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CHAPTER 1

Introduction

1.1 The radiobiological foundation of radio therapy

Radiation therapy entails the irradiation of tumors with ionizing radiation that includes
particles such as high energy electrons, photons and neutrons. Ionizing radiation imparts
energy to the matter it traverses. This imparted energy is expressed as the radiation dose
with the unit [Joule/kg] or [Gy]. It is well known that ionizing radiation therapy is applied
to control malignant neoplasms but may also induce it through cell mutations.' ~* Cells
may undergo a variety of changes due to the effects of radiation which primarily involves
breaks in the DNA chain *° This may cause cell responses ® such as cell death, sterility,
DNA repair or mutations.’” The type of radiation has also an effect on the cell responses
and are related to the relative biological effect (RBE) and the linear energy transfer (LET)
of the radiation used.® These effects can be studied through cell survival curves, which
indicate the fraction of surviving cells as a function of absorbed dose given in a single
fraction to the medium. Cell survival can be described by the so-called linear quadratic
model. Different cells would give rise to different cell survival curves and the accuracy of
the delivered dose would affect the tumor control probability (TCP). The accuracy of the
delivered dose to a patient should be within 3 — 5 percent to achieve a standard deviation
in TCP of less than 10 percent.” Factors like patient motion, inexact placement of the
treatment field, and uncertainties in beam monitoring and calibration is among the
parameters that cause inaccuracies in the delivered dose. From a treatment planning
point-of-view inaccuracies in the dose calculation, e.g. due to inadequate handling of the
tissue inhomogeneities, will affect the overall accuracy.10 These factors are the driving
force behind the quest for improving treatment planning techniques in order to achieve a
uniform dose to the tumor and a minimal dose to the surrounding healthy tissues. An
accuracy of 2 - 3 percent in terms of dose delivery had been proposed to achieve a total -

accuracy of 5 percent.9




1.2 The evolution of treatment planning for photon beams

Radiation causes damage to healthy as well as malignant tissues and it is necessary to
plan a radiation treatment before it is implemented on a patient.'" '? In order to plan the

1
> are necessary to calculate the

radiation treatment, sophisticated computer programs
distribution of the energy imparted in a model of the patient. This model is derived from a
set of CT images '* of the relevant site in the patient. In the planning stage the number of
beams, their field size, as well as their incoming direction into the patient are
determined.'”” ~'7 These beams are all directed at the target volume as determined from
the CT images. Since a patient model is not homogeneous, but a configuration of different
tissues and bone types, it is necessary to take these heterogeneities into account. Through
the years various dose calculation algorithms that take inhomogeneities into account have

18 -25

been developed. They can be classified into correction based algorithms such as the

generalized Batho and equivalent-tissue-air ratio (ETAR) methods, or beam modeling

26-33 e.g. convolution/superposition methods. Monte Carlo (MC) based dose

algorithms
calculations are considered to be the most accurate method to determine dose
distributions in any arbitrary geometrical model including CT based patient models. This
is because the MC method is based on the simulation of actual transport processes of
particles such as photons end electrons using the basic physical principles. Various codes
are available, such as EGS4, MCNP, PENELOPE, ITS3 and others,* ~ *° for use in
particle transport simulations and dosimetry.

These algorithms and MC codes allow us to calculate dose distributions more accurately.
With these developments came a shift in the way treatment planning was to be viewed.
Most of the conventional treatment planning techniques concentrated on the calculation
of the dose distribution for a predetermined set of fields and regular field shapes.

Improvements in computing technology and new algorithms now allow even more

sophisticated treatment planning techniques, as discussed next.




1.3 Advanced treatment planning for photon beams

Some of the more advanced treatment planning techniques involve conforming the field
to the target shape, as determined by the radiation oncologist, as seen from the direction
of the beam. This can be done by means of a multileaf collimator (MLC) or the use of
cerrobend blocks *' ~*°, which are locally manufactured from a low melting point alloy.
These blocks are mounted on a Plexiglas shadow tray in the path of the beam underneath
the accelerator radiation head. The purpose of these blocks is to shield some parts of the
rectangular beam so that it conforms to the target volume shape. This type of treatment
technique is known as conformal therapy.

The current state of the art technique is to modulate the intensity of the field *’ ~>°, that is,
to modify the energy fluence of the particles in the field. Adding together beams with a
pre-determined non-uniform intensity can produce a dose-distribution with a concave
shape. This has a benefit to patients when the target volume surrounds or partially
surrounds an organ at risk of radiation injury.’’ This process can be achieved by
considering the treatment field as a set of smaller sub-fields called beamlets or beam
elements. Intensity modulation can be achieved by utilizing a MLC or by the use of
compensators. The treatment of cancer by means of modulated beam intensities is called

Intensity Modulated Radiation Therapy or IMRT.>? >4

1.4 Compensators for intensity modulation

In certain radiation treatment procedures it is necessary to compensate for missing tissues
with the purpose of obtaining a uniform dose distribution at a certain depth in the patient.
-3 The use of a compensator has skin sparing advantages over the use of bolus.*® Beam
modifiers e.g. blocks and compensators influence the radiation dose at a certain reference
point in a phantom.” ~ ' This is mainly attributed to primary radiation attenuation and
scatter alteration.’® % Electrons are also liberated from the beam filter and can contribute
to the surface dose in a patient.* Compensators are not only useful in compensating for
missing tissue but can also be utilized as photon beam intensity modulators. Here the

emphasis changes from using them as accessories that compensate for missing tissues to



accessories that compensate for missing dose. This entails determining the correct shape
of the compensator to achieve the desired intensity modulation determined through

inverse treatment planning.65 -6

Here a certain dose distribution is required in the target
volume and the aim is to derive the dose contribution of a set of non-opposing fields
directed at the target. Other critical organs might be in the way of the beams and thus
require more attenuation of the intensity than beams not traversing these organs at risk.
Thus calculating these beam intensity modulations requires the setting up of a
constraining function to optimize the dose in the target. ** This procedure is simplified by

% or finite sized pencilbeams.® By

subdividing each beam into a set of beamlets
adjusting the relative contribution or weight of each beamlet the optimal dose distribution
within the required constraints can be calculated. These assigned weights of the beamlets
are related to the thickness of the compensator at the beamlet location. Scatter effects
from the compensator make this technique more complicated. This compensator shape
has to be derived from the beamlet weights. For the case of obtaining the desired intensity
modulation using an MLC, numerous studies have been done.>* 7 Here the MLC is set to
a specific shape and a certain dose is delivered. Then it is set to a new field shape and the
procedure is repeated. This is known as the step-and-shoot technique.”” 7* Others have
adapted this technique to the extent where the leaves of the MLC move continuously
while the radiation takes place. This is known as dynamic-leaf intensity modulation.”” 7
In practice the dose distribution from these beamlets are calculated with Monte Carlo
codes such as MCDOSE.® The Monte Carlo method is the most accurate way of
determining dose distributions in any phantom/patient model.”® - ¥ All other methods '*
8182 have degrees of uncertainty in their dose calculations due to simplifications in the
mathematical models that enable quick results. With faster computers and MC codes such
as MCDOSE and VMC ** the need for these less accurate models is rapidly declining
although they may give satisfactory results for certain clinical treatments. It has been
shown that the Monte Carlo method is the only method accurate enough to calculate dose
distributions from beamlets in inverse treatment planning or intensity modulation. ¢

The main contribution of IMRT is to limit the complications in organs at risk without

compromising the required dose to the target volume to such an extent that the radiation

treatment is not sufficient for proper tumor control.’® *# Thus IMRT would enhance the




quality of life of the patient. IMRT can be implemented by modulating regular or
conformed x-ray beams with compensators. Compensators can be manufactured at the
department of radiotherapy at National Hospital using a locally developed automated
milling machine to cut out a negative cast of the compensator shape in Styrofoam blocks.
With the appropriate inverse planning software IMRT can thus be implemented in a

relatively economic way.

1.5 Aim

Currently there is little known of the effects in the form of scatter and beam hardening

introduced by the compensator on external beam dose calculations. This is more of a

problem in the case of the finite sized beamlets used for IMRT dose calculations. When

IMRT is done using an MLC, the shape of the dose distribution from an individual

beamlet can be regarded as invariant, because the weighting process only changes the

time during which the beamlet is irradiating. However, when IMRT is done using a

compensator, the shape of the individual beamlet dose distribution is not invariant any

more, but depends on the thickness through changes in scatter and beam hardening

effects. It is not clear how the scatter dose enhancement behaves as a function of:

a) beam energy

b) field size

¢) and compensating material.

The aim of this study is the following:

1. A systematic analysis of the influence of beam energy, beamlet size and
compensating material on the compensator induced attenuation and scatter.

2. Derive a pencil beam model that take these effects into account.

3. Develop a planning system, based on the above model, that can design compensators
based on a given dose distribution.

4. Validate the planning system.

1.6 Outline of the study
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Compensator materials used in this study include: wax, aluminum, copper, (yellow)
brass, and lead. The energies under study include 6, 8 and 15 MV x-rays that correspond
to the photon energies used locally. These findings would then pave the way for
introducing compensators as intensity modulating devices. As a first approximation the
thickness of a compensator can be derived using effective attenuation coefficients
(EACs). The derivation and properties of these EACs using the EGS4 based DOSXYZ
MC code is the topic of Chapter 2. In Chapter 3 a method is described to parameterize the
scatter and beam hardening effects of poly-energetic pencil beams (PBs) after traversing
known thicknesses of different compensator materials. These poly-energetic pencil beams
were derived using the EGSnrc based DOSRZnrc Monte Carlo code.®* In Chapter 4 a
locally developed code is described that uses these PBs to include the effect of scatter and
beam hardening in a compensator calculation model. A fast rebinning technique is
described (cylindrical to cartesian co-ordinates) for calculating dose distributions with the
superposition method. A validation procedure is described where calculated dose
distributions in water are compared with corresponding dose distributions from DOSXYZ
MC simulations. In Chapter 5 the code is tested for parallel beams for simple
compensator shapes against DOSXYZ MC simulations. An iterative optimization
technique is used to derive the shape of the compensator from a matrix of beamlet

weights. In Chapter 6 an overview of the study is given.
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CHAPTER 2

Monte Carlo calculation of effective attenuation coefficients for

various compensator materials

2 Preface

One of the parameters that is required for the design of a compensator is the attenuation
coefficient for the compensator material. This attenuation coefficient is sometimes
termed an effective attenuation coefficient (EAC) when scatter effects and the beam
energy spectrum is taken into account for its derivation. This Chapter is based on an
extension of a recent publication ¢ by the author with the emphasis on determining the
EACs of various materials as a function of square beamlet size, to be used for the design

of compensators from the beam intensity maps produced by inverse planning techniques.
2.1 Introduction

In certain radiation treatment procedures it is necessary to compensate for missing tissues
due to patient surface irregularities, with the purpose of obtaining a uniform dose
distribution at a certain depth in the patient.' > The use of a compensator has skin sparing
advantages over the use of bolus.* Beam modifiers e.g. blocks and compensators
influence the radiation dose at a certain reference point in a phantom.” ~” This is mainly
attributed to primary radiation attenuation and scatter alteration.® ° Electrons are also
liberated from the beam filter and can contribute to the surface dose in a patient.'?

The scatter effect due to beam modifying filters is of the order of 6 % of the transmitted
primary dose for a lcm copper attenuator for 4MV photon beams and becomes more
prominent for large fields.” '' Others '* have studied the broad beam attenuation
coefficient for lead at photon energies from Co-60 to 25 MV and found that the measured

attenuation coefficients vary by as much as 16 % when compared to narrow beam data.

Attenuator induced first order scatter were also studied by means of the analysis of the
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Klein-Nishina Compton cross section.'” It is known that the effective attenuation
coefficient for these beam filters and wedges vary as a complicated function of the
measurement depth in the phantom, the x ray beam field size, the thickness and material
of the filter and the energy of the radiation beam.'* " '#

Monte Carlo codes such as DOSXYZ ' can be used to determine effective attenuation
coefficients (EACs) for narrow beams. This quantity depends on field size due to lateral
electronic equilibrium that becomes important in narrow beam geometries.”® Data

presented by previous authors 2" %

are mostly from measurements and does not include a
comprehensive number of materials typically used for compensator manufacturing. The
use of compensators has also shifted towards a need for obtaining uniform dose
distributions in complete target volumes. Advanced radiation treatment planning such as
inverse treatment planning can be used with compensators for intensity modulated radio
therapy (or IMRT) purposes.

One way of modeling the compensator is by dividing the photon beam into a set of
beamlets or beam elements and using their weights as a basis for compensator design.>
The desired beam modulation is then obtained by determining the required thickness of
the attenuator corresponding to the intensity of each beamlet, using EACs.

In this study the aim is to study the effect of field (beamlet) size, depth and material on
the EAC using the DOSXYZ Monte Carlo code. Compensator materials namely wax,
copper, brass, lead and aluminum were used with x-ray energies of 6 MV, 8 MV and 15
MV. The coefficients were derived for small fields corresponding to typical beamlet
dimensions as used in beamlet based ** treatment planning algorithms. Monte Carlo
codes such as MCDOSE % perform dose calculations in a patient model by dividing a
beam into a set of beamlets. The dose contribution from each beamlet is then weighted
according to a pre-calculated intensity map obtained from an optimization algorithm. The
desired beam intensity modulation in practice can then be obtained from the manipulation
of the leaf settings of an MLC % or from the use of a compensator. Knowledge of the
absorbed dose variation as a function of attenuator material, attenuator cross section area,
attenuator thickness and its variation over depth in a water phantom is required for

compensator manufacturing.
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2.2 Methods

The EGS4 *® user code DOSXYZ was used to determine EACs for various attenuator

materials by calculating the central axis depth dose in a water phantom.

< i >
t
/’:f i
. ] / 33 cm
B S I ’ :
| Scoring
| region 40 om
} Ve y
g!’,/ e
" Water bath 5

Figure 2.1. The DOSXYZ geometry used for the determination of the effective attenuation
coefficient for various attenuators. The beamlet area and thickness (t) of a block of
compensator material were varied and the dose was scored in the scoring region
consisting of voxels with x, y and z dimensions of 0.5, 0.5 and 1 cm respectively. Between

the attenuator and the water phantom there was a 33 cm airgap. The dimensions of the

water phantom was 40 cm in the x, y and z directions.
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Figure 2.1 shows the geometry of the water phantom as well as the location of the
attenuator. The attenuator and water phantom were incorporated into the same geometry.
The dimensions of the water phantom were 40x40x40 cm®. The distance from the bottom
of the attenuator to the top plane of the water phantom was 33 cm. The thickness (t) and
the area of the attenuator were varied to coincide with beamlet dimensions. The
attenuator materials that were used consisted of wax, copper, brass, lead and aluminum.
The x-ray source used was a parallel beam incident perpendicularly to the xy-plane and
its beam axis coincided with the z-axis of the DOSXYZ co-ordinate system. The depth
dose was scored in a column of voxels, centered on the z-axis of the phantom, with
dimensions of 0.5x0.5x1.0 cm’ in the x, y and z directions respectively. This column
extended to 40 cm in depth. Input energy spectra corresponding to 6, 8 and 15 MV x-ray
sources were used. These spectra were obtained from previous BEAM 27 simulations for
a Philips SL75/5 (6MV), a Philips SL75/14 (8MV) and a Philips SL25 (15 MV)
accelerator. The energy spectra were obtained using the BEAMDP *® code to analyze the
phase space files, from the BEAM simulations, which were accumulated in scoring
planes located just above the jaws for each accelerator.

The DOSXYZ simulations were performed for attenuator thicknesses of 0, 1, 2, 3, 4, 5, 6,
8, 10, 15, 20, 30, 40 and 50 mm for each compensator material, but the thickness of wax
was also extended to 150 mm. These simulations were repeated for a range of square
beamlets having areas with side lengths of 0.5, 1.0, 2.0, 3.0 and 5 cm. The depth dose
data were analyzed by plotting it as a function of compensator thickness for different
beamlet sizes. The number of histories was chosen to reduce the dose variance to below
one percent and is a function of the thickness of the compensator media and the voxel
size. A thickness of 4 cm of copper required for example 10® histories.

Each of the MC generated depth dose curves was normalized to its own maximum dose.
A FORTRAN code was written to fit a 5 parameter double exponential function to these
normalized depth dose data from a depth of 4 cm down to 40. The equation is of the

form:

FDD, ,(z,A) =0+ Bexp(—yz) + 6 exp(—€z) 2.D
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The five parameters, indicated by Greek symbols (o-€), were determined by a least

squares minimization method by iteratively choosing and varying the fitted constants at

random to obtain the best fit between the MC calculated depth doses and the values

calculated from equation 2.1. The fitted values agreed on average within less than one

percent locally with the MC generated dose values. In equation 2.1, FDDyeq indicates the

normalized (or fractional) absorbed dose, at depth z, in water as a result of transmitted,
attenuator scattered and in-phantom scattered x rays for absorber material, med, for a
beamlet size A. The depth dose data beyond 4 cm depth were represented by these
smoothing functions to reduce the statistical variance even further below the one percent
level. Some representative fitting constants are given in table 2.1. The normalized depth
dose data that were calculated using equation (2.1) were subsequently multiplied by the
corresponding normalization doses (the maximum doses obtained during the MC
calculation) to obtain smoothed absorbed dose data.

EACs were derived by plotting the logarithm of the smoothed depth dose values, for a
given compensator material, beam energy and depth as a function of attenuator thickness.
A linear regression was performed on these data and the gradient of each fitted line was
determined. This yielded the EAC. This follows from the assumption that the absorbed

dose at any specific depth in the water phantom can be expressed as:

D,..(z,At) =D, ,(z,A,t = 0)exp(-U 1) (2.2)

where t, d, A and pg represent thickness, depth, beamlet area, and EAC, respectively.
Dned(z,A,t=0) indicates the dose in water for zero absorber thickness which thus

corresponds to the depth dose for an open beamlet of size, A, at depth, z, in water.
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Table 2.1: Representative values of the fitting constants that were derived by using

equation 2.1. The left-most column indicates the material and in brackets the beam

energy, E(MeV), side length of square beamlet size, A(cm), and material thickness, t(cm).

Material(E,A,t) o B y(em™) S g(cm™)
Wax(§, 5, 8.0) 1.3386 0.0572 -0.2963 0.0816 0.0594
Lead(15,3,3.0) 1.5285 0.0467 -0.4873 0.0800 0.0953
Brass(8,5,1.0) 2.1919 0.0582 -1.1126 0.0765 0.0462
Al(8,2,1.0) 1.6985 0.0382 -0.7632 0.0183 0.1398
Cu(6,5,5.0) 1.3455 0.0381 -0.3124 0.0130 0.1146

2.3 Results and Discussion

Figure 2.2 shows the photon energy spectra used in this study for 6, 8 and 15 MV x-rays

respectively.

relative intensity

BEAM derived energy spectra

Energy (MeV)

Figure 2.2. The energy spectra derived from the BEAM MC code simulations for the Philips SL75/5 (6MV),
Philips SL75/14N (8MV) and Philips SL25 (15 MV) accelerators. The area under each spectrum is

normalized to unity.

