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ABSTRACT

Shielding blocks are commonly used to protect critical physiological
Jtructures, during radiation therapy with megavoltage photon beams. The
computer program "lrreg” [3], which models the scattered radiation, is a
useful treatment planning tool for predicting the dose at points of interest
within these irregular fields.

An experimental verification of Irreg+, an improved version of the Irreg
algorithm, developed at the Cross Cancer Institute, was undertaken.
Measurements with icnization chamber and small diode dosimeters
demonstrated Irreg+ modeled the scatter well in most conditions. A few
problem areas arose, with the worst discrepancies occurring in the Co-60
calculations. The errors could be traced to the parameterization of the
extended source model, which calculates the scatter off the collimator in the
program. A discussion of the performance of Irren+ will be given for
calculations with Co-60, 6MV, and 15MV X-rays, and a verification of the

extended source model will be presented.
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CHAPTER 1

INTRODUCTION



1.1 introduction

Since Roentgen first discovered X-rays in 1895, many researchers
have studied their properties, and some of them discovered the harmfu!
effects of radiation through first hand experience. While this was unfortunate
for them, it did lead to the development ot many of the medically beneficial
uses of radiation, and in particular, radiotherapy for cancer. Grubbe and
Despeignes [1] applied radium to inoperable carcinomas in 1896, which
was the first documented treatment of cancer with radiation. Today in
Alberta, about 55% of cancer patients have the disease treated partially, or

completely with radiation.

There are two primary modes of radiation dslivery to a diseased
region: brachytherapy and teletherapy. Brachytherapy invoives placement
of radioactive sources within the body, usually inside the tumor volume.
Teletherapy, as the name implies, is tr. tment using a radiation beam which
originates some distance outside the body. This thesis will deal with aspects

of dose calculations for external X-ray beams.

1.2 Treatment Planning

Complications arise in radiotherapy when healthy tissue near the
tumor receives a higher dose than it can tolerate, or when the tumor dose is
insufficient for control. The effects of both these competing processes are

minimized by good radiotherapy treatment planning.



Radiotherapy treatment planning is the discipline which involves
selecting the appropriate beam energy, number, shape, angle ot approach
and shielding in order to achieve the most favorable dose distribution. This
process can be iterative and relies heavily on accurate dose calculatioiis
and measurements, provided by the medical physicist. For acceptable
treatment, the dose received by the target volume should be within 5% of the
prescribed value [2]). Since errors arise from an inability to duplicate the
exact patient position for each fraction of the treatment, an accuracy of 2-3%

in the dose computations is desirable.

Since the early 1970's, computers have been used to calculate dose
distributions. One of the early dose calculating programs, Irreg, was
developed by J. Cunningham [3] , based on Clarkson's method [4]. The
algorithm is still widely used today. The calculations performed by lrreg are
based on empirical 'look-up' tables which give the attenuated primary and
scatter components of the dose for various depths and field sizes. The
strengths of this program are that it can easily deal with irregularly shaped
fields, ( hence the name ), and it uses very little computer time to do a

calculation.

Many modern computerized treatment planning systems use
modified versions of the original Irreg algorithm. At the Cross Cancer
Institute, a version called Irreg+ is used. The major difference between the
two is that Irreg+ can account for partial transmission of a beam through
shielding blocks, whereas Irreg cannot, and assumes no transmission
through blocks in the field. Other dose calculation techniques which are

more accurate than Irreg+, and are based on the Monte Carlo method, have



been or are being developed. However, their difficulty of implementation
and lengthy computational times makes them clinically impractical at this
time. Although Irreg+ is practical, it has difficulties in predicting the dose
under narrovs shielding blocks placed in the treatment field. In fact, many
commercial treatment planning systems have difficulty predicting the dose
under small blocks, as was reported by Tatcher [5]. This thesis will
investigate the conditions where the Irreg+ dose calculations are inaccurate,

and suggest solutions to the prob.ems.
1.3 lIrregular Fields

It is a common radiotherapy technique to place beam occluding
blocks in a treatment field, in order to shield sensitive physiological
structures, or to shape the beam. The blocks used may be formed from lead,
cerrobend, or other high density materials. Fields which employ blocks and
have a non-uniform fluence, or non-rectangular shape are known as
irregular fields. As the name implies, the Irreg+ algorithm is designed to
deal with dose calculations in irregular fields.

An example of shielding block use, and an irregular field is shown in
figure 1-1, where a long narrow block has been used to shield the spinal
cord, which is a sensitive structure. When situations such as these occur,
the radiation oncologist requires accurate dose distribution information from
the treatment planners to ensure that the sensitive structure is shielded

sufficiently, and also that the whole tumor volume is treated adequately.
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1.4 Treatment Modalities

There are two principal types of external beam radiation employed in
radiotherapy. These are beams consisting of either high energy photons, or
electrons. The source of both these beams is usually a medical linear
accelerator (linac), and in the case of photons, high activity isotopes can
also be used. Most of the isotope machines in use today employ Co-60,
(half life = 5.26 years), which is produced by neutron activation of Co-59.
The useful radiation from Co-60 are two gamma rays, 1.17 and 1.33 MeV,
emitted in cascade when it decays to Ni-60. For ease of handling, standard
cobalt source capsules have been developed, their construction is shown in
figure 1-2. The sources consist of an outer and an inner stainless steel
cylinder in which many tiny radioactive cobalt pellets are sealed. Their
diameter is around 1.75 cm, with a height about the same. The capsules
have an activity near 10 TBg/g when new, which produces a photon fluence
on the order of 109 cm-2 s-1, at a distance of 80 cm from the source. This

translates to an absorbed dose in air near 200 cGy/min.

Medical linear accelerators are available with energies ranging from
4 to 35 MeV, and many can produce both electron and photon beams.
When operating in photon mode, a tungsten target is inserted into the
electron beam, which produces a thick target bremsstrahlung spectrum of X-
rays. The mean photon energy is between 1/3 and 1/2 of the electron beam
energy. Past the target a specially shaped tungsten filter is inserted in the

beam which preferentially absorbs the radiation so that the X-ray fluence will



Figure 1-2, Photograph showing the inner and outer containers, and
radioactive pellets of a Cobalt-60 source. Taken from Cunningham and

Johns 'The Physics of Radiology' [6].




be uniform over a large fieild. This device is known as a beam flattening
fiter. Usually thin filters of copper or aluminum are also placed in the beam
to absorb the low energy photons which are harmful to the surface layers of

the patient but have little effect on a deep tumor.

Radiation from the sources described above is generally measured
with one of four methods that can handle the high dose rates which occur.
These four methods are, ionization chambers, diodes, thermoluminescent
dosimetry, and film. lon chambers and diodes respond very linearly with the
amount of radiation received, whereas film has a limited linear response
region. Film, however is sensitive to small changes in exposure over a large
area, so diagnostic images can be produced. Thermoluminescent
dosimetry, or TLD, makes use of thalium doped lithium flouride, or other
suitable powders. When electrons are excited during irradiation, impurity
induced crystal imperfections ‘trap’ a fraction of them in a normally
disallowed energy band. When the sample is heated, these electrons gain
enough energy to 'escape’ and then return to an allowed lower energy level,
emitting visible light in the process. The amount of light emitted from a
sample is proportional to the dose received. The small size of the TLD
samples makes them a useful tool for checking the surface dose of patients

treated with irregular fields.

1.5 Radiation Interactions

The next two sections will deal with the basic photon interactions with

matter and concepts of dose deposition. As well, some important terms and



units used in this text will he defined. Primary and secondary energy

transfer reactions will be disciissed and related to dose deposition.

In the photon energy range of interest there are three basic
interactions whic' occ .t Ttace are; the photoelectric effect, compton
scattering, and ;.. producticr. The photoelectric effect occurs when a
photon collides with an atom, and transfers all its energy to a single electron,
thus ejecting it from its orbit. Compton scattering involves only a fractional
transfer of energy from a photon to an electron in a collision. The electron is
ejected from the atom, and the photon is deflected in the process. Pair
production is the result of a photon interacting in the field of an electron or
nucleus, and initiating the creation of an electron-positron pair from its
energy. The threshold energy for pair production is the combined rest mass
energy of the particle pair, 1.022 MeV, with any excess appearing as kinetic

energy distributed between the two particles.

The occurrence probability for these three radiation processes
depends on the energy of the incident radiation beam and on the atomic
number and density of the absorber. For water, which emulates soft tissue.
the photoelectric effect is negligible for energies above 60 KeV, where its
interaction cross section is about one tenth that of the compton cross section.
This is because the photon energy has become much greater than the
binding energy of the electrons and the probability of a photoelectric event
decreases with this energy ditference. Compton scattering events which
occur more readily with the outer loosely bound electrons are dominant up
to about 5 MeV, where pair production has a contribution of about 10% to

the total cross section. At 25 MeV, pair production overtakes compton
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scattering as the leading contributor to the total interaction cross section.
The above can be observed in figure 1-3, which shows the variation with
energy of the mass attenuation coeficients of water, for each processes.
Mass attenuation coeficients are linear attenuation coefficients divided by
the density of the absorbing material, so that it has units of cm2/g. The
photoelectric coefficient TP is very large at first, but falls off rapidly with
energy. The total compton coefficient, Giowr, appears in two parts, the mass
absorption coefficient, OaP and the mass scattering coefficient, Osp |
which add up to the total. The quantity Oa/Owt represents the average
fraction of the energy of the photon which will be absorbed in a compton
event, and Os/Otot represents the fraction which will be carried away by the
photon. The pair production coefficient, K/P appears on the plot near 3 Mev,
and then it increases in a logarithmic manner with energy until it becomes
the dominant contributor to the total attenuation coefficient.

