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Abstract 

Key words: Image-Guided Adaptative Brachytherapy, biological, equivalent uniform dose, 

optimisation, interstitial. 

The contouring uncertainties associated with the use of computed tomography imaging for 

brachytherapy planning creates the need to investigate an alternative planning method for Image-

Guided Adaptative Brachytherapy. This alternative method needs to be more robust against imaging 

and contouring uncertainties compared to the original GEC-ESTRO prescription regarding dose-

volume histogram criteria.  This study evaluates the utilisation of biological dose metrics (equivalent 

uniform dose (EUD)) during Image-Guided Adaptive Brachytherapy (IGABT) treatment planning and 

optimisation. A retrospective planning study was conducted. The eighteen patients that were included 

in the planning study received CT-based Image-Guided Brachytherapy (IGBT) in combination with 

external beam radiotherapy (EBRT) between 2014 and 2015. A novel biological optimisation model 

was developed and used to efficiently and automatically optimise brachytherapy (BT) plans by utilising 

either dose-volume, biological metrics/indexes or both for fast treatment plan generation.  The 

module was refined to allow forward and inverse planning and optimisation of combined interstitial 

and intracavitary brachytherapy. 

Additionally, the utilisation of OAR total dose constraints during the planning process was applied and 

evaluated. The results of the study showed that the inverse optimisation tool could produce better 

target volume coverage compared to the manual optimisation tool. In some cases, the inverse 

optimisation tool led to higher OAR doses; however, the values recorded were still within set 

constraints. When comparing the conventional and biological planning methods, the biological 

planning produced superior CTV-T doses and dose distributions within the CTV-T. The inverse 

biological approach reported significantly higher average CTV-THR D98 % , D100 % values and CTV-TIR EUD, 

D90 % D98 % and D100 % values compared to inverse conventional planning approach. With this, the inverse 

biological approach also had the ability to record significant lower average bladder wall EUD and 

D0.1cm
3D0.1cm

3
 values.  Even though the inverse conventional planning approach reported significant 

lower average small bowel D2cm
3 values compared to the IBG approach, both approaches were still 

well below the D2cm
3 hard constraint of 75 Gy. Dose escalation was achieved in the CTV-T with a 

reduction in OAR dose with the combination of interstitial/intracavitary brachytherapy. It was 

concluded from the study that the incorporation and utilisation of biological metrics, which 

incorporates the entire dose distribution in the organ of interest, is the preferred approach when 

compared to the conventional physical dose-volume approach. 
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Glossary 

3D-CRT     Three-Dimensional Conformal Radiation Therapy 

AAPM    American Association of Physicists in Medicine  

ABS    American Brachytherapy Society 

AP    Anterior-Posterior 

BT    Brachytherapy 

CT    Computed Tomography 

CTV    Clinical Target Volume 

CTV-T    Clinical Target Volume for the Primary Tumour 

CTV-Tadapt   Adaptive Clinical Target Volume 

DFS    Disease-Free Survival 

DOH    Department of Health 

DVH    Dose-Volume Histogram 

D90 %    The minimum dose delivered to 90% of the respective volume 

D98 %    The minimum dose delivered to 98% of the respective volume 

D100 % The minimum dose delivered to 100% of the respective volume 

D0.1cm
3 The minimum dose in the most irradiated 0.1cm3 tissue volume 

D1cm
3 The minimum dose in the most irradiated 1.0cm3 tissue volume 

D2cm
3 The minimum dose in the most irradiated 2.0cm3 tissue volume 

D5cm
3 The minimum dose in the most irradiated 5.0cm3 tissue volume 

D10cm
3 The minimum dose in the most irradiated 10.0cm3 tissue volume 

EBRT    External Beam Radiotherapy 

EQD2    Equivalent Dose in 2 Gy fractions 

EUD    Equivalent Uniform Dose 

FIGO    International Federation of Gynaecology and Obstetrics 

GEC - ESTRO Groupe Européen de Curiethérapie and the European SocieTy for 

Radiotherapy & Oncology 
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gEUD    Generalized Equivalent Uniform Dose 

GI Gastrointestinal  

 GTVinit     Initial Gross Tumour Volume     

GTV-Ninit   Gross Tumour Volume with involved regional node(s) 

GTV-Minit   Gross Tumour Volume with known distant metastases 

GTV-Tinit   Gross Tumour Volume for the primary Tumour 

GTV-Tres    Residual Gross Tumour Volume at Brachytherapy 

GTVB    Gross Tumour Volume at Brachytherapy 

GU    Genitourinary 

HDR    High Dose Rate  

HIPO    Hybrid Inverse treatment Planning and Optimization algorithm 

HIV    Human Immunodeficiency Virus 

CTV-THR    High Risk Clinical Target Volume 

HR-QoL    HealthςRelated Quality of Life 

HPV    Human Papilloma Virus 

ICBT    Intracavitary Brachytherapy 

IC-IS    Intracavitary-Interstitial  

ICRU    International Commission on Radiation Units and Measurements                

IGABT    Image Guided Adaptive Brachytherapy  

IGBT    Image Guided Brachytherapy  

IGRT    Image Guided Radiotherapy  

IHDM    In-house Developed Module 

IMRT    Intensity Modulated Radiation Therapy 

IPSA    Inverse Planning Simulated Annealing 

IR-192    Iridium-192 

CTV-TIR    Intermediate Risk Clinical Target Volume 

ISBT    Interstitial Brachytherapy  
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LACC    Locally Advanced Cervical Cancer 

LC    Local Control  

LDR    Low Dose Rate 

LMIC    Low- and middle-income countries 

LQ    Linear Quadratic model 

MDR    Medium Dose Rate  

MRI    Magnetic Resonance Imaging 

NTCP    Normal Tissue Complication Probability  

OAR    Organs at Risk 

OS    Overall Survival  

OTT    Overall Treatment Time 

PET    Positron Emission Tomography 

PFS    Progression-Free Survival 

PRO    Patient Reported Outcome 

PRS    Patient Reported Symptoms 

PTV    Planned Target Volume  

RAKR    Reference Air Kerma Rate 

RT    Radiation Therapy 

SF    Surviving fraction 

SCC    Squamous cell carcinoma 

SOC    Standard of Care 

SBRT    Stereotactic Body Radiation Therapy 

TCP    Tumour Control Probability 

TG    Task Group 

 TPS    Treatment Planning System 

TRAK     Total Reference Air Kerma 

V100    Volume Receiving 100% of the Prescribed Physical Dose 
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VMAT    Volumetric Modulated Arc Therapy 

VOI    Volume of Interest 
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Chapter 1 -  Introduction 

1.1       Origin and occurrence of cervical cancer 

Cervical cancer is a malignant growth or tumour at the entrance of the uterus resulting from an 

uncontrolled division of abnormal cells. This disease is listed as the fourth most frequent cancer in 

women worldwide, with an estimated 570 000 new cases in 2018 1. The majority of new cases and 

deaths (approximately 85% and 90%, respectively) occur in low- and middle-income countries (LMIC) 

2. 

A cancer profile of South Africa, which is classified as a LMIC, indicates that the annual number of 

cervical cancer cases are about 12,983 and the annual number deaths are roughly 5 595 (estimates 

for 2018) 3. The unfortunate reasons for the alarmingly high prevalence of this disease in South Africa 

include the absence of a properly implemented population-based screening programme, a poorly 

controlled human immunodeficiency virus (HIV) epidemic with high HIV occurrence, late diagnosis and 

incomplete access to timely and effective treatment 4. Treatment received is mainly ineffective as it is 

primarily 3D-External beam radiotherapy and 2D based brachytherapy. 

The human papillomavirus (HPV) infection is a well-established cause of cervical cancer and causes 

nearly 100 % of cervical cancers. There are 15 high-risk (oncogenic) HPV, with just two, HPV-16 and 

HPV-18, responsible for 70 % of all cervical cancer cases worldwide 5. The majority of cases are 

squamous cell carcinoma (SCC) which originate from cells in the exocervix and commonly linked to the 

HPV-16.  Adenocarcinoma, which develops from gland cells, are usually linked with HPV-18 6. HPV 

commonly spreads through sexual contact; however, it can spread without sexual contact, by skin-to-

skin contact with an infected area of the body. Most of these infections are transient, and 90 % resolve 

spontaneously within 2 to 5 years. A newly diagnosed HPV infection in young women lasts on average 

for between 8 to 13 months 7. So, it is well known that HPV seldom leads to cancer. However, if HPV 

is addressed, the resulting cancer is also addressed. 

Even though HPV infection  is a necessary cause of cervical cancer, it is an insufficient cause. Additional 

cofactors are present for progression from cervical HPV infection to cancer. Dietary habits, tobacco 

 
1 (WHO, 2018) 
2 (WHO, 2018; Bhatla et al., 2019) 
3 (Bruni et al., 2019) 
4 (Denny, 2008) 
5 (Smith et al., 2007; Frumovitz, 2015) 
6 (Pirog et al., 2000; Altekruse et al., 2003; Pandey, 2017; Robadi, Pharaon and Ducatman, 2018) 
7 (Jason D Wright, 2019) 
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smoking, long-term hormonal contraceptive use, teenage pregnancy, multiples pregnancies, family 

history and HIV have been identified as established cofactors 8. 

In 2018, the South African population was estimated at 57.73 million, while approximately 13 % 

(around 7.52 million) of the population are people living with HIV. A projected 19.0 % of the adult 

population aged between 15 and 49 years, is HIV positive  9. HIV-positive patients have an increased 

risk of persistent HPV infection, premalignant lesions and cervical cancer compared with uninfected 

women. 10 Local data suggests that cervical cancer occurs up to a decade earlier in HIV-infected women 

11. Moreover, the characteristics of invasive cervical carcinoma could take a more aggressive clinical 

course in HIV-positive women 12. It also has a higher recurrence and mortality rate with shorter 

intervals to recurrence and death than women who are HIV-negative 13. 

1.2       Screening programmes and vaccinations in South Africa 

It has been established that a well-organised cervical cancer screening programme or widespread 

good quality cytology is the most powerful prevention tool for the reduction of cervical cancer 

incidence and/or mortality 14. Cervical cytology testing, also known as a pap smear, involves collecting 

exfoliated cells from the cervix and examining these cells microscopically 15.  

The national cervical cancer prevention programme, presently, offers three cervical cytology smears 

per lifetime at public health facilities, starting from the age of 30, every ten years. Patients with HIV 

infection undergo more frequent cytology tests, at diagnosis and every five years 16. However, the call 

and recall systems are insufficient, and the number of women lost to follow-up, before treatment, is 

high. In the private sector, cytology-based opportunistic screening is well accepted, but are 

implemented inconsistently. Some women undergo screening yearly, thus over-serviced; while, many 

others do not undergo screening at all. The disease prevalence is lower, but tolerance for incorrect 

tests is also lower 17.   

 
8 (Jason D Wright, 2019) 
9 (StatsSA, 2018) 
10 (Snyman et al., 2006; Batra, Kuhn and Denny, 2010) 
11 (Snyman et al., 2006; Simonds, Neugut and Jacobson, 2015) 
12 (Maiman, 1998; Nappi et al., 2005) 
13 (Maiman, 1998; Nappi et al., 2005) 
14 (Denny, 2008) 
15 (Denny and Kuhn, 2017) 
16 (Botha and Dreyer, 2017; Bruni et al., 2019) 
17 (Botha and Dreyer, 2017) 
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High-risk HPV testing is widely available and offers improved sensitivity for existing and future cervical 

pre-cancer lesions over a single round of cytology. This approach has been accepted as an alternative 

primary screening test to the traditional cervical cytology 18.   

There are currently vaccines, offering protection against persistent HPV infection. In 2014, a national 

school-based HPV routine vaccination program was introduced. In this program girls between the ages 

of 9 and 10 are vaccinated with a Cervix HPV vaccine. The vaccination protects against the two high-

risk HPV types, HPV-16 and -18 and is administered in two dose fractions at least six months apart 19.  

1.3       Staging and different treatment regimens  

The International Federation of Gynaecology and Obstetrics (Figo) staging system is used mostly for 

the staging of cancers within the female reproductive organs, including cervical cancer. Until recently, 

The FIGO staging was primarily based on clinical examination with the addition of certain procedures 

that were allowed by FIGO to change the staging. The latest FIGO staging for cervical cancer was 

revised in 2018 to allow stage assignments based on pathological and imaging findings, when available 

20. The stage of the disease comprises of its size, depth of invasion and how far it has spread. Cross-

sectional imaging, such as magnetic resonance imaging (MRI) or Computed Tomography (CT), is used 

to obtain measurements of tumour size volume, and extent of disease. A pelvic MRI is the best single 

imaging method for assessing primary tumours over 10 mm in size, since it can accurately determine 

tumour location and size, pelvic sidewall invasion, parametrial involvement and lymph node 

metastasis 21 Although MRI is seen as the gold standard, CT imaging is more widely available and can 

produce adequate clinical information. Positron emission tomography (PET) has become the standard 

tool for nodal involvement evaluation. The involvement of para-aortic and/or pelvic lymph nodes 

could be used to guide clinical decisions related to radiation treatment planning, such as the delivered 

dose and field size 22.  

The stage of cervical cancer dictates the treatment regimen for each individual case, and a distinction 

is made between early stage disease and locally advanced disease (LACC).   

Early stage disease 

Early stage disease comprises of FIGO Stage IA, IB1, IB2 and IIA1 23.  Surgical treatment is the preferred 

treatment modality. Radiotherapy provides equally good results in terms of local control and survival 

 
18 (Kitchener et al., 2014; Huh et al., 2015; Botha and Dreyer, 2017) 
19 (Mbulawa et al., 2018; Bruni et al., 2019) 
20 (Bhatla et al., 2019) 
21 (Sala et al., 2013; Dappa et al., 2017) 
22 (Viswanathan, Beriwal, et al., 2012) 
23 (Bhatla et al., 2019) 
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in cases with contraindications for anaesthesia or surgery 24. The primary treatment for cases with 

lymph-node involvement is radiochemotherapy, including brachytherapy 25. The choice of treatment 

in early stage disease should be made by considering anatomic, clinical and social factors 26 

Locally advanced disease 

Locally advanced cervical cancer (LACC) consists of FIGO stage IB3 ς IVA. The standard of care (SOC) 

for treatment and management of LACC includes pelvic EBRT with concomitant cisplatin 

chemotherapy followed by BT 27. 

The combination of BT and EBRT maximizes the probability of locoregional control whilst minimizing 

the risk of treatment complications 28. Several studies of the combination of EBRT and BT treatment 

have shown a decline in local recurrence rates 29 and improved overall survival (OS) 30 was observed 

when BT is a component of treatment compared to pelvic external beam radiotherapy (EBRT) alone. 

According to 31, patients receiving SOC treatment had significantly improved OS in contrast to a patient 

not receiving the standard of care treatment. It has also been reported that no additional treatment, 

including sophisticated EBRT techniques like Intensity modulated radiation therapy (IMRT) or 

Stereotactic body radiation therapy (SBRT), can make up for the survival decrement from lack of BT as 

a component of definitive care 32. 

The addition of chemotherapy to the SOC treatment has been found to improve survival and local 

control among women with LACC. However, concurrent chemotherapy increases the severity of acute 

side effects but without increasing the risk of severe late treatment-related side effects 33. The 

American Brachytherapy Society (ABS) recommends that chemotherapy should be administered on 

EBRT day and not on a BT day, due to the potential for increase complications due to normal-tissue 

sensitization 34.  

The overall treatment time (OTT) is also important. Treatment should be completed within eight 

weeks; wherein better local tumour control and survival can be expected 35. Before the era of 

 
24 (Bhatla et al., 2019) 
25 όΨtǊŜǎŎǊƛōƛƴƎΣ wŜŎƻǊŘƛƴƎΣ ŀƴŘ RŜǇƻǊǘƛƴƎ .ǊŀŎƘȅǘƘŜǊŀǇȅ ŦƻǊ /ŀƴŎŜǊ ƻŦ ǘƘŜ /ŜǊǾƛȄΩΣ нлмоύ 
26 (Bhatla et al., 2019) 
27 (Haie-Meder et al., 2005; L. T. Tan, 2011; Tanderup et al., 2014; Bhatla et al., 2019) 
28 (Logsdon and Eifel, 1999; Bhatla et al., 2019) 
29 (Hanks, Herring and Kramer, 1983; Delgado et al., 2019) 
30 (Han et al., 2013; Tanderup et al., 2014; 2016; Delgado et al., 2019) 
31 (Robin et al., 2016) 
32 (Han et al., 2013; Robin et al., 2016) 
33 (Morris et al., 1999; Eifel et al., 2004; Eifel, 2006) 
34 (Viswanathan, Beriwal, et al., 2012) 
35 (Mahmoud et al., 2017; Bhatla et al., 2019) 
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concomitant chemotherapy, the impact of overall treatment time was demonstrated with loss of local 

control and OS of between 7ς8% per week of prolonged treatment 36. The retroEMBRACE study 

established that an additional dose of 5 Gy EQD210 (D90 CTV-THR) is required to compensate for a delay 

in OTT by one week 37. 

The Universitas Annex Hospital is a public facility that provides radiotherapy services to all public 

patients in the Free State, Northern Cape and Lesotho. This facility treats roughly between 300 to 400 

cervical patients per annum, resulting in an average of more than one new cervix case daily. This high 

number of cervix patients forces the facility to investigate and implement the most effective 

treatment techniques, which is balanced with regard to the quality of treatment and the time needed 

to prepare and deliver the treatment. While other methods are being investigated, ǘƘŜ ŦŀŎƛƭƛǘȅΩǎΣ Ƴŀƛƴ 

goal is still to deliver quality treatment to all patients. 

1.4       Aim 

The study aims to develop a novel biological optimization model which can be used to efficiently and 

automatically optimize BT plans utilizing either dose-volume or biological metrics/indexes or both for 

fast treatment plan generation.  

 

 

 

 

 

 

 

 

 

 

 

 

 
36 (Girinsky et al., 1993; Perez et al., 1995) 
37 (Tanderup et al., 2016) 
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Chapter 2 -  Theory  

The most clinically significant effect of radiation therapy is the production of irreparable DNA cell 

damage which results in the loss to sustain adequate cell division. In tumours, the main goal is the 

complete loss of proliferative ability by all the tumour cells, which is a needed for cancer cure. In the 

case of normal cells, the goal is to maintain the proliferative ability of as many normal cells as possible. 

Proliferative sterilisation is often referred to as cell kill 38.  

2.1  Cell survival curves 

The linear-quadratic model (LQ) is most often used in describing the cell surviving fraction SF, as 

illustrated in Figure 1. 

 

Figure 1 - Cell survival curves in radiotherapȅΦ ά!ŘŀǇǘŜŘ ǿƛǘh permission from (McMahon, S.J., The linear quadratic 
model: usage, interpretation and challenges, Phys. Med. Biol., 64 (2019) 1-24). Copyright © (2018) Institute of Physics 

ŀƴŘ 9ƴƎƛƴŜŜǊƛƴƎ ƛƴ aŜŘƛŎƛƴŜέΦ 

SF is defined as the proportion of cells that retain the ability to proliferate (relative to an unirradiated 

control population) with the assumption that there are two components to cell kill, namely: 

¶ Lethal (non-repairable) lesions, with a survival fraction SF = exp (-ʰ5ύΣ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ǘƘe 

tangent to the survival curve at its origin. 

