
University of Iowa University of Iowa 

Iowa Research Online Iowa Research Online 

Theses and Dissertations 

Summer 2017 

Developing novel techniques for next generation rotating shield Developing novel techniques for next generation rotating shield 

brachytherapy brachytherapy 

Hossein Dadkhah 
University of Iowa 

Follow this and additional works at: https://ir.uiowa.edu/etd 

 Part of the Biomedical Engineering and Bioengineering Commons 

Copyright © 2017 Hossein Dadkhah 

This dissertation is available at Iowa Research Online: https://ir.uiowa.edu/etd/6931 

Recommended Citation Recommended Citation 
Dadkhah, Hossein. "Developing novel techniques for next generation rotating shield brachytherapy." PhD 
(Doctor of Philosophy) thesis, University of Iowa, 2017. 
https://doi.org/10.17077/etd.l03u-z0tg 

Follow this and additional works at: https://ir.uiowa.edu/etd 

 Part of the Biomedical Engineering and Bioengineering Commons 

https://ir.uiowa.edu/
https://ir.uiowa.edu/etd
https://ir.uiowa.edu/etd?utm_source=ir.uiowa.edu%2Fetd%2F6931&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/229?utm_source=ir.uiowa.edu%2Fetd%2F6931&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.17077/etd.l03u-z0tg
https://ir.uiowa.edu/etd?utm_source=ir.uiowa.edu%2Fetd%2F6931&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/229?utm_source=ir.uiowa.edu%2Fetd%2F6931&utm_medium=PDF&utm_campaign=PDFCoverPages


 

 

 

 

 

 

 

DEVELOPING NOVEL TECHNIQUES FOR NEXT GENERATION ROTATING 

SHIELD BRACHYTHERAPY 

 

 

 

 

 

 

 

 

by 

 

Hossein Dadkhah 

 

 

 

 

 

 

 

 

A thesis submitted in partial fulfillment 

of the requirements for the Doctor of Philosophy  

degree in Biomedical Engineering in the  

Graduate College of 

The University of Iowa 

 

August 2017 

 

Thesis Supervisor:    Associate Professor Ryan T. Flynn 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

 

HOSSEIN DADKHAH 

 

2017 

 

All Rights Reserved 

 

  



Graduate College 

The University of Iowa 

Iowa City, Iowa 

 

 

 

CERTIFICATE OF APPROVAL 

 

____________________________ 

 

 

PH.D. THESIS 

 

_________________ 

 

This is to certify that the Ph.D. thesis of 

 

Hossein Dadkhah 

 

has been approved by the Examining Committee for  

the thesis requirement for the Doctor of Philosophy degree 

in Biomedical Engineering at the August 2017 graduation. 

 

 

Thesis Committee: ____________________________________________ 

 Ryan T. Flynn, Thesis Supervisor 

 

 

 ____________________________________________ 

 Xiaodong Wu 

 

 

 ____________________________________________ 

 Sarah C. Vigmostad 

 

 

 ____________________________________________ 

 Edward Sander 

 

 

 ____________________________________________ 

 Weiyu Xu 

 

 

 ____________________________________________ 

 Joseph M. Reinhardt



ii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To Hoda, my wife whose love is invaluable source of inspiration. 

  



iii 

 

ACKNOWLEDGEMENTS 

During the course of this work, the constant association with the members of our 

research team has been most pleasurable. Without their help and counsel, always 

generously and unstintingly given, the completion of this journey would have been 

immeasurably more difficult. 

I would like to express my deepest gratitude toward my advisor, Dr. Ryan Flynn, 

whose passion for research, innovation, and education is only equaled by his passion for 

assisting others to live longer, healthier lives. He provided me with every bit of guidance, 

assistance, expertise, freedom, and encouragement during the course of this unrivaled 

experience. Besides, I was always inspired by his perpetual optimism even when things 

looked bleak, by his hard work and enduring professionalism even when it is not 

reciprocated, by his collegiality and scholarly generosity with his students and colleagues, 

and by his audacity in embarking on new research adventures. He has also been a constant 

source of support and encouragement in the development and implementation of my career 

goals. 

There are many faculty and group members at the Department of Radiation 

Oncology, Department of Electrical and Computer Engineering, and Department of 

Biomedical Engineering at The University of Iowa who I wish to acknowledge. To Dr. 

Yusung Kim, for providing me with constructive and practical advice originated in his 

profound clinical and scientific background. To Professor Xiaodong Wu, for providing me 

and our team with the novel optimization and mathematical methods essential to treatment 

planning of the proposed approaches. To all the committee members, Drs. Joseph 

Reinhardt, Sarah Vigmostad, Edward Sander, Xiaodong Wu, Ryan Flynn, and Yusung 



iv 

 

Kim, who were willing to participate in the three major exams toward my graduation and 

to offer suggestions and advices during this course. To all my previous and present 

colleagues and friends at our IMBT team, Xing Li, Yunlong Liu, Weiyu Xu, Myung Cho, 

Kaustubh Patwardhan, and Karolyn Hopfensperger for providing a friendly and 

cooperative atmosphere at our group and also useful feedback and insightful comments on 

my work. 

Last but not least, a special debt of gratitude is due to my wife, Hoda, for all the 

dedication, patience, and support throughout the years. Her unwavering love, support, and 

encouragement were undeniably the bedrock upon which the past seven years of my life 

have been built. I also thank my parents, Ali and Mahin, for giving me the opportunity to 

live, learn, and love and for enabling me to follow my dreams. 

  



v 

 

ABSTRACT 

Multi-helix rotating shield brachytherapy (RSBT) applicator and multi-source 

RSBT apparatus are two novel intensity-modulated brachytherapy techniques for the 

treatment of cervical and prostate cancer, respectively. The use of imaging techniques 

such as magnetic resonance imaging guided brachytherapy has enabled the precise 

identification and contouring of tumor volumes for treatment planning, as well as 

demonstrated the challenges associated with using conventional high dose rate 

brachytherapy (HDR-BT) approaches to conform the radiation dose to the target and 

avoid surrounding sensitive healthy tissues. The target conformity of conventional HDR-

BT dose distributions is restricted based on the geometrical constraints imposed by the 

position and shape of the tube-shaped applicators, as well as the radially-symmetric 

radiation dose distributions produced by the radiation sources. Dose distribution 

conformity for cervical and prostate cancer can be significantly improved relative to 

conventional HDR-BT through the use of multi-helix and multi-source RSBT techniques, 

respectively. In this study, two novel RSBT concepts for treating cervical and prostate 

cancer were introduced and the dosimetric impact was evaluated. 

A Henschke-type cervical cancer applicator, designed for an electronic 

brachytherapy (eBx) source (Xoft AxxentTM) and a 0.5 mm thick tungsten partial shield 

with 180˚ or 45˚ azimuthal emission angles, is proposed. The interior wall of the 

applicator contains six evenly-spaced helical keyways that rigidly define the emission 

direction of the partial radiation shield as a function of depth in the applicator. The shield 

contains three uniformly-distributed protruding keys on its exterior wall and is attached to 

the source such that it rotates freely, thus longitudinal translational motion of the source 
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is transferred to rotational motion of the shield. RSBT treatment plans were generated for 

five cervical cancer patients with a diverse range of high-risk target volume (HR-CTV) 

shapes and applicator positions. Treatment delivery time and tumor coverage (D90 of HR-

CTV) were the two metrics used as the basis for evaluation and comparison. 

With multi-source RSBT apparatus, precise angular and linear positioning of 

partially-shielded 153Gd brachytherapy sources in interstitial needles for the treatment of 

locally-advanced prostate cancer is carried out. Following needle implantation through 

the patient template, an angular drive mechanism is docked to the patient template. Each 

needle is coupled to a multisource afterloader catheter by a connector passing through a 

shaft. The shafts are rotated about their axes by translating a moving template between 

two stationary templates. Shafts’ surfaces and moving template holes are helically 

threaded with the same pattern such that translation of the moving template causes 

simultaneous rotation of the shafts. The catheter angles are simultaneously incremented 

throughout treatment. For each rotation angle, source depth in each needle is controlled 

by a multisource afterloader, which is proposed as an array of belt-driven linear actuators, 

each of which drives a wire that controls catheter depth in a needle. 

In conclusion, the helical RSBT approach for treating cervical cancer and the 

multi-catheter RSBT approach for treating prostate cancer, powered with novel radiation 

sources amenable to shielding, are clinically- and mechanically-feasible techniques that 

dosimetrically outperform conventional brachytherapy methods while minimizing 

damage to healthy tissues inside and/or adjacent to the target.  
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PUBLIC ABSTRACT 

Brachytherapy is a widely-used form of radiotherapy where a radiation source is 

placed inside or next to the tumor region. Conventional brachytherapy approaches are 

either non-conformal to the tumor volume or invasive to the healthy tissues surrounding 

the tumor. In the current study, two novel brachytherapy mechanisms were proposed as 

clinically-feasible alternatives to conventional brachytherapy techniques for treating 

cervical and prostate cancer. In the first part of this work, an innovative brachytherapy 

approach for treating cervical cancer is put forward. The goal is to deliver a high 

radiation dose to tumor, which covers almost the whole tumor volume, while still keeps 

the radiation dose delivered to the healthy organs adjacent to the tumor (bladder, rectum, 

and sigmoid colon) lower than the standard. In the second part of this work, an innovative 

brachytherapy mechanism for treating locally-advanced prostate cancer is proposed with 

the objective of delivering lower radiation dose to surrounding normal structures, urethra 

in particular, and increasing the radiation dose delivered to the prostate. 
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the title of “Multihelix Rotating Shield Brachytherapy for Cervical Cancer.” 
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1 INTRODUCTION 

1.1 Cervical cancer 

Cervical cancer is a malignant neoplasm that forms in the tissues of the cervix 

uteri, the organ connecting the uterus and vagina. It is the 4th most widespread cancer in 

women throughout the world following breast, colorectal, and lung cancers, with an 

approximate assessment of 528,000 new cases in 2012.1 With around 266,000 deaths in 

2012, it is, additionally, considered as the fourth cause of female cancer morbidity 

globally. In addition, in the U.S. it is the third most common gynecological cancer while 

in developing countries it is the leading cause of cancer mortality in women.2 Those 

patients with postcoital or unaccountable abnormal vaginal bleeding, pelvic pain, atypical 

discharge, or a perceptible lesion are remarkably susceptible to this type of cancer and 

highly recommended for comprehensive evaluations.3 

The underlying cause of cervical cancer is some types of chronic human 

papillomavirus (HPV) infection which is a productive infection triggered in keratinocytes 

of the skin or mucous membranes.4 Other factors including smoking, chlamydia infection, 

unhealthy diets, birth control pills, multiple pregnancies, and family history can play a 

key role in forming a malignant cervical tumor.5 The 33% death rate (beyond 4,200 cases 

out of all new cervical cancer cases in 2011) is associated with this type of gynecological 

cancer in the U.S.6 Table 12, 7 shows The American Joint Committee on Cancer (AJCC) 

TNM (Tumor, node, and metastases) classification and the Féderation Internationale de 

Gynécologie et d’Obstétrique (FIGO) staging system for cervical cancer as well as local 

control and survival rates associated with each stage and classification. 
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Table 1: Cervical cancer categories and staging with local control and survival rate. 

