. Polish Journal of Medical Physics and Engineering December 2018
‘. scien d O The Journal of Polish Society of Medical Physics Vol 24, Issue 4
ISSN 1898-0309, doi: 10.2478/pjmpe-2018-0024

Scientific Paper

Implementation of compensator-based intensity modulated radiotherapy
with a conventional telecobalt machine using missing tissue approach

Samuel N. A. TAGOE"*?, Samuel Y. MENSAH?, John J. FLETCHER®

!National Centre for Radiotherapy and Nuclear Medicine, Korle Bu Teaching Hospital, Accra, Ghana

2Department of Physics, School of Physical Sciences, College of Agriculture and Natural Sciences, University of Cape Coast,
Cape Coast, Ghana

3Department of Applied Physics, University for Development Studies, Navrongo Campus, Navrongo, Ghana.

®E-mail address: s.tagoe@Kkbth.gov.gh

(received 22 April 2018; revised 14 June 2018; paxk7 August 2018)

Abstract

Objectives: The present study aimed to generatngitty-modulated beams with compensators for a exional
telecobalt machine, based on dose distributionermgéed with a treatment planning system (TPS) peiifig forward
planning, and cannot directly simulate a compemsato

Materials and Methods: The following materials wemslected for compensator construction: Brass, €opmd
Perspex (PMMA). Boluses with varying thicknessesse the surface of a tissue-equivalent phantone wieed to
achieve beam intensity modulations during treatrpéartning with the TPS. Beam data measured foriipéeatment
parameters in a full scatter water phantom with12® cc cylindrical ionization chamber, with a j@rtar compensator
material in the path of beams from the telecobalthine, and that without the compensator but thghte of water
above the detector adjusted to get the same deteddings as before, were used to develop andopeop semi-
empirical equation for converting a bolus thicknesgompensator material thickness, such that aiyt pvithin the
phantom would receive the planned dose. Once therdiions of a compensator had been determinedpthpensator
was constructed using the cubic pile method. Tkatinent plans generated with the TPS were repticate the
telecobalt machine with a bolus within each beapresented with its corresponding compensator mduate the
accessory holder of the telecobalt machine.

Results: Dose distributions measured in the tigmevalent phantom with calibrated Gafchromic EBfiiehs for
compensators constructed based on the proposedaapprwere comparable to those of the TPS withatievi less
than or equal to £ 3% (mean of 2.29 + 0.61%) ofrtlemsured doses, with resultant confidence linlitesaf 3.21.
Conclusion: The use of the proposed approach fimicael application is recommended, and could ftat#i the
generation of intensity-modulated beams with lichiteesources using the missing tissue approach negde
encouraging results.

Key words: telecobalt machine; bolus; compensator; Gafcheditm; intensity modulated.

Introduction minimized by moving the bolus distance of 15-20fcom the
skin while still achieving the purpose of the boli. By
virtue of the position of the bolus and its objeetithe bolus is
referred to as missing tissue compensator [3]. @wm the
position of the compensator, it may be composedary
material.

The aforementioned factors (skin topography ars$ug
inhomogeneity) coupled with the often complex slsapd
tumours will require or necessitate the modulatioh the
fluence distribution across beams from conventional
teletherapy machines. This has culminated in th@diction
of Intensity Modulated Radiotherapy (IMRT), where
extensively intensity modulated (IM) beams are u$2H
IMRT is becoming more widespread, and it is usually

Dose distribution within a patient has been fouadbe the
most reliable and verifiable quantity that linksedtment
parameters of any radiotherapy treatment techniqoe
treatment outcome [1,2]. It is therefore imperatieechoose
irradiation geometries that will maximise radiatidose to the
tumour volume while concurrently minimizing dosesnbrmal
tissues in close proximity to tumour volume duriexternal
beam radiation therapy (EBRT) to achieve favourable
treatment outcome. The dose distribution is infaezh very
much by skin surface contour (body shape) and dissu
inhomogeneities. Influence of body shape on dosgildition
may be diminished by using individually designedulo[3].
Use of a bolus leads to an undesirable skin deggsh can be
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implemented using linear accelerator equipped witlitileaf
collimator (MLC) to facilitate the creation of vahble fluence
distributions within an irradiated region of a peati during
EBRT. Desired dose distributions within the patignior to
treatment delivery are simulated with a treatmelainmping
system (TPS) that can perform inverse planning ésraard
planning TPS with direct aperture optimization (DAO
software [4,5]. These treatment planning approabkgsin the
realization of beam intensity maps to be replicatéth the
sequential movements of the various leaves of th€ lglystem
or by individual compensators each having varyhigknesses
across a beam [2]. Realization of fluence distidyutacross
beams prior to treatment delivery is paramountrtp BMRT
delivery technique (or generation of IM beams). iB®ing
IMRT with compensators is receiving renewed intefesm
the radiotherapy community due its static natum simplicity
[2]. With reference to the above, some vendorsredtment
planning systems are incorporating features tolifaie easy
implementation of compensator-based IMRT; refertedas
solid IMRT. The Pre-requirements for modern day [MRre
capital intensity and may be out of reach of maayetbping
countries [6,7].