The EAC for square beamlet areas with side lengths of 0.5, 1.0, 2.0, 3.0 and 5.0 cm are

shown in the next series of figures for wax, aluminum, copper, brass, and lead as a
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function of depth in water. Sets of three figures are shown for each compensator material

at three different energies.

Wax Aluminum

P

EAC vs. depth, 6 MV Wax EAC vs. depth, 6 MV Alum
Beamlet Beamlet

size (cm) 0.15 - size (cm)
0.14 o5

EAC vs. depth, 8 MV Wax EAC vs. depth, 8 MV Alum :
Beamlet Beamlet |

004 size (cm) , size (cm)!

Depth (cm)

EAC vs. depth, 15 MV Wax EAC vs. depth, 15 MV Alum
Beamlet Beamlet

004 size (cm) om size (cm)
0.105

Depth (cm)

(b)

Figure 2.3 a and b. Column (a) shows the EAC values calculated from depth dose analysis for wax and
column (b) shows the corresponding EAC values for aluminum. The legend box in each graph indicate the

length of the side of the square beamlet for which the EAC values were calculated.
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Figure 2.3 ¢ and d. Column (c) shows the EAC values calculated from depth dose analysis for brass and

column (d) shows the corresponding EAC values for copper. The legend box in each graph indicate the

length of the side of the square beamlet for which the EAC values were calculated,
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Figure 2.3 e. EAC values calculated from depth dose analysis for lead. The legend box in each graph

indicate the length of the side of the square beamlet for which the EAC values were calculated.

From these plots it is clear that in general the EAC values decrease with depth. This
result is true for almost all the materials studied. It is due to: a) beam hardening on the
beamlet axis and b), increased scatter as the depth in water increases. The spurious results
for wax particularly at 6 MV might be attributed to the fact that wax is not such an
efficient beam filter as materials that contain higher atomic number (Z) atoms. The result
is that the normalized, smoothed depth dose curves for each thickness of wax will have
virtually identical shapes. The normalization doses will also be subjected to statistical
variance. The result is that after denormalization, some of the smoothed depth dose data
would be overlapping for the thin slabs of wax. This introduces variance on the absorbed

dose vs. thickness data. Since the linear function fitted to these data has small slopes

(EAC values) for wax, it is highly probable that there is significant variance in their




30

values. The smoothing step introduces artifacts in terms of the behaviour of the EAC with
depth and is more prominent for wax when compared to the other materials.

Another feature of these EACs is that their values initially decrease as the beamlet size
increases, but then remain relatively constant. This is due to attainment of lateral
electronic equilibrium at beamlet sizes of about 2x2 cm’ and larger. Figure 2.4 is an
alternative representation of the data to show how the EAC varies as a function of

beamlet size.

Table 2.2: Materials used as beam absorbers in this study for the determination of their
effective attenuation coefficients along with their physical densities. The mass electron

density is expressed by Z/A.

Material Density Z Z/IA Composition
(g/cm’) (Wt%)

Wax (dental) 0.90 5.7% 0.743 C:H:0O (83:13:4)

Aluminum 2.69 13 0.482 Al (100)

Brass 8.47 29.3%  0.457 Zn:Cu (34:66)

Copper 8.93 29 0.456 Cu (100)

Lead 11.34 82 0.397 Pb (100)

* Effective atomic number calculated for Z* dependence of cross section.

From figure 2.4 it can be observed that the EAC values become relatively constant for

beamlet sizes larger than 3x3 cm?, at all depths.

Hefom )

Beamlet size (cm)
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Figure. 2.4. (Bottom of previous page) Effective attenuation coefficients as a function of beamlet area at

five constant depths of 4, 9, 19, 29 and 39 cm obtained for brass beam absorbers.

Table 2.3 shows the EAC values for the various materials shown in figures 2.3 (a — €) as
a function of field size. The EAC values are tabulated here for a depth of 4 cm in water.
The second column displays the values for the narrow beam attenuation coefficient which
were calculated using data from Hubbell et. al %, These narrow beam EAC values were
calculated by using the spectral data shown in figure 2.2. The spectra were re-binned into
1 MeV bins and the corresponding narrow beam linear attenuation coefficients were
calculated by weighing the energy related coefficients against the number of photons in
the corresponding energy bins. From the table it can be observed that the calculated
narrow beam values correspond fairly well to the EAC values for the 0.5x0.5 cm’
beamlet for copper, brass and aluminum. For wax and lead however the correspondence

is not that good.

Table 2.3: Effective attenuation coefficients (EAC) in units of em” at a depth of 4 cm in
water. These data are shown for various beamlet sizes and beam energies. The second
column shows theoretically calculated EAC values based on the spectra in figure 2.2 and

on narrow beam attenuation data.

6 MV beam energy = EAC (calculated) Side length of square beamlet size (cm)

Material Narrow beam 0.5 1.0 2.0 3.0 5.0
Wax 0.052 0.039 0.039 0.038 0.037 0.037
Aluminum 0.147 0.144 0.134 0.132 0.131 0.131
Brass 0.411 0410 0.400 0.389 0386 0.382
Copper 0.438 0.431 0417 0368 0314 0311
Lead 0.659 0.605 0578 0.573 0.571 0.564
8 MV beam energy = EAC (calculated) Side length of square beamlet size (cm)
Material Narrow beam 0.5 1.0 2.0 3.0 5.0
Wax 0.047 0.037 0.035 0.034 0.034 0.031
Aluminum 0.129 0.126 0.119 0.115 0.115 0.114
Brass 0.373 0375 0359 0.351 0350 0.350
Copper 0.407 0.394 0371 0368 0367 0.367
Lead 0.607 0.564 0.548 0.541 0.537 0.537

(continued on next page)
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15 MV beam energy EAC (calculated) Side length of square beamlet size (cm)

Material Narrow beam 0.5 1.0 2.0 3.0 5.0

Wax 0.045 0.037 0.037 0.028 0.028 0.023
Aluminum 0.122 0.110 0.103 0.098 0.098 0.096
Brass 0.371 0.339 0.327 0.316 0313 0.313
Copper 0.395 0.355 0.338 0.324 0.329 0.325
Lead 0.615 0.545 0.537 0.530 0.527 0.527

2.3.1 Effect of depth and beamlet size

The EAC depend on depth in water as well as beamlet size as shown in figures 2.3 and
2.4, Because the depth dependence is seen to be approximately linear (wax being an
exception) the dependence of the EAC on depth and field size was approximated by the

following equation:

1

My = Ho(l= 1 S®) = pi,d (23)

The parameters Loy, W and W, have the following meanings: W is the theoretical narrow
beam attenuation coefficient (see column 2 in table 2.3). u; incorporates the effect of
scatter from the square field size of side length, S (cm) on the value of the EAC. The
parameter M, represents the decrease in the EAC per unit depth. It was found that this
parameterization reproduces the EAC values within 5 percent in most cases. In table 2.4 a

summary of these parameters is shown for the materials used in this study.
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Table 2.4: The parameters of equation 2.3 for the EAC of the materials used in this study.

Material Energy Mo W U2
(MV) (cm™) (cm™?) (cm™)
Wax 6 0.052 0.173 0.00025
8 0.047 0.233 0.00024
15 0.045 0.362 0.00027
Aluminum 6 0.147 0.052 0.00074
8 0.129 0.037 0.00056
15 0.122 0.035 0.00053
Brass 6 0.411 0.105 0.00091
8 0.373 0.020 0.00120
15 0.371 0.005 0.00154
Copper 6 0.438 0.110 0.00156
8 0.407 0.055 0.00122
15 0.395 0.121 0.00097
Lead 6 0.659 0.088 0.00016
8 0.607 0.045 0.00086
15 0.615 0.105 0.00051

If the partial derivative with respect to d is applied to equation 2.3 it leads to:

8/44,
=-— 2.4
Y M, (2.4)

This shows that the rate of change of the EAC per unit depth (cm) is given by the values

of U, in the right-most column of table 2.4. The transmitted dose D at depth z in water for

a compensator with a thickness t, can be determined with equation 2.2:
D(z,1) = D(z,0)e """ (2.5)
The corresponding expression for the dose D at a certain reference depth z.s would be:

D(Zref ’t) = D(Zref ’O)e_#’ﬂ(z”/)l (26)
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The ratio of equation (2.5) and (2.6) yields:

D(z,t) _ D(z,0) o~ ()t G

= (2.7)
D(z,,.t) D(z,,0)
If equation (2.7) is expressed in terms of percentage depth doses, (2.7) becomes:
PDD(z,t) = PDD(z,0)e ™ " (2.8)

The percentage change in terms of the fractional percentage depth dose can then be

expressed as:

PDD(z,1)

(%) =100 % g7 (2.9)
PDD(z,0)

From equation (2.3), Apes(z) can be expressed as:

Aluejf (Z) = —ﬁu'2 (Z - Zrej') (210)

If (2.10) is inserted into (2.9) the equation becomes:

PDD(z,1)

%) =100 * g** 2.11
PDD(z,O)( °) @10

The difference at any specific depth z, between the PDD under a compensator of

thickness t, and the PDD of the open field, will be given by:

APDD(%) =100 * (""" —1) (2.12)
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The evaluation of equation (2.12) shows that the change in the percentage depth dose as a
function of depth depends on the parameter w,. It, in turn, depends on the compensator
material and the beam energy as shown in table 2.4. Figure 2.5 a — e shows a series of
graphs for each compensator material and beam energy. In each graph the change in the
percentage depth dose (delta PDD) as calculated with equation 2.12 was evaluated for a
set of attenuator thicknesses, t, and a set of z — values for its own Uy value (table 2.4).

These graphs clearly show that the EAC determined at a single fixed depth should not be
used over the whole range of depths for compensator thickness calculation purposes. It
can lead to errors in the percentage dose that range between 3 percent for lead at 6 MV up
to 30 percent for brass and copper. At thicknesses larger than 5 cm and depths larger than
10 cm the 5 percent error in the percentage dose will be exceeded. This is true for almost
all the cases shown. For a treatment planning accuracy of at least 3 percent, the

constraints would have to be made even stricter. On the basis of equation 2.12 it would be

more accurate to incorporate the EAC variation with depth than to use only one value.
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Figure 2.5 ¢ and d. The change in the PDD as calculated with equation 2.12 for brass and copper over a

range of thicknesses and depths. |, was obtained from table 2.4 for each material and energy.




Lead, 6 MV Lead, 8 MV

Lead, 15 MV

T
21848210
2,
2]

) I~ 51
g R
2 's',',',:'.',',l t(cm)
iy,
29 03

(e)

Figure 2.5 e. The change in the PDD as calculated with equation 2.12 for lead over a range of thicknesses

and depths. [, was obtained from table 2.4 for each energy.

The dependence of the EAC on beamlet field length S can also be analyzed. If the partial

differential for the EAC with respect to field size in equation (2.3) is taken, the result is:

au,ff 1 -2
L= S? 2.13
3 3.“0/"1 ( )

From equation (2.13) is seen that the rate of change in the EAC (labeled as pey) with

respect to the beamlet field length S is proportional to the product of pgy and .
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Using equation (2.2), let the transmitted dose D as a function of depth z and absorber

thickness t for a beamlet field length S be defined as:
D(z,1,8) = D(z,0,8)e " (2.14)

Insertion of (2.3) into (2.14) leads to:

i
{,‘10(1“#15J J=baz |t

D(z,t,5) = D(z,0,8)e (2.15)
The transmitted dose of a reference field length S, would be
D(z,1,S,,) = D(z0,S,, )e_[“"(]_”'s”’%)w]' (2.16) ‘
The ratio of (2.15) and (2.16) is:
D(z,1,8) _ D(z,0,8) e-[ﬂws%-s,c,%)} o

D(z.1S,,) D(z0,S,,)

In equation (2.17) the left side can be interpreted as an output factor for an attenuator or
compensator (OF) since it is the ratio of the transmitted dose for field length S to that for
a reference field length Syr. The ratio on the right of (2.17) corresponds to the open beam
dose ratio for a field length S to that for a field length S, This can be interpreted as an
output factor (OF,) relative to Srr. The quantity in the square brackets that form part of
the exponent can be associated with Ay - the change in the EAC from field length S to

the reference field length S,r. Equation (2.17) can thus be written as:

- #oM(SS—S,ﬁf%):Il
OF, =e { (2.18)

OF,

0
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In figure 2.6 a — e a set of plots of (OF/OF,) are shown and is expressed as a percentage
change relative to S, for a set of field lengths S and a range of thicknesses t. S,.f was
chosen as 0.5 cm. Each graph corresponds to a compensator material at one beam energy.
The thickness range for wax was set from 1 to 15 cm in 1 ¢cm increments. For the other
materials the thickness was set from 0.3 to 5.1 cm in increments of 0.3 cm.

Each plot of (OF/OF,) was expressed in terms of the percentage change in its value for a
field length S, relative to a beamlet with field length Ss. Equation (2.18) relates the ratio
of the transmitted dose to that for the open beams at two distinct beamlet sizes as a
function of beamlet field length S. All graphs in figure 2.6 show that the output factor for
the transmitted dose increases relative to that for the corresponding open beams. This
implies that the output factor for an attenuated beam is larger than for the corresponding
open beams at the relevant field sizes. In this case S, was chosen as the smallest beamlet
field length. According to the evaluation of equation (2.18) the dose ratio between S and
Srer 1s higher for the transmitted beam since, apart from other factors, the scatter from the
attenuator enhances the dose which is not present for the open beam case. This quantity

varied from about 2 percent for aluminum to 30 percent for lead.
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table 2.4 for the relevant energies.

Figure 2.6 a and b. Evaluation of equation 2.18 (expressed as a percentage change) for a fixed reference

field (S, = 0.5 cm). The parameters Wy and L, corresponding to wax and aluminum were obtained from
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Figure 2.6 ¢ and d. Evaluation of equation 2.18 (expressed as a percentage change) for a fixed reference

field (S, = 0.5 cm). The parameters Ly and [ corresponding to brass and copper were obtained from

table 2.4 for the

relevant energies.
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Figure 2.6 e. Evaluation of equation 2.18 (expressed as a percentage change) for a fixed reference field

(Svy = 0.5 cm). The parameters [y and U, corresponding to lead were obtained from table 2.4 for the

relevant energies.

The parameters in table 2.4 was determined from the EACs in table 2.3 which, in turn,
was evaluated at a depth of 4 cm in water. Qualitatively, the data in figure 2.6 suggests
that the ratio of the output factors is high for wax, decrease for aluminum and increase
from brass to copper to lead. Scatter and beam hardening from an attenuator can
accomplish dose enhancement in a water phantom. Based on the data in figure 2.6 the

scatter dose enhancement for wax is higher than for aluminum, probably due to relatively

more scattered radiation that reach the water phantom. For brass, copper and lead, their
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respective electron densities increase, as well as their physical densities. This causes
more scatter events per unit thickness as well as more efficient self-absorption of primary
and scattered radiation. The result is an increase in beam quality that enhances the dose in
the water phantom that causes an increase in the transmitted radiation (compensator)

output factor, OF. when compared to the open beam output factor, OF,.

2.3.2 Effect of voxel size and compensator retractal distance

At this point a discussion of the effect of the voxel size used for the MC depth dose
calculation on the accuracy of the results is in order. Tests have indicated that the depth
dose data generated using voxels with the same lateral dimensions in the x and vy
directions, but reduced to 0.5 cm in the z direction gave absolute depth dose results that
differed less than one percent compared to the original results with a voxel dimension of
1.0 cm in the z direction. These differences are related to the change in variance of the
comparative depth dose data. The largest differences were found near the phantom
(water) surface but the EAC results are based on smoothed depth dose data for depths
greater than 4 cm. It is therefore not expected that the smaller voxel would influence the
values of the effective attenuation coefficients appreciably. In this study all EAC data
were derived for an absorber-to-skin-distance (ASD) or retractal distance of 33 c¢m (see
figure 2.1). No investigation into the variation of these coefficients with retracting
distance was made. The variation of the EAC as a function of retracting distance is well

11,21
known' "%,

2.3.3 Effect of flattening filter in real situations

The EACs were derived on the central axis (CAX). The values of these coefficients
would change radically from the CAX in a real beam, since there is a change in the
spectral properties of the beam partly due to the shape of the flattening filter and the

angular distribution of bremstralung photons emerging from the target.*> 3' Larson ez al.

32 approximated the radial dependence of the effective attenuation coefficient for a lead
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filter with a linear function, u(r) = 0.0539 +0.0005(cm™"), for a 4MV beam. Bjarngard et

al. * measured attenuation factors in water and found a quadratic dependence of the

effective attenuation coefficient as a function of radius in water of the form:
u(r) =0.0473(1+0.00033r) . This relationship was found for a 6 MV open beam

generated by a Philips SL75-5 linac. Thomas et al. ** ** measured the radial variation of
beam quality for 8 MV x-rays in water for a tungsten alloy filter. They found a linear
relationship for the effective attenuation coefficient expressed as a function of the
azimuthal angle ¢, between the CAX and the radial position on the surface of the water
phantom.  Their  equation for the effective  attenuation  coefficient

was u(¢) =0.037 + 0.020¢) .

Apart from field size and to a lesser extent, depth dependencies, the EAC depends
significantly on spectral changes introduced off-axis by flattening filters.

Others ' " have also incorporated an attenuator thickness, t, dependence in their EAC
parameterization equations that is absent from ours (equation 2.3), but used larger field
sizes. Our study indicated an exponential decline in the absorbed dose as a function of
absorber thickness over the field size range used. Larger fields from linacs would
introduce radial spectral changes would that enhance the CAX dose and thus decrease the
EAC. This could alter the simple exponential relationship found between dose and

attenuator  thickness (e.g. T(x)=exp(—pux), equation 2) to an expression
T(x) = exp(—ux(1—nx)) : the type used by Bjarngard et. al. * In this study scatter effects

from compensator materials are studied and the sources used in MC simulations are of
uniform intensity, with invariant energy spectra over the total field, and are non-

divergent. Thus the derived EACs would apply for all fields used in this study.

2.4 Application of EACs in this study

The EAC values in this study were derived for small beamlets. This is in anticipation of
their use in the design of compensators from a set of beamlet weights derived from an

inverse planning system. The compensator is built up from elements corresponding to the

individual beamlets. In regions where the dose gradient is large the elements used will
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have small dimensions. Each element corresponds to an identical beamlet size if it is
assumed the beam is parallel. The usual practice when compensators are manufactured is
to use broad beam EACs to try to account for compensator induced scatter. It would be
incorrect to use the EACs derived here in this manner to manufacture a compensator
without taking scatter effects also into account. This is the focus of the next Chapter
where the evolution of pencil beams (PBs), which have traversed compensator materials

of various thicknesses, is modeled.

