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Abstract

Independent dose calculations in radiotherapy are important as they help assure that the
dose given to the patient is the same as the prescribed. The current version of software
Radiation Verification Programme, RVP, does not take into account the effects that occur
when a beam from a linear accelerator is moved off-axis. The aim with this project was to
find a model for these effects, fit the parameters in the model with data from
measurements and then to test the model in clinically relevant situations. Preferably the
model should be easily incorporated into the software.

Three variable parameters were used for the model; the slope, which is the proportional
factor with which the dose increases with the distance, the width which affects the
penumbra, and the leakage, which is the transmission through the field shielding. To fit
the parameters for the model, measurements of fields placed off-axis were performed.
This was done for two different linear accelerators; Varian Clinac 2100 and Elekta
Precise, and one energy for both accelerators; 6 MV (Mega Voltage). Profiles were
measured as to get the fields’ entire spread. The data gained from these measurements
were used to fit the model’s parameters. The fitted model was first tested on profiles and
then on IMRT fields in two dimensions.

The model was simple, both in terms of measurements and implementation and showed
good agreement for profiles measured through the central axis. The second step was to
test the model for IMRT fields. The 2D arrays were compared using gamma comparison
and with a 5 %/5 mm demand the pass rate was very high. Only a small number of fields
were used and therefore no statistical certainty is guaranteed, but if further testing get
similar results, the model can be used in clinical cases for dose calculations for beams
off-axis and IMRT fields.
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1 Introduction

1.1 Background

This Master’s Thesis Project was carried out at the radiotherapy departments of Lund
University Hospital and Malmé University Hospital.

In Sweden approximately 50 000 patients a year are diagnosed with some sort of cancer
[SOS]. Worldwide, it is estimated that the cancer incidence is circa 40 %. This number
has increased due to an increase in the life expectancy [ICRP]. New treatment methods
are repeatedly being developed, introduced clinically and further improve the chances of
curing cancer.

Depending on the type of cancer different treatment methods are being used. The three
most common methods are surgery, chemotherapy and radiotherapy. These methods can
be used individually or in combination with each other. It is estimated that roughly one
third of all patients with cancer will receive some sort of radiotherapy during their
treatment; either as a curative treatment, as an adjuvant treatment or with palliative
purposes [The Swedish Cancer Society].

Many improvements within radiotherapy have been made as a consequence of new
imaging techniques. The most important imaging modalities are CT (Computed
tomography), MRI (Magnetic Resonance Imaging), PET (Positron Emission
tomography)and PET/CT. With these modalities it is possible to get a better outline of the
tumour’s spread as well as more accurate definitions of the organs at risk [Svensson and
Moller, 2003]. The new imaging modalities have set new demands on radiotherapy, but
have also given the opportunities to generate a better, more conformal treatment.

One of the most revolutionary ideas within radiotherapy development was that of
Intensity Modulated Radiation Therapy, IMRT, proposed in 1982 by Brahme [Svensson
and Moller, 2003]. By modulating the intensity of the beam the flexibility increases and
this can be utilised to achieve a higher degree of spatial agreement of the resulting dose
distribution within the tumour [Bortfeld, 2006]. Also, the surrounding tissue can be
further spared. An IMRT treatment consists of several fields, each built up by segments
of various shapes and sizes [Carlson, 2001]. As imaging techniques have been improved
it has made it possible to implement IMRT into clinical treatments.

In the early days of IMRT the modulation was performed using compensation filters.
These filters had many disadvantages; they had to be manufactured individually for each
patient and they had to be switched within the treatment. Additionally a safety hazard
was involved by handling these lead blocks above the patient. In the late 1980s the Multi
Leaf Collimator (MLC) was introduced [Svensson and Mdéller, 2003]. The MLC was a
great improvement to conventional radiotherapy but they also made IMRT more viable.
The MLC consist of a large number of leaves. [Metcalfe et.al, 1997]. The leaves can
move independently of each other and therefore it is possible to, rapidly, create the small
irregular fields that build up an IMRT treatment. This makes the treatment faster and
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more viable. There are different techniques for delivering an IMRT plan; sliding window
and step-and-shoot. In the sliding window technique the MLC leaves are moving as the
radiation is on, and by doing so, the intensity is modulated. In the step-and-shoot method
each small segment is given and while the leaves change the radiation is off.

IMRT gives a more conformal therapy than conventional radiotherapy. However, there
are many more steps in IMRT planning, which increases the risk of error. It is of
importance that the delivered dose is accurate and that it is made sure that the delivered
dose is the same as the prescribed dose.

1.2 Recommendations for Radiotherapy

All use of ionising radiation in Sweden is controlled by The Swedish Radiation
Protection Authority (abbreviated as SSI). Clinical radiotherapy is controlled by two
different constitutions from SSI, namely 2000:1, Regulations on General Obligations in
Medical and Dental Practices using lonising Radiation, and 2000:4, Regulations on
Radiation Therapy.

There are two conditions that must be fulfilled for using ionising radiation in medicine.
They are authorisation and optimisation. The definition of authorisation is that the
collective gain for the patient, in terms of treatment and/or the possibilities to make a
diagnosis is larger than any possible side effects from the exposure of radiation. The
other criteria, optimisation, means, in terms of radiotherapy, that the dose plan should be
adjusted in a way that the prescribed dose is achieved in the target and the radiation dose
to healthy tissue is as low as is reasonably achievable.

