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ABSTRGCT 

The accuracy of treatment planning system's (TPS) external photon beam dose 

calculations for complex fields involving the use of blocks, multi-leaf collimator (MLC), 

virtual wedges and asymmetric jaws are evaluated in this study. The treatment planning 

systems investigated were: (1) Helax-TMS (Version 4.1) which implements an energy 

fluence based model of the treatment head of a linac and pencil beam algorithm for 

determination of the dose in the patient; and (2) CMS FOCUS (Version 2.5) which 

employs the Clarkson's algorithm and a scatter phantom ratio model to calculate the 

dose. 'Veasured output factors (OF) and head scatter factors (HSF) for several square 

fields, fields formed by independent jaws, MLC fonned fields and blocked fields were 

dstermined and compared with OFs and HSFs predicted by the TPSs. OFs for virtual 

wedges, formed by independent jaws, were also measured and compared with those 

predicted by CMS and TMS. The output in-phantom is expressed relative to the output 

for a IOXI O field at the depth of maximum dose (dmax). The output in-air is expressed 

relari\-e to the output for a 10x1 O field at the source to axis distance (SAD) of 100 cm. In 

addition, several isodose distributions resulting ftom independent jaws, MLC, and blocks 

were measured and compared with isodose distributions as predicted by CMS and TMS. 

Al1 rneasurements were performed on the Siemens dual energy (GMV and 33MV) linac 

(KDîB). equipped with a MLC and virtual wedgeTY 

CMS and TMS performed accurately for the square (<2.0%), asymmetnc ( Q . O % )  

and bIocked fields (~3 .0%).  CMS demonstrated difficulty ( ~ 5 % )  for calculations of MLC 

fields since the MLC head scatter model is not implemented in CMS-FOCUS. The virtual 

wedge OF calculations were, in general, inaccurate. The deviations observed for TMS 



were as large as 4.6% for the 60" virtual wedge. Deviations as large as -3.6% were 

observed for CMS calculated virtual wedge OFs. For the isodose distributions, both CMS 

and TMS performed accurately in the low gradient central beam region. TMS dose 

calcuIations were superior in cornparison to CMS in the low gradient inner beam, high 

gradient, and penumbra region, particularly for the block and MLC fields.. 

In addition, a rnethod of independent verification of the rnonitor unit caiculations 

of TMS was developed. This method, designed and implemented in an EXCEL 

spreadsheet, uses measured beam data to calculate the rnonitor units for the beams 

designed by TMS. In general, the average deviation between TMS and this method for 

linac plans is less than 2% while for a 6 0 ~ o  treatment unit is less than 4%. The MU 

calculation program successfully provides an independent verification of MUS calculated 

by TMS. 

III 
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Chapter 1 : Introduction 1 

1 Introduction 

Radiation therapy is the process of using ionizing (and in some cases non-ionizing) 

radiation to treat malignant disease. The main goal is to cure the patient by eliminating 

the malignant disease while minimizing complications. This is achieved by delivering a 

large uniform dose to the planning target volume, encompassing the tumor, while 

rninimizing the dose to nearby normal organs and tissues. The process is complex and 

involves a series of steps, including patient diagnosis, determination of the treatrnent 

volume, planning the treatment, and finally delivery and verification of the treatrnent. 

Each of the above steps inherently invo!ves uncertainties, which have a direct impact on 

the success of the treatment. This particular study investigates the ability of computerized 

treatment planning systems to calculate the radiation dose being delivered to the patient 

undergoing treatment. 

Computerized treatment planning systems play a significant role in the process of 

radiation therapy treatment design and in achieving it's goal [Fra 981. In particular, they 

acquire and display patient anatomical information and perforrn dose calculations within 

the patient according to the plan designed by the user. The optimal treatment plan, 

customized to treat the patient, is therefore detennined. Dose calculations are performed 

using models, which incorporate measured bearn data as well as anatomical information 

of the patient derived fiom CT images. In the conventional approach, these models are 

empirical and obtain treatment bearn parameters by interpolation fiom measured data. 

The newer, more sophjsticated treatment planning systems mode1 the radiation transport 

through the patient. However, due to the complexity of the processes involved in 
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radiation interactions with matter, al1 models include approximations, inevitably leading 

to uncertainties in the dose calculations and limitations of the treatment planning 

computers [Fra 981. Furthemore, significant technological improvement in the treatment 

beam delivery systems in the past decade has further increased the complexity of the 

treatment planning process. Some of these improvements include multi-ieaf collimators 

(MLC), vinual wedges. and asymmetnc jaws. These advances, although desirable, offer a 

challenge in terms of their evaiuation and may lead to further uncertainties in the dose 

calculations. Uncertainties in the dose calculations limit the ability of the treatment plan 

in achieving it's goal, ie. cwing the patient. In particular, overestimating the dose to the 

tumor, and underestimating the dose to nearby cntical structures will result in an 

increased risk of complications as well as reduced probability of elirninating the 

maiignant disease. 

The purpose of this study was to evaluate the accuracy of extemal photon bearn 

dose calculations for complex fields involving the use of blocks, MLC, vimial wedges' 

and asymmetnc jaws. Similar investigations of other TPSs have been done [Lyd 981. 

Speci fically, measured output factors and head scatter factors for several square fields, 

fields formed by independent jaws, MLC formed fields, and blocked fields were 

determined and compared with output factors and head scatter factors as predicted by the 

treatment planning systems for corresponding fields. Output factors for virtual wedges, 

formed by independent jaws, were also measured and compared with those predicted by 

the treatment planning systems. In addition, several isodose distributions resulting fiom 

independent jaws, MLC and blocks, were measured and compared with isodose 

distributions as predicted by the treatment planning systems for sirnilar situations. 
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In particular, two treatment planning systems were investigated: (1) Helax-TMS 

(Version 4.1) which implements an energy fluence based model of the treatment head of 

a linac and pencil beam algorithm for determination of the dose in the patient [AT 91 & 

.4hn 92al; and (2) CMS FOCUS (Version 2.5) which employs a simpler method, namely 

Clarkson's algorithm and a scatter phantom ratio (SPR) model, to caiculate the dose 

[CMS]. This study determines the relative accuracy of these treatrnent planning systems 

and demonstrates which treatment planning system can more accurately model a given 

clinical situation. The remainder of this chapter is committed to reviewin; the dose 

formalisms and models implemented in the two treatment planning systems under 

investigation. This will provide the background necessary for an understanding and 

confidence in the dose calculated by the treatment planning systems. 

1. I Dose Formalism and Models irr Hel=- KWS 

The Helax TMS system is a 3D treatment planning system, which calculates the 

dose in the patient for al1 customized treatment plans fiom an energy fluence distribution, 

energy deposition kemels, and convolution models. The dose calculations are performed 

in a two step procedure. Firstly, energy fluence matrices, which describe the energy per 

unit area, traversing a cross section of an incident beam on the patient produced by a 

linear acceierator, are derived. Secondly, a pencii beam algorithm is used to calculate the 

dose distribution in the patient fiom first principles using the photon beam energy fluence 

and a pencil bearn kemel. A pencil beam kernel is a type of energy deposition kernel 

describing the energy deposited, per unit m a s ,  per unit fluence, in a semi-infinite 

medium from a point monodirectional beam [TMS]. The use of an energy fluence matrix 
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allows for a general and flexible description of the characteristics of a photon bearn 

[AAC 981. 

1.1.1 Eoergy Fluence from a Clinical Beam 

The basis of the Helax-TMS dose calculations is the energy fluence of a treatment 

unit bearn. Energy fluence describes the amount of radiant energy pet area traversing a 

cross section of a radiation bearn. More specifically, an energy fluence distribution, 

Yfo,(x?y), is the arnount of radiant energy per area AA at position (x,y) traversing a plane 

perpendicular to the bearn, and is given by 

The radiant energy is determined by the product of the nurnber of photons NE(x,y), 

having energy E at (x,y), and the energy E of the photons, summed over al1 energies. The 

coordinates (qy)  are defined at a particular reference distance, z, kom the source, usually 

taken to be the isocentre [Helax]. 

The total energy fluence can be divided into two parts: (1) the pnmary energy 

fluence, Ypn,(x,y), due to unscattered pnmary photons; and (2) the scattered energy 

fluence, Y,,,,(x,y), due to scattered or contaminating photons. Furthemore, the scatter 

radiation component can be separated into three groups: (1) jlatrening filter effect~ve 

scarier. Yi(A;.r,y), including scatter from the flattening filter and primary collimator; (2) 

c o l l i ~ a t o  t e ,  YC(A:-~,y). arising from scatter interactions at the edge surfaces of the 

beam collirnating devices, including upper and lower secondary collimators, MLC, and 
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blocks; and (3) mociltlator scatter, 'Y,(A;x,y). from wedges, fi lters, and trays. The sources 

of scattered radiation are illustrated below in Figure 1- 1. 

Figure 1-1 Sources ofscarter radiation: (1) Ffatteningjilter atzd prïniav coZfimntors (flartenirig 
filter eflective scattetj ; (2) co f fimut ors, and b fock edges (CO f fitria tor scarler) ; und (3) modulalors 
includirlg rrvdges, jifters, and trays (rnodula~or scatter). pelax] 

The influence of the modulating devices on the primary energy fluence is taken into 

account by a modulation correction fûnction, denoted by q(x,y), applied to the primary 

energy fluence. The total energy fluence for a given point (x,y) at the reference distance 

z, is given by 

1 .t y,,,, (4 -y, y )  = m, YW,,, ( x ~ Y )  + ifCrnt ( A ;  x, Y )  

where A represents the aperature and 
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13 yCont(A;x7 y) = ' t ; (A ;x ,y )+  Yc(A;-r,y) + 'f',,,(A;r,y). 

The primary energy fluence can also be broken down into a reference energy fluence 

level, Y',, on the bearn axis at z, and a relative distribution function, f(x,y), as follows 

1 .? y,,, (x, Y )  = y f Y )  - 

Equation 1.2 can now be wntten as 

1.5 Y,, ( A ;  -y1 y )  = Y, 4 0 7  y) - f (x, y )  + y,, (A;  -r, y )  

Finally, a relative energy fluence distribution is obtained by dividing equation 1.5 by the 

reference Ievel, Y,, as follows 

'y',, ( A ;  1, y )  yen, (A; -y, Y 1 
= ri(-r7 Y If (1, Y 1 + 

y0 

The incident beam c m  therefore be described by three relative energy fluence matrices: 

( I  ) a prirnary fluence matrix, f(x,y); (2) a head scatter fluence matnx, Y,,,fl,; and (3) a 

modulation matrix, q(x,y), describing the modulation of the pnmary energy fluence. 

1.1.2 Modeling the Energy Fluence Distribution 

The primary and head scatter fluence matrices are derived during the bearn set-up 

procedure and stored in two separate matrices for later use during dose calculations. The 

lateral relative energy fluence distribution, f(x7y) is derived via beam characterization and 

is discussed later in section 1.1.3. The following is a discussion of the modeling of the 

energy fluence distributions: (1) the modulation of the primary energy fluence; and (2) 

the modeling of the head scatter fluence. Since blocks are not treated as explicit head 
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scatter sources, the modulation induced by blocks is discussed in a third section titled 

Modr  la tiort by Bloch. 

1.1.2.1 Modulation of the Primary Energy Fluence 

Modulation of the primary energy fluence is separated into two groups: (1) 

modulation by attenuators, including physical wedges, compensators and trays; and (2) 

modulation by dynamic collimation, such as for virtual or dynamic wedges and dynamic 

MLC. 

1 . I  .2.1.1 ii4odulation by Attenuators 

The modulation of the prirnary energy fluence produced by wedges and filters is 

described by 

where YE is the effective energy spectrum, t(x,y) is the thickness of the attenuator at 

(x,y), p(E) is the narrow bearn attenuation coefficient for the attenuator materiai for 

photons of energy E, and k, is a correction factor applied to filter medium mass 

attenuation coefficients, equal to unity for wedges. Specifically, the correction factor, k,, 

is introduced to account for: inherent uncertainties in the attenuation coefficients; 

spectrum uncertainties; and the neglect of multiple scatter in the above proposed mode1 

for modulation of primary unscattered photons. The k, values have been found to be less 

than unity, as one would expect due to the neglect of multiple scatter [Ahn 95b]. It is 

determined empirically by minimizing the deviation between dose ratio measurements 
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and calculations. A fùrther discrepancy in the tabulated attenuation coefficients is that 

they include al1 of the coherent scatter, while the forward peaked coherent scatter at small 

angles more appropriately blurs the source rather than attenuate the beam [Ahn 95b]. This 

phenornenon is accounted for by an additional correction factor, k~pcoh(~,y) ,  denved from 

an attenuation calculatioti [ A h  95b]. The values of kA,,,h(x,y), are greater than unity and 

increase with increasing filter atomic nurnber. Incorporating these correction factors into 

equation 1.7 gives the resultant effective modulation of the prirnary energy fluence due to 

the attenuator, ie., 

The modulation matrix is evaluated by varying the modulation (ie. t), as calculated above, 

while fitting the calculated dose to measwed dose fiom star profile rneasurements, 

obtained at a depth of 1 Ocm in a water phantom. Thus, there is no explicit use of a wedge 

factor. A limitation of this model is that the energy fluence is assumed to be independent 

of the position in the beam, therefore, it does not account for off-axis soflening of the 

prirnary energy fleunce spectrurn. 

This model is also used for determination of transmission through trays, however, 

with the correction factors set to unity. The specifications of the trays including the 

thickness, mass density and composition are stored in the Helax database, and the user 

selects from the availabte selection. The monoenergetic attenuation coefficients are 

cakulated using the mass density and composition of the tray material from standard 

tables [Hig 921. 
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1.1 . t e l  -2 Modulation by Dynamic Collimation 

Dynamic collimation indicates that the collimating device (secondary collimators 

or MLC) defining the field is moving during bearn delivery, as opposed to static 

collimation where the collirnating devices remain stationary. The modulation induced by 

dynamic collimation [Helax] is deterrnined fiom: (1) the modulation induced by the 

transmission through the moving collimators, qco~iaans; (2) a collimating function 

C[A(m);x,y], which determines whether a point (x,y) is inside or outside the dynamic 

field A(m), as a function of relative delivered monitor units (m); and (3) a monitor 

correction factor descnbing the perturbation of the monitor signal from collimator 

backscatter, B(m); ie., 

where A(m) is the dynarnic field size, and m = Total monitor units delivered at a given 

d-ynamic jaw position / Total monitor units to be delivered for the field. The collimating 

function takes on the value of 1 inside the bounds of the dynamic field (A(m)), and zero 

outside. The monitor correction factor, B(m), is defined [ A h  92b] as 

where Mb is the MU signal proportional to the energy fluence of backscattered particles 

and Mo is the MU signal proportional to the forward energy fluence. Mb is described by: 

the magnitude of the primary energy fluence (Yo) incident on the collimator jaws 
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corrected for the inverse square law by (zJGOI1)', where ~0~~ is the distance from the 

source to the face of  the collimators, z, is the source to isocenter distance; a view factor 

(F) describing the fraction of radiant energy emanating fiom the scattering element, 

which strikes the monitor charnber; and a proportionality constant kbsck relating the 

fluence to the monitor charnber signal, ie., [Ahn 92b] 

where kback is determined empirically (see section 1.1.2.2. l) ,  z,,, is the distance from the 

source to the monitor chamber, and is the view angle as shown in Figure 1-2. 

Substitution of equations (1.1 1)  into (1.10) results in the following expression for B, 

where Yo/Mo is the absolute energy fluence on the central axis of a calibration bearn at a 

distance z, from the source per unit monitor charnber signal due to the forward directed 

fluence, derived from the absolute dose beam calibration process [Helax 2-24]. 
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Fiyzrrt. 1-2 Geonzetn- ofvie~r* factor culculation \c.ith dB assumed as the monitor [Ahn 9261. 

1.1.2.2 Modeling of the Head Scatter Fluence 

The scatter fluence Erom various parts of the treatrnent head is calculated fi-om the 

area of the scattering elements visible from the calculation point's eye view. This 

becomes a function of secondary collimator position for extended sources of scatter, 

which are located upstream from the remainder of the collimating system. The visible 

area of the scattering elements is determined by delineating polygons. The polygons are 

created by extending vectors, joining the calculation point in the patient and the edges of 

the collimôtors, MLC, and blocks, to the plane of the extended source, and connecting 

their points of intersection. The resultant poIygon may represent either an open or 

blocked part of the beam. 
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1.1.2.2.1 Flattening Filter Effective Scatter 

Since the entire primary energy fluence generated in the target passes through the 

flattening filter, it is one of the largest scatter sources in the beam. The filter is designed 

to produce a relatively uniform dose distribution at a depth in the patient in a plane 

perpendicular to the beam direction. For determination of the scatter fluence from this 

filter. a generic function is proposed [Ahn 941 which assumes the scatter fluence to be 

radially sqmmetric. The analytic expression describes the scatter released per filter axa, 

or scatter distribution, as a linear function of the distance f?om the beam central axis, 

denoted in angular units by 8, as follows 

where E is the ratio of the scatter source distribution at the filter edge to that at the center, 

r is the scatter emitted per solid angle integrated over the entire filter area, r,,~, is the 

distance of the calculation point fkom the source, rt,~, is the distance of the flattening filter 

from the source, and O,,, is opening angle of the primary collimators, located upstrearn 

of the flatteming filter. The parameters, r and E, are fitted, along with kback, to reconstruct 

measured output in air. This provides a scatter distribution representative of the scatter 

produced in the flattening filter as well as that produced by the prirnary collimators, 

hence there is no explicit modeling of the scatter fiom the pnmary collimators. k, is a 

correction factor that depends on the scattering angle 6, and describes the mean angular 

dependence of the cross section for the s p e c t m .  k, is also a correction factor, dependent 
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on +, that compensates for the energy loss in the Compton process. Their values are a 

maximum of unity at 4=0°, decrease with increasing scattering angle, and decrease with 

increasing beam energy. In particular, k, = 0.4 and k, = 0.7 for $=15" in a 24 MV bearn 

[Ahn 1 9941. 

The total scatter reaching a calculation point is retrieved through integration of the 

distribution in equation 1.13 over the visible part of the filter and evaluation of the 

correction factors at an effective scattering angle, +,fi [Ahn 941. 

area 

As previously noted the visible area of the flattening filter from the calculation points eye 

view is represented by a polygon. The polygon can be broken down further into 

numerous right angle triangles, which have a closed forrn solution of the integral [Ahn 

941. The scatter is then determined as the surn of integrals over each of  the triangles. 

Modulation of the Flattening Filter Effective Scatter 

In the presence of an attenuator or dynarnic collimation, the flattening filter 

scatter is affected. This is accounted for by introducing a mean modulation matrix as 

fol lows 

area 

where 
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Ok is a set of grid points covering the visible area of the flattening filter. Xk and Yk are the 

coordinates of the point of intersection of the vector, joining the scatter element at e k  to 

the calculatior, point (x,y), with the plane of the modulator. Note that modulation of the 

flattening filter scatter due to transmission through blocks is neglected. 

1.1.2.2.2 Collimator Scatter from Collimator Edges 

Collimator scatter is a result of scattenng of photons from the edge surfaces of 

bearn collimating devices. Bearn collimating devices comprise secondary collimators, 

MLC and blocks. Although blocks are considered here to be a collimating device, the 

scatter introduced in the interior of the blocks and the modulation of the bearn due to the 

blocks al-e modeled in a different rnanner, to be discussed in section 1.1.2.3. 

The model for collimator scatter in photon therapy beams presented here was 

developed by Ahnesjo [Ahn 95a]. Essentially, a scatter kemel is integrated around the 

collimating bearn periphery. The scatter kemel describes the energy fluence distribution 

of scattered photons resulting from a narrow line beam striking a collimator block, per 

unit length of the collimator. The model begins by separating collimator scatter into hvo 

types: (1) front face scatter aescribing scatter fiom photons entering tangentiaily 

through the side facing the field periphery; and (2) imer edge scatter - defined as scatter 
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fiom photons entering the collimator through the surface Facing the source. Since the two 

types of scatter are found to be related, the total scatter is derived i30m the inner edge 

scatter. A kemel modeling the inner edge scatter fluence ont0 a reference plane (at the 

isocenter) for a standard geometry (SAD=lOOcm, and the source to collimator block edge 

= 30cm), parameterized as a function of beam energy, is implemented. The total scatter 

kemel, also parameterized as a fùnction of energy, is then derived from the inner edge 

scatter kernel, and scaled fiom the standard geometry to the actual geometry [Ahn 95a]. 

Finally the total scatter fluence is obtained through integration over the collimator 

peripheries of al1 the collimating devices exposed to the beam and visible fkom the 

calculation point [Helax 4.81. The uncertainty in these calculations is approximately 

kI 5%, however, since the contribution to the total dose fiom the collimator scatter is only 

about 1 %, this results in only 0.15% uncertainty in the total dose [ A h  95a]. 

1.1 Lt .3  Modulator Scatter 

Modulator scatter originates from wedges, compensators, and trays. The mode1 

developed here [Ahn 95b] uses the scattering iheory in the forward direction for a 

n~onoenergetic beam, and then applies corrections for angular and spectral effects to 

approximate the distribution of scatter released per filter area- The fluence scattered per 

solid angle per area from a scattering element dA at (x',yf,z,) of a modulator is given by, 

Hm (s, y, Z) z = y0 f ( . ~ " , y " ) s ~  N, - p,'k,k,k,kb - t l W  
dA A ZI 

where: Y,(xW,y") is the primary fluence in the reference plane (d '=O)  at the position of 

the scattering element projected to the reference plane; (NAZ/A) represents the total 

Klein-Nishina cross section for forward scatter, where NAZ/A and p are the electron and 
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mass densities, and r, is the classical electron radius. The factor S' is the combined 

inverse square law for both primary (source to scatterer) and scattered (scattering element 

to the calculation point) radiation (see Figure 1-3), defined as 

where 5 is the distance of the source from the reference plane (isocenter), z, is the 

distance of the scattering rnoduiator from the reference piane (isocenter), and R, is the 

scatterer (xf,y',z,) to calculation point (x,y,z) distance. The modulation of the scattered 

fluence due to the attenuator is represented by - qZtt q / i ,  where q = e-' and jï is the 

attenuation coefficient for the modulator material averaged over the incident spectnim. 

The corrections, 16, k, k,, and kb are determined fiom analytic pararneterizations as 

functions of nominal energy, scattering angle, atomic number, attenuator thickness, and 

density. Specifically, k, corrects for angular and energy variations in the Klein-Nishina 

scattering cross section, taking on a maximum value of unity in the fonvard direction and 

decreases with increasing angle and increasing energy. kc corrects for photon energy loss 

during Compton scatter as a fùnction of scattering angle 8 by determining the relative 

mean energy of photons scattered through the Compton process in a given direction 8. 

The k, values are a maximum of unity in the fonvard direction and decrease with 

increasing scattering angle and increasing energy. k, corrects for the change in the 

attenuation coefficient of the scattered photons, with a value of unity in the forward 

direction and increases with increasing energy. kb corrects for radiative loss of energy 

from the generation of secondary bremsstrahiung. The kb values are al1 greater than unity 

and increase with increasing atomic number and increasing energy. 
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Figure 1-3: Georrretv of rnodulator scatter. t ' and i are the atter!itatiort pathlengrlis of the 
primat?. and scattered phororrs, respectiveiy.[Ahn 9561 

The total relative modulator scatter fluence would most obviously be detennined through 

integation over the area of the filter irradiated by the beam and visible fiom the 

calculation points eye view. This integration procedure is, however, sirnplified by 

approximating it with a sumrnation over pixels of a matrix, whose dimensions depends on 

the type of modulation [Helax pg. 501. The summation is given by 

above where AAi is the area of pixel i ,  Ili and qik'ow account for modulation due to 

additional attenuators above and below the modulator under consideration and are 

evaluated at the centre of each pixel, similarly for the scattering angle @i. The brackets () 

indicate an average of the bracketed term over the pixel. 
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1.1 l . 3  Modulation by Blocks 

Modulation of the primary bearn and scatter introduced fkom the interior of the 

blocks are cornbined to produce an effective transmission coefficient. Modulation of the 

pnmary b a r n  from blocks is modeled in a manner similar to that used for modulation of 

attenuators, section 1.1.2.1.1. The correction factors are neglected, resulting in a primary 

transmission coefficient as follows 

The mean Z and Z/A for the block material are used to detennine the appropriate 

monoenergetic attenuation coefficients obtained f?om standard tables. Specification of the 

block material and thickness is required by the Helax database prior to installation fiom 

which the user selects the block being used. 

Scatter produced in the interior of blocks is calculated using the Modulator scatter 

.Model, discussed in section 1.1.2.2.3, and neglecting the angular corrections, b, k, and 

k,, ie., 

The scatter fluence calculated from this method is then summed with the primary 

transmitted fluence to give an effective transmission coefficient, ie. 
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1.1.3 Determination of Lateral Primary Energy Fluence Distribution 

The relative lateral pnmary energy fluence distribution, f(x,y) is required for 

determination of the dose and is calculated by a method proposed by Ahnesjo and Trepp 

[AT 911. A Cartesian dose matrix is obtained via interpolation fkom a set of star profile 

measurements taken at a depth in water (10cm) for the maximum field size [Helax]. A 

corresponding lateral pencil kernel matrix is determined fiom a pencii kemel distribution, 

describing the energy deposited fiom a point monodirectionat beam in a semi-infinite 

medium, derived from -Monte Carlo calculated monoenergetic pencil kemels and the 

effective energy spectnim, and the spectrum is assumed to be laterally invariant. The 

energy fluence matrix, T(x, y ) ,  is then obtained by deconvolving the dose matrix by the 

kernel matrix. The resulting fluence distribution is filtered to remove the head scatter 

fluence and renormalized on the central axis, yielding a relative primary lateral fluence 

distribution, ie., 

1.1.4 Dose Calculation Algorithm 

The dose per incident energy fluence is calculated in Helax through convolution of 

energy deposition kernels with an energy fluence distribution. Determination of the 

energy fluence distribution was described in the previous section. The following 



Cha~te r  1 : Introduction 20 

discussion describes the energy deposition kemels and the convolution techniques 

implemented in TMS for detemination of the dose. 

1.1.3.1 Energy Deposition Kernels 

The type of energy deposition kemels implemented here are pencil beam kemels 

which describe the energy deposited per unit mass per unit incident fluence in a semi- 

infinite medium from a point monodirectionai beam [Helax]. Convolution of these pencil 

beam kernels with the energy fluence distribution yields the dose per incident energy 

flurnce. The convolution technique implemented is based on triangulation of the field. 

The dose is given by the sum of the dose over each triangle, detennined by the product of 

the mean fluence for the triangle and integration of the pencil beam kernel over the 

triansle area. 

1.1.4.1.1 Primary and Phantom Scatter Kernels 

Primary dose is defined as the energy deposited by charged particles generated in 

primary photon interactions. Scattered dose, is the dose resulting from charged particles 

generated in secondary photon interactions or from bremsstrahlung and/or annihilation 

photons created in the medium. The pencil beam kemel, describing the energy deposition 

From primary and scatter dose due to a clinical beam, requires a poly-energetic 

representation. This is achieved through superposition of Monte Carlo derived 

monoenergetic pencil kernels and an effective energy spectrum. The effective spectrum is 

deterrnined by fitting measured depth doses for several square field sizes to the depth 

doses calculated using Monte Carlo generated point spread hnctions [Ahn 92a]. Poly- 
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energetic pencil beam kemels, defined for each depth in the medium, are described 

analytically by the sum of two exponentials, ie., 

P A,e-":' ~ , e - ~ "  
- (r ,  Z) = + 

whsre r is the radial distance fiom the pencil beam a i s ,  and the parameters A,, a,, Bz, 

and b, are depth dependent fitting parameters. These parameters are determined by 

performing a least squares tit of the radial integral of the analytic kemel with radially 

cumulative distributions of the Monte Carlo generated polyenergetic kernels [ A h  92aI. 

In the above expression, the fint exponential can be assumed to result from 

primary dose and the second from scatter dose, ie. a?b,. To make this differentiation 

more accurate a correction factor C, is introduced and resolved by fitting the radial 

integral of the prirnary kemel (equivalent to the pnmary dose per incident energy 

fluence), to the primary dose per incident energy fluence as determined by the 

independently calculated Monte Carlo data, ie., 

.\K D:" ( r )  A, d ,  (i)= = C , 2 z - +  
Y a: 

The phantom scatter dose is then given by 

Field 

At the geometric edge of the field, the dose in the patient does not fa11 off 

instantIy because of: (1) the geometric penumbra due to the finite size of the source and 

bearn collimation; (2) scattered photon dose; and (3) lateral transport of charged particles. 

Helax system starts by ignoring the penurnbra broadening due to phantom scatter. The 
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lateral transport of charged particles is given by the lateral spread of the primary pencil 

beam kernel. Therefore, the primary pencil beam kemel in the penumbra region is 

calculated by convolving the primary exponential terni with a Guassian, width a,, 

describing the source distribution projected to the depth of calculation., ie., 

The primary p e n d  kernel was approximated by carrying out nwnencal convolutions 

over the relevant parameter ranges, and fitting h e m  to a linear superposition of a 

Guassian, and an exponential. The accuracy of this approximation was tested, and the 

deviation between measured and fitted penumbra was found to be generally less than 

1 mm, with a maximum deviation of 1.3 mm [Ahn 92al. 

Finally one last fitting is performed to further optimize the fit of the measured 

depth dose curves. Parameters, A, and Bz are replaced by &or2Az and bcomJBz, 

respectively and the new correction factors are denved by optimizing the fit of 

reconstructed depth dose curves to rneasured depth dose curves. 