2.5 Conclusion

In this study EACs were derived for three different x ray beam energies and a range of
beamlet sizes. It was found that the EAC values decrease as a function of depth and x-ray
beam energy and can be conveniently parameterized. Analysis of the percentage dose
change with depth indicates that the depth dependency of the EAC should be taken into
account. It was also found that the compensator output factor (OF,) is higher than for the
corresponding open fields (OF,) and that it reaches a local minimum for aluminum and
increases further as the physical density of the compensator material increases e. g. from
brass to copper to lead. These EACs can also be used for compensator manufacturing
since it takes beam hardening and the scatter properties of x rays in the beamlets directly
into account and is based on absorbed dose values, rather than linear attenuation
coefficients, which are based on the conversion of fluence to dose.

The results in this Chapter were derived for data that have been collected on the CAX in
a DOSXYZ water phantom for a limited range of beamlet sizes. In practice,
compensators cover fields that are larger than that of typical beamlet dimensions. If the
EAC:s as derived in this Chapter were used in compensator manufacture, then this would
only partially account for scatter effects in larger beams. If a compensator is
approximated by a set of beamlets with different field sizes, then these EACs can be used
to approximate the shape of the compensator, where each EAC corresponds to a certain
beamlet size. This would then be a starting point for the construction of the compensator.

The use of an EAC is limited to the scaling (weighting) of the primary dose component

that is transmitted through a compensator or other beam attenuator. It cannot account for
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compensator-induced scattered radiation that enhances the dose at the point of interest
nor can it be used to determine the scatter characteristics of different compensator
materials. In this study (see following chapters) a PB based superposition method was
used to construct a compensator. In Chapter 3 it is shown how a PB can be modeled to

take compensator scatter and beam hardening into account.
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CHAPTER 3

Modeling scatter and beam hardening for a pencil beam after
traversing a semi-infinite slab of compensator material

3 Preface

In Chapter 2 effective attenuation coefficients (EAC) were calculated using Monte Carlo
methods. Their properties were analyzed and their values could be conveniently
parameterized. If a compensator field is decomposed into a set of beamlets, then the
derived EACs can only account for the scatter properties for each beamlet size. Their
contribution in terms of scatter at other parts of the field is not accounted for at the point
of interest. In practice a broad beam EAC is used for this purpose, where each beamlet is
weighted by this EAC. This Chapter focuses on how to include scatter and beam
hardening from a pencil beam model so that the derived EACs can be used to give a

reasonable first approximation of the compensator shape.
3.1 Introduction

Pencil beam (PB) based dose calculation algorithms can be used to calculate dose
distributions for IMRT purposes. Intensity modulation can be achieved using multileaf
collimators (MLC), dynamic jaws ', wedges, masks > or compensators. Beams are usually
decomposed into a set of beamlets to correspond with a MLC setting or compensator
shape. When dose optimization is performed all the beamlets in a treatment beam are
initially considered to be open and of uniform intensity. Changing the weight of a
beamlet implies that the dose contribution of that part of the field is altered. Thus in
practice that part of the beam should be shielded for part of the radiation time using a
MLC or partially attenuated using a compensator/modulator over the whole beam-on
time. If the MLC is considered as a device that absorbs the beam to a large extent i.e.

4 then beamlet weighting can be regarded as a partial

relatively low transmission
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contribution of the dose delivered by the open beamlet in terms of the total treatment

time, although transmission corrections are crucial for relative dose calculations.’ In the
case of the compensator/modulator the beamlet dose modulation is achieved by
attenuating the energy fluence so that the dose contribution is effectively weighted. This
inherently introduces spectral changes in the beamlet that alters its in-phantom scatter and
beam penetration properties. It also produces a compensator-scatter background, ¢ since a
compensator is designed to transmit radiation and thus would produce significant
scattered radiation.

For treatment optimization purposes the beamlets should be adapted to take beam
modulator scatter into account. Beamlets can be modeled using MC methods ’ or pencil

g -

beams * "' or a combination of both methods in optimized treatment planning.'* In this

study the evolution of 6, 8 and 15 MV poly-energetic pencil beams (PBs) was
investigated after having traversed sets of attenuators with different thicknesses. The
attenuators consisted of wax, aluminum, brass, copper, and lead. When 3D PB dose
calculations are performed the energy fluence at the point of entry in the patient model
must be known. Photons can originate from various components in the accelerator, such
as scatter from the jaws, beam modulators and flattening filter '* ~'7 and leakage through
the collimators.'® Some authors have treated the problem of scatter and spectral changes
in the fluence by analytical models "> ' that correct for the primary and scatter fractions
of the energy fluence emanating from the flattening filter, collimator and a modulator
e.g. a wedge or compensator. Others have used a Compton first-scatter based method to
calculate the scatter fluence from a beam-modifying absorber ', approximations for
second order scatter 2° and semi-empirical methods that include sector integration.?' = %3
Weber ez al. ** have applied an analytical method " in conjunction with a k, -matrix to
account for off-axis beam changing characteristics and beam modulator penetration
properties mainly due to spectral changes in the beam leading to more lower energy
components in the poly-energetic photon beam. In the current study an empirical method
is presented on how a PB can be modified to include the beam hardening and scatter
effects of the above-mentioned absorber materials. The primary objective is to attempt to
model compensator-induced scatter and beam hardening changes in a PB model. Scatter

from the other components of an accelerator * is included in the energy spectra for the
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pencil beams used in this study and thus only the compensator material thickness was

varied.

3.2 Methods

The EGSnrc *® based DOSRZnrc MC code was used to derive sets of poly energetic PBs
for energies of 6, 8 and 15 MV. For each energy, PBs were derived for the pencil source
of photons traversing thicknesses t = 0, 1.0, 2.0, 3.0, and 5.0 cm of a semi-infinite
compensator material slab. The attenuators consisted of wax, aluminum, brass, copper,
and lead. PBs derived with no absorber in its path will be referred to as open PBs. The
DOSRZnrc code was chosen since pencil beams display cylindrical symmetry in
homogeneous phantoms, such as water, allowing one to take advantage of the variance
reduction possible when dose is scored in annuli. The spectral characteristics of these
beams were based on the Philips SL74/14N, SL75-5 and SL-25 linac series. The spectral
data were obtained by using the EGS4 %’ based BEAM 2 MC simulation code to model
the accelerator. The output beam was scored in a phase space file (PSF) and was analyzed
with the BEAMDP %’ code. The PSF contained all the photons emerging from the
accelerator model i.e. primary as well as scattered photons from the radiation head. The
energy spectrum included all the photons in the PSF and was subsequently used as the
energy spectrum for the pencil beam source, which was directed from the front (parallel
to the Z-direction), perpendicular to the XY plane of a modeled water phantom, with
incidence at the origin, using the DOSRZnrc code.

The various scatter components in the accelerator was not modeled in great detail, since
the focus of this study was to evaluate the evolution of PB dose deposition after
penetrating a beam modulator. The dimensions of the cylindrical water phantom were
18.4 cm radially with a height of 40 cm. It was subdivided into 46 annuli each with a
thickness of 0.4 cm. In the z-direction it consisted of 20 slabs with a thickness of 0.20 ¢cm
followed by 36 slabs, each of a thickness of 1.0 cm.

The set of pencil beams was derived using 200 million histories for each with an ECUT

value of 0.700 MeV and a PCUT value of 0.010 MeV. Each pencil beam dose

distribution was normalized to its own maximum dose on the PB axis.
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To study the effect of absorbers on the PB dose distributions a model was constructed
based on the enhancement of the open PB relative dose in the radial and depth
dimensions due to scatter and beam hardening caused by the absorbers. This model
enables one to account for the effect of an absorber by modifying the dose profile of an
open PB at any arbitrary depth and radial distance in the water phantom.

The PB model was first validated by comparing the modified open PB relative dose
profiles with MC derived profiles for attenuated pencil beams. As a final validation,
percentage depth dose curves calculated with the open, modified open and attenuated PBs

were compared.

3.3 Results and Discussion

The DOSXYZ code can be used to calculate a PB in cartesian coordinates, which are
more convenient for 3D dose modeling since CT-based patient models are constructed in
cartesian coordinates.”® Pencil beams can also be determined from basic data.®' For the
purpose of this study PBs were generated using the cylindrical geometry of the
DOSRZnrc MC code since it allows one to achieve variance reduction by scoring the
particles in annuli rather than in the much smaller rectilinear voxels in cartesian
coordinates. It also allows the PB (energy fraction deposited per unit mass) to be

described accurately by using a well established analytical equation:'® '8

A@)exp(-B(2)r) , C(2)exp(-D(@)r)

r r

P(r,z)= 3.1

where A(z) to D(z) are the fitting parameters at each depth (z) in the phantom. The
second term can be regarded as the scatter component and the first term is assumed to be
the primary energy imparted although the degree of precision might not be high.'®
Because we were only concerned with modeling the change in the relative dose

distributions caused by the introduction of absorbers, no attempt was made to fit equation

3.1 to the open PBs, and thus to obtain the fitting parameters A - D.
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Due to the finite size of the annuli and the large radial dose gradient near the PB axis,

effective radii were assigned to the annuli using the formalism of Wang ez al.>? They used

the formula:
1
r,={(n+0.5)+ ——— |Ar 3.2
12(n+0.5)
where n is the annulus index with values n = (0, 1, 2, ..., n) and Ar is the annulus width.

The cross section of the incident x ray pencil beam coincided with the cross section of the
central annulus since it leads to the best accuracy in the parameterization when the
effective radii according to equation 3.2 is used. For index n = 0 the radius would
correspond to 0.66 Ar instead of the value 0.5 Ar that defines the geometric center of the
first annulus.

In this study the depth in the EGSnrc water phantom is defined as z, and the attenuator

thickness as t.

3.3.1 Relative pencil beam dose profiles vs. compensator thickness

Figure 3.1, left column, shows a set of normalized PB profiles for 6 MV, after each one
has traversed different thicknesses of the absorber material indicated. Each PB dose

profile was normalized to its own dose maximum found along the PB central axis. It will

be hereafter referred to as the relative dose and indicated as P, (r,z) with t and med

indicating the thickness and material of the absorber and (n) indicating that it is

normalized. The unnormalized dose will be indicated as P

t,me

. and is related to

P
n . (n) _ t,med
Pl,med through' Pt,med -
t,med Jpax
where (P,,mw, )mx indicates the maximum dose on the PB central axis.

The profiles in figure 3.1 are for a depth of 10 cm in the EGSnrc water phantom. Figures
3.2 and 3.3 show similar data calculated for 8 and 15 MV beam energies. At each energy

the individually normalized dose profiles for different thicknesses t (left column in
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figures 3.1, 3.2 and 3.3) diverge from each other as a function of radial distance. This can
be understood from the following: The role of an ideal compensator material is to absorb
a fraction of the beam. For a real compensator in narrow beam geometry and scatter free
conditions the intensity of the beam should decline exponentially at the measuring point
on the CAX. The photons in the beam traversing a real compensator are a) either
absorbed e.g. in photoelectric or pair production events or b) scattered coherently and
incoherently. For the photon energies used here the incoherent (Compton) scatter process
would dominate. A significant number of photons would be scattered out of the incomin g
PB to deposit/transfer their energy at off-axis regions in a phantom. Compared to an
unattenuated (open) PB, the relative scattered dose would be enhanced when the PB is

partially absorbed.
The right hand columns of figures 3.1, 3.2 and 3.3 show plots of P as a function of the

absorber thickness, t, for chosen radial positions of 1, 5, 10, 15 and 18 c¢cm. The data is
shown on a semi-logarithmic scale to better resolve the different plots on the same graph.

On each plot is shown a number which represents the correlation coefficient, R%. From

(n)

these values it is clear that there exists an approximate linear relation between P .andt,

although on the semi logarithmic scale the lines appear curved.

The data are presented in terms of relative dose in order to see more clearly how the PB
profiles change when it traverses a material of known thickness. In principle a single
unattenuated PB could then be adjusted to account for its penetration through a material
of known thickness. This principle could then be applied very conveniently to model the
dose under an arbitrary compensator of known composition and thickness. There is no
need to generate a large number of PBs, using MC methods, for every conceivable
thickness of the compensator material in order to include beam hardening and scatter.
This linear relationship between relative scattered dose vs. compensator thickness was
found to apply to all energies and materials used in this study, ranging from wax with the

lowest density up to lead with most probably the highest density compensator that can be

manufactured.
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The physical and electron density range of materials (see table 2.2, Chapter 2) are such
that it is most probable that all compensator materials would exhibit such a linear relation
between relative scatter and absorber thickness, at least over the beam energies used in

this study.

A note on fluence profiles

For the beam energies under consideration, the absorbed dose would be strongly related to the photon
fluence. In figure 3.4 the relative photon fluence from an 8 MV photon beam is shown for the photons
traversing a set of brass slabs each having a thickness (t) of 1.0, 3.0 and 5.0 cm when a PB is traversing it.

This relative fluence is at the top plane of the EGSnrc cylindrical water phantom.

Fluence profiles

1.00E+00 \
@O
£ 1.00E-01
.'?.‘ Brass 50
8 1.00E-02 -
:
5 1.00E-03
c
T.00E-04 A e
0.0 5.0 10.0 150 200

Radius (cm)

Figure 3.4. A set of normalized fluence profiles shown for an 8 MV PB in the plane 33 cm below infinite
brass slabs of thickness 1.0, 3.0 and 5.0 cm. This planar distance corresponds to that of the surface of the
EGSnrc water phantom. Normalization values taken on the beam axis. (Thickness values in the figure are
in mm units).

Figure 3.4 shows the relative off-axis fluence for an increase in the thickness of the brass absorber. The
normalization values were taken in the central annulus, which explains why the scatter component for
thicker absorbers appears to be higher. In a region located at an off-axis position (r), the relative number of
scattered photons reaching it would increase as the absorber thickness (t) increases. The increase in the
fluence (as seen as increased dose in figures 3.1 — 3.3) would manifest itself into a relative increase in the
off-axis dose.

The data in figure 3.4 were obtained from a set of BEAM (EGS4) MC simulations to collect the respective
phase-space files. The BEAMDP code was used for analyzing the photon fluence of the PB after traversing

the shown thicknesses of brass.




3.3.2 Modeling relative scatter dose and beam hardening

In the previous section it was established that the relative scatter dose is approximately

linearly related to the thickness of the compensator material. A program was written in

IDL to calculate the slopes F',., of the straight lines fitting the data ( P

t,me

+ VS. ) at each

depth, z, and radial position, r, of the bins used in the water phantom. A sample of these
data are plotted (solid lines) in the graphs in the left-hand column in figures 3.5, 3.6 and
3.7. The plots are for four arbitrary chosen depths (z) of 0.2, 2.0, 7.0 and 17 cm
respectively. (Note: In these plots the raw data are shown connected by straight line
segments to improve the visual appearance only. The symbols represent fitted functions
that were derived as described hereunder. It was found that this way of representing the

data was easier to interpret than the more conventional way of showing the data as

symbols and the fitted functions as lines).
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The slopes indicate the rate of change in the relative dose per unit absorber

thickness. In all cases the slope values are relatively larger near the PB axis (CAX) and
then decrease relative fast until a radial distance is reached where the further change with
off-axis distance (radius) is relatively slow. The transition radius where this occurs is
about 2 cm for depths near the surface but increases to about 4 cm at 17 cm depth for a 6
MYV PB. For 8 MV and 15 MV the corresponding radii are 3 cm to 5 cm and 3 ¢cm to 7
cm respectively. The dose profile in the region beyond the transition radius is considered
to be caused by scattered radiation from the absorber material. In this study it is assumed
that the slope profile in this scatter region has a gaussian shape for all energies and
materials. Gaussian functions were fitted to the slope profiles from the transition radii to

the maximum radius and has the form indicated by equation 3.3:

a(r,z) = a,(z)exp(~a,(2)r?) 3.3

Where r is the radial distance and a;(z) and ay(z) are the fitting parameters that are
functions of depth, as well as energy and compensator material. The parameters for the

fitting functions were determined as follows: At each depth (z) two data points were

chosen at random on the raw data of P, vs. radius on condition that they lay beyond a

radius of 5 cm and spaced at least 25 annuli widths apart. (This spacing allowed for better
conformance between the raw data and the fitted gaussian function). The two points
were needed to solve for the two parameters in equation 3.3. This process was repeated
44 times, each time yielding a value for each parameter. The final value for each fitting
parameter was defined as the average of the 44 calculated values. The fitted values are
shown as symbols in figures 3.5 — 3.7, left columns.

The next step in the fitting procedure was to subtract the gaussian function from the
original slopes over the total radius range. In theory if we had a perfect fit this should
only leave non-zero values in the region between the PB axis and the transition radius.

All residue slope values beyond the transition radius were set to zero. The remaining

slope residues were fitted by the function represented in equation 3.4:




B(r,2) = b, (z2)(r —b,(2))exp(=b, (2)r ) 3.4

Where r is the radial distance and by(z), by(z) and bs(z) are fitting parameters which are
functions of depth, as well as energy and compensator material.

The function B was chosen since it can model the rather complicated slope residue near
the PB axis. For example, inspection of figure 3.7 shows for the case of, say, aluminum
that the slope profile at 0.2 cm is nearly linear. This indicates exponential behaviour. On
the same graph the slope profile at 7 cm depth starts off at a local minimum value, rises
to a maximum and then declines. The function of the form in equation 3.4 was suitable to
model these types of profile variations. The fitting of these functions were done in a
similar way as was done to fit the slope points with the gaussian function.

Equation 3.3 represents the relative scatter enhancement while equation 3.4 represents the
dose alteration on the PB axis due to different in-phantom scatter and beam hardening
properties from the filtered PB. Figure 3.8 shows the relative dose enhancement caused

by beam hardening and scatter for different brass absorbers at 8 MV. These curves were

obtained by subtracting the open PB relative dose profile P from the absorber modified

PB relative dose profiles P, . The modified pencil beam profiles were obtained for

t,med *

brass absorbers with the indicated thicknesses.

’ Relative dose enhancement

ki

brass10
brass20
—+— brass30

0.00001 1 "+ - brass50

10
radius (cm)

relative dose

Figure 3.8. The dose enhancement relative to an open PB (P — B\ ) for a set of PBs

t,brass
after traversing a set of infinite brass slabs of thickness 1.0, 2.0, 3.0 and 5.0 cm. (Le. the
3.0 cm thickness is represented by the legend brass50). The relative scatter contribution
can be observed beyond 2 cm. Near the PB axis the scatter contribution is masked by
beam hardening effects.
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Near the PB axis the dose enhancement is due to beam hardening that is super-imposed
on the scatter contribution of the brass absorber. Further away (beyond 5 cm from the PB
axis) it is due to increased scatter contributions from the brass absorbers. The beam
hardening effect causes a larger dose perturbation than the scatter from the absorber and
should be taken into account in compensator modeling. The method of modeling
compensators proposed here is to use the open PB and then to adjust it for beam
hardening and scatter effects corresponding to the thickness of the compensator at the
point of entry of the PB. In this study the open PB is modified by the addition of two

terms.

