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Abstract

Intensity modulated radiation therapy (IMRT) is a relatively new treatment
planning and delivery technique. The complex multiple-segment nature of
an IMRT plan makes it difficult to verify using traditional look-up tables and

hand calculations.

The purpose of this project was to develop an effective and time-efficient
plan checking procedure using a combination of ionisation chambers and
film. The dosimeters available were 0.03 cc volume and 0.6 cc volume
thimble ionisation chambers, Kodak X-Omat V (XV) film and Kodak
Extended Dose Range (EDR2) film. First the dosimeters were tested for
accuracy in terms of their dose response in the clinical range required (up to
about 200 cGy). All were found to be suitable for further investigation for use

in IMRT plan checking.

One non-IMRT and six IMRT plans were validated. The plans were
transferred from the patient geometry to a 30 cm x 30 cm x 30 cm cubic
phantom made up of slabs of solid water. The ionisation chambers and films
were calibrated and used to measure the dose delivered to the phantom at
the isocentre for each beam and for an entire IMRT treatment. The film was
also used to provide axial and planar dose distribution maps for comparison
with the predicted distributions. Time restraints meant that not every type of

dosimeter was used for every beam and treatment plan.

It was found that the isocentric 0.6 cc volume ionisation chamber provided a
suitably accurate dose check, with an average difference between predicted
and measured full treatment doses of 2.0 cGy with a standard deviation of
2.7 cGy and 1.5% with a standard deviation of 2.1%. The film was less
successful, with the EDR2 film (digitised and analysed using Image]
software) giving an average difference between predicted and measured full

treatment doses of 5.4 cGy with a standard deviation of 4.0 cGy and 4.0%
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with a standard deviation of 3.1%. The film was very useful for obtaining
qualitative dose distribution maps, which could be used as surrogates to
verify that the radiotherapy treatment planning system’s co-ordinate

information was being transferred correctly.

Following the results of the test cases a procedure was established for all
future IMRT plans. The procedure can easily be varied to include further
measurements if necessary, and consists of measuring the dose at isocentre
from each beam and the whole treatment using the 0.6 cc ionisation chamber.
EDR?2 film is to be used to visually verify the axial dose distribution, and XV

film to verify planar dose distributions for each beam.

iv



Contents

List Of FIGUIES .....c.cuovimiiiiiiiiiiiiiiiicc e X
LAST Of TADIES ..ot e e e e e e e e e e e e e e e e ereeeeeeeeaannnne XVi
A DDICVIATIONS ..o e e e e e e e e e e e e aeeeaeeeeeeaasreaeneeas XX

Chapter 1: Introduction

1.1 Project AIMS ... 1
1.2 Cancer and Radiotherapy .......ccccccveineinineiniiinieinecccecceeenee 2
121 CANCET ..o 2
1.2.2 Radiotherapy ... 5
1.3  Radiation Interactions - Clinical IMRT Sites ........ccccccoeeciniinninincnns 7
1.3.1 Lacrimal Gland ........ccccoeivineineinincinciececenecee 8
1.3.2 Parotid ...cccocceveeoineinieiicneecceee e 10
1.4  Dosimetry Validation ... 12
1.41 Quality ASSUIANCE ......cccoceiviiueiriiiieiiieiciicciceeeceee 12

Chapter 2: Literature Review

21  IMRT Delivery Methods ...........ccccoiiiiiiniiiiiiiicccceee 15
21.1 Matchlines ..o 19
21.2 Tongue and Groove Effect .........c.cccoeiiniiniinninnnens 20
2.2 PIANDNE ..o s 21
221 Radiotherapy Planning Computer .............cccccccevuvununenee. 21
2.2.2  Conventional Planning ...........cccccceeeeininncccnnneccenes 24
2.2.3 Convolution Calculations ..........cccccceviiiiiiiiiniinnnne. 25
224 Inverse Planning .......c..ccccocevveiniiciineiniiciinicniececenes 26
2.2.5 Plan Verification ..o 28



