOD FDUBIRJRI FAPUR UN JOlEOW Jod as0p

SUF WY WEeq PaFpom € U STONIPUOD JUSTIESY JOPUR 350D 0y BUIALSp 10y pasn sdors 1ueizIp oyl Supeasnypr wresfeig 9-9 smfry
001

(s Ny o7y iy (2 Inp {49} %0 (Fo) wey

¥ )

3

(Fa¥ gy

(a* & pamg




58
6.2.3.2. Dose calculation based on measuremenss in a large water phantom

6.2.3.2. 1. The wedge factor

a}y Under reference conditions

DiZy, €5, 5, W)

2 (6.13)
Dizg,crsfl)

k;(za ;Cg} B

The wedge factor ki {zy,cq) under reference conditions (depth 7p and field

size ¢y} is the ratio of the doses measured at the reference source-skin distance i,

with and without the wedge in the beam, for the same number of monitor units (figure
6-7).

» (ZR'J Cpy PR ) P {er Cqns P;{p“’)

Figure 6-7. Diagram illustrating the definition of the wedge factor ki {cg 2g)
messured at the reference source skin-distance fg in a large water phantom.

b) Under wreagment conditions

The wedge factor K, (7,¢)under treatment conditions (depth z and field size ¢}

is the ratio of the doses measured in these conditions at the reference source-skin
distance £, with and without the wedge in the beam, for the same number of monitor

units.

Using the same formalista as deseribed in paragraph 6.2.2.2.1., the influence

of the wedge filter on the dose can be expressed by the wedge factor in reference
conditions ki, {cg,zp) weighted by the relative variation of this factor with field size

and depth.

K {2,0) =k {zg,cq)va, (7g,¢) o B {z,¢} 6.14)
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with
, Oy (e, w) .
Ay, (2g,€) 2 i 6.15
w(ZgsC) AT {6.15
b, (z,0) = TaZe: ) 6.16)
Priz,e,fg)
By substituting the expressions of aj, and by, in equation 6.14, we obtain :
, _Okle,w) Pz fp,w)
K. {2,0) = K. (7, Cp } ¢ =2 o B0 6.17
Wi RERITToME) | Pelme ) ©17
6.2.3.2.2. Dose calculation

In a manner similar to that used for the isocentric technique, the absorbed
dose in the presesce of the wedge can be calculated from the absorbed dese per
monitor unit Dy determined in reference conditions of the open beam

- gither by using the wedge factor in reference conditions K (g ,2g) with the

depth dose data related to the wedged beam (figure 6-8).

D'(z,¢,f5,w) = Dy -U-O;{c,w}ok;(zk,cajogﬁéw (6.18)

- or, by applying the wedge factor in weatment conditions K, {#,¢}and depth

dose data of the corresponding open beam

Pyiz,0fe)

100 (6.19)

D'(z,¢,05,w) = Dy s Us O {c) ok, (5,0)»

The expression of K, (z,¢} is given by relation 6,14 or 6.17,

6.2.3.3. Relation between the wedge factor determined in a large water phantom

and in a mini-phantom

Similarly fo equation 6.10, the relation between the wedge factor determined
in a large water phantom is related to the wedge factor in a mini-phantom according

1o

V{zg,Cp, W) (6.20)

Ko {Zg.cg) =K, fcg)e
(zgCz) = Ko uicg) T
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6.3, BLOCKED BEAMS

6.3.1. General Concepts

In radiotherapy, it is generally necessary to treat patients with bregular fields
in order to concentrate absorbed dose within the target volume and 1o minimise the
dose to adiacent healthy fissue. [n practice, this objective is achieved by interposing
shieiding blocks on a shadow fray at the exit side of the collimator or by using a
multileaf colimator. Their use resuits in a modification of the incident photon
fluence and consequently of the dose at the point of interest. The maedification of the
dose can be considered as a result of the following effecis

- partia} loss of phantom scatter due to the shielding of part of the phantom
volume by the blocks;

- attenuation of the photon fluence and producton of electrons by the shadow

tray used to support the blocks;

- modification in the number of photons and electrons seattered from the
collimator, the flattening filter and the air between the source and the phantom

surface:

- backseattered radiation from the blocks inte the beam monitor chamber;
- scattered radiation produced in the blocks.

As a first approximation, the dose in a blocked field at a point located on the
beam axis can be calculated from the dose measured under reference conditions in an
open beam by taking into acconnt the transmission of the shadow tray and the dose
modifications lnked to the reduction of field size by the shielding blocks, both being
measured at the reference depth. The dose variation with depth, from the reference
depth to the depth of interest, is considered by referring to dosimetric quantities (e.g.,
T, Py.) applied to the actual irmadiated field size defined by the blocks.

This simple approach allows the calculation of the dosc i treatment
congitions from the reference dose aceording to a formalism involving a set of factors
and dosimetric parameters measured only in a large water phantorn, i.e, both changes
in the incident photon beam and medification of the scattering volume are
simultancously taken into account. In the case of blocked beams, both the primary
and the scattered component of the dose are influenced in a complex way which

cannet easily be predicted by simpie relations.
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A relatively large number of measurements is therefore needed i order to take
into account the various configurations of biocked beams encountered in chnical
practice. For this complex situation, it is simpler o consider separately the
contribution of photons scattered from the weatment head and in the phantom. This
can be achieved in practice by measurements performed both with a mini-phantom
and a farge phantom. The mini-phantom allows to determine the output ratio O, and
the transmission factor of the shadow tray. The variation of Q4 depends only upon
the collimator senting and the equivalent field size ¢, should be calculsted from the X
and Y positions of the jaws (see section 5.6). If there is an influence of the blocks on
Oy, this influence should be determined in the mini-phantom.

The influence on the reference dose of photons scattered in the volame
delimited by the blocks is quantified by the volume scatter ratio V. V is determined
from measurements at the reference depth performed with the mini-phantom and in a
large phantom. In practice, V can be measured for some typical square fieid sizes
covering the scale of field sizes used in clinical practice {see section 8.5).

For the application fo the complex field sizes delimited by the blocks, the
equivalent field size sp (equal to So) should be caloulated using convenient computer
software, by the application of Clarkson's method (see section 4.6.2) or by application
of another published method. In some computer planning systems, the quantities
depending on sp {e.g. V. T, P) are calenlated directly from basic beam data.

In the foliowing sections, the two approaches for dose calculation in blocked
beams are presented. The first detailed method is based on measurements performed
with the mini-phantom and a large phantom. The second method is based on
measurements performed in a Jarge phantom only.

The proposed relationships for dose calenlation for blocked fields apply to
points located along the central axis. They are valid for any block configuration using

biocks positioned ouside this axis.
6.3.2, Isocentric Conditions

The reference conditions of depth 7y and distance between the source and the
point of interest fg are identical to those used for open beams (see chapter 5).

6.3.2.1. Dose caiculation based on measurements with a mini-phantom.

6.3.2.1.1. Transmission factor of the shadow tray
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The wansmission factor K, 4{¢) of the shadow wray is defined as the mto of the
doses measured with a mini-phantom under reference conditions (depth zg and
distance to the source fg) and for the collimator opening ¢ used for treatment, with
and without the shadow tray, for the same number of monitor units,

D, (2g,¢,0,)

6.21
D 2,0 621

kn,l(c) =

ko is assumed 1o be independent of the distance 1o the source provided that
the two doses are measured at the same distance. Ko depends slightly on the
collimator opening because of the additional photons scattered by the shadow tray.
This factor must be previously determined for the whole range of collimator opesin gs

nsed in clinical practice,

The mansmission factor K, is defined at the reference depth 7y (figure 6-9). It
is dependent on the depth of measurement. It will be closer to unity at shallower
depths due to the contribution of electrons and photons scattered from the tray,

K, varies with the photon beam quality for any given shadow tray but should

in principie be equal for a larpe phantom or a mini-phanton,

n, {zR,c,fR)

Figure 6-9. Diagram lustrating the definition of the mansmission factor of the
shadow wray ko measured in isocentric conditions with a mini-phantom,

6.3.2.1.2. Correction factor for modification of the dose by shielding blacks,

A factor Kop{e,8y) is defined as the mtio of the doses measured with 2 mini-
phantom under reference conditions, depth 2g, source 1o point of interest distance fy,
for the collimator opening ¢, with and without the shielding blocks. The field size s,
corsesponds to the field size defined by the blocks at fx (figure 6-10).
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D‘),i (za,c,fk} Do,i,(zﬂ,c, sb,t‘R)

Figure 6-10. Diagram ilustratng the definition of the correction factor kK, taking
into account the modifications in the dose due 1o the shieiding blocks. The factor kyp
is assumed to be determined in isocentric conditions with a mini-phantom,

The doses must be measured with the shadow tray in place. K,gincludes 2
possible variation of K., with the irradiated area of the shadow tray.

Dy 5 {Zg 0,8y, 1g)

(6.22)
Dy s{Zrstsfy )

ku,b(cisl}} =

.This ratio represents the variation of head scatter, when placing shielding
blocks on the tray. For most photon beam energies, K, does not differ from 1 by
more than 2%. However, K, has been found to present a variation ap to 3 % for 25
MYV X-rays when 80 % of the area of a 20 cm x 20 cm field size is shielded (Van
Dam et al., 1992). Smaller variations of k,, have been reported, for similar
conditions, by other authors (Luxton and Astrahan, 1988, Tatcher and Bjirngard,
1994, Lam and Ten Haken, 1996}

£.3.2.1.3. Dose caleulation,

The dose under treatment conditions B{z,c,8y.fr)} can be derived from the dose
per monitor unit under reference conditions Dyaccording to the following relation

{see figure 6-11}

Yiz,,s,)

L3 k , T \5 6.23
V{ZRSCR} o‘l{c)‘ mb{(ﬁ Sh} b(z "b} ( )

D(2,¢,8,,5,) = Dy ¢ Us Oy {c)®
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where

- Orgle) represents the output ratio measured with the mini-phantom at the
reference depth g for the field size ¢ at the distance fp from the

SONIEE.

V{rg,s,)

represents the ratio of the volume scatter ratios for the field sizes sy
V{Zg ;CR)

Op(s,)

and ¢y at Ty which is equal to .
. R eq 0,(5)

- T,(z,8,)  represents the tissue-phantom ratic measured with the shadow way in

the beam.

T values for z smatler than zg can be modified by the presence of a tray and
shouid be checked for the way-to-skin distances in practical use.

The definitions of depths z and zg. field sizes cg, ¢ and 8, distance fy are the

same as those used in Chapler 3.

Relation .23 can be re-writien as:

- G0}
D{z,¢,8,,f) = Dy o U ¢Oyis,)e O "{(s }

[l

vk, (e) ok, (¢85, )¢ T, (2,8,) {6.24}

6.3.2.2. Dose calculation based on measurements in a large water phantom.

6.3.2.2.1, Transmission factor of the shadow tray.

The ransmission factor K, of the shadow tray is defined as the ratio of the
doses measured in a large phantom at the reference depth g with and without the

shadow tray, for the same number of monitor units (figure 6-12)

- D, (2y, 0,8 )
k{c) mwm?)(zg,c,fn) 6.25)

As for K, k¢ is assumed to be independent of the distance to the source
provided that the two doses are measured at the same distance. k; can depend slightly
on the collimator opening. It also depends on the photon beam quality.

Typical values of k, which have been obtained at the reference depth and in &
10 ¢m x 10 cm field size at the reference source-skin distance, for a shadow way
consisting of 2 plate of PMMA, 1 cm thick, are 0.93 ina Co-68 y-ray bearm, 0.945 for
5 MV x-1ays (T g = 0.649) and 0.97 for 18 MV x-rays (Tyy,g=0.771).




b7

I)(zk,c, fp) Dt(zR,c, fr)

Figure 6-12. Diagram illoswating the definition of the transmission factor of the
shadow tray ky measured in isocentric conditions in & large water phantom,

0.3.2.2.2. Correction factor for modification of the dose by shielding blocks.

The factor ky, is defined as the ratio of the doses measured in a large phantom
in reference conditions, depth zx and distance to the source fy, for the collimator
opening ¢, with and without the shielding blocks, respectvely (fipure 6-13). The two
doses must be measured with the shadow tray in place ky, includes a possible variation
of k, with the radiated area of the shadow tray.

tray
fn fray
/ \
/ \
_ e ——— / \
Dt(zR 3 Cy fn) I%(ZR’ <, Sb’ fR}

Figure 6-13. Diagram illustzating the definition of the correction factor ks, taking into
account the modifications in the dose due o the presence of the shielding blocks, The
factor Ky is assumed to be detennined in isocentric conditions in a large water
phantom.

Dy (25,5, 1g) (6.26)

k (c,8, )=
PTTTD, gy )
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The correction factor kg(e,8s) includes both changes in head and phantom
scatter due to the presence of shielding blocks in the beam. Its determination, in
practice, i3 not obvious because if necessitates a lot of measurements in order to take
into account all configurations of blocked beams encountered in clinical practice,

Another way o obtain k), values is to consider separasely the effects of
shielding blocks on head and phantom scatter and 1o refer to the relation berween

measurements in a large phantom and in a mini-phantom:

koul€)  Vizg,s,)
. 6.27
k(o) Viug,c) €20

kple,sp) =K, 50,8, )0

As a first approximation, the transmission factor of the shadow tray k, can be
considered to be independent of the type of phantomn used for its determination {large
phantom or mini-phantom). The variation of k; values measured at depth 2z has been
found to be less than 1 % for 10 ¢m x 10 cm and 20 cm x 20 cm fleld sizes both in
80Co y-ray bearns and in 18 MV x-ray beams. For these situations k, can be taken

equal fo Ko,
V{zy,8,)
Vizg,c}

Sy and ¢ delimited by the blecks and the collimator at fp, respectively.

represents the ratio of volume scatter ratios at 2y for the field sizes

The velume scatter ratios V¥ are experimentally determined from

measurements in a large phantom and a mini-phantom.

6.3.2,2.3, Dose Calcalation

In isecentric conditions, the dose B{z,0,5.,Ffx) at depth 2 for 3 collimator
setting ¢, an irradinted square field size defined by the blocks s, and distance o the
source fg, is related 1o the dose per monitor unitdy in reference conditions {zg, Cx, fx)

by the following equation !

B{z,0,5,, 8, ) = [')R sUeG{c)ok (c)ek, (0,5,)0T (2,5,)
(6.28)

The different steps between Dy and D are shown in figure 6-14.

In this refation :

- Oglc} represents the output ratio measured in the large phantom at the
reference depth 7y in the open beam for the field size ¢ at the distance fy

from the source .
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- Ty{2,8,} represents the tissue-phantom ratio measured with the shadow tray in the
beam. It can be approximnated by the tissue-phantom ratio measured in
the open beam for the same field size when considering the depths z
greater than the reference depth.

Substitution of equation 6.27 inte equation 6.28 now yields:

Vi{z,,s,)

Vo) ok, {ciok, (05,30 T, (28,) (629

D(z,¢,8,,1,) = D, ¢ U» 0, (c)e
A comparison of equatons 6.24 and 6.29 shows that the equation 6.29 starts

with the output ratio for the unblocked field and corrects for the difference in
phantom scatter between the blocked and unblocked fields. Equation 6.24, on the
other hand, starts with the cutput ratio for the blocked field and corrects then for the
difference in head scatter for the field sizes corresponding to the biocked and
unblocked fields,
6.3.3. Fixed Source-Skin Distance

!

When the treatments are performed at a fixed source-skin distance, the
distance and the field are usually defined at the skin of the patient, In reference
conditions, they are identified by the symbols £ and g, respectively (see section

5.5.1.13%
6.3.3.1.  Daose calcolation from measurements with 3 mini-phantom

6.3.3.1.1, The transmission factor of the shadow mav is given by

D}, (7, ¢, fy )

2 - (6.30
2)() (ZRQ‘:’ R} )

ko sle) =

Kk (. like ko, is defined as the ratio of two doses measured at the same

distance from the source (figure 6-15) and can be considered to be independent of the
distance to the source, i.e. as a first approximation k; ,{¢) = k. {c).
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Dy(eg,e,fg) Diyy (s ¢, Fiy )

Figure 6-13. Diagram illustragng the definiion of the transmission factor of the
shadow tray k, measured at the reference source-skin distance f§ with a mini-

phantom.