As a step of their quality assurance recommendations IAEA (International Atomic
Energy Aency) has suggested in vivo measurements as a step to ensure the delivered dose
[IAEA report; Quality Assurance of External Beam Radiotherapy]. They recommend that
in vivo dose measurements are performed before a treatment begins. This makes sure no
errors have been made during the course of the treatment planning. Entrance dose
measurements check the output, performance of the treatment apparatus and the accuracy
of the patient set-up.

One of several important parameters in radiotherapy is the number of Monitor Units
(MUs). Preferably the number of monitor units should be calculated using two
independent methods, or at least two independent persons.

1.3 The In-house Developed Software, RVP

Previously a software application has been made that, independently of the TPS
(Treatment Planning System), calculates the absorbed dose to the target during
radiotherapy [Kn6ds et.al 2001; Johnsson, 2003]. The program, HandCalc, was
implemented into handheld computers and has previously been in use at the radiotherapy
department at the University Hospitals of Lund and Malmé. This program has since been
developed and implemented into a PC program called Radiation Verification Programme
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(RVP) [Nordstrom et.al 2005]. RVP is currently in use at four hospitals in Sweden and
the same algorithms and methods are used in other sites around the world as well. An
advantage is that the algorithm in RVP is not used in manual calculations or in those by
the TPS.

However the programme does not take into account the effects that occur when the field
iIs moved off-axis it calculates the same dose no matter of the position. In order to make
the programme work for IMRT treatments these off-axis effects must be investigated.
Each IMRT field is built up by several segments which are generally small, irregular and
may be located off-axis. During IMRT treatments one point can be irradiated during one
segment and have no irradiation during the next segment [Carlson, 2001]. Therefore the
effects of what happens when the field is moved off-axis are important to investigate,
since they are needed for a proper dose calculation. Not only will the application be
useful for IMRT treatments, but its accuracy of calculating the dose for conventional
fields will also be enhanced.

The model used for dealing with off-axis effects should be easy, which makes the process
of implementing the programme simpler. Standard accelerator data and a few simple
measurements is all that should be needed in order to implement the programme in
clinical use.

1.4 Aim

The aim of this study is to modify the parameters in the existing algorithm in RVP, to
address the issues raised in the recent development in radiotherapy, specifically IMRT.

The specific goal for the work within this thesis is to propose a simple method for head
scatter, to fit model parameters to measurements and then to test the model in clinically
relevant situations.



2 Theory

2.1 The Calculation Model
The current model in RVP is the following.

The construction on which the dose calculation model in RVP operates on is the
following:

oo () T KAk
M ref Tref ﬂP,ref +Gref

Both T, an attenuation factor, and o, the scatter-to-primary ratio are functions of the
attenuation coefficient, u [Bjarngard and Vadash, 1995]. T is also a function of the
hardening coefficient n [Bjarngard and Shackford, 1994]. In this model, the electron
equilibrium factor [Hannallah et.al. 1996] is not modelled but is setto g, = S, . =1.

Eq. 2.1

pro(field ,F) is the primary kerma free in air. It is a function of the field shape and the

position of the calculation point, ¥ =(x,y,z), with isocentre at origo and the focal point
of the radiation at (0;0;-ff). This gives the distance, f, from the focus to the calculation

pointas f = \/x? +y? +(f ,+2)

The reference kerma is set at a field size of 10x10 cm? and at the isocentre (r=0);
Kporr = Kpo(10x10,7 =0). By using the reference kerma Kpo can be related to a

measurable quantity [Johnsson et.al, 1999],

Klgel — KP,O

Eg. 2.2

KP,O,ref
For the scatter calculation (the second term in Equation 2.1), the strength of the source is
represented by K;‘f'c . In the previous version of RVP a very simple model for the primary

kerma free in air was used, this model only took the inverse square law and the head-
scatter according to;

f 2
K& =K =[ ffj H(c,,) Eq. 2.3

H is the head scatter contribution within the field and is a function of the equivalent field
size at the isocentre (Ceq). In this model no consideration is taken to the variations in the
fluency off-axis, the penumbra, the leakage outside of the field or the head-scatter
contribution outside of the field. The aim of this work was to modify the model in order
to take these effects into consideration. This was done by dividing the primary kerma free
in air in one focal component and one extra focal component. The focal component is the



photons that come directly from the source while the extra focal photons have interacted
in the accelerator head before reaching the patient or phantom.

(p X
,0 K
P.0

+yi250)-Q+ Lj+ a'’, (1—exp(— a; - Cg )) Eq.24

Koo =Kpo +Kpy=2a) [(1— L+S-yx;

IS0

Within the field the focal component is assumed to increase with the factor, S, as the
calculation point is moved away from the isocentre. Outside of the field, the focal part
decreases to the value L, the transmission through the field shielding. The parameter L
only makes a difference when the calculation point is outside of the direct field, i.e. when
Q#1. The factor Q is an error-function that describes the focal part’s decreasing in the
penumbra region according to;

o1t erf(s-wW)
2
W is an adjustment parameter related to the focal size, and s is the shortest distance from

(Xiso; VYiso) to the field’s edge. s is positive if (Xiso; Yiso) IS Within the field and negative
otherwise.