¶ Sub-lethal lesions, non-lethal and potentially repairable, but the accumulation of which can 

cause cell death, with a survival fraction SF = (-ʲ52) 

Equation (1) can be used to calculate the SF: 

 ὛὊ ÅØÐ‌Ὠ  ‍Ὠ  (1) 

Where 

 
38 (E.B.Podgorsak, 2005; Barrett et al., 2009) 
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SF - the surviving fraction 

ʰ ŀƴŘ ʲ - parameters which characterise the cells involved 

d - single dose given 

¢ƘŜ Ǌŀǘƛƻ ʰκʲ ƎƛǾŜǎ ǘƘŜ ǊŜƭŀǘƛǾŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘŜ ǉǳŀŘǊŀǘƛŎ ŘƻǎŜ ǘŜǊƳ ŀƴŘ ǘƘŜ ƭƛƴŜŀǊ ŘƻǎŜ ǘŜǊƳ ŦƻǊ 

the cells involved, this ratio controls the shape of the survival curve, as illustrated in Figure 1: 

ω [ŀǊƎŜ ʰκʲ - indicates that the linear term dominates and results in a relative straight cell 

ǎǳǊǾƛǾŀƭ ŎǳǊǾŜ ǿƛǘƘ ŀ ǎƳŀƭƭ ǊŜǇŀƛǊ ŎŀǇŀŎƛǘȅ ό¢ǳƳƻǳǊ ŀƴŘ ŜŀǊƭȅ ǊŜǎǇƻƴŘƛƴƎ ƴƻǊƳŀƭ ǘƛǎǎǳŜǎ ʰκʲ 

- 10 Gy). 

ω {Ƴŀƭƭ ʰκʲ - indicates that the quadratic term is more dominant with a large repair capacity 

όƭŀǘŜ ǊŜǎǇƻƴŘƛƴƎ ƴƻǊƳŀƭ ǘƛǎǎǳŜǎ ʰκʲ - 3 Gy). In this case, doubling the dose will lead to more 

than doubling of the effect on the surviving fraction. Such cells will be particularly sensitive 

to changes in fraction size when radiation is given as a fractionated schedule. 

Typically, survival curves are continuously bending, with a slope that steepens as the dose increases.  

2.2 Equivalent dose in 2 Gy fractions (EQD2) 

The radiobiological effects of a different dose per fraction size differ from those of a 2 Gy per fraction 

for the same radiation dose distribution in an organ. Therefore, the LQ model is used to convert doses 

per fraction into the biologically equivalent physical dose of 2 Gy per fraction (EQD2), as illustrated in 

Equation (2): 

 ὉὗὈ ὲὪ Ὠ
Ὠ ‌

‍

Ὠ ‌
‍

 

 

(2) 

Where 

ὲὪ - Number of fractions 

Ὠ - fractional dose received (Gy) 

Ὠ - 2Gy 

‌
‍ - Tissue-specific parameters 

The EQD2 gives the ability to compare different treatment techniques and fractionation schedules. 



25 
 

2.3 Radiotherapy Treatment techniques 

The clinical stage, the size of tumour volume, lymphovascular space involvement, nodal involvement, 

and histological subtype at the beginning of radiotherapy are well-known prognostic factors 39. Risk 

factors for local control (LC) and survival have been identified as large tumour size (>5 cm), young age 

όҖпл ȅŜŀǊǎύΣ ƴƻƴ-squamous histology, positive lymph node on MRI, as well as the advanced stage of 

all risk factors for locoregional failure after definitive platinum-based chemoradiation in patients with 

locally advanced cervical cancer 40.  

The presence of bilateral parametrial invasion decreases the 10-year disease-free survival (DFS) rate 

ƛƴ {ǘŀƎŜ LLL. ǇŀǘƛŜƴǘǎΦ ¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŎŜƴǘǊŀƭ ōǳƭƪȅ ŘƛǎŜŀǎŜ όǘǳƳƻǳǊ ǎƛȊŜ җр ŎƳ ƛƴ ŘƛŀƳŜǘŜǊύ ŘŜŎǊŜŀǎŜǎ 

the DFS and increases the pelvic failure rate by about 11 % for all patients 41. Wang et al. suggested 

that the ratio between the tumour volume and regression provide essential information that could 

guide early intervention for patients at high risk of treatment failure 42. The 5-year survival rate, 

including progression-free survival (PFS) and OS in node-negative disease, compared to node-positive 

disease is significantly higher 43.  

Radiotherapy techniques used in the treatment of cervical cancer can be subdivided into two main 

categories: 

1. External beam radiotherapy (EBRT) ς This technique will be discussed briefly. 

2. Brachytherapy (BT) ς This technique is the focus of this study and will be discussed in detail. 

2.3.1 External beam radiotherapy (EBRT)  

External beam radiotherapy (EBRT) plays a vital role in the management of patients diagnosed with 

cervical cancer. The role of EBRT is to shrink bulky endocervical tumours, to treat paracentral 

infiltration and nodal disease that lies beyond the reach of the BT system and thus preventing optimal 

BT treatment.  

In general, EBRT can be delivered with orthovoltage, particle therapy or using a linear accelerator. The 

latter is applicable to cervical cancer treatment. Cervical EBRT is delivered using a machine that 

produces high energy photons or/and electrons, known as a linear accelerator. The radiation source 

 
39 (Delgado et al., 1990; Kovalic et al., 1991; Eifel et al., 1994; Fyles et al., 1995; Perez et al., 1998; Morice et al., 
2003; Van De Putte et al., 2005; Barbera and Thomas, 2009; Bae et al., 2016; Cho and Chun, 2018) 
40 (Bae et al., 2016) 
41 (Kovalic et al., 1991) 
42 (J. Z. Wang et al., 2010) 
43 (Choi et al., 2018) 
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is located outside the patient, and the target (tumour) within the patient is irradiated with an external 

radiation beam.  

Conventionally, EBRT planning was based on bony anatomy landmarks visible on X-rays and treatment 

was delivered by using parallel opposed fields or the four-field box technique. The parallel opposed 

fields achieved adequate dose coverage to the target, but with an increase in dose to the bladder and 

rectum and inferior dose to the parametrium. The four-field box technique was introduced and have 

led to reduced dose in normal tissues and an improvement in dose distribution compared to parallel 

opposed fields 44. The risk associated with conventional EBRT is that the actual tumour volume can fall 

outside the field borders determined by standard bony landmarks; resulting in underdosage of the 

target volume. 

Since the 1990s, 3D-conformal EBRT (3D-CRT) in combination with CT-based treatment planning, has 

been implemented internationally 45. CT/MRI/PET imaging gives the ability to visualise and delineate 

target and normal tissue volumes. However, all commercially available treatment planning systems 

(TPS) use CT images to provide information regarding electron density of tissues which is required for 

the dose calculation algorithms. The dose and volumetric coverage of all structures are measured and 

evaluated by calculating the necessary dose-volume histograms (DVH)  46.  

EBRT is designed to treat the clinical target volume (CTV), which include the following: 

1. The gross disease (gross tumour volume (GTV), known as the primary tumour with local 

extensions (if not removed surgically); 

2. The entire cervix and uterus; 

3. Parametrial and uterosacral ligaments; 

4. The upper vagina or at least 3 to 4 cm inferior to the most inferior extent of the tumour; 

5. Pre-sacral nodes and all other nodal volumes at risk.  

The prescribed dose must encompass the planned target volume (PTV), which consists of the CTV plus 

a safety margin of between 7 to 10 mm to account for uncertainties in the daily patient set-up 47. The 

primary tumour and regional lymph nodes at risk are treated with definitive EBRT to a total dose of 

approximately 45 Gy (i.e. 40 to 50 Gy). If present, the nodal disease can be optimally boosted with an 

ŀŘŘƛǘƛƻƴŀƭ мл ǘƻ мр Dȅ ōȅ ǘƘŜ ƛƴǘŜƎǊŀǘƛƻƴ ƻŦ Law¢ ƛƴǘƻ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ǘǊŜŀtment 48.  

 
44 (Gulia et al., 2013) 
45 (Vordermark, 2016) 
46 (Elshaikh et al., 2006) 
47 (Management of Cervical Cancer: Strategies for Limited-resource Centres - A Guide for Radiation Oncologists, 
2013) 
48 (Wagner, Jhingran and Gaffney, 2013) 
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IMRT, an advanced form of 3D-CRT, has recently been developed and utilized. In contrast to the 

uniform radiation intensity used in 3D-CRT, the uniform intensity of each beam is purposely altere to 

produce a variable intensity/fluence across each beam. Each beam consists of hundreds of beamlets, 

with an individual intensity level. The use of multiple beams can produce a highly conformal dose 

distribution, allowing precise shaping to the target volume and thus further sparing of the normal 

tissues.  

IMRT or Volumetric Modulated Arc Therapy (VMAT) is associated with exceptional PTV coverage, with 

considerable sparing of normal tissues, reduced gastrointestinal (GI) and genitourinary (GU) acute 

toxicity and reduced late overall toxicity compared to 3D-CRT without compromising the clinical 

outcome 49. Pelvic IMRT has been reported to improve the quality of life with regards to physical 

functioning and other treatment effects during treatment 50. However, the replacement of BT with 

smaller EBRT fields to deliver a central dose of between 60 to 70 Gy resulted in higher complication 

rates, while more reduced survival rates were evident 51. IMRT was shown to be inferior to BT with 

respect to the specific target volume doses when dose constraints to the bladder, rectum and sigmoid 

are obeyed. 52 

However, the female pelvis is known to have significantly associated tumour motion, normal organ 

motion and tumour deformation/shrinkage, which result in intra-and inter-fraction cervical motion, 

unwanted exposure to OARs and a reduction in treatment accuracy which should be taken into 

account 53. IMRT and more conformal techniques require investment in rigorous Image-Guided 

Radiotherapy (IGRT) as these techniques can only be performed by implementing IGRT. Improvement 

in treatment accuracy can be obtained by implementing IGRT adaptive approaches. Applying relevant 

PTV margins can be one way to account for intra-fraction cervical motion 54. 

During the past few years, IGRT has become the new standard of care in several tumour types 55. This 

technique uses in-room imaging techniques to obtain 3D images before/after treatment daily, reliant 

on what imaging protocol is followed. The images are used to determine the changes in target, OAR 

volumes and positioning since the initial treatment plan. The initial plan is then adapted accordingly 

to optimize dose delivery and achieve safe dose escalation throughout the course of the treatment. 

 
49 (Mundt et al., 2002; Gandhi et al., 2013; Chen et al., 2015; Deng et al., 2017) 
50 (Klopp et al., 2016) 
51 (Logsdon and Eifel, 1999; Tanderup et al., 2014) 
52 (Fokdal et al., 2016) 
53 (Haripotepornkul et al., 2011) 
54 (Tyagi et al., 2011; Jadon et al., 2014; Heijkoop et al., 2015) 
55 (Martinez et al., 2001; Barker et al., 2004; van de Bunt et al., 2006) 
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At the same time, advances in diagnostic imaging, as well as image guidance during radiation delivery, 

permits for more precisely defined treatment delivery 56. 

2.3.2 Brachytherapy (BT) 

The ability of BT to deliver between 80 to 85 Gy (EQD2) to the tumour periphery while the central 

cervix receives even higher doses (> 120 Gy EQD2) undoubtedly explains the excellent LC rates that 

can be achieved when cervical cancers are treated with a combination of EBRT and BT. This is one of 

the many reasons why BT is not optional in the treatment of cervical cancer 57.  

BT is a form of radiotherapy treatment where small, encapsulated radioactive sources are placed 

within or adjacent to the tumour. The two main types of BT are interstitial and intracavitary BT (ICBT). 

The type of BT selecǘŜŘ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ŘƛǎŜŀǎŜ ƛƴ ŎƻƳōƛƴŀǘƛƻƴ ǿƛǘƘ ǘƘŜ ǇŀǘƛŜƴǘΩǎ 

anatomy.  Interstitial BT (ISBT) is based on the temporary or permanent implantation of the sources 

within the tumour volume (with the aid of needles) and is mainly used to treat prostate, 

gynaecological and breast tumours. Intracavitary BT is based on the placement of sources temporarily 

within body cavities, such as the cervix/uterus, close to the tumour volume (with the aid of an 

applicator) and is mainly used to treat gynaecological tumours such as tumours in the uterus, cervix 

and vagina 58. 

Most common ICBT applicators widely available include two variations on the Tandem and Ring design 

and Tandem and Ovoid design. As the name suggests, the Tandem and Ring applicator consist of a 

tandem, an intrauterine tube placed through the cervix to the level of the uterine fundus, and a ring 

that sits on either side of the cervix. The Tandem and Ovoid applicator consist of a tandem and two 

ovoids (colpostats) that are placed on either side of the cervix in the lateral vaginal fornices. Both 

applicators result in comparable treatment outcome, although differences exist in the distribution of 

radiation dose and ease of use, the choice of use ultimately resides on the user 59. 

BT treatment dose rates fall into three categories 60: 

1. Low dose rate (LDR) - from 0.4 to 2.0 Gy/h; 

2. Medium dose rate (MDR) - more than 2.0 to 12.0 Gy/h. MDR is not in common use; 

3. High dose rate (HDR) - more than 12.0 Gy/h.  

 
56 (Taylor and Powell, 2004; Elshaikh et al., 2006) 
57 (Tanderup et al., 2013; 2014) 
58 (E.B.Podgorsak, 2005, pp. 451ς452) 
59 (Banerjee and Kamrava, 2014) 
60 (E.B.Podgorsak, 2005, p. 454) 
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The most common radiation source used for high dose rate (HDR) afterloading is Iridium-192 (Ir-192), 

due to its medium average ɹ ray energy of 400 keV and its high specific activity. The only downfall of 

Ir-192 is its relatively short half-life of 73.8 days, which requires several replacements throughout the 

year 61. As illustrated in Figure 2, the Ir-192 source is a platinum/iridium alloy (3.5 mm long and 0.6 mm 

in diameter) with a high concentration of Ir-192, resulting in the high activity. The 1 mm platinum 

coating attenuates any electrons that are generated through decay. The capsule is welded to the end 

of a wire, which enables retraction and deployment from within an HDR remote afterloading machine. 

 

Figure 2 - Flexisource Ir-мфн I5wΦ άwŜǇǊƻŘǳŎŜŘ ǿƛǘƘ ǇŜrmission from (Granero, D., tŞǊŜȊπ/ŀƭŀǘŀȅǳŘΣ WΦΣ /ŀǎŀƭΣ 9ΦΣ 
Ballester, F. and Venselaar, J.. A dosimetric study on the high dose rate Flexisource, Med. Phys., 33 (2006) 4578ς4582). 

/ƻǇȅǊƛƎƘǘ ϭ όнллсύΣ WƻƘƴ ²ƛƭŜȅ ϧ {ƻƴǎέΦ 

Conventional 2D Intracavitary brachytherapy 

Brachytherapy is seen as one of the oldest treatment modalities in radiotherapy. In 1903, soon after 

Marie and Pierre Curie discovered radium in 1898, radium sources were successfully used in ICBT for 

the treatment of cancer of the cervix. The dose prescription was mainly subjective due to the lack of 

knowledge and data about the biological effects of radiation on the tumour volume and the adjacent 

normal tissues. Different dosimetric systems were formulated and used as guidelines to reach the 

required treatment outcome. These guidelines focused on the treatment duration, loading and 

arrangement patterns for a specific set of radioisotopes and the amount of radium required to deliver 

the desired prescription, specified in mg-hours. The dose received by normal tissues during treatment 

was neglected 62.  

The Manchester system was formulated in 1938 and subsequently modified by Tod et al. in 1953. The 

modification attempted to overcome the shortfalls and issues as mentioned above 63. The treatment 

was defined in terms of dose to a point, which was considered to be a representative of the target 

 
61 (E.B.Podgorsak, 2005, p. 457,464) 
62 (Srivastava and Datta, 2014) 
63 (Tod and Meredith, 1938; 1953) 
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volume itself, being reproducible from one patient to the next. After calculating the dose (in Ron͖tgen) 

at several points within the pelvis, Tod et al. determined that the initial site of necrosis was within the 

paracervical triangle, this triangle was categorized as the dose-limiting region where the uterine 

vessels cross the ureter. Keeping the paracervical triangle in mind, they defined point A, 2 cm lateral 

to the central canal of the uterus and 2 cm superior to the mucosa of the lateral fornix, in the plane of 

the uterus. The combination of applicators used for treatment, loading and source arrangement 

patterns, as well as applicator design, were specified to deliver the same dose-rate to point A.  The 

constancy of dose rate at point A was believed to be a major strength of the Manchester system point 

A dose prescription. However, this original defined point A were not visible on orthogonal planar 

radiographs, therefore point A were redefined in relation to the applicator which was easily visualized 

on a radiograph. As seen in Figure 3, the newly defined point A was described by Tod and Meredith as 

a point 2 cm above the external os of the uterus and lateral to the uterine tandem in the plane of the 

uterus, respectively. Point B was defined 2 cm above the external os and 5 cm laterally to the midline; 

in other words, 3 cm lateral to point A. This point was seen as a representative of the dose delivered 

to the obturator nodes and pelvic wall 64.  This point A dose prescription was suitable in clinical practice 

with limited imaging modalities available. 

 

Figure 3 - Original definition of points A and B, according to the Manchester system 65. 

Questions were raised of how well the BT point A (BPA) correlated with the anatomical point A (APA). 

Lewis et al. showed that the BPA and APA were at a minimum distance of 0.8 cm from one another in 

 
64 (Tod and Meredith, 1953) 
65 (Tod and Meredith, 1938) 
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93 % of their observations 66. A study by Wang et al. showed that the average distances between the 

APA and BPA were 5.4 ± 1.1 cm on the left and 5.2 ± 1.0 cm on the right, this led to the dose received 

by the APA to be 30 % and 35.2 % of the prescribed dose to the left and right BPA, respectively. From 

these results, they concluded that the BPA provided an inaccurate dose estimate of the APA and 

indicated the need to revisit the current BPA 67.  In 1985, the International Commission on Radiation 

Units and Measurements (ICRU) published a report in which the sole use of point A was frowned upon 

as this reference point was situated in a very high dose gradient. Thus, resulting in any errors and 

inaccuracy in the determination of distance with considerable uncertainties in the absorbed dose 

calculated at these specific points. 

Recommendations were made regarding the dose and volume specifications to achieve common 

ground in reporting ICBT for cervical cancer 68. In addition to Point A and B, it was recommended that 

the dose received during treatment to be specified in terms of: 

1. Total reference air Kerma (TRAK); 

2. Description of a reference volume; 

3. OAR reference points to estimate the risk of late complications. 

1. Total reference air kerma (TRAK) 

The Total Reference Air Kerma Rate (TRAK) is defined as the air kerma rate in the air to air at a distance 

of 1 m from the source, corrected for attenuation and scatter. As illustrated in Equation (3), the TRAK 

value is the sum of the products of the reference air kerma rate and the dwell time of each source: 

 ὝὙὃὑ ὙὃὑὙύ 

 

(3) 

 

2. The reference volume 

For the target dose, an additional and different approach was recommended; rather than reporting 

the dose at a point. It was suggested that at an agreed dose level, the dimensions of the volume 

included in the subsequent isodose should be reported as the reference volume. The recommended 

dose level was 60 Gy.  