The linear relation between the relative dose P, and absorber material thickness (t) can

be used to determine the change in the PB dose profile for a given attenuator thickness
using a PB model for an open unattenuated pencil beam P™. The intercepts on the
ordinate-axis of the lines in the graphs on the right in figures 3.1, 3.2 and 3.3 are

equivalent to the relative dose for the open PB. The perturbation to the relative dose due

to the presence of an attenuator is now modeled as:

P (n)

t,med

(r,z) = B (r,2) + a(r, )t + B(r, Ot 3.5

where o(r,z) and (r,z) are obtained from equations 3.3 and 3.4. P™ (r,z)is the scatter

t,med
and beam hardening corrected relative dose at radial distance, r, and PO(")(r,z) is the
relative dose without any absorber present at the same radial distance thus that for an

open PB. The attenuator itself lowers the total (unnormalized) dose contribution due to

absorption. We assume as a first approximation that (P,,med )max = (P, )mux exp(—H,, (2)1)
with i, (z) the EAC for the smallest field/beamlet size derived in Chapter 2. The

unnormalized dose will then be given by B, = B, (P,..,)__and thus:

t,med

B es = By (P ) €XP(—Hhy (2)1) 3.6
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This is an approximation because (PO )max and (P )max do not necessarily occur at the

t.med
same depth (z).

The dose profile modeling scheme as outlined in equations 3.3, 3.4 and 3.5 was tested
and the results are shown in the right-hand column in figures 3.5, 3.6 and 3.7. In each
graph the solid line indicates the dose profile for the open PB at 2, 4 and 20 cm depth in
the EGSnrc water phantom. For the corresponding depths the dose profiles are also
shown for the PB after traversing 5 cm of absorber material and is shown as dotted lines.
The profiles shown for wax were obtained for the open PB after traversing 12 ¢m of wax.
The modified open PB dose profiles, using equations 3.3 to 3.5 are shown as ‘+ + +'-
symbols after setting t = 12.0 cm for wax and 5.0 cm for the rest of the materials. In
figures 3.5 and 3.6 the agreement between the real hardened PB data (dotted lines) and
the modified open PB profiles are in excellent agreement. For the 15 MV case the
correspondence of the dose profiles is not as accurate near the surface (2 cm label). This
can be correlated with the accuracy of the fits of the slopes in the opposite graphs (left
column). For the 15 MV case the fits are not as accurate. In the left hand graphs the slope

data appear to be quite noisy at depths indicated at 7 and 17 cm for most materials at the

t,med

At

studied energies. An interesting feature here is that these slopes decrease with

increasing depth (z). Thus the effect of the absorber material thickness on the relative
dose profile decreases as the depth increases.

As a final validation of the dose profile modification scheme relative depth dose data
were derived for circular fields with diameters of 10 and 20 cm using the open PB at each
energy and modifying it as if it has traversed 5 cm of compensator material (12 ¢cm for
wax). These data are shown in figures 3.9, 3.10 and 3.11. In each graph the solid line
represents the relative depth dose curve derived from the open PB, the broken line that
from the real attenuated PB and the ‘+ + +’ — symbols the curve obtained from the
modified open PB. The depth dose data were calculated by using the cylindrical PB and
utilizing the reciprocity theorem i.e. for a 10 cm circular field the dose in each annulus
were summed up to a radius of 5 cm. The sum of the dose values in each annulus would
yield the dose on the central PB axis. In general the correspondence between the depth

doses obtained with the modified open PB and those obtained with the real PB is within a
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margin of 1 percent. The data for aluminum is somewhat less accurate. The relative depth
dose curves for the 20 cm diameter circular field derived with the modified PB is closer
to that derived with the open PB and in some cases, €.g. wax at all investigated beam
energies, the large field size modified PB depth dose curves are very close to the open PB
derived depth doses. For nearly all the other cases the correspondence between the open
PB derived and the modified PB derived depth dose curves lie within 2 to 3 percent at
depths less than 10 cm. For the 10 cm circular field the deviation of the open PB derived
depth dose and the real and modified PB derived depth dose curves is more apparent. The
increase in in-phantom scatter with field size thus reduces the effect of the changing PB
profiles, i.e. more dose is deposited due to in-phantom scatter on the CAX, which in turn
counters the effects of beam hardening on the CAX. For smaller fields CAX beam
hardening would be more pronounced and the modified PB derived depth dose would
deviate substantially from the open PB derived depth dose. This can be substantiated if
the deviation of the depth dose curves is observed at all energies as a function of the
material type. For wax, with its atomic number of 5.7 and physical density of 0.9 g/cm®
the deviation is less and as the material density and atomic number increases this
deviation is more pronounced. Higher atomic number and density materials will filter the
PB to a higher degree. This would result in an increase in the relative dose as a function
of depth, due to spectral changes in the beam that increases its penetration ability. The
smaller field results in less scattered photons in the phantom that could counter this effect
on the CAX.

An encouraging aspect of this dose profile modification scheme is that although the
match of the slope profiles in figures 3.5, 3.6 and 3.7 at larger depths is not very accurate,
it still yields reasonably accurate depth dose curves. The variance on the slope data can
thus be smoothed out with the described fitting procedure. This is most apparent for wax

and aluminum data at the larger depths in figures 3.5, 3.6 and 3.7. As an example the

t,med

graph of lead at 6 MV (figure 3.5) shows an extreme deviation between the real A
t

AP
profiles and the fitted —f{'— profiles. However the resulting depth dose curves show
A

agreement within 2 percent of the real filtered PB derived data (figure 3.8). Relatively
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larger statistical variance on the lead filtered PB at 6 MV might have caused this effect

and could, when improved, lead to more accurate results. As a cautious generalization it

seems that the dose profile modeling scheme should also be applicable for other
compensator materials over the energies studied, since the depth dose curves for the

worst cases such as wax and lead could be modeled successfully.
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3.4 The depth dependence of o,

The parameters o(r,z) and B(r,z) in equation 3.5 are determined through the fitting
parameters {a} and {b} in equations 3.3 and 3.4. The latter are functions of depth for
each energy and material. A code was written in the IDL language to produce these
parameters for the materials used in this study. As input, five normalized PB arrays are

used, one open and four after traversing 1, 2, 3 and 5 cm of the compensator material (for

wax, t=0,3,6,9 and 12 cm).

0 5 10 15 20 25 30 35 0 5 10 15 20 25 20 35
Bepth @m) Depth (oM

Figure 3.12. The fitting parameters a; (left column) and a; (right column) in equation 3.3
as a function of depth. The top pair of graphs are for 6 MV PB energy, middle, 8 MV and
bottom, 15 MV.
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The parameters o, and B are derived as output from this code. This code can be viewed as
a pre-processor code that calculates the relevant parameters for routine use in the
modeling of compensator shapes. Graphs of these parameters are shown in figure 3.12
and 13.

In figure 3.12, left, parameter a, represents the rate of change with absorber thickness of
the scattered radiation on the CAX, relative to that of the open PB. Parameter a,
represents its variation in the off-axis direction (figure 3.12, right). The value of
parameter a, decreases as a function of depth for all PB energies and for all materials.
Parameter a; has the smallest value for wax, followed by aluminum, for all energies. The
values for brass, copper and lead are similar and are distinctly different from both
aluminum and wax. The rate of change of the relative dose per unit absorber thickness is
large near the surface, decreasing fast initially and then more gradually as a function of
depth. This ‘cross over’ depth is defined as the transition depth and is a function of
energy. For wax, for example, this radius is about 1, 2 and 4 cm for 6, 8 and 15 MV
respectively.

Two factors could explain the behavior of a, with depth namely: A) The increased
number of scattered particles from the absorbers reaching the water phantom, which
includes electrons and low energy photons, due to less efficient filtering by low atomic
number and -density materials. B) Beam filtration that increases with density and atomic
number. Thus wax and aluminum would cause a significant number of electrons and low
energy photons to reach the surface of the water phantom. This causes a; to decline

rapidly as a function of depth, due to electrons and low energy photons that deposit most

t,med

of their energy near the water surface. A
t

would vary more rapidly near the water

surface where the number of low energy particles can be reduced significantly as the
absorber thickness is increased. Wax and aluminum do not filter the beam as efficiently

as brass, copper and lead. The presence of charged particles such as electrons (and some

t,med

positrons) near the water surface would explain why the is high for all materials

at the water surface. This distinction between wax and aluminum compared to other

materials might be linked to their electron densities. Wax and aluminum have distinctly
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lower electron densities compared to the other materials. If table 2.2 in Chapter 2 is
considered, and the product of density and Z/A (mass electron density) is taken the
following electron densities (/cm3) are obtained: Wax (0.67), aluminum (1.30), brass
(3.87), copper (4.07) and lead (4.50). Since Compton interactions dominate at the studied
PB energies, the electron density would play a significant role in the number of photon
interactions that would take place per unit absorber thickness. From a depth of 10 cm at
all energies, a; varies weakly as a function of depth. This might be due to the fact that all
charged particles entering the water are completely stopped here and interactions beyond
this depth considered as pure photon interactions. Careful inspection shows a; still
decreases slightly as a function of depth due to increased in-phantom scatter as the PB
diverges as a function of depth in water. An interesting observation is that the values for
a; are smaller at 6 MV compared to 8 and 15 MV PB energies. This suggests that the rate
of change in the scatter dose as a function of absorber thickness is less for 6 MV,
compared to the other energies. This can be ascribed to the fact that more m-phantom
scatter would occur for 6 MV than for 8 or 15 MV. This scatter counters the effect of
radiation absorption as a function of thicker material. The influence of the absorber
material would have a more pronounced effect at higher PB energies where in-phantom
scatter would be less.

Due to the regularity of the parameter a; with depth, for each material and energy, it was
found that it could be conveniently parameterized as a function of depth with the

equation:

¢, tanh(c, 7)

Jesz

a,(z,med,E) = ¢, exp(-c,z°) + 3.7

where ¢; - cs are fitting parameters, and z indicates the depth. The indices ‘med’ and ‘E’

indicate that these fitting parameters are dependent on the medium and the PB energy

(E).

Table 3.1 shows these fitting parameters.
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Table 3.1. Fitting parameters {c;} for parameter a; in equation 3.3 as fitted by equation
3.7.

Material Energy C C2 C3 C4 Cs
(MV) (Gy/cm) (cm?) (Gy/cm) (cm™) (cm™)
Wax 6 0.00005 1.30 0.000011 1.0 1.0
8 0.00007 1.10 0.000014 15 1.0
15 0.00009 0.18 0.000015 100 0.9
Aluminum 6 0.00010 1.30 0.000035 1.0 1.0
8 0.00014 1.10 0.000041 10 1.0
15 0.00025 0.23 0.000045 1.0 1.0
Brass 6 0.00010 1.30 0.000120 08 1.0
8 0.00013 1.30 0.000155 1.0 1.0
15 0.00018 0.19 0.000170 10 1.0
Copper 6 0.00010 1.30 0.000120 10 1.0
8 0.00012 0.80 0.000090 10 04
15 0.00020 0.18 0.000250 08 20
Lead 6 0.00010 1.30 0.000550 0.7 200
8 0.00009 1.00 0.000090 1.0 04
15 0.00016 0.30 0.000200 08 0.9

Parameter a, in figure 3.12, right column, is shown for each energy, next to similar
graphs for parameter a, in the left column. The data are sensitive to noise in the original
PB dose arrays which is reflected in the oscillations in the graphs. Parameter a,
determines how fast parameter a; would ‘decay’ as a function of off-axis position, or in
other words a, determines the curvature of the gaussian function o. On the CAX o is at a
maximum. At positions located off-axially the rate of change decreases, since more
scattered radiation from the PB on the CAX and photons introduced by the compensator
will deposit their energy at these locations. This can be regarded as increasing in-
phantom scatter regions that reduce the change in o.

The variation of parameter a, with depth has certain characteristics. At each energy a,
builds up to a local maximum at about 0.5, 1 and 2 cm depth. This corresponds roughly to
the Dimax positions at the respective energies of 6, 8 and 15 MV respectively. At roughly

10 cm depth, the curves have a broad minimum and then rise approximately linearly to

maximum values of 0.006, 0.005 and 0.004 cm™ at the respective energies of 6, 8 and 15
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MV. Beyond a depth of 10 cm a, is approximately the same for all material at a specific
energy, if the noisy character of the data is taken into account. Careful inspection of the
graphs for a, reveals that the materials copper and brass have again very similar
parameters at the respective energies. Data for wax tend to be smaller after the build-up
region. There is greater variability in the graphs for wax and aluminum than for the other
materials. At 1.5, 2 and 4 cm depth for 6, 8 and 15 MV respectively, the values of a,
seems to converge for all materials.

From the surface, a, increases up to the Dy positions. Here the gaussian shape of o has
the highest curvature. Electrons and low energy photons reach the surface of the water
phantom from the attenuators/absorbers. They give rise to many scatter events near the
phantom surface. At larger depths some are already absorbed in water and there are
relatively less scatter. Thus a, would increase. For brass, copper and lead the more
effective filtration of the beam would reduce the relative number of electrons and low
energy photons that reach the phantom surface. Thus a, would be smaller than for wax
and aluminum. From its maximum value, a, declines with increasing depth due to
increased in-phantom scatter, before increasing beyond 10 cm depth.

For each material and energy it was found that parameter a, could be parameterized as a

function of depth with the equation:

a,(z,med,E) = e, zexp(—e,z) + e,z + e, 3.8

where e, — eq are fitting parameters, and z indicates the depth. The indices ‘med’ and ‘E’

indicate that these fitting parameters are dependent on the medium and the PB energy

(E).

Table 3.2 shows these fitting parameters.
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Table 3.2. Fitting parameters {e;} for parameter ay in equation 3.3 as fitted by equation
3.8.

Material Energy el e €3 €y
(MV) (cm™) (cm™) (cm™) (cm™)

Wax 6 0.156 0.70 0.00014 0.0005
8 0.019 1.10 0.00011 0.0003
15 0.0135 0.60 0.00016 0.0002

Aluminum 6 0.009 0.59 0.00010 0.0015
8 0.015 1.10 0.00011 0.0007
15 0.0095 0.60 0.00010 0.0014

Brass 6 0.0047 0.55 0.00008 0.0022
8 0.0052 0.60 0.00011 0.0010
15 0.0051 0.60 0.000017 0.0023

Copper 6 0.0045 0.55 0.00007 0.0023
8 0.0044 0.57 0.00008 0.0014
15 0.0041 0.50 0.000075 0.0022

Lead 6 0.0037 0.51 0.000075 0.0020
8 0.0055 0.52 0.000135 0.0002

0.50 0.000085 0.0018

3.5 The depth dependence of

In figure 3.13 a and b the fitting parameters {b} are shown. These parameters were

derived from the residue dose per unit absorber thickness (B) profiles, after subtracting

t,med

the assumed gaussian shaped o profiles from the total profiles. Figure 3.8

illustrates the relative dose enhancement for 8 MV photons after traversing certain
thicknesses of brass. It can be observed that the dose follows a gaussian pattern beyond a
radius of 3 cm. o also followed a gaussian pattern as discussed. The region from the PB
axis to a radius of 3 cm shows a sharp increase in the relative dose (figure 3.8). The

AP,

t,med

At

was used to model these trends. The data are plotted rather than shown as tables.

also increased as shown for all the cases in figures 3.5, 3.6 and 3.7. Equation 3.4
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Figure 3.13 b. Fitting parameters (b3) for the indicated materials, 6 MV ( top left), 8 MV
(top right) and 15 MV (bottom).

In equation 3.4, parameter b; indicates the amplitude of B on the PB axis. If negative, it
indicates that the dose should decline relative to the open PB as the absorber thickness is
increased. For 6 MV this is the case. Beam hardening is most prominent for the 6 MV
PB, compared to 8 and 15 MV, where the values for b; are positive. The higher degree of
filtering at the lower energy increases the penetration depth of the photons. This results in
relatively less dose being imparted in the central voxels in the PB because the energy is
now spread out over a larger depth interval. The higher the degree of filtration, the more
negative the values at 6 MV would then have to be. Careful inspection of the top left
graph in figure 3.13 confirms this e.g. for lead and copper at depths less than 10 cm. At
larger depths, the increased scatter counters this beam hardening effect on the PB field
size scale, leading to smaller absolute values for b;. This is also evident at 8 and 15 MV.
For 15 MV these values are about 0.5 compared to 0.1 at 8 MV and -0.01 at 6 MV. This
shows that the filtered 15 MV PB has the largest beam penetration, compared to 8 and 6
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MV, such that f3 is largest for 15 MV. Also less scatter is present on the PB axis that
could counter B for 15 MV photons. For the case of 8 and 15 MV the effects at depths
less than 10 cm are reversed, compared to 6 MV. The data range for 6 MV is, however
much less, than for the higher energy cases. The absolute range for b; is of the order of
0.15 units at 6 MV, compared to roughly 4 units for 8 and 15 MV. Thus compared to the
latter energies, 6 MV would produce no significant beam hardening effects when [ is
evaluated. o largely masks the effect for 6 MV. The higher beam energies exhibit a
relative increase in B in the 3 — 10 cm depth range. This can be ascribed to a larger dose
buildup depth as the filtered beam energy increases. As expected B should be the highest
for lead, followed by brass and copper.

Equation 3.4 can model off-axis maximum values for B. The example for 15 MV shows
this ( bottom right ) in figure 3.13 a. Here scattered photons near the surface cause a local
maximum at off axis positions, this effect changes as the depth is increased. At depths
larger than 10 cm the increased scatter causes a shift in the local maximum value that
now lies on or very close to the PB axis. Here f§ behaves exponentially where b2 = 0. The
data for 6 and 8 MV behaves ‘spurious’ and might be due to relatively large noise on the
data. In conjunction with this, parameter b indicates the decay rate of equation 3.4. For
all cases shown in figure 3.13 b they indicate a value of bs roughly around 5 units. This
indicates that equation 3.4 decays very rapidly as a function of off-axis distance and show

the lateral influence of beam hardening effects of the PB.