Eq. 25

The extra focal part of the primary kerma free in air is supposed to be increasing with the
equivalent field size, ceq, according to an exponential function with the coefficient, a,. The
equivalent field size is calculated according to Xiao et.al (1999) and is then scaled to the
isocentre distance;

fref
Ceq = f . Seq

This parameter has a value outside the field as well, which means that the extra focal
component of the primary kerma also will reach outside the field.

The relationship between the focal and extra focal components are determined by the two
factors, a;” and a;’’. These factors include a decrease in accordance with the inverse

square law. If a; is setto a, = f2-(a,'/a,") the expression for K*' becomes

N SR T R

f a, +(1-expl-2, ¢, )

The denominator gets its more simple form due to the fact that Xiso=Yisc=0 and Q=1 in the
reference situation.

The modified model is complemented by making the attenuation coefficient dependent
on the off-axis position according to Tailor et.al (1998) (see section 2.1.3), for the

calculation of T and . K[ is calculated for the point in the field in which ceq is the
largest, in this point it is for certain that Q=1 as there is no penumbra within the field.



2.1.1 Adjustment of the model’s parameters
By adjusting the model to measurements done in the isocentre for square fields (f=f,
Xiso=Yisc=0 and Q=1), the parameters a; and a,, i.e. the field size dependence can be
determined.
el _ +(1+eXp(_ A, *Ceq »
" a, + (1+exp(_ A, *Cr ))

The second step is determining the parameter L. This is done by adjusting the model for
measurements at a distance outside of the field (fe=f, Q=0)

Eq. 2.7

a,-L+ (1+ exp(— a, - Cq ))

rel
KP - a + (1+ exp(_ A, - Crgf »

Eq. 2.8

The next step is to determine the fluence variation in off-axis positions, namely the
parameter S. This is done by adjusting the model to measurements in various positions in
the isocentre plane for the largest possible field size (f.=f, Q=1)

a,-[1+5- i, + y2, J+ Lrexpl-a, -c,,)
a, +(1+exp(-a, ¢ )

KX = Eqg. 2.9

In the final step, the variation of the primary kerma in the penumbra region is determined.
The parameter W is determined by adjusting the model to measurements along the field
edge in the reference field (free=f)

a, l(;— L+S-yX2 + VY2 )~Q+ LJ+ (1+ exp(— a, - Cy ))

Krel —
" a‘1 + (1+ eXp(— aZ ’ Cref ))

Eq. 2.10

2.1.2 Test of the model

The modified model is tested by comparisons to measurements done in the following
situations:

) Dose profiles in the isocentre plane at a 10 cm depth. The field sizes used
were 3x3 cm?, 5x5 cm? and 10x10 cm?. The fields are placed symmetrically
around the central axis or with an off-axis distance of £5 cm or £10 cm

i) Dose matrices (2D) in the isocentre plane at a depth of 10 cm for clinically
relevant IMRT fields



2.1.3 Off-axis Softening

The use of an attenuation correction suggested by Tailor etal (1998) was also
implemented. Since the flattening filter is cone shaped, fields that are off-axis will have a
lower average energy, i.e. a higher share of low-energy photons [Metcalfe et.al 1997], for
a large field this is known as the horns. The suggested way of dealing with this effect is
to use a different attenuation coefficient, p’, in stead of u, due to the passage through the
flattening filter [Tailor et.al 1998]. 1’ can be derived from the angle between the central
ray and the ray through the calculation point.

4'= u-[1+0.00181: 0 +0.00202: 6> —0.0000942 6° | Eq. 2.11

Where 0 is given by

VXiso + Yito
0 =arctan| ——— Eq. 2.12

100

where Xiso and Yiso are the coordinates of the calculation point in the plane of the isocentre
(as above)

2.2 Gamma Evaluation

In order to compare the measured and calculated matrices, a gamma evaluation is
performed. Gamma evaluation can be used for comparison of 2D matrices of dose
distributions. These matrices could be measured or calculated, as in this case, or it could
be the distribution from the TPS. The measurements are used as reference and the other
matrix is queried for comparison [Low et.al 1998]. When doing a gamma comparison
two criteria are set, one for the dose and one for the distance.

The gamma method uses a combination of dose difference and distance to agreement
(DTA) distribution to determine the acceptability of the dose calculation. The dose
difference uses the dose criterion directly while the DTA is the distance between two
points that displays the same dose, and the DTA and the dose-difference evaluations
complement each other [Low et.al 1998]. If both the parameters of the criteria, dose and
distance, pass or fail for a certain point no further more evaluations are made. If one
parameter fails but the other is well within the criteria the calculation can still pass since
both parameters are taken into consideration [OmniPro ImRT Manual].
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3 Material and Methods

The effects that occur when a field is moved off-axis were investigated. For this purpose
a series of measurements were performed. Various field sizes and positions off-axis were
used. The results were implemented into the scripts of the RVP from which the
parameters for the model were derived.

3.1 Off-axis Measurements

3.1.1 The Linear Accelerators

The accelerators used for the measurements off-axis were a Varian Clinac 2100C and an
Elekta Precise. Both installed and in clinical use at the radiotherapy department at Malmé
University Hospital. The acceleration voltage used for both accelerators was 6 MV.

3.1.2 The Acquiring of Data

The detector system used for the off-axis measurements were a Linear Diode Array
(LDA-99), manufactured by Scanditronix-Wellhofer. The measurements were performed
in a blue phantom, by the same company.