1.1.4.1.2 Charged Particle Con tamination Kernel 

Charged particle contamination refers to the presence of charged particles in the 

build-up region, produced by pnmary photon interactions in the air, filters, and block 

trays. The pencil beam kernel for charged particles, modeling the energy deposition per 

unit incident prirnary photon energy, is assurned to be a product of a Guassian and an 

exponential 
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The Guassian, representing the contaminant dose in the patient, has a depth independent 

radius, as proposed by Nilsson p i 1  851. The exponential models the broad beam depth 

dose behavior of the contaminant charged particles, as demonstrated by Mackie and 

Scrimger [MS 821 and Beauvais et al [BBD 931. The contamination is estimated by 

taking the difference between rneasured and calculated (primary plus scatter) depth dose 

distributions in the build-up region. The parameters a, P, and y (depth independent), are 

then detived by fitting the depth dose distributions resulting from the above pencil beam 

kemel to the contamination dose, calculated at depth z on the beam axis for a square field 

size f, by integrating the pencil kernel defined in equation (1 2 8 )  as follows [Ahn 92a] 

yielding the contaminant dose per incident primary photon energy fluence. The integral is 

evaluated with the use of an error fùnction, ie., 

Since the contamination dose varies depending on the accessories inserted in the beam, 

different sets of parameters are detennined for open and wedged beams. 

1.1 A.l.3 Photon Contamination Kernels 

The dose from head scatter photons has two constituents: (1) primary head scatter 

dose; and (2) phantom head scatter dose. The prirnary pencil beam kemel described 
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previously in section 1.1.4.1.1, assurning lateral electron equilibhm, is used as the 

prirnary photon contamination kemel, ie., 

The primary head scatter dose is estimated from the relative head scatter fluence 

(Y  ,+Y,+Y,)ffo converted to dose by means of the radial integral of the primary kernel 

using the approximation of lateral charged particle equilibrium, ie., 

The dose contribution fiom the phantom head scatter photons are approximated by 

assuming its dose per fluence behavior to be identical to that of the phantom scattered 

primary photons, ie. [Helax], 

where ds(r) is the phantom scatter dose, Ds(x,y,z), per primary energy fluente, %- 

1.1 At Convolutioo Techniques 

In the section describing the modeling of the head scatter (1.1.2.2), delineation of 

the field shape into polygons was described. These polygons are modified by removing 

possible parts of the field located outside the patient, cutting off intersecting parts of 

block polygons etc. [Hela..]. The convolution techniques implemented here are based on 

the method of triangulation, decomposing the polygon into a set of triangles [Ahn 92al. 

The convolution is then carried out by replacing the integral over the polygon as a sum of 
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integrals over triangles. Figure 1-4 demonstrates how the field shape given by a poiygon 

can be decomposed into a set of triangles. A triangle is fomed from each segment of the 

polygon by comecting the vertices of the segment to the calculation point. The dose per 

incident primary energy fluence at depth z in a homogeneous half slab from a non- 

divergent beam with mean uniform energy fluence (Yi) over each hiangular section i, is 

given by 

where p/p is the analytic pencil beam kemel (primary or scatter) at depth z, and Ki is k1, 

depending on the sign of the cross product of the vectors from the calculation point to the 

triangle vertices. 0, and Oz are the angles between the vector (Li), stemming from the 

calculation point and normal to the polygon segment, and sides of the triangle. Li is the 

length of the vector decomposing triangle i into two right angle triangles (Figure 1-4). 

Figure 1-4 A po[ygon ABCDEF, representing a field shape, is decomposed into triangles X4 B. 
ABC. etc [,4/1n 9 2 ~ 1 .  Shoivn ro the riglit is the decontposition of eacli triangle into hvo right angle 
~riangles. \~here BI and O2 are the angles al the calculation point between the normal (Li) and the 
directions tu the endpoints of the segment [Helax]. 
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A mean relative energy fluence is used in equation (1.34) to correct for fluence variations. 

For primary dose calculations the mean energy fluence calculated is the same for al1 

triangles. Specifically, for primary dose, d,, calculations of open beams, the relative 

energy fluence at the calculation point is used since the lateral range of charged particles 

is short. For primary dose calculations of modulated beams, fluence gradients exist, and a 

weighted mean over a circular region around the calculation point is implemented, ie., 

hardening correction factor for the primary dose due to changes in 

absorption coefficients with beam penetration in a modulator. The 

where kpQ is a beam 

spectrum and energy 

sampling region radius is determined by a combination of the beam source size, projected 

to the calculation point and the kemel width. The sampling region is decomposed into 

se,gnents, j. of circular rings, around the calculation point, where (xj,yj) represents the 

center of each segment j. The weight is proportional to the integral of the pnmary pencil 

beam kemel over segment j welax]. 

The mean relative energy fluence is calculated differently then above for phantom 

scatter dose, d,, as the laterai gradient of the energy fluence is more significant. 

Specifically, variations in the energy fluence are accounted for by calculating a weighted 

average of the relative energy fluence in each triangle, 
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where the weights are the pencil kernel values, ri, is the distance of the sampling point j in 

triangle i to the calculation point, and (x,, y,,) are the coordinates of the sampling point j 

in triangle i. The sarnpling resolution is varied depending on the energy fluence gradient. 

ksQ is a bearn hardening correction factor for the patient scatter dose due to changes in 

spectrum and ener-q absorption coefficients with beam penetration in a rnodulator. It is 

detennined by the ratio of phantom scatter dose at a given depth, d, in the patient for a 

rnodulated field of filter thickness ,t, versus an open field- Full details of this expression 

are provided in Ahnesjo et al [ A h  95bl. In the above expressions 

. 
h eadscatter 

1.1.4.3 Dose per Incident Energy Fluence 

The total dose per incident primary energy fluence is given by 

hiconr hiconr 
1.38 d(.r,-v,z)=d,(r,y,z)+d,(x,';,z)+d, (x,y,z)+d, ( -r ,y ,z)+dcz(z ,  f )  

where d,(r) is the prirnary dose per primary energy fluence, d, is the phantom scatter dose 

per pnmary energy fluence, cicr is the charge particle contamination dose, d:'On'is the 

dose per incident primary energy fluence from the phantom scattered head scatter, and 

d;'""' is the dose per incident primary energy fluence from the pnmary head scatter. All 

doses displayed in TMS are relative doses. The type of relative nonnalization dose 

implemented in this study was dose plan nonnalization, where the relative dose Level L 

displayed for a single beam is given by 
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where Ln,, is a normalization level (set to 100 in this study), d(r) is the total dose per 

prirnary energy fluence, given in equation 1.38, and d,,, is the dose per prirnary energy 

fluence at the point of normalization. The relative dose L(r) is the level displayed in the 

isodoses generated by the dispkv doses tool in the beam modeling work module. 

For a cornparison between measurements and calculations, output factors and head scatter 

factors were measured and calculated. The output factor normalized dose is calculated in 

TMS as the ratio of the dose per monitor unit for the 

calibration beam 

where the dose per monitor unit for the treatment beam 

treatment beam, i, to that for the 

is given by 

where (YJM,) is a constant for a aven  beam quality as discussed in section 1.1.2.1.2, 

and b, is the backscatter fraction, describing the monitor unit perturbation due to the 

fluence of particles scattered back into the rnonitor, ie. b=Mm, ,  where Mb and Mo are 

discussed in section 1.1.2.1.2. The dose per monitor unit for the calibration beam is also 

given by the above expression where, bi and di(ï) are for the calibration bearn. The 

calibration geometry is a lOcm x lOcm field with isocenter placed at a depth of dmax in 

water. 
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Head scatter factors are calculated in the dose plan protocol as the ratio of the 

total energy £luence per monitor unit for a test field at a test point, to that for the 

calibration beam at the isocenter, ie., 

The monitor units output in the dose plan protocol (later used to calculate output factors 

m-here the line dose option fails to properly normalize) for a single beam plan are 

calculated according to 

J cafib 
i caiib where d ,  is the calibration beam normalized dose, ie., djcafib = - =' , and simiiarly 

'iftd 

,y"' 'norm = - . d i d i s  a standard dose calculated for the bearn quality in bearn i, for a drrd 

standard geometry (1 Ocm x 1 Ocm, dmax, SSD= i00cm). The prescription dose, Dpwc, is 

the dose prescx-ibed to a percent isodose line, b,. This is assurned to be 100 cGy 

prescribed to the normalization point, where the prescription level, b,,,,, is equal to Lo,,, 

(ie. usually 1 OO), unless otherwise specified. 
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1.2 Dose Calculations in CMS 

In this thesis, the Clarkson algorithrn of CMS Focus version 2.4.0 treatment 

planning system is evaluated. The FFT convolution and the multi-grid superposition 

algorithms were not evaluated since these algorithms have not been clinically 

implemented yet. in the Clarkson implementation, the treatment head is charactenzed by 

a single parameter ie. output factor (OF) for a given collirnator setting, which is 

interpolated between the OF measured for several square field sizes. Therefore, unlike 

TMS, a separate head scatter mode1 is not considered. Clarkson's method of sector 

integration is based on derivation of scatter phantom ratios (SPR) from a set of 

percentage depth doses (PDDs) measured for several square field sizes. The basis of this 

method is the separation of the absorbed dose in a patient into two components, narnely: 

(1)  the primary component, which is independent of the field size and shape; and (2) the 

scatter cornponent, which is dependent on the field size and shape. The primary 

component of a beam is charactenzed by a flattening filter fùnction and then modified by 

the attenuation through the beam modimng devices and the patient. To determine the 

scattered dose, the field is divided into sectors and the scatter contribution from each 

sector is summed by considering the sector to be part of its own circle, for which the 

scatter phantom ratio (SPR) is already known. This process yields an average SPR for the 

irregular field at the calculation point m a n  941. 

The algorithrn takes into account primary dose corrections for transmission by 

wedges, and blocks, however, scatter modifications due to variations in field intensity, 

such as for wedges are not explicitly considered. 



Chapter 1 : introduction 3 1 

1.2.1 Clarkson Algorithm 

In tbis section, a brief review of dose calculations using Clarkson's integrâtion 

using TPRs and SPRs is provided. The system calculates a relative dose distribution for 

each bearn with respect to the user defined weight point, at a number of points of 

intersection between fan Iine and depth line grids, see Figure 1-5. A connection to the 

absolute dose is then established by normalizing the sum of weighted relative dose 

distributions for several beams in a treatment plan. 

Depth --- 

L ines 

Fan Lines 

Central 
Avis 

Figure 1-5: Farz Iirte and depth line griak. nie relative dose is calculated at eaclr iritersectiorr 
point at~d a patie~it dose triatrir, defirred by the user, is delemirteri via interpolation of the relative 
doses at tliese irztersecfiori points. 

7 
-7 

1 
b 1 

A 1 
A 1 

1.2.1.1 Dose per monitor unit 

\ 

\ 

The basic equation to calculate dose per monitor unit (MU) at each point along 

A 

the fan Iines for a given beam, is determined by [CMS Appendix A] 
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Dc(dc2O;  - - -- - -- - SC) 
D(d, l ;  fd, fco,ba;r,t/t,s) - - 

( E )  - WEGFAC(; ; r, th )  - {INT(I; ; r )  TRA Y - [TPR(Z;O;O) 
b j  

- PT(; fd, fcot ba; r,th,s) + SPR(I; fd, fco,ba; r,th)]) 

where 

is the dose per monitor units for an arbitrary point P, illustrated in Figure 1-6. The point 

of dose calculation is at a physical depth (projected to the central axis), d, and 

radiological depth, Z. located at a transverse distance r fiom the central axis. The angle 

behveen the vector r and the collimator axis along the beam width is denoted by th, and s 

is the axial distance along the central axis fiom the radiation source. The field size is 

defined by: the collimator setting, fd, with a field center off-set from the central axis 

denoted by fco; and a customized port or MLC denoted by the blocking arrangement, ba. 

Various parameters on the nght hand side of equation 1.44 are described in detail 

in the foIlowing pages. 
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Figure 1-6 Geomet- of the point of close calarlatzorl D(d.l:fd, fco, ba;r.th,) where. parameters fd 
fco, und ba are deterrnirzed at depth d.[CMS] 

Dc(dc; ec;O, SC)  

MU 

is the calibration dose output, defined as the dose per monitor unit, with the tray 

removed, at the calibration depth, dc, axial calibration distance on the central a i s ,  

SC {usually the source to axis distance (SAD)), and for the open field equivalent 

square, ec. At CancerCare Manitoba (CCMB) SC is set to the nominal SAD of 

IOOcm for linacs and 80 cm for Cobalt units. Al1 our beams are calibrated at a 

depth of maximum dose, ie. dmax, and source to calibration point distance of 

SAD. The field size ec is defined at SAD. This factor is the same as the 

cornmoniy known output factor. 
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TPR (dc;ec;O) 

is the central axis tissue phantom ratio (TPR) for the open field equivalent square, 

ec, at the calibration depth, dc. At CCMB, TPRs are normalized to a depth of 

dmax for each field size. Therefore (TPR(dc;ec;O) is set to unity for each ec. 

is the ratio of phantom scatter factors, defined at the reference depth where the 

TPRs are normalized, for a zero field size to that for the open equivalent square 

field. The function TPR(dc;ec;O) SP(ec) can be shown to be the same as peak 
W O )  

scatter factor PSF(ec) [Khan]. Therefore, 

is the dose per MU measured in air for a collimator setting ec at a distance SAD 

From the source. Also, 

is the dose per MU, measured in air for the same collimator setting at a distance s 

fiom the source at the central axis of the beam. 

is the inverse square law correction, taking the dose fiom the calibration distance, 

SC, to the axial distance of the point of calculation, S. 
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TPR(I;O;O) 

is the central axis TPR at the radiological depth, extrapoiated to zero field size. 

For the case when TPRs are referenced to dmax, it can be shown [Khan] that 

TPR(1;O;O) is the same as TAR(I;O;O). 

PT(; fd. fco,ba;r,th,s) 

accounts for primary dose corrections due to transmission and penumbra effects 

arising fiom secondary collimators, and customized ports. 

SPR(f; fd.fco,ba;r,th) 

is the scatter phantom ratio at the radiologicai depth, f, for the blocking 

arrangement, ba, at the dose point located at (r,th,s). The SPR is calculated using 

Clarkson's integral. For the case when TPRs are referenced to dmax, SPR can be 

shown to be the sarne as scatter air ratio (SAR). Therefore, the fünction 

[TPR(f;O;O).PT(;fd,fco,ba;r,th,s) + SPR(l;fd,fco,ba;r,th)] is the effective tissue air 

ratio (TAR) at radiological depth 1, for the blocking arrangement ba, at the dose 

point located at (r,th,s). It is now clear that rnultiplying in air dose at the 

calculation point, ie. equation 1.46, by the effective TAR, the term [] above, 

yields in phantom dose. The remaining factors such as TRAY, WEGFAC, 

INT(l,r) are then applied to in-phantom dose. 

INT(f;;r) 

is a radially symmetnc function which accounts for radial variations in beam 

intensity due to the flattening filter. It is estimated fiom measured diagonal beam 

profiles at a number of depths by removing the effect of secondary collimators 

and in-phantom scatter. This function defines, the radial variations of primary 
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dose in water due to the flattening filter and hence depends upon the radiological 

depth f. 

WEGFAC(;;r,th) 

is the transmission through the wedge along the appropnate fanline and includes 

changes to both primary and scatter dose due to the wedges. The evaluation of 

this transmission is discussed in section 1.2.1.1.1. 

TRAY 

is the transmission factor for tray(s) used for holding blocks and compensators. 

This factor is rneasured in-phantom and hence accounts for pnmary plus the 

scatter changes due to the tray. 

Equation 1.44 is rearranged to a value proportionai to the dose, and is evafuated at 

each fanline/depthline intersection point from the right hand side of the following 

equation 

- P T ( ;  fd, fco,ba;r,th,s) + SPR(I; fd, fco,ba;r,th)]} 

where the term in the brackets ( }  is referred to as the tissue ratio{TXR). Calculation of 

the individuaI t ems  in TXR, and WEGFAC will de discussed in the following sections. 
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1.2.1.1.1 WEGFAC 

Wedge transmission values, calculated for each fan ray, depend on the distance. t, 

the ray travels through the wedge, and the linear attenuation coefficient, p. specific for 

the wedge material and bearn energy, as follows 

WF 
WEGFAC(r, th) = e-""-" ' - - 

-PT 

where T is the thickness of the wedge on the central axis and WF is the wedge 

transmission on the central axis. WF is detennined via linear interpolation for the field 

size determined by blocking arrangement ba or fd for unblocked fields Eom a table of 

stored values for square field sizes. CMS focus version 2.4.0 dose not support wedges of 

arbitrary wedge angle as realized by the virtual wedge software of Siemens KD2 linac. A 

set of four, ie. 1 9 ,  30". 45", and 60°, wedges at each energy have been mimicked by 

physical wedge modeling by using measured isodose distributions for virtual wedges. 

1.2.1.1.2 TXR 

TPR for Zero Field Size 

See section 1.2.1.1. 

Primary Correction Due to Penumbra PT(;fd,fco,ba;r,th,s) 

Customized ports, having diverging edges parallel to the fanlines, are entered as a 

set of contour points and presented as polygons, representing either a cutout (where the 

radiation is blocked outside of the polygon) or a block (where the radiation is blocked 

inside of the polygon). The fiaction of radiation passing through each blocked area is 

described by a transmission value, assigned to each polygon. These transmission values 
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are used in the pnmary correction to account for the modulation of the primary dose. 

MLCs are defined only as cutouts, however, they have not been commissioned in the 

CMS version implemented at CancerCare Manitoba. Since CMS focus dose not have an 

explicit head scatter model. the dose calculation for MLCs are expected to be the same as 

for blocks. The correction can be separated into the individual conhibuting components 

as follows, 

PT(; fd, fco, ba; r,th,s) = PT(;jk, fco,O; r ,~ l i , s )  - PT(; jT, fco,,O; r, th, s )  

[PT(;O,O, attuut; r, th, s )  - PT(;O,O, blucks; r ,  th, s)] 

where 

PT(;fu,fco,O;r,th,s) is the penumbra for the upper collimators, 

PT(;fl,fco,O;r,th,s) is the penumbra for the lower collimators, 

PT(;O,O,cutout;r,th,s) is the penwnbra for the cutout, and 

PT(;O,O,blocks;r,th,s) is the penumbra for the custom blocks. 

Colfini ator Pen irnibra 

The collimator penumbra is estirnated by the following relation [CMS] 

nvhere x is substituted with u for upper or 1 for lower collimators. Tx is the transmission 

through the collimator (same for both), and Fx is the fraction of radiation at the dose 

point, from the extended source unobscured by the field defining collimator jaws 

(assuming the other jaws set to infinity). Fx is determined from the double integral of the 

radiation source strength distribution. Assuming, the source strength to be normally 

distributed with the radial distance fiom the center of the source [CMS], Fx, reduces to 
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(2) W 
Fi = 0.5 - {erf[Bc.(x, + - -x)]-erf[Bc-(x, - - - x)l, x = zi 

2 
1.50 

L 
0.5 - (ef[Bc (y, + (i) - y)] - eV[Bc - ( y ,  - 5 - Y)] 1 * y = I  

where erf is the error U t i o n ,  given in equation 1.30, W and L are the beam width and 

iength, respectively, (&,y,) are the field center coordinates at the depth of the calculation 

point. (x,y) are the calculation point coordinates with respect to the central axis, and Bc is 

a function pararneterizing the size of the penumbra, ie., 

scd 
B c = 2 -  A L , .  

sd (S - scd) 

where ALc is a source size scaling parameter for the collimator, scd is the source to 

coilirnator distance, sd is the source diameter, and s is the source to calculation point 

distance, projected to the central axis [CMS]. 

Cutorrt atzd BIock Perrunrbra 

The cutout and block penumbra are given by expressions similar to that 

deterrnined for the collimator penumbra, ie., 

1.52 PT(;O,O, ctctozrt; r ,  tli, s) = Tp + (1 - Tp) . Fp 

PT(;O,O, blocks; /-,th, s) = (1 - Tb, ) Fb, 
k 

where Tp is the transmission through the blocked portion of the field for cutout, and Tbk 

is the transmission of the kth block. The penumbra functions, Fp and Fb, are evaluated by 

sector surnmations. The potygon is divided into triangles (sectors) by comecting the 

calculation point to two neighborïng contour points in the polygon. The angle subtended 
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by the line segments joining the calculation point to the contour points is denoted by 0,. 

I f  0, is greater than 10°, the sector is divided into smaller subsectors of angle Ag,, where 

m denotes the side of the polygon side [CMS]. The penurnbra functions, Fp and Fb, are 

given by the sarne equations, ie., suppressing the p and b, 

where A0, is the sector angle for the mth side of the cutout~block, Rn is the radius of the 

nth sector on the mth side of the cutout [CMS], and Bcp pararnetenzes the size of the 

penumbra according to equation 1.5 1 where scd becomes, std, the source to tray distance. 

See Figure 1-7. 

nh 
sector 

Figure 1-  7 Sectorizatiori of Curouts and Custorriized Ports. TIre pol)gon represents an irregrdrrr- 
sliaped field projecteci to the depth of calcidation point P. 7Xe cross Iiairs represent the beam 
mis. and there Nitersection point is the position ofthe central a i s  of the bearri. 

SPR Integral 

Phantom scatter is the scattered radiation produced in phantom, and can be 

calculated as the scatter produced by the field defined by the collimator 

(SPR(l;fd,fco,O;r,th) and cutouts (l;O,fco,cutout;r,th), minus the scatter reduced by blocks 

(SPR(l;O,fco,blocksk;r,th), ie., 
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SPR(1; fd, fco, bu; r, th) = Tp - SPR(I; f i ,  fco,O; r,  th) + 
(1 - Tp) - SPR(I;O, fco, critout; r ,  th) 
blocks 

- (1 - Tb, ) - SPR(I;O, fco, &lochk ; r,rh) 
k=1 

where the term Tp SPR(l; fd, fco,O;r,rh) is the phantom scatter ratio for an open field, 

size fd, modified by the transmission through the collimators, ie. assumes the field is 

completely blocked by a cutout, (1 - Tp) . SPR(l;O, fco, mrout; r, th) is the phantom 

scatter ratio for the field defined by the cutout minus the transmitted phantom scatter 

already accounted for in the first term, and the last term on the right hand side of equation 

1.55 is the phantom scatter ratio for the blocked field minus the transmission of this 

scatter through the blocks. For an irregularly shaped field, the scatter at a point is 

determined by sectonzation of the polygon (see Figure 1-71, as for the penumbra 

calculations, and integration of the scatter reaching the point over each of the sectors, ie., 

m**nsm(I; Rn;O) SPR(f;O. fco, poiygon; r ,  th) = - 
m=l 2~ .=, 

where SPR(l;R,;O) is the scatter phantom ratio on the central axis for a field of radius Rn 

at depth 1, given by, 

SP(% SPR (2; Rn ;O) = TPR(I; en ;O) . - - TPR(2 ;O;O) 
S P ~  

where TPR(l;e,,;O) is the TPR for an equivalent square of side e,, = 

(1.782+0.00184Rn)*Rn. Note if Rn extends beyond the collimators it is clipped to the 

collimator edge. Also note that if Rn extends beyond the patient skin and is still within the 

collimator, it is not modified. 
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The following assurnptions are made in this scatter calculation: 

(1) the primary beam is laterally invariant, ie. the scatter component only depends on the 

distance between the calculation point and the field edge; 

(2) a homogeneous scattering medium exists over the region defined by the field, 

resulting in an overestimation of scatter near the field edges. 

Flatteniag Fiiter Correction INT(l;; r) 

This function accounts for variations in primary beam dose in water as caused by 

the flattening filter. Specifically, the intensity function INT(1;;r) is the relative beam 

intensity along the beam fanlines, excluding the effects of the collimators and phantom 

scatter. The basis of the calculation is a set of diagonal off center ratios (OCD) measured, 

at the machine reference distance (SAD), and stored in the source file maintenance. The 

intensity function is assumed to be radially symmetric and is calculated at the radial 

distance r of the calculation point fiom the central axis, scaled to the radiological depth 

below the OCD measurement surface (see Figure 1-8), ie., [CMS Appendix B] 

S , (enmP. ) 
TPR(I; enrrp. ;O) OCD(I; enrrp. ; rr,45, SSD,,, ) 

INT(Z; ; r )  = 
<(O) 

TPR(1;O;O) - PT(; emr,. ; r',45, SSD,, ) + SPR(1; emr,. ; r') 

where SSDocD is the source to skin distance in the OCD measurement geometry, r' is the 

radial distance scaled to depth 1 fiom SSDoco, and emx,? is the maximum square field 

size used to measure the OCDs. OCD(1; emx,~;r',45,SSDoco) is calculated by 

interpolation fiom a table, and PT(;emx,.;r',45,SSDocD) is calculated by the product of 
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PT for the maximum collimator width and maximum collïmator length. The scatter 

phantom ratio, SPR(l;emwp.;r') is estimated by Day's p a y  SOI mle [CMS Appendix Cl, 

where the field is divided into four sections, and each contribution is computed 

separately. The division of the field is illustrated in Figure 1-9. The four rectangular 

fields are: ElxEI, E2xE2, EixE2, and E2xEi, where E l  = ernxp-+1 .4142*r', and Ez = 

SPR(1; emr,. ; r')  = 0.25. SPR(1; E,xE, ;O) + g 0.25 - SPR(2; El-rEZ ;O) 
1.59 

+ g - 0.25 - SPR(2; E,xE, ;O) + 0.25 . ,!?PR(/; EI.rE2 ;O) 

where 

Furthemore, SPR(1;ExE;O) is calculated using equation 1.57, and substituting Rn with 

EsE, and en with E. 
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Figtr-e I-8 /NT(I;;r-) calciriarion geometrÿ and OCD rneasrrrement geonretry [CMS] 

Figure 1 - 9 Fottr rectangular fields used in Days S mle - (A) illus traies the fields forrned rvlt ert 
the point of calczrlation. P, lies wziirin the field, and (B) illustrates titefieI&fornted rvhen P lies 
orrtsicie thefieid [ C M S ]  
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Relative Dose 

The relative dose at each fanline/depthline intersection point, for relative dose 

beam weighting, is calculated as: 

where w is the beam weight. describing the relative dose contribution of the beam to its 

weight point, and D,v" is a value proportional to the dose, given by equation 1.w. at the 

weight point. The value of D,', assuming open customized port nonnalization and 

wedged nonnalization, is calculated by neglecting the customized port, ie. 

where 1, is the radiological depth of the weight point, r, is the radial distance of the 

weight point fiom the central a i s ,  s, is the axial distance of the weight point along the 

central axis from the source, fd, is the collimator setting, scaled to s,., in open port 

normalization, fco is the field center off central axis distance, and th, is the angle 

subtended by the radial vector, r,., and the collimator axis along the beam width. 

These relative dose values, R X p  are then interpolated ont0 a user-defined patient 

dose matrix. This patient dose matrix is either a volume, defined by NX columns, N'Y 

rows, and NZ slabs, or a set of selected planes. The precision of this grid is controlled by 

the user. The values stored in this patient dose rnatrix are then used to display isodose 

curves by normaiizing the relative doses to the relative dose at a selected point, the 

normalization point, and converting to a percent dose value, ie., 
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R.F.= %Isodose Value, = - . 100%. 
RE,"" 

1.2.2 Monitor Unit Calculations 

The monitor units required for a given beam are determined by: 

Dose Deitvered - to - the - Weight - Po int 
1.63 M u =  - 

Dose - Output - ut -the - Weighr _ Po int 

The dose delivered to the weight point is equal to 

lsocrrrve Value 

where DpKs is the dose prescnbed to the nomalization point, and IsocurveValue is the 

sum of relative doses at the plan nonnalization point. The dose output at the weight point 

. . -- A - - - - . - 
D(dw,  h; fdw, fco,O; nv, th , ,  S W )  

1.65 =oz- 
M u  TP R (dc; - ec;O) - [ ~ ] - i + q - r c ~ .  
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2 Methods and Materials 

The models of radiation dose calculation, discussed in the previous chapter for the 

two treatment planning systems, require measurement of some basic data including 

output factors, head scatter factors, percentage depth doses, diagonal star profiles and 

transmission through beam modiming devices. These measurements are only needed for 

a set of square field sizes. In order to test the ability of models to predict doses for 

asymmetric fields, MLC fields, blocked fields and treatments delivered using dynarnic 

collimation, another set of measurements are needed. This chapter provides a 

comprehensive list of such measurements including the equipment and experimental set- 

up. This chapter also briefly outlines the calculation procedure of measured parameters 

by the two treatment planning systems. 

2.1 Measurements and Calculations 

Al1 measurements were performed on the Siemens dual energy (6MV and 23MV) 

linac (KDZB), equipped with a MLC and a vinual wedgeTM. The inner 27 pairs of leaves 

of the MLC project to k m  width, and the outer two pairs of leaves project to 6.5cm 

width at the isocenter. Each Ieaf is capable of travelling fkom a maximum opening of 20 

cm on one side to an overtravel of I O  cm on the opposite side of the central axis. When 

the collimator is at zero degrees, the leaf travel is in the cross plane direction. At CCMB, 

cornprehensive daily and monthly QA programs have been instituted to ensure the 

geon~etrk as well as radiographie accuracy of leaf positions [Lew 961. 