On the left side of figure 1-3 is a line for the mass attenuation
coefficient for Rayliegh scattering, Gr/ P. This process which has not been
mentioned previously occurs when the electrons of an atom act as a
coherent reflector of a photon. The photon is scattered, with a neglibibie
energy loss to the atom. The process is of little interest, as it has a small
interaction probability compared to the other interactions, and it does not
contribute to the dose deposited by a beam. A good summary of all the
primary photon interactions can be found in Cunningham & Johns [5], and a
more detailed diicussion with tabulation of the cross sections of many

materials for a wide range of energies was produced by Hubbell [7].
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Plot of the mass attenuation coefficients of the photoelectric

figr re 1-3.

effect, compton scattering and pair production processes, in water, showing

their relative importance over the phroton energy range from 0.01 to 100

Mev, reproduced from Evans, [8].
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1.6 Dose Deposition

The net result of the interactions mentioned in the previous section, is
that charged particles, primarily electrons, and also positrons, are set in
motion. These are the minions of dose. Through secondary collisions they
are responsible for most of the ionizations which occur throughout the
absorbing medium, and ultimately they convert the absorbed radiation into
heat, and chemical potential energy. How much dose, or energy, an
electron deposits along its track is determined by the ionizational stopping
power of the medium. This is the rate at which energy is lost per unit track

length, and for an electron is given by the following equation;

y 2
_1dE\ . Ho EXE + 20) E/g-@Eergpoan 1825
s,on &x> ZRT%N cﬁz In 2‘1012 + (E N uo)z + B

eqn. 1-1

in units of MeV/cm. P is the density of the medium, ro is the classical
electron radius, Ng is the number of electrons per gram, | is the mean
excitation energy of the absorber, g is the electron rest mass energy, B is
v/ic, and & is a small density correction factor. For most materials, the
stopping power decreases with energy until a minimum of 1-2 MeV/cm is
reached near 1 MeV, then it slowly increases with energy. The range of an
electron is the integral of the stopping power over the energy, but due to
scattering the actual penetration depth is reduced. In water, electrons with
an initial energy between 1 and 20 MeV have a penetration depth in cm

which is approximately half their initial energy in MeV [9].
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The amount of energy transferred from a photon fluence to an
absorbing meaiums electrons is described by the Kinetic Energy Released
per unit Mass, or KERMA. If one considers a thin layer of absorber at a
depth d, then the KERMA at d is all the energy which is transferred to the
electrons in that layer. KERMA, like the photon fluence, is a maximum at the
surface ard then decreases exporientially with depth as interactions remove
photons from the beam. The Absorbed Dose is that part of the transferred
energy which is locally retained in the medium. It does not include energy
carried out of the region by fast electrons, or bremsstrahlung. The units of
absorbed dose, and KERMA, are the Joule/Kg, or Gray (Gy).

1.61 Dose Build up, and Depth Dose

Now that energy transfer has been discussed, it shoulo pe mentioned
how the dose changes with depth in an absorber in a large radiation field.
With the photon energies used in radiotherapy, the electrons set in motion
near the surface have a range up to a few centimeters. The KERMA is much
greater than the absorbed dose near the surface, because the electrons
have carried the energy deeper into the medium. This situation is known as
electronic disequilibrium, because if a thin layer is considered, more
electrons are leaving the layer than are entering it. As the depth increases,
the number of electrons entering a layer increases, and the absorbed dose
approaches the KERMA, this is known as the build up region. At a certain
depth the number of electrons entering and exiting a layer will balance,
creating electronic equilibrium, and the absorbed dose will equal the
KERMA. This point is also where the maximum dose is deposited, and is

called Dmax. or the maximum dose depth. Beyond this depth, the dose
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decreases as the KERMA decreases, and electronic disequilibrium occurs
again, as more electrons are entering a layer from above, than are exiting it.
However, this disequilibrium is small enough to be ignored for most practical
pirposes, and the region is referred to as having pseudo equilibrium.

The above phenomena are demonstrated in figure 1-4, a depth dose
curve in water at the center of a 10 x 10 cm? field, irradiated with 6 MV X-
rays, using a 100 cm source to surface distance ( SSD ). The depth where
the maximum dose occurs, Dmax, is approximately 1.5 cm. The build up
region is seen before Dmax, and after it is the region of pseudo electronic
equilibrium, where the dose falls off slowly as the photon beam is
attenuated. The characteristics of a depth dose curve are dependent on

field size, beam energy, and the SSD.



Figure 1-4 Measured depth dose curve for 6 MV radiation.
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1.7 Dose Measurement

lonization chambers are predominantly used to measure absorbed
dose in phantoms. These chambers contain a known mass of air, which has
a known mean ionization potential, W, of 33.85 eV per ion pair created.
When irradiated, the ions produced are collected and an electrometer allows
the current to be determined. If the current is integrated, the total charge
liberated, Q, can also be determined. This number multiplied by the
ionization potential gives the total energy absorbed by the air, which gives
the dose when divided by the mass. In practice, certain conditions must be
adhered to. and a number of correction factors must be applied to the
instrument reading in order to obtain an absorbed dose measurement.

lonization chamber measurements are based on Bragg-Gray cavity
theory, which is discussed in Johns [5). A brief summary of the principles
involved will be stated here. The ion chamber cavity must be surrounded by
anough phantom medium so that electronic equilibrium occurs, and a
uniform fluence of electrons is present in the cavity. The wall of the chamber
must be of a material with similar radiologic properties as the medium, so
that it does not greatly perturb the electron fluence entering from the
medium. Essentially, the air in the cavity sees the same electron fluence as
the wall, (if the previous two conditions are met), ‘!iarefore the ratio 91 the
wall dose to the air dose is a ratio of their averaged stopping powers, S pionl
The term averaged is used because the stopping powers are averaged over
the electron energy spectrum, which in turn is generated by averaging over

the photon spectrum of the beam. The net result of all this is that the
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absorbed dose to the cavity wall can be related to the ionization of the air by

the Bragg-Gray formula;

Dwai = ITI% WSy eqn.1-2

Similarly, the dose to the medium can be obtained by multiplication with a
ratio of the KERMA's of the medium and the wall, assuming electronic
equilibrium exists in the medium. Strict protocols for obtaining absorbed
dose measurements in a phantom, as well as all the correction factors which

must be applied are discussed in the ICRU REPORT #23 [17!
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2.0 Introduction

The difficulties of predicting the dose in irregular fields were
recognized many years ago, and to deal with these cases, Clarkson, in 1941
[4] developed a calculational method that was suitable for clinical use. In
1971 this method was incorporated into the computer program lIrreg, by J.
Cunningham [3]. Clarkson's method relies on the fact that the dose at a
point in a field consists of primary and scattered radiation components.
These components have been tabulated for many depths and field radii.
Thus, any shape of field can be divided into small circular segments for
which the fractional scatter component may be summed to give the total
scatter. This is then added to the primary component, which is only depth
dependent, to obtain a value for the total dose. The next section will expand
on the details of this method, and in particular, on how the operations are

performed within the Irreg+ dose calculating algorithm.

2.1 The Irreg+ Algorithm

2.11 Tissue-Air Ratios, and Scatter-Air Ratios

This section will define and describe the use of two important
quantities of medical radiation dosimetry; tissue-air ratios, or TAR's, and
scatter-air ratios, or SAR's. The tissue-air ratio relates the dose at a point in
a water equivalent phantom in a radiation field, to the dose that point would
receive if it were in air, surrounded only by enough phantom material to give

complete electron build up.
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Written as an equation the relationship is:

Dus _1an

Dar eqn 2-1a
or

Dyis =D ar X TAR eqn 2-1b

where Dar is the dose received by the point ‘in air, and Dris is the dose
received by the point in the phantom. The TAR can be seen as a ratio of the
two doses, or a factor which converts the ‘in air dose to a tissue dose, as
shown in figure 2-1. Tissue air ratios are independent of the source to
surface distance, SSD, but they are a function of the field size, W, depth, d,
and photon energy, hv. If one considers the TAR for a pencil beam or a 'zero
area field’, TAR(0,d,hv) , it is just the primary transmission to a depth, d. As
the field size increases, both the dose and the TAR increase due to the
increased contribution of scattered radiation reaching the dose point.
Following this line of reasoning, one can decompose the TAR at a point into
two components, a primary component, TAR(0,d,hv) , and a scatter
component, known as the scatter-air ratio, or, SAR(W,d,hv). The sum of the
two components must equal the total TAR. Expressing this mathematically,

we have:
TAR(W,d) = TAR(0.d) + SAR(W,d) eqn. 2-2

therefore the dose can be written in two components as:

Dris= Darx[ TAR(0,d) + SAR(W.d)| eqn. 2-3
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this is also shown diagrammatically in figure 2-1, which displays the scatter

and primary components of the dose.

tigure 2-1 The tissue air ratio at a point is defined as, the dose in air/
the dose in tissue at that point, written as,

DT1iIS
=TAR o Dyig =DurXTAR

DAIR TIS AR

TAR —

=% = +

o / o \ o | \o,\
D AR D s - PRIM/ +  SCATTER

TAR(W,d) = TAR SAR(W,d)
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Tissue-air ratios are spectrum dependent, hence they are machine
dependent, and must be measured for each radiation unit. They are
measured and compiled for a wide range of rectangular field sizes and
depths, and then converted to circular field equivalents, written TAR(r,d),
where r is the radius of a circular field necessary to produce the same tissue
air ratio as the given rectangular field. The zero area field ratios, TAR(0,d),
are extrapolated from the data, and circular equivalent scatter air ratios,
SAR(r,d), are obtained by subtraction of the TAR(0.d) from the TAR(r.d)
values. A demonstrative quantity for the scatter portion of the dose at a point
is the quotient, SAR/TAR, which is the fraction of the total dose at a point due
the scattered radiation.

In figures 2-2, and 2-3, this quantity is plotted versus depth for a
constant field size of 10 x 10 cm2, and versus field radius for a constant
depth of 4 cm, in Co-60 radiation at 80 cm SSD. It is seen in figure 2-2 how
the scatter contribution increases rapidly with depth, as the primary is
attenuated, and more scattered photons find their way back to the dose
point. The graph increases at a lesser rate deep in the phantom as the
number of scattered photons reaching the dose point becomes limited by
attenuation. In figure 2-3, SAR/TAR versus field radius, the scatter
component again increases rapidly at first and then approaches an
asymptotic value. This again, is due to attenuation of the scattered photons.
As their distance of origin increases from the central axis, the scattered
photons will have a reduced contribution to the SAR. For very large radii a

further increase in radius will not alter the SAR.



Figure 2-2 SAR/TAR ratio plotted versus depth in a 10 x 10 cm?
Co-60 field.

SAR/TAR
o
N
o

o0.00 +——""———1——r—1r—r——7rr—rrrr—r

0 5 10 15 20 25 30

depth in cm

23



Figure 2-3 SAR/TAR ratio plotted versus field radius at a depth of 4 cm
in a Co-60 field.
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2.12 Sector Integration of Scatter

Since the SAR's are tabulated for fields of varying radii, any shape of
field can be divided into circular segments, and the effective scatter air ratio
for the field can be found by summing up the SAR's for each segment. This
method, developed by Clarkson, can be used to calculate the dose at any
point in the field. Figure 2-4 shows how a field might be segmented in such
a calculation. The dose at point Q in this field would then be given by the

following equation:

26; sm(n.d)]
2n

Da = Daq, in air X {TAHO.d) + 2"

eqn. 2-4

If there is a shielding block anywhere in the field, then the scatter from the
shielded area is reduced by the transmission factor of the block. If the dose
point is under the block then the primary is also reduced by the transmission

factor.