3.1.3 Blue Phantom

The Blue Phantom was used for the off-axis measurements. The advantages of the
phantom are that it is easy to align under a linear accelerator and its computer software
can move the detector, placed in the phantom, to any position within an accuracy of 0.1
mm [Scanditronix-Wellhofer]. It is also compatible with the LDA. During the
measurements the phantom was filled with deionised water.

3.1.4 LDA-99, Linear Diode Array

The LDA-99 consists of 99 diodes spaced by 5 mm, meaning that the detector can cover
49 cm in total and thereby give profiles of the beams, in one direction at the time
[Scanditronix-Wellhofer]. The LDA, when placed in the blue phantom, is computer-
controlled and by doing multiple measurements with small movements in between the
resolution can be as low as 1 mm. The LDA has the advantage that it can measure
profiles and give a total view of the field’s spread. The acquiring was performed with the
help of the electrometer that belongs to the LDA and its software. The diodes have a
direct response which facilitates the measurements.

3.1.5 Measurements

For the measurements the SSD (Source to Surface Distance) was 90 cm and the detector
placed at 10 cm depth. The measurements were performed in a Blue Phantom, with
deionised water.
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Three different field sizes were used. The reference field, for both the measurements as
well as the calculations, was the 10x10 cm? field. All future measurements and
calculations were normalised to this field. The other field sizes used were 3x3 cm? and
5x5 cm?. The decision was made to focus on smaller fields since the fields for IMRT
generally are small.

For off-axis measurements on the Varian machine, five points were used in the y-
direction; y=0 cm, y=+5 cm and y=+10 cm. The chosen points were in the centre of each
field. Using solely the main jaws of the accelerator, the fields in the off-axis y-direction
were created.

For the Elekta accelerator the same technique was used, with the difference that the off-
axis measurements were performed in the x-direction. Just as with the Varian, this was
due to the limitations of the machine. For the Elekta machine the fields were created with
a combination of the MLC and the main jaws.

The central diode of the LDA was at the isocentre and the other detectors were placed on
the main axis. Due to the length of the LDA full profiles could be acquired in the given
direction and the fields, even when far off-axis, were always covered. The LDA was
calibrated due to background radiation before using it.

The output doses for the accelerators were also controlled measured by an ion chamber”.
This was done in order to see how good the LDA preformed in the off-axis output
measurements. These measurements did not give all the data that is needed to fit the
parameters, as it only gives information in one point, and since the ion chamber has a
larger spread than the diodes it was not as good for point measurements either,
particularly for the smaller fields.

3.2 Optimisation

After the off-axis softening correction by Tailor et.al (1998) was incorporated into the
script as the first correction, the real optimisation could begin. For the optimisation of the
width and the leakage the reference field was used. For the slope optimisation two
alternative data sets were used. The first consisted of all the fields (10x10 cm?, 5x5 cm?
and3x3 cm?) for which the centre point of each field was used. The other data set
consisted of points taken from the measurements of the 40x40 cm? field. The points used
were located at every 2.5 cm from y=0 to y=10 cm.

It is assumed that the differences in dose output are the same in the x- and y-directions.
For a complete implementation it would be necessary to perform measurements in both
directions.

The optimisation was performed within Matlab. All relevant calculation points and their

respective geometries were entered into a vector in Matlab. The dose per MU was
calculated for every element and then compared with the measured values in the same
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points. All three parameters’ values were then found, in order, by searching for the
minimum of the square sum of the difference between the calculated and measured
values. This was done element by element and the value that returned the lowest value
was set.

3.3 Measurements for IMRT fields

To truly test the model, measurements of an IMRT treatment were performed and then
compared with calculations of the same treatment made by RVP.

3.3.1 Treatment

The IMRT treatment used was an actual IMRT treatment for a patient treated for tonsil
cancer. This particular treatment consisted of seven fields, built up by a various number
of segments. The number of segments in the various fields are presented in Table 3.1.

Table 3.1 The numbers of segments for the IMRT fields

Field number Number of segments
28
24
28
24
30
26
38

~No o~ owN -

3.3.2 The Linear Accelerator

The accelerator used for these measurements was the Elekta Precise, installed at Malmo
University Hospital, for which off-axis measurements had been performed and
parameters for the model had been derived.

3.3.3 The Detector System

The detector system that was used for the measurements of the IMRT fields was an
IMRT-dedicated system, IMRTlog, manufactured by OncoLog Medical Systems. It is a
2D-array system and consists of 506 semiconductor detectors. The distance between the
detectors is 10 mm and they are placed in a polystyrene phantom, on a depth of 0.5 cm,
providing build-up, also additional build-up plastic plates of various thicknesses are
provided. In addition, the system also has a fixed backscatter block [OncolLog; IMRTlog
technical information].

The area of the detector plate is 21.0 cm times 22.0 cm (the number of detectors in each

direction is 22 times 23), which means that, when centred, it reaches out to a point circa
10 cm off-axis. The way the 64 electrometers, and its associated ADC:s (Analogue to
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Digital Converter), are assembled gives for 512 independent channels, and for each of
these channels the dose resolution is better than 1 mGy [OncoLog, IMRTlog technical
information]. The detector system has its own computer software that offers direct
display of the dose and dose rate and also various means of displaying the results.