TNM FIGO Surgical-Pathologic findings   

Categories Stages  Local 

control rate 

Survival 

rate 

TX  Primary tumor cannot be assessed   

T0  No evidence of primary tumor   

Tis  Carcinoma in situ (preinvasive carcinoma)   

T1 I Cervical carcinoma confined to the cervix   

T1a IA Invasive carcinoma diagnosed only by 

microscopy 

95-100% 95-100% 

T1a1 IA1 Measured stromal invasion ≤ 3.0 mm in 

depth 

95-100%  

T1a2 IA2 Measured stromal invasion > 3.0 mm in 

depth 

95-100%  

T1b IB Clinically visible lesion confined to the 

cervix 

  

T1b1 IB1 Clinically visible lesion ≤ 4.0 cm in greatest 

dimension 

90-95% 85-90% 

T1b2 IB2 Clinically visible lesion > 4.0 cm in greatest 

dimension 

60-80% 60-70% 

T2 II Cervical carcinoma invades beyond uterus 

but not to pelvic wall or to lower third of 

vagina 

  

T2a IIA Tumor without parametrial invasion 80-85% 75% 

T2a1 IIA1 Clinically visible lesion ≤ 4.0 cm in greatest 

dimension 
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Table 1—continued 

T2a2 IIA2 Clinically visible lesion > 4.0 cm in greatest 

dimension 

  

T2b IIB Tumor with parametrial invasion 60-80% 60-65% 

T3 III Tumor extends to pelvic wall   

T3a IIIA Tumor involves lower third of vagina, no 

extension to pelvic wall 

60% 25-50% 

T3b IIIB Tumor extends to pelvic wall and/or causes 

hydronephrosis or nonfunctional kidney 

50-60% 25-50% 

T4 IV Tumor invades mucosa of bladder or rectum 

and/or extends beyond true pelvis 

  

T4a IVA Tumor invades mucosa of bladder or rectum 30% 15-30% 

T4b IVB Tumor extends beyond true pelvis  <10% 

 

Cervical cancer tumors with stages ranging from IB1 to IVB are conventionally 

considered as the advanced or malignant cases, due to their bulky volumes which are 

normally greater than 40 cm3. Brachytherapy (BT) is considered as an inevitable 

component of the treatment for stages more invasive than IB. As indicated in Table 1, in 

stage IB2 the tumor is laterally extended larger than 4 cm and is confined to the cervix 

boundaries while in an invasive stage such as IVA, cancer extended over nearby organs, 

such as the bladder or rectum. Cervix and endometrium are among those tissues in a 

woman body that can receive high radiation doses with minimal sequelae. This 

specification accounts for the potential to treat endometrial and cervical cancer with high 

external and brachytherapy dose. Although cervix has such a capability, combined 
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internal and external radiation therapy has some late effects including vaginal shortening 

associated with fibrosis and loss of elasticity and lubrication.8 

1.2 Standard care for locally-advanced cervical cancer 

Retrospective experimental analyses suggest that patients with bulky stage IB 

tumors are more responsive to concomitant treatment with cisplatin and radiation therapy 

than to radiation therapy solely or even to other regimens in which radiation therapy is 

included but cisplatin is not.9 Patients with locally-advanced cervical cancer typically 

receive external beam radiation therapy (EBRT) with concurrent chemotherapy followed 

by high dose rate brachytherapy (HDR-BT) to the tumor site.10 The combination of 

treatment modalities of EBRT, chemotherapy, and magnetic resonance (MR) image 

guided intracavitary brachytherapy with supplemental interstitial brachytherapy for 

patients with laterally-extended non-symmetric bulky tumors of greater than 40 cm3 has 

been demonstrated to be much more effective than either of these treatment modalities 

alone.11 

1.3 Cervical cancer brachytherapy 

The treatment outcome of regimens with BT shows improvement in terms of both 

cancer recurrence rates and survival rates.12, 13 Conventional intracavitary brachytherapy 

(ICBT) for cervical cancer, as shown in Figure 1,14 is delivered by means of a small 

high-energy radioactive source passing through a curved applicator which is placed into 

the uterus and vagina of the patient. 
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     (a)                                                                           (b) 

Figure 1: Localization radiographs of an ICBT Henschke-type applicator in (a) anterior-

posterior and (b) lateral positions. 

Conventional ICBT may not deliver sufficient radiation dose, particularly in cases 

with advanced cervical cancer or in cases that are distorted anatomically. Such cases are 

usually showing high incidence of local failure and some complications. Interstitial 

brachytherapy can be a potentially effective alternative for conventional ICBT in such 

cases.15 Interstitial brachytherapy is potentially capable of delivering a curative dose to 

tumors that are positioned far from an accessible anatomic cavity. These tumors normally 

extend beyond the range of the tandem-ovoid applicator.16 In this approach several 

interstitial needles used to provide anatomical access so that the radiation sources can be 

positioned within and around the target volume. 
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Combined interstitial BT and conventional ICBT (IS+ICBT) in conjunction with 

MRI-based treatment planning was first introduced by Kiristis et al in 2006.17 A modified 

ring applicator (Figure 2), named Vienna applicator, facilitates interstitial needles to be 

positioned aligned with the conventional intrauterine applicator. This method is leading to 

increase in target coverage, treated volume, and total dose without compromising organ at 

risk (OAR) sparing. 

 
 

Figure 2: Vienna applicator: a modified ring applicator for IS+ICBT. Needles are hollow 

metal tubes which are inserted through holes in the ring. 

1.3.1 Challenges with the current BT approaches 

The combination of treatment modalities of EBRT, chemotherapy, and MR image 

guided IS+ICBT for patients with laterally-extended non-symmetric bulky tumors of 

greater than 40 cm3 has been demonstrated to be much more effective than either of these 

treatment modalities alone.11 Introducing intraoperative MR image guidance into BT 

treatment planning of cervical cancer reduced the overestimation of the high risk clinical 

target volume (HR-CTV) (using GEC-ESTRO guidelines)18 caused by the inherent lack 
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of precision in the images from computed tomography (CT).19 Therefore clinicians are 

equipped with the means to accurately contour the regions of interest. IS+ICBT (the 

Vienna applicator) is proposed as a way to achieve more HR-CTV conformal dose 

distributions17, 20 since ICBT alone has been shown to be incapable of delivering adequate 

doses to the tumor,21-23 leading to suboptimal local control and survival. The IS+ICBT 

procedure reduces tumor underdose, but it demands supplementary needles for interstitial 

192Ir BT placement, and requires a shielded BT suite and additional MRI imaging.24-27 

The delivery time is also increased relative to ICBT by a factor of between five and 

eight.22 Another major challenge to clinical implementation of IS+ICBT approach is that 

few physicians are familiar with its delivery and it is more invasive than ICBT alone, as 

the interstitial needles in this technique are generally associated with undesired bleeding. 

In addition, the deliverable and attainable dose escalation with ICBT alone is adversely 

affected by the OARs adjacent to the HR-CTV (bladder, rectum, and sigmoid colon)28-30 

as well as the emission of radially-symmetric dose distributions around the BT source 

that is constrained to travel through a prespecified channel (the intracavitary applicator). 

However, pelvic control (cervix, uterine corpus, vagina, parametric, and lymph 

nodes) with IS+ICBT technique is 90% at 3 years in the absence of any increase in 

mortality, while pelvic control was 63% prior to the introduction of the Vienna series 

applicators.11 This followed the introduction of MR-enabled IS+ICBT dose escalation to 

the high-risk clinical target volume (HR-CTV) using GEC-ESTRO guidelines,18 

simultaneous cisplatin chemotherapy, and laparoscopic pelvic node dissection with 

macroscopic removal for the majority of the patients in the most recent series. Although it 

is unclear what percentage of the observed improvement in pelvic control is attributable 
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to the use of MR-enabled IS+ICBT alone, there is little doubt that the resulting dose 

escalation played an important role in obtaining such positive results. For patients with 

smaller residual tumors (<5 cm), the advantage of the IS+ICBT approach is reduced as 

obtaining HR-CTV tumor dose conformity with ICBT is possible. 

1.3.2 Intensity modulated brachytherapy 

The tumor conformity and achievable dose escalation as well as the sensitive 

structure sparing capability of conventional HDR-BT dose distributions are limited based 

on the geometrical constraints imposed by the position and shape of the applicators or 

catheters, as well as the spatial symmetry of the dose distributions produced by 

conventional unshielded BT sources. Dose distribution conformity and sensitive healthy 

tissue avoidance can be considerably improved through the use of intensity modulated 

brachytherapy (IMBT) in conjunction with a specific radiation source amenable to 

shielding. 

Potential alternatives to IS+ICBT for cervical cancer that would be dosimetrically 

superior to ICBT alone have been proposed, including rotating shield brachytherapy 

(RSBT)31-35 and direction-modulated brachytherapy (DMBT).36, 37 With RSBT as 

proposed for cervical cancer,31-35 an electronic brachytherapy (eBx) source (Xoft 

AxxentTM, iCAD, Inc., Nashua, NH, USA) with a rotating partial shield travels down an 

intracavitary applicator, and the amount of radiation delivered in a given direction is 

modulated by controlling the amount of time the aperture created by the shield points in a 

that direction. With DMBT for cervical cancer (Figure 3),36, 37 a multi-channel applicator 

with an MR-compatible, photon-attenuating tungsten core is proposed, and the directional 
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modulation is achieved by controlling the dwell time of the 192Ir radiation source at each 

dwell position. 

 
 

Figure 3: The DMBT tandem design with six evenly-spaced peripheral channels. Due to 

the shielding capability of the core, which is made out of a tungsten alloy, the HDR-BT 

source is shooting the radiation only into the direction of the channel’s window. 

1.4 Objectives of the PhD project 

Our long-term objective in the current project was to improve the treatment of 

locally-advanced cervical cancer by developing a mechanically- and clinically-feasible 

RSBT technique, named multi-helix RSBT (H-RSBT). With H-RSBT, only linear 

translational motion of the radiation source/shield combination is necessary for the 

delivery, simplifying the process relative to previously proposed RSBT ideas.31, 32, 35 In 

one of the previous studies32 it was demonstrated that serial RSBT (S-RSBT), in which 

the partial shield is rotated to 16 angular positions at each 5-mm-spaced dwell position, 

has the potential to provide equivalent or superior HR-CTV D90-values comparable to 

those of IS+ICBT for a range of different HR-CTV shapes and applicator positions, under 

the same OAR constraints to the bladder, rectum, and sigmoid colon. However, the 

authors have been unsuccessful at developing an S-RSBT system that has the potential to 
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operate safely with curved applicators due to the mechanical challenge of accurately 

rotating a radiation shield about a fixed dwell position inside a curved applicator. The H-

RSBT technique, in which the partial shield is rotated to 6 angular positions at each 1.7-

mm-spaced dwell position, is designed to overcome the obstacles to S-RSBT 

implementation, enabling the delivery of deliberately non-symmetric, tumor-conformal, 

dose distributions that would be impossible to deliver with conventional, unshielded, 

radiation sources in intracavitary applicators. 

1.5 Innovation of the proposed technique 

The innovative potential of this project is characterized by a number of unique 

features which originate in a coherent and well-established framework for RSBT delivery 

of cervical cancer that have been developed through the years, deserving attention from 

both theoretical and clinical perspectives. The primary aim of the present study is to 

adopt the concept of RSBT for cervical cancer with the emphasis on developing 

mechanically and clinically reliable novel technique and tangible system. 