 

 

 
66 (Lewis, Raventos and Hale, 1960) 
67 (Wang et al., 2007) 
68 (Chassagne et al., 1985) 
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3. OAR reference points 

At the time of the ICRU Report 38 publication, an approximation of the dose to OARs could only be 

derived from standard orthogonal radiographs of the applicator. Hence, reference points were 

defined in relation to the sources visible on radiographs 69.  

As seen in Figure 4, the bladder reference point was defined in terms of the Foley balloon filled with 

7 cm3 radio radiopaque fluid inserted into the trigone of the bladder.  The catheter was pulled 

downwards to bring the balloon alongside the urethra: 

1. On the AP radiograph, the reference point is taken at the centre of the balloon. 

2. On a lateral radiograph, the reference point is obtained on an Anterior Posterior (AP) line 

drawn through the centre of the balloon. The reference point is taken on this line at the 

posterior surface of the balloon. 

 

Figure 4 ς The localization of rectum and bladder points. (Reprinted with permission from ICRU. Dose and Volume 
specification for reporting intracavitary therapy in gynaecology. ICRU Report No. 38. Bethesda, MD: International 

Commission on Radiation Units and Measurements, 1985.) 

The rectal reference point was related to the applicator, as illustrated in Figure 4: 

3. On an anterior radiograph, the reference point is taken at the intersection of the intrauterine 

source through the plane of the vaginal sources. 

4. On a lateral radiograph, an anterior-posterior line is drawn from the lower end of the 

intrauterine source. The point is located on this line, 5 mm behind the posterior vaginal wall. 

 
69 (Chassagne and Horiot, 1977) 
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5. The posterior vaginal wall can be visualised, depending upon the technique, using an 

intravaginal mould or by opacification of the vaginal cavity with radio-opaque gauze used for 

packing. 

Nonetheless, these points do not take the particular normal tissue anatomy into account, which could 

be more subject to day-to-day variation affected by fluctuating extents of bowel and bladder filling 70. 

Dose rate 

In the past, ICBT was delivered by using LDR, which involves the source of relatively low activity.  The 

treatment was delivered in phases that ranged from hours to several days, dependent on the dose 

prescribed. The radiation sources were manually loaded after the applicators/catheters were placed 

in the target position; this led to unnecessary radiation exposure to staff members. 

The introduction of computer-driven remote after loading systems over the recent years, in which 

radiation sources are controlled with the use of a computer, has made it possible to deliver BT with 

high activity sources 71. This has led to the ICBT practice changing from LDR to HDR, and this was done 

by taking several advantages of HDR over LDR in consideration 72: 

1. Shorter treatment times 

¶ Smaller risk of applicator movement during treatment 

¶ Opportunity for outpatients to be treated ς no hospitalization needed 

¶ A greater amount of patient to be treated 

2. Eliminates unnecessary radiation exposure to radiation workers and visitors  

3. No shielded inpatient hospital rooms required 

4. Smaller diameter sources 

¶ Reduces the need to dilate the cervix 

¶ Insertion of applicator physically easier 

5. The ability to vary dwell positions and dwell times allows the possibility of dose distribution 

optimization 

During HDR-ICBT, the Ir-192 source is moved through the applicator along a specific route; along this 

route, the source is brought to rest at several positions. The position and the duration in which the 

source is stationary determine the dose distribution within the patient. HDR-ICBT delivers a high 

radiation dose concentrated to the local tumour volume while consequently sparing normal tissue, 

 
70 (Koom et al., 2007) 
71 (E.B.Podgorsak, 2005, p. 454) 
72 (Stewart and Viswanathan, 2006) 
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due to the inverse square law that causes a rapid dose fall-off outside the tumour 73. Based on existing 

prospective and retrospective studies, it was proven that HDR-ICBT is comparable to LDR-ICBT with 

regard to complications rates, loco-regional control and survival outcomes 74.  A study by Romano et 

al. reported, as stated above no significant difference in overall survival rates or LC rates between the 

two approaches, but acute as well as chronic toxicity was higher in HDR-BT compared to LDR-BT 

outcome 75.  

Due to the loss in dose rate effect in HDR-ICBT, multiple HDR fractions are necessary to reach the 

required treatment outcome; a well-balanced ratio between the rate of tumour control and late 

normal tissue complications. The applicator placement may vary from one treatment fraction to the 

other leading to a variation in the applicator spatial position in relation to pelvic bony anatomy, pelvic 

organs and adjacent organs at risk 76. Subsequently, this results in the varying location of point A and 

the 60 Gy ICRU volume 77. TherefoǊŜΣ ƳǳƭǘƛǇƭŜ I5w ŦǊŀŎǘƛƻƴǎ ƭŜŀŘ ǘƻ ŀ ŘƛŦŦŜǊŜƴǘ ǎŜǘ ƻŦ tƻƛƴǘ !Ωǎ ŦƻǊ ǘƘŜ 

left and right side for each treatment fraction, thus point A changes into a volume A for a single patient 

78. This also results in multiple ICRU volumes in a given patient during multiple HDR fractions 79 and 

lead to variation in several reporting parameters such as ICRU volumes and TRAK in the same patient 

during the course of HDR-ICBT treatment 80. Das et al. stated that these uncertainties in reporting as 

per ICRU Report 38 guidelines or to Point A, calls for the guidelines to be revised 81.  

Image-Guided Brachytherapy (IGBT) 

The limitation of BT based on point A/reference volumes and orthogonal radiographs have focused 

investigation on BT treatment based on the actual position of the tumour volume and OARs in relation 

to the applicator.  

The availability of CT and MRI has facilitated more detailed anatomic information and the ability to 

visualize the soft tissues of the pelvis with higher resolution, permitting a closer approximation of the 

location of the uterus, cervix, vagina, or the OARs, including the sigmoid, rectum, bladder, and small 

bowel 82. The combination of 3D imaging and intracavitary applicators that are CT/MRI compatible 

ŎŀƳŜ ƳƻǊŜ ŀǾŀƛƭŀōƭŜ ƛƴ ǘƘŜ флΩǎΣ ǘƘƛǎ ŎƻƳōƛƴŀǘƛƻƴ ŀllowed for accurate localization of intracavitary 

 
73 (Viswanathan, Beriwal, et al., 2012) 
74 (Teshima et al., 1993; Patel et al., 1994; Hareyama et al., 2002; Lertsanguansinchai et al., 2004; X. Wang et al., 
2010) 
75 (Romano et al., 2017) 
76 (Grigsby et al., 1993; Hoskin et al., 1996; Datta et al., 2001) 
77 (Datta et al., 2001; 2004) 
78 (Srivastava and Datta, 2014) 
79 (Datta, 2005) 
80 (Datta et al., 2001; Datta, Das, et al., 2003; Datta, Basu, et al., 2003) 
81 (Datta, Basu, et al., 2003) 
82 (Koom et al., 2007; Viswanathan and Erickson, 2010) 
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applicators in relation to all necessary neighbouring structures, and with this the ability to obtain the 

actual dose delivered to the tumour volume and surrounding organs 83. 

Plan comparisons were performed by Shin et al., for the conventional point A plan and a CT-guided 

CTV based plan. ! ŦǊŀŎǘƛƻƴŀƭ млл ҈ ŘƻǎŜ ǿŀǎ ǇǊŜǎŎǊƛōŜŘ ǘƻ ǘƘŜ ƻǳǘŜǊƳƻǎǘ Ǉƻƛƴǘ ǘƻ ŎƻǾŜǊ ŀƭƭ /¢±Ωǎ ƛƴ 

the CTV plan and to point A in the conventional plan. The CT-guided CTV planning of ICBT was found 

to be superior to conventional point A planning in terms of avoidance of overdosed normal tissue 

volumes and conformity of target coverage84. 

A CT assisted dosimetry study conducted by Kapp et al. showed that the doses received by OARs, 

specifically focusing on the sigmoid, bladder and rectum are often underestimated when using the 

ICRU system. The study concluded that OAR doses are higher than traditional 2D planning techniques 

document 85. Another study confirmed that prescription based on point A doses, lead to tumour 

volume uncertainty and underdosage. The maximum ICRU 38 bladder and rectum doses significantly 

underestimate the maximum doses to OARs and denotes the 90th and 95th percentile of the maximum 

doses to the rectum and bladder, respectively 86. The maximum dose to the bladder and rectum was 

found to be 1.4 and 1.5 times higher in CT-based treatment planning than represented by the ICRU 

bladder and rectum point in 2D base planning 87. Other studies have found the same results, some 

reporting doses higher by approximately two-fold on average 88. Charra-Brunaud et al. studied the 

effect of 3D image-based BT on treatment outcomes; for the 2D arm of the study, dosimetry was 

planned on orthogonal x-rays, and for the 3D arm, dosimetry was planned on CT images. Improved LC 

and toxicity rates were found with 3D image-based BT 89. These findings have led to the development 

of 3D image-guided BT guidelines, to increase the dose to target volume, while reducing the dose to 

the OARs.  The Gynecologic Groupe Européen de Curiethérapie and the European Society for 

Therapeutic Radiology and Oncology (GYN GEC-ESTRO) Working Group published their 

recommendations in 2005 and 2006 90. The American Brachytherapy Society (ABS) has also adopted 

the GEC-ESTRO guidelines for contouring, image-based treatment planning, and dose reporting 91. A 

publication by the ICRU, in collaboration with GEC-ESTRO are now considered the guidelines which 

should be followed for contouring, image-based treatment planning, and dose reporting 92. 

 
83 (Viswanathan, Beriwal, et al., 2012) 
84 (Shin et al., 2006) 
85 (Kapp et al., 1992) 
86 (Datta et al., 2006) 
87 (Fellner et al., 2001) 
88 (Ling et al., 1987; Schoeppel et al., 1994; Pelloski et al., 2005) 
89 (Charra-Brunaud et al., 2012) 
90 (Haie-Meder et al., 2005; Pötter et al., 2006) 
91 (Viswanathan, Beriwal, et al., 2012; Viswanathan, Thomadsen, et al., 2012) 
92 όΨtǊŜǎŎǊƛōƛƴƎΣ wŜŎƻǊŘƛƴƎΣ ŀƴŘ wŜǇƻǊǘƛƴƎ .ǊŀŎƘȅǘƘŜǊŀǇȅ ŦƻǊ /ŀƴŎŜǊ ƻŦ ǘƘŜ /ŜǊǾƛȄΩΣ нлмоύ 
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The contouring guidelines provide information in the delineation of the following recommended 

target and OAR volumes: 

¶ The initial gross tumour volume (GTVinit) - includes the macroscopic demonstrable extent and 

location of the tumour before any treatment. It can consist of a primary tumour (GTV-Tinit), 

known distant metastases (GTV-Minit), or involved regional node(s) (GTV-Ninit). 

The GTV-T is seen as the basis for treatment prescription and planning. It is assessed by imaging, 

clinical and/or pathological investigations. 

¶ Clinical Target Volume for the Primary Tumour (CTV-T) ς includes the GTV-T and a volume of 

surrounding tissue in which the risk of microscopic disease is deemed so high that this region 

should be treated with a sufficient dose to control the microscopic disease. 

¶ Residual Gross tumour volume (GTV-Tres) ς is defined as the residual tumour at the time of 

BT after treatment assumed sufficient to control the microscopic disease. 

¶ Adaptive Clinical Target Volume (CTV-Tadapt) ς can be defined after any treatment phase; it 

includes the GTV-Tres and the residual pathologic tissue that might surround the GTV-Tres.  

¶ High-risk clinical target volume (CTV-THR) ς According to GEC-ESTRO the CTV-THR is defined as 

the CTV-Tadapt that includes the GTV-Tres, always the whole cervix, and the adjacent residual 

pathologic tissue, if present. This is the volume bearing the highest risk for recurrence and is 

selected by clinical examination and imaging at the time of BT after EBRT and chemotherapy 

in LACC.  

¶ Intermediate-risk clinical target volume (CTV-TIR) ς carrying a significant microscopic load, 

encompasses the CTV-THR with a safety margin of between 5 to 15 mm. The safety margin is 

chosen according to the tumour location and size, tumour regression, tumour spread and 

treatment strategy. 

¶ The delineation of OARs which include the outer wall of the rectum, sigmoid, bladder and 

bowel.  

¶ The traditional ICRU rectum point can serve as a recto-vaginal reference point. 

The CTV-THR serves as a reference for both prescription and evaluation of IGBT. The total radiation 

dose is prescribed to the CTV-THR this dose is suitable to eradicate macroscopic disease and selected 

according to the stage of the disease, tumour volume and the treatment approach. 

The image-based treatment planning and dose reporting guidelines provide the following information: 
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¶ The use of cumulative dose-volume histograms (DVH) for the evaluation of complex dose 

heterogeneity.  

Dose-volume parameters for target and OAR volumes can be calculated from a DVH and converted 

into biologically weighted EQD2 doses by using Equation (2) and are recommended for dose reporting: 

¶ DVH parameters for target volumes (GTV, CTV-THR and CTV-TIR) are defined as the minimum 

dose delivered to 100 % and 90 % of the respective volume of interest (VOI):  D100 % and D90 %. 

o D100 % is mainly dependent on accurate target delineation, due to the steep dose 

gradient; small spikes in the target contour can cause large deviations in D100 %.  D90 % 

has been consƛŘŜǊŜŘ ǘƻ ōŜ ŀ ƳƻǊŜ ΨǎǘŀōƭŜΩ ǇŀǊŀƳŜǘŜǊΣ ǿƘƛŎƘ ƛǎ ƭŜǎǎ ǎŜƴǎƛǘƛǾŜ ǘƻ ǘƘŜǎŜ 

influences 93.  

The near-minimum dose D98 % is a more robust metric, in which 2 % of the target volume receives less 

than this dose. Because of the steep absorbed-dose gradients in BT, and the significant resulting 

differences between D98 % and D100 %, care must be taken when previously reported values are 

compared 94. The use of D98 % and D90 % parameters are recommended for reporting dose to the CTV-

THR. If the CTV-TIR is used for prescription and in the case of clinical trials, these two parameters are 

also recommended for the CTV-TIR. 

BT-related morbidity such as fistula, ulceration or circumscribed telangiectasia is frequently related to 

a small volume receiving high absorbed doses. To assesses such volumes and doses appropriately, the 

reference volume approach has been suggested 95:  

¶ The DVH parameters for organs at risk (OAR) are set as the minimum dose in the most 

irradiated tissue volume: 0.1 cm3 and 2 cm3 (D0.1cm
3
 and D2cm

3). Reporting of 5 and 10 cm3 are 

optional.  

¶ During the reporting of DVH parameters, it should be mentioned if the applicator is included 

in the considered volume or not. 

¶ The reference volume, TRAK, prescribed dose, point A dose is also used for dosimetric 

evaluation. 

The underlying assumptions include identical locations during fractionated brachytherapy, the full 

dose of EBRT in the VOI is considered, contiguous volumes and contouring of organ walls for > 2 cm 3. 

 
93 (Kirisits et al., 2005) 
94 (Schmid et al., 2011) 
95 (Pötter et al., 2016) 
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The perceived limitations of these recommendations are that GEC-ESTRO suggests the use of MRI, 

which is seen as the gold standard for imaging in BT 96. Most clinics are limited in terms of imaging 

capability, and MRI is not necessarily readily available for BT treatments, especially when several 

treatment fractions are involved. However, CT is more frequently available in RT clinics and can be 

used for this purpose.  

Nonetheless, MRI has been proven to be superior to CT regarding the assessment of tumour size and 

configuration. Due to lower contrast, CT tumour contours significantly overestimate the tumour 

volume, especially in the lateral direction. This result in significant differences in the D100 %, D90 % and 

volume treated to the prescription dose or greater for the CTV-THR compared with that using MRI. 

Therefore, MRI remains the gold standard for tumour definition and delineation, but CT has shown to 

be adequate for contouring of OAR volumes 97. Intravenous contrast can enhance the rectum and 

bladder, as well as the central areas of the cervix more than the peripheral areas. This might help to 

identify the uterine artery, thus assisting the delineation of the upper border of the cervix and in 

effect, improve the outcome of CT contouring 98. 

Image-Guided Adaptive Brachytherapy (IGABT) 

A perfectly optimized BT treatment delivers a very high boost dose to the primary tumour, however 

sparing OARs due to a sharp dose fall-off outside the target volume.  Due to this sharp dose fall-off, 

definition and contouring of target and OAR volumes on the specific day of treatment has a 

pronounced impact on the efficiency and accuracy of the BT treatment. This pronounced impact of 

contouring target and OAR volumes on a day to day basis have led to the introduction of image-guided 

adaptive brachytherapy (IGABT) for cervical cancer.   

IGABT address the effect of tumour shrinkage and OAR geometrical changes in combination with the 

dose-fall off associated with BT treatment. The key advantage of IGABT is the possibility to conform 

and optimize the dose to the anatomy of the specific patient, considering tumour volume, topography, 

and the position of OARs on the specific day of treatment. IGABT has shown to reduce the incidence 

of severe late rectal bleeding and the improvement of LC rates, even for advanced disease 99. 

The ability to adapt the dose to a regressing tumour volume results in much higher tumour dose 

delivered compared to conventional methods of point-based treatment planning or IGBT which 

applies a single treatment plan over all fractions, irrespective of changes in target and OAR volumes 

 
96 (Dimopoulos, Schard, et al., 2006; Johannes C. A. Dimopoulos et al., 2009) 
97 (Dimopoulos, Schard, et al., 2006; Viswanathan et al., 2007; Johannes C. A. Dimopoulos et al., 2009; Eskander 
et al., 2010; Krishnatry et al., 2012; Hegazy et al., 2013; Viswanathan et al., 2014) 
98 (Viswanathan et al., 2007; Srivastava and Datta, 2014) 
99 (Johannes C.A. Dimopoulos et al., 2009; Kang et al., 2010; L. Tan, 2011) 
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and positioning 100. The dosimetric consequences and differences in dose to the CTV-THR and OARs 

were studied by Beriwal et al. using individualised MRI/CT-based 3D treatment plans for each fraction 

versus plans based on a single scan for all fractions. The study showed that a single-plan approach 

achieved adequate dosimetry in most of the patients, but individualised treatment plans improved 

dosimetry by accounting for variations in the position of OARs and applicator geometry 101.  

Studies have shown that IGABT contributes to the treatment of pelvic nodes in LACC, at the level of 

around 5 Gy in the external, internal and obturator areas and 2.5 Gy in the common iliac. However, 

individual variations have been observed, and therefore the assessment of the genuine BT 

contribution at the individual level should be recommended 102. 

In LACC, the implementation of MRI based 3D treatment planning, which includes dose escalation, 

dose-volume adaptation and a combination of intracavitary/interstitial brachytherapy if needed, 

seems to improve LC, LC rates at three years above 85%, with low treatment related morbidity, are 

reported 103. 