3.3.4 Measurements

The phantom with the detectors was placed with the centre detector at the isocentre.
Calibration was performed before the actual measurements; by doing this the detector and
its software were correctly oriented in the beam geometry. An output measurement for
the 10x10 cm? field was also performed in order to perform output normalisation. RVP
also performs output normalisation within its calculations. Ten cm of build-up was used
for the measurements; 0.5 cm built-in polystyrene and 9.5 cm solid water (Gammex
fabrication). Solid water is plates that are made to represent the properties of water. Its
density is 1.03 g/cm® and it absorbs and scatters photons as if it was water [Solid water
Phantoms].

3.3.5 Comparison of IMRT fields with RVP

Both RVP and the measurements produced 2D-arrays as results. The results from the
measurements were 2D-arrays that covered an area of 22 cm by 23 cm with a resolution
of 1 cm. The results from RVP are 81 by 81 pixels with a resolution of 0.5 cm. Therefore
the RVP covers a larger area and has better resolution. Before the comparison could be
performed the two arrays for the same field had to be of the same size and resolution.
First the RVP arrays were cut as to cover the same area as the measured arrays, then their
resolution were decreased so that the measurements and the calculations had been
performed in the same points. Comparison could then be performed as the size (22x23
pixels) and resolution (1cm) of the two matrices were the same.

Scanditronix-Wellhofer has developed a software application for verification of IMRT
treatments (Omnipro ImRT). This is done by comparing two 2D arrays, one reference
matrix and the one to be evaluated. The programme was used to compare the two
matrices, the calculated one and the measured one; the measured was set as the reference
matrix. In order to properly compare the two matrices, gamma evaluation was used.

Two criteria were set for the gamma evaluation; dose difference and distance. The
evaluation was done for two sets of criteria; 2 % and 2 mm and 5 % and 5 mm. The 2
%/2 mm criteria were chosen since this is the accuracy the TPS has showed in previous
studies [Knoos et.al.1994]. However, since RVP is meant to be a secondary test of the
dose it does not have to be as accurate and if RVP is off by 5 % and 5 mm it is still
considered well, therefore these criteria were used as well. Gamma evaluation was then
performed for both sets of criteria. The search distance was 15 mm, to avoid overlap.
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OQutput normalised dose (%)

4 Results and Discussion

The off-axis measurements were performed on both a Varian Clinac and an Elekta
Precise. With the data gathered the optimisation of the parameters could be carried out.
The model was then tested on measured profiles and the ultimate test was to test the
model on clinically relevant IMRT fields.

4.1 Off-axis Measurements

The measurements were performed for three different field sizes, 3x3 cm?, 5x5 cm? and
10x10 cm?. All measurements were output normalised to the 10x10 cm>-field on-axis.

4.1.1 Varian Accelerator

As expected by Metcalfe et.al, (1997) the output dose was higher off-axis than on-axis.
This was true for all three field sizes.

The full profiles for the fields were overlapped with the 40x40 cm? field’s profile. This
was done in order to see whether or not the increase in output for the smaller fields is
related to that of the larger field, i.e. if the slope for the large field could be used. If that
slope would work, the implementation would be easier as this data already is registered
for all machines and energies. In order to get an accurate view the 40x40 cm? field was
multiplied with a factor to get agreement between the two centre points as the larger field
has a higher output dose.

10x10 em?-field compared with 40x40 ¢m’-field

1207 —A0xd0cm?2 -field
—0Ocm
—-5cm

-10cm
—_—t5m
—+10 cm

B0H

=ie]

40

J ) .

— O
t

-300 240 -200 -150 -100 -0 0 a0 100 150 200 250 300

Distance off-axis (mm)

Figure 4.1 10x10 cm’ fields overlapped on a 40x40 cm? field for the Varian accelerator
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The 10x10 cm? fields and the large field are in good agreement (Figure 4.1), meaning that
it could be possible to use the slope to model the off-axis change. The agreement is better
on the positive side than on the negative side. The 5x5 cm?-field and the 3x3 cm?-field
can be found in appendix 2.

For the smaller fields, the same tendencies are seen, the further away the beam got from
the central axis the higher the dose was. The agreement between the largest field and the
smaller fields was also good.

For the various field sizes on the Varian accelerator the output dose was higher on the
negative side than on the positive side. This could be due to fluctuations in the accelerator
or due to a slight misplacement of the LDA, thus getting a dose too high at the negative
side and a dose too low at the positive side. Since values from both sides are used in the
optimisation, these effects will cancel each other out. Even if the field is assumed to be
symmetrical and the effects will cancel each other out, it gives a better outline to use
points at both sides of the central axis.

lon chamber measurements were conducted in order to validate the LDA for off-axis
measurements. The deviations between the ion chamber and LDA for the different field
size are presented in tables 4.1, 4.2 and 4.3.

Table 4.1 Deviations between ion chamber and LDA for 10x10 cm? field.

Off-axis distance  Deviation ion chamber vs. LDA (%)

-10 0.194
-5 0.487

0 0.398
+5 0.294
+10 0.784

Table 4.2 Deviations between ion chamber and LDA for 5x5 cm? field

Off-axis distance  Deviation ion chamber vs. LDA (%)

-10 0.194
-5 0.672

0 0.768
+5 0.653
+10 0.369

Table 4.3 Deviations between ion chamber and LDA for 3x3 cm? field

Off-axis distance  Deviation ion chamber vs. LDA (%)

-10 2.826
-5 3.248

0 2.745
+5 2.641
+10 2.567
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The values for the smallest field deviate a lot since the spread of the ion chamber is as
large as the field; therefore the values are not accurate. However it can be seen for the
larger fields that the LDA and the ion chamber are close in values and this validates the
measurements done by the LDA.