Cervical cancer patients with locally advanced disease typically receive the 

brachytherapy boost using one of the commercially available MRI-compatible 

intracavitary applicators,10 none of which are straight in shape due to the complicated 

shape of the uterine cervix. Therefore the major challenge associated with implementing 

RSBT for cervical cancer is the simultaneous rotation and translation of the shielded 

source inside a small-diameter applicator part of which is curved. H-RSBT technique34 is 

a mechanically feasible solution envisioned to surmount that obstacle. H-RSBT enables 

cervical cancer RSBT delivery using solely longitudinal and translational motion of the 

source and shield combination, tackling the challenges associated with previously 
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proposed RSBT method32 based on a serial (S-RSBT) step-and-shoot delivery technique, 

which required independent translational and rotational motion. Applying RSBT in 

cervical cancer treatment procedures leads to a tangible improvement in achieving the 

tumor conformal dose distributions. 
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2 METHODS 

2.1 Brachytherapy source 

A partially shielded Xoft AxxentTM eBx source38 is considered as the 

brachytherapy source, which is a miniature x-ray source that is sheathed in a 5.4 mm 

diameter water-cooled catheter. The tube can be operated between 20 and 50 kVp, at a 

standard operating voltage of 50 kV and tube current of 300 μA. The air-kerma strength 

of an eBx source is 1.4 kGy/h. The eBx source is driven by a remote afterloading device 

(control console), which is a robotic arm that can control the location of the source inside 

the applicator to better than ±1 mm resulting in providing the desired longitudinal 

translation. The controller unit is also equipped with a pullback arm which has three 

adjustable joints allowing a desired longitudinal translation and better positioning and 

alignment of the source through a channel or applicator in order to provide a proper-

shaped dose distribution. 

2.2 Applicator and shield design 

A novel applicator/shield/source system (Figure 4) with an outer diameter of 9.4 

mm was designed to enable RSBT dose delivery for cervical cancer. Based on H-RSBT 

technique, the direction of a partial radiation shield is controlled using only translational 

motion of the radiation source. This is an advantageous property, as the eBx system 

already provides accurate translational motion capability, enabling the system to be 

extended to accommodate RSBT delivery without the addition of rotational motors, 

simplifying the implementation process. 
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Figure 4: Multi-helix rotating shield brachytherapy (H-RSBT) system design. 

The common applicator shape for cervical cancer brachytherapy, shown in Figure 

4, has a curved central (tandem) applicator that can be substituted for tandem applicators 

with different curvatures depending on the patient and day. The H-RSBT applicator is an 

intracavitary tandem-type intrauterine applicator that is inserted past the cervix and into 

the patient’s uterus. It contains six evenly-spaced helical keyways, which provide 

pathways that the keys from the shield follow when the source is translated. The rotating 

shield attaches to the end of the eBx catheter and rotates freely about the catheter inside 

the applicator. The shield has three uniformly-distributed protruding keys on its exterior 

wall, which occupy three of those six keyways at a given time. The position of the source 

in the applicator dictates the direction of the radiation shield and therefore the irradiation 

direction, thus H-RSBT only requires translational motion of the BT source inside the 

applicator for the shield to rotate. Since the clinical eBx unit already has a translational 
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drive, no additional motors would be needed to deliver H-RSBT. The keyways, as shown 

in Figure 4, start at the proximal entrance to the straight part of the applicator with a 

loose pitch (15 cm per rotation) that increases linearly to the desired pitch (3.33 cm per 

rotation) at the curved part of the applicator. This approach enables a smooth mechanical 

transition of the shield from the straight to the curved part of the applicator. 

 
 

Figure 5: Cross section of H-RSBT applicator and shield. All dimensions are in mm. 

An important feature of the H-RSBT applicator shown in Figure 4 is that it 

contains six loosely-wound helical keyways that are longitudinally offset from each other. 

A cross section of the applicator is shown in Figure 5. Multiple keyways are required 

when they are loosely wound since using only a single keyway would not provide enough 

emission angles per unit applicator length to deliver dose distributions that are 

competitive with S-RSBT. Having six keyways increases the number of shield emission 

angles per cm, enabling an improvement in the deliverable dose distributions. By setting 

source travel per rotation of the keyways to 3.33 cm, H-RSBT dose distributions have the 

potential to be equivalent to S-RSBT dose distributions, as the number of emission angles 

per cm for H-RSBT is approximately the same as that for S-RSBT. Thus H-RSBT and S-
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RSBT create 36.6 and 35.4 emission angles per cm of source travel inside the patient, 

respectively. 

Clinical H-RSBT delivery would proceed as follows. The entire H-RSBT delivery 

would be done using one or more shields each with three protruding keys attached on its 

surface. For the first (of six) delivery segments, the shield keys #1, # 2, and #3 would 

occupy keyways #1, #3, and #5, respectively, as shown in Figure 5. The source would 

travel to the distal end of the applicator, stopping along the way at discrete 

longitudinal/angular dwell positions for preset dwell times. After the first segment, the 

source and shield could be retracted and re-inserted with the shield keys occupying a 

second combination of keyways, which would be keyways #2, #4, and #6, respectively. 

This proceeds until all of the desired combinations of keyways have been used for the 

delivery. 

The shield used in the H-RSBT system must rotate about the radiation source 

smoothly and unimpeded during the dose delivery procedure. Therefore a connection 

between the shield and the water cooling catheter surrounding the eBx source is needed. 

As shown in Figure 4, in order to attach the shield to the eBx catheter such that it rotates 

freely, it is proposed to re-manufacture the cooling catheter such that it has a protruding 

circumferential plastic ring that can be used to hold the shield in place. Further, as shown 

in Figure 5, the tungsten shield thickness is 500 microns, which is enough to provide less 

than 0.1% dose transmission, while still rotating freely about the water cooling catheter. 

As the partially shielded cylinder is not curved and will remain a straight cylinder through 

the whole procedure, the inner diameter of the applicator is restricted in terms of the 

magnitude of both length and thickness of the shield. 
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2.3 Source trajectory and shield emission direction 

A Henschke style applicator can be modeled as a straight tube and an attached arc 

with a radius of curvature of 𝑅𝑐. Figure 6(a) and Figure 6(b) show the geometrical 

parameters of a single helical keyway on a single dwell position in global and local 

coordinate systems, respectively. According to it, assume the following: 𝑅𝐼 is the interior 

radius of the applicator, ℎ⃗ (ℓ) is applicator axis located in 3-D space at position ℓ along 

the applicator axis, 𝛼𝑚(ℓ) is angle of the keyway 𝑚 at position ℓ in the applicator while 

𝑚 = 1, 2,… , 6, ℓ𝑟 is the source travel per one rotation of a keyway inside the curved part 

of the applicator, and 𝑝 𝑚(ℓ) is the 3-D spatial location of the center of the entrance to the 

keyway 𝑚 at position ℓ along the applicator. In general, the location of the entrance to 

keyway 𝑚 at position ℓ is: 

𝑝⃗ 
𝑚
(ℓ) = ℎ⃗ (ℓ) + 𝑞⃗ 

𝑚
(ℓ), (1) 

where 𝑞 𝑚(ℓ) is the vector between the applicator axis at position ℓ and the inner 

applicator wall at keyway 𝑚, defined in the (𝑥̂́, 𝑦̂́, 𝑧̂́) coordinate system (Figure 6(b)) 

as: 

𝑞⃗ 
𝑚
(ℓ) = 𝑅𝐼cos[𝛼𝑚(ℓ)]𝑥̂́(ℓ) + 𝑅𝐼sin[𝛼𝑚(ℓ)]𝑦̂́(ℓ), (2) 

and 𝛼𝑚(ℓ) is defined as: 

𝛼𝑚(ℓ) = 𝜋 (
𝑚 − 1

6
+

2ℓ

ℓ𝑟
). (3) 

Thus 𝑝 𝑚(ℓ) is calculated as: 

𝑝⃗ 
𝑚
(ℓ) = {𝑅𝐼cos[𝛼𝑚(ℓ)]}𝑥̂ + {𝑅𝑐 [1 − cos (

ℓ

𝑅𝑐
)] + 𝑅𝐼cos (

ℓ

𝑅𝑐
) sin[𝛼𝑚(ℓ)]} 𝑦̂

+ {𝑅𝑐sin (
ℓ

𝑅𝑐
) − 𝑅𝐼sin (

ℓ

𝑅𝑐
) sin[𝛼𝑚(ℓ)]} 𝑧̂. 

(4) 
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Figure 6: H-RSBT trajectory geometry and related parameters and coordinate systems. 

(b) 

(a) 
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2.4 Patients and dose prescription 

Five patients with cervical cancer staging from IB to IVA were considered in an 

Institutional Review Board approved study. As shown in Table 2 HR-CTV volumes 

ranged from 42.2 to 98.8 cm3 (mean 68.1 cm3, standard deviation 23.8 cm3) and HR-CTV 

extents ranged from 6.3 to 9.6 cm (mean 7.9 cm, standard deviation of 1.8 cm). All the 

CTVs and OARs were manually contoured by physicians on T2-weighted 1 mm × 1 mm 

× 3 mm-resolution MR images taken with a Siemens MAGNETOM 3T scanner 

(Siemens, Germany) at the beginning of the first fraction of brachytherapy. A titanium 

Fletcher-Suit-Delclos style tandem and ovoids (Varian Medical Systems, Palo Alto, CA) 

was used as the brachytherapy applicator. The same datasets were used for the current 

study as by Yang et al (2013).32 

Table 2: High-risk clinical target volume (HR-CTV) volumes and 

dimensions for all patients considered. 

 
HR-CTV 

Volume (cm3) 

HR-CTV Maximum 

Dimension (cm) 

Patient #1 42.2 6.3 

Patient #2 45.8 7.4 

Patient #3 78.0 8.6 

Patient #4 98.8 9.6 

Patient #5 75.0 7.5 

Average 68.0 7.9 

Standard Deviation 23.8 1.8 

Range [42.2 98.8] [6.3 9.6] 

 

All patients received external beam radiation therapy in 25 fractions at 1.8 Gy per 

fraction. It was assumed for all the cases that the external beam radiotherapy dose was 
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uniformly delivered in the HR-CTV and OARs. The dose in each voxel was converted to 

equivalent dose as given in 2 Gy-fractions (EQD2) using the linear quadratic model39 

where the linear-quadratic parameter, 𝛼 𝛽⁄ , set to 3 Gy for the OARs and 10 Gy for the 

HR-CTV. 

