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ABSTRACT

In radiotherapy, a patient may present irregular surface contour at the point of beam entry
and this coupled with tissue heterogeneities within the irradiated region would pose
problems for dose optimization if beam modifiers are not used. Skin dose is of great concern
in external beam radiotherapy with megavoltage beam as the skin is very radiosensitive, and
there is the need to minimize radiation dose received by the skin. The use of beam modifiers
affects the skin dose and the level of their influence on skin dose needs to be investigated.
The purpose of this study was to assess the effect of different beam modifiers on the skin
dose for ©Co and 15 MV photon beams. Skin doses were measured for solid water (PMMA)
phantoms with Gafchromic films. It was observed that, skin dose for all the beam modifiers
as well as that for the open beams increases as field size increases. At SSD of 80 cm, skin
doses for 10 x 10 cm? and 25 x 25 cm? were, 36.9%, and 61.8% respectively for the ©Co
unit. It was observed that, for a particular field size, skin dose for the 15 MV photon beam
was much lower than that for ®°Co beam, which gives an advantage of using the 15 MV
photon beam over %°Co beam. As SSD increases skin dose reduces for both ®Co and 15
MYV photon beams. For wedged fields (with 60° motorized wedge), it was found that there
were very little effects on skin dose for smaller fields but significant effects for the larger
fields (>15 x 15 cm?) as compared with open beams for the 15 MV photon beam. Skin dose
for bolus was higher compared with that of open beam and were 57.4% and 73.8% for 10 X
10 cm? and 20 x 20 cm? at 100 cm SSD respectively. For ®°Co beam, the physical wedges
and the 1.5 cm thickness compensator greatly reduced skin doses as compared to all the
other beam modifiers. The skin doses for 10 x 10 cm? field were 21.3%, 19.4%, 18.7%,

19.1% and 23.6% for 15°, 30°, 45°, 60° and the 1.5 cm thickness compensators respectively,



at SSD of 80 cm). These compared with 35.4% and 33.7% for the tray and open fields at the
same SSD and field size as those for the wedges and compensator above. Skin doses reduced

as the compensator thickness was increased.



CHAPTER ONE

INTRODUCTION

1.1 Background

After the discovery of the x-rays by Roentgen in 1895, and radioactivity phenomenon in
1896 by Henry Becquerel, the use of ionizing radiation as a means of cancer treatment
was soon appreciated. Since then, radiation therapy has improved and developed into an
important specialized medical field. Radiotherapy is used in the treatment of disease,
primarily malignant tumours, using electromagnetic and particle radiations. The patient
can be treated with external beam (teletherapy), or by radiation source placed in close
proximity to the target (brachytherapy).

The treatment prescribed can either be for curative or palliative intention. In the case of
curative purposes, the side effects are sometimes unavoidable, but they are accepted as an
inevitable part of the cure. On the other hand, palliative radiotherapy is given to patients
with advanced cancer cases when the cancer is already spread and this type of treatment
would not cure it. The aim of this type is to slow down the growth of the malignant tumour
and reduce symptoms such as pain.

External beam radiation therapy uses medical linac and °°Co units for cancer treatment

and the methods of treatment used depend on different factors such as;
i. shape and site of the target or tumor to be treated within the patient

ii. sparing of normal tissues within the vicinity of the target from excessive

irradiation

iii. financial constraints and the quest of optimization of radiation dose to the target.



Skin dose should be negligible during this treatment delivery, but this is never achieved
because it depends on secondary electrons [1] . These secondary electrons are produced
by the interactions of photons with scattering materials such as the collimator jaws, air,
patient's skin, beam modifiers etc. Nilsson 1986, [2] has shown that the air column under
block tray has a more significant contribution at lower energies. Treatment head materials
and setup parameters are the sources of contamination electrons which together with low-
energy photons affect surface and buildup region dose. So, optimization of a treatment
plan requires appropriate beam directions, number of fields, beam weights, and intensity

modifiers (e.g., wedges, compensators, multileaf collimators (MLC), bolus etc.).

These beam modifiers however also affect the skin dose for a particular treatment delivery

where they may be used, by affecting the scattering of electrons.

Therefore, accurate assessments of surface and superficial doses in radiotherapy can
provide valuable information for clinical consideration while at the same time limiting
severe skin toxicity, especially for breast, pelvis and head-and-neck treatments as dose at
the skin is primarily due to electron contamination from the flattening filter and beam
modifiers.

The aim of this study was therefore to assess the skin doses for different beam modifying
devices at various source-to-surface distances (SSDs) used at Korle-Bu Teaching Hospital

and Sweden Ghana Medical Centre (SGMC).

1.2 Problem statement
In radiation therapy, there is a high possibility of encountering irregular patient's surfaces

at the point of beam entry. This, coupled with tissue heterogeneities, affects dose



distribution at depths. These irregularities need to be corrected using the beam modifiers,
so that a uniform dose distribution within +7% and -5% (ICRU report 50, 1993 [3]) of the
dose prescription can be achieved. This way, we avoid exceeding the tolerance dose of
the critical structures around tumor volume.

However when beam modifiers are used, the dose delivered to the skin during treatment
is changed and in some cases a high dose is deposited at the skin leading to the destruction
of the skin sparing effect as was reported by Daniel in April 1896 [4] as well as Becquerel
in 1901 who also reported reddening of the skin after prolonged radiation exposure [4].
Therefore, it is important to understand how each of these beam modifiers affect skin dose
before treatment because of the possible biological complications. Moreover, in
radiotherapy each treatment unit is unique and requires its own specific parameters such
as beam data for accurate treatment delivery. Therefore the available information does not

completely apply to every treatment machine but rather a guide for an accurate one.

1.3 Objectives

The main objective of this study was to assess the effects of selected commonly used

beam modifiers on skin doses for patients undergoing cancer treatment using external

beam radiation therapy at the oncology department of Korle-Bu Teaching Hospital

(KBTH) and Sweden Ghana Medical Centre (SGMC).

The specific objectives are:

e to measure and evaluate the skin doses for different beam modifiers under different
fields, SSDs, energy and their corresponding doses for open fields.

e to determine the percentage skin dose in relation to dmax dose for these different beam



modifiers used.
e to compare the percentage skin doses that result from the Equinox 100 *°Co unit at
Korle-Bu National Centre for Radiotherapy and Nuclear Medicine and from the

Synergy 11 linear accelerator at SGMC.

1.4 Relevance and justification

In radiotherapy, cancer patients with head and neck, prostate, lung, esophageal, breast
cancers present with irregular surfaces and tissue heterogeneities [5]. It is evident that
unmodified fields give rise to unacceptable dose distributions within the target volume
and excessive irradiation of sensitive structures. Therefore optimization of a treatment
plan requires appropriate beam directions, number of fields, beam weights, and intensity
modifiers (e.g., wedges, compensators, bolus, trays, multileaf collimators (MLC), etc.).
These help to generate uniform dose distributions to the tumours and allow the sparing of
normal healthy tissues. However, these beam modifiers also affect skin doses whenever
they are used. Therefore understanding how each affects skin dose in a particular
treatment unit is of great importance. This will ensure that medical physicists take into
account their effects and hence make appropriate setup and other adjustments to keep the

appropriate dose to the skin.

1.5 Scope and limitation
The scope of this thesis is in the area of radiotherapy, and particularly in skin dose that
results from the use of beam modifying devices to produce desired intensities and

shielding of organs. These beam modifiers include: physical wedges (PW), cerrobend



compensators, bolus, motorized wedge (MW) and acrylic block tray. Measurements were
taken with Equinox 100 %°Co treatment unit at Korle-Bu National Centre for Radiotherapy
and Nuclear Medicine and with a Synergy 11 linear accelerator treatment unit at Sweden

Ghana Medical Centre using GafChromic EBT2 films.

1.6 Organization of thesis

This thesis is in a chronological order of five chapters. Chapter one is an introduction to
the research and provides an overview of the current state of knowledge relevant to the
study. Chapter two reviews existing literature relevant to the research problem. Chapter
three focuses on the experimental and theoretical framework for the study. The results
obtained are presented and discussed in chapter four. Chapter five contains the

conclusions of the study, recommendations and suggestions for further research.



CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

During external beam radiotherapy, the skin is at risk from radiation effects such as
erythema, skin peeling and necrosis. Epidemiological studies have also found an
association between radiotherapy and basal cell carcinoma [6]. However, skin dose is
complicated because of the different skin layers with various depths of thickness that
varies between patients and locations on a given patient. The ICRP [7, 8] recommends
assessing the skin dose at depth of 0.07 mm for the basal layer which is taken as the
surface dose, while dermal layer may be assessed at 1.0 mm. Although treatment planning
system can calculate skin dose generally within £ 25% accuracy, this however requires
CT images as well as a calculated treatment plan [2]. A method to measure skin dose on

the central axis as a function of treatment parameters was proposed by Lamb and Blake

[9]

2.2 Skin and buildup region doses

In external beam radiotherapy, patients treated with megavoltage beams have lower
surface skin dose compared with the maximum dose that occurs in deeper tissues. In
contrast, lower energy beams give rise to maximum ionization at or close to the skin
surface [10]. Initial electronic buildup of MV beams increases with depth which results
in a reduced surface dose and maximum dose at the equilibrium depth. The dose region
between the surface, depth = 0.0 cm and depth d = dmax in megavoltage photon beams is

the buildup region and results from relatively long range of energetic charged particles (f



and B") that are first released in the patient by photon interactions and finally deposit their
Kinetic energies in the patient. Immediately beneath the patient’s skin surface, the
condition of charge particle equilibrium (CPE) doesn’t exist and the absorbed dose is then
much smaller than collisional kerma. However, as the depth in the patient increases, CPE
is eventually reached at d = dmax Where d is approximately equal to the range of the
secondary charged particles and the dose becomes comparable with the collisional kerma.
Beyond d = dmax, both collisional kerma and absorbed dose decreases due to the

attenuation of photons in the patient that results in transient rather than true CPE [11].

This lower surface dose as compared with the maximum dose is referred to as skin sparing
and represents an important advantage of megavoltage beam over orthovoltage and
superficial beams in the treatment of deep seated lesions. Orthovoltage and superficial
beams do not exhibit skin sparing since the maximum dose occurs at the skin surface (i.e.
the surface dose equals the maximum dose). Skin sparing is one of the most desirable
qualities of high-energy photon beams. However, this feature can be reduced if there is

excessive electron contamination [11].

2.2.1 Electron contamination of photon beams

Skin dose arises from electron contamination of the incident radiation beam as well as the
backscattered photons and electrons from the scattering medium. All x-ray and »-ray
beams used in cancer treatment are known to be contaminated with secondary electrons.
These electrons come from photon interactions that occur in the collimator, air, and in any

other material in the path of the beam that scatters photons. The use of shadow tray to
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support beam-shaping blocks and the column of air between the skin surface and tray

produces secondary electrons which can significantly increase skin dose. [10].

In the build-up region, depth dose increases with increasing field size leading to a shift in
dmax to increasingly shallower depths [10, 12]. This cause of dmax shift with field size has
been studied by several researchers and the current evidence shows that this effect is

predominantly caused by secondary electrons [7, 13, 14].