4.1.2 Elekta accelerator

The same tendencies were seen in the measurements at the Elekta accelerator as in the
case of the Varian accelerator, the dose increases as the field is moved off-axis. The
increase for this machine was not as high as for the Varian. This could be due to
difference in the mounting of the jaws and also proves that machines from different
brands do not have the same output, even if the energy is the same.

Also in this case the small profiles were compared with the largest field, 40x40 cm?, to
see if the horns of the output profile for the larger field could be used as the slope for off-
axis corrections. The large field was also here multiplied with a factor to get agreement in
the centre point.

For all fields the dose does follow the shape of the large field, but not entirely (Figure
4.2). The smaller fields can be seen in appendix 3.
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Figure 4.2 The 10x10 cm? fields overlapped on a 40x40 cm? field for the Elekta accelerator

While the agreement between the 10x10 cm?-field and the 40x40 cm?-field the two small
fields, 5x5 cm? and 3x3 cm?, did not follow the horns for the larger field. The increase for
the Elekta accelerator is also lower than that for the Varian accelerator.

4.2 Optimisation

By the use of the measurements that had been performed the optimisation could take
place. L and W were optimised using the 10x10 cm?-field and two data sets were tested
for the optimisation of S, the middle point of all small fields as well as points from the
profile of the 4040 cm?. Therefore only one value for L and W each will be provided and
tested whereas two values will be tested for the slope, S.

When the small fields are used, the values for the parameter S are compromises between
all field sizes. Therefore no field size or distance off-axis will get a perfect match, but on
the other hand no field will get a match that is totally off.

The values derived from the optimisation were used to calculate the dose. The results
from these calculations were then compared with the measured values. The deviations
were calculated from the absolute values of the deviations, meaning that the average
deviation does not indicate whether or not RVP over- or under-calculates the dose. For
the calculation of the deviations the average of the points over 80% of the maximum
value was used as those points were considered to be within the field without going out
into the penumbra.
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4.2.1 Varian Accelerator
The results of the optimisation of the Varian accelerator are presented in Table 4.4.

Table 4.4 The results of optimisation of S, W and L, Varian accelerator

S w L
Small fields 0.0030 3.0931 0.0023
40x40 cm®-field 0.0054 3.0931 0.0023

The slope derived from the small fields gave a good agreement between the calculated
and the measured profiles (Figure 4.3). The deviations were generally small; the
maximum deviation for all the calculated fields was less than 2%. The average,
maximum and minimum deviations are presented in Table 4.5. All deviations are
cal —meas

cal

calculated as [1—

Varian
Slope=0.0030
1.2 4

Output normalised dose

100 200 300
-axisllmm} ) A
he slope fitted by the small fields. The

-300 200 -100

¢e off.

0

Dist
Figure 4.3 The fields for the Varian accelerator with t
calculated values are dashed lines.

Table 4.5 Deviations (%) between RVP and the LDA for S=0.0030

Average deviation, 3x3 cm® 0.81
Average deviation, 5x5 cm® 0.61
Average deviation, 10x10 cm? 0.58
Average deviation, all fields 0.67
Minimum deviation 0.05
Average minimum deviation 0.18
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Maximum deviation 1.75
Average maximum deviation 1.17

The slope derived from the 40x40cm?-field on the other hand was too high (Figure 4.4).
For the field at the off-axis distance of 5 cm the agreement was still good, but the over-

estimation by RVP at 10 cm was large.

Varian
Slope=0.0054

1.2

Output normalised dose

-z

e
—

-300 -200 -100 0 100 200 300
Distance off axis (mm)

Figure 4.4 The fields for the VVarian accelerator with the slope fitted by the large field. The calculated
values are dashed lines.

The deviations found for this slope was also larger, no average deviation was lower than
1 % and the maximum deviations were high, all above 2.8 %, with the average maximum
deviation at 3.37%.

Table 4.6 Deviations (%) between RVP and the LDA for S=0.0054

Average deviation, 3x3 cm® 1.83
Average deviation, 5x5 cm® 1.32
Average deviation, 10x10 cm? 1.36
Average deviation, all fields 1.50
Minimum deviation 0.16
Average minimum deviation 0.27
Maximum deviation 4.03
Average maximum deviation 3.37
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4.2.2 Elekta Accelerator
Table 4.7 The results of the optimisation of S, W and L, Elekta accelerator

S W L
Small fields 0.0014 2.13 0.0079
40x40 cm*-field 0.0038 2.13 0.0079
Elekta
Slope=0.0014

124

Qutput normalised dose

-300 -200 -100 100 200 300

Distance upf-axis (mm)

Figure 4.5 The fields for the Elekta accelerator with the slope fitted by the small fields. The
calculated values are dashed lines.

The slopes found were smaller than the ones derived for the Varian accelerator; this is
strictly due to the fact that they are two different machines and the head scatter and
flattening filter shape differ. The slope derived from the larger field has a higher value in
this case as well.

When using the lower value for the slope (Figure 4.5), good agreement was found and all
average deviations were under 1%. The maximum deviations ranged from 0.59 % to 1.49
%. The deviations are presented in Table 4.8, in percentage.