Based on the institutional standard at The University of Iowa, the BT dose was 

simulated to be delivered over five fractions. For all the generated BT treatment plans the 

EQD2 of the HR-CTV was escalated until the EQD2 D2cc tolerance of any of the three 

OARs was reached. The OAR’s tolerances were in accordance with those defined by 

GEC-ESTRO: 90 Gy3 for bladder, and 75 Gy3 for rectum and sigmoid colon.18, 40 

2.5 Dose calculation and treatment planning 

A modified form of the American Association of Physicists in Medicine Task 

Group 43 (TG-43)41, 42 technique was applied as the basis for RSBT dose calculation 

according to: 

𝐷̇𝑚(𝑟 ) = 𝑆𝑘Λ
𝐺(𝑟 )

𝐺(𝑟 0)
𝑔(𝑟 )𝐹(𝑟 )𝑇𝑚(𝑟 ), (5) 

in which 𝐷̇𝑚(𝑟 ) is the dose rate at point 𝑟  with the origin at the center of the eBx point 

source, where (Figure 6): 

𝑟 = 𝑟 𝑖 = 𝑣 𝑖 − ℎ⃗ (ℓ), (6) 

and 𝑚 is an index standing for the angular course of the shield opening pointed in 

azimuthal direction 𝜑𝑚 = (𝑚 − 1)𝛿𝜑, where 𝑚 = 1, 2,… , 16, and 𝑚 = 1, 2,… , 6, for S-

RSBT and H-RSBT, respectively, and 𝛿𝜑 = 22.5° and 𝛿𝜑 = 60° for S-RSBT and H-

RSBT, respectively. In the equation above, 𝑆𝑘 is the air kerma strength of the eBx source, 

which is 1.4 × 105 U according to Rivard et al (2006),43 Λ is the dose rate constant, which 

is 0.495 cGy U-1 h-1,43 𝐺(𝑟 ) is the geometry function, 𝑟 0 is a reference point at distance 1 
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cm lateral from the core of the source, 𝐹(𝑟 ) is the anisotropy function, and 𝑇𝑚(𝑟 ) is the 

shield transmission function which is defined as: 

𝑇𝑚(𝑟 ) = {
1

if  𝑎+ = 𝑟 ∙ 𝑎̂𝑃
+ ≤ 0  &  𝑎− = 𝑟 ∙ 𝑎̂𝑃

− < 0  &

𝑏+ = 𝑟 ∙ 𝑏̂𝑃
+ ≤ 0  &  𝑏− = 𝑟 ∙ 𝑏̂𝑃

−,
0 otherwise,

 (7) 

where 𝑎̂𝑃
+, 𝑎̂𝑃

−, 𝑏̂𝑃
+, and 𝑏̂𝑃

− are, respectively, defined in the (𝑥̂́, 𝑦̂́, 𝑧̂́) coordinate system 

(Figure 6 and Figure 7) as: 

𝑎̂𝑃
+ = cos[𝛼𝑚(ℓ)]cos(

∆𝜃𝑆

2
+

𝜋

2
) 𝑥̂́(ℓ) + sin[𝛼𝑚(ℓ)]cos(

∆𝜃𝑆

2
+

𝜋

2
) 𝑦̂́(ℓ)

+ sin(
∆𝜃𝑆

2
+

𝜋

2
) 𝑧̂́(ℓ), 

(8) 

𝑎̂𝑃
− = cos[𝛼𝑚(ℓ)]cos(

∆𝜃𝑆

2
+

𝜋

2
) 𝑥̂́(ℓ) + sin[𝛼𝑚(ℓ)]cos(

∆𝜃𝑆

2
+

𝜋

2
) 𝑦̂́(ℓ)

− sin(
∆𝜃𝑆

2
+

𝜋

2
) 𝑧̂́(ℓ), 

(9) 

𝑏̂𝑃
+ = cos [𝛼𝑚(ℓ) + (

∆𝜑𝑆

2
+

𝜋

2
)] 𝑥̂́(ℓ) + sin [𝛼𝑚(ℓ) + (

∆𝜑𝑆

2
+

𝜋

2
)] 𝑦̂́(ℓ), 

(10) 

𝑏̂𝑃
− = cos [𝛼𝑚(ℓ) − (

∆𝜑𝑆

2
+

𝜋

2
)] 𝑥̂́(ℓ) + sin [𝛼𝑚(ℓ) + (

∆𝜑𝑆

2
+

𝜋

2
)] 𝑦̂́(ℓ). 

(11) 

As shown by equation (7), 𝑇𝑚(𝑟 ) is set to zero when 𝑟  is obscured by the shield 

and unity otherwise. As the transmission of the 500 micron thick tungsten shield is less 

than 0.1%, the transmission factor is simply taken to be zero in this study. The radial dose 

and anisotropy functions for the eBx source were obtained from Rivard et al (2006)43 as 

well. 
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Figure 7: Geometry of a pyramid-shaped beam produced by a cone shield. 

In order to ensure a fair comparison between treatment plans of H-RSBT and S-

RSBT, the number of RSBT beamlets44 in H-RSBT is set equal to that in S-RSBT with 

the assumption that an RSBT beamlet is defined as the dose rate at a point of interest due 

to a shielded radiation source at a specific dwell position. This uniformity is achieved by 

decrease of dwell position spacing from 5 mm in S-RSBT to 1.7 mm in H-RSBT and 

accordingly an increase in the number of H-RSBT dwell positions of over a factor of 2.6. 

Further, the gradient-based linear least squares method from Shepard et al (2000)45 was 

exploited to optimize the dwell times of the dose rate distributions for each beamlet. 

2.6 Evaluation 

HR-CTV D90, HR-CTV V100, and total treatment time are the metrics used to 

evaluate all treatment plans for both S-RSBT and H-RSBT techniques. Two azimuthal 

shield emission angles of 45˚ and 180˚ were considered for all patients. According to 

Dimopoulos et al (2009),24, 25 in cervical cancer patients treated with the combination of 

EBRT and BT, the local tumor control probability improves significantly when HR-CTV 
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D90 is set to 87 Gy or more. In addition, the HR-CTV V100, the percentage HR-CTV 

volume receiving a dose of 100 Gy EQD2, was measured as the basis to assess the extent 

of the HR-CTV hot spots. The total treatment time was also calculated and reported as the 

total time in which the radiation source positioned inside the patient was irradiating the 

tumor and did not include the time necessary to reposition the source shield in the 

keyways when changing emission angles between segments. 
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3 RESULTS 

The EQD2 distributions and corresponding dose volume histograms (DVHs) for 

all five patients are shown in Figure 8 and Figure 9, respectively. Figure 10 shows the 

D90 and the treatment time differences of H-RSBT relative to S-RSBT for the two 

azimuthal emission angles: 45˚ and 180˚. Patients 4 and 5 almost had negligible treatment 

time differences between H-RSBT and S-RSBT. For patient 3 the D90 differences were 

nearly the same for both 45˚ and 180˚ azimuthal emission angles and were around 1 Gy. 

H-RSBT in patients 1 and 2 had reduced treatment times relative to S-RSBT for both 45˚ 

and 180˚ azimuthal emission angles. Figure 8 shows that the HR-CTV V100 values for 

treatment plans with 45˚ azimuthal emission angle are substantially higher than those 

with 180˚ azimuthal emission angle in both S-RSBT and H-RSBT. 
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Figure 8: Dose distributions for the cervical cancer patients considered: S-RSBT vs. H-

RSBT for both 45˚ and 180˚ azimuthal emission angles. 
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Figure 9: Dose volume histograms for all treatment plannings considered for all five 

patients: S-RSBT vs. H-RSBT for both 45˚ and 180˚ azimuthal emission angles. 
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Figure 10: D90 and treatment time differences for H-RSBT relative to S-RSBT for both 

45˚ and 180˚ azimuthal emission angles. 

As shown in Figure 10 the D90 tolerances between H-RSBT and S-RSBT were at 

most ±2.5%. Also the treatment time differences were approximately in the range of -7% 

to 1%. The range of delivery times, shown in Figure 8, for H-RSBT with the 180˚ and 

45˚ azimuthal emission angles was 12.06 to 18.61 minutes and 50.6 to 101.31 minutes, 

respectively. Thus the 45˚ azimuthal emission angle plans would require over four times 

as long to deliver as the 180˚ emission angle plans. The average treatment time decrease 

per fraction of H-RSBT relative to S-RSBT for all patients was 2.8%. The average D90 

decrease of H-RSBT relative to S-RSBT was clinically irrelevant, at 0.65%. 
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4 DISCUSSION 

4.1 H-RSBT sensitivity analysis 

A benefit of H-RSBT is that a shield angle monitoring system is not necessary, as 

shield angle is parameterized by translational position. There is a drawback to this, 

however, as uncertainty in shield emission angle is proportional to uncertainty in 

longitudinal source position. As the longitudinal eBx source position is known to within 

the standard ±1 mm and the designed shield rotates once every 33.3 mm, then the shield 

emission angle is only known to within (±1 mm) (360° / 33.3 mm) = ±10.8°. A sensitivity 

analysis was performed to determine the dosimetric impact of such errors, which is 

summarized in Table 3 for the two extreme cases of -1 mm and +1 mm of systematic 

longitudinal positioning errors. For each patient, only one OAR tolerance dose was 

violated when a ±1 mm systematic shift occurred. HR-CTV underdose always occurred, 

and the underdose ranged from 2% to 16%. The observed dosimetric changes resulting 

from the longitudinal positioning uncertainty represent extreme cases, as positional 

uncertainty will have both random and systematic components which, combined with 

fractionation of the deliveries over 5 sessions will have a dose-blurring effect, reducing 

the overall dosimetric uncertainty. Once a prototype system is developed, the random and 

systematic source positioning uncertainties can be quantified and a more realistic 

sensitivity analysis performed. It may also be warranted to develop a robust or worst-case 

optimization technique for H-RSBT that generates dose distributions that are relatively 

intensive to the worst-case dwell position errors. 
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Table 3: Effects of systematic longitudinal source positioning errors on dose to the HR-

CTV, and OARs for 45˚ azimuthal emission angle. Only the OAR D2cc values for 

which the D2cc tolerance was violated following the positioning errors were included. 

OAR tolerance D2cc-values for sigmoid colon, rectum, and bladder were 75 Gy3, 75 

Gy3, and 90 Gy3, none of which were violated when there is no positioning error. 

Patient 

Longitudinal 

Positioning Error 

(mm) 

HR-CTV D90 

Change (%) 

Sigmoid Colon 

D2cc (Gy3) 

Rectum 

D2cc (Gy3) 

Bladder 

D2cc (Gy3) 

1 
-1 -2.15 76.18   

+1 -2.07   93.26 

2 
-1 -6.31   97.89 

+1 -6.17   98.24 

3 
-1 -3.54 75.89   

+1 -3.4 75.97   

4 
-1 -15.67 78.71   

+1 -5.18   102.24 

5 
-1 -6  75.62  

+1 -4.96   105.8 

 

It is expected that H-RSBT deliveries would be based on MR-imaging, which 

would require the accurate reconstruction of the applicator such that the locations of the 

helical keyways are well-known for treatment planning and delivery. As the applicator 

reconstruction would be template-based, a key need will be accurately localizing the 

applicator tip. Effective quantification of the applicator tip positioning accuracy using 

MR imaging will not be possible until the applicator is constructed, and enabling sub-

millimeter applicator reconstruction accuracy is an important design consideration. 

4.2 Treatment planning: H-RSBT vs. S-RSBT 

In order to facilitate a straightforward dosimetric comparison, the dose 

distributions shown in Figure 8 were generated using HR-CTV dose escalation in which 

the HR-CTV D90 is maximized until the D2cc EQD2 constraint on either of three OARs is 
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reached. In clinical practice, the physician may prefer to compromise OAR sparing in 

order to avoid underdosing the tumor, or stop the dose escalation once a prescribed HR-

CTV D90 has been reached, thus delivering OAR doses that are all below tolerance. 

