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Abstract 

 

Accelerated partial breast irradiation (APBI) has been clinically demonstrated as a 

new and advantageous breast radiotherapy treatment. Contrary to standard-of-care whole 

breast radiotherapy (WBRT), APBI focuses radiation to the tumour bed with a small 

surrounding margin. To ensure successful treatment outcomes, these precise treatment 

techniques require a higher level of treatment accuracy than WBRT. The purpose of this 

thesis is to inform and advance treatment accuracy of external beam APBI. This is achieved 

through two main approaches. 

 

First, 3D printing was utilized to construct phantoms for assessing image fidelity 

and measuring geometric distortions on multiple radiological imaging modalities used in 

target delineation during high-precision radiotherapy treatment planning. The proof of 

concept was demonstrated using a small version of the phantom and with co-registered 

helical computed tomography (CT), cone beam computed tomography (CBCT), and 

magnetic resonance imaging (MRI) image sets, which are routinely employed during target 

delineation of certain cranial diseases for high-precision, high-accuracy radiotherapy. The 

second part of this work was motivated by the fact that MRI offers excellent soft tissue 

visualization, which can be particularly advantageous for APBI. In MRI, the breast is 

positioned at the lateral parts of the imaging field-of-view where geometric distortion 

increases. Methods demonstrated for the cranial site were further developed to construct a 

modular, large 3D printed phantom to characterize image geometric distortion for the 

breast site. MRI geometric distortion was measured on image sets acquired with MRI 
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sequences often utilized for clinical breast imaging. Results showed that errors arising from 

geometric distortions can be sufficiently significant to consider in margins for APBI. 

 

Second, a novel, realistic, deformable breast phantom was developed for multi-

modality imaging, radiation absorption measurements, surgical simulation, and 

radiotherapy applications. The phantom’s properties were optimized to match human 

breast tissues’. Mechanical properties were validated through mechanical and shear-wave 

ultrasound elastography testing. Radiation absorption characteristics were determined 

through empirical calculations, experimental measurements, treatment planning system 

calculations, and EGSnrc Monte Carlo simulations. Surgical simulation validation was 

confirmed by surgeons. Finally, a set of breast phantoms were produced and used to 

simulate various oncoplastic breast surgery (OBS) techniques and investigate 

consequences related to adjuvant radiotherapy treatment tplanning. This study provided 

new insight on how OBS causes extensive breast tissue deformation and relocation, affects 

the tumour bed, results in surgical clip displacement, and ultimately showed how OBS can 

impact patient eligibility for APBI.  

 

 

 

 

 



 iii  

Acknowledgements 

 

First and foremost, I would like to thank Allah Almighty for his endless blessings, 

guidance, and mercy. For no matter the effort, struggle, or feat, He paves the best way. 

“Yudabir al’amr wahu Allateef Alkhabeer”. 

 

I would like to extend my sincere gratitude to my supervisors, Dr. Eric Vandervoort 

and Dr. Claire Foottit. They have provided me with thoughtful guidance, valuable input, 

and space to grow as a medical physicist. They were generous with their knowledge, 

expertise, and time. They always encouraged me to pursue my own ideas and patiently 

humoured my curiosity. They were kind, patient mentors, and provided immense support 

as I balanced course work, research, work commitments, solo parenting, and as we 

navigated a global pandemic. I am truly fortunate to have been able to work with them, and 

for the enlightening discussions and fun along the way!  

 

I would like to thank my supervisory committee, Dr. Tong Xu (Carleton University) 

and Dr. Ladan Arissian (The University of Ottawa), my external examiner, Dr. Wendy 

Smith (University of Calgary), and internal examiner, Dr. Pascal Fallavollita (The 

University of Ottawa) for their valuable input and time. 

 

I am honoured to be a full scholarship recipient, and I am indebted to my funding 

institution and employer, King Abdulaziz Medical City-MNGHA in Riyadh, Saudi Arabia, 

and especially Dr. Abdulrahman Al Hadab for his mentorship and relentless support over 

the years. I would like to thank the Saudi Arabian Cultural Bureau in Canada, and 

especially Dr. Muhsen Mohammed for his guidance, assistance, and for never failing to lift 

my spirit during trying times.  

 

Many thanks to Ms. Doris Vieira, Ms. Kirsten Berry, and Ms. Temi Gouti for 

assisting me with my administrative matters. Thanks to members of the Carleton 

Laboratory for Radiotherapy Physics; Ms. Ericka Venturina, Dr. Sara Kashi, Dr. Ming Liu, 

Dr. Chris Dydula, Dr. Mathew Efseaff, and Iymad Mansour. I would like to address a 



 iv  

special thank you to Dr. Joanna Cygler and Dr. Dave Rogers, they are true inspirations and 

role models, and have welcomed me with heartwarming kindness and support. 

 

I was fortunate to have the opportunity to work with many wonderful people at The 

Ottawa Hospital (TOH). Special thanks to Dr. Jason Belec, who I worked closely with on 

the breast phantom prototype development and oncoplastic breast surgery studies. His 

guidance and feedback were integral to these projects, and I cannot thank him enough for 

everything. Special thanks to Dr. Janos Szanto, who conceived the idea of characterizing 

multi-modality image geometric distortion for CyberKnife treatment planning. I very much 

enjoyed working with him and learning from him. I would also like to thank the dedicated 

radiation oncologists at TOH, Dr. Jean-Michel Caudrelier and Dr. Lynn Chang, and 

surgeons, Dr. Tabitha Tse and Dr. Angel Arnaout for all their time, feedback, and valuable 

contributions to our research. I have enjoyed working with a multi-disciplinary team, and 

I am grateful for the valuable insight gained. I would like to express my sincere 

appreciation to Mr. Bernie Lavigne and Mr. Ron Romain for their attentiveness, 

meticulousness, and timeliness in constructing phantom parts. Without them, it would not 

have been possible to achieve all my experimental goals. Thank you to Mr. William Lee 

(TOH) and Mr. Stephen Karwaski (The Ottawa Civic Hospital) for their help with imaging 

scans, Mr. Paul Nichols (TOH) for showing me how to make phantom molds, Dr. Adnan 

Sheikh, Dr. Waleed Althobaity and Eng. Olivier Miguel for providing access to the TOH 

3D Printing Lab. Many thanks to Dr. Miller MacPherson, for his moral support and for 

financially supporting conference visits and research material procurement. Thank you to 

Ms. Cathy Rose, Dr. Lesley Buckley, Dr. Katie Lekx-Toniolo, Mr. Andrew Richardson, 

Mr. Chris Lambert, and Mr. Steve Andrusyk for assisting with logistical aspects of my 

research. I’d also like to express my sincere gratitude to Dr. Malcolm McEwen for his 

support and for providing access to the Co-60 irradiator at the NRC, and Mr. Brad Downton 

for assisting with those measurements. And, many thanks to Dr. Catriona Cyrnyj and Dr. 

Linda McLean, for taking interest in my research and for providing me with access to their 

research laboratory equipment.  

 



 v  

My educational journey spanned cities (space!) and time, and I am so incredibly 

grateful for all my family and friends across the world. My utmost sincere love and 

appreciation are for my beautiful family: my mother Salwa, my father Battal, my siblings 

Buthainah, Mohammed, Abdullah, and Naif, my parents-in-law, Ayesha and Fahim, and 

family-in-law, Shamayel, Shaza, Omar, Aamer, Hamooz, Mimi, Hamoudi, Rayanu, and 

Neemo. Without their moral support, confidence and endless prayers, none of this would 

have been possible. I am so grateful for my Ottawa family, Nuzhat Auntie, Khaled Uncle 

and Zawaar for opening their home to me, Jana, and Mohammed. I will forever be in 

gratitude, and they will forever be in my prayers. Thank you to my friends for their support 

over the years; Anan, Arwa, Anwaar, Amani, Banaf, Fatimah B., Fatimah Z., Hamed, 

Hawra, Iqbal, Ibtisam, Kara, Kathleen, Marija, Mirvat, Nadia, Saad, Sumaya, and Wesam. 

And thank you to my four-legged friends, who have filled my days with joy and helped me 

clear my mind: Affie (our cat) and Gracie, Holly, and Jax (my equine friends). 

 

Last but not least, I would not be where I am today without my beloved husband, 

Mohammed and our daughter, Jana. No words can describe my gratitude for them and their 

place in my heart. This journey has come with many sacrifices and challenges. With them, 

I have found my way and perseverance, through them, my hope, and for them, my strength. 

To Mohammed, my best friend: thank you for your endless patience, your unwavering love 

and support, and for always believing in me. Thank you for appreciating the scientific 

pursuit, and for making me laugh when it goes awry! To Jana, my smart, kind, beautiful 

daughter: You may not know it yet, but you have been my driving force, my true joy, my 

greatest treasure. Thank you for being you. Inshallah one day, as you carve your own path, 

I will be there to support and love you as you do for me.  

 

 

  



 vi  

Statement of Originality 

 

The author confirms that she is the sole author of this dissertation enclosed herein 

and that it consists of the author’s research during her doctoral program at Carleton 

University. The content of this thesis was reviewed and accepted by the thesis supervisors, 

Dr. Eric Vandervoort and Dr. Claire Foottit, who are clinical physicists at The Ottawa 

Hospital Cancer Centre, where most of this thesis work was conducted. 

 

Dr. Eric Vandervoort and Dr. Claire Foottit were involved in all aspects of this 

thesis work, including but not limited to, revising the author’s written work, reviewing 

proposed phantom designs and experimental methodology, conducting experiments, and 

reviewing results of experiments, empirical calculations, treatment planning system 

calculations, and Monte Carlo simulations. All data acquisition and analyses were 

conducted by the author, except for magnetic resonance imaging (MRI) scans which were 

performed with Dr. Claire Foottit, and the final experiments performed during the COVID-

19 pandemic, which were conducted with Dr. Eric Vandervoort and Dr. Claire Foottit. The 

author also worked with Dr. Eric Vandervoort to develop the MATLAB scripts used for 

analyzing X-ray and MRI based images. All other software analysis techniques and in-

house scripts were developed by the author. 

 

The research projects enclosed in this thesis have been presented at conferences and 

seminars, as well as published as manuscripts and conference abstracts. Details of which, 

along with the author’s contributions, are provided below: 



 vii  

Peer-reviewed manuscripts (The author’s name is highlighted in bold): 

 

I. Aldosary, G., Belec J., Foottit, C., Vandervoort, E. Dosimetric Considerations for 

Moldable Silicone Composites Used in Radiotherapy Applications. Journal of 

Applied Clinical Medical Physics. Accepted (Publication in progress). This paper 

encompasses the work presented in Chapter 5. The author’s contributions include, 

but were not limited to, preparation of the phantoms used and research materials, 

experimental design, mathematical calculations, treatment planning system 

calculations, Monte Carlo simulations, conducting experiments, and preparation of 

the manuscript.  

II. Aldosary G, Caudrelier JM, Arnaout A, Chang L, Tse T, Foottit C, Song J, Belec 

J, Vandervoort E. Can we rely on surgical clips placed during oncoplastic breast 

surgery to accurately delineate the tumour bed for targeted breast radiotherapy? 

Breast Cancer Research and Treatment. 2021 Apr;186(2):343-352. doi: 

10.1007/s10549-020-06086-3. Epub 2021 Jan 23. PMID: 33484375. The author’s 

contributions include, but were not limited to, preparation of the breast phantoms 

and other research materials, experimental design, acquiring CT images, treatment 

planning system calculations and analysis, treatment planning system contouring 

(of the true tumour beds), preparing in-house scripts for image analysis, additional 

software analysis, and preparation of the manuscript. 

III. Aldosary, G., Tse, T., Arnaout, A., Caudrelier, J-M., Czyrnyj, C., Romain, R., 

McLean, L., Foottit, C., Vandervoort, E., Belec, J. 2020. Radiological, dosimetric 

and mechanical properties of a deformable breast phantom for radiation therapy 



 viii  

and surgical applications. Biomedical Physics and Engineering Express. 6 

035028. The author’s contributions include, but were not limited to, testing and 

validating the breast phantom prototype by optimizing the phantom recipe, 

preparing research materials, mechanical testing and data analysis, multi-

modality imaging and image analysis, and preparation of the manuscript. 

IV. Aldosary, G., Szanto, J., Holmes, O., Lavigne, B., Althobaity, W., Sheikh, A., 

Foottit, C., Vandervoort, E. 2020. Geometric inaccuracy and co-registration 

errors for CT, DynaCT and MRI images used in robotic stereotactic radiosurgery 

treatment planning. Physica Medica, 69, pp. 212-222. The author’s contributions 

include, but were not limited to, experimental design, optimizing 3D printing 

design and prototypes, preparation of additional research materials, multi-

modality image acquisition and analysis, analyzing images through the specified 

treatment planning system, preparing in-house scripts for image analysis, and 

preparation of the manuscript. 

V. Song, J., Tang, T., Caudrelier, J-M, Belec, J., Chan, J., Lacasse, P., Aldosary, G., 

Nair, V. 2020. Dose-sparing effect of deep inspiration breath hold technique on 

coronary artery and left ventricle segments in treatment of breast cancer. 

Radiotherapy and Oncology. 154: pp 101-109. The author contributed to this 

work by extracting clinical patient data, reporting metrics of interest, and 

reviewing the prepared manuscript. 

 

 

 



 ix  

Conference abstracts (The author’s name is highlighted in bold, and the Asterix 

indicates the presenting author): 

 

I. Aldosary, G.*, Caudrelier, J-M, Tse, T., Arnaout, A., Foottit, C., Belec, J., 

Vandervoort, V. Can oncoplastic breast surgery impact radiotherapy treatment 

planning? The Ottawa Hospital Research Institute Research Day. November 17-18, 

2021. Abstract P-6. PhD Student Oral Poster Competition Winner. 

II. Aldosary, G.*, Belec, J., Foottit, C., Vandervoort, V. Dosimetric considerations of 

moldable silicones for radiotherapy boluses and phantoms. AAPM Annual 

Scientific Meeting. July 25-29, 2021 (Virtual). ePoster July 25, 2021; 323099; 

57404. 

III. Aldosary, G.*, Caudrelier, J-M, Tse, T., Arnaout, A., Foottit, C., Belec, J., 

Vandervoort, V. Investigation of tumor bed delineation accuracy for targeted breast 

radiation therapy following oncoplastic breast surgery. AAPM|COMP Joint 

Scientific Meeting. July 12-16, 2020 (Virtual). Therapy Scientific Session: 

Treatment Planning and Delivery Techniques. Abstract 04. 

IV. Aldosary, G.*, Szanto, J., Althobaity, W., Sheikh, A., Holmes, O., Foottit, C., 

Vandervoort, V. Measurement of multimodality image geometric inaccuracies and 

co-registration errors for robotic stereotactic radiosurgery treatment planning with 

a 3D printed phantom. ICRM, Riyadh, 2020, February 9-13. 3D Printing Session, 

Abstract 02.  

V. Aldosary, G.*, Tse, T., Lee, W., Alotaibi, T., Foottit, C., Caudrelier, J-M., 

Vandervoort, E., Belec, J. Radiological and dosimetric characterization of a 



 x  

customizable breast phantom for radiotherapy and surgical applications. AAPM 

Annual Scientific Meeting, July 12-15, 2019, San Antonio, Texas. ePoster # WE-

C1030-GePD-F6-5. Published Abstract: Med. Phys. 46(6), e450-e450 (2019). 

VI. Aldosary, G.*, Tse, T., Arnaout, A., Caudrelier, J-M., Romain, R., Lavigne, B., 

Song, J., Vandervoort, E., and Belec., J. Are post oncoplasty surgical clips a reliable 

radiographic surrogate of breast tumor bed locations? A phantom based study. 

CARO Annual Scientific Meeting, Oct 2-5, 2019, Halifax, Canada. Meeting abstract 

# 164. Published Abstract: Radiotherapy & Oncology 139, Suppl. 1, S70-S71 (2019).   

VII. Aldosary, G., Tse, T.*, Arnaout, A., Caudrelier, J-M., Foottit, C., Vandervoort, E., 

Belec, J. A cost efficient, realistic breast phantom for oncoplastic breast surgery 

training. Canadian Surgery Forum, Sep 5-7, 2019, Montreal, Canada. Abstract 

CAGS-31. Published Abstract: Canadian Journal of Surgery Vol 62 (4 Suppl 2) 

August 2019.  

VIII. Miksys, N., Lekx-Toniolo, K., Aldosary, G., Buckley, L.*, La Russa, D., 

MacPherson, M. and Vandervoort, E. Site preparation, acceptance and 

commissioning of the GammaPod Accelerated Partial Breast Irradiation System. 

Scientific Session 6: Special Techniques, Abstract 03. COMP Annual Scientific 

Meeting, Sep 24-27, 2019, Kelowna, Canada. Published Abstract: Medical Physics. 

46(11), 5400-5400. (2019). 

IX. Song, J.*, Belec, J., Caudrelier, J-M., Lacasse, P., Aldosary, G. and Nair, V. Dose-

sparing effect of deep inspiration breath hold technique on coronary artery and left 

ventricle segments. CARO Annual Scientific Meeting, Oct 2-5, 2019, Halifax, 



 xi  

Canada. Meeting Abstract # 118. Published Abstract: Radiotherapy & Oncology, 

139, Supplement 1, S51-S52 (2019).   

X. Song, J.*, Belec, J., Caudrelier, J-M., Lacasse, P., Aldosary, G. and Nair, V. Dose-

sparing effect of deep inspiration breath hold technique (DIBH) on coronary artery 

segments. ASTRO ASM, Chicago, 2019 September 15-18. Meeting abstract # 3661. 

Published Abstract: International Journal of Radiation Oncology Biology Physics 

105(1), e712-e712 (2019). 

XI. Aldosary, G.*, Szanto, J., Holmes, O., Foottit, C., Vandervoort, E., Assessing 

collective errors in image registration and geometric accuracy of CT, MRI and 3D 

angiography images for radiosurgery planning with the CyberKnife Software. 

CARO-COMP-CAMRT Joint Scientific Meeting, Sep 12-15, 2018, Montreal, 

Canada. Poster Abstract 367. 

 

Seminar presentations (The author’s name is highlighted in bold, and the Asterix 

indicates the presenting author): 

 

I. Aldosary, G.*, Foottit, C., Vandervoort, E. The reliability of surgical clips for 

defining radiotherapy treatment targets following oncoplastic breast surgery. 

Presented at The Ottawa Medical Physics Institute (OMPI) Seminar, February 25th, 

2021. 

II. Aldosary, G.*, Foottit, C., Vandervoort, E. Development and characterization of 

a realistic breast phantom for medical physics applications. Presented at The 

Ottawa-Carleton Institute of Physics (OCIP) Seminar, December 22nd, 2020. 



 xii  

III. Aldosary, G. Are post-oncoplastic surgical clips reliable radiographic surrogates 

of breast tumour bed locations for adjuvant radiotherapy?. Presented at the 

Radiation Medicine Rounds, The Ottawa Hospital Cancer Centre, September 30th, 

2020. 

IV. Aldosary, G.*, Foottit, C., Vandervoort, E. Evaluation of MRI geometric 

inaccuracy for MRI-based treatment planning on GammaPod. Presented at The 

Ottawa Medical Physics Institute (OMPI) Seminar, January 17th, 2019. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xiii  

Table of Contents 

Dedication ........................................................................................................................... 1 

Abstract ............................................................................................................................... i 

Acknowledgements .......................................................................................................... iii 

Statement of Originality ................................................................................................... vi 

Table of Contents ........................................................................................................... xiii 

List of Tables ................................................................................................................. xvii 

List of Figures .............................................................................................................. xxiii 

List of Abbreviations and Symbols ........................................................................... xxxvi 

Chapter  1: Introduction ................................................................................................... 1 
1.1 Breast cancer ................................................................................................................... 1 

1.1.1 Incidence and prognosis ............................................................................................. 1 

1.1.2 Breast cancer treatment ............................................................................................... 2 

1.2 Overview of standard external beam breast adjuvant radiotherapy ................................ 8 

1.2.1 Patient setup, immobilization devices, and CT simulation ....................................... 11 

1.2.2 Target definition, dose prescription, and treatment planning ................................... 12 

1.2.3 Treatment setup and verification .............................................................................. 14 

1.3 Advancements in external beam breast radiotherapy ................................................... 17 

1.3.1 Respiratory motion management .............................................................................. 17 

1.3.2 The use of magnetic resonance imaging ................................................................... 21 

1.3.3 Technological advancements in radiotherapy delivery ............................................ 25 

1.3.4 Accelerated partial breast irradiation ........................................................................ 26 

1.4 The use of phantoms in medical physics applications .................................................. 32 

1.5 Thesis motivation .......................................................................................................... 36 

1.6 Thesis overview ............................................................................................................ 37 



 xiv  

Chapter  2: Geometric Distortions and Image Co-Registration Errors of 

Radiological Images Used in Robotic Stereotactic Radiosurgery ............................... 40 
2.1 Introduction ................................................................................................................... 40 

2.2 Materials and methods .................................................................................................. 44 

2.2.1 Phantoms and definitions of points of interests (POI’s) ........................................... 45 

2.2.2 Imaging setup, modalities, and characteristics ......................................................... 50 

2.2.3 Image analysis and measurement of POI positions .................................................. 56 

2.3 Results ........................................................................................................................... 63 

2.3.1 CNR comparison ...................................................................................................... 63 

2.3.2 Target registration errors for treatment planning CT’s with varying imaging 

protocols ................................................................................................................................ 67 

2.3.3 Target registration errors (TRE’s) for different imaging modalities ........................ 69 

2.4 Discussion ..................................................................................................................... 71 

2.5 Conclusions ................................................................................................................... 77 

Chapter  3: Measurement of MRI Geometric Distortion for Breast Radiotherapy 

Treatment Planning ......................................................................................................... 80 
3.1 Introduction ................................................................................................................... 80 

3.2 Materials and methods .................................................................................................. 83 

3.2.1 Phantom design ......................................................................................................... 83 

3.2.2 Imaging setup and protocols ..................................................................................... 86 

3.2.3 Image analysis techniques ........................................................................................ 89 

3.3 Results ........................................................................................................................... 93 

3.3.1 CT imaging ............................................................................................................... 93 

3.3.2 MR imaging .............................................................................................................. 97 

3.4 Discussion ................................................................................................................... 106 

3.5 Conclusions ................................................................................................................. 110 



 xv  

Chapter  4: Development and Characterization of a Deformable, Realistic Breast 

Phantom for Surgical, Radiotherapy Planning, and Dosimetric Applications ........ 112 
4.1 Introduction ................................................................................................................. 112 

4.2 Materials and Methods ................................................................................................ 115 

4.2.1 Breast phantom fabrication ..................................................................................... 115 

4.2.2 Validation through surgical simulation .................................................................. 123 

4.2.3 Characterization of mechanical properties ............................................................. 124 

4.2.4 Characterization of radiological properties ............................................................ 127 

4.3 Results ......................................................................................................................... 132 

4.3.1 Validation through surgical simulation .................................................................. 132 

4.3.2 Characterization of mechanical properties ............................................................. 133 

4.3.3 Characterization of radiological properties ............................................................ 137 

4.4 Discussion ................................................................................................................... 140 

4.5 Conclusions ................................................................................................................. 145 

Chapter  5: Dosimetric Considerations of Moldable Silicones for Radiotherapy 

Bolus and Phantom Applications ................................................................................. 147 
5.1 Introduction ................................................................................................................. 147 

5.2 Materials and Methods ................................................................................................ 152 

5.2.1 Description of phantoms ......................................................................................... 154 

5.2.2 Experimental setup ................................................................................................. 156 

5.2.3 CT imaging and TPS calculations .......................................................................... 162 

5.2.4 Monte Carlo simulations ......................................................................................... 164 

5.3 Results ......................................................................................................................... 165 

5.3.1 Dosimetric quantities of silicone ............................................................................ 165 

5.3.2 Experimental and TPS calculations ........................................................................ 166 

5.3.3 Monte Carlo simulations ......................................................................................... 173 



 xvi  

5.4 Discussion ................................................................................................................... 175 

5.5 Conclusions ................................................................................................................. 181 

Chapter  6: The Reliability of Surgical Clips as Radiographic Surrogates of Tumour 

Beds Following Oncoplastic Breast Surgery ............................................................... 183 
6.1 Introduction ................................................................................................................. 183 

6.2 Materials and Methods ................................................................................................ 186 

6.2.1 Breast phantom preparation .................................................................................... 187 

6.2.2 Preoperative planning, surgical simulation, and CT imaging ................................. 190 

6.2.3 Image handling and contouring .............................................................................. 193 

6.2.4 Comparison metrics ................................................................................................ 195 

6.3 Results ......................................................................................................................... 196 

6.4 Discussion ................................................................................................................... 205 

6.5 Conclusions ................................................................................................................. 210 

Chapter  7: Conclusions and Future Work ................................................................. 211 
7.1 Summary and conclusions .......................................................................................... 211 

7.2 Future work ................................................................................................................. 216 

7.2.1 Optimization of MRI protocols for APBI ............................................................... 217 

7.2.2 Further applications of the realistic breast phantom ............................................... 218 

7.3 Outlook ........................................................................................................................ 219 

Appendices ..................................................................................................................... 221 
Appendix A . Example of an Inadequate Imaging Protocol on DynaCT for Stereotactic 

Radiosurgery Treatment Planning ............................................................................................ 222 

Appendix B . Summary of 3D Printing Technologies Used in Medical Applications ............ 224 

References ...................................................................................................................... 227 

 



 xvii  

List of Tables 

 

Table 1.1 A summary of the oncoplasic breast surgery (OBS) classification system 

proposed by Arnaout et al. [10], in which OBS techniques are classified depending on 

their level of complexity (I, II, or III in increasing order). .................................................. 7 

Table 1.2 Summary of respiratory motion management strategies used in radiotherapy 

[44]. This table includes the general concept behind each strategy, various sub-types, 

defines which step of the radiotherapy process the strategy is implemented (a diagram 

showing the full radiotherapy process is provided in Figure 1.3), and highlights some 

workflow considerations, as well as the applicability of each strategy to breast 

radiotherapy. ...................................................................................................................... 19 

Table 1.3 A summary of select randomized controlled APBI trials (administered as 

adjuvant radiotherapy after BCS). Trials utilizing external beam radiotherapy techniques 

are highlighted in bold text. The control arms for all these trials were WBRT techniques. 

Abbreviations: APBI= accelerated partial breast irradiation, BCS= breast conserving 

surgery, EB= external beam, CRT= conformal radiotherapy, IMRT= intensity modulated 

radiotherapy, WBRT= whole breast radiotherapy, IORT= intraoperative radiotherapy, 

MIB= Mammosite interstitial brachytherapy, HDR= high dose rate brachytherapy, PDR= 

pulsed dose rate brachytherapy, IBTR= ipsilateral breast tumour recurrence, QOL= 

quality of life. .................................................................................................................... 29 

Table 2.1 Imaging modalities, scan parameters and phantoms included in this study. Scan 

parameters were chosen based on the department’s standard imaging protocols for 

stereotactic radiosurgery planning using CyberKnife®. For DynaCT: ∆" is the angular 



 xviii  

range of the data acquisition arc for the DynaCT cone beam system, and t is the rotation 

time. Abbreviations: TPCT= treatment planning CT, dCTA= helical CT imaging system 

used for angiography, DynaCTA= DynaCT imaging system used for angiography, TR= 

repetition time, TE= echo time, FA= flip angle, T1w= T1 weighting, T2w= T2 weighting.

 ........................................................................................................................................... 52 

Table 2.2 Scan parameter changes for image sets acquired with CT using the head 

phantom with the Ball-Cube II (Cube A). Scan No. 1 is taken as the reference image for 

this phantom only. A reference image set of the rod phantom (Cube B) was also acquired, 

and image sets of the 3D printed phantom lattice (Cube C) were also required under all 

the setup conditions listed below. ...................................................................................... 55 

Table 2.3 Relative CNR values of original and filtered (post image inversion) CT and 

MR image sets of phantom Cube C (i.e., the 3D lattice phantom). Calculated CNR values 

are normalized to the original readings obtained from the non-filtered CT. Negative 

values indicate that the signal intensity in the ROI within the lattice structure was low 

compared to the contrast medium. Example image slices corresponding to these image 

sets are shown in Figure 2.8. ............................................................................................. 64 

Table 3.1 Details of the phantom setups and imaging parameters and phantom setups 

used for the reference CT image (image series number 1), as well as scans used to test the 

robustness of the phantom design, 3D printing quality, and image analysis method 

applied in this study. .......................................................................................................... 87 

Table 3.2 Details of the phantom setups and MR imaging pulse sequences used to 

measure system and sequence-dependent geometric distortions. ...................................... 88 



 xix  

Table 3.3 A summary of the maximum and mean geometric radial distortion errors (r) for 

different phantom setups and different CT imaging protocols. ......................................... 95 

Table 3.4 A summary of the maximum and mean geometric radial distortion errors (r) for 

different phantom setups and different MR pulse sequences. The pairwise maximum and 

mean differences in r for each image sequence, and under the same setup, but with 

opposing phase encoding readout directions are also compared. .................................... 102 

Table 4.1 The manufacturer reported [214] mechanical properties of Ecoflex™ silicone 

products (Smooth-On Inc., PA, USA) used for initial testing while constructing a realistic 

breast phantom. ................................................................................................................ 117 

Table 4.2 Different types of Ecoflex® silicone materials tested for fabricating various 

breast phantom prototypes and their components (the epidermis, parenchyma, and the 

chest wall). Additive materials were also used to reinforce the epidermis (using mesh 

fabric), or to increase the elasticity and softness of the breast parenchyma (such as the 

Slacker® silicone mutator or silicone oil). The final breast phantom prototype is based on 

prototype number 8. ......................................................................................................... 119 

Table 4.3 The ultimate tensile strength and strain on rupture as measured for the phantom 

parenchyma and skin, measured pig fat, and human skin (as reported in literature [223]).

 ......................................................................................................................................... 137 

Table 4.4 Measured SNR and CNR for the phantom parenchyma and surgical clips on 

various imaging modalities (CT, MRI, and US). Imaging protocols can be found in 

Section 4.2.4.C.1. CNR is calculated between surgical clips and phantom parenchyma. 

Note that SNR and CNR involving surgical clips were not calculated on MRI images due 

to their lack of signal. ...................................................................................................... 139 



 xx  

Table 4.5 A comparison of the measured T1 and T2 relaxation times for the breast 

phantom parenchyma to those of published values for silicone breast implants and patient 

breast fat. ......................................................................................................................... 139 

Table 5.1 Stoichiometric data and fractional weight of each element found in different 

media of interest used in this study. Each element is listed with its atomic number (Z), 

provided in brackets. ....................................................................................................... 154 

Table 5.2 Physical quantities related to radiation attenuation and absorption, as reported 

for generic silicone, and compared to common materials used in radiotherapy dosimetry 

(namely, Solid Water and Water). ................................................................................... 166 

Table 5.3 Uncertainty budget of dose value readings of the Markus IC measurements in 

both photon (Co-60 and 6 MV) and electron (6 MeV and 15 MeV) beams. .................. 167 

Table 5.4 Uncertainty budget of net optical density readings obtained with EBT3 film for 

photon and electron beams. Note that Co-60 photon beams and 15 MeV electron beams 

were performed using one piece of film only, whereas 6 MV photon beams and 6 MeV 

electron beams were performed using four pieces of film which resulted in a reduced 

overall uncertainty. .......................................................................................................... 168 

Table 5.5 #$%− $%'$ − $% and #$%− $%'$ −'$ values at 100 SAD and 

variable depths, in a Co-60 photon beam from experimental measurements and MC 

simulations (DOSXYZnrc). Note that MC simulations were performed for a generic form 

of silicone, therefore the same simulation output data is provided for both types of 

silicone (E10 and E50). ................................................................................................... 170 

Table 5.6 #$%− $%'$ − $% and #$%− $%'$ −'$ values at 100 cm SAD and 

two depths, in a 6 MV photon beam from experimental measurements, TPS-CC 



 xxi  

calculations (using Collapsed Cone Convolution Algorithm), TPS-MC (using Monaco’s 

MC Calculation Algorithm) and MC simulations (DOSXYZnrc). Note that MC 

simulations and TPS calculations were performed for a generic form of silicone, therefore 

the same resulting output data is provided for both types of silicone (E10 and E50). .... 171 

Table 5.7 #$%− $%'$ − $% and #$%− $%'$ −'$ values at 100 cm SAD and 

1.5 cm depth, in a 6 MeV and 15 MeV electron beams from experimental measurements 

and TPS-MC (using Monaco’s MC Calculation Algorithm). Note that TPS calculations 

were performed for a generic form of silicone, therefore the same calculation data is 

provided for both types of silicone (E10 and E50). ......................................................... 172 

Table 6.1 Details of each phantom case and the corresponding OBS technique used. The 

distance from the nipple and depth of the tumours were measured on projection 

radiographs generated from CT images. The breast, tumour, and specimen volumes 

(extracted tissue) were derived from CT images. The number of surgical clips and 

surgical staples used were counted prior to surgical closure and verified on CT images.

 ......................................................................................................................................... 189 

Table 6.2 The ranges of tumour bed (TB) contour structure volumes, before and after 

applying expansion margins, as well as the ranges of under-contoured volumes (i.e., 

TBTrue volumes that were not included in radiation oncologists TBRO1 and TBRO2 

contours) and over-contoured volumes (i.e., “healthy” breast volumes that were included 

in radiation oncologists TBRO1 and TBRO2 contours). Note: all radiation oncologists’ 

contours are taken in comparison with TBTrue. ................................................................ 201 

Table 6.3  Comparison of the Dice Similarity Coefficient (DSC) of contour structure 

volumes for each OBS technique. The radiation oncologists’ contours are relative to 



 xxii  

TBTrue. The Difficulty Score for each case was provided by RO1. Abbreviations: IPRM= 

inferior pedicle reduction mammoplasty, SMRM= superior medial reduction 

mammoplasty, and SMPVRM= superior medial pedicle vertical reduction mammoplasty.

 ......................................................................................................................................... 202 

  

 



 xxiii  

List of Figures 

Figure 1.1 Comparison of breast tissue excision volumes and excision patterns for 

different types of breast conserving surgeries (BCS) and a mastectomy. Diagrams are 

reprinted with permission from Patient Resources LLC. © 2021 Patient Resources LLC. 3 

Figure 1.2 Example oncoplastic breast surgery techniques according to the original 

tumour or tumours’ location(s), which are shown as a black dot(s). This figure is 

reproduced with permission from Figure 12 in the manuscript published by MG Berry et 

al. “Oncoplastic breast surgery: A review and systematic approach. Journal of Plastic, 

Reconstructive & Aesthetic Surgery. 2010: 63, 1233-1243. Copyright Elsevier (2010)”. .. 6 

Figure 1.3 A diagram showing steps of the radiotherapy treatment process. Steps specific 

to radiotherapy are highlighted in blue, and those that precede or follow radiotherapy are 

in grey. These steps are informed by clinical protocols, which are identified in white 

boxes. This diagram is modified from the original Figure 1 in the report by International 

Atomic Energy Agency. Commissioning, and quality assurance of computerized planning 

systems for radiation treatment of cancer, Technical Reports Series No. 430, IAEA, 

Vienna (2004). ................................................................................................................... 10 

Figure 1.4 An example patient plan for a left-sided breast radiotherapy treatment in a 

supine position with the ipsilateral arm elevated. The treatment volume (ipsilateral breast) 

and nearby radiosensitive organs are shown in orthogonal CT views: (a) axial, (c) 

coronal, and (d) sagittal. The tumour bed and associated planning target volume (PTV), 

which will receive sequential additional “tumour bed boost” radiation, are also displayed 

in the sagittal view (d). Beam directions are indicated with respect to the 3D body view in 

(b), where the green block is the treatment couch. The prescribed radiation to the entire 



 xxiv  

breast volume is shown along axial, coronal, and sagittal views as the rainbow colour 

wash, with the orange/yellow colours displaying the relative 100% prescription dose 

volume. .............................................................................................................................. 14 

Figure 1.5 Examples of supine and prone setups and associated immobilization devices 

shown at CT simulation and delivery for breast radiotherapy. (a) An example 

immobilization device (the Access™ Supine Breast Board, Qfix, Avondale, PA, USA). 

(b) A patient positioned for left-sided breast radiotherapy CT simulation. (c) Another 

patient positioned with this device for treatment on a linac. Note that the patient shown in 

(b) underwent adjuvant radiotherapy after a mastectomy, whereas in (c), the patient’s 

breast is intact after a lumpectomy. (d) and (e), a prone setup immobilization device (the 

Bionix Prone Breast System, Bionix, Toledo, Ohio, USA). (f) A patient undergoing CT 

simulation for right-sided breast radiotherapy. Figure shown in (a) was adapted from 

www.qfix.com, and all other images are courtesy of Mr. Steve Andrusyk, RTT (The 

Ottawa Hospital General Campus Cancer Centre). ........................................................... 16 

Figure 1.6 An example of breast patient prone setup positioning challenges in MRI 

imaging. Here, three scenarios are presented. (A) The lack of space for a posteriorly 

placed receiver coil can cause a cutoff of the body contour and reduced signal-to-noise 

ratio (SNR). (B) A more ideal setup in which there is space to include the receiver coil 

and allow the breast to hang freely. (C) An attempt to place a posterior receiver coil for a 

prone positioned patient causes the breast to touch the tabletop (couch) and deform. This 

figure is reproduced with permission from Figure 2 in the manuscript by Groot 

Koerkamp ML et al. “Optimizing MR-guided radiotherapy for breast cancer patients. 

Frontiers in Oncology. 2020:1107”. ................................................................................. 25 



 xxv  

Figure 2.1  Top: Accuray’s E2E anthromorphic head phantom, with the commercial 

phantom insert (Cube A) in place. Bottom: The three investigated phantom insert cubes 

assessed in this study. All inserts have identical external dimensions, but with different 

designs. On the left is the commercial phantom containing gold fiducials and copper 

markers, the middle is the rod phantom (Cube B), and on the right is the 3D printed 

lattice phantom in the acrylic housing (Cube C). .............................................................. 48 

Figure 2.2 Multiple views of the rod phantom’s (Cube B) 3D computer-aided design 

(CAD) drawing. The acrylic rods (filled with air) were placed orthogonally and on 

different levels in the cube. The inter-rod space was filled with MR contrast. ................. 49 

Figure 2.3 Multiple views of the 3D printed phantom’s (Cube C) CAD drawing. The 

lattice is shown without the external acrylic housing, which was filled with contrast 

solution for MR imaging and provided an additional thickness of 10.00 mm on each cube 

side. .................................................................................................................................... 50 

Figure 2.4 The registration box (shown on a CT image) used to define the volume of 

interest for image co-registration is shown on the left. The magenta circles show the gold 

fiducials as found by MultiPlan’s Auto Centre algorithm. The smaller high density 

objects are the copper markers. ......................................................................................... 57 

Figure 2.5 Two axial MR image slices from different positions along the longitudinal 

direction of phantom Cube B (the rod phantom). The white circles highlight the same rod 

shown on an axial slice showing a region of interest where clear distinction of the rod is 

found (left side image), and on another axial slice showing a region of interest where 

MRI artifacts cause two adjacent orthogonal rods to appear connected, thus biasing the 

calculated centre of mass for that rod on that axial slice (right side image). .................... 59 



 xxvi  

Figure 2.6 An illustration of the effect of convolution on a reference CT image slice. (a) 

An axial image from the raw data shown in pixel representation (physical dimensions= 

53.00 x 53.00 x 53.00 mm3), (b) the 3D cross-like convolution filter, shown with voxels 

set to one as red. (c) The resulting convolved image. (d) The convolved image after a 

threshold is applied, where the threshold is based upon the maximum value in spherical 

regions of interest (ROIs) around the expected lattice intersection points.  The centroid 

inside the thresholded data inside each spherical ROI is determined using data after the 

step shown in (d). The ROIs used for the CNR analysis are also shown in (a) and (c), 

where the black circles show the signal region, and the magenta circles show the 

background regions. .......................................................................................................... 60 

Figure 2.7 Representative images of the CyberKnife head phantom with different Cube 

inserts: (a) a reference TPCT of Cube A, (b) DynaCT of Cube A, (c) reference TPCT of 

Cube C, and (d) DynaCT of Cube C. Image slices from the CT system used for 

angiography are not shown due to their similarity to the reference TPCT. ....................... 65 

Figure 2.8 Example axial image slices of phantom Cube C from co-registered image sets; 

(a) a reference TPCT (in air), (b) a low contrast TPCT (in MRI contrast solution), (c) a 

T1w MRI, and (d) a T2w MRI. Images shown are from the same z slice on co-registered 

image sets. The measured relative CNR for these image slices are provided in Table 2.3.