3.6 Dose calculations for real compensators using the modified PBs

The open PB dose profile can be adjusted at an arbitrary depth to take beam hardening
and scatter into account. In order to use these equations in compensator dose calculations,

the following steps would be performed:

a) Determine the depth (z) of the plane at which the dose should be modulated.
b) Use the open PB dose profile at depth (z) as the basis for dose calculations
c¢) Calculate the value for o from equation 3.3 and B from equation 3.4, using the

parameters for aj, a3 by, by and bj as shown for the desired compensator material.
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d) If the PB traverses a compensator of thickness, t, then alter its dose profile using
equation 3.5 with the correct values for o and § at depth, z, as found in c).

e) Scale this PB dose profile at depth, z, with the effective attenuation coefficient as
indicated in equation 3.6.

f) Calculate the dose distribution in the plane of interest located at depth, z for the
modified PB at the relevant entrance site.

g8) Repeat this whole process (d - f) for all entrance positions of the PBs covering the
field area, using the corresponding compensator thickness, t, for each entrance

position.

The modified PB at depth z is thus calculated from:
Poed (i 2) = (B (r,2) + |a, exp(=a,r?) + 6, (- = b, Jexp(-b,) |} exp(u, (2)r) 3.9

The effect of electron density of the compensator material on scatter and beam hardening

was not studied since it falls outside the scope of this study.
3.4 Conclusion

In this study it was found that the relative dose for a set of normalized PBs, after
traversing various thicknesses of wax, aluminum, brass, copper and lead, was linear in

the material thickness as expressed by equation 3.4. The slopes of the lines of relative

t,med

At

dose vs. absorber thickness were defined as and could be decomposed into a

scatter part o and a beam hardening part f3. o could be modeled with a gaussian function
and B with another function. Despite the noise on the parameters for these functions, they
could successfully reproduce the normalized depth dose data when compared to depth
dose curves produced by the actual filtered PBs for 5 cm of filtered material (wax = 12
cm) for 10 and 20 cm circle fields. If a PB parameterization equation such as that of

Ahnesjo et al., (equation 3.1) is used to parameterize the dose profiles at each depth for a

open PB, then it can be expanded as in equation 3.9 to include the effects of compensator
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materials. This approach can then be applied to compensators where a superposition

method can be used to calculate the dose in water at a certain reference depth.
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CHAPTER 4

Description and dosimetric evaluation of a pencil beam based
compensator planning system for regular open fields

4 Preface

Chapter 2 described the generation and properties of effective attenuation coefficients
(EACs). Chapter 3 described a method to model the relative scatter and beam hardening
effects on pencil beams (PBs) transmitted through various thicknesses of
attenuating/compensator materials. It was found that for each material and energy the
relative scatter and beam hardening could be modeled by adding modifying functions to
the normalized open PB dose profile. The next step is described in this Chapter and
concerns itself with the development and benchmarking of an algorithm that incorporates
the EAC, scatter and beam hardening in order to design compensators. Two topics are
treated namely: a) The development of a fast rebinning algorithm and b) the testing of its
performance against DOSXYZ, by the comparison of depth dose curves and dose

profiles. These tests verified the rebinning algorithm.
4.1 Introduction

The compensator planning system (CPS) is described in this section. Its operation is
based on the idea described in Chapter 3, namely that a open PB can be modified to
include the effect of a) beam hardening and b) compensator induced scatter. By adding a
suitable function to e.g. the well-known parameterization equation of Ahnesjo et al.,
describing the open PB, these effects can be included. Dose calculations using
convolution/superposition methods are most conveniently performed in a Cartesian
coordinate system and this requires the rebinning of the MC generated PBs from
cylindrical to cartesian co-ordinates. Several models exist for the rebinning of PBs into

cartesian co-ordinates, including the area overlap method ? and a modified area overlap

method * that involves linear interpolation between dose points and radial subdivisions of
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the overlapping area. A simplified rebinning model was developed here for the CPS
which is much faster. The initial model was very simple and fast, but fine adjustments
were needed in order to fit the depth dose curves derived with it to the original cylindrical
PB generated depth dose curves. It is ultimately compared to DOSXYZ data for various

field sizes in terms of a) Relative depth dose and b) beam profiles.

4.2 Description of the compensator planning system (CPS)

The CPS was developed to design models of compensators from the beamlet intensity
maps produced by an inverse planning system with the ultimate goal of using these
compensators for optimized IMRT. Its concept is described in the flow diagram below:
An optimization code will provide a set of beamlet intensity maps for each field in the
IMRT plan. Each map contains a 2D beam weight distribution. The beamlet wei ghts (wj;)
are transformed into a map of compensator thicknesses by the CPS which, in-turn,
provides a suitable output file for a local in-house built computer controlled compensator

milling machine/cutter.

Map of beamlet weights > C PS > Output file for local
(wij) compensator cutter

Figure 4.1. CPS designed as an interface between optimization output and input for
compensator milling machine.

The operation of the CPS can be described with the aid of figure 4.2.




Map of beamlet
weights (wy))

»| Map of compensator
thicknesses (t;)
(First guess)

Output file for local
compensator cutter

v

Calculate dose
distribution with
compensator model
(of Chapter 3)

v

Evaluate dose
distribution against
beam weights

Calculated dose
within dose
constraints?

Yes

Figure 4.2. Flow chart of the CPS algorithm.

Calculate new
thickness map (t;;)
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As mentioned, a set of maps containing the beamlet weights for each field in an IMRT

plan is supplied by an optimization code. The object of such an optimization code is to

adjust the relative weights of the beamlets in a determined number of beams so that the

dose distribution is optimized. This optimization is guided by a suitable objective/cost

function that has to be minimized. For example, this cost function could be design to

assign a certain uniform dose to the tumor volume and at the same time constrain the

maximum tolerable dose to critical structures/organs in the patient model. Optimization

codes fall outside the scope of this study. Only the output results of such a code are

needed in order to construct a suitable compensator to achieve the desired beam intensity

modulation and the topic is not pursued any further.
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The purpose of the CPS is to transform these maps of relative beamlet weights into

compensator thickness maps (t;). This transformation is strai ght forward and is calculated

with equation 4.1:

In(w, )
j=—2 4.1
Ky

t

where the indices (i,j) refer to the relative position of the beamlet in the particular beam.

Wij indicates that the EAC depends on the size of the beamlet for a given beam energy

and compensator material at index (i,j) in the field.

For beam the dose is then calculated as follows:

a) Start at the first location in the field and determine what the value of t;; 1s (equation
4.1).

b) For each this t-value, adjust the open PB to include the scatter and beam hardening
using equation 3.5 in Chapter 3.

¢) Rebin this PB into Cartesian co-ordinates.

d) Distribute this PB dose array in the current beam dose matrix (calculated in water).

e) Repeat steps b, ¢ and d for all other locations in the field, accumulating the dose in
each voxel of the current beam dose matrix.

The next step is to convert the beam weights (w;j) into proper dose values (wj=05—

0.5 Gy or 50 % of dose maximum) and to compare the calculated compensated dose with

the desired dose. This comparison would be done for a certain reference plane at depth,

say 10 cm (where the beam weights have been produced).

The dose difference values at each location is then used to adjust the thickness of the

compensator according to equation 4.2:

comp
Dij

Diie.\'iré'd
&, = u 4.2
Ky
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If the dose calculated under the compensator (D) is too low, then 3t will be a
negative number, and vice versa. After adjusting the thickness of each element of the
compensator to t; = t + t; the dose is recalculated with the new thickness map (),
Equation 4.2 is based on a formalism of Shragge er al., * where a similar formalism is
used to optimize tissue compensators. The process is repeated (see figure 4.2) until the
compensator delivers a dose distribution within a pre-determined error limit. A suitable

output file is then produced for the compensator milling machine.

The rest of this section is devoted to the evaluation of the fast rebinning algorithm.

4.3 Methods
4.3.1 Rebinning a PB from cylindrical to Cartesian co-ordinates

Convolution/Superposition methods are preferably implemented using cartesian co-
ordinates and the need for a fast rebinning algorithm was felt since the rebinning

operation has to be performed in-line during the dose calculation.

/V Annulus B
l /, | E Dose point (x,y)
7 \‘_A_ Annulus A
| ] ]

\INTT V] /
4

Figure 4.3. Cartesian grid superimposed on a cylindrical grid.

The rebinning process progresses as follows:
a) Each annulus has an effective radius, reff(i) (Chapter 3).

b) The geometric center of the dose point on the Cartesian grid is (x,y)

¢) Construct radius r = 4/(x* + y?
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d) Determine between which two effective radii, e.g. reff(i) and reff(i+1) the radius, r,
lies.

e) Interpolate the dose linearly between the corresponding annuli and assign the
resulting dose to the dose point.

f) Do so over the first quadrant of the cartesian grid and use the symmetry properties of
the Cartesian dose grid to reflect the dose values to the rest of the grid.

This method of rebinning is somewhat crude, but fast (approximately 50 times faster than

an area overlap method). It is not as accurate as the other more computationally

expensive methods, but the accuracy is regained in a further step of the procedure based

upon the results of the matching of the normalized depth dose curves for a set of square

fields to that of the corresponding normalized PB depth dose curves. During this step of

the procedure the cartesian PB dose profiles at any given depth are scaled with a linear

function, f, of compensator thickness that adjusts the dose values in the plane at that

depth according to equation 4.3.

(Dijk )xcaled = (1 - f ¥ k)DUk 43

Where k is the depth index and

f=a+bt 4.4

The values of function f, is small and depends to a certain degree on the field size.
The empirically determined parameters, a and b, describe the variation of constant f with

field size. Table 4.1 shows these parameters and the field sizes for which they were

derived.




Table 4.1 Parameters a and b for different field sizes:

Field size (S) a b

(cm)

2 0.0000 -0.00000
3 0.0000 -0.00000
5 0.0000 -0.00000
10 0.0000 -0.00000
15 0.0020 -0.00020
20 0.0027 -0.00031
30 0.0027 -0.00031

Normalized depth dose comparison had shown relative dose discrepancies of up to 3%
for fields from 15x15 cm? and larger. Applying the correction factor values in table 4.1
improved the match of depth dose curves at 6, 8 and 15 MV to within a fraction of one

percent.
4.3.2 Testing the rebinning algorithm

The rebinning method was tested for three cases. Case I: Normalized depth dose data for
6, 8 and 15 MV beam models were calculated for a range of square open fields ranging
from 2x2 cm® to 30x30 cm?. These data were calculated with a), DOSXYZ b), cylindrical
PBs using the reciprocity theorem and c) cartesian PBs using the superposition method.
The respective data were compared to evaluate the shape of the depth dose curves. Case
II: Normalized depth dose data were also calculated by adjusting the open PB to include
the scatter and beam hardening for a 5 cm thick brass absorber. These data were
compared to normalized depth dose data calculated with the corresponding cartesian PB
and with depth dose data for an actual PB derived after traversing 5 cm of brass at § MV.
Case III: Normalized dose profile data for 6, 8 and 15 MV were compared between the
Cartesian PB (using the superposition dose calculation method) and DOSXYZ for a ran ge
of square beam sizes ranging from 2x2 cm?® to 25x25 cm?.

All test cases were performed for parallel beams in water. The DOSXYZ voxels had

dimensions of 0.5x0.5 cm? in the xy-plane. Its depth increments corresponded to those
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used for the PB (see Chapter 3). The electron and photon energy cut-offs corresponded to

that for the EGSnrc simulations during the generation of the PB data.
4.4 Results and Discussion

Normalized depth dose data for 6, 8 and 15 MV beam energies are shown for a range of
field sizes in figures 4.4, 4.5 and 4.6. In each graph the PDD curve for the cylindrical PB
was obtained using the reciprocity theorem for the corresponding circle field. The PDD
curves for the Cartesian PB was obtained from superposition calculations over the field
size of interest. The DOSXYZ generated PDD curves were obtained from full MC
simulations over the field size of interest. The beam sources used the energy spectra as
shown in figure 1.1 in Chapter 1. The deviations of the relative MC dose compared to the
PB and Cartesian data are due to statistical variance on the MC data. It is more apparent
for the larger fields, since many more histories are needed to obtain the same level of
variance as e.g. the 2x2 cm? to 5x5cm? fields. The rebinning scheme could successfully
reproduce depth dose data from the original cylindrical PB as derived in water. These
depth dose data matched the DOSXYZ generated data. The PB can also be adjusted to
include the effect of compensators e.g. scatter and beam hardening. Figure 4.7 illustrates
the rebinning scheme to reproduce the relative depth dose curves for an 8 MV beam with
a brass attenuator with a thickness of 5 cm. This PB has been derived from an EGSnrc
MC simulation after the original photon beam has traversed 5 cm of brass. This serves a
dual purpose namely to show that a), the open PB can be modified to include the effects
of beam hardening and scatter for a 5 cm thick brass absorber and b), that the rebinning
operation on this modified PB can reproduce the resulting relative depth dose curves for
the field sizes shown.

As a final validation, sets of dose profiles for 6, 8 and 15 MV beams derived from the

rebinned PBs with the superposition method are compared with dose profiles from

DOSXYZ in figures 4.8, 4.9 and 4.10.
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Figure 4.4: Comparative fractional depth dose curves for different field sizes at 6 MV.
Curves are shown for DOSXYZ, cylindrical PB and Cartesian PB.
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Figure 4.6: Comparative fractional depth dose curves for different field sizes at 15 MV.
Curves are shown for DOSXYZ, cylindrical PB and Cartesian PB.
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The dose profiles for the smaller fields are in excellent agreement with the DOSXYZ

results e.g. the 3x3 cm?® and 5x5 cm? fields. For the larger fields the noise on the MC data

have a significant influence on the comparison of the data especially near the surface.

Encouraging, is the dose profiles in the penumbra regions that are in excellent agreement




105

over the field sizes studied. At this stage only the relative dose curves were compared.
The aim of this exercise was to show that the rebinning method, can with necessary small
adjustments (factors in table 4.1) deliver satisfactory results when compared to voxel
based MC codes such as DOSXYZ.

The 3-D dose distribution calculations data took in the order of 1.5 hours on a 1.4 GHz,
Pentium III Intel Celeron machine for a field size of 30x30 cmz, over 51 depth intervals.
The voxel dimensions in the xy-plane was 0.5x0.5 cm? resulting in a total of 183600

voxels.

4.5 Conclusion

From these verification data it is evident that the compensator planning system, which
employs a fast, accurate and simple rebinning algorithm, is capable of reproducing
accurate relative depth dose values from cylindrical PBs that have been modified to
include the effect of transmission through a brass material. It can match DOSXYZ water
based dose profiles and agrees well even in the beam penumbra region. Based on this
evidence this compensator planning system can be used to design compensators which
will include the effects of beam hardening and relative scatter. The compensator shape is
derived from a prescribed dose distribution in water. The next step is to evaluate the.
planning system performance on simple compensator models by comparing the dose
distribution under the compensator model, that has been designed by the CPS, with the
distribution obtained with a full DOSXYZ simulation, incorporating the compensator
model. This is the focus of Chapter 5. The compensators derived with this planning
system can ultimately be used in full MC calculations for IMRT purposes after

incorporating some additional necessary features, such as beam divergence, into the

model.
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CHAPTER 5

Modeling dose distributions for simple compensators with a
pencil beam based compensator planning system

5.1 Introduction

Compensators as an alternative to multileaf collimators can be used to modulate the
energy fluence over the aperture of arbitrary shaped photon fields. In Chapter 3, a study
was conducted aiming at characterizing scatter dose and beam hardening from slabs of
compensator materials. It was found that the absorbed dose profiles of an open PB could
be altered to include these effects as a linear function in material thickness. In Chapter 4
the CPS, using a simple, fast rebinning algorithm, was introduced and was benchmarked
for open fields and a 5 cm thick brass slab égainst DOSXYZ. The rebinning test cases in
that Chapter were mainly designed to verify d;epth dose curves and beam profiles for
various field sizes at 6, 8 and 15 MV beam energies. In this Chapter a step wedge
compensator will be used to verify the algorithm for a set of fields at 6, 8 and 15 MV
beam energies for wax, aluminum, brass, copper and lead materials. The relative dose for
each case will be compared with similar DOSXYZ MC simulations in a plane
perpendicular to the beam axis located at a depth of 10 cm in water. A simple correction
function is introduced to model side penetration through compensator elements. Finally,
the ability of the CPS to design a compensator that can produce a step-like dose

distribution is illustrated.
5.2 Methods

This study involved the analysis and comparison of 3D dose distributions, calculated in
water, using the CPS and the DOSXYZ Monte Carlo (MC) code. The aim was to
evaluate the performance of the algorithm developed in Chapter 3. The relative absorbed

dose was calculated by the CPS using superposition of the PB dose distribution. This was
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done by three different methods: In the first method, a broad beam EAC was used to
weigh the open PB. In the second method the same procedure is followed in combination
with a correction function for side penetration. In the third method, the EACs are
determined as in Chapter 2 and are then used together with the correction function for
side penetration and with the PB corrected for scatter and beam hardening as described in

Chapter 3.

5.2.1 DOSXYZ simulations

A rectangular water phantom with dimensions of 40x40x25 cm’ was set up in the EGS4
based DOSXYZ MC code (figure 5.1). The voxel dimensions was set to 0.5x0.5 cm? in
the xy-plane of the water phantom. In order to speed up the simulations the phantom
contained only three 1 cm thick scoring planes in the z-direction centered at 4.5, 9.5 and
14.5 cm. An additional scoring plane 0.2 cm thick was centered at 1.9 cm depth. The
following transport parameters were chosen: ECUT = 0.700 MeV, PCUT = 0.010 keV.
PRESTA was invoked. Enough histories were chosen to reduce the statistical variance to
less than about one percent through at least 80 percent of the field size volume in the
phantom. The beam sources used the same energy spectra (6, 8 and 15 MV) as shown in
Chapter 1, and were parallel with the CAX coinciding with the z-axis of the water
phantom. Three sets of fields were used in a series of simulations that included square
fields with side lengths of 5, 10 and 20 cm. For each field a set of five compensator
materials were used as mentioned. The compensator shape was scaled according to field
size. It was in the shape of a step wedge consisting of 5 steps. For a 10x10 cm? field each
step was 2 cm wide and for a 5x5 c¢cm? field, each step was set 1 cm wide etc. The
thicknesses of the steps were 0, 1, 2, 3 and 6 cm. The compensator was included in the

DOSXYZ geometry at a retractal distance of 33 cm from the water surface as shown in

figure 5.1.




Parallel x-ray

£ ] 1 _/___,
":,ucld'('S, 10-and
/ 20 cm) /
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copper and lead)
A -
33 ui"l"i
Water
\ 4 : phantom with

scoring planes

Figure 5.1. DOSXYZ water phantom with step wedge shaped compensator at 33 cm
retractal distance.

The thickness of the water phantom was chosen as 25 cm to correlate with an average

patient thickness.