6.3.3.1.2. Comection factor for medification of the dose by the shielding hiocks,

The factor k;', +{6,5,} is defined as the ratio of the doses measured with a mini-
phantom under conditions (g fy ) for the collimator opening ¢, with and without the

shielding blocks and shadow tray (figure 6-16). The field sizes ¢ and s, delimited by
the blocks are defined at the distance between the source and the phantom surfaceff

Dl (2,8, 13) | 6.31)
Di (2g,¢,fg)

k’i},b(c!sh }=

f*
R A
W e
/ T
L
/ ‘%””A\‘“““”“—“/ﬁlm -\
D'o,t {st < r!}{ } D{;,b (ZR, 8 h? f'R}

Figure 6-16. Diagram illustrating the definition of the correction factor kj ,, taking
into account the modifications in the dose due to the presence of the shislding blocks.
The factor kj, 4, is assurned to be determined at the reference source-skin distance fg

with a mini-phantomt.
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6.3.3.1.3. Dose calculation,

The relation between the dose under treatment conditions P and the dose per
monitor unit Dg under reference conditions is (see figure 6-17):

: Vizp,sy) ., . . Pry(zsy,fR)
D(r.C.5s, n =D s UsOf(c) o LB D0 g gf ()oK, {0,8,) # o (6,32
(!,C, he R} R 0( ) V(ER,C;O g‘g{ ) o.l;{ b) 166 ( )
where ;
~gle) is the output ratio measyred with the mini-phantom at zg for the

field size ¢ at fg -

fn + % fo+% .
- ¢cp and s;  are equal o cp . Rf, R and sp o2 o R respectively, cx and S
® R
being defined at the reforence distance fi -

AT is equal 1o the ratio of output ratios : Oglsy)
Vizg,cx) O4(s,}

Relation .32 can be re-writien as; :

0,0 ,
0;(s,)

Pn‘b{z,sh,f{{}

100 (6.33)

D'{2,¢,8y,85) = Dy s U Og{s,) ¢ Ko (o) oky  (c,8,)»

£.3.3.2. Dose calculation based on measuremenis in a large water phantem

6.3.3.2.1, Trangmigsion factor of the shadow ray
The transmissien factor k{(¢) of the shadow tray is defined as the ratio of the

dose values measared in a large phantom af the reference depth zg with and without

the shadow tray for the same number of monitor units {figure 6-18). The two dose
values are assumed to be measured at & source-phantom surface distance £ and for

the collimator setting ¢ defined at this distance.

DAz, 6, 2)
Ki(¢) = —LR202RI (6,34
() D {zg,¢,8) ©.34)

k: is assumed w0 be independent of the distance {o the source in the usual

range of treatment distanees, Le. ki{eks kde).
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. tray
7
D (20, g ) D, g, & g )

Figure 6-18, Diagram illustrating the definition of the ransmission factor of the
shadow tray ki measured at the reference sousce-skin distance fy in a large water
phantom.

6.3.3.2.2. Correction factor for modification of the dose by shielding blocks.
The factor ki is defined as the ratio of the doses measwred in the large
phantom at the reference depth 7y, for the fickl ¢ under consideration atfy, with and

without shielding blocks (figure 6-19), The shadow way rmist be used for these

MICASUITMOnts.

Df " s

kp{e,8y) = m&%}‘ﬁl (6.35)
(zg,c,13)

The factor k; depends on the collimator opening and the position of the

shielding blocks with respect to the beam: axis.

blecks

A

D'y (g, & g ) By, (25 € Spe g )

Figure 6-19. Diagram illustrating the definilion of the correction facter ki, wking
into account the modifications in the dose due to the presence of the shielding blocks,
The factor kj, is assumed to be determined at the reference source-skin distance f in
a large water phantom.
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Ag discussed for ky (see section 6.3.2.2.3.}, its determination in practice is not
obvious and necessitates an important number of measurements in ordes to take into
account the most common configurations of blocked fields used in clinical practice,

Nevertheless, a possibility 1o obtain ki values is to refer to some
measurements performed with a mini-phantom and to apply the following equation

ko () . Viey,sh)

6.36
Kifo)  Vizg.e) 6.36)

k(e sp) =kon(c,s)e

- as a first approximation. k{ (¢} = K, (¢}

Vizg,,s0) . \ .
- wgmgw’m‘?w represents the ratio of volume scatter ratios at zg, for the ficid

Vizg.c')
sizes sy, and ¢ delimited by the blocks and the collimator at £y +2g, respectively,

3323 D culation

In fixed source-skin distance conditiens, the dose ¥ (z,¢,8p,f5 ) at a depth 7,

for a collimator setting ¢, an irradiated square field size defined by the blocks s and
for a source-skin distance fg . can be calenlated from the dose per monitor unit Dy

measured in reference conditions (zg, tg, fy ) according 1o the equatiosn :

R P, {58, 1L
Des0f) = Dy U0 @e kit s ey o 2220 (g,

All the dosimetric quantities and factors used in equation (6.37) refer to field
sizes (¢ and sy} defined at the source-skin distancefy .

The different steps used to derive D'(2,¢,8,,84) from Dy, are shown in figure
6-20,

Substitution of equation 6.36 into equation 6,37 yiclds:

Pp 6 (25,02
106

Vizg,s.)
Vizg,e")

D(7,¢,5,,05) = Dy s Ue Of{c) e ok, () ok, {c,85)® (6.38)

6.4. COMBINED WEDGED AND BLOCKED BEAMS

When the treatment is performed with a wedged beam including shielding
blocks, the caleulation of the dose under reatment conditions from the reference dose
per monitor unit is not straightforward. In this complex situation, it is recommended
to refer 10 measurements performed with the mini-phantom in order to separate the
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contributions of head and phantom seatter linked to the different beam modifiers
{wedge filter, shielding blocks}.

According to paragraphs 6.2 and 6.3 and keeping the same definitions and
symbols for the parameters as used before, the relations for the dose caleulaton are

- Under isocentric conditions :

DB{z,c,$y, fR, W)= ]-:}R U OI}{C’ w)e %‘Eﬁ?““,‘;} * kn.w(cn Je ka.t{C) . ke,b{ca Spie T(Z,SMW}
Zps iR . .

{6.39)
- Under fixed source-skin distance ;

Vizg,sp, W)
Vizg.cg)

] * | (ZS H! W}
k. {enisk! (e)ek’ ST Sonie ok 20 L S AMES
o,w{ R} t:,t( ) a,b(csbb}' 106

(6.403

D'(z,0,8,,f, W)= i};; etle O {c,wie

in the derivation of the equations, it is assumed that the modification of the
reference conditions by introducing wedges or blocks in the open beam, can be
handled independently.




7. MONITOR UNIT DETERMINATION FOR DISTANCES
OTHER THAN THE REFERENCE DISTANCE

7.1, INTRODUCTION

Chapters 5 and 6 give the equations for dose calculations under wreatment
conditions for open and modified beams respectively, for a treatment distance equal
to the reference distance. For teatments performed at a distance which is different
from the reference distance, modifications arise in the primary photen fluence, (ie. in
the photon fluence coming directly from the target, scattered in the treatment head,
and auenuated and scattered in the bearn modifiers) and in the photons scattered in
the frradiated volume. Two different approaches are considered to take distance

variation into account

"The first approach is 1o adopt a separate set of reference conditions for this
new treatment distance, which requires the determination of the various dosimetric
parameters for this new distance. If this distance is not very different from the
reference distance, then an approximation may be made by assuming that some
paramneters are independent of the distance. These parameters concern the ratios of
two doses measured at the same distance from: the source. These include output
ratios O, volume scatter ratios V, tissse-phantom ratios T, ransmission factors for
the shadew tray k, and shielding biock factors k. Other factors mast be remeasured,
Using this approach, the standard formujae developed in chapters 5 and 6 may be

used directly,

The second approach involves calculation of the distance dependent
parameters from the reference data. This necessitates a complete separation of head
and phantom scatter contributions, requiring measurements both in a mini-phantom
and a large phantom. This second approach which relies on one set of reference

conditions is the recommended one.

The present chapter reports the relations to be used for dose calcslation in
each of these two approaches. The relations are given for open, wedged and blocked

beams.
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7.2, MONITOR UNIT DETERMINATION USING MEASUREMENTS AT THE
TREATMENT DISTANCE. ‘

7.2.1. Reference Conditions for the new Treatment Distance

The source-phantom distance taken as reference distance is £}, corresponding

to the source-skin distance used for the treatment.

Sy and zg are the reference field size defined atff and the reference depth,
respectively,

D}{zk,sn,f{.) is the dose per monitor unit measured in a large phantom

under these conditions and is the new reference dose,

7.2.2. Open Beams

The dose under wreatment conditions D} {z,,5,{) can be obtained from Df

according to 3 relation similar 1o elation 5.13:

+ ] :
DYy (2,5, fr) = D, o U 0 07 (s) o L22STE) .1
160
where
- & is the rreatment field size at the skin-scurce distance fr.
- 05 (s) is the output ratio measured in a large phantom: under the meatment
condidons.

- ?&%mle is the reference percentage depth dose at depth z, for the field size §

at the source-skin distance 7.,

If £y is not too different from fg, Pr(z,5,f;) can be calculated from Polzsfy)

according to the relations given in Appendix 1.

7.2.3. Wedged Beams

The dose in treatment conditions with a wedge filter w in the beam
D {z.5.8y,w} is related to D5 by an expression similar to relation 6.18.

Pp{z,s,f7,w) 712

Df{(z,s,f«},w} = fo efie fz*(ssw)’k;(?«msg}‘ 100
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where:

-8 is the treatment field size at the source-skin distance fr.

- ki (#y Sg) is the wedge factor measured in a large phantom at depth 7y for the

reference field size sg defined at £y,

Ppiz,s,fq,w)
168

dose measured in a large phantom at the source-skin distance 5
with the wedge filter in the beam. They can be related 10 the

corresponding guantities in the imwedged bearn by the relation 6.17,
using the wedge factor ki, (z,s) instead of ki, (zg 83 ).

- O, w) and are the output ratio and the reference percentage depth

7.2.4. Biocked Beams

The dose under treatment conditions with shielding blocks on a tay in the
beam D;(z.8.5,,85) can be derived from D7y according fo a relation similar to

equation 6.37.

Py o (%8, E’fi

D4 (7,8,8,, ) = Dy o Us O (s} o kj(s) o ki (5,5, ) ™ (1.3

Where :

-8, Sy are the treatment field sizes at the source-skin distance fy defined
by the collimator and the shielding blocks, respectively.

- OLs) is the output ratie measured for the field size s at f in a large
phanton.

- ke{s) is the ransmission factor of the shadow tray measured at f; (see
Chapter 6).

- ki 65,8,) is a correction factor taking into account modification of the dose

caused by the shielding blocks (see Chapter 6}, The methods
proposed for the determination of k] and kj are given in Chapter 6.

A Pp 5 {28y, f1)

™ is the reference percentage depth dose at depth 2, for the ficld size

sy at the source-skin distance 1. It can be calcoiated from the
reference percentage depth dose measured at £y according to the

relation given Appendix 1,
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By aking into account relationship 6.36 between k; ok{ and kj, oK}y,

refation 7.3 can also be written as :

e s V{z S} } PR h(E,Sb, f{;} -
D3 (2,8, 85, 5) = Dy ¢ U O(8) 8 B ot (o k! (5,5, Yo Rl D000 IT) oy
T(! 5 -1} S ’;‘( ) V(ZR,S'} ,t{ ) ‘h{S,‘yb)o o0 (7.4)

where s, and 8’ are the field sizes at the distance 742 from the source and defined by

the shielding blocks and the collimator, respectively.

7.3. MONITOR UNIT DETERMINATION USING MEASUREMENTS AT THE
REFERENCE DISTANCE.

7.3.1. Use of Isocentric Conditions as Reference

The reference conditions are those defined at the usual treatment distance,
which is different from the distance under consideration fy.. The reference distance fy

is the distance between the source and the point at reference depth zy (isocentric
conditions). In this case, the reference dose per monitor unit Dy is measured at depth

#g with field size ¢g at this level.

7.3.1.1, Open Beams

The dose under treatmeni condlitions D1(z,8,]) is calculated from the
reference dose D‘r secording to the following relations based on measurements
performed with the mini-phantom (figure 7-1).

i
fo |, Vig,s)

*T(z,s 7.5
fr+z]  Vizg,eq) @s’) 75

Di(2,5,f4) = Dy « U0y (c) -[

In this relation :

- ¢ ands’ are the treatment field sizes defined by the collimator at fy and
fr42, respectively

- Ogfe) is the output ratio for field size ¢ measured with the mini-phantom
Vizg, s . . .
- ..“.L!L’._l is the quotient of two volume scaster ratiog

V{zg.cg)

Assuming that V is independent of the distance from the source, as indicated
in section 4.5.1, the ratio of V values can be considered, as a first approximation, to

Og{s"
be equal to —2—2
0.6
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~T(x, 5} is the tssue-phantom ratio at depth # for field size 8. Tt is assumed
to be independent of the distance from the source.

7.3.£.2. Wedged heams

According to figure 7-2, the relation between the dose under teatment
conditions I¥ and the reference dose per moniter unit Dy .can be written

2
Tk } ORI g en) # Tas'sw)

D (2,5, %, W) = Dy -Utoe{c,w}t[

fr+z Vieg,cq)
(1.6}
With !
o treamment depth
- gt reference depth
- cpande: reference and treatment feld sizes defined by the coilimato_r atfy
- sands’ treatment field sizes defined by the collimator at ff and {74z
In relaton 7.6,
- Oale,w) represents the output ratio for field size ¢ measured with a mini-
phantom at fg with the wedge filter in the beam.
w Kowltp) is the wedpe factor measured with & mini-phantom for the field size

cg at Fy. The factor K, w(cg} is related to the wedge factor Ko {zg,Cr)
measured in reference conditions {zg,er.fg) in 2 large phantom
according to the relation
Vizg,c
( [44 R) (7:7)

Kowler)=kalzgson) * m:;)"

where :

Vizp,op) and V{zg,cr,w) represent the volume scatter factors measured In
reference condigions without and with the wedge filter in the beams, respectively.

Ry combining relation 7.7 and the following relation between the output ratios
Or, Ogand V., '
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V(stgsw) _Ops,w)
V(g 05, w) - O (s',w} {7.8)

relation 7.6 can be also written as ;

3
: O, {c,w) f

Doz, 5, fe, W= Dy s U e Op (8, whe Ll Bl ok (2,,00)9 (7,5, W) (7.9

TFhiéairiTs } B R ¥ } 00(5’,“’} f:;.»%z \ar(,;v R) (39 ){ )

The output ratios Og, Oy, the wedge factor Ky and the tissue-phantom ratio T

are assumed 1o be measured in the wedged beam at the reference distance between the

source and the point of interest equal to fy.

7.3.1.3. Blocked beams

According to figure 7-3, the relation between the dose under treatment
conditions I} and the reference dose per mouitor unit Dy can be written as :

2
£ )
R J o Y(zg,5p) sk, (8D0k, (5,5, ) o T (2,5, )

D (2,8,5,, 81} = Dy o U 0y (e) {

fe+e]  Vizg,egp)
with (7.10}
-z treatment depth |
S reference depth
- &g reference field size defined by the collimator at f
- sands’: field sizes defined by the collimator at £, and f7+2
- Sy ands, : field sizes defined by the shielding blocks at £] and fr+z.

Inreladon 7,106 ;

- CGo Kop and k,p  refer to the ontput ratie, the transmission factor of the shadow
tray and the correction facter for dose modification induced by
shielding blocks, measured with a mini-phantom.

[t

v{
V{zg,

represents the ragio of two volume scatfer ratios, As a firss

Oyfs',)
0.(s",)

1
TS
‘:R

)

approximation, it can be considered equal to
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Based on these considerations, relation 7.10 can be rewritten as

]
» ’ - : £ 0o (C) ’ PR l
D3 (2,5,5,, 1) = Dy ¢« Ue Oy (57 ) e [}“ﬁ?} d “{“}“;QE;“;“)“ oK, () ok, (s"50 ) o T lz,5])
{7.11)
The tissue-phantom ratio Ty, the output ratos Oy and Oy are considered to be
measured at the reference depth zg and at the reference distance fr. They are
assutned to be independent of the distance from the source.

7.3.2. Use of Fixed Source-Skin Distance Measuremenis as Reference

The reference distance £y is the distance between the source and the phantom

surface, the reference field size being defined at this level, In this situation, the
reference dose per monitor unit, measured at depth zg, is Dg.

The treatment distance is £ which s different from £5.

7.3.2.1, Open heams

The relation between the dose under reatiment conditions Diyizs,£0) and the
reference dose Z');t is (figure 7-4%

2
: p T T v o £y S, £
(2,500 = D ¢ Us O (c)e {f‘ o3 (ZR’S, ) o Pelosify) (7.12)
fot+ g Vizg, 00} 100
where
- €q is the reference field size at fo+ 2,
- 8" is the reatment figld size defined by the collimator ar f{+7g
- O () is the output factor for the field size ¢ at £}, measured with the
migi-phantom
- m is the quotient of two volume scatter ratios. As a first
Vizg,cg)

Oyis)

approximation, it can be taken equal to -2




88

“H 5 52UBISIP UINS-0QIOS IOUVIALOI SY) I8 PAMSESLY HWQ SHOBIPUO) 20UD1033! JOPUN J1um Jojuows Jad 3sop oy twoxg H coumsip

UIYS-205008 B 18 Wweaq uade UE Uy SUOHIPUOD 1WUNER Ipun osop o1 Juiauap 1oy sdais Juarsygp o Buneasny wedery g4 oy
H
(La's7) iy

(Lisaig

Uy

{a¥na ™ o




89

- M 18 the reference percentage depth dose at depth z, for the field size s

1668
at the source-skin distance fy. It can be caiculated from Py(z,5,f})
according to the relation given in Appendix A.l
7.3.2.2. Wedged beams

The relation between the dose under treatment conditions D{z,s,fp, w) with
the wedge filter in the beam and the dose under reference conditions DV (2g,Sq,f5) is

¢{figure 7-3).