The CTV-THR D90 % has been reported to be one of the most noteworthy predictors of LC. Treatment 

delivered in 7 weeks with a D90 CTV-THR җ 85 Gy provides 3-year LC rates, in terms of CTV-THR volume 

at the time of BT as follows: 

1. In limited size CTV-THR of 20 cm3 the LC > 94 % 

2. In intermediate size CTV-THR of 30 cm3 the LC > 93 % 

3. In large size CTV-THR of 70 cm3 the LC > 86 % 

As mentioned above, an increase in CTV-THR size are related to poorer LC. To achieve equivalent LC, 

an additional 5 Gy is required for an increase in CTV-THR volume by 10 cm3. The extension of OTT is 

associated with poorer LC, and a CTV-THR dose of 5 Gy is essential to compensate for an increase of 

OTT by one week. Histology, chemotherapy and dose rate was found to have no significant impact on 

LC 104.   

LD!.¢Ωǎ ŀōƛƭƛǘȅ ǘƻ ŘŜƭƛǾŜǊ ƘƛƎƘ ŘƻǎŜǎ ǘƻ ǘƘŜ /¢±-THR while reducing the dose to OAR volumes and severe 

toxicity rates have led to numerous studies reporting an improvement in the therapeutic ratio, 

 
100 (Lindegaard et al., 2013) 
101 (Beriwal et al., 2009) 
102 (Bacorro et al., 2017) 
103 (Pötter et al., 2007; 2011; Lindegaard et al., 2013; Rijkmans et al., 2014; Sturdza et al., 2016) 
104 (Tanderup et al., 2016) 



40 
 

improved LC, DFS and OS. 105. With all this said, IGABT should preferably be the standard of care at 

every organisation.  

Interstitial Brachytherapy (ISBT) 

Studies have shown that even though ICBT is mostly used for HDR-BT, standard ICBT applicators, like 

the Vienna-type ring applicator or the Utrecht-type ovoid applicator, do not ensure sufficient coverage 

of the target volume in all patients with advanced cervical cancer 106. In cases where CTV-THR volumes 

are irregular and bulky, or a significant residual disease is present, the recommended minimum CTV-

THR dose is difficult to achieve. ISBT is recommended in cases where ICBT is not technically possible 

ŘǳŜ ǘƻ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ŀƴŀǘƻƳȅΣ ƻǊ ƛǘ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ŘŜƭƛǾŜǊ ŀ ǎǳōƻǇǘƛƳŀƭ ŘƻǎŜ ŘƛǎǘǊƛōǳǘƛƻƴ 107. With ISBT, 

a Perspex template is used to guide and maintain the needles in a parallel position within the cervix 

and its paracervical tissue. Saha et al. reported a high tumour response, better parametrial coverage 

and better 3-year LC in Stage IIIB, compared to ICBT 108. 

The availability of combined interstitial-intracavitary applicators, allow for a combination of 

intracavitary and interstitial BT treatment (IC-IS BT), which lead to a higher total target dose, superior 

dosimetric target coverage and treated volume in patients, which translate into higher LC rates and 

reduction in pelvic recurrence, without increasing the dose to critical structures and maintaining a low 

rate of morbidity 109.  

Studies have shown that the application of adaptive IC-IS treatment improves the LC in locally 

advanced cervical cancer, by enabling tumour dose escalation in large tumours > 30 cm3 without 

adding to treatment related late morbidity 110. It results in 3-year LC rates of 95 to 100 % in 

limited/favourable (IB/IIB) and 85 to 90 % in large/poor response (IIB/III/IV) cervix patients linked to a 

moderate rate of treatment related morbidity scored using LENT/SOMA Score. This approach has led 

to a decrease of 65 to 70 % in pelvic recurrence and in major morbidity, compared to the historical 

Vienna series 111.   

 
105 (Pötter et al., 2007; Tanderup et al., 2010; Pötter et al., 2011; Charra-Brunaud et al., 2012; Wanderås et al., 
2012; Nomden et al., 2013; Rijkmans et al., 2014) 
106 (Tanderup et al., 2010; Mohamed et al., 2015) 
107 (Nag et al., 2000; Kuipers et al., 2001; Viswanathan, Thomadsen, et al., 2012) 
108 (Saha et al., 2008) 
109 (Kirisits et al., 2006; Dimopoulos, Kirisits, et al., 2006; Jürgenliemk-Schulz et al., 2009; 2010; Pötter et al., 
2011; Fokdal et al., 2013; Tan, Koh and Tang, 2015; Fokdal et al., 2016) 
110 (Fokdal et al., 2016) 
111 (Pötter et al., 2011) 
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The use of IC-IS BT treatment has been investigated as an alternative to the usual parametrial EBRT 

boost in patients with substantial parametrial involvement at the time of BT. This alternative method 

was reported to be superior in target coverage as well as OAR sparing 112. 

Total dose and fractionation schedule 

Direct comparisons between dose and fractionation schedules for BT are limited. Therefore, the 

chosen fractionation schemes are mostly affected by resource and practicalities constraints. A variety 

of schedules are used in clinical practice for HDR-ICBT. Frequently used treatment regimens in the 

United States were published by the ABS and fractions are usually delivered 1 to 2 times per week 113. 

Due to limited published experience regarding ISBT; the number of implant procedures and the 

fractions per implant session are not standardized, due to this, it is delivered by a variety of treatment 

regimens.  

A study by Sharma et al. proved the clinical feasibility of a weekly HDR-ICBT schedule of 10 Gy × 2, in 

terms of LC, survival rates and low toxicity 114. Kumar et al. studied the impact of four different dose 

fractionation schedules on EQD2 in HDR-IGBT. The CTV-THR D90% and Point A were similar for 5.5 Gy × 

5 fractions, 6.5 Gy × 4 fractions, and 7 Gy × 4 fractions, as well as EQD2 for OARs - bladder, rectum, 

and sigmoid. The fourth dose fractionation schedule, 9 Gy × 2 fractions were found to produce 

significantly unfavourable EQD2 values compared to the other three fractionation schedules 

investigated 115.  

At Universitas Annex Hospital, a maximum rectum dose of 2 Gy per fraction was prescribed and 

applied for five BT fractions. Standard loading patterns were used and the dose at point A varied based 

on the rectal 2 Gy normalization point.  

Nowadays, with the implementation of IGABT which produce a plan of the day and OAR volumes that 

vary in spatial position from day-to-day in relation to the target volume and have distinct geometrical 

configurations and, the possibility of fractionation compensation exists. This approach focuses on the 

total treatment OAR constraint, rather than the constant per-fraction treatment planning constraints. 

This allows OARs to receive higher than the average dose in one fraction if compensated for in 

upcoming fractions  116. 

Normally, the fractional OAR constraints, of one or more, could limit the prescribed target dose, while 

other OAR constraints have not been reached in the same fraction. On the other hand, the target dose 

 
112 (Mohamed et al., 2015) 
113 (Viswanathan, Beriwal, et al., 2012) 
114 (Sharma et al., 2011) 
115 (Kumar et al., 2019) 
116 (Shaw, Rae and Alber, 2017) 
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aim could be achieved without any of the OARs constraints being violated, or equally, only at the 

expense of one or more OAR constraint violations. However, this scenario can change in the following 

fractions and the possibility of adjusting per-fraction OAR constraints optimally throughout the course 

of treatment to reach a rigorous total treatment OAR constraint exists. Lang et al. proposed that a 

difference between the total dose constraint and the already delivered dose to be split, equally, 

between the remaining fractions. Thus, the new fractional dose becomes the new per fraction dose 

constraint117. This is a conservative and optimistic concept that bet on favourable future geometries 

as opposed to obtaining the maximum benefit at the current fraction. This relates to the belief that 

geometric changes are mainly due to time trends instead of random changes such as tumour 

shrinkage. It assumes that future fractions will have no worse geometry than the current situation. 

Shaw et al. proposed a more greedy and pessimistic approach that does not rely on better chances in 

the future and exploit any chance of compensation. It assumes that the fractions delivered, which 

includes the current one, are the best predictors for future ones. The proposal aims to achieve the 

entire compensation in the current fraction, while the conservative approach allocates it over all 

undelivered fractions 118.  

Shaw et al. compared the two approaches and found no statistically significant differences, as a result 

of the detected time trend of a shrinking CTV-THR. It is believed that the greedy approach will be more 

beneficial when BT is applied after or at the end of the EBRT treatment when major tumour shrinkage 

has already occurred 119. 

2.4 Optimization in HDR brachytherapy 

The ideal outcome and most significant challenge of radiotherapy is the ability to create a treatment 

plan in which all targets have received at least at least a prescribed dose, without compromising any 

normal tissue dose limits. To make this challenge even harder, not all normal tissues respond the same 

to radiation, and therefore, several clinical objectives should be applied to address this issue. To obtain 

a well-balanced plan, optimization is necessary. Optimization in HDR-BT is referred to as the tool which 

is used to adjust source dwell times and positions within the applicator and catheters to achieve the 

desired dose distribution.   

There are two main optimization approaches, namely, forward and inverse optimization. The forward 

optimization process requires the following as a starting point: 

1. Anatomy of the patient (CTV and OAR volumes). 

 
117 (Lang et al., 2007a) 
118 (Shaw, Rae and Alber, 2017) 
119 (Shaw, Rae and Alber, 2017) 
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2. A standard template of defined source positions and dwell times. 

Dwell time and dwell positions of the template plan are altered by the user by means of a trial and 

error method. The user assesses the changes by calculating and evaluating the dose distribution 

utilizing a DVH to evaluate if the desired target and organ dose prescribed by the radiation oncologist 

has been met. If not, the process is repeated until the necessary criteria have been met. This type of 

optimization requires continuous user input, and in complex anatomy cases, this approach can be 

time-consuming, and the outcome can be acceptable, but, in most cases, not optimal. A more 

advanced optimization approach known as inverse optimization has been developed which address 

the shortfalls and limitations of the forward optimization approach.  

The inverse optimization approach is based on the user defining the desired outcome; this user-

defined outcome is reached by using an optimization engine to determine the values of the dwell 

times and times of the sources within the applicator/catheter.  

The inverse optimization process requires the following as a starting point: 

1. Anatomy (CTV and OAR volumes). 

2. A standard template of defined source positions and dwell times. 

3. A user-defined desired outcome - The target and OAR dose prescribed by the radiation 

oncologist in terms of an ideal 3D dose distribution.  

4. A user-defined criterion which defines the quality of the dose distribution. 

5. A user-defined penalty mechanism that must be applied when these criteria are not met or 

are violated. 

Two types of inverse optimization algorithms have been proposed in radiation therapy planning, 

deterministic and heuristic algorithms. The former follows the same search path with the same 

starting point and tend to get trapped in local minima. The latter follows a random search path in each 

optimization run and has the ability to find the global optimum solution by escaping local minima.  A 

well-known algorithm is Simulated annealing 120. The two most common algorithms in HDR 

Brachytherapy will be discussed briefly in the following section.  

 

 
120 (Mohammadi et al., 2015) 
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2.4.1 Hybrid Inverse treatment Planning and Optimization algorithm (HIPO) 

The Hybrid Inverse treatment Planning and Optimization algorithm (HIPO) is an anatomy-based 3D 

inverse optimization algorithm developed by Karabis et al. 121. By setting dosimetric constraints, HIPO 

has the ability to optimise the source/needle placement and dwell times. The user has two options 

when HIPO is used as the selected optimization algorithm:  

1. Optimization of source positions and dwell times.  

2. Optimization of dwell times for a given applicator/needle configuration. 

A stochastic optimization algorithm (simulated annealing) is used to select and determine the source 

placement, for which the corresponding dwell times are optimized by applying a deterministic method 

known as the Limited Memory BroydenςFletcherςGoldfarbςShanno algorithm (L-BFGS), which is part 

of the quasi-Newton method family.  

It is not realistic and practical to define the complete desired 3D dose distribution. As an alternative, 

the user defines a range [DL, DH] within which the dose value at any sampling point di must lie. Low 

and high objective functions are used Equation (4) and (5): 
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Where: 

 ɲis the transition/step function Equation (6): 
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N is the total number of dose sampling points in the corresponding VOI. 

 
121 (Karabis, Giannouli and Baltas, 2005) 
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 Ὀ  and  Ὀ  are low and high dose limits, respectively. 

 Ὠ ὀ is the dose of the ith sampling point.122
 

A common characteristic between the two functions is that dose values below and/or above the 

specified upper and lower dose limits for anatomical structures are penalized and defined for any VOI. 

The objective functions differ in how the violation is penalized and what dose normalization is applied. 

tŀǊŀƳŜǘŜǊ ʰ specifies the type of objective function. For variance-based objective functions with h  = 

2, dose values exceeding a critical dose value are penalized quadratically, for LessardςPouliot 

objectives linearly with h  = 1 and for DVH-based objectives independent of the dose value with ʰ = 0.  

When describing the range of dose required for target volumes, such as CTV-THR and CTV-TIR, both low 

and high objective functions are relevant. The role of the low objective for target volumes is to ensure 

that a minimum dose level is kept. The role of the high objective for target volumes is to avoid 

overdosage within the target volumes.  To protect the OAR volumes from overdosage, only the high 

objective function for each individual OAR is considered. Dose optimization in BT considers the 

simultaneous optimization of many competing objectives and is, therefore, a true multi-objective 

optimization problem. Competing objectives exist, and it is, in most cases, impossible to meet all the 

objectives simultaneously. This can be solved by combining objectives functions using penalty/weight 

factors (w). 

The objective function can be defined as the weighted sum of individual objective functions for the 

different structures. This function is given by Equation (7): 

 Ὢ  ύὪ ύὪ ύὪ ύ Ὢ  

    

(7) 

 

These penalty factor values are dependent on the importance of the specific objective within the 

optimization process, and it is advantageous to know what the effect of the different values will have 

on the dose distribution.  

This algorithm was tested for the use in HDR-BT, and the outcome compared with clinical data was 

found to be satisfactory 123. 

 
122 (Lahanas, Baltas and Zamboglou, 2003) 
123 (Karabis, Giannouli and Baltas, 2005; Trnková et al., 2009) 
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2.4.2 Simulated Annealing  

Kirkpatrick et al. first introduced simulated annealing (SA) 124. It is a heuristic global optimization 

technique, which is suitable for cases with many variables, as in HDR-BT. This algorithm can process 

objective functions with arbitrary boundary conditions with the statistical guarantee of finding a global 

optimum of a given function 125. SA mimics the physical process of heating a material before slowly 

cooling the temperature while allowing wider sampling and uphill transitions (hill-climbing) in a 

controlled fashion. Thus, each transition can transform one configuration into a worse one, and as a 

result, it is possible to jump out of local minima 126. Lessard et al. described the use of SA for anatomy-

based dose optimization in prostate HDR-BT 127: 

The optimizatƛƻƴ ǇǊƻŎŜǎǎ ǎǘŀǊǘǎ ǿƛǘƘ ŀƴ ƛƴƛǘƛŀƭ ŘƻǎŜ όŘǿŜƭƭ ǘƛƳŜύ ŘƛǎǘǊƛōǳǘƛƻƴ ŀǘ ǎǘŜǇ ΨƪΩΣ ǘƘŜ ŎǳǊǊŜƴǘ 

step. A transition is generated (step ΨƪҌмΩύ ōȅ ǊŀƴŘƻƳƭȅ ƛƴŎǊŜŀǎƛƴƎκŘŜŎǊŜŀǎƛƴƎ ƻƴ ǊŀƴŘƻƳƭȅ ŎƘƻǎŜƴ 

dwell times. After every iteration, the algorithm decides if the new dose distribution is accepted to 

become the current one and replace the former distribution. If the selected transition 

improves/decrease the objective function, then it is always accepted.  If the selected transition causes 

ŀƴ ƛƴŎǊŜŀǎŜ ҟ9 ƻŦ ǘƘŜ ƻōƧŜŎǘƛve function, it is also accepted, but with a probability given by Equation 

(8): 

 ὖЎὉ  Ὡ
Ў

 

  

(8) 

 

Where T(k) is the pseudo-temperature parameter which is analogous to temperature in an annealing 

system and ЎὉ Ὁ Ὁ. 

At higher values of T, uphill movement is more likely to occur which permit the system to escape from 

local minimum with a finite probability.  As T tends to zero, transitions become more and more 

unlikely. In the case where T would be set to zero for all k, the probability of accepting a transition 

with a positive ЎὉ would be zero and the optimization would behave as a regular local search 

algorithm.  The parameter k is some constant that relates temperature to energy (in nature it is 

.ƻƭǘȊƳŀƴƴΩǎ ŎƻƴǎǘŀƴǘΦύ   

 
124 (Kirkpatrick, Gelatt and Vecchi, 1983) 
125 (Lessard and Pouliot, 2001) 
126 (Mohammadi et al., 2015) 
127 (Lessard and Pouliot, 2001) 
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The standard SA gives consistent results in the search for the global minimum but tends to be too slow 

128. The fast-simulated annealing (FSA) approach was introduced, which reduce the temperature 

parameter T(k) used to calculate P (ЎὉ) at every iteration according to the relation in Equation (9): 

 ὝὯ  
Ὕ

Ὧθ
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where k is the iteration number, T0 ǘƘŜ ƛƴƛǘƛŀƭ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴŘ ʰ ǘƘŜ ǎǇŜŜŘ ǇŀǊŀƳŜǘŜǊΦ ¢ƘŜ ƛƴƛǘial 

pseudo-temperature is set proportional to the mean ЎE values of 500 random transitions E(k) to E (k1 

+ 1).  

The objective function is used to translate the clinical criteria into mathematical form and allows 

comparison of a given dwell time distribution k relative to the next (k1+1). As illustrated in Equation 

(10), from the dose-rate matrix Ὠ   the dose distribution Di is given by the sum of the dose-rate 

contribution from all dwell positions j with a respective dwell time t j: 

 Ὀ  Ὠὸ 

 

(10) 

 

As illustrated in Figure 5, the degree of fulfilment of each clinical criterion is measured using dose 

potentials. These dose potentials convert the dose distribution to a penalty value wi. This conversion 

is defined by the relation in Equation (11): 

 

            ύ  ά Ὀ ὒ       ÉÆ Ὀ ὒ 
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(11) 

 

where the parameters mL, mR , L, and R are the characteristic of the selected dose potentials. Each 

clinical criterion is controlled by its own potential active on its respective dose calculation points.  