Alternative approach of generating IM beams with
customized compensators for a radiotherapy faciliting a
conventional telecobalt machine for EBRT and a &
planning TPS, that cannot generate intensity mapeams as
well as simulate directly a compensator, is beiregent. In the
present study, boluses of varying thicknesses glame the
surface of a tissue equivalent phantom are usefdrdgide
beam intensity modulations during treatment plagnin
(simulation) with the forward planning TPS. The geied
treatment plans are replicated on the telecobatthima with
compensators composed of medium density materiakseg
certain distances from the phantom such that distebditions
within the phantom are the same as planned. Proesdu
adopted to obtain the physical dimensions of a @msator to
provide desired dose distribution within a patiene also
presented.

Materials

The following equipment were used to facilitate the
development of the proposed method for generaftihfpeams
for a telecobalt machine:

-Blue Phantorh three dimensional water phantom (IBA
Dosimetry GmbH, Germany)

- Small stationary water phantom (T41014; PTW-Fragbur
Germany)

- Solid water phantom (T2967; PTW-Freiburg, Germany)

- 0.125 cc Semiflex cylindrical ionization chambekN31010;
PTW-Freiburg, Germany)

-0.60 cc Farmer type cylindrical ionization chami@w
30013; PTW-Freiburg, Germany)

- UNIDOS electrometer (T10002- 020427; PTW-Freiburg,
Germany)
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- ScanMaker 9800XL plus flatbed scanner (MicrotekAYS
-Pack of EBT2 Gafchromic films (lot # 08221302;
International Specialty products, USA)
- Prowess Panther treatment planning system (ver4ién
Prowess Inc., USA)
Beam intensity modulations based on the proposedoaph
were performed for an Equinox 100 cobalt 60 telethg
machine (Best Theratronics, Canada). The telecobatthine
was manufactured in April, 2013. The treatment hehdhe
telecobalt machine is mounted isocentrically withurge axial
distance (SAD) of 100 cm. In the treatment heatbigtained a
double encapsulated cobalt 60 source having irtdtal source
activity of 399.0 TBq (measured on August 1, 208 source
manufacturer, Nordion Inc., Canada). This gives
teletherapy machine a reference beam output inrvatehe
depth of maximum dose (0.5cm) of 189.49 cGy/mim (0
December 12, 2013), measured after installation thof
telecobalt machine, based on International Atomitergy
Agency (IAEA) technical series report (TRS) 398tpoml [8].
Percentage depth dose for the reference field &izEd cm x
10 cm for a depth of 10 cm in water (PDD10), whielised as
a beam quality specifier for megavoltage beamsi§$8.36 %
for the telecobalt machine. High activity encaptdacobalt
60 source within the treatment head of the telefiyemachine
has a diameter of 2 cm and length of 4 cm, andassified as
C-146 teletherapy source capsules by Canadian aluSiafety
Commission [10]. The source is embedded in a sodrager
mechanism which uses a pneumatic system to brimgdhrce
in and out of treatment position. The circular efidhe source
is towards the direction of propagation of beanwmfrthe
telecobalt machine. Within the treatment head
asymmetrical collimators that allow the jaws, whitgfine the
shape of the beam to move independently of eackr,oth
providing more freedom in treatment planning. Atad to the
collimator system is an accessory holder with bltely code
interlock to prevent the use of a wrong accessoryreatment.
The distance of radiation source to the accessotgieh (or
block tray) is 59.3 cm. The telecobalt machinedsfigured to
have features of a modern medical linear accelessitt the
exception of a multileaf collimator system and deceonic
portal imager. The field size that can be set an ritachine
ranges from 1x1 to 43 x 43 énfdefined at the machine
isocenter). The machine features a new Motorizedddie
(MW) system, which allows one to treat with any wedngle
ranging from O to 60 degrees. This is made possiile a
fixed 60 degrees physical wedge permanently paostian the
treatment head of the machine, which can be brought
automatically in and out of the path of the radiatbeam
during treatment delivery, such that combinatiorfstime
weighted beams with and without the wedge filtexate the
dosimetric effects of the required wedge. A pictafe the
telecobalt machine showing setup for the acquisitiof
necessary beam data to facilitate the developménthe®
proposed approach for beam intensity modulatioshmwvn in
Figurel.
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The following materials each in the form of botlatek (or material. The mass attenuation coefficignt, of an absorber
slabs; having dimensions of 22 cm x 22 cm) andabbicks, for a particular beam quality is defined as:

having varying thicknesses, were selected for comsger u

construction based on the proposed approach: Coppass Hm = Eq. 1
and Perspex. Criteria for the selection of a malesiere as  \yhere 4 and p are the linear attenuation coefficient of the
follows: the material should be of a medium densitpn- absorber measured with the required beam quality the
corrosive, environmentally friend, easy to machimo density of the absorber respectively.

required shape and must retain the shape once dommest be
readily available and of relatively low cost. Thestf criterion

takes into consideration the energy of the beambéo
modulated and the level of modulation required. oAls
uncertainties in determining the required thicknesfs a

compensator to apply would translate to relativébomw

discrepancies in the expected doses within a paifera

medium density material is used. The remainingeudst
precinct on physical properties or characteristmfs the

compensator material.

Methods

Prior to the experimental measurements to faadlitdhe
development of the proposed method, radiologicaperties
relative to those of water of the various seleatethpensator
materials were measured to ensure reproducibilitythe
proposed method. For each of the selected matetiaksar
attenuation coefficient was measured in air witlarbe from
the telecobalt machine. Each beam had a field#iZ® cm x
10 cm, and source to detector distance (SDD) of diOvas
used. The 0.125 cc ionization chamber having itklfup cap
(PMMA, thickness of 3 mm; provided by the manufaetyion
was used for the linear attenuation coefficient sneaments.
For the measurement of linear attenuation coefftoid water,
a specialized graduated water tank (Segir e 2) that could be
mounted on the accessories holder of the telethargzhine,
to hold varying volumes of water in the path of insafrom the Figurel. Telecobalt machine with beam measuring equipment
telecobalt machine, was fabricated from 0.6 cm fRers  (BluePhantom?water phantom) in the path of beam.

(acrylic) sheets. The thicknesses of the varioumpsmsator
materials used for the measurements ranged frota: 29.61
mm (increment of 3.29 mm), 0 to 18 mm (incremen ofim),

and 0 to 72.00 mm (increment of 8 mm) for coppeasb and
Perspex, respectively. The 22 cm x 22 cm compensato
material plates (or slabs) were used for the attton
measurements. For measurements with water, thehtheig
water within the fabricated tank was adjusted fil@no 12 cm
(increment of 2 cm). Densities of the various congagor
materials were also determined. For a specific eraator
material, the density was calculated from the rafithe mass
(measured with a digital chemical balance) to tlume
(determined from measured physical dimensions o th
compensator material with digital caliper) of thempensator
material. Since Compton interaction predominates thet
megavoltage energy range in use for therapy, itldvdae
prudent to express the linear attenuation coefficief a Figure2. Locally fabricated water tank mounted on the
compensator material in terms of mass attenuatiafficient accessories holder of telecobalt machine during measurement of
to remove the dependence of density of the compaensa attenuation coefficient of water.
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The relationship between the thickness, of an applied bolus
on the surface of a tissue-equivalent phantom hatl df the
representing compensator material,, placed at certain
distance from the surface of the phantom alongricpéar ray
line (or beamlet), such that dose at any point iwitthe
phantom remains the same, was obtained using the- se
empirical formula proposed by Tageeal, which is given as

[1]:

xc :bepﬁ”fd Eq 2

where T, is the appropriate thickness density ratio of a

particular compensator material relative to that wéter
measured for a specified reference conditionsdfs&te of 10
cm x 10 cm and treatment depth of 5 cm, employsogeéntric
irradiation technique);f; and f, are correction factors
introduced to account for the effects of treatméepth and
field size respectively. The various termsHquation 2 were
obtained by measuring the output of the telecabalthine in a
full scatter water phantom for specific field saed treatment
depth with a particular thickness of a compensataterial in
the path of the beam, and then repeating the memsunt
without the compensator, but the height of wateovabthe
detector adjusted to obtain the same detectorngaat before
with the compensator. These measurements wereteepfa
various field sizes and treatment depths, and #wdlings
obtained normalized to those of the reference ¢mmdi to
determine expressions for the correction factotsoétuced
through correlation analyses. The field size usetyed from
3cm x 3cm to 35cm x 35 cm, and that of treatnaepth
ranged from 0.5 to 18 cm. Determination of exprasgor the
thickness density ratiol,,, was achieved by using varying
thicknesses of a particular compensator materiak the
various compensator materials, the thickness rangese
similar to those used for the linear attenuatioreficient
measurements. Also, the dimensions of
compensator materials employed in the various neasents
to facilitate the development the semi-empiricalrnfala