2.2.2 Skin sparing as a function of photon energy

Studies indicate that dose distribution on the skin depends on many variables such as field
size, beam energy, SSD, and configuration of secondary blocking tray [10, 12, 15]. While
some studies have found a reduction in skin dose at higher megavoltage energies [6, 16,
19], other studies have not, in particularly for larger field sizes as demonstrated with lower
energies (6-10 MV) and higher energies (15-18 MV). ® Co on the other hand produces a
higher surface dose that also increases with field size, and ranged between 20% - 85% of
dmax dose [6] for open beam. Table 2.1 is an example, but is not universal for all treatment
machines especially for depths less than 2 mm, however reasonable agreement between

different treatment machines has been shown to exist for greater depths [10].
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Table 2. 1: Build-up dose distribution in polystyrene for a 10 x 10 cm? field.

depth %Co 4 MV 10 MV 25 MV
(mm) 80 cm 80 cm 100 cm 100 cm
0 18.0 14.0 12.0 17.0
1 70.5 57.0 30.0 28.0
2 90.0 74.0 46.0 395
3 98.0 84.0 55.0 47.0
4 100.0 90.0 63.0 54.5
5 100.0 94.0 72.0 60.5
6 - 96.5 76.0 66.0
8 - 99.5 84.0 73.0
10 - 100.0 91.0 79.0
15 - - 97.0 88.0
20 - - 98.0 95.0
25 - - 100.0 99.0
30 100.0

Data from the Physics of Radiation Therapy, Khan 2003 [10].

As can be seen from table 2.1, a tissue equivalent bolus of 5 mm of thickness is adequate
for °Co beam to achieve 100% buildup of dose. In general, more and more pronounced
skin sparing can be achieved with high energy beams, not only for the skin surface but
also for the subcutaneous tissues. It has been also noted in [11], that the higher the photon
beam energy, the lower the surface dose, which for a 10 x 10 cm? field typically amounts
to 30% of the dmax dose for a ®°Co x-ray beam, 15% for a 6MV x-ray beam and 10% for
an 18 MV x-ray. Buston et al. 1998 [17] also measured skin doses on the central axis of
the beam relative to dmax for a 10 x 10 cm? field size and found them to be 22%, 17% and

15.5% for 6 MV, 10 MV and 18 MV photon beams respectively.

2.2.3 Effect of absorber-skin distance
With no absorber placed in the beam, electron contamination is mainly caused by the
secondary electron emission from the collimator (including source, flattening filter, and

air). But when an absorber of thickness greater than the range of secondary electrons
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(equilibrium thickness) is introduced in the beam, the collimator electrons may almost be
completely absorbed but the absorber itself becomes the principal source of electron
contamination of the incident beam. By increasing the distance between the tray and the
skin surface, the electron fluence incident on the skin is reduced due to the divergence as
well as absorption and scattering of electrons in air. Therefore, skin sparing is enhanced
by placing the shadow tray farther away from the skin surface. In the case of a °°Co »-ray
beam, it has been found [10, 18] that for small field sizes, an air gap of about 15 to 20 cm
between the scatterer and the skin surface is adequate to keep the skin dose to an
acceptable level (< 50% of the dmax,). This has been found to be true for higher-energy
beams as well [14]. Figure 2.1 shows the effect a lucite shadow tray placed in the beam
at various distances from the phantom surface on the dose distribution in the build-up.
Not only does the relative surface dose increase with decreasing tray-to-skin surface-
distance but the point of maximum dose buildup moves closer to the skin surface. Figure
2.1 also illustrates the principle of what is known as the "beam spoiler”, where a low
atomic number absorber such as a lucite shadow tray when placed at an appropriate

distance from the surface can be used to modify the build-up curve.
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Figure 2. 1: Effect of lucite shadow tray on dose buildup for 10-MV x-rays. Percent
depth dose distribution is plotted for various tray-to-surface distances (d). 10-MV x-
rays, tray thickness = 1.5 g/cm2, field size = 15 x 15 ¢cm, SSD =100 cm, and SDD =50

cm. [10].

2.2.4 Effect of field size on skin/surface dose

Yadav et al. 2009 [1], carried out skin dose estimations for various beam modifiers at
various SSDs for 6 MV photon where surface and buildup region doses were measured
using an acrylic slab phantom and a Markus parallel plate ionization chamber. They
carried out measurements for open fields, motorized wedge fields, and for acrylic block
tray fields ranging from 3 x 3 cm? to 30 x 30 cm?. In their work, they showed that as the
field size increases, so does the skin dose for all the beam modifiers. For the block tray,
they concluded that electrons were eliminated from the upstream but generated its own
new secondary electrons. The number of electrons produced upstream were more than the
ones eliminated downstream by the tray, and therefore skin dose increased. For the 60°
motorized wedge fields, they found out that the skin dose increased as the field size was

increased but were lower than for open fields. Physical wedge both eliminated electrons
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from upstream and generated electrons by itself; with the number generated being less

than the ones eliminated for smaller field size [1, 6].

This increase in skin dose with field size generally, is as a result of increased electron
emission from the collimator and air [10]. Figure 2.2 is a plot of relative surface dose as
a function of field size for ®°Co, 4 MV and 10MV photons. These data show that skin

sparing is significantly reduced for the larger field sizes.

Saylor and Quillin [19] have discussed the relative importance of field size and tray-to-

skin surface distance for ®°Co gamma rays. They have shown that the optimum skin

h
sparing occurs for the ratio of - of about 4, where h is the tray-to-skin surface distance

and r is the radius of an equivalent circular field. This ratio can be easily achieved for
smaller fields like 5 x 5 cm, because it requires a distance of 12 cm while for the 30 x 30
cm field, the corresponding absorber-surface distance is 67 cm, which is impossible for
isocentric treatments. It is therefore necessary to use electron filters when using large

fields with a tray-to-skin distance of 15 to 20 cm.
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Figure 2. 2: Percent surface dose as a function of field size. ®°Co, Theratron 80, SSD
=80 cm, SDD =59 cm. 4 MV, Clinac 4, SSD =80cm. 10 MV, LMR 13, SSD =
100 cm, SDD = 50 cm. %°Co and 4-MV. (Data are from Khan, 2003 [10]).
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2.2.5 Effect of electron filters on skin/surface dose

Skin dose can be reduced by using »-ray absorbers of medium atomic number (Z in the
range of 30-80) commonly known as electron filters. Their introduction in the photon
beam reduces the secondary electron scatter in the forward direction. Hine [20] studied
the scattering of electrons produced by »-rays in materials of various atomic numbers and
showed that the medium atomic number absorbers give less electron scatter in the forward

direction than either the low or the very high atomic number materials.

Khan (21) and Saylor and Quillin (19) applied the results of Hine's study to the design of
electron filters for the purpose of improving skin dose for 8°C, teletherapy. It was later
shown that such filters not only reduce the surface dose but also improve on the build-up
characteristics of large fields [7]. Figure 2.3 is a plot of relative surface dose as a function
of log (Z+ 1).These data are plotted in this manner to show agreement with the theoretical

relationship discussed by Hine [20].
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Figure 2. 3: Variation of percent surface dose with atomic number of absorber, with
each having thickness of 1.5 g/cm? and was mounted underneath a lucite shadow tray.
10-MV x-rays, field size = 15 x 15 cm and absorber-to-surface distance = 15 cm. (Data
from Khan [10])
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As the atomic number Z increases, the surface dose falls to a shallow minimum (Z = 50
is for tin) due to increased electron scattering in the absorbers. Further increases in Z result
in increased surface dose due to increased production of photoelectrons and electron pairs
in addition to the Compton electrons. These results qualitatively agree with those obtained
for ®9Co »-rays [19, 20]. Saylor and Quillin [19 have suggested the use of leaded glass as

an electron filter so as to preserve the light field.

2.2.6 Skin sparing at oblique incidence
It has been shown that skin dose increases with increasing angle of incidence [22, 23],
though there is little dosimetric impact for smaller angles (<40°) but with greater increase

for larger angles (e.g. 50% at 55°) [6].

Clinically, brisk reactions have been reported in patients when the beam is incident nearly
at glancing angles. Jackson [24] used the concept of electron range surface (ERS) which
is a 3D representation of the secondary electron range and distribution produced by a
pencil beam of photons interacting with the medium to explain the increase in skin dose
with increasing angle of incidence. Electrons generated inside the ERS volume will reach
point, P, (Fig. 2.4) and contribute to the dose there, while those generated outside make
no contribution because of their inadequate range. For ®°Co -rays, it’s reported that the
ERS is in the shape of an ellipsoid with axial dimensions of 5 x 2.4 mm [24]. Due to the
electron contribution from the portion of the ERS, which appears below the phantom
surface (hatched curve), an increase in the angle of incidence of the photon beam results

in additional surface dose at point, P, (Figure 2.4). Tangential beam incidence with half
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of the ERS below the phantom surface have an upper estimate of the dose to the skin

given by the relationship [23, 24]:

Percent skin dose = % (100% + entrance doSe) .........ovevverieriiriniiniininnannnn.

where the entrance dose is the surface dose for normal incidence expressed as a

percentage of dmax.

- Daam

o ©.T.8.

Surface

C

Figure 2. 4. The use of ERS to determine surface dose buildup at point P. A:
Perpendicular beam incidence. B: Oblique beam incidence. C: Tangential beam
incidence [10].

Skin doses for other incidence angles lie between the values for the normal and the

tangential incidence. Gerbi et al. [15] carried out a systematic study of dose buildup for

obliquely incident beams as a function of depth, field size, energy (6-24 MV), angle, and
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SSD. A quantity called obliquity factor (OF) was defined as the dose at a point in
phantom on central axis of a beam incident at angle 6°, with respect to the perpendicular
to the surface, divided by the dose at the same point and depth along central axis with
the beam incident at an angle of 0° [10, 25, 26]. This obliquity factor represents dose
enhancement due to beam obliquity for the same depth. It is observed that, the depth of
maximum dose buildup decreases as the surface dose increases with the incidence angle.
Maximum dose value is reached faster at glancing angles than at perpendicular
incidence and as a result of this, the dose build-up region is compressed into a more
surface region. Under this condition, a high skin reaction becomes much more likely

[25].

2.2.7 Effects of SSD and setup on surface dose

Experimental results show that skin dose increases slightly as SSD decreases, though the
effect is relatively small (= 10% for SSD varying between 85 cm — 100 cm or 100 cm-
120 cm), but for larger fields (> 20 x 20 cm?) it can exceed 20 % when other modifying
devices such as block is used. Yadav et al, 2009 [1] measured skin dose for small fields
(10 x 10 cm?) at SSDs of 80 cm, 100 cm and 120 cm and the values were 15.5%, 14.5%
and 15.5% respectively. Maximum percentage skin dose deviation measured by

Batson. M.J. [27, 30] was 4.0% for SSD from 80-120 cm.
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2.3 Exit dose

In external beam radiotherapy, substantial skin dose comes from the beams exiting the
patient with megavoltage treatment units. However, due to the lack of back scatter
material beyond the patient’s exit surface, the skin dose is less than predicted by PDD by
about 15% (relative difference) [6]. Although full scatter conditions are achieved (as
predicted by PDD) with minimal material, including virtually any immobilization device

behind the patient [6, 28].

2.4 Plastic phantom

Plastic phantoms are used for ionmetric measurements in the buildup region, and normally
are made of polystyrene or water equivalent plastic phantoms. A useful configuration for
these phantoms consists of several blocks measuring 30 x 30 cm? but of different
thicknesses. One block (2 cm thickness) has a hole drilled in it such that the center of the
hole is 1 cm from one surface to accommodate a Farmer type ionization chamber. One
block is machined to place the entrance window of a parallel plate ionization chamber at

the level of one surface of the block.