5.2.2 CPS calculations

Dose calculations corresponding to the DOSXYZ cases, were performed with the
compensator planning system (CPS). It was calculated in a water phantom for the same
field sizes, beam energies and compensator materials as in the DOSXYZ MC
simulations, using the three mentioned methods. The relative absorbed dose were then
analyzed at the same plane depths as that for DOSXYZ. A typical calculation for a 20x20
cm? field took in the order of 12 minutes on a Pentium III, 1.0 GHz PC with the CPS: For

methods one and two the broad beam EACs were determined as follows: For the 5x5 cm?
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field the broad beam EAC values were taken from Chapter 2 for the 5x5 cm? field at 10
cm depth. For the 10x10 cm® and 20x20 cm’ fields broad beam EAC values were
calculated with DOSXYZ at 10 cm depth in water. This was done for each compensator
material and is shown in table 5.1. The geometry was a 40x40x40 cm’ water phantom,
with a single 0.5x0.5x1.0 cm® dose scoring voxel at a depth of 10 cm. Parallel beams
were used with energy spectra corresponding to 6, 8 and 15 MV respectively. The
transport control parameters (ECUT, PCUT etc.) were the same as those in Chapter 2. A
dose ratio was used to calculate these broad beam EACs. The first was the dose with no
absorber in the relevant beam and the second for a 1 cm thick slab of absorbing material,
(for wax the thickness was 4.0 cm.) The dose compensation depth was chosen at 10 cm
and the EAC was also calculated for this depth. This depth was chosen since this can be
regarded as an average tumor depth. In relation to this, the dose in the planes centered on
4.5 and 14.5 cm depth would give an indication of the degree of compensation variation

over this 10 cm thick ‘tumor’ volume for the EAC chosen at 10 cm depth.

5.3 Results and Discussion

The DOSXY?Z calculated broad beam EAC values are shown in table 5.1. These values

were used for the dose calculations with the CPS using methods 1 and 2.

Table 5.1 EAC values calculated from DOSXYZ simulations at 10 cm depth in water.

Field size 10x10 cm” 20x20 cm’”

Energy 6 MV 8§ MV 15MV  6MV 8MV 15 MV
wax 0.0298  0.0328 0.0256  0.0270 0.0328  0.0305
aluminum 0.111 0.101 0.085 0.105  0.111 0.095
brass 0.360 0.337 0.286 0286  0.285 0.285
copper  0.338 0.336 0.303 0296  0.291 0.315
lead 0.547 0.532 0.535 0.531 0534 0.555

The method for obtaining these EACs is certainly not as accurate as the one used in
Chapter 2. The aim here was to obtain a reasonable estimate for broad beam EACs at the
indicated beam energies and field sizes in water. The relative dose profiles under the step

shaped compensator were calculated for 5x5 cm?, 10x10 cm® and 20x20 cm?’ fields. In
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figures 5.2 to 5.4 the relative dose profiles are shown on the left at depths of 2, 5, 10 and
15 cm for the first and third methods in comparison with the DOSXYZ simulated relative
dose profiles. The graphs on the right show the local percentage difference between the
relative dose profiles calculated by all three methods, and the DOSXYZ generated
profiles as the reference data, at a single depth of 10 cm.

The broken line traces out the percentage differences for calculation method one where
the open PB is used with the broad beam EAC. The triangles show the percentage
difference for method 2, still using the broad beam EAC calculations, but now adjusted
for side penetration through the compensator. The solid line shows the data obtained with
the open PB after it was modified as in Chapter 3 (method 3) to include scatter and beam
hardening, but also including the side penetration correction. This correction will now be

discussed.
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5.3.2 Relative dose profiles for 10x10 cm? fields
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5.3.3 Relative dose profiles for 20x20 cm? fields

Field profiles leod (6 MV, 20cmx20cm)

3F E
o
£
X 2F Y= _0,5] m ]
£ e 2 P
1 3 3
o :
-20 -10 o 10 20

Off—oxis distonce (cm)
5 Field profiles copper (& MV,20cmx20cm)

@ 2r
EAC(_} = 0,415
g EACE_ 3) - 0.296/7;""-
- DOSHYZ (+ + +)
=
]
@
o 9 -
o i ks
-20 —10 [ 10 20
Off—oxis dizionce (cm)
Field profiles bross (6 MV, 20cm=20cm)
2 2r EACC ) = 0403/cm ]
g EAC(_ ) = 0.286/cm
- OOSMYZ (4 4 +)
=
5
=
& 4L -
[a) platd A o
-20 -10 o 10 20
Off—oxis distonce (cm)
Field profiles olum. (6 MV.20cmx20cm}
EAC(_) = 0.135/cm
EAC(- .) = 0.105/cm
15k DOSXYZ (+ + +) ]

Relative dose
(=3
T

124
5]
T

0.0 S
20 YT o 10 20
Off—oxis dislionce (cm)

Field profiles wx (6 MV.20cmx20cm)

2.0 v
EAC(_} = 0.068/cm
EAC(- ) = Q.027/cm

1sh DOSXYZ (4 + 4)

Relotive doge

Z20 Ty 20

s} o 1
Off-=oxis dislonce (cm)

% Difference

% Difference

% Difference

% Difference

% Difference

118

Lead (6 MV).80 % of field

5]
*
] y ]
2F m
(o} 4
-2r L v A B ]
v ' \Broog (broken fing)
L ' . I . ]
-4 M g&??gw +::é:1(l(e1r"u4nqc2?), (solid time}
v
-6 N [
=10 -5 o 5 10
Off—oxis dislonce (cm)
s Copper {6 MV).80 % of field
T Ll
¢
g b ' .
Ll
'
2+ -
<] 4
L i -
-2 at
road (broken ling)
-af B8 VR R). s 1oy
’
~6
—-10C [+ 10
Off-oxis dislance (cm)
Bross (6 MV).B0 % of field
6 : i T
o 1
[ 1
4 , N
‘I
t
2 ; 4
4
of o ]
—2f I~.’ h
rood Q#roken fing)
- . ! -{
-4 Eé‘fffw LGt T LER, (saiig tine)
'
-6 I
-10 -5 [+3 5 10
Off—axis distonce (cm)
Alum, (6 MV),B0 % of field
6 T T -
af ]
2F J
ar -
{ ¢+ .
-2 l\k‘ '
! "Brood (broken llnF)
1
I Y EE,??;’W PR NSLCIEL - R line} 1
\
‘
-6 " . N
=10 - (4] 10
Off~axis distonce (cm)
Wox (8 MV).80 % of field
6 T —
{
af W J
va
PrY
2F £ -
;
N
of .
L
—2F gmgg (broken "HF) n
LA [
SNorrow 4-Cgéz|u(er, a-&nch?r?‘ (s0lid line}
- - ‘\A ? .
i’
-5 e .
-10 - 10

[¢]
Off—oxis distance (cm)
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5.3.4 Side penetration correction function

The need for such a correction function was realized since the dose profile adjustments
are made on an open PB after it traversed a semi-infinite slab of compensator material
with a thickness, t. Step-like geometries are not corrected for in this process. For
example, the dose difference profiles in figures 5.2a — 5.2¢ clearly show a zigzag pattern
for the broken line data (broad beam EAC). If a side penetration correction is made, the
triangle data emerge, which, for at least the 5x5 cm? field size cases, indicate improved

correlation with the DOSXYZ data. The effect of side penetration can be understood
when looking at figure 5.5.

compensator

tlL

t ——3p Primary

............... Side
penetration

Figure 5.5: Dose is scored voxels A, B and C. Dose enhancement at B due to side
penetration from the compensator element.

In figure 5.5 a step in a compensator is shown. The algorithm developed in Chapter 3
does not take side penetration into account. This leads to a under dosing in voxel B. The

correction function was determined experimentally and is formulated as:

f(x) =1+0.015(p§](zm -t ) 5.1
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where § is a factor that can be adjusted to enhance or suppress the degree of correction,

Z) . N . .
(pz] is the electron density (in units of Na) of the medium and (f.m —1. )" is the

difference in the thickness between the steps. The power, W is the EAC used in the dose

calculations. Equation 5.1 1s executed when (tm —1,)>0, else

V4
fx+1) =1+0.015(p2)(tx+1 ~1,)" to indicate dose enhancement at the other side of

the step in the compensator. Experiments indicated that the degree of dose enhancement
was roughly proportional to the electron density of the material. The factor containin g the
difference in step thickness was found to be too strong at the larger step differences in the
step wedge shaped compensator models and it was found that by scaling it to the power
of the EAC could give a reasonable correction. The factor 0.01 was included to convert
the correction factor to a dose percentage correction. The function f(x) would be unity
over a uniform thickness of the compensator as in dose scoring regions A and B in figure
5.5 since ty =ty = ty. Only when a step is encountered will it have values different from

unity. Also if the compensator is smooth e.g. having no discrete steps and has no large
curvature then (¢, -t,)" would become small, indicating no significant ‘side’

penetration. This function has a step like character and is not continuous. Functions like
error functions, ERF(x), could be more useful to model side penetration but was not
pursued in this study. A reason for using this function is that on a step in the
compensator, as depicted in figure 5.5, not only does the dose in voxel B become
enhanced but the dose in voxel C should become less due to the shielding effect of the
compensator element (). This is an aspect that can be investigated in the future. This, by
assumption, would enable the derivation of dose correction factors that are related to the
material and geometry of the compensator more accurately. In figures 5.2a to 5.2c the
effect of the dose correction function is readily observed for the 5x5 cm? field cases. The
effect is unfortunately not that observable at the other field sizes. Factors like an increase
in in-phantom scatter with field size as well as the variance on the DOSXYZ data play a

major role in the evaluation of the success of the correction function. The correction

function f(x) is applied to the dose profile D(x) by multiplication:
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D(X) opmecrea = D(x) * f(x) 5.2

In the next set of tables (5.2 — 5.4) the following parameters are shown, which are used to
describe the local percentage dose differences relative to the DOSXYZ generated data.
A) The average percentage dose difference that shows how the relative dose as calculated
by the three methods differs on average from that as calculated by DOSXYZ. B) The
maximum percentage dose deviation among the three methods. C) The spread (maximum
- minimum) in the percentage dose differences for the three methods.

These three methods of dose calculation were chosen to evaluate their individual

performance against DOSXYZ.

The first dose calculation method used the open PB of which the dose was weighted
according to the thickness of the compensator before applying it in a superposition

algorithm. The weight factor is given as:

w(t) = exp(—H,zt) 5.3

where pp is the broad beam EAC. This EAC value was chosen to conform to the field
size studied e.g. using a value obtained for a 10x10 cm? field, when the dose was
calculated for the same field size. Some authors have used broad beam EACs in their
work with compensator materials like cement based materials ! and gypsum mixtures.’
Others have studied it to investigate the influence of scatter associated with broad beam
geometries and interaction phantoms (patients etc.) for lead.> * The density for the cement
and gypsum mixtures was matching that for aluminum = 2.7 g/cm’. These can be
regarded as medium density compensator materials that is dense enough to weigh the
dose sufficiently without having thicknesses that become impractical to use on a
shadowtray assembly on a linac. The use of only a broad beam EAC for medium density
materials may well be justified when the percentage dose differences are considered. In
tables 5.2 — 5.4 the average dose difference for wax ranges from 0.5 to 3.0 percent. For

aluminum it is 0.3 to 3.1 percent. For materials such as copper and lead the average dose

deviation, for the chosen broad beam EACs, may vary up to 7 percent. The spread in the
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dose differences when compared to the DOSXYZ dose is much higher. For wax it is

between 2.5 and 15 percent and for aluminum between 1.05 and 14 percent. Thus

materials having similar densities as aluminum would give reasonable dose correlation,

compared to DOSXYZ. The choice for such a broad beam EAC can be made more

refined than that chosen for this study. A certain other aspect is that if the broad beam

EAC is determined for a certain field size, it does not necessarily take scatter from the

absorber into account. This can be seen from dose difference graphs e.g. for copper in

figure 5.2 a, lead in figure 5.2b, wax in figures 5.2b and 5.2 c, all the materials in figure

5.3 a. This effect is very prominent for copper and brass in figure 5.4 a. This is reflected

in the spread in the dose difference (method 1) in tables 5.2 — 5.4 where these values tend

to be larger as a function of field size.




Table 5.2 Evaluation of the local percentage dose differences for the 5x5 cm’ field case at 6, 8 and 15 MV obtained with three
different dose calculation methods (1, 2 and 3). The narrow —and broad beam EACs are indicated by Uy and pip.

Average % dose difference | Max % dose deviation | Spread in % dose difference
Method

5x5 cm” field, 6 MV
Material Un Up ) 3 1 2 3 1 2 3 1 2
Wax 0.059 10.032 | 1.0 | 0.31 1.10 1.12 0.70 3.06 3.06 0.84 4.99 4.33
Aluminum | 0.131 |0.118 | 1.0 | 0.58 1.45 0.89 1.34 5.01 2.83 2.04 7.27 4.08
Brass 0.400 10.366 | 1.0 | 1.08 343 1.32 2.44 8.57 4.57 2.44 10.3 6.54
Copper 0.410 ] 0.358 | 1.0 ] 0.65 4.63 423 1.30 11.06 10.40 2.35 21.46 17.27
Lead 0.570 10.555 |13 [0.85 3.56 0.89 2.46 8.26 2.89 3.91 8.26 4.63
5x5 cm” field, 8§ MV
Wax 0.051 {0.024 {1.0 {0.59 248 248 1.18 8.19 8.19 1.18 11.56 10.92
Aluminum |(0.122 {0.112 [ 1.0 | 0.43 0.65 0.41 0.81 2.14 0.82 1.10 2.59 1.52
Brass 0.370 {0.342 [ 0.5 [0.63 1.79 0.52 1.32 4.37 1.09 1.32 4.37 1.09
Copper 0.391 |0.358 [ 0.5 |0.69 1.99 0.71 1.10 4.24 1.98 1.16 5.06 2.80
Lead 0.540 | 0.530 1.3 |1.34 4.64 2.46 3.62 11.97 5.47 4.66 12.20 7.89
5x5 cm” field, 15 MV
Wax 0.043 {0.016 {0.5 {0.19 2.39 2.40 0.36 7.00 7.00 0.71 10.12 9.79
Aluminum | 0.115 [ 0.093 | 0.5 | 0.37 0.65 0.33 0.80 1.77 1.06 1.02 1.77 1.06
Brass 0.350 |0.304 | 0.2 | 048 0.88 0.43 1.10 2.04 1.21 1.12 2.28 1.45
Copper 0.370 10320 |04 | 0.44 1.21 0.36 0.90 3.08 0.82 1.39 3.54 1.29
Lead 0.560 ]0.530 0.5 |0.99 241 1.14 2.43 4.98 3.40 242 5.20 3.62




Table 5.3 Evaluation of the local percentage dose differences for the 10 x10 cm?’ field case at 6, 8 and 15 MV obtained with three
different dose calculation methods (1, 2 and 3). The narrow —and broad beam EACs are indicated by Uy and Ug.

Average % dose difference | Max % dose deviation | Spread in % dose difference
Method

10x10 cm” field, 6 MV
Material N U ) 3 | 2 3 1 2 3 1 2
Wax 0.064 10.030 | 0.5 |0.61 2.36 2.36 1.44 8.57 8.57 2.51 12.47 12.47
Aluminum | 0.134 | 0.111 | 0.5 | 0.51 1.98 1.94 1.51 5.39 5.39 241 9.92 9.54
Brass 0410 10360 | 0.5 | 0.90 3.12 2.72 2.58 6.88 6.12 3.44 12.45 11.69
Copper 0.415 10.338 10.8 |0.57 6.40 6.37 1.48 18.32 18.33 2.13 30.48 29.11
Lead 0.590 10.546 0.1 |1.23 2.44 241 2.27 7.38 6.96 4.43 11.99 11.57
10x10 cm’ field, 8 MV
Wax 0.047 10.033 |05 }040 1.27 1.20 1.02 3.78 3.78 1.71 6.12 6.12
Aluminum | 0.125 10.101 {0.5 | 047 1.64 1.57 1.32 4.45 445 2.39 8.50 7.88
Brass 0.375 10337 10.2 10.76 0.88 0.89 2.14 3.46 2.74 3.60 5.36 4.63
Copper 0.385 [0.335 | 0.2 [ 0.65 2.60 2.63 1.75 6.37 6.37 3.23 12.45 11.84
Lead 0.580 [0.532 10.5 [1.37 1.57 1.68 3.05 5.89 3.77 5.58 8.51 6.88
10x10 cm” field, 15 MV
Wax 0.040 10031 |05 1043 0.53 0.52 1.08 1.58 1.58 1.79 2.56 2.52
Aluminum | 0.115 | 0.085 {0.5 | 0.60 0.96 0.97 1.81 4.21 4.21 2.58 5.38 5.38
Brass 0.305 [0.286 |0.5 [ 0.92 2.48 2.27 2.93 6.33 6.27 3.52 11.23 11.16
Copper 0.370 10.303 | 0.5 | 0.85 1.97 1.78 2.13 5.24 5.05 4.12 9.13 8.90
Lead 0.570 10.555 0.5 [0.89 2.78 2.70 2.23 9.52 9.52 3.67 12.55 12.55




Table 5.4 Evaluation of the local percentage dose differences for the 20 x20 cm?® field case at 6, 8 and 15 MV obtained with three
different dose calculation methods (1, 2 and 3). The narrow —and broad beam EACs are indicated by ly and Up.

Average % dose difference LMax % dose deviation Tgpread in % dose difference
Method

20x20 cm” field, 6 MV
Material Uy U b 3 1 2 3 1 2 3 1 2
Wax 0.068 |0.027 | 1.0 | 0.51 3.24 3.0 2.03 10.69 9.88 2.80 16.71 15.26
Aluminum | 0.135 | 0.105 | 1.0 | 091 3.11 3.12 2.51 9.62 9.62 3.30 15.04 14.12
Brass 0403 10.286 | 1.0 | 1.07 1.21 10.21 2.94 33.10 33.10 4.37 5144 50.69
Copper 0.310 [0.296 [0.3 | 1.36 11.03 11.10 3.99 37.58 37.58 6.59 55.35 55.35
Lead 0.570 10.530 | 1.0 | 1.47 2.12 2.12 4.16 6.43 6.44 8.14 11.34 11.34
20x20 cm” field, 8 MV
Wax 0.055 |0.033 0.5 | 0.68 1.93 1.94 1.73 7.06 7.06 3.29 10.34 10.34
Aluminum {0.130 }0.111 {1.0 | 045 0.80 0.80 1.27 2.83 2.83 2.07 4.43 443
Brass 0.370 {0.285 [ 0.1 {1.33 5.74 5.74 3.22 15.81 15.81 5.74 25.35 25.35
Copper 0.390 {0.291 {0.1 |1.09 6.69 6.69 3.16 17.83 17.83 5.80 30.10 30.10
Lead 0.565 [0.534 {0.1 | 1.47 2.39 2.39 3.62 13.52 13.52 6.23 18.26 18.26
20x20 cm’” field, 15 MV
Wax 0.048 10.031 [0.1 [0.66 1.05 1.05 2.17 2.96 2.96 2.83 4.31 4.31
Aluminum |[0.120 | 0.095 | 0.1 | 0.46 0.43 0.44 1.37 1.53 1.53 2.23 242 2.55
Brass 0.350 [0.285 | 0.1 [1.03 1.96 1.96 3.04 5.01 5.01 4.57 9.21 9.22
Copper 0.375 {0.315 | 0.1 |0.86 0.94 0.96 2.08 2.19 2.20 391 4.19 4.20
Lead 0.572 10.554 0.1 | 1.33 4.53 4.52 3.44 17.04 17.04 6.42 23.56 23.56
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The third dose calculation method entailed the transformation of an open PB to include
the effects of scatter and beam hardening. Experimentally it was found that a narrow
beam EAC is best suited to correlate the dose with that of DOSXYZ as well as the
application of a side penetration function. It is well known in literature where scatter is
introduced in the dose calculations and the so-called primary dose is scaled that a narrow
beam EAC is best suited. The scatter dose can be included in the calculation using
radially differentiated scatter-air-ratios (DSAR) ° or analytical methods.® " °? Large field
compensation may also be achieved by calculation of reduction factors (equation 5.3 can
be regarded as a reduction factor) through the ratio of tissue-air-ratios '° or tissue-
phantom-ratios."!