 ........................................................................................................................................... 66 

Figure 2.9 Measured mean target registration errors (TRE’s) for Cubes A and C with the 

treatment planning CTs (Philips Big Bore scanner) acquired using variable imaging 

parameters. Results for Cube A (Accuray’s commercial phantom) are shown using 

MultiPlan and MATLAB, for two cases: when the gold fiducials are taken as the points 



 xxvii  

of interest (top figure), and when the copper markers are taken as the points of interest 

(middle figure). In comparison, the mean TRE’s using the 3D printed lattice phantom are 

shown in the lower figure. The error bars represent one standard deviation of the mean 

TRE value determined for that respective image set. ........................................................ 68 

Figure 2.10 Measured mean target registration errors (TRE’s) for different imaging 

modalities as given by Cube A (with both gold (Au) fiducials and copper (Cu) markers), 

Cube B (rod phantom) and Cube C (3D printed lattice). TPCT refers to the CT simulator 

(Philips Big Bore) used as the reference scanner. The CT (Toshiba Aquilon) and DynaCT 

(Siemens Artis Q) scanners are those used for dCTA and DynaCTA, respectively. Results 

from MultiPlan are shown in black, and those from MATLAB are in blue. The error bars 

represent one standard deviation of the mean TRE value determined for that respective 

image set. ........................................................................................................................... 70 

Figure 3.1 (a) Design of the large 3D printed lattice cube phantom with measurements 

showing the cube’s dimensions, the inter-lattice line distance (10.0 mm), and the lattice 

line thickness (3.0 mm). (b) A top view of the 3D printed phantom inside the custom built 

PMMA housing with the lid on. In this photo, the phantom was setup for CT imaging 

with the lattice in air. The leveling platform is indicated by the red arrow. (c) A front 

view of the phantom, with the lattice submerged in MR contrast. (d) An image of the 

phantom’s centre setup in alignment with the MR scanner’s isocentre. ........................... 85 

Figure 3.2 4 Image slices from CT scans of the 3D printed phantom in the phantom 

housing. Images are shown along orthogonal slice directions (axial, coronal, and sagittal) 

and the physical directions with respect to the phantom are shown for orientation 

purposes. CT scans were taken with different parameters and setups, details of which are 



 xxviii  

listed in Table 3.1. Displayed CT image slices were acquired at the same axial slice with 

image window= 600 and image level= 40. ........................................................................ 94 

Figure 3.3 The magnitude of radial geometric distortion errors (r) for images of the 3D 

printed phantom acquired with the CT scanner shown as a function of radial distance 

from the scanner isocentre. The radial geometric distortion error represents the difference 

between the radial position of a particular POI compared with its radial position on the 

reference CT scan, which was acquired in air, with slice thickness (t) of 0.5 mm, 120 

kVp, and 350 mAs. The dashed black lines show the magnitude of the slice thickness in 

mm for each scan used and are provided for visual comparison purposes only. .............. 96 

Figure 3.4 MR images of the 3D printed phantom in the phantom housing filled with MR 

contrast when the phantom was positioned at the scanner isocentre. The image series are 

presented in reformatted orthogonal views (axial, coronal, and sagittal) through the centre 

of the phantom for comparison. The physical directions with respect to the phantom are 

shown for orientation. MR sequence details are listed in Table 3.2, and phase encoding 

direction is indicated in parenthesis. Displayed MR image slices were captured at the 

same imaging position, and with image window= 663 and image level= 370 for T1w 

VIBE and T1w TSE sequences, and image window= 350 and image level= 200 for T2w 

SPACE sequences. ............................................................................................................ 98 

Figure 3.5 MR images of the 3D printed phantom in the phantom housing filled with MR 

contrast when the phantom was shifted by 150 mm towards patient’s right with respect to 

the centre of the scanner isocentre. The image series are presented in reformatted 

orthogonal views (axial, coronal, and sagittal) through the centre of the phantom for 

comparison. The physical directions with respect to the phantom are shown for 



 xxix  

orientation. MR sequence details are listed in Table 3.2, and phase encoding direction is 

indicated in parenthesis. Displayed MR image slices were captured at the same imaging 

position, and with image window= 663 and image level= 370 for T1w VIBE and T1w 

TSE sequences, and image window= 350 and image level= 200 for T2w SPACE 

sequences. .......................................................................................................................... 99 

Figure 3.6 MR images of the 3D printed phantom in the phantom housing filled with MR 

contrast when the phantom was shifted by 150 mm towards patient’s left with respect to 

the centre of the scanner isocentre. The image series are presented in reformatted 

orthogonal views (axial, coronal, and sagittal) through the centre of the phantom for 

comparison. The physical directions with respect to the phantom are shown for 

orientation. MR sequence details are listed in Table 3.2 and phase encoding direction is 

indicated in parenthesis. Displayed MR image slices were captured at the same imaging 

position, and with image window= 663 and image level= 370 for T1w VIBE and T1w 

TSE sequences, and image window= 350 and image level= 200 for T2w SPACE 

sequences. ........................................................................................................................ 100 

Figure 3.7 The magnitudes of the radial distortion errors (r) shown as a function of the 

radial distance from the isocentre when the phantom cube was centered in the scanner 

bore. The radial distance includes the x, y, and z coordinates of each POI. Each subfigure 

shows the effect of a particular MR imaging sequence, as well as the phase encoding 

readout direction. The mean radial geometric error (ravg) and the total number of POIs (n) 

included in the analysis are provided for each image set. The dashed black lines show the 

magnitude of the slice thickness in mm for each MR sequence used and are provided for 

visual comparison purposes only. .................................................................................... 103 



 xxx  

Figure 3.8 The magnitudes of the radial distortion errors (r) shown as a function of the 

radial distance from the scanner isocentre when the phantom cube was shifted 150 mm to 

the right from the scanner isocentre (as viewed from the foot of the couch). The radial 

distance includes the x, y, and z coordinates of each POI. Each subfigure shows the effect 

of a particular MR imaging sequence, as well as the phase encoding readout direction. 

The mean radial geometric error (ravg) and the total number of POIs (n) included in the 

analysis are provided for each image set. The dashed black lines show the magnitude of 

the slice thickness in mm for each MR sequence used and are provided for visual 

comparison purposes only. .............................................................................................. 104 

Figure 3.9 The magnitudes of the radial distortion errors (r) shown as a function of the 

radial distance from the scanner isocentre when the phantom cube was shifted 150 mm to 

the left from the scanner isocentre (as viewed from the foot of the couch). The radial 

distance includes the x, y, and z coordinates of each POI. Each subfigure shows the effect 

of a particular MR imaging sequence, as well as the phase encoding readout direction. 

The mean radial geometric error (ravg) and the total number of POIs (n) included in the 

analysis are provided for each image set. The dashed black lines show the magnitude of 

the slice thickness in mm for each MR sequence used and are provided for visual 

comparison purposes only. .............................................................................................. 105 

Figure 4.1 A step-by-step illustration of the breast phantom fabrication process. (a) The 

breast inverse mold being shaped from the breast attachment of an anthropomorphic body 

phantom, (b) The mold and phantom parenchyma with the marble tumour suspended in 

the desired position by a string. (c) The setup for adding the chest wall layer. (d) The 

phantom after adding the mesh fabric. (e) The final phantom after adding the epidermis, 



 xxxi  

areola, and nipple components. (f) A phantom marked for pre-op incision planning using 

an oncoplastic breast surgery crescent incision approach. .............................................. 122 

Figure 4.2 The setup for ultimate tensile strength measurements. (a) A photo of the 

BioTester’s measurement plane with the sample suspended in place by the two biaxial 

claw attachments. (b) Sequential images of the phantom skin being tested at four different 

time points (t=0 s, 0.8, 2.4 and 4.8 s, corresponding to F= 0, 561, 1923, and 309 mN, 

respectively). The sample’s cross-sectional area along the testing plane was 

approximately 5 × 5 mm2. ............................................................................................... 125 

Figure 4.3 Elasticity measurements for the different breast phantom prototypes tested. 

For reference, the material composition of each breast phantom components from Table 

4.2 are repeated in this figure. Measurements were conducted using shear wave US 

elastography only. ............................................................................................................ 135 

Figure 4.4 Elasticity measurements for the final breast phantom prototype’s components 

(parenchyma and epidermis) and pig fat, at various sample temperatures. Measurements 

were conducted using shear wave US elastography as well as mechanical testing. The 

reported range of patient data for breast fat and parenchyma acquired using shear wave 

US elastography [222] is shown between the dashed lines to contrast with the 

elastography measurements obtained. ............................................................................. 136 

Figure 4.5 The breast phantom as appearing on a) a CT axial view (window= 600, 

level=400), b) an ultrasound planar view (window=250, level=130), c) MRI T1w 

(window= 650, level= 300) and d) T2w (window= 800, level= 300) sagittal views. Breast 

components are identified as 1- epidermis layer, 2- parenchyma, 3-nipple, 4- areola, 5- 

chest wall, 6- surgical clips. Note that MRI and CT views are not taken along the same 



 xxxii  

axial slice to show different components. Images were acquired after the tumour was 

resected and surgical clips were placed. Surgical clips appear as a signal loss on MRI. 138 

Figure 5.1 The molding process for the silicone slabs included using a custom-built 

acrylic open faced cuboid container, which had an optional Markus IC dummy insert that 

can be added at the base to form a slot for IC placement. The molded E10 and E50 

silicone slabs are shown on the right-hand image. Slabs were wrapped in a thin 

cellophane plastic to prevent accumulation of dust. ........................................................ 156 

Figure 5.2 Pictoral representations of the experimental setups used for each beam type. 

Photon beams were measured at depths of 1.5 cm and 5.0 cm: setups (1), (2), (3), (4), (5), 

and (6) as shown in (a) and (b). Electron beams were measured using 1.5 cm depth slabs: 

setups (1), (2), and (3) as shown in (a). IC measurements were conducted in the lower 

MS slabs that were made to fit the IC flush against its surface. The measurement points 

(at the interfaces) are identified with the “x” marker in the illustrations shown in (a) and 

(b) and evaluated dose ratios are shown in grey boxes. Measurements are compared to 

Monaco TPS calculations for 6 MV and to EGSnrc Monte Carlo simulations for Co-60 

and 6 MV at the same depths. An example of one of the setups used for measurements in 

the Co-60 beam is provided in (c), in which the acrylic mold was used as a frame (the 

base was removed) to maintain the silicone slabs in an upright position for a lateral beam 

orientation. An example of one of the setups used for measurements in the 6 MV beam, 

using the Markus IC, is provided in (d). Measurements for 6 MeV and 15 MeV electron 

beams were conducted with a 10 x 10 cm2 electron applicator in a similar setup to that 

shown in (d). .................................................................................................................... 158 



 xxxiii  

Figure 5.3 MC (DOSXYZnrc) simulation results showing relative dose values around the 

interface of two phantom slabs when different configurations of material placements 

were used: top and bottom phantoms slabs are Solid Water (SW-SW), the top slab is 

molded silicone and the bottom slab is solid water (MS-SW), or the top and bottom slabs 

are molded silicone (MS-MS). Results are shown using a Co-60 photon beam with a 1.5 

cm top phantom slab thickness (a) and a 5.0 cm top phantom slab thickness (b), as well as 

for a 6 MV photon beam with a top phantom slab thickness of 1.5 cm (c), and a top 

phantom slab thickness of 5.0 cm (d). In all cases, the dose is presented relative to the 

dose at 100 cm SAD for the SW-SW setup at each respective depth and beam energy. 

The field size and SAD for all simulations were 10 x 10 cm2, and 100 cm, respectively, 

and all simulations yielded values with uncertainties below 0.3%. Dose ratios from film 

measurements made with silicone E10 and E50 types are also shown for comparison. . 174 

Figure 6.1 An example breast phantom (case 2) adhered to an acrylic plate (shown on the 

right). The BBs that were used to identify each phantom on the CT image are shown in 

the upper right corner of the plate (in this example, two were used). Prior to imaging each 

phantom, a reference frame was attached to the acrylic plate, as shown on the right. The 

reference frame had three additional BBs (one anterior and two lateral) that were used for 

setup laser alignment and to co-register multiple CTs of the same phantom. ................. 188 

Figure 6.2 The six breast phantoms used to simulate oncoplastic breast surgery with 

intended surgical incision lines indicated by the pen markings. This planning process is 

similar to what occurs during preparation of patients for a surgery, however, this type of 

photo/ diagram is usually not provided in a patient’s post-operative note following 

oncoplastic breast surgery. Abbreviations: IPRM= inferior pedicle reduction 



 xxxiv  

mammoplasty, SMRM= superior medial reduction mammoplasty, and SMPVRM= 

superior medial pedicle vertical reduction mammoplasty. .............................................. 191 

Figure 6.3 An example case (case 3, with a racquet OBS technique) shown during 

different phases and with the corresponding CTs. Step 1: CT1 is acquired prior to 

beginning surgery. Step 2: CT2 is acquired after the tumour was resected. Step 3: CT3 is 

acquired after OBS was performed and surgical closure was complete. Step 4: A copy of 

CT3 is generated, and a homogenous override of the relative electron density is applied to 

mask all features except the surgical clips. All steps show the breast phantom along the 

same CT slice. ................................................................................................................. 192 

Figure 6.4 Surgical clip displacements measured on CT for each breast phantom case. 

Each clip displacement is shown separately along the three CT axis directions (a, b, and 

c), and the average and standard deviations of 3D displacement for all clips in each case 

(d). The displacements were calculated by comparing the final position of each surgical 

clip after oncoplastic breast surgery closure, with that to the initial clip position as found 

just after tumour excision. Abbreviations: IPRM= inferior pedicle reduction 

mammoplasty, SMRM= superior medial reduction mammoplasty, and SMPVRM= 

superior medial pedicle vertical reduction mammoplasty. .............................................. 199 

Figure 6.5 (a) A visual comparison of 3D rendered TBs for the same phantom case (case 

3, racquet technique), before (CT2) and after OBS closure (CT3). CT image slices of a 

breast phantom with homogenous parenchyma density after OBS (case 2, inferior pedicle 

reduction mammoplasty) are shown on (b), (d) and (e). ................................................. 200 

Figure 6.6  Comparison of the 3D distances between RO contours against each other 

(Intra-RO and Inter-RO). As well as differences between TBTrue and RO contours 



 xxxv  

(without and with expansion margins). The HDmax, HD95%, and HDavg values are provided 

for each OBS technique as shown on the abscissa. Abbreviations: IPRM= inferior pedicle 

reduction mammoplasty, SMRM= superior medial reduction mammoplasty, and 

SMPVRM= superior medial pedicle vertical reduction mammoplasty. ......................... 204 

 

 

 



 xxxvi  

List of Abbreviations and Symbols 

 

2D: two-dimensional 

3D: three-dimensional 

4DCT: four-dimensional computed tomography 

)!"
*+

#$%&'

(&)
: relative mean mass restricted stopping power ratio for a medium compared 

with water 

)*"
*+

#$%&'

(&)
: relative mean mass energy-absorption coefficient ratio for a medium compared 

with water 

(*") : photon mass attenuation coefficient 

(+!"#" ): electronic (collisional) mass collisional stopping power 

-: mass density (in g/cm3) 

ABC: active-breathing control 

APBI: accelerated partial breast irradiation 

AVM: arterio-venous malformation 

BB: ball bearing 

BCS: breast conserving surgery 

BCT: breast conserving therapy 

BID: bis in die (Latin), meaning two times a day 

CC: Collapsed cone convolution 

CBCT: cone beam computed tomography 



 xxxvii  

CNR: contrast-to-noise ratio 

CRT: conformal radiotherapy 

CT: computed tomography 

CTV: clinical-target-volume 

cSt: centistoke 

dCTA: dynamic computed tomography angiography 

DIBH: deep inspiration breath hold 

DSC: dice similarity coefficient 

DynaCTA: DynaCT angiography 

E10: Ecoflex™ 00-10 moldable silicone (Smooth-On Inc., PA, USA) 

E2E: end-to-end 

E50: Ecoflex™ 00-50 moldable silicone (Smooth-On Inc., PA, USA) 

EB: external beam 

EB-APBI: external beam accelerated partial breast irradiation 

EBRT: external beam radiotherapy 

ED: electron density 

FA: flip angle 

FIESTA: Fast Imaging Employed Steady-state Acquisition (MRI sequence) 

FOV: field-of-view 

GTV: gross-target-volume 

HD: Hausdorff Distance 

HD95%: 95th percentile Hausdorff Distance 

HDavg: average Hausdroff Distance 



 xxxviii  

HDmax: maximum Hausdorff Distance 

HDR: high dose rate 

HU: Hounsfield Unit 

IBRT: ipsilateral breast tumour recurrence 

IC: ionization chamber 

IGRT: image guided radiotherapy 

IMRT: intensity modulated radiotherapy 

IORT: intraoperative radiotherapy 

IPRM: inferior pedicle reduction mammoplasty 

kV: Kilovolt 

kPa: Kilopascal 

MC: Monte Carlo 

MeV: Mega-electron volt 

MIB: Mammosite interstitial brachytherapy 

MLC: multi-leaf collimator 

MRgRT: magnetic resonance guided radiotherapy 

MPa: Megapascal 

MRI: magnetic resonance imaging 

MS: moldable silicone 

MU: monitor unit 

MV: Megavolt 

OAR: organ at risk 

OBS: oncoplastic breast surgery 



 xxxix  

PBI: partial breast irradiation 

PDR: pulsed dose rate 

PET: positron emission tomography 

PMMA: poly-methyl methacrylate 

POI: point of interest 

PTV: planning-target-volume 

QA: quality assurance 

QOL: quality-of-life 

RED: relative electron density 

RO: radiation oncologist 

ROI: region of interest 

SAD: source-to-axis distance 

SMPVRM: superior medial pedicle vertical reduction mammoplasty 

SMRM: superior medial reduction mammoplasty 

SNR: signal-to-noise ratio 

SPGR: Spoiled Gradient Recalled acquisition in the steady-state (MRI sequence) 

SRS: stereotactic radiosurgery 

SSD: source-to-surface distance 

SW: Solid Water 

T1: spin-lattice relaxation time 

T1a: breast tumour that is > 1 mm but ≤	5 mm 

T1b: breast tumour that is > 5 mm but ≤	10 mm 
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T2b: breast tumour that is > 20 mm but ≤	50 mm and has spread to 1 to 3 axillary lymph 

nodes, or is > 50 mm but has not spread to axillary lymph nodes 

T2: spin-spin relaxation time 

TBRO: the tumour bed contoured by a radiation oncologist 

TBTrue: the true tumour bed 

TE: echo time 

TI: inversion time 

TR: recovery time 

TPS: treatment planning system 

US: ultrasound 

UTS: ultimate tensile strength 

VMAT: volumetric modulated arc therapy 

WBRT: whole breast radiotherapy 

Z: atomic number 

Zeff: effective atomic number 
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Chapter  1: Introduction 

 

This chapter begins by providing a broad overview on breast cancer, breast cancer 

treatment with emphasis on surgery and adjuvant radiotherapy, and the overall role of 

radiotherapy in the management of breast cancer. Standard-of-care external beam adjuvant 

radiotherapy is then discussed, and key advancements in external beam breast radiotherapy 

are highlighted. This chapter concludes by defining the motivation of this thesis and 

providing an overview of the thesis structure. 

 

1.1 Breast cancer  

 

1.1.1 Incidence and prognosis 

 

It is estimated that one out of two Canadians will be diagnosed with cancer over 

their lifetime [1,2]. For women in Canada, breast cancer is the most commonly diagnosed 

cancer and the leading cause of cancer-related death  [1,2]. Cancer screening programs play 

an important role in the early detection of breast cancer, and so most women are diagnosed 

with early-stage breast cancer, which is usually defined as Stages T1a, T1b, or T2b, with 

the tumour size ≤ 5 cm, and less than 3 lymph nodes involved [3]. For these cases, high 5-

year survival rates of 93-100% are achievable [2].  
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1.1.2 Breast cancer treatment 

 

Treatments of breast cancer often include combinations of breast surgery, 

endocrine therapy, adjuvant systemic (chemotherapy), and adjuvant radiotherapy. Due to 

the early detection of breast cancer, improvements in surgical techniques, new systemic 

options, and advances in the understanding of the disease pathology [3], outcomes for 

breast cancer treatment have significantly improved over the past few decades.  

 

Breast Conserving Surgery: 

 

Surgical approaches fall into two broad categories; breast mastectomy or breast 

conserving surgery (BCS), as illustrated in Figure 1.1. Breast mastectomies vary, and can 

include a radical mastectomy, which entails removal of the breast pectoral muscles with 

axillary lymph node dissection; modified radical mastectomy, where the entire breast is 

removed to the level of the pectoralis minor muscle with axillary lymph node dissection; 

total mastectomy, where the entire breast is removed to the level of the pectoralis muscle 

but no lymph nodes are dissected; skin sparing mastectomy, in which breast skin is 

preserved to enhance reconstructive cosmetic procedures, such as breast implants or 

expanders, and finally; total skin sparing mastectomy, where the skin and nipple areolar 

complex are preserved for further cosmetic reconstruction as well [4]. 

 

BCS techniques aim to preserve as much breast tissue as possible. BCS techniques 

include (in order of decreasing tissue removed): quadrantectomy; where a quadrant of the 
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breast is removed; wide excision, where a surgical specimen is resected to include the 

tumour bed and a large surrounding margin; and a lumpectomy (local excision), where a 

surgical margin is resected to include the tumour bed and a small surrounding margin [3].  

 

Figure 1.1 Comparison of breast tissue excision volumes and excision patterns for different types of breast 

conserving surgeries (BCS) and a mastectomy. Diagrams are reprinted with permission from Patient 

Resources LLC. © 2021 Patient Resources LLC.  

 

Breast Conserving Therapy: 

 

Breast conserving therapy (BCT), which includes conventional BCS (see diagrams 

in Figure 1.1) and adjuvant radiotherapy, is a well-established alternative to mastectomy 

for early-stage breast cancer. It is now offered as standard-of-care, as several large 

randomized trials worldwide have demonstrated that BCT  and mastectomy are comparable 

in achieving locoregional tumour control [5–8]. An overview of standard-of-care external 

beam adjuvant breast radiotherapy is provided in Section 1.2. 

breast conserving surgery breast removal
(stages I and II) (stages III and IV)

mastectomyquadrantectomywide excisionlumpectomy
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Oncoplastic Breast Surgery: 

 

For many decades, BCS has been the main surgical treatment for breast cancer. As 

mentioned previously, BCS is based on the principle of complete removal of cancer tissue 

with adequate surrounding margins while maintaining the natural breast shape. In many 

cases; however, the amount of excised breast tissue can be a limiting factor and so 

simultaneously achieving both goals can be challenging. For these cases, where it is 

imperative to remove cancer tissue, conventional BCS can subsequently result in poor 

cosmetic results.  

 

In the past few years, oncoplastic breast surgery (OBS) has emerged as one of the 

new standards of care for BCS [9–12]. OBS differs from BCS, by offering wide tumour 

excision with improved cosmesis. In fact, the philosophy of OBS holds that “whenever 

surgery is performed on the breast, consideration of both cancer and esthetics must be 

critical components of the breast cancer treatment” [13]. This dual advantage has increased 

OBS’ popularity amongst breast cancer surgeons. To achieve better cosmesis, OBS 

integrates plastic surgery techniques during tumour excision, offering effective oncological 

surgeries with immediate reshaping of breasts. 

 

Unlike with simple, conventional BCS approaches (see Figure 1.1), OBS can be 

performed through many different plastic surgery techniques that vary in complexity. 

Although an updated comprehensive atlas of these techniques is yet to be published, 

Figure 1.2. demonstrates some examples. In general, OBS techniques are based on two 
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main methods: 1- volume-displacement techniques, which uses dermoglandular 

displacement, rotation, and redistribution of breast tissue into the tumour cavity; and, 2- 

volume-replacement techniques, which compensates volume loss after tumour resection by 

using breast implant reconstruction or an autologous flap [14]. For the purpose of 

standardization of practices and surgical training in Canada, Arnaout et al. [10] proposed 

to classify OBS techniques based upon their associated levels of complexity. This 

classification is based on three levels as summarized in Table 1.1. The proposed system 

has been modified from the original European bi-level classification system which was 

initially introduced by Clough et al. [12]. 
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Figure 1.2 Example oncoplastic breast surgery techniques according to the original tumour or tumours’ 

location(s), which are shown as a black dot(s). This figure is reproduced with permission from Figure 12 in 

the manuscript published by MG Berry et al. “Oncoplastic breast surgery: A review and systematic approach. 

Journal of Plastic, Reconstructive & Aesthetic Surgery. 2010: 63, 1233-1243. Copyright Elsevier (2010)”. 
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Table 1.1 A summary of the oncoplasic breast surgery (OBS) classification system proposed by Arnaout et 

al. [10], in which OBS techniques are classified depending on their level of complexity (I, II, or III in 

increasing order). 

Level Indication Description of surgical components Example technique 
names 

Excised 
breast 
volume (%) 

I Simple 
tumour 
resection 
 

Dual plane undermining, nipple 
undermining, and glandular 
advancement. 

Simple lumpectomy 
defect closure without 
skin resection 

< 15 

II Tumour is 
in a 
cosmetically 
sensitive 
location 

Glandular rotations, nipple 
recentralization, de-epithelization 
to preserve blood supply to breast 
parenchyma and the nipple-areolar 
complex, and purposeful skin 
resection. 
 

Crescent, racquet, 
batwing, or V or J 
mammoplasty 

15 to 25 

III Large 
breasts 
requiring 
large 
resection 
margins for 
tumours > 
5 cm. 

Use of glandular pedicles and large 
displacements and rotations of 
residual breast tissue to fill tumour 
cavity defects and maintain blood 
supply to the nipple-areolar 
complex. May also perform a 
contralateral breast symmetry 
procedure of similar technique to 
improve overall cosmesis. 

Vertical mammoplasty, 
wise-pattern reduction 
mammoplasty 

25 to 60 

 

 

 OBS and its surgical implications on adjuvant radiotherapy will be discussed 

further in Chapter 6. For now, the next section focuses on standard-of-care external beam 

adjuvant breast radiotherapy following conventional BCS. 
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1.2 Overview of standard external beam breast adjuvant radiotherapy 

 

“And so, without the blaring of trumpets or the beating of drums, X-ray therapy was born. 

The very first application of the X-ray for therapeutic purposes was made upon Ms. Rose 

Lee’s cancerous left breast, by myself”—Emil Grubbe, 1933 [15]. 

 

 On January 29th, 1896, only a year after Wilhelm Rontgen discovered X-rays, 

radiation was used by Emil Grubbe and Dr. R. Ludlam in Chicago to treat a patient with 

advanced breast cancer [15]. The first ever breast radiotherapy treatment was delivered 

with low energy X-rays. Since then, clinical evidence and radiotherapy technology have 

evolved to provide safer and more effective treatments. Today, radiotherapy plays an 

important role in breast cancer treatment, and whole breast radiotherapy (WBRT) is 

indicated for all patients after BCS [16]. 

  

 As with any planned external beam radiotherapy treatment, there are several steps 

required in the breast radiotherapy process (see Figure 1.3 for a summary of the 

radiotherapy process). The treatment aim is to direct radiation to the breast and any local 

lymph nodes while sparing nearby healthy organs-at-risk (OARs) such as the neighbouring 

heart, lungs, and contralateral breast. To achieve this, visualization of the treatment volume 

is necessary.  

 

By the end of the 20th century, breast cancer radiotherapy techniques were based on 

2D planning, where radiotherapy parameters were determined using a radiographic X-ray 
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simulator or a patient contour wire [17]. The intended radiotherapy dose was prescribed to 

a point along the central axis close to the centre of the breast. The central axis depth, 

radiation source-to-patient surface distance, and other treatment parameters were all 

determined at the time of simulation. Planar radiographic films acquired during simulation 

were often compared with port films during treatment [17]. Nowadays, the first technical 

step in the radiotherapy treatment process (see Figure 1.3), called treatment simulation, 

entails acquiring 3D images of the patient’s treatment anatomy. Adopting computed 

tomography (CT) imaging in the simulation process has provided better insight on breast 

tissue anatomy, facilitated better dose distribution uniformity, and allowed measures to be 

taken to reduce radiation dose to OARs [18]. A brief description of the CT simulation step, 

as well as subsequent steps in the radiotherapy process are provided in the subsections 

below.  
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Figure 1.3 A diagram showing steps of the radiotherapy treatment process. Steps specific to radiotherapy are 

highlighted in blue, and those that precede or follow radiotherapy are in grey. These steps are informed by 

clinical protocols, which are identified in white boxes. This diagram is modified from the original Figure 1 

in the report by International Atomic Energy Agency. Commissioning, and quality assurance of computerized 

planning systems for radiation treatment of cancer, Technical Reports Series No. 430, IAEA, Vienna (2004). 
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1.2.1 Patient setup, immobilization devices, and CT simulation 

 

CT simulation for breast radiotherapy involves positioning the patient in the 

treatment setup with the appropriate immobilization devices, such as the breast board in 

breast radiotherapy, as shown in Figures 1.4 and 1.5. The patient is then aligned to 

reference orthogonal lasers, and the patient’s skin is marked with tattoos. Radio-opaque 

markers are often used to determine clinical boundaries, such as the medial, lateral, 

superior, and inferior borders of the breast, and a radio-opaque wire is placed on the 

lumpectomy scar. A CT image of the patient is then acquired.  

 

Patients receiving adjuvant breast radiotherapy are usually treated in a supine 

position, although prone [19] or decubitus [20] positions have also been adopted. For 

supine treatments, the patient is positioned on a breast board and depending on whether the 

right or left breast is being treated, the ipsilateral arm is usually elevated above the head. It 

can also be advantageous to have both arms elevated, with the hands clasped together [21]. 

Additionally, depending on the radiotherapy centre, the patient’s head may be turned away 

from the involved side; however, it is more common, and can be advantageous [21], to 

maintain a symmetrical position by keeping the head straight.  

 

 It has been reported that for patients with large, pendulous breasts a supine setup 

may result in more severe acute dermatitis and negative cosmesis [22]. As an alternative 

for these subset of patients, breast radiotherapy in the prone position can improve radiation-

related toxicities [19,23]. These techniques require patients to lay in the prone position on 
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a breast board with an opening that accommodates the breast, such that the breast is left to 

hang freely and away from the chest wall (refer to Figure 1.5). Advantages include 

improved dose homogeneity, and reduced radiation dose to nearby OARs such as the lung 

and heart [24–26]. Disadvantages include potential inadequate coverage to involved low-

level axillary lymph nodes [27], regional lymph nodes [28], or very medial or lateral 

lesions [29]. Patient position reproducibility plays an important role in successful 

radiotherapy treatments, and a patient’s ability to tolerate a prone setup is also an important 

factor to consider when deciding which setup to use. 

 

1.2.2 Target definition, dose prescription, and treatment planning 

 

 In standard adjuvant WBRT, the goal is to treat all glandular breast tissue and spare 

the underlying muscle, rib cage, overlying skin or excision/ surgical scar, and nearby OARs 

(refer to Figure 1.4 for an example patient plan). In addition to the breast, locoregional 

lymph nodes (mainly, the supraclavicular nodes, infraclavicular nodes, internal mammary 

nodes, and axillary nodes) may also be treated.  Depending on the breast size, comorbidity, 

and chemotherapy agents delivered, a total dose of 45 Gy or 50 Gy, with 1.8 Gy/ fraction 

or 2 Gy/ fraction, respectively, is delivered to the target volume over 25 fractions [30]. This 

is achieved by using two to four high-energy photon beams, with two opposing beams 

aimed tangentially, parallel to the line of the chest wall, and towards the breast, as shown 

in Figure 1.5(c). Radiation is generally delivered using a standard medical linear 

accelerator (linac) operating with 4 to 20 MV accelerating potentials. 
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In the case of BCT, a supplemental dose of radiation, referred to as a boost, may be 

delivered to the tumour bed when indicated [31–34].  With the aid of surgical clips and a 

visible seroma on CT, the tumour bed is usually delineated by a clinician and is expanded 

with a margin of 5.0 to 15.0 mm to form a clinical-target-volume (CTV). The CTV is then 

cropped from the skin and ribs (usually by 5.0 mm), and an additional planning-target-

volume (PTV) margin is added to account for institution-specific margins related to setup 

and treatment uncertainties. In these cases, the tumour bed PTV dose prescription is usually 

delivered as 10 to 16 Gy in 2 Gy per fraction [31,35]. High-energy electron beams, with 

energies ranging from 9 MeV to 12 MeV, are the most frequently used radiation type for 

delivering boost dose for a superficial tumour bed [36]. Delivering the prescribed boost for 

superficial targets or in the presence of an irregular lumpectomy scar can be challenging. 

In these cases, the use of a tissue equivalent material (bolus) to increase surface dose, and 

compensate for irregular tissue can achieve the desired dosimetric goals [37,38]. 
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Figure 1.4 An example patient plan for a left-sided breast radiotherapy treatment in a supine position with 

the ipsilateral arm elevated. The treatment volume (ipsilateral breast) and nearby radiosensitive organs are 

shown in orthogonal CT views: (a) axial, (c) coronal, and (d) sagittal. The tumour bed and associated planning 

target volume (PTV), which will receive sequential additional “tumour bed boost” radiation, are also 

displayed in the sagittal view (d). Beam directions are indicated with respect to the 3D body view in (b), 

where the green block is the treatment couch. The prescribed radiation to the entire breast volume is shown 

along axial, coronal, and sagittal views as the rainbow colour wash, with the orange/yellow colours displaying 

the relative 100% prescription dose volume.  

 

1.2.3 Treatment setup and verification 

 

On the day of treatment, breast cancer patients receiving standard adjuvant 

radiotherapy are positioned on the treatment linac couch in the same position (supine or 

prone) and with the same immobilization devices used during CT simulation, which were 

described in Section 1.2.1. Figure 1.5 provides examples of various immobilization devices 

(a) axial view

(c) coronal view (d) sagittal view 

(b) 3D renderingIpsilateral breast 
(treatment volume)

heart

lungs prescribed 
radiation

tumour bed 
volume

tumour bed 
planning 

target volume 

tangent beam 1 
direction

tangent beam 2 
direction

spinal cord

contralateral breast 
surgical scar
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and contrasts the difference between a supine versus prone treatment on a linac. To 

facilitate reproducible and accurate patient setups, modern linacs are equipped with in-

room image guidance systems. Typical installations include a kV X-ray tube orthogonal to 

the central axis of the treatment beam and electronic imaging detector which allow kV 

portal images and cone-beam CT (CBCT) images to be acquired, and an electronic imaging 

detector parallel to the central axis of the treatment beam which allows MV portal images 

to be acquired. Using these systems, image-guided radiotherapy (IGRT) [39] is routinely 

employed to verify the patient’s treatment position prior to treatment. For standard (3D 

conformal) breast radiotherapy techniques, commonly implemented IGRT protocols 

involve two X-ray images (MV or kV) with medial and lateral views. If more advanced 

radiotherapy techniques, such as respiratory management strategies or volumetric 

modulated arc therapy (VMAT) are used (see upcoming discussions in Section 1.3.1 and 

Section 1.3.3, respectively), then fluoroscopic imaging can be used to verify respiratory 

motion extent in 4D, and CBCT may also be used to verify the patient’s anatomy in 3D for 

VMAT delivery. Additional options for IGRT may also be advantageous for advanced 

breast radiotherapy techniques [40]. 
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Figure 1.5 Examples of supine and prone setups and associated immobilization devices shown at CT 

simulation and delivery for breast radiotherapy. (a) An example immobilization device (the Access™ Supine 

Breast Board, Qfix, Avondale, PA, USA). (b) A patient positioned for left-sided breast radiotherapy CT 

simulation. (c) Another patient positioned with this device for treatment on a linac. Note that the patient 

shown in (b) underwent adjuvant radiotherapy after a mastectomy, whereas in (c), the patient’s breast is intact 

after a lumpectomy. (d) and (e), a prone setup immobilization device (the Bionix Prone Breast System, 

Bionix, Toledo, Ohio, USA). (f) A patient undergoing CT simulation for right-sided breast radiotherapy. 

Figure shown in (a) was adapted from www.qfix.com, and all other images are courtesy of Mr. Steve 

Andrusyk, RTT (The Ottawa Hospital General Campus Cancer Centre). 

 

 

(a) (b) (c)

SUPINE BREAST SETUP

(d) (e) (f)

PRONE BREAST SETUP
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1.3 Advancements in external beam breast radiotherapy 

 

Standard adjuvant radiotherapy breast treatments are carefully planned to minimize 

radiation to nearby OARs [41]. With favourable long-term survival rates, breast cancer 

patients are expected to live longer. Consequently, long-term follow up studies have been 

possible and have shown that these patients can experience late toxicities [42,43]. 

Furthermore, with improved long-term survival, efforts have intensified to improve 

patients’ quality-of-life (QOL). Over the last two decades, there have been significant 

advances in external beam breast radiotherapy, which have aided in reducing risks related 

to radiation induced cardiac toxicity and radiation induced pneumonitis. These efforts have 

been facilitated by several key technological and clinical advances and are briefly 

discussed below. 

 

1.3.1 Respiratory motion management 

 

 Intrafraction motion in radiotherapy has been an issue of special interest. This type 

of motion can be caused by respiratory motion, cardiac motion, skeletal muscular motion, 

and gastrointestinal system motion. Pertinent to breast radiotherapy are respiratory and 

cardiac motions, which are involuntary motions that can influence target coverage.  

 

 There are now several respiratory motion management strategies available to 

mitigate this issue [44]. A summary of these strategies and their demonstrated applicability 

to breast radiotherapy is provided in Table 1.1. Generally, for the breast site, respiratory 
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motion can be eliminated with breath-holding strategies [45], reduced using gating [46], 

reduced using abdominal compression [47], or accounted for by modifying the linac multi-

leaf collimator (MLC) sequence or treatment planning and delivery process (e.g., tumour-

tracking) [48]. 

  

 As previously mentioned, cardiac and lung irradiation and associated potential 

subsequent toxicities are of concern, particularly in left-sided breast radiotherapy [42,43]. 

This motivated utilizing different respiratory motion management strategies to minimize 

cardiac irradiation. For example, Lu et al. [49] demonstrated that deep inspiration breath 

hold (DIBH) is an effective strategy for reducing irradiated cardiac volumes. Several other 

studies have also reported on the advantages of DIBH on cardiac structure sparing, while 

others have reported variable dosimetric effects on lung dose [50–53]. Respiratory gating 

has also been investigated for breast radiotherapy, and has shown advantages compared 

with free breathing (standard) techniques [46]. Compared with gating; however, DIBH has 

been shown to be more advantageous in reducing predicted cardiac mortality rates [46], 

with the reported rates being 4.8% with standard free breathing compared to 0.5% with 

gating and only 0.1% with DIBH [54]. Furthermore, compared with WBRT with tangential 

fields, the use of respiratory motion management can be advantageous for advanced 

radiotherapy techniques, such as those discussed in Section 1.3.3 and Section 1.3.4
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Table 1.2 Summary of respiratory motion management strategies used in radiotherapy [44]. This table includes the general concept behind each strategy, various 

sub-types, defines which step of the radiotherapy process the strategy is implemented (a diagram showing the full radiotherapy process is provided in Figure 1.3), 

and highlights some workflow considerations, as well as the applicability of each strategy to breast radiotherapy. 

Strategy General concept Sub-types Radiotherapy 
process step 
implementation 

Workflow considerations Published 
use in breast 
radiotherapy 

Motion-
encompassing 

CT scans average a 
tumour’s motion in a 
composite image 

- Slow CT scanning 
- Inhalation and 
exhalation breath hold 
CTs 
- 4DCT (prospective or 
retrospective) 
 

Simulation - Prospective 4DCT provides less 
information on respiratory 
motion and less imaging dose to 
the patient 
- Retrospective 4DCT provides 
more information on all phases of 
respiration but more imaging 
dose to the patient 
 

[55,56] 

Respiratory 
gating 

Radiation delivery is 
activated during a certain 
user-selected portion of the 
respiratory cycle 

- Gating using an 
external respiratory 
signal 
- Gating using an 
internal fiducial marker 
 

Treatment - Requires internal or external 
marker tracking system 
- Duty cycle can be very low (the 
time the beam is on compared to 
the total treatment time) 
 

[46,54] 
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Table 1.1 continued… 

Strategy General concept Sub-types Radiotherapy 
process step 
implementation 

Workflow considerations Published use 
in breast 
radiotherapy 

Breath-hold Manual gating which can 
be monitored using markers 
or performed by relying on 
the patient to hold their 
breath reproducibly 
(usually at deep inspiration) 

- Deep inspiration 
breath hold (DIBH) 
- Active-breathing 
control (ABC) 
- Self-held breath hold 
with or without 
respiratory monitoring 
 

Simulation and 
treatment 

- Patient eligibility and 
tolerance must be established 
prior to simulation 

[45,46,50,52,5
3,57] 

Forced shallow 
breathing with 
abdominal 
compression 

Patient’s abdomen is 
compressed by a paddle 
which limits their breathing 
amplitude 
 

-- Simulation and 
treatment 

- Relatively uncomfortable [47] 

Real-time 
tumour-tracking 

Offered by Cyberknife’s 
Synchrony System™, 
where the robotic arm 
continuously updates beam 
direction following tracks 
the tumour motion during 
treatment delivery 

-- Treatment - Requires implanted fiducials 
- Can be a long treatment 

[48,58] 
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1.3.2 The use of magnetic resonance imaging 

 

Radiotherapy target delineation and treatment planning is performed on a CT 

simulation image; however, target delineation on CT images can be challenging due to 

limited soft tissue contrast on these images. Several studies have shown how target 

delineation on CT images can cause variability among breast tumour beds delineated by 

radiation oncologists [59–61]. Compared with CT, magnetic resonance imaging (MRI) 

provides excellent soft tissue contrast [62–64] and has been shown to provide better target 

visualization for many anatomical sites [65,66], including breast radiotherapy target 

delineation [67,68]. This is greatly advantageous as improved tissue visualization can 

directly relate to improved treatment quality due to better targeting accuracy and reduction 

in OAR-related toxicities [69].  

 

Over the past years, MR-guided radiotherapy (MRgRT) has been an active area of 

research and clinical implementation. MRgRT can refer to the use of MRI in the 

radiotherapy simulation process followed by treatment on a conventional linac, or 

treatment on a hybrid machine (e.g., Elekta Unity® MR-linac, Stockholm, Sweden, or the 

ViewRay MRIdian® MR-linac, Oakwood Village, Ohio). While the basic underlying 

physics is the same in both techniques, for the purpose of this thesis, discussion will be 

limited to MRI in the radiotherapy planning process (i.e., MRI simulation) and its 

associated challenges. 
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Incorporating MRI in the simulation process presents obvious advantages which 

have also been recognized by vendors and have motivated the development of auxiliary 

equipment to facilitate integrating MRI into the radiotherapy treatment planning process. 