(Equation 2) were similar to those used for the attenuation

coefficient measurements. All beam data to fatditahe
development of the proposed approach were acquiitidthe
three dimensional water phantom which was connetded
laptop having the OmniPro-Accept 7 software of #@mne
manufacturer required for the running of the waibantom.
The 0.125 cc ionization chamber which was connetdethe
UNIDOS electrometer, was used for the measuremaniise
water phantom. Details of the measurement procedeweld
be find in the work of Tagoet al [1]. These measurements
were done to account for variations in scatter rijoation to
dose at any point within a phantom/ patient forngsia
compensator to represent the bolus. Effect of beardening
was ignored as it was considered minimal for cobalbeam.
Once the physical
determined through the above procedures, the cosapamnwas
constructed using the cubic pile approach [14].
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To account for beam divergence, a compensator sligegrid
lines (beamlet) having dimensions of 1cm x 1cmswa
developed for recording bolus/compensator matéhiakness
across a radiation field. The compensator sheetwadolded
broken lines running central to the sheet, whichewgsed to
represent the major axes of a beam. The equivdlar@nsions
of a grid on the sheet at the teletherapy maclsoeenter was
determined to facilitate the realization of theaamvered by
an applied bolus on the surface of the phantomgpier (or
beamlet) relative to the isocentre. A compensatas w
constructed by stacking and piling blocks (havimgehsions
of 1 cm x 1 cm) of the required compensator madtésiabtain
compensator material thicknesses indicated ondhgensator
sheet. The output of a constructed compensator wefed
with the Gafchromic EBT2 film.

To facilitate the use of the Gafchromic EBT2 filas a
dosimeter, strips of the film were irradiated toolum doses
(calculated from measured beam output of the télaito
machine) to obtain sensitometric curve for the filBeam
output calibration of the telecobalt machine toilfite the
usage of the radiochromic film for dosimetry wasi@avith the
0.6 cc Farmer type ionization chamber inserted ithe
stationary water phantom, using the IAEA TRS 398tquol
[8]. During the output measurement, the 0.6 cc zatidn
chamber was connected to the UNIDOS electrometee T
equation of the line of best fit of the sensitonteturve was
used for converting optical densities of film tosde. The
overall accuracy of EBT2 film measurements was veeri
using the method proposed by van Batgiral. [15], that took
into account the most pronounced sources of uringes: in
dose determination (scanner, lateral correctionadicuracy,
intra-batch variation, background, intrinsic film
inhomogeneity), and using error propagation analyan
overall uncertainty of less than or equal to 2.0%swbserved.
The beam output calibration of the telecobalt maehivas
found to have an associated overall uncertainty.4%. This
gave the film dosimetry an overall uncertainty e$d than or
equal to 2.6%.

To verify Outputs of the proposed approach, a remdf
treatment plans using a single field with varyimgadiation
geometries were created for the solid dry phan®aius in the
form of step wedges placed on the surface of thid phantom
at the point of beam entrance were used to prowitbnsity
modulation of beams. For each created bolus, thesboas
assigned a density similar to that of water (HU=@jch was
the default for the TPS. Two types of step wedgeewereated
for the assessment. The wedges mounted on thepdwdictom
are depicted in transverse view of the main plagmimdows
shown inFigure3. The created treatment plans were each
replicated on the telecobalt machine with a boluthiw the
radiation field represented with a compensator trooted
using the cubic pile approach, such that the thasknof the
compensator along the direction of propagatiorheftieam at
any portion of the radiation field determined uskguation 2.
Compensators were constructed from each of thectsele
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compensator materials per treatment plan for thicetion.
A constructed compensator was mounted on a bloak
similar to what is used in the department for mmgtof
customized shielding blocks, and held on the accgdsolder
of the teletherapy machine. A compensator was edigsuch
that its height was towards the radiation sourcer €ach
irradiation with a compensator, it was ensured that block
tray was at least 15 cm from the surface of thenfgm to
minimize electron contamination and also to prevém
compensator from acting as a beam spoiler [16]atfment
plans were grouped into two case scenarios: caseso 1 for
irradiation geometries having the step wedge degicin
Figure 3A, and those with the step wedge showkFigure 3B
were considered as case scenario 2. Dose distnitsutvithin
the phantom along the depth of dose prescription tifie
various treatment plans were assessed with theh@afic
films from the same batch, and compared to thosmuleded
with the TPS having boluses. For the film irradias, the film
strips were sandwiched between acrylic slabs ofstiiel dry
phantom at the required depth and held on thenteyatt couch
of the teletherapy machine under gravity. All exgbdilms
used in this study were scanned with the ScanMaReOXL
plus flatbed scanner, and images obtained (savebiagyed
Image File Format) analyzed with an

of films. The optical density of exposed film under
compensator was converted to dose using the equatfithe
line of best fit of the sensitometric curve obtain®r the
Gafchromic film.