The virtual wedgcTM system works as follows. The field size in the wedge 

gradient direction is defined by independent collimator jaws. Speci fically, the jaw on the 
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toe side of the wedge (corresponding to the thin side of the wedge) stays stationary 

dunng a treatment while the jaw on the heel side of the wedge travels during the beam 

delivery. Initially the moving jaw is close to the stationary jaw ( lcm gap) and then it is 

moved to its final position at a constant speed while the dose rate is varied to produce a 

wedge like gradient in the delivered dose. 

It  should be noted that CMS-focus dose not account for hardening of the beam 

due to physical wedges and resülts in significant errors for thick wedges. However, since 

physical wedges are not used for this treatment unit, this shortcoming of CMS-focus will 

not bs evaluated in this study. 

2.1.1 Head Scatter Factors 

Head scatter factor is defined as the relative change in treatment unit output in air, 

excluding the dose due to contaminant charged particles, with respect to a standard field 

size. Head Scatter Factors were detennined from in air measurements at the source to 

avis distance (SAD=100cm), normalized to a reference field (10cm s 1Ocm field at 

SAD). 

2.1.1.1 Equipment and Set-up 

Measurements were taken using an electrometer (Keithley Instruments, ser 15 1 88, 

mod 35614), coaxial cable, a thimble ion chamber (PTW Freiburg, Germany, N 233643 - 

289(90), TYP 9732-2), and b r a s  build-up caps of thickness 0.2 1 cm for 6 W  and 0.81 

cm for 33MV beams. The thickness of the brass build-up cap was chosen to exclude the 

detecticn of charge particle contamination fkom the treatment head [AA 891. The 

electrometer was set at 10-~  C, -100% bias, and range 2. The following is a diagram 
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(Figure 2-1) of the beam mis and the position of the collimator jaws with respect to the 

gantry as seen in the beams eye view. 

Y2 Beam Centnl 
I Axis 

Figue  2- 1 Bearri ares und collirnator- jarv positioru with respect ro the gantry as seen irt the 
beani 's 9.e vierr.. 

A set of 7.5 cm thick diverging edge blocks were used in this study. 

2.1.1.2 In-air Measurements 

Measurements for the fields listed in Table 2-1 were performed for two beam 

energies (6MV and 23MV) and the head scatter factors determined by normalking the 

chamber reading for a given field by the chamber reading for the reference field. No 

corrections for temperature and pressure were made since fiequent measurements of the 

reference field were taken. Al1 fields were measured twice for a beam setting of 100 

nionitor units (MU). For the square and asymmetric fields, measurements were taken at 

the middie of the field with the collimator and gantry both at OO. For MLC and blocked 

fields. measurernents were taken on the beam central axis- Diagrarns of patterns 3 

through 10 are illustrated in Figure 2-2 through Figure 2-9. 
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. * - .  
Table 2-1 : in-Air Fields M e m e d  (c- w oositionsgven in cm) 

Square Fields (X:Y), 8,0i = O", O,, =O0 
15 s 15,20 x 20, and 40 x 4O* 

Asymmetnc Fields (XI :X2 x Y 1 :Y2), OCo1 = O", O,,. =O0 
Right Quadrant- 0 5  x 0:5,0: 10 x 0: 10, 0: 15 x 0: 15, 0:20 x 0:20 
Right Half - 0:5 x 5:5,0: 10 x 10: 10,O: 15 x 15: 15, 0:20 x 20:20* 
Top Half - 5:s x 05 ,  1O:lO x 0:10, 15:15 x 0~15, 20:20 x 0:20* 

MLC fields (Y 1 :Y2, 8c011,8pp) 
Pattern 3 - (7.5:7.5, O", 0°) 
Pattern 4 - (2.8:3.0, O", O") 
Pattern 5 - (555.5, O", O") 
Pattern 6 - (959.5, O", 0") 
Pattern 7 - (9.5:9.5, 88", 0") 
Pattern 8 - (13.5: 13.5, 90°, O") 
Pattern 9* - (13.5:13.5, 270°, O")* 
Pattern 10 - (5.0:5.0, O", O") 

Blocked Fields (X x Y, 8,,11,8,~) 
Pattern 3 - (15 x 15, 0°, O") 
Pattern 4 - (5.4 x 2.8:3.0, O", O") 
Pattern 5 - (28.4 x I l ,  O", 0") 
Pattern 6 - (20 x 20, O", O") 
Pattern 7 - (26.4 x 19, 88, O") 
Pattern 8 - (5.2:3.9 x 27, 90°, 0") 
Pattern 9* - (39 x 27, 270°, O")* 
Pattern10 -(10x10,0",0") 

*fieil's rror srrpporred &y CMS 

Square fields were measured and compared to previous rneasurements. The 

reproducibility of expenmental set-up was within 20.5%. in addition, measurements of 

fields defined by the collimator settings for the bIocked fields, but with the blocks 

removed, were measured to determine the modulation in the flattening filter scatter, if 

any, produced by the blocks. 
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Figure 2-2 Pattern 3 (15 .r 15) - The dashed 
Iines indicate the jmv posirions for the blocked 
firld, and the shape fomzed by the solid iines 
itiriicares [/te block and MLC shape. The cross 
11ai1-s cietrote the location of rhe beam central 
m-1s. 

............... .... .--. .. p., 

Figure 2-3 Pattern 4 (5.4 x 2.8:3.0) - The 
dashed lines indicatr the jarv positions for 
the blocked field, and rhe shape fonned by 
rhe soiid fines indicates the block and MLC 
shape. The cross hairs denore the location of 
rhe beam cenmalcrnS. 

Figure 2-4 Pattern 5 128.4 .r J I )  - The 
dashed fines ittciicare rhe jaw positions for. 
rlze hlocked field, und the shape Jomed by 
the solid Iines irzdicares the block and MLC 
shclpe. The cross lruirs dcnore the location of 
the beanr central mis. 

Figure 2-5 Pattern 6 (70 x 70) - The dashed 
iines indicare rhe jaw positions for rlw 
blocked field. and rhe sliape fornled &y the 
solid lines indicares the block anù hfLC 
shape. The cross hairs denote the locarion of 
the beam cenrral mis. 
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Figure 2-6 Pattern 7 (26.4 x 19) - The h h e d  
fines irzdicate the jarv positions for the blocked 
-field. and rhe shape fonned b-v the solid Iines 
indicares the block and MLC shape. The cross 
linirs denore rize location of the bearn central 
a i s .  The purrem is displayed with rhe 
collirtiaror angle ar 0". but wtas nteasuretl ar 
88 O. 

Figure 2-9 Partern 9 (39 x 27) - The dashed lines 
indicare the jais. positions for the blocked field. 
and the shape fornred by the sofid fines indicates 
the block and MLC shape. The cross Irairs denote 
the locarion of the beanz central aris. The pattern 
is ciisplayed with the collimator angle ut 0°, bur 
rrux measured at 2 ?O0. 

Figure 2-7 Pattern 8 (5.2-3.9 .r 27) - î l e  
dashed lines indicare the jaw positions for rhe 
blocked field. and the shape fonned by the 
solid lines indicates the block and MLC 
shape. T%e cross hairs denote the locarion of 
the beam cenrral aris. The pattern is displayed 
with the collimator angle ar O". bur was 
measured at 909 

Figure 2-8 Pattern 10 (1 O x 10) - The dashed lines 
indicare the jaw positions for tire blocked field, and 
the shape fomed by tfie solid lines indicates rhe 
block and MLC shape. The cross hairs denote the 
locorion of the beam central aris. 
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2.1.1.2.1 Uncertainty Measurements 

There are essentially three sources of uncertainty in the above measurements: (1) set- 

up uncertainty (independent of the measured reading); (2) variation in the beam 

(independent of the measured reading); and (3) variation in the electrometer (dependent 

on the measured reading). These uncertainties were estimated fiom two sets of 

measurements: (1) 15 consecutive readings on the central axis for a 10x10 field, 6MV 

bearn. 100 MU, and the set-up described above for in-air measurements (recording 

temperature and pressure) ; and (2) measurements for a 10x10 field on the central a i s ,  

and an asyrnmetnc field (0: 10 x 0: 10) zt the center of the field, for a 6MV beam and 100 

MU. The experimental set-up was repeated 9 times for the second set of measurements. 

Each set-up involved moving the chamber and repositioning it at the center of the field. 

Temperature and pressure were recorded for each set-up. 

2.1.1.3 Calculations 

For each field and energy, two chamber readings were recorded and averaged. Head 

scatter factors were calculated by dividing the average chamber reading for the given 

field by the mean of the reference field chamber reading. The mean reference field 

charnber reading is the mean of the two nearest average reference field readings taken 

before and afier the measurernent of the given field. 

2.1.1.3.1 Uncertainty Calculations 

The standard deviation of the set of 15 consecutive measurements described in 

section 2.1.1.2.1 was deterrnined. This represented the uncertainty in the measurements 

due to variations in the beam and electrometer, ozE. Furthemore, the total uncertainty 
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in the rneasurernents due to set-up, electrometer and beam variations, a:", was 

determined fiom the second set of measurements descnbed in section 2.1.1 -2.1- Each 

reading. M, was corrected for the temperature, T, and pressure, P, recorded at the time of 

cornpletion of the set-up, as follows 

where M' is the corrected chamber reading. The standard deviations were then calculated 

for the set of on-axis (10x10) corrected charnber readings, and the set of off-axis (0:lO x 

0: 10) corrected charnber readings, yielding a;t'I,, , and , respectively. For interest 

sake the uncertainty due to the set up could then be determined 60m the difference 

behveen the total uncertainty and the beam and electrometer variation. ie. 

air - 
os-, of - J ( ~ T I ~ , , ~ ) '  - ( c :E ) '  

The uncertainty in a single, in-air, odoff-axis, charnber measurement was 

determined fiom the total uncertainty a?,, ,8. Furthemore, the total uncertainty was 

assumrd to be independent of the measured reading. This is justified since the variation 

in the electrometer is a result of photon statistics and is therefore proportional to 1 / d ~ ,  

where N is the number of detected photons. Due to the large magnitude of N, variation in 

the electrometer is assumed to be negligible, and therefore the total uncertainty in the 

rneasurement is assumed to be independent of the chamber reading. Finally the 

uncertainty in the head scatter factors were determined using standard rules for the 

propagation of errors. 
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2.1.2 Output Factors 

The output factor for a given field is defined as the relative change in absorbed dose 

in water with respect to a standard field size and depth. Output Factors for various fields 

were determined at three different depths (dmax, Scm, and 10cm) for a source to surface 

distance of (SSD= 100-dmax), and nonnalized to the reference field measured at drnax. 

AI1 measurements were carried out in a water phantom. 

2.1.2.1 Equipment and Set-up 

Measurements were taken using the sarne electrometer, cable, and ion chamber as 

used in the in-air measurements. A PTW scanning water tank (PTW Frieburg MP3-S, 

mode1 no. 4 1002-0037) was used in al1 measurements. The electrometer settings were the 

sarne as for the in-air measurements, ie. 1 0 - ~  C, -100% b i s ,  and range 2. The PTW 

scanning water tank is a perspex tank with dimensions 50cm x S9.4cm x 50cm (WxLxH). 

2.1.2.2 Phantom Measurements 

Measurernents for the fields listed in Table 2-1 were performed at three different 

depths (dmax, k m ,  and 10cm) and two beam energies (6MV and 23MV). Square fields 

were measured and compared to previous measurements. The measured output factors for 

square fields were within +.l.O% of the previous measurements. Output factors were 

deterrnined by normalizing the charnber reading for a given field by the charnber reading 

for the reference field at dmax. No corrections for temperature and pressure were made 

since frequent measurements of the reference field were taken. At1 fields were measured 

twice, each for a setting of 100 MU. For the square and asymmetric fields, measurements 

were taken at the centre of the field with the collimator and gantry both at O". For MLC 
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and blocked fields, measurements were taken on the beam central a i s .  As for the 

determination of head scatter factors, measurements of fields defined by the collimator 

settings for the blocked fields, but with the blocks removed, were rneasured to determine 

the modulation in the flattening filter scatter, if any, produced by the blocks. 

In addition to the fields listed in Table 2-1, output factor measurements were 

performed for virtual wedges in asymrnetric fields. These measurements, listed in Table 

2-2. were perfonned at the centre of each field instead of at the beam central mis. 

ibleasurements for these fields were performed with the lSO, 30°, 4S0, and 60" virtual 

wedgeTkl, each for two beam energies (6MV and 23MV) and at three different depths 

(dmax, k m ,  and IOcm). The wedge gradient is along the YbY2 jaws, and was created 

with Y2 as the moving jaw, and Y1 the stationary jaw. Figures 2-10, 2-1 1, and 2-12 

demonstrate the collimator jaw positions, and the positioning of the wedge for the right 

quadrant, top half, and right half fields, respectively. 

Table 2-2 In-Phantom Virtual WedeeTM Fields (collimator iaw positions -2iven in cm) 

Asymrnetnc Fields (X 1 : X 2  x Y 1 :Y2) 
Right Quadrant- 0 5  x 0:5,0: 10 x O: 10, 0: 15 x O: 15*, 0 2 0  x 0:20* 
Right Half - 0:5 x 5:5,0: 10 x 10: 10 
Top Half - 5 : s  x 0 5 ,  10: 10 x 0: 10, 15: 15 x O: 15*, 20:20 x 0:20* 

*fields not supported by CMS 
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Figure 2-11: Jaw and 
lt~edge positions for the 
right quadrant of the field. 

Figure 2-10: Jaw and 
wedge positions for the 
top hal/ofrhefield. 

Figure 1-12: Jaw and 
ivedge posifions for righr 
half O ffieid. 

2.1.2.2.1 Uncertainw Measurements 

The sources of uncertainty discussed for the in-air measurements are also 

applicable to the in-phantom measurements. These uncertainties were determined from 

two sets of measurements: (1)  15 consecutive chamber readings on the central axis for a 

10x10 field? 6MV beam, 100 MU, at a depth of 1.5cm and SSD of 98.5cm (recorciing 

temperature and pressure) ; and (2) measurements for a lOx l O field on the central axis, 

and an asymmetnc field (0: 20 x 0: 10) at the center of the field, for a 6MV beam, 100 

MU, at 1 Scm, with a SSD of 98Scm, each pedormed for 6 different set-ups. Each set-up 
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involved moving the water tank, re-aligning and leveling the tank, centenng the chamber 

in the field, and adjusting the water level to an SSD of  98.5 cm. Temperature and 

pressure were recorded for each set-up. 

2.1 J . 3  Calculatioos 

For each field, energy and depth, two chamber readings were recorded and averaged. 

Output factors were calculated by dividing the average chamber reading for the given 

field by the mean reference field chamber reading. The mean reference field charnber 

reading is the mean of the nearest average reference readings before and afier the 

measurement of the given field. 

2.1.2.3.1 Uocertaioty Calculations 

air air The method for determination of a:, , a, -, , O, of described in section 

ph ph 2.1.1.3.1 was used in the determination o f o c , ,  a ,-,, o f ,  o fl from the phantom 

uncertainty measurements, discussed in section 2.1.2.2.1. The uncertainty in a single, in- 

phantom, odoff-ais ,  charnber measurement was determined from the total uncertainty 

G-,.~,,E, and was assumed to independent of the measured reading. The uncertainty in the 

output factors were determined using standard rules for the propagation of errors. 

2.1.3 Isodose Distributions 

For each field listed in Table 2-3, isodose distributions were measured in both the 

cross plane and in-plane passing through the centre of the field. 
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2.1.3.1 Equipment and Set-up 

Isodose distributions were deterrnined fiom measured depth doses, in-plane (y) 

and cross-plane (x) profiles, by using MEPHYSTO software (Version 6.3). These 

measurements were performed using the PTW scanning tank (MP3-S) ,  interfaced with a 

PC ruming MEPHYSTO, an electrometer (PTW Freiburg mode1 no. 41 004-0038) and 

two ion chambers (PTW Freiburg, M-31002-0423(4)), used as data and reference 

c hambers. 

2.1.3.2 Beam Scanning Measuremeots 

For each field listed in Table 2-3, a depth dose cwve, in-plane profiles and cross 

plane profiles were measured. The depth dose measurements were perfomed at the 

center of the fields. For 6MV beams, in-plane and cross plane profiles were measured at 

depths of I.5cm (dmax), 2.5cm, 3.5cm, 5cm, and IOcm. For 23MV beams, in-plane and 

cross plane profiles were measured at depths of 3Scm(dmax), 4.5cm, Scm, 7.5cm, and 

IOcm. The depth dose measurements were made with lmm steps fiom O to s'cm and 2mm 

steps from 5cm to 15cm, and 3mm beyond 15cm. Majority of the profiles were measured 

with 2mm steps in the center of the field and lmm steps in the penumbra region. The 

exceptions are the profiles measured for block patterns 3 and 6, for both 6VM and 23MV, 

where the profile steps were 2mm across the entire field. 
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. .  . . . 
Table 2-3 lsodose Distributions ! c o l h t o r  iaw ~osit&ven in c d  

Asyrnrnetric Fields (XI :X2 x Y 1 :Y2) 
5:15 x 10:lO 
I5:5 x 1O:lO 
0:IO x 1O:lO 
I0:O x 1O:lO 

Blocked Fields (X x Y, e,,11,8,,) 
Pattern 3 - (15 x 15, O", O") 
Pattern 6 - (20 x 20, 0°, 0") 

MLC fields (Y 1 :Y2, eco,l,Ogmm) 
Pattern 3 - (757.5,  O", O") 
Pattern 6 - (959.5,  O", 0") 

2.1.3.3 Isodose Display 

Isodose distributions were calculated fiom the above measurements by MEPHYSTO, 

which interpciIates betsveen the measured PDD and profiles to produce the isodose 

curves. Each isodose distribution was normaiized to IOcm depth at the center of the field. 

The isodose lines displayed in the distributions were 20%, 40%, 50%, 60%, 805'4, 100%. 

130% and 140% (for 6MV only). 

2.2 Treatment Planning Output 

2.2.1 TMS Calculations 

Calculations in TMS were performed using either a 6Ocm x 60cm x 60cm water 

phantom or a 30cm x 30cm x 30cm water phantom, depending on the field size of the 

beam under investigation. The calculated head scatter factors were generated in TMS by 

using the Protocol and Export tool in the Evahafion work module. The reference dose 

point for each field was placed at the chamber location in the measurement procedure. 
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The MLC and block patterns were modeled by scanning the printouts of the patterns fiom 

the record and verifi system (Lantis - Siemens Medical Systems) and storing them as an 

image in the F h z  Scarining module. The image is then introduced into the study and 

referenced in the beams eye view (BEV) of the Beam Modelirrg work module where the 

MLC and block contours are drawn to match the image. 

The output factors were generated, in general, using the Lirie Dose fùnction in the 

Beani Mudeling work module, which produces a file containing the normalized dose 

dong the desired line, as described in section 1.1.4.2. The output factor norrnalization 

was selected while the evaluation calculation algorithm was not implemented. The Line 

Dose function for virtual wedged fields automatically normalizes to the toe of the wedge. 

Thus, it was not possible to use this for determination of the output factors for some of 

the virtual wedge measurements, namely the asymmetric fields 05 x 5:s  and 0:10 x 

IO:10. The output factors for these two fields, for al1 of the virtual wedge angles, were 

calcuiated using the MU, by the method described in section 2.2.2. The MU were 

obtained fiom the dose plan protocol, which assumes a prescribed dose of IOOcGy, unless 

otherwise specified. 

The isodose distributions were generated fiom the Display Doses tool in the Beam 

h2odeli)lg work module, with the normalization point positioned at a depth of lOcm, at 

the center of the field. Distributions were generated for both the in-plane and cross-plane 

located at the center of each field listed in Table 2-3, with a calculation grid size of less 

than 0.5 cm. The isodose lines displayed in the distributions were 20%, 40%, 50%, GO%, 

80%, 100%, 120% and 140% (for 6MV only). 
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2.2.2 CMS Calculations 

CMS-focus does not provide head scatter factors for arbitrary fields since it does 

not explicitly mode1 the head scatter. The best approximation to the head scatter would be 

obtained by interpolation from measured head scatter factors for square open fields. 

Output factors were determined from MU calculations in CMS as follows: 

where Dtcsl is the point of calculation in each of the fields. The MU necessary to deliver 

100 cGy to dmax in a 10x10 field is 100 MU, since this is the beam calibration point. 

Thus D ,  IMU=l, and the output factor becomes OF = 1001MU, where MU is the 

number of rnonitor units necessary to deliver 100 cGy to the calculation/measurement 

point. MU calculations in CMS were performed on a 30x30 phantom in Isodose Phn, 

using selected planes for the calculation mode and relative dose nonnalization. 

The maximum field size supported by CMS is 35cm x 35cm, thus the fields 

supersc~pted with a * in Table 2- 1 were not calculated with CMS. The blocks and MLC 

patterns were digitized using the tablet. Since the MLC is not explicitly modeled by 

CMS, output factors generated for blocks were also used for the MLC patterns. In 

addition virtual wedges are not explicitly modeled by CMS, thus output factors for 

physical wedges, designed to replicate the virtual wedge, were calculated and compared 

with measured virtual wedge output factors for the fields listed in Table 2-3. Fields 

superscnpted with a * in Table 2-2 were not supported by CMS. 

Isodose distributions were generated in Isodose Plan using selected planes for the 

calculation mode, and relative dose nonnalization. The spacing of points in the rectilinear 
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dose matrix was a maximum of 0.2 cm. Since the MLC is not explicitly modeled by 

CMS, isodose distributions generated for blocks were also used for the MLC patterns. 

The isodose distributions were normalized to a lOcm depth at the center of each field. 

The isodose lines displayed in the distributions were 20%, 40%, 50%, 60%, 80%, 100%, 

120% and 140% (for 6MV only). 

2.3 V e r i l i o n  of TPS 

2.3.1 Head Scatter Factors and Output Factors 

Cornparisons between measured and TPS calculated values were made by 

caiculating the local percent of the measured output or head scatter factors as follows 

AOF = OF'dC - O F m ,  - 1 00% 

OF,, 

where OF is replaced by HSF for head scatter factor [Helax]. 

2.3.2 Isodose Distributions 

Isodose distributions created by TMS and CMS were evaluated by comparing them 

with measured distributions produced by MEPHYSTO. The cornpanson was canied out 

using a light box, and overlaying a measured distribution on a calculated distribution. 

Four different regions of each distribution were evaluated: (1) the low gradient central 

beam region along the central axis of the field; (2) the low gradient imer beam region 

(including isodose gradients less than 30%/cm and excluding the central axis); (3) the 

high gradient low dose region where the gradient is >30%/cm; and (4) the penumbral 

region. 
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2.3.2.1 Low Gradient Central Beam Region 

The low gradient central beam region, is a low gradient region on the central axis 

of the field. The local percent of the maximum deviation observed between any set of 

measured and calculated isodose lines on the central axis of the field was recorded. This 

was determined by the method described in the section below. In this region, the isodose 

distributions were always lined up at lOcm depth at the middle of the field. 

2.3.2.2 Low Gradient Inner Beam Region 

A region is considered to be low gradient if the change in the isodose lines is 

<30%/cm [Van 931. The imer  beam region is the central high dose portion of the beam. 

In the low gradient imer beam region, the local percent of  the maximum deviation 

observed behveen any set of measured and calculated isodose lines was recorded, 

escluding deviations observed at the central axis of the field. First the measured % 

isodose value of the calculated isodose line, L:::, was found by interpolating at the 

position of the calculated isodose line LCai,, between two measured isodose lines. The 

local percent of the measured isodose value was then determined by 

Extrapolation was used where interpolation was not possible. In general, in the low 

gradient inner beam region the isodose distributions were lined up at lOcm depth at the 

centre of the field. Exceptions to this include points approaching the high gradient region 

where the difference in measured and calculated isodose lines was in the direction of the 

field edges. In this case, it was more appropriate to line-up the distributions at the field 
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edge at 10cm depth. The field edge was assurned to be the position of the 50% isodose 

curve at 1 Ocm depth. This deviation, AL, was determined for each side of the distribution. 

2.3.2.3 High Gradient Region 

The hi& gradient region, is the region in which the isodose gradient exceeds 

30%/cm. In this region the deviation observed between sets of measured and calculated 

isodose cuwes was recorded as a displacement, measured in the direction perpendicular 

to the beam central axis. In addition, the isodose value where this displacernent was 

occumng was also recorded. Evaluations in the high gradient region were carried out 

with the distributions lined up at the field edge, at lOcm depth, on the side of the 

distributions being investigated. The reason for lining up the field edge is due to the 

uncertainty in the jaw positions (-mm) during measurements. Maximum displacements 

were recorded for each side of the distributions. 

2.3.2.4 Penumbral Region 

In the penumbral region, the penumbra was measured as the distance between the 

80% and 20% isodose lines at the normalization depth (IOcm). This was measured on 

both sides of each distribution, and then the difference between calculated and measured 

penumbras was determined. 

2.3.2.5 Uncertainties 

The precision obtainable in the measurement technique of the isodose distributions 

was 0.7rnm. This uncertainty was propagated through, using standard rules for 

propagation of errors, to give a displacement uncertainty in the high gradient and 

penumbra region, and a local percent uncertainty in the lower gradient regions. 
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3 Results and Discussion 

Tabulated values of  al1 of the results. including both measured and calculated data, 

are provided in Appendix A. 

3.1 Head Scatter Factors 

The total uncertainty in a single measured reading was determined to be OF,, , ,, - - - 

0.002 (10 '~  C). 

The results for the measured and calculated head scatter factors for the fields listed in 

Table 2- 1 are provided in the following sections. 

3.1.1 Square Fields 

Figure 3-1 and Figure 3-2 illustrate the results of the calculated (TMS) and 

measured head scatter factors for the square fields listed in Table 2-1 for 6MV and 23MV 

photons, respectively. As expected, the measured head scatter factors increase with 

increasing field size and are in good agreement with the calculated HSFs. Maximum 

deviation of 0.3% between measured and calculated HSFs occurs for 6MV bearn for a 

40x40 fieId size. This deviation is, however, smaller than the estimated uncertainty in the 

measurements. 
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Figure 3- 1 : PIor of mrasured und calculated square field HSFs for 6MV phorons. Measuremenrs were 
nratic. or! Siemens dual energ?. linear accelerarot ar rhe centre of rhejîeld. Calczdations isSere pcrforrned on 
Hekm TAIS wearrnenr planning system. 
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Figure 3-11 Plor of square field HSFs for 23MV phorons. Measurements were made on Siemens dual 
en erg^. linear ucceleraror ar rite cenrre of the field Calcularions rwre perjc0rmed on Helax TMS trearment 
plarztlin y sj.srem. 
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3.1.2 Independent Jaws 

A cornparison of the measured and TMS calculated head scatter factors for the 

asyrnmetric fields listed in Table 2-1 is illustrated in Figure 3-3 through Figure 3-8. The 

head scatter factors are plotted as a fiinction of side x of the field, where the shape of the 

field is given in the graph title as (Xl:X2; Y1:YZ). In general, the measured and 

calculated head scatter factors are increasing with increasing field size, as expected due to 

the increased detection of scattered radiation from the flattening filter with increasing 

field size. The increase in HSF is larger for an increase in a smaller field size than the 

corresponding increase in a larger field size suggesting that the flattening filter scattered 

fluence distribution decreases as a hnction of radial distance fiom the central axis. The 

exceptions to this are the measured HSFs in Figure 3-3 and Figure 3-6 representing the 

measurernents for the top half and right half of the field for 23MV photons, respectively. 

To veriS, these results, these measurements were taken a second time, and similar results 

were obtained. In each of these, TMS is strongly overestimating the HSFs at the larger 

field sizes. In addition Figure 3-3 through Figure 3-8 demonstrate that the deviation 

between the measured and calculated HSFs is more significant at 23 MV than at 6MV for 

al1 of the asymmetric fields. 

Jursinic et al have shown that the HSF increases less rapidly with field size when 

rneasured with caps of high atomic number matenals [JT 991. This effect is more 

pronounced at higher energy photon bearns than at lower energy photon beams. It is 

believed thar since off-ais soflening is much more evident at higher energies, the photon 

beam spectra at off-axis points becomes significantly lower in energy for a 23 MV beam. 
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The buiId-up caps suggested in the TMS-manual are designed to remove al1 contaminant 

electrons. However. it is assumed that attenuation of the photon beam per unit incident 

fluence by the b r a s  cap stays the sarne for al1 field sizes. This assunption is strongly 

violated as the measurernent point is moved off-axis and fields become larger since lower 

energy photons at off-axis points will have larger attenuation. This is the reason for non- 

physical decrease of  measured HSFs for 23 MV photons. 