Table 4.8 Deviations between RVP and the LDA for S=0.0014

Average deviation, 3x3 0.49
Average deviation, 5x5 0.82
Average deviation, 10x10 0.35
Average deviation, all fields 0.55
Minimum deviation 0.09
Average minimum deviation 0.20
Maximum deviation 1.49
Average maximum deviation 1.16
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When the slope was raised to 0.0038, the slope derived form the 40x40 cm?-field, RVP
over calculated the dose, just as with the Varian. In this case RVP over-calculates at the

off-axis point of 5 cm and continues to deviate for 10 cm (Figure 4.6).

Elekta
Slope=0.0038

1.2

Qutput normalised dose

-300 300

0
Distance off-axis (mm)

Figure 4.6 The fields for the Varian accelerator with the slope fitted by the large field. The calculated
values are dashed lines.

Although the minimum deviations were low and the average deviations all were under
1.50%, the maximum deviations were large and the average maximum deviation was
over 2%.

Table 4.9 Deviations between RVP and the LDA for S=0.0038

Average deviation, 3x3 1.09
Average deviation, 5x5 0.96
Average deviation, 10x10 1.36
Average deviation, all fields 1.14
Minimum deviation 0.004
Average minimum deviation 0.16
Maximum deviation 2.85
Average maximum deviation 2.31

It can also be seen that for both the Varian accelerator and the Elekta accelerator the
leakage is under-estimated. There are also some discrepancies in the penumbra. Since one
IMRT field is several segments placed on top of each other these effects could cancel
each other out or enhance each other.
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Different methods have been presented on how to deal with the off-axis dose changes.
The off-axis softening, proposed by Tailor et.al. [1998], only deals with the effects of the
flattening filter and does not account for the change in head scatter. However, this only
accounts for the shape of the flattening filter and therefore does not fully compensate for
the change in head scatter.

As for head scatter and off-axis dose modelling in general there have been many
publications as well. Some of these model are complicated and/or do not agree with
measurements and the aim of this project was to find a simple model to be used as a
modification to an existing model. Other models have been presented by e.g. Hounsell
and Wilkinson [1997], Loshek and Parker [1993] and Tsalafoutas et.al. [2003]. These
models do give a good agreement between calculations and measurements but do
approach the problem of off-axis dose increases in different ways than in this project.
Hounsell and Wilkinson [1997] presented a model that was empirical. This model had
good results but required a series of measurements to fit the parameters as well as newly
constructed phantoms. The model by Tsalafoutas et.al [2003] uses many parameters, thus
increasing the risk of errors. The model by Loshek and Parker [1993] uses accelerator
specific parameters such as TMR (Tissue-to-Maximum Ratio) and SMR (Scatter-to-
Maximum Ratio) and these must be gathered for off-axis distances as well. This model
also uses several parameters.

The model presented in this project has few variable parameters that are obtained using
few easy measurements with standard phantoms. This makes for a simple fast
implementation of the off-axis dose calculation. The agreement found between the
calculated and measured values, when using this model, was good. Therefore this method
can be used for simpler calculations. The parameters, S, L and W, are set in the machine
data file in RVP, for each accelerator and energy and are thereafter accounted for in all
future calculations. This makes this model easy to implement once the measurements
have been ferformed, evaluated and optimised. The slope derived from the largest field
(40x40 cm®) could not be used. This was unfortunate, since the data for this field usually
has been measured during commissioning and thus would not require any new
measurements. However, since it was shown that this slope was not as good, the slope
derived from the smaller fields must be used.

For profiles, this model does not show perfect agreement near the fields’ edges. This
could either be enhanced when calculating IMRT fields or the effect could cancel out.
Therefore the model was also tested on IMRT fields to see what happens, enhancement
or cancellation, and if this has major importance.

4.3 IMRT Measurements

The IMRT measurements were performed on the Elekta Precise with seven IMRT fields
which together formed an entire treatment for tonsil cancer. The measured and calculated
fields were evaluated in the IMRT verification programme Omnipro ImRT (Scanditronix-
Wellhofer) using gamma evaluation.
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In Figure 4.7 the measured (top left) and the calculated (bottom left) matrices can be
found. They are here at same resolution, of the same size and on the same scale. The
resulting gamma matrix can also be seen (bottom right) as well as a profile through the y-
axis at Y=0. The gamma evaluation has been performed over the entire field of view, not
just over the irradiated part. The criteria for the gamma evaluation in the figure are
5%/5mm.
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Figure 4.7 The matrices for field 2

Since the two left matrices are on the same scale they are easily compared. As can be
seen, the maximum doses do agree as well as the spread of the field. In the profile it can
be seen that there are some discrepancies but these are minor. However, once evaluating
the matrices with gamma comparison, it can be seen that most discrepancies do pass the
evaluation. The discrepancies that were found near the fields’ edges do not enhance each
other. There are a few points that do not pass the gamma evaluation, but the pass rate,
presented below, is high.

The rest of the matrices, with the 5%/5mm criteria, can be found in Appendix 2.
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The data from the gamma evaluation was analysed and the pass rate, i.e. the fraction of
the calculation points that pass the gamma criteria, was found. Table 4.10 shows the pass
rates for all the seven fields and for the two sets of criteria.

Table 4.10 Pass rates for the gamma evaluation.