2 " T4
Dy (55,6, w) = D e UnOjfe,wye| BEER | VOSTW) 0 oy PalEos )
£+ Vizy,cx) ’ 100

(1.13)

where
- zpand are the reference and freatment depths,

- cg and ¢ are the reference field sizes defined by the collimators at ff and

f§+ .

- 5 ands” are the treatment field sizes defined by the collimasor at £ and £+
In,

- is the treatment field size corresponding to s, defined by the

collimator af fg,

- kj witgr) is the wedge factor measured with a mini-phantom for the field size
cg at fiy,
- Ogfe,w) is the output ratio measured with 8 mini-phantom for the field size ¢

at fy with the wedge filter in the beam,

According to the same considerations as presented in paragraph 7.3.1.2., we

can wrie ;
, Vizg.ch)
K. wleg)m ki {z5,0p )R R0 {7.14
l},“{ R { Ry R} v{zﬁ,cyk,w) )
v ,' i »
and (258", w) _ Of(s,) (7.15)

V(zg, ', W) Opfs,w)
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By substituting equations 7.14 and 7.13 in equation 7.13, one obtaing the
general relation between the dose Dy in treatment conditions and the dose in

reference conditions Dg:

, , 2 .
D/, 7, %) = D s Ue O (s,w) e O’f(c’w) . f’f FI | oK, (2 cp) R ST 3 W)
Ogls,w) | fr+zy 100

(1.16)

where |

- 0Oy and Of represent the output ratio in a large phantom and in a wmiai-phantom
at depth 7p for the ficld size under consideration and with the wedge
filter in the beam,

- Bwizg, cg)  is the wedge facior measured in a large phantom at 2y and for the
reference field size cg atfy .

The output ratios Of, O and the wedge factor ki, are assumed to be
measured in the wedged bearn at the reference source-phantom surface fy.

The percentage depth dose P is assumed to be measured at the treatment
distance under consideration 1 or to be calcolated from the percentage depth dose
measured in the wedged bearn at the reference distance fy according to the relations

given in the Appeadix A-1.

7.3.2.3. Blocked beams

The relation between the dose in wreatment conditions Didz,s,8,,%7) and the

reference dose is Dy (figure 7-6) :

Py 1, (2,8, Fp)

2
.r+.. r _'”
A ng e V%) L yr (s)eks, (s,5,) 0

Dy (25,5, 67} = Dy o U O (¢, w) *[

fotig Vizg,cp) 100
(7.1
with :
- %2 reatiment depth
< 2Rt reference depth

- ¢pand o ¢ reference field sizes defined by the collimator at £ and £+ 2z,
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- field size defined by the collimator at fy and corresponding to the

cellimator setting during reatment

- g field size defined by the collimator at the treatment source-skin
distance fy '
- s,andsy © weatment field sizes defined by the shielding blocks at £ and £+

g, respectively

- 0y , kg, and kg, 5, the output ratio, the transmission factor of the shadow tray and

the correction factor taking into account the presesice of shielding
blocks in the bear; all measured with 2 mini-phantom.

s

. . . 0 .
By replacing the guotient of the volume scarner ratios by (}i’t . the relation

<+

between Dy and Df can be written as:

Py (2,8, 1)
10

(7.18)

’ . . 2
D (2,5, 1) = Dy *ﬁ*()g{sz,}*m'[m;! o (5) oKLy (5,50)
olSe) [ Fr iy

The output ratic (3, the correction factors X, and k,, and the volume scatter
factors 'V are assumed to be independent of the distance from the source. They can be
measured at the reference distance .

in this method, the perceniage depth dose Py, is assumed to be measured ag
the treatment distance under consideration fy or to be calculated from the percentage
depth dose Py measured at the reference distance £ according to the relations given

in Appendix A. L.
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8. MEASUREMENTS

8.1, INTRODUCTION

The main purpose of this chapter is to describe how to measure the various
physical quantities discussed in this report. These quantities concern the output per
monttor unit of the treatment machine under reference conditions and a number of
refative quantities required for the various MU calculation procedures. Each of these
measurements requires special instrumentation, well described measarement
procedures, specific phantom matesials and quality control procedures. Although
ample information on dose determinations under reference conditions can be found in
the various dosimetry protocols and quality assurance documents that are already
available, it is useful to summarize in this chapter in more detail those procedures and
data required for the experimental determination of the physical quantities reguired
for MU computations.

8.2. DOSIMETERS
8.2.1. Dosimeters for Dose Determinations under Reference Conditions

An ionization chamber in combination with an electrometer is the only
dosimetry system recommended in modern dosimetry protocols to be used for dose
determinations under reference conditions. Each radiotherapy centre generally has
access to a number of dosimeters used for such 2 "beam calibration”. At least one of
these should be designated as the local reference dosimeter used solely to calibrate the
other instruments. The number and type of chamber allowed as local standard in a
parsicutar dosimetry protocol varies therefore considerably as discussed elsewhere
(Mijnheer et al., 1993}, Hach local reference chamber will have a calibration Factor
traceable to a primary or secondary standard and will be recalibrated at regular
intervals (for example, every 2 years), The certificate of calibration will specify
various perfermance elements, such as leakage rate, zero setting accuracy and dose

linearity, as well as:
- energy specification of each calibration beam,

- the resultant calibration factor (exposure, air kerma or absorbed dose
ta water per instrument reading),

the atmospheric conditions to which the calibration applies.
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The local reference chamber should be kept in @ secure. well-controlied
environment. It should only be used by experienced staff. Field instruments are
those used routinely within the centre for the measurement and calibration of
radiation beams. Each field instrument used for calibration must itself be calibrated
against the local standard, and should be recalibrated at regular intervals (e.g. every

year).

The conversion of a measarement in a hospital using 2 field instrument at a
specific photon beam quality, to absorbed dose to water using a calibration factor
obtained from a standards dosimetry laboratory is a non-trivial problem, This
procedure is complicated because most standards Jaboratories do not have the same
beatn qualities as used in radiotherapy centres. Therefore generally the starting poing
of 4 beam calibration is 2 %0Co air kerma or exposure calibration factor. In some
standards desimetry laboratories absorbed dose to water standards for 60¢o gamma-
rays and high-energy X-ray beams are becoming available, Such a procedure
facilitates the beam calibration in a hospital, but these facilities are not yet generally
available. IAEA TRS 277 and several nadonal dosimetry protocols describe in detail
how the transfer of calibration factors to the local instruments and the conversion of
iopization chamber reading to absorbed dose to water should be performed for
different types of ionization chamber. By following the procedures recommended in
these codes of practice or protocois in detail, the calibration factor of the field

instrumnent is traceable to an appropriate primary standard,
8.22, Dosimeters for Relative Dose Determinations

Most quantities discussed in this report require oaly relative dose
measurements. For instance cutput ratios, wedge factors and tray factors are generally
determined as the ratio of two readings of an ionization chamber. Most types of
cylindrical air jonization chambers applied for absolute dose measurements are also
saitable for this type of measuremnent. Also percentage depth dose curves or tissue-
phantom ratio dat can in principle be measured using such a type of field instrument.
For relative measurements performed with cylindrical ionization chambers the
effective point of measurement of the chamber should be taken at a fraction of the
chamber radiug in front of #s centre (e.g. see JAEA, 1987).

It order to measure the large number of relative dose values required in
clinical practice, water phantoms are available in which an fonization chamber can be
scanned in two or three dimensions. Many manufacturers that produce these devices
provide, in addition, small fonization chambers especiaily suited for relative dose
measurements. These thimble type chambers have an inner diameter of sbout 4 mm
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and a length between 10 and 15 mm. The chambers are elther waterproof or are
encapsulated in waterproof rubber. Because the dimensions and composition of the
wall material is generally not known exactly, these chambers are only suitable for

relative measyrements.

Plane-parallel chambers are matnly used for the absorbed dose determination
in low-energy electron and X-ray beams. They might, in principle, also be used for
relative dose measuremenis in high-energy photon beams but are unsuitable for
"beam calibraon” because relizble data on wall correction factors {kapt, ki, Pwail)
are not available for most types of parallel-plate ionization chamber. Seme of these
chambers have very thin entrance walls which make them particulariy useful for
measurements in the bulld-up region. A review on the use of plane-paraliel chambers
has recently been given by Nahum and Thwaites (1993),

It shouid be noted that ratios of ionization chamber readings are only equal to
ratios of dose values if the stopping power ratio water-to-air and perturbation
correction factors are independent of field size and depth in the phantom. It has been
shown that this is & valid assumption in clinical dosimetry exceps close to the surface

in the build-up region.

Diodes are also applied for relative dose measurements. Due to their energy
dependence it is difficult to predict if changes in diode readings are equal to dose
variations. For that reason the back of some detectors has been covered with
mngsten/epoxy layer to shield the diode from low-energy back-scautered photons,
Such a shielding is particularly impeortant in low-energy beams and at greater depths
in phantoms. Perceatage depth doses obiained with such an energy-compensated
diode do agree generally within reasonable Hmits with ionization charnber data over a
wide range of radiation qualities, field sizes and depths, Also for off-axis ratio
measurements, both in air and in phantom, these diodes give reasonabie agreement
with lonization chamber data. The use of diodes in a beam of an accelerator applying
a high frequency field might cause unexpected readings due fo disturbances by the RF
field. The magnitude of these deviating readings depends on the time constant of the
electrometer, Le. if the integration is too fast. For accurate dose measurements, a
comparison of diede readings with lonization chamber measurements is always
required for some extreme geometries and might reveal unexpected deviations
{Karisson et al., 1997).

Film dosimetry is an attractive alternative to fonization chambers and diodes.
Film has a high spatial resolution, it can be inserted into radiation fields with a
minimum perturbation and only shost accelerator beam times are required. However,
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film response varies with many parameters such as film processing procedure and
variation in photon beam quality with depth, field size and irradiation geometry. For
that reason £ilm has to be calibrated under circumstances similar to those uander the
actual irradiation conditions. If, however, the necessary precautions znd corrections
are apphied, film dosimetry is a simple, aceurate and fast method to measure relative

dose distributions for a range of megavoltage photon beam energies.

A review of the various methods for relative dose determination can be found
at several places {e.g. Khan, 1984, Horton, 1983},

8.2.3. Operational Corrections of Ionization Chamber Readings

In order 10 derive the absorbed dose to water in 2 phantom from an ionization
chamber reading, & number of correction factors has to be applied to obtain the same
reference conditions during calibration and phantom measurernent. These operational
corrections concern the effect of temperature, pressure, relative humidity, lon
recombingtion and polarity on the ienization chamber reading.

Temperature and pressure,

As atnospheric cenditions change, a temperature and pressure correction must
be applied to the reading in order to account for the difference relative 1o the values
stated in the calibration certificate. It is therefore esseatial i performing
measurements (o ensure that equipment has had sufficient time to reach equilibrivm
conditions. In particular the relevant temperature is that of the phantom in which the
chamber is to be used and the relevant pressure is the actual pressure at the place of

measurernent.

There are some situations where corrections for temperature and pressure are
act appropriate, e.g. when using ionization chambers which are intrinsically sealed,
with no gas exchange with the surrounding atmosphere. Some instruments correct
antomatically for emperature and pressure changes for instance by using internal
temperature and pressure transducers. Care must be mken with instraments of these
types to ensure that they are either totally sealed or that any correction has been

applied correcty.

Humidity

The response of an icnization chamber is affected by the amount of water
vagour within the ¢ellecting volume which affects both the mass of air present and
the W/e value. The magaitude of variation is smail, less than 0.3%, in comparison o
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the other environmental effects. Hence, for a chamber calibrated by a standards
laboratery at a relative homidity specified as 50%, no significant error will be
introduced if no correction for humidity is made. Some ionization chambers have
walls made of A-15) plastic or graphite-coated nylon. Such materials are
hygroscopie, and the deformations produced by changes in water content can cause

substantial changes in sensitivity,
ton recombination

‘The polarizing voltage across an tonization chamber limits the amount of ion
recombination which can occur. The extent of this recombination depends upon the
design of the chamber and the rate of ion production (i.e. instantancons dose rale) as
well as the applied voltage. Linear accelerators preduce radiation in pulses, and
hence have a much greater instantaneous dose rate than cobalt units. Scanned beamn
systems produce even greater instantaneous doge rate, and therefore suffer more from

recombination.

Various correction methods (o account for ion recombination are available,
Eguations for calculating the ien recombination correction factor can be found in the
various protocels. Because the applied voltage, V, as well as the distance between the
electrodes is important in these calculagions, it is secessary to check whether this
distance corresponds to the manufacturer's specification. The recombination
correction can aiso be assessed experimentally by plotting the reciprocal vatue of the
reading against the reciprocal of the square of the high voliage, or by using the two
voltage method, as described in IAEA Report 277 and most desimetry protocols,

For most ionization chambers the jon recombination factor is close to unity for
cobalt units. For pulsed accelerator beams the correction is generally less than a few
per cent for most types of ionization chamber. Only for scanned beams corrections

up to 20% occur for some types of ionization chambers,
Polariry effect

The polarity effect, defined as the difference in response in making identical
irradiations of the chamber with and without reversed polarity, is generally well
below 1% for cylindrical chambers in photon beams. For plane-paralie]l chambers the
polarity effect can, however, be larger as discussed by Gerbi and Khan [1987] and is
due 1o the lack of charged particle equilibrium. This effect is particularly impertant
for percentage depth dose and tissue-phantom ratio measurements in the build-up
layer. Chamber design and electron contamination of the beam, and thus field size,
therefore influence the magnirede of the polarity effect. At depths where electron
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equilibrium exists, the positive charge produced by the ejected secondary electrons is
compensated by the negative electrons stopping in the collector, thus offsetting the

polarity effect.
Cable effect

Irradiation of the cable of an fonization chamber must be avoided as far as
possible, as the radiation can induce a charged particle flow across the cable. The
passage of these particles into or away from the central core of the cable can modify
the signal, and hence lead {0 inaccuracies in dose determination. This effect will be
different in-phantom from irradiatdon of the cable in air. At high photon beam
energies the effect will be large in air particularly for thin cables because the central
core of the cable will then be in the bulld-up region. For such a situation a
considerable polarity effect will also occur. If by inappropriate design or construction
of the ionization chamber, air cavities are present in the stem or in the connection
batween the stem and the cable, an additional signal will be measured if the field

inciudes this part of the stem or cable.
The cable effect can be measured in two ways:

(1) The chamber is positoned with its axis parallel or perpendicular to the long
axis in the centre of an exwremely elongated field thus including or avoiding

the irradiation of the stem and cable.

{2)  The ionization chamber is positioned in the centre of an extremely elongated
field with various lengths of the cable shielded with blocks,

In weil-designed iomization chambers the cable effect during measurements in
a large water phantom can be negligible. For measurements in air, Le. in & mini-
phantom, the cable effect can often no longer be neglected and should be determined
experimentally. The cable effect varies also with field size and will therefore directly
influence the determination of guantities such as Oglc) and V{zs).

Stem effect

Tonization chambers should have insignificant stem effects caused by scatter
from the stem modifying the dose within the collecting volume. The magnitude of
this effect can be determined by investigating the effect of introducing & dummy stem
opposite to the actual stem. In well-designed chambers the stem effect at
megavoltage photon energies can be less than 0.2% of the reading and can be

effectively ignored.
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8.2.4. Quality Control of fonization Chambers,

in order t ensore high accuracy in the absolute dose determination, it is
essential to confirm that the sensitivity of the field instruments remains constant. The
factors which may be expected to vary the calibration factor of a field instrument
include changes in the calibration factor of the local reference chamber and damage
of or maintenance work to the field instrument which may be expected 10 cause a

sensitivity change, such as thimble cap replacement.

In the absence of these, the derived calibration factor is expected to remain
constant with time for a correctly functioning instrument. Random uncertainties in
the calibration process will cause some variation from one calibration to the next. It
is therefore wseful to adopt a calibration window {e.g. +/-0.5%) within which no

change in calibration is deemed to have occurred.