The difference between the measured and the eddcl
dosesp(%), was defined as following:

ImageJ software
(National Institutes of Health, USA) to obtain aatli densities

Pol J Med Phys Eng 2018;24(4):171-179

6(%) =100 x (Dcalc. - Dmeas.)/Dmeas. Eq. 3

whereD,,;. andD,,.,s are the calculated dose by TPS and the
measured dose with film, respectively. The ovecahfidence
limit for the proposed approach, was therefore defined as:

tr

A= |Average deviation| + 1.5 X SD Eq. 4

To accomplish the dose assessment, at the depttiosd
prescription for each plan, calculation points 2 apart from
each other were placed along a major axis of a keatover
the entire field. The major axis was chosen suct thran
across steps of a step wedge. The boluses wereedrsach
that a step ran central to a calculation pointc@ation points
were the dose determination point within the phamtcurred
outside a step was not accounted. Our primary congas not
on the resolution of the dose distributions witthie phantom,
but the magnitude of doses within the phantom fpadicular
calculation point. The shape of a bolus resultethencreation
of varying doses at the various calculation poirdage to
varying beam attenuation achieved with the differen
thicknesses of the various steps of a step wedgs.bo

Figure 3. Planning windows showing axial configuration of bolus
used for assessment of proposed approach.

Table 1. Measured radiological properties of selected compensator materials and water.

Relative mass attenuation coefficient

Material Density (g/cm®) M ass attenuation coefficient (cm?/g) (relative to that of water)
Water 1.0000+0.0100 0.0678 1.0000
Perspex 1.1800 +0.0100 0.0697 1.0287
Brass 8.5500+0.0500 0.0597 0.8798
Copper 8.9400 +0.0200 0.0570 0.8409

Table 2. Expressionsfor termsin function for converting bolus thicknessto compensator material thickness.

Compensator material

Thickness Ratio, T

Field size correction factor, f,

Treatment depth correction factor, fy

Per spex (PMMA)

(=5.0 x 1077)t,5 + (3.0 x 1075)¢,* —
(6.0 X 1074)t,3 + (4.6 X 1073)t,2 +
(3.1x1073)t, + (517.4 x 1073)

(=3.0 X 1078)r® + (4.0 x 10-6)r5 —
(2.0 X 10717 + (4.2 x 1073)r3 —
(48.3 x 1073)r? + (234.2 X 10™3)r +
(782.1 x 1073)

(6.0 X 10~7)d5 — (3.0 x 1075)d* +
(8.0 X 10~H)d? — (12.7 x 103)d? +
(89.7 x 1073)d + (783.5 x 1073)

Copper

(=5.0 X 1078)£,5 + (2.0 X 107%) % —
(3.0 X 1075)t,% + (8.0 X 1075)t,% +
(4.7 X 10™3)t, + (7.1 X 1072)

(1.0 x 10~8)r® + (2.0 x 10~6)r5 —
(9.0 X 1075)r* + (2.2 x 1073)r3 —
(26.8 x 1073)r2 + (130.4 X 10~3)r +
(907.4 x 1073)

(9.0 x 1077)d® — (4.0 x 107°)d* +
(7.0 x 1079)d3 — (7.7 x 1073)d? +
(53.6 x 107%)d + (86.4 x 1072)

Brass

(—4.0 X 1078)2,5 + (2.0 X 107%) % —
(5.0 X 1075)6,% + (6.0 X 1074)t,% +
(2.0 x 1073)t,, + (100.4 x 1073)

(=3.0 X 10~%)r® + (3.0 x 10-6)r5 —

(2.0 X 10717 + (3.4 x 1073)r3 —

(3.9 x 1072)r2 + (183.2 X 10~3)r +
(861.9 x 1073)

(~3.0 X 1076)d5 + (1.0 x 10~*)d* —
(1.2 X 1073)d® + (1.2 x 1073)d? +
(49.8 x 1073)d + (810.4 x 1073)
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Table 3. Calculated and measured doses at the various calculation points for compensators constructed from the selected materials per case
scenario.