Chapter 3: Results and Discussion 70 

0900 
O 5 10 75 20 25 

Side of Field (cm) 

Figure 3-3: Plor of 23MY wrnrnetnc field HSFs for rfre top half of the field verszcs the dimension of the 
side of the field. X. The abscissa is the value of X used in the title to define the field size. Measuremenrs 
icvre nrade on Siemens dual energv linear accelerator at the cerlrre of the field. Calculczrions were 
pejorrwd otr Helar TMS rreamienr planning --;tem. 
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Independent law Head Scmer Factors for 6 MV 
Top Half of Field (X:.Y.O:,Y) 1 
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Figure 3-4: PIot of GMC'asyn~mern'cfiel<! HSFs for the top halfofthefield versus the dimension of the side 
of thcjkdd, X The ubscissa is rhe valzre o f X  used in the tirle to &>ne the field size. Measurernenrs rvere 
tt~ude on Siemens dual encra linear occeleraior ut the centre of the field. Calculations ivere perfornrd on 
H d a r  ThfS trearmenr planning sysrern. 
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Independent Jaw Head Sutter Factors for 6 ~ 7  
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Figure 3-5: Plor of 23MV asymmetricfield HSFs for the nght haifof the field versus the dimension of the 
side of rhe field, X The abscissa is tIie value of  X used in rhe tirle to define rhe field size. Memtrrements 
r r w r  made on Siemens dual energy linear accelerator ut the ceritre of the field Calcrilarions ivere 
perforrmd on Hckm KCfS treatnient planrzing systern. 
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Figure 3-6: Plor of 23MV asymnierricfield HSFs for rl~e righr halfofrliefield versus rhe dimension of the 
sirle of the field. X. The abscissa is the value of .Y used in the ritle to define the field size. Measurrntenrs 
i twr niclde orz Siernens dual energ), linear accelerator at the centre of the field. Calcularions were 
perfon~zed on Helar TMS treatment planning system. 
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Side of Field (cm) 

Figirre 3- 7: Plot of 6MV us_t.mmetricfield HSFs for the top righr quadranr of the field versrls the dimension 
of rhe side of the Jeld. X The abscissa is the value of X used in rhe title to defiBe ihe freld si%. 
:Ifeasurements lverr made on Siemens duaf rnergr: linear acceleraror at the centre of the field. Calculations 
itwr pegb rrrt ed on Helar TMS neannent planning sysrern. 
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Independent Jaw Head ~acrors for I3MV 
Top Right Quadrant (0:S.O:X) 
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Figicre 3-5: Plot of 23MV aq.rnmerric field HSFs for rite rop right qttadranr of the field versus the 
clinietrsion of the side of the field, X. The ubscissa is the value of X useii in the ritle ro deflne the field size. 
.A~l~.nsurements lr7ere made on Siemens dual energ). linear accelerator at the centre of ihe field. Cafculutions 
livre perfo rmsd on Helar ThlS rrearment planning system. 
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3.1.3 MLC and Blocks 

The results for the MLC and blocked fields are not plotted, however, they are 

provided in Appendix A of this report. 

3.1.4 Frequency Distribution 

To summarize the results? a fiequency distribution of the percent deviation. 

AHSF, between the measured and calculated values for al1 of the measurements listed in 

Table 2-1 is provided in Figure 3-9. Negative values indicate that TMS has 

underestimated the measured values, and positive values indicate that TMS has 

overestimated the measured values. The distribution is clearly centered around zero, with 

the outliers mostly on the positive side indicating that TMS is overestimating. The 

uncertainties in the percent deviations ranged fiom 0.3% to 0.5% with an average of 

approximately 0.4%. 

Head scatter factors are expected to agree within 31-2%) of measured values 

[Helax]. Deviations exceeding 2% are for asymrnetric fields, two in the right quadrant for 

23MV with 15 x 15 and 20 x 20 field sizes, and one in the top half for 23MV with a 40 x 

20 field size. The latter field has a deviation of (2.0 t 0.3)% and therefore satisfies this 

criteria within the lirnits of experimental uncertainty. The measurements and calculations 

for these fields were previously illustrated in Figure 3-8 and Figure 3-4, respectively. 

Furthemore, it is worth mentioning that al1 of the deviations greater than +1% are due to 

the asymrnetric fields with 23MV photons for the reasons explained in the previous 

section. 
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Frequency Distribution of Percent Differences between 

Measured and TPS HSFs for Al1 Field Types 1 
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Figirl-L. 3-9: Freqirenq nisrriburions of percent differences. AHSF. benveen measured and calculared 
f TAIS) HSFs for- alljields fisred in Table 2- 1. 

3.2 Output Factors 

The following values for the total expenmental uncertainties were determined: 

= 0.0002 (10% C) and a& = 0.0006 (IO'* C). These were used as the uncertainty OT _ o n  

in a single measured reading and propagated through to provide uncertainties in the 

measured output factors. 

The results for the rneasured and calculated output factors for the fields listed in 

Table 2-1 and Table 2-2 are provided in the following. 

3.2.1 SquareFields 

The measured and calculated (TMS and CMS-focus) OFs for square field sizes at 

6MV are plotted in Figure 3- 1 O where OFs for three different depths are shown. It is seen 

that the output factors increase with increasing field size and decrease with increasing 

depth. The increase in output factors with increasing field size is due to the increases in 
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phantom scatter and head scatter associated with increased field size. The decrease in 

output factors with increasing depth is a result of the increased attenuation in water. The 

CMS-focus and TMS calculated output factors are in good agreement with the measured 

output factors. A similar plot of the 23MV square field output factors is provided in 

Appendix B. 

0.600 

O 5 10 15 20 25 30 15 40 45 

Side of Field (cm) 

Fiyrrre 3- 10: Outpur factors for 6MV square fields. The outpur is determinrd in-phanrom rdarive ro rlie 
olttplrt for a lO.rlOfield ut d m m  Measrrrernents rvere made on Siemens dual energy h e u r  acceleraror ar 
the centre of rliefîelii. Calcularions rvere pet$ormed on Helax TkIS and CMS-focus. 

Frequency distributions of the percent differences, AOFs, between the measured 

and calculated OFs for 6MV and 23MV are provided in Figure 3-1 1. These distributions 

include the AOFs for the square fields and rectangular fields defined by the collimator 

settings used for the blocked fields, without the blocks. Output factors for square and 

rectangular fields are expected to agree within +l% and +1.5%, respectively F r a  981. 

The distributions are s1ightIy skewed towards the positive side indicating a tendency to 



Chapter 3: Results and Discussion 76 

overestimate. The uncertainties in the percent deviations ranged fkom 0.0% to 0.1% with 

an average of approximateiy 0.0%. The performance of CMS and TMS are comparable 

for the square and rectangular fields on the centra1 mis. 

. - - -.- . - - -- - - - -- - . - - - - - - 
Frequrncy Distribution of Percent D i f i e n c e s  berwctcn 

,Me;isured and TPS OFs for Symmctnc Fields 1 

-7 - -  7 %  - 1 7 5  - 3  4 7 5  43 025 0 7 5  125  175  2 1  

Percent Difference (96) 

FÏgtrre 3- 1 /: Freqtrenq disrribrin~ons of percenr d~ffererices. AOF. benveen measured and calculated (TMS 
nrzd C'AIS) OFs for the square$elds and recrangularjîeldr defined by rhe collimaror serrings rised for rhe 
blocked f i l i s .  ivirhour rhe blocb. hred in Tables 2- 1. and 2-2. 

3.2.2 Independent Jaws 

The results of the 6MV independent jaw output factors for the top half of the 

field, at three different depths, are iilustrated in Figure 3-12 as a fünction of field size. A 

trend similar to square field data is observed. The output factors are increasing with 

increasing field size, and decreasing with increasing depth. The values caiculated by both 

TMS and CMS-focus are in good agreement with the measured output factors. A 

complete set of plots of output factors at 6MV and 23MV for the field sizes listed in 

Table 2-1 are provided in Appendix B. 
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Inde~endent Jaw Output Factors for 6 M V  

Top Half of Field (X:X.O:X) 

Side of Field (cm) 

Figure 3- 12. Orrrprrr facrors for 6 M V  qntmerric fields. The ourpzrr is dereminen in-phantom relarive [O 

I I I L ~  ourpur for a IO-r lO  field ar dmar. Measuremenrs were made on Siemens dual energ)t linear accelerator 
ur the cerztre of rhe fild Calcularions w r e  pe$ormed on Helar TMS and CMS- foczis. 

Frequency distributions of the %deviations, AOFs, between measured and 

calculated OFs for al1 of the asymmetric fields listed in Table 2-1 are provided in Figure 

3-1 3. The uncertainties in the percent deviations ranged fkom 0.1 % to 0.2% with an 

average of approximately 0.1 %. Both distributions are approximately symrnetric around - 

0.75%. Thus, both of the treatment planning systems are more likely to underestimate the 

dose in an asymrnetric field by a small amount. 

Output factors for asymmetric fields are expected to agree within +2% of measured 

output factors [Fra 981. In general deviations of less than G% are achieved. The 

exceptions to this are: for TMS, the 6MV output factor for the field (0:20 x 020) at 

dmax; and for CMS, 23MV output factors for the field (05 x 05) at 5cm and 10cm. The 

HSF predicted by TMS for 6MV (0:s x 0 5 )  was also underestimating the measured HSF 

by -1.5%. Thus a significant portion of the uncertainty found in the output factor is due 
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to an underestimation of the head scatter. ï h e  performance of CMS and TMS, as 

illustrated in these distributions. is comparable. 

-3 5 -1 75 -2 25 -1 75 -1 3 .a 75 . a 3  0 3 0 75 

Percent Difference (?6) 

Figure 3- 13: Freqitency disrributions of percent d#2rences. AOF. benveen measured and calczrlareri (XCIS 
urrd CICISI OFs for the asymmetricfields listed in Table 2-1- 

The output factors for 23MV photons for asymrnetric fields do not decrease as a 

function of fieid size; a trend that was observed in HSF measurements. This suggests that 

brass build-up caps inaccurately mesure HSFs for independent jaws. 

3.2.3 MLC 

The results of the measured and calculated (CMS and TMS) 6MV and 23MV 

output factors for MLC pattern 3 (figure 2-2) are illustrated in Figure 3-14 as a function 

of depth in water. The output factors, both calculated and measured, are decreasing with 

increasing depth in the water phantom as expected due to the increased attenuation with 

depth. Furthemore, the output factors at depths of 5 and ZOcm are larger for 23MV than 

the GMV bearn. This is due to the increased penetration of a higher energy bearn. The 

values calculated by both Helax-TMS and CMS-Focus are in good agreement with the 
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measured output factors. Similar plots for the remaining MLC patterns illustrated in 

h u r e s  2-3 through 2-9 are provided in Appendix B. 

MLC Output Factors 

Figure 3-14: Relative otirput data for 6hlV and 23 MY MLCfield (pattern 3). The ouput is deternrined in- 
phanrorn relariw ro the otiputfor a IO.rlO$eld at dmar. Measurements were made on Siemens dual energv 
lirreur accderaror ar the centre of the field. Calcularions were performed an Helar TMS ami CMS-focus. 

-2.75 -2.25 -1.75 -125 4.75 -OP5 0.25 0.75 125 1.75 225 2.75 325  3.75 425 4.75 525 

Percent Differenœ (%) 

Figirrr 3- 15: Frequency dkrribzirions of percent dtflerences. dOF. between measured and calculared (ThfS 
and CMS) OFs for al1 MLCfields Zisred in Table 2-1. 
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Frequency distributions of the percent deviations, AOFs, between measured and 

calculated (TMS and CMS) OFs for al1 of the MLC fields listed in Table 2-1 are provided 

in Figure 3-15. The uncertainties in the percent deviations ranged fiom 0.0% to 0.1%, 

with an average of approximately 0.1%. Output factors for MLC fields are expected to 

agree within +2% of measured output factors [Fra 981. The TMS distribution is roughly 

centered about zero with a maximum deviation of 32%. 

The CMS distribution exhibits several outliers in the range of +2% to +5%, listed 

in Table 3-1. Since the Siemens MLC replaces the lower jaw of the linac, blocking 

patterns designed using MLC reduce the head scatter fluence. This reduction is not 

accounted by CMS since it does not mode1 head scatter. A head scatter factor for the 

corresponding rectangular field is used thereby overestimating the output factor. The 

amount by which CMS overestimates the OF depends upon the degree of obstruction of 

calculation point's eye view of the flattening filter. Therefore, these outliers are a result 

of a change in head scatter between the blocks and MLC, not modeled in CMS. 

Specifically, al1 of the outliers are due to 6MV and 23MV output factors for patterns 5 

and 8. Patterns 5 and 8 are illustrated in figures 2-4 and 2-6, respectively. 

Table 3-1: AOFs for the outliers (AOF>Z%) in the CMS distribution of MLC fields 
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Since the same field shape would produce the same phantom scaner, the 

difference in output factors between the MLC and blocked fields is due to the change in 

head scatter, on a first order approximation, and the presence of the tray. Output factors 

for the blocked fields were corrected for the attenuation in the tray as follows, 

where OF,,. is the measured output factor with the tray in place, ,. is the output 

factor corrected for the attenuation in the tray, and TF is the tray factor, equal to 0.98 for 

23MV photons and 0.968 for 6MV photons. Cornparisons of the measured output factors 

for the sarne MLC and blocked fields (without the tray) were made and the results are 

given in Table 3-2 and Table 3-3 for 23MV and 6MV, respectively. The results are 

expressed as a local percent of the MLC output factors OF,$fL,-, ie. 

where a negative value indicates that the output for the MLC field is greater than for the 

bIocked field, and vice versa. 
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Table 3-2: A O F : ~  for 23hlV MLC and 
Blocked Field OFs 

Table 3-3: AOFE for 6MV MLC and 
Blocked Field OFs 

Pat 3 
Pat 3 
Pat 4 
Pat 4 
Pat 4 
Pat 5 
Pat 5 
Pat 5 
Pat 6 
Pat 6 
Pat 6 
Pat 7 
Pat 7 
Pat 7 
Pat 8 
Pat 8 
Pat 8 
Pat 9 
Fat 9 
Pat 9 
Pat 10 
Pat 10 
Pat 10 

Pat 3 
Pat 3 
Pat 4 
Pat 4 
Pat 4 
Pat 5 
Pat 5 
Pat 5 
Pat 6 
Pat 6 
Pat 6 
Pat 7 
Pat 7 
Pat 7 
Pat 8 
Pat 8 
Pat 8 
Pat 9 
Pat 9 
Pat 9 

Pat 10 
Pat 10 
Pat IO 

Majority of the values of AOF:; are positive indicating that the output of MLC 

fields is smaller than the corresponding blocked fields due to reduced head scatter 

fluence. This coincides with the overestimation of the measured output factors observed 

in Figure 3-1 5 for MLC fields in CMS. From the values listed in Table 3-2 and Table 3-3, 

it  is seen that the differences in head scatter for the blocked and MLC fields are most 

significant for patterns 5, 8 and 9. These results, except for pattern 9, support the idea that 

the outliers are due to changes in head scatter with the iMLC versus blocked fields for the 

same patterns, which is not explicitly modeled in CMS. Since the field size in pattern 9 



Cha~ter 3: Results and Discussion 83 

exceeds the maximum allowable field size in CMS, the MLC and blocked output factors 

for these fields were not calculated in CMS. To confirm that the differences in MLC and 

blocked output factors are a result of changes in head scatter, cornparisons of MLC and 

blocked HSFs were made. These are provided in Table 3-4 and Table 3-5 for 23MV and 

6MV. respectively. AHsF~E was determined by the same method as used for output 

factors. 

Table 31: MSF~," for 23MV 
MLC and Blocked Field HSFs 

Table 3-5: M S F ~ ~  for 6MV 
MLC and Blocked Field HSFs 

Pat 4 0.2 0.5 
Pat 5 2.2 0.5 
Pat 6 1.2 0.5 
Pat 7 0.9 0.5 
Pat 8 2.3 0.5 
Pat 9 2.7 0.5 

Pat 10 0.2 0.5 

Pat 4 0.8 0.7 
Pat 5 2.2 0.7 
Pat 6 0.9 0.7 
Pat 7 1.2 0.6 
Pat 8 2.6 0.6 
Pat 9 2.1 0.7 

Pat 10 0.6 0.6 

Sirnilar results to A O F ; ~  are observed; the values of AHSF~$ are al1 positive 

and Iarger in magnitude for patterns 5 ,  8, and 9. Therefore the outliers in F 

CMS are caused by a reduction in head scatter [luence in MLC field 

modeled in CMS. 

igure 3-15 for 

which is not 

3.24 Blocks 

Results of the measured and calculated (TMS and CMS) output factors for block 

tield pattern 3 are illustrated in Figure 3-16 as a function of depth in water. The trend in 

output factors with depth and energy is similar to that observed for MLC output factors in 

Figure 3-14. The output factors calculated by CMS and TMS are in good agreement with 
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the measured output factors. Similar plots of the measured and calculated blocked field 

output factors for patterns 4 through 10 are provided in Appendix B. 

Figure 3-1 6: Orrrprr factors for 6MC' and 23 MV blocked field parrem 3. The outpur is dereminai in- 
phantom rdative to rhe ourpur for a lO.rlO/ield ar dtnar. Measurementî rvere made on Siemens duul energy 
lrnear accelerator at the centre of the field. Calculations were pe$ormed on Helar TMS and CMS-focus. 

Figure 3- 17 is a frequency distribution of the percent differences, AOFs, between 

the measured and calculated output factors for the blocked fields listed in Table 2-1. The 

uncertainties in AOF range fiom 0.0% to 0.1 % with an average uncertainty of O. 1 %. Both 

the TMS and CMS distributions are approximately centered about zero. TPS calculated 

OFs for blocked fields are expected to agree within &2% of measured OFs [Fra 981. The 

exceptions to this are: for CMS, the 23MV blocked field output for pattern 5 at al1 three 

depths; and for TMS, the 23MV blocked field output for pattern 8 at dmax. 
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Frequency Dismbution of Percent Differences bctween 
Mn<urcd and TH OFs for BIockcd Fields 1 

Figure 3-1 7: Freqiiency distributions ofpercent dr;f/erences. AOF. befiveen mearured and calculared (TMS 
and Cri.fS) OFs for al1 blockedfiells lisred in Table 2-1. 

Although it is not clear why CMS overestimates block pattern 5, a few possible 

reasons are noted below. Firstly, the important feature of patterns 5, 8 and 9, is that the 

blocks rnay hide the flattening filter, even further than the corresponding collimator jaws, 

from the view of the calculation point. This would result in a reduction in the head 

scattered dose. Secondly, the blocks may cause increased scatter back into the monitor 

chamber thereby increasing the chamber reading. The result is less dose is delivered than 

expected. Thirdly, CMS does not account for the negligible scatter produced in the 

blocks. Since the blocks increase the head scatter and therefore the measured output, it is 

expected that CMS will underestimate the dose. Therefore. various competing, yet small, 

changes in head scatter are occuming due to the btocks. It is difficult to assess these 

factors without fùrther experimentation or Monte Carlo calculations. 
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By cornparhg the measured in-air output for the blocked fields to that for the 

fields defined by the corresponding collimator settings used in the blocked fields, but 

with the blocks removed, change in head scatter due to the presence of the block can be 

deterrnined. The blocked field head scatter factors are corrected for attenuation in the tray 

as discussed in the section above, equation 3.1 for output factors. These corrected 

blocked head scatter factors. HSF.,,, are then compared wiih the collimated field 

head scatter factors, HSFcol, by calcuiating a local percent of the collimated HSFs, ie. 

The results of this cornparison are given in Table 3-6 and Table 3-7 for 23MV and 6MV, 

respectively. 

Table 3-6: M S F ; ~  for 23MV blocked and Table 3-7: MSF,OI for 6MV bloeked and 
collirnated HSFs collimated HSFs 

Pat 3 15 x 15 0.6 0.5 Pat 3 15 xi5- 0.5 0.6 
Pat 4 5.4x2.8:3.0 O. 1 0.5 Pat 4 5.4xî.8:3.0 0.1 0.6 
Pat 5 28.4 x I l  0 -4 0.5 Pat 5 28.4 x 1 1  0.2 0.6 
Pat 6 20x20 0.7 0.5 Pat 6 20x20 0.6 0.6 
Pat 7 26.4 x 19 0.7 O .4 Pat 7 26.4 x 19 0.8 0.6 
Pat 8 5.2:3.9 x 27 0.4 0.4 Pat 8 5.2:3.9 x 27 0.3 0.6 
Pat 9 39 x 27 -0.2 0.4 Pat 9 39 x 27 -0.5 0.6 
Pat 10 10x10 O. 1 0.3 Pat IO lOxt0 0.3 0.4 

Positive A H S F ~  values imply that the blocked field output in-air is greater than 

that for the collirnated, unblocked field, and vice versa for the negative values. These 

values indicate that only pattern 9 intrudes into the view of the flattening filter thereby 

reducing the head scatter by an amount which is concealed by the experimental 

uncertainty. The remaining values are slightly greater than zero indicating the blocks do 
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not intrude into the view of the flatrening filter but increase the head scatter due to the 

scatter produced in the blocks. Although, none of these results are larger than the 

experimental error reported. The difficulty observed with CMS for pattern 5 may be a 

result of performing the scatter integral for a narrow field. Similar errors are also 

observed, although up to a lesser extent, for the narrow field in pattern 8. 

3.2.4.1 Comparisoo of Measured Blocks and Collimator OFs 

A cornparison of the blocked and unblocked output factors was made by the same 

method described for HSFs. The results are provided in Table 3-8 and Table 3-9 for 

23MV and 6MV, respectively. 

Table 3-8: A O F : ~  for 23MV blocked and 
collimated field OFs 

Table 3-9: A O F A ~  for 6MV blocked and 
collimated OFs 

Pa1 3 
Pst 3 
Pat 4 
Pat 4 
Prit 4 
Pst 5 
P31 5 
Pat 5 
Pat 6 
Pat G 
Pat 6 
Pst 7 
Pat 7 
Pat 7 
Pat 8 
Pat 8 
Pat 8 
Pat 9 
P a  9 
Pat 9 

Par 10 
Pat 10 
Pat 10 

Pat 3 
Pat 3 
Pat 4 
h t  4 
Pat 4 
Pat 5 
Par 5 
Pat 5 
Pat 6 
Pn 6 
Pot 6 
Pat 7 
Pat 7 
P3t 7 
Pat 8 
Pat 8 
Pat 8 
Pat 9 
Fat 9 
Pat 9 

Fat 10 
Pa1 10 
Pat 10 

The values of A  OF:^ are representative of the changes in head scatter (shown to be 

insignificant above) and phantom scatter. in particular, patterns 5, 8 and 9 demonstrate 



Cha~ter  3 : Results and Discussion 88 

the largest changes in phantom scatter due to the presence of the blocks. Recall that 

pattern 9 was not calculated in CMS due to the large collimator field size. The values of 

A O F ~  . are in general greater in magnitude for the 6MV output factors than for the 

23MV output factors. This is due to increased scattering associated with lower ener-q 

photons. 

3.2.5 Virtual Wedges 

Tables of the measured and calculated virtual wedge output factors for fields 

Iisted in Table 2-2, are provided in Appendix A. The results of the cornparisons between 

the measured and calculated (TMS and CMS) output factors are illustrated in frequcncy 

distributions. Figure 3-18, Figure 3-19, Figure 3-20, and Figure 3-21 are frequency 

distributions of AOF for virtual wedge angles of lSO, 30°, 45O, and 60°, respectively. 

There is no reported critena for external beam dose calculations with virtual wedges as 

found for the MLC, blocks, and asymmetric fields. However, since these output factors 

are measured with virtual wedges in asymmetric fields, for which the expected agreement 

is +2?/0, the sarne cnteria was assumed for the virtual wedge data. 

For the 15" virtual wedge OFs, Figure 3-18, the TMS distribution is essentially 

centred about zero, with few points outside the region. In particular, the points lying 

outside &2% are listed in Table 3- 10. 

Table 3-10: AOF values (> S%) of measured and TMS OFs for lSO Virtual Wedge 
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The larger deviation of -2.9% observed for the larger field size at dmax, is sirnilar 

to the deviation of -2.4% observed for the exact same field in the absence of the virtual 

wedge. 

The CMS distribution, Figure 3-18, indicates that the calculations are, in general, 

underestimating the measured output for these fields. CMS does not explicitly account 

for head scatter and its modulation due to the virtual wedge. The AOF values lying 

outside +2% are listed in Table 3-1 1. 

Table 3-1 1: AOF values (> k2%) of measured and CMS OFs for l S O  Virtual Wedge 

Al1 of the values listed in Table 3-1 1 are for the right quadrant or the top half of 

the field. In addition, the more significant values are al1 for 23MV photons. The AOF 

values observed for the open asymmetric fields alone were, in generai, less than 2% in 

magnitude (no virtual wedge), with the exception of the second and third entries. This 

indicates that a significant portion of the uncertainty is due to the virtual wedge. 
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Frequency Dtsuibuuon of Percent Differcaces betwecn 

Mcasured and TPS OFs for ISO Virtuat Wedgc 
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Figirre 3- /8:  Frequency disrriburions of percent digerences, AOF. berween measured and calculared ( T M  
utrd CM) /jO virtzral wedge OFs forfields lisred in Table 2-2. 

- - -  ---- - 
Frcqucncy Dtstriburion o f  Percent Diffcrcnccs bctwccn 

- -  ---- 

Percent Diffcrrnce I % )  

Figure 3 - i 9: Frequenq. disrribu rions of percent dtyerences. AOF, between measured and calculared ( T M  
and ChIS) 30 sirrual wedge OFs forf;eZds Iisred in Table 2-2. 
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- - -- -. . -- - - -- - -. -. - -- - 
Frequency Distribution of Pcrccnt Diffmnces between 

M m u r e d  and TPS OFs for 4SQ Vinual Wcdgc 
1.r - - - - 

- 275  -225 -175  -125 4 7 5  43 0 3  0 7 5  1 3  17s 2 3  2 7 5  3 375 

Pment Difference (%) 

Figure 3-20: Freqzcency ciisrributions of percent drflerences. AOF, between nreartcred and calculareci (TMS 
arrd CMS) 45' virrual ~t~erige OFs forfields listed in Tuble 2-2- 

- -. - -- - -- - - 
Fqucncy  Disaibuuon o f  Paccnt D i t f i c e s  bctween 

Masurcd and TPS OFs for 60" Vinul  Wcdgc 

- - - --- 

Figttre 3-2 1 : Frequericy distributions ofpercenr diflerences. AOF, betwcen rneasureci and calculareci (7;W 
and CMS) GO0 tirrual icsecige OFs forfields listed in Table 2-2. 
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The TMS AOF values for the 30" VW, illustrated in Figure 3-19, greater than 

f3% are listed in Table 3-12. These fields are the sarne ones which produced AOF values 

>f3% for the 1 5" VW. Note the change in sign for the 6MV 0:20 x 0:20 field observed at 

dmax and IOcm. This is a result of off-axis softening. There is an underprediction near 

dmax due to the increased scatter produced by the softer beam, which is not accounted 

for in TMS. In addition, the softer beam produces a steeper depth dose curve thereby 

resulting in an overestimation of the dose at larger depths. 

Table 3-12: AOF values (> S%) of measured and TMS OFs for 30° Virtual Wedge 

The 30" VW CMS distribution in Figure 3-29 is more centered about zero, in 

cornparison with the 15" VW distribution, with few values lying outside +2%, see Table 

Table 3-13: AOF values (> d%) of measured and CMS OFs for 30° Virtual Wedge 

None of these values are significantly greater in magnitude than 2%. 

For the 45" AOF values, illustrated in Figure 3-20, the TMS distribution is slightly 

overestimating the measured output, similar to the observation made for the 30" virtual 

wedge results. The AOF values greater than f;2% are listed in Table 3- 14. 
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Table 3-14: AOF values (> -t./.) of measured and TMS OFs for 45O Virtual Wedge 

The 45O VW CMS distribution in Figure 3-20 is essentially distributed about zero 

with significantly fewer points outside fZ%, see Table 3- 15, then observed in the 4S0 

VW TMS distribution. 

Table 3-15: AOF values (> eOh) of measured and CMS OFs for 4S0 Virtual Wedge 

Energy (Mc3 Depth (cm) Field 96 Deviriiion I 

6 5 5:s x 0 5  2.1 0.2 

The AOF values for the GO0 VW distribution, illustrated in Figure 3-2 1, indicate 

that both CMS and TMS are, in general, overestimating the measured output. The values 

of AOF exceeding S2% are listed in Table 3-16 and Table 3-17 for TMS and CMS 

respec tivel y. 
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Table 3-16: AOF values (> fl%) of measured and TMS OFs for 60° Virtual Wedge 

E n e m  CMU DeH (cm) Fi& AOF 

Table 3-1 7: AOF values (> eoh) of measured and CiMS OFs for 60° Virtual Wedge 

Energy Depth (cm) F M  MIF 
6 10 0:lO x 10:lO -3 -6 O. 1 

There are several explanations for the deviations observed for TMS calculated 

virtuaI wedge output factors. Two of these reasons are the lateral phantom scatter 
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gradient, and off-axis softening. It has been previously s h o w  that TMS overestimates the 

central avis wedge factor data by > 2% for large angle wedges. The only explanations of 

this are that the lateral phantom scattered gradient is not accurately accounted for by 

TMS or irnproper modeling of the dynamic modulation. For off-axis measurernents, there 

are additional uncertainties due to offaxis softening. TMS uses the PDDs for the central 

axis, while the measurements are taken at the rniddle of the field. In general, it is seen for 

TMS that the deviation between the measured and calculated values increases with 

increasing wedge angle. 

CMS data is force fitted by using a physical wedge of arbitrary thickness variation 

and attenuation coefficients for a few fields. This is an empincal fit and there is no 

certainty as to whether or not it will work for al1 field sizes. 
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3.3 Isodose Distribution 

Detailed results of the evaluation of the isodose distributions described in section 

2.1 -3,  are provided in Appendix B. 

3.3.1 Low gradient Central Beam Region 

The maximum deviations observed between any set of measured and calculated 

isodose lines on the centre of the field were recorded and expressed as a local percent, 

AL. of the measured O h  isodose value. The results, provided in Appendix A, are displayed 

in a frequency distribution in Figwe 3-22. Extemal beam dose calculations are expected 

to agee within -56 of the measured dose at the centre of the field [Fra 981. This criteria 

is ciearly satisfied by both TMS and CMS. Ln addition, both the TMS and CMS 

frequency distributions are centered about zero. 