The sensitivity of the jonisation chamber must remain constant from one
calibration event to the next. The consistency may be checked by subjecting the
chamber to a known radiation field. One way to achigve this is by using a fixed
arrangement of radioactive sources (e.g. sy, 13705 or 50Co~somces) which are
held in precise geometry relative to the chamber and for which the decay is accurately
known. Any substantial variation in corrected check source reading should always be

followed by a new calibration,

Comparison should be made with consistency check readings taken at the time
of calibration of the instrument and immediately afterwards. As for calibrations, it ks
necessary to adopt window levels (e.g. +/- 1%) within which the instrumesnt is
deemed to be operating satisfactorily. Deviation from the expected check value
necessitates investigation, and if confirmed suggests the need for recalibration of the
dosimeter. It must be noted that the local reference chamber should alse be subjected
1o consistency checks 1o ensure that its sensitivity remains constant. More details
about stability checks can be found in IAEA Technical Report No. 374 (IARA.1994),

It is desirabie that radiographs of each chamber are taken 10 ensure that no
distortion has occurred to the internal elecirode structure. Such distortion may
generae a non-isotropic response, and may vary the sensitivity in puised radiation
fields. Two orthogonal radiographs are necessary o reveal any misalignment of the
central elecrrode. Also unwanted air cavities, causing a cable effect, may be

discovered in this way.

For each ionization chamber it is necessary to maintain a record of entries
detailing all maintenance work, consistency check results and calibration values for
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that ingtrument. Variations in calibradon factors or consistency check results point to
problems with the instrument or its method of use or calibration. Inspection of this
record prior 1o use will help to ensure that recalibration of the instrument is always
carried out after any mmintenance work which is likely o effect the instrument

performance.
83 DOSIMETRY PHANTOMS
8.3.1. Large Water Phantoras

All modemn dosimetry protocols specify water as the reference medinm in
which absorbed dose is measured. A suitable phantom for absolute dose
measurements will allow the ionization chamber to be held precisely at the reference
position with the beam incident either vertically onto the water surface or laterally
through a thin plastic window, The ionization chamber should be held in a thin
PMMA water-tight sheath as described in most dosimerry protocols. The phantom
should be transparent to allow visualisation of set-up, and carry reference marks 1o
allow accurate beam alignment. The size of the phantom should be such that it
extends at least 5 om beyond the edges of the radiation field, and at least 5 ¢m in
depth beyond the point of measurement. A suitable phantorn is the JAEA reference
water phantom (IAEA, 1987,

For measnrement of doses relative (o the dose at the reference point, e.g.
measarernents of Plz.s,f) and F{z,8), access to a scanning system which allows remote
(or automatic} positioning of the jonization chamber is advantageous. Where such a
system is used, the acenracy of positioning should be better than +/- 0.5 mm. Such
systems tend to use large water tanks, allowing measurement of large field sizes.
Many manufacturers of scanning water phantoms use the carriage of their system 0
move a densitometer to read films. Modern PC-based water phantoms allow not only
contrel of ionization chamber position but permit alse on-line and off-line data
handling. Some of these systems are able to perform also infegrated measurements if
2 higher accuracy is needed. When such a scanning water phantom is taken into use,
its mechanical accuracy and precision must be verified. Data obtained with the
scanning system should be compared with static measurements to verify that the
scanning system, and the data processing works properly.

8.3.2, Mini.Phantoms

Mini-phantoms are required for a number of measurements including output
ratios "in air" and vohume scatter ratios. For that purpose a small ionization chamber
is positioned at a depth of 10 cm inside a mini-phantom. Sucha mini-phantom may
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have a square shape of cross section perpendicular to its axis, or consists of a beam-
coaxial narrow cylindrical polysiyrens or PMMA phantom {red phantom)} as
propoesed by van Gasteren et al. (1991). The diameter of the rad phantom should be
sufficient to provide lateral electron equilibrium but should be as small as possible 1o
avoid side scatter. [t is recommended 3o use a diameter of at feast 4 ¢rn, which is
suitable for most photon beams in clinical use. It should be noted that in most
equations ratios of guantities are required wihich are less sensitive to possible
deviations of lateral electron equilibrium than the single measurements,

Small cylindrical jonization chambess, for instance 0.1 em” charmbers as used

with a scanning water phantom, have been used to make measurements in a mini-
phantom. It is important to correct the chamber readings for the cable effect,
particularly if thin cables are employed and high-energy X-ray beams are studied (see
section 8.2.3). It is therefore recommended to have the shortest possibie fength of
cable inside the field,

Figure 8-1 shows some examples of mini-phantoms used for the determination
of vutput ratios and volume scatter ratios. For some types of measurements, e.g, the
determination of the lnear attenuation coefficient, it is nseful to vary the depth of the
chamber inside the mini-phantom. For that purpose some parts of the material can be
temoved from or added to the solid mini-phantom, while the water layer can be varied

in height in a water-filied mini-phantom.

Build-up caps of high-Z materials, e.g. brass iron or lead. are sometimes used
in combination with ionisation chambers to measure eutput ratios in air. For field
sizes varying between Sx5 and 30x30 cm? the difference observed between output
factors obtained using ionisation chambers in combination with these baikd-up caps or
& PMMA mini-phantom are Jess than 0.5%. For more extreme field sizes the
differences are larger, which might be due to the higher density of the build-up cap
materials thus causing a larger scatter than that in the mini-phantom. It is therefore
recommended (0 use the polystyrene, PMMA or water-filled mini-phantom for

measurements “in air".
8.3.3, Other Phantoms

For a number of dose measurements, such as measurements in the build-up
region or day-to-day calibration check measurements, the use of a large waser
phantom is not strictly necessary and use may alternatively be made of a solid
phantor. A wide variety of solid materials may be gsed, including "solid water”,
polystyrene or PMMA. Slabs of solid phantem material with dimensions of about 30
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¢m x 30 cm and several em thick are very useful for many types of dose
measurement.  in one of these siabs a hole should be drilied 1o accommedate an
ionization chamber. A slab with an opening machined 1o fit a plane-paralied
ionization chamber with its entrance window ar the level of one surface is useful for

making measurements in the build-up region,

When a solid phantom is adopted for use in & specific phantom bearm, the dose
measured in it must be cross-referenced to the dose measured using a reference water
phantom such that a phamtom correction factor may be determined. Although such a
correction can in principle be determined theoretically, as described in some
dosimetry protocols, it is recommended to apply experimental ratios because theory
requires not only smaterial dependent parameters but also sccelerator specific

information related to the head scatter.
84, MEASUREMENT PROCEDURES
8.4.1. Dose under Reference Condifions.

The formalism applied for dose determinations under reference conditions in &
high-energy photon beam, using the ionization chamber method, is in principle the
same in most dosimetry protocels. First the field insoument is calibrated in terms of
exposure, air kerma or absorbed dose to water. The calibrated field instrument is then
used to determine the absorbed dose to water at a reference point in a water phantom
irradiated by the photon beam. In most dosimetry protocols the depth of the reference
point is varying according to beam quality, It is recommended in this report to apply
only one reference depth of 10 om for all beam qualities.

84.2. Ouiput Ratios and Volume Scatter Ratios

According 10 the recommendations given in this report, output raties (O) are
defined at 10 cm depth. Output ratios are required for the situation under full scatter
conditions in a large water phantom as well as ‘in air', L.e. measured in a mini-
phantem. In order to measure output ratios most Zype's of ionization chamber are
sultable. For large field sizes a Farmer-type chamber, which is also often used for the
dose determination under reference conditions, is appropriate. For small field sizes a
chamber with a shorter effective length is necessary,

Output ratio measurements under full scatter conditions, Oy, should be
performed in a large water phantom, for instznce In the water tank of the scanning
phantorn using the small ionization chamber of thas systern.  Qutput ratios may also
be determined in polystyrene or water equivalent plastic. Small differences with
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water measuretnents for the same field sizes might occur due to differences in
electron density between the various materials. Although in principle the field size
can be scaled for different phantom materials, this is only valid for the phantom
scatter component.  Differences In head scatter for different field sizes should be
taken into account, which makes conversion of data measured in other phantom
materials to output ratios obtained in water, rather cumbersome.

Output ratios 'in air’, Og, should be measured with a mini-phantom as
described in Section 8.3.2. These cutput ratios should not only be available for
square fields but alse for rectangular fields. Due to the difference in position of the
inner and outer collimator pairs (see figure 3-3), output ratios will depend on the
choice of the collimator which shapes the field, resulting in the collimator-exchange
effect. As discussed in section 5.6 use can be made of an expression proposed by
Vadash and Bjirngard (1993) to find the equivalent square collimator setting Og for
the rectanguiar setting (L, W)

e {A+ D LW/(AL + W)

where A is a parameter specific for each beam. A values between 1.4 and 1.8 have
been reported (Vadash and Bjfirngard 1993, Georg and Dutreix 1997). They should
be determined experimentally for each accelerator. For that purpose a set of outpus
factor vaines should be measured keeping one collimator setting fixed and varying the

other one.

Volume scaiter ratics, ¥, are dose ratios measnred ender full scatter
conditions and in a mini-phantom. Both sets of data should preferably be measured
with the same dosimeter, in the sume measurement session to avoid instabilities i the

accelerator Oulptt of measurement System.

It should be pointed out that according to their definition both V and Oy rely
upoen absorbed dose measured in the mini-phantom, Dosimetry protocols do,
however, not provide sufficient data w derive the absorbed dose to water from an
ionization chamber reading obtained in a mini-phantom. In practice, therefore, the
ratio of two readings is assumed to be equal to the mtio of the two dose values. For
Ogp this assumption will generally not inroduce large uncertaindes. The value of V
will, however, depend on the measurement technique, Le. the type of detector applied
for these measurements. For instance the energy dependence of the detector will
influence the resulting V value. In all equations for the computations of monitor
units, only ratios of V values are applied in which these differences will largely

cancel.
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8.4.3. Tissue-Phantom Ratio and Percentage Depth Dose

There are various ways in which percentage depth dose dam in a water
squivalent phantom, P, can be collected. A few careful point measurements for
various field sizes along the central axis of the beam, in combination with a fit or
formula, is generally sufficient to describe adequately depth dose curves. Both water
phantomns and solid phantoms can be used for this purpose. However, these data can
most easily be obtained using a remotely controlled scanning water phantom. A
number of commercial systems is available using small ionization chambers, or in
some cases, specially designed diodes. Although these systems differ in their
mechanical aspects, detection electronics and data acquisition and analysis software,
the resulting depth dose data should in principle be sufficiently accurate (if an
adequate acceptance testing procedure has been performed). Small ionization
chambers, e.g. with a sensitive volume of about 0.1 cm? , are generally provided with
these systems. A second chamber is often employed as a reference chamber io

correct for dose rate fluctuations of the accelerator,

These small jonization chambers generally cannot be used in the build-up
region. For that kind of measurements it is necessary to use a parallel-plate detector
with & thin wall, Again, integrating point measurements can be made as well as
relative dose rate measurements using a scanning device if the depth is accurately

knows,

Tissue-phantom ratios. T, are more tedious to measure than deprh dose curves
beeause the thickness of phantom material has to be varied for each measurement.
Some of the commercial water phantom systems are capable of remotely controliing
the water layer above the detector, thus providing experimental T values in a
relatively simple way. An alternative method is to calculate T values from percentage
depth dose values (see Appendix 1), These calculated T values should be verified
with measurements at some depths for some commonly employed feld sizes.

If solid phantoms are applied for measurements of tissue-phantom ratios or
percentage depth doses, conversion of the measured data to those in water is required.
Such a conversion should not only be based on the difference in specific density and
atomic composition of the two phantem materials but also include possible depth-
dependent reading to dose conversion factors of the applied dosimeter. Because such
a conversion will always introduce additional uncertaintes, it is recommended to
apply water-based P en T values in all monitor unit computations.
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844 Wedge Factors

The wedge factor is defined in this report at 10 cm depth in a water phantomn
or in a mini-phantom along the central axis of the bearn. Wedge factor measurements
can thus be performed with 2 Farmer-type chamber, either directly in a water phantom
or af an cquivalent depth in a solid phantom or in a mini-phantom, Wedge factors
vary with field size due to a change of the primary photon fluesice, and therefore have
to be determined for various field sizes at 10 cm depth. The variation of the wedge
factor with depth for a particular field size should be incorporated as a set of different
tissue-phantom ratios or percentage depth dose data for wedged ficlds compared with
open ficlds. The wedge factor decreases slightly with increasing source-skin distance,
Wedge factors shoukd therefore be measured at a few clinically relevant SSDs.

Wedge factors should be mieasured with the axis of the jonization chamber in
the direction perpendicular (o the wedge profile. The measurements should be made
twice with the wedge orientation rotated 180 degrees. The average of the two
measurements should be taken as the correct value. If the difference between the two
measurements is larger than several percent, the position of the ionization chamber or
the wedge should be checked.

8.4.5. Tray Factors and Shielding Biock Factors

Shielding blocks are generally placed on a plastic or aluminium plate which is
positioned under the gantry of an accelerator or cobalt machine. The tray attenuates
the primary beam and will therefore reduce the dose at the dose specification point
compared with the situation without tray, for the same number of monitor units. This
tray factor, kt, should be measured by placing an iomization chamber at the reference
depth of 10 cm cither in a water phantom or in a mini-phantom. Because ky depends
stightly on ficld size due to photons scattered in the shadow tray, measurements

should be performed for a few collimator openings.

The presence of a tray not only attensates the primary photon beam but
produces scattered photons and secondary electrons, For that reason the tray will also
modify the percentage depth dose or tissue-phantom ratio data, valld for the open
beam, particularly at short distances (see figure 4-1}, A way with holes is often
applied to position blocks having a specific divergence. An average tray factor for
such a tray can be obtained by taking the average ratio of profile measurements with
and withont the tray, These measurernents can be performed with a scanning water
phantom or using film dosimetry. It should be noted that if such a tray is used during
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n vivo dose measurements, the position of the dosimeter becomes very critical and
Ty cause an increase in the standard deviation in repeated measurements.

The shielding block factors, ky, and Ky . which correct for the modification of
the dose by positioning shielding blocks on the tray, have to be measured at 10 em
depth in & water phantom or in a mini-phantom, respectively. Because ky and ky, ,
depend on the distance of the point of measurement to the edge of the shielded area, it
is recommended to measure these factors with a small icnization chamber. Tn
principle Ky, and ky, should be determined for each block configaration, but
approximate values can be estimated from a limited number of measurements (see

section 6.3).
8.35.  NUMBER OF MEASUREMENTS REQUIRED
8.5.1. Measurements Required for Manua! Calculations

In most radiotherapy departments not ali patients are treated with complicated
techniques requiring a computer calculation of the number of monitor anits. Often
anterior-posterior fields are applied, or sometimes single fields, for which only a
simple manual calculation of the number of monitor units is needed, For these
situations each department requires at least sets of tables of outpwt ratios and Hssye-
phantom ratic or percentage depth dose data. In addition tray factors and other
correction factors for accessories applied during patient weatment are required. For
more complicated treatment techniques additional data such as wedge factors, the
collimaror exchange effect and off-axis ratios are needed.