These equipment include; flat tabletops, MRI compatible immobilization devices, and 

external reference lasers to aid in patient setup [70]. Nevertheless, there are several 

challenges that must also be considered, some of which are particularly important for breast 

radiotherapy [66,68]: 

 

Geometric accuracy: Accurate target delineation and radiotherapy treatment planning 

require high quality radiographic images with high geometric fidelity that preserve spatial 

information. In MRI, geometric distortion is caused by incorrect spatial mapping of signal 

data and is a well-known issue. Geometric distortion will be discussed further in Chapter 2 

and Chapter 3.  

 

Patient setup: MRI scanners have a smaller bore size than CT scanners’ (60-70 cm vs. 80-

90 cm). For supine setups, this can limit breast patient positioning in terms of arm 

inclination [71]. For prone setups, this can reduce the usable scan field-of-view (FOV) for 

the area of interest because the patient will be displaced from the centre of the scanner’s 

bore causing a cutoff or deformation of the body contour. Additionally, for prone setups, 

the smaller bore size can limit the space needed for a breast to hang freely without being 

in contact with the table top surface [68], an example of this in “bad” and “good” breast 

radiotherapy simulation setups are shown in Figure 1.5. 
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Image quality: It is possible to obtain high-quality images for breast radiotherapy with 

proper selection of suitable MRI imaging parameters and optimal placement of receiver 

coils [72]. Another challenge for this anatomical site; however, is related to the relatively 

longer image acquisition time for MRI compared with CT [66]. This results in respiratory 

and cardiac motion which could cause significant image artifacts. There are several 

strategies to mitigate this effect, such as imaging with prone positioning [73], coaching 

patients to maintain shallow breathing [72], choosing a right-left phase encoding direction 

for MRI scans [74], using 3D sequences [75], and motion artifact correction methods [76]. 

 

Image coregistration: In radiotherapy treatment planning, MRI images are often 

considered secondary image sets, and are coregistered to CT images (the primary image 

set). This process involves the use of a coregistration algorithm to transform the secondary 

image set to the primary image set. Image coregistration algorithms vary [77], and must be 

properly understood and validated to eliminate any errors arising from this process which 

may impact image fidelity. Commissioning and validating image coregistration algorithms 

for the breast, being a deformable organ, can be challenging. Image coregistration is 

discussed further in Chapter 2. 

 

Target delineation/ contouring: Surgical clips are often placed to guide radiation 

oncologists during tumour bed delineation in adjuvant breast radiotherapy planning. GEC 

ESTRO provides recommended guidelines [78] for target delineation of boost or 

accelerated partial breast irradiation (APBI, defined in Section 1.3.4). They recommend 

that target delineation must include both visible seroma and surgical clips. While MRI 
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provides better visualization of the seroma, surgical clips lead to signal voids on MRI, 

which is another challenge [79]. Furthermore, the value of target delineation on MRI has 

been disputed depending on whether pre- or post-operative MRI scans were available in 

addition to a postoperative planning CT [80–83]. Nevertheless, a recent study by Al-

Hammadi et al. [84] demonstrated that MRI reduced variability in target delineation 

amongst radiation oncologists when surgical clips were not used to demarcate the tumour 

bed. Though not yet considered standard-of-care, MRI simulation has shown promising 

results in the neoadjuvant breast radiotherapy setting for in situ tumours [85].  
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Figure 1.6 An example of breast patient prone setup positioning challenges in MRI imaging. Here, three 

scenarios are presented. (A) The lack of space for a posteriorly placed receiver coil can cause a cutoff of the 

body contour and reduced signal-to-noise ratio (SNR). (B) A more ideal setup in which there is space to 

include the receiver coil and allow the breast to hang freely. (C) An attempt to place a posterior receiver coil 

for a prone positioned patient causes the breast to touch the tabletop (couch) and deform. This figure is 

reproduced with permission from Figure 2 in the manuscript by Groot Koerkamp ML et al. “Optimizing MR-

guided radiotherapy for breast cancer patients. Frontiers in Oncology. 2020:1107”. 

 

1.3.3 Technological advancements in radiotherapy delivery 

 

External beam radiotherapy has evolved from a limited number of rectangular fields 

to highly modulated and conformal dose deliveries. In the case of adjuvant breast 

radiotherapy, this has led to the reduction in lung and cardiac toxicities. For example, 

intensity modulated radiotherapy (IMRT), whether delivered on a conventional linac [86] 

or TomoTherapy® (Accuray, Sunnyvale, California, United States), has been demonstrated 

to be useful for left-sided breast with regional nodal radiotherapy [87]. For non-WBRT 
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techniques, beam delivery flexibilities offered by robotic stereotactic radiosurgery 

(CyberKnife®, Accuray, Sunnvale, California, United States) [48,58,88] and a new 

dedicated breast radiotherapy unit (GammaPod®, Xcision, Maryland, Baltimore, United 

States)[89] have also been shown to be useful for tumour bed irradiation. 

 

1.3.4 Accelerated partial breast irradiation 

 

 Although BCT presents many advantages, many women still opt for mastectomy 

instead of BCS with adjuvant radiotherapy [90–92]. Furthermore, 15% to 30% of patients 

who undergo BCS do not follow up with adjuvant radiotherapy [93–95]. The reasons relate 

to logistical issues due to an inability to commit to 5-6 weeklong treatment courses [96], 

residential distance from radiotherapy centres, lack of transportation, lack of mobility, or 

lack of patient support [94,97,98]. 

 

 To address these treatment barriers, hypofractionated treatment regimens offer a 

reduced total treatment period by increasing the dose per treatment fraction. Instead of 

treating with WBRT of 50 Gy in 25 fractions (2 Gy/ fraction), these treatments offer WBRT 

of 42.5 Gy in 16 fractions (2.66 Gy/ fraction) with demonstrated equivalency in tumour 

control and cosmetic outcome [99,100]. While the latter regimen provides shorter treatment 

times, in both cases, the whole breast is irradiated tissue. 

 

 It has been reported that 75% of local tumour reoccurrences occur at or near the 

tumour bed site [101] and that tumours rarely recur in other areas of the ipsilateral 
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breast [102]. This evidence has led to debate in the need to irradiate the entire breast during 

adjuvant radiotherapy for certain groups of patients, as this may cause unnecessary toxicity. 

As an alternative treatment technique, APBI has the potential of reducing irradiated tissue 

volumes and sparing more normal tissue including the ipsilateral normal breast tissue 

[103,104] and cardiac and lung volumes [43,92,105]. 

 

 APBI is a radiotherapy approach that focuses radiation to the tumour bed plus a 

surrounding 1 to 2 cm margin. It is a hypofractionated regimen, meaning that the dose per 

fraction is greater than 2 Gy, and is usually delivered in 3 to 5 weeks. It is a treatment 

option as a form of BCT for eligible patients with early-stage, low-risk breast cancer [106]. 

There are different treatment modalities available for APBI, including brachytherapy 

(multi-catheter interstitial or balloon catheter), intraoperative radiotherapy (IORT), and 

external beam APBI (EB-APBI) [92]. Each modality differs in radiation delivery method, 

level of invasiveness, radiation oncologist’s proficiency and training, and treatment time 

duration.  

 

Historically, although considered relatively invasive, multi-catheter interstitial 

brachytherapy has been widely utilized and is associated with long-term follow-up data 

[92,96,107]. On the other hand, EB-APBI is considered as the least invasive APBI 

treatment modality. Other advantages of EB-APBI include that it is delivered using widely 

available technology (i.e., linacs). In terms of treatment technique, EB-APBI can be 

delivered with either three to five beam 3D conformal radiotherapy (CRT) or IMRT non-

coplanar beams [92]. In addition, EB-APBI provides better dose homogeneity compared 
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with brachytherapy, eliminates the need for anesthesia and potential infections, and relies 

less on treatment planning expertise, meaning that cross-centre patient outcomes can be 

easily compared [92,108].  

 

The largest randomized Phase III APBI trial is the NSABP B-39/RTOG 0413 

protocol, which compared interstitial multi-catheter or balloon brachytherapy or 3D-CRT 

EB-APBI modalities with WBRT [109]. Treatment evaluation metrics included non-

inferiority comparison in terms of ipsilateral breast tumour recurrence, OAR toxicities, and 

cosmesis. A summary of select key randomized controlled APBI trials and their results are 

provided in Table 1.2. In addition to these trials, a small study has shown the feasibility of 

using VMAT as an EB-APBI modality for elderly and frail patients [110]. 
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Table 1.3 A summary of select randomized controlled APBI trials (administered as adjuvant radiotherapy after BCS). Trials utilizing external beam radiotherapy 

techniques are highlighted in bold text. The control arms for all these trials were WBRT techniques. Abbreviations: APBI= accelerated partial breast irradiation, 

BCS= breast conserving surgery, EB= external beam, CRT= conformal radiotherapy, IMRT= intensity modulated radiotherapy, WBRT= whole breast radiotherapy, 

IORT= intraoperative radiotherapy, MIB= Mammosite interstitial brachytherapy, HDR= high dose rate brachytherapy, PDR= pulsed dose rate brachytherapy, 

IBTR= ipsilateral breast tumour recurrence, QOL= quality of life. 

Trial Trial Design Start Year Status Number of 
patients 
accrued 

Median 
follow-up 

APBI Dose Fractionation 
and Technique 

Arm Comparison 
(result) 

TARGIT-A 
[111] 

Non-
inferiority 

2000 Accrual 
closed 2012 

n =2298 2.4 years IORT: 20 Gy/ 1 fraction, low 
energy X-rays (50 kV) 

No difference in 
IBTR 
 

ELIOT 
(Milan) [112] 

Non-
inferiority 

2000 Accrual 
closed 
2007 

n = 1305 5.8 years IORT: 21 Gy/ 1 fraction, 
electrons with energies up to 
9 MeV 

Higher rate of IBTR 
compared with 
WBRT, no difference 
in overall survival 
 

GEC-ESTRO 
[113,114] 

Non-
inferiority, 
non-
irrelevant, 
3% difference 

2004 Accrual 
closed 2009 

n = 1184 6.6 years MIB: 32 Gy/ 8 fraction 
HDR: 30.1 Gy/ 7 fractions 
PDR: 50 Gy/ 0.60-0.80 Gy 
per pulse 

No difference in 
IBTR, no difference 
in QOL 
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Table 1.2 continued…. 

Trial Trial Design Start Year Status Number of 
patients 
accrued 

Median 
follow-up 

APBI Dose Fractionation 
and Technique 

Arm Comparison 
(result) 

NSABP B-39/ 
RTOG 0413 
[115] 

Non-
inferiority 

2005 Accrual 
closed 
2013 

n = 4216 10.2 years MIB: 34 Gy/ 10 fractions 
3D CRT: 38.5 Gy/ 10 
fractions (5-8 days) 

Did not meet non-
inferiority criteria, 
however <1% 
absolute difference in 
10-year cumulative 
IBTR incidence 
 

Florence [116] Non-
inferiority 

2005 Accrual 
closed 2013 

n = 520 10.7 years IMRT: 30 Gy/ 5 fractions No increase in IBTR, 
improved acute/ late 
toxicity and cosmesis 
 

RAPID [117] Non-
inferiority 

2006 Accrual 
closed 2011 

n = 2135 3 years 3D CRT: 38.5 Gy/ 10 
fractions BID in 5-8 days  
with a daily fraction 
interval of 6-8 hours 
 

Did not meet non-
inferiority criteria. 
Inferior cosmesis. 
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Table 1.2 continued…. 

Trial Trial Design Start Year Status Number of 
patients 
accrued 

Median 
follow-up 

APBI Dose Fractionation 
and Technique 

Arm Comparison 
(result) 

IMPORT-
LOW [118] 

Non-
inferiority 

2007 Accrual 
closed 2010 

n = 2018 6 years Arm I: IMRT: 40 Gy/ 15 
fractions to tumour bed 
with 36 Gy/ 15 fractions to 
low-risk region 
Arm II: IMRT: 40 Gy/ 15 
fractions to primary 
tumour bed 
 

No difference in 
IBTR, and equivalent 
or fewer late normal-
tissue toxicity 

IRMA 
(abstract) 
[119] 

Non-
inferiority 

2007 Unspecified n = 983 5 years 3D CRT: 38.5 Gy/ 10 
fractions, BID 
with a daily fraction 
interval of at least 6 hours 
 

No difference in 
toxicity 
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Table 1.2 specifies trials for adjuvant APBI to the breast tumour bed with 10 to 

20 mm margins. However, it is possible to further reduce the treatment volume for breast 

radiotherapy by treating the tumour pre-operatively with hypofractionated regimens. 

Neoadjuvant APBI is a technique that delivers an ablative dose of 21 Gy in 1 fraction to 

the tumour site alone in a pre-operative setting with EB-APBI, and has demonstrated 

promising results so far [120]. This technique is further developed in an ongoing 

neoadjuvant EB-APBI phase I/II SIGNAL [85,121,122], which employs the merits of 

excellent soft tissue differentiation in MR (see Section 1.3.2), added functional information 

provided by PET, and reduced setup uncertainty of a prone treatment to evaluate 

improvements in radiation response and clinical outcome.  

 

1.4 The use of phantoms in medical physics applications 

 

Regardless of treatment modality or approach, the radiotherapy treatment process 

entails acquiring 3D anatomical information of a patient to plan and customize an effective 

dose distribution that sufficiently covers the treatment target volume while sparing as much 

healthy tissue as possible. Medical physicists play an active role in ensuring that anatomical 

information is accurately and adequately captured by ensuring that the medical imaging 

devices used are safe and reliable through routine quality assurance (QA) testing. 

Furthermore, through rigorous QA measurements, they also ensure that the prescribed dose 

distribution is delivered accurately and precisely. Due to the nature of these experiments, 

measurements are not routinely performed with the patient, but rather, with objects called 
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“phantoms”. These objects can serve different purposes within various medical physics 

domains, such as in radiological/ diagnostic imaging and radiotherapy applications.  

 

In radiological imaging applications, phantoms vary in design, material, and use 

according to the modality of interest—whether X-ray (including mammography), CT, 

MRI, or ultrasound. Generally, they are used during QA to verify medical image quality, 

image fidelity, X-ray radiation imaging dose, and to generally evaluate, analyze and 

optimize the performance of different imaging modalities [123].  

 

Medical physics phantoms that are specifically used for X-ray, CT, and MRI image 

fidelity verification will be further discussed in Chapters 2 and 3, while various breast 

phantoms used for quantitative and qualitative image testing on CT, MRI, and ultrasound 

will be reviewed in Chapter 4. 

 

In radiotherapy medical physics applications, phantoms can be used for radiation 

dose calibration [124–126], or to act as a surrogate to patient anatomy by facilitating direct 

measurement of radiation dose distribution. Since human tissue is primarily composed of 

water, has uniform density, and is widely available, water is a common choice as a phantom 

material. For the purpose of radiation dose measurements, early work by Kroenig [127] 

and Quimby [128] investigated the use of water and beef muscle. White [129] provides a 

historical overview of different phantom materials used, and several key medical physics 

publications cite the use of many phantoms and types used in radiotherapy 

applications [37,130].  
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As an alternative to water, other, practical materials are commonly used to construct 

radiotherapy phantoms. These materials offer practical setups and ease of use, but must be 

first validated to be “water equivalent”. Examples of commercially available products 

include Solid Water™ (Gammex-RMI, WI, USA), Blue Water™ (Standard Imaging Inc., 

WI, USA), and Plastic Water® (CIRS Inc., VA, USA).  

 

Most non-water radiotherapy phantoms are available as uniform solid “plastic-like” 

slabs or cylinders; however, it may be desirable to use a phantom that can resemble a 

human shape and anatomy. As an alternate solution, the Alderson Radiation Therapy 

(ART™) Anthropomorphic Phantom (Alderson Research Laboratories Inc., CT, USA), 

which is the new version of the Rando™ Anthropomorphic Phantom (Alderson Research 

Laboratories Inc., CT, USA), is also made of tissue equivalent solid material, but is offered 

with different shapes and sizes that mimic geometric aspects of female and male human 

anatomy. Nevertheless, these materials are also rigid, and so are not suitable to test 

deformable image registration algorithms [77], or to capture the deformation of various 

deformable organs, such as the breast. As such, finding alternate materials to construct 

deformable, water equivalent phantoms would be necessary to construct a realistic breast 

phantom. 

 

According to DeWerd et al. [123], phantoms used in radiotherapy dose 

measurements must satisfy several design goals. These are categorized depending on 

materials first and geometry second, and are quoted as follows: 
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Material-specific radiotherapy phantom design goals:  

1- Similarity to tissue to allow radiation dose measurements in the material to be 

related to tissue. 

2- Composition can be well characterized. 

3- Readily available. 

4- Robust to radiation damage. 

5- Exhibits reproducible and well-understood response with respect to radiation type 

and energy. 

6- Allows for traceability to reference standards. 

 

Geometry-specific radiotherapy phantom design goals: 

1- Must accommodate planned radiation beam sizes and shapes. 

2- Allows 3D dose distribution localization. 

3- Simple to set up, align, and reproduce positions accurately and efficiently. 

 

Medical physics phantoms that are specifically designed for breast imaging and 

breast radiotherapy applications will be further reviewed in Chapters 4, 5, and 6. 

 

Overall, as outlined in Figure 1.3, radiotherapy treatments are a multi-step process 

that include radiotherapy image simulation, treatment planning, treatment setup, and 

treatment delivery. These individual components are routinely tested on an individual 

basis, using different types of QA phantoms. For high-precision, high-accuracy 

radiotherapy techniques, it is advantageous to evaluate the entire radiotherapy treatment 
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process using “end-to-end” (E2E) testing. This can be performed with an E2E phantom, 

such as Accuray’s E2E anthropomorphic head phantom, which will be described in 

Section 2.2.1. 

 

1.5 Thesis motivation 

 

Over the last few decades, there have been many technological advancements 

developed with the aim of improving treatment planning and delivery accuracy and 

precision for adjuvant external beam breast radiotherapy. In this chapter, several key 

contributions were reviewed, such as modern surgical approaches (which improved patient 

treatment cosmesis and QOL), including more recent developments in OBS techniques, 

respiratory motion management and IGRT, MRI simulation for breast radiotherapy, and 

improved dose delivery accuracy and beam shaping with modern radiotherapy 

technologies. With increasing interest in APBI protocols, having reduced treatment 

volumes and smaller treatment planning margins, it is essential to improve treatment 

planning and delivery accuracy and precision. 

 

The purpose of this thesis is to develop medical physics approaches to advance 

treatment accuracy of APBI. This is achieved through several contributions. First, practical, 

efficient medical physics phantoms and analysis methods were developed to investigate 

radiological image geometric distortion for various imaging modalities (including CT, 

CBCT, and MRI). Second, a novel, deformable breast phantom prototype was constructed 

and validated for surgical simulation, radiological imaging, and dosimetric applications. 



 37  

Then, a set of these breast phantoms were used to investigate the reliability of surgical clips 

for tumour bed delineation in adjuvant radiotherapy treatment planning following OBS. 

 

1.6 Thesis overview 

 

This thesis is comprised of seven chapters. Chapter 1 provided a background and 

literature review on breast cancer, breast cancer treatment, including conventional BCS 

and new OBS techniques, as well as, external beam adjuvant breast radiotherapy, the breast 

radiotherapy process, recent key advancements in external beam adjuvant breast 

radiotherapy, and finally, the use of phantoms in radiological imaging and radiotherapy 

applications. 

 

Chapter 2 introduces a 3D printed phantom used to measure geometric distortion 

on various radiological image modalities (CT, CBCT, and MRI) that are clinically used at 

The Ottawa Hospital Cancer Centre in robotic stereotactic radiosurgery for intracranial 

treatments. An analysis technique is also introduced to facilitate quantitative assessment of 

geometric distortion. In addition to this phantom, two other phantom designs (one 

commercial, one built in-house) and another analysis technique (based on commercial 

software) are utilized to cross-compare data obtained from the same radiological images.  

 

These concepts are further developed for Chapter 3, in which, a custom-built large 

volume 3D printed phantom and analysis technique are utilized to measure geometric 

distortion on MRI images specifically used for breast radiotherapy planning.  
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In Chapter 4, a novel realistic, deformable breast phantom, made of moldable 

silicone, is presented. The process for constructing a phantom is described, and the 

phantom is then validated for the purposes of surgical simulation, radiological imaging, 

and dosimetric application. The validation processes included optimization based on the 

stated applications, and quantitative assessment of the phantom materials’ mechanical 

properties, assessment and OBS simulation by expert breast surgeons, and characterization 

of various radiological properties on multiple imaging modalities used in adjuvant breast 

radiotherapy (CT, ultrasound, and MRI).  

 

With the eventual goal of developing an E2E deformable breast phantom, 

Chapter 5 then presents detailed dosimetric assessment of two types of moldable silicones, 

which was achieved by determining associated key physical and dosimetric quantities, and 

by experimental quantification of differences in relative radiation doses, treatment 

planning system calculations to calculate these differences, and Monte Carlo simulations 

to verify experimental and calculated results.  

 

In Chapter 6, a collaborative study with breast surgeons, radiation oncologists, and 

medical physicists is described, where a set of the constructed breast phantoms were 

employed to simulate the surgery-to-radiotherapy treatment target delineation chain for 

adjuvant breast radiotherapy treatment planning. This process provided detailed new 

insight on tumour bed displacement and deformation with different OBS techniques and 

facilitated investigating the reliability of surgical clips for accurate tumour bed delineation 

post-OBS. The study results relayed potential clinical consequences for APBI treatments. 
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 Finally, Chapter 7 provides a summary of results presented in this thesis and the 

impact on improved treatment accuracy for APBI. This chapter concludes with 

perspectives on future directions. 
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Chapter  2: Geometric Distortions and Image Co-Registration Errors of 

Radiological Images Used in Robotic Stereotactic Radiosurgery 

 

2.1 Introduction 

 

In radiotherapy, computed tomography (CT) images are used to simulate a patient’s 

treatment position and to define the radiotherapy treatment target(s) and organs at risk 

(OARs). Section 1.2.1 provided a summary of how CT simulation is used in breast 

radiotherapy, specifically. In general, a similar process is adopted during radiotherapy 

simulation when treating other anatomical sites, with appropriate setups and 

immobilization devices in place. Along with CT images, complimentary radiological 

imaging modalities are often used for target delineation during high-precision, high-

accuracy treatments, such as for hypofractionated treatment regimens that deliver high 

levels of radiation doses to small (< 50 mm in width) radiotherapy intracranial malignant 

and non-malignant diseases. These types of treatment techniques can be offered with 

stereotactic radiosurgery (SRS).  

 

Due to the high precision of SRS treatments, radiological image fidelity is an 

important consideration. Thus, it is necessary to minimize or account for any inaccuracies 

related to image geometric distortions and image co-registration.  Image geometric 

distortions are spatial distortions that cause an inaccurate representation of a 3D object on 

a 2D or 3D radiographic image. Geometric distortions related to magnetic resonance 

imaging (MRI) were described in Section 1.3.2, with detailed discussions to follow in 
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Chapter 3. Image co-registration is the process of determining a geometric transformation 

to relate identical, anatomical points in two image sets (such as with a CT and an MRI of 

an individual patient’s brain) [77].   

 

In this chapter, we investigate three different medical physics phantoms and two 

analysis approaches that can be used to quantify inaccuracies related to radiological image 

distortion and image co-registration. The discussion in this chapter is limited to intracranial 

SRS delivered on the CyberKnife® Robotic Radiosurgery System (Accuracy Inc., 

Sunnyvale, CA, U.S.A). In Chapter 3, this approach is further developed and applied to 

quantify geometric distortions for MRI radiotherapy simulation images used in accelerated 

partial breast irradiation (APBI). 

 

Overall, secondary imaging modalities play a critical role in intracranial SRS 

workflows. Helical X-ray CT is typically used as the reference image set for dose 

calculation and treatment planning, but secondary image sets are required to accurately 

delineate the treatment target(s) and many OARs. Most intracranial SRS cases require, at 

a minimum, gadolinium contrast enhanced T1-weighted (T1w) magnetic resonance 

imaging (MRI) in addition to the reference planning image set [131]; both acquired with a 

thin image slice thickness (≤	1 mm). In addition to the reference CT and secondary MRI 

image sets, the accuracy of target delineation for arterio-venous malformation (AVM) 

radiosurgery is improved with the use of dynamic CT angiography (dCTA) [132] and 3D 

DynaCT angiography (DynaCTA) [133]. This has been demonstrated for two radiosurgery 
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systems; the frameless CyberKnife® Robotic System (Accuracy Inc., Sunnyvale, CA, 

U.S.A) [132,134] and the Gamma Knife® (Elekta, Stockholm, Sweden) [135]. 

 

Depending on the imaging modality, image fidelity can be affected by several 

factors. The DynaCTA system utilizes cone beam CT (CBCT). Factors impacting image 

fidelity on these systems include inherent physical limitations of the system (e.g., poor low 

contrast resolution of a flat panel detector [136]); presence of anatomy or reconstruction-

based artifacts; scan parameters [77], or geometric distortions [137].  In MRI, geometric 

distortions are a well-known issue and are often one of the primary concerns with 

radiotherapy applications, especially for SRS [138]. A brief discussion on challenges 

associated with MRI, including geometric distortion, was provided in Section 1.3.2. 

 

The steep dose gradients and high dose per fraction used in SRS necessitate 

submillimeter overall precision and accuracy. The use of multiple imaging modalities 

requires carefully executed image co-registration for SRS planning [139,140]— a task 

which can integrated in a modern commercial treatment planning system (TPS). Nearly all 

modern TPS’s come with built in tools to facilitate manual and/or automated image co-

registration. Manual image co-registration results in a larger inter-observer uncertainty 

compared with automated image co-registration [77]. There are different types of 

automated image co-registration algorithms that have been demonstrated to be useful for 

brain imaging (e.g., maximum gradient technique, matching moments, and chamfer 

matching) [141–143]. It has been reported that the overall co-registration errors based on 
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these algorithms is ≤ 2.0 mm [65]. For SRS applications, these uncertainties may be 

considered large [144].  

 

There are additional uncertainties beyond those inherent in the algorithm used for 

image co-registration. These include inter-scan anatomical changes, such as post-operative 

brain edema, or the presence of geometric distortion inherent to different imaging 

modalities as discussed above. Historically, frames were rigidly fixed to a patient’s skull 

to reduce setup uncertainty for intracranial SRS treatments. Until recently, radiotherapy 

planning with Gamma Knife relied on these frames for image co-registration. For example, 

the invasive Leksell frame was used to transform stereotactic frame coordinates to 2D 

angiography image coordinates. The new Leksell Gamma Knife® Icon™ (Elekta, 

Stockholm, Sweden) [145] offers image guided frameless SRS. The Gamma Knife’s TPS 

utilizes the normalized mutual information (NMI) image co-registration algorithm [146]. 

For this new model, image co-registration accuracy with the NMI algorithm was assessed 

and found to be < 1.01 mm for CBCT on-board imaging and MRI. The CyberKnife is also 

a frameless image guided radiosurgery system, which also uses the NMI algorithm for 

image co-registration [147]. To our knowledge, prior to this study, the image co-

registration uncertainty has not been reported for the CyberKnife implementation of NMI.  

 

The uncertainties in co-registration of a secondary image set could lead to errors in 

delineation of the target structure and OARs. Such errors, which are introduced prior to the 

planning process, propagate throughout all treatment sessions of a patient. 
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With the incorporation of multiple imaging modalities in SRS planning, there is a 

need to ensure image fidelity and accurate image co-registration. This can be determined 

with commercial phantoms [148] and software solutions or with in-house built phantom 

prototypes. Unfortunately, commercial phantoms can be expensive, and in-house phantoms 

can require additional resources including machining support and time.  

 

Since existing options may not be readily available to all radiotherapy departments, 

an alternate option for evaluating image geometric distortion is presented in this chapter, 

where a method for measuring image geometric distortion is demonstrated by building on 

existing tools available to all CyberKnife users. In addition, the work presented aims to: 

(1) Validate three different phantom designs compatible for the CyberKnife platform as 

quality assurance (QA) tools for measuring geometric distortion on X-ray and MRI based 

imaging modalities used in SRS planning, and (2) Quantify the combined errors due to 

geometric inaccuracy as well as image co-registration using the CyberKnife System’s 

clinical workflow for treatment planning of AVM disease using SRS.  

 

2.2 Materials and methods 

 

Errors arising from any inherent geometric distortion of different imaging 

modalities as well as imperfect image co-registration were quantified using the MultiPlan® 

TPS (version 5.2.1, Accuracy Inc., Sunnyvale, CA, U.S.A, version 5.2.1). Three different 

phantom configurations were employed to facilitate measurements of these errors on X-

ray and MRI based imaging modalities. All configurations are compatible with 
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CyberKnife’s existing tools. The following sub-section describes these phantoms in detail. 

The imaging modalities investigated, as well as the imaging protocols, are described in 

Section 2.2.2. Image preprocessing and analysis methods are then discussed in 

Section 2.2.3. 

 

2.2.1 Phantoms and definitions of points of interests (POI’s) 

 

Accuray’s E2E anthropomorphic head phantom (see Figure 2.1) was used for X-

ray based imaging systems. This phantom is manufactured and provided by Accuray as 

part of the CyberKnife® System for its recommended routine quality control program 

[149,150]. In conjunction with this phantom, three phantom inserts were used: 

 

Phantom Cube A (Ball-Cube II Film Cassette):  This cube is also provided by Accuray 

with the head phantom. It contains a hidden target and fits two custom cut orthogonal films. 

It is intended for end-to-end testing of the fiducial and skull tracking modalities used by 

the CyberKnife® System. It is a 63.0 mm × 63.0 mm × 63.0 mm cubic insert, which houses 

six gold fiducials placed in different orientations. Additionally, eight plastic posts with 

embedded copper markers fix the two films to the hidden target via four precise laser cut 

holes in each film. The centres of both types of high-density objects (gold fiducials and 

copper markers) are identified as 3D points of interest (POIs). The POIs’ 3D positions on 

a given image set were determined by two methods: (1) using the MultiPlan® TPS, and 

(2) using an in-house written MATLAB script (MathWorks, Inc., Natick, MA, U.S.A, 
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v. R2015b). These image analysis approaches are described in detail in Section 2.2.3, 

below. 

 

Because the materials used in this phantom insert are not suitable for MRI imaging, 

two additional phantom insert designs (Cubes B and C) were used for quantifying 

uncertainties from these images. 

 

Phantom Cube B: A polymethyl methacrylate (PMMA) cube was constructed in-house, 

with 30 parallel air-filled and sealed phenolic plastic rods embedded in an MRI contrast 

solution (H2O NiSO4), see Figure 2.1 and Figure 2.2. The rods were placed along different 

orientations (superior-inferior and right-left). On each image slice, each rod’s centre 

appeared as a disc. The centroid of each disc was used as a POI (n= 310) and identified on 

co-registered image slices. Therefore, only 2D slice-by-slice analysis in MATLAB was 

possible for this phantom. An in-house written MATLAB script was used to measure each 

POI’s 2D position, as described below. 

 

Phantom Cube C: An in-house 3D printed cubic lattice with a specially constructed PMMA 

housing was used (see Figure 2.1 and Figure 2.3). The housing allowed the lattice structure 

to be imaged surrounded by air, which provided the best image contrast for X-ray 

protocols, or immersed in MRI contrast solution (H2O NiSO4) providing a suitable signal 

for MRI imaging protocols. The lattice inner intersection points were identified as POI’s 

(n= 64). Autodesk Inventor 2013 (Autodesk, San Rafael, CA, U.S.A) was used to design 

and generate a standard triangle language (STL) file. 3D printing was performed using 
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acrylonitrile butadiene styrene (ABS) and a uPrint® SE Plus 3D printer (Stratasys Ltd., 

MN, U.S.A) using the following settings: 0.330 mm layer resolution, 1.194 mm wall 

thickness, solid interior fill and the “SMART” setting for support material use during 

printing. An in-house written MATLAB script was used to measure the POI’s 3D position, 

as described below. 
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Figure 2.1  Top: Accuray’s E2E anthromorphic head phantom, with the commercial phantom insert (Cube A) 

in place. Bottom: The three investigated phantom insert cubes assessed in this study. All inserts have identical 

external dimensions, but with different designs. On the left is the commercial phantom containing gold 

fiducials and copper markers, the middle is the rod phantom (Cube B), and on the right is the 3D printed 

lattice phantom in the acrylic housing (Cube C). 

Cube A Cube B Cube C
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Figure 2.2 Multiple views of the rod phantom’s (Cube B) 3D computer-aided design (CAD) drawing. The 

acrylic rods (filled with air) were placed orthogonally and on different levels in the cube. The inter-rod space 

was filled with MR contrast. 
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Figure 2.3 Multiple views of the 3D printed phantom’s (Cube C) CAD drawing. The lattice is shown without 

the external acrylic housing, which was filled with contrast solution for MR imaging and provided an 

additional thickness of 10.00 mm on each cube side. 

 

2.2.2 Imaging setup, modalities, and characteristics 

 

The three phantom configurations were imaged using a helical CT radiotherapy 

simulator (i.e., with the treatment planning CT, or TPCT) as well as the helical CT and 

DynaCT imaging systems used for angiography (dCTA and DynaCTA, respectively). 

Phantom Cubes B and C were also imaged using a 3 Tesla MRI scanner. Images were 

acquired using The Ottawa Hospital Cancer Centre Radiation Oncology Department’s 
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m3.00 m

m

53.00 mm
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imaging protocols for SRS treatment planning of AVM disease. For CT imaging, the cubes 

were placed inside the head phantom then imaged. Whereas for MRI imaging, the cubes 

were scanned without the head phantom since, in this case, the head phantom was not used 

during the image co-registration process. Table 2.1 lists the imaging modalities and 

parameters used. 
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Table 2.1 Imaging modalities, scan parameters and phantoms included in this study. Scan parameters were chosen based on the department’s standard imaging 

protocols for stereotactic radiosurgery planning using CyberKnife®. For DynaCT: ∆" is the angular range of the data acquisition arc for the DynaCT cone beam 

system, and t is the rotation time. Abbreviations: TPCT= treatment planning CT, dCTA= helical CT imaging system used for angiography, DynaCTA= DynaCT 

imaging system used for angiography, TR= repetition time, TE= echo time, FA= flip angle, T1w= T1 weighting, T2w= T2 weighting. 

 

 

 

TPCT 

(reference) 

 

CT  

(for dCTA) 

 

DynaCT  

(for DynaCTA) 

 

MRI 

Vendor  

 

Make 

Brilliance Big 

Bore 16 Slice 

Philips 

Aquilion ONE 

320 slice  

Toshiba Medical Systems 

Artis Q with DynaCT 

 

Siemens Medical Solutions 

3T Discovery 

 

GE Medical Systems 

Scan Parameters 120 kVp 

450 mAs 

 

 80 kV, 300 mA 

t=0.5 s 

70 kVp, 400 mA 

∆#= 240°,	t= 20 s 

496 frames  

- 3D Fast-SPGR (T1w): 

TR/ TE=12.8 ms/ 2.90 ms, FA=12° 

- 2D FIESTA (T2w): 

TR/ TE= 1.50 ms/ 0.52 ms, FA= 0° 

In-plane resolution (mm2) 0.4 x 0.4 0.5 x 0.5 0.4 x 0.4 1.0 x 1.0 

Slice thickness (mm) 1.0 1.0 1.0 1.0 

Phantom Cube A, B, and C A and C A and C B and C 

Total number of 

 image sets studied 

22 3 3 3 
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In the CT simulator suite, the head phantom was placed in a supine position, head 

first on the CT table and aligned such that the cube (either Cube A, B or C) was aligned 

with the axes of the scanner’s imaging coordinate system. Using phantom Cubes A and C, 

five repeatability scans were acquired using The Ottawa Hospital Cancer Centre Radiation 

Oncology Department’s standard CT imaging protocol for CyberKnife® brain (refer to the 

TPCT column in Table 2.1). Variations in post processing techniques, scan parameters and 

phantom setup were then introduced to test the dependence of POI detection on scan 

acquisition parameters. Five additional “historical” image sets (acquired between 2012 and 

2017) of the head phantom with the commercial Cube A were also analyzed. The influence 

of phantom “misalignment” was also tested to establish if not aligning the phantom lattice 

lines with the scanner’s imaging axes would affect the analysis method and results. This 

was done by deliberately positioning the phantom so that a large rotation of approximately 

10-15° about each axis was introduced. Table 2.1 lists the scanning parameters tested and 

the associated scan dates for Cube A. Cube B was scanned in a similar setting to get the 

reference image set (TPCT). A reference image set was also acquired using Cube C (lattice 

in air), and additional image sets were obtained using the same variations in imaging 

protocol and setup listed above for Cube A. A final image set of Cube C, this time in H2O 

NiSO4 solution, was acquired to verify that no physical changes occurred to the lattice 

structure when it was submerged in MR contrast solution (H2O with 0.125% NiSO4 + 0.5% 

NaCl). This scan is also used to test the robustness of our algorithm for finding the lattice 

intersection points under low contrast conditions, since the Hounsfield Units (HU) of the 

lattice material and water differ by only approximately 20% using our standard imaging 

protocol for treatment planning CT’s. 
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The CT and DynaCT scanners used for dCTA and 3D dCTA, respectively, was also 

used to acquire images of phantom Cubes A and C, using a similar setup as that done for 

the TPCT scans; supine, head first, with the cube carefully aligned with the scanner axes. 

  



 55  

Table 2.2 Scan parameter changes for image sets acquired with CT using the head phantom with the Ball-

Cube II (Cube A). Scan No. 1 is taken as the reference image for this phantom only. A reference image set 

of the rod phantom (Cube B) was also acquired, and image sets of the 3D printed phantom lattice (Cube C) 

were also required under all the setup conditions listed below. 

Scan 

No. 

Varied 

Parameter 

Scan Date  Scan 

No. 

Varied 

Parameter 

Scan Date 

 
 

       

1 Reference image 17-March-2017  11 Repeatability 25-Jan-2018 

2 Slice spacing= 

0.4 mm 

17-March-2017  12 Repeatability 25-Jan-2018 

3 Historical 03-Aug-2012  13 Reconstruction 

FOV= 512 mm 

25-Jan-2018 

4 Historical 07-Aug-2012  14 Filter= Standard Brain 25-Jan-2018 

5 Historical 21-Nov-2014  15 Filter= Smooth Brain 25-Jan-2018 

6 Historical 30-Dec-2014  16 mAs= 100 25-Jan-2018 

7 Historical 05-Jan-2016  17 kVp= 90 25-Jan-2018 

8 Repeatability 25-Jan-2018  18 Collimation= 

160 mm x 175 mm 

25-Jan-2018 

9 Repeatability 25-Jan-2018  19 Small scan FOV= 

200 mm x 200 mm 

25-Jan-2018 

10 Repeatability 25-Jan-2018  20 Phantom misaligned 25-Jan-2018 
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2.2.3 Image analysis and measurement of POI positions 

 

For each phantom, image sets were first imported into the MultiPlan TPS and co-

registered to a reference image set acquired using the standard TPCT imaging protocol. 

Image co-registration was performed using the TPS’s rigid registration algorithm, where, 

following our typical clinical workflow, an initial manual alignment is performed, and the 

final auto-registration was completed by the software. For CT images, the registration 

volume of interest regions was kept at approximately 200 mm × 200 mm × 200 mm 

surrounding the skull above the mandible. For MRI images, the registration volume of 

interest was limited to a phantom cube only. Figure 2.4 shows an example of the 

registration box used on a CT image. After co-registration, the co-registered, resampled 

secondary image sets were exported out and re-imported back into MultiPlan. The POI 

positions (of the gold fiducials and copper markers) were determined on the resampled 

images using MultiPlan’s automatic fiducial localization, as described below. After co-

registration, all image sets were also exported from MultiPlan in DICOM format, to be 

analyzed using MATLAB as described in the subsequent section. 
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Figure 2.4 The registration box (shown on a CT image) used to define the volume of interest for image co-

registration is shown on the left. The magenta circles show the gold fiducials as found by MultiPlan’s Auto 

Centre algorithm. The smaller high density objects are the copper markers. 

 

 Measuring POI positions using MultiPlan 

 

Image sets of Cube A were analyzed using MutiPlan’s built-in Auto Center 

algorithm. This feature is used for fiducial tracking on the CyberKnife System. The user’s 

manual describes the Auto Center algorithm as a tool for locating the center of the fiducial 

at the center of a grayscale intensity in a small volume around a user-identified fiducial 

location [151].  Each image set was displayed with a bone window and level of W=1200, 

gold fiducial copper marker
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L=1350, respectively. A small spherical search region (small volume) was centred on each 

gold fiducial or copper marker to find the x, y, and z centroid coordinates. The repeatability 

of this process was estimated by determining the x, y, and z centroid coordinates for a 

minimum of three attempts per fiducial or marker ("< 0.20 mm). 

 

Measuring POI positions using MATLAB 

 

The centroids of each gold fiducial or copper marker were also determined using 

an in-house written MATLAB script which finds the image intensity weighted centroid of 

all voxels above a given threshold within a spherical search region. A search of radius of 

8 mm for the gold fiducials and 3 mm for the copper markers were used with a HU 

threshold of > 95% of the maximum value in the search region for both, fiducials and 

markers. 

 

As described in Section 2.2.1, for Cube B, the air-filled rods appear as discs on each 

image slice. The centroid of these discs form 2D POIs. The grayscale of the images was 

inverted prior to determining the X-Y centroid positions. On a few image slices, air-filled 

rods running orthogonally to each other caused susceptibility artifacts (see Figure 2.5). 