Chapter 3: Materials and Methods

3.1

3.2

3.3

Planning COMPULET ..........cccccoiviiiiiiiiiiiieeeeece s 30
Treatment Delivery ........cccccovveoiiiiniiiiiniiiiiicccceeeeeee 32
3.21 Linear Accelerators ..........ccoeveverereneienenenineneeeneeenes 32
3.2.2 Radiation Interactions from Linear Accelerators .......... 38
3.2.3 Conversion of Monitor Units ..........ccceceveveenenenincnenen. 41
3.2.4 Multileaf Collimator ..........ccceeveieirenieinenieeeeeeeeeenes 43
Verification DOSIMELTY ......c.ccvveiriiiiinieiniiiiciciniciccctceeeeeveee 48
3.3.1 Ionisation Chambers ..........ccccoevirerenieinenieineneeeeee 49
3.3.2  EleCtrometers ........cccocivenieirenieinenieteereie e 53
3.3.3  FilM cooiiii e 55
3.3.4 Kodak X-Omat V ....cccocririiriiicincnceenceeeenceeene 61
3.3.5 Kodak EDR2 ....cccoeimiriiiiiniieineneeeeeeteeseeeee e 62
3.3.6 Dosimetry Phantoms ...........cccccccocoiiiniiiiinniccinns 64
3.3.7 Vidar Film Scanner ........c.ccccocovevrininnnineeneneeeceee. 67

Chapter 4: lonisation Chamber Tests

41

4.2

4.3

Aim - Ionisation Chamber TeStS .....ueeveeeeeeeeeeeeeeee e 70
Method - Ionisation Chamber TeStS ......eeeeeeieeeeeeeeeeeeeeee e 73
421 Method - Ionisation Chamber Set-Up .......c.ccccovecenueucncns 73
422 Method - Ionisation Chamber Dose Measurements ..... 76
Results - Ionisation Chamber Tests .....cooooeeeeooeeeeeee e 78
4.3.1 Results - Effective Point of Measurement ....................... 79
4.3.2 Results - Regular Ionisation Chamber Calibration ....... 81
4.3.3 Results - Small Ionisation Chamber Calibration ........... 88
43.4 Results - Ionisation Chamber Volume Comparison ..... 95

vi



4.3.5 Results - Small Field Dose Profiles ........ocoeeeeeeeeeeeeeeeeann. 98

4.4 Conclusion - Ionisation Chamber Tests ......eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeannn 102

Chapter 5: Film Tests

51  AIm - FIIM TeSS ..ot 104
511 Aim - Step Film Tests ....cccceevveiniininiinciicnccnnes 105
5.1.2  Aim - Film Orientation Tests ........ccccecevirievienenenenennen. 106
51.3 Aim - Film Dose Response Tests ..........cccccccvveinunueunnne 108
514 Aim - Film Scanner Tests .......ccccocecererereenenenenenieennene 109
52  Method - Film Tests ....ccooivieiriniiiiiieeeeeeee e 110
521 Method - Film Preparation .........ccccceeiciniiniiinincnnns 110
52.2 Method - Film Exposure .........cccccccoveivninncinccnnnnne. 111
5.2.3 Method - Scanner Tests ........cccceevererenieinencninenceeees 114
5.2.4 Method - Step Film Tests .......cccoeevirecineinecincinecee 116
53  Results - Film Tests ....cccceeiririeiriiieieee e 117
53.1 Results - Osiris and Image]J Software .................c......... 117
5.3.2 Results - Step Film Tests .......cccceeciveinvecniiniiinene 122
5.3.3 Results - Film Measurements ...........ccccoceeererenecnennenene 126
5.3.4 Results - EDR2 Film Set-Up Tests ......ccccceeeerecenvucnnnnee. 127
5.3.5 Results - XV Film Calibration ...........cccceceveeverennceneniencne 135
5.3.6 Results - EDR2 Film Calibration .........ccccccecevvevevrenncnens 138
5.3.7 Results - Scanner Exposure Tests ...........cccoeceveenncnnes 141
5.3.8 Results - Scanner Resolution Tests ..........cccceevererueenene 143
54  Conclusion - FIilm TeStS .......ccceoevieririrenininieieeiesiesenieseeeeeeeeeeeaene 145