When a new accelerator is accepted, the beam parameters are fixed and these
data have to be collected before patient treatment starts, Le. doring the commissioning
of the equipment. In that period ample time should be available for physics
measurements. Once equipment is installed it might be profitable to measure a large
amount of data instead of measuring only a lmited set of data and applying
interpolation or fitting procedures. Use can be made of existing information for a
certain type of equipment. if, for instance, the quality index of a photon beam is
known, existing sets of T or P values can be used which have to be ¢hecked with a
limited number of measured data. Output satios and volume scatter ratios should
always be measured for each accelerator because they depend on the dimensions, type
of material and geometry of the flattening filter and monitor chamber, which might
differ for each accelerator, Ratios of V values, as reguired in many monitor unit (£
computations. are only dependent on the guality index and can be compared with
existing information {e.g. see Storchi and van (asteren, 1996).
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Mest numerical data can be obtained using integrating measurements at
specific predetermined points. Alternatively, the measurements required for the
computer planning system may also be used for constructing tables for manual
calcu{ations. This can sometires be done within the software of the scanning water
phantom system. Otherwise the data required can be obtained with a digitizer from
the plots produced on the water phantom system,

it should be noted that quality control and maintenance programmes shouid be
aimed at keeping the characteristics of the accelerator identical to the situation during
the acceptance testing and commissioning. If after major repair or for other reasons
the beam properties might be changed, a large amount of data has to be remeasured or

at least checked.
8.5.2. Meassurements Reqoired for a Computer Treatment Planning System

Treament planping systems require input data to their beam models for
generating isodese curves and sometimes for the caleulation of monitor units, These
data are generally obtained with a scanning water phantom systemn. Tissue-phantomn
ratios or percestage depth deses, beam profiies and output ratios are needed. The
amount and type of input data vary considerably between the various planning
systems. Some planning systems require separate data for wedged beams while other
systems generate wedged data using an accurate description of the wedge dimensions
and position coupled with beam atiennation characteristics of the wedge material. In
both types of planning systems, the field size dependence of the wedge factor has to
be measared. Asymimetric beam data are required for some planning systems while
additional build-up measurements are needed for a more accurate description of the
dose distribution in the first centitheters in a phantom or patient. In addition to the
basic beamn data, a number of measurements has to be performed to test algorithms of
the pianning system for specific geometries. For instance the shielding block
atgorithm and the dose calenlation for wedged beams should always be tested for a
samber of clinically relevant sitwations. As far as the calcalation of monitor units is
concerned, these tests should be specific for the algorithm applied in a particular
institution or treatment planning system. [t is important to check combinations of
algorithms for a range of situations. For exampie, the combination of shielding
blocks and wedges might introduce unexpected errors in the calculation of monitor
units. Due to the wide variation both In mositor unit caleulation algorithms and in
chinical simations, it is difficolt to indicate how much effort should be spent by cach
Institution in testing algorithms for monitor unit calculations. Factors effecting these
caiculations and related quality assurance programmes have been discussed by Van
Dyk et al., (1993} and an AAPM task group {Kutcher et al., 1994,
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9. QUALITY ASSURANCE

9.1, INTRODUCTION

There are many steps involved in a radiotherapeutic procedure, Le. the process
starting with the delineation of a target volume in a patient to the actual delivery of a
prescribed dose to that target volume.  All steps are important in determining the
overali quality of treatment. However, international and natlonal recommendations
for quality assurance, QA, are only generally available for the performance tests of
megavoliage therapy units and for the determination of dose according o desimetry
protocols. There s some information in the literature on the quality control of
simulators, CT scanners and treatment planning systems {(e.g. Brahme et al., 1988,
Van Dk et al,, 1993, and Xuicher et ai., 1994), but most institutions have developed
their own QA programmes in the absence of definitive guidance. QA in relation to
the calculation of monitor units is even less well developed, with little information
being available on the various approaches which may be adopted,

We will start this chapter with a brief review of the various QA programmes
available on the various aspects of the radiotherapeutic procedure. The main purpose
of this chapser 1s, however, to discuss QA applied to the caleulaton of 1 or treatment
time required to deliver a prescribed dose to a specified point in the target volame.
We assume that this point is chosen in agreement with the recommendations given in
ICRY Reports 29 and 50 (ICRU, 1976, 1993). K for specific reasons the dose is not
prescribed at the ICRU reference point but in another way, e.g. the mean dose to the
target volume, then knowledge of the ratio of these two dose values should be
available. The dose at the ICRU reference point may be related directly to the
number of monitor units or irradiation time. This relationship has been discussed
extensively in chapters 5 to 7. Methods now have o be formulated te check the
resulss of these calculations in an independent way.,

Even with a good QA programme covering the Irradiation equipment and the
U/irradiation time calculation, deviations in the output of the treatment machine or
errors in the treatment procedure may still ocour, causing discrepancies between the
prescribed and actuzl dose delivered to the patient. These deviations may be traced
using phantom measurements, either under reference conditions or with an
anthropemerphic phantom under some clinically appropriate circumstances, It is
recommended that these types of measurements are performed by an independent
observer, i.e. by means of a guality andit. The role of guality audits and participation
in dosimetry intercomparisons will be discussed in this chapter. The use of in vivo
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dosimetry as an even more complete check of the whole dosimetry procedure for
individual patients will be efucidated as well. Finally a very important aspectof a QA
programme, documentation and record-keeping, will be discussed.

The exact meaning of concepts such as quality assurance and quality control
are not the same in all reports. In this manual we will adopt the definitions of guality
assurance, quality control and quality audit as given in JAEA Report TRS 277. These

definitions are:

quality assurance for radiation dosimetry consists of the formulation of those
procedures that must be taken in order to enable accurate and consistent dose
measarements to be carried oug;

guality control is the process by which the actual performance is measured and
compared with performance standards, and the actions necessary to maintain or
regain conformance with the standard identified,

quality audit (assessment) is an independent review of the quality assarance
programyne and the results achieved by it

9.2.  EXTERNAL DOSIMETRY CHECKS AND QUALITY AUDITS

A quality control, QC, programme for the calculation of U {or treatment time)
starts with the assumption that the actual output of the eatment machine is correct
within certain specified limits. In order to guarantee such a situation, cach
radiotherapy depariment needs a corresponding QC programme for megavoltage
therapy units. Even when an appropriate and practical QC protocol is followed in a
particular institution, deviations of the "true” value of the dose at the reference point
may occur due to various reasons. It is therefore recommended, and in some
countries it is mandatory, that an independent person, visiting team or organization
checks the output in a completely independent way, Dosimetry quality audits or
external dosimetry checks should not be restricted solely to dose measnrements under
reference conditions but should be extended to frradiations of anthropomorphic
phantoms under more clinically relevant conditions. Patient-reluted errors in the dose
caiculation procedure, for example in the conversion of reference conditions 1o
isocentric techniques, can be discovered in this way. Other factors important in
determining U such as wedges and blocks, can be incorporated in such an andit
programme. Other types of errors, such as those related to field size, might not
influence the dose at the ICRU point very much but are very impontant for the success
of the treatment. Errors of these type can also be raced with external dosimetry
checks by incorporating measurements at off axis points.
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Dosimetry quality audits or external dosimetry checks might reveal sertous
discrepancies between the stated dose and the dose measured during audit. Even
when the deviation between stated and measured dose is not large, quality auditis a
useful tool 1o confirm the correciness of a newly established procedure or to indicate
when a number of small deviations which may cancel in the final dose assessment for
one particular type of treatment, may add rogether in others to generate z significant

deviation.
9.2,1. Resuits of External Dosimetry Checks and Quality Andits

External dosimetry checks can be performed in relatively simple ways, such
as by inviting, informally, a colleague from a neighbouring departrnent to cheek the
output. This can be carried out on a mutual basis. Such a system has been introduced
in Great Britain, and has been formalized into the development of a Quality Aundit
arrangement based upon geographical location, with each Audit Group consisting of a
namber of radiotherapy cenires. In other countries external dosimetry checks by
visiting teams have been established in which institutions participate on a voluntary
base. It can be expected that in future, dosimetry quality avdits will replace these
checks as the implementation of 150 9600 increases. The obligation to andergo a
check or andit is extremely important for departments which participate in clinical

trials and which want to combing their results.

A number of external dosimetry checks has been condueted over the last two
decades. Table 9.1, summarizes the resulis of various desimetry intercomparisons
under reference conditions for 80Co gamma-ray bearns and megavoltage X-ray
beams. In most dosimetry comparisons the dose stated by the institution is expressed
as the ratio of that value and the dose measured by the visiting team or organization.
These ratioy are expressed as mean, standard deviation and maximum deviation from
unity, where the mean allows assessment of systematic differences {e.g. between the
dosimetry protocol used by the various institutions to that of the visiting team), and
the standard deviation and maximum deviation are useful indicators of performance

across the group of institutions.

From table 9.1. it can be scen that the standard deviation for the X-ray beams
is larger than the standard deviation for the 80¢o gamma-ray beams. The results for
80¢6 are generally good except for a few institutions as for instance observed during
the study of Jehansson et al, (1986} and Thwaites et al., (1992). The latter
intercomparison tevealed an error of about 25% in the output determination of one

0¢o gamma-Tay unit.
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TABLE 5.1, RESULTS OF DOSIMETRY INTERCOMPARISONS UNDER
REFERENCE CONDITIONS.

The dose is determined with an jonization chamber. The number of teams, the mean,
one standard deviation (SD) of the ratiog of stated and measured dose values, and the

largest difference observed between the ratios (delta) are given.

Reference Year Region Beam guality | Numher | Mean SDf Delia

Svensson 171§ Scandinavia 600g - 099 10010 §0.03

X-Tays | - 0.994 106859 1023

Shalek et al, 076 1 USA HColx-raysie™ | 352 0.995 10834 1030
Samulsk et al. 1981 Jusa Scopx-rayste™ | 254 1003 0027 |-

0co 22 |0999 {0014 005

Johansson et sl 1982 | Scandinavia xrays| 50 (.983 104023 |0

&0co 59 0999|0019 |o.i0

Johansson ef ab. 1986 | Ewrope x-faysf 16 0976 |6033 |0

o I 1006 [0006 |o62

Winkimperetal. | 1987 | The Netheriands x-raysy 40 G992 16026 1010

ey 61 o998 fools o008

Thwaifes et al. 1992 UK wrays | 100 6.897 (0015 (010

8co 13 {06999 j0010 |04

Hoorngerr et al. 1993 | Belgium x-ravs] 2% 0994 10023 1008

Several external dosimetry checks have been conducted using a phantosm with

anatomical structures under clinical conditions,

In tabie 9.2., data have been

summarized for a few recent intercomparisons. Dose values are either measured with
an icnization chamber or with TLI). The standard deviation in the ratic of stated and
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measured dose values at the centre of the target volume varies between 1.5% and
3.4%. The latter value reduces to 2.7% for & homogeneous situation, Aj other points
in the target volume the uncertainty increases, partly because of additional wneertainty
in the TLD measurements. The reproducibility of the ionization chamber
measurements is generally betier than 1%, whereas the precision of most TLD

measurements is approximately 2%.

TABLE 9.2. RESULTS OF DOSIMETRY INTERCOMPARISONS OF PROTON
BEAMS UNDER CLINICAL CONDYTIONS

The number of beams, the mean value, the standard deviation (I3} and maximum
deviation (deita value} are given of the raties of stated and measured dose valnes.
The first result gives the data at the centre of the target volume whereas the second

line applies to other points in the target vohnme.

Reference Year Rewion Tumour site N° Mean i SD Pelta

Johansson ef al, 1987 { Ewrope tonsit L5 G656 16023 | 008
¥ 0.98 .05 3.18

Witkiimper et b, | 1987 | The Netherkinds | prosiate 36 10985 0015 1006
207 10064 10082 1030

vai Bree et al. 1991 § The Netherlands | treass ) 21 1021 ;G628 6.41
467 104 420

Thwailes ef al, 1992 [ Great Britain mediastinum a2 0.989 j0.034 1024
61 0997 |0.035 {025

Independent verification of cutput calibration by an on-site allows immediate
identification of variadons in procedures. A similar check can, however, also be
performed by postal dosimetry, Several postal dosimetry services are offered by
various organizations such as the IAEA/WHO (Svensson et al,, 1990) and the RPC
(Hansos et al., 1991} and are represented in able 9.3, The IAEA recently modified
the cobale-60 TLI) systern which has been used for niany years, so that it is applicable
te high-energy photon and electron beams. The system uses a hollow rod to hold the
TLD which ¢an be placed at fixed depths in a water phantom in the user’s beam. The
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IAEA/WHO postal dosimerry service includes several hundred hospitals per year, In
some parts of the world, this postal service is instead carried out by National
Secondary Standard Desimenry Laboratories, which are connected to JAEA/WHO
SSDL metwork. The JAEA dosimetry {aboratory in Vienna then functons as a
reference centre, by exchanging TLD dosimeters with the National SSDI, to assure

the fraceability to BIPM,

TABLE 9.3. RESULTS OF MAILED TLD DOSIMETRY INTERCOMPARISONS
OF PHOTON BEAMS UNDER REFERENCE CONDITIONS.

The mean and one standard deviation (SD} of the ratios of stated and measured dose

values are given.

Relerence Time period Org_anizatitmd Number Mean SD

Netic et al. 1994 19691994 {IAEA 24038 L6407 8091
Hanseon ¢t al, 1991 1984-1991 [ RPC 889sh 1,000 0.024
Hansson ¢f al. 1993 1987-1992 | BORTC 357 1.0G7 0.040
Dutretx et af. 19%94a 1991-199%  (EC 125 0970 0495

115¢ 0985 6.025
Trewska et al. 1995 1994.1995 | EROPAQ 129 1,00} 0.074

122F 6.998 0.027

2 excluding deviagons larges than 30%
b excluding deviations larger than 25%
¢ excluding deviations larger than 12%

diapa : International Atomic Energy Agency
RPC : Radiological Physics Center
EORTC  : Buropean Organization for Research and Treatment of Cancer
EC : Enropean Commission ("Europe Against Cancer™)

ERGPAQ : European Radiation Oncology Programme for Assurance of reatment
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The organisation and role of the IAEA/WHO network of 88DLs, and further
development of the system have been described elsewhere (Svensson et al., 1990).
The results of the RPC-mailed TLD system showed that for 9000 photon beams, 95%
of the measurements were within their 5% criterion. Postal dosimetry systems require
procedures to investigate deviarions in excess of prederermined criteria in order to

identify causes and propose corrective actions.

External dosimetry checks and quality audits should be performed on a reguiar basis,
The frequency depends on many factors, such as the local QA programme and
resources available for dosimetry checks. A minimum frequency for dosimetry
checks is recommended as every five years. After major repair to the unit or to the
dosimetry eguipment, it is recommended that an exrernal dosimetry cheek be
performed before patient freatment recommences.

9.2.2. Origin of Deviations Observed During External Dosimetry Checks and
Quality Audits

External dosimetry checks mainly verify the results of a complex procedure
such as the dose measuremnent under reference conditions. If any serious discrepancy
is observed, it should be investigated immediately to determine the cause and
probable impact. It is recommended therefore that the report of a dosimetry check is
as extensive as possible with sufficient details as to the measurement conditions and
dose derivation procedure to allow the visited centre to explain the observed
deviations. Preferably, these data should be available during the actual visit to aliow
immediate clarification and assessment, if necessary. It is, in any event, always a
fruitful and stimulating experience to discuss dosimetry procedures in a department
with an independent observer,

There are many reasons for differences between stated and measured doses as
discussed by the various authors mentioned in tables 9.1. to 9.3, Firstly, arithmetic
errors or incorrect interpretation of a dosimetry protocol have been discovered.
interpolation between data presented in tables or the reading of graphs has Introduced
crrors. A very common cause of discrepancy results from the replacement of a
procedure or the use of a new data set or protocol withous modifying the data at all
places in the clinic. During dosimetry intercomparisons it has been observed, for
example, that good agreerent rnay exist between dose values determined by the local
physicist and the visiting team, but that discrepancies have occurred between stased
and measured dose values because old tables were applied in the clinic. Cutput
fluctuations have also contributed to observed discrepancies. In the study of
Heornaert et al. (1993} about 1/3 of the standard deviation ceuld be ascribed to
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accelerator fluctuations. The intoduction of 2 common code of practice or dosimetry
protocol has resulied in a noticeable reduction in standard deviation and maximum
deviation {deita value} in some of the studies mentioned in wables 9.1, and 3.2,

Tonization chamber dosimetry reguires the application of a number of
conversion and correction facters as discussed in Section 8.2. Occasionally,
correction factors may be unjustly ignored or underestimated.  An error in the
recombination correction was one of the main reasons for a large standard deviation
and deha value for high-energy electron beams in the Eurepean study of Johansson
and colleagues (1986} In addition, a number of practical problems with temperature
or pressure measurements, in the determination of the target-phantom distance or in
the accurate posifioning of the chamber in the phantom have been observed.

Additional causes for deviations huve been identified during the dosimenty
intercomparisons under clinical conditions. For the intercomparisons presented in
table 9.2., the dosc was calculated using computer planning systems. It was observed
that in some of these planning systems beam data were applied that did not
correspond to the actual beam data. A QC programme of the aceelerator should
therefore always be accompanied by an additional QC pregramme of the planning

Sysiem.

8.3 QUALITY CONTROIL OF MONITOR UNIT CALCULATIONS

9.3.1. General Principles

I order 1o design a QU programumne covering Uf calculason for a particular
department, it is useful to analyse the various steps in the calculation and delivery of a
dose related to a specific sumber U to a patient. This process is Hllustrated in figare
9.1. Firstly the relevant beam data, for the iradiation device have to be measured and
implemented in the U calculation systesn. This can be:

- a computerized treatment planaing system {TPS},

- a Y calculation programme run on & separate computer applying tables stored in

that system,
- a hand caleuiation which uses tables of beam data.

By using patient data, obtained from sienulation, CT-scans or other diagnostic
sources of information, in combination with these beam data, U can be ealculated for
a specific préscribed dose, The most imporant data relevant for this calculation are

then manseribed onto the treatment chart, which i to be used as inpumt for the
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treatment machine. The input into the treatment machine can be doae either manually
at each weaument session or by means of a patient file as for a modern computer

controfled accelerator having a verification system.