- - - - - - -- -- - - -- - - 
Frcquency ~ i s tr ibuuon  of Maumum Diffrrences (%) berneen M-ured 

and TPS Isodose Lincs in Low Gndient Ccntnl Region for AI1 Field Types 1 

Figure 3 -22: Frcquency disrriburions of local percent AL of rhe marimum deviation obserued benveen an). 
set of rneasltreci and calculated (CMS and TMS) isodose lines in the Io w gradienr central beam region for 
isodose distributions of the fields lisred in Table 2-3for 23MVand 6MV. 
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3.3.2 Low Gradient Inner beam Region 

The maximum deviations observed, expressed as a local percent of the measured 

% isodose value, in the low gradient inner beam region of the isodose distributions for the 

fields listed in Table 2-3 are illustrated in a frequency distribution, Figure 3-23. This 

graph includes measurements fiom both sides of the field central axis. These distributions 

indicate that TMS is underestirnating the measured dose in most cases while, CMS is 

overestimating in most. Extemal photon beam dose calculations are expected to agree 

within t?% of the measured dose in the low gradient imer beam region [Fra 981. This 

criteria is satisfied by the CMS distribution, and almost entirely satisfied for the TMS 

distribution, with a few exceptions. 

Figrt re 3-23: Frequency distributions of local percent AL of the maximum deviarion observed benveen alti, 
set of mcnsztrcd and calcuiated (C,%fS and TMS) isodose lines in the lorv gradient inner beam region for 
isodose disrribrrrions of the fielh lisred in Table 2-3 for 23MV and 6MK 

Looking more closely, the values of AL > 52% are listed in Table 3-1 8 and Table 

3-19 for TMS and CMS respectively. For TMS, majority of these deviations are 
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occumng at the 140% and 120% isodose lines which is nearing the build-up region and 

of Iittle clinical significance. To evaluate the clinical significance of these errors, the next 

largest AL values were investigated, and it was found that they were al1 less than +2%. 

The AL value of -3.0% at the 80% isodose line is particuiarly important fiom a clinical 

point of view since this is close to the 100% isodose line, to which the dose is norrnally 

prescribed. This value was in fact measured near the edge of the imer bearn, approaching 

the higher gradient region. The value of this AL is strongiy dependent on the analysts 

discretion, depending on where the distinction between high and low gradient is made. In 

addition to this, profiles were not measured beyond lOcm and this measurement is 

occumng below this. The next largest deviation is -1.6% at the 140% isodose line. Thus, 

the ont y value of clinical significance in Table 3- 1 8 is (2.1 k 0.3)%, occumng at the 

100% isodose line for a 23MV beam with a blocked field, pattern 3. 

Table 3-18: TbIS AL values for the low gradient inner beam region 

Energy Field Plane Position IsodoseLine AL f 

% ('w ('w 
6 155 x 1O:lO cross L 140 -3.9 0.3 

6 515  x 10:lO in R 140 -3.4 0.3 
6 0:IOx 10:IO in R 140 -3.1 0.3 

cross 
in 
in 
in 
in 
in 

cross 
cross 
cross 
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A similar investigation was perfonned for the CMS AL values listed in Table 

3- 19. As for the TMS values, many of them are occurring at the 140% and 120% isodose 

lines. Some of these distributions, as identified by an asterisk * in Table 3-19, exhibited 

AL values greater than or equal to 2% at the 100% isodose lines in addition to the AL 

values at other isodose lines reported in Table 3-19. Thus the deviations in CMS, 

although appearing smaller in magnitude compared with those for TMS in the fiequency 

distribution, are more significant than those observed with TMS at positions of greater 

clinical importance. Thus TMS performs better near the clinicaily significant isodose 

lines for the low gradient imer  beam region of the isodose distributions of the fields 

listed in Table 2-3. 

Table 3-19: CMS AL values for the low gradient inner beam region 

Energy Field Pluie Position Isodose Line AL - + 
% (W (W 

6 155 x 1O:lO cross R 100 2.0 0.4 

6 0:lO x 1O:lO io L 140* 2.0 0.4 
6 155 x 1O:lO in L 140 2.1 0.3 

6 Block6 in L 140 2.1 0.3 
2 3 5:15 x 10:lO cross L 1 O0 2.1 0.2 

6 5:15 x 1O:lO in L 140 2.3 0.3 
2 3 I0:O x 1O:lO cross R 1 O0 2 -4 0.3 

6 5:15 x 1O:lO cross L 120* 2.5 0.4 
6 1O:O x 1O:lO cross R 120* 2.6 0.4 

23 Block6 cross R 120* 2.6 0.3 
2 3 Block6 in L 120f 2.8 0.3 

23 155 x 1O:lO cross R 100 3.0 03 

3.3.3 High Gradient Region 

The maximum displacements in the high gradient (>30%/cm) region observed 

between sets of measured and calculated isodose curves are provided in Appendix A. Ln 
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addition, they are displayed in a fiequency distribution in Figure 3-24. Negative values 

indicate the TPS has underestimated the dose in cornparison to the measured dose, and 

positive values indicate an overestimation. 

- - -.-- - 

Frequency Distribution of Maximum Differences (mm) ktwcen Measured 
and TPS lsodose L i n a  in Wigh Gradient Region for -411 Field Types 1 

Dift'erence (mm) 

Figure 3-24.. Frequency riistriburions of rhe rnarimurn deviarion observetl benveen a- ser of measured and 
calcuka~ed (CMS and TMS) isodose fines in the high gradient (> 3 0Ydccm) region for isodose dism~burions 
r,fdrcfirZis Iisred in Table - 3 .  

In 3D conformai therapy. treatment ports are designed with very tight margins to 

reduce the dose to nearby cntical structures around the planning target volume. The 

prediction of dose in high gradient region is thus of utmost importance in gaining 

confidence in displayed doses by the TPS and designing suitable beam blocking and 

anguiar arrangements. 

Extemal photon bearn dose calculations are expected to agree within +4mm of the 

measured dose in the high gradient region [Van 931. The values in the TMS distribution 

greater than 3mm are provided in Table 3-20. The maximum deviations for the MLC 

fields are al1 occumng for the 20% isodose curve, while for the blocks and asymmetric 
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fields, the deviations are occumng near the hi& dose regions, 100% to 140%. The 

deviations occurring for the 20% isodose curves are a result of errors in the transmission 

through the MLCs. 

Table 3-20: Maximum Lateral DeMations (>3mm) determined from TMS calcuhted and measured 
isodose distributions. 

cross 
cross 

in 
cross 

in 
in 

cross 
in 

120 
140 
L o o  
1 0 0  
20 
20 
100 
20 

-- - -. ... 

Similady, the values in the CMS distribution greater than 3mm are provided in 

Table 3-21. The extreme outliers (>6,mm) seen in the CMS distribution are in the 

blocked and MLC shaped fields. in the current CMS database, MLC has not been 

commissioned. Therefore, the calculation of penumbra for MLC field is the same as that 

of blocks. It is clear that CMS is unable to reproduce low isodose lines outside the field 

edge. These are determined by the block transmission factors and the penumbra functions 

as descnbed in section 1.2.1.1.2. In the current CMS implementation, only the collimator 

jaw transmission and penumbra functions have been implemented. The same procedure 

must be canied out for the MLC and blocks. This may reduce the obsewed deviations in 

the 20% isodose line of the blocks and MLC fields. 
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Table 3-2 1 : hlaximum tateral Deviations (>3mm) deterrnined from CMS calculated and rneasured 
isodose distributions. 

Energ). Fidd mm Porirki IsodmeWu htrrilDevi8tion f .  
O h  (-1 (-1 

II S:15 x 1O:lO R 2 0  3 -4 0.7 
5 : I 5  x 1O:lO 
5:15 n 1O:lO 
5:15 K l0:lO 
0:iO x t0:IO 
0:10 x I0:IO 
0:10 x 10:lO 
0:lO x I0:IO 
10:o .K 10:lO 
10:o x 1O:IO 
1o:o x 10:lO 
10:o x 10:lO 
15:s x 1O:lO 
15:s x IO: 1 0  
1 Sr5 x i0:10 
155 x 10:10 
5 :15  x 1O:lO 
5:15 % 10:lO 
0:IO x 10:lO 
0:lO x 1O:lO 
0:lO x 10:lO 
10:o x 1O:lO 
l0:O x 1O:lO 
I0:O x 1O:lO 
15:s x 10:IO 
15:s x 10:lO 

B locW 
BlocW 
BlocW 
BlocW 
Block6  
Block6 
Block6  
B l o c W  
Block3 
B l o c W  
BIock3 
MLC3 
MU33 
MLC3 
MLC3 
M LC3 
,M LC3 
M LC3 
M LC3 
M K 6  
M L C 6  
M L C 6  

Cmss 
cross 
in 
in 

cross 
cmSS 

m 
in 

cross 
cross 

I n 
in 

cross 
cross 

in 
in 

cross 
in 

fxoss 
Cross 

in 
cross 
cross 
in 

cross 
in 

cross 
cross 
in 
in 

cross 
cross 

in 
cross 
cross 
in 
in 

cross 
Cross 

in 
in 

cross 
cross 
in 
in 

cross 
cross 

in 
in 
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3.3.4 Penumbra 

The penumbra results are provided in Appendix A for al1 fields listed in table 2-3. 

Figure 3-25 is a fiequency distribution of the difference in penurnbra from measured and 

calculated isodose distributions for these fields. Positive values indicate the penumbra of 

the TPS calculated isodose distribution is larger than the penumbra of the rneasured 

distribution, and vice versa for negative vaIues. 

.. -- 
Frequency Dismbution ofMa?timum Diffcrences (mm) 

beween Measured and TPS Penumbra for A11 Field Types 

10 

-5  -3 I  1 3 5 1 9 I I  

Di fference (mm) 

Figure 3-25: Frequency distriburion of rhe diflerence behveen penunibras for measured anù TPS calculated 
isodose rlisrribtrtions for nllfields Iisred in Table 2-3. The penun~bra ,vas measirred as the distance benveen 
rhe 80'36 and 20% ixodose Zines at rhe norrnalization depth (IOcm). 

The penumbra of a TPS calculated isodose distribution is expected to agree within 

+2mm of the measured distribution [Fra 981. The TMS distribution is centered about zero 

with a range of - 3 m  to +4mm. The values greater than +2mm are listed in Table 3-22. 
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Table 3-22: Deviation (%2rnm) between penurnbras of measured and TMS calculated 
isodose distributions. 

E nergy Fidd Plure Position DevirtIon i 

(mm) (mm) 
6 Block6 in L -3 1 

6 Block6 ccoss L -3 1 
23 1 3 5  x 10:lO in R 3 1 

23 MLC6 in R 3 1 
6 Block6 in R 3 1 

6 MLC6 in R 3 1 
23 MLC3 in R 3 1 

23 810ck6 in R 3 1 
6 -MLC~ in R 4 1 

With the exception of one asymmetric field, the remaining deviations greater than 

k2mrn are due to the LMLC and blocks. In addition, it is noted that all, except one, of these 

deviations are for the in-plane (y-plane) and the MLC collimates the cross plane. Due to 

the large measurement uncertainty, these deviations could simply be a result of 

measurement errors. 

The CMS distribution is much broader and shified to the nght indicating larger 

penurnbras in their isodose distributions compared with the measured. The deviations 

greater than the expected agreement of k2mm are provided in Table 3-23. It should be 

noted that the MLC and blocks are the source of the values in the bin labeled "9mrn" and 

majonty of the values in the bin labeled "7mm" as observed in the high gradient region. 

The explmation of this was discussed in the previous section for the high gradient region. 

TMS calculations in the penumbra and high gradient region are much more accurate than 

those performed by CMS in the same regions. 
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Table 3-23: Deviation (-mm) between penurnbras of measured and CMS calcuhted 

isodose distributioos. 

5:15 x 10:IO 
5:15 x 1O:lO 
5:15 x 10:lO 
0 : l O  x 10:10  
0 : l O  x 1 0 : l O  
0 : l O x  l a 1 0  
0 : l O  x 1O:lO 
1o:o x 10:lO 
1o:ox 10:10 
1o:o x 10:lO 
1o:o x 1O:IO 
1 9 5  x 1 0 : l O  
1 5 5 x  10: lO 
1 9 5  x 10: lO 
5:I5 x 10:lO 
5:15 x 10:lO 
5:15 i( 1O:lO 
0:IO x 10: lO 
0: IO x 10: lO 
0 : l O  x 1 0 : l O  
0 : l O  x 10: lO 
1o:o x 10:IO 
1o:o x I0:IO 
1o:o x 10:lO 
1o:o x 1O:lO 
15-5 x 10:lO 
15:s  x \O: 1 0  
1 5 : S x  10: lO 

Bloc W 
BlocW 
BlocW 
BlocW 
BlocW 
B I o c W  
BIocU 
BlocW 
M LC3 
MLC3 
M LC3 
M LC3 
MLC3 
M X 3  
MLC3 
M X 3  

cross 
in 
in 

cross 
C1055 

in 
in 

cross 
cross 
in 
in 

cross 
in 
in 

cross 
cross 
in 

Cmss 

cross 
in 
in 

cross 
cross 
in 
in 

CllDSS 

ClOSS 

in 
cross 
cross 
in 
in 

Cross 

CrOU 

in 
in 

C ' O S  

cross 
in 
in 

fxos 
CCOSS 

in 
in 
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4 Conclusion 

In this study. the accuracy of photon bearn dose calculations performed by Helax 

TMS and CMS-focus TPS was evaluated via comparison with measured dose. In 

particular, the accuracy of these calculations for asymmetric, MLC, block and virtual 

~vedge fields was assessed. For TMS HSFs, the maximum percent deviation observed 

was (3.6 + 0.3)%. in general, TMS perfomed well, within +1%, for al1 fields, measured 

in-air, with the exception of the calculations for 23MV asymmetric fields. Output factors 

in phantom predicted by TMS and CMS were al1 within the expected agreement of +2%. 

In general. for both TMS and CMS, calculated output factors for asymmetric fields were 

within the expected agreement of +2%. The accuracy of CMS calculations of the output 

factors for MLC fields were found to be dependent on the field shape. In particular, since 

CMS-focus does not have an explicit head scatter model, the targest deviations, up to 

+5%, were observed for the fields in which the change in head scatter between the blocks 

and MLC was the greatest. TMS accurately (within +3%) calculates the output factors for 

the MLC fields. Output factors calculated for the blocked fields exhibited an accuracy of 

< e . 5 %  for TMS, and ck2.9% for CMS. 

The results for the virtual wedge output factor calculations were Iess accurate. In 

particular, for TMS, the calculations are more likely to overestimate the measured output 

witli increasing wedge angle. Deviations as large as 4.6% were observed for the 60" 

virtual wedge. Although, no particular trends were observed for CMS calculated virtual 

wedge output factors, deviations as large as -3.6% were o b s e ~ e d  for CMS. 
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Finally, isodose distributions were measured, calculated and evaluated in several 

different regions. Dose distributions were accurately (within 52%) calculated by both 

TiMS and CMS in the low gradient central beam region. in the low gradient inner beam 

region the Iargest deviation of clinical significance observed on a TMS distribution was 

(2.1&0.3)%. Several deviations in the region o f  ciinical significance (up to 3.0+0.3%) 

m-ere observed with CMS calculated distributions in the inner beam region. In the high 

gradient region, TMS more accurately calculates the dose distribution than CMS, 

particularly for the blocked and MLC shaped fields. The maximum lateral displacement 

observed for the TMS calculated isodose distributions was (-4.3 t 0.7)mm. For the CMS 

distributions lateral displacements as large as 10mm were observed for the blocked fields. 

These displacements in the distributions of the bIocked and MLC shaped fields are 

alniost always occurring at the 20% isodose line. This is due to the fact that transmission 

and penumbra functions for the blocks and MLC are not currently implemented at 

CCMB. Sirnilar observations as noted in the high gradient region were made for the 

pcnumbra measurements. The TMS penurnbra measurements were essentially < 52mm 

within the limits of experimental uncertainty. For CMS, deviations observed for the 

blocked and MLC shaped fields were as large as (9f 1)mm. 

From this investigation it is seen that the two treatment planning systems were 

comparable for point dose calculations in asyrnrnetric, square, and blocked fields. 

However, for calculations using the MLC, significant deviations were observed in the 

accuracy of TMS and CMS calculations. TMS calculations were significantly more 

accurate than those of  CMS due to the change in head scatter between the block and 

MLC fields, not modeled explicitly by CMS. In addition, from evaluation of the isodose 
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distributions, TMS exhibited higher accuracy in the dose calculations near the clinically 

significant isodose lines, in cornparison with CMS, in the low gradient inner beam region. 

TMS and CMS performed similarly in the imer beam central region. Extrernely 

significant deviations were observed for block and MLC fields in the high gradient region 

and penumbra measurements for the CMS distribution. In general, TMS more accurately 

calcuIates the dose especially for MLC fields and in the high gradient and penurnbra 

regions. 

Further evaluation of these treatment planning systems, in terms of inhomogeneity 

and contour corrections, would provide additional insight into which treatment planning 

system more accurately predicts the dose in patient. At CCMB, a wax chest phantom 

already exists, containing two interna1 inhomogeneities, cork and plaster. Dose 

distributions containing the effects of the inhomogeneity could be obtained via film 

dosimetry. These results could then be compared with the predictions of each of the 

treatment planning systems using data obtained via a CT scan. Furthermore, changes in 

dose due to patient contours could be carried out by placing TLDs inside the wax 

phantom and detennining the dose. Again these measurements could be compared with 

those predicted by the treatment planning systems. 
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5 Monitor Unit Calculation Verification 

A treatment unit delivers radiation in monitor units as measured by the monitor 

charnber. Each machine is calibrated to deliver k cGy/MU, where k is usually unity, in 

the standard calibration geornetry. In addition to the relative dose distribution, the TPS 

also provides the number of Mti for each beam in order to deliver the prescribed dose to 

the patient. There are several sources of error, which can result in incorrect MU 

cakulated by a TPS. Some of these errors are: (1) incorrect bearn data entry into the TPS; 

(2) incorrect normalization of relative distribution with respect to the prescription point; 

(3) wrong selection of wedges; etc [Cal 933. At the time of cornmissioning of treatment 

bearns into a TPS, a set of tests are carried out [CMS & TMS] to ensure the accuracy o f  

beam data in the TPS and to assess the accuracy of MU caIcu1ations in general. However, 

unforseen situations such as software bugs, corruption of intemal data tables, 

inappropriate planning procedure, etc still can cause inaccurate MU calculations- 

Therefore, a cornpletely independent method of MU calculation, which uses 

independently measured beam data, is desirable to veri@ the accuracy of MU on a patient 

to patient basis. The fundarnental features of such a method are: (1) user ftiendliness; (2) 

unambiguous display of the steps in the MU calculation to resolve differences, if any. 

with the TPS; and (3) preferably an algorithm which does not mimic the algorithm used 

in the TPS. It is also desirable that the LW calculation prograrn runs on cornputers which 

are separate fiom the TPS. 

In this chapter, a simple MU calculation method is described. This method i s  

implemented using Visual Basic in an Excel spread sheet, and uses the relative beam 

weightings corresponding to the TMS-Helax system [TMS]. 
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5.1 Theov 

The nurnber of monitor units necessary to deliver a given dose GDi f?om the i" 

beam in a treatment plan is given by 

The dose rate (cGy/MU) of the i" beam is determined at the plan normalization point by 

using a set of measured data and the calibrated dose rate. GDi is the portion of the dose, 

prescribed to the nomalization point of the plan, to be delivered by the ih beam. The 

given dose for the ith beam is calculated by relative beam weights in the treatrnent plan 

and the individual beam normalization used by a TPS [TMS]. Recall that the 

normalization point is the point of dose prescription and the relative dose at this point is 

generally 1 00%. 

The dose rate of the i" beam at the normalization point, Di(rnom) (cGy/MCT), is 

where the various parameters are described in detail in the following. 

k 

is the calibration factor of the treatment unit, usually calibrated to deliver 

lcGy/MU at the reference depth 6, SAD, and for the reference field size r, of 

lOcm x 1Ocm. 

HSF(ec) 
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is the head scatter factor which corrects for the change in the head scattered fluence 

with field size. in particular, it corrects for the change in head scatter from the 

reference field size to the equivalent square collimator field size, e,, of the beam. It 

is defined as the ratio of the output in air for a given field to that for a reference 

field (1 Ocm x 1 Ocm). In the case of physical wedges, the change in head scatter 

fluence is contained in WHSF(ec) described below. Tnerefore, HSF(e,) is set to 1.0 

for physical wedges. 

WHSWC) 

is the wedge head scatter factor which corrects for the increased scattered fluence 

produced by the physical wedge present in the beam, also evaluated at the 

equivalent square collimator field size. It is defined as the ratio of the output in air 

for a wedged beam of a given field size, to that for a wedged beam of reference 

field (10cm x 10cm). When there is no physical wedge used in a beam, WHSF(e,) 

is set to unity since head scattered fluence changed is now contained in HSF(e,). 

PSF(eb) 

is the phantom scatter factor which accounts for the change in dose due to scattered 

photons in phantom at a reference depth (dm= at CCMB) as a fùnction of field 

size. It is evaluated for the equivalent square of the blocked field size. PSF is 

defined as the ratio of the output in-phantom for a given field at a reference depth 

(ie. dmax) to that for a reference field (1Ocm x 10cm) at the same depth. 

TWdnom, %) 

is the tissue phantorn ratio evaluated at the depth of the nomalization point, for the 

blocked field size. It accounts for the change in phantom dose frorn the reference 
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depth to the depth of the normalization point. TPR is defined as the ratio of the 

dose in-phantom at a given depth for a given field at SAD, to that for the same field 

at a reference depth, at SAD @Chan 941. 

Om(dnorrn, rot~set) 

is the off-axis ratio which corrects for changes in in-phantom dose due to lateral 

fluence changes caused by the flattening filter as a function of normalization depth 

and a radial distance, r,fiet. r,~,,, is the distance of the normalization point fiom the 

central axis of the beam projected in the isocentric plane. OAR is defined as the 

ratio of the in-phantom dose at the off-axis point of interest to that on the central 

a i s  at the same depth. 

BHC(dnom,%) 

is the beam hardening correction factor which corrects for the change in bearn 

quality in the presence of physical wedges and filters. It is defined as the ratio of 

the percentage depth dose for a wedged beam to that for an open (no wedge) beam 

for the sarne field size and depth. 

WFot?(wroffset) 

is the off-axis wedge factor which accounts for the decreased output of the 

treatrnent machine in the presence of the physical wedge. wr,n,,, is the distance of 

the normalization point projected in the isocentric plane from the central axis along 

the wedge gradient direction. The off-axis wedge factor is given by 

5.3 WFg (Y,,, ) = WF on (r, ) . e-."'r-Q 

where WFon(ro) is the wedge factor at the central axis for the reference field ro 

(IOcm x IOcm), t is the divergent ray line path length through the wedge of the ray 
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joining the source to the nomalization point, t, is the central axis wedge thickness, 

and p is the linear attenuation coefficient for the primary beam energy. 

IHC 

is the inhomogeneity correction factor defined as the ratio of the dose to the 

normalization point with and without taking tissue inhornogeneities into account. In 

the current implernentation of MU calculation, this factor is evaluated £kom the 

TPS. 

TF 

is the factor which 

and compensators. 

corrects for attenuation in the tray used to support the blocks 

is the inverse square factor, correcting for variation of the output with distance fiom 

the source. The SSD is the source to surface distance along the ray joining the 

source to the norrnalization point. 

The given dose is calculated by the method of standard dose rate normalization 

[TMS]. The dose rate Di(rnom) is divided by a standard dose rate DStd(dmK), and weighted 

by a beam weight factor Wi. 

where R, is the weighted dose rate relative to the standard dose rate. The standard dose 

rate DStd(dmx) is the dose rate in the standard geometry (dmax, 10cmx1Ocrn, 

SSD=lOOcm) and is given by 
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The inclusion of the on-axis wedge factor corrects the standard dose rate for the wedge 

transmission. This allows for the beam weight factor wi to be proportional to the pnmary 

energy fluence. For virtual wedges. the standard dose used is that of the corresponding 

open field and the wedge factor in equation 5.5 is unity. The given dose of the ib beam , 

GD,, is then calculated as follows 

where PD is the prescription dose. Finally the MUS required to deliver GD, is given by 

MU, = 
GDi 

Di (Go, ) - BF 

where BF is the attenuation factor for cast and breast boards etc. 

5.2 Materials and Methods 

The monitor unit calculation is an ExceI spreadsheet program that uses measured 

data to calculate the monitor units for the beams designed by the treatment planning 

system. The program requires input of patient and beam plan parameters, and calculates 

various parameters de fined above via interpolation from measured data. The user 

interface is illustrated below in Figure 5-1. 



Chavter 5: Monitor Unit CaIculation Verification 115 

Figzrre 5-1: Sample of the ML' Calculation User Input /nte$ace. 

Each pararneter listed is entered by the user for each beam. The wrOffs,, (wedge field 

centre offset), and r,ns,, (OAR field centre offset) are measured from the isodose 

distribution. The PSF is either provided by TMS for irregular fields or obtained by 

interpolation from a table of measured PSFs at the equivalent blocked field size. The 

inhomogeneity correction factor is calculated by TMS as the ratio of the dose with the 

IHC on and off. The remaining input parameters are entered according to the treatment 

plan. Figure 5-2 illustrates the MU calculation output data. 



Figure 5-2: ML/ Calcrrlation Orifput In ferface 

The equivalent square blocked field size is determined as the field size whose 

measured PSF matches the PSF entered by the user. The equivalent square collimator 

field size is determined by calculating the square having the same area to perimeter ratio 

as the collimator settings for the beam. The HSF and WHSF are determined by linear 

interpolation at the equivalent square collimator field size. The on-axis wedge factor is 

the wedge factor for a lOcmxlOcm reference field. The off-axis wedge factor is 

calculated by equation 5.3. The OAR(dnonn, fco), TPR(E,dnorm, eb,dnorm), and 

BHC(WA,E,eb,dnorm) are determined via linear interpolation from tables of measured 
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data. The inverse square factor is given in equation 5.2, and the standard dose rate is 

calculated using equation 5.5. 

5.3 Results and Discussion 

Three clinical exarnples of MU calculations are provided. The MU calculated by 

both TMS and the Excel program are provided, along with the percent deviation, M. 

calculated as a local percent of the MU calculated by TMS. The first example, Table 5-1, 

involves treatment of a large brain tumour using a wedge pair. The difference in MU 

calculations for each of the beams is -0.9%. For the three field rectum treatment, Table 

5-2, the MU calculated by this program are overestimating by approximately 1%. For the 

tangential breast treatment, Table 5-3, the MUS calculated by this program are 

underestimating the TMS calculated MUS by -1 -3%. From these few examples it is seen 

that the MU calculation program successfûlly provides an independent verification of 

MUS calculated by TMS. 

Table 5-1: lMZI calculations for a head and neck treatment (wedged pair) 

Beam Name Energy (MV) Modulators TMSMU EXCELMU LIMU 
Right Lateral 6 45O wedge 362.1 358.9 -0.9% 
Superior Vertex 6 45" wedge 362.2 358.9 -0.9% 

Table 5-2: LW calculations for a 3 field rectum treatment 

Beam Name Energy (MV) Mdulrtors TMS MU EXCEL MU AMU 
Posterior 6 None 68.9 69.4 0.7% 
Right La teral 15 30" wcdgc 1 19.4 1205 0.9% 
Left Lateral 15 30" wedge 1 19.4 120.5 0.9% 

Table 5-3: LW calculations for a tangential breast treatment 

BermName Energy(MV) Mddrtors TMSMU EXCEL MU AMU 
Right  med di al 6 4 j0  wedge 556.8 549.4 - 1.3% 
Right lateral 
Oblique 6 4S0 wedge 556.8 549.4 - 1.3% 
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The major limitations of this prograrn are the inhomogeneity correction factor, the 

phantom scatter factor, and the MLC head scatter. This MU calculation program does not 

account for the changes in the head scatter observed for fields formed by the MLC. The 

IHCF is obtained fiom TMS, while the PSF is supplied by TMS for irregular fields to 

calculate the equivalent square blocked field size. This prevents the calculation from 

being a cornpletely independent check. Future work could involve developing a prograrn 

that calculates the PSF via Clarkson's integration, and a method independent of TMS for 

calcuiating the MCF. 

5.4 Corr clusion 

An EXCEL MU calculation program was developed to provide an independent 

verification of MUS calculated by TMS. This assists in eliminating erroneous dose 

delivery due to incorrect calculation of MUS by TMS. Tests on the program were made 

for several clinical examples and the maximum deviation observed between MUS 

calculated by TMS and the program developed here was -1.3%. Typically the average 

deviation for a breast plan on a linac is 2%, and for *CO treatment units ranges from 2- 

4%. Other treatments exhibit errors less than 2%. Thus, this EXCEL program 

successfully provides an independent verification of rMUs calculated by TMS. 
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A. Appendix A 
The following are tables of al1 the measured and calculated output and head scatter 

factors, as well as the deviations between the rneasured and calculated isodose 

distributions. 