Chapter 6: Patient Dosimetry

vii



6.1  Aim - Patient Dosimetry ..., 147
6.2  Method - Patient Dosimetry ..........ccocccoviiiiiiiiniiiiciiciiccccce, 148
6.2.1 Method - Ionisation Chamber Calibration ................... 148

6.2.2 Method - Ionisation Chamber Zero Gantry
Angle Measurements .............cccoccueiininiccninnccceenes 150
6.2.3 Method - Film Calibration ...........cccccceviciiinnnicnne. 151

6.2.4 Method - Film Axial Cross-Section Measurements .... 152

6.2.5 Method - Film Planar Measurements ........c..c.cccceceueee 153
6.3  Case 1 DOSIMELIY .......ccocciiiiiiiiiiiiiiii s 154
6.3.1 AImM-Case ] ..cooiveriinirieieeeceeeeee e 154
6.3.2 Method - Case T ....cccooeieiririeiriieeeee e 154
6.3.3 Results - Case T .....cccoeveerenieirincinireeeeeseeeese e 155
6.3.4 Conclusion - Case T ......coceoerereirenenieineneeereeenees 162
6.4  Case 2 DOSIMELTY .......ccociviiiiiiiiiiiiic s 163
6.4.1 AImM - Case 2 ..ooviiiieiieieeere e 163
6.4.2 Method - Case 2 .......cccoeevenieirinciiireeeeenceee e 163
6.4.3 Results - Case 2 ......coeveeririeineneieeneeeeeetee e 164
6.4.4 Conclusion - Case 2 .......cccccereveieenienieineneeeeseeee e 173
6.5  Case 3 DoSIMetTIY ......cccccoiiiiiiiiiiiiic 174
6.5.1 AImM-Case 3 .....ccocooimiririeieieeeeceeee e 174
6.5.2 Method - Case 3 .......ccccoeemeneinineiieeceeereeeseeene 174
6.5.3 Results - Case 3 ......ccocoeirereinineieeeeee e 175
6.5.4 Conclusion - Case 3 .......cccoceveveririnenieineneeeereeeneees 184
6.6  Case 4 DoSIMetry ..o 186
6.6.1 AImM - CaSe 4 ....coovieiiiirieieececereee e 186

viil



6.6.2 MethOd - CASE 4 ... 187

6.6.3 Results - Case 4 .....ccoceveirerieirineieereeee e 188
6.6.4 Conclusion - Case 4 .......ccccvvevereenenieeneneineneeenienees 194
6.7  Case 4 Boost DOSIMetry ........cccccvviviiiiininiiiiinicicicccece 195
6.7.1 Aim - Case 4 BOOSt ......cccceeeieierieniinieneneneeeccccene 195
6.7.2 Method - Case 4 BOOSt ......ccoeevuerieirenieieineeeeeee 195
6.7.3 Results - Case 4 BOOSt .....ccccoerererenenerieieieeenenenane 196
6.7.4 Conclusion - Case 4 BOOSt ........coceeveerenieenenenicencienn 201
6.8  Case 5 DOSIMELTY ......cccociviiiiiiiiiiiiic s 202
6.8.1 AIM - CaSE D ...oouiiiiiiiiiireeeeteeeee e 202
6.8.2 Method - Case b ......coceoeirinieiriieeee e 202
6.8.3 Results - Case b .....cccocoeireniirinciiincceeceeeee 202
6.8.4 Conclusion - Case b .......cccoeveverirenenieinencieereeenees 207
6.9  Case 6 DOSIMELTY .......ccocciviiiiiiiiiiiiicc e 208
6.9.1 AIM - CaSE 6 ..oorueiiieiieieieeeeeteee e 208
6.9.2 Method - Case 6 .......cocccveerenieirinciiineceeesceeereeeene 208
6.9.3 Results - CaSe 6 .....cccoevveueruenieirinicieeneeeeeeteee e 209
6.9.4 Conclusion - Case 6 .......ccccereveeieierienieineneeeeseeeseeees 215

Chapter 7: IMRT Dosimetry Conclusion
71  IMRT DOSIMELIY .....ccocoiiiiiiiiiiiiiiiiiiiciciciicccices 216