Quality control of beam data is generally well organized in most radiotherapy
departments and a number of national and international QC programmes for Co-60
units or medical accelerators are readily available. Guidelines for a QA programme
to guarantee correct patient data are also available for simulators and CT scanners.
QC programmes for mechanical aids and Image quality should be available in each
department covering other diagnostic equipment and tools applied for measuring
patient contours, In addition to these QC programmes, the calculation of monitor
units for individual patients needs 1o be subjected fo careful and systematic control to
ensure that the results are accurate. Finally the actual dose delivered fo the patient
should be compared with the prescribed dose which is related directly to the

calculated number of moniter units.

in principle, three sources of error may exist which influence the accuracy of
the U calculation, First the beam data applied in the various calculation systerns
should correspond with the actual beam data. Differences may occur even if both the
equipment and the U caleulation procedure are subject to a regular QC programme.
These discrepancies were in fact the major source of error in an intercornparison of
measured and calfeulated dose distributions for the treatment of breast cancer with
angential fields (van Bree et al., 1991). The second type of error that may oceur,
relates to systematic errors in the dose calculation method. For example. a simple
"hand” calculation will in general not take into account the full 3D geomerry and will
therefore have limitations to its accuracy. Also undetected deficiencies in the
calculation might occur if the dose caleulation algorithm is not fully tested under all
clinical circumstances, This situation may typically occur when a new irradiation
technique is introduced in the clinic. The third and probably mest important type of
error, refates fo human mistakes. These may be duc to various reasons such as
misreading a number from a graph or a able, arithmetical errors or transcription

CITors.

The relation between prescribed dose and monitor setting should therefore
start with & check of the calculation of the corresct number of monitor units for each
patient, Errors in the transcription of the resuits of these calculations onto the
treatment chart and into the verification system of the treatment unit require
additional steps, and should be checked by an independent second operator. Finally
the actual padent treatment may differ from that prescribed on the reatment chart, In
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Fig. 9-1 : Schematic presentation of the various steps involved in the calculation of
the number of monitor units and the delivery of the dose related to that aumber during

a specific patient treatment.
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order to trace these crrors in vive dosimetry is a useful method of QU. These various
QC programimes will be discussed in the next secgons.

$.3.2. Independent QC Programmes

The first step of any programme established to check the calculation of
moenitor wts is to check the patient data. It is recommended that these patient-
specific input data, whether derived from the physician's prescription, the simulation
and other preparatory data-collection, or from the graphic treatment planning process,
i.e. using CT scans, be verified by an independent second operator. This should take
the form of a review of all such data, checking against the original documents or
images. Both operators need 1o sign and date the document that lists these

PArAMSIETS.

The next step is to check the machine related input data for each patent
treatment. These data concem 2 detailed deseription of the treatment technique (e.g.
beam energy, field sizes, gantry rotation, collimator rotadon, wedge angle) as well as
the detailed doseffractionation schedule inciuding dosc valnes at the dose
specification point, the dose maxirnum and their values integrated over the whole
treatment period. These data should be checked independently by a Second person
and a check form listing these data should be signed by both persons. '

Tf the input data has been checked for accuracy, then application of a computer
to calcuiate the () setting from these data may be expected to always vield the same
result. Under these circumstances, it is doubtful if & simple independent recalculation
using the same computer system is worth while, Verification of the calculation
should be performed independently from the original caleulator. Such independence
may be achieved, for example, by using a separate computer system which uses
separate algorithms of reduced complexity (and accuracy). In this way, errors of
greater than 1 3 % may be identified. When no second computer is available, a check
may be performed manually nsing look-up tables. The data entered into the treatment
chart or entered into the verification systern may be used as the starting point for
check calculations. Additional patient data might be required from the "setting up
instructions” provided at the simulation, If the QU calculation is simple and fast, it
can be performed by the radiographers at the treatment units, Such a procedure has
the additional benefit that it gives them an increased confidence in and & better
understanding of the treatment which they are delivering. Otherwise the checks
should be performed by physicists. Such a procedure might reveal a number of errors
such as differences in $SD, wrong use of depth dose or cutput tables or transcription
errors. Serious errors of 5% or more were detected in this way in about 0.5%
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{Williams et al., 1991} and 1.3% (Calandrino et al., 1993) of the towal number of plans
checked. If the QC is performed in the first week of the treatment, any error can easily
be compensated for subsequently.

This kind of QC of U calculation is greatly faciiitated by the presence of
printonts from either the trearment planning systern or from the separate computerized
U calculation programme, If the calculation is done manuaily, a form with the data
relevant for the calcuiation (which can sometimes be the wreatrment chart) shonid be
available. Compauter printouts intended for this function only may not necessarily be
considered permanent records but rather worksheets. If the printout includes output
Tatios, tissue-phantom ratios or percentage depth doses, equivalent square fields, tray
factors and wedge factors, an experienced reviewer will find the tedium of these
routine checks greatly reduced. In more complicated geometries, using sophisticated
U calenlation algorithms, printout of the total dose contributed by the beam to the
prescription point, followed by a breakdown of its components to include output
ratios “in air", volume scatter ratios and correction factors for the presence of blocks
and anatormical heterogeneities, can be of great value to the physicist who invariably
must review at least these more complicated calculations. The manofacturer and the
user of a treatment planning system should together design worksheet printouss that
will snit the working arrangements of the depaniment.

A QC protocod for U or treatment time should not only give a description of
the test method, i.e. the formula and data sets 16 be used in the calcuiation, bat should
also include the tolerances (action levels), the actions to be taken, the frequency of
checks and the person responsible for the checks. Documentation is an imporant past
of a QC protocel and wilk be discussed separately.

9.3.3. In Vivo Dosimetry

it any radiotherapy institution where it is already common practice to check
the calculation of 1 {(or treatmnent time} by two persons independently, the additional
effort of having a QU protocel for this particular part of the radiotherapy process
should be carefully considered. The chance of making undetected errors is reduced
by using a treatment planning system that calculates monitor units o by applying a
separate computer programme for U computation. Once such programimes have been
tested and accepted, the number of mistakes which relate to the wrong use of tables or
to arithmetical errors may be reduced considerably. The amount of time and expertise
sequired for a careful verification of the monitor unit calculation can be very
substantial, e.g. if off-axis points and heterogeneities are invelved or some dynamic
conformal therapy scheme is used. In these sitnations it might be a better strategy to
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infroduce in vivo dosimetry in a systematic way in a department such that not only
errors in the monitor unit calcujation can be discovered bui also other types of
mistakes, for instance related to patient data, patient setup and transfer of data.

The various techaiques applied for in vivo dosimetry have been described
elsewhere (Mayles et al, 1993 and Van Dam and Marinelio, 1994), The most
commonly applied method is to place a silicon diode or 'TLD on the patient during the
irradiation and to compare the measured dose with that predicted by calesiations.
Roatine use of this technigue has been demonstrated w be effective in identifying
discrepancies of a few percent, sufficient for verification purposes. In general,
entrance doses are verified but for 4 more acenrate assessment of the target absorbed

- dose, e.g. when anatemical structures including tssue heterogeneities are of concern,
exit doses need to be measured as well. The resualis of in vivo dosimetry should be
weated as part of the patient's permasent record. A aumber of studies has shows the
nsefulness of in vive desimetry in tracing errors in the actuat dose delivered o the
pasient (e.g. Leunens et al,, 1990, Van Bam and Marinello, 1994, Noel et al., 1595

and Essers, 1996,

Table 9.4 shows as, an example, the type of errors in the U computation that
can be traced using in vivo dosimetry in combination with an extensive set of
phantom measurements (Heukelom et al,, 1992}, The monitor units for this greup of
patients were routinely calculated using a commercial treatment planning system. At
that time the algorithm did not separate head and phantom scatter which introduced
an error up to -1.6% in the calculated output for an S5SD of 30 cm instead of the
correct output at 100 cm S8, Alse the collimator exchange effect as well as the
wedge factor dependence on depth, field size and 88D were not taken into account at
that time. The summaton of & number of small systematic errors resulted in a value
of the dose at the isocentre which was about 7% higher than the dose caiculated using
the MU programme. Based on these results, improvements in the monitor unit
caleulation algorithm were implemented in the treatment planning procedure of
prostate patients entering in a dose escalation study. In vivo dose measurements have
since then been reutinely performed on ail these types of patients, with adjustment of
the aumber of monitor units i the discrepancy between measured and preseribed dose
is larger than 2.5 % (Essers, 1996). Fig. 9.2 shows the results of these measurements
over the period of about a year. The unexpected discrepancies stardng with patent
number 36 were due to a change in the monitor snit caleulstion programme; the dose
normalization was modified from dose maximum of each beam to the dose
specification point. Although the modified algorithm was tested for a number of
situations, an error in the U caleulation for this technique (short $8D for the lateral
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fields and the use of transission blocks) was only noticed afier the actual freatment

of patients.
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Fig, 3-2 : The ratio of measured and prescribed dose at the isecentre for patents
reated according to the protocol for conformal therapy of prostate tumours. The
biack squares are the measured data before a correction is applied which is indicated
by the arrows. The dashed line is the action level of 2.5%

TABLE 9.4. ERRCRS IN THE U COMPUTATION TRACED BY IN VIVO
DGSIMETRY IN COMBINATION WITH PHANTOM MEASUREMENTS (frem

Heukelom et al, 1992},

Maximum deviasion between the dose calculated by the 2D-treatmenst planning
system and the dose measured in a phantom, for the isocentric treatment with lateral

fields of the pelvis.

Qutput calculation

Qutput factor -1.6%
Collimator exchange etfect  -1.0%
Wedge factor (field size) -2.00%

Wedge factor (88D} ~1.0%
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Calculation of the depth dose distribution

Entrance point Isocentre Exit point
PDD wedged beam +1.0% ~1.6% -4.1%
Lack of backscatier - - +1.3%
Overall difference -4.6% -1 2% -8.4%

94,  DOCUMENTATION AND RECORD-KEEPING

9.4.1. Scope

In this section, we will examine the requirements for record-keeping and
archiving of data that are related to U calcalations for individual patients. These are
not independent of the more general task of documenting results of other quality
control programmes. U calculations make use of 4 set of beam data and assume that
the calibration of the unit is perfectly accurate and that the beam data perfectly
represent the beam parameters which are measured. It is the purpose of quality
controf programmes relative 1o those aspects to guarantee that this assemption can be
made, within specified limits of tolerated variations, each time a patient is treated.
Thus, there is a great deal of similarity, even redundancy, between record-keeping for
(C programmes of therapy units and of U calculations.

The purpose of the documentation of U calculations can be summarized in the
following practical objective: the records shall make it possible for an experienced
clinical physicist, not from the same department, to verify at some time in the future,
that the prescribed dose was administered to the patient assuming that the therapy
unit was i perfect working order {the subject of techrical quality control} and that
no setup ervors were made (one of the subjects of departmental quality assurance}.
Such an awdit includes verification of the data used 1o describe the beam, the
influence of any accessory that may be used, the correctness of the mathematical
relations used to calculate the monitor setting (or the tirne setting) of each irradiation,
and the absence of numerical errors. Archiving records is not just a question of
saving data, The records must be inteiligible, and it is the responsibility of the
deparument to develop procedures and maintain standards so that an external check or
audit can be perfonmed in a refatively simple way.
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3.4.2, Beam BData and Formulae

When the beamn data are documenied, not only will the 1ables of the final
values be filed, but also descriptions of the techniques used for the measurements and
for analysis of the resuits. This information can, for instance, be done in hard-bound
laboratory notebooks and in internal reports. When computerized egeipment is used,
printouts of the data should be archived together with precise definitons of the
quantities invelved and with reference to original netes. While data may be filed
clcctmnica}iy,' it 1s often useful if hard copy printouts are stored, Ssch printouts, as
for ali tables of beam data, must be annotated with the date when they are faken into
clinical use and signed by the responsible qualified physicist. Reference should be
made on the data sheets o the records of measurement and to relevant compater files,
No informal changes {corrections) fo the data sheet shouid be permitted; if errors are
discovered or updates needed, a new data sheet should be issued and the old one
declared obsolete. One copy of the obsclete sheet must be marked with the date it
was last valid and filed permanentdy for future reference.

The importance of defining the type of beam data precisely cannot be
overemphasized. There is a great deal of inter-institutional variation, and it is not to
be taken for granted that an independent physicist auditor will be familiar with ali the
details. This extends to the mathematical formnulae used in the dose calculation to
give the refationship between prescribed dose and monitor setting (or time). Each
department must state these definitions and these formulae in a ¢lear, complete but
succinet manner for an andit to be possible. One cannot expect the auditor to do so!
The resulting documents should be treated under the same document control system
as described above for data sheets, e.g. provided with date when valid, signature, date
when obsolete, references to other archived materials.

The requiremnent to ensure clear understanding of the systems used and the
interpretation of any data applies equally to the manufacturers of treatment planning
systerns. A section in the operation manual should be devoted to these subiects, but
in addition, and especially when the sysiem permits "custemizing" or other
manipulation which may introduce subtle changes in definitions of concepts, formats
should be available for printout of critical guantities and their relationships. The
numerical values of these quantties must be easily documented and these printouts
should be considered official, departmental data sheets. In addition, the trail of how
they were measured and edited must be clearly marked with references.
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9.4.3. Patienf Calenlations

When calcalarions are made for individual patients, sufficient information
needs to be included in the permanent record to allow retrospective analysis as to
which values were used, how they were determined, how they were defined exactly,
and how they were used in the U caleulations. If the data sheets discussed above are
well organized and complete, the date of calculation will, in pricciple, provide a
sufficient cross-reference. However, the form used for monitor unit calcwlation
serves purposes other than decumentation. It should be designed in such a manner
that the calculation logic is clear. If it is intended for manual calculation, it should
remind the person filling it out of factors that may be required, depending on the
treatment techmigue. Whether computer printout or manual form, the design should
facilitate double-checking, particolarly of the information that is specific to the
patient: depth, field size and shape, wedge, compensator, and so on. Manual
calculations must be verified to eliminate numerical mistakes. Computer based
caleulations may not require this, provided input data are verified and the system has
been thoroughly evaluated previously. The latter must, of course, alse be

documented.

9.4.4, Signatures and Responsibilities

The department policy should specify those persons responsibie for si gning
the calculation form and other documentation. It is strongly recommended that a
gualified, responsible physicist signs all data sheets and any documentation which
relates to the mathematical basis of the calculations to reflect bis or her responsibility
for coordination of the many components, some of which demand a great deat of
knowledge and professional judgement. This person should also have responsibility
for archiving this information. The calculations for individual patients should be
signed to indicate that the person generating them followed the proper current
procedures and that calculations have been checked independently and shown to be

correct.




APPENDIX A.1

A.LL. RELATIONSHIP BETWEEN PERCENTAGE DEPTH DOSE AND
TISSUE-PHANTOM RATIO.

Percentage depth doses have previously been referenced to the depth of dose
MAximum Zy, and various conversion formalisms exist which relate this physical
parimelers to other guantities, such as tissue-phantom ratio, tissue-air ratio, and
ussue-maximum ratio (BJR, 1983). The relationship to tissse-phantom ratio using the
convention that field size for P and F is defined at the source-surface distance £, is

given by :

Pz, = 1000 B +D/ 0] V]z, s’ +2)/ (' +32,)] .[f'"“ Za]z ALD

Tl2,,8(f +2}/ ] ¥(z,,,s) oz

If the reference depth is equal o the depth of dose maximum (Zm}, this

equation becomes ;

Ve, s(t"+2) /(' +1,)] .[f’ﬂm ]2 (A1)

Pla,s, ) =100 o Tz s(f" +2)/
(7,5, o Tz,5(f" +2)/ f']s T P

in this report, percentage depth dose and tissee-phantom satio are normalised
to a reference depth zg. Under these circumstances, the above equations become ¢

. ] 2
Pa s = 100 + T(z, 8') » 28T, (f + ZR) (AL3)
Viz, s f4u
where s is the field size at the surface,

§” is the field size at the depth #g, i.e. s{f+ gV
s” is the field size at the depth 7, L.e, s{f+a)/f

Derivation of this equation may been seen by reference to figure A.1.1. The
same equation may be re-ordered fo calculate percentage depth doses from tissue-

phantom ratios.

Recently Bilirngard et al. {1996) have shown the errors occurring when tissue
phantom ratios are calculated from percentage depth doses both being normalised at a
constant depth close to the depth of maximum and concluded that the uncertainty is
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comparable to the uncertainty in direct measurement when both quantities are
normalised at a depth that provides electron equilibrium with some margin,

A.L2. CALCULATION OF PERCENTAGE DEPTH DOSES FOR CHANGE IN
SSD.

Fixed 88D treatments are normally performed at a rreatment distance {1} the
same as that of the reference conditions under which the beam parameters were
determined (fp). When the weament SSD differs from the reference SSD. the
reference depth doses must be corrected to generate values which are appliceble to the

treatment §SD.