This arrangement allows measurements with no material in the radiation beam. Additional
blocks of same material as the rest of the phantom should be 30 x 30 but with thicknesses
of 0.5, 1, 2, 4, 8, 16 and 32 mm. These, combined with the 5 cm blocks, allow
measurements of depth dose in 0.5 mm increments to any depth from the surface to 40

cm with the plane ionization chamber and Farmer type chamber [11].



20

2.5 Radiation dosimeters for skin dose measurements

A radiation dosimeter is an instrument, device or a system that can measure or evaluate,
either indirectly or directly, the quantities: exposure, kerma, absorbed dose or equivalent
dose, or its time derivatives (rates), or related quantities of ionizing radiation. It is capable
of providing a reading that is a measure of the average absorbed dose deposited in its (the
dosimeter’s) sensitive volume by ionizing radiation. A dosimeter along with its reader is
referred to as a dosimetry system. To function as a radiation dosimeter, the dosimeter
must possess at least one physical property that is a function of the measured dosimetric

quantity and that can be used for radiation dosimetry with proper calibration.

However, due to the steep dose gradient in the buildup region, the size of the radiation
dosimeter should be as small as possible along the incident beam. Due to this condition,
extrapolation chambers are the instruments of choice for the measurements [10].
However, only a few centers have these instruments available and instead, the fixed-
separation plane parallel ionization chambers are commonly used for this purpose. In
addition to ionization chambers, thin layers (< 0.5 mm) of TLD material [29] and
radiochromic films such as GafChromic films are available for the measurements of skin
dose. The film is first calibrated within the dose range required before use [10, 30]. For

this work, the choice of gafchromic films mas made due to its availability.

25.1 lonization chambers
lonization chambers are radiation dosimeters used in radiotherapy and diagnostic
radiology for determination of radiation dose. It is basically a gas filled cavity that is

surrounded by a conducting outer wall and collecting electrodes which are kept apart with
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a high quality insulator so as to reduce the leakage current when a polarizing voltage is
applied to the chamber. Further chamber leakage is reduced by using a guard electrode
that intercepts the leakage current and allows it to flow to the ground, bypassing the
collecting electrode. Better charge collection due to improved field uniformity in the
sensitive/active volume of the chamber is another advantage. However, temperature and
pressure corrections are required when taking measurements with open air ionization
chambers. These corrections accounts for the change in the air mass in the chamber
volume as a result of change in ambient temperature and pressure. Particularly, for skin
dose measurements are the fixed plate ionization chambers and the extrapolation

chambers [10, 31, 32].

2.6 Electrometers

These are devices for measuring small currents (~10° A or less). They are high gain,
negative feedback operational amplifier with a standard resistor or a standard capacitor in
the feedback path to measure the ion chamber current or charge collected over a fixed

time period.

2.7 Radiochromic film

There are several methods that have been used to measure skin doses. For this work, the
method chosen involves using radiochromic films e.g. GafChromic film (e.g. HD-810
film, DM-1260, EBT, EBT2, EBT3, MD-55 and MD-55-2 film with effective depth of

skin dose measurement at 0.17mm * 0.03mm). They are colourless films with nearly
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tissue equivalent composition (9.0% hydrogen, 60.6% carbon, 11.2% nitrogen and 19.2%
oxygen) that can change colour from light to dark blue colour upon exposure to radiation.
They contain a monomer crystal in a gel bound to a mylar (polyethylene terephthalate)
substrate, a special dye that gets polarized when exposed to radiation. When this polymer
absorbs light, the transmission of light through it can be measured with a suitable
densitometer or a scanner. The film’s response to radiation exposures less than 50 mGy is
not noticeable and the flatbed scanner cannot pick up the small changes in film color [34].
Radiochromic film is a relative dosimeter but with proper care taken during calibration
and the environmental conditions, a precision better than 3% can be archived [10].

Other roles played by the film include checking the alignment of the size and shape of
radiation fields, leakage radiation around collimators and positioning of special radiation

fields [33].

2.7.1 Introduction

GafChromic EBT2 film used in this work is a radiochromic film that has been specifically
developed to address the need of a medical physicist working in radiotherapy
environment. It is used in quantitative measurement applications in external beam
radiotherapy (EBRT), in particularly in IMRT, skin dose and brachytherapy. In common
with the other previous versions above, GafChromic EBT2 film is self-developing, but it
also incorporates numerous improvements in ISP’s (International Specialty Product)

radiochromic film technology. Some of the features include;

a) measure with an economic flatbed colour scanner.
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b) dose range 1 cGy — 10 Gy (measure in red colour channel); up to 40 Gy measured in
green colour channel.

c) uniformity is better than £3% in dose.

d) density changes stabilize rapidly after exposure.

e) Stable at temperatures up to 60°C.

f) energy — dependence :< 10% response difference from 60keV into the MV range.

g) handle in room light- eliminate the need for a dark room.

h) water resistant and can be immersed in water phantom for hours.

i) has high spatial resolution- can resolve features to at least 200um.

2.7.2 Configuration and structure of GafChromic EBT2

GafChromic EBT2 is made by laminating an active layer between two coatings. The

EBT2 laminate is identified by its batch number. The film is comprised of a single active

layer, normally 30um thick, containing an active component, a marker dye stabilizer and

other components giving the film its energy-independence response. The configuration

of GafChromic EBT2 is shown in Figure 2.5 below.

Polyester Laminate - 50 microns

Adhesive Layer - 25 microns

Topcoat - 4.520.5 microns

Active Layer - 28+3 microns

Polyester Base - 175 microns

Figure 2. 5: Configuration of GafChromic EBT2 dosimetry Film. (Data from [34])
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2.7.3 GafChromic EBT2 Dosimetry film characteristics

This high sensitivity radiochromic film has been designed for the measurement of
absorbed dose of high-energy photons used in IMRT. The film has been designed to
measure doses up to at least 30 Gy when used with an RGB color scanner. At doses above
10 Gy the response in the red color channel approaches saturation, so in the case of single
channel dosimetry it is preferable to change to the green color channel for these
measurements. EBT2 film has been designed to have a photon response that is nearly
energy independent from about 100 keV into the MV range. This is accomplished by the
careful design of the atomic composition of the film. For EBT2 lots manufactured after
May 2009, the ISP believed that the response of the film to 100 keV and 6 MV photons

is within about 5% [34, 35].

2.7.4 Measurement.

GafChromic® EBT2 dosimetry film can be measured with a variety of instrumentation
including transmission densitometers, film scanners and spectrophotometers, but the
preferred device is an RGB colour scanner. When the active component in the film is
exposed to radiation, it reacts to form a blue colored polymer with absorption maxima at
about 636 nm and 585 nm. Since the peak absorption in the exposed film occurs at about
636 nm, with a secondary peak at about 585 nm as shown in Figure 2.6; below, the greatest

response occurs when measurements are made with red light [34].
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Figure 2. 6. Absorption Spectra of the Active Component in EBT2 Film after
Irradiation [34].

2.7.5 Film calibration and sensitivity

A calibration of the film’s response is the first requirement of a film dosimetry protocol.
It is of utmost importance in establishing the accuracy and repeatability of the overall
dosimetry measurements and evaluation. The first issue is the size of the calibration films.
In an attempt to capture the average film-scanner response, a measuring area of 25 cm? is

require [34, 35].

Calibration of radiochromic film is done using known doses from a large well-
characterized uniform radiation field with the film placed on the central portion of a large
photon beam (such as; a 40 x 40 cm?) at depth of interest (preferably > 5 cm). The
characteristics of the calibration beam should be determined by some other dosimeter

(such as an ionization chamber). This would allow direct film calibration in terms of
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absolute dose within the dose range of interest. The relationship between absorbed dose
and film response should be determined and can then be plotted as a curve, often known
as a calibration curve. The slope of the calibration curve decreases as dose increases as
indicated in Fig. 2.7 (a). The calibration curve can provide information for conversion of
film response to dose and vice versa. The relationship between dose and film response
can also be tabulated. The change in film response per unit absorbed dose can be
represented by a single number for a net optical density up to 1.0. This number defined as
film average sensitivity, is the average change in response (i.e., readout) per unit absorbed
dose calculated over the lower, most linear portion of the calibration curve. This number
depends on one or more of the following [33]: (i) the wavelength used for readout, (ii) the
particular densitometer used for readout, (iii) film batch, (iv) the delay between irradiation
and readout, (v) beam quality of the calibration source, and (vi) Other factors (such as

temperature and humidity).

Figure 2.7 is a plot of (a) net OD and (b) net OD per unit absorbed dose measured two
days post irradiation. Figure 2.7 (a) has two fairly linear portions, one from 0 to 30 Gy,
and the other one from 30 to 100 Gy. The average sensitivity for the dose range 30-100
Gy drops about 15% as compared to the one for the dose range 0-30 Gy. This average
sensitivity can then be used for conversion of film response to dose for these conditions

and is clearly inappropriate for higher doses or other conditions [33].

Sometimes a calibration function is obtained by exposing a number of steps or patches on
a single sheet of EBT2 film. This is very good as long as the area of the film is at least 25

cm? and does not include the edges of the film.
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Figure 2. 7: Log plot of (a) net optical density and (b) net optical density per unit dose as a

function of dose for MD-55-2 film [33].

At high doses, the response values would asymptote to constant as the film gets
progressively darker.

Film response

2.7.6

_ (a+b.D)

(D+c¢)

Medical applications

Where D = dose, a, b and ¢ constants.

The use of radiochromic film in medical applications is extensive ranging from high-dose

gamma ray exposures as in brachytherapy to low-dose clinical assessment in vivo such as

conventional radiotherapy of breast cancer patients. Below are three medical applications

of a radiochromic film [36, 37].

(i) Proton dosimetry

Radiochromic films have an elemental composition closer to that of water, which reduces

their sensitivity to photon energy for application dealing with determination of dose

delivered to water as is given in TG55 [33].



28

(i) Skin and surface dosimetry

Due to the low energy dependence, relatively small effective thickness and the ability to
produce a two-dimensional dose map which is not currently available in other skin
dosimeters in radiotherapy, radiochromic film is a detector for choice. These applications
include in-vivo dosimetry as well as phantom studies for dose assessment at the surface,

basal and dermal cell layers as well as subcutaneous layers [33].

(iii) Brachytherapy

According to the inverse square law, radiation doses at points close to the source can be
very high, which becomes a problem with conventional detectors. Radiochromic film with
its low sensitivity and high spatial resolution, has an advantage over other detectors and

can be used for dosimetry near these high activity sources [33].

2.1.7 Advantages of GafChromic films.

The following are the advantages of using GafChromic films for dosimetry.

a) Gives permanent absolute values of absorbed dose with an acceptable accuracy and
precision.

b) The film has a high spatial resolution.

c) It’s easy to handle and analyse.

d) It provides a larger area for dosimetry; including beam profiles.

e) It does not require chemical processing.
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Other roles played by the film include checking the alignment of the size and shape of
radiation fields, leakage radiation around collimators and positioning of special radiation

fields [33].

Besides the use of radiochromic films and parallel plate ionization chambers in
measuring skin doses, one can use calibrated thermoluminescence dosimetry systems
(TLDs). This method has been used for measuring skin doses by many scholars and is
reliable. Further information on TLDs and its use in measuring skin doses are given in

the literatures [29, 38].