RETOICIICOS .. e e e e e e e e e e e e e e e e e e e e eeaaaaaeeens 245

ix



List of Figures

11

1.2

1.3

14

21

2.2

2.3

3.1

3.2

3.3

34

Normal cell structure compared to cancer formation, which is forcing

normal cells out of the Way .......ccccccouviiniiiiiiiicce, 2
The defined treatment volume. The IV would surround the TV ......... 6
Diagram of the eye showing the position of the lacrimal gland ........... 8
Diagram showing the position of the parotid glands ........................... 10

The tongue and groove underdosage effect from a three-segment
IMRT sequence. The line indicates the regions of underdosage

(courtesy of Peter Hoban and Peter Metcalfe, private communication,

An example of the DVH that was created to evaluate Case 2 plan .... 23
A linear accelerator similar to that used for the IMRT deliveries,
showing the treatment couch in the bottom left corner, the rotating

gantry, and the stand behind ... 32

A control room at ICCC, showing the various monitors, computers,

and keyboards necessary to control the linear accelerator .................. 33

The major components of a linear accelerator ..............ccccccceevrccennne. 34

The bending magnet and beam shaping components of a linear

ACCELOTATOT .ot e e e e e e e e e e e e e e e e aeaaaaeens 35

xi



3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

A schematic diagram of linear accelerator monitor ionisation

chambers, the second chamber set at right angles to the first ............. 37
Schematic of the photoelectric effect ............ccoeveviriiniinniininii 39
Schematic of Compton scattering .............cccccoeoeeiviviiciiinncciciie, 39
Schematic of pair production ...........c.cceeeeerirnnccinnreecereeeeenes 40
The treatment head of a linear accelerator, showing the MLC ........... 44

The electrometer and small ionisation chamber used for the dose

TNCASUTCINIOIILS ...eeeeeeeeee e et e e et e e et eeeeeeeeaeeeereaeeeereneesenenneesenennaeeeneneeeennnn 49

The ‘regular” NE 2571 Farmer ionisation chamber used for dose

TILCASUTCITICIES . e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaaaaeaaaaaaaaaaaaaaaaaeaaaaaaann 50

The ‘small’ IC 10 ionisation chamber used for dose measurements... 51

A schematic of an eleCtrOMELET .....ooeee e eeeeeeeeeeeaee e 53

The layers of film: protective coating A; film emulsion B; subbing

layer G film base D ..o 55
A digitised section of the step film used ........ccccccevveeniiiniinninnenne. 57
The cubic solid water phantom used in this project ..............cccccceec. 65
The Vidar VXR-12 film scanner ............ccccccceeeiveirinciniinincincinieenen, 67

xii



4.1

4.2

4.3

44

4.5

4.6

4.7

4.8

5.1

5.2

The set-up of the ionisation chamber in the solid water phantom with

the beam incident perpendicular to the axis of the chamber .............. 74

The set-up of the ionisation chamber in the solid water phantom with

the beam incident parallel to the axis of the chamber .......................... 75

Results for calibration of the regular ionisation chamber in all set-ups

Results for the regular and small ionisation chambers, normalised to

1.0, perpendicular orientation at 15 cm depth .........cccoeiiiiiinninns 97

Results for the small chamber, CC 01 chamber and XV film dose

profile measurements at 1.5 cm depth ..o 99

Results for the small chamber and CC 01 chamber dose profile

measurements at 10 cm depth ... 100

Results for the small chamber and CC 01 chamber dose profile

measurements at 20 cm depth ... 101

The set-up of the film in the solid water phantom with the beam

incident perpendicular to the plane of the film .......c.ccccoeevvecneins 106

The set-up of the film in the solid water phantom with the beam

incident parallel to the plane of the film ..........cccccccoiiiiiiii, 107

xiil



5.3

54

5.5

5.6

5.7

5.8

59

5.10

6.1

6.2

Plot of normalised results for measurements of EDR2 film with Osiris

software at 8-bit and 12-bit depth ......c.ccccevveevinicniiinnincccene 119

Plot of normalised results for measurements of EDR2 film with Image]

software at 8-bit and 12-bit depth.........ccccccveciniinniiniiicene, 121

Plot of results for calibration for step test film with Image]J software at

12-Bit AEPEN covvveoeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeseeseeeseseseseseeeseeeseeseeseeeeeeseeeeeeeeeeeeee 125