Figure 2-4  Arbitrary field divided into circular segments whose

contribution to the total SAR can be summed up.
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2.13 Sector Integration of the Primary, The Extended Source Model

The sector integration method used to caiculate the amount of scatter
received at a point is also used to calculate the amount of primary radiation
which arrives at a dose point from the source. |f the source were an ideal
point isotropic emitter, then all areas in the field would be irradiated
uniformly. However, in practice, the radiation originates from a small volume
within the collimator, and all points in the field do not receive the same
amount of radiation from the source. For accelerators, the non-point like
source is caused by the fact that ti.e X-rays are produced in the volume of
the electron target, and then pass through a beam monitor, a field flattening
filter, and the collimator opening. Many of the photons are scattered before
they reach the field. In the case of Co-60 machines, the actual physical size
of the isotope capsule, as well as scattering, contribute to the b oadening of
the source effect. Wilkinson, Rawlinson and Cunningham [12] developed
the 'extended source model' to correct the lrreg algorithm for the effects of
this source broadening on dose calculations. This model is also an
important part the Irreg+ program, and a description of it follows.

The extended source model is used to describe the intensity
distribution of the primary radiation 'seen’' by the dose point looking up the
collimator. It describes the source as an infinite disk of activity, with an
exponential distribution, shown in figure 2-5. Scattered rays are equivalent
to rays originating from virtual sources on the disk, whose intensity is
proportional to the value of the exponential function at their point of origin.
The exponential shape is verified and parameterized by an analysis of

penumbral dose gradients, which will be described in chapter 4.
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Figure 2-5 The extended source model developed by Wilkinson,
Rawlinson and Cunningham uses an exponential distribution to describe the

intensity of the scatter from the collimator.
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The radially symmetric activity intensity distribution is given by the following
equation:

Hr) = 5;:;%? exp(;% r)

eqn. 2-5
Where | is the normalized relative number of photons originating from a unit
area at a distance r' from the center of the disk, a is the penumbral
parameter, and sd is the physical source diameter. In practice, ' is the radius
of a circular sector of the extended source, which results from projecting a
sector of radius r from the fieid, after the field has been divided for a
Clarkson's method calculation. A magnification factor relates the two radii,

so that r'is given by the following relation,

r (SSD)

r=
SSD-SDD +d eqn. 2-6

where SDD is the source to diaphragm or collimator opening distance.
When I(r) is integrated over r and 6, the area of the disk which is visible to
the dose point through the collimator opening, it yields eqn. 2-7 for the

relative primary flitence:

i.n .
Q‘; %%[1'9“’(;%(”1 +§%r” eqn. 2-7

The source is divided into sectors, of angle A8i , which are imaged from the
field, and whose contribution is summed up for the total primary calculation.

The primary and the scatter sector integrations are done in the same do loop
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in the Irreg+ program. When the dose is calculated near the center of a
large field, virtually all of the extended source is 'seen’, and a large primary
dose results. However, if the dose calculation point is near or under a block,
or near a field edge, then only part of the source will be 'seen’ and

contribute, and the primary dose will be reduced.

2.2 Problems with the Irreg+ Algorithm, and need for

Experimental Verification

As was mentioned previously, under certain conditions the lrreg+
dose calculations are not within the desired range of accuracy. Clinical
experience has shown that when shielding blocks with widths on the order
ot two centimeters or less are used, the Irreg+ algorithm breaks down for
certain depths and energies, and the predicted dose values vary
significantly from the measurements. This demonstrates the need for a
thorough experimental verificatior of the Irreg+ calculations under narrow
shielding blocks. The next chapter deals with the experimental procedure
used to verify the accuracy of the Irreg+ calculations, in an attempt to identify
trrds in the data which suggest causes for the discrepancies observed, so

that corrective measures rnay be taken



CHAPTER 3

AETHOD AND MATERIALS
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3.1 Irradiation Conditions

Measurements were made for a wide range of set up conditions, in
photon beams of three ditferent energies, Co-60, 6 MV, and 15 MV. Figure
3-1 shows the geometry which was used for making all the measurements.
Beginning from the top, we have the radiation source which is either a cobalt
capsule, or an accelerator target. The adjustable collimators were used to
select two rectangular field sizes, a small 10 x 10 cm2, and a large 25 x 25
cm? field. The cerrobend shielding blocks wer~ placed on an acrylic beam
accessory tray 55 cm from the source on the cobalt unit, and 54.8 cm from
the source on the accelerators. Measurements were made at four depths
along the central axis in an almost unit density polystyrene phantom. The
cobalt measurements were made with a source to surface distance (SSD) of
80 cm, and those for the accelerator were at 100 cm SSD. The radiation
dose measurements were primarily taken with a Capintec mode! PR-06-C,
0.6 cc farmer type ion chamber, connected to a Capintec 192A electrometer.
A diagram of the ion chamber with its dimensions is shown in figure 3-2, the
active volume is the tip area, 2.2 cm in length, with an inner diameter of 6.4
mm. A Therados S-9040 p-type diode with a Therados DPD-5 integrator
readout was also used as a second dosimeter. Many measurements were
taken with both devices for the purpose of comparison.

The blocks were poured from cerrobend alloy such that they were
tapered towards the radiation source. This produces better definition of the

edges of the shielded area.
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Figure 3-1 Experimental Set up
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Figure 3-2. Actual size diagram of the Capintec PR-06 ionization chamber

and cobalt 60 build up cap {12].
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Shielding blocks of many shapes and thicknesses were used for the
different energies, their dimensions and shadow sizes are summarized in
tables.3-1 to 3-3. The block thicknesses are given in nominal half value
layers, or HVL's. This is the thickness of absorber necessary to reduce the
fluence of a narrow incident beam to one half of its initial value. The
fractional narrow beam primary transmission, T, through a shield, is related
to the thickness in half value layers by the following equation:

T-= [12-]0 HVL's

eqn. 3-1
Where #HVL's is the thickness in HVL's of the attenuator. For cerrobend
alloy, the narrow beam half value layers for Co-60, 6 MV and 15 MV beams

are 1.2, 1.5, and 1.7 cm, respectively.

Table 3-1. Summary of the rectangular, spinal type shielding block
thickness, in nominal HVL's, used for the different block base sizes and

beam energies.

BEAM ENERGY

BASE SIZE Co-60 6MV 15MV

1,2,4, 5HVU's

2x7cme

I |
| |
I I
1x7cm2 [1,2,4,5HVL's |1,2,4,5HVL's
| l
| 1.2, 4 HVL's |
| |

I

1

I |

: :

1,2,4 HVL's |1,2,4HVL's |
l ;|

The rectangular block sizes were chosen based upon shield sizes

which are used clinicaily to shield the spinal cord. In a study by Mota et. al.
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[13) a range of average cord depths and widths of 4.8+1.3 cm and * 410.4
cm respectively, was reported. In order to study conditions of nearly
complete occlusion of the beam, a set of thick square shielding blocks was
produced which eliminated almost all the primary beam passing through
them, so only collimator scatter, and in-phantom scatter was received by
dose points beneath them. These occlusion blocks had base sizes of 1.1 x
1.1 cm2, 2.1 x 2.1 cm2, and 4.5 x 4.5 cm2. The first two were 9.8 cm thick,
and the latter was 10.4 cm thick. This constant physical thickness produced
a different attenuation in each beam energy, therefore the half value
thicknesses in each energy are given for the square occlusion blocks in

table 3-2.

Table 3-2. Summary of square shielding block thickness, in nominal

HVL's, at each energy, for the different block base sizes

BEAM ENERGY

BASE SIZE | |
inem2 | Co-60 | 6MV | 15MV |

| | 1 |

Tix11 | | | |
and | 83HVL's | 6.6 HVL's | 59 HVL's |
22x22 | 1 | |
I I I I

45x45 | 8.8 HVL's | 6.6 HVL's | 6.2 HVL's |
1 | 1 1

The source to accessory tray distances are nearly the same on each
machine, however, on the cobalt unit an SSD of 80 cm was used, and on
the accelerators a 100 cm SSD was used. This caused a difference in the
projected shadow sizes for these two set ups. The shadow sizes are

determined by measuring the optical shadow of the block on the phantom
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surface. This shadow is produced by a mirror and lam) System positioned in
between the primary and secondary collimators such that the light rays trace
back to a virtual source at the position of the radiation source. The shadow
sizes were also verified by measuring the shadow size the high energy
beam produced on radiographic film for the appropriate SSD set up. Table
3-3 lists the shadow sizes of the blocks on the phantom surface for the two

set ups.

Table 3-3. Shadow sizes, in cm2, of the shielding blocks on the phantom

surface for the two source to surface distances used.

Block Shadow Size in cm?2

45 x4.5
90 x9.0

___21x21 |  40x40
|
45x4.5 ] 85 x85

I |

Block | |
Base Size.incm? | 80 cm SSD | 100 ¢cm SSD |
I I I

1x7 1 1.8x125 | 20 x1275 |

I I

2x7 | 36 x125 40 x12.75 |

| I

1.1 x14 | |

I I

|

I

|

|
|
20x20 | 23x23
l
J
I
|

3.2 Measurements

The measurements taken to verify the Irreg+ calculations were as
follows. First an ion chamber or diode dose reading was obtained at the
desired depth in the phantom without the block in place. This will be called

the 'open field dose'. Then, the block was placed on the accessory tray,
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centered on the central axis of the beam, and another dose reading, the
‘closed field dose'.was taken. The ratio of the two readings, (closed field
dose/ open field dose), is the gffactive transmission, or the fraction by which
the open field dose is reduced, when the block is in place ‘.nsed and open
field doses were also calculated with the Irreg+ algont- - :h parameters
selected as to match the experimental conditions. Using a ratio for
comparison rather than actual doses eliminated many problems that would
have been encountered, such as normalization of the dose measurements,
and corrections for pressure and temperature and energy which would have
been necessary for the ion chamber readings. In all, measurements were
made for nearly 250 different conditions. The results are contained within

chapter 4, in tables 4-1, through 4-9.

3.3 Accuracy of the Measurements

The ion chamber is a standard instrument :or radiation dose
measurement, since its response is highly linear with the amount of dose
received, and it has only a small dependence on photor. enargy. The
response is dependent on the ambient pressure and temperature, since
these influence the density of the air, but this dependence is removed by
using a ratio of two readings, as was done.

The major sources of error in the effective transmission
measurements are caused by positional deviations of the ion chamber or the
block from the beam's central axis during set up. Small uncertainties are
also present in the depth of the probe, the SSD values, and the radiation

output of the accelerators due to statistical variations. However, all these

combinad. caiisa onlv a small amount nf arrar in tha affectiva transmission
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measurements. The dose falls off as the inverse square of the source
distance, therefore a 3 mm depth variation at a 100 cm source to probe
distance (SPD) is going to cause less than a one percent variation in the
dose reading. Reproducibility of the measurements showed that the errors
caused by positional vanations were quite small, and the ion chamber
measurements could be considered accurate within +i%.