2.8 Beam modifiers

2.8.1 Introduction

These are devices that are used to modify the isodose distribution during treatment
delivery so that a desirable dose distribution can be obtained or a critical structure can
be spared. Treatment planning software for photon beams and electron beams are
capable of handling the many diverse beam modifying devices found on linac and ®°Co
models. Some of these devices are general to all linacs and cobalt-60, whereas others are
specific to certain manufacturers. Some of these devices and their specific

considerations for incorporation into the TPS are listed in [11].

2.8.2 Jaws (Collimators).
Jaws are beam modifiers that help in defining field size by moving independently or in

pairs and are usually located as an upper and lower jaws. They may over travel the central
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axis of the beam by varying amounts. Asymmetric fields are sometimes used to block off
part of a field without changing the position of the isocenter. The independent movable
jaws are used to generate rectangular blocking. This is important when matching fields or
beam splitting where the beam is blocked off at the central axis to remove divergence [10,

11].

2.8.3 Blocks

Custom designed blocks are still useful in treating small fields (unless mini-MLCs with
ultra-small step size are available), mid-field blocking ("island™ blocks), or complex field
matching [10]. Field shielding is accounted for in the TPS by considering the effective
attenuation of the block to reduce the total dose under the shielded region. TPSs are able
to generate files for blocked fields that can be exported to commercial block cutting
machines. The dose through a partially shielded calculation volume, or voxel, is calculated
as a partial sum of the attenuation proportional to the region of the voxel shielded. The
geometry of straight edge and tapered blocks can be considered separately so as to more

accurately model the penumbra through the region of the block edge [11].

28.4 Bolus.

Bolus is a tissue equivalent (in scattering power and stopping power) material placed
directly in contact with an irradiated skin surface to even out the irregular patient contour.
Hence, it helps to provide a flat surface for normal beam incidence thereby correcting

surface irregularity or give to depth dose distribution a shape appropriate for anatomical
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structure to be protected or irradiated. Surface dose is usually increased by placing a layer
of uniform thickness bolus (0.5-1.5 cm). However, this does not change the shape of the
isodose curves at depth significantly [39] and in electron beam therapy, it is used to:
() flatten out an irregular surface, (ii) reduce the penetration of the electrons in parts of
the field, and (iii) increase the surface dose through the provision of buildup dose to the
skin surface [10]. One of the functions of bolus is preserving the shape of the isodose
curves and preventing it from being altered by patient’s surface especially where two or
more beams are combined to form a resultant distribution [40]. However, when use for
high energy radiation, has the disadvantage of destroying the skin sparing property since

the buildup dose occurs within the bolus itself.

There are a number of commercially available materials that can be used as bolus, e.g.,
paraffin wax, polystyrene, lucite, superstuff etc. [11]. A bag containing a mixture of 60%
rice flour and 40% sodium bicarbonate or paraffin wax mixed with approximately equal
amount of bee wax is the simplest form of bolus [41]. Missing tissues or sloping surfaces
are compensated using custom made bolus, built such that one side conforms to the
patient’s skin and yields a flat normal incidence to the beam. This results in an isodose
whose distribution is identical to those produced on a flat phantom; but skin sparing is
lost. Bolus is also used to compensate for lack of scatter, such as near the extremities or

the head during total body irradiation (TBI).

2.8.5 Tissue compensators
Compensators are beam modifiers normally made from low melting point alloys e.g.

cerrobend or lead and are used to produce same effect as the bolus and yet preserve the



32

skin sparing effect of the megavoltage photon beams. They are custom-made devices that
mimic the shape of the bolus but are placed in the radiation beam at least 15 - 20 cm from

the skin surface as shown in figure 2.8 below.

When a radiation beam is incident on an irregular or slopping surface of a patient, it
produces skewing of the isodose curves and therefore these surface irregularities give rise
to an unacceptable non uniform dose distribution within the target volume or causes
excessive irradiation of sensitive structures (e.g. the spinal cord). The compensator used
to correct this should mimic the effect of the bolus besides preserving the skin-sparing

effect.

(a) \

Compensator

__ Wax bolus
P

| Patient

\ _/’J

\\\-\—\_

Figure 2. 8: A bolus (a) and a compensator (b) achieving the same dose distribution as
in (a) [11].

The thickness of the compensator is normally determined on a point by point basis
depending on the thickness of the missing tissue. The thickness of compensator x along

the ray direction above missing tissue can be solved from the attenuation law;
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where, m, is the linear attenuation coefficient for the radiation beam and material used to
construct the compensator [39]. Further details on tissue compensators including its

design can be found in [40, 42].

2.8.5.1 Two dimensional (2-D) compensators

In treatment situations where the contour varies significantly in only one direction: along
the field width or length, a compensator can be constructed in which the thickness varies
only along this dimension. This type of compensator is called a two dimensional

compensator.

2.8.5.2 Three dimensional (3-D) compensators

Three dimensional (3-D) compensator systems are mechanical devices to measure tissue
deficits within the field in both the transverse and the longitudinal body cross-sections.
Examples of these systems include Ellis type filters [43, 44], rod boxes [42] and
pantographic devices [45]. Recent devices include Moiré camera, 3-D magnetic digitizers,
CT based compensator programs and electronic compensation using multileaf collimators
[10]. Generally, the use of compensating filters instead of bolus is more laborious and
time consuming. Besides this, the resulting dose distribution is not easily calculated on
most treatment planning systems without measurement of the beam profile under the

compensator and therefore additional beam data entry into the TPS.
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2.8.6 Wedge filter

A wedge is the most commonly used beam-modifying device. It is a wedge-shaped
absorber and causes a gradual decrease in the intensity across the beam. This leads to a
tilt in the isodose curves from their perpendicular positions as shown in Fig. 2.9(b). They
are generally made from lead or one of its low melting point alloys and are placed at least
15 cm from the skin so that electrons ejected from them do not contaminate the photon
beam and eliminate the dose buildup effect at the patient’s skin surface. There are three
types of wedge filters currently in use: physical (manual), motorized and dynamic. The
use of wedges tends to decrease the skin doses relative to the open fields, although this
effect is small (<20% relative difference for a 60° wedge). In contrast, dynamic wedges
have negligible effect on the skin dose relative to the open field [6, 46, 29]. The angle
through which these isodose lines are tilted is known as “wedge isodose angle”. It is
defined as the angle through which an isodose curve at a given depth in water (usually 10
cm) is tilted at the central beam axis under the condition of normal incidence. A
combination of such identical distributions at right angles to each other gives a region of

homogeneous dose distribution as in Figure 2.9(c) below.
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Figure 2. 9: (a) Design of a wedge filter to tilt the isodose lines through 45° for an 8 x 8
cm beam for a cobalt unit. (b) Isodose chart for the wedge of (a). (c) Dose distribution
obtained by combining two wedged beams to produce a region of uniform dose
distribution [40]

2.8.6.1 Physical wedges.

This is an angled piece of lead or steel that has either a straight or sigmoid surface shape.
The first design is used to produce straighter isodose curves when it is placed in the path
of the beam. However, manual intervention is needed to lift and place a physical wedge
on the treatment unit’s collimator assembly in a slot for the wedge on the ®°Co treatment
machine or mounted on a transparent plastic tray which is then inserted into the beam at
a specified distance from the source for a linear accelerator. This distance is such that the
wedge and the tray are always at a distance of at least 15 cm from the skin surface. This

way, the -sparing effect of the megavoltage beam is maintained.

2.8.6.2 A motorized wedge.
This is a similar beam modifying device to a physical wedge, but is integrated into the

head of the treatment unit and is controlled remotely by machine.
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2.8.6.3 Dynamic wedges.

These wedges are generated electronically by creating wedged beam profiles through the
use of the independent collimator jaws to create wedge-shaped isodose distributions by
moving one of the independent jaws while the other one remains stationary during
irradiation. However, there is no clinical advantage of using dynamic wedges over the
physical metallic wedges [6]. The clinical implementation of dynamic wedges during
cancer treatment requires the measurements of central axis PDDs, central axis wedge

transmission factors and transverse beam profiles of the dynamic wedge [10, 11, 47].

2.8.7 Multileaf collimators (MLCs)

A multileaf collimator (MLC) for photon beams is a beam modifier that consists of a large
number of leaves or collimating blocks that can be driven automatically and independent
of each other in order to generate a field of any shape (Fig. 2.9). MLCs are therefore beam
shaping devices that can replace almost all conventional mounted blocks, with the
exception of shaping small fields or "island™ blocking in which an area within the open
portion of the fields needs to be blocked and excessively curved field shapes. Those
providing smaller leaf widths are referred to as micro MLCs. They may be able to cover
all or part of the entire field opening, and the leaf design may be incorporated into the
TPS to model transmission and penumbra. They may also have varying degrees of
dynamic motions that can be invoked while the beam is on in order to enhance dose

delivery [10, 41].
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28.7.1 Design of an MLC

A typical MLC system consists of 40 pairs of leaves or more e.g. models with 60 pairs of
leaves covering fields of up to 40 x 40 cm?. The leaves are made of tungsten alloy of
density 17.0 to 18.5 g/cm? and have thicknesses along the beam direction that range from

6 cmto 7.5 cm, depending on the type of linear accelerator [10].

Figure 2. 10: Varian multileaf collimator attached to accelerator (Taken from Khan
2003, [10])

The leaf thickness is usually sufficient enough to provide primary x-ray transmission
through the leaves of less than 2% (compared with about 1% for jaws and 3.5% for
cerrobend blocks) and an interleaf (between sides) transmission of less than 3%. The
primary beam transmission is further minimized by combining jaws with the MLC in
shielding areas outside the MLC field opening [10, 41].

Some MLC systems have double-focused leaves that form a cone of irregular cross-
section diverging from the source position and move out on a spherical shell that is

centered at the source. This provides a very sharp beam cut off at the edge of the field,
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though this objective is achieved only to a limited extent for the high energy beams since
the dose falloff at the edge is largely determined by scattered photons and electrons. Due
to the difficulties in manufacturing double focused MLCs, some systems have been
designed with rounded leaf edges to provide constant beam transmission through a leaf
edge, regardless of its position in the field and with directions of travel perpendicular to
the central ray.

An important consideration in the use of MLCs for stationary fields is the non-conformity
between the planned field boundary which is continuous, and the jagged stepwise
boundary created by the MLC. Optimization of MLC rotation and setting has been
discussed by Brahme [48] where his analysis shows that the best orientation of the
collimator is when the direction of motion of the leaves is parallel with the direction in

which the target volume has the smallest cross-section.

2.8.7.2 Disadvantages of MLCs

(1) MLCs have a much larger physical penumbra than that produced by the collimator
jaws or the cerrobend blocks. This is a drawback in case of treatment of small fields or
when blocking is required close to critical structures.

(ii) Also, the jaggedness of the field edges makes it difficult to match adjacent fields,
discrete size of the leaves require additional quality assurance with additional data

requirement to characterize the output factors, central axis PDD and penumbrae.
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2.8.7.3 Importance of MLCs in radiotherapy.