 
128 (Ingber, 1993) 
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Figure 5 - 5ƻǎŜ ǇƻǘŜƴǘƛŀƭ άwŜǇǊƻŘǳŎŜŘ ǿƛǘƘ ǇŜǊƳƛǎǎƛƻƴ ŦǊƻƳ ό[Ŝǎsard, E. and Pouliot, J. (2001), Inverse planning 
ŀƴŀǘƻƳȅπōŀǎŜŘ ŘƻǎŜ ƻǇǘƛƳƛȊŀǘƛƻƴ ŦƻǊ I5wπōǊŀŎƘȅǘƘŜǊapy of the prostate using fast simulated annealing algorithm and 
dedicated objective function. Med. Phys., 28 (2001) 773-779). Copyright © (2001), The Authors. Published by American 

!ǎǎƻŎƛŀǘƛƻƴ ƻŦ tƘȅǎƛŎƛǎǘǎ ƛƴ aŜŘƛŎƛƴŜ ŀƴŘ WƻƘƴ ²ƛƭŜȅ ϧ {ƻƴǎ [ǘŘΦέΦ 

Finally, the sum of the penalty values wi over m dose points is performed, as shown in Equation (12) 

to obtain the global penalty En of a given clinical criterion n: 

 Ὁ
ύ

ά
 

(12) 

 

The objective function E(k) of the dwell time distribution of iteration k is given by the sum of all terms 

representing the clinical criteria, as shown in Equation (13): 

 ὉὯ  Ὁ Ὧ 

  

(13) 

 

This energy value is used to compare a given dwell time distribution k relative to the next (k1+1). The 

ŎƭƻǎŜǊ ǘƻ ǘƘŜ ŎƭƛƴƛŎŀƭ ƻōƧŜŎǘƛǾŜ ŀƴŘ ǘƘŜ ǇƘȅǎƛŎƛŀƴΩǎ ǇǊŜǎŎǊƛǇǘƛƻƴΣ ǘƘŜ ǎƳŀƭƭŜǊ ǘƘŜ energy and the 

objective function. Agreement with the ǇƘȅǎƛŎƛŀƴΩǎ ǇǊŜǎŎǊƛǇǘƛƻƴ ŀƴŘ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ŀ ŎƭƛƴƛŎŀƭ 

criterion over the other is adjusted using the parameters of the dose potentials. Thus, the most 

sensitive part of the algorithm is the choice of these parameters. 

2.5 Concept of Equivalent Uniform Dose (EUD) 

The use of cumulative and differential dose-volume histograms has become a crucial tool in modern 

3D treatment planning. However, their usage is limited to a point selection on the DVH to which the 

prescribed dose is normalized. The use of a single dose-volume-histogram point for dose reporting 

and specification is adequate when the dose distribution throughout the evaluated volumes is uniform 
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129; this is however not the case in BT treatment especially for normal tissue structures. The concept 

of equivalent uniform dose (EUD) postulates that two different dose distributions are comparable if 

they have the ability to produce the same radiobiological effect. The EUD parameter can easily be 

calculated for target and OAR volumes by using data obtained from 5±IΩǎΦ 

Furthermore, the uncertainties in the delineation of target and OAR volumes lead to uncertainty in 

derived DVH parameters which leads to the uncertainty in the dose received by both target and OAR 

volumes during BT treatments. The contouring uncertainties associated with the use of CT imaging for 

BT planning creates the need to investigate an alternative planning method for IGABT. This alternative 

method needs to be more robust against imaging and contouring uncertainties compared to the 

original GEC-ESTRO prescription with reference to DVH criteria.  

The EUD-based planning method, which can be categorized as a biological method, has been studied 

for this purpose and was found to be equivalent to IGBT treatment plans for OARs 130.  Biological 

optimization was proven to be an effective and easy tool to obtain a large variety of dose distributions, 

with improved sparing of normal tissues for the same or higher target dose 131. Doses can be selectively 

fine-tuned in different regions, with either increased doses to the target, or a reduced dose to critical 

structures 132. Furthermore, the summation of EUDs from sequential treatment fractions provides a 

reliable worst-case approximation for the total treatment dose. This opens possibilities for either 

simultaneous integrated boost in EBRT or safe dose escalation in IGBT 133.  

To perform biological dose optimization in IGABT, biological dose metrics (EUD) for target and OAR 

volumes need to be calculated. Equation (14) can be used to determine the EUD of target volumes 

(EUDT) relative to the EBRT dose delivered in 2 Gy fractions (d = 2 Gy), from the surviving fraction: 

 ὉὟὈ  
ÌÏÇὛὊ

‌ ‍Ὠ
 

 

(14) 

 

The differential DVH of target volumes cane be used to calculate the surviving fraction (SF) of each 

treatment fraction. SF is calculated from Di, the dose bin for the viҍth fractional tumour volume: 

 

 
129 (Niemierko, 1997) 
130 (Shaw, Rae and Alber, 2013) 
131 (Wu et al., 2002; Schwarz, Lebesque and Mijnheer, 2004) 
132 (Wu et al., 2005) 
133 (Sobotta et al., 2011; Shaw, Rae and Alber, 2013) 
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 ὛὊ  ὺὛὊὈ  

 

(15) 

 

The generalized (gEUD) was used for all OAR volumes and will be calculated using Equation (16):  

 ὫὉὟὈ ὺὈ  

 

(16) 

 

where ὺ  and  Ὀ  are bins of the differential DVH and ὥ is a tissue-specific parameter 134. The tissue-

specific parameter for the bladder will be used as 8 and for the rectum and sigmoid as 12, respectively.  

The significant advantage of EUD-based planning is that the dose metric considers the entire dose 

distribution of the organs contrary to a single dose-volume-histogram point, as suggested by GEC-

ESTRO.  

2.6 Toxicities in normal tissues 

The therapeutic ratio declines as a result of large tumour volumes lying closer to OAR volumes. To 

maintain the dose to the target volume, OAR doses are increased, and this can lead to an increase in 

OAR morbidity.   Although BT allows for rapid dose fall-off, OARs may still receive high doses of 

radiation because of their proximity to the target. The implementation of IGABT has made it possible 

to adapt treatment volumes and in effect, the ability for dose escalation.  Even though dose escalation 

is performed in the tumour volume, severe morbidity is reduced and kept low in OARs while moderate 

treatment related morbidity is still evident 135. Therefore, acute and late toxicities remain a valid 

concern even in the era of IGABT. Acute toxicities usually appear within three months of treatment 

and are usually reversible and resolve within a few months 136. Late toxicities occur after three months 

of treatment and are usually irreversible. 

Quantitative, objective scoring systems that explicitly consider multiple patient- and physician-based 

endpoints, such as the LENT-SOMA system, are suggested to avoid ambiguity given the multiple 

endpoints used to score toxicity137. 

 

 
134 (Shaw, Rae and Alber, 2013) 
135 (Pötter et al., 2011) 
136 (Viswanathan et al., 2010; Morris, 2015) 
137 (Viswanathan et al., 2010) 
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Bladder 

Dose to the bladder range from 40 to 50 Gy in EBRT. However, if combined with BT  bladder dose 

estimates to a total of between 70 to 90 Gy and can reach > 100 Gy for the regions closest to the 

radiation source. This region is likely to vary between fractions; therefore, the true maximum bladder 

dose in patients is unknown. As discussed, the ICRU assigned a bladder dose point; conversely, studies 

have found that this point is not representative of the CT-based or ultrasound-based volumetric dose 

maximum and surface area of normal tissue irradiated 138. A previous report revealed that a high 

bladder D2cm
3 is a vital risk factor for moderate to severe grade bladder bleeding, fistula and cystitis 

139. 

A large prospective study 140 found that severe bladder morbidity, mainly frequency/urgency, 

incontinence, and cystitis after IGABT is limited and compares favourably to 2D brachytherapy. 

However, mild to moderate morbidity is still evident, especially with a high level of urinary frequency 

and gradually increasing incontinence. Late bladder morbidity should be further reduced through 

continuous optimisation of techniques with individualisation of radiotherapy and side effect 

management . 

Rectum 

Based on long term evidence and results of the large prospective EMBRACE study, significant 

correlations were established between overall and single endpoints (proctitis, bleeding, fistula), late 

rectal morbidity and dose-volume (D2cm
3 and D0.1cm

3) and the ICRU recto-vaginal reference point 

parameters. The D2cm
3 parameter of the rectum should not exceed 75 Gy EQD2 as this is associated 

with major and more frequent rectal morbidity such as fistulae, where a D2cm
3 Җ 65 Gy is reported to 

decrease rectal morbidity such as bleeding and proctitisD2cm
3 141. The EMBRACE I study also 

demonstrated that G3 and G4 rectal morbidity is very uncommon in IGABT 142. 

Sigmoid/Bowel 

Despite advances in radiotherapy, bowel toxicity remains an enormous issue after the completion of 

treatment 143. Late bowel morbidity was assessed in terms of physician reported morbidity and patient 

reported outcome (PRO) for a large group of patients that underwent MRI-IGABT in locally advanced 

disease.   Grade 1 and 2 bowel morbidity was prominent with occurrence rates of between 28 to 33 

 
138 (Viswanathan et al., 2010) 
139 (Yen et al., 2018) 
140 (Fokdal et al., 2018) 
141 (Georg et al., 2012; Mazeron et al., 2016) 
142 (Mazeron et al., 2016) 
143 (Denham and Hauer-Jensen, 2013) 



52 
 

% during follow-up. The most frequently reported side effect was flatulence and diarrhoea, which 

significantly increased after three months. Incontinence gradually worsened with time. PRO revealed 

higher prevalence rates.  The 3/5 years actuarial incidence was investigated, grade 3 and 4 bowel 

morbidity was limited at 5.0 % and 5.9 %, while the incidence of stenosis, stricture and fistula was 2.0 

% and 2.6 %, respectively 144. 

No single dose-volume parameter has been reported and validated yet to predict late bowel toxicities 

in IGABT treatment. However, a study by Bockel et al. reported a positive correlation between bowel 

morbidity and a TRAK value җ 2cGy at 1 m, which can be used as a predictor for late bowel toxicities. 

They also found a positive correlation between the probability of late bowel morbidity with smoking, 

a CTV-THR volume of җ 25 cm3 and a TRAK value җ 2cGy at 1 m 145. 

Vagina and vulva 

The epithelium of the vagina and vulva is sensitive to the effects of radiation. Acute radiation effects 

experienced after radiotherapy include vaginal erythema, mucositis and moist desquamation, which 

usually resolve within 2 to 3 months. Some patient may experience progressive and on-going 

acute effects which at the end may result in vaginal and vaginal entrance stenosis and fragility 146.  

Early to late vaginal morbidity was evaluated during the first two years of follow-up in IGABT. Mild to 

moderate symptoms were pronounced, with the symptoms developing within six months, grade җ 1, 

89 % and grade җ 2, 29 %. Severe vaginal morbidity was reported to be less than reported from earlier 

studies. The other reported vaginal symptoms reported were stenosis, followed by vaginal dryness ad 

vaginal bleeding and mucositis in a lesser extent 147. Vaginal stenosis develops in 88 % of patients who 

receive pelvic radiation as a result of radiotherapy 148. Vaginal stenosis is dominant and correlates with 

EBRT as well as BT dose; a total treatment dose aim of Җ 65 Gy EQD2 to the recto-vaginal reference 

point is recommended 149. To establish a vaginal dose de-escalation planning strategy, Mohamed et 

al. reduced the dwell times of sources residing in the ovoid/ring, while maintaining the target dose 

and increasing dwell times in tandem/needles. In this attempt, the dose to the ICRU recto-vaginal 

point was reduced by an average of 4 ± 4 Gy EQD2, while D2cm
3 doses to bladder and rectum were 

reduced by an average of 2 ± 2 Gy and 3 ± 2 Gy. This vaginal dose de-escalation planning strategy has 

the potential to decrease the incidence of vaginal stenosis 150. 

 
144 (Jensen et al., 2018) 
145 (Bockel et al., 2019) 
146 (Schover, Fife and Gershenson, 1989; Jensen et al., 2003; Denton and Maher, 2003; Silberstein et al., 2013) 
147 (Kirchheiner et al., 2014) 
148 (Mittal and Kaushal, 2015) 
149 (Kirchheiner et al., 2016) 
150 (Mohamed et al., 2016) 
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Ureteral stricture  

Ureteral stricture is a well-known but rare severe late complication following cervical cancer 

treatment 151. The risk for severe to life-threatening ureteral strictures was reported to be unusual 

and generally low in Stage I and II tumours, with an increased risk in Stage III and IV tumours treated 

with IGABT 152. 

2.7       Dosimetry 

In 1995, the American Association of Physicists in Medicine (AAPM) Task Group No. 43 (TG-43) 

published a protocol, which comprised and introduced a new BT dose calculation formalism to 

establish the 2D dose distribution around cylindrically symmetric brachytherapy line sources 

(assumed) such as palladium-103, iodine-125 and Ir-192. In 2004 an updated TG-43 protocol was 

published 153. 

 The general dose-rate formalism 

The dose rate at a specific position adjacent to a radioactive ‎ - source depends on several parameters. 

These parameters include the distance to the source, the source shape, the reference air kerma rate 

(RAKR) of the source, the thickness and composition of the shielding around the source, the 

composition of the medium between the calculation and source position. 

 

Figure 6 ς The coordinate system utilized for brachytherapy dosimetry calculations. άwŜǇǊƻŘǳŎŜŘ with permission from 
(Rivard, M.J., Coursey, B.M., DeWerd, L.A., Hanson, W.F., Saiful Huq, M., Ibbott, G.S., Mitch, M.G., Nath, R. and 
Williamson, J.F.. Update of AAPM Task Group No. 43 Report: A revised AAPM protocol for brachytherapy dose 

 
151 (McIntyre et al., 1995; Maier, Ehrenbock and Hofbauer, 1997; Härkki-Sirén, Sjöberg and Tiitinen, 1998; Fokdal 
et al., 2019) 
152 (Fokdal et al., 2019) 
153 (Rivard et al., 2004) 
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calculations Med. Phys., 31 (2004) 633-674). Copyright © (2004), The Authors. Published by American Association of 
tƘȅǎƛŎƛǎǘǎ ƛƴ aŜŘƛŎƛƴŜ ŀƴŘ WƻƘƴ ²ƛƭŜȅ ϧ {ƻƴǎ [ǘŘΦέΦ 

As illustrated in Figure 6, the dose rate at the point ƻŦ ƛƴǘŜǊŜǎǘ t όǊΣʻύ ƛƴ ǿŀǘŜǊ Ŏŀƴ ōŜ ŎŀƭŎǳƭŀǘŜŘ ōȅ 

Equation (17): 

 Ὀὶȟ— Ὓ Ẓ
Ὃὶȟ—

Ὃὶ—
Ὣὶ Ὂὶȟ— 

 

(17) 

 

Where 

r - The distance (in cm) from the centre of the ǎƻǳǊŎŜ ǘƻ ǘƘŜ Ǉƻƛƴǘ ƻŦ ƛƴǘŜǊŜǎǘ tόǊΣʻύΦ  

P (r0, ̒ 0) - The reference point that lies on the transverse bisector of the source at a distance of 1 cm 

from the origin (with r0 = 1 cm) 

— - 5ŜŦƛƴŜǎ ǘƘŜ ǎƻǳǊŎŜ ǘǊŀƴǎǾŜǊǎŜ ǇƭŀƴŜ ŀƴŘ ƛǎ Ŝǉǳŀƭ ǘƻ ˉκн ǊŀŘƛŀƴǎ όфл °) 

ʻ - The angle between the direction of radius vector r and the long axis of the source 

Ὓ -  The air-kerma strength of the source (cGy.cm2.h-1) 

Ẓ - The dose rate constant in water (cGy h-1 U-1) 

Ὃὶȟ— -  The geometry factor 

Ὣὶ - The radial dose function 

Ὂὶȟ— -  The anisotropy function 

The dose rate constant in water (Ẓ) 

The dose rate constant is defined as the dose rate to water at a distance of 1 cm on the transverse 

axis per unit air kerma strength source in water, as illustrated in Equation (18): 

  
Ὀὶȟ—

Ὓ
 

 

(18) 

 

The dose rate accounts for: 

¶ Spatial distribution of radioactivity within the source encapsulation; 

¶ Scattering in water surrounding the source; 

¶ Self-filtration within the source; 
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¶ Effects of source geometry. 

¢ƘŜ ƎŜƻƳŜǘǊȅ ŦǳƴŎǘƛƻƴ D όǊΣ ʻύ 

The geometry function neglects scattering and attenuation but provides an effective inverse square-

law correction based upon an approximate model of the spatial distribution of radioactivity within the 

source. The geometry function can be calculated for a point and line source and give rise to the 

following functions:  

Equation (19) can be used for a point source approximation: 

 Ὃ ὶȟ—  ὶ  

 

(19) 

 

Each source can be assumed to be a point source if the distance between the dose calculation point 

and the source centre is at least twice the active length of the source 154. 

Equation (20) can be used for a line source approximation, ÉÆ ʃ  π°: 

 Ὃ ὶȟ—  
‍

ὒ ὶÓÉÎ—
 

 

(20) 

 

²ƘŜǊŜ ʲ ƛǎ ǘƘŜ ŀƴƎƭŜΣ ƛƴ ǊŀŘƛŀƴǎΣ ǎǳōǘŜƴŘŜŘ ōȅ ǘƘŜ ǘƛǇǎ ƻŦ ǘƘŜ ƘȅǇƻǘƘŜǘƛŎŀƭ ƭƛƴŜ ǎƻǳǊŎŜ ŦƻǊ ǘƘŜ 

calculation point, P(r, ̒ ύΦ όwŜŦŜǊ ǘƻ CƛƎǳǊŜ сύ  

Equation (21) can be used for a line source approximationΣ LŦ ʻ Ґ л °: 

 Ὃ ὶȟ— ὶ  
ὒ

τ
 

 

(21) 

 

The radial dose function g(r) 

The radial dose function accounts for the effects of attenuation and scatters in the water on the 

ǘǊŀƴǎǾŜǊǎŜ ǇƭŀƴŜ ƻŦ ǘƘŜ ǎƻǳǊŎŜ όʻ Ґ ˉκнύΣ ŜȄŎƭǳŘƛƴƎ Ŧŀƭƭ-off, which is included in the geometry function. 

The radial dose function may also be influenced by filtration of photons by the encapsulation and 

source materials. This factor can be determined by fitting a fifth-order polynomial fit to the tabulated 

g(r) data, as shown in Equation (22): 

 
154 (E.B.Podgorsak, 2005, p. 475) 



56 
 

 Ὣὶ  ὥ ὥὶ ὥὶ ὥὶ ὥὶ ὥὶ 

 

(22) 

 

Parameters ὥ to ὥ should be determined so that they fit the data within ± 2 %. 

The anisotropy function F(r,Ᵽ)  

The anisotropy function accounts for the anisotropy of dose distribution around the source, including 

the effects of absorption and scatter in the water. It gives the angular variation of the dose rate around 

the source at each distance due to self-filtration, oblique filtration of primary photons through the 

encapsulating material, and scattering of photons in water as illustrated in Equation (23) : 

 Ὂὶȟ—  
Ὀὶȟ—

Ὀὶȟ—

Ὃ ὶȟ—

Ὃ ὶȟ—
 

 

(23) 

 

The anisotropy function decreases: 

¶ As r decreases; 

¶ !ǎ ʻ ŀǇǇǊƻŀŎƘŜǎ л ϲ ƻǊ мул ϲΤ 

¶ As the source encapsulation thickness increases;  

 

 

 

 

 

 

 

 

 

 

Chapter 3 -  Methods and Materials 
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The planning study was conducted on a novel treatment planning module that was specifically 

developed for the purpose of this study. 