In this study the method for introducing scatter and beam hardening was developed and
discussed in Chapter 3. In short, the dose contribution from an open PB after traversing a

compensator element of thickness, t is calculated by:
Prns (r,2) ={P(r,2) + [o(r, 20+ B(r, ) (o) 5.4

Where Py, denotes the transformed open PB, P(r,z), with scatter, oc(r,z) and beam
hardening, B(r,z) corrections applied to it. The factor w(t) is the weight factor and has the
same form as equation 5.3 and t, denotes the thickness of the compensator element. The
narrow beam EAC is used, since scatter is included in the modeling of the PB. The
variables r and z denotes the perpendicular radial distance (r) from the PB axis and the
depth respectively. This transformed PB is then added to the dose in a 3D dose matrix by

means of superposition:

N M
D(x,3,2)= )\ ¥ P, (x=x,y =¥, 2) 55

i=l j=1

In equation 5.5 the dose (D) at point (x,y,z) equals the sum of the contribution of each
transformed PB, with its PB axis located at (x,y"), to point (x,y). The z co-ordinate

coincides with the depth co-ordinate of the PB. Indices (i,j) denote the position of the PB

on the dose calculation grid that contains N+1 voxel boundaries in the x direction and
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M+1 voxel boundaries in the y direction. The dose calculation grid spacing and that of
the PB were the same. Equation 5.2 was applied to the result of equation 5.5 to correct for
side penetration. Equation 5.5 is valid for a parallel beam with unit uniform fluence,
otherwise, the fluence, ®(x’,y’) should be included as well as an inverse-square correction
to take beam divergence into account for a non-parallel beam.

For all the cases studied in figures 5.2a — 5.4c, method 3 gave the best performance (solid
lines). As mentioned, the increasing variance on the data (particularly at the larger fields)
introduced noise on the percentage difference data. Bearing this in mind, it is still
possible to see that the method developed in this study gives encouraging results. From
tables 5.2 — 5.4 it can be observed that the average percentage dose difference is less than
2 percent, lead being the least accurate. This again might be related to larger variance on
the DOSXYZ data, since it absorbs most of the incoming photons.A For cases where the
variance is at its smallest e.g. wax and aluminum in figures 5.2a - ¢ there is very good
agreement with the DOSXYZ data. These discrepancies are slightly more than the
variance of about 0.3 percent. From table 5.2 the spread in the percentage dose difference
is in the order of 2.5 percent for most materials excluding lead which is about 4.5 percent,
probably due to more variance on the DOSXYZ data. This higher dose difference spread
is also observed at the other field sizes. This parameter indicates how well the calculated
data conforms to the DOSXYZ data and serves to indicate additional information, not
necessarily reflected in the average percentage dose difference. For example in table 5.2,
for wax at 6 MV, the average dose difference for method 1 is 1.12 percent and that for
method 3, 0.31 percent. The spread in the percentage difference is 4.33 and 0.84 percent
respectively. The average percentage dose difference indicates satisfactory performance
for both dose calculation methods, but the spread in these values indicate that method 1
does not conform as well as method 3 to the DOSXYZ values.

The maximum percentage dose deviation is also noted. This is to indicate the maximum
local percentage difference with respect to the DOSXYZ data. This must also be
evaluated with variance taken into consideration. In all cases method 3 outperformed

methods 1 and 2 in tables 5.2 — 5.4.
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5.3.5 The effect of scatter and beam hardening correction

To emphasise the effect of scatter and beam hardening, data in this section are presented
where the narrow beam EACs have been used for all the calculations. Calculations were
done for wax, aluminum, brass, copper and lead, for 5x5 cm® (figure 5.5 a) and 20x20
cm’ (figure 5.5 b) fields at beam energies of 6 (left) and 15 MV (right). The data now
presented is for method 3, with the same narrow beam EACs as shown in tables 5.2 and
5.4. The two graphs show the difference between the results with and without scatter and
beam hardening correction. The side penetration correction function was enabled in both
cases. These data were obtained at a depth of 10 cm in the water phantom.

From figure 5.5a it can be observed that the exclusion of scatter and beam hardening
cause a relative percentage dose deviation of between 2 — 3 percent at 6 MV beam energy
(left column). At 15 MV (right column) this deviation ranges from 4 — 7 percent at the
field edges. These dose deviations are caused by the combined effect of scatter and beam
hardening that is absent on the broken line data. The broken line can be viewed as the
relative primary dose contribution for an open PB that is not corrected for scatter and
beam hardening.

In-phantom scatter increases as a function of depth in, for example, a water phantom,
leading to a decrease in EAC values. At 6 MV more lateral scatter should be present than
at 15 MV. This would counter the effect of beam hardening to a greater extent at 6 MV
than at 15 MV, which could explain the larger deviations encountered at 15 MV. Also
prominent is that the deviation increases as a function of material density, being larger for
brass, copper and lead, than wax and aluminum at 15 MV. This might be due to more
forward scatter generated in the compensator at 15 MV, when compared with 6 MV
beams. At 6 MV the photons from the compensator are scattered relatively more lateral,
leading to lower dose in the phantom.

For the 20x20 cm? field case shown in figure 5.5b an attempt was made to reduce the
variance on the displayed data. A 5 point floating average, boxcar, method was employed
to smooth the percentage dose difference data, rather than the raw MC generated dose
profiles, since more sophisticated filtering techniques are needed in that case. The simple

filtering method was employed here merely to resolve the difference between the
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methods more clearly. The smoothing process introduced bias '? of about one percent at

the field edges. The smoothing process actually improved the performance of the method

where only the narrow beam and side penetration corrections were used.

The results in figures 5.5a and 5.5b clearly show that the inclusion of scatter and beam

hardening, as developed in Chapter 3, into the dose profile calculations have a si gnificant

impact on the shape of the profile. In all cases the use of only a narrow beam EAC will

cause the dose difference profile to be slanted, indicating under dosing and over dosing

that increases at increasing off-axis positions. The magnitude of the effect ranges from

about one percent up to several percent.




132

Leod (6 MV).B0 % of field Leod (15 MV),80 % of field

4] 5]
4 [-Norrow + corr, (broken line) J a4 [ NOrrow + corr, (broken line) ]
~
Norrow 4 scotler + corr. (g0lid line) Norrow -+ _scotier + core, (solid fine)
2F . 2F 4

% Difference
o
T
1
% Difference
=]
T

~al 3 -af N -
NN
-6 " 2 " -6 L ) " Al
-2 -1 8 1 2 -2 -1 8] 1 2
Off—oxlis disionce (cm) Off—-oxis distonce (em)
copper (B MV} 80 % of field R copper (15 MV).80 % of field
& y y T v v
\\
4 Norrow + corr, (broken line) b 4[ Norrow + Sogr, (broken line) ]
Norrow + scatler 4+ corr. (aolld ne) Norrow + scot‘gr + corr, (30lhid line)

P
- ~

- ~
= =7 N

% Uifference
o
T
/
.
I
\
\
A
P
rd
1
% Difference
o
T
’
¥s
7/
1

-2 N — -2k N N
N N
—af 4 —al AN 1
\
-6 " L N -6 N N A
-2 -1 e 1 2 -2 -1 [*) 1 2
Off—oxis dislance (cm) Off—avis distonce (crm)
bross (6 MV),80 % of field o bross (15 MV).BO % of field
& v T
~ 2 R
4|-Norrow + corr, (broken line) 4 4 Noarrow +\corr, (broken line) .
¥ Norrow + scotter + corr. (aolid ling) Norrow + ;quﬂer + corr. (solld line)
A
2[ - p 2fF ]
g PN 1 S
1 - N g ~
& of - = e &£ of p .
5., R ‘5. M/,—\
wo_ b . ] w b ~ b
~ N
. - ~
- ~
-4 . —4q ~. -
N
-6 2 L s > -6 N \ RS
-2 —1 o 1 2 -2 ~a [ 1 2
Off—oxls disiance (cm) Off—oxis distance (cm)
. Alum. (B MV),80 % of field Alum (15 MV). 80 % of field
T T T & v T T
4 [Norrow + corr, (broken line) - 4 [-Norrow + corr, (broken ling) 4
Norrow 4+ scotler + corr. (solid line) Norcow + scotier + corr, (solid line)
~
v 2r -~ ] o 2 AN p
g - & ~
-y ~ 5 ~
& of Jom—="T2 1 & of - ]
5 T 3 ~
] Se- ¥ e
-2k 4 -2k ~ J
~
~
-4} - -4l ~ N -
N
-6 N . . -6 N N R >
-2 -1 [#3 1 2 -2 -1 +} 1 2
Off—oxis dfsiance (cm) Off—oxig dislonce (cm)
Wax (6 MV).80 % of field Wox (15 MV).80 % of field
& v T T I3 T T
4 -Norrow + corr, (broken line) 4 4 _Nc\rrow + corr, (broken line) J
Norrow + scotier + corr, (solid line) NorPo\\N + scotier + corr. (s30lid line)
2F ~~ E 2fF RN .
g R g ~ ..
H N £ -
< Of -~ by = 0r == 4
5 halEN - = ~ ~
o ~ - ~
WL N K w o0 N E
~ = -
~ =
~
-4t v 4 -4l \ -
A
N
-6 N N N -6 N " L N
-2 -1 c 1 2 -2 -1 [+) 1 2
Off—oxis disionce (em) Off—oxis dislance (cm)

Figure 5.5 a. Percentage dose difference profiles at 10 cm depth for the 5x5cm® Sields relative to DOSXYZ
for 6 MV (left column) and 15 MV (opposite graphs). The solid line represents the full dose calculation and
the broken line without scatter and beam hardening included.
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Figure 5.5b. Percentage dose difference profiles at 10 cm depth  for the 20x20cm’ fields relative to

DOSXYZ for 6 MV (left column) and 15 MV (opposite graphs). The solid line represents the Sull dose
calculation and the broken line without scatter and beam hardening included.
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5.3.6 The properties of the determined narrow beam EACs

In Chapter 2, EACs for beamlets were calculated and related to the theoretical narrow
beam EAC values. In the current study it was found that the optimal EAC values that
resulted in the best match between the relative dose profile data as calculated with the
CPS to that of the DOSXYZ calculated relative dose profiles, differed by a small amount
from the EACs as calculated in Chapter 2. These optimally derived EACs will now be
referred to as determined EACs.

This section is devoted to the relationship between the determined EAC values and the
EAC values in Chapter 2. The determined EAC values are taken from the first column of
tables 5.2 to 5.4. In the graphs shown in figure 5.6 the average of the determined EAC
values for a material at a certain energy over the three field sizes is used. The reason for
using the average EAC values over the three field sizes is that the dose calculation model,
in this case a PB model, can be regarded as a sum of a primary and a scatter ‘pencil
beam’. If the PB were weighted (equation 5.3) then a narrow beam EAC would be the
most suited. The choice for this narrow beam EAC should not be field size dependant,
since the scatter part and to a lesser extend the beam hardening part of the modified PB
should take care of the field size dependence in dose calculations. This is also reflected in
the determined narrow beam EAC values in tables 5.2 to 5.4, if they are evaluated for a
given material and beam energy over the three field sizes used. The field size dependence
on the EAC in Chapter 2 is for varying beamlets or finite-sized PBs.'> '* In this study
only a single size finite-sized PB was used.

In figure 5.6 the plots show the relationship between the averaged, determined EAC
values (y-axis) against the theoretical EAC values from table 2.3 in Chapter 2. Also
shown in each graph are a linear regression line, its equation and the correlation
coefficient (R?). For each beam energy, the correlation indicated a linear dependence
between the average of the determined and theoretical EAC values. The linear function is

shown on each graph in the form:

Uy =apt, +b 5.5
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Where uy indicates the determined narrow beam EAC and pr is the theoretical counter
part. In the graphs py is replaced by variable y and pr by x.

From the graphs, and a evaluation of constant, a, in equation 5.5 it can be seen that the
determined EAC is about 12 percent lower than the theoretical narrow beam EAC at 6
MV. At 8 and 15 MV this number is 8 percent. A possible reason why the determined
EAC is less than the theoretical EAC is as follows: The PB used in the dose calculations
was rebinned into a 0.5x0.5 cm? voxel array. This corresponds to a finite-size PB. A true
PB has no cross sectional area and enters a phantom in a point. Its EAC would
correspond closer to the theoretical EAC that was calculated in Chapter 2. For example,
at 6 MV, the average of the determined EAC values for brass is 0.404 cm™ over the field
sizes used in the dose calculations. Its theoretical counter part has a value of 0.438 cm™.
The constant, b, in equation 5.5 has a relative small value compared to the EAC for
aluminum and the other higher density materials. For wax this value is in the order of 10
percent, and thus influence the EAC significantly. Ideally this constant should be zero,
since, if the theoretical EAC is non-existent, then the determined EAC should also not
exist. This would imply either no beam, and/or, no attenuator in the beam. Thus constant
(a) can be assigned to the finiteness of the PB, while constant (b) only serves to optimize
the regression procedure and should ideally be zero.

From table 2.2 in Chapter 2 this determined value for the EAC would lie between that for
a square beamlet with a side length ranging between 0.5 and 1.0 cm. It is clear from the
graphs that the other materials also show this effect. The only, subtle, exception is for the
case of wax. At 6 MV its averaged determined EAC has a value of 0.064 cm’, compared
to the calculated theoretical EAC of 0.052 cm™. At 8 and 15 MV the respective values are
better correlated and are found to be nearly the same. The much higher value for the
determined EAC might be due to inaccuracies introduced in the calculation method of the
theoretical EAC and / or inaccuracies in the beam hardening and scatter modulation for

wax at this energy. Nevertheless the determined value gives satisfactory dose calculation

results.
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Figure 5.6. Plots of the Determined EAC against the theoretical (calculated) EAC at 6, 8 and 15 MV. The
dots represent the average value for the EAC for a material over the three studied field sizes. These
materials are shown for the 8 MV case and correspond to the data points on the other graphs.

As a final remark, variance on the data does seem to have some influence since its can be
seen that the correlation between the determined EAC and the theoretical EAC is
improving as a function of beam energy.

The relationship between the determined EAC and theoretical EAC also suggest that the
grid size of the PB may play a role in the determination of their values from dose
calculation evaluations, since the well-correlated regression lines do not have a unit
slope. The value of these slopes might be linked to the PB grid spacing. In Chapter 2,
table 2.3 it can be readily observed that the beamlets, that can be constructed from a
smaller finite-sized PB, have different EACs and that these EACs decrease as a well
defined function of beamlet size. They also display a depth dependency. Thus it is
possible for the determined EACs to also display a depth dependency, since these were

derived for a depth of 10 cm. This depth dependency is noticeable in the dose profiles in
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figures 5.2a to 5.4c. The dose profiles show better correlation with the DOSXYZ data at

10 ¢m than at other depths, particularly near the surface.,

5.4 Determination of the shape of a compensator from a known dose
weight matrix (DWM)

The main objective of the compensator planning system (CPS) is to derive a compensator
thickness map that can give a certain prescribed dose distribution in a plane of interest.
This dose distribution may be expressed in terms of a dose wei ght matrix. In the previous
sections of this Chapter the dose profiles were evaluated for a step wedge compensator.
Corresponding dose profiles were calculated on the CPS. A side penetration correction
function were also introduced to correlate the calculated relative dose profiles with that of
DOSXYZ. These relative dose profiles were calculated at a depth of 10 cm in water.

In this section the side penetration function in conjunction with the determined EAC is
used to derive a suitable compensator from a given dose weight matrix (DWM). This
DWM or intensity modulated (IM) group was chosen arbitrarily (see figure 5.7) but will
in practice be obtained from inverse planning systems.'” = 2 A DWM is used to design
the appropriate compensator. In Chapter 4 the optimization method for obtaining the
compensator thickness map was described.

The DWM was set up to produce a step wedge compensator for a field size of 15x15 cm?,
using aluminum as the beam modulation material. The EAC chosen was for a beam
energy of 15 MV. It was taken as the average value of (0.115, 0.115 and 0.120 cm’™) as
determined from tables 5.2 to 5.4 for each beam size case. The average EAC value was
0.117 cm™. The DWM was set up as shown in figure 5.7. The PB grid was 0.5x0.5 cm?in
the xy-plane.

The DWM is to be interpreted as follows: The weight in each section determines how the
dose at 10 cm depth should be adjusted. A weight of 1.0 implies that the dose at 10 cm
depth should be the same as the dose on the beam axis (reference dose). Any other weight

value should then be the corresponding fraction of the particular reference dose.
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15cm

15cm 0.10 0.30 0.50 0.70 1.0

Figure 5.7 A schematic representation of a DWM used for a 15x15 cm? field. In each
section the dose weight is shown. Each section covered an area of 3x15 cm®.