To ensure that the ion chamber was completely shielded by the
blocks for the measurements, a relative dose profile of a blocked field was
taken, to determine if the ion chamber would be completely within the width
of the umbral region of the shadow. A diode was used on a linear scanner, (
Therados RFA7 ), which moved across a 10 x 10 cm?2 Co-60 field in air, at an
SPD of 80 cm. First an open field scan was taken across the center of the
field, then a 1 x 7 cm2, 5 HVL shielding block was placed on the accessory
tray, and the scan was repeated, with the long axis of the block being
perpendicular to the scan direction. Figure 3-3 shows the open and closed
field scans superrmposed. The maximum open field dose is chosen as
100%, and the other points are normalized to that maximum. The width of
the minimum dose, or umbral region below the block is about 10 mm. The
inner diameter of the active volume of the ion chamber is 6.5 mm, therefore
we can assume that it is completely shielded by the narrowest block.

The films which were used to verify the shadow sizes of the blocks
also indicated if the ion chamber would be completely shielded. An optical
densitometer was scanned across the films producing curves similar to the
blocked field scan of figure 3-3. These displayed for all energies that the 1.1
x 1.1 cm2 blocks gave incomplete coverage of the ion chamber, and the

coverage of the 2.2 x 2.2 cm2 block in the Co-60 field was borderline. All

nthar hinrke nractiired an iimhral raninn lama anniinh tn adanuatalv envar
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These results show that for the cases where adequate

the ion chamber.

coverage of the ion chamber occurs, small variations in the block or ion

chamber position will have a minor effect the measured results.
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3.4 The Diode Response versus the lon Chamber

3.41 Introduction

As was previously mentioned, a diode was also used to measure
many of the effective transmission values. For small geometries, a diode is
~uch better suited for dose meas.raments than an ion chamber. The
“=inutive size of the diode produces only a minor perturbation in the
_adiation field, and allows high spatial resolution to be obtained, which is
why it was used for the scans of figure 3-3. Because of the diode's
usefulness and the fact that it was the only measuring instrument us- * under
the smallest square shield, its response characteristics were studied in
detail. This section will describe these characteristics, as they have a direct

bearing on the results of this thesis.

3.42 Angular Dependent Response Variations

it was noted that the diode often gave higher effective transmission
readings than the ion chamber, especially for measurements in the lower
energy Co-60 beam. It was suspected that the sensitivity of the diode was
dependent on its orientation in the beam. This was tested, and verified, but
the effect was small. To examine the variation of the response of the diode
as a function of the incident angle of the primary radiation, the following
experiment was performed. The diode was mounted on a rotatable stand,
1.5 cm below the surface in a water tank, 80 cm SSD, in a 5 x 5 cm2 Co-60

field. Readings were taken for 0.5 min. of exposure in the beam, for every
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10° interval.of rotation.of the diode aoout the axis of its cable. The diode is
shown in figure 3-4, with the coordinate system used to describe it. A mark
was piaced on one side of the diode to arbitrarily label the top. The diode
was rotated about the X axis, and a vanation in response was obtained

versus the incident angie of radiation in the th~ Y, Z plane.

Figure 3-4 Schematic diagram of the diode showing the coordinate

system used to describe the response variations

Coaxial cable lead

Foil covered diode



Figure 3-5 Relative response of the diode in water at D = 1.5 cm, versus
the incident angle in the Z, Y plane of the radiation beam with

respect to the Z normal.
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As the diode was rotated a full 360°, an 8% variation in the response
was observed. This is shown in figure 3-5, a polar graph in the Y, Z plane,
where the radial distance of the points represents the relative response of
the diode as a function of the angle. The angular variation results obtained
are similar to those reported by Rikner [14]. The cause of this effect is
differential attenuation of radiation entering the diode's p-n junction, due to
its orientation and differing thicknesses of overlying material. The
specifications of the diode were unavailable from the manufacturer, but they
are usually constnicted with the diode lying on a thin perspex film, with leads
attached to a cable, it is then sealed with epoxy, and covered with silver foil
[14]). This construction allows for significant variation in the thickness.c
maternial overlying the junction.

However, since the orientation of the diode was kept the same o, .-
the effective transmission measurements, with the 'top’' facing the beam,
and, since a ratio of two readings was used, it seemed unlikely that
directional sensitivity would affect the diode results as much as their
observed deviation from the ion chamber values. In fact, when some of the
measurements were checked at random, changing the orientation of the
diode in the phantom caused only a 1-2% variation in the effective
transmission resuits. Therefore, variations in the directional sensitivity of the
diode were not enough to account for the differences in the effective
transmission measurements between the diode and the ion chamber, which
were as great as 10%. It was then suspected that the response of the diode

was also dependei sn the photon energy spectrum in the phantom.
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3.43 Energy Dependent Response Variations

Since the diode's measurements tended to be higher than the ion
chamber's for Co-60, but very close to the ion chamber's values at 15 MV, it
appeared the diode was more sensitive to the lower energy radiation. The
following experiment was performed to test whether or not the response of
the diode was energy dependent. The raw readings of the diode and ion
chamber were compared for the same exposure to photons of four energies,
250 KVp, Co-60, 6 MV, and 15 MV. It st J be mentioned again that a
bremsstrahlung spectrum has mean energy approximately 1/3 to 1/2 of the
peak energy, therefore the mean energies of photon beams were ~ 0.125,
1.25, 3.0 and 7.5 MeV. For each energy, except 250 KVp, the diode and the
ion chamber were separately placed in the phantom at Dmax, and irradiated
for a time that would produce a dose of 200 cGy. At 250 KVp, the diode and
ion chamber were each covered with 0.5 cm of build up material, then
irradiated in air. This was done to prevent excessive degradation of the
spectrum which would have been caused by low energy backscatter had the
measurements been done in the phantom. The raw readings of the diode
and ion chamber are plotted versus the approximate mean energy in figure
3-6. At high energies the variation of the raw readings is small for uniform
exposure, however, at 125 KVp, the response of the diode doubles.
Considering the diode is made from materials which have a relatively high
atomic number, Z, compared to the air in the ion chamber, increased
absorption of the lower energy radiation results from an increase in the

photoelectric cross section, and the diode overresponds to low energy




Figure 3-6  Plot of the response of the diode and the ion chamber versus

the mean photon energy for uniform exposure in the beams.
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3.44 Conclusions on the Acceptability of the Diode Measurements

it can be seen that the sensitivity of the diode dose increases with
lower energies. Under thick shielding blocks most of the dose is due to in
phantom scatter which is lower in energy than the primary radiation. Under
these conditions, the overresponse of the diode to the low energy scatter
increases the closed field dose reading, and consequently, the effective
transmission measurements increase. The mean difference between the
diode's and the ion chamber's measurements was just under 5%, with a
standard deviation of just over 4%. The diode reading was on the high
side.in most cases. Therefore, in most cases, the diode can be considered
accurate to +5% of the actual value, as measured by the ion chamber.
However, measurements in regions dominated by extreme low energy
scatter, such as beneath the square occlusion shields in the Co-60 field, the
overresponse may be 10% or greater, and strong conclusions should not be

based on diode results under these conditions.



CHAPTER 4

RESULTS AND INTERPRETATION
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4.0 Results and Interpretation of Data

A large amount of experimental data was obtained over the course of
this research project. This chapter will summarize that data, identify the
conditions where the Irreg+ calculations are in poor agreement with
measurements, and describe steps taken to determine the origin of the
discrepancies. After these are identified, further experiments will be
described which were used to assess what type of corrective actions should
be taken. Finally, corrections will be attempted, and their successfulness

evaluated.

4.1 Results

The large amount of data presented here can be cumbersome to the
reader, therefore its arrangement will be described as follows. All the
measured and calculated effective transmission data is contained in tables
4-1, through 4-9. It is grouped according to energy, such that tables 4-1, 4-2,
and 4-3 contain the Co-60 data, tables 4-4, 4-5, and 4-6 give the 6 MV
results, and tables 4-7, 4-8, and 4-9 list the 15 MV values. The three tables
of each energy group are ordered such that they provide the results for the 2
x 7 cm2, the 1 x 7 cm2, and the square occlusion blocks respectively. The
effective transmission tables for the rectangular shielding blocks are
arranged as follow. T'he base dimensions are listed in the table title, which
is followed by a row of column headers for the beam quality, the field size,
the block thickness in nominal HVL's, the technique used to obtain the
effective transmission values, and the four depths at which these values are

compiled. The tables are divided such that the top half contains the values
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for the small 10 x 10 cm? field, and the bottom half has the data for the large
25 x 25 cm? field. The data for each field size is divided into sections for
each block thickness used. In each of these sections effective transmission
values may be given by three or four techniques, an ion chamber
measurement, a diode measurement, and two calculations, one labeled
'Irreg+', and the other, 'Modified Irreg+'. Diode measurements were not
taken for all of the set up conditions, and are therefore absent from some of
the data tables. The rows of values labeled ‘Modified Irreg+' are effective
transmissions which were generated after some changes were made to the
Irreg+ algorithm, in an attempt to improve its accuracy. These modifications,
and their effectiveness will be described later in this chapter.

The data table structure for the square occlusion blocks differs
somewhat from that of the rectangular shielding blocks. The top of the tables
are similar, with headers for beam quality, field size, base size of the blocks,
technique for obtaining the effective transmission values, and the four
depths at which the values are given. The square block tables are also
divided into top and bottom halves for the small and large fields, and these
halves are split into sections for each base size of square occlusion block
used. The thickness of the blocks in nominal HVL's is given in brackets
below the block base size at the beginning of each section. The same four
techniques were used to generate the effective transmissions as in the
rectangular shielding block tables. Due to the small shadow size of the 1.1 x
1.1 cm2 block, the ion chamber could not be adequately shielded, and

therefore only diode measurements were attainable beneath it.