3.1 Patient data collection and contouring 

The existing patient database was used to obtain anonymous patient and treatment data of 18 cervix 

cancer patients. The patients received CT-based IGBT in combination with EBRT between 1 January 

2014 and 30 December 2015. Planning was performed on the Oncentra Brachytherapy Treatment 

planning system (Version 4.6.0).  The planning aim was to deliver a dose of at least 7 Gy to the CTV-

THR D90 % per fraction, with a total of five fractions. The patient data consisted of a CT image set of 3 

mm axial slices, with the applicator in situ, scanned from L1 to 5 cm below the vaginal introitus, with 

a Toshiba Aquilion Large Bore CT scanner. The applicators used for treatment were CT/MRI-

compatible tandem and ring applicators (Nucletron Systems, Veenendaal, The Netherlands, Elekta AB, 

Stockholm, Sweden). They were inserted under conscious sedation without the insertion of a Foley 

catheter and vaginal packing. Due to the extremely high workload in this clinic, foley catheters are not 

used in general, as well as no vaginal packing. Patients are also treated under conscious sedation, and 

this also influences decisions about catheter placement and packing. Bowel preparation is performed 

before the insertion of the applicator to ensure an empty rectum. The selection of patient data is not 

limited in terms of disease staging, and thus any patient who received five IGBT fractions could be 

included. The only requirement is that the patients should have different CT datasets for each IGBT 

treatment. The CT datasets over the entire course of BT are obtained; thus, a total of 90 CT datasets 

are used in this investigation. 

Each CT data set are contoured as per published ICRU 89 155and GEC-ESTRO guidelines as described 

earlier in the Image-Guided Brachytherapy (IGBT) Section Page 34. 

The following tumour volumes and dose points are defined and contoured:  

¶ High-risk clinical target volume (CTV-THR) 

¶ Intermediate-risk clinical target volume (CTV-TIR) - The CTV-THR with a safety margin of 10 mm 

is used; 

¶ Point-A left and right. 

The GTV was omitted as it cannot be identified on CT images. Estimated CTV-THR and CTV-TIR volumes 

are contoured based on the description of the tumour during clinical examinations recorded before 

the patients received BT treatment. Variations of these volumes from the actual tumour will have no 

 
155 όΨtǊŜǎŎǊƛōƛƴƎΣ wŜŎƻǊŘƛƴƎΣ ŀƴŘ wŜǇƻǊǘƛƴƎ .ǊŀŎƘȅǘƘŜǊŀǇȅ ŦƻǊ /ŀƴŎŜǊ ƻŦ ǘƘŜ /ŜǊǾƛȄΩΣ нлмоύ 
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impact on the study, even if they might have been slightly different when delineated on a MR image 

set, the reason being that all optimization and planning techniques were performed on the same 

image datasets. 

According to the ICRU 89 report 156, volume selection and delineation of OARs are performed along 

their walls, either as a wall contour or as an outer contour. Outer contour delineation is sufficient for 

small absolute volumes, while organ-wall contouring is suggested for volumes larger than 2 cm3 157. 

Both have been contoured in this study, as the EUD constraints applied in this study has been derived 

from OAR walls by Shaw et al 158. 

CƻǊ h!wΩǎ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ƻǊƎŀƴǎ ŀƴŘ ŘƻǎŜ Ǉƻƛƴǘǎ were defined and contoured:  

¶ Bladder wall and outer contour with content; 

¶ Rectum wall and outer contour with content; 

¶ Sigmoid wall and outer contour with content; 

¶ Small bowel outer contour with content; 

¶ ICRU Recto-vaginal reference point. 

The ICRU bladder point was not defined and reported in any of the patients as there were no Foley 

catheters inserted before treatment, as stated earlier. The absence of the Foley catheter makes it 

impossible to define the ICRU bladder point. Several studies have shown that the ICRU bladder point 

doses are not necessarily a true reflection of the dose received by the bladder and therefore time is 

rather spent on the contouring of the bladder volumes, to ensure accuracy of all necessary DVH 

parameters used for planning and reporting purposes.  

3.2 Dosimetry 

IDL, short for Interactive Data Language was used to calculate the 3-D dose distribution around the 

cylindrically symmetric Ir-192 source. The 2-D dose formalism described in the updated TG-43 

protocol, as described in Section 0, was used as a guideline to develop a 3-D dose formalism 159. The 

dose distributions were calculated in terms of the source orientation within the tandem and the ring.  

3.2.1 Calculation of the 3-D dose distribution 

An empty 3D dose matrix was created. The matrix size was 40 cm, with a resolution value of 0.25 cm. 

A 0.35 cm long Ir-192 source was virtually placed in the centre of the matrix, with a position/origin of 

 
156 όΨtǊŜǎŎǊƛōƛƴƎΣ wŜŎƻǊŘƛƴƎΣ ŀƴŘ wŜǇƻǊǘƛƴƎ .ǊŀŎƘȅǘƘŜǊŀǇȅ ŦƻǊ /ŀƴŎŜǊ ƻŦ ǘƘŜ /ŜǊǾƛȄΩ, 2013) 
157 όΨtǊŜǎŎǊƛōƛƴƎΣ wŜŎƻǊŘƛƴƎΣ ŀƴŘ wŜǇƻǊǘƛƴƎ .ǊŀŎƘȅǘƘŜǊŀǇȅ ŦƻǊ /ŀƴŎŜǊ ƻŦ ǘƘŜ /ŜǊǾƛȄΩΣ нлмоύ 
158 (Shaw, Rae and Alber, 2013) 
159 (Rivard et al., 2004) 
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(0, 0, 0).  As shown below in Figure 7, the sources within the tandem are virtually placed along the y-

axis, and the sources within the ring are virtually placed along the z-axis. 

 

 

 

The following parameters are calculated in terms of a single source position (0, 0, 0,) and the actual 

point of interest (Refer to Figure 6): 

The radius (rijk) 

The radius (rijk) between the source origin (xsijk, ysijk, zsijk) and actual point of interest (xaijk, yaijk,zaijk) is 

calculated by: 

 ὶ  ὼὥ ὼί ώὥ ώί ᾀὥ ᾀί  

 

(24) 

 

The angle (̒ ijk) 

The angle (̒ijk) between the source origin within the tandem (xsijk, ysijk, zsijk) and actual point of interest 

(xaijk, yaijk,zaijk) is calculated by: 

 —
 
 ÔÁÎ

ὼὥ ὼί ώὥ ώί ᾀὥ ᾀί

ώὥ ώί
 

 

(25) 

 

Figure 7 ς Display of the virtual placement of the sources within the dose matrix for dose calculation. a) Tandem sources were placed 
along the y-axis and b) ring sources were placed along the z-axis. Both these placements had a position of (0, 0, 0) in the centre of the 
sources. 

(a) (b) 
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The angle (̒ijk) between the source origin within the ring (xsijk, ysijk, zsijk) and actual point of interest 

(xaijk, yaijk,zaijk) is calculated by: 

 —
 
 ÔÁÎ

ὼὥ ὼί ώὥ ώί ᾀὥ ᾀί

ᾀὥᾀί
 

 

(26) 

 

The geometry function G (rijkΣ ʻijk) 

The geometric function G (rijk, ̒ ijk) is calculated by using Equation (27) and (28). 

For a line source approximation: 

If —   π°: 

 Ὃ ὶ ȟ—  
‍
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(27) 

 

²ƘŜǊŜ ʲijk is the angle, in radians, subtended by the tips of the hypothetical line source with respect 

to the calculation point, P (r, ̒ ύΦ [ ƛǎ the active length of the source, which in this case is 0.35 cm 

(Refer to Figure 6). 

The geometric function is taken as a point source at —  = 180 ° and 0.0 ° 

 Ὃ ὶ ȟ—  
ρ

ὶ
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τ

 

 

(28) 

 

The radial dose function g (rijk) 

A 5th polynomial fit is done to determine and calculate the radial dose function g(rijk) by using Equation 

(29) The parameters ὥ to ὥ is chosen to best fit the function: 

 Ὣὶ  ὥ ὥὶ ὥὶ ὥὶ ὥὶ ὥὶ  (29) 

 

Where 

  ὥ -  0.9918         

  ὥ -  0.0094 
  ὥ -  -0.0016 
  ὥ -  0.000006 
  ὥ -  0.0000009 
  ὥ -  0.000000007 
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Thus equation 28 can be rewritten as:  

 
Ὣὶ  πȢωωρψωȢτὩ ὶ πȢπρφὶ φὩ ὶ ωὩ ὶ

χὩ ὶ  

 

(30) 

 

The anisotropy function F(rijk, i̒jk)  

The anisotropy function values are obtained from published values 160. The complete table can be 

found in Appendix 1. 

The dose rate constant (Ẓ) and Air Kerma Strenght (╢▓) 

A dose rate constant of 1.11 cGy h-1U-1 for Ir-192 is used 161. The air kerma strength value Sk will be 

obtained from the standard plan. 

The dose rate per unit air-kerma strength ╓►░▒▓ȟⱣ░▒▓ 

All calculated values are substituted into Equation (31) to calculate the 3D dose distribution around 

the source: 

 Ὀὶ ȟ— Ẓ
Ὃὶ ȟ—

Ὃὶ—
Ὣὶ Ὂὶ ȟ—  (31) 

The two 3D dose rate matrixes, which represents the dose distribution around the sources within the 

tandem and ring, respectively, are exported and saved as text files. These exported dose distributions 

will be imported and used during the dose calculation procedure within a patient matrix, which will 

be explained in Section 3.3.2. 

3.3 The development of the treatment planning module 

The treatment planning module that is developed and described in this section will be referred to as 

the In-house Developed Module (IHDM) in the rest of the document. The IHDM is solely a research 

module/tool and has never been used clinically. However, if the tool gives a good distribution, the 

dwell times and positions on the Oncentra TPS can be made the same to reproduce the distribution 

on the clinical TPS.  

The same IDL software is used to develop the IHDM. The module has the ability to cover a wide range 

of tasks from importing various DICOM files, displaying CT data to forward and inverse optimization 

and planning. 

 
160 (Granero et al., 2006) 
161 (Granero et al., 2006) 
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3.3.1 Import  of various DICOM files 

The module is developed to import/read various DICOM files which are exported from the commercial 

Oncentra Brachy treatment planning system: 

1. Series of CT image data; 

2. RT Structure sets of all contoured structures; 

3. Treatment data. 

Series of CT image data 

Information regarding CT images is imported; this information is used to display the CT data in three 

different anatomical planes as illustrated below in : 
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(a) 

(b) 

(c) 

Figure 8 - Visualisation of CT data with applicator in situ, in three anatomical planes by the IHDM. (a) Sagittal view, (b) Coronal view and 
(c) Axial view. 
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RT Structure sets of all contoured structures 

The RT structure file is imported; this information is used to relate the position of the contoured target 

and OAR volumes to the CT data. Figure 9 below displays how the contoured volumes are 

superimposed on the CT data for all three anatomical planes. 

! άǎƭƛŎŜ ǎŜƭŜŎǘέ ǘƻol, as shown in Figure 10 is created, which gives the user the ability to visualise all 

relevant structures throughout the CT data in all three projections in increments of 3 mm. During 

planning and optimization, this tool is used to visualize and evaluate the dose distribution/placement 

of the applicator in relation to the and target and OAR volumes.  

(a) 

(b) 

(c) 

Figure 9 - Visualisation of contoured volumes superimposed on CT data in three anatomical planes by the IHDM. (a) Sagittal view, (b) 
Coronal view and (c) Axial view. 
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Figure 10 - Ϧ{ƭƛŎŜ ǎŜƭŜŎǘϦ ǘƻƻƭ ƛƴ ǘƘŜ LI5aΣ ǿƘƛŎƘ ƛǎ ǳǎŜŘ ǘƻ ǎŎǊƻƭƭ ǘƘǊƻǳƎƘ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ŀnatomy in 3 mm increments. 

Treatment data 

Treatment data regarding the standard plan is obtained through the RT plan file. This standard plan 

consists of intra-uterine source positions located at 1 cm intervals from the ring to the tip and the 

source positions within the ring are fixed and based on a standard source loading pattern currently 

used within our institution. A standard plan consists of a total of 15 sources, 7 intra-uterine sources 

and eight ring sources, this can be changed, depending on the complexity of planning geometries. The 

length of the intra-uterine applicator visible on the CT image was fixed at 6 cm. The source dwell times 

were individually set to 10 seconds, irrespective of the source strength. The following information is 

obtained from this file after it is imported into the module: 

1. Source activity in terms of Reference Air Kerma Rate (RAKR); 

2. Number of sources used;  

3. Dwell positions and dwell times of all sources; 

4. Dose at point A Left and A Right. 

3.3.2 Calculation of dose distribution within the patient matrix 

The actual source coordinates within the patient are extracted from the RT plan. This positional 

information regarding each individual source is used to ensure that the dose distribution calculated in 

the Dosimetry Section is correctly imported and positioned within the patient. The calculated dose 

distribution representing the sources within the tandem is used for all 7 tandem sources. The 

calculated dose distribution representing the sources within the ring is used for all 8 ring sources.  The 

IDL-calculated dose distributions that were exported and saved as text files (as described in Section 

3.2.1) are imported and placed accordingly for each treatment fraction. 

The relevant air kerma strength (Ὓ  and dwell times (ti) of the sources are obtained from the RT plan 

file; however, the dose rate constant value was already incorporated in the calculated dose 

distributions calculated in Section 3.2.1.  The dwell times (ti) of the specific source is multiplied with 

the relevant dose distribution of each individual source (Dosei). The air kerma strength value is 

multiplied by the summation of all source dose distributions to reach the total dose distribution: 
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 Ὕέὸὥὰ ὨέίὩ ὈέίὩ  ὸ  Ὓ 

 

(32) 

 

The total dose distribution is superimposed on the CT data in all three projections, as shown in Figure 

11 below. 

 

 

(a) 

(b) 

(c) 

Figure 11 - Visualisation of the dose distribution superimposed on the CT data and contoured volumes in three anatomical planes by the 
IHDM. (a) Sagittal view, (b) Coronal view  and(c) Axial view. 
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3.3.3 Calculation and display of relevant target and OAR dose 

The total dose distribution is used to calculate the dose distribution in all relevant targets and OAR 

volumes converted into EQD2 by using Equation (2). The target and OAR dose distributions are used 

to create differential and cumulative DVHs.  EUD values are calculated by using Equation (14) and (16)  

and D2cm
3
  and D90 % values for OAR and target values are obtained.  

 

Figure 12 - Cumulative dose-volume histogram in treatment planning module. All contoured structures are displayed on 
the same DVH. The legends indicate which structure is displayed, along with Dose-Volume parameters and EUD values. 

The cumulative DVHs (Figure 12) that are plotted and displayed for each individual structure are used 

as a guideline during the optimization process to determine the increase/decrease effects of source 

dwell times in relation to the structures. 

Dose files 

The module is developed to read and write text files. Text files are created and saved during each 

fraction after the plan has been optimized and finalized. The text files consist of the following updated 

information:  

1. DVH parameters of target volumes and OAR volumes; 
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2. Dwell times of all sources; 

3. Total treatment time; 

4. TRAK value; 

5. ICRU Recto-vaginal reference point doses;  

6. Dose to point A Left and A Right. 

The data of the saved text files are imported into the module before planning of the next fraction 

commence. This is used to calculate the remaining individual dose to be given to the target and OAR 

volumes.  

Development of the planning and optimization tools  

3.3.4 Development of forward planning and optimization tool  

A tool was developed to perform forward optimization by manually increasing/reducing the dwell of 

all 15 sources, individually (Figure 13). After the necessary adjustments are made, the new dwell times 

can be applied and the dose can re-calculated, an updated dose distribution is/can be displayed on all 

three projections and a new cumulative DVH with updated DVH parameters can be plotted. This 

process can be repeated if the user is not satisfied with the outcome of the adjustments made. There 

is no limit in the number of allowed iterations, and this is solely depended on the user. 
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Figure 13 ς Planning interface of the module. Individual dwell time adjustment for each source can be made and applied 
by thŜ ά!ǇǇƭȅ ƴŜǿ ŘǿŜƭƭ ǘƛƳŜǎέ ōǳǘǘƻƴΦ 

A user-defined maximum of 150 seconds is set to an individual source dwell time.  

3.3.5 Development of inverse planning and optimization tool  

A tool was developed that comprise of a novel algorithm which has the ability to perform inverse 

optimization by automatically increasing/decreasing individual dwell times of all 15 sources until set 

dose objectives/constraints are reached. Dwell times are increased/decreased while the position of 

the sources is kept constant. The number of sources used in the inverse optimization process is 

dependent on the number of sources within the standard plan. If the standard plan is altered to consist 

of more/less than 15 sources, the inverse optimization tool can easily accommodate the increased or 

decreased number of sources. The optimization tool also has the ability to switch off sources that 

possess a very low dwell time and in return, do not contribute to the dose distribution. 

Dose impact analysis 

A dose impact analysis is performed as the starting point of the inverse optimization process. The 

relative contribution of each individual source towards target and OAR doses are evaluated. This is 
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done by setting source dwell times ǘƻ ȊŜǊƻ όάƻŦŦέύ ŦƻǊ мп ǎƻǳǊŎŜǎΣ ǿƘƛƭŜ ǘƘŜ ǿŜƛƎƘǘ ƻŦ ǘƘŜ мǎǘ ǎƻurce of 

intereǎǘ ƛǎ ǎŜǘ ǘƻ ŀ Ŏƻƴǎǘŀƴǘ ǾŀƭǳŜ όάƻƴέύΣ ŀǎ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ Figure 14 below.  

 

Figure 14 - Dose impact analysis for the starting point of the inverse optimization process. 

The impact oŦ ǘƘŜ άƻƴέ ǎƻǳǊŎŜ ƻƴ ǘŀǊƎŜǘ ŀƴŘ h!wǎ ŘƻǎŜǎ is evaluated by obtaining a specific 

mathematical relationship between the following dose parameters: 

1. Target volumes: D90 % value; 

2. OAR volumes: D2cm
3 (conventional) and EUD (biological) values. 

Even though the above listed parameters were used to determine the mathematical relation between 

the target and OAR volumes, the dose impact analysis process can be altered in the future to 

incorporate other relevant parameters like target volume EUD and D100 % values. 

After evaluating all sources individually, the sources are arranged in accordance to their importance 

for each individual VOI.  This dose analysis is used to determine the initial individual source dwell times 

at the start of the optimization process.  

Optimization process: 

Objective functions for the CTV-THR and all four OARs are created. The objective functions consist of 

an evaluation of the current structure dose and the required objective/constraint set. Weight factors 

(s_w) are assigned to each OAR volume and considered as a measure of the importance of this 

objective in the optimization process. The individual OAR objective functions for the four OAR volumes 

are weighted and summed to obtain a single OAR objective function (OF_o).  
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 ὕὊͅέ  ὕὊͅέͅὶ ὕὊͅέͅὦ  ὕὊͅέͅί ὕὊͅέͅίὦὭȾίύͅὸ 
 

(33) 

 

Where: 

ὕὊͅέͅὶ ς Individual objective function for the rectum 

ὕὊͅέͅὦ ς Individual objective function for the bladder 

ὕὊͅέͅί ς Individual objective function for the sigmoid 

ὕὊͅέͅίὦὭ ς Individual objective function for the small bowel 

ίύͅὸ ς Total weight of all OAR volumes: 

 ίύͅὸ ίύὶέᾭὶ ίύὶέᾭὦ ίύὶέᾭί  ίύὶέᾭίὦὭ 

 

(34) 

 

Where: 

ίύὶέᾭὶ ς Weight factor for the rectum 

ίύὶέᾭὦ ς Weight factor for the bladder 

ίύὶέᾭί ς Weight factor for the sigmoid 

ίύὶέᾭίὦὭ ς Weight factor for the small bowel 

The weight factors values are dependent on the importance of the specific objective within the 

optimization process. If the result for some of the objectives is not satisfactory, then the 

corresponding weight factor is increased. As this influences the other weights, the result for other 

objective(s) will, most probably, deteriorate. 