For percentage depth doses normalised to the depth of dose maximum, use
may be made of published references for correcting for changes in SSD (BJR, 1983).
For normalisation of depth doses at a different depth, these published references are

no lenger sirictly applicable,

The percentage depth dose at the treatment distance fy may be expressed in
terms of the reference percentage depth dose at the reference dissance fr using the

above formula :

Pu(zs, iy = P {z8,8) »

3

Tl s’y ), Virg,s'y, , Vig,s"y, . (f§+zR Jofg e )

Tz, §'g ) Vizg,s'y} Vizg,s"y) . fi+7 fa +2p
(A.1.4)

where subscript R refers to the reference treatment distance (at which the depth dose
data are available) and subscript T refers to the new treatment distance, as shown i

figure AL2,

The above refationship is dominated by the final term for megavoltage
radiation and to a first approximation the other terms may be ignored. This leads to a

sirmphification :

: 2
Pe(zs, 050 = Py(zs,03) » Hf’f"“ ZR) . ( fi+2 ﬂ (A.L5)

’ 4
fr+2 fg+7y

Use of the simplified equation will introduce inaccuracics of less than 1 % for
most megavoltage radiation flelds for changes in S5 from 80 em 1o 150 cm .
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‘The above simplified eguation is identical to the application of a
straightforward inverse square correction in the conversion of depth doses normalised

10 2y, given that:

Plrs R | 00 (A.1.6)

Poiz,5f) =
w8 k) P2, 5 )

fa
v 7% fr
A 77

N

Fig. A.1.2 ; Diagram iHustrating the definition of the percentage depth doses at the
reference source-skin distance ff and at the treatment source-skin distance fr. The
reference percentage depth dose Pp/10@ at depth z and for 2 field sizé s is defined as
the ratio of the dose at peint B to that at poiat A,

A.1.3. RELATIONSHIP BETWEEN THE REFERENCE DOSES PER MONITOR
UNIT UNDER ISOCENTRIC AND FIXED SOURCE-SKIN DISTANCE
CONPITIONS, '

In chapters 5 and 6, the relations are given for open and medified (blocked
and wedged) beams by coasidering two different sets of reference conditions
corresponding to the two main irradiation set-ups : isocentric conditions and fixed

source-skin distance.

In isocentric conditions, the reference dose per monitor unit Dy represents
the dose per monitor unit measured at a point located on the beam axis at the
reference depth 2y at a distance fy from the source. The reference field size s, is

defined at fy (see chapter 3).

In fixed source-skin distance conditions, the reference dose per monitor anit
Dy is also assumed to be measuted af the reference depth Zg but the reference
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conditions of distance from the source {fy) and ficld size {sg) are taken at the surface
of the phantorn.

A.1.3.1 Relation when fg=1fg =SAD

In usual treatment conditions for which fy and fr are taken equal to the
source-isocentre distance, (fg= fg = SAD) the reference field size sg comesponds (o
the collimator opening ¢ and the relation between Diand Dy, as given in figure

ALl s
o ) Vizgsh)
: . %548
Do 2g,cp,85) = Dylzgscpefy) | =8 o o BLR (A7)
R( Hr-Re? R} R( R*VR?* E{) [{R+zg] V{ZR’CR)
fo +% Vizg 587 . , .
where sp = o o—5—-E and ()58 1« the ratio of the volume scatter ratios for
f Vizg,cg)
the field sizes Sp and cg, respectively. It is equal to the ratio of the output ratios
Oglsy)
Olsg)

AL3.2 Relation when fg 2fg

I £ is different from fg and under the condition that the reference field size
sg i3 the same at fr and ady corresponding to the collimator openings ¢ and g,
respectively, the relation between Dy and D} (see Fig. A.14), becomes:

b4
) . , f V (2,55 )
D (g $ar2) = Drlzarsrofa) + Oplsi) * [ R ) » Tlps) (ALY

fatieg V (74,8}
. fo+z
with spom sy 0 BB
'y
£,
R
5 = Sg °
g

Q4l55 ) is the output ratio in the mini-phantom for the field size s§.

Y{zy,Sp) . . . . ; "
V‘{:«M% is the ratio of the volume scatter ratios for the field sizes sy
Znsip

and sg respectively.
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APPENDIX A.2
MONITOR UNIT CALCULATION IN WEDGED BEAMS
A2 L INTRORUCTION

I this report. ne menton is made about dynamic wedges. Only wedged
beams resulting of the use of physical wedges are considered. These wedged fields

are usually obtained in two ways in clinical practice :

- In the first methed, a specific wedge filter is used during the whole reatment
to provide the required isodose angle. The wedge filter is usually fixed at the end of
the collimator in a support which ensures a reproducible position in the bewn, The
method implies the availability of several wedge filters of different angles in order to
achieve the different isodose angles.

- The second possibility is offered in treatment units equipped with 2 wnique
wedge filter of & large angle {usually 60°) incorporated in the head of the wearment
unit.  Such a motorised wedge filter is maved in the beam during part of the
irradiation.  An appropriate choice of the time with the wedge filter in the beam
allows to obtain the required isodose angle 8. 8-values up 1o the zm{ximgm wedge

angle can be achieved in practice.

The calculation of the number of monitor units to be delivered during a
teatment will be considered separately for each of the two possibilities.

A22. USE OF A FIXED WEDGE DURING THE WHOLE TREATMENT
SESSION

The number of menitor units nceded to deliver the prescribed dose Pp at the
point of interest in the treatment conditions can be calculated directly from one of the
different relations proposed in section 6.2 for various treatment technigues (isocentric,
fixed SSD}.

A23 USE OF A WEDGE DURING PART OF THE TREATMENT SESSION.
A.2,3.1 Monitor Unit Caleulation

In practice, each treatment session combines Uy, monitor units given with the
wedge i the bearn and U, monitor units given withont the wedge.
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The ratio of Uy to Uy is chosen in order to fultil the two following conditions:
- obtaining the prescribed isodose angle,

- dehivering the prescribed total dose D, as the sum of the doses with, Dy,
and without, B, the wedge in the beam.

The detesmination of the number monitor units Uy, and Uy is based on the

following relations ;

Dy=Dy+ D, .

. D, =l,ebD,
b, with . (A2
,5;, - Dy =, oDy,

where D, and D,, represent the absorbed dose per monitor anit in treatment
conditions without and with the wedge and B is the fraction of the prescribed dose
which is delivered with the wedge filter in the beam,

Erom the relations A.2.1, the number of monitor units to be delivered in the
wedged and open fields can be expressed by

U, =-2-eD

D, '

B (A2D
U, =-—eD

L.asty, the ratio of the number of menitor units delivered with the wedge
to the total nwmber of monitor units Uy can be given by the relation :

U U, B

w

m[}.; a TR = (A2D

D
B+(1-B) =%
{ }D

#t

The expressions of Dn and f)w are given in chapters 5 and 6.

A.2.3.2, Expression of the Fraction of the Prescribed Dose Delivered with the
Wedge

Different mathematical models have been proposed in the literature for
combining open and wedged fields. A simple approximate model was proposed by
Tatcher (1970) who saggested that the effective wedge angle 85 resuiting from the
addition of the two beams (with and without wedge) is equal to the nominal wedge
angle 8 for the wedged beam weighted by the fraction of the wedged field B.




G.=06_+B (A2.4)

This approximation can be considered as reasonable for 8, values less than
457 but is inadequate in situations where the nominal wedge angle 8, is 60°,

A more general and accurate theoretical model was proposed by van der

Laarse et al. (1984) and iater by Peiti and Siddon {1985). These suthors have
introduced the ratio of tan®; / tanf _ and have taken into consideration the differences

in the cemral axis depth dose curves between the wedged and open fields caused by
the bearn hardening introdoced by the wedge.

The general expression for B given by Petti and Siddon is:

B s oo (A.2.5)

where €, tan be equated to the ratio of the effective attenuation coefficients of these
two fields (open and wedged).

The parameters 8y and e, depend on depth, energy and field size and their
values must be determined experimentally. Since, for the field sizes smzller than 20
em x 20 em, as generatly encountered in clinical practice, the parameter e, has been
found very close to unity, the above expression of B can be approximated by:

B= tanfy (A2-6)
fand,,

The predicdons based on this model agree with experimental data for the
Philips SL/75 6 MV accelerator 1o within 3% in the range of field sizes congidered
{Petd and Siddon, 1985).

A.2.3.3 Application {o a Treafment Perforined ander ocentric Conditions.

Let us consider a weatment performed under isocentric conditions with
motorised wedge, baving a wedge angle 0, (asually zbout 60°).

A dose Dpat the point of interest is required, with a dose distribution
characierised by an angle 8. This distribution is preduced by a combination of opea
and wedged beams of the same field size. The point of interest is considered to be at a
depth z and at a distance fy from the source equal to the source-rotation axis distance
of the treatment unit. At fy, the side of the weatment equivalent fiekd size is ¢.
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According o equation A2-3, the fraction U of the total number of monitor
uhits

(1], + Ug = Uy) to be delivered with the wedge in the beamis ;

U g B
B, LA A27
U, U, +U, Bk, {nc)e{l-B ( )

where ko{2,0) represents the wedge factor at depth 2, and for the field size ¢ under

consideration,

Considering, as a first approximation, that B = fan 8./ tan 0_ one can write :

U  tangy
o A ) AR
Ur  kylzo)etand +[1mkw{z,c}]-tan83 ¢ )

This expression of U,/ Uy is similar to that reperted by van der Laarse et al.
(1984}, It can be applied in practice for a given wedge isodose angle 6, <8,

Example ;

A weatrnent is performed on a reatment unit having a motorised wedge with a
wedge angle B_= 60°. The wedge factor kw(z,0} at the poiat of interest for the field

size under consideration is 0.25. The required wedge angle is 9, = 30°,

in order to reach this objective, each treatment session must be performed by
combining the open field and the wedged field in such a way that the ratio of the
mumber of monitor anits with the wedge filier U, to the total namber of monior units

IJ T is

Us fan 30 = 0.667 (A2.9)

Uy 0.25+tan60° 1 (1-0.28) tan 30°




REFERENCES

AAPM. (1983): American Association of Physicists in Medicine. A protocol for the
determination of absorbed dose from high-energy photon and electron beams.
Med. Phys. 10, 741-771,

Ahne'sjé A, Andreo P., Brahme A. (1987 Calculation and application of point
spread functions for treattnent planning with high energy photon beams. Acta
Oncol. 26, 49-55. 3

Ahnesjd A., Andreo P. {1989): Determination of effective bremsstrahlung spectra
and clectron contamination for photon dose calculatons. Phys. Med. Biol. 34,

1451-1464.

Ahnesio AL, Knids T, Montelius A, (1992): Application of the convolution method
for calculation of output factors for therapy photon beams. Med. Phys. 19,
295-301.

Bar-Deroma R.D., Biirngard B.E. (1994): The relation berween wedge factors in air
and water, Med, Phys. 21, 1043-1047,

Beauvais H., Bridier A.. Dutreix A. {1993} Characteristics of contamination
clectrons in high energy photon beams. Radiother, Oncol, 29, 308-316.

Bjirngard B.E., Shackford H. (1994); Atienuation in high-energy x-ray beams. Med.
Phys. 21, 1069-1073,

Biimgard B.E., Vadash P. (1995} Analysis of central-axis doses for high energty x-
rays. Med. Phys. 22, 11911195,

Bj':ir.ngard B.E., Zhu T.C,, Ceberg C.C. (1996) : Tissne-phantom ratios from
percentage depth-doses, Med, Phys. 23, 629-634,

BJR {1983): Central axis depth dose data for ase in radiotherapy. British Journal of
Radiology Supplement N°17. Bridsh Institute of Radiology. London.

Brahme A. (editer) (1988): Accuracy Reguirements and Quality Assurance of
External Beam Therapy with Photons and Electrons. Acta Oncologica

Supplementum 1, Steckholm,

Bridier A., Beauvais H., Dutreix A, (1986): On the use of a quality index 1o specify
high energy photon beams, Radiother. Oncol. 5, 65-73.




i39

Bridier A, Dutreix A, €1993% A method for dose calculation for high energy
photon beams, based on measorements performed at reference depth, Acta
Oncol; 32, 425-433.

Calandrino R., Cataneo G.M., Del Vecchio A., Fiorino C., Longobardi B,
Signorette P (1993} Human errors in the calenlation of monitor units in
clinical radiotherapy practice. Radiother. Oncol. 28, 86-88.

Chaney E.L., Cullip T.J., Gabriel T.A_ {1994); A Monte Carlo study of accelerator
head-scatter, Phys. Med. 21, 1383-1390.

Chen F.8. (1990) Applying a polynomial formula to photon beam cutpnt and
equivalent square field. Med. Phys. 6, 464-465,

Clarkson J.R. (1941} A note on depth dose in fields of irregniar shape. Br. L
Radiol. 14, 265-268,

Cunningham ER., Schulz R.J. {1984} On the selection of stopping-power and mass
encrgy absorption coefficient ratios for high energy X-ray desimeny. Med.
Phys. 11, 618-623,

Day M.J., Aird E.G.A. (1983): "The equivalent field method for dose detertnination
in rectangular fields”. in Br. J. Radiol. Suppl 17, British Institute of
Radioclogy, London, 105-114,

Dunscombe B.B., Nieminen LH. (1992} On the ficld-size dependence of relative
output from a linear accelerator. Med. Phys. 19, 1441-1444,

Butreix A., Beidier A. (1985): "Dosimetyy for external beams of photon and clectron
radiation”. Chap. 3, in The dosimetry of fonising radiation, Vol T {Kase K.R..
Bjirngard B.E. and Anix F.H. Ed.) Academic Press Inc., 163-228,

Dutreix A.. Derrenmaux 8., Chavaudra J., van der Schueren E. {1994a): Quality
contro? of radiotherapy centres in Fusope: beam calibration. Radiother. Oncol.

3z, 256-264.

Putreix A.. Van Dam 1, Bridier A, {1994b); "Calculation of the Absorbed Dose at
any Point along the Beam Axis”. in Radiation Dose in Radiotherapy from
Prescription to Delivery”, IAEA-TECDOC-734, IAEA, Vienna , 159-163




140

Essers M. (1996} In vive doshimetry in radiotherapy. Development, use and
evaluation of accurate paticni dose verification methods. Thesis Free

University, Amsterdam.

Georg D., Dureix A. (1997} A formalism to calculate the output ratio in a mini-
phantom for a GE multileaf collimator. Phys. Med. Biol. (accepted for

publication)

Georg D., Garibaldi C., Dutreix A. (1997): Measgrements of basic parameters in
wedged high energy photon beams using & nini-phantom. Phys. Med. Biol.
{submitted}

Gerbi BJ., Khan F.M, (1987): The polarity effect for commercially available plane-
parallel ionization chambers. Med, Phys. 14, 21G-215,

Hanson W.F,, Stovall M., Kennedy P. {1991): Review of dose intercomparison at a
reference point. JAEA-TECDOC-734, IAEA, Vienna, 121-130,

Hansson U., Johansson K.-A., Horiot L.C., Bemier 1. {1993} Mailed TI. dosimetry
for machine outpat check and clinical application ia the EORTC radiotherapy
group. Radiother.Oncol. 29, 85-90.

Heukelom 8., Lanson LH., Mijnheer B {1992} In vivo dosimetry during pelvic
trearment. Radiother. Oncol. 25, 111-120.

Hevkelom S., Lanson JLH., Mijnheer B.J, (1994 a); Wedge factor constituents of
high energy photon beams : field size and depth dependence. Radiother. Oncol.
30, 66-73. '

Heukelom 8., Lanson LH., Mijnheer B.J. (1994 b): Wedge factor constituents of
high-energy photon beams : head and phantom scatter dose componenis.
Radiother. Oncol. 32, 73-83.

Hoornzert MLTEHL, Van Bam J., Vyackier 8., Bouiller A, (1993); A dosimetric
gquality audit of photon beams by the Belgian Hospltal Physicist Association.
Radiother, Oncol, 2§, 37-43.

Horton, L. {1993); "Relative dosimetry” in Radiotherapy Physics (Williams LR, and
Thwaites D.L, Eds.), Oxford University Press, Oxford , 53.75.




141

IAEA (1987) International Atomic Energy Agency. Absorbed Dose Determinaton
in Photon and Electron Beams. An International Code of Practice, Technical
Reporis Series No 277, IAEA, Vienna .

IAEA (1994): International Atomic Energy Agency. Calibration of Dosimeters Used
in Radiotherapy. Technical Reports Series No 374, IAEA, Vienna.

ICRU (1976); International Commission on Radiation Units and Measurements,
Report 24, Detersnination of Abserbed Dose in a Patient Irradiated by Beams
of X and Garmnma-ray Beams in Radiotherapy Procedures, ICRU publicarions,
Bethesds, USA,

ICRU (1993): Intermational Commission on Radiation Units and Measuremenis,
Report 30. Prescribing, Recording and Reporting Photon Beam Therapy.
ICRL publications, Bethesda, USA.

fzewska ., Novotny i, Gwiazdowska B., Kindlova A., Kontra G., Van Dam 1.,
Dunreix A., van der Schueren E. (1995} Quality assurance network in Central
Europe. Acta Oncol. 34, 829-838,

Jaffray D2.A., Bauista 1.1, Fenster A., Muare P, {1993): Xeray sources of medical
linear accelerators: focal and extra-focal radiation. Med. Phys. 20, 1417-1427.