Those POIs were excluded from the centroid positions’ dataset, and only the slices where 

the discs were clearly distinguishable were analyzed. For the CT images, a search diameter 

of 5 mm was used. In the MR images, compared to contrast medium, the air and 

surrounding plastic rods were both hypo-intense, therefore, a larger search radius of 8 mm 

was used. 
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Figure 2.5 Two axial MR image slices from different positions along the longitudinal direction of phantom 

Cube B (the rod phantom). The white circles highlight the same rod shown on an axial slice showing a region 

of interest where clear distinction of the rod is found (left side image), and on another axial slice showing a 

region of interest where MRI artifacts cause two adjacent orthogonal rods to appear connected, thus biasing 

the calculated centre of mass for that rod on that axial slice (right side image). 
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Figure 2.6 An illustration of the effect of convolution on a reference CT image slice. (a) An axial image from 

the raw data shown in pixel representation (physical dimensions= 53.00 x 53.00 x 53.00 mm3), (b) the 3D 

cross-like convolution filter, shown with voxels set to one as red. (c) The resulting convolved image. (d) The 

convolved image after a threshold is applied, where the threshold is based upon the maximum value in 

spherical regions of interest (ROIs) around the expected lattice intersection points.  The centroid inside the 

thresholded data inside each spherical ROI is determined using data after the step shown in (d). The ROIs 

used for the CNR analysis are also shown in (a) and (c), where the black circles show the signal region, and 

the magenta circles show the background regions. 

  

(a) (b)

(c) (d)
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Image sets of phantom Cube C (the 3D printed lattice phantom) were also analyzed 

using a MATLAB script which included the following steps (also illustrated graphically in 

Figure 2.6): 

 

(1) Image slices from the DICOM file were converted into a 512 × 512 × 168 matrix. 

The data were first normalized to the maximum image intensity. 

(2) MR images were then inverted so that the lattice structure appears as the high 

intensity region compared to the surrounding medium. 

(3) To enhance the intensity of the POI’s, a spatially symmetric 3D cross-like filter was 

used. The filter’s dimensions were selected to have each arm’s length equal to half 

the distance between inter-lattice intersections (5.0 mm), and arm’s width equal to 

1.5 mm. 

(4) The original 3D matrix was convolved with the 3D filter. 

(5) An initial approximation of the 3D location of each POI is obtained by using a 

priori knowledge of the inter-lattice intersection distance. These initial 3D 

positions are used to centre the search region used in the final step. 

(6) The lattice intersection points are then accurately determined within a spherical 

search region, and by using the image intensity weighted centroid of the convolved 

image for all voxels > 85% of the global maximum signal. 

 

To quantify the effect of the 3D filter on convolved image intensities, the contrast-

to-noise ratio (CNR) was measured on co-registered image sets acquired with different 

modalities and normalized to the CNR values obtained on the same image slice number of 
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the CT scan of Cube C (in the air-filled cube). The CNR used in this calculation is defined 

as: 

 

                                              CNR = 	 ("!#$!)&       (2.1) 

 

Where (' is the mean signal, )' is the mean background signal and " is image noise. The 

region of interest (ROI) was manually selected for the signal and background on each 

image slice and varied between 90-105 pixels because of intraobserver ROI selection 

repeatability within that small area. An example of the ROIs used for the CNR analysis are 

shown in Figure 2.6(a) and (c). 

 

A useful metric for quantifying image registration accuracy is the “Target 

Registration Error”, or TRE. In The American Association of Physicists in Medicine’s 

(AAPM) Task Group 132 Report [77], the TRE is defined as “the average residual error 

between the identified points on a secondary image set and the points identified on the 

reference image set, mapped onto the reference image set through image registration”. This 

definition can be expressed as; 

 

							TRE = 	,(. − .()*)+ + (2 − 2()*)+ + (3 − 3()*)+          (2.2) 

 

Where x, y, z are the 3D position coordinates of a POI on a secondary image set, and xref, 

yref, zref are the position coordinates of the same POI on the reference image set.  
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For Cubes A, B and C the difference between a POI’s position on a given image set 

was compared to its position on the corresponding TPCT image set (i.e., reference image 

set), and a TRE for that point was computed. A mean TRE of an n number of POI’s on a 

co-registered image set was then reported, where: 

 

mean	TRE = 	
∑ -.(/"#/#$%,")'0(1"#2#$%,")'0(3"#3#$%,")'4(
)*+

5    (2.3) 

 

 

2.3 Results 

 

2.3.1 CNR comparison 

 

As mentioned previously, prior to determining the POI locations, images of Cubes 

A and B were analyzed without additional processing steps, whereas images of Cube C 

were first convolved with the 3D cross-like filter. This resulted in an enhancement of the 

lattice intersection POIs’ intensities. To illustrate the influence of this processing step on 

the images, Table 2.3 lists the relative CNR values for the convolved radiological images. 

The gain in signal intensity allowed the POI’s locations to be determined more accurately. 

Figure 2.7 shows example axial image slices from X-ray based imaging systems using 

Cubes A and C placed inside the head phantom, Figure 2.8 shows example image slices 

from the CT (both in air and in H2O NiSO4 solution) and T1w and T2w MRI scans of 

Cube C without the head phantom. 
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Table 2.3 Relative CNR values of original and filtered (post image inversion) CT and MR image sets of 

phantom Cube C (i.e., the 3D lattice phantom). Calculated CNR values are normalized to the original readings 

obtained from the non-filtered CT. Negative values indicate that the signal intensity in the ROI within the 

lattice structure was low compared to the contrast medium. Example image slices corresponding to these 

image sets are shown in Figure 2.8. 

Image Set Relative CNR for 

Original Images 

Relative CNR for 

Filtered Images 

(a) CT (air-filled cube) 1.00 13.42 

(b) CT (MR contrast filled cube) -0.09 0.19 

(c) MRI T1w -0.72 1.71 

(d) MRI T2w -252.67 6.05 
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Figure 2.7 Representative images of the CyberKnife head phantom with different Cube inserts: (a) a 

reference TPCT of Cube A, (b) DynaCT of Cube A, (c) reference TPCT of Cube C, and (d) DynaCT of 

Cube C. Image slices from the CT system used for angiography are not shown due to their similarity to the 

reference TPCT. 
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Figure 2.8 Example axial image slices of phantom Cube C from co-registered image sets; (a) a reference 

TPCT (in air), (b) a low contrast TPCT (in MRI contrast solution), (c) a T1w MRI, and (d) a T2w MRI. 

Images shown are from the same z slice on co-registered image sets. The measured relative CNR for these 

image slices are provided in Table 2.3. 
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2.3.2 Target registration errors for treatment planning CT’s with varying 

imaging protocols 

 

For Cube A (Accuray’s Ball-Cube II), when MultiPlan’s software was used to 

identify the POIs, the mean TRE for intra-scan repeatability demonstrated good agreement 

and was 0.12 ± 0.07 mm for both the gold fiducials and copper markers. The mean TRE 

using this method to determine POIs for historical CT image sets was 0.93 ± 0.64 mm and 

0.67 ± 0.34 mm, for gold fiducials and copper markers, respectively. Using MATLAB, the 

mean TRE for intra-scan repeatability decreased to 0.02 ± 0.03 mm, and the mean TRE 

values for historical CT image data also decreased to 0.46 ± 0.18 mm and 0.50 ± 0.20 mm, 

for gold fiducials and copper markers, respectively. The relatively higher results for 

historical CT scans indicate that potential setup differences may have existed within this 

period. 

 

Figure 2.9 compares the mean and standard deviation values of TRE’s determined 

using MultiPlan and MATLAB, Cube A and Cube C (3D printed lattice cube). For nearly 

all image sets, smaller mean TRE’s were found using MATLAB compared to MultiPlan. 

By comparing Figure 2.9(a) and Figure 2.9(b), it can also be observed that mean TRE 

values were higher for the gold fiducials than for the copper markers in nearly all image 

sets studied. Finally, Figure 2.9(c) demonstrates an overall decrease in mean TRE’s for all 

variations in CT image protocols and for Cube C in comparison to Cube A. 
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Figure 2.9 Measured mean target registration errors (TRE’s) for 

Cubes A and C with the treatment planning CTs (Philips Big Bore 

scanner) acquired using variable imaging parameters. Results for 

Cube A (Accuray’s commercial phantom) are shown using MultiPlan 

and MATLAB, for two cases: when the gold fiducials are taken as the 

points of interest (top figure), and when the copper markers are taken 

as the points of interest (middle figure). In comparison, the mean 

TRE’s using the 3D printed lattice phantom are shown in the lower 

figure. The error bars represent one standard deviation of the mean 

TRE value determined for that respective image set. 
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2.3.3 Target registration errors (TRE’s) for different imaging modalities 

 

A comparison of the mean TRE for different imaging modalities for each of the 

three phantom cubes considered is shown in Figure 2.10. Since all MRI scans were 

acquired using phantoms placed in MR contrast, the CT scan of Cube C under that 

condition was included with the intermodality results. The CT data in MR contrast also 

demonstrates the robustness of this method to low contrast of the lattice since the relative 

CNR was lowest for this image set (see Table 2.3). 

 

For each phantom cube, DynaCT image sets had the highest mean TRE. Using 

Cube A and MultiPlan, the mean TRE was 0.99 ± 0.52 mm for gold POIs, and 0.81 ± 

0.24 mm for copper POIs. On the other hand, the highest mean TRE was 0.44 ±	0.18 mm 

with MATLAB processing for both Cubes A and C. MRI T1w image sets provided a mean 

TRE < 0.40 mm for Cube B with 2D based analysis and < 0.30 mm for Cube C, with 3D 

based analysis. MRI T2w image sets using Cube C showed slightly higher mean and 

standard deviations for the mean TRE compared to T1w images. 

 

 

 

 

 

 

 



 70  

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Measured mean target registration errors (TRE’s) for different imaging modalities as given by 

Cube A (with both gold (Au) fiducials and copper (Cu) markers), Cube B (rod phantom) and Cube C (3D 

printed lattice). TPCT refers to the CT simulator (Philips Big Bore) used as the reference scanner. The CT 

(Toshiba Aquilon) and DynaCT (Siemens Artis Q) scanners are those used for dCTA and DynaCTA, 

respectively. Results from MultiPlan are shown in black, and those from MATLAB are in blue. The error 

bars represent one standard deviation of the mean TRE value determined for that respective image set. 
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2.4 Discussion 

 

The AAPM Task Group 132 Report [77] recommends the use of the TRE metric to 

quantify image co-registration accuracy. In the presented study, inaccuracies related to 3D 

POI positions resulting from combined geometric inaccuracies and image co-registration 

errors were quantified through a combined TRE. Image voxel integrity is a voxel’s 

representation of the true image signal of a scanned object at that particular point in image 

space [77]. In CT imaging, voxel integrity of the registered image set can be compromised 

by the contributions of sampling/ resampling effects and voxel size, the presence of image 

artifacts, and the overall fidelity of the imaging modality [77]. These factors can be altered 

by changing the scan parameters. For example, the presence of high-density objects along 

the x-ray beam’s path can lead to photon starvation, which causes a noisy projection when 

insufficient photons reach the detector [152]. The noise is magnified during the 

reconstruction process and causes streaks to appear in the image. This can be mitigated by 

increasing the tube current (mAs). Yet, an increase in mAs is directly associated with an 

increase in patient imaging dose. With this in mind, manufacturers have developed 

techniques for overcoming this type of artifact, as summarized by Barrett et al. [152].  

 

Using MultiPlan to localize the gold fiducials, the mean TRE from intra-scan 

repeatability scans for Cube A were all found to be less than the maximum voxel size 

dimension of the reference image set (i.e., < 1 mm). The exception observed was with the 

small FOV scan (mean TRE= 1.2 ± 0.6 mm). We tested if a significant reduction in mAs 

(from 450 mAs to 100 mAs) will affect MultiPlan’s ability to repeatedly find the markers/ 
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fiducials’ positions on a “noisier” image. As shown in Figure 2.9, even after varying the 

mAs, kVp, slice collimation, reconstruction FOV (large FOV), and applying post 

processing filters, measured mean TRE’s remained < 1 mm (less than the maximum voxel 

dimension). The TRE values were lowest when copper markers were used (also refer to 

Figure 2.9). In comparison, when fiducial locations were determined using the image 

intensity weighted centroids in MATLAB, all image sets of Cube A (for gold fiducials and 

copper markers) yielded POI’s with mean TRE < 1 mm.  Using the copper markers in lieu 

of the gold fiducials to identify POI’s offered more consistent results (smaller standard 

deviations over the measured sample). Although, it is worth noting that the copper markers 

are arranged in only two planes within Cube A, whereas the gold fiducials are arranged in 

different orientations and distributed more uniformly throughout the entire phantom.  

 

Each image set of Cube C was analyzed in MATLAB by using an initial 

convolution step with a 3D filter. The 3D filter’s size was chosen to be smaller than the 

phantom’s 3D lattice’s width and height dimensions, which in turn caused the image voxel 

value intensities to increase in a manner that depended on the imaging modality. From the 

relative CNR values in Table 2.3, the filter’s effect was found to be highest for in the 

“lattice in-air” Cube C phantom configuration, showing its efficacy in enhancing the lattice 

intersection POI. Indeed, the shape of this convolution filter has previously been 

demonstrated [153], albeit as a 2D cross-like template in the x-y plane. In this investigation, 

a symmetric 3D cross filter was adopted, which we found to be more reliable and 

appropriate because it corresponded with the design of the lattice phantom.  
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Although the reference image set for Cube C also had a largest voxel dimension of 

1 mm, a mean TRE < 0.5 mm were observed in nearly all image sets. The only exception 

found was in the case of the misaligned phantom, which also showed higher mean TRE’s 

and slightly higher standard deviations, similar to that exhibited with Cube A (see 

Figure 2.9). In this case, we hypothesize that this is due to a compromise in voxel integrity, 

where the small high-density objects are not represented accurately on the reconstructed 

and resampled fused secondary image set. This causes a slight blurring effect in the 

resampled post-registered and post-convolved image set, that may offset the 3D position 

of POI’s found by image thresholding. Using a higher imaging resolution and a thinner 

lattice structure can further reduce this affect. Nevertheless, we found that a radius of 

1.5 mm offers 3D printing fidelity, low cost (which would increase if a higher resolution 

printer were used) and is appropriate for the chosen imaging slice thickness and desired 

overall setup uncertainty. 

 

The flat panel detector of DynaCT systems has been shown to cause degraded 

image quality for areas outside the central plane, increasing as a function of distance from 

the central plane [154]. For 3D image acquisition on DynaCTA, high image quality 

requires projection data to be acquired over 180° plus a fan angle [155].  Furthermore, 

image quality is related to the system’s mechanical stability, and visible artifacts can result 

even if minute misalignments are present. A spatial inaccuracy of up to 1.4 mm has been 

reported to arise from the mechanical wobble of the C-Arm gantry during gantry rotation 

alone [137]. In addition, as with any X-ray based imaging system, DynaCT systems also 

suffer from beam hardening artifacts. There is also higher scatter due to a lack of 
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collimation in the z-direction relative to helical CT [156]. Appendix A provides an example 

of how an inadequate imaging protocol can result in significant geometric distortions on a 

DynaCT scanner. In this study, it was found that if MultiPlan and Cube A (with gold or 

copper POI’s) were solely used to assess geometric accuracy and co-registration errors, 

this may cause an overestimation of the TRE in the DynaCT images (> 1.0 mm with 

MultiPlan vs. < 0.50 mm with MATLAB). The mean TRE were all smaller (< 0.5 mm) 

with smaller standard deviations using the 3D printed phantom (Cube C) than those for the 

gold or copper marker-based phantom (Cube A)—for both the CT and DynaCT systems 

(see Figure 2.10). As expected, results from the CT scanner used for dCTA were 

comparable to those obtained with our CT simulator. 

 

MRI geometric distortion is known to increase with increasing off-axis distance 

from the scanner’s isocentre (as discussed in Section 1.3.2). It has been reported that the 

expected geometric distortion  for a 1.5 T MRI scanner is < 0.8 mm along a 20 cm phantom, 

after geometric corrections are applied using vendor recommended techniques [157]. In 

comparison, our cube phantoms’ dimensions were 63.0 mm to a side, offering a volume 

that was sufficient to cover typical stereotactic cranial radiosurgery planning volumes (in 

which both the target volume and nearby organs at risk are placed at the imaging isocentre). 

Although noticeable geometric distortions can be perceived on the MR images (see 

Figure 2.8). mean TRE values for MRI T1w image sets using phantom Cubes B and C 

were less than half of the voxel’s dimensions (< 0.50 mm). Using Cube C, the T2w image 

set showed a slightly higher mean TRE and a larger standard deviation compared to the 

T1w image set. 
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Geometric distortion in MRI has previously been evaluated using 2D analysis 

approaches with phantoms containing rods [158–161] and grids [162,163]. Furthermore, it 

has been reported that 3D analysis was made possible through the use of phantoms 

containing 3D regions of interest (ROI’s), such as 11 mm diameter spheres [164], or 3D 

grids [153,165]. In this study, in addition to the commercial Cube II (Cube A), two in-

house phantom designs were evaluated; namely, phantom Cube B (rods: 2D analysis), and 

Cube C (lattice/grid: 3D analysis). Both in-house built phantoms were compatible with the 

CyberKnife head phantom,and showed adequate SNR on MR images. Nevertheless, a few 

limitations were observed for Cube B. The high precision required to guarantee reliable 

measurements made Cube B resource intensive (~40 hours of machining using 

conventional milling units). Moreover, due to the machining-limited arrangement of the 

rods (see design shown in Figure 2.2), Cube B can only be evaluated on an image slice-by-

slice basis using 2D methods (x: right-left and y: anterior-posterior), any inaccuracies 

which simultaneously exist along the third dimension (z: superior-inferior) remain 

undetected. Finally, due to the small separations between the air-filled rods positioned 

along different planes, intensity thresholding was compromised on several image slices 

where susceptibility artifacts were observed. To minimize uncertainties, these regions were 

not included in our TRE measurements. 

 

The commercial phantom Cube A and MultiPlan software approach has the 

advantage that any user of the CyberKnife system will have the tools necessary to 

implement testing of image co-registration errors and/ or geometric inaccuracy without the 
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need for additional phantoms or specialized programming tools. As mentioned before, 

however, this approach is limited to testing X-ray based systems only. 

 

Overall, compared to the other two phantoms, Cube C has several advantages. 3D 

printing offered a fast and practical method to construct the main phantom body. The 

design and materials used were found to be simple and effective, but over a prolonged 

period of time, the PMMA housing will absorb water [166] causing air bubbles to appear 

in the phantom. This can be seen in Figure 2.8, on TPCT in water solution and MR images. 

Additionally, although the highest in-fill density 3D printing option was used, Fused 

Deposition Modeling (FDM) 3D printing caused sub-millimeter diameter air bubbles to be 

trapped in the printed lattice. If this is not accounted for, these bubbles can bias the analysis 

of MRI images since they create a lack of signal (or void) in the MR image that appears 

similar to the plastic lattice structure on MR images. By optimizing the relative intensity 

and search radius used in our MATLAB script, we were easily able to overcome this 

challenge. There are different types of 3D printing technologies that can offer higher 

resolution and higher in-fill density print options than FDM 3D printing [167] (see 

Appendix B for a summary of 3D printing technologies used in medicine). Recently, 

selective laser sintering (SLS) has been used to generate a 3D printed phantom for MRI 

geometric distortion assessment [168]. For the purpose of this study, dual extrusion FDM 

3D printing was found to be efficient and more cost effective than SLS, which was the 

alternate type of 3D printer at The Ottawa Hospital’s Medical 3D Printing Laboratory. The 

MR contrast solution used offered excellent image contrast on both T1w and T2w images. 

The acrylic water-absorption issue can be prevented by draining the phantom housing after 
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every use, or by filling the phantom housing with alternate MR compatible liquids such as 

mineral oil (with the drawback of this material being not as bright as H2O NiSO4 on T2w 

images). Additionally, with the use of a vibration plate, Jafar et al. [168] described an 

effective method of minimizing air bubbles, which can further improve the accuracy of 

identifying the lattice intersection points for Cube C.  

 

2.5 Conclusions 

 

In this chapter, different phantoms and analysis methods for measuring and 

verifying image quality and fidelity for radiological images used in radiotherapy target 

delineation were presented. The importance of this process was discussed for high-

precision high-accuracy radiotherapy treatments, particularly for SRS. During SRS 

planning, images such as angiography scans and MRI might be acquired in a radiology 

department—which may be outside the radiation oncology department’s QA program’s 

oversight. Regardless, these tests should ideally be performed on a routine basis. To 

facilitate this practice, efficient and reliable testing phantoms and methods are required. 

  

Building on Accuray’s anthropomorphic head phantom, three different phantom 

insert designs were presented. They were utilized to measure combined errors resulting 

from image co-registration and geometric inaccuracy on radiological image sets acquired 

with a CT scanner, both CT and DynaCT angiography systems, and a 3T MRI scanner. 

The mean TRE for each image set and with each phantom was used to quantify the errors. 

Thus, the lower bounds of uncertainties achievable purely due to errors arising from image 
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co-registration and multiple imaging modalities’ geometric inaccuracies were determined 

on a the MultiPlan TPS. 

 

It was found that while it is convenient for a CyberKnife user to use the commercial 

phantom (Cube A) in conjunction with the MultiPlan fiducial Auto Centre tool, the user 

may overestimate the combined errors on X-ray based systems by relying on the TPS 

software and the phantom’s high-density points of interest. In this case, the maximum 

measured mean TRE was 1.12 ± 0.61 mm using gold fiducials as POI’s and a small FOV 

CT; compared to 0.48 ± 0.13 mm using the same phantom and MATLAB, and 0.40 ± 0.05 

mm using our 3D printed phantom (Cube C). Cube A is a versatile tool for end-to-end 

testing. However, if being used to measure geometric inaccuracy on X-ray based systems, 

the copper markers offered a more reliable POI compared to the gold fiducials, which cause 

more metal streaking artifacts. 

 

When phantom Cubes A (fiducials), B (rods), and C (3D printed lattice) were 

compared, it was found that Cube C provided the lowest mean TRE values on all 

intermodality image sets (< 0.5 mm). The 3D printed phantom is superior in its insensitivity 

to variations in x-ray based imaging parameters, making it a more precise tool for 

geometric distortion measurements. It is a suitable QA tool for both X-ray and MR based 

imaging and offers a straightforward and cost effective approach to measuring geometric 

accuracy in 3D for all imaging modalities used in SRS planning.   
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In Chapter 3, a new large volume 3D printed lattice cube phantom will be presented 

for measurement of geometric distortion on radiological images that can be used to improve 

treatment accuracy of accelerated breast radiotherapy (APBI). Chapter 3 will describe how 

the phantom has been redesigned to mitigate several challenges encountered with the 

current prototype (Cube C), including those associated with the potential presence of air-

bubbles. This new phantom better facilitates geometric distortion measurement on both X-

ray and MRI based radiological imaging modalities with breast imaging protocols and 

realistic breast radiotherapy simulation setups. 
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Chapter  3: Measurement of MRI Geometric Distortion for Breast 

Radiotherapy Treatment Planning 

 

3.1  Introduction 

 

In the previous chapter, different types of imaging modalities used for intracranial 

stereotactic radiosurgery (SRS) simulation and treatment planning were presented, 

including computed tomography (CT), helical CT for angiography, cone beam CT for 

angiography, and magnetic resonance imaging (MRI). Standard-of-care breast 

radiotherapy planning is also performed using CT simulation images. Unfortunately, as 

mentioned in Chapter 1, Section 1.3.2, CT scans have limited soft-tissue contrast, making 

the task difficult for accurate and reproducible target delineation [60,61,169,170]. This can 

impact treatment quality and efficacy for accelerated partial breast irradiation (APBI) 

[68,171]. In contrast, MRI provides excellent soft tissue visualization and improved target 

delineation accuracy. This provides a more reliable imaging modality for visualizing the 

treatment target and presents new opportunities for evaluating APBI techniques [68,73,80]. 

MRI can be particularly advantageous for neoadjuvant APBI, in which in situ tumours can 

be clearly visualized. Furthermore, as discussed in Section 1.2.3, the use of MRI in image-

guided radiotherapy (IGRT) for APBI treatments can significantly reduce treatment setup 

error margins.  

 

MR imaging protocols can be very flexible and are often chosen depending on the 

anatomical information sought. They combine several MR sequences that are optimized to 
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maximize anatomical information presented to clinicians during the radiotherapy target 

delineation and treatment planning process. For example, in the post-operative setting, T1-

weighted (T1w) MR sequences with fat suppression provide differentiation between 

glandular breast tissue and seroma [79,80,172]. T1w sequences without fat suppression are 

useful for visualizing surgical clips [80]. T2w sequences, with or without fat suppression, 

can be used to visualize the lumpectomy cavity and seroma, and to differentiate between 

glandular breast tissue and seroma [72,73,81,173]. In the pre-operative (neoadjuvant) 

setting, T1w contrast enhanced sequences are applied with fat suppression to visualize the 

tumour and tumour boundaries, and T2w sequences [85,174,175], with or without fat 

suppression, can offer differentiation between tumour tissue and post-biopsy benign tissue 

changes [120]. This greater imaging flexibility is enabled by the relatively more complex 

imaging system, components, and imaging acquisition methods employed, which can also 

be associated with increased geometric distortion. 

 

 In Section 1.3.2 several challenges associated with MR imaging were briefly 

highlighted. Of note was the known issue of geometric distortion. Geometric distortion is 

inherent to MR imaging, and is primarily due to two sources, system-dependent sources 

[165,176,177]; and patient-dependent sources (also referred to as object-dependent 

sources) [178–180]. In the case of system-dependent sources, geometric distortions arise 

from the primary static magnetic field (#!) inhomogeneity and gradient field non-linearity. 

During the MR scanner acceptance and commissioning process, MR scanners undergo 

passive magnetic field shimming to optimize #! homogeneity [165]. Vendor-based image 

post-processing corrections are typically available to mitigate gradient field non-linearity 
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distortions [165,181]; however, these corrections are not perfect and residual geometric 

distortions may still present in MR images [165,177]. In fact, distortions arising from #! 

inhomogeneity and gradient field non-linearity typically increase with radial distance from 

the centre of the scanner, and can be expected to be up to 4 to 4.5 mm at a radial distance 

of 250 mm from the centre of the scanner, near where the breast would be positioned for 

breast radiotherapy MR simulation [138].  

 

Geometric distortions related to patient-dependent factors are due to magnetic 

susceptibility differences at tissue interfaces (e.g., the nasal cavity in cranial sites, or when 

using patient immobilization devices for radiotherapy simulation) [182,183] and chemical 

shifts (e.g., fat or silicone implants) [184]. These distortions are independent of radial 

distance from the scanner isocentre. Here, global geometric distortion corrections are not 

possible since the source, and therefore the characterization of geometric distortions, is 

patient or object dependent. Pappas et al. [185] provides an overview of various techniques 

that can be utilized to characterize and reduce patient-dependent geometric distortions, 

including how chemical shift artifact can be reduced by increasing receiver bandwidth. For 

low field MRI scanners (<1 T), it is often assumed that these distortions are negligible 

[186,187]. Nonetheless, this is not the case for breast radiotherapy MR simulation, where 

typical MR simulators have magnetic field strengths of 1.5 T to 3.0 T.  

 

Furthermore, for the purpose of image geometric distortion correction, it is common 

to divide MR geometric distortions into MR sequence-independent or sequence-dependent 

geometric distortions [178]. In this categorization, gradient nonlinearities lead to sequence-



 83  

independent distortions, and #! inhomogeneity, magnetic susceptibility and chemical shift 

leads to sequence-dependent spatial distortions. 

 

 In this chapter and building on the experimental process demonstrated in Chapter 2, 

the use of a large, 3D printed geometric distortion phantom is demonstrated for the purpose 

of characterizing and differentiating between sequence-independent and sequence-

dependent geometric distortions. The method is used to extract quantitative and spatial 

characterizations of image geometric distortions with multiple sequences used for breast 

MRI imaging, and to gain insight on potential margin sizes required to account for target 

delineation accuracy in APBI treatment planning after MRI simulation.  

 

3.2 Materials and methods 

 

The materials and methods presented in Chapter 2 were further developed and used 

to measure errors arising from geometric distortions of MRI images acquired with common 

MRI breast imaging sequences. The following sub-section describes the new geometric 

distortion phantom prototype. Imaging protocols are then defined, following which, image 

handling and analysis techniques are discussed. 

 

3.2.1 Phantom design 

 

A new, large, in-house designed geometric distortion phantom was optimized to 

measure MRI geometric distortion arising from system-dependent or object-dependent 
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geometric distortion specifically introduced by a prone setup breast immobilization board 

(refer to Figure 1.5 for photographs of a similar board). The phantom was designed as a 

modular phantom, allowing it to be placed at different locations in the MR scanner’s bore. 

The phantom’s dimensions were selected to fit inside the breast board opening, where the 

breast would hang. The cubic lattice phantom was designed in a similar configuration as 

the 3D printed phantom described in Chapter 2, however, its larger size 

(150.0 mm × 150.0 mm × 150.0 mm) offered significantly more points of interest for 

point-to-point location comparisons (n= 2744 vs. 64). Two techniques were used to 

mitigate the air-bubble formation issue observed with the previous 3D printed phantom. 

First, a different 3D printer with improved printing accuracy was employed. Here, 

stereolithography (SLA) ProJet 7000 3D printer (3D Systems, Santa Clarita, California, 

United States), with Accura 25 resin, 100% solid interior fill, and Accura 25 supports 

offered 0.1016 mm layer resolution (compared with the 0.330 mm layer resolution 

provided by the FDM printer employed in the smaller geometric distortion phantom 

presented in Chapter 2). Second, to prevent water absorbance by the PMMA housing, the 

phantom’s housing was redesigned and built to allow easy filling and draining of the MRI 

contrast mixture (H2O NiSO4) such that the MR contrast solution would not be absorbed 

over time. The phantom design and images are shown in Figure 3.1(a), (b), and (c). In 

addition to these design improvements, a custom built 3-point flat leveling platform was 

employed to ensure that the phantom’s lattice lines were aligned parallel to the imaging 

setup lasers before any type of imaging was performed. With this new design, and 

depending on whether CT or MRI imaging applications were used, the 3D printed lattice 

cube can be setup with higher accuracy and be imaged suspended in air or submerged in 
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MRI contrast inside the housing (see Figure 3.1(b) and (d) for example setups in CT and 

MRI). 

 

 

Figure 3.1 (a) Design of the large 3D printed lattice cube phantom with measurements showing the cube’s 

dimensions, the inter-lattice line distance (10.0 mm), and the lattice line thickness (3.0 mm). (b) A top view 

of the 3D printed phantom inside the custom built PMMA housing with the lid on. In this photo, the phantom 

was setup for CT imaging with the lattice in air. The leveling platform is indicated by the red arrow. (c) A 

front view of the phantom, with the lattice submerged in MR contrast. (d) An image of the phantom’s centre 

setup in alignment with the MR scanner’s isocentre. 

(a) (b)

(c) (d)
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3.2.2 Imaging setup and protocols 

 

At the time of experiments, the prone breast immobilization board was undergoing 

parts replacements to modify it into an MRI compatible breast board. Therefore, only 

system-related geometric distortion errors were measured, and the data reported here does 

not include data pertaining to phantom images acquired in conjunction with prone breast 

board.  

 

The geometric distortion phantom was set on its leveling platform, directly on the 

imaging couch, and at the imaging isocentre of a helical CT radiotherapy simulator 

(Brilliance Big Bore 16 Slice, Philips, Amsterdam, Netherlands). The phantom was imaged 

in air using three different imaging protocols including the CT reference image (as listed 

in Table 3.1). The phantom’s housing was then filled with MRI contrast, repositioned at 

the CT imaging isocentre, and additional CT images were acquired. Immediately 

afterwards, the phantom was setup on its leveling platform and on the imaging couch of a 

radiotherapy MRI simulator (MAGNETOM Aera, 1.5 Tesla, Siemens Healthineers, 

Erlangen, Germany (see setup shown in Figure 3.1(d)). MRI images were similarly 

acquired using different imaging protocols commonly used for breast imaging. The 

phantom was positioned at three locations in the MRI scanner bore: centred in the bore (at 

the isocentre), shifted 150 mm to the scanner’s left-side, and shifted 150 mm towards the 

scanner’s right side.  
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Table 3.1 and Table 3.2 provide details of imaging parameters used for CT and 

MRI, respectively. 

 

Table 3.1 Details of the phantom setups and imaging parameters and phantom setups used for the reference 

CT image (image series number 1), as well as scans used to test the robustness of the phantom design, 3D 

printing quality, and image analysis method applied in this study. 

image 
series 
number 

phantom setup mAs kVp scan 
orientation 

in-plane 
resolution 

(mm2) 

slice 
thickness 

(mm) 

1 lattice cube in air 
(reference image) 350 120 axial 0.4 × 0.4 0.5 

2 lattice cube in air 590 120 axial 0.4 × 0.4 0.5 

3 lattice cube in MR 
contrast 350 120 axial 0.4 × 0.4 1.0 
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Table 3.2 Details of the phantom setups and MR imaging pulse sequences used to measure system and sequence-dependent geometric distortions.  

N.B.: MRI pulse sequences were adopted from standard-of-care MRI pulse sequences used for breast imaging [188,189], with the omission of fat suppression in 

T1 MRI pulse sequences since fat suppression is used to differentiate between tumour and normal human tissue, which is not applicable in this phantom study. 

image 
series 
number 

phantom 
setup 

MRI pulse 
sequence / 
acquisition type 

scan 
orientation 

phase 
encoding (PE) 

direction 

TE/ TR/ FA 
(ms/ ms/ °) 

receiver 
bandwidth  
(Hz/ pixel) 

in-plane 
resolution 

(mm2) 

slice 
thickness 

(mm) 

4 

no shift 
 

T1w VIBE / 3D axial A>>P 7.16/ 10.9/ 10 220 0.7 × 0.7 1.5 
5 T1w VIBE / 3D axial P>>A 7.16/ 10.9/ 10 220 0.7 × 0.7 1.5 
6 T2w TSE / 2D axial A>>P 93/ 7160/ 150 250 0.6 × 0.6 2.0 
7 T2w TSE / 2D axial P>>A 93/ 7160/ 150 250 0.6 × 0.6 2.0 
8 T2w SPACE / 3D coronal R>>L 116/ 1100/ 120 590 0.9 × 0.9 0.6 
9 T2w SPACE / 3D coronal L>>R 116/ 1100/ 120 590 0.9 × 0.9 0.6 
10 

shifted 
150 mm to 
scanner 
right 

T1w VIBE / 3D axial A>>P 7.16/ 10.9/ 10 220 0.7 × 0.7 1.5 
11 T1w VIBE / 3D axial P>>A 7.16/ 10.9/ 10 220 0.7 × 0.7 1.5 
12 T2w TSE / 2D axial A>>P 93/ 7160/ 150 250 0.6 × 0.6 2.0 
13 T2w TSE / 2D axial P>>A 93/ 7160/ 150 250 0.6 × 0.6 2.0 
14 T2w SPACE / 3D coronal R>>L 116/ 1100/ 120 590 0.9 × 0.9 0.6 
15 T2w SPACE / 3D coronal L>>R 116/ 1100/ 120 590 0.9 × 0.9 0.6 
16 

shifted 
150 mm to 
scanner 
left 

T1w VIBE / 3D axial A>>P 7.16/ 10.9/ 10 220 0.7 × 0.7 1.5 
17 T1w VIBE / 3D axial P>>A 7.16/ 10.9/ 10 220 0.7 × 0.7 1.5 
18 T2w TSE / 2D axial A>>P 93/ 7160/ 150 250 0.6 × 0.6 2.0 
19 T2w TSE / 2D axial P>>A 93/ 7160/ 150 250 0.6 × 0.6 2.0 
20 T2w SPACE / 3D coronal R>>L 116/ 1100/ 120 590 0.9 × 0.9 0.6 
21 T2w SPACE / 3D coronal L>>R 116/ 1100/ 120 590 0.9 × 0.9 0.6 
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3.2.3 Image analysis techniques 

 

Comparison of point-of-interests’ 3D positions 

 

The experimental method and analysis approach adopted was similar to that 

described in Chapter 2 for the small 3D printed cube (i.e., Cube C presented in 

Section 2.2.1). With the primary difference being that MRI images were not co-registered 

to the reference CT image prior to image analysis. The new 3D printed lattice cube had a 

total of n= 2744 inner lattice intersection points. This excludes the intersections at the faces 

of the cube, which do not fully resemble the 3D cross shape of the convolution filter used 

(see analysis steps below).  Each inner lattice intersection point was considered a point-of-

interest (POI), and its 3D location on a raw secondary image was compared with that on 

the reference CT image.  

 

To find the 3D location of each POI, image sets of the large cube phantom were 

directly analyzed in MATLAB (MathWorks, Inc., Natick, MA, U.S.A, v. R2015b) using a 

script similar to that described in Chapter 2. This included the following steps with added 

modifications listed in Steps 6-7: 

 

(1) Image slices from the DICOM file were first converted into a 3D matrix, and the 

intensity values were normalized to the maximum image intensity. 

(2) To enhance the intensity of the POIs, a spatially symmetric 3D cross-like filter was 

used. The filter’s dimensions were selected to have each arm’s length equal to half 
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the distance between inter-lattice intersections (5.0 mm), and arm’s width equal to 

1.5 mm. 

(3) The original 3D image matrix was convolved with the 3D filter. 

(4) MR images were inverted so that the lattice structure appeared as the high intensity 

region compared to the surrounding medium. 

(5) An initial approximation of the 3D position of each POI was obtained by using a 

priori knowledge of the inter-lattice intersection distance, assuming the lattice 

structure was perfectly aligned with the image axes. These initial 3D positions 

defined the centres of search regions used in the next step. 

(6) The POIs’ 3D positions, corresponding to the lattice intersection points, were 

determined using the image intensity weighted centroids of the convolved image. 

The centroid was determined within a spherical search region (4 mm search radius) 

for voxels greater than a threshold of the global maximum signal around each of 

the initial 3D positions from Step 5. For the CT in air and MR images, the threshold 

value used was >80%. For the CT with the lattice in MRI contrast, the threshold 

value used was >80%. For the CT images with the lattice in MRI contrast solution, 

the threshold used was >95%.  

(7) The POIs’ 3D positions found in Step 6 were then further refined in a second search 

iteration using the same search radius and threshold values. 

 

A set of POI 3D positions were then available for each image set; however, to 

directly compare the 3D POI positions from secondary image sets to those from the 

reference CT image set (and subsequently measure geometric distortion) an additional step 
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was required. For each set of 3D POI positions, a 3D transform matrix was calculated and 

applied to transform POI positions within the secondary image set’s coordinate system to 

the reference CT’s coordinate system. The transform matrix for each image set (and 

corresponding 3D POIs) was calculated using a subset of eight POIs, located at the centre 

of the cube where minimal geometric distortion was expected, and by using an iterative 

closest point 3D rigid registration algorithm in MATLAB (MathWorks, Inc., Natick, MA, 

U.S.A, v. R2021a). For each image set, the 3D matrix of x, y, z coordinate locations for all 

POIs (A) was related to the reference coordinate system by applying a translation and 

rotation, such as: 

!! = #
cos	()) sin	()) 0
−sin	()) cos	()) 0

0 0 1
0 ∗ ! + 3

4!
5!
6!
7                                  (3.1) 

 

Where !! is the 3D matrix of x, y, and z coordinate locations for all POIs after rotation 

followed by the translation, ) is the rotation angle about the z-axis in this example, and 4!, 

5!, and 6! are the translation shifts. The sine and cosine signs varied depending on the 

direction of rotation required for each image set. 

 

Once each image set’s 3D POI positions were related to the reference CT’s 

coordinate system, it was possible to calculate the magnitude of the radial geometric 

distortion error (r) for each POI as follows: 

 

							8 = 	9(4" − 4#$%)& + (5" − 5#$%)& + (6" − 6#$%)&          (3.2) 
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Where 4", 5", 6" are the 3D position coordinates of a POI on secondary image set after 

transformation to the reference CT’s coordinate system, and xref, yref, zref are the position 

coordinates of the same POI on the reference CT image set, in its (reference) coordinate 

system.  

 

 Equation 3.2 is expressed similar to Equation 2.2; however, both are defined 

differently. In Equation 2.2, the mathematical expression was referred to as the “target 

registration error” and was used to quantify combined errors resulting from image 

geometric distortion as well as image co-registration. On the other hand, Equation 3.3 is 

used to quantify image geometric distortions only. 

 

 CT images were used to assess the robustness of the 3D printed phantom and 

analysis method. No geometric distortion was expected for this modality, and the mean 

radial geometric distortion error was plotted for each POI separately.  

 

To visualize geometric distortions on MR images obtained with different setups 

and different imaging protocols, the mean radial geometric distortion error was plotted 

against the radial distance from centre of the scanner bore (isocentre). 

 

Additionally, a mean radial geometric distortion error (ravg) of n POIs for each 

secondary image set was also reported, as: 

 

8'() =	
∑ +,(.!,#/.$%&,#)'1(2!,#/3$%&,#)'1(4!,#/4$%&,#)'5(
)*+

6    (3.3) 
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For MR image sets, the total number of POIs n ranged from 2739 to 2744 points, 

when excluding POIs that suffered from image susceptibility artifacts or those at the edge 

of the usable field of view from analysis. Such POIs were unreliable because their 

thresholded volumes do not provide a true image representation of the lattice intersection. 

 

 

3.3 Results 

 

3.3.1 CT imaging 

 

Figure 3.2 shows image slices of the 3D printed phantom scanned on CT with 

different imaging protocols, in air, and when the phantom housing was filled with MR 

contrast. 
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Figure 3.2 4 Image slices from CT scans of the 3D printed phantom in the phantom housing. Images are 

shown along orthogonal slice directions (axial, coronal, and sagittal) and the physical directions with respect 

to the phantom are shown for orientation purposes. CT scans were taken with different parameters and setups, 

details of which are listed in Table 3.1. Displayed CT image slices were acquired at the same axial slice with 

image window= 600 and image level= 40. 