The optimization process aims to increase the dose in the target volumes while decreasing the dose 

in the OAR volumes creating a multi-objective optimization problem. The multi-objective problem is 

dealt with by combining the two objective functions as a single total objective function (OF): 

 ὕὊ  ὕὊͅὸ ὕὊͅέ (35) 

 

Where 

ὕὊͅὸ ς Objective function of CTV-THR 

ὕὊͅέ ς Single objective function for all four OARs 
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A possible optimization solution is reached when the objective function (OF) is at 0 (minimum). If the 

objective function has not reached its minimum, dwell times are adjusted. 

Dwell time adjustment procedure: 

Objectives per source per structure are constructed. The adjustment (adj) per source weight is 

determined by combining these objectives: 

 ὥὨὮ  ρ  Ὡὕͅὶὲ Ὡὕͅὦὲ  Ὡὕͅίὲ ὩὕͅίὦὭὲ  

 

(36) 

 

Where 

Ὡὕͅὶὲ ς Rectum objective per source 

Ὡὕͅὦὲ ς Bladder objective per source 

Ὡὕͅίὲ ς Sigmoid objective per source 

ὩὕͅίὦὭὲ ς Small bowel objective per source 

The calculated adjustment values per source are applied to the current source dwell times: 

 ὨύὩὰὰ ὸὭάὩὲ  ὨύὩὰὰ ὸὭάὩὲ ὥὨὮ 

 

(37) 

 

The newly calculated source dwell times are applied, and the dose is re-calculated. This process is 

repeated until the objective function has reached its minimum or the maximum number of iterations 

has been reached. This maximum number of iterations can be set by selecting an appropriate number, 

or if the difference between two iterations is lower than a pre-set value. In the case where the 

maximum number of iterations has been reached, the source dwell times that produced the best OF 

value are selected as the final source dwell times. An updated dose distribution is displayed on all 

three projections, and a new cumulative DVH with updated DVH parameters are plotted. 

As illustrated in Figure 15, different inverse optimization options are developed which is dependent 

on the type of fractionation compensation scheme to be followed, as well as the planning utilization 

used, either with biological- or conventional parameters. 

 

Figure 15 - Different inverse planning options in the IHDM. 



73 
 

1. O-D2cc Auto: Uses the optimistic fractionation compensation scheme, utilizing D2cm
3
 

parameters; 

2. G-D2cc Auto: Uses the greedy fractionation compensation scheme, utilizing D2cm
3  parameters; 

3. O-EUD Auto: Uses the optimistic fractionation compensation scheme, utilizing EUD 

parameters; 

4. G-EUD Auto: Uses the greedy fractionation compensation scheme, utilizing EUD parameters. 

As described earlier, fractionation compensation focuses on the total treatment OAR constraint, 

rather than the constant per-fraction treatment planning constraints, and this allows OARs to receive 

higher than the average dose in one fraction, if this can be compensated for in upcoming fractions. A 

conservative/optimistic approach bet on favourable future geometries instead of obtaining the 

maximum benefit at the current fraction, the difference between the total dose constraint and the 

already delivered dose is equally split between the remaining fractions. Thus, this new fractional dose 

becomes the new per fraction dose constraint 162. A more greedy and pessimistic approach does not 

rely on better chances in the future and exploits any chance of compensation. It assumes that the 

fractions delivered, including the current one, are the best predictors for upcoming ones. It aims to 

achieve the entire compensation in the current fraction, whereas the conservative approach allocates 

it over all undelivered fractions 163. 

3.3.6 Development of Intracavitary-Interstitial IGABT planning and optimization tool  

An ά!ŘŘ ƴŜŜŘƭŜǎέ tool was created to add additional sources to the CTV-THR volume by means of 

needles (Figure 16), it gives the user the ability to perform Intracavitary-Interstitial IGABT (IC-IS IGABT) 

planning, should it be necessary. The tool is not limited to a single needle configuration, and more 

needles can easily be configured, even though only one needle was configured for this study. In fact, 

any interstitial or applicator geometry can be re-produced if the coordinates of the possible source 

positions with reference to the (0, 0, 0) coordinates are known. These can be easily obtained from the 

CT data sets. 

 
162 (Lang et al., 2007b) 
163 (Shaw, Rae and Alber, 2017) 
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Figure 16 - Interstitial needle planning tool. The tool allows for manual dwell time adjustments of the additional  7 
sources used in the IC/IS planning process. 

Figure 16 illustrates the source positions within the single needle, the < and > buttons can be used to 

decrease/increase the dwell times in small increments, where the << and >> buttons can be used to 

decrease/increase the dwell times in large increments for all source positions individually. 

The position of the sources within the tandem (x_o,y_o,z_o) are used as the initial position of the 

source positions within the needle. By applying a shift (xc,yc,zc) to the initial position, the sources are 

shifted to their final position (x_o1, y_o1, z_o1). The final position can be calculated by the below 

equations: 

 

ὼ  ὼ ὼὧ 

ώ  ώ ώὧ 

ᾀ  ᾀ ᾀὧ 

(38) 

 

To determine the direction and magnitude of the shift, an evaluation of the reported OAR doses during 

the intracavitary IGABT planning process is needed.  This will allow the user to see which OAR volume 

dose constraints were violated and which OAR volumes can be exploited. The shift will be in the 

direction of the OAR volumes, which can be exploited and away from OAR volumes which were 

violated. The magnitude and direction of the shift applied to the needle are solely user dependant.  

The initial dwell time of all the needle sources are set to zero. 

After the needle sources are inserted, forward planning can commence.  Tandem, ring and needle 

source dwell times can be increased/reduced, individually. After the necessary adjustments are made, 

the new dwell times can be applied, and the dose can be re-calculated, an updated dose distribution 

is displayed on all three projections, and a new cumulative DVH with updated DVH parameters are 

plotted. 
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The inverse optimization section of IC-IS planning has not been developed in the module yet; however, 

it can be introduced in a similar way as the IGABT inverse optimization tool that was described earlier. 

Therefore, the user is restricted to perform forward optimization when planning an IC-IS case. A user-

defined maximum of 150 seconds is set to an individual source dwell time. There is no limit in the 

number of iterations allowed, and this is solely depended on the user.   

3.4 Verification of treatment planning module 

As stated earlier, the in-house developed module (IHDM) planning tool is solely for research purposes, 

however, several different verifications tests were performed to establish the accuracy of the 

developed treatment planning module.  

3.4.1 Comparison between calculated IHDM dose rate versus TG-43 dose rate for a single 

Ir-192 source 

The difference in dose rate calculations between the developed IHDM and published TG-43 absolute 

dose rate value was evaluated. Several positions of interest were chosen perpendicular to the source 

axis, parallel (along) to the source axis and at different angles, all assuming rotational symmetry. The 

relevant dose rates were obtained at the corresponding positions of interest. The 70 different 

positions of interest used during the verification can be found in Appendix 2. 

3.4.2 Comparison between calculated IHDM dose rate versus Oncentra TPS dose rate for 

a single Ir-192 source 

The difference in dose rate calculations between the IHDM and the Oncentra TPS was evaluated. 

Again, the same positions of interest were chosen perpendicular to the source axis, parallel (along) to 

the source axis and at different angles, all assuming rotational symmetry. The relevant dose rates were 

obtained at the corresponding positions of interest. The 70 different positions of interest used during 

the verification can be found in Appendix 3. 

Pronounced care was taken during the comparisons to eƴǎǳǊŜ ǘƘŀǘ ǘƘŜ ƻǊƛŜƴǘŀǘƛƻƴ ƻŦ ǘƘŜ ǘǿƻ ǎȅǎǘŜƳΩǎ 

sources and calculation grids was aligned. 

3.4.3 Dose distribution and plan comparison  

The IHDM were used to optimize three different dose distributions on three different CT data sets 

with the use of the forward optimisation tool. The plans were optimised to reach an 8 Gy CTV-THR D90 

% value. The three CT data and plan sets were transferred to Oncentra and were re-calculated with the 

same dwell times. The dose distributions of the two systems were compared in the fƻǊƳ ƻŦ ŀƴ 5±IΩǎΦ 

The following was compared: 
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1. Shape of the DVH 

2. Parameters obtained from the DVH: 

¶ For target volumes; 

o D90 %  

¶ For OAR volumes; 

o D2cm
3
  

The same three CT data sets that were used for forward optimization were used to perform inverse 

optimization on. They were optimised to reach an 8 Gy CTV-THR D90 % value. The three CT data and plan 

sets were transferred to Oncentra and were re-calculated with the available inverse optimiser tool, 

IPSA. The dose distributions of the two systems were compared in tƘŜ ŦƻǊƳ ƻŦ ŀƴ 5±IΩǎΦ ¢ƘŜ ǎŀme 

parameters were compared, as mentioned above.  

All verification tests performed was to establish and ensure that the treatment planning module 

delivered treatment plans that are line with the commercial TPS that is currently used for clinical 

treatments.  

3.5 Treatment planning  

Before planning and optimization commence, a standard plan is created for each patient on the 

Oncentra TPS. As mentioned earlier, the standard plan consists of 7 intra-uterine sources and 8 ring 

sources, that can be changed depending on the complexity of planning geometries. The source dwell 

times were individually set to 10 seconds, irrespective of the source strength. This information was 

imported into the IHDM, as the start of the planning and optimisation process.  

Total dose planning aims 

The dose planning aims tabulated below are expressed as a combination of BT and EBRT dose, both 

converted to EQD2. The planning aims are defined in terms of soft and hard constraints. The dose 

received from EBRT is assumed to be a total of 50 Gy, for both targets and OAR volumes 164. Table 1 

provides a summary of the CTV-THR and CTV-TIR dose planning aims defined in terms of soft and hard 

constraints.165 

 

 
164 (Shaw, Rae and Alber, 2013) 
165 (Shaw, Rae and Alber, 2013) 



77 
 

Table 1 - Total target dose planning aims for the CTV-T volumes 

Target 

Dose planning aims 

CTV-THR D90 % 

EQD210 

CTV-TIR D90 % 

EQD210 

Hard constraint > 90 Gy > 60 Gy 

Soft constraint > 95 Gy - 

 

Table 2 provides a summary of the conventional D2cm
3 OAR dose planning aims in terms of hard and 

soft constraints.  

Table 2 ς Total OAR dose planning aims (Conventional) 166 

OAR 

Dose planning aims 

Rectum D2cm
3 

EQD23 

Bladder D2cm
3 

EQD23 

Bowel D2cm
3 

EQD23 

Sigmoid D2cm
3 

EQD23 

Hard constraint < 75 Gy < 85 Gy < 75 Gy < 75 Gy 

Soft constraint < 70 Gy < 80 Gy < 65 Gy < 70 Gy 

  

The only difference between the tabulated OAR conventional planning aims and that of recent 

literature is the proposed soft constraint for the rectum, a soft constraint of 70 Gy was used, and 

literature proposes a constraint of 65 Gy. 167 

Table 3 provides a summary of the biological EUD OAR dose planning aims in terms of hard constraints; 

these hard constraints were derived by Shaw et al. 168 There are no EUD soft constraints. No bowel 

EUD value has been derived yet, and therefore the same EUD dose planning aim value was used as for 

the rectum and sigmoid. 169 

Table 3 ς Total OAR dose planning aims (Biological) 

OAR 

Dose planning aims 

Rectum EUD 

EQD23 

Bladder EUD 

EQD23 

Bowel EUD 

EQD23 

Sigmoid EUD 

EQD23 

Hard constraint 67.8 Gy 75.95 Gy 67.8 Gy 67.8 Gy 

Soft constraint - - - - 

 
166 (Tanderup et al., 2020) 
167 (Shaw, Rae and Alber, 2013; Tanderup et al., 2020) 
168 (Shaw, Rae and Alber, 2013) 
169 (Shaw, Rae and Alber, 2013) 
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The hard constraint D90 % of the CTV-THR is given the highest priority and thereafter hard constraints 

for all OAR volumes. When hard constraints of targets and OARs are realized, the priorities are, to aim 

for reaching/approaching soft constraints for CTV-THR and subsequently reaching/approaching soft 

constraints for the CTV-TIR and OARs 170. 

The following values are reported but not used as dose planning aims: 

For target volumes, converted to EQD210: 

¶ D98 % CTV-THR 

¶ D98 % CTV-TIR  

¶ Point A  

For OARs EQD23: 

¶ ICRU Recto-vaginal reference point  

Literature suggests a soft constraint > 80 Gy and hard constraint of > 75 Gy for the  D98 % CTV-THR. A 

D98 % CTV-TIR soft constraint > 60 Gy and soft constraint > 65 Gy for Point A are proposed. For OAR dose 

planning aims a soft and hard constraint for the ICRU recto-vaginal < 65 Gy and < 75 Gy, respectively 

are also proposed.171 

Fractional dose planning aims 

Planning was performed by considering total dose aims and not fractional objectives/constraints. The 

total dose aims used in the fractional dose calculations ŦƻǊ ŀƭƭ ±hLΩǎ are summarized in Table 1, Table 

2 and Table 3. The IHDM had the ability to calculate the needed allowed fractional objective/constraint 

ŦƻǊ ŀƭƭ ±hLΩǎ ŀǳǘƻƳŀǘƛŎŀƭƭȅΦ bƻ ŀŘŘƛǘƛƻƴŀƭ ŎŀƭŎǳƭŀǘƛƻƴǎ ǿŜǊŜ ƴŜŜŘŜŘ ǘƻ ōŜ ǇŜǊŦƻǊƳŜŘ ōy the user 

outside of the IHDM, and this applies to conventional and biological values. 

The allowed fractional objective/constraint for each specific VOI is calculated using the equations 

below. 

Optimistic dose compensation approach: 

 Ὀ  
Ὀ В Ὠ

ὲὪ ὸὪ
 

 

(39) 

 

 
170 (Tanderup et al., 2020) 
171 (Tanderup et al., 2020) 
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Greedy dose compensation approach: 

 Ὀ
ὸὪὧὪ

ὲ
Ὀ  Ὠ 

 

(40) 

 

Where 

Ὀ  - Calculated allowed dose constraint/objective for current fraction 

Ὀ  - Total dose constraint/objective for whole treatment (Table 1, Table 2 and Table 3) 

Ὠ - Dose received by target/OAR in previous fractions 

ὲὪ - Total number of fractions to be given 

ὸὪ - Fractions already treated 

ὧὪ - Current fraction to be treated  

Dose reporting 

The following parameters are reported, this includes Level 1 and Level 2 standards, as per ICRU 89 

recommendations. Additional dose reporting parameters are also added that are not listed in the ICRU 

89 report 172.  

Table 4 - Level 1 and 2 parameters and additional parameter that will be recorded and reported for each fraction 

Level 1: Minimum standard for 

reporting 

Level 2: Advanced standard 

for reporting 

Additional dose reporting 

parameters 

TRAK Dose reporting for defined 

volumes: 

Dose reporting for defined 

volumes: 

Point A dose (A Left and A Right) D100 % , D98 %  and D90 % for 

CTVHR 

EUD for CTVHR and CTVIR 

Recto-vaginal reference pint 

dose 

D100 % , D98 %  and D90 % for CTVIR  

Dose reporting for OAR 

volumes: 

Dose reporting for OAR 

volumes: 

Dose reporting for OAR 

volumes: 

D0.1cm
3, D2cm

3 for bladder D0.1cm
3, D2cm

3 for sigmoid EUD for bladder, rectum, 

sigmoid and bowel 

 
172 όΨtǊŜǎŎǊƛōƛƴƎΣ wŜŎƻǊŘƛƴƎΣ ŀƴŘ wŜǇƻǊǘƛƴƎ .ǊŀŎƘȅǘƘŜǊŀǇȅ ŦƻǊ /ŀƴŎŜǊ ƻŦ ǘƘŜ /ŜǊǾƛȄΩΣ нлмоύ 



80 
 

D0.1cm
3, D2cm

3 for rectum D0.1cm
3, D2cm

3 for bowel  

 

3.5.1 Intracavitary IGABT treatment planning 

Intracavitary IGABT treatment planning was performed on all 18 patients, and all patients received 

five treatment fractions with daily imaging and contouring. Dose optimization was performed based 

on two optimization techniques: forward and inverse planning. During the two dose optimization 

processes, two different dose planning methods were used: conventional (DVH parameter based) and 

biological (EUD based). The fractional dose limits applied in both the planning methods are calculated 

by Equation 12 and 13, dependent on the fraction compensation approach used.  Figure 17 is a 

schematic diagram that shows the planning routes that are followed.  

 

Figure 17 - IGABT planning routes followed 

From Figure 17, it can be seen that 8 different treatment plans are planned and created per fraction, 

adding up to 40 different plans in the course of treatment for one patient.  A total of 720 different 

Intracavitary IGABT treatment plans were planned: 

360 Forward optimized plans: 

1. 90 Conventional (D2cm
3) optimistic plans; 

2. 90 Conventional (D2cm
3) greedy plans; 

3. 90 Biological (EUD) optimistic plans; 

4. 90 Biological (EUD) greedy plans. 
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360 Inverse optimized plans: 

1. 90 Conventional (D2cm
3) optimistic plans; 

2. 90 Conventional (D2cm
3) greedy plans; 

3. 90 Biological (EUD) optimistic plans; 

4. 90 Biological (EUD) greedy plans. 

 This number of plans excludes the number of IC-IS BT treatment plans. 

Forward planning 

The forward optimization technique is executed by manual adjustment of source dwell times until the 

calculated dose planning aims are met. The plan criteria set is dependent on the type of fractionation 

compensation scheme followed, as well as the planning utilization used, either with biological or 

conventional parameters. Priority is given to the CTV-THR dose even if OAR constraints are violated. 

Inverse planning 

The inverse optimization technique is executed by setting the dose constraints for the OARs and dose 

objectives for the targets prior to the onset of optimization. The plan criteria set are the same as listed 

in Table 1 to Table 3. During the optimization procedure, the dose constraints and objectives will 

limit/allow the adjustment of source dwell times to a certain extent to meet the specific objectives 

set. After the inverse optimization process, the dose distribution is visually examined, and if any 

obvious dwell time adjustments are required, it is manually adjusted.  

Priority is given to the CTV-THR dose even if OAR constraints are violated. 

Conventional planning and optimization 

During the conventional planning process, DVH parameters, as summarized in Table 2, are used as 

OAR constraints during the planning and optimization processΦ .ƛƻƭƻƎƛŎŀƭ ǇŀǊŀƳŜǘŜǊǎ ƻŦ ŀƭƭ ±hLΩǎ are 

calculated and recorded but are not implemented as constraints during the conventional planning 

process.  

The fractional D2cm
3
 values of the OAR volumes are calculated by either Equation (39) and (40), 

dependant on the fractionation compensation scheme used. 