The following are the advantages of using MLCs in radiotherapy; (i) provision of
automatic field shaping, (ii) the elimination of the need for storage facilities, (iii) the
elimination of the need for technologies to lift heavy blocks, (iv) the ability to treat
multiple fields without the need to re-enter the treatment room and (v) the modulation of
beam intensity. Modern radiotherapy techniques such as 3-D conformal radiation therapy
and IMRT are dependent on the dynamically controlled MLC. Other applications include

dynamic wedges and electronic compensation [10, 27, 41].
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Introduction

The methodologies adopted to assess doses to the skin using calibrated GafChromic EBT?2
films are presented in this chapter. Calibration of GafChromic EBT2 films for assessing
skin dose with water equivalent (PMMA) phantom together with the dose measurements

are outlined here in this chapter.

3.2 Materials

The materials used in this study includes; compensators (0.5 cm, 1.0 cm and 1.5 cm
thickness), bolus (0.5 cm thickness), physical wedges (PW) (15°, 30°, 45" and 60°),
motorized wedge (MW) (60°), barometer, digital thermometer, plastic water (PMMA)
phantoms , ScanMaker 9800XL plus flat bedded scanner. Some specific materials are

presented with details below.

3.2.1 GafChromic films

GafChromic EBT2 film with lot number; # 08221302 produced by the International
Specialty Product with sheet size of 14" x 17" was used. The films were designed to
measure doses up to at least 30 Gy when used with an RGB colour scanner. At doses
above 10 Gy, the response in the red color channel approaches saturation, so in the case

of single channel dosimetry, it is preferable to change to the green color channel for these
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measurements. Figure 2.5 above shows the structure of GafChromic EBT2™ used in this

work.

3.2.2 lonization chamber

A cylindrical Farmer type ionization chamber manufactured by PTW Freiburg was used
with the water equivalent (PMMA) phantoms to measure the transmission factors for the
different beam modifiers used in this work. It has a sensitive air volume of 0.125 cm?that
is open to the environment and therefore, its readings need to be corrected for factors like

temperature, humidity and pressure that affect air density.

3.23 Electrometer

The electrometer used was PTW UNIDOS model with serial number T10005-50316. It
was calibrated together with the ion chamber above. This was used to quantify charges
that have been collected by the ionization chamber in nC/minute. The measured values

were then corrected for temperature and pressure variations.

3.2.4 FilmQA™ Pro

FilmQA™ Pro is a sophisticated and quantitative analytical tool that is specifically
designed to simplify and streamline IMRT QA process. The program allows one to scan
or open images of exposed application films and calculate the optimized dose maps. This

calculation is based on a scanner-dependent function generated from calibrated data that
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are derived from the three color channels (red, green and blue). Figure 3.1 is a window in

FilmQAPro 2015 that was used in this study.

When GafChromic™ films are used, the optimized dose maps include corrections for

thickness artifacts by using the blue color channel to measure the absorbance of the yellow

marker-dye in the films.
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Figure 3. 1: A FilmQAPro2015 window showing the three main sections of; case management

tree, image section and the

analysis section.
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3.3 Experimental method

3.31 Calibration of GafChromic EBT2 films.

Outlined precautionary measures for the handling of radiochromic films in TG-55 and
[35] were used. The films with lot number #08221302 were kept within temperature range
of 22°C + 2°C during the experiment, storage and analysis. The film was only removed
from the light tight envelope during irradiation and when it was being scanned using the

flat bedded scanner.

Following the recommendations of the film manufacturer, the films from the same
lot/batch were selected for calibration and were pre-cut into 6 x 8 cm? in order to have an
area of at least 25 cm? as is specified in TG-55 and the manufacturer’s calibration
guidelines. These EBT2 films were then placed perpendicularly to the beam’s central axis
at a depth of 5 cm in a plastic water phantom of 30 x 30 x 20 cm®. Two sets of films were

considered.

Film set A, contained calibration films that were meant to measure doses for ®°Co. They
were given known uniform radiation doses of 0.0 cGy, 20 cGy, 50cGy, 100 cGy, 150 cGy,
200 cGy, 500 cGy, 600 cGy, and 1000 cGy. Similarly, set B contained calibration films
that were given uniform radiation doses in the range of 0-325 cGy, in increments of 25
cGy. The irradiations of both film sets were done using a uniform cobalt-60 radiation
beam for a specified treatment time determined prior by the Prowess Panther TPS for a

similar irradiation geometry and setup as for the actual irradiation of the calibration films.

These films were allowed to stay for 24 hours for post radiation development before being
scanned using a ScanMaker 9800XL plus flat bedded scanner. Scanning of the films were

done in landscape mode. Set A was read using FIlmQAPro 2015 software and the values
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plotted to obtain a calibration function that was used in converting the cobalt-60 exposed
film responses to doses as indicated in Figure 4.1 below. Set B, on the other hand, was
read using image J software and the responses were recorded as in Table B.1, appendix

B. These values were plotted to give a calibration function as shown in Figure 4.2.

3.3.2 Measurements of transmission factors for the different beam modifiers
used in this work.

A phantom measuring 30 x 30 x 20 cm® was setup on the cobalt-60 couch, perpendicularly

along the beam central axis. A farmer type ion chamber of 0.125 cc measuring volume

with a PTW UNIDOS electrometer were used to collect and measure charges collected

respectively. The chamber was inserted in one of the phantoms (30 x 30 x 2 cm®) having

a hole at its sides with the center of the hole at a depth of 0.5 cm from the surface. Quality

assurance (QA) was done on the unit prior to this measurements.

For an open field at SSD of 80 cm, field sizes of 8 x 8 cm?, 10 x 10 cm?, 15 x15 cm?,
18 x 18 cm?, 20 x 20 cm? and 25 x 25 cm? were used to irradiate the ionization chamber
for 1.0 minute. Charges were collected and measured using the electrometer. Three
successive readings were taken for each field size and their average values determined.
The initial and final temperatures and pressures were recorded using a thermometer and
barometer respectively. The experiment was then repeated for all the other SSDs of 90
cm, 100 cm and 110 cm for the open beam. These measured values were then corrected

for temperature and pressured as outlined in TG-51.
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This same measurement was then repeated with the compensator (0.5 cm, 1.0 cmand 1.5

cm), tray of thickness 0.6 cm and the physical wedges (angles 15°, 30°, 45° and 60°).

Transmission factors were then calculated for the different beam modifiers for the four
SSDs above, and for the different field sizes used. This was done by dividing the corrected
electrometer readings with and without the beam modifier in the path of the beam for each
field size. These transmission factors were then used to determine the corresponding
treatment times needed to deliver the same dose at dmax as that for an open beam for a

particular square field. Plate 3.1 is a setup for measuring the transmission factor for the

tray used in this work.

Plate 3. 1: Setup for measuring transmission factor for the tray.



46

3.3.3 Measurements of skin dose using GafChromic EBT2 film.

3.3.31 Setup and film irradiations.

Skin dose measurements were carried out using GafChromic EBT2™ films with lot
number #08221302. They were cut into small pieces with dimensions of 2 x 3 cm? each
and were labelled A, B and C for easy identification. Film set A was placed at the surface
of the phantom, B at dmax and C at 10 cm depth. Film pieces of category C were then used
in determining the PDD at 10 cm depth. This was then compared with the PPD at 10 cm
depth for a cobalt beam. Two other film pieces measuring 30 x 30 cm? were cut and holes
measuring 2.1 x 3.1 cm? was created at their centers for inserting the 2 x 3 cm? films.
Plate 3.2 shows the phantom with film 30 x 30 cm? on top, having a film piece in a slot

in it.

Plate 3. 2: A setup of showing the 2 x 3 cm? dose film in the slot in a bigger GafChromic film
piece of dimension 30 x 30 cm? placed on top of the solid water phantom 30 x 30 x 20 cm?.
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Starting with SSD of 80 cm, set of films A, B and C were placed at the surface, dmax, and
at a depth of 10 cm respectively. Field sizes of 8 x 8 cm?, 10 x 10 cm?, 15 x 15 cm?,
18 x 18 cm?, 20 x 20 cm? and 25 x 25 cm? were then used one at a time to expose the
films for 60 seconds for the open beam. For each field size, the sets A, B and C were kept
together in an envelope labelled with the field size and SSD. This same experimental
procedures were repeated for all the other SSDs of 90 cm, 100 cm and 110 cm for the

open beam.

The different beam modifiers (physical wedges, tray, and compensators) were then
introduced in the beam at their correct positions, one at a time. The same procedures as
described above were repeated for the different field sizes and SSDs as for the open beam.
The sets of A, B and C were also kept in an envelope that has been labelled with the field
size, SSD and the beam modifier used. The exposed films together with an unexposed one
were then kept for 24 hours for post radiation exposure developments. During the
irradiation, storage and scanning, the films were kept at a temperature of 22°C + 2°C by

using the air conditioner to ensure stable temperature range.

The above experimental setup and procedures were also used to determine skin doses
from the linear accelerator (15 MV photons) at SGMC for motorized wedge 60°, open
beams and for bolus (0.5 cm). This treatment machine has capability of using two photon
energies of 6 MV and 15 MV and three electron energies of 6 MeV, 10 MeV and 15 MeV.
The 15 MV photons was chosen for this work for the fact that it is the energy commonly
used for treatment especially deep seated tumours. Field sizes used for these

measurements were 5 x 5 ¢cm?, 10 x 10 cm?, 15 x 15 cm?, 20 x 20 cm? and 25 x 25 cm?.
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3.3.3.2 Scanning of irradiated dose films.

After 24 hours, the exposed films were removed and scanned using a 48-bit scanner;
ScanMaker 9800XL plus. The scanner and the lid were cleaned of any dirt and the films
were handled using surgical gloves to minimize fingerprints that may add errors to the
readings. During the scanning process, the films were placed and scanned in a landscape
mode just like the calibration films. This was done for the reason that the film response

depends on whether it is scanned in portrait or landscape mode.

3.3.33 Reading of the exposed films from ®°Co.

The exposed films from the 5°Co beam were read using the FilmQAPro2015 software.
Figure 3.4 below shows scanned film image set in the image section of FilmQAPro2015
software for dose reading, while the case management section shows the scanned films

together with their dose maps.
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Figure 3. 2: A set of scanned film images for a tray at 110 cm SSD, field sizes 8 x 8 cm? to 25 x

25 cm?.

A region is then selected in the middle of one film piece and duplicated in all the other

films pieces for the other field sizes for that particular beam modifier. Using the

calibration function in figure 4.1 below, the film’s responses were then converted to doses.

Figure 3.5 below, shows the analysis windows containing dose map in the middle and the

analysis on the right.
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Figure 3. 3shows a selected dose map in the image section and the corresponding average dose
in the analysis section on the right.

This procedure was then repeated for all the other exposed films for the different beam
modifiers, open fields and an unexposed film. The dose reading of the unexposed film
was then subtracted from those of the exposed films. These dose readings were then
recorded in an excel worksheet. The percentage skin doses were calculated by dividing
the readings of film A (surface dose) by the readings of film B (dmax dose) and multiplying
the results by 100. Similarly, the PDDs at 10 cm depth were obtained by diving the

readings of films C by those of B and normalizing the result to 100%.