Jager HLN., Heskelom 8., van Kleffens HLJ., van Gasteren 1.J.M., van der Laarse R.,
Venselaar LL.M. and Westermann CUF. {1996}  The collimator scatter
correction factor of open, symmeirical fields of 6-25 MV photon beams.
Radiother. Oncel {submisted), '

Jessen KLA. (1973): Measurements of primary spectra from 2 kilocurie 90Co uait
and & 6 MeV linear accelerator. Acta Radiol. Ther. Phys. Biol. 12, 561-568.

Johansson KA., Matssen 1.0, Svensson H. {1982): Doshmetric intercomparison at
the Scandinavian radiation therapy centers. I Absorbed dose intercomparisos.
Acta Radiol. Ther, Phys. Biol. 21, {-10.

Johuansson KA., Horiot J.C., Van Bam 1., Lepinoy D., Sensenac 1., Semnbo G.
(1986): Quality assurance control in the EORTC cooperative group of
radiotherapy. 2. Dosimetric intercomparison. Radiother. Oncol. 7, 269-279,

Tohansson K.A., Horlot J.C., van der Schueren E. (1987): Quality assarance control
in the EORTC cooperative group of radiotherapy. 3. Intercomparison in an
anatomical phantorn. Radiother. Oncol. 9, 289-298,




142

Johansson KA., Serabo G.. Van Dam § (1993} "Quality control of megavolage
therapy units” in Radiotherapy Physics (Williams 1R, and Thwaites D.1., Fds},
Oxtord University Press, Oxford , 77-94,

Karlsson M., Karlsson M., Sitgren R., Svensson H. (1997} Semi-conductor
detectors in output-factor measarements and a suitable refecence depth dose.

Radiother. Oncol. {submined)

Kase K.R., Svensson G K. {1986): IHead scatter data for several linear sccelerators
{4-18 MV}, Med. Phys. 13, 530-532.

Khan FM. (1984} "A system of dosimetric calculations”. in The Physics of
Radiation: Therapy 1st ed., Williams and Wilkins, Balimore, 182-204.

Kubo H. {1989); Telescopic measprements of backscattered radiation from
secondary collirmators jaws to a bearn monitor chamber using a pair of slits,
Med. Phys. 16, 295-298.

Kutcher (3.4, Coia L., Gillin M., Hanson W.F, Leibe! S, Morton R.J, Palta JR.,
Pardy J.A., Reinstein L.E., Svensson (LK., Weller M., Wingfield L. (1994):
Comprehensive QA for radiation oncology: Report of AAPM Radiation
Therapy Committee Task Group 40. Med. Phys, 2, 581-618.

Lam K L., Ten Haken R.K. (1996): In phantom determination of collimator scatter
factor. Med. Phys. 23, 1207-1212.

Lam K.L.. Muthuswanny, M.S., Ten Haken, R.X. {1996) : Flauening-filtered-based
empirical methods to parametrize the head scatter factor. Med. Phys, 23, 343
352.

Leuneas ;.. Van Dam 1, Dutreix A., van der Schueren E. (1990): Quality assurance
in radietherapy by in vivo dosimetry. 2. Determination of the target absorbed
dose. Radiother. Oncol. 19, 73-87.

Léfroth P.O., Westman 8., Hestinger G. (1973): Spectral distribution from 60Co
teletherapy units. Acta Radiol. Ther. Phys. Biol. 12, 553-559.

Laxton (., Astrahan, MLA. (1988): Ourpus factor constituents of a high energy
photon beam. Med. Phys, 15, 88-G1.




143

Mayles W.P.M., Heisig S., Mayles H.M.O. (1993%: "Treatment verification and in
vivo dosimetry” in Radiotherapy Physics (Williams 1R, and Thwaites D.I.
Eds.), Oxford University Press, Cwdord, 227-251.

McCullough E.C., Gortmey J., Blackwell R. {1986): A depth dependence
determination of the wedge wansmission factor for 4-10 MV photor beams.
Med. Phys, 15, 621-623.

McKenzie A.L., Stevens P.H, (1993): How is photon head scatter in a lnear
accelerator related to the concept of & virtual source? Phys. Med. Biol. 38,
1173-1180.

Mijnheer B.1,, Thwaites D.L, Williams J.R, {1993): "Absolute dose determination”
in Radiotherapy Physics (Williams J.R. and Thwaites D.I., Eds.), Oxford
University Press, Oxford, 33-52,

Moehan R., Chui C. (1985): Energy and angular distributions of photons from
medical Hnear accelerators. Med. Phys. 12, 592-597.

NACP (1980) : Nordic Association of Clinical Physics. Procedures in external
radiation therapy dosimetry with electron and photon beams with maximum
energies between 1 and 50 MeV. Acta RadioL. Oncol. 19, 401-415.

Nahum AE., Thwaites D.1. {1993} “The use of plane-parallel chambers for the
dosimetry of electron beams in radiotherapy”, in Review of data and methods
recommended in the international code of practice: JAEA Technical Report
Series No. 277 Absorbed dese determination in photon and electron bearm,
TAEA, Vienna, 47-63.

Nette P., Svensson H. (1994): Radiation dosimetry in health care: Expanding the
reach of global networks, JAEA Buil. 36, 33-36.

Niisson B. (1985): Analysis of Quality Characteristics of Radiotherapeatic Photon
Beams. PhD Thesis, Department of Radiation Physics, Stockholm University,
Stockholm, Sweden,

Niroomand-Rad A., Haleern M., Rodgers 1., Obcemea C. (1992); Wedge factor
dependence on depth and field size for various beam energies using symmetric
and half-coliimated asymmetric jaw settings. Med., Phys. 19, 1445-1450.




144

Noel A., Aletti P.. Bey P., Malissard L. (1995): Detection of errors in individual
patients ir radiotherapy by systematic in vivo dosimetry. Radiother. Oncol. 34,
144-151.

Nystrom H., Karisson M. (1994): Photon beam quality specification by narrow-
beam transmission measurements. Phys. Med. Biok, 39, 12311245,

Palta 1R, Daftari 1., Suntharalingam N, {1988): Field size dependence of wedge
factors. Med. Phys. 15, 624-626,

Patterson H.S., Shragge P.C. (1981): Characteristics of a 18 MV photon beam from
a 'Therae 20 medical linear accelerator. Med, Phys. 8, 312-318,

Pewti PL., Siddon R.L. {1985} Effective wedge angles with a universal wedge,
Phys. Med. Biol., 30, 985-991,

Samuiski T., Dubuque, G.L., Cacak, RX., Courlas (3., Dewerd, L.A,, Hilko R,
Humphries, L., Jones, ., Masterson, MLE., Miller, D.W, Stovall, M,, Woches,
JLF, (1981): Radiation therapy dosimetry reviews by the centers for
radiological physics, Int. J. Radiat. Oncol. Biol. Phys. 7, 379-383.

Sitherberg A., Karlsson M., XKarlsson M. (1996): Theoretical and experimental
determination of phantom scatter factors for photon fields with different radial
energy variation. Phys, Med, Biol, 41 {in press)

Shalek R.}., Kenaedy P., Stovall M., Cundiff LH., Gagnon W.F,, Grant III, W,
Hanson W.F. {1976); Quality assurance for measurements in therapy. N.B.S.
SP 457,

Sterling T.I)., Perry H., Katz L. {1964} Automation of radiation treatment planning.
Brit, J. Radiol. 37, 544-550.

Storchi P, van Gasteren LIM. {1996} A tabie of phantom scatter factors of photon
beams as a function of the guality index and field size. Phys, Med. Biol. 41,
563-571,

Svensson H. (1971} Dosimetric measurements at the nordic medicat accelerators. T1
Absorbed dose measurements. Acta Radiol, Ther, Phys, Biol. 10, 631-654.

Svensson M., Brahme A. (1986): "Recent Advances in Electron and Photon
Dosimetsry” in Radiation Dosimetry, {C G Orton Ed), Plenum Publishing
Corp., 87-170




145

Svensson H., Hanson G.P., Zsdansky K. (1990} The [AEA-WHO TL, dosimetry
service for radiotherapy centres (1966- 1987). Acta Oncol. 29: 461-467,

Szymezyk W., Goraczke A., Lesiak J. (1991); Prediction of Saturmc I+ 10 MV and
23 MV photon bear output factors. Int. T, Radiat. Oncol. Biol. Phys, 21, 789-

7493.

Tatcher M. (1970): A method for varying the effective angle of wedge filters.
Radiology 97, 132,

Tascher M., Bjirngard B. (1994): Head scatter factors in blocked photon fields,
Radiether. Oncol,, 33, 64-67.

Thwaites .1, Williams LR., Aird E.G., Klevenhagen §.C., Williams P.C {1992% A
dostmetry intercomparison of megavoltage photon beams in UK radiotherapy
centres. Phys. Med. Biol. 37, 445-461.

Vadash P., Biiirngard B. (1993} An equivalent square formula for head scatter
factors. Med. Phys. 20, 733-734,

van Bree N.AM., van Banum L], Huizenga H., Mijnheer B.J. (1991} Three-
dimensional dose distribution of tangential breast wreatment: a national
dosimetry intercomparison. Radiother. Oncol. 22, 252-260.

Van Dam I, Bridier A., Lasselin C., Blankaert N, Dutreix A, (1992} Influence of
shielding blocks on the output of photon beams 45 a function of energy and
type of treatment unit. Radiother, Oncol. 24, 55-59,

Van Dam 1., Marinello G. (1994): "Methods for in vivo dosimetry in external
radiotherapy” in Physics for Clinical Radiotherapy, Booklet No. 1, ESTRO,

leuven .

van der Laarse R., van Overbeek P.AM., Swrackee 1. (19843 Wedge filters for
megavoltage roentgen ray beams. Acta Radiol. Oncol, 23, 477-484.

Van Dyk 1., Bamett R.B., Cygler I.E., Shragge P.C. {1593): Commissioning and
quality assurance of treatment planning computers, Int. J. Radiat.Oncol. Riol.

Phys. 26, 261-273,

van Gasteren J.JM, Heukelom S., van Kleffens M.J., van der Laarse R., Venselaar
LL.H., Westermann C.F. (1991} The determination of phantos and collimator
scatter components of the output of megavoltage photon beams : measurement




146

of the collimator scatter part with a bearn coaxial narrow cylindrical phantom.
Radiother. Ongol. 20, 230-257.

Wambersie A., Van Dam §., Hanks G., Mijaheer B.J., Battermann 1.J. (1994); What
accuracy is needed in dosimetry 7 JAEA -TECDOC 734. IAEA, Vienna, 11-
35,

Williarns 1L.R., Bradnam M.S., McCarrach G.M., Deehan C., Johnston 8. (1991} A
system for the guality audit of treatment dose delivery in radiotherapy.
Radiother. Oncol, 29, 197202,

Wittkiimper F.W., Mijnheer B.1., van Kleffens H.J. (1987); Dose intercomparison at
the radictherapy centres in The Netherlands. Part I Photon beams under
reference conditions and for prostatic cancer treatment. Radiother. Oncol. 9,

33-44,

Y1 M.K., Murray B. and Sloboda R. (1995} Parametrization of head-scaiter factors
for rectangular photon fields using an equivalent square formalism. Med.
Phys. 22, 1329-1332.

Yu M.X., Sioboda R, (1996) Analytical representaztion of head-scatter factors for
shaped photon beams using a fwo-coOmMponent X-ray source model. Med. Phys.

23,973-984,

Zefkili S., Kappas C., Rosenwald 1.C. (1994) On-axis and off-axis primary dose
component in high energy photon beams. Med. Phys. 21, 799-808.

Zhu T.C., Biimngard B.E., Vadash P. {1995} Scattered photons from wedges in
high-energy x-ray beams. Med. Phys. 22, 1339-1342,




147

INDEX

Accelerator 11
Archiving of data 124
Asymmetric beams 135
Anenuation 25

AXis
Beam axis 15
Central axis 15

Beam
Asymrnetic beams 15
Beam axis 15
Beam calibration 94
Beam flattening 13
Beam hardening 14, 25
Beam quality 24
Beam modifiers 16, 48
Blocked beam 61
Quality index 24, 27

Blocks 17, 23,61, 63, 67
Shielding block factor 108

Bolug 17

Bremsstrahlung 12

Butid-up cap 102

Cabie effect 99

Central axis 15

Changes in 88D 129

Cobait 60 gamma-ray source 11

Collimator i4
Collimator equivalent square 45
Collimator exchange effect 45
Coilimator setting 15
Mulsileaf collimators 15
Primary collimator 15

Compensators 17

Depth of Dose Maximurn 20
Diodes 96, 122




148
Documentation 124
Drose per monitor unit 6
Pose per time interval 6
Dose Profiles 24

Dosimeters 94
Cable effect 99
Diodes 96, 122
Film dosimetry 96
{Local reference chamber 94
Plang-paraliel chamber 96
Thermoluminescent dosimeter 113, 122

Dosimetry intercomparisons 113
Dynamic wedge 17-134
Effective wedge angle 10, 135

Electron
Hiectron Contamipation 21
Electron equilibrivm 20
Lateral electron equilibrium 32
Secondary Electrons 19
Transient electron equilibrium 20, 32

Energy fluence 46
Energy spectrom 13
Equivalent
Collimator equivalent square 45
Equivalent field 30
Exuivalent radius 30
Equivalent square 31, 45
Externai dosimetry check 112
External wedge 16
Figld
Equivalens field 30
Field size 15
Rectanguiar fields 43
Reference field size 34
Filim: dosimetry 56
Filter
Flattening filter 13
Wedge Fiters 16, 23, 48
Fixed source-skin distance conditions 34

Flattening filter 13




149
Full-scatter conditions 335
Camma-ray Source 11
Head-scartered photons 22
In vive dogimenry 121
Incident or primary photons, 19
Internal wedge 16
Inverse Square Law 22
Ionisation chamber
Cable effect 99
Local reference chamber 94
Plane-paralie] chamber 96
Polarity effect 9§
Recombination 98
Stem effect 99
Temperature and pressure correction 97
Isocentric conditions 34
Kerma 26
Kernel 32
Lateral efectron equilibrium 32
Local reference chamber 94
Mini-phantom 335, 36, 101

Monitor 15
MNumber of monitor units 9, 33

Motorised wedge 131
Multileaf coilimators 13
Nominal wedge angle 10, 135
Number of monitor units 9, 33
Open beam 33

Output ratio 27, 35
Cutput ratio measurement 104

Pencil beams 32

Percentage depth-dose 26, 42, 106, 127
Reference percentage depth dose 42

Phantom
Full-scatter conditions 35




156G
Mini-phaniom 35, 36, 101
Phantom Scattered Photons 23

Solid phantorn 104
Water phantom 101

Piune-paraliel chamber 96
Polarity effect 98
Prescribed dose 33
Primary collimator 14
Primary dose 20

Principal planes 15

Quality
(uality assurance 110, 11}
Quakity audit 111
Quality control 110, 111
Quality index 24, 27

Recombination 98
Record-keeping 124
Recangular fields 43

Reference
Reference conditions 2, 34
Reference depth 10, 104
Reference distance 34
Reference dose 130
Reference field size 34
Reference percentage depth dose 42

Responsibility 126

Scatter
Full-seatter conditions 35
Head-scattered photons 22
Scatter component 19
Scatter Integration 30
Scaner-Primary Ratdo 28, 39

Secondary Electrons 19

Shadow tray 17, 61, 63, 66

Shielding blocks 17, 23, 61, 63, 67
Shielding block factor 108

Signawre 126
Solid phantom 104




151
Source
Cobalt 60 gamma-ray source 11
X-Ray Source 11
Spoilers 17
Stem effect 99

Temperature and pressure correction 97

Thermoluminescent dosimerry 113, 122
Mailed TLD 115

Tissue Cutput Ratio 28
Tissue-Air Ratio 26
Tissue-phantom ratio 27, 37, 39, 106, 127
Transient electron equilibriven 20, 32
Transmassion factor 63, 66
Trays 17, 61, 63, 66
Treatment planning system 109, 117
Two-saurce moded, 22
Universal wedge 16
Virtual source 22
Volume Scarter Ratio 28, 38, 39, 105
Water phantomn 101
Wedge Filters 16, 23, 48
Diynamic wedge 17, 134
Internal wedge 16
External wedge 16
Effective wedge angle 10, 135
Motorised wedge 134
Nominal wedge angle 19, 135
Universal wedge 16
Wedge angle 48
Wedge factor 7, 48, 50, 167

X-Ray Souree 11




	booklet1
	booklet2
	booklet3
	booklet4