Table 4-1 Measured and caiculated effective transmissions for a
2 x 7cm2 spinal shield in Co-60 radiation

Effective T -
Beam Field Block Technique @ Depth (cm)
i i j 18 50 115 160
Co0-60,10 x 10 cm2
1 HVT lon chamber 500 .525 .561 .578
Diode .502 .527 .571 .568
Irreg+ 525 .539 .558 .570
2 HVT lon chamber 270 .300 .350 .374
Diode .275 .308 .361 .391
Irreg+ .287 .307 .336 .355
Modified irreg+ 277 300 332 339
4 HVT lon chamber .096 .133 .188 .228
Diode .105 .143 .210 .233
Irreg+ .108 .135 .170 .193
Modifed irreg+ 106  ,133 172 190
C0-60,25 x 25 cm2
1 HVT lon chamber 527 .561 .619 .655
Diode .536 .578 .644 .678
lrreg+ .543 .568 .618 .648
Modified Icreg+ 526 955 607 623
2 HVT lon chamber .309 .357 .439 .488
Diode .327 .348 .477 .522
Irreg+ .315 .353 .428 .470
Modi
4 HVT lon chamber .147 204 .304 .364
Diode .168 .237 .349 .409
Irreg+ .144 193 .286 .338

Modified Icreg+ 143 194 290 340

51



Table 4-2 Measured and calculated effective transmissions for a
1 x 7cm2 spinal shield in Co-60 radiation

Ettective T i
Beam Field Block Technique @ Depth (cm)
‘ ' ' 15 50 115 160

Co0-60,10 x 10 cm?2

1 HVT lon chamber .522 .558 .607 .632
Diode .530 .567 .611 .634
lrreg+ 582 .,04 .618 .628

2 HVT lon chamber 299 .345 .408 .438
Diode .307 359 .420 .452
Irreg+ 372 .402 .426 .444

4 HVT lon chamber .143 .202 .279 .313
Diode .149 219 .287 .323
lrreg_+ 216 .250 .282 .303

S HVT lon chamber .104 .160 .238 .274
Diode 109 177 .253 .290
Irreg+ 190 .224 .258 .281

_Mcodifiedirregs 187 197 242 259
Co0-60,25 x 25 cm?2

1 HVT lon chamber .558 .600 .665 .699
Diode .564 .617 .681 .715
Irreg+ .599 .626 .673 .699
Modi

2 HVT lon chamber 347 .407 .496 .546
Diode .360 .431 .525 .471
Irreg’+ .399 .440 .508 .546

4 HVT lon chamber .203 .307 .386 .441
Diode 219 .302 .419 .445
Irreg+ .248 .301 .385 .433
Modi

SHVT lon chamber .166 .240 .351 .411
Diode .183 .271 .388 .426
Irreg+ 233 .276 .324 .414

Modified Irreg+ 192 253 .350 396




Table 4-3 Measured and calculated eftective transmissions for
square occlusion blocks in Co-60 radiation

Ef'octive Transmission
Beam Field Base Size Technique @ Depth (cm)
Quality Size  (Thickness) 15 50 115 160
Co-60, 10 x 10, 1.1 x 1.1 cm2
(8.3HVL's )

lon chamber shadow too small for ion ch.

Diode 113 .200 .302 .248

Irreg+ .288 .324 356 .375

Modifed irreg+ 1786 227 278 296
Co-60, 10 x 10, 2.1 x 2.1 cm?2

(8.3HVL's )
lon chamber 102 127 213 .241
Diode .056 .118 .206 .346
Irreg+ .078 .121 176 .207

———  Modifedirreg+ 063 105 162 ,190
Co-60, 10 x 10, 4.5 x 4.5 cm?2

(8.8HVL's )
lon chamber L o .042 .079 .101
Diode .02, 046 .088 .108
Irreg+ .030 .046 .076 .094

Modified Irreg+ 033 047 074 091
Co-60, 25 x 25, 1.1 x 1.1 cm2

(8.3HVL's )
lon chamber shadow too small for ion ch.
Diode .199 .307 .439 .505
Irreg+ 317 .372 .449 .493

Modified Ireg+ 210 281 381 ,428
Co-60, 25 x 25, 2.1 x 2.1 cm?2

(8.3HVL's )
lon chamber 174 .202 .332 .387
Diode 131 219 354 .420
Ireg+ 117 .183 .295 .356

Mo fied | : 7 28> 342
Co-60, 25 x 25, 4.5 x 4.5 cm2

( 8.8HVL's )
lon chamber .070 .114 .204 .257
Diode .085 .139 .241 .298
Ireg+ .070 .114 .208 .264

Modified lreg+ 073 115 .208 .200
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Table 4-4 Measured and caiculated effective transmissions for a
2 x 7 cm2 spinal shield in 6 MV radiation

Beam Field Bicck Technique @ Depth (cm)
Nualty i Ih D
6 MV, 10 x 10 cm2
1 HVT lon chamber .488 504 .533 .548
Irreg+ 516 .529 .547 .558
Modified irreg+ 483 498 520 531
2 HVT lon chamber .262 .280 .318 .337
Irreg+ 275 .294 .322 .338
Modified lrreg+ 258 ,280 310 ,327
4 HVT lon chamber .113 .126 .168 .188
Ireg+ .094 .118 .153 .174
Modified Irreg+ 116 141 178 .197
6 MV, 25 x 25 cm2
1 HVT lon chamber 509 .532 .518 .604
Ireg+ .527 .545 .588 .612
Modified Irreg+ .495 515 562 .589
2 HVT lon chamber .289 .327 ..84 420
Ireg+ 291 .3'7 .383 .4%5N
Modified Irregs 275 303 372 109
4 HVT lon chamber 1€3 177 .248 290
Irreq+ 14 147 228 273
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Table 4-5 Measured and calculated effective transmissions for a
1 x 7cm2 spinal shield in 6 MV radiation

Beam Field Block Technique @ Depth (cm)

D
6 MV,10 x 10 cm2

1 HVT lon chamber .506 .526 .560 .582
Irreg+ .543 .558 .579 .592
Modifedirrage 506 522 546 568

2 HVT lon chamber .282 .311 .358 .381
Irreg+ 314 338 .370 .389
Modifiedlrregs 293 317 350 .369

4 HVT lon chamber 112 147 198 .227
Irreg+ 144 172 212 236
Modified Irreg+ 140 169 .21C 231

S5 HVT lon chamber .089 .126 .180 .204
ireg+ 114 148 '8¢ 210
Modifedirreg+ 129 189 0 223

6 MV, 25 x 25 cm2

1 HVT lon chamber .544 575 .619 .644
Irreg+ 580 .600 .642 .665
Modifiedirreg+ 517 539 588 614

2 HVT lon chamber 315 .363 .439 477
Ireg+ 330 .361 .427 .464
Modifiledlrreg+ 309 .340 400 447

4 HVT lon chamber 159 211 .296 .341
Irreg+ .163 .201 .285 .331
Modifiedirregs+ 160 198 282 328

SHVT lon chamber 136 .193 .281 .325
Irreg_+ 135 175 .260 .309

Modifiedirreqs 149 187 273 320




Table 4-6 Measured and calculated effective transmissions for square
occlusion blocks in 6 MV radiation

Effectiv
Beam Field Base Size Technique @ Depth (cm)
Quality Size (Thickness) D
6 MV, 10 x 10, 1.1 x 1.1 cm2
(6.6 HVL's)
lon chamber shadow too small for ion ch.
Diode 095 .149 224 257
Ireg+ 139 179 .228 .257
Modified Irreg+ 142 179 231 259
6 MV, 10x 10, 2.1 x 2.1 cm2
(6.6 HVL's)
lon chamber .043 .067 .122 .148
Diode .043 .081 .137 .165
Irreg+ .048 .083 .134 .161

Mcodified Irreg+ 047 077 .124 151
6 MV, 10 x 10, 4.5 x 4.5 cm2

(7.1 HVL's)
lon chamber .024 .028 .040 .050
Diode .025 .033 .046 .060
Irreg+ .024 030 .045 .053
Modifedirreg+ 032 035 045 .004
6 MV,25x25,1.1x 1.1 cm2
(6.6 HVL's)
lon chamber shadow to small for ion ch.
Diode .150 229 .336 .388
Irreg+ 159 .207 .302 .352
Modified Irregs 163 210 3086 356
6MV.25x25.2 x 2.1 cm2
(6.6 HVL's)
ion chamber 090 .125 .217 .262
Diode .083 .153 .252 .301
Ireg+ 071 117 217 .270
Mcodifiedirreg+ 070 111 207 261
6 MV, 25 x 25, 4.5 x 4.5 cm2
(7.1 HVL's)
lon chamber .062 .077 .135 .170
Diode .068 .102 .165 .203
Irreg+ .048 067 .136 .176

Modified | 55 07 %6 172
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Table Measured and calculated effective transmissions for a
2 x 7cm2 spinal shield in 15 MV radiation

Eff ISSi
Beam rield Block Technique @ Depth (cm)
h . : D
15 MV,10 x 10 cm?2
1 HVT lon chamber .502 .500 .510 .516
Dioda 500 .497 511 523
Irreg.+ 516 .521 .528 .558
2 HVT lon chamber 251 .249 .266 .275
Diode 2583 .251 .267 .275
Irreg+ 274 .281 291 .308
4 HVT lon chamber .084 .083 .100 .111
Diode .084 .082 .107 .119
Irreg+ .092 .103 .115 .125
Modified irreg+ 103 113 126 137
15 MV, 25 x 25 cm2
1 HVT ion chamber 526 .516 .536 .548
Diode 523 519 542 .562
Irreg.+ 528 .533 .549 .563
2 HVT lon chamber .288 .274 .302 .322
Diode .284 .278 .313 .339
Irreg+ 293 .301 .323 .346
4 HVT lon chamber 128 .114 147 171
Diode 126 .122 .160 .182
lrreg.+ 116 .126 .154 .182

_Modified lreq+ 126 137 160 193




Table 4-8 Measured and calculated effective transmissions for a
1 x 7 cm2 spinal shield in 15 MV radiation
Effective Transmission
Beam Ficld Block Technique @ Depth (cm)
. . D
15 MV.10 x 10 cm2
1 HVT lon chamber 518 .521 .539 .549
Irreg+ 542 549 .554 .559
Modified Irreg+ 523 530 536 541
2 HVT lon chamber .301 .311 .336 .348
irreg+ .313 .324 .331 .339
Modified Irreg+ 311 322 329 .337
4 HVT lon chamber .144 .157 .185 .196
Irreg+ .141 .156 .166 .175
Modified Irreg+ 159 174 .182 .190
SHVT lon chamber 108 .114 140 .156
Irreg+ 112 127 .137 147
M.Qﬂiﬁﬂd_m__alm_.lﬁ__m_alﬁi_
15 MV,25 x 25 cm?2
1 HVT lon chamber .5639 .543 .573 .586
Irreg+ .5654 562 .576 .589
Modified Irreg+ 636 543 ,558 573
YTHVT lon chamber .334 341 383 .402
Irreg+ 331 .342 .364 .384
Modified lrreg+ 329 340 ,361 .381
4 HVT lon chamber .185 .194 .237 .265
reg+ .164 .178 .204 .231
Meodified irreg+ 181 195 220 .246
5 HVT lon chamber .149 .153 .197 .225
Irreg+ .135 .150 .177 .204

Modified irre 153167 193 220




Table 4-9 Diode and calculated effective transmissions for
square occlusion blocks in 15 MV radiation

Beam Field Base Size Technique @ Depth (cm)

Quality Size (Thickness) Dmax.30 50 11.8 16.0
15 MV,10 x 10, 1.1 x 1.1 cm2
(5.9 HVL's )

lon chamber shadow too smalill for ion ch.