3.3.34 Reading of the dose films from the 15 MV photons.
Following the same procedures employed for the cobalt-60 dose films above, the 15 MV

photon dose films were scanned using the 48-bit scanner; ScanMaker 9800XL plus. These
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scanned films were then read using Image J film software. The response values (grey
values) were then recorded and using the calibration Equation 4.1, these readings were
converted into doses. Table B.2 in appendix B shows the measured skin doses from the
15 MV photons. The percentage skin doses for the 15 MV photons were determined for
the bolus (0.5 cm), open fields and the MW (60°) for SSDs of 80 cm and 100 cm as was
done for the cobalt-60 irradiated films. Table D.2, in appendix D shows the calculated
percentage skin doses for the open beam, bolus and MW for the two SSDs considered in

this work.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS

4.1 Introduction

This chapter discusses the results of the skin doses measured during the period of October
2014 to May 2015 at Radiotherapy Center of Korle-Bu Teaching Hospital and Sweden
Ghana Medical Centre, using GafChromic EBT2 films. These doses were measured along
the beam central axis and were expressed as a percentage of the dose at dmax. A discussion
of the measured doses and the calculated percentage skin doses is presented in this

chapter.

4.2 Calibration curve
Table 4.1 below gives measured optical density (OD) as a function of absorbed dose (cGy)

for the calibration film set A.

Table 4. 1: Optical density (OD) as a function of absorbed dose for calibration film set A.

(;Aoks’zo(zkg; Red (OD) Green (OD)
1000 0.285 0.468
600 0.246 0.348
500 0.228 0.312
200 0.160 0.189
150 0.139 0.163
100 0.115 0.137
50 0.082 0.110
20 0.053 0.084

0 0.033 0.068
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Figure 4.1 below is a plot of the optical densities against the absorbed doses for the

calibration film set A.
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Figure 4. 1: Calibration functions for the two colour channels of red and green used in this
work.

From the graph above, -R(D) is the graph of optical density against absorbed dose (D) for

the red colour channel and -G(D) is the corresponding graph for green colour channel.

For film set B, three readings of exposed films were recorded and their average values
calculated as is presented in Table B.1. The corresponding calibration function is

presented in Figure 4.2 below.
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Figure 4. 2: A calibration graph for films set B read using image J software.

The corresponding calibration equation obtained from the above graph for the conversion

of the film responses to dose is given as:

y=a+bx+tcexttdxdtext 4.1

where a = 7197.7203, b = -0.27757, c = 1.64E-06, d = 4.67E-11, e = -5.04E-16 and the
regression R? = 0.9987.

The associated mean error in the calibration function was about 3% as is indicated in

Table E.1 of appendix E.
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4.3 Measured skin doses.

Tables A (1- 4) in appendix A, give the values of doses measured from the °°Co treatment
unit at KBTH. Measurements were taken at the surface (d = 0 cm, taken as skin dose) and
for a depth of maximum dose, dmax (d = 0.5 cm) in PMMA slab phantom for the four
SSDs. Table B.2 in appendix B on the other hand gives corresponding dose values
measured from the Synergy 11 linear accelerator (15 MV photon) at SGMC. Errors in the
measured values were minimal for most measured values. These errors were mainly from
temperature and humidity variations and finger prints during cutting and scanning which

amounts to a mean value of 3% as indicated in Table E.2 of appendix E.

For each field size, the ratio of skin dose (dose at d = 0 cm) to maximum depth dose (dose
atd = 0.5 cm for ®°Co and d = 2.5 cm for 15 MV) was calculated. These values are shown
in appendix C, Tables C.1-C.4 and appendix D, Table D.1. The calculated percentage skin
doses for the open field ranges from 23.5% - 61.5% of the dmax dose for cobalt-60. These
values fall within the 20% - 85% of the dmax dose that is given in skin dose during
radiotherapy [6]. For the 15 MV photons, measured skin dose (as percent of dmax dose)
ranges from 8.3% - 34.6% as compared to the findings of Stephen et al, 2012 [6], where
the values they got ranged from 5.8% to 34.56%. A detailed analysis of these results gives

the following observations.

431 Effect of field size on skin dose.
As in Tables A.1-A.4 of appendix A and table B.2 of appendix B, measured skin doses
increased as field sizes were increased. This increase in skin dose with field size occurs

for both the open beam and the ones with the beam modifiers. This is mainly as a result
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of the increase in electron scattering from the collimators, air and any other material in
the path of the beam like the beam modifiers. This is in agreement with other results in

literature [6, 10], all of which reported an increase in skin dose with increasing field size.
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Figure 4. 3: Comparison of the skin dose for the four physical wedge angles at 80 cm SSD.

4.3.2 Effect of physical wedge on skin dose

For %°Co, the use of PW reduced the skin doses as compared with the open beam, with the
maximum reduction occurring at small field sizes and lower SSDs (80 cm and 90 cm) as
compared with the larger SSDs (100 cm and 110 cm). Figure 4.3 shows the effect of the
wedge angle on the skin dose for 80 cm SSD. It was observed that, as the wedge angle
was increased, the skin sparing effect was also increased, but not for the larger angle (60°)
especially at larger SSDs where it was reduced. This increase in skin sparing as the wedge

angle increases is as a result of more scattered electrons being eliminated upstream the
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PW than the ones generated downstream. This is in agreement with result presented by
Nadir et al, 2002 [49]. For the larger SSDs (100 cm and 110 cm) and larger fields, the 45°
and 60° PW produced higher skin dose as compared to all the other wedge angles, e.g.
measured skin doses for 10 x 10 cm? were 25.1%, 23.3%, 21.3% and 26.8% for 15°, 30°,
45° and 60° respectively at 110 cm SSD. This could possibly be due to more scattered

photons and electron contributions from the larger fields.

4.3.3 Effect of compensator thickness on skin dose.

For the compensator, it was observed that as the thickness of the compensator was
increased, the percentage skin dose from the ®Co reduced. This reduction in percentage
skin dose with compensator thickness is as a result of the removal of more scattered
electrons reaching the compensator compared to the ones incident on it. The overall result
was that the percentage skin dose for the compensator fields was lower than the ones for

the open field as it is reflected in Figure 4.4 below for SSD of 100 cm.

Generally, skin sparing effect of the compensator as compared to the open beam was
better with higher effect seen at smaller field sizes. This effect then reduces as the field
size was increased. This was reflected in the differences between the skin doses (as % of
dmax dose) for the open beam and 1.5 cm thick compensator beam at 90 cm SSD where
the values were 11.6%, 10.0%, 9.4%, 9.0%, and 4.9% for field sizes of 8 x 8 cm?, 10 x
10 cm?, 15 x 15 cm?, 20 x 20 cm? and 25 x 25 cm? respectively. Lower skin doses were
obtained at higher compensator thickness. At 80 cm SSD, skin dose for the 0.5 cm

thickness compensator is almost the same as that of the open field at smaller fields but
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increased quickly and became higher than those from the open beam. This is likely due to

increased photon and electron scattering with field size.
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Figure 4. 4: A comparison of skin doses (as a % of dmax dose) for the compensator fields and
open fields for SSD of 110 cm. Data was obtained from Equinox 100 *°Co treatment machine at
Korle Bu National Centre for Radiotherapy and Nuclear Medicine.

4.3.4 Effect of SSD on skin dose.

These research results also show that, as the SSD increases, the dose that the skin receives
during treatment reduces. This reduction in skin dose with increasing SSD is attributed to
the reduction in scattered electrons reaching the skin as compared to the smaller SSDs in
which scattered electrons from the collimator and treatment heat reach the skin. This in
turn leads to a reduction in deposition of dose at the skin surface. For 15 MV photons,
measured skin doses (as % of dmax dose) for open beam 10 x 10 cm? were 14.0% and

12.0% for the SSDs of 80 cm and 100 cm respectively. This result agrees with the finding
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of Yadav et al, 2010 [50]. They found skin doses for 15 MV, 10 x 10 cm? open beam to
be 13.32% and 11.71% for SSDs of 80 cm and 100cm. The effect of SSDs on skin dose
for cobalt-60 is shown in Table 4.2 (a) and (b), for the open beam and compensator (1.5
cm thickness) beams respectively, while Figure 4.5 is for the 15 MV photons, open beam.
However, for the extended SSDs of 110 cm, there is an increase in skin dose for the cobalt-
60 irradiations as compared with those for 100 cm SSD. This effect however, is gradually
reduced as field size is increased. This increase in skin dose for the extended SSD could
be as a result of increased scattering of photons and electrons with field size. Furthermore,
for the extended SSD of 110 cm, the treatment couch is closer to the floor and more back
scattered electrons and photons will be reaching the skin surface and depositing dose

there.

Table 4. 2: Effect of SSD on the percentage skin dose for open beam and 1.5 cm thickness
compensator beam from the Equinox 100 ® Co treatment unit at Korle-Bu National Centre for
Radiotherapy and Nuclear Medicine.

% Skin doses for open % skin doses for 1.5 cm
beam thick compensator
SSD (cm) SSD (cm)
FS 80 90 100 110 FS 80 90 100 110
8 337 333 235 312 8 236 217 188 26.1

10 36.9 365 265 356 10 25.6 265 242 288
15 451 440 339 4138 15 36.3 346 335 36.0
20 540 520 415 479 20 441 430 420 430
25 618 600 540 541 25 589 551 50.2 500

(@) (b)



60

40.0
35.0
30.0
25.0
20.0
15.0

10.0

Ul
o

skin dose (as a percent of d,,,,, dose)

o
o

0 5 10 15 20 25 30

One side of a square field (cm)

SSD =80 cm SSD =100 cm Linear (SSD =80 cm) Linear (SSD = 100 cm)

Figure 4. 5: Effect of SSD on skin dose (as a % of dmax dose) for 15 MV photon, open beam.

4.3.5 Effect of beam energy on skin dose.

Analysis of the results from the cobalt-60 and 15 MV shows that, the 15 MV photons
produced a lower skin dose as compared with the cobalt-60. For cobalt-60 open beam,
skin dose (as a % of dmax dose) for SSD of 100 cm were; 26.5%, 33.9%, 41.5% and 54.0%
for field sizes of 10 x 10 cm?, 15 x 15 cm?, 20 x 20 cm? and 25 x 25 cm? respectively.
For the same SSD and field sizes as for the cobalt-60, the values were; 12.0%, 17.4%,
24.0% and 30.4% for the 15 MV open beam. This result clearly shows the advantage of
using high energy photons for cancer treatment as compared to cobalt-60. There is more
skin sparing from the 15 MV photon as compared to cobalt. This result is in agreement
with result in Stephen et al, 2011 [6]. Their measured skin doses for cobalt-60 ranged
from 20% - 85% of dmax dose for field sizes ranging from 5 x 5 cm? to 40 x 40 cm? as

compared to high energy photons (15-18 MV) where the values range between 8% - 45%
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of the Dmax dose for the same conditions as for the 8°Co. Figure 4.6 below shows skin

doses for cobalt-60 versus 15 MV photons for 80 cm SSD.
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Figure 4. 6: A comparison between skin dose for cobalt-60 and the 15 MV for 80 cm SSD open
beam.

4.3.6 Effect of motorized wedge 60° (MW) on skin dose.

The use of motorized wedge in treatment of cancer with the 15 MV x-rays generally has
negligible effect on skin dose for the 80 cm SSD as compared with the open beam. For
this SSD, measured skin doses for the MW beam were 8.8%, 12.5%, 19.3%, 27.5% and
36.2% for field sizes of 5 x 5 cm?, 10 x 10, 15 x 15, 20 x 20 and 25 x 25 cm? respectively.
This result agrees with that published by Yadav et al, 2010 [50]. Their measured skin
doses were; 3.98%, 11.32%, 19.33, 28.13% and 35.03% for the same SSD and field sizes

as above. Figure 4.7 is a graphical presentation of the effect of the MW on skin dose for
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100 cm SSD. This however shows that, skin dose for the 60° MW increases rapidly as
field size is increased compared with the open beam. This could be as a result of more

scatter electrons being generated by the 60° MW than those being eliminated upstream.
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Figure 4. 7: Comparison skin dose for motorized wedge and open beam for 100 cm SSD.