H-RSBT and S-RSBT have similar dose conformity, but the treatment time of H-

RSBT is approximately 3% less than that of S-RSBT. Further, the DVHs (Figure 9) 

demonstrate that H-RSBT and S-RSBT techniques have D90 values within ±2.5% for the 

HR-CTV and D2cc values within ±3.5% for the three OARs. Dose distributions generated 

with the 45º azimuthal angle shield are more conformal to the HR-CTV than those 

generated with the 180º azimuthal shield, but at the expense of a considerable increase in 

the treatment time of over a factor of four. This fact is directly due to the difference in 

emission window which controls the amount of energy per unit time at each dwell 

position. The HR-CTV D90, treatment time, and HR-CTV V100 were greater on average 

for RSBT-45 than RSBT-180 by factors of 1.3, 4.5, and 1.1, respectively. As shown in 

Figure 10, H-RSBT provided a shorter treatment time than S-RSBT for 8 of those 10 

treatment plans. However the associated D90 values decreased except for 3 treatment 

plans. In general H- or S-RSBT-45 methods provide HR-CTV D90 benefit relative to 

those plans with 180º azimuthal emission angle. 

The HR-CTV V100 values were high compared to those values of common 192Ir-

based ICBT techniques. This can lead to a uterine overdose. This effect is mainly due to 

both source specifications and the RSBT treatment time. The dose from the eBx source is 

proportional to the inverse cube radial distance from the source while that from 192Ir 

sources is proportional to the inverse square of the radius. Further, the treatment time in 

RSBT is increased compared to the common ICBT techniques in order to guarantee the 
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tumor coverage. Greater irradiation time is corresponding to a greater dose in the tissues 

around the source. However the maximum tolerable hot spots in cervical cancer BT are 

not clear due to lack of clinically relevant data. 

In the clinical application of H-RSBT for cervical cancer, one has to employ all 

the six combinations of keys and keyways engagements (as shown in Figure 5 and 

explained at 2.2) in order to make sure of the tumor irradiation coverage. Delivering H-

RSBT with an apparatus that enables the retraction and reinsertion of the source/shield in 

order the shield keys to occupy all of the six combinations of keyways in an 

automatically changing fashion would accomplish the automation of all of the clinical 

implementation steps of H-RSBT technique and would improve dosimetric radiation and 

tumor conformity and also reduce the treatment time. Another advantage of H-RSBT in 

terms of clinical implementation is its flexibility to adapt to a given patient’s cancer stage 

and shape of the tumor. Based on each patient’s cervical cancer stage and the GTV 

(Gross Tumor Volume) invasion shape, a set of optimal shield with specific zenith and 

azimuthal emission angles and a set of optimal dwell times need to be employed. 

The H-RSBT system has the flexibility in using different shields with different 

geometrical specifications in a single treatment plan. As there are already six different 

combinations of keys and keyways and all of them have to be accounted for, different 

shields can be employed in different combinations. One can use up to six different shields 

with different azimuthal and zenith emission directions to enhance the D90 values and 

reduce the treatment time provided that a professional optimizer defines the related 

parameters in advance. However this capability of H-RSBT technique has not been 

explored yet. Furthermore, in some cases which are of less locally advanced cervical 
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tumor, all of those six keys and keyways combinations might be redundant and those can 

be reduced to three. This can lead to a decrease in treatment time. 

4.3 H-RSBT applicator prototype 

The curved helical applicator was produced with an additive manufacturing 

process through using Polyjet 3D Printing via a 3D printer of Stratasys Objet Eden 350. 

Polyjet 3D printing utilizes a solid reusable build platform (usually anodized aluminum), 

a High-resolution multiport liquid resin printer head, and an Ultra Violet (UV) curing 

lamp array in order to deposit and cure photosensitive polymer resin. The Build Platform, 

Print Head, and UV lamps are CNC controlled to deposit object profiles in sequential 

“sliced” vertical layers. A 3D object is produced by stacking and curing these layers of 

material and support (additively grown vertically). Each layer consists of two types of 

resin; a material resin and a support resin. The material resin will solidify as the end 

product; which simulates common plastics such as ABS. The support material will 

solidify in a manner that supports cantilevered portions of the object being built. Without 

this support, these cantilevered parts of the 3D printed object would collapse due to 

gravity during the build process. This support is later removed by manual methods 

through which a power washing system is utilized to dissolve the support, leaving behind 

the desired object. 

To utilize Polyjet technology, the catheter design was converted to a compatible 

digital format derived from its original 3D Parametric CAD Model in a process called 

CAM Programming for Additive manufacturing (Computer Assisted Machine 

Programming). This process is commonly known as slicing. The initial step is to convert 

the Parametric CAD model into a format compatible with the slicing program. This 
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universal format is called a Stereolithograph file or .stl file. It is composed of a 3D 

mathematical approximation of the object utilizing triangles to describe the surface of the 

object. Generally, the higher the triangle count, the better the resolution of the translated 

representation and the more compatible to the accuracy of the original design. 

In the second step of CAM, the .stl file is then sliced in the slicer software. In this 

case Stratasys employs a proprietary slicer software called Objet Studio. Objet Studio 

sections the .stl file vertically into slices. Each slice digitally represents the boundary 

profile of the object at specific heights. This boundary profile is then used to write a 

toolpath by which the printer head will travel and deposit resins. Objet Studio must 

specify the outer boundary, the interior fill pattern, the differential between material, the 

support resin deposits, and the UV lamp cure time for each individual layer. Objet Studio 

then compiles these toolpaths into a single toolpath file for each object. It also dictates the 

number of parts to produce and the orientation of those parts on the build platform. In the 

final stage, Objet Studio translates the combined toolpaths for all objects into machine 

coordinates and also into the codes that the printer can translate them into the specific set 

of motions. This final Stratasys proprietary file type is .obj. 

 
 

Figure 11: H-RSBT applicator prototype. 
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Once the 3D print is completed, the object (encased in support) is moved to a 

power washing station and the support is removed using high pressure water jets. The 

result is the curved applicator with interior helical channels as shown in Figure 11. 

4.4 Conclusion 

H-RSBT is a mechanically feasible technique in the curved applicators needed for 

cervical cancer brachytherapy. S-RSBT and H-RSBT dose distributions were clinically 

equivalent for all patients considered, with the H-RSBT deliveries tending to be faster. 
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Part II. MULTI-SOURCE ROTATING SHIELD BRACHYTHERAPY 

APPARATUS FOR PROSTATE CANCER2 

 

 

 

 

 

 

 

 

 

 

 

                                                           
2 Most of the content of this part is accepted for publication in International Journal of Radiation Oncology, 

Biology, Physics under the title of “Multisource Rotating Shield Brachytherapy Apparatus for Prostate 

Cancer.” 
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5 INTRODUCTION 

5.1 Prostate cancer brachytherapy and complications 

Prostate Cancer is the third leading cause of male cancer mortality in developed 

countries46 and the most prevalent non-cutaneous cancer in men, with 220,800 new 

diagnoses in 2015 in the U.S.47 and more than one million new cases, each year, 

throughout the world.1 Beyond 3 million men in the U.S. are estimated to suffer from 

prostate cancer48 which is mostly diagnosed as a clinically localized cancer.49 Although 

long-term (10+year) biochemical disease-free survival is high and tends to increase in 

recent years, more than 27,500 men in the U.S. are estimated to have died of prostate 

cancer in 2015.47 Generally, men have a chance of one in six of developing prostate 

cancer during their lifetime.50 

Management methods are controversial51 and a variety of treatment options 

including radical retropubic prostatectomy,52, 53 EBRT monotherapy,54-56 low-dose-rate 

(LDR) monotherapy,57-59 HDR-BT monotherapy,60-70 and EBRT in combination with 

LDR, pulsed-dose-rate, or HDR brachytherapy71-80 are offered thereof. Treatment of 

intermediate- or high-risk prostate cancer with EBRT followed by HDR-BT boost has 

been shown to be superior to EBRT or BT alone, particularly in terms of treatment 

efficacy, the reduction in the risk of recurrence, and the improvement in biochemical 

control.79, 81-83 However, as recent advances in radiotherapy techniques added variety to 

prostate cancer treatments, one must be armed with the knowledge of short- and long-

term health related outcome of each modality.84 While achieving tumor control is 

paramount, prostate cancer patients may live with the side effects of their treatment for 

decades, and anticipated side effects play a strong role in treatment decisions.85, 86 
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Urinary incontinence/stricture, urinary irritation/obstruction, erectile dysfunction, 

and bowel toxicity are long-term postoperative adverse effects associated with such 

treatment modalitiies.87-92 Patients treated with EBRT and/or BT are more prone to post-

therapeutic bowel complications and short-term urinary obstruction/irritation than those 

treated with surgery alone. However, radiation therapy techniques are less invasive than 

radical prostatectomy, concerning postoperative genitourinary complications.85, 93 Urinary 

retention (ischuria) and urethral stricture experienced by patients undergoing BT 

monotherapy or EBRT with HDR-BT boost were statistically significant compared to that 

experienced by patients undergoing EBRT alone.91, 94 In addition, acute bowel/rectal 

toxicity rate in patients treated with combined EBRT and HDR-BT was greater than the 

same complication rate in patients treated with HDR-BT monotherapy.91 Urethral 

stricture, occurring mostly in bulbomembranous urethra or apex/external sphincter 

region,95 is the most frequent nontrivial late toxicity of combined EBRT and HDR-BT 

treatments.96 The associated reported rates (5.2%,84 6.6%,97 8%,96 and 10%91) are 

considerably greater than those reported for EBRT monotherapy (1.7%,84 2%,91 and 3%98, 

99). Urethral brachytherapy dose is most probably the underlying cause of urethral 

stricture in combined EBRT and HDR-BT treatments.100-103 The posterior radiation-

induced urethral stricture is generally difficult to manage and the limited treatment 

options that performed are often accompanied by urinary incontinence.104-106 

Existing brachytherapy techniques offer advantages over other treatments in both 

survival and side effects with the exception of increased urinary complications. In a large 

scale literature review, Grimm et al. (2012)107 found that in low-risk patients 

brachytherapy provides superior long-term (10+ year) biochemical relapse-free survival 
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to EBRT and surgery, in intermediate-risk patients brachytherapy alone is equivalent to 

EBRT in combination with brachytherapy and superior to surgery and EBRT alone, and 

in high-risk patients EBRT in combination with brachytherapy is superior to more 

localized treatments such as surgery alone, brachytherapy alone, or EBRT alone. The 

benefits of brachytherapy in obtaining long-term relapse-free survival are suspected to be 

due to the dose escalation achievable that would not be possible with EBRT alone.108 

Surgery, even using the Da Vinci robot (Intuitive Surgical, Inc., Sunnyvale, CA),109 has 

been reported to have greater risks of urinary incontinence and sexual dysfunction than 

radiotherapy techniques,110 in that brachytherapy has a 3-fold higher rate of return to 

baseline urinary function compared to surgery at 36 months, and it has a 5-fold higher 

rate of return to baseline sexual function.110 

5.2 RSBT as an alternative to HDR-BT for prostate cancer 

OARs (urethra, rectum, and bladder)80 inside and adjacent to the clinical target 

volume (CTV)80 (Figure 12)111 adversely affect the deliverable HDR-BT dose to the 

prostate. Hence, the target conformity and attainable dose escalation as well as the 

healthy organ sparing capability of conventional interstitial HDR-BT dose distributions 

are restricted based on the geometrical constraints imposed by the position and shape of 

the catheters, as well as the radially symmetric radiation dose distributions emitted by 

conventional unshielded BT sources. Dose distribution conformity and sensitive healthy 

tissue avoidance can be considerably improved through the use of rotating shield 

brachytherapy (RSBT) in conjunction with a specific radiation source amenable to 

shielding. The notion of RSBT was first conceived by Ebert,112, 113 and studies on 

developing clinically plausible RSBT delivery techniques were performed for rectal,31, 114 
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breast,115 cervical,32, 34, 35 and prostate cancer.116 With RSBT, radiation sources are 

partially shielded and have the freedom to rotate in an optimized fashion33, 44 such that 

radiation dose is directed away from sensitive structures and into the targeted tissue. 