Diode 136 .154 .193 .213

Irreg+ 141 162 171 182

_Modifiedirreg+ 153 174 184 194
15MV, 10 x 10, 2.1 x 2.1 cm2

(5.9 HVL's )
lon chamber .064 .063 .089 .106
Diode .054 057 .089 .107
Irreg+ .053 .067 .084 .098

Modified lrreg+ 064 077 .094 .109
15 MV, 10 x 10, 4.5 x 4.5 cm2

(6.2 HVL's )
lon chamber .030 .027 .034 .038
Diode .028 .026 .033 .040
Irreg+ .029 .030 .036 .040

Modified Irreg+ 049 000 055 .060
15 MV, 25 x 25, 1.1 x 1.1 cm2

(5.9 HVL's )
lon chamber shadow too smal! for ion ch.
Diode .130 .199 259 .288
Ireg+ 165 .185 .212 .239

Modified irregs 177 179 223 2080
15 MV, 25 x 25, 2.1 x 2.1 cm2

(5.9 HVL's )
lon chamber 117 .099 .144 .172
Diode 102 .100 .156 .185
Irreg+ .079 .093 .128 .163

Modified lrreg+ 089 .104 .138 ,172
15 MV 25 x 25, 4.5 x 4.5 cm2

(6.2 HVL's)
lon chamber .073 .056 .083 .101
Diode 071 .065 .099 .118
Irreg+ .056 .057 .082 .107

Modified Irreqs 075 076 101 126
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4.2 Discussion of the Results

A few points shouid be made with regard to the Irreg+ algorithm, and
shielding blocks, before the discussion. The purpose of the Irreg+ aigorithm
is to correct the dose calculation at a point for scattered radiation received
from within the field, and from the cullimator. This correction is far superior to
a simple primary attenuation calculation which does not correct for scatter.
In terms of the percent errors between the Irreg+ calculations and the
measuremer..,, some apparently large discrepancies occur in the data.
However, in most cases these are large errors in greatly reduced doses
behina the thick shielding blocks, and the clinical effects of these errors may
indeed be below the threshold of measurement. Since the term ‘effective
transmission' can be rather cumbersome, 'dose ratio' may be used in its
place, since the ratio of the the closed to onen field doses is proportional to
the effective transmission.

A quantity which will be used to indicate the accuracy o: the Irreg+
calculations is the root mean square ( rms ) error. This is calculated with the

following equation:

rms error = %—»/ Z (Xi cak - Xi,meas )2
i eqn. 4-1

where Xicaic and Ximeas are corresponding calculated and measured
eftective transmission values in a data table of n elements. The rms error
indicates an average absolute difference between the calculated and

measured effective transmission values in the data table it is quoted for.
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4.21 Trends in the Co-60 Data

The Irreg+ calculations for the effective transmissions under the 2 « 7
cm?2 spinal shields in Co-60 radiation, as seen in table 4-1, were in good
agreement with the measurements. The root mean square difference
between the measured and the calculated dose ratios, is found to be only
0.014. This means the rms error in the dose under the block is 1.4% of the
open field dose. The largest error occurred 16 cm deep in the phantom,
under the 4 HVT biock in the small field, where Irreg+ predicted a dose ratio
of 0.193, and 0.228 was measured. This is a 15% difference between the
measurement and the calculation, however, the discrepancy is only 3.5% of
the open field dose. In the above conditions, a simple primary transmission
calculation would yield a dose ratio of 0.063, so it can be seen that Irreg+
models the scatt well, producing a result which is much closer to the
measured value.

When the narrower 1 x 7 cm2 shielding blocks were used in the
cobalt field, ( table 4-2 ), the lrreg+ effective transmission predictions did not
agree as well with the measurements, as the rms difference between the two
increased to 0.039. Underneath the narrower blocks Irreg+ appeared to
have some difficulties predicting the dose ratio at shallow depths. Most of
the larger errors were dose ratio overpredictions at depths of 1.5 and 5.0 cm,
in both the small and large fields. However, at depths of 11.5 and 16.0 cm,
the irreg+ values were much better, with some being exactly the same as
their measured coi!nterparts.

Duetot *:ys of measurement involved, the square block Co-
60 data, ( table - . ), must be interpreted carefully. Since the ion chamber

does not fit in the shadow of the 1.1 x 1.1 cm?2 block, and it just fits in the
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shadow of the 2.1 x 2.1 cm2 block near the surface, only the diode can be
relied on for measurements in these conditions. Under the square occlusion
shields however, most of the primary has been eliminated from the beam,
and the diode 'sees’ only scattered radiation. As was mentioned in chapter
3, these are the conditions where the diode shows a spectrally dependant
change in response, and its measurements snould only be considered
accurate within 10%.

T*e square occlusion shields are also the most difficult test for the
Irreg+ algorithm, as their is virtually no primary transmission through them,
and all the dose is due to scatter. In spite of these difficulties however,
reasonable agreement between the measurements and the calculations
was obtained. The rms error is 0.069, but is skewed by four large values,
most of the other twenty errors are all less than 0.040. Again, as with the 1 x
7 cm2 blocks, the larger errors occur near the surface, and better agreement
is obtained deeper in the phantom. For example, in the large field under the
1.1 x 1.1 cm2 block, Irreg+ predicts an effective transmission of 0.317 at 1.5
cm compared to a measurement of 0.199, however at 16.0 cm deep, Irreg+
predicted 0.493 which is remarkably close under these conditions to the
measured value of 0.505. While, lrreg+ does have some trouble spots in the

Co-60 data, in general it appears to be modeling the scatter well.

4 .22 Trends inthe 6 MV Data

The Irreg+ performance in the 6 * - nerally showed an
improved agreement with measurements .- @ v0-60 data. Under the 2
x 7 cm2 shields, ( ta*'~ 4-4 ), the rms difference between the calculated and

measured eftective transmissions is 0.019, with the worst case being a 0.054
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underprediction 1.5 cm deep, in the large field, below the 4 HVT block. A
small improvement with depth occurs, but the effect is not as obvious as with
the cobalt data. All the 1 HVT biock values are overpredicted, and all the 4
HVT block values are underpredicted by Irreg+. Both types of errors occur
under the 2 HVT blocks.

When the smaller 1 x 7 cm?2 shields were used, ( table 4-5 ), the rms
error of the calculations increased slightly to 0.020. In the small field, there
is a trend towards dose ratio overpredictions near the surface which improve
with depth, but in the large field, a trend is difficult to establish.

Underneath the square shielding blocks in 6 MV, ( table 4-6 ), the
problems of measurement encountered with Co-60, were present, but not as
severe. There was an improved agreement between the ion chamber and
the diode measurements, and some trends in the accuracy of the
calculations were discernable. The rms difference was only 0.018, much
better than with cobalt. The largest error was a 0.044 overprediction in the
small field under the smallest occlusion shield, 1.1 x 1.1 cm? , at 1.5 cm
deep in the phantom, however, at 16 cm deep, Irreg+ agreed exactly with the
effective transmission measurement made with the diode. The other errors
in the small field were minor dose ratio overpredictions, and some
underpredictions also occurred in the large field. In general, though, Irreg+

performed very well considering the conditions.

4.23 Trends in the 15 MV Data

In general Irreg+ performed well for dose calculations at 15 MV, under

the 2 x 7 cm?2 shielding blocks, ( table 4-7 ). The rms difference between the

effective transmission measurements and calculations is 0.020, with no
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extreme deviations. There was no noticeable change in accuracy with
depth, as was observed for the other energies. All but one of of the errors
were do<a ratio overpredictions, with the single underprediction occurring at
Dmax in "he large field, under the 4 HVT block.

W 1en narrower 1 x 7 cm?2 shielding blocks were used, in the 15 MV
beam, ( table 4-8 ), the accuracy of Irreg+ improved slightly, with the rms
error being only 0.016. This was unexpected since with the other two
energies, the accuracy of Irreg+ decreased for the narrower blocks. Beneath
the 1 and 2 HVT blocks, dose ratio overpredictions prevailed, while under
the 4 and 5 HVT blocks, underpredictions were dominant. Again, the
accuracy of the calculations did not appear to change with depth.

B¢ neath the square occlusion shields in 15 MV, ( table 4-9 ),
reasonable agreement between the diode and ion chamber was obtained,
and an rms error of 0.019 occurred between the Irreg+ calculations and the
dose ratio measurements. The iargest errors of .047 and .049 were under
the smallest shield in the large field where at depths of 11.5 and 16.0 cm
Irreg+ predicted dose ratios of .259 and .288 respectively while values of
212 and .239 were measured. Again, this is a region of extreme scatter,
where a simple primary calculation would give a dose ratio of only .017,
thus, by considering the scatte’, Irreg+ provides a much better estimate of

the ratio of the blocked to ope “uld dose.
4.3 Clinical Significance of the Discrepancies
Although some large discrepancies were observed, a few comments

are needed in order to give them more meaning and to put them into clinical

perspective. One notable point is that a majority of the discrepancies are
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dose overpredictions under thick shielding blocks. These are errors on the
‘'safe side’, since the shielded area is actually receiving a lower dose than
calculated by lrreg+. However in some cases only partial shieilding 1s
employed, and it is desirable to keep the shielded dose at a prescribed
level. Examples of this are the use of partiai lung shields in the treatment of
Hodgkins disease and partial kidney shields in the treatment of ovarian
cancer. In these scenarios, dose underpredictions and overpredictions are
of concern. it should be known if the amount of overdosing or underdosing
due to erroneous calculations may be enough to cause complications in
treatment. In other words, a reasonable limit of certainty must be chosen
within which the Irreg+ dose calcuiations should be contained, in order to
deliver a required quality of treatment in these circumstances.

Although some of the percent discrepancies between calculated and
measured dose ratios in the data are very large, it must be kept in mind that
most of these large percent errors occurred in what are greatly reduced
absolute doses. It is necessary therefore to introduce some guidelines on
how large a discrepancy can be before it should be considered clinically
significant. According to the conclusions of the ICRU #24 Report 2], as was
mentioned earlier, the target volume dose should be delivered to an
accuracy of £5%, with 3% of this error allowed in the computation stage ot
the treatment planning. This is the accuracy required for the target volume,
which receives the greatest dose. This margin is to ensure tumor control,
and prevent complications of surrounding healthy tissue.

Assuming the target is in the open field, adjacent to a shielded point,
an error ot 3% in the target dose corresponds to a variation of 3% in the
open field dose. This is also equivalent to a variation of 0.030 in the open

field transmission. Therefore, a discrepancy of 0.030 in the etfective
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transmission to the shielded point, will give an absolute uncenainty in the
shielded dose which is 3% of the open field, or target dose. For example, if
3% of the target dose at some depth is X Grays, and an adjacent location is
shielded, then a 0.030 error in the effective transmission under the shieid
also yields a variation of X Grays in the shielded dose at that depth. Since a
variation of X Grays is a tolerable amount to the tissue around the target
volume, it should be a tolerable amount to the shielded region in most
cases. Therefore, with this reasoning, it is absolute differences greater than
+0.030 between the measured and the calculated effective transmissions
that will be considered significant discrepancies and of concern in this
‘hesis.