 

The magnitudes of radial geometric distortion errors (r) for all POIs measured on 

CT images with different imaging protocols and setups are shown in Table 3.3. For CT 

scans with the phantom in air and with varying mAs and slice thicknesses, errors increased 

with increasing slice thickness, but were small relative to the voxel (see Figure 3.3(a) and 

(b)). In air, the maximum errors for CT were 0.09 mm and 0.24 mm, for slice thickness of 

0.5 mm and 1.0 mm, respectively. When the phantom was submerged in water, the 
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maximum error for all POIs increased to 0.52 mm. Figure 3.3(c) shows the error for all 

POIs in the latter setup condition. 

 

Table 3.3 A summary of the maximum and mean geometric radial distortion errors (r) for different phantom 

setups and different CT imaging protocols. 

 
description of image set r (mm) 

phantom setup 

mAs kVp slice thickness 
(mm) 

number 
of POIs maximum mean 

lattice cube in air 590 120 0.5 2744 0.09 0.01 ± 0.01 

lattice cube in air 350 120 0.5 2744 0.24 0.10 ± 0.04 
lattice cube in 
MR contrast 350 120 1.0 2744 0.52 0.21 ± 0.09 
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Figure 3.3 The magnitude of radial geometric distortion errors (r) for images of the 3D printed phantom 

acquired with the CT scanner shown as a function of radial distance from the scanner isocentre. The radial 

geometric distortion error represents the difference between the radial position of a particular POI compared 

with its radial position on the reference CT scan, which was acquired in air, with slice thickness (t) of 0.5 mm, 

120 kVp, and 350 mAs. The dashed black lines show the magnitude of the slice thickness in mm for each 

scan used and are provided for visual comparison purposes only. 
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3.3.2 MR imaging 

 

Figure 3.4, Figure 3.5, and Figure 3.6 show image slices of the phantom scanned 

with different MR imaging sequences at the central axis, shifted to the right side of the 

scanner isocentre, and shifted to the left side of the scanner isocentre, respectively. At the 

scanner isocentre, and through qualitative assessment, the phantom’s geometrical integrity 

qualitatively appears preserved along all slice directions and with all MR sequences used 

(see Figure 3.4). Although, the effects of geometric distortion become visible when the 

phantom was shifted by 150 mm from the scanner isocentre to the right (see Figure 3.5) 

and to left side (see Figure 3.6) of the scanner isocentre. Here, the degree of distortions 

varied depending on MR sequence used, direction, and the right vs. left position of the 

phantom. In these last two figures, geometric distortion is clearly visible as geometric 

warping at the field-of-view edges, and through the lack of discontinuity of the 3D printed 

phantom’s lattice lines. Furthermore, some intersection points were cut off from the usable 

field-of-view which caused undetectable POIs, as mentioned in Section 3.2.3. 
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Figure 3.4 MR images of the 3D printed phantom in the phantom housing filled with MR contrast when the 

phantom was positioned at the scanner isocentre. The image series are presented in reformatted orthogonal 

views (axial, coronal, and sagittal) through the centre of the phantom for comparison. The physical directions 

with respect to the phantom are shown for orientation. MR sequence details are listed in Table 3.2, and phase 

encoding direction is indicated in parenthesis. Displayed MR image slices were captured at the same imaging 

position, and with image window= 663 and image level= 370 for T1w VIBE and T1w TSE sequences, and 

image window= 350 and image level= 200 for T2w SPACE sequences. 
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Figure 3.5 MR images of the 3D printed phantom in the phantom housing filled with MR contrast when the 

phantom was shifted by 150 mm towards patient’s right with respect to the centre of the scanner isocentre. 

The image series are presented in reformatted orthogonal views (axial, coronal, and sagittal) through the 

centre of the phantom for comparison. The physical directions with respect to the phantom are shown for 

orientation. MR sequence details are listed in Table 3.2, and phase encoding direction is indicated in 

parenthesis. Displayed MR image slices were captured at the same imaging position, and with image 

window= 663 and image level= 370 for T1w VIBE and T1w TSE sequences, and image window= 350 and 

image level= 200 for T2w SPACE sequences. 
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Figure 3.6 MR images of the 3D printed phantom in the phantom housing filled with MR contrast when the 

phantom was shifted by 150 mm towards patient’s left with respect to the centre of the scanner isocentre. 

The image series are presented in reformatted orthogonal views (axial, coronal, and sagittal) through the 

centre of the phantom for comparison. The physical directions with respect to the phantom are shown for 

orientation. MR sequence details are listed in Table 3.2 and phase encoding direction is indicated in 

parenthesis. Displayed MR image slices were captured at the same imaging position, and with image 

window= 663 and image level= 370 for T1w VIBE and T1w TSE sequences, and image window= 350 and 

image level= 200 for T2w SPACE sequences. 
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The magnitudes of radial geometric distortion errors (r) for all POIs measured on 

MR images with different imaging protocols and phantom setups are summarized in 

Table 3.4. In this table, geometric distortions were reported through the maximum and 

mean r values for all POIs in each image set. As expected, differences in r were observed 

depending on the phantom’s setup location and increased at the lateral edges of the MRI 

scanner’s field of view. The maximum errors observed were for T1 VIBE sequences and 

were 3.96 mm (when the centre of the cube was shifted 150 mm to the left side of the 

scanner isocentre) and 3.88 mm (when the centre of the cube was shifted 150 mm to the 

right side of the scanner isocentre). The mean r for these two image sets were similar and 

were 0.70 ±	0.42 mm and 0.76 ±	0.40 mm, for the left and right sided setups, respectively. 

Differences in r were also observed for all sequences when the phase encoding directions 

were flipped, with the maximum differences being for 2.49 mm for T1w VIBE, followed 

by 1.50 mm for T2w TSE. These reported r values are also shown in scatter plots for all 

POIs in each image set obtained at different positions with respect to the radial distance 

from the MR scanner isocentre in Figure 3.7 (with no offset), Figure 3.8 (with the cube’s 

central axis shifted 150 mm to the right side of the scanner isocentre), and Figure 3.9 (with 

the cube’s central axis shifted 150 mm to the left side of the scanner isocentre). 
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Table 3.4 A summary of the maximum and mean geometric radial distortion errors (r) for different phantom setups and different MR pulse sequences. The pairwise 

maximum and mean differences in r for each image sequence, and under the same setup, but with opposing phase encoding readout directions are also compared. 

phantom 
setup 

description of image set r (mm) difference in r with PE 
direction (mm) 

MRI pulse 
sequence 

phase 
encoding (PE) 

direction 

scan 
orientation number of POIs maximum mean maximum mean 

no shift 
 

T1w VIBE A>>P axial 2743 1.21 0.47± 0.23 
0.31 0.05 ± 0.05 

T1w VIBE P>>A axial 2743 1.21 0.46 ± 0.23 
T2w TSE A>>P axial 2744 1.18 0.50± 0.22 

0.90 0.13 ± 0.11 
T2w TSE P>>A axial 2743 1.21 0.46± 0.23 
T2w SPACE R>>L coronal 2744 1.52 0.64± 0.32 

0.23 0.04 ± 0.04 
T2w SPACE L>>R coronal 2744 1.60 0.65 ± 0.33 

shift 
150 mm 

to 
scanner 

right 

T1w VIBE A>>P axial 2741 2.52 0.60 ± 0.35 
1.47 0.20 ± 0.18 

T1w VIBE P>>A axial 2744 3.88 0.76 ± 0.40 
T2w TSE A>>P axial 2744 2.01 0.62 ±	0.31 

1.43 0.16 ± 0.16 
T2w TSE P>>A axial 2744 3.40 0.71 ± 0.41 
T2w SPACE R>>L coronal 2740 2.96 0.77 ± 0.46 

1.37 0.08 ± 0.09 
T2w SPACE L>>R coronal 2740 2.55 0.81 ± 0.47 

shift 
150 mm 

to 
scanner 

left 

T1w VIBE A>>P axial 2743 3.96 0.70 ± 0.42 
2.49 0.21 ± 0.21 

T1w VIBE P>>A axial 2739 2.69 0.63 ± 0.35 
T2w TSE A>>P axial 2744 3.54 0.70± 0.41 

1.50 0.16 ± 0.17 
T2w TSE P>>A axial 2744 2.12 0.64 ± 0.30 
T2w SPACE R>>L coronal 2741 3.29 0.75 ± 0.44 

1.24 0.06 ± 0.08 
T2w SPACE L>>R coronal 2741 3.29 0.74 ± 0.42 
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Figure 3.7 The magnitudes of the radial distortion errors (r) shown as a function of the radial distance from 

the isocentre when the phantom cube was centered in the scanner bore. The radial distance includes the x, y, 

and z coordinates of each POI. Each subfigure shows the effect of a particular MR imaging sequence, as well 

as the phase encoding readout direction. The mean radial geometric error (ravg) and the total number of POIs 

(n) included in the analysis are provided for each image set. The dashed black lines show the magnitude of 

the slice thickness in mm for each MR sequence used and are provided for visual comparison purposes only. 
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Figure 3.8 The magnitudes of the radial distortion errors (r) shown as a function of the radial distance from 

the scanner isocentre when the phantom cube was shifted 150 mm to the right from the scanner isocentre (as 

viewed from the foot of the couch). The radial distance includes the x, y, and z coordinates of each POI. Each 

subfigure shows the effect of a particular MR imaging sequence, as well as the phase encoding readout 

direction. The mean radial geometric error (ravg) and the total number of POIs (n) included in the analysis are 

provided for each image set. The dashed black lines show the magnitude of the slice thickness in mm for 

each MR sequence used and are provided for visual comparison purposes only. 
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Figure 3.9 The magnitudes of the radial distortion errors (r) shown as a function of the radial distance from 

the scanner isocentre when the phantom cube was shifted 150 mm to the left from the scanner isocentre (as 

viewed from the foot of the couch). The radial distance includes the x, y, and z coordinates of each POI. Each 

subfigure shows the effect of a particular MR imaging sequence, as well as the phase encoding readout 

direction. The mean radial geometric error (ravg) and the total number of POIs (n) included in the analysis are 

provided for each image set. The dashed black lines show the magnitude of the slice thickness in mm for 

each MR sequence used and are provided for visual comparison purposes only. 
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3.4 Discussion 

 

The large number of POIs and the phantom’s modular design facilitated accurate 

quantification of geometric distortion errors at various positions in the MRI scanner’s bore. 

Having a modular design that can be placed at different positions in the scanner’s bore 

allowed greater flexibility in positioning, and the option to use the phantom in conjunction 

with a breast immobilization board. Furthermore, compared with a phantom that 

encompasses the entire scanner’s imaging FOV, this design is practical to build, is easier 

to carry and position (compared with large, heavy commercial phantoms), and significantly 

reduces 3D printing costs. The efficacy of image analysis methods has previously been 

demonstrated in Chapter 2, but it was important to characterize any differences related to 

the utilization of a different 3D printing technology (SLA vs. FDM), printing material 

(Accura 25 resin vs. ABS), and printing specifications as well. The results presented in 

Table 3.3 showed that when no geometric distortion was expected (on CT), differences in 

POI positions were minimal and were mainly attributed to the size of the slice thickness 

chosen. 

 

Once the commissioning process is complete, most cancer centres adopt MRI 

simulation for cranial sites first [190,191] which is relatively easier to implement due to 

the skull’s rigid nature allowing reproducible setups at the scanner’s central axis and 

reliable MR-to-CT image co-registration. Other common sites are head and neck [192] and 

the pelvic region [193–196]. Optimized MRI protocols and clinical experience are 

available and well established for these anatomical sites [66]. Interest in using MRI 
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simulation for breast radiotherapy is increasing as alternatives to whole breast radiotherapy 

(WBRT), such as PBI or APBI, have become more common; however, there is less clinical 

experience with MR simulation for breast radiotherapy and recommendations for MR 

sequences for simulation for this site are not available. Therefore, in this study, the 

standard-of-care sequences used for MRI diagnostic breast imaging [197] were selected. 

For these precise radiotherapy techniques, it was also important to use 3D sequences where 

vendor-based geometric distortion corrections would apply along all three imaging planes.  

 

 When the phantom was centered in the scanner bore, the radial distortion errors 

were of similar magnitude, ranging between 0.46 ± 0.23 mm and 0.65 ± 0.33 mm 

depending on the imaging sequence used (refer to the “no shift” section in Table 3.4, Figure 

3.4, and Figure 3.7). This means that geometric distortions inside of a volume of 

150 mm × 150 mm × 150 mm around the center of the imaging bore are relatively small 

compared to other resolution limiting factors, such as the image slice thickness. This was 

not the case when the phantom was shifted towards the MR scanner FOV edges, however. 

The increase in geometric distortions with increasing radial distance from the scanner bore 

are visible on MR images shown in Figure 3.5 and Figure 3.6 for different sequences and 

phantom positions. Figure 3.8 and Figure 3.9 show that the magnitudes of radial distortions 

for the same MR sequences can be relatively large considering other sources of uncertainty 

in high-precision radiotherapy planning and delivery, with maximum radial distortions 

nearly 4 mm at the shifted phantom positions. Although not explicitly measured, this value 

coincides with Walker et al.’s [138] predicted distortions of 4 to 4.5 mm where the breast 

is normally situated in the MRI bore. 
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 Overall, the mean radial distortion errors were similar for all sequences and for both 

phase encoding directions (see Table 3.4). The maximum difference in radial distortion 

errors, obtained from a pairwise comparison of the radial distortion error for each POI with 

reversed phase encoding directions, varied depending on the sequence used and on 

phantom positions within the scanner bore. The largest errors observed were for VIBE 

sequence (A>>P phase encoding direction), with the maximum error being 3.96 mm at the 

scanner’s left. The maximum error for the T1 VIBE sequence on the scanner’s right was 

3.88 mm, albeit with a P>>A phase encoding direction. If we compare Figure 3.8 and 

Figure 3.9, differences in the radial distortion errors can be observed with the phantom 

offset in opposite directions in the bore. While further investigation is needed, these 

preliminary results may indicate that Bo inhomogeneities and gradient non-linearity exist 

along the scanner’s FOV edges. The combined effect manifests as warping artifacts and 

image cut off that can reduce the usable imaging FOV size to be smaller than the scanner’s 

actual FOV. This would entail patients undergoing MRI simulation for breast radiotherapy 

can only be positioned within a limited volume inside the scanner bore.  

 

Compared with T1 VIBE, which is a gradient echo-based sequence, T2 sequences 

(TSE and SPACE) are spin echo-based pulse sequences. Spin echo sequences intrinsically 

correct for signal loss owing to Bo inhomogeneities by applying an additional 180° 

refocusing pulse during signal acquisition [70]. Therefore, spin echo pulse sequences can 

be advantageous for regions of high magnetic susceptibility gradients [198]. On the other 

hand, T1 VIBE sequences are 3D isotropic and have faster acquisition times (due to the 

shorter echo times) and are also desirable for MRI simulation. A typical MRI simulation 
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protocol would contain several spin echo and gradient echo sequences, which must be well 

understood and characterized for geometric distortion prior to clinical adoption. Based on 

preliminary findings, we can expect that the radial geometric distortion errors for sequence-

dependent distortions at the FOV edges tested will be in the order of 3 to 4 mm. Generally, 

during MR simulation (particularly for high precision stereotactic techniques) it is possible 

to avoid areas of high geometric distortion by positioning the patient close to MR scanner’s 

isocentre. However, this can be challenging for lateral radiotherapy targets, such as the 

breast, particularly in cases where patients may have a large body habitus. This is also 

challenging for a prone setup where breast immobilization board positions the patient 

anterior to the scanner’s isocentre, and considerations such as avoiding breast contact with 

the imaging couch are required. In these cases, if MR simulation will be utilized then target 

delineation errors must be accounted for by considering the maximum geometric 

distortions characterized for the MR sequence used at the expected target setup location in 

the scanner’s bore. The errors would subsequently be included in the planning-target-

volume margin calculation recipe [199]. 

 

 An additional component of geometric distortion, which has yet to be addressed, is 

the optimization of receiver readout bandwidth. In this work, the severity of distortions 

related to chemical shift artifacts were not investigated. As mentioned before, these types 

of distortions are patient-dependent, and would ideally be characterized with materials that 

resemble the distribution of tissue in human or animal subjects [200]. For example, instead 

of the 3D printed phantom used, these distortions can be isolated by using a tissue-

equivalent MRI compatible phantom. For this experiment and materials, chemical shift 
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artifacts were minimized by increasing the receiver bandwidth in each MR sequence so 

that any fat/ water chemical shifts were within one pixel. For a clinical setting, the receiver 

bandwidth can be optimized for each scenario. It is important to note, however, that while 

receiver bandwidth can be increased to minimize chemical shift distortions, this also comes 

at the expense of reducing the signal-to-noise (SNR) ratio in MR images [198]. 

  

 One limitation of this work is that the reported radial distortion errors obtained with 

the phantom’s central axis positioned at the isocentre appear to correspond with the slice 

thickness dimensions for T1 VIBE and T2 TSE. With the slice thickness settings used 

(based on clinical MR sequences) it is challenging to observe if the errors are actually less 

than the slice thickness values. Although smaller slice thicknesses would result in lower 

SNR, longer scan times for patient and subsequently would likely not be adopted, it is still 

possible to systematically test how the slice thickness value influences the reported 

radiation distortion errors. This can be achieved by incrementally repeating this study’s 

experiments with smaller slice thicknesses for each scan until an adequate measurement 

resolution is achieved.  

 

3.5 Conclusions 

 

In this chapter, the use of a large 3D printed, modular geometric distortion phantom 

with an accurate analysis technique were demonstrated to quantify distortions relevant for 

breast MRI radiotherapy treatment simulation and planning. This work was built on the 

methods validated in Chapter 2, where a small 3D printed geometric distortion phantom 
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was adopted to quantify similar errors for cranial stereotactic radiosurgery radiotherapy 

treatment simulation and planning.  In this chapter specifically, and by using the large 

geometric distortion phantom, radial geometric distortion errors for different breast MRI 

sequences were measured. Sequence-dependent and sequence-independent distortions 

were studied by isolating the potential influence of reversing phase encoding readout 

directions. It was observed that when the phantom’s centre was placed at the scanner’s 

isocentre, geometric distortions between different the MR sequences evaluated were 

comparable to each other. On the other hand, when the phantom was placed at different 

sides of the scanner bore, geometric distortions varied depending on the sequence used and 

phase encoding direction. Preliminary results demonstrate that Bo inhomogeneities and 

residual gradient non-linearities may exist at the scanner bore’s edges. The magnitude of 

reported radial geometric distortion errors can be used to inform clinical margin sizes 

applicable for APBI treatment techniques involving MRI simulation. 

 

 With this, we conclude the discussion on geometric distortion in the context of 

breast MRI radiotherapy simulation and treatment planning. In the upcoming chapters of 

this thesis (Chapters 4, 5, and 6), the discussion will shift towards the development, 

characterization, validation, and applications of a novel, deformable breast phantom with 

several demonstrated medical physics applications in breast radiotherapy. 
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Chapter  4: Development and Characterization of a Deformable, 

Realistic Breast Phantom for Surgical, Radiotherapy Planning, and 

Dosimetric Applications 

 

4.1  Introduction 

 

This chapter describes the development and characterization of a deformable, 

realistic breast phantom that can be used for several applications, including surgical 

simulation, radiotherapy treatment planning, and dosimetric measurements. This chapter 

begins by highlighting the motivation of this work and describes how the phantom was 

developed and characterized. Details on how the dosimetric properties of the phantom 

materials were determined are then described in Chapter 5. Finally, Chapter 6 demonstrates 

how a set of these breast phantoms were used to determine the accuracy of breast tumour 

bed delineation after oncoplastic breast surgery (OBS). 

 

It is important to define the post-operative tumour bed accurately on breast 

radiotherapy planning simulation images during adjuvant radiotherapy treatment planning 

for both, conventional boosts and accelerated partial breast irradiation (APBI). As 

mentioned in Section 1.2.2, surgical clips are often used as a radiographic surrogate of 

tumour bed locations for patients who have undergone traditional breast conserving 

surgery (BCS). Recently, there has been a wider adoption of OBS techniques worldwide 

(see discussions in Section 1.1.2 and in Chapter 6). There has also been more recognition 

that the relationship between surgical clips and tumour bed location is not always 
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clear [201]. Therefore, it is important to establish how OBS differs from BCS, and how 

surgical clip placement during OBS may influence the radiotherapy planning process. To 

answer these questions, we developed a novel, realistic breast phantom that allowed us to 

simulate OBS and understand how it differs from traditional BCS. As will be described in 

this chapter, this breast phantom was developed with the intent to facilitate OBS simulation 

by surgeons, and to allow the radiotherapy team to gain insight on the surgical details 

relevant to the adjuvant breast radiotherapy planning process. 

 

There are several types of commercial breast phantoms available for different 

purposes. For example, the Mastotrainer Breast Surgical Trainer (ProDelphus, 

Pernambuco, Brazil) is a realistic breast model used for surgical training. However, such 

commercial products are costly, non-customizable, and details of their mechanical 

properties are not usually disclosed by manufacturers or in literature. For instance, Zucca-

Matthes et al. [202] conveyed the use of the Mastotrainer breast phantom for OBS training, 

but did not provide details on the material’s tactile properties or the suturing material that 

can be used. Aside from commercial phantoms, cadavers are often used for surgical 

training, but these are not readily available and are costly as well. Kilic et al. [203] 

highlighted the importance of having realistic breast phantoms to facilitate OBS training 

for surgeons, developed and reported on the use of a breast phantom for this purpose. 

Although, they did not provide a quantitative comparison of the phantom’s physical 

properties and how it compares with human breast tissue. For the purpose of our work, 

validating the mechanical properties of a breast phantom is a key aspect, as this information 

confirms if OBS can be simulated realistically on the phantom, and if traditional suture 
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materials can be used. Furthermore, optimizing the mechanical properties would allow the 

formation of an accurate depiction of breast parenchyma deformation under OBS, as well 

as the associated influence on a tumour bed. It would also enable the development of 

accurate models of the breast for further studies, including augmented reality applications, 

thus allowing various steps of OBS to be visualized and studied by the radiotherapy team.  

 

In addition to surgical training applications, other commercial breast phantoms are 

often used for various radiological imaging applications. Examples include ultrasound 

(US) phantoms or US guided minimally invasive biopsies, such as the commercial Blue 

Phantom Ultrasound Phantom (CAE Healthcare, FL, USA), and a custom made phantom 

reported on by Ustbas et al. [204]. Another custom made breast phantom used for 

minimally invasive procedures is one developed by Ruschin et al. [205], who showed that 

their breast phantom is suitable for use with US, computed tomography (CT), as well as 

magnetic resonance imaging (MRI). Although it had the same shape as a patient’s breast, 

their phantom did not form a realistic model of the breast since multiple anatomical features 

(e.g., epidermis layer, parenchyma, and nipple) were not modeled. None of the phantoms 

described would be suitable for surgical simulation.   

 

It is also possible to create a breast phantom for MRI imaging. In fact, many types 

of materials have been used to mimic tissue on MRI. The most commonly used phantoms 

employ the use of water, agarose and agar [206]. Other gels such as those based on 

polyvinyl alchohol [207], polysaccharides [208,209], gelatin [210], and materials such as 

Carbomer-980 and Carbopol-974p [211] have also been investigated. While these gels 
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provide MR relaxation times similar to those of human tissue, they have a limited shelf life 

and do not have the structural integrity nor stability to allow them to be used as phantoms 

for OBS training. 

 

In this chapter, we discuss the process of developing a realistic breast phantom that 

facilitates OBS simulation, multi-modality imaging, and dosimetric applications. This 

chapter begins by discussing how the ideal material composition of this phantom was 

chosen, and continues to describe how the phantom’s surgical, mechanical, and 

radiological properties were validated and measured. The phantom’s surgical, mechanical, 

and radiological characteristics are then reported. The dosimetric properties of the phantom 

material will be covered in detail later in Chapter 5. 

 

4.2 Materials and Methods 

 

In this section, the breast phantom construction process is described by reviewing 

material selection criteria and design of the final breast phantom prototype. After which, 

the validation methods for each of the phantom’s surgical, mechanical, and radiological 

properties are discussed. 

 

4.2.1 Breast phantom fabrication 

 

The process of constructing a realistic, deformable breast phantom relied on 

choosing materials that would facilitate the objectives stated above, which included 
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utilizing the phantom as a tool for surgical simulation, multi-modality imaging, and for 

dosimetry measurements to facilitate end-to-end testing. After the material was chosen and 

validated, a simple technique for molding and finishing breast phantoms was developed. 

Both processes are described in the subsections below. 

 

Determining the Ideal Material Composition 

  

In our search for suitable materials, moldable silicone composites were found to be 

a promising candidate. These materials are generally non-toxic, easy to use, cost-effective, 

customizable, biocompatible, chemically stable, thermally stable, and durable. Due to their 

favourable properties, silicone composites have found widespread applications in 

medicine, with silicone breast implants being the most widely recognized use [212,213].  

 

In this work, we demonstrated the use of a specific commercial product line of 

moldable silicones called Ecoflex™ (Smooth-On Inc., PA, USA). We focused our tests on 

four different products Ecoflex™ 00-10 (E10), Ecoflex 00-20™ (E20), Ecoflex 00-30™ 

(E30), and Ecoflex 00-50™ (E50). Due to their manufacturer reported mechanical 

properties (see Table 4.1) these materials are commonly used for making prosthetics in 

orthotics and in special effects applications to mimic human tissue. These specific materials 

are also moldable, and non-toxic, which make them practical for radiotherapy applications. 
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Table 4.1 The manufacturer reported [214] mechanical properties of Ecoflex™ silicone products (Smooth-

On Inc., PA, USA) used for initial testing while constructing a realistic breast phantom. 

 Ecoflex™  

00-10 (E10) 

Ecoflex™  

00-20 (E20) 

Ecoflex™  

00-30 (E30) 

Ecoflex™  

00-50 (E50) 

mass density (g/cm3) 1.04 1.07 1.07 1.07 

tensile strength (psi) 120 160 200 315 

100% modulus (psi) 8 8 10 12 

useful temperature (°C) -54 to 232 -54 to 232 -54 to 232 -54 to 232 

 

In order to fully simulate breast surgeries on a phantom, it is important for the breast 

phantom to possess a minimum number of anatomical features; namely, an epidermis layer 

(skin), breast parenchyma, and a chest wall. Each component has different tactile and 

mechanical properties, and so were created individually to account for these differences. 

 

Ecoflex™ silicone can be molded to visibly resemble skin or other organs, however, 

due to its relatively higher rigidity, silicone alone do not always feel like human tissue. To 

make the breast parenchyma more “flesh-like”, two additive materials were tested in the 

silicone mixture, a silicone tactile mutator (Slacker®, Smooth-On Inc., PA, USA), and 350 

centistoke (cSt) agricultural grade silicone oil (Ruichem USA, Ruijiang Group, Zhejiang, 

China). To make the epidermis layer less susceptible to ripping during surgical suturing, a 

90% polyster and 10% Spandex “power mesh net” fabric (purchased from 

FabricAndSewing, Amazon.ca) was added to reinforce the epidermis layer. Using a small 

round plastic container as a mold, various breast phantom prototypes were first created by 

testing combinations of different mixtures and materials. Table 4.2 lists the different 
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material mixtures and additives tested for each component of these breast phantom 

prototypes (epidermis layer, breast parenchyma, and chest wall), as well as their amounts 

as a percentage ratio of the total volumes. The prototypes were qualitatively examined by 

a surgeon to assess how realistic they felt during surgical simulation and were then 

validated by quantifying their elasticities as explained in Section 4.2.3. 

 

The final breast phantom material (prototype number 8 in Table 4.2) was chosen to 

mimic breast tissue in terms of palpation and accommodation of surgical maneuvers (e.g., 

incision, skin undermining, tumour resection, suturing etc.). The breast phantom was also 

required to be chemically and physically stable over prolonged periods of time, simple to 

produce and cost efficient. The following section describes the material composition and 

molding process related to the phantom prototype that eventually fulfilled all requirements. 
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Table 4.2 Different types of Ecoflex® silicone materials tested for fabricating various breast phantom 

prototypes and their components (the epidermis, parenchyma, and the chest wall). Additive materials were 

also used to reinforce the epidermis (using mesh fabric), or to increase the elasticity and softness of the breast 

parenchyma (such as the Slacker® silicone mutator or silicone oil). The final breast phantom prototype is 

based on prototype number 8. 

prototype 

number 

silicone type 

(epidermis, parenchyma, chest wall) 

additives 

(material (%vol)) 

1 E30, E50, N/A mesh fabric (N/A) 

2 E10, E10, E30 mesh fabric (N/A) 

3 E20, E10, N/A mesh fabric (N/A) 

4 E10, E10, E10 Slacker® (33%) 

5 E10, E10, E10 Slacker® (66%) 

6 E10, E10, E10 mesh fabric (N/A) 

7 E10, E10, N/A silicone oil (30%) 

8 E10, E10, E10 mesh fabric (N/A), silicone oil (30%) 

9 E10, E10, E10 silicone oil (50%) 

 

 

Final Breast Phantom Prototype Molding Process 

 

The final breast phantom prototype was fabricated using an inverse mold. First, the 

mold was formed using a 1 cm thick thermoplastic sheet (Orfitrans Stiff®, Orfit Industries, 

Antwerp, Belgium), which was heated in an oven at 200°C for approximately two minutes, 

fit over a breast attachment of The Anthropomorphic Alderson Female Radiation Therapy 
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Phantom (Radiology Support Devices Inc., Alderson Phantoms, CA, USA), and then 

allowed to cool for approximately five minutes at room temperature (see Figure 4.1).  The 

mold was then adjusted to become more tear-shaped by using a heating gun (Master-Mite®, 

10008, Master Appliances Corp., WI, USA) and by gently pushing the inside of the mold 

outwards using a 10 cm diameter metal ball. The mold shape was adjusted in an iterative 

process based on surgeons’ feedback to provide a more ptotic breast shape. The final mold 

was made to accommodate a full breast phantom volume of 900 cm3. 

 

A 2.0 cm diameter glass sphere was used as a palpable “tumour”. The marble was 

suspended inside the breast mold while the silicone comprising the breast parenchyma 

cured. A marble was chosen so that it would be rigid enough to be palpable during pre-

operative planning. 

 

To make the breast parenchyma, 600 g in total of E10 silicone was mixed with 

silicone oil. The ratio of E10 silicone-to-silicone oil was optimized based on surgeons’ 

feedback on the phantom’s tactility compared to real breast tissue. The mixture was poured 

into the mold and left to cure for three hours. To make the chest wall layer, a total of 140 g 

of E10 silicone (without silicone oil) tinted with Silc Pig™ maroon pigment (PMS 7421C, 

Smooth-On Inc., PA, USA) was then poured on top of the parenchyma layer and left to 

cure for an additional two hours. Following which, the phantom parenchyma with chest 

wall was removed from the mold and wrapped with the mesh fabric to act as the base of 

the epidermis layer. To complete the epidermis layer, 80 g of the E10 silicone (without 

silicone oil) was tinted with Silc Pig™ pink flesh pigment (PMS 488C, Smooth-On Inc., 
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PA, USA) and applied on top of the mesh fabric using a paint brush. The thickness of the 

epidermis was adjusted by applying a few layers, allowing the silicone to cure for one hour, 

and reapplying more layers as needed with a similar wait time between each layer. Three 

iterations were found to form a realistic epidermis layer of 0.5 to 0.7 mm [215], which was 

suitable for our applications. A breast phantom nipple with areola was made using the 

epidermis mixture and a silicone baby bottle nipple (Avent™ Natural Baby Bottle, Philips, 

Amsterdam, Netherlands) as the mold. The nipple with areola was placed on the uncured 

epidermis material prior to curing the epidermis layer for an additional two hours. Using 

caulk as an adhesive material (Silicone II Sealant, General Electric, Massachusetts, USA), 

the phantom was then adhered onto an acrylic plate to facilitate handling and to allow 

positioning on an inclined angle during surgical simulation. 
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Figure 4.1 A step-by-step illustration of the breast phantom fabrication process. (a) The breast inverse mold 

being shaped from the breast attachment of an anthropomorphic body phantom, (b) The mold and phantom 

parenchyma with the marble tumour suspended in the desired position by a string. (c) The setup for adding 

the chest wall layer. (d) The phantom after adding the mesh fabric. (e) The final phantom after adding the 

epidermis, areola, and nipple components. (f) A phantom marked for pre-op incision planning using an 

oncoplastic breast surgery crescent incision approach. 

suspended tumor

(b)(a)

(c)
(d)

(e) (f)
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4.2.2 Validation through surgical simulation 

 

 Seven replicas of the phantom were made to test the phantom’s suitability for 

simulation of various OBS techniques (namely; racquet, round block, crescent and pedicle 

mammoplasty [12]). Each phantom contained one or two tumours placed at variable depths 

ranging from 0.5 cm to 7.0 cm. Tumours were also placed within different quadrants of the 

breast (upper outer, upper inner, lower outer, lower inner and subareolar), with four 

phantoms containing a tumour in the upper outer quadrant to reflect where the highest 

proportion of breast tumours have been reported to arise [216]. 

 

 The phantom was tested by two experienced breast surgeons. Prior to surgical 

simulation, the tumour was located through palpation and CT scout images by the surgeons. 

After the surgeons agreed on the appropriate surgical approach for each case, a felt marker 

was used to draw the planned incision pattern on each breast phantom (see Figure 4.1(f)). 

Incisions and skin undermining were performed. The tumour(s) was (were) resected with 

1 cm margins. To mark the tumour cavity, 8 titanium surgical clips (Medium size, Weck 

Horizon,Teleflex Medical, Ireland) were placed,  four along each cavity wall at the position 

of the tumour, and four at the level of the chest wall, and closure followed. Various 

materials were tested for suturing and closing the phantom parenchyma and epidermis: 

surgical skin staples, 3/0 and 4/0 thick vicryl, prolene and nylon surgical sutures, polyester 

sewing thread, and 0.3 mm thick cotton knitting yarn. 
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4.2.3 Characterization of mechanical properties 

 

As mentioned previously, one of the main considerations considered while 

designing this phantom was its tactility and endurance to surgical maneuvers, including 

incisions and suturing. These properties were optimized by feedback from surgeons based 

on their experience during the developmental stage (see breast phantom fabrication process 

in Section 4.2.1). To provide a more quantitative assessment, the final prototype’s 

mechanical properties were also measured by determining the value of the shear strength 

and elasticity of the breast phantom’s parenchyma and epidermis layer, as described below. 

 

Measurement of sheer strength 

  

The ultimate tensile strength (UTS) and strain on rupture for the phantom 

parenchyma and epidermis layer were measured using a BioTester Biaxial Test System 

(CellScale Biomaterials Testing, Ontario, Canada). Using the same setup, the UTS is 

defined as the force required to rupture the sample divided by the cross-sectional area of 

the sample. The strain on rupture was also simultaneously determined, where the strain on 

rupture =∆"" ; ∆x being the displacement along the x direction and x is the average width. 

Phantom material measurements were experimentally compared to pig fat and pig 

epidermis. The animal was euthanized four hours prior, and the samples were transported 

in an insulated cooler. The samples were prepared and kept hydrated in saline water until 

they were measured. Measurements were conducted within three hours of obtaining the 

sample. Samples were cut to a size of 5.0 mm × 5.0 mm × 3.0 mm using a custom made 
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cutter. Sample measurements (thickness, width and length) were performed three times 

with a caliper (within 0.01% measurement accuracy), and the average was taken to 

calculate the cross-sectional area. Uniaxial testing was performed at room temperature 

(T≈23 °C), with the force applied along the x (width) direction until the sample ruptured. 

The UTS and strain on rupture were determined from the recorded stress (N/m#) vs. 

strain (%) curves. Figure 4.2 shows the experimental setup, as well as sequential images of 

the phantom parenchyma undergoing testing. UTS values were compared to published data 

for human tissue, where available. 

 

 

Figure 4.2 The setup for ultimate tensile strength measurements. (a) A photo of the BioTester’s measurement 

plane with the sample suspended in place by the two biaxial claw attachments. (b) Sequential images of the 

phantom skin being tested at four different time points (t=0 s, 0.8, 2.4 and 4.8 s, corresponding to F= 0, 561, 

1923, and 309 mN, respectively). The sample’s cross-sectional area along the testing plane was 

approximately 5 × 5 mm2. 

 

 

(a) (b. 1) (b. 2)

(b. 3) (b. 4)
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Measurement of elasticity 

  

The Young’s modulus of each of the breast phantom’s epidermis layer and 

parenchyma were measured using two methods: mechanical testing and shear wave 

elastography.  

 

First, the Young’s modulus was measured for breast phantom parenchyma, 

epidermis layer, and pig fat by calculating the slope of the linear portion of the stress 

(N/m#) vs. strain (%) curves obtained from the experiment shown in Figure 4.2. 

 

The Young’s modulus for each breast phantom prototype described in Table 4.2 

was measured using Shear Wave™ Elastography (Aixplorer®, Supersonic Imagine SA, 

Cedex, France), with an SL15-4 linear array transducer, 10 MHz central frequency, and 

70% gain. More extensive measurements were also performed for the final phantom 

prototype. First, measurements were conducted at room temperature (T= 23.5 °C), after 

allowing the phantom to equilibrate for 45 minutes. Because Shear Wave Elastography 

may offer variable results depending on the user’s scanning technique [217], interobserver 

reproducibility tests were also conducted. To examine the effect of temperature on the 

phantom’s elasticity, the phantom was then submerged for 30 minutes in a bucket of ice 

water to achieve a thermal equilibrium temperature of 13.2 °C and then scanned. The 

phantom was then submerged in heated water (for 30 min) to achieve a thermal equilibrium 

temperature of 34.2 °C. An average of four readings per setup (intra- and interobserver, 

cold and hot temperatures) were acquired. For all readings, the phantom parenchyma’s 



 127  

Young’s modulus was measured using a 3 mm ROI diameter at 1 cm depth in the phantom, 

at the same location on the ultrasound image. The final breast phantom prototype’s 

Young’s modulus at room temperature was compared to published patient data from breast 

elastography studies. 

 

4.2.4 Characterization of radiological properties 

 

Radiological properties of the phantom were characterized on multiple imaging 

modalities, as described below. Since a real breast is composed of various anatomical 

features (e.g., breast parenchyma, nipple, and chest wall), for our application, visualizing 

and discerning between these features on multiple imaging modalities was necessary. As 

will be highlighted in Chapter 6, because the eventual goal of this study was to be able to 

relate OBS practice to radiotherapy target delineation (which relies on surgical clips), it 

was also important that the implanted surgical clips were clearly distinguishable from the 

phantom parenchyma. 

 

Computed Tomography (CT) 

 

CT images of the breast phantom were acquired using the Radiation Oncology 

Department’s CT scanner (Brilliance Big Bore, Philips Medical Systems, Cleveland, 

USA), with an image resolution of 0.4 mm × 0.4 mm × 1.0 mm, 120 kVp, and 450 mAs. 

The image set was imported into the Monaco Treatment Planning System (TPS), 

(v. 5.11.02 Elekta, Sweden). The mean and standard deviation of the Hounsfield Units 
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(HU) was measured for the breast phantom parenchyma using a volume of interest (VOI) 

diameter of 1.5 cm. The HU measurements were limited to the parenchyma alone, since 

the other phantom components (epidermis, nipple, areola, and chest wall) were also made 

of the same type of silicone, and adding silicone oil was found to cause insignificant 

changes to the HU values (± 5 HU). 

 

Magnetic Resonance Imaging (MRI) 

 

MR images of the breast phantom were acquired on a 1.5 T MRI scanner 

(MAGNETOM Aera, Siemens Healthcare GmbH, Germany), with the scanner’s 4-channel 

small flex coil. T1 weighted (T1w) images were acquired with the following parameters: 

repetition time (TR)/ echo time (TE)= 10.9 ms/ 7.16 ms, flip angle (FA) of 10°, pixel size 

of 0.7 mm × 0.7 mm × 1.5 mm, and a reconstruction matrix of 320 × 320 × 144. T2 

weighted images were acquired with the following parameters: TR/ TE= 716 ms/ 93 ms, 

FA of 150°, pixel size of 0.6 mm x 0.6 mm x 0.4 mm, reconstruction matrix of 

384 × 384 × 52. Standard-of-care breast MRI protocols can apply several sequences, 

including T1w imaging without fat suppression T2w imaging with fat suppression [197], 

Due to the high level of oil in the phantom’s contents, both T1w and T2w scans were 

obtained without fat suppression.  

  

For the phantom material, T1 and T2 relaxation times were measured using 

inversion recovery and spin echo sequences, respectively. Both of these methods were 
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demonstrated to be reliable methods for quantitative relaxation parameter mapping by 

Tofts [218].  

 

To measure the T1 relaxation time, seven scans were obtained using TR/ TE= 

2500 ms/ 7.7 ms, FA of 180°, pixel size of 0.6 mm x 0.6 mm x 3.0 mm, and a reconstruction 

matrix of 128 × 128 × 10. The inversion time (TI) was varied to be 50, 100, 200, 400, 800, 

1400, and 2000 ms, for image sets one to seven, respectively. Using ImageJ, and for each 

image set, the mean signal and standard deviation was measured on the central image slice 

with an ROI diameter of 1.5 cm. The mean signal was then plotted as a function of TI, and 

the T1 relaxation time was obtained using a commercial data fitting software (Origin 2019, 

OriginLab Corporation, MA, USA) with a Levenberg-Marquardt algorithm [219,220] to 

fit the data with following equation; 

 

)(TI) ∝ (1 − 2e
!"#
"$ − e

!"%
"$ ),        (4.3) 

 

where ) is signal from the inversion recovery sequence. 