Plot of results for calibration of EDR2 and XV film, comparison of

orientations at 15 cm depth ..o 134

Plot of results for calibration of XV film, perpendicular orientation, 15

Plot of results for calibration of EDR2 film , perpendicular orientation,

15 M dePth e 140

Results for measurements of EDR2 film with different scanner

EXPOSUTE tIINES .....ouviiiiiiiiiiiiiicicc e 142

Results for measurements of EDR2 film with different scanner

resolution SettiNgs ..o 144

The axial dose distribution for Case 1 measured on EDR2 film and

AIGItised .....oveiiiii s 157

The planar dose distribution for Case 1, Beam1 measured on XV film

and digitised ... 158

Xiv



6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

The axial dose distribution for Case 2 measured on EDR2 film and

AIGItISE ..o 165

The parallel dose distribution for Case 2, Beam4 measured on XV film

and digitised ......coevirieiniiiiic e 167

The planar dose distribution for Case 2 (a) Beam8 and (b) Beam4
measured on XV film and digitised ............ccccceeviniiniiiin 169

The axial dose distribution for Case 3 (a) predicted by Pinnacle,
showing the beam angle distribution and (b) measured on EDR2 film

and digitised ... 177

The planar dose distribution for Case 3, Beam7 measured on XV film

and digitised ..o 178

The axial dose distribution for Case 4 (a) predicted by Pinnacle (b)
measured on EDR? film and digitised and (c) coloured .................... 189

The parallel dose distribution for Case 4, Beam6 and Beam7 measured

on XV film and digitised ...........cooiiiiiiiiiie, 190

The axial dose distribution for Case 4 Boost measured on EDR2 film

(a) digitised and (b) coloured ............ccocciviiiniiiiniiiiiis 197

EDR? film axial dose distribution for Case 5 (a) digitised and (b)
COLOUTEA ... 203

Beam? for Case 5 planar dose distribution ............cocceeeevericcincncnnenens 204

XV



6.13

6.14

7.1

The axial dose distribution for Case 6 measured on EDR2 film (a)