A.1 Head Scatter Factors 

A.1.1 6MV HSFs 

Table A-1: 6MV TMS AHSFs for Square Fields 

Field Side HSF 4HSF 
(cm) Measured TMS ?%O f 
15 I .O20 0.005 1 .O19 -0.1 0.4 
20 1 030 0.005 1 .O27 6.3 0.4 
40 1 .O37 0.005 1-04 O .3 0.4 

Table A-2: 6MV TMS M S F s  for Asymmetric Fields 

Field (cm) HSF AHSF 
(X1:XtxYI:Yt)  ~Measured f TMS '?40 f 

05 x 0 5  0.995 0.005 0.994 -0.1 0.5 
O~IOx0:10 1 .OS 1 0.005 1 .OU -0.7 0.5 
0.15 x 0:15 1 .O77 0.005 1 .O75 -0.1 0.5 
0:70 x 020 1 .O97 0.005 1 .O87 -0.9 0.5 
0:s x 55 0.998 0.005 0.996 -0.7 0.5 

0:IO x l0:IO 1 .O61 0.005 1 .O59 -0.3 0.5 
0:15 x 15:15 1 .O77 0.005 1 .O75 -0.2 0.5 
020 x 2090 1 .O90 0.005 1 .O88 -0.1 0.5 
55 x 0:5 0.98 1 0.005 0.989 0.9 0.5 

10:10 x 0:10 1 .O51 0.005 1 .O45 -0.6 0.5 
15:lS x 0:15 1 .O70 0.005 1 .O44 -0.6 0.5 
20:70 x 0:20 1 .O85 0.005 1 .O81 -0.3 0.5 

Table A-3: 61MV TMS AHSFs for MLC Fields 

Field (cm) HSF llHSF 
Pattern (Y1 :Y2) Measured * TMS YO f 

M L C  3 (7.5:7.5) 1.017 0.005 1.019 0.2 0.5 
M L C  3 (2.83.0) 0.964 0.005 0.966 O .2 0.5 
MLC 5 (5.555) 0.993 0.005 0-993 0.0 O .5 
MLC 6 (939.5) 1 .O24 0.005 1 .O28 0.4 0.5 
MLC 7 (9.5:g.S) 1 .O17 0.005 i .O23 -0.3 O .5 
MLC 8 (13.5:13.5) 0.99 1 0.004 0.988 -0.3 O .? 

M L C  9 (13.5:13.5) 1 .O05 0.005 1.016 1 . l  0.5 
MLC 10 (5.05.0) 0.998 0.005 0.997 -0.1 0.5 



Table A-4: 6MV TMS AHSFs for Collimator Fields 

Field (cm) 
Pattern (X x Y) 

Pat 3 (15 x 15) 
P3t 4 (5.4d.8:3.0) 
Pat 5 (28.4 x 1 1 ) 

Par 6 (20x20) 
Pat 7 (26.4 x 19) 

P31 S (523.9 s 27) 
Pat 9 (39 x 27) 
Pat 10 (10x10) 

HSF 
~Measured k 

1 .O20 0.005 
0.97 I 0.004 
1.013 0.005 
1 .O28 0.005 
1 .O3 1 0.003 
1.015 0.004 
I .O33 0.004 
1 .O00 0.000 

Table -4-5: 6MV TMS AHSFs for Blocked Fields 

Field (cm) HSF AHSF 
Pattern (X x Y) .Measured k TMS O/O I 

Pat3 (15 .r 15) 0.992 0.005 0.993 0.1 0 .S 
Pat 4 (5.4x2.8:3.0) 0.94 1 0.004 0.938 -0.3 0.3 
Pat 5 (28.4 x I I )  0.983 0.005 0.983 0.0 0.5 

Pat 6 (20x20) 1,001 0.005 1 .O05 0.4 0.5 
Pat 7 (26.4 x 19) 1 .O06 0 -004 1.005 -0.2 0.4 

Pat 8 (5.23.9 x 27) 0.985 0.004 0.983 -0.2 0.4 
Pat 9 (39 x 17) 0.996 0.004 0.999 0.3 O. 4 
Pat 10 (10x10) 0.97 1 0.003 0.97 -0.1 0.4 

A.1.2 23MV HSFs 

Table A-6: 23iMV TMS AHSFs for Square Fields 

HSF AHSF 
Field Side (cm) .Measured f TMS % f 

15 1.016 0.003 1.016 0.0 0.3 
20 1 .OZ4 0.003 I .OZ4 0.0 0.3 
JO 1 .O29 0.003 I .O3 O. I 0.3 

Table A-7: 23h.N TMS AHSFs for Asymmetric Fields 

Field (cm) HSF AHSF 
(Xl:X2 x Y1:Yt) Measured f TMS ?40 * 

0 3  x 0:5 1 .O02 0.003 1 .O08 O -5 0.3 
0:lO x 0:lO 1 .O33 0.003 1 .O17 1.4 0.3 
0:15 x0:15 1 .O37 0.003 1 .O7 3.1 0.3 
O20 x 0:ZO 1 .O42 0.003 1 .O8 3.6 0.3 
0 5  x 5 5  0.990 0.003 0.986 -0.4 0.3 

0:lO x 10:lO 1 .O51 0.003 1 .O49 4 .2  0.3 
0:15 x 15:15 1 .O39 0.003 1 .O49 0.9 0.3 
0:20 x 20:20 1 .O36 0.003 1 .O52 1.5 0.3 

5:s x 0 5  1 .O01 0.003 1 .O07 0.6 0.3 
1O:lO x 0:lO 1 .O59 0.003 1 .O6 O. 1 0.3 
:5:I5 xO:15 1 .O53 0.003 1 .O7 I .6 0.3 
2020 x 020 1 .O52 0.003 1 .O73 2.0 0.3 







Appendix A 125 

Table A-13: Right Half (0:X x X:X) Asymmetric Field TMS AOFs 

Energy Depth (XI:= s Yl:Y2) OF AOF 
( 3  (cm) (cm) Measured TMS YO i 

23 3.5 0 5  x 5:s 0.983 0.00 1 0.963 -2.0 O. 1 
7 7 - - 3.5 0:lO x !0:10 1 .O80 0.001 1 .O69 -1 .O O. 1 
23 3.5 0:15 x 15:15 1.100 0.00 1 1 .O88 -1.1 O. 1 
2 3 3.5 020 x 2020 1.1 16 0.00 1 1 .O97 -1.7 0.1 
2 3 5 0 5  x 5:5 0.954 0.00 1 0.937 -1.8 O. 1 
13 5 0:IO x l0:lO 1 .O42 0.001 1 .O36 -0.5 0. I 
23 5 0:15 x 15:15 1.054 0.00 1 1 .O52 -0.2 O. 1 
13 5 020 x 70:20 1 .O65 0.00 1 1 .O59 -0.6 O. 1 
23 1 O 0:s x 5 5  0.777 0.00 1 0.762 -2.0 O. 1 
2 3 1 O 0:IO x l0:lO 0.857 0.00 I 0.85 -0.8 0.1 
7 7 - - I O  O:I5x 15:15 0.871 0.001 0.869 -0.2 0.1 
13 1 0 Or20 x 2020 0.881 0.00 1 0.873 -0.9 O. 1 
6 1.5 0 5  x 5:5 0.992 0.001 0.984 -0.8 0. 1 
6 1.5 0:10 x 1O:lO 1 .O77 0.001 1 .O65 -1.1 O. 1 
6 1.5 0:15 x 15:15 1.1 18 0.001 1 .O96 -2-0 0.1 
6 1.5 0.20 x 2020 1.140 0.001 1.123 -1.5 O. 1 
6 5 0 5  x 5 5  0.854 0.00 I 0 . 8 4  -1.2 O. 1 
6 5 O:lO x 1O:IO 0.943 0.001 0.93 1 -1 .2 O. 1 
6 5 0:15 x 15:lS 0.981 0.001 0.968 -1.3 0.1 
6 5 020 x 20:20 1 .O07 0.00 1 0.995 -1 .2 O. 1 
6 1 O 0 3  x 5:s 0.646 0.00 1 0.642 -0.7 0.1 
6 1 O 0:IO x 1O:lO 0.731 0.00 1 0.734 0.0 0.2 
6 1 O 0:15x 15:15 0.776 0.00 1 0.774 -0.2 0.1 
6 10 020 x 20:20 0.807 0.001 0.8 -0.8 0.1 

Table A-14: Top Half (X:X r 0:X) Asymmetric Field TMS AOFs 

Energy Depth ( X I 3 2  x Y1:Yt) OF AOF 

(MV) (cm) (cm) ~Measured f TMS % f: 
2 3 3 5 5:5 x 0:s 0.983 0.001 0.98 -0.3 O. 1 
7 3 3.5 1O:lO x0:lO I -085 0.00 1 1 .O78 -0.6 O. 1 
23 3.5 15:15 x 0.15 1.109 0.001 1.104 -0.4 0.1 
7 3 3 -5 7020 x 0:20 1.128 0.001 1.122 -0.5 O. 1 
23 5 5:5 x 0 5  0.956 0.001 0.954 -0.1 0.1 
73 5 1O:lO x0:lO 1 .O47 0.001 1 .OU 4 . 3  0.1 
23 5 1915 x0:15 1 .O65 0.00 1 1 .O67 0.2 O. 1 
13 5 20:20 x 020 1 .O78 0.001 1.084 0.6 O. 1 
13 1 0 5:5 x 0:s 0.778 0.00 1 0.775 -0.4 0.1 
2 3 1 O 10:lO x 0:IO 0.861 0.001 0.857 -0.5 0. I 
2 3 1 O 15:15 x 0:15 0.887 0.00 1 0.88 -0.2 O. 1 
2 3 1 O 20:20 x 0:20 0.891 0.00 1 0.893 0.2 O. 1 
6 1.5 5:s x 0 5  0.975 0.00 1 0.982 0.7 O. I 
6 1 5  10:lO x0:lO 1 .O63 0.00 1 I .OU -0. S O. 1 
6 1.5 15:15 x 0:15 1.101 0.00 1 1 .O87 -1.3 O. I 
6 1.5 20:70 x 020 1.129 0.00 1 1.1 13 -1.4 O. 1 
6 5 5 5  x 0 5  0.840 0.00 1 0.842 0.2 O. 1 
6 5 10:lO x 0:lO 0.933 0.00 1 0.927 - i  .2 0.1 
6 5 15:15~0:15 0.97 1 0.00 1 0.96 -1.1 O. 1 
6 5 20:20 x 020 1 .O00 0.00 1 0.987 -1.3 O. 1 
6 1 O 5 5  x 0 5  0.638 0.00 1 0.M 1 0.5 0.2 
6 I O  10:IO x a 1 0  0.728 0.00 1 0.728 0 .O 0.2 
6 1 O 15:15x0:15 0.768 0.00 1 0.767 -0.2 O. 1 
6 1 O 2O:JO x 0:20 0.793 0.00 1 0.794 0.2 O. 1 
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Table A-15: 61MV measured and TMS OFs for the collimated fields of the blocked patterns 
(block absent) 

Depth (XI:= x Y1:YZ) OF AOF 
(cm) (cm) Measured f TMS 740 f 

1.5 Pat 3 (15 x 15) 1 .O3 1 0.000 1 .O33 0.2 0.0 
1.5 Pat 4 (5.4.~2.8:3.0) 0.949 0.000 0.954 0.5 0.0 
1.5 Pat 5 (28.3 x 1 1 ) 1 .O26 0.000 1 .O26 0.0 0.0 
1.5 P316 (2OxZO) 1 .O50 O-O00 1 .O36 -0.4 0.0 
1.5 Pat 7 (26.4 x 19) 1 .O58 O.!lOO 1 .O59 0.0 0.0 
1.5 Pat 8 (5.2:3.9 x 27) 1 .O26 0.000 1 .O23 -0.3 0.0 
1.5 Pat 9 (39 x 27) 1 .O77 0 .O00 1 .O78 O. 1 0.0 
1.5 Pal I O  (10x10) 1 .O00 0.000 1 -000 0.0 0.0 
5 Pat 3 (15 x 15) 0.908 0.000 0.9 1 O 0.2 0.0 
5 Pat 4 (S.J.d.8:3.0) 0.816 0.000 0.8 13 -0.4 0. I 
5 Pat 5 (28.4 x 1 1 ) 0.902 0.000 0.903 O. 1 0.0 
< Pat 6 (20x20 j 0.929 0.000 0.93 1 0.2 0 .O 
5 Pat 7 (26.4 x 19) 0.933 0.000 0.939 0.6 0.0 
5 Pat 8 (523.9 x 27) 0.8% 0.000 0.895 -0.1 0.0 
c Pat 9 (39 x 27) 0.953 0.000 0.956 0.3 O .O 
5 Pat 10 (10x10) 0.87 1 0.000 0.870 -0.1 O. 1 
10 Pat3 (15 x 15) 0.718 0.000 0.723 0.7 O. I 
10 Pat 4 (5.4x2.8:3.0) 0.613 0.000 0.6 17 0.7 0.1 
10 Pat 3 (28.4 x 11 ) 0.713 0.000 0.7 15 0.3 O. 1 
10 Pat 6 (20x20) 0.713 0.000 0.749 0.8 O. 1 
10 Pat 7 (ZG.4 x 19) 0.750 0.000 0.755 0.6 O. 1 
1 O P3t 8 (51:3.9 x 17) 0.702 0.000 0.705 O .4 O. 1 
10 Pat 9 (39 x 17) 0.772 0.000 0.775 0.4 O. 1 
1 O Pat I O  (10x10) 0.675 0.000 0.678 0.6 O. 1 

Table A-16: 2 3 W  measured and TlMS OFs for the collimated fields of the bfocked patterns 
(block absent) 

Depth (X1:XZ x Y1:Yf)  OF AOF 
(cm) (cm) ~Measured f TMS ?4 f 

3.5 P3t3 (15 x 15) 1 .O39 0.000 1 .O15 0.6 0.0 
3.5 Pu 4 (5.4x2.8:3.0) 0.943 0.000 0.934 -0.9 0.0 
3.5 Pat 5 (28.4 x 1 1 ) 1 .O3 1 0.000 1 .O35 0.4 0.0 
3.5 Pat 6 (20x20) 1 .O59 0.00 1 1 .O6 1 0.1 0.0 
3 S Pat 7 (26.4 x 19) 1 .O62 0.000 1.072 0.9 0.0 
3.5 Pat 8 (523.9 x 27) 1.030 0.000 1 .O24 -0.G 0 .O 
3.5 P a 9  (39 x 27) 1 .O8 1 0.000 1 .O82 O. 1 0.0 
3.5 Pat 10 (10x10) 1 .O00 0.000 1 .O00 0.0 0.0 
5 Pat 3 (15 x 15) 1 .O02 0.000 1 .O10 0.8 0 .O 
5 Pat 4 15.4.d.8:3.0) 0.9 16 0.000 0.910 -0.7 0 .O 
c Pat 5 (28.4 x 11) 0.993 0.000 1 .O01 0.8 O .O 
5 Par 6 (20120) 1.017 0.001 1 .O30 1.3 O. 1 
5 Pat 7 (26.3 x 19) 1 .O20 0 .O00 l .O31 1.3 0 .O 
5 Pat 8 (5.2:3.9 x 27) 0.993 0.000 0.992 -0.1 O .O 
5 Pat 9 (39 x 27) I .O34 0.000 1 -043 0.8 O .O 
5 Pat IO ( 10x10) 0.970 O .O00 0.97 1 O. 1 0.0 
1 O Pat3(15x 15) 0.819 0.000 0.829 0.0 O. 1 
1 O Pat 4 (S.4.d.8:3.0) 0.716 0.000 0.742 -0.5 O. 1 
10 Pat 5 (28.4 x 1 1  ) 0.823 0.000 0.822 -0.1 O. 1 
1 O Pat 6 (20x20) 0.845 0.00 1 0.838 0.3 O. 1 
10 Pat 7 (26.4 x 19) 0.850 0.000 0.850 0 .O O. 1 
1 O Pat 8 (5.2:3.9 x 27) 0.820 0.000 0.815 -0.7 O. 1 
1 O Pat 9 (39 x 27) 0.866 0.000 0.8598 4 . 7  0.0 
1 O Pat 10 (10x10) 0.799 0.000 0.796 -0.3 0.1 
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Table A-17: 23MV measured and TMS OFs for blocked field patterns 

Pattern Dept h OF AOF 
(Xl:,Yt x Y1:Yt) (cm) ~Measured f TMS % k 

Pat 3 (15 x 15) 3.5 1.024 0 .000 1.018 -0.6 0.0 
Pat 3 (15 x 15) 5 0.984 0 .O00 0.988 0.4 0.0 
P x  3 (15 x 15) 1 O 0.812 0.000 0.813 0.2 O. 1 

P3t 4 (5.4~2.8:3.0) 3.5 0.92 1 0.000 0.907 -1.4 0.0 
Pat 4 (5.4~2.8:3.0) 5 0.893 0.000 0.885 -09 0.0 
f 51 4 (5.4.d.8:3.0) 1 O 0.725 0.000 0.721 -0.5 O. 1 
Par 5 (78.4 x I l )  3.5 0.992 0.000 0.974 -1.8 0.0 
Pat 5 (28.4 x 1 1 ) 5 0.957 0.000 0.917 -1.0 0.0 
Pat 5 (28.4 x II ) 1 O 0.782 0.000 0.776 -0.8 O. 1 

Pat 6 (20.~20) 3.5 1 .M5 0.00 1 1 .O46 O. 1 0.0 
Pat 6 (IOdO) 5 1 .O00 0.00 1 1.012 1.1 O. 1 
Pat 6 (20x20) 1 O 0.828 0.001 0.834 0.7 O. 1 

Pat 7 (26.1 x 19) 3.5 1 .O45 O .O00 1 -013 -0.1 0.0 
Pat 7 (26.1 x 19) 5 1.000 0.000 1 .O09 0.9 0.0 
Pat 7 (26.4 x 19) 1 O 0.829 0 .O00 0.830 O. 1 O. 1 

Pat 8 (5.23.9 x 27) 3.5 0.992 0.000 0.968 -2.5 0.0 
Pat 8 (5.2:3.9 x 27) 5 0.957 0.000 0.931 -1.6 0.0 
Pat 8 (5.2:3.9 x 27) 1 O 0.781 0.000 0.770 -1.4 O. I 

P3t 9 (39 x 27) 3.5 1 .O25 0.000 1.015 -1.0 0.0 
Pat 9 (39 s 27) 5 0.985 0.000 0.983 4.2 0.0 
Pai 9 (39 x 27) 10 0.810 0.000 O.SO5 -0.6 O. 1 
Pat 10 (10x10) 3.5 0.982 O .000 0.966 -1.6 0.0 
Pat 10 (10x10) 5 0.951 0.000 0.912 -0.9 0.0 
Pat IO IIOxIOi 10 0.780 0.000 0.775 -0.5 O. 1 

Table A-18: 6 W  measured and TMS OFs for blocked field patterns 

Pattern Depth OF AOF 
(Xl:,W x Y1:YZ) (cm) Measured TMS % f 

Pat 3 (15 x t 5 j  1.5 1 .O00 O .O00 1 .00j 0 .1 O .O 
Pat 3 (15 x 1.5) 
P 3 1 3 ( I 5  x 15) 

Pat 4 (5.4d.8:3.0) 
Pat J (5.4~2.8:3.0) 
Par 4 (5.4.d.8:3.0) 
Pa1 5 (28.4 x I I ) 
P3t 5 (28.4 x 11 ) 
Pat 5 (28.4 x 1 i ) 

Pat 6 (20x20) 
Pat 6 (20x20) 
Pat 6 (20~20)  

Pa( 7 (26.1 x 19) 
P3t 7 (26.1 x 19) 
Pat 7 (26.4 n 19) 

Pat 8 (523.9 x 27) 
Pat 8 (523.9 x 27) 
Pat 8 (523.9 x 27) 

Pat 9 (39 x 27) 
Pat 9 (39 x 27) 
Pat 9 (39 x 27) 
Pat lO(lOxl0) 
Pat IO (10x10) 
Pat IO (10x10) 
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Table A-23: 23 MV 4S0Virtual Wedge measured and TMS OFs 

Field Depth OF AOF 
(,Yl:,Yt x Y1:YZ) (cm) -Measured * TMS * !  - A 

0:5 x 0 5  3 -5 0.833 0.00 1 0.870 1 .4 0.1 
0:5 x 0 5  5 0.838 0.00 1 0.849 1.3 O. 1 
0.5 x 0 5  1 O 0.679 0.001 0.690 1 .6 0 .2 
0:5 x 5 5  3 -5 0.964 0.00 1 0.975 1 2 O. 1 
0:s x 5 3  5 0.937 0.00 1 0.947 1.1 0.1 
O:5 x 5 5  1 O 0.764 0.00 I 0.772 1 .O O. 1 
5 5  x 0:j 3.5 0.866 0.00 1 0.883 2.0 O. 1 
5:5 x 0 3  5 0.843 0.00 1 0.860 2.0 O. 1 
5 5  x 0:j 1 O 0.689 0.001 0.703 2.0 0.2 

0:IO x 0:iO 3 -5 0.838 0.00 1 0.845 0.8 O. 1 
0:IO x 0:lO 5 0.812 0.00 1 0.823 1.3 O. l 
0:IO x 0:IO 10 0.671 0.00 1 0.682 1.6 0.2 
0:lO x 1O: lO  3 -5 1 .O69 0.001 1 .O90 1.9 0.1 
0:IO x l0:IO 5 1 -03 1 0.00 1 1 .O53 1.1 0.1 
0:lO x 1O:lO 10 0.849 0.00 1 0.867 2.1 0.1 
10.10 x0:lO 3 -5 0.857 0.00 1 0.870 1.5 O. 1 
10:iO x 0:lO 5 0.830 0.00 1 0.845 1.8 0.1 
IO: 10 K O: IO 10 0.690 0.001 0.609 1.3 0.2 
0.15 no115 3.5 0.784 0.00 I 0.797 1.7 0.1 
0:15 xO:15 5 0.755 0.00 1 0.776 2.7 0.1 
0:15 x O:l5 1 O 0.627 0.00 1 0.636 3.1 0 2 
15.!5 x 0:15 3 -5 0.793 0.001 0.802 1.1 O. 1 
15.15 xO:15 5 0.764 0.001 0.779 2 .O 0.1 
15.15xO:I5 10 0.641 0.00 1 0.65 1 1.6 0.2 
020 x 020 3.5 0.727 0.00 1 0.738 1.5 0.2 
020 x 020 5 0.698 0.00 1 0.717 2.7 0.1 
020 s 0:20 1 O 0.584 0.00 1 0.602 3.1 0.2 
20:20 x 0:20 3.5 0.729 0.00 1 0.736 1.1 O 2 
20:10 x 020 5 0.700 0.00 1 0.715 - 7 .- 1 0.2 
20:10 x 0:20 1 O 0.590 0.00 1 0.600 1.8 0.2 



Table A-24: 23 MV 60°Virtual Wedge measured and TMS OFs 

Field Depth OF AOF 
(X1:XZ x Y1:YZ) (cm) Measured f TMS % 

0:5 x 0 5  3.5 0.795 0.00 1 0.806 1 .4 O. 1 
015 x 0:5 5 0.775 0.00 1 0.787 1.6 0.1 
0 5  x 0:5 10 0.63 1 0.00 1 0.633 2.0 O. 1 
0:j x 5:5 3 -5 0.962 0.00 1 0.982 2.1 O. 1 
0:s x 5 5  5 0.936 0.001 0.955 2 .O 0.1 
0 5  x 5 5  1 O 0.763 0.00 1 0.779 2.1 O. 1 
5 5  x 0:j 3.5 0.80 1 0.00 1 0.8 18 2.2 0.1 
5 5  x 0 5  5 0.780 0.00 1 0.798 2.3 0.1 
5:s .r 0:5 1 O 0.630 0.00 1 0.655 2.3 O. 1 

O: IO x O: 10 3 3 0.716 0.00 1 0.725 1.3 O .Z 
0:lO x 0:lO -, 0.694 0.00 1 0.708 2.0 0.2 
0:IO .u 0:lO 1 O 0.578 0.00 1 0.59 1 - I .- 7 0.2 
0:10 x i0:lO 3 -5 1.076 0.00 1 1.1 12 3.4 0.1 
0:lO x 10:lO 5 1 .O38 0.00 1 1 .O75 3.5 O. 1 
0:IO x 10:IO 1 O 0.954 0.00 1 0.886 3.7 O. 1 
10:10xO:IO 3.5 0.733 0.00 I 0.747 1.9 0.7 
1O:lO x0:IO 5 0.709 0.001 0.727 2.5 0.2 
1O:iOxO:IO 1 O 0.593 0.00 1 0.606 2.2 0.2 
O:I5~0:15 - 1 -- F 0.620 0.00 1 0.636 2.6 0.2 
0:15xO:Ij 5 0.600 0.001 0.62 1 3.5 0.2 
0 : l j  x0:15 1 O 0.503 0.00 1 0.523 3.9 O .Z 
l5:15 xO:I5 3 3 0.617 0.00 1 0.64 1 --- 7 7 0 .2 
15:ij sO:15 5 0.606 0.00 1 0.624 2.9 O 2 
15::s x0:15 1 O 0.512 0.00 1 0.527 3 .O O 2 
020 x0:10 3.5 0.535 0.00 1 0.518 2.5 0.2 
020 x 020 5 0.5 16 0.00 1 0.535 3.6 0.2 
020 x 020  10 0.436 0.00 i 0.456 4.6 0.3 
2020 x 0:tO 3.5 0536 0.00 1 0.548 2.3 O .2 
2021) x 0:20 5 0.5 17 0.001 0.533 3 -2 O 2 
2020 x O120 10 0.443 0.00 1 0.454 2.5 0.3 





Table A-26: 6 LW 3O0Virtua1 Wedge rneasured and TMS OFs 

Field Depth OF AOF 
(Sl:,YZ x YkY2) (cm) Measured TMS % f 

0:5 x 0:5 1.5 0.910 0.001 0.908 -0.2 O. 1 
0:5 x 0:5 5 0.776 0.00 1 0.773 -0.3 0.1 
0:s x 0 5  10 0.580 0.001 0.582 O .3 0.2 
0 5  x 5:5 1.5 0.988 0.00 1 0.989 O. 1 O. 1 
0 3  x 5 5  5 0.849 0.00 1 0.845 -0.5 O. 1 
0 5  x 5 5  10 0.641 0.001 0.645 0.6 0.2 
5:5 x 0 5  1.5 0.891 0.00 1 0.909 2.0 0.1 
5 5  x 0 5  5 0.767 0.00 1 0-782 1.9 0.2 
5:s s 0:j  1 O 0.583 0.00 1 0.598 2.6 0.1 

0:lO x0:IO 1.5 0.897 0.001 0.894 -0.4 O. 1 
0:lO x0:IO 5 0.778 0.001 0.78 0.2 0.1 
0:IO x 0:IO 1 O 0.60 1 0.001 0.612 1.8 0.1 
0:IO x 1O:lO 1.5 1 .O76 0.00 1 1 .O78 0.2 O. 1 
0:tO x 10:lO 5 0.936 0.00 1 0.931 0.5 O. 1 
0:lO x 1O:lO I O  0.73 1 0.00 1 0.73 1 1.3 O .f 
10:IO n 0:IO 1.5 0.900 0.00 1 0.90 1 O. 1 O. 1 
10: IO n 0: I O  5 0.789 0.001 0.792 O. 4 O. 1 
10: IO n O: IO 10 0.618 0.001 0.629 1.8 0.2 
0:15 x0:15 1.5 0.872 0.00 1 0.862 -1.2 O. 1 
0:15 xO:15 5 0.76 1 0.00 1 0.763 0.3 O .2 
0:15 xO:15 10 0.598 0.00 1 0.6 1 2.0 0.1 
15:15 x0:15 1 3 0.865 0.00 1 0.862 -0.4 O. 1 
15:15 nO:15 5 0.762 0.00 1 0.766 0.5 0.2 
15:15 x 0:15 1 O 0.609 0.001 0.6 19 1.7 0.2 
0:20 x 020 1.5 0.833 0.001 0.8 17 -2.1 O.! 
020 x 020 c 0.73 1 0.00 1 0.73 4.1 O .Z 
0:70 n 020 1 O 0.578 0.00 1 0.592 2.3 0 2 
2O:X x 020 1.5 0.824 0.00 1 0.8 17 -0.9 0.1 
20:20 s 020 5 0.726 0.00 1 0.73 1 0.7 O 2 
20:20 a 0:20 1 O 0.585 0.00 1 0.595 1.6 O 2 
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Table -4-27: 6 ;MV 4S0Virtual Wedge measured and TMS OFs 

Field Depth OF AOF 
(cm) Measured f TMS % I 
1.5 0.858 0.001 0.857 -0.1 O. 1 
5 0.737 0.001 0.732 -0.1 O .Z 
10 0.549 0.001 0.552 0.5 O 2 
1.5 0.988 0.001 0.993 0.5 O. 1 
5 0.848 0.00 1 0.818 0.0 O. 1 
1 O 0.642 0.00 1 0.448 1 .O 0.1 
1.5 0.84 1 0.00 1 0.859 - 7 .- 7 O. 1 
5 0.724 0.001 0.71 1 2.3 02 
10 0.55 1 0.00 1 0.568 3 .O O .2 
1.5 0.800 0.00 1 0.798 -0.1 0.1 
5 0.696 0.001 0.699 O .S O .7 
l O 0.539 0.001 0.55 i - 7 .- 7 0.1 
1.5 1 .O82 0.001 1 .O88 O .5 0.1 
5 0.941 0.00 1 0.95 1 I .O O. 1 
1 O 0.736 0.00 1 0.75 1.9 0.2 
1.5 0.802 0.00 1 0.805 O .4 O. 1 
5 0.705 0.00 1 0.7 1 0.7 0.2 
1 O 0.555 0.001 0.567 2.1 O .1 
1.5 0.736 0.00 1 0.729 -0.9 0 2 
5 0.611 0.00 1 O H 9  0.7 0.1 
1 O 0.51 1 0.001 0.523 2.4 0.1 
1 -5 0.729 0.001 0.729 0.0 0.2 
5 0.646 0.001 0.652 1 .O O .Z 
1 O 0.5 19 0.001 0.53 2.1 O.' 
1.5 0.665 0.001 0.655 -1.6 O 2 
5 0.587 0.001 0.59 0.5 0.2 
10 0.470 0.001 0.483 2.8 O .1 
L 5 0.657 0.001 0.655 -0.2 O 2 
5 0.585 0.00 1 0.591 1.1 0.1 
10 0.476 0.00 1 0.486 1.1 0.1 
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Table -4-28: 6 MV 60°Virtual Wedge measured and TMS OFs 