However, the conventional prostate cancer HDR-BT radioactive sources, such as 192Ir and 

60Co,117 are not suitable for shielding in very limited space of a 14-gauge catheter used in 

interstitial BT of prostate cancer. An alternative radioisotope of 153Gd is recently 

proposed118 as an intermediate radioactive source, which is capable of being shielded 

with an only 600 µm thick platinum cap, and its application in constructing an RSBT 

shielded catheter for prostate cancer treatment is also investigated.116 

 
 

Figure 12: 3-D reconstruction of the CTV and OARs in HDR-BT of prostate cancer. 

Existing prostate cancer treatments often cause significant long-term side effects. 

RSBT employs novel technology to provide optimal cancer control while reducing side 

effects. Figure 13 shows the differences between conventional HDR-BT (top row) and 

RSBT (bottom row) for a prostate cancer clinical case. The innovation of RSBT is that a 

novel radiation source, 153Gd (242 day half-life, 60.9 keV average photon energy), is used 
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instead of conventional 192Ir (74 day half-life, 360 keV average energy), combined with 

partial shielding of the source. Partial source shielding (Figure 13b) enables a 

deliberately non-symmetric dose distribution (Figure 13d) about an implanted needle.116 

Each of the 15–20 nitinol needles contains a catheter that is slowly and incrementally 

rotated throughout treatment to deliver the desired dose distribution. The dwell times 

within each catheter are modulated so that radiation is emitted for a longer time in some 

directions (into tumor) than others (into urethra/rectum/bladder), without compromising 

tumor dose (Figure 13e–h). The RSBT approach overcomes the rectum, bladder, and 

urethra dose limitations of conventional HDR-BT, which constrain prostate dose. 

The central prostate cancer RSBT clinical procedures would be the same as 

conventional HDR-BT in that the sterilizable needles will be implanted under trans-rectal 

ultrasound (US) guidance while the patient is under anesthesia, a radiation treatment plan 

is generated based on the imaged needle positions, and the treatment is delivered. 

However after image acquisition the removal of the US probe is done as a method of 

keeping the anterior rectal wall away from the posterior prostate (i.e., the radiation 

sources).119 

An economically-viable radiation source with an appropriate photon energy 

spectrum for interstitial shielding other than 153Gd is not available currently.118 As 153Gd 

has a lower dose rate than 192Ir, RSBT delivery takes longer than the 30 minutes or less 

required for HDR-BT. Our proposed RSBT system employs simultaneously controlled 62 

GBq (1.5 Ci) 153Gd sources, enabling the delivery of a 10 Gy dose in an about 60 

minutes. The increased procedure times would be clinically acceptable primarily due to 

the clinical advantages RSBT can provide. 
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Figure 13: Differences between conventional HDR-BT (top row) and 153Gd-based RSBT 

(bottom row). (a) Where a radially symmetric needle/source system is used for HDR-BT, 

(b) a needle/source system with a spatially-offset 153Gd source and a high-atomic number 

(e.g., platinum) shield would be used for RSBT. The dose rate distributions from the 

sources, normalized to 100% at 1 cm off-axis, are radially symmetric for (c) HDR-BT 

and (d) directionally biased for RSBT. The resulting dose distributions have reduced 

doses to the urethra, rectum, and bladder, when the minimum dose delivered to the 

hottest 90% (D90) of the tumor is held constant. For (e–f) 0 mm and (g–h) 3 mm urethral 

margins, RSBT reduced the minimum dose to the hottest 0.1 cm3 of the urethra (D0.1cc) 

by 29% and 38%, respectively. RSBT rectum and bladder D1cc-values (complication 

predictors) were lower than HDR-BT by 5–7%. 

5.3 Objectives of the PhD project 

The aim of the current work is to introduce a novel multisource RSBT apparatus, 

a mechanically feasible RSBT delivery technique for conformal HDR-BT of prostate 

cancer. The innovative interstitial RSBT (I-RSBT) system presented in former study116 

was demonstrated to be capable of lowering the urethral dose up to 44% relative to 

conventional HDR-BT. However, the authors specified the need for a robust approach in 

order to deliver therapeutically relevant doses of I-RSBT to prostate. Multisource RSBT 

apparatus overcomes the technical and clinical barriers to implementation of the 

previously proposed approach of 153Gd-based I-RSBT for prostate cancer, enabling the 

delivery of deliberately urethra-sparing dose distributions with higher prostate dose. 

Clinical implementation of I-RSBT with this novel system provides significant prostate 

cancer dosimetric improvements relative to conventional interstitial HDR-BT techniques 
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and enables minimizing urethral side effects, urethral stricture in particular, which are 

difficult to manage, if not impossible. 

We proposed multi-catheter RSBT approach as a novel prostate cancer RSBT 

delivery mechanism and technique through which the rotation and translation of nitinol 

catheter-mounted source/shields for all implanted needles are controlled simultaneously. 

Following needle implantation through a patient template by the physician, the delivery 

system is docked to the patient template. To keep delivery as simple as possible, all of the 

catheters are held at the same rotation angle at a given time, and the catheters are rotated 

by translating a moving needle template between two stationary templates (mechanism 

described in the following sections). The catheters are rotated by 22.5° every 3–4 

minutes, and only a single 360° rotation is needed for a full treatment. For each rotation 

angle, source depth in each needle is controlled by a multi-source afterloader, which is an 

array of commercially available belt-driven linear actuators to which the source wires will 

be mounted. The shielded source for each needle can be retracted back into the 

afterloader within less than 10 seconds in the event of an emergency. 
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6 METHOD 

6.1 Brachytherapy source 

Enabling the multisource RSBT technique requires an appropriate radioisotope 

and a technically feasible rotating shield system that fits inside a 14-gauge needle used 

for prostate cancer brachytherapy. For this apparatus 153Gd is selected as the source 

isotope due to its reasonable dose rate, energy spectrum ranging from 40 keV to 105 keV 

(60.9 keV average), half-life of 242 days, and its potential for mass production via 

neutron irradiation of 151Eu or 152Gd.116 A nitinol (NiTi) RSBT needle containing a 

rotating catheter as well as a shielded 153Gd source was designed, and the dose rate 

distribution about the partially shielded source was calculated using the MCNP5 Monte 

Carlo code and a published 153Gd spectrum.118 153Gd, with an expected maximum 

achievable specific activity of 1,850 GBq of 153Gd per gram of Gd, emits photons in the 

intermediate range of 40-105 keV. The modeled source was a 7.41 g/cm3 Gd2O3 pellet 

containing 2,442 GBq of 153Gd per gram of Gd2O3, which could be generated by neutron 

irradiation of spent dual-photon absorptiometry sources containing about 87% 152Gd. The 

Monte Carlo dose calculation method is the same as that employed by Adams et al.116 

The shielded 153Gd source and its calculated relative dose rate distribution are 

shown in Figure 14(a) and Figure 14(b), respectively. The source exhibits azimuthal 

anisotropy in its dose rate distribution due to the presence of platinum shielding on one 

side.  In the proximal and distal directions, the platinum shield shown in Figure 14(a) has 

cylindrical platinum end cap welded to it that prevent the 153Gd source pellet from sliding 

out. The end caps function as receivers for the aluminum window, and, when they are 

welded to the platinum shield, the aluminum window is fixed in place. The dose rate on 

the platinum shielded side of the source at 1 cm off-axis was to about 7% of that on the 
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unshielded side. The calculated dose rate of the RSBT source 1 cm from the geometric 

center of the catheter on the side with the aluminum window and along the axial plane 

passing through the geometric center of the active radiation source was 6.82×102 cGy h-1. 

The dose rate at 1 cm from the central axis of the 192Ir source was 4.246×104 cGy h-1 

along the axial plane passing through the geometric center of the active source. 

 
 

Figure 14: (a) Needle/source system with a spatially-offset 153Gd source and a platinum 

shield used as the radiation source in multisource RSBT apparatus. (b) Directionally 

biased dose rate distribution from the source/shield, normalized to 100% at 1 cm from the 

source, shown in a plane perpendicular to the source axis. 

6.2 Multisource angular drive mechanism 

The RSBT system is equipped with an angular drive mechanism that controls the 

rotation of nitinol catheter-mounted source/shields for all implanted needles 

simultaneously. Following needle implantation, the angular drive mechanism is docked to 

the patient template in which the needles are all held at the same rotation angle at a given 

time while the catheters are rotated by translating a moving template between two 
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stationary templates using redundant motors. A two-frame conceptual diagram of the 

angular drive mechanism is shown in Figure 15. It consists of the cross section of five 

points along a single inserted needle starting from the combination of the afterloader wire 

and the connector to the combination of needle/source/shield inside the prostate. Figure 

15 shows how translational motion of the moving template causes a 180° rotation of a 

shielded source inside a needle. When the moving template is translated longitudinally 

the shafts rotate, as threaded holes of the moving template exert enough resistive force to 

the threaded exterior peripheral wall of the shaft which is fixed axially. The angular 

orientation of the shielded source is also fixed and known during treatment via a proximal 

keyed cuff that attaches the remote afterloader wire to the source catheter. Partial shields 

around the sources are oriented at a known angle by means of the keys and the keyways 

machined into various parts. 

Figure 16 shows the whole multichannel angular drive mechanism with all the 

shafts and templates, which is docked to twenty inserted needles. As shown, the 

connector can move freely in the longitudinal direction in order to connect with needles 

that protrude from the patient at varying distances. The rotating shafts are threaded to 

provide a pitch with 10 cm translation per shaft rotation (1 mm per 3.6° rotation), which 

is sufficient to balance the tradeoffs between rotational accuracy, apparatus length, and 

resistive force exerted on the moving template by the shafts during motion. In order to 

create the desired translation of the moving template, four motors are arranged to rotate 

the lead screws contacting the moving template. When the lead screws rotate, the moving 

template translates longitudinally while the other two templates provide rigidity to the 

system. 
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Figure 15: Angular drive mechanism incorporating side views and cross sections of 

several points along the axis of a single needle. Translational motion of the moving 

template rotates the shaft, connector, and source/shield/catheter from (a) 0° to (b) 180° 

angular positions. Each needle, implanted through the patient template, is coupled to the 

catheter-mounted afterloader wire through a keyed connector (red), which passes through 

a rotating shaft. The catheter is rigidly attached to a proximal keyed cuff that enables the 

angular orientation of the shielded source to be fixed and known at all times during 

treatment. Items in the figure are not to scale. 
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Figure 16: Multichannel angular drive system. All shafts are locked at the same angular 

orientation at a given time by the moving template, which, when translated, 

simultaneously rotates all of the shafts. The moving template is translated by redundant 

motors that are attached to lead screws, and the shaft angular positions are known based 

on the position of the template. A subset of the connectors (red) is shown in this figure. 