4.3.7 Effect of bolus on skin dose.

Just like the other beam modifiers, measured skin doses for the bolus increased with
increasing field sizes, but their values are much higher than those of the open beam. The
use of bolus generally shifts the dmax Upwards towards the skin surface, hence the high
skin dose compared with the open beam. Measured skin dose for 10 x 10 cm?, and
20 x 20 cm? fields were 57.4% and 68.8% for bolus at 100 cm SSD. The corresponding
values for open beam were 12.0% and 24.0%. This shows that the skin dose due to the

use of 0.5 cm thick bolus is about 45% higher than for open beam.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

51 Conclusions

Dosimetric effects of beam modifiers use in external beam radiotherapy on skin or surface
doses were studied for a solid water phantom for beam energies of cobalt - 60 and 15 MV.
The skin doses are measured with Gafchromic films (EBT 2) for various field sizes and
source to surface distances. The measured skin doses are compared to depth doses
measured within the phantom for the same collimator setting and treatment time or
monitor unit. Sensitometric curves of the film batch used in the study are generated with
a film dosimetry software. Doses received by irradiated films are read by the film
dosimetry software. Skin dose is found to increase with increasing field size for both
beams with and without beam modifiers for all the beam energies used. Also skin dose
decreases with increasing SSD (from 80 c¢cm to 100 cm) for all the beam energies.
However, for SSDs greater than 100 cm, skin dose tends to increase with increasing SSD
for the cobalt-60 beam. The increase in the skin dose for the extended SSD may be
attributed to the effects of beam divergence and scattered radiation reaching the surface
of the phantom from the floor of the treatment room as the phantom is much closer to the
floor. The 15 MV photon beam provides a better skin sparing compare to cobalt-60 beam
for all field sizes and SSDs. These results show that the doses that the skin receives during
external beam radiotherapy can be very high for larger field sizes, especially for open
beams and beams with bolus at shorter SSDs. The highest skin dose compare to that of an
open beam is obtained for a bolus (about 45 % higher than that for the open field) for the

15 MV photon beam. The highest reduction in skin dose for ®°Co on the other hand, is
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obtained from the use of a physical wedge (45°) and is less than that for the open beam

by 15.6%.

It can generally be concluded that most beam modifiers use for external beam
radiotherapy at the two oncology institutions where the study was conducted lead to
enhancement of the skin spare effect of the megavoltage beam, which is at its peak for
beams with physical wedges. On the other hand, the use of a bolus and a tray during
external beam radiotherapy increases skin dose. The maximum percentage skin dose
deviation is measured was about 3.5 % as compared with that measured by Buston .M.J.
[27] where the value was 4%. These discrepancies may be due to disparity in collimator

design.

5.2 Recommendations

The use of extremely large field sizes for treatment should be discouraged as it
compromises on the skin sparing effect of the megavoltage beam. In place of the large
field size, two smaller adjacent field sizes can be used such that they are matched with an

appropriate radiation field matching technique.

When beam modifier are used, they should be placed at distances ranging from 15 to 20

cm from the skin to reduce skin dose.
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5.3 Further study

Since there are inherent error or uncertainties associated with film dosimetry the skin dose
measurements need to be repeated with parallel plate ionization chamber. The dose
readings obtained with the parallel plate ionization chamber should be compared with

those measured with the film. This would improve on the findings of the study.
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Table A. 1: Skin and dmax doses as a function of field size for an SSD of 80 cm. Doses

are from Equinox 100 %°Co treatment unit at Korle-Bu National Centre for Radiotherapy
and Nuclear Medicine, March 2015.

FIELD SIZE (cm?)

DESCRIPTION DEPTH
(cm) 8x8 10x10 15x15 18x18 20 x 20 25 x 25
0.0 7804 8891 11450 146.41 169.81
Open field
05 23128 24114  253.96 - 27090 27464
0.0 8154  91.26  101.39 - 15093 175.02
Tray (0.6 cm)
05 23041 23630 25659 - 26755 27593
0.0 7220 8517 11226 - 139.29 168.41
Comp (0.5 cm)
05 22855 23233 25299 - 26188 27367
0.0 65.28  81.61  108.92 - 13339 160.05
Comp (1.0 cm)
05 22293 22368  239.04 - 24690 26416
0.0 5000 5842  87.8 - 109.66 157.72
Comp (1.5 cm)
05 21600 22811  240.88 - 24892 26759
0.0 23752 23962  256.00 - 26719 28285
Bolus (0.5 cm)
05 23360 23912  260.73 - 27115 27943
Physical Wedge 0.0 5047 6310 10323 122.00
0
(159 05 23713 24426  269.22 27761 - -
Physical Wedge 0.0 4590 5933  85.83 105.60
0
(30%) 05 23641 23775  268.26 264.95 - -
Physical Wedge 0.0 4413 5585  81.85 104.92
0
(457 05 23634 25133  259.82 269.92 - -
Physical Wedge 0.0 4366 5236  75.92 97.18
0
(60%) 05 22006 23137  256.00 270.04 - -



Table A. 2: Skin and dmax doses measured 90 cm SSD in PMMA slab phantom

under Equinox 100 %°Co treatment unit at KBTH.

FIELD SIZE (cm?
DESCRIPTION | DEPTH (cm’)
(cm) 8x8 10x10 15x15 18x18 20x20 25x25
00 6319  69.75  92.67 - 111.49  130.96
Open field ;
05  189.76 191.06  210.40 21440 218.15
00 6208  69.96  88.39 - 108.27 129.21
Tray (0.6 cm)
05 18559 18850  198.91 - 212.03  211.72
00 4379 6276  78.38 - 10450 129.61
Comp (0.5 cm)
05 18537 19541  204.45 - 20559  223.56
00 3692 4647.00 66.84 - 95.81  120.49
Comp (1.0 cm)
05  167.94 18579  185.50 - 211.08  213.41
00 3569 4478  67.03 - 8428 11051
Comp (1.5cm)
05 16441 168.67  193.50 - 196.19  200.48
00 18141 18480  202.09 - 209.25  222.07
Bolus (0.5 cm)
05 18437 18850  197.84 - 210.61 215.31
Physical Wedge 00 5596 6394 8837  89.68 - -
0
(157 05 17959 187.64 208.81  200.11 - -
Physical Wedge 00 3882 4314 5896  86.10 - -
0
(30%) 05 18497 18674 201.01 208.11 - -
Physical Wedge 00  37.95 4608 5908 8135 - -
0
(45°) 05 19001 187.82  207.02 214.19 - -
Physical Wedge 00 3341 4078 6546  88.18 - -
(1]
(60°) 05 18823 18617 202.83 206.58 - -

70



Table A. 3: Measured skin and dmax doses for ®°Co at an SSD of 100 cm.

FIELD SIZE (cm?
DESCRIPTION | PEPTH (em’)
(cm) 8x8 10x10 15x15 18x18 20x20 25x25
0.0 3521  43.08  58.15 - 75.06  99.47
Open field
0.5 150.12 162.28  171.38 - 180.84  184.12
0.0 3437 4150  59.36 - 7495  99.60
Tray (0.6 cm)
0.5 151.94 157.77  172.79 - 179.27  184.83
0.0 3380 3808  51.38 - 7142 82.99
Comp (0.5 cm)
0.5 154.33 16258  170.01 - 17221 18354
0.0 4351 5143  66.84 - 82.84  98.60
Comp (1.0 cm)
0.5 151.01 150.93 170.26 - 179.48  183.32
0.0 2774 3745 5341 - 7194  89.81
Comp (1.5¢cm)
0.5 147.44 15481  159.36 - 171.36  178.82
0.0 155.55 159.05  171.26 - 17320 179.74
Bolus (0.5 cm)
0.5 155.05 156.24 171.81 - 180.00  176.74
Physical Wedge 0.0 3536 4290 6841  81.40 - -
0
(15%) 05  160.78 162.90 17546  185.00 - -
Physical Wedge 0.0 3206 3840 5896  75.64 - -
(V]
(309 05 15927 166.65 177.61 175.69 - -
Physical Wedge 0.0 39.22  49.03 6328  75.74 - -
0
(457) 05  157.12 16213 170.90 177.41 - -
0.0 4052 50.28 6536  76.84 - -

Physical Wedge
0
(607) 05 157.01 164.62 17330 175.87 - -



Table A. 4: Measured skin and dmax doses for ®°Co at an SSD of 110 cm.

SQUARE FIELD SIZES (cm2
DESCRIPTION DEPTH Q (cm2)
(cm) 8x8  10x10 15x15 18x18 20x20 25x25
0.0 4083 4858 6053 - 7183 82.03
Open field
05 13086 13653  144.83 - 15002  151.73
0.0 4234 4694 5444 - 7194 8420
Tray (0.6 cm)
05 13434 13694  142.84 - 15054  155.59
0.0 3609 4419  57.76 - 7019 8129
Comp (0.5 cm)
05 12857 13803  147.74 - 15223 149.35
0.0 3572 4198 5101 - 6318  76.64
Comp (1.0 cm)
05 12476 13324 13553 - 14358 148.07
0.0 3272 3803 5117 - 6221 7283
Comp (1.5 cm)
05 12546 13202  142.08 - 14455 14559
0.0 13380 14170 14658 - 15325  158.80
Bolus (0.5 cm)
05 13470 14051 14832 - 15579 162.09
Physical Wedge 0.0 2819 3399 5103 6527
0
(159 05 13117 13532 14910 15332 - -
Physical Wedge 0.0 26.68 3182 4992 6212
0
(30% 05 13261 13640 14681 15155 - -
Physical Wedge 0.0 2419 3024 4739 5648
0
(457 05 13355 14214 15193  151.40 - -
Physical Wedge 0.0 3082 3769 5455 6295
0
(60%) 05 13792 14068 14655  146.75 - -
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APPENDIX B

Table B. 1: Measured calibration film responses as a function of exposure dose for

calibration film set B.

o Reading Reading Reading Average reading %

(cGy) 1 2 3 Deviation
0 58740.1 58803.8 50057.4 ~ ©8867.11+137.1 023
25 55731 55789.1 to134g 5588496 +178.2 0.32
>0 53324.6 53526.7 537517  53534.34 21744 0.33
& 51233.8 51307.2 515956  D1378:83+1562 0-30
100 49823.7 49759.1 501535 ~ 4991212#1727 035
125 48397.8 48508.1 86464  48517.44+1017 0.21
150 47428 47500.3 476262 4751820 +81.9 017
175 46204.3 46191.1 450902  4612852:98 0.21
200 45086.7 44933.9 419632  44994.60 +66.2 0.15
225 44508.9 44637.1 aa1636 44436532200 045
250 43809 5 43854 434464  43709.95+186.5 043
215 43195.6 43248.9 428952 43113221557 0-36
300 42603.2 42645.2 420838 ~ 42510.74 1614 038
325 41913.1 41908.9 417335 4185181837 0-20
0.29

Percentage mean deviation
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Table B. 2: Measured skin and dmax doses from Synergy 11 linear accelerator at
SGMC for SSDs of 80 cm and 100 cm for 15MV.

FIELD SIZE (cm?)