digitised and (b) coloured ............cccoiiiiiiiiiiies 211

The planar dose distribution for Case 6, Beam6 measured on XV film

and digitised. Note the matchline effect that appears vertically ...... 212

An example of the IMRT Physics Dosimetry form developed for ICCC

XV1



List of Tables

41

4.2

4.3

4.4

4.5

4.6

4.7

4.8

49

4.10

Effect of effective point of measurement on regular ionisation chamber

Results for calibration of regular ionisation chamber, perpendicular

orientation, 1.5 cm depth ......ccocoivieiiinciniiiccccce, 83

Results for calibration of regular ionisation chamber, perpendicular

orientation, 15 cm depth .....cccociiviiiiniiiiiiccc, 84

Results for calibration of regular ionisation chamber, parallel

orientation, 15 cm depth .......c.ccoiiiiiiiiiiie 85

Comparison of results for calibration of regular ionisation chamber,

perpendicular and parallel orientations, 15 cm depth ........................ 87

Results for calibration of small ionisation chamber, perpendicular

orientation, 1.5 cmn depth ..o, 90

Results for calibration of small ionisation chamber, perpendicular

orientation, 15 cm depth .....ccccceviviiiiniiiiiicccc e 91

Results for calibration of small ionisation chamber, parallel

orientation, 15 cm depth .....ccccociiviiiiniiiiiic, 92

Comparison of results for calibration of small ionisation chamber,

perpendicular and parallel orientations, 15 cm depth ..........c...c.c....... 94

Comparison of results for calibration of regular and small ionisation

chambers, perpendicular orientation, 15 cm depth .......ccccooeuiincennes 96

XV1i



5.1

52

5.3

54

5.5

5.6

5.7

5.8

59

5.10

Comparison of normalised results for measurements of EDR2 film

with Osiris software at 8-bit and 12-bit depth .....c..ccccovrecincininnee. 118

Comparison of normalised results for measurements of EDR2 film

with Image] software at 8-bit and 12-bit depth ..........ccccvvenninniee. 120

Results for calibration of step test film with Image] software at 12-bit

Results for measurements of EDR2 film, horizontal-parallel

orientation, 15 cm depth .......ccocoiviiiiiiiiie 130

Results for measurements of EDR2 film, vertical-parallel orientation,

15 M dePth e 131

Results for measurements of EDR?2 film, 2-degree-parallel orientation,

15 cm depth ..o 132

Results for measurements of XV film, perpendicular orientation, 15 cm

XVii



6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

Case 1 individual beams measured with regular ionisation chamber

for (a) normal MU delivery and (b) tripled MU delivery .................. 159

Case 1 individual beams measured with EDR2 film for (a)

perpendicular set-up and (b) parallel set-up ........cccceeeveinnenincnnes 160

Case 1 full treatment results for ionisation chambers and EDR2 film

Case 2 individual beams measured with regular ionisation chamber

for (a) normal MU delivery and (b) tripled MU delivery .................. 170

Case 2 individual beams measured with parallel XV film ................ 171

Case 2 full treatment results for ionisation chambers and EDR2 film

Case 3 individual beams measured with regular ionisation chamber

for (a) normal MU delivery and (b) tripled MU delivery .................. 180

Case 3 individual beams measured with small ionisation chamber for

(@) normal MU delivery and (b) tripled MU delivery ........................ 181

Case 3 individual beams measured with parallel XV film ................ 182

Case 3 full treatment results for ionisation chambers and EDR2 film

Case 4 individual beams measured with regular ionisation chamber

for normal MU delivery ........ccocccveviniininiineinieinceneceeeceeeene, 191

xviii



6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

7.1

7.2

7.3

Case 4 overlapped beams measured with parallel XV film ............... 192

Case 4 full treatment results for ionisation chambers and EDR2 film

Case 4 Boost individual beams measured with regular ionisation

chamber for (a) normal MU delivery and (b) tripled MU delivery... 199

Case 4 Boost full treatment results for ionisation chambers and EDR2

Case 5 individual beams measured with regular ionisation chamber

for normal MU delivery ..........ccccocviviiiiniiniiniicinccccccece, 205

Case 5 full treatment results for ionisation chambers and EDR2 film

Case 6 individual beams measured with regular ionisation chamber

for (a) normal MU delivery and (b) planar MU delivery ................... 213

Case 6 full treatment results for ionisation chambers and EDR2 film

Comparison of the physics time required to check a regular

radiotherapy plan and an IMRT plan ...........ccccccviiiiinniiiinnnne, 216
All patient dosimetry results, regular ionisation chamber ................ 219
All patient dosimetry results, EDR2 film Image] 12-bit depth .......... 220

Xix



Abbreviations

%dd - percentage depth dose

3DRTP - three dimensional radiation treatment planning
3DCRTP - three dimensional conformal radiation treatment planning
AAPM - American Association of Physicists in Medicine
AHTAC - Australian Health Technology Advisory Committee
AP - anteroposterior

BEV - beam’s eye view

CT - computed tomography

dMLC - dynamic multileaf collimator

DVH - dose volume histogram

EDR?2 - Kodak Extended Dose Range [film]

FF - field factor

Gy - gray

IAEA - International Atomic Energy Agency

ICCC - Illawarra Cancer Care Centre

ICRU - International Commission on Radiation Units and Measurements

IMRT - intensity modulated radiation therapy
MLC - multileaf collimator

MU - monitor unit

OD - optical density

PA - posteroanterior

QA - quality assurance

relOD - relative optical density

ROI - region of interest

SAD - source-to-axis distance

SSD - source-to-surface distance
STF - step test film

TLD - thermoluminescent dosimeter
WHO - World Health Organisation
XV - Kodak X-Omat V [film]

XX



Z - atomic number

xxi



	Dosimetric verification of intensity modulated radiation therapy
	Recommended Citation

	Copyright warning
	Title page
	Certication
	Acknowledgement
	Abstract
	Contents
	List of figures
	List of tables
	Abbreviations