Field Depth OF AOF 
(Xl:,YZ x Y1:YZ) (cm) .Measured f TMS ?40 f 

0 3  x 0:s 1.5 0.773 0.00 1 0.778 0.7 0.2 
0:s x 0:5 5 0.662 0.00 1 O. 666 0.5 0.2 
0 5  x 0:5 10 0.499 0.001 0.505 1.3 0.2 
0:5 x 5:5 1.5 0.988 0.00 1 1 .O02 1 .4 0.1 
0:s x 5 5  5 0.847 0.00 1 0.856 1.1 0.1 
0:5 x 5:5 IO 0.642 0.00 1 0.654 1.9 O .2 
5 5  x 0:5 1.5 0.756 0.001 0.779 3 .O 0.2 
5 5  x 0:s 5 0.654 0.001 0.674 3. 1 0.2 
5:s x 0:5 10 0.500 0.001 0.519 3.8 0.2 

0:lO x 0:IO 1.5 0.653 0.001 0.657 0.7 0.2 
0:IO x0:iO 5 0.57 1 0.001 0.579 1 .4 0.1 
0:IO x 0:IO 1 O 0.448 0.001 0.46 2.6 0.3 

0:lO x 10: 10 1.5 1.105 0.00 1 1.1 14 1 .O O. 1 
0:IO x l0:lO 5 0.961 0.001 0.976 1 .5 O. 1 
0:lO x 10:lO 10 0.753 0.00 1 0.772 2.6 0.2 
1O:lOxO:iO 1 5  0.655 0-00 1 0.663 1 . 1  0.2 
10: 10 x O: I O  5 0.578 0.00 1 0.589 1.8 0.2 
1O:IO x 0:IO 1 O 0.461 0.00 1 0.474 7 -9 0.3 
0:15 hr0:15 1.5 0.557 0.00 f 0.547 O .O 0.2 
0:15 x O:I5 5 0.486 0.001 0.492 1 -1 0.2 
0:15 x 0:15 1 O 0.390 0.00 1 0.402 3.1 0.3 
15:15 xO:15 1.5 0.543 0.00 1 0.538 1 .O 0.2 
!5:15 ~ 0 . 1 5  5 0.486 0.001 0.495 1.9 0.2 
15:15 x0:15 10 0.3% 0.00 1 0.408 3.1 0.3 
0 2 0  x 020 1.5 0.452 0.001 0.151 4.3 0.3 
0 2 0  x 020 5 0.406 0.001 0.412 1.4 0.3 
0 2 0  x O20 10 0.33 I 0.00 1 0.343 3.6 0.4 
2O:tO x 0 2 0  1.5 0.446 0.001 0.452 1.3 0.3 
10:20 x 0 2 0  5 0.403 0.00 1 0.413 2.5 0.3 
1020 x 0 2 0  1 O 0.331 0.00 1 0.346 3 -6 0.4 



A.2.2 CMS OFs 

Table A-29: Square Field CMS AOFs 

Energy Depth Square Field OF AOF 
(MC? (cm) (cm) ~Measured + CMS O h  f 

23 3.5 15 1 .O47 0.000 1 .O39 -0.8 0.0 
> 3 3 5 20 1 .O58 0.000 1 .O59 O. 1 0 .O 
23 5 15 1 .O0 1 0.000 1 .O03 0.3 0.0 
2 3 5 20 1.017 0 .O00 1.018 O .O 0 .O 
23 10 15 0.829 0.000 0.837 0.3 O. 1 
> 3 1 O 20 0.846 0.000 0.837 0.1 O. 1 
6 1 5  15 1 .O3 1 0.000 1.033 0.2 0.0 
6 1.5 20 1 .O50 0.000 t .O57 0.6 0.0 
6 5 15 0.9 10 0.000 0.907 -0.3 0.0 
6 5 20 0.932 0.000 0.933 0.1 0.0 
6 1 O 15 0.7 18 0.000 0.7 16 -0.3 O. 1 
6 l O 20 0.748 0.000 0.745 -0.5 O. 1 

Table A-30: Right Quadrant (0:X r 0:X) Asymrnetric Field C-MS AOFs 

Energ? Depth (XI:= x Y1:YZ) OF AOF 
(MV) (cm) (cm) ~Measured f CMS O h  f 

23 3 -5 0 5  x 0:s 0.975 0.00 1 0.956 -1.9 O. 1 
13 3.5 0:IO x 0:lO 1 .O53 0.00 1 1 .O43 -0.9 O. 1 
7 3 3.5 0:15 x 0:15 1 .O96 0.001 1 .O8 1 -1 .1 O. 1 
7 7 - - 5 0 5  x 0:5 0.937 0.001 0.927 -2.1 O. 1 
13 5 0:IO x 0:IO 1.019 0.001 1 .O08 -1.1 O. 1 
7 3 5 0:15 x 0:15 1.051 0.00 1 1 .O38 -1.3 O. 1 
27 10 0:s x 0:s 0.765 0.001 0.717 -2.4 0.1 
23 1 O 0:lO x 0:IO 0.834 0.00 1 0.828 -0.7 0.1 
27 1 O 0:15 x 0:15 0.861 0.00 1 0.85 1 -1.1 O .  1 
b 1.5 0:s x 0:s 0.978 0.00 1 0.970 -0.9 0.1 
h i -5 0:lO x 0:IO 1 .O58 0.00 1 1 .O52 -0.5 O. 1 
6 1.5 0:15 x0:15 1.108 0.00 1 1.105 -0.2 0.1 
6 5 0:5 x 0:s 0.835 0.00 1 0.829 -0.7 0.1 
6 5 0:lO x 0:IO 0.9 19 0.00 1 0.907 -1.3 0.1 
6 5 0:15 x 0:IS 0.967 0.00 1 0.954 -1.4 O. 1 
6 1 O 0:s x 0:s 0.653 0.001 0.616 -1.1 O .z 
6 I O  0:IO x 0:IO 0.709 0.001 0.697 -1.7 0.2 
6 1 O 0:15 x 0:15 0.748 0.001 0.745 -0.5 O .2 





Table A-33: 6 , W  melsured and CMS OFs for the collimated fields of the blocked patterns (block 
absent) 

Depth (X1:XZ x Yl:Y2) OF AOF 
(cm) (cm) Measured * C M S  O h  A= 

1.5 Pat3  (15 x 15) 1 .O312 0.0005 1 .O33 0.2 0.0 
1 5  Pat 4 (5.4~2.8:3.0) 0.9486 0.0005 0.949 O. 1 0.0 
1 5  Pat 3 (28.4 x 1 I ) 1.0258 0.0005 1 .O37 I .1 0.0 
1.5 Pat 6 (20x20) 1 .O500 0 .O005 1 .O57 0.7 0.0 
1.5 Pat 7 (26.4 x 19) 1 .O581 0.0005 1 .O62 0.4 O .O 
1.5 Pat 8 (5.2:3.9 x 27) 1 .O257 0.0005 1 .O24 -0.1 0.0 
1.5 Pat 10 (10x10) 1.0000 0.0000 1 .O00 0.0 0.0 
7 Pat 3 (15 x 15) 0.9083 0.0004 0.907 -0.1 0.0 
5 Paf 4 (5.4~2.8:3.0) 0.8 163 0.0003 0.8 18 0.2 0.1 
5 Pat 5 (28.4 x ! 1) 0.9025 0.0001 0.91 1 0.9 0.0 
5 Pat 6 (20x20) 0.9292 0.0004 0.933 0.4 0.0 
5 Pst 7 (26.4 x 19) 0.9329 0.0001 0.939 0.6 O .O 
5 Pat 8 (5.2:3.9 x 27) 0.8959 0.0001 0.898 0.2 0.0 
5 Pal 10 (10x10) 0.8709 0.0001 0.87 1 0.0 O. 1 
1 O Pat 3 (15 x 15) 0.7 182 0.0002 0.716 -0.3 0.1 
1 O Pat 4 (5.4x2.8:3.0) 0.6125 0.0003 0.6 15 0.4 O. 1 
1 O Pat 5 (28.4 x I 1 ) 0.7 179 0.0005 0.722 1 .2 O. 1 
10 Pa1 6 (20x20) 0.7430 0.0001 0.745 0.3 O. 1 
1 O Pat 7 (26.4 x 19) 0.7503 0.0001 0.753 0.3 0.1 
1 O Pat 8 (5.2:3.9 x 27) 0.7019 0.0004 0.706 0.5 O. 1 
1 O Par 10 (10x10) 0.6743 0.0004 0.675 0.1 O. 1 

Table A-31: 23 iW measured and CRIS OFs for the collimated fields of the blocked patterns (block 
absent) 

Depth (XI:= s Y1:Y2) OF AOF 
(cm) (cm) hleasured f ChIS YO k 

3.5 Pat3 (15x 15) 1.0388 0 -0005 1 .O39 0 .O 0.0 
3 -5 Pat 4 (5.4.~2.8:3.0) 0.9430 O .000j 0.939 4.4 0.0 
3.5 Pat 5 (28.1 x I I ) f ,0306 0.0005 1 .O13 l .3 0.0 
3.5 Pat 6 (10.~20) 1.0595 0.0005 1 .O59 -0.1 0.0 
3.5 Pat 7 (26.4 x 19) 1 .O62 1 0.0005 1 .O65 O .3 0.0 
3.5 Pat 8 (523.9 x 27) 1 .O300 0.0005 1 .O30 0.0 0.0 
3 3 Pat 10 (10x10) 1.0000 0.0000 1 .O00 0.0 0.0 
5 Pat 3 (15 x 15) 1.0017 0.0005 1 .O03 O -2 0.0 
5 Pat 1 (5.1d.8:3.0) 0.9162 0.000$ 0.915 -0.1 0.0 
5 Pat 5 (28.4 x 11) 0.9935 0.0005 1 .O08 1 .4 0.0 
5 Pat 6 (20x20) 1.0165 0.0005 1.018 O. 1 O. 1 
5 Pat 7 (26.4 x 19) 1 .O204 0.0005 1 .O22 0.2 0.0 
5 Pat 8 (523.9 x 27) 0.9935 0.0005 0.996 0.2 0.0 
5 Pst 10 (10x10) 0.9704 O .O001 0.971 O. 1 0.0 
1 O Pat3  (15 x 15) 0.8290 0.0001 0.832 0.3 O. 1 
1 O Pat 4 (5.4~2.8:3.0) 0.7456 0.0003 0.753 -0.2 O. I 
1 O Pat 5 (28.4 x 11) 0.8230 O .0001 0.836 1.5 O. I 
1 O Pat 6 (20.~20) 0.8454 O .0006 0.547 0.2 O. 1 
1 O Pat 7 (26.4 x 19) 0.8500 O .O001 0.852 0.3 O. 1 
1 O Pat 8 (523.9 x 27) 0.8203 0-0004 0.823 0.4 0.1 
1 O Pat 10 (10x10) 0.7988 0.000;1 0.799 O. 1 O. 1 
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Table A-35: 23LMV measured and CMS OFs for blocked field patterns 

Pattern Depth OF 4OF 
(Xl:,U x Yl:Y2) (cm) Measured & CMS O h  f 

Pat 3 (15 x 15) 3.5 1 .O14 0.000 1.017 -0.7 0.0 
P a t 3  (15x 15) 5 0.9U 0.000 0.983 -0.1 0.0 
Pat 3 (15 x 15) 1 O 0.8 12 0.000 0.8 14 0.3 O. I 

Pa1 -: (5.4.d.8:3.0) 3.5 0.92 1 0.000 0.9 19 -0.1 0.0 
Pat J (5.1x2.8:3.0) 5 0.893 0.000 0.895 O. i 0.0 
Pat 4 (5.4~2.8:3.0) 10 0 725 0.000 0.726 O. 1 0.1 
Prit 5 (28.4 x I I )  3.5 0.992 0.000 1.017 2 -5 0.0 
Pat 5 (28.4 x i 1 ) 5 0.957 0.000 0.981 2.6 0.0 
Pal 5 (28.4 x i l )  1 O 0.782 0.000 0.804 2.9 O. 1 

Prit 6 (20x20) 3.5 1.045 0.001 1 .O36 -0.9 0.0 
Prit 6 (20.~20) 5 1 .O00 0.001 0.998 -0.3 O. I 
Pat 6 (10x20) 1 O 0.828 0.001 0.829 O. I O. 1 

Pat 7 06.4 n 19) 3 -5 1 .O45 0 .O00 I .O41 -0.4 O .O 
Pat 7 (26.4 x 19) 5 1 .O00 0 -000 1 .O02 0.2 O .O 
Pa1 7 (26.4 x 19) 10 0.829 0.000 0.833 0.4 O. 1 

Prit 8 (523.9 x 27) 3.5 0.992 0.000 0.999 0.7 0.0 
Pat 8 (523.9 x 27) 5 0.957 O .O00 0.970 I .4 0.0 
Pat 8 (5.2:3.9 s 27) 10 0.781 0.000 0.793 t .6 O. 1 

Pat 10 (10x10) 3 -5 0.982 0 .000 0.975 -0.4 0 .O 
Pa1 10 (10x10) 5 0.951 0.000 0.951 0.0 0.0 
Pat 10 (10x10) 1 O 0.780 0.000 0.78 1 0.2 0.1 

Table A-36: 61MV measured and CMS OFs for blocked field patterns 

Pattern Depth OF AOF 
(SI:= x Y1:YZ) (cm) Measured f ClMS YO f 

Prit 3 (15 x 15) 1.5 l .O00 O .O00 0.997 -0.3 0.0 
P3t 3 (15 x 15) 5 0.878 0.000 0.874 -0.5 0.0 

(15 x 15) 10 0.692 0.000 0.689 -0.4 O. 1 
Pa1 4 (5.4x1.8;3.0) 1.5 0.9 15 0.000 0.9 17 O. 1 0.0 
Prit 4 (5.4.xZ.8:3.0) 5 0.785 0.000 0.788 0.3 0.1 
Pat 4 (5.4d.8:3.0) 10 O 587 0.000 0.588 0.2 0.1 
Pat 5 (tS.4 x I l )  1.5 0.978 0.000 0.987 0.9 0 .O 
Pat 5 (28.4 x 1 1 )  5 0.846 0.000 0.857 1 .2 O. 1 
Pitt 5 (23.4 x II ) 1 O 0.650 0 .O00 0.657 1 .L O. 1 

Pat 6 (20x20) 1.5 1 .O11 0.000 1.018 -0.2 0.0 
Pat 6 (20x20) 5 0.897 O .O00 0.897 -0.1 0.0 
Pa1 6 (20x20) 10 0.7 15 0 .000 0.7 14 -0.1 O. I 

Par 7 (26.4 x 19) 1.5 1 .O27 0 .O00 1 .O20 -0.6 0.0 
Pat 7 (26.4 x 19) 5 0.899 0.000 0.898 -0.1 0.0 
Pat 7 (26.4 x 19) 1 O 0.716 0.000 0.714 4 . 2  O. 1 

Prit 8 (5.2:3.9 x 27) 1.5 0.979 0.000 0.976 4.3 O .O 
Pat 8 (5.25.9 x 27) 5 0.813 0.000 0.846 0.3 O. 1 
Pai 8 (523.9 x 27) 10 0.655 0.000 0.647 0.3 0.1 

Pat 10 (10x10) 1.5 0.968 0.000 0.963 4 .4  0 .O 
Prit 10 (10x10) 5 0.838 0.000 0.836 -0.3 O. 1 
Prit 10 (10x10) 1 O 0.646 0.000 0.644 -0.3 O. 1 



Table A-37: 23MV measured and CMS Ofs for MLC field patterns 

Pattern Depth OF AOF 
(Xl:,Y2 x Yl:Y2) (cm) Measured f CMS YO 

Pat3(15 x 15) 3.5 1 .O33 0.000 1 .O38 0.4 0.0 
Pat 3 (15 x 15) 5 0.999 0 .O00 1 -003 0.4 0.0 
Pat 3 (15 x 15) 1 O 0.827 0.000 0.830 O .4 O. 1 

P3t 4 (5  1.d.8:3.0) 3.5 0.930 0.000 0.938 0.9 0.0 
Pat 4 (5.4x2.8:3.0) 5 0.906 0.000 0.913 0.7 0.0 
Pat 4 (5.4x2.8:3.0) 1 O 0.736 0.000 0.740 0.6 O. 1 
Prit 5 (28.4 x 1 1 ) 3.5 0.985 0.000 1 .O33 4.9 0.0 
Fat 5 (28.4 x 1 1 ) 5 0.955 0.000 1 .O01 1.9 0.0 
Pat 5 (28.4 x 1 1 ) 1 O 0.782 0.000 0.820 4.9 0.1 

P3t 6 (20x20) 3.5 1 .O52 0.000 1 .O57 O .4 0.0 
Pat 6 (20.~20) 5 1.012 0.000 1.018 0.6 0.0 
?at 6 (20x20) 1 O 0.841 0.000 0.846 0.6 O. 1 

Par 7 (26.4 x 19) 3.5 f .O52 0.000 1 .O62 I .O 0.0 
Pa1 7 (26.4 x 19) 5 1.013 0.000 1.023 I .O 0.0 
Pat 7 (26.1 x 19) 1 O 0.812 0.000 0.850 0.9 0.1 

Pat 8 (5.2:3.9 x 27) 3.5 0.977 0.00 1 1 .O20 4.4 O. 1 
Pa 8 (5.2:3.9 x 27) 5 0.946 0.001 0.990 4.6 O. 1 
Pat 8 (5.2:3.9 x 27) 1 O 0.77 1 0.000 0.8 10 4.9 O. 1 

Pat I O  (IO?t10) 3 -5 0.992 0.000 0.998 0.6 0.0 
Pat 10 (10x10) 5 0.965 0.000 0.970 0.5 0.0 
Pat I O  (10x10) 10 0.794 0.000 0.797 0.4 O. 1 

Table A-38: 6iMV measured and CAMS OFs for MLC field patterns 

Pattern Depth OF AOF 
(Xl:,YZ r Y1:YZ) (cm) Measured f CMS YO & 

Pat 3 (15 x 12) 1.5 1 .O27 0.000 1 030 0.3 0.0 
Pat3(15x 15) 5 0.908 0.000 0.903 -0.5 0.0 
Pat1(15x 15) 1 O 0.715 0.000 0.712 4.4 O. 1 

Pat 4 (j.J.X2.8:3.0) 1.5 0.913 0.000 0.937 0.5 0.0 
Pat 4 (5.1.~2.8:3.0) 5 0.810 0.000 0.8 14 0.4 O. 1 
Par 4 (5.4~2.8:3.0) 1 O 0.606 0.000 0.608 0.2 O. 1 
Pat 5 (28.4 x I I  ) 1.5 0.988 0.000 1.019 3.1 0.0 
Pat 5 (28.4 x I I )  5 0.863 0.000 0.885 2.6 O. 1 
Pat 5 (28.4 x I I ) 1 O 0.662 0.000 0.679 2.6 0.1 

Pa1 6 (20x20) 1.5 I .OU O .O00 1 .O52 0.8 0 .O 
P3t 6 (20x20) 5 0.927 0.000 0.926 -0.1 O .O 
Pat 6 (20x20) 1 O 0.739 0.000 0.738 -0.1 O. 1 

Pat 7 (26.4 x 19) 1.5 1 .O15 0.000 I .O54 0.9 O .O 
Pat 7 (26.4 x 19) 5 0.927 0.000 0.928 O. 1 0.0 
Pat 7 (26.4 x 19) 1 O 0.738 0.000 0.738 0.0 O. 1 

Pat 8 (5.1:3.9 x 17) 1.5 0.984 0.000 1 .O08 2.5 0.0 
Pat 8 (5.23.9 x 27) 5 0.855 0.000 0.874 2.2 O. 1 
Pat S (523.9 x 27) 1 O 0.653 O .O00 0.668 2.3 O. 1 

Pat 10 (10x10) 1.5 0.994 0 .O00 0.995 O. 1 0.0 
Pa1 10 (10x10) 5 0.869 0 .000 0.863 -0.6 0.1 
Pat 10 (10x10) 1 O 0.669 0 .000 0.665 -0.5 0.1 
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Table A-39: 23 W lSOVirtual Wedge measured and CMS OFs 

Field Depth OF i\OF 
(XI:.= x Y1:YZ) (cm) Measured CMS '%O * 

0:5 x 0:s 3.5 0-944 0.001 0.913 -3.3 O. 1 

Table -430: 23 hW 30°Virtud Wedge measured and CMS OFs 

Field Depth OF AOF 
(Xl:,W x Y1:Yf) (cm) Measured f CMS OA f 

05 x 0:5 3.5 0.908 0.001 0.892 -1.7 0.1 
0:s x 0:s 5 0.883 0.00 1 0.866 -2 .O O. 1 
0:5 ir 0:s IO 0.714 0.001 0.699 -2 .O 0.2 
05 x 55 3.5 0.970 0.001 0.974 O .4 O. 1 
0:5 x 5:5 5 0.933 0.001 0.946 O .4 O. 1 
0:5 x 55 10 0.768 0.00 1 0.770 0.3 O. 1 
55 x 0:s 3 -5 0.913 0.00 1 0.908 -0.6 O. 1 
5 5  x 0:s 5 0.888 0.00 1 0.881 -0.5 O. 1 
5:s  x 0:s IO 0.725 0.00 1 0.722 -0.4 0.2 
0:IO x0:lO 3.5 0.925 0.00 1 O .906 -2.1 O. 1 
0:IO x0:IO 5 0.896 0.00 1 0.877 -2.1 O. 1 
0:IO x0:IO 1 O 0.737 0.001 0.725 -1.6 O. 1 
0:IO x 10:IO 3.5 1 .O71 0.00 1 1.081 0.9 O. 1 
0:IO x L0:lO 5 1 .O33 0.001 1 .O39 0.6 0.1 
0:IO x IO: IO 10 0.849 0.001 0.855 0.6 O. 1 
1O:lO x 0:lO 3.5 0.948 0.00 1 0.939 -0.9 O. 1 
10:IO x 0:lO 5 0.916 0.001 0.905 -1.2 O. 1 
1U;IO x 0:IO 1 O 0.758 0.001 0.749 -1.1 O. 1 
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Table -431: 23 MV 4S0Virtuai Wedge measured and CMS OFs 

Field Dept h OF AOF 
(Sl:.YZ r Y1:YZ) (cm) Measured f: CMS % f 

0 3  x 0:s 3.5 0.858 0.00 1 0.852 4.7 O. 1 
0:s x 0:s 5 0.838 0.00 1 0.827 -1.3 0. I 
0:s x 0 3  1 O 0.679 0.00 1 0.670 -1.3 0.2 
0:s s 5 5  3.5 0.9W 0.00 1 0.974 1 .O O. 1 
0.5 1 5 3  5 0.937 0.00 1 0.946 1 .O O. 1 
0:5 x 5-15 1 O 0.764 0.001 0.770 0.8 0.1 
5:5 x 0:5 3 -5 0.866 0.001 0.868 0.2 O. 1 
5 5  x 0 5  5 0.843 0.001 0.845 0.2 O. 1 
515 x 0:5 1 O 0.689 0.001 0.69 1 0.3 0.2 

0:IO x 0:lO 3.5 0.838 0.001 0.824 -1.7 O. 1 
0:iO x 0:lO 5 0.812 0.001 0.800 -1.5 O. 1 
0:IO x0:IO 10 0.671 0.001 0.664 -1.1 0.2 
0:IOx l0:IO 3.5 1 .O69 0.001 1 .O80 1 .O O. 1 
0:lO x l0:IO < 1 .O3 1 0.001 1 .O39 0.7 O. 1 
0:IOx 1O:IO 1 O 0.849 0.00 1 0.854 0.6 O. 1 
1O:lO x0:IO 3.5 0.557 0.001 0.856 -0-2 O. 1 
1O:IO x0:IO 5 0.830 0.00 1 0.826 -0.5 O. 1 
10.10 x0:IO 1 O 0.690 0.00 1 0.686 -0.5 O .Z 

Table A-42: 23 MV 60°Virtuat Wedge measured and CMS OFs 

Field Depth OF AOF 
(X1:'U x Y1:YZ) (cm) Measured k CAMS ?'O f 

0.5 x 0 5  3.5 0.795 0.001 0.794 -0.1 O. 1 
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Table A35: 6 MV 4S0Virtual Wedge measured and CMS OFs 

Field Depth OF AOF 
(Xl:,Yt x Y1:YZ) (cm) .Measured C-MS ‘!&O * 

0:5 x 0:s 1.5 0.858 0.00 1 0.848 -1.2 O. 1 
0.2 
0.2 
o. 1 
o. 1 
0.1 
O.! 
0.1 
0.2 
O. 1 
0.2 
02 
o. 1 
o. 1 
0.2 
o. 1 
0.2 
0.2 

Table A46: 6 W 60°Virtuai Wedge measured and CMS OFs 

Field Dep t h OF AOF 
(XI :rU K Yl:Y2) (cm) Measured CMS 74 * 

0:5 x 05 1.5 0.773 0.001 0.771 -0.3 0.2 
015 x 05 5 0.662 0.00 1 0.664 O -3 0.2 
0.5 x 0:5 1 O 0.199 0.001 0.499 O. 1 0.7 
0:s x 5 5  1.5 0.988 0.001 0.975 -1.4 O. 1 
0:5 x 5:5 5 0.847 0.001 0.84 1 -0.7 O. 1 
0:5 x 55 1 O 0.6J2 0.001 0.636 -1 .O 0.2 
5:5 x 03 1.5 0.756 0.00 1 0.776 1.5 O .2 
55 x 0:s 5 0.653 0.001 0.674 3.2 0.2 
55 x 05 1 O 0.500 0.001 0.515 3.1 0.2 
0:lO x 0:IO 1.5 0.653 0.00 1 0.658 0.9 0.2 
0:iO x 0:lO 5 0.571 0.001 0.577 1 .O 0.2 
0:IO x 0:lO 1 O 0.448 0.001 0.453 1 .O 0.3 
0:10 x 10:lO 1.5 1.104 0.00 1 1 .O66 -3.4 0.1 
0:lOs 10:lO - < 0.961 0.001 0.928 -3.4 O. 1 
0:IO x l0:IO 1 O 0.753 0.00 1 0.725 -3.6 O. 1 
1O:IO x 0:IO 1.5 0.655 0.00 1 0.669 2.1 0.2 
1O:lO x 0;IO 5 0.578 0.00 1 0.592 2.4 0.2 
1O:IO x 0:IO 1 O 0.461 0.W l 0.473 2.6 O .3 
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A.3 Isodose Distribution Evaluation Data 

1 A.3.1 Low Gradient Central Beam Region 

Table A-47: Evaluation Measurements of iMeasured and TMS lsodose Distributions in the Low 
Gradient Central Beam Region 

E nergy Field Plane Isodose Line (%) AL 
(>IV) (XI :XT x YI :YZ) CMS Measured (2 )  (O/.) - + 
23 5:15 x 1O:lO cross 1 20 1 19.5 0.3 0.4 0.3 

in 
cmss 
in 

cmss 
in 

cross 
in 

cross 
in 

cross 
in 

cross 
in 

cmss 
in 

cross 
in 

cross 
in 

cross 
in 

cross 
in 

cross 
in 

cross 
in 

cross 
in 

cross 
in 

0.3 

0.2 
0.3 
0 -3 
0.3 
0.3 
0.4 
0.4 
0.4 
6.4 
0.4 
0.4 
0.4 
0.4 
o.; 
0.3 
0.3 
0.3 
0.4 
0.4 

O .3 
0.4 
0.4 
0.4 
0.4 
0.3 
0.3 
0.3 
O -3 
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Table A48: Evaluation ~Measurements of Measured and C H  Isodose Distributions in the LOW 
Gradient Central Beam Region 

Energy Field Plane lsodose Cine ( O h )  AL 
(MV) (XI:= x Y1:YZ) CMS Measured (5) -+ 
73 5115 x l0:lO cross - 0.0 

in 
cross 

in 
cross 

in 
cross 

in 
cross 

in 
cmss 

in 
cross 

in 
cmss 

in 
cross 

in 
cross 

in 
cross 

in 
cross 

in 
cross 

in 
Cmss 

in 
cross 

in 
cross 

in 

0.2 

0.3 
0.3 
0.3 
O .3 
0.4 
0.3 
0.3 
0.3 
0.3 
0.4 
0.3 
0.3 
0.2 

0.3 
0.3 
0.3 
O.? 
0.3 
0.3 
0.3 
0.3 
0.3 
0.3 
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-4.3.2 Low Gradient Inner Beam Region 

Table A-49: Evaluation Measurements of ~Measured and TMS 2 3 W  Isodose Distributions in the 
L o w  Gradient lnner Beam Region 

Field Plane Position I d o s e  Line (*A) AL 
(Xl:X2 x Y1:Yt) TMS ~Measured (k) (y*) I 