6.3 Multisource remote afterloader 

The depth positions of the radiation sources are determined via a remote 

afterloader (Figure 17) consisting of twenty Parker-Hannifin® (PH) (Parker, Rohnert 

Park, CA, USA) 1,000-mm travel belt-driven linear actuators that have 0.2 mm positional 

reproducibility and are assembled in the vertical orientation. A 1.8-mm-diameter 7×7 

flexible stainless steel braided wire is attached to the carriage (yellow) of each actuator 

and moved back and forth into a guide box through a rigid guide tube and a flexible 
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adaptive tube, connected to each other. The wire is rigidly attached to a flexible nitinol 

catheter by means of keyed cuff. The angular orientation of the shielded source, which is 

attached to the other side of the nitinol catheter, is fixed and known for every dwell 

position inside each needle, through the engagement of proximal keyed cuffs and the 

keyways cut into the connector. The overall multisource RSBT system enables 

controlling the depth positioning as well as the rotations of the shielded sources in a 

decoupled manner. 
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Figure 17: Multisource remote afterloader, consisting of four stacks of five linear 

actuators in the vertical orientation. A flexible stainless steel braided wire from each 

actuator is attached to the nitinol catheter (blue) via a keyed cuff and is fed into a guide 

box. Each shielded source is attached to a nitinol catheter which travels and rotates inside 

its corresponding needle. The braided wires attached to the linear actuators’ carriage 

require guide tubes as well. 
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6.4 Dose delivery methodology 

A "moving tessellation" approach is proposed in order to maximize the diameter 

of the shafts under the constraint that the spacing between shaft centers is 5 mm, as 

shown in Figure 18. Based on the spatial tessellation theory,120 one type or more than one 

type of shapes can be geometrically designed such that if they are stacked on top and 

besides each other no space in between the different shapes remains unused. With this 

design approach, the emission direction for all sources is constant at a given point in time 

during treatment. 

 
 

Figure 18: Configuration of a 3×3 shaft array (sampled from 13×13) with a constant 

center-to-center spacing of 5 mm. Shafts can all rotate simultaneously with no 

interference. 

The delivery process occurs by having the moving template control the angular 

directions of all the source/shield combinations and using the remote afterloader 

independently to control the longitudinal position of all the sources in all the needles 

simultaneously. Once the source angles are changed by translating the moving template, 

the multisource afterloader moves the sources to all of the necessary depths in each 

needle. The process is repeated for all of the source rotation angles, and, if one were to 

use 16 different dwell positions with 16 different shield directions, all of the CTV would 

be covered while the urethra is spared. Thus, in this technique the catheters are rotated by 
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22.5°, and only a single 360° catheter rotation is needed for a full treatment. The designed 

angular drive apparatus forces the sources to be at the same angle at the same time while 

the longitudinal depth of the sources inside needles can be adjusted in different positions. 

Therefore the total amount of time spent on a specific emission direction is dictated by 

the catheter that requires the greatest total dwell time to deliver. 

The shielded source for each needle can also be retracted back into the afterloader 

within less than 10 seconds in the event of an emergency. The dose rate of the 153Gd 

sources (62.4 GBq) is such that each implanted needle has its own partially-shielded 

RSBT source while the radiation from all sources can be delivered simultaneously. RSBT 

delivery with this novel multisource apparatus involves inserting the needles, without 

catheters, through the perineum under ultrasound guidance. The needles will be CT/MRI 

compatible, and sterilizable. 

6.5 Treatment planning 

In order to assess the dosimetric effectiveness, delivery times, and robustness to 

uncertainties of the proposed RSBT approach, comparative treatment plans for RSBT and 

HDR-BT were generated on computed tomography (CT) images of a previously treated 

anonymous patient with an average CTV of 60 cm3, for whom 19 needles were used. The 

adjacent dwell positions are all separated by 5 mm and for each dwell position 16 evenly 

distributed emission directions were created for RSBT delivery. A step and shoot dose 

delivery model was implemented for all the simulations, in which the source shoots the 

radiation for a specified and optimized amount of time in each beamlet. Based on the 

methods of the California Endocurietherapy Institute for treatment planning,121 a 5-mm 

margin is added to the prostate boundary, excluding the regions adjacent to the bladder, 
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rectum, and the proximal seminal vesicles, in order to contour the CTV. The urethral 

margins of 1, 3, and 5 mm were included in the model as a relaxed prescription dose 

constraint in order to provide a spatial location for the dose gradient about the urethra. 

The main goal of performing RSBT for patients with locally advanced prostate cancer is 

enabling substantial urethral sparing relative to conventional HDR-BT. By defining the 

mentioned urethal dose gradient volumes (1, 3, and 5 mm) around the urethra and 

including that into the treatment planning system, the urethra is expected to receive a 

dose much less than that of the conventional HDR-BT, if the physician let that volume 

receives a dose lower than the prescribed dose. For each margin a specific treatment plan 

is generated and evaluated. The CTV D90 (minimum dose to the hottest 90% of the CTV) 

is set to 110% of the prescribed dose (20 Gy). CTV V100 and V150 is required to be in the 

range of 90% to 100% and <35%, respectively. D0.1cc values for the rectal wall, the 

bladder wall, and the urethra were limited to less than 85%, 100%, and 110%, 

respectively. D1cc values for the same set of organs at risk were also limited to less than 

80%, 90%, and 105%, respectively. 

6.6 Treatment planning optimization 

An in-house optimizer is used in order to generate 𝑡 , the vector of dwell times in 

each dwell position and emission direction for every inserted catheter. The optimizer is 

based on the linear least square method, described by Shepard et al (2000).45 The 

optimization method is used for both RSBT and conventional HDR-BT treatment plans. 

A quadratic objective function, described in equation (12), is minimized: 

𝐸(𝑡) = ∑
1

𝑇𝑘
∑ [𝛽𝑘

+𝐻2(𝑑𝑖 − 𝑑𝑘
+) + 𝛽𝑘

−𝐻2(𝑑𝑘
− − 𝑑𝑖) +  𝛽𝑘

𝑉+𝐶
(0,∆𝐷𝑘

𝑉+)
2 (𝑑𝑖 − 𝑑𝑘

𝑉+)]

𝑖∈𝜏𝑘

𝐾

𝑘=1

 (12) 
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𝑠. 𝑡.  𝑡𝑗 ≥ 0, 

where: 

𝐻(𝑥) =  {
𝑥 𝑥 ≥ 0
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,

 (13) 

and 

𝐶(𝑎,𝑏)(𝑥) =  {
𝑥 𝑎 ≤ 𝑥 ≤ 𝑏
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒,

 (14) 

and 

𝑑𝑖 = ∑𝐷𝑖𝑗𝑡𝑗
𝑗

, 
(15) 

in which 𝑑𝑖 is the cumulative dose at voxel i, and 𝐷𝑖𝑗 is the dose rate at voxel i and 

beamlet j, with the optimization parameters defined in Table 4 and specified by their 

values in Table 5. 

Table 4: Definitions of optimization parameters. 

Parameter Definition 

𝜏𝑘 Subset of voxel indices that are inside tissue k. 

𝑇𝑘 Number of voxels that are inside tissue k. 

𝑑𝑘
± Dose threshold for overdose (+) and underdose (), for tissue k. 

𝛽𝑘
± Penalty weight for overdose (+) and underdose (), for tissue k. 

𝑑𝑘
𝑉+ Dose threshold for dose-volume overdose (+) for tissue k. 

𝑉𝑘
+ Percent volume threshold for dose-volume overdose (+) for tissue k. 

𝛽𝑘
𝑉+ Penalty weight for dose-volume overdose (+) for tissue k. 

∆𝐷𝑘
𝑉+ 

Difference between the dose planned and desired to 𝑉𝑘
+ in the cumulative 

dose-volume histogram for tissue k. 
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Table 5: Optimization parameter values for RSBT and HDR-BT treatment plans. NT is 

normal tissue. N/A means not applicable. 

Tissue 𝛽𝑘
+ 𝑑𝑘

+ 𝛽𝑘
− 𝑑𝑘

− 𝛽𝑘
𝑉+ 𝑑𝑘

𝑉+ 𝑉𝑘
+ 

CTV 0 N/A 1000 120% 0 N/A N/A 

Urethra 50 50% 0 N/A 0 N/A N/A 

Bladder 5 50% 0 N/A 20 50% 1% 

Rectum 20 20% 0 N/A 20 50% 1% 

NT 2 80% 0 N/A 0 N/A N/A 

 

6.7 Uncertainty tolerance 

A sensitivity analysis based on an extensive treatment planning study was 

performed in order to estimate the dosimetric impact of uncertainty in both longitudinal 

position and emission angle of the shielded catheters. A combination of multiple different 

systematic longitudinal positioning errors (≤ 2 mm) as well as rotational orientation errors 

(≤ 15°) of the shielded catheters is considered in order to determine the uncertainty 

tolerance of the RSBT multisource delivery system. As applying positional and rotational 

errors affects directly on DVH parameters, CTV D90 and urethra D0.1cc were evaluated to 

quantify plan degradation due to uncertainty. Deviation of those two parameters from the 

baseline shows how much uncertainty can be tolerable in order to deliver a dose with 

±3% accuracy for CTV D90% and urethra D0.1cc. The assumption is based on the plausible 

scenario of rotating all of the catheters the same incorrect angle as well as translating all 

of the catheters the same incorrect distance. 
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7 RESULTS 

7.1 Multisource 153Gd-based RSBT vs. conventional HDR-BT with 192Ir 

Table 6 shows a comparison between the dosimetric parameters of conventional 

HDR-BT with 192Ir and the 153Gd-based multisource RSBT, along with the volume 

associated with each tissue of interest. Planned conventional HDR-BT and 153Gd-based 

multisource RSBT dose distributions are displayed and compared in Figure 19, Figure 

21, Figure 23, and Figure 25 for the urethral gradient margins of 0, 1, 3, and 5 mm, 

respectively. Figure 20, Figure 22, Figure 24, and Figure 26 shows the corresponding 

overlaid DVHs. 

Table 6: Dose values of target and organs at risk for 153Gd-based I-RSBT with 

multisource apparatus compared to a common HDR-BT with 192Ir. P-Urethra is the peri-

apical urethra. Dm is mean dose in the tissue. N/A means not applicable. A 3-mm ring is 

defined surrounding the urethra in both techniques. 

 

Tissue 
Volume 

(cc) 
BT technique 

Dm 

(Gy) 

D90 

(Gy) 

V100Gy 

(%) 

V150Gy 

(%) 

D1cc 

(Gy) 

D0.1cc 

(Gy) 

CTV 32.36 
HDR-BT with 192Ir 139.6 109.18 97.96 20.81 N/A N/A 

RSBT with 153Gd 140.7 109.22 95.8 29.28 N/A N/A 

Urethra 1.48 
HDR-BT with 192Ir 92.5 N/A N/A N/A 92.49 103 

RSBT with 153Gd 64.6 N/A N/A N/A 65.23 71.4 

P-Urethra 0.35 
HDR-BT with 192Ir 75.2 N/A N/A N/A N/A 89.69 

RSBT with 153Gd 60.7 N/A N/A N/A N/A 67.4 

Bladder 110.4 
HDR-BT with 192Ir 16.99 N/A N/A N/A 58.99 73.54 

RSBT with 153Gd 20.36 N/A N/A N/A 60.68 81.82 

Rectum 89.87 
HDR-BT with 192Ir 19.7 N/A N/A N/A 60.61 72.03 

RSBT with 153Gd 23.6 N/A N/A N/A 65.65 80.41 
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Figure 19: Dose distribution for 0-mm urethral margin of (a) 192Ir based HDR-BT and 

(b) 153Gd based I-RSBT with multisource RSBT apparatus sampled onto a CT scan of a 

prostate cancer patient. 