Meas. doses (cGy)

Calc. dose (cGy)

Plan # Calc. Pt # Per spex Brass Copper
Casel Case2 Casel Case2 Casel Case2 Casel Case2
1 100.00 100.00 100.00 101.01 102.38 101.03 100.50 101.78
2 98.38 85.08 99.57 87.07 96.87 83.77 100.70 87.05
1 3 92.06 80.29 94.03 78.29 89.92 78.42 93.50 78.84
4 86.56 69.38 85.51 70.70 89.22 71.51 88.04 71.29
5 82.54 66.79 84.52 68.39 84.66 68.50 82.08 65.12
1 150.00 150.00 151.32 152.86 154.10 152.53 154.64 151.29
2 148.15 125.75 152.73 128.15 152.73 128.64 152.56 129.24
3 146.37 123.47 150.22 125.72 147.37 126.87 150.05 126.44
2 4 129.54 99.70 131.46 101.38 130.82 101.92 133.11 101.69
5 126.30 98.48 128.33 100.16 130.06 101.15 128.60 101.09
6 159.70 94.90 164.10 96.82 162.71 97.70 162.71 97.19
7 121.30 94.80 123.84 97.18 124.88 96.71 125.03 97.71
1 200.00 200.00 198.57 203.50 203.05 203.05 204.08 202.00
2 198.17 169.79 203.48 165.86 202.52 174.27 202.67 174.97
3 196.67 170.48 202.07 175.16 192.21 174.53 201.63 175.01
4 175.36 140.83 173.66 145.16 170.25 137.73 177.22 144.99
5 174.27 139.99 177.97 142.91 179.59 135.91 176.44 143.18
6 220.14 140.00 222.43 141.46 226.04 143.80 226.69 144.17
3 7 173.48 138.45 177.49 141.94 177.87 142.67 178.44 142.41
8 214.61 136.12 220.11 138.83 220.00 139.58 220.43 139.81
9 167.95 117.51 165.01 119.52 172.01 120.82 172.40 120.80
10 206.83 110.05 211.22 112.73 212.94 113.27 212.50 112.28
11 208.25 110.82 213.11 113.41 212.67 113.99 213.90 113.01
12 130.61 107.56 132.20 105.60 134.47 110.85 134.65 110.31
13 123.53 58.01 126.05 59.79 127.35 59.80 127.32 59.79
1 250.00 250.00 252.53 253.96 254.84 254.84 256.41 253.81
2 248.60 213.25 255.76 207.44 252.85 219.12 252.49 219.82
3 246.85 214.02 243.32 210.96 253.91 208.96 251.55 220.30
4 222.63 176.95 228.34 181.60 229.23 182.22 219.21 172.37
5 220.48 176.70 226.60 181.75 226.11 181.58 215.86 172.90
6 277.75 175.81 286.34 178.22 285.16 180.80 285.22 171.32
4 7 219.26 173.65 223.55 177.05 223.96 178.01 223.46 178.98
8 270.00 171.55 276.07 175.41 277.24 176.35 274.31 176.29
9 212.27 148.02 216.51 150.37 215.59 151.91 218.14 152.11
10 259.69 138.92 265.23 136.00 265.40 142.48 267.01 143.13
11 263.04 139.88 260.44 142.73 270.28 135.81 270.26 143.72
12 167.20 135.44 168.70 138.05 170.70 139.27 171.80 139.17
13 158.14 122.27 162.19 125.92 162.96 126.05 162.83 125.77
1 250.00 250.00 252.47 253.24 257.73 254.01 255.39 253.96
2 247.82 227.48 253.65 232.98 255.43 233.36 253.50 233.94
3 247.62 226.01 254.18 230.55 253.03 231.90 254.99 231.73
4 225.60 195.12 227.63 198.82 231.79 200.78 231.62 200.66
5 224.56 194.58 231.51 198.33 230.32 199.63 230.91 200.29
6 266.20 194.76 263.43 190.57 272.19 200.00 273.53 200.33
5 7 221.67 192.11 227.77 195.99 228.53 197.20 227.70 197.14
8 261.36 192.08 269.44 195.50 266.64 197.98 269.14 198.00
9 185.29 171.04 189.94 176.06 189.98 176.08 190.00 175.75
10 251.41 140.66 255.47 145.01 257.80 144.24 258.36 144.62
11 161.59 165.99 165.39 156.88
12 174.62 157.61 176.38 160.29 179.10 161.65 180.02 162.45
13 116.81 119.06 120.29 120.42
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Table 4. Comparison between measur ed doses with compensators and TPS calculated doses with boluses.