DESCRIPTION  DEPTH (cm)
5x5 10x10 15x15 20x20 25x25
MEASURED DOSE VALUES FOR 80 cm SSD
) 0 11.59 21.19 34.18 46.35 54.53
Open field

25 14029 15144 16578 16845  171.71

0 106.73  138.76 164.8 19345  203.77

Bolus (0.5 cm)

25 19493 23221  253.83  262.07  258.79

Motorized 0 2.94 4.81 7.95 12.07 15.49
wedge (60°) 25 33.33 38.41 41.14 43.98 42.76

MEASURED DOSE VALUES FOR 100 cm SSD
) 0 8.77 16.42 25.54 36.51 41.73
Open field

25 12178  136.68  146.75  151.86  153.14

0 67.21 77.62 97.57 10545  166.23

Bolus (0.5 cm)

2.5 12361 13524 14470  153.36  226.53

Motorized 0 1.52 3.92 7.10 10.75 14.10
wedge (60°) 25 28.31 31.17 35.89 39.93 39.32
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APPENDIX C
Table C. 1: Percentage skin doses for an SSD of 80 cm from an Equinox 100 %°Co

treatment machine.

Calculated percentage skin doses + 3%

COMP COMP COMP Wedge Wedge Wedge Wedge

FS o0s5em  10cm  15cm  TRAY  OPEN FS g 30° 45° 60°
8 35.4 29.3 236 354 337 8 213 194 187 191
10 38.6 36.5 25.6 38.6 36.9 10 25.8 25.0 22.2 22.6
15 39.5 45.6 36.3 395 45.1 15 38.3 32.0 315 29.7

20 56.4 54.0 441 56.4 540 18 43.9 415 38.9 36.0
25 63.4 60.8 58.9 63.4 61.8

Table C. 2: Percentage skin doses for an SSD of 90 cm from an Equinox 100 ®°Co treatment

machine.
Calculated percentage skin doses + 3%
FS Wedge Wedge Wedge Wedge OPEN TRAY COMPENSATOR
159 309 450 60° Fs 6mm gni 10em  15cm

8 31.2 21.0 20.0 17.7 8 333 33.4 23.6 22.0 21.7
10 34.1 23.1 245 21.9 10 365 37.1 32.1 25.0 26.5
15 39.9 29.3 32.0 323 15 440 44.4 38.3 36.0 34.6
18 44.8 41.4 38.0 427 20 520 51.1 50.8 45.4 43.0

25  60.0 61.0 58.0 56.5 55.1

Table C.3: Percentage skin doses for an SSD of 100 cm from Equinox 100 %°Co treatment
machine.

Calculated percentage skin doses + 3%

Wedge Wedge Wedge  Wedge Fs TRAY COMP COMP COMP OPEN

FS 15° 30° 450 60° 0.5cm 1.0cm 1.5¢cm

8 220 20.1 25.0 25.8 8 22.6 21.9 28.8 18.8 235
10 26.3 23.0 29.9 30.5 10 26.3 234 341 24.2 26.5
15 39.0 33.2 37.0 37.7 15 34.4 30.2 39.3 33.5 33.9
18 44.0 43.1 42.7 43.7 20 418 415 46.2 42.0 41.5

25 53.9 452 53.8 50.2 54.0
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Table C.4: Percentage skin doses for an SSD of 110 cm from Equinox %°Co treatment
machine.

Summary of measured percentage skin doses + 3%

Wedge Wedge Wedge Wedge FS TRAY COMP COMP COMP OPEN

FS g0 30° 45° 60° 05cm  1.0cm  1.5cm

8 215 20.1 18.1 22.4 8 315 28.1 28.6 26.1 31.2
10 251 23.3 21.3 268 10 343 32.0 315 28.8 35.6
15 342 34.0 31.2 372 15 381 39.1 38.1 36.0 41.8
18 426 41.0 37.3 429 20 478 46.1 44.0 43.0 47.9

25 541 544 51.8 50.0 541



APPENDIX D
Table D.1: Percentage skin doses for 15 MV at SSDs of 80 cm and 100 cm. Data was
taken from the Synergy 11 linear accelerator treatment machine at Sweden Ghana Medical

Centre.
Summary skin dose for 15 MV as a % of dmax doses (= 3%)
80 cm SSD 100 cm SSD

MW MW
FS BOLUS OPEN (60°) FS BOLUS OPEN (60°)
5 53.8 8.3 8.8 5 54.4 7.2 5.4
10 59.8 14.0 12.5 10 57.4 12.0 12.0
15 64.9 20.6 19.3 15 67.4 17.4 19.8
20 73.8 29.5 27.5 20 68.8 24.0 26.9
25 78.7 34.6 36.2 25 75.9 30.4 35.9
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APPENDIX E

Table E.1: Percentage error in calibration functions in Figures 4.1 & 4.2.

78

Grey Prescribed Measured Difference %
value dose(cGy) Dose (cGy) (cGy) difference
55884.96 25 27.952 2.952 11.81
53534.34 50 50.808 0.808 1.62
51378.83 75 76.091 1.091 1.45
49912.12 100 97.553 -2.447 2.45
48517.44 125 122.277 -2.723 2.18
47518.20 150 143.068 -6.932 4.62
46128.52 175 176.882 1.882 1.08
44994.60 200 209.178 9.178 4.59
44436.53 225 226.758 1.758 0.78
43709.95 250 251.412 1.412 0.56
43113.22 275 273.215 -1.785 0.65
42510.74 300 296.709 -3.291 1.10
41851.81 325 324.169 -0.831 0.26
Mean error 2.55
Table E.2. Errors in dose measurements using gafchromic EBT2 films
Grey value Dose Measured dose (cGy) Difference (cGy) meZZS:ergrvg]lue Ave
(CGy) error
Gl G2 G3 M1 M2 M3 D1 D2 D3 El E2 E3
55662.0 55832.6 56125.5 25 30.04 28.44 25.70 5.04 3.44 0.70 168 138 28 11.12
53108.4 53747.4 53753.2 50 55.35 48.60 48.54 5.35 -1.40 -1.46 9.7 28 29 132
511325 51382.6 51603.2 75 79.41 76.04 73.15 441 1.04 -1.85 5.6 14 -2.5 149
49854.6 49749.3 50153.8 100 98.48 100.21 93.72 -1.52 0.21 -6.28 -1.5 0.2 -6.3 2.54
48306.4 48653.3 48667.9 125 126.44 119.66 119.38 1.44 -5.34 -5.62 11 -43 -45 2.54
47339.9 47569.9 47629.9 150 147.07 141.92 140.61 -2.93 -8.08 -9.39 -2.0 54 -63 4.55
46223.0 46181.9 45978.9 175 174.39 175.47 180.89 -0.61 0.47 5.89 -0.4 0.3 34 1.09
45227.4 44817.0 44966.1 200 202.18 21465  210.05 2.18 14.65 10.05 11 7.3 5.0 448
44430.3 44747.4 44174.6 225 226.96 216.82 23541 1.96 -8.18 10.41 0.9 -3.6 4.6 0.62
43842.2 43854.6 43438.8 250 246.77 246.34  261.14 -3.23 -3.66 1114  -13 -1.5 45 0.56
43182.6 43306.8 42916.1 275 270.60 26598  280.74 -4.40 -9.02 5.74 -1.6 -3.3 21 0.94
42561.3 42715.1 42271.7 300 294.68 288.57 306.45 -5.32 -11.43 6.45 -1.8 -3.8 2.2 1.15
41862.5 41934.4 41716.6 325 323.71 320.62 330.04 -1.29 -4.38 5.04 -0.4 -1.3 15 0.07



55729.0
53065.6
51150.8
49859.4
48298.3
47364.7
46229.4
45254.9
44428.2
43863.6
43177.1
42546.7
41898.0

55686.6
53041.5
51152.7
49841.6
48300.8
47339.5
46195.0
452447
444379
43824.2
43165.2
42558.9
41870.9

55873.7
53760.3
51370.7
49716.2
48630.5
47600.1
46208.8
44813.3
44750.8
43849.5
43305.6
42701.2
41972.2

55832.5
53728.7
51360.3
49730.0
48607.8
47586.9
46170.3
44840.5
44713.2
43847.6
43286.9
42692.6
41941.0

56143.0
53758.9
51575.8
50145.1
48663.3
47648.8
45985.2
44976.8
44190.2
43428.5
42917.6
42279.4
41730.1

56111.7
53729.6
51587.0
50130.1
48653.2
47626.6
45967.9
44963.2
44200.5
43486.2
429115
42268.1
41757.2

25

50

75
100
125
150
175
200
225
250
275
300
325

25

50

75

100
125
150
175
200
225
250
275
300
325

29.41
55.82
79.16
98.41
126.60
146.51
174.22
201.37
227.03
246.03
270.81
295.26
322.18

29.80
56.08
79.14
98.69
126.55
147.08
175.13
201.67
226.71
247.40
271.26
294.77
323.35

28.06

48.47

76.20
100.75
120.09
141.26
174.76
214.76
216.72
246.52
266.03
289.12
319.01

28.44
48.79
76.34
100.52
120.53
141.55
175.78
213.92
217.90
246.58
266.72
289.46
320.34

25.54
48.48
73.51
93.86
119.47
140.19
180.72
209.72
234.89
261.52
280.68
306.14
329.45

25.83
48.78
73.36
94.09
119.66
140.68
181.19
210.14
234.54
259.42
280.91
306.60
328.26

4.41
5.82
4.16
-1.59
1.60
-3.49
-0.78
1.37
2.03
-3.97
-4.19
-4.74
-2.82

4.80
6.08
4.14
-1.31
1.55
-2.92
0.13
1.67
171
-2.60
-3.74
-5.23
-1.65

3.06
-1.53
1.20
0.75
-4.91
-8.74
-0.24
14.76
-8.28
-3.48
-8.97
-10.88
-5.99

3.44
-1.21
1.34
0.52
-4.47
-8.45
0.78
13.92
-7.10
-3.42
-8.28
-10.54
-4.66

AVERAGE ERROR IN MEASURED DOSE VALUES

0.54
-152
-1.49
-6.14
-5.53
-0.81

5.72

9.72

9.89
11.52

5.68

6.14
4.45

0.83
-1.22
-1.64
-5.91
-5.34
-9.32
6.19
10.14
9.54
9.42
591
6.60
3.26

15.0
10.4
53
-1.6
13
-2.4
-0.4
0.7
0.9
-1.6
-1.5
-1.6
-0.9

16.1
10.8
52
-1.3
1.2
-2.0
0.1
0.8
0.8
-1.1
-1.4
-1.8
-0.5

12.2
-3.1
1.6
0.7
-3.9
-5.8
-0.1
7.4
-3.7
-1.4
-3.3
-3.6
-1.8

13.8
-2.4
1.8
0.5
-3.6
-5.6
0.4
7.0
-3.2
-1.4
-3.0
-3.5
-1.4
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2.2
-3.0
-2.0
-6.1
-4.4
-6.5
3.3
49
4.4
4.6
21
2.0
1.4

3.3
-2.4
-2.2
-5.9
-4.3
-6.2
35
51
4.2
3.8
2.1
2.2
1.0

9.79
1.44
1.62
2.34
2.36
4.92
0.90
431
0.54
0.53
0.92
1.06
0.45

11.07
2.00
1.61
224
221
461
1.35
4.28
0.61
0.45
0.75
1.03
0.31
247
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