The local discrepancy, or percent difference between a calculated
and measured effective transmissicn will always be greater than 3% it there
is an absolute difference of 0.030 between the two values. Therefore, the
chosen guideline for a significant discrepancy is a flag which indicates areas
where calculational shortcomings will lead to errors greater than 3% in the
dose delivered under the shield. Due to the nature of the observed
discrepancies, it is difficult to make a statement on the overall local accuracy
of the Irreg+ algorithm. However, the discrepancies can be classified,
explained, and commented on according to the conditions in which they
occur, thereby putting them into clinical perspective. Table 4-10 highlights
areas of greatest discrepancy between Irreg+ and measurement for each
depth, block thickness, and energy. Of the 45 discrepancies encountered,
out of a total of 240 measurements, 19 occurred under the square occlusion
biocks which were greater than 5 HVL's thick, and 12 were observed under

the 4 and 5 HVL blocks.
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Table 4-10 Frequency of discrepancies exceeding 0.030 between the
Irreg+ calculations and the measurements for ail the data tables. The
symbols are tallies for the discrepancies observed at each energy, X tor Co-

60, O for 6MV, and | for 15MV, for the given depth and block thickness.

Bicck | __Depth ot measyrements.cm |
Thickness | | | [ |
HVL 1 15 | S50 1 o 11s | 160 |
| XX | X | I I

1 I o0 | o | I I

1 | 1 B | 1

I XX | XX | I |

2 I o | I I |

| | l i | | i

I XX | X I I X I

4 I oo | I I I

| | I 11 |

I XX | XX | I I

5 | I I | I

| 1 | | |

| XXX | XX | XXX | XXX |

>S5 | O | I O I O |
! I | I N N |

| I | | |

Total | 19 | 10 | 6 | 10 |
| | 1 | 1

* depth for this 15 MV value is 3.0 cm

As was described in chapter 3, many of the first 19 discrepancies can be
accounted for by the difficulties of measurement under the small square
shields. Even so, there remain 31 discrepancies under very thick shielding
blocks. These blocks have uses such as complete spinal shielding, where
they greatly reduce the given dose, so that even with large local errors the
dose is still greatly reduced from the open field, and unacceptable

overdoses should not occur in most cases.
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This leaves 14 discrepancies under the 1 and 2 HVL shields, 11 of
which were under the narrower 1 cm wide blocks. The accuracy required
under blocks of these thicknesses is of a more critical nature. since they are
typical for applications such as partial kidney shielding in the treatment ci
ovarian cancer, where the shielded dose must be kept within 3% of the
desired value. Irreg+ did have difficulties in this region, since 14 of 96
effective transmission calculations under the 1 and 2 HVL blocks had
discrepancies greater than 0.03 from the measurements. Since most of
these occurred under 1 cm wide blocks, Irreg+ results under these blocks
should be used with caution, but results under the 2 cm wide partial shields
can be used with confidence. It was found that most the 14 discrepancies
did not arise from the Irreg+ algorithm, but rather from difficulties in
tabricating cerrobend blocks, and an inability to accurately determine their
narrow beam transmissions, which are important parameters the user must
enter into the Irreg+ program. By the use of more appropriate values, 6 of
these discrepancies were corrected, and of the remaining 8, 5 occurred in
the C0-60 calculations. The cause of the discrepancies in the Co-60
calculations is predominantly due to a poor extended source model, which
will be discussed in the following sections. In general, Irreg+ performs well,

except for Co-60 where there are some notable exceptions.

4.4  Sources of Error in the Irreg+ Aigorithm

This section will further examine the Irreg+ dose calculation method
described in chapter 2, and identify the causes of the discrepancies in the
calculations that were observed. When the large discrepancies were
discovered in the Co-60 data. the scatter component of the calculation was
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suspect. It was thought that the algorithm may have been :nterpolating the
scatter air ratios incorrectly for the small radii segments of the shielded area,
thus computing an incorrect scatter component of the dose. This however
was not the cause of the overpredictions. Use of the interactive fortran
debugger showed that the scatter dose was correct, and that the primary
component of the dose calculation was erroneous. The primary component
was too large in most cases, which led to the dose ratio overpredictions of
Irreg+ in the Co-60 data.

The primary component of the dose as described in section 2.13 is
caiculated by integrating the area of the extended source seen by the dose
point. The error in the primary dose calculation was traced too an incorrect
parameterization of the extended source model, such that too much of the
source was being 'seen' by points under the small shields. When the
extended source model was verified for Co-60 by an analysis of the
penumbral dose gradients, it was determined that the source intensity
distribution was incorrectly parameterized. The details of this procedure will
be described in section 4.5.

The extended source parameters were not verified for the 6 and 15
MV calculations, as the process was very time consuming due to the large
number of measurements required. However, another source of
discrepancy was determined to be affecting these resuits, and also those of
Co-60. As previously stated, the narrow beam transmission of a shielding
block is entered into the Irreg+ program, which uses it in both components of
the dose calculation If the value entered is not the true transmission, then
discrepancies between the measured and :alculated doses will arise.
Measurements of the physical thickness of the blocks showed that

deviations up to 2 mm occurred from what their thickness should have been
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for requested number of half value lavers. This would cause a neglig:ble
difference in the primary transmissions of the 4 and 5 HVL blocks, but in the
1 and 2 HVL blocks, these thickness variations could create differences up
10 4% in the narrow beam transmission. This in turn could translate to a
discrepancy of 0.040 between the measured and calculated effective
transmissions. Also, internal flaws such as bubbles within the blocks may
lead to differences between their true and expected narrow beam
transmissions.

To determine how correct the block transmissions being entered into
the irreg+ program were, a series of ‘it air' transmission measurements
were performed. These were not rigorous narrow beam transmission
measurements as the cobalt collimators would only close enough to form a
4.0 x 4.0 cm2 field at 80 cm SSD. The collimators on the 6 and 15 MV
machines were closed to the width of the blocks. lon chamber
measurements were taken in air, with and without the blocks in place. The
ratios of the two readings are estimates of the narrow beam transmission. of
the blocks. The nominal primary transmissions of the blocks, which were
used in Irreg+, are listed in table 4-11 along with their associated measured
estimates.for each energy. For the square occlusion biocks there are three
nominal primary transmission values listed, these are for Co-60, 6 MV and
15 MV respectively, since the same block was used for all energies.

These measured estimates of the narrow beam transmissions of the
shielding blocks were used in the Modifiad Irreg+ calculations for all
energies. The number of discrepancies observed under the 1 and 2 HVL
blocks in the modified data was reduced from 14 to 8. of which 5 were in the
Co-60 data. For the Co-60 Modified Irreg+ calculations a different

experimentally verified extended source parameter was used, this also
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contributed panially to reducing the number discrepancies.tor that energy.
The remaining discrepancies demonstrate the limitations of the extended

source model, and possible errors in measurement.

Table 4-11  Measured pri-.aary transmission estimates of the shielding

blocks used, and the transn <sio.:s expected fror the nominal HVL's of the

blocks.
| Nominal | Measured Narrow Beam |
| Narrow beam | Transmission Estimates |
Block Type | Transmission | [
1 1 Co-60 | 6 MV L 15 MV |
| I I | !
2x7cml | .500 | .484 | .463 | 494 |
l .250 | .245 | .229 | .239 |
1 063 | 066 | 067 1 069 |
| | | l |
1x7em | .500 | .491 | .464 | .484 :
| 250 | .257 | .233 | 240 ;
! .063 | .090 | .081 | .073 |
| 01 1 Q47 | 037 041 |
| | | | |
1.1x1.1 |.003, .010, .017 | * | .022 | 037 |
2.1x2.1 |.003, .010,.017 | .012 | .015 { .028 |
45x45 L0C2. 007, 014 | 007 | 018 | 033 l

* indicates measurement not possible, the shadow size was too smali for the

ion chamber to be completely shielded.
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45 Verification of the Extended Source Paramster, Q..

Consider the extended source described in section 2.13. In order to
do
verify the intensity function, a method of measuring dA , the relative fluence

nar unit area of the source is necessary. This can be done indirectly, as was
described by Wilkinson [11]. This method was used to verify the extended
source function for the Theratron 780 Co-60 unit, and the procedure will now
explained

Consider a point at the beam edge, which by definition is exposed to
only one half of the source, shcwn in fig 4-1. A small increment in field size
in the x direction will ‘'uncover' a narrow strip of the extended source which
passes through the center, i.e. through the intensity function I(r) at r=0. The
increment in dose, AD , to the point P, caused by uncovering this strip will
then be the line integral of this int-insity function over a distance equal to the
field width. If the field is sufficiently large, and the point considered is a long
way from the corners, then for all practical purposes, this integral is over +

oo, in equation form that is;

AD = Axf I(y) dy
2! eqn. 4-2

where y1 = +90 and y, = -2, In the limit as Ax — 0, this becomes the

derivative, or gradient of the dose in the x direction at the point P.

Do | 1y
X
”2 eqn. 4-3



Figure 4-1. Dose point, P, shown at the edge of the field, the halt rings
surrounding it represent lines of equal intensity of thi: extended source

which the point 'sees’' looking up the collimator.
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Figure 4-2. The strip of the intensity function which passes through the
ongin is shown. As the dose point , P is incrementally shifted towards tne

corner, the area I(y1)Ay is removed from the line integral of the strip.

1(y)
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Howevaer, if th= point in question is incrementally shifted towards a
corner, then a smali section of the line integral will be removed, with each
increment of the point, Ay, towards the corner, and an amount It )Ay will be

lost from the line inte Jral, 2s shown in figure 4-2. The chancs in the dose
dDp

gradient, ¢. ~. . Ly in in_rement Ay will then be;

dD
A- 2= yy)A
dx (y1)4y eqgn. 4-3

.. is assumed that I(y4) >> I(y2), such that the contribution at y2 is negligible

Taking the limit as Ay — 0, we have a gradient expression for the source
intensity, as a function of yy, the corner distance.
dD,

—— =)
dx } 1 eqn. 4-4

d
dy

. d if radial symmetry is assumed, then r = y¢ and,
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eqn 4-5
Experimentally, dose profiles, D(x), can be measured in air, along a
nurnber of segments parpendicular to the field edge anc approaching a

corner. These can be numerically differentiated with respect to x, in order to
dDp
yield the dose gradients, dgx . at the field edge. These can in turn e

differentiated with.respect tc y, and give the gradient of eqn. 4-5, which is
equivalent to the extended source intensity function, !(r). This was done for a

10 x 10 cm2 Co-60 field with an 80 cm source to probe distance, SPD.



The experimentally measured gradient labeled l(r), is plotted vs the corr

distance, r, in figure 4-3.

Figure 4-3
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Plot of the measured gradient d/dy[dD/dx], ot the source

intensity versus the corner distance, with the best fit exponen.al

superimpos= 1.