FI F2 F3 F4 F5 F6 F7
2 %/2 mm 83 89 82 78 86 89 85
5 %/5 mm 99 99 99 98 99 100 99

When the typical acceptance for the TPS (2 %/2 mm) was used as criterion around 80 %
of the points passed the calculation, which is not good enough to rely on. However, as
this is a secondary test the 5 %/5 mm criterion is probably more reasonable. For the
larger criterion the pass rates were all higher than 98 %, which should be satisfactory for
a secondary test method. It should also be noted that the resolution for the matrices is one
cm and the demands set in the gamma comparison are below that. The search distance
however, is larger that one matrix element (15 mm) so that points within the same ixel
does not get compared twice.
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5 Conclusions

For this work improvements in the dose-calculating model for RVP has been developed,
implemented and tested. The intention for this model was to deal with the effects of fields
off-axis, due to change in head scatter and changes of the flattening filter. In order to
make the software do proper calculations for fields that are off-axis and consequently
IMRT fields, these effects are of importance.

After the model was developed and implemented into RVP, the parameters of it were
fitted to measurements. When adjusting the parameters according to the slope derived
from the small fields the agreement was good. However when the slope derived from the
40x40 cm? field was used, the agreement was not as good. Therefore if this model is to be
used, a slope fitted by all the small fields must be used.

The agreement at the fields’ edges was not in totally good. Even though the agreement
for the leakage and the penumbra was good, with the leakage a slightly under-estimated
by RVP, the combination of these two could lead to miss-calculations. If small
miscalculations are made, they could enhance each other for IMRT fields when the
segments are placed on top of each other. It was found that these effects were not
significant for IMRT fields.

The model proposed and implemented is a simple model for the modelling of head scatter
change across the field. The model has been tested on an actual IMRT treatment and with
a 5 %/5 mm criteria good results were given compared to the measured 2D arrays. More
tests need to be conducted to guarantee statistical certainty and if they show similar
results, there is no doubt that the model can be used clinically as a secondary test of the
dose, even in IMRT cases.
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7 Summary for the general public (in Swedish)
EN METOD FOR ATT LATTARE BERAKNA STRALDOSER TILL PATIENTER

Varje ar far cirka 50 000 svenskar diagnosen cancer. Mot detta &r stralbehandling en
vanlig behandlingsmetod och det uppskattas att cirka en tredjedel av alla som far cancer
nagon gang under sin behandling far stralbehandling.

En viktig sak inom stralbehandling ar att patienten far den dos som lakaren har ordinerat.
Detta ar en sa vital detalj inom stralbehandling att SSI, Statens Stralskyddsinstitut, har
reglerat att dosen ska berdknas med tva oberoende metoder innan behandling. Detta for
att kunna sékerstalla patientdosen.

Vid de bada universitetssjukhusen i Lund och Malmdé har man tidigare utvecklat ett
datorprogram som gor just detta, berdknar dosen med en oberoende metod. Detta
program ar fortfarande under utveckling, men anvands ocksa kliniskt for berakningar av
doser vid enkla behandlingar.

Ett stralfalt fran en linjaraccelerator ar inte homogent. Mitt i faltet, i isocenter, ar den
plats som alla data finns om. Eftersom faltet &ndras blir dosen olika vid olika platser i
faltet och det finns ingen generell metod fér hur dosen andras, detta &r individuellt for
alla linjaracceleratorer.

| detta projekt har en metod utvecklas som tar hansyn till dessa forandringar pa ett enkelt
satt. Pa sa satt kan man verkligen vara saker pa att datorprogrammet raknar ratt och pa sa
satt kan man verifiera att patienten far ratt straldos vid sin stralbehandling.

Modellen testades forst for profiler genom stralfaltet vilket visade sig ge en bra
overrensstimmelse. Vidare testades modellen ocksa for falt som anvands vid
patientbehandlingar. Dessa falt ar intensitetsmodulerade vilket innebar att manga falt
placeras ovanpa varandra. | och med detta skulle ett litet fel kunna fortplantas och ge ett
stort totalt fel. Da modellen testades gavs inga stora avvikelser. Emellertid testades inte
tillrackligt manga falt for att kunna garantera statistik sakerhet, men visar ytterligare test
pa samma resultat skulle modellen kunna anvandas i kliniken for berdkningar av
straldoser till patienter.
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9 Appendices

9.1 Appendix 1, List of Abbreviations

ADC
CT
IAEA
ICRP
IMRT
KERMA
LDA
MLC
MRI
MU
MV
PET
RVP
SMR
SSD
SSI
TMR
TPS

Analogue to Digital Converter

Computer Tomography

International Atomic Energy Agency

International Commission of Radiological Protection
Intensity Modulated Radiation Therapy

Kinetic Energy Released by lonising Radiation in Matter
Linear Diode Array

Multi Leaf Collimator

Magnetic Resonance Imaging

Monitor Unit

Mega Voltage

Positron Emission Tomography

Radiation Verification Programme
Scatter-to-maximum ratio

Source Surface Distance

The Swedish Radiation Protection Authority
Tissue-to-maximum ratio

Treatment Planning System
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9.2 Appendix 2 LDA measurements for Varian accelerator

5x5 cm2-field compared with 40x40 em’field
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9.3 Appendix 3 LDA measurements for Elekta accelerator

Output normalised dose (%)
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9.4 Appendix 4, Calculated, Measured and Gamma Matrices

All of these images are built up in the same way;

Top left: Measured matrix

Bottom left: Calculated matrix

Top right: Profile view at y=0 (red line=measured, green line=calculated)
Bottom right: Quotient, calculated vs. measured.
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Field 3
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EETest image B
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LETest Image
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LiTest Image
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L i Test image
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