Per centage Diff. between Calc. and M eas. doses (%)

Plan # Calc. Pt # Per spex Brass Copper

Casel Case?2 Casel Case?2 Casel Case2

1 0.00 1.00 2.32 1.02 0.50 1.75

2 1.20 2.28 -1.56 -1.56 2.30 2.26

1 3 2.10 -2.56 -2.38 -2.38 154 -1.84
4 -1.23 1.87 2.98 2.98 1.68 2.68

5 2.34 2.34 2.50 2.50 -0.56 -2.56

1 0.87 1.87 2.66 1.66 3.00 0.85

2 3.00 1.87 3.00 2.25 2.89 2.70

3 2.56 1.79 0.68 2.68 245 2.35

2 4 1.46 1.66 0.98 2.18 2.68 1.96
5 1.58 1.68 2.89 2.64 1.79 2.58

6 2.68 1.98 1.85 2.87 1.85 2.36

7 2.05 2.45 2.87 1.97 2.98 2.98

1 -0.72 1.72 1.50 1.50 2.00 0.99

2 261 -2.37 2.15 257 2.22 2.96

3 2.67 2.67 -2.32 2.32 2.46 2.59

4 -0.98 2.98 -3.00 -2.25 1.05 2.87

5 2.08 2.04 2.96 -3.00 1.23 2.23

6 1.03 1.03 2.61 2.64 2.89 2.89

3 7 2.26 2.46 247 2.96 2.78 2.78
8 2.50 1.95 2.45 2.48 2.64 2.64

9 -1.78 1.68 2.36 2.74 2.58 2.72

10 2.08 2.38 2.87 2.84 2.67 1.99

11 2.28 2.28 2.08 2.78 2.64 1.94

12 1.20 -1.86 2.87 2,97 3.00 2.49

13 2.00 2.98 3.00 3.00 2.98 2.98

1 1.00 1.56 1.90 1.90 2.50 1.50

2 2.80 -2.80 1.68 2.68 154 2.99

3 -1.45 -1.45 2.78 -2.42 1.87 2.85

4 2.50 2.56 2.88 2.89 -1.56 -2.66

5 2.70 2.78 2.49 2.69 -2.14 -2.20

6 3.00 1.35 2.60 2.76 2.62 -2.62

4 7 1.92 1.92 2.10 245 1.88 2.98
8 2.20 2.20 2.61 2.72 157 2.69

9 1.96 1.56 1.54 2.56 2.69 2.69

10 2.09 -2.15 2.15 2.50 2.74 2.94

11 -1.00 2.00 2.68 -3.00 2.67 2.67

12 0.89 1.89 2.05 2.75 2.68 2.68

13 2.50 2.90 2.96 3.00 2.88 2.78

1 0.98 1.28 3.00 1.58 2.11 1.56

2 2.30 2.36 2.98 2.52 2.24 2.76

3 2.58 1.97 2.14 2.54 2.89 2.47

4 0.89 1.86 2.67 2.82 2.60 2.76

5 3.00 1.89 2.50 2.53 2.75 2.85

6 -1.05 -2.20 2.20 2.62 2.68 2.78

5 7 2.68 1.98 3.00 2.58 2.65 2.55
8 3.00 1.75 1.98 2.98 2.89 2.99

9 2.45 2.85 247 2.86 248 2.68

10 1.59 3.00 2.48 2.48 2.69 2.74

11 2.65 2.30 -3.00

12 1.00 1.67 2.50 2.50 3.00 2.98

13 1.89 2.89 0.50 3.00
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Results

In Tablel are listed measured radiological properties of the

various compensator materials used in the studjudirgy
those of water. Densities and mass attenuatiorficigsits are
provided for the selected materials earmarked donpensator
construction. Also presented ihable1l are ratios of mass
attenuation coefficient of a compensator materaltttat of
water for the respective compensator materialsebahed
expressions for the various terms Equation 2 through the
correlation analyses using the lines of best fitd Begressions,
R? are listed inTable 2. Where the various terms; r andd
within the expressions listed iffable2 are applied bolus
thickness during treatment planning with the TPScm,
equivalent square field size of the actual fieldesused, and
treatment depth in cm, respectively.Tiable 3 are listed doses
calculated (calc. dose) at the various calculapomts (calc.
Pt. #) obtained with the TPS having boluses withiire
radiation fields and their measured counterpatt e boluses
represented with compensators constructed basedthen
proposed approach, when the generated treatmems plare
replicated on the telecobalt. The percentage diffees
between the calculated and measured doses for atieus
calculation points for compensators constructedmfrehe
selected materials are enumerated@able 4. The various dose
differences are each expressed as a percentage kfpective
measured doses, and are calculated Usipgtion 3.