I(y) source intensity function

0.5

0.4

0.37

0.27

corner distance, y, in cm




Figure 4-4  Plot of the natural log of the measured s« rce intensity function

varsus the corner ¢ ,lance, with the best fit line superimp..sec

InI(y)

corner distance, y, cm
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The log of the I(r) data was then taken and plotted vs r s .nat the linear
graph of figure 4-4 was c)tained. Performing a least squares fit of the data
allowed the parameters of the source function to be determined. The source
function is of the form;

) =C exp{ —q r] €N, 4-6
where C is a normalization constant, sd is the physical source dicineter, and
a is the parameter determined empincally.

The best fit line, with a correlation coefficient of 0 397, yields a value
for a of 5.0, the minimum value within error is 4.1, and the maximum is 5.4.
The error bars arise because a diode was used to perform the dose scans
and since the measurements are near the field edge there is a large
component of low energy scatter off the collimator which may create
inaccuracies in the diode measurements, as discussed in section 3.4. The
ion chamber could not be used for these measurements as it is too large to
deiver the required spatial resoluticn  "he minimum experimenta' value of
a , 4.1 is only slightly larger than ! Je of 4.0 which was used for the
Irreg+ calculations. In the Modified Irreg+ calculations for Co-60, the best fit
value of 5.0 was used for «, the extended source parameter, and significant

changes in the calculated effective transmission values resuilted.
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46 Discussion of the Results of the Modified irreg+ Calculations.

As was mentioned, a new experimentally veritied extended source
parameter was used in the Modified Irreg+ program for the Co-60
calculations. Measured primary transmission estimates of *he blocks were
also used for the calculations in all three energies. The Mcdified Irreg+
calculations will now be commented on, and their accuracy compared to that

of the original lrreg+.

4.61 Modified Irreg+ Results for Co-60

For Co-60 the Modified Irreg+ calcuiations show+ 1 some
considerable improvement over Irreg+ in some cases, in others, however,
either no improvement or a decrease in the accuracy occurred. Table 4-12
summarizes the rms errors between the measurements and both the Irreg+

and Modified Irreg+ calculations for all three block types.

table 4-12, Summary of rms errors for Co-60.

| SHIELD TYPE |

L |

| 2x7cm2 | 1x7cm2 | Square |

| L | |

Irreg+ I I | |
rms error | 0.0148 | 0.0393 | 0.0690 |
i | 1 1

Mod Irreg+ | | | |
rms error | 0.0188 | 0.0248 | 0.0387 !
1 | 1 ]

Under the 2 x 7 ¢cm2 blocks, a small increase in the rms error is

observed, the Modified lrreg+ program seemed to increase the number and
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size of dose underpredictions in the data. With the narrower 1 x 7 cm?2
blocks the rms error is reduced significantly by the Modified Irreg+
calculations, and many of the severe dose overpredictions near the surface
weare reduced. However, some new significont errors were created in the 16
cm deep region. For the square occlusion shields also, an improvement in
the rms error was observed and some “f the largest errors were reduced. but
again, new discrepancies were introduced with 1.e Modified Irreg+
calculations

In s. "mary, the effect of using the larger extended source parameter
of a = 5.0, instead c. *hat the exponential intensity function increases
more rapidly towards r=0, and the area under the curve is concentrated
more towards the origin. This reduces the amount of source a point under a
shielding block would 'see’ in the source sector integration, and in general it
causes a reduction in the effective transmission calculations. In some cases
it has reduced the dose too much and created new significant errors which

were not present in the original unaitered Irreg+ calculations.
4.62 Modified lrreg+ Results for 6 MV

Since the only change in the Modified Irreg+ calculations for 6 MV
was the use of the measured narrow beam transmission estimates, the
changes in the effective transmission results are small. The rms differences
between the measurements and both caiculations are given in table 4-13,

no large changes occur.
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table 4-13, Summary of rms errors for 6 MV.

l SHIELD TYPE [

_ |

| 2x7cmd | 1x7cm2 | Square |

] | 1 ]

Irreg+ | | | |
rms error | 0.0189 | 0.0198 | 0.0175 |
] | 1 ]

Mod Irreg+ | | I |
rms error | 0.0136 | 0.0192 | 0.0168 |
| | | A

At 6 MV, small improvements are seen for the Modified Irreg+ calculations
under all three block types. A few new significant errors were created under

the rectangular blocks, but not under the square shields.

4.63 Modified Irreg+ Results for 15 MV

As with 6 MV, .1e only change in the Modified Irreg+ algorithm for 15
MV was the use of the measured narrow beam transmission estimates of the
blocks. The rms differences are listed in table 4-14, and improvement

cccurs for all block types.

table 4-14, Summary of rms errors for 15 MV.

QR <IN T

| |

L —_ — o

| 2x7cm2 | 147 Clo= Sqlaf” ;

| | 1 - B

Ireg+ | | | |
rms error | 0.0200 | 0.0163 | 0.018~7 !
| | | |

Mod irreg+ | | | |
rms error | 0.0182 | 0.0125 | 0.0177 |
| | | |




in all the 15 MV Modified Irreg+ calcu
errors were created and four were elimir
results was gained by using the mea.

estimates.
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», only two new significant
¢ SO an i-~provement in the

J narrow beam transmission
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5.0 Summary and Conclusions

An axtensive series of measurements along the central axis of closed
to open field dose ratios under narrow shielding blocks for three photon
energies have been compared to their calculated counterparts which were
generated by the treatment planning program lrreg+. Overall, the Irreg+
algotithm performed well, by modelling the scatter and predicting the dose
under the shielding blocks. In 82% of the cases tested, the difference
between the calculated and measured doses was less than 3% of the open
field dose. Of the discrepancies which were observed, most of them
occurred under the thicker ‘full' shielding blocks where the dose is reduced
to such an extent that the discrepancies would not cause unacceptable
doses to be delivered. The occurrences of the remaining discrepancies
under the 'partial' shields were mostly under the 1 cm wide blocks and are
partially correctable. The largest errors occurred in the Co-60 data, and
were traced to an incorrect calculation of the amount of primary radiation
which is 'seen' by the dose point. This was partially due to poor
parameterization of the extended source model for Co-60, and incorrect
values of *he narrow beam transmissions of the blocks being entered into
the program for all energies. The Irreg+ program was modified to correct for
these deficiencies, however, while some of the significant discrepancies
were reduced or eliminated, others were created by the Modified Irreg+
calculations.

It appears that the benefits of altering the extended source parameter
in the Modified Irreg+ algorithm are not sufficient to warrant implementing

these changes for clinical use. However, a small increase in the accuracy is
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obtainable by making sure that the narrow beam transmission coefficients of
the blocks, which are entered into the program, are correct. Clinically, it
would be impractical to measure these each time a block is to be used, but a
check of the physical thickness of a block could be made, to verify whether it
is correct for the desired narrow beam attenuation. In conclusion, the Irreg+
program calcuiates the dose under narrow shielding blocks with reasonable
accuracy, except for a few problem areas such as under the narrower blocks
in Co-60. In these areas, an adjustment of the extended source parameter
alone does not correct the algorithm; this only reduced and redistributed the

significant discrepancies, rather than eliminating them.

51 Future Work

To continue this research, further investigation of the extended source
model is necessary, for all three energies. Plotting the measured and
calculated effective transmissions versus depth under a 1 x 7 cm2, 5 HVT
thick shield in a 10 x 10 cm2 Co-60 field, as is shown in figure 5-1, hints at a
possible direction this investigation should take.

It is observed on the graph that the curvature of the calculated data is
different from that of the measured data. Also, altering the extended source
parameter, o, for the Modified Irreg+ caiculations changed the offset of the
calculated data, but had only a slight effect on its curvature. Another
observation is that a value of a = 5 givas good results close to the surface,
and, o = 4 gives good results deeper in the phantom. From this it appears
that to obtain better agreement between the measurements and the

calculations that the extended source parameter a may have to be made a

function of depth, or source distance, and possibly field size.
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Figure £-1  Measured and calculated eftective transmissions vs depth

under a 1 x 7 cm2, 1 HVT shielding block in a 25 x 25 cm?2 Co-60 field.
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A complete investigation is necessary which includes measuring the
source parameter a, as described in section 4.6, for many different source
distances and field sizes, to determine whether a dependance on these
parameters exists. As changing the field size and the source distance alter
the scatter conditions of the set up, it would not be unlikely for the extended

source intensity distribution function to show a dependence on these

variables.



REFERENCES

88



6.0

89

References

Buschke, Parker, R.G., Radiation Therapy in Cancer Managment,
Grune and Stratton, New York, 1972.

IRCU Report, #24, Determiriation of Absorbed Dose in a Patient
Irradiated by Beams of X or Gamma Rays in Radiotherapy
Procedures.,International Commission on Radiation Units and
Measurement., Washington D.C., 1976.

Cunningham, J.R., Shrivastiva, P.N., Wilkinson, J.M., Program Irreg -
Calculation of Dose from Irregularly Shaped Photon Beams.,
Computer Programs in Biomedicine 2 (1972) 192-199, North-
Holland Publishing Company

Clarkson, J.R., A note on depth doses in fields of irregular shape. Br J
Radiol 14:265, 1941

Tatcher, M., A Comparison of Commercial Treatment Planning
Systems When Calculating Dose Under Shielding Blocks., 1.J .
Radiation Oncology. Biology. Physics. Vol.12, Num.10., Oct.
1986.

Johns, H.E., Cunningham,J.R..The Physics of Radiology, 4th edition.
Springfield lllinios, Thomas..1983.

Hubbe.. J.H., NSRDS-NBS #29, Washington, D.C.,1969.

Evans, ].D., The Atomic Nucleus, New York, McGraw-Hill Book
Company, ¢.1955.

Patterson, W.H., and Thomas, R.H., Accelerator Health Physics,
Accademic Press, New York, 1973.



10.

11.

12.

13.

14,

90

IRCU Report, #23, Measurement of Absorbed Dose in a Phantom
Irradiated by a Single Beam of X or Gamma Rays.International
Commission on Radiation Units and Measurement.,
Washington D.C., 1973.

Wilkinson. J. M., Rawlinson, J. A., Cunningham, J.R., An Extended
Source Model for the Calculation of the Primary Component of
a Cobalt-60 Radiation Beam in Penumbral Regions, Presented
at the A.A.P.M. meeting, Washington, July 14, 1970.

Suzuki, A., Suzuki, M.N., Capintec lonization Chamber Probes for
Exposure Measurement, Capintec Incorperated, Montvale,
New Jersey.

Mota, H.C., Vijaykumar, S., Sibata, C., Higgins, P., Thomas, F.,
Saxton, J., Weinstein, M., Posterior Spinal Cord Block: A
Dosimetric Study, Presented at 73rd Annual Meeting of
RSNA (1987), submitted to Radiology, Nov. 87.

Rikner, G., Patient dose measurements in photon fields by means of
silicone semiconductor detectors. Medical Physics, Vol 14, No.

5, Sept/Oct 1987.