 
 

Figure 20: Dose-volume histograms for conventional 192Ir based HDR-BT and 153Gd 

based I-RSBT with multisource RSBT apparatus for urethral margin of 0 mm. 
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Figure 21: Dose distribution for 1-mm urethral margin of (a) 192Ir based HDR-BT and 

(b) 153Gd based I-RSBT with multisource RSBT apparatus sampled onto a CT scan of a 

prostate cancer patient. 

 
 

Figure 22: Dose-volume histograms for conventional 192Ir based HDR-BT and 153Gd 

based I-RSBT with multisource RSBT apparatus for urethral margin of 1 mm. 
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Figure 23: Dose distribution for 3-mm urethral margin of (a) 192Ir based HDR-BT and 

(b) 153Gd based I-RSBT with multisource RSBT apparatus sampled onto a CT scan of a 

prostate cancer patient. 

 
 

Figure 24: Dose-volume histograms for conventional 192Ir based HDR-BT and 153Gd 

based I-RSBT with multisource RSBT apparatus for urethral margin of 3 mm. 
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Figure 25: Dose distribution for 5-mm urethral margin of (a) 192Ir based HDR-BT and 

(b) 153Gd based I-RSBT with multisource RSBT apparatus sampled onto a CT scan of a 

prostate cancer patient. 

 
 

Figure 26: Dose-volume histograms for conventional 192Ir based HDR-BT and 153Gd 

based I-RSBT with multisource RSBT apparatus for urethral margin of 5 mm. 
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For the same CTV D90 of the patient considered and 3 mm urethral margin, the 

planned treatment with the multisource RSBT apparatus reduced urethral D0.1cc below 

that of 192Ir based HDR-BT by 31% relative to the prescribed dose of 100%. For the same 

urethral dose gradient volume, peri-apical D0.1cc was reduced by 24.85%. The urethral 

margins were included in the models as relaxed prescription dose constraints in order to 

provide a spatial location for the dose gradient about the urethra. Further, the delivery 

time of 20 Gy to the CTV of the case considered treated with HDR-BT using a 370 GBq 

192Ir source was 15.8 minutes while that using RSBT with nineteen 62.4 GBq 153Gd 

sources was 122 minutes. 

7.2 Sensitivity analysis 

Plots of the urethral D0.1cc and CTV D90 percentage variations as a function of 

emission direction rotational error and catheter positional error are shown in Figure 27a 

and Figure 27b, respectively. 
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Figure 27: Dosimetric impact of positional and rotational uncertainty of catheters on (a) 

urethral D0.1cc and (b) CTV D90. The dashed line in (a) represents 3% error which is 

considered as the tolerable accuracy. 

b. 

a. 
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With the increasing values of angular deviation of the source’s emission direction 

from the ideal state of zero degree error, urethral D0.1cc value increases as shown in 

Figure 27(a). The systematic angular error of 15° from the baseline increased the urethral 

D0.1cc by 8%. For the case considered, urethral D0.1cc increased by 3% with 2 mm 

positional error. Figure 27(a) shows that when all of the catheters have 2 mm 

longitudinal errors and are rotated 15° incorrectly, there is an 11.6% increase in urethral 

D0.1cc. Figure 27(b) shows that the catheters’ emission direction error could either 

increase or decrease the value of CTV D90. For the same urethral dose gradient volume 

peri-apical D0.1cc was reduced by 25%. The delivery time for 20 Gy to the CTV for the 

case considered was 15.8 min with HDR-BT using a 370 GBq 192Ir source and 121.7 min 

with RSBT. 

7.3 Conceptual prototype 

One of the goals of this project is to design and manufacture a prototype device 

that will be able to rotate several threaded shafts simultaneously and with the same angle 

by translating a moving template between two stationary templates. The shafts will 

finally incorporate other parts as explained in Figure 15 and Figure 16. Peripheral walls 

of the shafts and the interior wall of the holes machined into the moving template have 

the same threading pattern. As the moving template is translated back and forth, the 

threadings contacts force the shafts to rotate. Figure 28a and Figure 28b shows the CAD 

model and the manufactured prototype of the angular drive mechanism, respectively, 

which includes only five threaded shafts. The role of the guide rods is to hold the moving 

template along the axis of rotation of the shafts while the moving template is free to slide 

back and forth along them. The guide rods are also held in place by means of the two 
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stationary templates. In this prototype the moving template and the rotating shafts are 

generated as 3-D printed plastic with 20 µm resolution. The rotating shafts printed for this 

prototype are threaded to provide a pitch with 10 cm translation per shaft rotation (1 mm 

per 3.6° rotation), which will be sufficient to balance the tradeoffs between rotational 

accuracy, apparatus length, and resistive force exerted on the moving template by the 

shafts during motion. 

 

 
Figure 28: The assembled CAD model (a) and the built prototype (b) of the angular 

drive mechanism of multisource RSBT apparatus consisting of the moving template and 

five rotating threaded shafts. 

 

a. 

b. 
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8 DISCUSSION 

The urethral margins of 0, 1, 3, and 5 mm were added to the boundary of the 

urethra for the case considered, irrespective of the prostate size, and no constraints were 

applied to the dose inside the margin in the treatment planning process. The resulting 

dose distributions indicate that RSBT with the proposed multisource apparatus induced 

cold spots only inside and adjacent to the urethra, which is desirable in terms of 

minimizing normal tissue toxicity. Besides that, the DVH plots exhibit a shift to the left 

in the urethral DVH relative to that of conventional HDR-BT technique. However the 

physician would need to select the appropriate margin for a given patient. 

The proposed mechanism in Figure 17 offers a number of unique attributes. First, 

the dimensions of the unit are small enough that the system can be used in common 

procedure rooms. Second, as the connectors have the freedom to move longitudinally 

prior to the connection between the angular drive mechanism and the needles, the depth 

of needles entry into the patient’s perineum does not matter. Third, although the angular 

drive mechanism dictates all of the 20 emission windows in the patient to be at the same 

direction during the irradiation process, the independent depth control for each shielded 

source enabled by the multisource remote afterloader provides efficient treatments. 

Fourth, the control over longitudinal translation and the control over rotation of the 

shielded sources into the needles are independent. 

All of the shielded sources’ aluminium emission windows are oriented in the same 

emission direction at the same time during the irradiation process. Therefore the delivery 

scheme would be based on completing all of the dwell positions of all the catheters in a 

single rotational angle and then switching to the next rotational angle by means of 

translating the moving template one sixteenth of the distance needed to create a single full 
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rotation of the catheters. Accordingly the total amount of time spent on a single emission 

direction is dictated by the catheter with the longest cumulative dwell time for that 

direction. The treatment time for delivering RSBT dose with multisource RSBT apparatus 

shows an increase by a factor of about 7 relative to the conventional HDR-BT treatment 

time due to the lower dose rate of 153Gd relative to 192Ir. As all of the shielded sources 

have the same orientation in a single translational position of the moving template, inter-

source attenuation is a potential concern with the proposed approach. Our strategy for 

addressing this issue is to develop a delivery optimization approach in which the 

longitudinal positions for all of the sources for a given delivery angle are intelligently 

ordered in time to minimize inter-source attenuation. 

The precision of radiation dose delivery of multisource RSBT apparatus as well as 

safe delivery of high radiation doses to the prostate should be guaranteed during the 

treatment. For the presented mechanism it is dependent on the precise longitudinal and 

rotational positioning of the catheters during the irradiation process in which the catheter 

angles are simultaneously incremented. Therefore, a catheter position monitoring and 

control system is needed in order to empirically verify that the catheter angles and depths 

are within the required tolerances for safe radiation delivery. This is accomplished with a 

mechanism using feedback from multiple cameras to measure and correct for catheter 

longitudinal and angular positioning errors in real time. 

It is expected that RSBT delivery would take place under trans-rectal ultrasound 

(TRUS) guidance. The current version of the RSBT angular drive mechanism is designed 

to demonstrate mechanical feasibility of the approach and is not yet compatible with a 

commercially available TRUS system. It is expected that modifications can be 
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successfully made to the angular drive mechanism to enable TRUS usage, and the 

associated workflows can later be defined. 

As the focus of this study is on presenting a novel apparatus for controlling 

multiple shielded radiation sources simultaneously in terms of both depth and angle, only 

a single previously treated prostate cancer patient was considered as the case study. 

However that is a limitation in our approach and an extensive (> 20 patients) treatment 

planning study is necessary to be conducted in order to thoroughly evaluate the proposed 

technique. 

In conclusion, the proposed multisource RSBT delivery apparatus in conjunction 

with multiple nitinol catheter-mounted platinum-shielded 153Gd sources enables a 

mechanically feasible urethra-sparing treatment technique for prostate cancer in a 

clinically reasonable timeframe of two hours. 
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9 CONCLUSION 

The target conformity of conventional HDR-BT dose distributions is restricted 

based on the geometrical constraints imposed by the position and shape of the tube-

shaped applicators, as well as the radially-symmetric radiation dose distributions 

produced by the radiation sources. Dose distribution conformity for cervical and prostate 

cancer can be significantly improved relative to conventional HDR-BT through the use of 

RSBT. With RSBT, radiation sources are partially shielded and have the freedom to 

rotate in an optimized fashion such that radiation dose is directed away from sensitive 

structures and into the targeted tissue. RSBT will advance brachytherapy treatment with 

superior dose conformity, while maintaining the inherent accuracy, flexibility, and 

insensitivity to patient motion of conventional HDR-BT, as well as enable dose escalation 

without compromising organ at risk (OAR) sparing. These improvements are expected to 

result in a clinically-relevant improvement in the outcomes of patients treated with RSBT 

relative to conventional HDR-BT. 

The idea of RSBT was first conceived more than a decade ago. However, the 

considerable challenges associated with its clinical implementation have delayed its 

application in brachytherapy treatment planning of cervical and prostate cancer, 

necessitating proposing novel, innovative, and clinically realizable techniques and 

mechanisms. New radiation sources introduced in recent years such as 153Gd and the 

electronic-based source of Xoft AxxentTM are practical and suitable alternatives to 

conventional 192Ir sources, which are difficult or impractical to shield effectively given 

the limited space available inside the applicators used for brachytherapy of cervical and 

prostate cancer. Efficient and feasible mechanical RSBT delivery solutions have become 

major limiting factors for the clinical implementation of this concept. We proposed to 
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develop novel mechanisms in order to bring RSBT into the clinic for the treatment of 

cervical and prostate cancer. The overall hypothesis driving this dissertation is that: The 

helical RSBT approach for treating cervical cancer and the multi-catheter RSBT approach 

for treating prostate cancer, powered with novel radiation sources amenable to shielding, 

are clinically feasible techniques that dosimetrically outperform conventional 

brachytherapy methods while minimizing damage to healthy tissues inside and/or 

adjacent to the target. 

The helical RSBT method and the multi-catheter RSBT approach overcome the 

technical and clinical barriers to implementation of the previously proposed RSBT ideas 

for cervical and prostate cancer, respectively, enabling the delivery of deliberately 

asymmetric, tumor-conformal, and OAR-minimally-invasive dose distributions with 

higher target dose. The two novel techniques proposed in this work will lay the 

technological framework for clinical RSBT implementation of cervical and prostate 

cancer radiation-based treatment and will provide a rigorous estimate of the advantages 

that RSBT can provide for thousands of patients over conventional HDR-BT. We expect 

the improvement achieved by these novel RSBT techniques and mechanisms in the 

delivered dose distributions will reduce the probability of prostate and cervical cancer 

patients experiencing treatment-based side effects, improving quality of life. 
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