 

To measure the T2 relaxation time, five scans were obtained using a TR of 2500 ms, 

FA of 90°, pixel size of 0.6 mm × 0.6 mm × 3.0 mm, reconstruction matrix of 

128 × 128 × 10, and a variable TE (20, 60, 100, 200, and 400 ms, for image sets one to 

five, respectively). Once again, the mean signal and standard deviation was measured on 

the central slice with an ROI diameter of 1.5 cm. The mean signal was then plotted as a 
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function of TE, and the T2 relaxation time was obtained by using a Levenberg-Marquardt 

algorithm to fit the data with the following equation: 

 

)(TE) ∝ e
!"&
"' ,     (4.4) 

 

where ) is the signal from the spin echo sequence. 

 

T1 and T2 relaxation times were compared with published data for breast tissue, as 

well as for silicone breast implants. 

 

Ultrasound (US) 

  

US images of the phantom were acquired with a diagnostic US imaging system 

(EPIQ 7G Ultrasound System, Philips Medical Systems, Cleveland, USA) and a L12-5 

50 mm linear array transducer, using B-Mode imaging, 72% gain, 10 MHz scan frequency, 

a focal length of 3.5 cm, and a lateral image resolution of 0.5 mm × 0.6 mm. Images were 

qualitatively evaluated by an experienced radiologist to assess for similarity to breast fat, 

and to evaluate the contrast of surgical clips vs. parenchyma (see below). The speed of 

sound in phantom material was not measured, since we were primarily interested in 

visualizing surgical clips and breast phantom parenchyma on US images rather than US 

wave penetration depth or axial resolution. 
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Contrast-to-noise and signal-to-noise ratios 

 

Parenchyma and surgical clip visibility were quantitatively assessed by measuring 

the contrast-to-noise ratio (CNR) of surgical clips vs. parenchyma, and the signal-to-noise 

ratio (SNR) of the parenchyma and surgical clips. The CNR and SNR values were 

determined on CT, MRI and US, for both materials of interest, with the exception of MRI; 

where only phantom SNR was measurable due to the clips’ lack of MRI signal. 

 

On each imaging modality (CT, MRI and US), four repeatability scans of one 

phantom prototype were acquired using the imaging protocols described in the previous 

sections. These scans were acquired over a period of nine months and were used to 

determine the intraphantom variability for the CNR and SNR, as well as to monitor the 

stability of the phantom on radiological images. Additionally, the CNR and SNR 

interphantom variability were also evaluated on CT and MRI, by comparing the CNR and 

SNR values obtained from scans of four different phantom prototypes.  

 

For each image set, the CNR and SNR were determined using an open source image 

analysis software (ImageJ, v. 1523, NIH, USA) [221], based on the following definitions: 

 

CNR = $(%$)
&'()*	,-&.* ,     (4.1) 

 

SNR = 	 /
&'()*	,-&.* ,     (4.2) 
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where SA and SB are the mean signal intensities for the surgical clips and the breast 

parenchyma, respectively. S is the mean signal intensity for the material of interest.  Image 

noise is taken as the standard deviation between the measured mean signal intensity. In the 

case of CNR, image noise was obtained from the standard deviation of the parenchyma 

mean reading. Whereas, in the SNR measurements, image noise was obtained from the 

standard deviation of the material of interest’s mean reading (which was either parenchyma 

or surgical clips).  The surgical clip readings were obtained by sampling four different 

regions showing surgical clips on the image slices. On a single image slice, the parenchyma 

readings were obtained by sampling four different regions at the 3, 6, 9 and 12 O’ Clock 

positions surrounding a surgical clip. Each region was approximately 1.5 cm from the 

centre of the surgical clip. The mean of each set of four readings was used to calculate both 

the CNR and SNR. A region of interest (ROI) of 0.2 cm diameter was used for CT images, 

and 0.5 cm for MRI images (due to the acquired imaging voxel size). For each image set, 

mean and standard deviations of signal intensities are computed across all regions of 

interest considered, reported CNR and SNR values and their standard deviations are 

computed across all repeatability scans. 

 

4.3 Results 

 

4.3.1 Validation through surgical simulation 

 

According to the surgeons, the breast phantom was found to be a realistic model of 

the breast for surgical simulation purposes. The phantom’s multiple components 
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accommodated realistic OBS approaches. Surgeons qualitatively confirmed that the 

phantom’s palpated density and stretching characteristics resembled a fibroglandular 

breast, which is usually attributed to a younger patient who is often eligible for OBS. The 

phantom was amendable to rotations, re-approximations, and allowed surgical simulation 

of a wide range of OBS techniques including reduction mammoplasty (levels 1 to 3 [12]). 

Although the epidermis was easily closed with vicryl, prolene, or nylon sutures, it was not 

amendable to subcuticular closure because the parenchyma material, which had silicone 

oil, was not amendable to traditional suture material. However, the phantom parenchyma 

was easily sutured with cotton yarn, and surgical simulation was possible. Furthermore, 

since the phantom was limited to the breast, some larger closures (e.g. mammoplasty with 

wise pattern skin incision) caused too much tension for proper skin closure.   

 

4.3.2 Characterization of mechanical properties 

 

Figure 4.3 shows how the elasticity (Young’s modulus) changes when different 

materials and additives are used for each of the breast phantom prototype tested.  These 

results are limited to US elastography measurements. 

 

The effect of sample temperature on the final phantom prototype’s parenchyma’s 

Young’s modulus is presented in Figure 4.4. The Young’s modulus of the phantom 

epidermis, and pig fat are also presented. In this figure, both results obtained by means of 

mechanical testing as well as shear wave US elastography are given. As a comparison, the 

published range of the Young’s modulus [222] for normal breast tissue of patients is 
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highlighted between the dashed lines. All measurements conducted with elastography were 

found to be within the published range, however, those obtained with mechanical testing 

were outside this range. This is expected since, although considered more accurate, 

mechanical testing is a different modality that is not appropriate for testing human organs 

in vivo since it requires ex vivo sample preparation. For shear wave US elastography, 

interobserver repeatability scans were found to lie within one standard deviation of the 

Young’s Modulus at room temperature. 
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Figure 4.3 Elasticity measurements for the different breast phantom prototypes tested. For reference, the material composition of each breast phantom components 

from Table 4.2 are repeated in this figure. Measurements were conducted using shear wave US elastography only.

prototype 
number

silicone type
(epidermis, 
parenchyma, 
chest wall)

additives
(material (%vol))

1 E30, E50, N/A mesh fabric (N/A)

2 E10, E10, E30 mesh fabric (N/A)

3 E20, E10, N/A mesh fabric (N/A)

4 E10, E10, E10 Slacker® (33%)

5 E10, E10, E10 Slacker® (66%)

6 E10, E10, E10 mesh fabric (N/A)

7 E10, E10, N/A silicone oil (30%)

8 E10, E10, E10 mesh fabric (N/A), 
silicone oil (30%)

9 E10, E10, E10 silicone oil (50%)



 

 136 

 

Figure 4.4 Elasticity measurements for the final breast phantom prototype’s components (parenchyma and epidermis) 

and pig fat, at various sample temperatures. Measurements were conducted using shear wave US elastography as well 

as mechanical testing. The reported range of patient data for breast fat and parenchyma acquired using shear wave US 

elastography [222] is shown between the dashed lines to contrast with the elastography measurements obtained. 

 

 The UTS and strain on rupture for phantom epidermis, phantom parenchyma, pig skin, and 

pig fat are shown in Table 4.3.  The pig skin required more force than the load cell capacity 

available with the CellScale Biotester (which is 5 N). Consequently, we were not able to obtain 

the UTS and strain on rupture for that sample. To provide a comparison, the reported values in 

Table 4.3 are for obtained from published UTS values for human skin. 
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Table 4.3 The ultimate tensile strength and strain on rupture as measured for the phantom parenchyma and skin, 

measured pig fat, and human skin (as reported in literature [223]). 

material UTS (MPa) strain on rupture (µm/	µm) 

phantom parenchyma 0.05 ± 0.01  5.63 ± 1.20 

phantom skin 0.23 ± 0.12 1.93 ± 0.69 

pig fat 0.09 ± 0.02 0.66 ± 0.20 

human skin 2.9 to 150 [223] -- 

 

4.3.3 Characterization of radiological properties 

  

The breast phantom’s components (chest wall, parenchyma, epidermis, and areola/ nipple) 

were visible on all imaging modalities. Figure 4.5 displays image slices from CT, MRI T1w, MRI 

T2w, and US scans after the tumour was extracted, surgical clips were placed, and OBS was 

conducted.  

 

 For CT images, the measured mean HU is 130 ± 10.  

 

The measured SNR and CNR for both the phantom parenchyma and surgical clips on CT, 

MRI (only parenchyma), and US images are listed in Table 4.4. 
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Figure 4.5 The breast phantom as appearing on a) a CT axial view (window= 600, level=400), b) an ultrasound planar 

view (window=250, level=130), c) MRI T1w (window= 650, level= 300) and d) T2w (window= 800, level= 300) 

sagittal views. Breast components are identified as 1- epidermis layer, 2- parenchyma, 3-nipple, 4- areola, 5- chest 

wall, 6- surgical clips. Note that MRI and CT views are not taken along the same axial slice to show different 

components. Images were acquired after the tumour was resected and surgical clips were placed. Surgical clips appear 

as a signal loss on MRI. 
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Table 4.4 Measured SNR and CNR for the phantom parenchyma and surgical clips on various imaging modalities 

(CT, MRI, and US). Imaging protocols can be found in Section 4.2.4.C.1. CNR is calculated between surgical clips 

and phantom parenchyma. Note that SNR and CNR involving surgical clips were not calculated on MRI images due 

to their lack of signal. 

imaging modality SNR CNR 

phantom parenchyma surgical clips 

CT 13 205 193 

MRI 
T1w 46 -- -- 

T2w 44 -- -- 

Ultrasound 27 49 36 

 

The breast phantom’s MRI T1 and T2 relaxation curves are shown in Figure 4.6, and the 

measured T1 and T2 relaxation times are listed in Table 4.5. As a comparison, values found in 

literature for patient data and silicone breast implants are also listed in this table.  

 

Table 4.5 A comparison of the measured T1 and T2 relaxation times for the breast phantom parenchyma to those of 

published values for silicone breast implants and patient breast fat. 

   relaxation time (ms) 

 breast phantom parenchyma silicone breast implant  

Ref. [224] 

breast fat (patient data) 

Ref. [225] 

    T1 764 ± 11 899 ± 32 372 ± 9 

T2 140 ± 10 160 ± 5 53 ± 2 
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4.4 Discussion 

 

One of the objectives for developing this breast phantom was to have a realistic model to 

mimic breast tissue for surgical simulation. The phantom had to be simple, practical to produce, 

and cost efficient. This phantom fabrication process relies on first making inverse molds, which 

can be customized to any shape or size. The inverse molds can be made of different materials. We 

found that thermoplastic molds are fast, taking less than 15 minutes to set, easy to make, and 

accessible. A silicone baby bottle was used to mold the nipple/ areola, which offered a stable and 

practical mold for our purposes. Contrary to our findings, while constructing a spongy silicone 

surgical breast model for oncoplasty training, Kilic et. al. [203] did not find that silicone based 

molds provided stable molds, and relied on specially machined aluminum molds. 

 

The overall cost per phantom was approximately 60 USD. Minimal materials were needed 

to make the phantom (the mold, a small scale, paint brushes, and a mixing bowl, and spatula) in a 

standard laboratory environment without the need of biosafety equipment. Each phantom required 

approximately 20 hours to complete, with the majority of time spent curing each component for 

>3-4 hours. Several phantoms can be made simultaneously if multiple molds are made. The 

phantom is made of non-toxic material and was constructed out of a two-part composite silicone 

and silicone pigment, which are commonly used for special effects in the film industry as 

demonstrated by Smooth-On Inc., USA, URL: https://www.smooth-on.com/applications/special-

effects-props/ (accessed on May 18, 2021). Due to its tactile similarities to breast tissue, silicone 

was found to be a suitable material to test. It is familiar in the medical field in its use as implantable 

materials [226], and implantable breast prostheses [227]. Using silicone breast prostheses 
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themselves would not have been appropriate for surgical simulation because they are not a solid 

material, but rather a sac-like object filled with silicone gel which leaks if the sac is punctured. In 

comparison, while the breast phantom had a similar “feel” to silicone breast prostheses, the final 

composition provided a stable (solid) material, with multiple layers to simulate various anatomical 

features (i.e., chest wall, parenchyma, epidermis, areola, and nipple). This provided a good model 

for surgeons to practice incision, skin undermining (which facilitates wide excision patterns and 

allows reshaping), tumour dissection, and suturing. 

 

 According to the surgeons, the phantom’s feel and response to gravity resembled that of 

fibroglandular tissue. Moreover, the phantom material was also amendable to rotations and re-

approximation, which is important for surgical maneuvers used in OBS. Without the silicone oil, 

the phantom parenchyma was too rigid for surgical simulation (Young’s modulus > 50 kPa). A 

material was needed to soften the silicone. The silicone manufacturer recommends a silicone 

tactile mutator (Slacker®, Smooth-On Inc., PA, USA), which works with their Ecoflex products 

to make the silicone rubber more “flesh-like”. Through our experiments, we found that even the 

maximum recommended amount of the Slacker material in a silicone rubber mixture did not 

provide the desired elasticity (as shown in Figure 4.3), and that mixing in more of the Slacker 

material in an attempt to improve the tactility compromised the integrity of the phantom—which 

became inconsistent, lumpy, and brittle, creating non-viable prototypes for surgical simulation. On 

the other hand, silicone oil was an effective additive and provided the desired result (see Figure 4.3 

and Figure 4.4 for elasticity measurements). The main disadvantage of adding silicone oil to the 

phantom’s parenchyma was that the cured parenchyma could not withstand the use of traditional 

suture materials within the parenchyma tissue. Nevertheless, suturing was easily achievable using 
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cotton yarn, which facilitated full surgical simulation. This can be explained by the measured UTS 

for phantom parenchyma which was nearly half that compared to measured pig fat; 0.05 ± 

0.01 MPa vs. 0.09 ± 0.02 MPa, respectively. The epidermis layer is considered by the surgeons to 

be more important for OBS closure, and in the case of the phantom’s epidermis, it was suitable for 

suturing with 3/0 suture. This was also confirmed with the measured UTS (for phantom epidermis, 

UTS= 0.23 ± 0.12 MPa). Human skin’s UTS varies largely depending on where the skin sample 

was obtained from, as well as the subject’s natural biological variation [228]. The lowest UTS 

value reported for human skin is 2.9 MPa [223], meaning that the phantom’s epidermis layer was 

roughly ten times weaker. The phantom’s skin layer could be additionally strengthened if more 

layers of the power mesh fabric were applied during that step, and a thicker coating of material 

was used to add a dermis layer as well. Initially, we also found that the phantom did not initially 

allow for large mammoplasty and wise pattern skin incision patterns. This challenge was overcome 

by adding more tissue surrounding the breast, to capture more of the anatomical features 

surrounding a breast that allowed the phantom to accommodate submammary fold closures. 

Another potential drawback is that with the addition of silicone oil, the phantom parenchyma’s 

viscosity increased. This effect was more noticeable when the phantom was warm. While it did 

not hinder the surgeons from completing their surgical simulation, subjectively they agreed that it 

was an undesirable effect. This can be mitigated if the phantom were to be stored at a temperature 

of 20-22°C prior to use. 

 

Radiological characterization showed that the phantom is compatible for CT, MRI, and 

ultrasound imaging. The breast phantom’s anatomical features (chest wall, parenchyma, 

epidermis, areola, and nipple) were discernable on all imaging modalities. Sufficient CNR and 
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SNR were reported for parenchyma, and surgical clips (except on MRI, where those clips resulted 

in signal voids). Preliminary studies show that the phantom can be used as a quality assurance 

(QA) tool for deformable image registration, and image guided radiotherapy; e.g., as in the case 

of fiducial tracking for liver stereotactic body radiotherapy, or potentially APBI. 

 

If prepared appropriately, agarose and agar MR gel phantoms can have similar T1 and T2 

relaxation times as human tissue [211]. Due to the fact that they are made of organic materials, 

agarose and agar MR phantoms suffer from having a short shelf life. Mazzara et al. [208] reported 

the use of polysaccharide gel to make an MR breast phantom that was found to be stable over a 

six-month period. However, as in the case of silicone breast prostheses, gel phantoms lack 

mechanical integrity. This work reports on a breast phantom with measured MR relaxation times 

closer to those found with silicone breast implants. Subsequently, while it cannot be used as a 

surrogate for breast tissue in quantitative MR imaging, its potential also lies as a QA phantom for 

deformable image registration (as in CT vs. MRI), as well as a QA tool for MR based radiotherapy 

applications (e.g., to assess needle placement for MRI guided brachytherapy).  

 

As mentioned earlier, sufficient SNR and CNR were reported for the surgical clips and 

phantom parenchyma. This suggests that the phantom can also be used as a QA or training tool to 

assess needle placement in US guided biopsies (such as in radiological breast biopsy) or 

brachytherapy (as in the case of prostate brachytherapy). One potential disadvantage of the 

phantom as a quantitative US phantom is that the expert radiologist regarded the breast 

parenchyma as hypoechoic compared to breast tissue. Indeed, as reported in literature [229], the 

phantom’s silicone based parenchyma provides low acoustic attenuation compared to breast tissue. 
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Nevertheless, this can be mitigated by adding scattering material such as Metamucil, as 

demonstrated by Bude et.al. [204]. Additional investigations are being conducted to address this 

issue. 

 

The phantom’s potential use as a biopsy or needle placement medium is supported by its 

measured UTS (refer to Table 4.3) and Young’s modulus, mechanically measured as 

13.4 ± 4.2 kPa and with shear wave US elastography as 30.2 ± 4.1 kPa, see Figure 4.4. Which also 

confirms that the breast phantom’s elasticity is similar to that of a fibroglandular tissue [222]. 

Ruschin et al. [205] reported on a breast phantom, which they also described as fibroglandular, 

given its Young’s modulus of 15.8 kPa ± 0.7 kPa (as measured by shear wave US elastography). 

Their gelatine gel-based phantom for brachytherapy needle insertion, however, the authors 

highlighted that it must be refrigerated and wrapped in cellophane to prevent drying, has a short 

shelf life, and is not reusable. As shown in Figure 4.4, our phantom’s elasticity was observed to be 

influenced by large variations in temperature. This is expected since the phantom contains 30% 

silicone oil. 

 

It has been shown that for breast tissue, different methods of measuring the Young’s 

modulus (e.g., mechanical or shear wave US elastography) may yield variable results [217]. This 

is due to many factors, including the conditions that the sample was measured under. For example, 

different preload compressions, testing techniques and inter-observer variability, as well as 

whether the sample was tested in vivo or ex vivo. Our results confirm that a variability in Young’s 

modulus measurements can exist depending on the testing technique (Figure 4.4). Based on the 

underlying physics, the mechanical results are more reliable [217] . Most often, it is difficult to 
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validate various techniques used to measure the mechanical properties of a single human tissue 

sample. Thus, the breast phantom can be used a quality assurance tool for testing the reliability 

and reproducibility of shear wave US elastography measurements. 

 

Given its properties, other potential applications for the phantom are; for low-cost, hands-

on training for fellows or residents to simulate highly invasive techniques (such as OBS) or less 

invasive techniques (such as biopsies); mass production for workshops; or for teaching in low-

resource areas without access to cadavers or commercial surgical models. The phantom can also 

be used to educate patients on breast cancer self-examination or as a model for OBS demonstration. 

It can be adapted for multidisciplinary pre-operative planning with general surgeons and plastic 

surgeons and can be used to facilitate communication of post-operative surgical clip placement 

with radiation oncologists. 

 

 

4.5 Conclusions 

 

In this chapter, we described a realistic breast phantom which improves on and combines 

the virtues of several existing phantoms used for various applications. The deformable breast 

phantom contained several anatomical features; breast parenchyma, chest wall, epidermis, areola, 

and nipple. The phantom is suitable for surgical simulation, and specifically for simulation of 

different OBS techniques. It has similar tactile properties as breast tissue. It is also compatible for 

multi-modality imaging on CT, MRI, and US. The phantom’s different anatomical features were 

visible on all imaging modalities. The phantom can be used by surgeons, radiation oncologists and 
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medical physicists in radiotherapy (e.g., for surgical simulation/ brachytherapy needle placement, 

as a QA tool for fiducial tracking, deformable image registration, and multi-image modality 

validation. It is also non-perishable, reusable, and made from non-toxic materials that can be safely 

prepared in any radiation oncology workshop or mold room.  

 

We conclude that the phantom’s ease of manufacturing, cost effectiveness, customizability, 

and radiological and mechanical properties make it a useful tool for multidisciplinary applications 

allied to radiotherapy. In addition to these properties, in order to be useful as a true radiotherapy 

end-to-end phantom, the phantom’s medium must also have suitable dosimetric characteristics. 

The next chapter (Chapter 5) addresses the dosimetric aspects of moldable silicone in detail, and 

the potential use of silicone as a material for constructing radiotherapy phantoms and bolus. After 

which, in Chapter 6, we show how a set of the same realistic breast phantoms introduced in this 

chapter are adopted to investigate the reliability of surgical clips placed during OBS as 

radiographic surrogates of breast tumour beds during breast radiotherapy treatment planning, and 

specifically, for APBI. 
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Chapter  5: Dosimetric Considerations of Moldable Silicones for 

Radiotherapy Bolus and Phantom Applications 

 

5.1  Introduction 

 

In the previous chapter, a novel deformable breast phantom was presented and 

demonstrated for surgical simulation and multi-modality imaging applications. A breast phantom 

which can be adapted for these applications can potentially be a useful tool for radiotherapy 

applications. Nevertheless, a phantom that is truly compatible as an end-to-end (E2E) radiotherapy 

tool (which includes radiation dose measurements, as defined in Section 1.4) must be made of 

material that is suitable for dosimetric applications. For this reason, the focus of this chapter is to 

investigate if the breast phantom material (i.e., moldable silicone) fulfills the required criteria for 

dosimetric applications as well. Moldable silicones have the potential to meet the growing demand 

for solid materials that are deformable and water-equivalent in radiotherapy, which are particularly 

useful for constructing patient-customized bolus and deformable phantoms.  

 

In radiotherapy, treatments are often prescribed for anatomical sites with irregular 

surfaces—such as the nose, ear, or breast. In these circumstances, the use of tissue equivalent 

material (bolus) compensates for or replaces missing tissue. This provides sufficient dose build up 

and ensures that the prescribed dose is delivered to the treatment site [30,38,230]. There are several 

characteristics that bolus materials require. Aside from being tissue equivalent, a bolus must be 

safe, cost-effective, and conform to an irregular skin surface. The latter is important to minimize 

air gaps and subsequently reduce undesirable dosimetric effects. To satisfy these requirements, 
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several materials have been historically used e.g., uncooked rice, dough, and water bags [129]. 

Practicality and ease of use are important factors in clinical application as well, and so wet cotton 

gauze, wet towels, or sheets of synthetic gel, such as Superflab (Radiation Products Design, Inc., 

Albertville, MN, USA), have become more popular over time. Other practical, tissue-equivalent 

moldable alternatives have also been investigated, such as dental BeesWax (Dentsply, York, PA, 

USA) [231] or even Play-Doh (Hasbrow, Pawtucket, RI, USA) [232]. Vyas et al. [231] presented 

a comprehensive overview on different types of bolus materials used in radiotherapy applications, 

and included information on their tissue-equivalence as well as other clinical considerations of 

commonly used materials such as Superflab, paraffin, uncooked rice, and thermoplastic pellets. 

They also provide information on early attempts in making bolus from silicone composites. 

 

As mentioned in the previous chapter, moldable silicones are generally non-toxic, easy to 

use, cost-effective, customizable, biocompatible, chemically stable, thermally stable, and durable 

(all of which are characteristics of an ideal bolus). From a chemical point of view, these silicones 

are generally categorized as synthetic polymers, which are made by repeating silicon to oxygen 

bonds, forming the primary inorganic polymeric chain, which also bonds to organic groups 

(usually methyl groups). The primary repeating unit of silicone is known as polydimethylsiloxane, 

or PDMS. Depending on the application and use, silicone is usually transformed into a stable 

composition by repeating the basic polymeric chain through cross-linking reactions, allowing the 

formation of chemical bonds between adjacent polymeric chains. The details of these chemical 

reactions can be found elsewhere [233], but in summary: there are three main mechanisms for 

curing or “cross-linking reactions”—cross-linking by condensation, cross-linking with radicals, 

and cross-linking by addition. Cross-linking by condensation requires no mixing and begins when 
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the prepared silicone product is released from its container and meets moisture in the air. Cross-

linking with radicals occurs when vinyl groups are present on the polymer chains and requires 

additional measures to ensure a stable product. Cross-linking by addition relies on reacting two 

chemical products, vinyl end blocked polymers and Si-H groups, and is catalyzed by Platinum or 

Rhodium compounds. The preferred mechanism varies by application. The preferred systems for 

silicone materials used in medical applications are condensation cross-linking or cross-linking by 

addition (i.e., Platinum cure) [233]. In addition to the silicone polymer chain, silicones (also 

referred to as silicone composites, silicone rubbers or silicone polymers) contain “filler” materials, 

which act to modify properties such as mechanical durability, hardness, and stickiness. To meet 

various application requirements, commercial silicones are available with different formulations 

and instructions for curing. 

 

Due to their many favourable properties, silicones have found widespread applications in 

medicine. These include their use in orthopedics, catheters, heart-bypass machines and valves, 

dental molds, restorative implants, and aesthetic implants (with silicone breast implants being the 

most widely recognized use) [212,213]. Recently, the use of silicone-based materials has been 

reported as advantageous for constructing customized bolus for high-energy photon and electron 

radiotherapy [234,235]. These materials have a similar mass density to water, which from a 

dosimetry point of view, is nearly equivalent to human tissue and is often used in dosimetric 

measurements. Silicone materials can also be manufactured to have similar tactile properties as 

human tissue. Nevertheless, the dosimetric properties of these materials must be accurately 

characterized before they can be safely used for radiotherapy applications.  
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Few experimental studies have investigated dose attenuation properties and tissue interface 

effects of silicone boluses. Perhaps the first group to report on this were Dubois and 

Bice et al. [236]. They looked at two different forms of silicone, an addition silicone impression 

material called Reprosil® (Caulk, Dentsply Lakeview & Clark Abe., Milford, DE, USA) which has 

a mass density of 1.470 g/cm3, and a condensation silicone impression material called Neo-Sil® 

(Pforzheim, Germany) which has a mass density of 1.079 g/cm3 and evaluated their use in 9 MeV 

electron beams. Compared with Solid Water™ (a practical commercial product used in lieu of 

water in medical physics experiments), they found that the dose reduction at a depth of 2.86 cm 

was 51.7% and 12.3%, for Reprosil and Neo-Sil, respectively, and eliminated their use as potential 

bolus materials in subsequent investigations using other beam energies. More recently, Canters et 

al. [234] created custom virtual bolus with a treatment planning system (TPS) using treatment 

planning CTs of 15 patients. In which, a digital shell was created, 3D printed, then used as a mold 

for forming an actual bolus made of silicone rubber (the exact type is not mentioned). Their 

proposed workflow for bolus construction was assessed based on comparing the geometric overlap 

of each constructed bolus to the originally contoured bolus. They also observed small differences 

in dose distributions of generated plans and measured setups. Chiu et al. [235] also proposed a 

similar workflow for generating a patient-specific bolus for head and neck radiotherapy with 6 and 

9 MeV electron beams and 6 MV photon beams. In their method, a shell is first created using 3D 

printing and then filled with platinum cure silicone. They reported that for the seven patients 

treated, in-vivo measurements with bolus were within 5% of the prescribed dose. 

 

In addition to the use of silicone composites as bolus, there has been increasing recent 

interest in employing these materials in anthropomorphic phantoms for radiotherapy applications. 
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For example, the durability and flexibility of these materials makes them useful for constructing 

deformable phantoms for adaptive radiotherapy and magnetic resonance guided radiotherapy. 

Applications include deformable phantoms for various anatomical sites, such as the thorax [237], 

prostate [238,239], liver [240], and breast [241] (also discussed in Chapters 4 and 6). In these 

studies, dose measurements were conducted using radiochromic film [238,240], optically 

simulated luminescent dosimeters [238], ionization chambers [241], or scintillators [240]. As 

mentioned before, however, a thorough investigation of the dosimetric properties of silicone has 

yet to be reported. 

 

In this chapter, we investigate the dosimetric properties of two types of moldable silicones 

used to construct the breast phantom prototype discussed in the previous chapter (Chapter 4). Here, 

dosimetric properties are characterized in high energy photon and electron beams, and the 

materials’ suitability as water substitutes for constructing bolus materials and radiotherapy 

phantoms is determined. 

 

This chapter begins with an overview of the materials (type of silicones) and investigation 

methodology adopted, which included empirically determining various dosimetric properties, 

experimental measurements, TPS calculations, and finally, Monte Carlo simulations. The results 

of each data set are discussed and contrasted., Following which, recommendations are provided 

for using silicones for dosimetric applications in radiotherapy for bolus and phantom construction. 
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5.2 Materials and Methods 

 

Two types of two-part composite platinum catalyzed moldable silicones were investigated 

using experimental measurements, TPS calculations, and Monte Carlo simulations. These are the 

same types of moldable silicones investigated in Chapter 4 (i.e., Ecoflex™ 00-10 (E10) and Ecoflex 

00-50™ (E50) (Smooth-On Inc., PA, USA) moldable silicones (MS)), and represent the extreme 

ends of this product line’s range, which are commonly used for making prosthetics in orthotics 

and in special effects applications to mimic the appearance of human tissue. Since Solid Water is 

generally regarded as dosimetrically equivalent to water, but is more practical to use than water in 

medical physics experiments, the dosimetric properties of moldable silicones were compared with 

Solid Water’s. In this study, we specifically sought to answer two questions: The first is, are there 

relative differences in high energy photon and electron radiation beam absorptions in moldable 

silicone (MS) compared with Solid Water (SW)? And the second is, how do these relative 

differences change when an interface of MS and SW is introduced at different depths? These 

questions are relevant to consider for bolus and deformable phantom construction. For bolus, the 

dose at the interface between the silicone material and skin (a water-like media) is of concern to 

clinical dose prescription with different thicknesses of bolus. For deformable phantom 

construction, it may be desirable to fix a dosimeter rigidly in Solid Water located at different depths 

within a surrounding deformable media to reduce measurement uncertainty. 

 

For any material of interest, it is possible to use stoichiometric data to determine key 

theoretical physical quantities that are relevant for evaluating radiation absorption of materials, 

such as the mass density ("), relative electron density (RED), effective atomic number (Zeff), mean 
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excitation energy, relative mean mass energy-absorption coefficient ratio for a medium (#!"
$%

#$%&'

(&)
), 

and the relative mean mass restricted stopping power ratio for a medium	(#*"
$%

#$%&'

(&)
). Because it 

was not feasible to obtain the exact formulation of E10 and E50 (due to proprietary information), 

the formula for generic silicone [233] was used to determine silicone’s quantities (i.e., C2H6OSi), 

and filler material (which is usually added in small amounts as parts per million) was not 

quantified. Table 5.1 lists stoichiometric data for this generic form of silicone, Solid Water, and 

water that were used to determine the aforementioned quantities. In this work, Zeff values were 

calculated using the classic Mayneord formulae [242]. The mean excitation energy was obtained 

from NIST’s ESTAR database [243]. The RED, #!"
$%

#$%&'

(&)
 for Co-60 and 6 MV spectra, as well as 

	#*"
$%

#$%&'

+,
with a cut-off energy of ∆= 10	keV for Co-60 and 6 MV spectra were determined using 

the same method reported by Ho and Paliwal [244] and Cunningham and Schulz [245], and by 

using data from the NIST ESTAR [243] and XCOM [246] databases.  
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Table 5.1 Stoichiometric data and fractional weight of each element found in different media of interest used in this 

study. Each element is listed with its atomic number (Z), provided in brackets. 

 fractional weight 

Medium H (1) C (6) N (7) O (8) Si (14) Cl (17) Ca (20) 

Silicone 0.081 0.324 -- 0.216 0.379 -- -- 

Solid Water 

(RMI457) 

0.081 0.672 0.024 0.198 -- 0.001 0.023 

Water 0.112 -- -- 0.888 -- -- -- 

 

5.2.1 Description of phantoms 

 

A custom-built, acrylic cuboid (15 x 15 cm2 inner base area, 6 mm wall thickness, 10 cm 

height) was used as a mold for constructing silicone slabs with variable thicknesses (heights). This 

allowed measurements to be performed in a simple, reproducible geometry. Six silicone slabs were 

constructed: Three using E10, and three using E50— each three corresponding to each silicone 

type having different features. The first slab types were 1.5 cm thick (with a 15 x 15 cm2 base 

area). The second were 5.0 cm thick (with a 15 x 15 cm2 base area). The third was also 5.0 cm 

thick (with a 15 x 15 cm2 base area) with an enclosed embedded slot for securely positioning an 

Advanced Markus® plane-parallel ionization chamber (IC) (S/N: 00815, Model TN34045, PTW 

Freiburg, Germany) flush against one of the slab’s surfaces. The slot was created by placing a 

plastic IC dummy (which had the same dimensions as this parallel-plate IC) at the central axis on 

the base of the mold, such that when the silicone cured the dummy would be removed and replaced 

by the Markus IC. Figure 5.1 shows the custom-built mold, Markus IC dummy, and molded 

silicone slabs. Both types of silicone were left to cure for a minimum of four hours, as 
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recommended by the manufacturer. Since silicone is a deformable material (particularly the E10 

type), the total uncertainties related to producing and setting up silicone slabs with the stated 

thicknesses were determined by measuring the dimensions of cured silicone slabs with a caliper 

(within 0.1% measurement precision).  

 

 In addition to the six silicone phantom slabs, four Solid Water™ slabs (Gammex-RMI, WI, 

USA) were used in our experimental measurements. One of these slabs was 1.5 cm thick, two were 

5.0 cm thick, and the fourth was also 5.0 cm thick with an embedded slot to fit a Markus IC flush 

against one of its surfaces.  
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Figure 5.1 The molding process for the silicone slabs included using a custom-built acrylic open faced 

cuboid container, which had an optional Markus IC dummy insert that can be added at the base to form a 

slot for IC placement. The molded E10 and E50 silicone slabs are shown on the right-hand image. Slabs 

were wrapped in a thin cellophane plastic to prevent accumulation of dust. 

 

5.2.2 Experimental setup 

 

As stated above, this study focused on two main aspects of using silicone; when it is used 

as a full medium for radiation absorption measurements (dose measurements), or when a certain 

thickness of silicone is placed on top of another type of medium, creating an interface at the point 

of dose measurement. Figure 5.2(a) provides a pictorial representation of the six slab 

configurations used experimentally, in CT imaging and TPS calculations, and in Monte Carlo 

simulations. Details of each process are provided separately below. As described below, 

IC plastic dummy

molded IC slot
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experimental measurements were performed in Co-60 and 6 MV photon beams and 6 MeV and 

15 MeV electron beams, using both radiochromic film and a parallel-plate IC.
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Figure 5.2 Pictoral representations of the experimental setups used for each beam type. Photon beams were measured 

at depths of 1.5 cm and 5.0 cm: setups (1), (2), (3), (4), (5), and (6) as shown in (a) and (b). Electron beams were 

measured using 1.5 cm depth slabs: setups (1), (2), and (3) as shown in (a). IC measurements were conducted in the 

lower MS slabs that were made to fit the IC flush against its surface. The measurement points (at the interfaces) are 

identified with the “x” marker in the illustrations shown in (a) and (b) and evaluated dose ratios are shown in grey 

boxes. Measurements are compared to Monaco TPS calculations for 6 MV and to EGSnrc Monte Carlo simulations 

for Co-60 and 6 MV at the same depths. An example of one of the setups used for measurements in the Co-60 beam 

is provided in (c), in which the acrylic mold was used as a frame (the base was removed) to maintain the silicone slabs 

in an upright position for a lateral beam orientation. An example of one of the setups used for measurements in the 

6 MV beam, using the Markus IC, is provided in (d). Measurements for 6 MeV and 15 MeV electron beams were 

conducted with a 10 x 10 cm2 electron applicator in a similar setup to that shown in (d). 
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Radiochromic Film: 

 

Radiochromic film is known to have negligible effects on radiation fluence, and so film 

measurements were performed to validate IC measurements which were acquired at phantom slab 

interfaces. EBT3 Gafchromic films (Ashland Inc., Wayne, NJ, USA) were pre-cut and divided into 

two pieces. For each irradiation, a larger piece was used for film dose measurement, and a smaller 

piece was used as dedicated control piece to account for darkening due to heat and light exposure 

and to estimate unirradiated film baseline homogeneity and scan repeatability. Because two 

separate batches of films were used for Co-60 measurements and for linac measurements, two 

separate calibrations were performed. For Co-60 measurements, film calibration was performed 

using the primary standard Co-60 gamma teletherapy irradiator (GammaBeam X200™, Best 

Theratronics Ltd., Ottawa, Ontario, Canada) at the Ionizing Radiation Standards Laboratory at the 

National Research Council in Canada. At the time of measurements, it had a nominal dose rate of 

48.8 cGy/min at a reference depth of 5 cm in water, for a 10 × 10 cm2 field size, 100 cm SSD. For 

linac measurements, film calibration was performed using a 6 MV photon beam from a clinical 

linear accelerator (Elekta Synergy, Elekta Instrument AB, Stockholm, Sweden). Film calibration 

was performed following a procedure similar to what was described by Devic et al. [247]. Film 

orientation was maintained by marking the upper left edge of the film, and by using a custom-

made template which exactly fits both the measurement film as well as its control piece. The films 

were always placed in the same location on the scanner bed for pre-irradiation and post-irradiation 

scans. Each film was scanned three times and averaged, and three warm-up scans were taken prior 

to scanning. All films were scanned and irradiated using the same configuration: in transmission 

mode, 48-bit color, 150 DPI, with an Epson 10000XL scanner (Seiko Epson Corporation, Suwa, 
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Nagano, Japan), and by using the red channel for Co-60 measurements, and the green channel for 

linac measurements. Film readout was performed using MATLAB (MathWorks, Inc., Natick, MA, 

U.S.A, v. R2020b) by using a 0.5 cm diameter region-of-interest sampled to the centre of each 

film. An average of the mean net optical density in each region of interest was used to calculate 

the average dose for each setup. 

 

Measurements in photon and electron beams:  

 

 For each of the configurations shown in Figure 5.2(a) and (b), dose measurements at the 

central-axis position were performed using film and the Markus IC (with the protection cap on). 

IC measurements were conducted using a Keithley electrometer (S/N: 8-8278, Model 35040, 

Advanced Therapy Dosimeter, Fluke Biomedical, Everett, WA, USA) set on -300 V bias. Photon 

beam measurements were performed using the Co-60 irradiator described above (setup shown in 

in Figure 5.2 (a) and (b)) as well as 6 MV photon beam from a clinical linear accelerator (Elekta 

Synergy, Elekta Instrument AB, Stockholm, Sweden, setup shown in Figure 5.2(d)). 

Measurements were performed at depths of 1.5 cm and 5.0 cm, 10 x 10 cm2 field size, 100 cm 

source-to-axis distance (SAD), as shown in Figure 5.2(c) and using an irradiation time of 2.05 

minutes to deliver 100.0 cGy at the measurement point. 6 MV photon beam measurements were 

also performed (setup shown in Figure 5.2(d)) using a clinical linear accelerator (Elekta Synergy, 

Elekta Instrument AB, Stockholm, Sweden), at depths of 1.5 cm and depths of 5.0 cm, 10 × 10 

cm2 field size, 100 cm SAD, and 1000 Monitor Units (MU). Electron beam measurements were 

performed using 6 MeV and 15 MeV beams with a clinical linear accelerator (Elekta Infinity, 

Elekta Instrument AB, Stockholm, Sweden), at depths of 1.5 cm, 10 ×  10 cm2 electron applicator 
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size, 100 cm SAD, and 1000 MU. Measurements conducted at the NRC employed a fixed Co-60 

head to irradiate with a highly precise and reproducible lateral beam setup. Because the silicone 

slabs could sag when positioned on their short side, the acrylic mold was used as a frame to 

maintain the silicone slabs in a flat upright position for a lateral beam orientation (as shown in 

Figure 5.2(c)), keeping the beam direction orthogonal to the slab surface. The base of the mold 

was removed so it would not interfere with the dose readings. In order to reduce the overall 

uncertainty on film readings [248], four pieces of film were stacked on top of each other and 

irradiated simultaneously for 6 MV and 6 MeV linac measurements. Due to the low dose rate of 

the Co-60 beam, the need of a long irradiation time to achieve a sufficient dose level, and other 

logistical reasons (such as the lateral irradiation geometry and limited access) this set of 

measurements permitted only one piece of film to be used per setup during Co-60 irradiations. 

Similarly, due to limited access during the COVID-19 pandemic Ontario lockdown restrictions, 

and since no significant differences were expected between dose ratios from 6 MeV and 15 MeV 

electron beam energies, 15 MeV dose measurements were performed using one piece of film as 

well.  Measurements conducted using the linac were performed using a vertical beam orientation 

(in Figure 5.2(d)). In order to reduce the overall uncertainty on film readings [248] for these 

experiments, slabs were used which allowed for four pieces of film stacked on top of each other 

to irradiated simultaneously.  