For the purpose of illustration, the optimization code performed 6 iterations, starting with
the open beam. The results are shown in figure 5.8. The thickness of the aluminum
compensator was calculated and the new dose distribution was calculated. For iteration
number 1, the graph shows that the dose profile is such that the dose is over estimated.
This is because the primary dose has been scaled with the weight factor, from which the
initial compensator element thicknesses were derived. This exponential scaling does not
include scatter. Thus relative to the normalization point, the dose is over estimated at
other parts on the dose profile. If no scatter were present in the PB, then the correct dose
profile would have been accomplished the first time. For iteration number 2, the
compensator elements are made thicker to suppress the primary dose contribution and the
calculated dose profile already shows good agreement with the sought profile. The
calculated dose profiles were normalized to the maximum at 10 ¢cm depth. From the set of
graphs it can be observed that the calculated dose converges satisfactorily within 4
iterations. This number is also within performance levels of other optimization codes. **
Only at the steps in the arbitrary dose profile discrepancies occur. These discrepancies
tend to diminish only slightly after three further iterations. These discrepancies and those
obtained at the field edges are due to the finite dose gradient of a PB. It must be
mentioned that the arbitrary dose profile chosen does not mimic a real dose distribution in

terms of field edge effects and the described discrepancies would always be present at the
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‘steps’ or any region where the dose changes abruptly. Thus four iterations should be

sufficient as shown in this test.
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Figure 5.8: The convergence of the dose as calculated with the CPS and a compensator (solid line) to that
of the DWM profile (broken line) at a depth of 10 cm in water. The number of iterations is indicatd on each
graph and increases from top to bottom in the left and right columns respectively. Note that the field size is
in arbitrary units.

In figure 5.9 3-D representations are shown for the dose sought from the DWM, the

calculated dose and the compensator shape derived to get this calculated dose. The results

shown were obtained after 4 iterations. The dose profiles in figure 5.8 are just 2-D

representations of the 3-D data in figure 5.9.
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Figure 5.9 The DWM dose profile at 10 cm depth in water is shown (top) with the calculated dose profile
for 15 MV x rays at the same depth (middle). The bottom shows the calculated compensator shape for
obtaining the calculated dose distribution. Field dimensions are expressed in arbitrary units.
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From figures 5.8 and 5.9 it can be observed that there is good correlation between the
DWM and the calculated dose profiles and distributions. The bottom part of figure 5.9
shows the compensator shape with a somewhat peculiar shape that warrants an

explanation and is provided with the aid of figure 5.10.

Aluminum compensolar profile (15 M)

Thickness (cm)
i
(o]

P
o

Minimum
thickness

Figure 5.10. A cross sectional profile for the compensator shown in figure 5.9 (bottom).

The compensator profile shown has a finite minimum thickness outside the field
boundaries (broken lines). The optimization procedure was altered to avoid the inclusion
of negative compensator thickness. Instead, if a part of the compensator were found to be
negative, the absolute value of this thickness was added throughout the compensator.
This resulted in the minimum thickness of the compensator outside the field boundary,
since the starting compensator has zero thickness throughout. Inside the field boundary a
region exists where the compensator thickness is less than the minimum thickness.
Examination of the top left graph in figure 5.8 shows that the normalized dose profile at
10 cm depth is less than the DWM dose at the corresponding location. The optimization
code would adjust the compensator by assigning a negative value to it. This would result
in an enhancement of the dose when weighed by equation 5.3.

Near the steps in the DWM the compensator profile has local maxima and minima that

appear as over- and under shoots. Just before the step, the dose is suppressed, and after
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the step the dose is enhanced (local minimum in thickness). This is an attempt of the

optimization code to model the step-like profile of the DWM, using the finite sized pencil

beam profile.

5.4.1 Primary and total scatter dose contributions

The optimization code scaled the primary dose component of the PB after adjusting it for
beam hardening and scatter. The thickness profile in figure 5.10 has large values, ranging
from 40 cm down to 7 cm. From this thickness profile the amount of primary radiation
can be calculated, using equation 5.3, since the dose maximum is unity. For the primary
dose the thickness of aluminum required to suppress the dose to a fraction of 0.1 would
be:

__InDpy, /D,) _ In(0.1)

= =19.7cm
FEAC 0.177cm™

Thus if only the primary dose was taken into account, then a thickness of 19.7 cm
aluminum would have been required to adjust the dose to 10 percent of its maximum
value. The thickness in figure 5.10 is nearly twice that. This extra thickness is required
since scattered radiation from the compensator and in-phantom scatter contributes to the
dose at a certain location in the water phantom. From this argument it would then in
principle be possible to calculate the dose enhancement from the total scatter
contribution.

If the local required dose was to be 10 percent of the maximum open beam dose, and the
value of the designed thickness is 23 cm, then the primary dose contribution can be

deduced from:

D,,, =exp(=0.177cm™ *23cm) = 0.02 or 2 percent.

This indicates that for a beam energy of 15 MV, with an aluminum compensator, with a

local thickness of 23 cm, and a field size of 15x15 crn2, the primary dose contributed
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would be 2 percent, and thus the total scatter contribution must be 8 percent. This
calculation can be applied over the total thickness profile to yield a total scatter profile as

shown in figure 5.11.
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Figure 5.11. Calculated primary and scatter dose components from the compensator
profile in figure 5.10. Dose points were sampled 3 per step (solid line).

The scatter component of the dose makes up a much larger portion of the dose at
locations where the compensator is thickest, compared to the region where it is thinnest.
This scatter dose comes from the compensator itself as well as from in-phantom scatter in
the water phantom. At the regions where the most dose suppression is sought e.g. at 10
percent relative dose almost all of the dose contribution is scatter related. The scatter
fraction gradually becomes less at larger total dose values. Interestingly, the step like
profile is modulated by the primary dose profile, whereas the total scatter profile shows a
more gradual trend. This is because multiple scatter has a smoothing effect that tends to
soften sharp edges in dose gradients e.g. the calculated dose profiles in figure 5.8.

The method described for determining the total scatter component does not lend itself to
the determination of the absolute amount of scatter from the compensator itself. This
could be done using the open PB with no scatter adjustment of its profiles, but is not
pursued further in this study. Studies ** have shown that for a 4 MV beam, field size of

20x20 cm®, a 1 cm copper sheet would produce about 6 percent dose enhancement at a

retractal distance of 30 cm on the beam axis. Others 2 studied scatter-to-primary ratios
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(SPRs) and found for internal wedges that it varied between 4.4 — 5.4 percent at 6 and 25
MYV for field sizes exceeding 20x20 cm?. Others ® measured the dose enhancement due to
scatter from variable thickness lead-bismuth alloy sheets to be in the order of 2.5 percent
at 6 MV and Co-60. For a silicone-tungsten mixture at 6 MV the scatter ranged from 1 —
4 percent for corresponding thickness of 2.2 and 4.4 cm for a 16 x 16 cm? field.2” Others
found that the SPR for brass and lead is much the same at beam energies between 4 and
23 MV, but depend on the thickness and the material used. For a 15x15 cm? field is was
found to be in the order of 3.5 percent.”® From these studies it can be said that the beam
energy does not significantly change the percentage dose contribution due to scatter. The
thickness of the material plays a role and that for aluminum the results would most

probably lie within the ranges of 2 — 6 percent.

5.5 Conclusion

In this Chapter the performance of the CPS was tested with the PB models developed in
Chapter 3. Benchmarking to corresponding DOSXYZ MC simulations showed that for a
step wedge shaped compensator a) A side penetration function was needed to account for
penetration radiation. This worked very well for the 5x5 cm?” field cases. B) Suitable
EACs were determined and it was found that they are to a large extent field size
independent, but show a linear relationship with the theoretical narrow beam
counterparts. These slightly lower values for the determined EACs were ascribed to the
finite size of the PB. It was also found that the use of a broad beam EAC does not
necessarily lead to accurate dose profile modeling, although they were determined for the
same field size as that studied. The impact of the scatter and beam hardening corrections
on the PB was tested. It was found that the use of the determined EACs without scatter
and beam hardening corrections lead to percentage dose discrepancies of 2 — 3 percent at
6 MV and 4 — 7 percent at 15 MV. For the 20x20 cm? case the percentage dose curves
were smoothed with a box car averaging method, but it introduced bias when compared
with original results as discussed.

The dose profiles for the method developed were in very good agreement with the

benchmarking DOSXYZ MC generated relative dose profiles. The average dose
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deviation was less then 1.5 percent for all materials, beam energies and field sizes. The
maximum dose deviation was largest for lead in the small field case, on average 1 percent
larger. The spread in the dose was also largest for lead. This is thought to be due to
increased variance on the DOSXYZ data, since lead is a strong photon absorber. Similar
effects were observed for the other field sizes. The increase in field size also introduced
an increase in the variance. This influenced the impact of the side penetration function
and its delta (8) constant was set at a low value for the largest field cases. For the smallest
field case it was set at nearly unity throughout.

All the data gathered in the DOSXYZ benchmarking process e. g. determined EAC values
and delta for the side penetration function were used in an attempt to construct a
compensator from a DWM. It was found that a compensator could be designed from this
WDM within three to four iterations. If the determined EAC was excepted to weight only
the primary dose, then the total scatter dose from this designed compensator could be
calculated, from knowledge of the primary dose.

A point of concern is the very large thickness of aluminum required to bring the dose
down to 10 percent of its maximum value at a depth of 10 cm in water. This suggests that
materials such as lead, copper, woods alloy, brass and other high atomic number/density
materials would be more practical in cases where the dose has to be attenuated to such a
degree. If the dose gradient and variation were not as severe as in the DWM then
aluminum would suffice.

It was found that the variance on the DOSXYZ data used in the benchmarking process
plays a significant role. Thus the method developed here would be about 1.5 percent
accurate in calculating dose profiles for a compensator for fields smaller than 10x10 cm?.
For the larger fields this could amount to inaccuracies in the order of 2 — 3 percent. These
inaccuracies would be relative to the local dose values. Due to long DOSXYZ MC
simulation times not enough time was on hand to reduce the variance significantly further
than reported here as it took 3 months to complete.

The use of the CPS would thus be to calculate a compensator (typically from a DWM) as
a starting point for an MC code on which the full simulation would then be run. The

effects of scatter and beam hardening as outlined in Chapter 3 would make it very

difficult to adjust dose profiles to include the effects of scatter and beam hardening by
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other means than using analytic methods like the one developed in this and other studies.

This approach differs from simpler ones when an MLC is used for field fluence
modulation. Scatter and beam hardening through an actual compensator would have to be

modeled during beamlet dose distribution weighing that is absent on MLC based systems.
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CHAPTER 6

Retrospective comments and future developments of this study

6.1 Introduction

IMRT applications in the radiotherapy environment are fast becoming state of the art.
Compensators can be used to realize this treatment modality. When compared to more
sophisticated hardware such as MLCs, compensators introduce additional challenges with
regard to changing beam characteristics i.. compensator-induced scatter and spectral
changes in the beam. This ultimately leads to perturbations in the absorbed dose in the
patient, and, as a result, have to be taken into account for successful IMRT. In this study,
a method was developed to model these changing characteristics.

The approach used was based on the concept of a beamlet that corresponds to a
compensator element. This beamlet was modeled with a finite sized PB. A method was
developed to account for induced scatter and beam hardening by evaluation of the dose
profiles of a PB, after traversing a compensator element, made up from a certain material,
with thickness, t. This enabled the inclusion of scatter and beam hardening in an effective
manner, by adjusting the dose profiles of a cylindrical PB, rebinning it into a cartesian PB
and using superposition to add its 3-D dose distribution into a dose matrix. This
technique was also applied in the inverse problem of designing a compensator to fit a pre-

determined dose profile in a water phantom.

6.2 Assumptions of this study

The first an important assumption of this study was that the x-ray beams were parallel. In
reality x-ray beams, emerging from a linear accelerator, are diverging. It was decided to
use parallel beams, since it simplified the development of the CPS. It was believed that

this would not influence the final conclusions seriously. To take beam divergence into

account would entail the tilting of the PBs and applying an inverse square correction.
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Another important aspect is that the flattening filter of the accelerator would introduce
significant spectral changes in the beam, i.e. it would be ‘harder’ at the central beam axis,
and become ‘softer’ near the field edges. This is because of the shape of the filter. This
was not taken into account in this study. Only a single, invariant, energy spectrum was
assumed. This potential problem could be solved if the energy spectra of the photons
emerging from different regions of the flattening filter were determined. Poly-energetic
PBs could then be composed, as a weighted sum of mono-energetic PBs, to model the
spectral variation across the diameter of the flattening filter. If these constructed poly-
energetic PBs traversed the compensator, the alteration of their dose profiles could be
handled in a similar way than that for the PBs in this study. This statement is supported
by the fact that over the three beam energies studied, the compensator-induced scatter and
beam hardening could be modeled by the same functions. The fitting parameters were
material and energy dependent.

Further, the modeling of the beam characteristics was demonstrated for a set of materials
that had a wide range in atomic number, physical density and electron density. Thus if
any other compensating material or energy spectrum were to be used, the method

developed in this study would most probably by applicable.

6.3 Future developments

The main contribution of this study was the method developed to include beam hardening
and induced-scatter to an open PB dose profile and the development of a CPS to assist in
the design of a compensator. In practice, however, other issues must be addressed before
this model can be implemented clinically at radiotherapy, National Hospital. A suitable
source model will have to be developed for each linear accelerator in our institute. Firstly,
with the necessary enhancement, the method developed in this study can be used to
model a realistic compensator with the CPS. This compensator model can then be
imported into an MC treatment planning code for a full MC simulation to determine the
dose-distribution in a patient model.

To realise this goal, the PB based method for deriving the shape of the compensator

seems to be the fastest, most efficient way compared to MC simulations. In the latter
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case, changing the shape of the compensator entails a re-run of the whole simulation that
would be too time consuming. The method developed in this study gives a quick result in
terms of changing beam characteristics as the thickness of the compensator elements are
adjusted. This is not possible with MC, but MC is necessary for the final dose distribution
calculation which includes the compensator and patient inhomogeneities.

The second issue is that if compensators are to be used locally for IMRT applications an
inverse planning code will have to be obtained or developed to calculate the beamlet
weights needed for the design of compensators with the CPS. Using compensators would
enable the utilization of IMRT in a relatively economic way and as a further bonus,
would reduce the total number of monitor units delivered by the accelerator. As a result,
more patients could benefit from the advantages of IMRT. This would simplify quality
control since only the compensator is added to the accelerator, as opposed to more
comprehensive and costly tests that have to be performed when an MLC is used.

The third issue would be to develop suitable quality assurance programs for using

compensators as beam intensity modulation devices.
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ABSTRACT

In this study the effect of compensator-induced scatter on external beam dose calculations
were studied for compensators of wax, aluminum, brass, copper and lead for 6, 8 and 15
MV paralle] x-ray beams. An outline is given of the necessity for the inclusion of
compensator induced scatter in the design of compensators for their use in IMRT
applications. A method is described for deriving effective attenuation coefficients
(EACs), as calculated by the DOSXYZ Monte Carlo (MC) code. Various properties of
the EACs were studied, among which their dependence on small beam (beamlet) sizes as
well as their depth dependence in water. These EACs are used for the initial approximate
design of a compensator. In conjuction with these EACs, scatter and beam hardening is
included in the compensator modeling process. Compensator-induced scatter and beam
hardening properties were studied in some detail. The EGSnrc based DOSRZnrc MC
code was used to study the evolution of a pencil beam (PB) as it traverses different
thicknesses of a compensator material. It was found that the relative dose profiles of the
PB could be adjusted for scatter and beam hardening using empirically derived functions,
and that these adjustments were proportional to the thickness of the compensator
material. A compensator planning system (CPS) is described, used in the design of a
compensator. Dose calculations are performed with this CPS using the superposition
method for cartesian PBs. An algorithm is described that transforms the cylindrical PB as
obtained with the DOSRZnrc MC code, into a cartesian PB. The CPS was tested for a
step wedge shaped compensator over square field sizes with side lengths of 5, 10 and 20
cm. A correction function was introduced to account for side penetration in the
compensator. It was found that the relative dose profiles calculated with the CPS at a
depth of 10 cm in water was within 1.5 percent of similar dose profile data derived from
DOSXYZ MC dose calculations for a 5x5 cm? field. For the 20x20 cm? field, the
accuracy was within 3 percent in most cases and beam energies. It is also demonstrated
how an aluminum compensator can be designed by an iterative method with the CPS to
yield a dose profile that conforms accurately to a pre-determined dose profile, such as

would be produced by an inverse planning system for IMRT treatments.
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ABSTRAK

In hierdie studie is die effek van kompensator-geinduseerde verstrooing op eksterne
bundel dosis berekeninge vir was, aluminium, brass, koper en lood kompensators
ondersoek, vir paralelle x-straal bundels met energieé van 6, 8 and 15 MV. ‘n Oorsig
asook die noodsaaklikheid van die studie word uiteengesit t.0.v. kompensator-
geinduseerde verstrooing en die gebruik daarvan in IMRT toepassings. ‘n Metode vir die
berekening van effektiewe attenuasie koefisiénte (EAKSs), met die DOSXYZ Monte Carlo
(MC) program, word beskryf. Verskeie eienskappe van die EAKs is bestudeer waaronder
die afhanklikheid t.o.v. klein subvelde en diepte in water ondersoek is. Hierdie EAKs
word gebruik om ‘n voorlopige benaderde kompensator te kan ontwerp. Saam met
hierdie EAKs word x-straal bundel verstrooing en verharding dan ingesluit in die
kompensator ontwerp proses, soos bestudeer. Die EGSnrc gebasseerde DOSRZnrc MC
program is gebruik om die evolusie van ‘n dunbundel (DB), soos dit deur verskillende
diktes kompensator materiaal beweeg, te ondersoek. Daar is gevind dat die relatiewe
dosis profiele van die DBs aangepas kan word vir verstrooing en verharding deur die
gebruik van empiries- afgeleide funksies, en dat hierdie aanpassings eweredig aan die
dikte van die kompensator materiaal is. ‘n Kompensator beplanningstelsel (KBS) word
beskryf wat dan gebuik word in die ontwerp van ‘n kompensator. Dosis berekeninge is
met die KBS gedoen en werk op die beginsel van die superponering van kartesiese DBs.
‘n Algoritme wat ‘n silindriese DB (soos bereken met die DOSRZnrc program) na ‘n
kartesiese DB omskakel, is ontwikkel. Die KBS is getoets vir ‘n stapwig vormige
kompensator model vir vierkantige velde met sylengtes van 5, 10 en 20 cm. ‘n Korreksie
funksie is ingevoer om vir sydelingse stralingspenetrasie in die kompensator te kan
korrigeer. Daar was gevind dat dosisprofiele, soos bereken met die KBS by ‘n diepte van
10 cm in water binne 1.5 persent ooreengestem het van ‘n soortgelyke dosis profiel wat
met die DOSXYZ MC program bereken is vir ‘n veld grootte van 5x5cm’ Vir ‘n
20x20cm’ veld was die akkuraatheid binne 3 persent vir die meeéte materiale en bundel

energie€. Daar word ook gedemonstreer hoe ‘n aluminium kompensator ontwerp kan

word met ‘n iteratiewe metode met die KBS om ‘n dosis profiel te lewer wat akkuraat
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ooreenstem met ‘n voorafbepaalde dosis profiel, soos wat deur ‘n inverse

beplanningstelsel vir IMRT toepassings, geproduseer sal word.
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