Discussions

Prior to the use of the proposed approach, it igerrative to
determine the radiological properties of the matayne wants
to use for the construction of a compensator. Césrig the
elemental composition of a material may have siggiit
influence on the expressions determined for théowuarterms
in the semi-empirical equation proposed for theveosion of a
bolus thickness to a compensator material thickn€bss is
because all
development of the expressions for the various ¢eimthe
semi-empirical equation were based on
measurements with a compensator material in thie plathe
beam. The most reliable quantity to determine ffier thaterial

is the mass attenuation coefficient measured with game
beam quality as that to be modulated. It is alstfiable that
changes of elemental composition and or impuritiéthin
constituent elements of a material would affect tiadue of
attenuation coefficient measured for the materiathwa
particular beam quality [17]. Owing to uncertaistien the
experimental setup for the measurement of the wdténm
coefficient, it would be prudent for one to norraalithe
attenuation coefficient of a material to that oftevameasured
with the same irradiation geometry. The normaliatédnuation
coefficient which is referred to as relative masterauation
coefficient in Tablel, should be used to characterize a
material prior to the use of the proposed approat$o, one
needs to be circumspective with the use of the quegp
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approach even when the attenuation coefficient mbéerial is
comparable to what is presented Tiable 1; as the various
expressions determined for the conversion of ashtilickness
to compensator material thickness may be depemdedesign
of collimator system of a teletherapy machine. €kpressions
must therefore be determined for ones teletheragghime. In
determining the expressions for the various termsthe
proposed semi-empirical equation for converting ubol
thickness to compensator material thickness, ornedsdo
incorporate ranges of treatment parameters (fieide, s
treatment depth and applied bolus thickness) trelilkely to
be used clinically during the experimental measwms
Ignoring this will lead to uncertainties in the daodistribution
obtained with a compensator; owing to the degrefeshe
polynomial equations which are used to expressvir@us
terms of the semi-empirical equation presentedTable 2.
From the dose comparison resultsTiable 3, it shows that
none of compensator materials can be favoured theeother
for the construction of a compensator.

The choice of a compensator material is thered@mendent
on convenience with which the compensator can bstoacted
with a particular material and the level of beantemsity
modulations required. Where high levels of modaladi are
required, the compensator should be constructed fmaterials
with higher density values or lower relative magieraiation
values. This will minimize the thickness of a couosted
compensator, thereby reducing the magnitude of péna
associated with the beam resulting from the intotida of the
compensator in the path of the beam. With refergncéhe
dose comparison results frable 3, compensators constructed
from Perspex give the most comparable doses tceethbshe
TPS, which may be attributed to the closeness & th
radiological properties of Perspex to those of watdis also
goes to support the point that using medium denségerials
for compensator constructing would translate to low
discrepancies in dose distributions obtained with a

the measurements acquired to ensure thecompensator for uncertainties in the determinatibthickness

of the compensator.

Although the proposed approach gave favouralsielts the
following limitations were encountered: bolus thielss could
not be increased beyond 15 cm and for abuttingldjebolus
could not be entered for individual field. Theserevenherent
limitations associated with the TPS used.

Owing to the inherent uncertainties associateth wie film
dosimetry, there is the need to further study thdput of
proposed approach with other 2D array detectorcbasediode
or ionization chamber. Notwithstanding this, thepot of the
proposed approach is within the + 5% uncertaingppsed for
dose delivery in radiation therapy [18]. Also, oneeds to
institute some form of quality assurance procedtwesnsure
effective implementation of the proposed approadhe
proposed approach may be used to enhance spatdlition
of dose distribution within irradiated regions hayiigh levels
of tissue heterogeneities (eg. treatment of lungcees) and
tissue deficiencies (eg. treatment of head and oackers).
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Conclusion

A pilot study using quasi-experimental approach Hesbn
conducted, to propose and develop an approachnaragng
intensity modulated beams for a conventional tdietto
machine with compensating filters, based on geedraiose
distributions of a forward planning TPS (with liltiions of
realizing beam intensity maps). It had been shouat, tit is
practically possible to generate modulated fluedis&ibutions
across beams from the telecobalt machine usingshudwing
varying thicknesses across the surface of a pha(dopatient)
during treatment simulation with the forward plamiTPS,
and then replicating the treatment with a compemsat the
time of treatment delivery. A proposed semi-empiriequation
has been found to be effective in converting bdhiskness to

Pol J Med Phys Eng 2018;24(4):171-179

Brass, Copper and Perspex (PMMA), which were used a
compensator materials. Dose distributions measurater a
compensator (fabricated based on the proposed agprin a
tissue-equivalent phantom with calibrated radiooficofilms,
are found to compare favourably well to those of THPS
(where bolus was used to provide beam intensityuladidns).
Radiological properties are provided for the stped
compensator materials to ensure reproducibility the
proposed approach.
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