5:15 x 1O:lO Cross R 1 20 121.6 0.3 -1.3 0.2 
5:15 x 1O:lO CKSS L I 20 1 18.4 0.3 1 -4 0.3 
5:15 x 1O:lO in R t00 101.1 0 -3 -1.1 0.3 
5:15 x 1O:lO in L 1 20 1 19.2 0.3 0.7 0.3 
0110 x 1O;lO Cross R 120 119.1 O .3 0.8 0.3 
0:IO x 1O:lO Cross L 120 120.6 0.3 -0 -5 0.2 
0 : t r ) ~  10.10 in R 120 110.9 0 -3 -0.7 O .2 
O: IO s :O: I O  in L 80 78.9 0.3 1.4 0.4 
1O:O x 10:IO Cross R 120 1 18.8 O -3 1 .O 0.3 
1O:O x i0:iO Cross L 80 79.2 0 -3 1 .O O .4 
1O:O s i0:IO in R I 20 119.1 0.3 0.8 O .3 
1O:O x 1O:lO in L 1 20 120.9 0.3 -0.7 0.2 
15:5 x 1O:IO Cross R 1 20 1 17.8 0.3 1.9 0.3 
15:s x 10:IO Cross L 120 177.1 0.3 -1.7 O .7 
15:s x 10.10 in R 100 101.1 0.3 -1.1  0.3 
15:s x 1O:lO in L 1 20 121-3 0.3 -1.1 O .7 

Blockb cross R 120 121.5 O -3 -1 .Z 0.2 
Block6 cross L 120 122.5 0.3 -2.0 0.2 
Block6 in R 1 20 121.8 0.3 -1 -5 O -2 
Block6 in t I 20 111.8 0.3 -1.5 0.2 
BlocW cross R 120 121.2 O .3 -1 .O 0.2 
BIock3 cross L 120 120.8 0.3 -0.7 0.1 
Block3 in R 120 119.0 0.3 0.8 0.3 
Block3 in L 100 97.9 0.3 2.1 0.3 
X I  LC3 CTOSS R 100 101 -3 0.3 -1 -3 0.3 
X l  LC3 cross L 170 120.4 0.6 -0.3 0.5 
.LI LC3 in R 100 100.6 0.3 -0.6 0.3 
X I  LC3 in L 100 101.7 0.3 -1.7 0.3 
LI Lc6 cross R I 20 122.0 0 -3 -1.6 0.2 
hl LC6 STOSS L 120 122.2 0.3 -1.8 0.2 
5ILC6 in R LOO 101.8 0.3 -1 -8 0.3 
MLC6 in L 100 101.3 0.3 -1.3 0.3 



Appendix A 149 

Table A-50: Evaluation Measurements of Measured and TMS 6MV Isodose Distributions in the Low 
Gradient Inner Bearn Region 

Field Plane Position tsodose Line (%) AL 
(Xl:.U x Y1:YZ) TMS Measured (2)  (%) k 

5 : l j  x 1O:IO cross R IJO 144.3 0.4 -3 .O O .3 
cross 
in 
in 

cross 
m s s  
in 
in 

cross 
cross 
in 
in 

cross 
cross 

in 
in 

ïruss 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 





Appendix A 151 

Table -4-52: Evaluation Measurements of Measured and CMS 6MV Isodose Distributions in the Low 
Gradient Inner Beam Region 

Field Plane Position Isodose Line ( O h )  AL 
(XI:= x Y1:Yf)  CMS Measured (3 (%) k 

5:IS x 10.10 cross R I 20 120.8 0.1 -0.7 0.3 

15:s x IO: 
155 x 10: 
155 x 10: 

Block6 
Block6 
Block6 
Block6 
Block3 
BlocU 
Block3 
BlocW 
MLC3 
LMLC3 
M LC3 
MLC3 
Li LS6 
XI LC6 
IV LCU 
M LC6 

cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 

in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

120 
IU) 
140 
120 
100 
120 
140 
1 20 
140 
130 
143 
100 
1 20 
140 
140 
IU) 
Lao 
LU) 
i40 
140 
130 
140 
140 
100 
LU) 
100 
1 40 
140 
1 40 
LU) 

0.4 
0.4 
0.4 
0.4 
O.? 
0 .? 
0.5 
0.4 
0.4 
0.4 
0.5 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.1 
0.4 
0.1 
0.4 
0.4 
0.4 
0.4 
0.3 
0.4 
0.4 
0.4 
0.4 
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2 A.3.3 High Gradient Region 

Table A-53: Evaluatioa .Measurements of Measured and TMS 2 3 W  Isodose 
Distributions in the High Gradient Region 

Field Plane Position Isodose Line Lateral Deviation c 
(XI:= x YkY2) Y0 (mm) (mm) 

5:15 s I0:lO m s s  R 80 1 -9 0.7 
5:15 x I0:lO cross L 20 1.4 0.7 
5:15 x I0:IO in R 20 2.1 0.7 
5:15 x 1O:IO in L 100 -1.9 0.7 
0:lO x 1O:lO cross R 80 2.9 0.7 
0:lO x 1O:lO cross L 100 2.1 0.7 
0:IO x f0:IO in R 20 2.6 0.7 
Or10 x I0:lO in L 100 -1 -9 0.7 
1O:O x 1O:LO cross R 80 2.1 0.7 
1O:O x I0:IO CMSS L 20 1.7 0.7 
1O:O x I0:IO in R 20 2.1 0.7 
1O:O x 10:lO in L IO0 -1.7 O 7 
155  x 1O:lO cross R iOO -0.9 0.7 
15:5 x L0:IO cross L 110 -2.1 0.7 
1515 x 1O:IO in R 20 2.9 0.7 
151.5 x 1O:lO in L 100 -1.7 0.7 

BIock6 cross R 1 10 -3.6 0.7 
BIock6 cross L IO0 2.1 0.7 
Block6 in R 20 2.9 0.7 
Block6 in L 80 1.7 0.7 
Blocid cmss R 80 7.1 0.7 
Blocid cross L 80 1 . 1  0.7 
BlocW in R 100 1 -3 0.7 
Block3 in L 80 1.7 0.7 
AM LC3 cross R 20 1.1 0.7 
,M LC3 cross L 120 1 - 1  0.7 
M LC3 in R 20 2.1 0.7 
M LC3 in L 20 1 .O 0.7 
.M LC6 C~OSS R 120 -2 1 0.7 
M LC6 cross L 20 1.7 0.7 
M LC6 in R 20 3.6 0.7 
M LCG in L 110 -1.4 0.7 
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Table A-54: Evaluation Measurements of Measured and TMS 6MV Isodose 
Distributions in the High Gradient Region 

Field Plane Position Isodose Line Lateral Deviation i 

(X1:.YZ x YI:YZ) Y0 (mm) (mm) 
5:15 x 1O:lO cross R 140 -3.4 0.7 
5:15 x 1O:lO m s s  L 100 1.1 0.7 
5:15 x 10:IO in R JO 2.1 0.7 
5:15 x 10:lO in L 120 -1 -7 O .7 
0:lO x 10:lO cross R 80 1 .O 0.7 
0:lO x 10:lO cross L 20 1 .O 0.7 
0110 x 1O:lO in R 1-10 -2-9 0.7 
0:lO x 10:lO in L 140 -2.9 0.7 
1O:O x 1O:lO CMSS R 100 -1.7 O .7 
10:O x 10:lO cross L 20 1.3 0.7 
10:O x 10:IO in R 140 -2.1 0.7 
10:O x 1O:lO in L 1 -10 -2.8 0.7 
155 x 1O:IO cross R 1 20 -1.3 O .7 
155 x 1O:lO cross L 100 3 -6 0.7 
155 x 10:lO in R 20 1 .J 0.7 
15:5 n 1O:lO in L ! 20 -1 .-a 0.7 

Bloch6 cross R 140 -1.7 0.7 
Block6 cross L 100 3.1 0.7 
Block6 in R 1 -10 4.3 0.7 
BIock6 in L 100 3 .O O .7 
Block3 cross R 20 -2.1 0.7 
Blocid cross L 80 2.9 0.7 
Blocid in R 80 2.6 0.7 
Block3 in L 80 2.9 0.7 
iMLC3 cross R 10 1.6 0.7 
M LC3 cross L 100 1.9 0.7 
M LC3 in R 20 3.1 0.7 
.Li LC3 in L 80 1.7 0.7 
AM LC6 C~OSS R 100 1 .1  0.7 
%l LC6 cross L 100 2.9 0.7 
M LC6 in R 10 3.3 0.7 
M LC6 in L 80 1.1 0.7 
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Table A-55: Evaluation iMeasurements of .Measured and CMS 23MV Isodose 
Distributions in the High Gradient Region 

Fieid Plane Position Isodose Line Lateral Deviation 2 

cross 
m s s  
in 
in 

cross 
cross 
in 
in 

m s s  
cross 
in 
in 

cross 
cmss 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 
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Table .A-56: Evaluation Measurements of Measured and CMS 6MV lsodose 
Distributions in the High Gradient Region 

Field Plane Position Isodose Line Lateral Deviation t 
(Xl:X2 x Y1:YZ) '!! (mm) (mm) 

5: 15 x IO: 10 cross R 20 2.9 0.7 
5:15 x 1O:lO cross L 20 3.6 0.7 
5:15 x 1C):IO in R 20 3.1 0.7 
5115~  10:lO in L 120 -1.9 0.7 
0:lO x 10:lO cross R 140 3 . 0  0.7 
0:IO x l0:IO cross L 20 3.6 0.7 
0:lO x 10:IO in R 20 3.5 0.7 
0:IO x l0:IO in L 120 -2.0 0.7 
10:O x 1O:lO cross R 20 3.3 0.7 
1O:O x 10:lO cross L 120 -3.1 0.7 
10:O x 1O:lO in R 20 3 .a 0.7 
10:O x 1O:lO in L 120 -1.7 0.7 
155 x 10:lO cross R 20 3.9 0.7 
155 x 1O:IO CTOSS L 80 -2.9 0.7 
155 x 1O:lO in R 20 3.1 0.7 
155 x 1O:lO in L 120 -1.7 0.7 

Blocku cross R 1 1 0  A.3 0.7 
Block6 m s s  L 20 3.6 0.7 
Blockb in R 20 -2.9 0.7 
Block6 in L 29 -3.6 0.7 
BlocW cross R 20 7.0 0.7 
Block3 cross L 20 7.9 0.7 
Block3 in R 20 7.0 0.7 
BlocW in L 20 7 .O 0.7 
M LC3 cross R 20 8 -9 0.7 
M LC3 cross L 20 8.6 0.7 
iM LC3 in R 20 8.4 0.7 
LM LC3 in L 10 6.9 0.7 
IV LC6 cross R 20 -2.9 0.7 
X I  LC6 cross L 20 -2.4 0.7 
M LCG in R 20 -2.9 0.7 
tMLC6 in L 20 -2.9 0.7 





Table A-58: Evaluation iMeasurements of Measured and TMS 6MV Isodose Distributions in 
the Penurnbra Region 

Field Plane Position Penumbra (cm) + 0.07 Deviation - + 
(XI:= x Y1:YZ) T;MS Measured (mm) (mm) 

5:15 x 10:lO cross R 1.1 I 1.13 O 1 
5:15 x 1O:IO cross L 1-14 1 .O3 1 1 
5:15 x 1O:IO in R l .JO 1.17 - 7 1 
5:15 x 1O:lO in L 1.35 1.31 1 1 
0:lO x 10:lO cross R 1 .O6 0.97 I 1 
0110 x 10:lO c m s  L 1.14 1 .O0 1 1 
0:lO x 1O:lO in R 1.29 1.10 - t 1 
0:IO x 1O:iO in L 1.29 1.21 I I 
1O:O x 10:IO cmss R 1.10 1 .O0 1 1 
1O:O x 1O:lO cross L ! .O7 0.99 1 I 
1O:O x 1O:lO in R 1.29 1 .O8 2 1 
1O:O x 10:lO in L 129 1 .'O 1 1 
155 x IO: 10 cross R 1.14 1 .O0 1 1 
15:5 u 10: 10 cross L 1.1 1 1 .O7 O 1 
155 x 1O:lO in R 1 .JO 1.17 2 1 
iS :5  x 10:lO in L 1 .36 1.30 I 1 

Block6 cross R 1 .O 1 1 .O0 O 1 
Block6 cross L 0.7 1 1 .O0 -3 1 
Block6 in R 1.30 1 .O0 3 1 
Block6 in L 0.67 1 .O0 -3 1 
Block3 cross R 0.70 0.86 -2 1 
Block3 cross L 0.83 0.86 O 1 
BlocW in R 0.83 0.83 O I 
Biock3 in L 0.83 0.86 O 1 
L M  LC3 cross R 1 .O0 1 .O0 O 1 
LM LC3 cross L 1 .O7 0.97 1 I 
M LC3 in R 1.31 0.93 4 1 
XI LC3 1 n L 0.93 0.99 -1 1 
M LC6 cross R 1 .O0 1 .O0 O 1 
,M LC6 cross L 1.01 1.01 O 1 
M LC6 in R 1.3 1 1.01 3 1 
M LC6 in L 1 .O9 1 .O4 1 I 
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Table A-59: Evaluation Measurements of Measured and CMS 23MV lsodose Distributions in 
the Penurnbra Region 

Field Plane Position Penumbra (cm) f 0.07 Deviation t 
( X 1 : X t  x Y1:YZ) CiMS .Cieasured (mm) (mm) 

5:15 x 10:IO cross R 1.69 1.14 6 1 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
cross 
in 
in 

cross 
CMSS 

in 



Appendix A 159 

Table A-60: Evaluation ~Measurements of Measured and CMS 6MV Isodose Distributions in 
the Penumbra Region 

Field Plane Position Penumbra (cm) 4 0.07 Deviation 2 

(XI:.W s Y1:YZ) CMS Measured (mm) (mm) 
5:15 x l0:lO cross R 1.50 1.14 4 1 

15.5 x 10: 
15:5 x IO: 
15:5 x IO: 

Block6 
Block6 
Block6 
Block6 
BIock3 
Bloc k3 
Bloc k3 
Bloc W 
%1 LC3 
MLC3 
%l LC3 
MLC3 
hf LC6 
hl LC6 
hl LC6 
hl LCG 

Cross 
in 
in 

cross 
Cross 

in 
in 

cross 
cross 

in 
in 

cross 
cross 

in 
in 

cross 
cross 

in 
in 

cmss 
cross 

in 
in 

cross 
cross 

in 
in 

cross 
cross 

in 
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B. Appendix B 

Graphical display (excluding frequency distributions) of the majority of the results 

provided in Appendix A are given in the following. 

Sidc of Field (cm) 

FTgtrre B-1.- Plor of rneasured and calmlared square field HSFs for 6MY phorom. hfrasurements xw-e 
niucie on Siernens dual energ), linear acceleraror ar rhe cenrre of the field. Calcu lotions were per$ormérd on 
lielr~r TMS rrearment planning -stem. 

1010 
O 5 10 15 20 25 M 35 «) 45 

Si& of Ficld (cm) 

Figure B-2: PIor of rneusured and calalared square field HSFs for t3MV photons. Measuremen 0 were 
made on Siemens ciidal energy linear accelerator ar the centre of the field. Calcularions were perjiirmed on 
helm TMS treatmenr planning sysrem. 
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- - -- -- 
Indepcndcnt Jaw Head Scatter Factors for 6 .UV 

Top M f o f  Ficld (X;.O:h7 

o w  
O 5 10 15 20 25 

Sidc of Field (cm) 

Figure B-3: Plot of 6MV asymmetric field HSFs for the top half O f the field versus the dimensions of the 
side of rlze field, A'. The abscissa is the value of X used in the rifle to define the field size. Measurements 
\rwe made on Siemens dual energrt acceleraror at rite centre of rhe field. Calculations ivere pefonned on 
fielm TMS rrearment planning qsrem. 

. -- - - 
lndcpcndcnt law Hcui Scatter Factors for -3 

Top Halfof Field (XX.O:.y) ' -1 

0 9 9 0  
O 5 1 O 15 20 2s 

Sidc of Field (cm) 

Figure B-4: Plot of the 23hf V aqmrnerric field HSFs -for the rop half of the field versus the dimension of the 
side oj'rlzr field. A: The abscissa is the value of X used in the rifle tu iiefine the field size. Measuremenrs 
\$acre r~iude on Siemens drial energv linear acceleraior at the centre of the field. Calcularions w7ere 
perfornt ed on Helar- ThfS treatment planning system. 
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- - 
Independent Jaw Head Scatter Factors for 6MV 

Right Haif of Field (O:X,X:X) I 

O.w 
O 5 1 C 1s 20 25 

Side of Field (cm) 

Figure B-5: Plot of the 6bf V asyrnmerric field HSFs for zhe righr halJof the field versus the dimension of 
die side of the field, X The abscissa is the value of X used iri the ritle ro define rlie field size. Measurenients 
it9ere made or1 Siemens dual energy Iinear accelerator ut the centre of rhe field. Calcidations were 
perfornred ori Helar-TMS trearment planning system. 

-- - 
Independent Jaw Head Scaner Factors for t 3 M V  

Right Half of Field (O:X,Y:X) 
1060 --- - 

O wc 
O 5 1 O 15 20 25 

Side of Field (cm) 

Figttre 6-6: Plot of the 23MV asymmerric field HSFs for the righr half of the field versus the dimension of 
rhe side of rhe field. X The abscissa is the value of X used in the ride to define the field size. Measuremenrs 
\t.crrc. niade on Siemens dunl energy Iinear accelerator at rhe centre of the field. Calcularions were 
pe forrri ed on Helar- TMS rreatment planning system. 
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Side of Field (cm) 

Figrcre B-7: Plot of the 6MV asymmetric field HSFs for the top right quadrant of the field versus the 
ciimension of rire side of the field, X. The abscissa is the value of X used in the tirle to define the field szze. 
.\/c.czsurenrenrs were made on Siemens dual energ). linear acceleraror al the cenrre of the field. C~nlculations 
\\*L'I'~ perfornled on Helar- ThfS treatntent planning systeni. 

-. - - . - - -- - - - - - - - - - - -- - - 
Independent Jaw Head Scatter Factors for 73MV 

Top Right Quadnnt (0:X.O:X) I 

0990 ' 
O 5 10 15 20 25 

Side of Field (cm) 

Figccrc B-8: Plor of the 23MV asymrnetric fieid HSFs for the top right quadrant of the $eld versus rlze 
ciinimsion of rile side of the field. X. The abscissa is the value o fX  used in the title to &$ne the field size. 
Almsurcnrerits were made on Siemens dual energ).. linear acceleraror ut the centre of the field. Calculrtions 
woere prrformeii on Nelar- 7;CfS rrearment planning sysrem. 
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-- 
Squm Field Output Factors for 6MV 

1 206 

y-, -IYL. S. -A-- Yen Y km 

/ . - -'. - nls Y km 

-%(Cu Y :ocm 

-- CStS al mnu 

O 600 
O 5 10 15 20 25 20 35 40 45 

Side o f  Field (cm) 

Figure B-9.- Outpur factors for 6MV square fiel&. The oupur is derermined in-phanrom relarive ro the 
olcrplir for a I O.r/ O field ar dmar. Measuremenrs were made on Siemens dual energy linear acceleraror at 
the centre of rhe field. Calcularions were peflormed on Helur TMS and CMS-Focus. 

0.600 
O 5 rO 15 20 25 30 35 40 45 

Side of Field !cm) 

Figure B- l O: Otirptrr factors for 73MV square fields. The output is determhzed in-phanrom relarive ro the 
ottrpitr for n / Q.r/Ofield ar u'mar. Measuremenrs were made on Siemens dual energy h e u r  acceleraror ar 
the crrrrre of the field. Calculariorrs rvere perjionned on Helar TMS and CMS- Focus. 
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Independent Jsw Output Factors for 6 MV 
Top Haliof Field (X:X.O:X) 

1 Z M )  ---- - - -- - - -- - - -  - 

Side of Field (cm) 

Figure B- I l :  6MV asym~nerricfield ourpitr factors for rhe rop haro f  rhe field The outpur is dereminrd in- 
phanroni relurive ro rhe ottrpur for a / 0.r 1 O field ar dmcrr. Measurements were made on Siemens dual energy 
linear acceieraror ar [lie cenrre of the field. Calcularions were performed on H e l a  TMS and CAS-Focrcs. 

- - - - - - - - - - -- 
Independent kw Output Factors for 23 MV 

Top Half of Field (X:X.O:S) 
i 

Side of Ficld (cm) 

Figcrre B- / 2 .  23MV usjwmetric field ourpitr factors for rhe top havo f rire field The ourpur is derennined 
in-phanrom relative ro the oitrpur for a /O.ri0 field ar dmax. Measrtremenn 1r1ere made on Siemens drtal 
ericrs. liriear accelerator ar rhe cenrre of rhe field. CaZcularions were pedormed on Helar TMS and CMS- 
Focus. 
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- - - -- -- -- -- - - 
Independent Jaw Output Faclors for 6MV 

Right HaIf o f  Field (O:X..Y:X) 
i 

Sidc of Field (cm) 

Figure B- 13: 6M 1' aqmmetric field oirrput factors for the right half of the jield- The outpur is derermined 
irr-phanrom relative ro the ourpur for a IO-rl0jîeld ar dmar. Measuremenrs were made on Siemens dual 
cvierg?. linear accela-ator ar the centre of the field. Calcularions were per$ormed on Helur TMS ami CMS- 
Foczis. 

- - - - - - - - - . - - - - - - - -. - - 
lndependent faw Output Factors for 23MV 

Right Half o f  Field (0:XX:X) 

Sidc of Field (cm) 

Figrire B-14: 73MIf  as~mrnetricJîeld ourput factors for the right halfof the field T/le oitrput is derermined 
iri-phanrom rclarive ro the ourpuf for a 1O.r l O $eld at dmur. Memuremen cs were made on Siemens dual 
energ-r. lin rar accelcrator al the centre of the field. Calculations rvere perfomeci on Helar TMS and CMS- 
Foctrs. 
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1 ZOO 

Independent Jows Output Factors for 6MV 
Top Right Quadrant JO:X.O:X) 1 

0.500 

O 5 10 15 20 25 

Side of Field (cm) 

Figure B- 15: 6M V asymmetric field output factors for rhe top nghr quadranr of the field. îïre output is 
(ieterniitzed in-phantom relative to rlie oirrput for a IOxlO field at dmar. Measurernents were made on 
Simiens dual energ): linear accelerator ar the centre of the field. Calculations were perfonned on Helar 
TIW atid CMS-Focus. 

- - - - - - - - - - - - - - - - - 

Independent Jaws Output Factors for l 3MV  
Top Right Quadrant IO:X,O:X) 1 

Side of Field (cm) 

Ffgure B- 16: 3 h f  V asymmetric field output factors for the top right quadrant of the fîeld. The output is 
ckrermined Ut-pharirorn reiafive to the outpur for a iO.r10 fieiù al drnau. Measurements tvere made on 
Sienteris dual energy Iinear accelerator ar the centre of the field. Calculations rvere pe$ormeci on Hdav 
E:.LfS arid CMS- Focrrs. 
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-- 
Block Output Factors 

Figiire B- 17: Ottrptrr factors for 6MV and 23 MV blocked field pattern 3. The oitrput is determined in- 
phan ton1 relati~v to the oltrput for a IOxl O field ar dmax Memuremenn were made on Siemens dual energy 
lirzear accelerator ar the centre of the field. Calcularions rvere pe$or-med on Helar TMS and CMS-focus. 

-- - - - - - - 
MLC Output Faciors 

MLC Pattern 3 I 

Figure 8-18: Oitrpur factors for 6MV and 23 MV MLC shapedfield (pattern 3). Tjle output is deterniined 
in-pltan t om relative to tlre ourput for a I O X I  O jîeld at dmar. Measuremenrs were made on Siemens ciual 
energr. lineur ucceleruror at the centre of the field. Calcularions rvere pe$ormed on Helm ThfS and CMS- 
OCIIS. 1- 



Block Output Factors 
Block Pattern 4 1 

Figilre B-19: Output factors for 6MV and 73 MV blocked field pattern 4, The output is determined in- 
pltariror~i relurive to the output for a /O.rl O field ar dmax. Measurements rvere made on Siemens dual energ): 
iinear acce/eraror ar rhe centre of the field. Ca lcu larions were pe$ormeii on Helar TMS and CMS-focus. 

- -- - - - - . -- 
M LC Output Factors 

Figue B-20: Outplcf factors for 6MV and 23 MV MLC shapedfieId (pattern 4). The outpur is detennined 
Ïu-plimtronz relative tu rhe output for a 10x1 0 field at dmar. Measurements were made on Siemens dual 
crierg?. Iinear accrleraror at the centre of the field. Calcularions were pe@ormed on Helar TMS and ChlS- 
Jocris. 
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Block Output Factors 

Figure B-2 1: Otrrpttr factors for 6hf V and 23 MV blocked field parrem 5. The output is detennined in- 
plrati rotri relarii-e ro the output for a l O-VI O field at dmar. Measurements were made on Sientens duul e n e r a  
linear acceleraror ut the centre ofrhejîeld. Calculaiions rvere performed on Helar TMS and CMS-focus. 

h1LC Output Factors 

Figure B-22: Ortrpztr factors for 6MV and 23 IMV MLC shaped field (pattern 5). The outpur is derennineci 
itr-p/iatzrom relarirv rio rhe ourpur for a lO.rlO field ar dmar. Measrrremenrs were made on Siemens dual 
energit lineut- acceleraror ar the cenrre of the field. Calcularions were pe6ormed on Helar ThfS and Cm- 
Jocirs. 
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Figirre B-23: Output factors for 6htV and 23 MC' blockedfield pattern 6. The otlrpur is derermined in- 
phantom relatir?~ ro the output for a IOxlOfîeld at dmar. Measuremen& were made on Siemens dual energy 
lirzear accelerator at rlze centre of rhefield. Calculations were performed on Helar TMS and CMS-focus. 

MLC Output Factors 

Figure 8-74: Otitpur factors for 6M V and 23 hW ,WC shaped field (pattern 6). The output is determineci 
in-pha~itom relative to the oupur for a IOx-IO field at dmax. Memuremen& were made on Siemens dual 
eners,  lirlear accelerator at tlre centre of the field. Calculations were performed on H e l a ~  TMS and CM- 
focus. 



Block Output Fxtors 

Figure B-75: Outpur factors for 6M F and 23 hf tf blocked field patrern 7. The output is dererminetl in- 
plrantorn relative io the output for u 1 O k l  O field at dmar. Measurements were made on Siemens dua l energy 
linëar acceliraior at the centre of rhe field. Calcularions were pet$ormed on Helar TMS and CMS-focus. 

MLC Output Factors 
MLC Pattern 7 I 

Figure 5-26: Outpur factors for 6MV and 23 MV MLC shaped field (pattern 7). The output is determined 
in-plrantom re1arii.e ro the ourptir for a 10-rlOJieId at dmar. Measurenlenrs were made on Siemens dual 
rnerg_P1 finetir acceleraror ar rhe cenne of the field Calcularions rvere performed on Helar TMS and CMS- 
focris. 
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Brodr Outpit Fadas 
Blcck P a m  8 

IC Meas. 6 W  
- g - T M S 6 M V  

CMS 23 MV 
- - CMS 6MV 

Figure 8-27: Output factors for 6MV and 23 MY blocked field pattern 8. The output is derennined in- 
plianrorn relative ro die output for a 1 O.ri0field ut dmar. Measurements were made on Siemens dual energy 
lirieur acceleruror ar the centre of the field. Calculations were per$omed on Helur TMS and CMS-focus. 

MLC Output Factors 

Figure 6-28: Oirtpur facrors for 6MV and 23 MV MLC shapedfield (pattern 8). The oiirput 13 deremincd 
in-pliaritom relative to rhe output for a IO'rl0 field at dmax- Measurements were made on Siemens drial 
enerm. linear acceferator or the centre of the field Calculations were per$ornzed on Helax TMS and CMS- 
foc1rs. 
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1.05 - 

Figure B-29: Output factors for 6MV and 23 MV blocked field pattern 9. The outpur is deterniined in- 
phanrorn relarive ro the ourput for a 1O.r / 0 field at dntar. Measurements rvere made on Siemens dtial energv 
linear accelerator ar the centre of the Jeld. Calcularions rvere pet$ormed on Helax TMS. 

MLC Output Factors 
,MLC P a n m  9 

Figure B-30: Oirrprir facrors for 6hfV and 23 MV MLC shapedfield (pattern 9). Tite ourpur is derermined 
in-phuntom relative to the ourput for a IO.rlO field at dmac Measurernenrs ioere made on Siemens dital 
mergr. linear accelerator nt the cenrre of ille field. Calcrilarions ivere pe$ormed on Helar T M .  
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Block Output Factors 

Figure 8-31: Output factors for 6MV and 23 MV blocked field pattern 10. nie output is derern~ined in- 
pltanrorn relarive ro die ourpur for a 1O.r 1 O/ield ar dmax. Measuremenrs ivere made on Siemens dual enerm 
linrar accelrraror ar rire centre of the field Calcularions ivere perfbrmed on Helrr TMS. 

MLC Output ~actorsl 

Figiirc B-32: Output factors for 6MV and 23 MC' MLC shapedjield (pattern 1 O). The output is derennined 
in-phantom relative ro tlze ourput for a 10x10 field ar dmar. Measuremenrs rvere made on Siemens dual 
en erg-. linear acceleraror ar the centre of the field. Calcttlations were pedormed on Helax TMS. 