 

Three readings were obtained for each beam type, beam energy, and setup configuration, 

and dose ratios were determined as illustrated in in Figure 5.2(a). The dose/ reading measured with 

an upper slab of silicone and a lower slab of Solid Water (MS-SW), relative to the dose/ reading 

measured with an upper slab of Solid Water and a lower slab of Solid Water (SW-SW): i.e.,  
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0,-.,-
+,.,- (at 1.5 cm depth for photon and electron beams) and 0,-.,-

+,.,- (at 5.0 cm depth for photon 

beams). Similarly, an average of the three readings were used to determine the dose/ reading 

measured with an upper slab of silicone and a lower slab of silicone (MS-MS), relative to the dose/ 

reading measured with an upper slab of Solid Water and a lower slab of Solid Water (SW-SW): 

i.e.,  0,-.,-
+,.+,  (at 1.5 cm depth for photon and electron beams) and 0,-.,-

+,.+,  (at 5.0 cm depth for 

photon beams). Alongside these ratios, the total uncertainties for film and IC measurements were 

also estimated by considering the film calibration process, the precision of the silicone molding 

process, dose calibration factors, beam setup, silicone slab thickness during measurements, as well 

as setup uncertainty and dose/ reading reproducibility, where applicable. These were determined 

for the different radiation beams separately and listed in an uncertainty budget below. 

 

 0,-.,-
+,.,- and 0,-.,-

+,.+,  values and associated uncertainties were then compared to values 

determined from TPS calculations and MC simulations, as described below. 

 

 

5.2.3 CT imaging and TPS calculations 

 

Using the slab orientation for vertical beam irradiation (Figure 5.2(c)), CT images of the 

six configurations (shown in Figure 5.2(a) and (b)) were acquired with a radiotherapy CT simulator 

(Brilliance Big Bore, Philips Medical Systems, Cleveland, USA), and with an image resolution of 

0.4 mm × 0.4 mm × 0.4 mm, 120 kVp, 350 mAs. The image sets were imported into the Monaco® 

TPS (v. 5.11.02, Elekta Instrument AB, Stockholm, Sweden), and the external contours of each 

slab were contoured.  
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 The Monaco® TPS [249] uses a specified CT-to-Electron Density (ED) table to convert a 

CT image pixel’s Hounsfield Unit (HU) value to an ED value [250]. The HU values for each image 

pixel in the contoured structure are mapped to RED values using a user specified CT-to-ED file. 

This file is based on measurement data obtained with a phantom which houses inserts made of 

tissue mimicking materials with standard compositions [251] such as lung, adipose, water, muscle, 

cartilage, bone, aluminum, and iron. Once the ED is determined, this value is subsequently used 

by the dose calculation algorithm to determine material characteristics required for dose 

calculation: such as, mass density ("), photon mass attenuation coefficient (!"), electronic 

(collisional) mass collisional stopping power (,!"#" ), electron scattering power, etc. Consequently, 

for accurate dose calculation using the TPS, it is important to use the correct RED value for a 

particular material. 

 

 When plastic or silicone materials are used, the CT-to-ED file may not be appropriate to 

apply directly since the composition of these materials can differ from tissue’s. To ensure that TPS 

dose calculations were free of systematic errors resulting from a potential material 

misrepresentation, the correct RED value was applied by overriding the silicone slab contours’ 

voxels during calculations. The RED value automatically reported by the TPS was measured at 

the centre of each silicone slab and noted for comparison purposes only. 

 

 A treatment plan was generated for each of the setup configurations shown in Figure 5.2(a) 

and (b), and in accordance with measurement conditions. The plan isocentre (100 cm SAD) was 

set as the interface of the two slabs. For 6 MV photon beams, both 1.5 cm thick and 5.0 cm thick 
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upper slabs were used (a total of six plans). For 6 MeV and 15 MeV electron beams, only 1.5 cm 

thick upper slabs were used (a total of three plans).  

 

Two dose calculation algorithms were employed for 6 MV photon beam calculations. 

Collapsed Cone Convolution (CC) and XVMC [252] Monte Carlo implementation (MC). The 

dose-to-medium was calculated using 0.1 cm grid spacing, and for MC with 0.1% uncertainty. The 

central-axis (CAX) dose was measured at 100 cm SAD, using a 0.25 cm area-of-interest radius (or 

corresponding to 81 points). The beam model used for all calculations was for an Agility MLC 

linear accelerator (Elekta, Instrument AB, Stockholm, Sweden). For 6 MeV and 15 MeV, the 

VMC [253] MC implementation dose calculation algorithm was used to calculate dose-to-medium 

with 0.1 cm grid spacing, and 106 histories, with a 0.1 cm area-of-interest radius was used 

(corresponding to seven points of interest and a standard deviation of 1%). Similar to experiments, 

for 6 MV, 6 MeV, and 15 MeV, the values reported from TPS calculations are 0,-.,-
+,.,- and 

0,-.,-
+,.+,  for depths of 1.5 cm (for photon and electron plans) and 5.0 cm (for photon plans).  

 

5.2.4 Monte Carlo simulations 

 

In order to validate experimental data and TPS calculations with photon beams, Monte 

Carlo simulations were carried out using EGSnrc/DOSXYZnrc [254]. Voxelized dose calculation 

geometry files were created to emulate the experimental setups and phantom material geometries 

described above. Simulations were performed using HEN_HOUSE input spectra data files 

co60.spectrum and mohan6.spectrum, for Co-60 and 6 MV beams, respectively. The number of 

particle histories were set at 7 x 109 to maintain a statistical uncertainty of ≤	0.3% (k=1) over the 
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scoring depth. The cross-section data was generated using the PEGSLESS option, using the 

stoichiometric data for silicone and Solid Water, as provided in Table 5.1 and Table 5.2. Photon 

and electron cut off energies were set as 0.010 MeV, and 0.521 MeV, respectively. The EXACT 

boundary crossing algorithm, PRESTA-II electron-step algorithm, spin effects were on (to 

accurately model backscattering effects), Bremsstrahlung angular sampling was set as Simple, and 

the Bethe-Heitler bremsstrahlung cross sections were used. No other variance reduction techniques 

were employed. For each energy, and all the configurations shown in Figure 5.2, the dose was 

scored for a 1.0 x 1.0 cm2 region-of-interest area and sampled along the central-axis of the beams 

in phantom material at 100.0 cm SAD ± 0.5 cm in 0.1 cm increments. For each energy and depth, 

the dose was then normalized to the dose obtained at 100 cm SAD for a SW-SW setup (i.e., 

0,-.,-
+,.,- and 0,-.,-

+,.+,).  

 

5.3 Results 

 

5.3.1 Dosimetric quantities of silicone 

 

Table 5.2 lists the dosimetric quantities determined for generic silicone. Within the energy 

range investigated, #!"
$%

#$%&'

(&)
is predominantly due to incoherent scattering (Compton interactions). 
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Table 5.2 Physical quantities related to radiation attenuation and absorption, as reported for generic silicone, and 

compared to common materials used in radiotherapy dosimetry (namely, Solid Water and Water).  

  Material 

Silicone Solid Water (RMI457) Water 

& (g/cm3) 1.01  1.03 1.00 

Zeff 10.65 7.40 7.42 

RED 0.983 1.01 1.00 

Mean Excitation Energy (eV) 93.80 70.00 75.00 

'!"
()
#$%&'

(&)
 for Co-60 0.975 0.944 1.00 

'!"
()
#$%&'

(&)
 for 6 MV 0.975 0.973 1.00 

	'*"
()
#$%&'

(&)
 for Co-60, with ∆= 10	keV   0.930 1.067 1.00 

	'*"
()
#$%&'

(&)
 for 6 MV, with ∆= 10	keV   0.929 1.080 1.00 

  

 

5.3.2 Experimental and TPS calculations 

 

Table 5.3 and Table 5.4 list the sources of uncertainties for the Markus IC and EBT3 film 

measurements, respectively, and for both photon and electron measurement conditions. The 

combined uncertainty (k=1) for measurements conducted in all beam types and energies were 

0.92% for IC with all beam types and energies. The combined uncertainties (k=1) for film 

measurements were higher for Co-60 and 15 MeV beams (2.06%) compared with 6 MV and 
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6 MeV beams (1.11%), also confirming that using four pieces of film and film-specific control 

piece greatly can greatly reduce the combined uncertainty on dose reading measurements.  

 

Table 5.3 Uncertainty budget of dose value readings of the Markus IC measurements in both photon (Co-60 and 

6 MV) and electron (6 MeV and 15 MeV) beams.  

Category of 

uncertainty 

Source of uncertainty  Uncertainty (%) Remark 

Measurement 

Setup 

Front-pointer setting 0.03 Measured 

Field size setting 0.02 Measured 

Depth setting (drilling accuracy) 0.17 Measured 

Temperature and pressure variation 0.01 Measured 

Humidity change 0.05 Measured 

Silicone slab thickness variation (sag) 0.26 Measured 

Shutter error (for Co-60 beams) 0.00 Measured shutter 

error is 3 

milliseconds 

Ionization 

chamber-related 

N$,&'()*+ 0.50 Obtained directly at 

the NRC 

Ionization chamber stability 0.00 Measured 

Leakage current 0.05 Measured 

Solid Water phantom material variability 0.70 Source: AAPM TG-

51 Addendum [125] 

Combined uncertainty (k=1) 0.92  

Combined uncertainty (k=2) 1.84 
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Table 5.4 Uncertainty budget of net optical density readings obtained with EBT3 film for photon and electron beams. 

Note that Co-60 photon beams and 15 MeV electron beams were performed using one piece of film only, whereas 

6 MV photon beams and 6 MeV electron beams were performed using four pieces of film which resulted in a reduced 

overall uncertainty. 

Category of 
uncertainty 

Source of uncertainty  Uncertainty (%) Remark 
Co-60 and 15 MeV 

beams 
6 MV and 6 MeV 

beams 
Measurement 
Setup 

Front-pointer setting 0.03 0.03 Measured 
Field size setting 0.02 0.02 Measured 
Depth setting (drilling 
accuracy) 

0.17 0.17 Measured 

Temperature and pressure 
variation 

0.01 0.00 Measured 

Humidity change 0.05 0.00 Measured 
Silicone slab thickness 
variation (sag) 

0.26 0.26 Measured 

Shutter error (for Co-60 
beams) 

0.00 0.00 Measured shutter 
error is 3 
milliseconds 

Ionization 
chamber-related 

N$,&'()*+ 0.50 0.00 Obtained directly 
at the NRC 

Ionization chamber 
stability 

0.00 0.00 Measured 

Leakage current 0.05 0.05 Measured 
Solid Water phantom 
material variability 

0.70 0.70 Source: AAPM 
TG-51 Addendum 

[125] 

EBT3 Film-
related 
 
 
 
 
 
 

Scanner uniformity 0.28 0.28 Source: Van 
Battum et al [248] 

Lateral correction 1.00 0.00 Measured 
Calibration curve fitting 0.50 0.30 Measured 
Intrabach variations 0.28 0.28 Measured 
Background 0.50 0.00 Measured 
Energy dependence 0.50 0.00 Source: Van 

Battum et al [248] 
Angular dependence 0.50 0.00 Source: Van 

Battum et al [248] 
Intrinsic film homogeneity 1.10 0.60 Source: Van 

Battum et al [248] 
Combined uncertainty (k=1) 2.06 1.11  
Combined uncertainty (k=2) 4.12 2.21 

 



 

 169 

A comparison of 0,-.,-
+,.,- and 0,-.,-

+,.+,  values in phantom material at the measurement 

plane (for 1.5 cm and 5.0 cm depths, 100 cm SAD, 10 x 10 cm2 field size) from experimental 

measurements and MC simulations in the Co-60 photon beam are listed in Table 5.5. In addition 

to experimental measurements and MC simulation ratios, the ratios obtained from TPS calculations 

are also listed for the 6 MV photon beam and electron beams (6 MeV and 15 MeV) in Table 5.5, 

Table 5.6, and Table 5.7, respectively. For electron beams, only ratios at 1.5 cm depths are 

provided. In Table 5.5, Table 5.6, and Table 5.7, experimental data for the two silicone types (E10 

and E50) are provided separately, whereas data from TPS calculations and MC simulations are 

provided for the generic form of silicone.  
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Table 5.5 !!"#!"$!#!"  and !!"#!"$!#$!  values at 100 SAD and variable depths, in a Co-60 photon beam from experimental measurements and MC simulations 

(DOSXYZnrc). Note that MC simulations were performed for a generic form of silicone, therefore the same simulation output data is provided for both types of 

silicone (E10 and E50). 

 !!"#!"
$!#!" !!"#!"

$!#$!  

Depth (cm) Method E10 Silicone E50 Silicone E10 Silicone E50 Silicone 

1.5 

Markus IC 0.943 ± 0.013 0.945 ± 0.013 0.951 ± 0.013 0.945 ± 0.013 

Film 0.950 ± 0.028 0.959 ± 0.028 1.009 ± 0.029 1.025 ± 0.030 

MC (DOSXYZnrc) 0.983 ± 0.004 0.990 ± 0.004 

5.0 

Markus IC 0.937 ± 0.013 0.935 ± 0.013 0.925 ± 0.013 0.932 ± 0.013 

Film 0.968 ± 0.028 0.983 ± 0.029 1.037 ± 0.030 1.018 ± 0.030 

MC (DOSXYZnrc) 0.991 ± 0.004 1.001 ± 0.004 
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Table 5.6 !!"#!"$!#!"  and !!"#!"$!#$!  values at 100 cm SAD and two depths, in a 6 MV photon beam from experimental measurements, TPS-CC calculations (using 

Collapsed Cone Convolution Algorithm), TPS-MC (using Monaco’s MC Calculation Algorithm) and MC simulations (DOSXYZnrc). Note that MC simulations 

and TPS calculations were performed for a generic form of silicone, therefore the same resulting output data is provided for both types of silicone (E10 and E50). 

 !!"#!"
$!#!" !!"#!"

$!#$!  

Depth (cm) Method        E10 Silicone E50 Silicone E10 Silicone E50 Silicone 

1.5 

Markus IC 0.960 ± 0.012 0.961 ± 0.012 0.957 ± 0.012 0.953 ± 0.012 

Film 0.970 ± 0.012 0.959 ± 0.012 0.998 ± 0.012 0.980 ± 0.012 

TPS-CC 1.001 ± 0.011 0.998 ± 0.011 

TPS-MC 1.001 ± 0.008 0.999 ± 0.013 

MC (DOSXYZnrc) 0.979 ± 0.003 1.009 ± 0.003 

5.0 

Markus IC 0.932 ± 0.012 0.947 ± 0.012 0.944 ± 0.012 0.939 ± 0.012 

Film 0.948 ± 0.011 0.960 ± 0.012 0.995 ± 0.012 0.982 ± 0.012 

TPS-CC 0.992 ± 0.018 0.996 ± 0.017 

TPS-MC 0.998 ± 0.018 0.996 ± 0.017 

MC (DOSXYZnrc) 0.978 ± 0.003 1.009 ± 0.003 
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Table 5.7 !!"#!"$!#!"  and !!"#!"$!#$!  values at 100 cm SAD and 1.5 cm depth, in a 6 MeV and 15 MeV electron beams from experimental measurements and TPS-MC 

(using Monaco’s MC Calculation Algorithm). Note that TPS calculations were performed for a generic form of silicone, therefore the same calculation data is 

provided for both types of silicone (E10 and E50). 

 !!"#!"
$!#!" !!"#!"

$!#$!  

Energy (MeV) Method E10 Silicone E50 Silicone E10 Silicone E50 Silicone 

6 

Markus IC 1.022 ± 0.013 1.001 ± 0.013 1.027 ± 0.013 1.000 ± 0.013 
Film 1.003 ± 0.012 0.983 ± 0.012 1.041 ± 0.012 1.019 ± 0.012 
TPS-MC 1.005 ± 0.005 0.988 ± 0.005 

15 

Markus IC 1.011 ± 0.013 1.013 ± 0.013 1.014 ± 0.013 1.010 ± 0.013 
Film 1.022 ± 0.030 1.008 ± 0.029 1.011 ± 0.029 1.020 ± 0.030 
TPS-MC 1.012 ± 0.006 1.001 ± 0.006 
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5.3.3 Monte Carlo simulations 

 

The relative doses obtained through MC (DOSXYZnrc) for the simulated photon 

beams are shown in Table 5.3 as follows: (a) Co-60 at 1.5 cm depth; (b) Co-60 at 5 cm 

depth; (c) 6 MV at 1.5 cm depth; and (d) 6 MV at 5 cm depth. Data plotted is presented 

along the beam’s direction in phantom material. The values at 100 cm SAD are the relative 

doses (!!"#!"
$!#!" and !!"#!"

$!#$! 	) presented in Table 5.6. For all beam energies and depths in 

phantom material, a visible perturbation is present just beyond 100 cm SAD are shown 

when an interface of silicone and Solid Water (MS-SW) is present. 
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Figure 5.3 MC (DOSXYZnrc) simulation results showing relative dose values around the interface of two 

phantom slabs when different configurations of material placements were used: top and bottom phantoms 

slabs are Solid Water (SW-SW), the top slab is molded silicone and the bottom slab is solid water (MS-SW), 

or the top and bottom slabs are molded silicone (MS-MS). Results are shown using a Co-60 photon beam 

with a 1.5 cm top phantom slab thickness (a) and a 5.0 cm top phantom slab thickness (b), as well as for a 6 

MV photon beam with a top phantom slab thickness of 1.5 cm (c), and a top phantom slab thickness of 5.0 

cm (d). In all cases, the dose is presented relative to the dose at 100 cm SAD for the SW-SW setup at each 

respective depth and beam energy. The field size and SAD for all simulations were 10 x 10 cm2, and 100 cm, 

respectively, and all simulations yielded values with uncertainties below 0.3%. Dose ratios from film 

measurements made with silicone E10 and E50 types are also shown for comparison. 
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5.4 Discussion 

 

E10 and E50 silicone composites provide ease of use for accurate construction of 

molded phantoms. The molding process demonstrated was simple and provided a 

reproducible setup for conducting IC and film dose measurements at the interface of two 

slab phantom planes. 

 

Due to their mass density and electron density being similar to water’s, E10 and 

E50 were expected to be suitable for applications in MV photon radiotherapy and 

dosimetry—where Compton scattering interactions dominate. If we consider 

measurements conducted with Co-60 and 6 MV photon beams using film (which is more 

reliable than the Markus IC measurements since film has negligible radiation fluence 

perturbation effects), the relative dose ratios resulting from MS-MS or MS-SW setups were 

up to 5% different than with a SW-SW setup see (Table 5.5 and Table 5.6). In these cases, 

the difference in dose ratios were more prominent when the phantom setup configuration 

comprised an interface of two media (MS-SW), as opposed to being fully constructed of 

silicone (MS-MS). Indeed, when silicone was used alone (MS-MS), the dose ratios were 

up to 4% higher, and 2% lower, in Co-60 and 6 MV photon beams, respectively. That is to 

say that using a phantom made purely of silicone would have more dosimetric tissue 

equivalence in the higher energy photon beam at both measurement depths (1.5 cm or 

5.0 cm). Furthermore, based on its relative dose attenuation in 6 MV photon beams, E10 

(which is more deformable than E50 and is mechanically similar to human tissue [241]) 

seems to be better suited for phantom and bolus applications.  
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The difference between measured dose values obtained in E10 and E50 materials 

may be related to differences in their chemical composition. As mentioned previously, in 

addition to the repeating silicone polymers in silicone composites, these materials are 

manufactured to incorporate small amounts of “filler” material. Filler material types range 

from carbon, to silica, titanium, or barium sulfate. Due to proprietary information, it was 

not possible to obtain the exact formulation of E10 and E50 from the manufacturer, so the 

measured dose differences between the two materials could not be identified with certainty 

because of the presence of differences in filler materials. Only a detailed chemical analysis 

could offer quantifiable data. It is important to note that different silicone composite 

product lines or different manufacturers can rely on different types and quantities of filler 

materials to generate variable degrees of hardness or softness, radiopacity, or viscosities 

for example. Nevertheless, due to the predominance of the photoelectrical effect at low 

photon energies, it was expected that the potential presence of more high atomic number 

elements in E50 (which is inferred from its higher shore-hardness compared to E10) would 

reflect increased dose attenuation when measurements were conducted in the lower photon 

energy. Indeed, we found that compared with measurements in Solid Water, using E10 and 

E50 in 6 MV photon beams caused less dose differences than in Co-60 photon beams. Dose 

discrepancies would likely be even more noticeable for kV photon energy ranges, 

particularly due to the presence of a high amount of silicon (Z= 14) in silicone composites 

(see Table 5.1). 

 

For all photon beam measurements, dose ratios obtained with the IC were 

consistently lower than those obtained with film (see Table 5.5 and Table 5.6). MC 
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simulations were employed to investigate these differences. Simulations results showed 

that for a generic form of silicone (with no distinction between E10 and E50) at both depths 

in Co-60 (see Table 5.5) and 6 MV photon beams (see Table 5.6), !!"#!"
$!#!" and !!"#!"

$!#$!  

dose ratio values had the same trend as those obtained with film. 

 

In accordance with film measurements, !!"#!"
$!#!" and !!"#!"

$!#$! 	values differed at 

both depths in 6 MV photon beams MC simulations (see Figure 5.3). This again alludes to 

the fact that conducting dose measurements entirely within silicone material will yield 

results within 2% of those conducted in Solid Water, but larger differences can be expected 

if silicone is placed on top of Solid Water to create an interface of the two materials. While 

further investigation is needed, this may be due to local changes in electron fluence within 

the two materials, as discussed below. These results can also be clearly visualized from 

MC simulation data shown in Figure 5.3, where, at both 1.5 cm and 5.0 cm depths, a 

reduction in the scored dose is observed at (~2%) and 0.1 cm beyond (~4%) the interface 

of MS-SW phantom configurations. This finding is relevant to consider in applications 

where silicone composites may be used to mold a bolus for a patient’s radiotherapy 

treatment [235,255], or when they are used to construct phantoms for radiotherapy 

applications using multiple materials [237,238,240,256]. 

 

TPS calculations were also performed using a generic form of silicone. In this case, 

a corrected RED value of 0.983 was used instead of the TPS determined value of 

1.055 ± 0.003. Two dose calculation algorithms (TPS-CC and TPS-MC) were applied to 

establish any potential errors caused by using an algorithm that did not fully account for 
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lateral scatter (CC) [257]. In the simple geometry used, no observable differences were 

found when comparing the point dose ratios obtained with the two dose calculation 

algorithms (refer to Table 5.6) where !!"#!"
$!#!" and !!"#!"

$!#$!  were all below 1.0%. CC 

algorithms are generally regarded as accurate for simple geometries [258], such as the 

configurations tested. For accurate TPS dose calculation, and in the case that more 

complicated calculation geometries and material configuration are to be used, the TPS-MC 

dose calculation algorithm would offer more reliable results. When an interface of MS-SW 

was used, results from MC simulations were approximately 2% lower than those from TPS 

calculations. This is related to the differences in %%&
&'

'()*+

,-.-/01*
 and 	%2&

&'
'()*+

,-.-/01*
 (see Table 5.2), 

because the TPS will not accurately model silicone’s true dose absorption compared to 

water. During MV photon dose calculation, the Monaco TPS uses the RED value to 

determine the associated mass density, which, according to Monaco’s TPS Dose 

Calculation Manual [249], equates to a mass density of 0.983 g/cm3 for silicone’s RED of 

0.983. Moreover, in the Monaco TPS, the relative mass collisional stopping power for a 

medium, (!!"#& )'3456
758 , is calculated as a function of mass density using equations applicable 

over variable ranges of mass densities, where (!!"#& )'3456
758  =1.000  between the range of 

0.98 < * < 1.02 [249]. This is not entirely accurate since, as determined [241], (!!"#& )'3456
9:;:<=>5 

is 0.948 for 6 MV photon beams. Silicone has a mean excitation energy that is ~25% higher 

than water’s (see data provided in Table 5.2) which in turn lowers the mass stopping power 

for silicone relative to water. This signifies that the TPS does not account for changes in 

electron fluence when using a medium that is dissimilar to water, and that for accurate 

TPS-dose calculation to measurement comparisons, it is necessary to apply a correction to 
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the TPS-determined dose value. The primary correction to the TPS dose calculation would 

account for changes in the charge particle fluence which would be reflected by the 

difference between the TPS applied (!!"#& )'3456
9:;:<=>5 and its actual value. These corrections 

alone can be in the order of an increase in calculated dose by 1 to 2%. 

 

Contrary to photon beam measurements, IC and film readings agreed well in 

electron measurements (refer to Table 5.7). Here, film results showed the overall 

differences in dose ratios were within -2% to +4%, depending on the silicone type and 

setup. TPS calculations showed large discrepancies (>7%) for !!"#!"
$!#$!  with 6 MeV 

electron beams. Overall, using silicone composites for dose measurements in high energy 

electron beams can be advantageous if the differences between !!"#!"
$!#!"and !!"#!"

$!#$!   are 

taken into consideration. It is also worth noting that the reported dose ratios in electron 

beams are high (as opposed to in MV photon beams, where the reported ratios were 

generally low), meaning that dose measurements in silicone result in a higher dose value 

than in Solid Water. This can also be attributed to the fact that the collisional mass stopping 

power for silicone is lower than that of water, and so the magnitude of electron fluence 

attenuated by silicone would be less than that in water of equal physical thickness. Once 

again, this finding is relevant to consider in applications where silicone composites may be 

used to mold a bolus to increase skin dose for a patient’s radiotherapy treatment. 

 

The choice of using the Markus IC was based on practicality and offered a 

conceptualized benefit for establishing the dose readings at the interface of silicone and 

Solid Water. It would have been challenging to use a Farmer type IC in this type of phantom 
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slab geometry due to the molding process and the larger volume of Farmer IC’s which 

would lead to volume averaging effects. Although, it was found that the Markus IC 

generally yielded lower readings than with film, and, if these measurements were not 

corroborated by other tools, would have indicated that !!"#!"
$!#!"and !!"#!"

$!#$!  yielded similar 

results. The IC readings were found to differ from data obtained by film measurements, 

TPS calculations, and MC simulations. These inconsistencies are related to how parallel 

plate ICs are constructed. The Advanced Markus IC is manufactured for absolute dosimetry 

in high-energy electron beams and is made of poly-methyl methacrylate (PMMA) with a 

0.03 mm thick polyethylene CH2 entrance foil (2.76 mg/cm2). Its protection cap is also 

made of PMMA (0.87 mm thickness and 1.19 g/cm3) and has a small sensitive volume with 

a radius of 2.5 mm (for a depth of 1.0 mm) [259]. Based on these specifications, it is 

designed to minimize dose perturbation effects and minimize volume averaging in the 

depth direction, which was necessary for the measurements conducted in this study. This 

has been previously validated both experimentally and through MC simulations in Co-60 

photon beams, and have shown that the associated correction for attenuation and scatter in 

the chamber wall (Pwall) is close to unity [259,260]. However, an under-response in 

measured dose was still observed in our experimental results for photon beams, in which 

no measurable difference in relative dose was found between interfaces made by SW-SW 

and MS-SW. This is due to the fact that the backplate of the parallel-plate IC is sufficiently 

thick to be the primary source of backscatter fluence measured by its body [261–263]. As 

such, for pre-clinical dose verification, radiochromic film offers a more reliable alternative 

for measuring dose in silicone material, as well as different material interfaces, in setups 

similar to those applied in our study.  
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A limitation of this work is that only open field photon and electron beams were 

used to evaluate beam attenuation in silicone, whereas more modulated radiation beams 

are often encountered in clinical settings. With intensity modulated beams, the use of multi-

leaf collimators can result in low-energy scatter, which, due to silicone’s higher Zeff, results 

in a dramatic increase in photoelectric interactions. For these situations, it may be 

interesting in the future to also evaluate how dose distributions measured in silicone 

composite materials differ from those measured in with Solid Water. 

 

5.5 Conclusions 

 

In this chapter, we investigated the dosimetric properties of two types of 

commercial moldable silicones (Smooth-On Inc.’s Ecoflex™ 00-10 and Ecoflex 00-50™, 

i.e., E10 and E50, respectively). These materials were tested and/or used to build the breast 

phantom prototype described in Chapter 4. We conclude that these types of moldable 

silicones offer practical advantages for constructing customized patient bolus and 

radiotherapy phantoms for use in high-energy photon and electron beams. We also 

confirmed that silicone compositions differ from Solid Water’s, and that it is important to 

consider associated differences in beam attenuation properties. Experimental, TPS 

calculations and MC simulation data showed that compared with the dose measured in 

Solid Water, differences in measured dose are relatively high when silicone is used in 

conjunction with Solid Water to form an interface of two materials. Alternatively, using 

silicone alone can offer a more tissue-equivalent medium for constructing phantoms for 

use in absorbed dose measurement under high-energy photon and electron beams.  Due to 
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the variability of these effects on the type of silicone used, it is important to characterize 

the dosimetric properties of silicone for a given radiation type and energy prior to clinical 

use or phantom applications. 

 

 Based on our findings, we found that E10 can be used to construct a deformable 

breast phantom that allows dose measurements. This will facilitate future work, including 

the design and implementation of a moving end-to-end breast phantom prototype to 

investigate implanted marker tracking accuracy and dose delivery accuracy with robotic 

stereotactic radiosurgery for APBI treatments.  

 

The next chapter presents the use of the deformable, realistic breast phantom 

prototype (which was introduced in Chapter 5) to investigate the reliability of surgical clips 

as radiographic surrogates of tumour beds following oncoplastic breast surgery. 
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Chapter  6: The Reliability of Surgical Clips as Radiographic 

Surrogates of Tumour Beds Following Oncoplastic Breast Surgery 

 

6.1  Introduction 

 

In Chapter 4, a novel realistic, deformable breast phantom was presented. One of 

the motivations for developing this phantom was to have a realistic model to simulate and 

study oncoplastic breast surgery (OBS) in detail and establish if this modern surgical 

approach presents new considerations related to adjuvant radiotherapy in general, and 

accelerated partial breast irradiation (APBI) specifically. 

 

For many decades, breast conserving surgery (BCS) has been the main surgical 

treatment for breast cancer. Section 1.1.2 outlined how like conventional BCS, OBS is also 

followed by adjuvant radiotherapy to decrease the risk of local reoccurrence. On the other 

hand, this section also reviewed how OBS differs from conventional BCS, and established 

that while OBS can provide wide tumour excision and preserve oncological principles, it 

also offers improved cosmesis. To achieve the desired cosmetic outcome, OBS utilizes 

complex deformation and relocation of breast parenchyma (refer to Figure 1.2 and 

Table 1.1), and often manipulates the original tumour bed. The resulting tumour bed is 

irregularly shaped and sometimes distributed into adjacent parts of the breast parenchyma. 

In addition, and contrary to BCS (where incisions are usually made anterior to the tumour) 

in OBS, a tumour may be accessed by making incisions along different anatomical planes. 

Consequently, a post-OBS tumour bed may not have a spatial correlation with oncoplastic 
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incisions [264]. Furthermore, during OBS, surgeons focus on eliminating possible seroma 

formation by filling the tumour cavity defect. For this reason, a seroma may not be present 

or may not be in the tumour bed region, but rather in a clinically uninvolved region of the 

breast [265].  

 

Tumour bed delineation is an important step during radiotherapy planning for 

patients requiring a breast boost, and for those undergoing any type of partial breast 

irradiation (PBI), including APBI. In the past, when radiotherapy planning was based on 

2D simulation, target definition of the tumour bed for breast boost relied on the surgical 

scar alone [266]. This approach did not always provide insight on the actual surgical bed 

or anatomical features related to the resected tumour’s location. Over time, the use of CT 

images in radiotherapy planning has demonstrated improved delineation accuracy of the 

tumour bed for breast boost [267,268]. Nevertheless, clinical studies using various tools 

and target volume definitions showed overall small benefits of additional breast boost 

compared to whole-breast radiotherapy (WBRT) [31,269], and so, in this scenario, a high 

level of delineation accuracy of the tumour bed may not be critical. On the other hand, the 

accuracy of tumour bed target definition can be more imperative for adjuvant radiotherapy 

techniques that deliver radiation dose that is focused to the tumour bed, such as in PBI and 

APBI. 

 

As discussed in Section 1.3.4, hypofractionated PBI techniques (including APBI) 

have been shown to be an effective alternative to WBRT in early stage breast cancer 

[109,270–272]. These approaches deliver focused radiation doses the tumour bed plus a 
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margin. The tumour bed volume is expanded to include a safety margin for residual disease 

that is not visible on radiographic data, and another safety margin to account for a patient’s 

setup uncertainty [273]. Overall, the typical margins applied can be in the order of 5 to 

20 mm. Although relatively large margins are employed, it has been cautioned not to use 

some OBS techniques when PBI is indicated because accurate tumour bed delineation 

following OBS (with or without mammoplasty) could be challenging [274–276].  

 

Traditionally, radiation oncologists use information provided by the surgical 

incision, postoperative seroma, and surgical clips to define the tumour. As discussed above, 

however, in the context of OBS, these methods are not necessarily reliable. It has been 

reported that for OBS techniques (and in particular for those with a mammoplasty), tumour 

beds delineated based on surgical clips could extend beyond the original breast quadrant in 

up to 73% of cases [264,265]. Moreover, significant intra- and interobserver variabilities 

in tumour bed delineation using surgical clips post-OBS have also been reported in 

literature [277]. Riina et al. [278] recently evaluated the use of surgical clips post-OBS in 

reducing interobserver tumour bed contouring variability. While they demonstrated that 

using four surgical clips was sufficient to minimize interobserver variabilities, they also 

disclosed that it was still unclear how the delineated tumour beds compared with the ground 

truth tumour bed. 

 

Thus, to better understand the spatial relationship between surgical clips and the 

post-OBS tumour bed, there is a need to directly compare radiation oncologists’ contoured 

tumour beds with the clinically true tumour bed. In theory, these data could be obtained if 
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the entire tumour bed is intraoperatively demarcated with radiopaque material and/or 

multiple CTs are acquired during a patient’s OBS procedure, but no such clinical studies 

have been published. The paucity of data on this topic could be justified by ethical 

considerations and the logistical challenges encountered to obtain this information in 

clinical settings.  

 

This chapter focuses on addressing this very matter. To overcome the caveats 

associated with a patient study, the realistic breast phantoms introduced in Chapter 4 were 

used to evaluate the reliability of surgical clips for accurate tumour bed delineation post-

OBS. This chapter begins by discussing the methods employed to conduct this study. The 

quantitative data obtained are then presented. Following which, the clinical implications of 

these new findings are discussed.  

 

6.2 Materials and Methods 

 

This section begins with a brief description of the breast phantoms used for 

simulating OBS. A comprehensive description of the phantom prototype has been provided 

in Chapter 4, therefore, the description provided here is on how the phantoms were adopted 

to study surgical clip displacement and tumour bed delineation accuracy.  

 

The following sections describe the OBS techniques investigated, how surgical 

simulations were conducted on the breast phantoms, and how each case was carried 

through a simulated “clinical care path”; which included surgery, CT simulation, and 
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treatment planning delineation by radiation oncologists. The methods for extracting ground 

truth tumour beds are then provided. Finally, the analysis metrics adopted to compare these 

ground truth tumour beds with radiation oncologists’ tumour beds are described.  

 

6.2.1 Breast phantom preparation 

 

Six realistic breast phantoms were used in this study. These are the same breast 

phantoms described in Chapter 4, which had several anatomical features relevant for 

facilitating OBS practice (namely, breast parenchyma, epidermis, areola, nipple, chest 

wall, and at least one “tumour”). Breast phantom volumes, tumour positions, and tumour 

sizes were customized to represent realistic and commonly encountered surgical scenarios. 

This was determined by reviewing post-operative surgical reports of a randomly selected 

cohort of 30 patients treated with post-OBS adjuvant radiotherapy at our institution. Of this 

sample, which had a mean age of 59 ± 9.5 years, 63% of patients were found to have 

tumours located in the upper outer left breast quadrant, with a maximum tumour width of 

2.1 ± 1.4 cm. The patients’ breast volumes were obtained from their dose-volume-

histogram reports and were found to be 887 ± 457 cc.  

 

Once the phantom was made (see Section 4.2 for a step-by-step summary), each 

phantom was adhered to an acrylic plate having a surface area of 30 cm × 30 cm, as shown 

in Figure 6.1. Each plate had CT setup laser alignment lines, and a unique number (from 

one to six) portrayed using radio-opaque ball bearing (BB) markers. The BBs were used to 

ensure that each phantom was distinguishable on CT images. Prior to CT imaging, each 
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phantom’s plate was fit with a custom-built reference frame (as shown in Figure 6.1(b)). 

The frame had three other BB markers, two lateral and one superior, with respect to the CT 

system’s coordinate system, that were used to align the phantom with the CT setup lasers, 

and to provide an external CT image reference system that can be used for image co-

registration. 

 

 

Figure 6.1 An example breast phantom (case 2) adhered to an acrylic plate (shown on the right). The BBs 

that were used to identify each phantom on the CT image are shown in the upper right corner of the plate (in 

this example, two were used). Prior to imaging each phantom, a reference frame was attached to the acrylic 

plate, as shown on the right. The reference frame had three additional BBs (one anterior and two lateral) that 

were used for setup laser alignment and to co-register multiple CTs of the same phantom. 

CT reference BB’s(a) (b)BB’s 
(case 2)

acrylic plate

reference 
frame
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Table 6.1 Details of each phantom case and the corresponding OBS technique used. The distance from the nipple and depth of the tumours were measured on 

projection radiographs generated from CT images. The breast, tumour, and specimen volumes (extracted tissue) were derived from CT images. The number of 

surgical clips and surgical staples used were counted prior to surgical closure and verified on CT images. 

Case OBS Technique 
Breast 
Volume 
(cc) a 

No. of 
Tumours 

Volume of 
Tumour(s) 
(cc) 

O’Clock 
Position of 
Tumour(s) 

Distance 
from 
Nipple 
(cm) 

Depth 
(cm) 

Speci
men 
Volum
e (cc) 

No. of 
Preliminary 
Cavity Wall 
Interfaces 

No. of 
Surgical 
Clips b 

No. of 
Surgical 
Staples 

1 Roundblock 
 
1017 
 

1 10 3 2 6.7 184 4 10 24 

2 
Inferior pedicle 
reduction 
mammoplasty 

 

1043 2 3 & 3 1 & 12 5 & 8.5 0.5 & 1.2 228 9 8 50 

3 Racquet 
 

980 1 10 10 4 1.5 57 4 9 26 
4 Crescent 

 

1125 1 10 1 4 0.1 149 4 9 25 

5 
Superior medial 
pedicle reduction 
mammoplasty 
 

1018 1 10 11 3 2 106 7 8 43 

6 

Superior medial 
pedicle vertical 
reduction 
mammoplasty 
 

494 2 10 & 3 10 & 6 4 & 4 0.5 & 1.0 56 5 9 42 

a The breast volumes listed are the initial intact breast volumes, prior to surgery and tumour excision.  

b The number of surgical clips provided to radiation oncologists for tumour bed delineation were eight for each case only.
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6.2.2 Preoperative planning, surgical simulation, and CT imaging 

 

Two experienced surgeons, who regularly perform OBS, were asked to simulate 

OBS on the breast phantoms. As part of the pre-operative planning process, a CT image of 

each phantom was acquired using a CT Simulator (Brilliance Big Bore, Philips Medical 

Systems, Cleveland, USA), with an image resolution of 0.4 mm ×	0.4 mm × 1.0 mm, 

120 kVp, and 450 mAs. This pre-operative CT scan will herein be referred to as CT1. Two 

planar views (anterior-posterior and lateral) were generated from CT1. Based on these 

views, the depth of the tumour(s) and the location(s) with respect to the nipple (i.e., the 

o’clock position) were recorded (see Table 6.1). 

 

For each case, and depending on the tumour position, breast volume, and palpated 

tumour, the surgeons decided on a suitable OBS technique, also listed see Table 6.1. Once 

a consensus was reached between the surgeons, each phantom was then marked with the 

incision pattern (as shown in Figure 6.2).  

 

 Tumours were resected with 1 cm isotropic margins using standard surgical tools 

and techniques. For each case, a minimum of eight titanium surgical clips (Medium Size, 

Weck Horizon, Teleflex Medical, Ireland) were then placed by the surgeons in each cavity 

wall, with four at the level of the tumour and four at the level of the chest wall. Unlike for 

a real patient, up to 50 additional radiopaque markers (Surgical Sterile Disposable Stapler 

with Disposable Staples, Instruments GB®) were also used to precisely mark true 

extensions of each tumour bed (along anterior-posterior, right-left, and superior-inferior 
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directions). A second CT (CT2) was then acquired for each phantom prior to surgical 

closure. Table 6.1 provides more details for each case. 

 

 

Figure 6.2 The six breast phantoms used to simulate oncoplastic breast surgery with intended surgical 

incision lines indicated by the pen markings. This planning process is similar to what occurs during 

preparation of patients for a surgery, however, this type of photo/ diagram is usually not provided in a 

patient’s post-operative note following oncoplastic breast surgery. Abbreviations: IPRM= inferior pedicle 

reduction mammoplasty, SMRM= superior medial reduction mammoplasty, and SMPVRM= superior medial 

pedicle vertical reduction mammoplasty. 

 

 Following tumour resection and CT2 imaging, surgeons continued each OBS 

technique (covering levels I-III as described in Table 1.1); by performing tissue 

undermining, volume displacement and replacement, tissue redistribution and rotation into 

the lumpectomy cavity, deep tissue suturing, and subcuticular and/or simple interrupted 

ROUNDBLOCK RACQUETIPRM

SMPRMCRESCENT SMPVRM
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suturing. After surgical closure, a CT wire was placed on the epidermal incision/suture 

lines, and a final CT (CT3) was acquired. An example of one of the phantoms undergoing 

the all the steps involved, including the final step as described below, is shown in 

Figure 6.3. 

 

Figure 6.3 An example case (case 3, with a racquet OBS technique) shown during different phases and with 

the corresponding CTs. Step 1: CT1 is acquired prior to beginning surgery. Step 2: CT2 is acquired after the 

tumour was resected. Step 3: CT3 is acquired after OBS was performed and surgical closure was complete. 

Step 4: A copy of CT3 is generated, and a homogenous override of the relative electron density is applied to 

mask all features except the surgical clips. All steps show the breast phantom along the same CT slice. 

 

All surgeries were also video recorded to document surgical maneuvers used and 

their influence on each tumour bed, as well as the location of surgical clips with respect to 

the tumour bed. 

CT wire
tumor resection cavity

resected specimen

surgical clips & surgical staples
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6.2.3 Image handling and contouring 

 

CT images were imported into the Monaco Treatment Planning System (TPS), 

(v.5.11.02, Elekta, Sweden). For each phantom, CT2, and CT3 were first co-registered to 

CT1. Contours were delineated on co-registered CT2 and CT3 image sets, as described 

below. 

 

Tumour bed delineation using a priori knowledge 

 

 For each case, surgical clips were identified according to anatomical location and 

labeled on CT2 and CT3. Then, the x, y, and z CT positions of each surgical clip were 

recorded to determine its 3D displacement. Based on geometric appearance of the fully 

marked TB on CT3, verification of cavity wall motion on recorded videos, comparison of 

CT2 and CT3, and knowledge of the OBS technique employed, a true tumour bed (TBTrue) 

was determined for each case on CT3. 

 

Tumour bed delineation by radiation oncologists 

 

 For all cases, an additional step was performed. This si referred to as Step 4 in 

Figure 6.3. In this step, a copy of CT3 was generated and the additional markers (i.e., 

surgical staples) were masked by overriding the entire breast parenchyma contour to a 

relative electron density of 0.991 using MATLAB (MathWorks, Inc., Natick, MA, USA, 

R2018b). The copy of CT3 was then re-imported into the TPS, and only a standard of eight 
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surgical clips and CT wires were visible for treatment planning target delineation. Two 

experienced breast radiation oncologists were provided with typical surgical information 

found in postoperative reports: tumour location, tumour dimension, excision type and 

margins. For each case, this modified CT3 was used by the radiation oncologists (RO) to 

delineate a tumour bed (TBRO1 and TBRO2 contours). In practice, this is initially defined as 

the surgical clips with a 5 mm margin [268], followed by manual editing of the tumour bed 

structure to eliminate CT slice-to-slice contour discontinuities. Additionally, RO1 was 

asked to score the difficulty of each case (1 being easy to 10 being very difficult). To 

evaluate intraobserver reproducibility, RO1 was asked to delineate the tumour bed again 

for all cases after a six-month period, using the same information and conditions (with the 

same computer workstation, image window-level settings, and ambient light setting). 

 

TBRO1 contours were also expanded isotropically by applying 5 mm, 10 mm, and 

15 mm expansion margins that were selected based on typical tumour bed to clinical-target-

volume (CTV) margins adopted by existing PBI protocols [272,279]. All expansion 

volumes were generated by first clipping the tumour bed from skin by 5 mm, then the 

resulting volume was also clipped from skin by 5 mm. The clinical implications of clipping 

from skin were not considered in this study.  
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6.2.4 Comparison metrics 

 

For each case, the average and standard deviation of surgical clip displacements 

were measured by comparing the individual 3D position of each surgical clip on CT3 

compared to its initial position on CT2. 

 

To investigate the impact of relying on surgical clips and tumour bed contouring 

accuracy, radiation oncologists’ contours were compared with TBTrue using these following 

metrics: 

 

Dice similarity coefficient (DSC): The degree of overlap of  two delineated contours is 

expressed as twice the value of contours’ overlapping area normalized to their union—

numerically varying from 0 (no overlap) to 1 (complete overlap) [280]. CT3 image sets 

containing structures of interest were exported from Monaco, and the DSC values were 

measured using SlicerRT [281] (v. 4.10.2).   

 

Hausdorff Distance (HD): The distance between surfaces of two comparison volumes 

[282], usually reported as the maximum HD. The maximum (HDmax), 95th percentile 

(HD95%) and average HD (HDavg) were reported. The HD values were also measured using 

SlicerRT. 

 

Over- and under-contoured volumes: Compared with the actual tumour bed, the radiation 

oncologists’ over-contoured volumes (i.e., the potentially over-irradiated healthy tissue) 
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and under-contoured volumes (i.e., potentially missed/diseased tissue) were calculated 

with Monaco TPS’s Boolean operations. 

 

For all cases, three sets of tumour bed contours were compared: 

1- TBTrue: The “reference” tumour bed generated from a priori knowledge of the 

relocated tumour bed. 

2- TBRO1: The tumour bed contoured by the first radiation oncologist (RO1). 

3- TBRO2: The tumour bed contoured by the second radiation oncologist (RO2). 

 

Additionally, TBRO1 and TBRO2 contours were compared against each other as a 

measure of interobserver reproducibility. Intraobserver reproducibility was assessed using 

the two sets of contours provided by RO1. Expanded contours were compared with the 

reference TBTrue. 

 

6.3 Results 

 

The breast phantom was found to be an effective tool for surgical simulation of all 

aspects of various OBS techniques. The methods proposed and studied demonstrated that 

it is possible to monitor surgical clip displacements, identify tumour bed cavity walls, and 

compare contoured versus true tumour beds (i.e., the ground truth). 

 

Figure 6.4 shows the surgical clip displacements for the six OBS techniques 

investigated. Individual surgical clip displacements were within ± 35.0 mm. The largest 
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3D surgical clip average displacements were 16.3 ± 11.7 mm, and 14.3 ± 15.0 mm, for 

cases 5 and 2, respectively. Both of these cases employed mammoplasties. 

 

A detailed example of one of the cases (case 3), with the identified tumour bed 

cavity walls on CT2 and CT3 (as well as corresponding tumour beds for TBTrue and TBRO1) 

is shown in Figure 6.5. From this 3D rendering, it is visually clear that the tumour bed 

undergoes significant deformation and relocation after OBS. It is also qualitatively evident 

that TBRO1 does not match TBTrue, neither in shape nor position. The difference in 

contoured structures is also demonstrated through another example (case 2, inferior pedicle 

reduction mammoplasty), which is shown in Figure 6.5((b), (c), (d), and (e)), where TBRO1 

is visually compared with TBRO2, as well as with TBTrue. This figure also shows the type of 

CT images that were used by the ROs for contouring. In these images, the breast 

parenchyma was overridden to hide any features on the CT with the exception of surgical 

clips. Particularly interesting to note is the shape of TBTrue, which appears more irregular, 

and concave compared to both TBRO1 and TBRO2. Furthermore, as can be seen in the sagittal 

view of Figure 6.5, due to the absence of surgical clips on the anterior cavity wall, both 

ROs did not identify that part of the breast anatomy as a tumour bed.  

 

 The average contour structure volumes for TBTrue, TBRO2, and TBRO1 (as well as 

those with expanded margins) are provided in Table 6.2. Compared with TBRO1, TBRO2 

contours were all larger, resulting in lower under-contoured volumes and higher over-

contoured volumes for RO2. Overall, the largest TB volumes were for the inferior pedicle 

reduction mammoplasty case. This was observed for TBTrue, TBRO1, and TBRO2, with 
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absolute volumes of 93.4 cc, 104.4 cc, and 118.4 cc, respectively. After applying 

expansions to TBRO1, and compared with TBTrue, it was found that under-contoured 

volumes decreased, while over-contoured volumes increased. 
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Figure 6.4 Surgical clip displacements measured on CT for each breast phantom case. Each clip displacement 

is shown separately along the three CT axis directions (a, b, and c), and the average and standard deviations 

of 3D displacement for all clips in each case (d). The displacements were calculated by comparing the final 

position of each surgical clip after oncoplastic breast surgery closure, with that to the initial clip position as 

found just after tumour excision. Abbreviations: IPRM= inferior pedicle reduction mammoplasty, SMRM= 

superior medial reduction mammoplasty, and SMPVRM= superior medial pedicle vertical reduction 

mammoplasty. 
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Figure 6.5 (a) A visual comparison of 3D rendered TBs for the same phantom case (case 3, racquet 

technique), before (CT2) and after OBS closure (CT3). CT image slices of a breast phantom with 

homogenous parenchyma density after OBS (case 2, inferior pedicle reduction mammoplasty) are shown on 

(b), (d) and (e).  

CT3: TB post-OBS closure (TBRO1)

breast

tumor

CT2: TB post tumor resection

CT3: TB post-OBS closure (TBTrue)

NB: TB contour structures are scaled 1:1

CT1

surgical 
clips

breast 
contour

TBTrue

TBRO2

TBRO1

CT wire

(b) axial view

(d) coronal view (e) sagittal view

(c) 3D rendering

(a)
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Table 6.2 The ranges of tumour bed (TB) contour structure volumes, before and after applying expansion margins, as well as the ranges of under-contoured 

volumes (i.e., TBTrue volumes that were not included in radiation oncologists TBRO1 and TBRO2 contours) and over-contoured volumes (i.e., “healthy” breast 

volumes that were included in radiation oncologists TBRO1 and TBRO2 contours). Note: all radiation oncologists’ contours are taken in comparison with TBTrue. 

 Contour Structure Volume Under-contoured Volume Over-contoured Volume 

Contour cc  % of breast cc  % of TBTrue cc  % of breast 

TBTrue [43.4 - 93.3] [4.5 -12.3] 0 0 0 0 

TBRO1 [34.1 – 104.4] [4.2 – 12.6] [12.4 - 57.3] [28.4 - 58.3] [5.9 – 50.9] [0.6 – 6.1] 

TBRO2 [43.9 – 130.7] [7.4 – 14.3] [7.6 – 44.9] [17.4 – 71.6] [16.0 – 69.8] [2.2 – 8.4] 

TBRO1+5 mm [56.5 – 196.4] [7.9 – 23.7] [1.2 – 32.2] [2.6 – 84.9] [20.5 – 118.0] [2.2 – 14.2] 

TBRO1+10 mm [76.3 – 276.8] [11.4 – 33.4] [0.0 – 14.5] [0.0 – 95.2] [33.3 – 191.3] [4.8 – 23.1] 

TBRO1+15 mm [98.3 – 347.6] [15.0 – 42.0] [0.0 – 4.3] [0.0 – 98.3] [49.6 – 261.4] [7.9 – 31.6] 
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Table 6.3 presents the DSC for all contoured structures. Both intra-RO and inter-

RO contour congruences were acceptable for all cases (DSC> 0.7). However, the radiation 

oncologists’ contours did not overlap well with TBTrue. The lowest congruence was found 

for case 6 (superior medial pedicle vertical reduction mammoplasty), which had the highest 

difficulty, where the DSC was <0.5 for both radiation oncologists. Using expansion 

margins on RO1’s contours did not improve contour congruence.  

 

Table 6.3  Comparison of the Dice Similarity Coefficient (DSC) of contour structure volumes for each OBS 

technique. The radiation oncologists’ contours are relative to TBTrue. The Difficulty Score for each case was 

provided by RO1. Abbreviations: IPRM= inferior pedicle reduction mammoplasty, SMRM= superior medial 

reduction mammoplasty, and SMPVRM= superior medial pedicle vertical reduction mammoplasty. 

   DSC 

Case 
OBS 

Technique 

Difficulty 

Score 

Intra-

RO 

Inter-

RO 
TBRO2 TBRO1 

TBRO1 

+5 mm 

TBRO1 

+10 mm 

TBRO1 

+15 mm 

1 Roundblock 3-4 0.86 0.71 0.69 0.60 0.72 0.69 0.60 

2 IPRM 7-8 0.77 0.71 0.46 0.53 0.52 0.45 0.39 

3 Racquet 2-3 0.72 0.81 0.50 0.53 0.49 0.41 0.34 

4 Crescent 3-4 0.73 0.80 0.59 0.57 0.55 0.49 0.42 

5 SMRM 4-5 0.84 0.80 0.53 0.59 0.59 0.53 0.44 

6 SMPVRM 8-9 0.78 0.78 0.47 0.38 0.52 0.56 0.55 
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 Finally, the HD data are plotted in Figure 6.6. Intra-RO and Inter-RO contour 

groups coincided well within each other (all below 20.0 mm). However, significantly larger 

spatial differences were observed when comparing the radiation oncologists’ contours with 

the TBTrue contours. Here, the largest HDmax values were for cases 2 and 6, which were 

38.0 mm and 34.7 mm, respectively. 

 

 By using expansion margins on TBRO1, HDmax, HD95%, and HDavg values 

systematically increased— the largest HDmax value being 41.5 mm for TBRO1+15mm for 

case 2. The exception is for case 6, where HDmax decreased when 15 mm margins were 

applied. Overall, HDmax was large for cases 2 and 6, and both cases were considered 

difficult. 
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Figure 6.6  Comparison of the 3D distances between RO contours against each other (Intra-RO and Inter-

RO). As well as differences between TBTrue and RO contours (without and with expansion margins). The 

HDmax, HD95%, and HDavg values are provided for each OBS technique as shown on the abscissa. 

Abbreviations: IPRM= inferior pedicle reduction mammoplasty, SMRM= superior medial reduction 

mammoplasty, and SMPVRM= superior medial pedicle vertical reduction mammoplasty. 
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6.4 Discussion 

 

Significant surgical clip displacements were observed for OBS cases, particularly 

with a mammoplasty (see Figure 6.4). Post-OBS surgical clips were frequently displaced 

into a different breast quadrant. Surgical clip displacements were more prominent along 

the right-left axis, as also observed by Kirova et al. [267]. Equally significant 

displacements also occurred along the superior-inferior direction for mammoplasty cases. 

This could be explained by the fact that these OBS techniques utilize breast lifts to achieve 

the desired cosmetic outcome.  

 

Post-OBS inter-RO contouring variability results were similar to what was 

observed after breast tumour bed post-lumpectomy in prior studies [60,61,169,170,283–

286]. Generally, all contoured structures (including TBTrue) were within 200 cc, and/or 30% 

of the breast phantom volume. This is an important consideration during RT planning when 

patient eligibility for PBI is established [273,287]. Yet, when larger expansion margins 

were applied to TBRO1, these criteria were often not met. Furthermore, compared with the 

original contour (TBRO1), with increasing margins, the over-contoured volumes relatively 

increased by 5.5 times. This is an important consideration as irradiation of a large portion 

of the uninvolved ipsilateral breast increases the risks developing subsequent toxicities 

[288] as well as poor cosmesis. 

  

 Based on the DSC results, both contours provided by two radiation oncologists 

during the same time interval, and those provided by one radiation oncologist after a period 
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of time has elapsed, did not perfectly overlap but were considered satisfactory (with a DSC 

>0.70 recognized as good overlap [280]). Nonetheless, when compared to TBTrue, the 

average DSC values for both RO contours were low (<0.55). Meaning that the overlapping 

volumes between the tumour bed contours defined based on surgical clips and the TBTrue 

contours were far from the optimal value of 1.00. Applying conventional isotropic 

expansions did not eliminate under-contoured volumes nor improve contour congruence. 

This lack of overlap is attributed to the fact that TBTrue contours were irregularly shaped 

and radiation oncologists’ contours were ellipsoidal. 

 

The HD data confirmed both inter- and intra-RO contour agreements (refer to 

Figure 6.6). These values are within expected ranges [289] and are similar to margin sizes 

used for breast boost and PBI target delineation [118,270,272,290,291], meaning that they 

are typically accounted for during the radiotherapy contouring process. Despite this 

process, differences in HDmax and HD95% (for RO contours relative to TBTrue) are 

significant and, again, cannot be mitigated by applying isotropic expansion margins. In the 

post-OBS setting, these findings question the efficacy of these margins in including the 

entire true tumour bed in the treatment target volume defined. This is especially important 

to consider given the variability and complexities of OBS approaches by surgeons 

[12,292,293], how and where surgical clips are placed, as well as the variability in surgeon 

preferences and training [294]. Thus, a “one size fits all” approach of applying 

conventional isotropic expansions is not necessarily appropriate for post-OBS patients.  
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Larger TBRO1 and TBRO2 vs. TBTrue contour discrepancies were found with 

mammoplasty cases. The largest component of under-contoured volumes was found along 

the anterior extent of the breast (see Figure 6.5). Substantial breast tissue is excised in a 

mammoplasty, resulting in more significant tissue displacement to fill the tumour bed 

defect and achieve improved cosmesis, which shifts the anterior portion of the tumour 

bed [292]. After tumour excision, the anterior extents of the tumour bed cavity walls are 

not often marked by surgical clips and radiation oncologists may miss important 

information. For these cases, the use of additional surgical clips along the anterior clinical 

extent of each cavity wall may, to some degree, help in improving tumour bed delineation 

accuracy.  

 

The number of eight surgical clips provided to radiation oncologists for tumour bed 

delineation was chosen based on recent recommendations on surgical clips placement post-

OBS for adjuvant radiotherapy [171], which stated the following: At least four surgical 

clips are necessary in OBS and should be placed along the four side walls of the cavity, 

with possible addition of one to four more along the chest wall where the tumour was 

localized to demarcate the posterior margin of the tumour bed. Hence, using eight surgical 

clips for all cases provided a realistic representation of the “best-case scenario” of the 

number of surgical clips available. Nevertheless, this study confirmed that even eight 

surgical clips cannot fully capture the 3D deformations and relocations of post-OBS 

tumour beds. 
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There are some limitations in using a breast phantom for the purpose presented: one 

arises from the nature of the phantom material that does not allow complete fusion of 

tumour bed cavity walls post-OBS (this would be analogous to healing in human tissue). 

This led to the presence of air pockets in the breast parenchyma in regions where incisions 

were made, which were also visible in the post-OBS closure CT (CT3). In a patient’s case, 

a similar affect may form a seroma over time. Nonetheless, in an ideal OBS case, a seroma 

is usually absent due to intentional tissue redistribution inside the tumour cavity, forming 

a “closed cavity” [11,295]. Accordingly, the air pockets were masked to look like breast 

parenchyma on the digitally processed CTs provided to the radiation oncologists for 

tumour bed delineation (i.e., CT3 copy, as shown in Figure 6.3). The second limitation is 

related to the above and the masking of a large number of radio-opaque markers (surgical 

staples) that were initially used to track cavity wall motion. As a result, the phantom breast 

parenchyma was seen by radiation oncologists as having uniform density with only surgical 

clips visible. GEC-ESTRO’s Breast Cancer Working Group’s Recommendations describe 

a rigorous process for target delineation for PBI or APBI; which includes careful 

consideration of preoperative radiographic information, surgical information, closed or 

open cavity scoring, seroma formation, breast tissue changes, as well as surgical clip 

placement. Therefore, one can argue that the CT image features presented are not 

representative of reality, and we would be in agreement with this argument. We can also 

state, however, that in practice and when contouring real breast patients post-OBS, even if 

the density of the breast parenchyma is heterogenous, it is common to only see surgical 

clips, with no visible TB cavity and no other visible post-operative changes on a 
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radiotherapy planning CT. In these cases, the delineation procedure adopted for these 

patients would be similar to the one used on these realistic breast phantoms. 

 

APBI and PBI require accurate tumour bed delineation, which, as demonstrated by 

this study, can be difficult to achieve in certain OBS cases.  Newer hypofractionated 

WBRT regiments have gained rapid adoption during radiotherapy clinical response [296] 

to the COVID-19 pandemic (such as START B [297], FAST-Forward [298]), and have 

shown equivalently fast and convenient treatments as PBI. Compared with APBI/ PBI, in 

post-OBS situations, based on our findings and in the absence of clinical trials, these types 

of techniques would also account for potential target-miss. Nevertheless, if APBI/ PBI is 

still the favored approach, then expansion margins must be large enough to account for any 

target delineation uncertainty. Yet, this would mean that a large volume of healthy breast 

tissue would also be irradiated. 

 

Overall, more tools and efforts are necessary to improve tumour bed contouring 

accuracy, especially for PBI or APBI. Contouring accuracy can be improved by providing  

radiation oncologists with additional training and awareness on different OBS techniques 

[171], as demonstrated by this study. An alternative approach could be to provide detailed 

records of a patient’s OBS technique. This could be by uploading a diagram in the patient’s 

chart, or by appending a 3D simulated video model to the patient’s chart to communicate 

how breast tissue deformed and relocated during a particular OBS technique. 
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6.5 Conclusions 

 

In this chapter, the use of realistic breast phantoms as a surgical simulation tool was 

demonstrated to investigate the reliability of surgical clips as radiographic surrogates of 

tumour beds post-OBS. It was shown that post-OBS surgical clips can be significantly 

displaced, and that relying on post-OBS surgical clips for tumour bed delineation can lead 

to inaccurate tumour bed contours. It was also determined that using typical expansion 

margins to account for contouring uncertainties did not improve contour overlap, and 

merely led to an unnecessary increase of normal tissue contoured. For all OBS cases 

investigated, it was found that surgical clips are not reliable radiographic surrogates of 

tumour beds, which makes post-OBS tumour bed delineation a challenging task for 

radiation oncologists.  This study concludes that for complex OBS cases, new 

hypofractionated WBRT regimens may be warranted in lieu of any type of PBI or APBI 

regimen. 
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Chapter  7: Conclusions and Future Work 

 

7.1  Summary and conclusions 

 

Breast cancer was one of the first diseases to be treated by radiotherapy. It is also 

one of the most common forms of cancer, and one of the most frequently treated diseases 

in radiation oncology departments worldwide. Since its initial implementation, breast 

radiotherapy has undergone significant advancements to improve treatment quality and a 

patient’s quality of life. A recent advancement in external beam radiotherapy is the 

adoption of accelerated partial breast irradiation (APBI) techniques. Contrary to standard-

of-care whole breast radiotherapy (WBRT), APBI treatments focus radiation to the tumour 

bed with a surrounding 5 to 20 mm overall treatment margin [92]. Consequently, to ensure 

successful treatment outcomes, these precise treatment techniques require a higher level of 

treatment accuracy than WBRT. The purpose of this thesis was to contribute to the 

advancement of treatment accuracy for APBI. This was achieved as follows: 

 

In the first component of the thesis (Chapters 2 and 3), 3D printing was utilized to 

construct phantoms for assessing image fidelity and for quantifying geometric distortions 

on multiple radiological imaging modalities that are used for radiotherapy target 

delineation. In Chapter 2, the proof of concept was demonstrated using a small version of 

the phantom and on co-registered helical computed tomography (CT), cone beam 

computed tomography (CBCT), and magnetic resonance imaging (MRI) image sets. These 

imaging modalities are routinely employed during stereotactic radiosurgery planning for 
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cranial disease where targets are delineated and treated with sub-mm precision and 

accuracy. In addition to the 3D printed phantom, a commercial phantom and two different 

analysis approaches were used (the first being a commercial software and the second an 

in-house implementation) to quantify geometric distortion. In this study, the combined 

errors of image co-registration and image geometric distortion were reported as a mean 

target registration error (TRE), and the mean TRE was reported for each image set 

acquired. Compared to the commercial phantom and commercial software, the 3D printed 

phantom and accompanying in-house analysis technique offered a reliable technique to 

measure and quantify geometric distortion. Study results showed that the largest reported 

mean TRE was for the CBCT (which is used for angiography) followed by T2-weighted 

(T2w) MR images (albeit all < 1 mm). It was also concluded that because these types of 

diagnostic images are acquired outside of the radiation oncology department, routine 

quality assurance (QA) of multi-modality scanners should include image geometric 

distortion testing, and the tools and methods presented can meet this clinical need.  

 

The second part of this work, which continued in Chapter 3, was motivated by the 

fact that MRI offers excellent soft tissue visualization. In breast radiotherapy, the current 

standard of practice is to perform target delineation on CT images, which has poor soft 

tissue contrast. Therefore, MRI can be particularly advantageous for breast radiotherapy 

techniques requiring high delineation accuracy, such as APBI. However, unlike the cranial 

site, where the target is typically close to the central axis of the MR scanner bore, breast 

imaging is performed with the breast offset laterally from the centre of the bore, where 

geometric distortion is drastically increased. In Chapter 3, a method for measuring image 
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geometric distortions in a large field-of-view (FOV) that would encompass the breast site 

was presented. There, techniques and methods demonstrated in Chapter 2 for the cranial 

site were further developed to construct a modular, large volume 3D printed phantom. 

Geometric distortion was measured on image sets acquired with MRI sequences that are 

often utilized for clinical breast imaging. These sequences included T1w volumetric 

interpolated breath-hold examination (VIBE) and T2w turbo spin echo (TSE) and sampling 

perfection with application optimized contrasts using different flip angle evolution 

(SPACE). For this study, geometric distortions were reported as radial geometric distortion 

errors (r) to help inform the margin sizes required for APBI treatments where target 

delineation employs MRI simulator images. In addition to the different sequences, the 

influence of different phase encoding readout directions was also investigated. This 

approach provided information on the potential sources of geometric distortion, which 

were categorized as being either sequence-dependent or sequence-independent factors. 

Results showed that geometric distortions varied depending on the sequence used and 

phase encoding readout direction, with the largest reported errors being nearly 4 mm for 

T1w VIBE scans at the left edge of the MR scanner’s bore. Preliminary results also showed 

that maximum radial distortion errors can be in the order of 3 to 4 mm. These errors are 

important to consider when evaluating treatment margin sizes for highly precise APBI 

techniques, especially in the neoadjuvant setting. 

 

 The second component of this thesis was provided in Chapters 4, 5, and 6. It 

centered on the development, optimization, validation, and utilization of a novel, realistic 

and deformable breast phantom for multiple applications including multi-modality 
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radiological imaging (CT, MRI, and ultrasound), radiation absorption (dosimetric) 

measurements, and surgical simulation. Chapter 4 presented a phantom prototype made of 

moldable silicone that has several realistic anatomical features, including breast 

parenchyma, an epidermis layer, nipple, areola, chest wall, and lateral chest fat. This 

chapter presented how the phantom was constructed, and how various multi-modality 

imaging properties and mechanical properties were measured and validated. Imaging 

properties included measurement of signal-to-noise (SNR), and contrast-to-noise (CNR) 

ratios of various phantom components on CT, MRI, and ultrasound, as well as 

measurement of T1 and T2 MRI relaxation times. The phantom’s components were visible 

on all imaging modalities, and T1 and T2 MRI relaxation times were similar to breast 

silicone implants. Mechanical properties included measurement of elasticity (i.e., Young’s 

Modulus), ultimate tensile strength (UTS), and strain on rupture of the phantom’s 

epidermis layer and parenchyma. The phantom’s epidermis layer and breast parenchyma 

mechanical properties were also quantitatively compared with the mechanical properties 

of human breast tissue for the epidermis and breast fat, respectively. 

 

In addition to imaging and mechanical properties, the phantom’s suitability as a 

realistic surgical simulation tool was evaluated by experienced surgeons who simulated 

various oncoplastic breast surgery (OBS) techniques with varying levels of complexity. 

The surgeons’ confirmed that the breast phantom was realistic for surgical simulation. This 

suggests that it could be used as an OBS simulation and training tool. The phantom was 

also deemed suitable as a training tool for ultrasound or MRI guided breast biopsy, 
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ultrasound or MRI guided brachytherapy needle insertion, and for patient education. These 

results were presented in detail in Chapter 4. 

 

Chapter 5 focused on evaluating the suitability of the material used to construct the 

breast phantom for radiation absorption (dosimetric) measurement applications. This was 

achieved by investigating moldable silicone’s radiation dose properties in radiation beams 

used for breast radiotherapy treatments, and by comparing those properties to that of water 

and radiologically water-equivalent plastic.  The study provided a comprehensive 

assessment of the dosimetric properties, including performing empirical calculations to 

determine key physical quantities that are relevant for radiation dose absorption, carrying 

out experimental measurements with ionization chambers and radiochromic film, 

conducting treatment planning system calculations, and validating both experimental and 

calculated results with Monte Carlo simulation results. Results showed that compared with 

water-equivalent materials, radiation absorption of moldable silicone was within ±	2%. 

These findings confirmed that if these dose differences are taken into consideration, then 

moldable silicone can potentially be used for dosimetric applications as well. 

 

As an application of the breast phantoms presented in Chapter 4, Chapter 6 

demonstrated the use of these realistic breast phantoms in investigating how OBS differs 

from conventional breast conserving surgery (BCS). These findings highlighted how OBS 

can potentially impact breast radiotherapy planning and treatment for APBI. In this 

investigation, the phantoms were carried through a “simulated patient care path”, which 

included OBS and surgical clip placement by surgeons, radiotherapy simulation by medical 
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physicists, and radiotherapy contouring by radiation oncologists (ROs). In clinical practice, 

surgical clips are often used for radiotherapy target (tumour bed) contouring during 

adjuvant breast radiotherapy planning. Therefore, their reliability as radiographic 

surrogates of tumour bed locations post-OBS was of primary interest in the presented 

study. Here, ROs relied on post-OBS surgical clips to delineate tumour beds as per standard 

clinical practice. To evaluate if tumour bed contouring inaccuracy can be accounted for, 

RO contoured tumour beds were also expanded by typical APBI margins (5, 10, and 

15 mm). The study showed that RO contoured tumour beds significantly differed from the 

ground truth tumour beds, both in anatomical locations and in volume sizes, and that the 

use of expansion margins did not mitigate these discrepancies. These results provided new 

insight into what occurs during OBS, including how breast tissue is manipulated and 

deformed, and how this influences the locations of surgical clips. This demonstrated that 

accurate tumour bed delineation is challenging following OBS. This also showed how for 

adjuvant radiotherapy following OBS, patient selection criteria for APBI can be impacted 

owing to the reduced tumour bed delineation accuracy.  

 

7.2 Future work 

 

The main purpose of this thesis was to inform and advance treatment accuracy of 

APBI; however, treatment accuracy cannot be achieved without target delineation 

accuracy. Below is a discussion on research areas that can further develop the tools and 

methods presented in this thesis. 
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7.2.1 Optimization of MRI protocols for APBI 

 

As discussed in Chapters 1 and 3, due to its superior soft tissue contrast, MRI has 

the potential of improving target delineation for adjuvant and neoadjuvant APBI. When it 

comes to the adoption of MRI in high-precision, high-accuracy radiotherapy treatment 

planning techniques, geometric distortion present in MRI imaging poses a challenge. To 

this end, the 3D printed phantoms and methods presented in Chapters 2 and 3 were 

demonstrated to be effective in quantifying MRI geometric distortion in radiotherapy 

simulation for breast cancer and for other sites of disease.  

 

Future work includes utilizing the modular design of the phantom to measure 

geometric distortion along the entire extent of the imaging FOV, and to use the phantom 

to evaluate the influence of an MRI compatible prone immobilization breast board on MRI 

geometric distortion by setting up the phantom in conjunction with the board. As our 

institution prepares for clinical implementation of MRI breast radiotherapy simulation for 

APBI, the demonstrated tools and techniques can also be used for ongoing quantitative QA 

testing of geometric distortion for clinically adopted MR sequences.  

 

Ideally, however, clinically adopted MR sequences should have demonstrated 

benefits based on human data. This includes the ability to reproducibly position patients 

for radiotherapy treatments, increased target visualization, preservation of image fidelity, 

and accurate tumour bed delineation. This data can only be acquired through clinical 

experience and patient trials. While geometric distortion associated with MRI imaging is 
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an important consideration, the deformable nature of breast tissue poses another problem 

for high precision treatments. The impact of these combined factors is not assessed in the 

present work. Patient trials with MRI simulation as part of APBI treatment planning could 

help decide which MRI protocols should be adopted for APBI techniques, and evaluate the 

utility of MRI for APBI treatment planning. 

 

7.2.2 Further applications of the realistic breast phantom 

 

The presented breast phantom prototype was characterized and validated for multi-

modality radiographic imaging, surgical simulation, and dosimetric applications. The 

findings suggest that such a phantom can be used as a deformable end-to-end breast 

phantom. This would allow applications that simulate the entire treatment chain of an 

adjuvant radiotherapy breast cancer case including surgery, radiotherapy simulation, 

radiotherapy treatment planning, and radiotherapy dose delivery and measurement. We are 

currently developing a breast phantom that can be used to evaluate the feasibility of tumour 

bed target tracking accuracy using surgical clips on CyberKnife’s Synchrony System. For 

this study, the deformable breast phantom is placed on a moving platform that simulates 

normal human breathing motion, and continuous target tracking accuracy is assessed. The 

phantom is designed to allow imaging and dosimetric applications as well, where 

radiochromic film can be used to measure delivered radiation dose and compare it with the 

planned radiation dose. In the future, the breast phantom construction process will also be 

adapted to create deformable phantoms for other anatomical sites (such as the liver or 
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prostate). The breast, liver, and prostate deformable phantoms would also be of potential 

interest to MRgRT applications, particularly with the utilization of MRI linacs. 

 

In Chapter 6, the study involving realistic breast phantoms showed how for 

adjuvant radiotherapy, post-OBS surgical clips are not reliable radiographic surrogates of 

tumour bed locations. The study demonstrated that for post-OBS cases, current clinical 

methods of contouring tumour beds using surgical clips are limited, and that even generous 

expansion margins may not account for potential target-miss. Furthermore, using large 

margins may include excessive healthy tissue, reducing APBI treatment eligibility. 

Nevertheless, there may be alternative solutions. Recently, a new radiographic, 3D surgical 

filament marker was introduced to improve tumour bed marking for radiotherapy 

planning [299]. A similar study as that demonstrated in this thesis (one conducted by a 

multi-disciplinary team involving breast phantoms) can be conducted with different 

surgical markers to assess their reliability in improving tumour bed delineation accuracy. 

This would provide a practical preliminary validation technique to demonstrate the 

marker’s efficacy, and to justify if further clinical investigations involving patient trials are 

necessary. 

 

7.3 Outlook 

 

Women with low-risk breast cancer now have multiple adjuvant radiotherapy 

treatment options, including APBI and hypofractionated WBRT [297,300]. APBI offers a 

practical and advantageous radiotherapy treatment technique for patients with low-risk 
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breast cancer. Compared with adjuvant APBI, neoadjuvant APBI has the potential to 

further decrease irradiated healthy tissue and organ-at-risk volumes [301]. While 

hypofractionated WBRT cannot be offered to patients with certain breast cancers, such as 

with ductal carcinoma in situ, nor for patients with large breasts [302], it has still gained 

wide adoption for eligible patient populations during the COVID-19 pandemic 

[296,297,300]. As clinical evidence for these hypofractionated treatment regiments 

continues to accrue, collaborative multi-disciplinary efforts present medical physicists with 

an important opportunity to establish these techniques. For example, radiation dose 

delivery accuracy can be advanced and controlled through medical physics technical 

expertise and understanding of radiotherapy equipment used in high precision treatments. 

Medical physicists can also contribute to comparative APBI planning studies, such as with 

the use of different dose delivery techniques (conformal radiotherapy, fixed beam-angle 

intensity modulated radiotherapy, or volumetric modulated arc therapy), or the use of MRI 

treatment simulation for the purpose of improving target delineation accuracy. These 

efforts would reduce variability in target delineation, treatment planning, and radiation 

delivery, consequently providing higher treatment accuracy and more homogenous clinical 

outcome data.  The work provided in this thesis offers some of the necessary tools to 

support such studies. 
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Appendices 
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Appendix A  . Example of an Inadequate Imaging Protocol on DynaCT 

for Stereotactic Radiosurgery Treatment Planning 

 

 As discussed in Chapter 2, one of the reasons why 3D image acquisition on DynaCT 

systems can suffer from poor image quality is due to the implementation of an inadequate 

imaging protocol. Figure A.1 demonstrates an example in which a diagnostic imaging 

protocol (see Table A.1) was assessed using the small lattice cube phantom (Cube C) which 

was presented in Chapter 2. The diagnostic imaging protocol is routinely used for digital 

subtraction angiography (DSA). The treatment planning CT (TPCT) and the correct 

imaging protocol (also provided in Table A.1) that is clinically used for stereotactic 

radiosurgery (SRS) treatment planning at The Ottawa Hospital are shown alongside for 

comparison. The only difference between these two protocols is the reduction in rotation 

time, yet this resulted in a significant decrease in image quality. The 3D printed phantom 

used (Cube C) provided a practical method of qualitatively visualizing the image fidelity 

differences, and the MATLAB script implemented provided a quantitative assessment of 

the observed geometric distortion. Here, the diagnostic DynaCT protocol yielded a mean 

target registration error (TRE) of 0.56 ± 0.40 mm. Whereas the SRS DynaCT protocol’s 

mean TRE was 0.44 ± 0.18 mm (see Chapter 2 for the definition of TRE and more 

information on analysis methods). This example demonstrates the importance of ensuring 

that imaging protocols adopted for SRS planning are appropriate, effective communication 

with the diagnostic team is present, and that any radiological images used in SRS are 

routinely assessed through quality assurance testing. 
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Figure A.1. Image slices from data sets of phantom Cube A (commercial phantom); shown on the reference 

TPCT, DynaCT, using the diagnostic protocol specified in Table A.1, and DynaCT, using the SRS specified 

in Table A.1. 

 

Table A.1. Comparison of the imaging protocols used to acquire images shown in Figure A.1.   

 

 

 

TPCT  

(SRS 

protocol) 

 

DynaCT  

(diagnostic protocol) 

 

DynaCT  

(SRS protocol) 

Vendor  

 

Make 

Brilliance 

Big Bore 

16 Slice 

Philips 

Artis Q with DynaCT 

 

Siemens Medical 

Solutions 

Artis Q with DynaCT 

 

Siemens Medical Solutions 

Scan Parameters 120 kVp 

450 mAs 

 

70 kVp, 400 mA 

∆"= 240°,	t= 5 s 

496 frames  

70 kVp, 400 mA 

∆"= 240°,	t= 20 s 

496 frames  

In-plane resolution (mm2) 0.4 x 0.4 0.4 x 0.4 0.4 x 0.4 

Slice thickness (mm) 1.0 1.0 1.0 

Treatment Planning CT 
(SRS protocol)

DynaCT scan 
(diagnostic protocol)

DynaCT scan 
(SRS protocol)



 

 224 

Appendix B  . Summary of 3D Printing Technologies Used in Medical 

Applications 

 

In Chapter 2, a lattice cube phantom was 3D printed for the purpose of measuring 

geometric distortion on radiological images. This prototype was printed using Fused 

Deposition Modeling (FDM) 3D printing technology. In Chapter 3, a large lattice cube 

phantom was 3D printed for the same purpose but using Multi Jet Modeling (MJM) 3D 

printing technology. These are two different technologies commonly used in medical 

applications. Table B.1 presents a summary of other options in 3D printing technologies 

commonly used in medical applications, as well as a list of their advantages and 

disadvantages. 

 

 

 

 

 

 

 

 

 

 

 



 

 225 

Table B.1. This table has been reproduced from Table 1 in the manuscript by George E, Liacouras P, Rybicki 

F J, et al. Measuring and Establishing the Accuracy and Reproducibility of 3D Printed Medical Models. 

RadioGraphics 2017;37:1424-1450, with permission granted by the Journal Business Publications Office of 

the Radiological Society of North America. 

3D Printing 
Technology 

Description Typical 
Layer 
Thickness 
in mm 
(Printing 
Resolution) 

Model 
Surface 
Texture 

Advantages Disadvantages 

Fused 
Deposition 
Modeling 
(FDM) 

Thermoplastics 
are melted and 
extruded by a 
tip onto the 
build platform 

z axis: 0.1 – 
0.5  
x-y axis: 
0.1 – 0.4  

Very 
rough 

*Low cost 
*Strong materials 
*Model scan be 
printed by using 
one or two 
materials and 
different colors 

*Slow 
*Spatial 
resolution is 
lower than 
that with other 
modalities 
*Models can 
be permeated 
by liquids 
owing to layer 
adhesion 
imperfections 
 

Multi Jet 
Modeling 
(MJM) 

Droplets of 
epoxy- or 
acrylic-based 
liquid photo 
polymers are 
jetted onto a 
tray and 
polymerized 
and solidified 
by means of 
exposure to 
ultraviolet light 
 

z axis: 0.03 
x-y axis : 
0.05 

Slightly 
rough 

*Short term 
biocompatible 
material is 
available 
*Models can be 
printed by using 
one or two 
materials and 
different colors 

*Expensive 
*Slow 

 

Continued on next page… 
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3D Printing 
Technology 

Description Typical 
Layer 
Thickness 
in mm 
(Printing 
Resolution) 

Model 
Surface 
Texture 

Advantages Disadvantages 

Stereolithography 
(SLA) 

Photopolymer 
held in a vat is 
polymerized 
by, for 
example, an 
ultraviolet 
laser by 
means of 
illumination 
of the top or 
bottom 
surface of the 
liquid 
 

z-axis: 
0.02-0.20 
x-y axis: 
0.075-
0.200 

Smooth *Ideal for 
hallow model 
prints because 
they do not 
require support 
materials, 
depending on 
the orientation 
*Biocompatible 
materials are 
available 

*Labor 
intensive 
removal of 
support struts 
*Only one 
material can 
be used 

Selective Laser 
Sintering (SLS) 

Powder of 
plastic, metal, 
ceramic, or 
glass is 
sintered by a 
high-power 
laser 
 

z-axis: 0.1-
0.2 
x-y axis: 
0.075-
0.200 

Rough *Options for 
different 
materials 
*No supports 
required 

*Expensive 
*Models need 
substantial 
machining 
post-
processing 

Binder Jetting A liquid 
adhesive is 
jetted onto a 
bed of 
gypsum or 
ceramic 
powder 

z-axis: 
0.05-0.10 
x-y axis: 
0.05 

Rough *Models can be 
printed by using 
different colors 
*No supports 
required 
*Can print 
complex shapes 
 

*Fragile 
models 
*Only one 
material can 
be used 
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