Biological planning and optimization 

During the biological planning process, EUD parameters, as summarized in Table 3, are used as OAR 

constraints during the planning and optimization pǊƻŎŜǎǎΦ /ƻƴǾŜƴǘƛƻƴŀƭ ǇŀǊŀƳŜǘŜǊǎ ƻŦ ŀƭƭ ±hLΩǎ are 

calculated and recorded but are not implemented as constraints during the biological planning 

process. 
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The fractional EUD values of the OAR volumes are calculated by either Equation (39) and (40), 

dependant on the fractionation compensation scheme used. 

3.5.2 IC-IS IGABT treatment planning 

Forward IC-IS IGABT treatment planning 

During the IC-IGABT planning process, several patients may violate one or more OAR total dose 

constraints to guarantee that the total dose objective of the CTV-THR is reached. The seven patients 

that achieved the worse results are handpicked and re-planned by performing IC-IS IGABT planning. It 

can be seen in Figure 18 that only the forward dose planning technique is used. Patients are planned 

according to the conventional and biological planning approach while utilizing the optimistic and 

greedy fractionation dose compensation approaches. 

 

Figure 18 - IC-IS planning routes followed 

A total of 140 different forward optimized IC-IS IGABT treatment plans are planned: 

1. 35 Conventional (D2cm
3) optimistic plans; 

2. 35 Conventional (D2cm
3) greedy plans; 

3. 35 Biological (EUD) optimistic plans; 

4. 35 Biological (EUD) greedy plans. 

The CTV-THR orientation in relation to the OARs for the specific fraction is evaluated and considered, 

and this evaluation is used to determine the needed orientations. The insertion of the needle is to 

avoid the limiting OAR but covering the under-dose region within the CTV-THR volume. The size of the 

shift is based on the CTV-THR size and positioning of the OAR volumes in relation to the CTV-THR volume. 
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For example: 

Assume the CTV-THR is under-dosed adjacent to the rectum and sigmoid, due to the bladder or small 

bowel limiting the increase in intra-uterine source dwell times (blue dots) as illustrated in Figure 19. 

The rectum and sigmoid dose constraints are not reached due to the intra-uterine sources located far-

off. The bladder or/and small bowel constraints are violated to reach CTV-THR objective. 

 

 

 

Figure 19 - Visualisation of IU sources 

In this case, the intra-uterine source positions can be shifted with a constant value (c) in the direction 

of the sigmoid and rectum by using Equation (38). Thus, becoming the position of the sources within 

the needle (red dots) as illustrated in Figure 20.  

 

Figure 20 - Visualisation of IU sources and needle 



84 
 

The combination of the newly added needle to the existing intra-uterine sources allows for 

adaption/escalation of CTV-THR dose. The intra-uterine dwell times are decreased, which allows for a 

reduction in the bladder dose, dwell times of needle sources are increased, exploiting the fact that the 

rectum and sigmoid dose constraints are not reached, thus giving some flexibility within the treatment 

plan. The combination of the two methods may allow for improved dose coverage in the CTV-THR 

volume.  

The shift applied may vary from patient to patient and fraction to fraction. The same parameters 

calculated and recorded during the IC-IGABT planning are calculated and recorded during the IC-IS 

planning. 

Dose reporting is done on parameters as set out in Table 4. 

Inverse IC-IS IGABT treatment planning 

The patient with the worse outcome during the forward IC/IS IGABT will be selected to perform inverse 

IC/IS IGABT planning and optimisation. The same needle configuration will be used as was used in the 

forward optimisation process. The same approach will be used that reported the best results for the 

forward optimisation technique. 

3.6 Statistical analysis 

Statistical analysis was performed to determine if compared approaches displayed a significant 

difference in the outcome. During the statistical analysis, normality tests were applied to determine if 

the data sets were normal distribution. The outcome of the normality test determined the type of 

statistical test that was applied to the data sets. A Student's t-test was applied to the data which 

followed a normal distribution. The Wilcoxon signed-rank test was applied to data sets that followed 

skewed ŘƛǎǘǊƛōǳǘƛƻƴǎΦ {ǘŀǘƛǎǘƛŎŀƭ ǎƛƎƴƛŦƛŎŀƴŎŜ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ŦƻǊ Ǉ Җ л.05. Results that present with p-

ǾŀƭǳŜ Җ лΦлр ǿƛƭƭ ōŜ ƳŜƴǘƛƻƴŜŘ ŀƴŘ ŘƛǎŎǳǎǎŜŘ; otherwise, it can be assumed that there were no 

statistically significant differences. The SPSS Statistics for Windows, Version 25.0, Armonk, NY: IBM 

Corp. was used.  
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Chapter 4 -  Results and discussion 

4.1 Verification of the In-house developed module (IHDM) 

The accuracy of the In-house developed Module (IHDM) was verified with TG-43 and the Oncentra 

TPS system. The IHDM dose rate per unit air-kerma strength values for a single source was compared 

with TG-43 and the Oncentra TPS system. 

Dose distribution and plan comparison for multiple source positions was also executed for the IHDM 

and the Oncentra TPS system. These verifications were necessary to establish if the IHDM can perform 

accurate dose calculation and treatment planning. 

4.1.1 Comparison between IHDM dose rate versus TG-43 dose rate for a single Ir-192 

source 

The IHDM dose rate for a single Ir-192 source at 70 different positional coordinates was compared 

with the TG-43 2D dose rate at the same positional coordinates. The radius between the centre of the 

Ir-192 source and the positional coordinates chosen ranged from 0.25 cm to 8.50 cm. For simplicity 

and illustration purposes, the 70 different positional coordinates used for comparison were 

subdivided into seven coordinate groups. The positional coordinates with the same magnitude but 

with different direction were grouped. The accuracy results are shown below in Table 5.  

Table 5 ς The percentage difference between the IHDM calculated and TG43 dose rate per unit air-kerma strength (%) 

Coordinates Group Average difference (%) STD Median Minimum Maximum 

1 1.20 0.20 1.13 1.02 1.51 

2 0.96 0.13 0.96 0.74 1.19 

3 0.99 0.15 1.06 0.70 1.09 

4 0.90 0.14 0.81 0.76 1.16 

5 0.65 0.13 0.61 0.46 0.91 

6 0.57 0.34 0.63 0.13 1.06 

7 0.76 0.46 0.71 0.29 1.43 

 

From Table 5, it can be seen that the IHDM dose rate values compared very well with the gold standard 

ς TG 43 dose rate, with a maximum of 1.51 % difference. This difference was noticed in Group 1,  

where the average differences were less than 2%, which is regarded as the tolerance for acceptable 
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deviation in dose calculation accuracy 173. Each individual calculation point with the obtained dose rate 

values for the IHDM and TG-43 can be found in Appendix 2. 

4.1.2 Comparison between IHDM dose rate versus Oncentra dose rate for a single Ir-192 

source 

After the IHDM dose rate for a single Ir-192 source were compared with TG-43. The IHDM dose rate 

was compared with the Oncentra TPS dose rate. The same 70 different positional coordinates used 

for comparison were again subdivided into seven coordinate groups, for simplicity and illustration 

purposes. The results of this comparison are tabulated below in Table 6. 

Table 6 ς The difference between the IHDM and TPS dose rate per unit air-kerma strength (%) 

Coordinates Group Average difference (%) STD Median Minimum Maximum 

1 1.33 0.84 1.44 0.03 2.42 

2 1.15 0.76 1.01 0.45 3.08 

3 1.19 0.71 1.01 0.65 3.07 

4 0.91 0.81 0.48 0.42 2.54 

5 1.49 0.81 1.77 0.57 2.89 

6 6.16 2.69 4.46 3.29 9.60 

7 6.89 2.64 6.25 2.32 9.77 

 

From Table 6, it can be seen that the IHDM dose rate values compared well with the Oncentra TPS 

system. Groups 6 and 7 displayed significant percentage differences. These points are situated far 

away from the centre of the source, therefore having a small dose rate value and leading to a big 

percentage difference. The maximum difference of 9.77 %, can be noted in Group 7, the dose rate 

values at this specific point are 0.0042 cGy/hU and 0.0047 cGy/hU for the IHDM and Oncentra TPS, 

respectively. The specific point differed by 9.33 % from TG-43. The difference may be attributed to a 

small misalignment of the source with the dose calculation grid on the Oncentra TPS system. Each 

individual calculation point with the obtained dose rate values for the IHDM and TPS Oncentra can be 

found in Appendix 3. 

 
173 (Nath et al., 1997) 
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4.1.3 Dose distribution and plan comparison for multiple source positions using forward 

optimisation 

To be able to compare dose in 3D on patient CT data, the full 3D dose distribution must be visible in 

the IHDM. Similar to other 3D TPSs, dose, anatomical geometries and volumes of interest can be 

displayed in three major planes, axial, sagittal and coronal. Three treatment plans, fully optimised to 

deliver 8 Gy to the CTV-THR D90 %,  were devised. The same dwell positions and times were applicable 

in both systems.  An example of such dose distributions planned using the contoured VOIs is displayed 

in Figure 21.  The reason for the IHDM images to appear blue is due to the dose display that was set 

to blue display for low doses.  
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(a) (b) 

(c) 
(d) 

(e) 
(f) 

In-house Developed model (IHDM) Oncentra TPS 

Figure 21 -Example of the same dose distribution on the two systems in three anatomical planes. (a) IHDM Sagittal (b) Oncentra Sagittal 
(c) IHDM Coronal (d) Oncentra Coronal (e) IHDM Axial (b) Oncentra Axial. 
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To perform an evaluation of dose calculation accuracy of the IHDM, in addition to dose distribution 

comparisons, cumulative dose-volume histogram comparisons of all three dose distributions were 

also made.  

 Figure 22 shows these DVHs for the CTV-THR and CTV-TIR; the two systems show an excellent 

correlation in the CTV-THR and CTV-TIR. The maximum difference ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ǎȅǎǘŜƳǎΩ 5фл҈ ƻŦ 

the CTV-THR and CTV-TIR was 1.79 % and 2.43 %, respectively. The plans were optimised to be within 

the tolerance for the OAR volumes, and the planning aim to the CTV-THR was 8 Gy EQD210. However, 

some of the OAR constraints were violated in the attempt to reach the 8 Gy dose goal. The limits for 

the bladder was 7 Gy and 5 Gy for the rectum, sigmoid and small bowel, respectively. Figure 23 shows 

the correlating DVHs for all the OAR volumes. 

(a) (b) 

Figure 22 - Dose distribution comparison between the IHDM and Oncentra for all three forward optimised plans. Three dose distributions in 
the form of cumulative DVHs for both CTV-T volumes,  (a) CTV-THR  and (b) CTV-TIR. The graphs are shown in physical dose. 
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When comparing the OAR dose distributions, the two systems again showed a very good correlation, 

as illustrated in Figure 23. In the three treatment plans that were compared, the bladder D2cm
3 values 

were 6.94 Gy, 5.64 Gy and 6.28 Gy for the IHDM, versus 6.94 Gy, 5.47 Gy and 6.41 Gy for Oncentra in 

plans 1, 2, and 3, respectively. The largest dose deviation was 3.11%. The bladder volume size of plan 

1, 2 and 3 was 54.28, 30.98 and 76.45 cm3, respectively.  In the case of the rectum, these values were 

2.14 Gy, 5.87 Gy and 4.71 Gy for the IHDM, versus 2.02 Gy, 6.03 Gy and 4.68 Gy for Oncentra in plans 

1, 2, and 3, respectively, with the largest difference of 5.94 %. The rectum volume size of plan 1,2 and 

3 was 60.83, 88.42 and 44.91 cm3, respectively. The sigmoid volume size of plan 1,2 and 3 was 34.18, 

(a) (b) 

(c) 
(d) 

Figure 23 ς Dose distribution comparison between the IHDM and Oncentra for all three forward optimised plans. Three dose distributions in the 
form of cumulative DVHs for all OAR volumes, (a) Bladder, (b) Small bowel, (c) Rectum and (d) Sigmoid. The graphs are shown in physical dose. 
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10.16 and 9.69 cm3, respectively. The sigmoid D2cm
3
 values were 1.92 Gy, 4.45 Gy and 3.09 Gy for the 

IHDM, versus 1.83 Gy, 4.29 Gy and 2.96 Gy for Oncentra in plans 1, 2, and 3, respectively with the 

largest difference of 5.94 %. The small bowel D2cm
3
 values were  5.93 Gy, 7.95 Gy and 5.67 Gy for the 

IHDM, versus 6.05 Gy, 7.39 Gy and 5.55 Gy for Oncentra in plans 1, 2, and 3, respectively, with the 

largest difference of 7.58 %. The small bowel volume size of plan 1,2 and 3 was 467.83, 81.30 and 

206.71 cm3, respectively.  Table 7 gives a summary of this comparison.  

Table 7 ς Summary of the  results of the three forward optimised plans that were used to compare the dose 
distributions in the IHDM and TPS Oncentra 

System 

CTV-THR 

D90 % 

(Gy) 

CTV-TIR 

D90 %  

(Gy) 

Bladder 

D2cm
3
 

(Gy) 

Small 

bowel 

D2cm
3
 (Gy) 

Rectum 

D2cm
3
 

(Gy) 

Sigmoid 

D2cm
3
 

(Gy) 

 Plan 1 

IHDM 8.02 3.37 6.94 5.93 2.14 1.92 

Oncentra TPS 7.99 3.29 6.94 6.05 2.02 1.83 

Percentage difference 

(%) 
0.38 2.43 0.00 1.98 5.94 4.92 

 Plan 2 

IHDM 8.02 2.81 5.64 7.95 5.87 4.45 

Oncentra TPS 8.16 2.81 5.47 7.39 6.03 4.29 

Percentage difference 

(%) 
1.69 0.00 3.11 7.58 2.65 3.73 

 Plan 3 

IHDM 7.98 3.01 6.28 5.67 4.71 3.09 

Oncentra TPS 7.84 2.99 6.41 5.55 4.68 2.96 

Percentage difference 

(%) 
1.79 0.67 2.03 2.16 0.64 4.39 
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The differences found were examined thoroughly. The only plausible reason, considering the accuracy 

attained in the single source comparison results shown in Table 5 and Table 6, may again be attributed 

to the IHDM dose grid size of 2.5 mm, where Oncentra has a dose calculation grid of 1 mm. Dose 

averaging leads to variations in the calculated dose when these dose grids are compared.  The impact 

of these differences will be more emphasised when very small or thin structures are contoured, or 

where the dose gradient is extremely steep. On the DVHs supplied, the dose bin size also influences 

the comparison of the IHDM and Oncentra. The Oncentra dose bin size for the OAR DVHs is 4 cGy, 

while the IHDM uses a bin size of 1 cGy. The orientation of sources within the ring in the Oncentra TPS 

system may differ from that of the  IHDM, which will affect the comparison.  

Considering the results shown above, the IHDM was deemed to have a dose calculation accuracy level 

similar to the Oncentra system, and it was therefore accepted that clinically relevant treatment plans 

could be devised using this module, with expected dose distributions similar to what would be 

calculated by Oncentra.  

4.1.4 Dose distribution and plan comparison for multiple source positions using inverse 

optimisation 

The same three CT data sets that were used for forward optimisation were used for inverse 

optimisation. They were optimised to reach an 8 Gy EQD2 CTV-THR D90 % value. The three CT data and 

plan sets were transferred to Oncentra and were re-calculated with the available inverse optimiser 

tool, It{!Φ ¢ƘŜ ŘƻǎŜ ŘƛǎǘǊƛōǳǘƛƻƴǎ ƻŦ ǘƘŜ ǘǿƻ ǎȅǎǘŜƳǎ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ŀƴ 5±IΩǎΦ ¢ƘŜ 

same parameters were compared, as mentioned above.  
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The differences between the two systems can be observed in Table 8, Figure 24 and Figure 25. The 

IHDM optimised plans produce better CTV-TIR coverage with the detriment of higher OAR dose values. 

However, some OAR dose values were lower for the IHDM compared to the Oncentra TPS, even 

though better CTV-TIR coverage were produced. If the CTV-TIR weight is reduced during the 

optimisation process, the probability of the IHDM producing a plan with comparable CTV-TIR and OAR 

dose are high. 

(a) (b) 

Figure 24 - Dose distribution comparison between the IHDM and Oncentra for all three inverse optimised plans. Three dose distributions in the 
form of cumulative DVHs for both CTV-T volumes,  (a) CTV-THR  and (b) CTV-TIR. The graphs are shown in physical dose. 
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(a) (b) 

(c) 
(d) 

Figure 25 ς Dose distribution comparison between the IHDM and Oncentra for all three inverse optimised plans. Three dose distributions in the 
form of cumulative DVHs for all OAR volumes, (a) Bladder, (b) Small bowel, (c) Rectum and (d) Sigmoid. The graphs are shown in physical dose. 
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Table 8 - Summary of the results of the three inverse optimised plans that were used to compare the dose distributions 
in the IHDM and TPS Oncentra. 

System 
CTV-THR 

D90 % (Gy) 

CTV-TIR 

D90 %  (Gy) 

Bladder 

D2cm
3
 (Gy) 

Small bowel 

D2cm
3
 (Gy) 

Rectum 

D2cm
3
 (Gy) 

Sigmoid 

D2cm
3
 (Gy) 

 Plan 1 

IHDM 7.98 3.37 6.77 6.12 2.13 1.92 

Oncentra TPS (IPSA) 8.01 3.20 5.95 6.81 1.50 1.63 

 Plan 2 

IHDM 8.04 3.10 4.96 8.34 5.43 4.32 

Oncentra TPS (IPSA) 7.99 2.60 4.14 7.81 4.88 5.42 

 Plan 3 

IHDM 8.02 3.09 6.63 5.58 5.40 2.91 

Oncentra TPS (IPSA) 7.99 2.81 5.91 6.32 4.32 3.07 

 

Differences were expected as the two systems may interpret weights applied to structures differently 

during the optimisation process as mathematical algorithms differ from optimiser to optimiser.  

4.2 Treatment planning 

4.2.1 Reporting of organ and organ wall doses 

Although it is widely accepted that organs with contents and organ walls give similar dose metrics 

irrespective of the contouring method, this assumption might not be applicable when other dose 

metrics such as the Equivalent Uniform dose (EUD) is used. When comparing the dose-volume metrics 

for various OARS for the IHDM and Oncentra, all the different executed planning approaches used in 

this study led to the same D2cm
3 and D0.1cm

3
  values, irrespective of the dose calculation being in the 

organ or the organ wall. The largest percentage difference between the bladder and bladder wall D2cm
3
 

and D0.1cm
3
  values were 0.47 % and 0.00 %, respectively. The difference between the rectum and 

rectum wall D2cm
3
 and D0.1cm

3
 values were as low as 0.15 % and 0.06 %, respectively. This is in 

accordance with the study by Wachter-Gerstner et al.174  The sigmoid and sigmoid wall D2cm
3
 and D0.1cm

3
  

differences were 0.59 % and 0.00 %, respectively.  Differences were bigger between the organ and 

 
174 (Wachter-Gerstner et al., 2003) 
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organ wall considering the D5cm
3
 values. Differences between the organ and wall of 1.62 %, 0.73 % and 

1.27 % were recorded for the bladder, rectum and sigmoid D5cm
3
 values, respectively. 

The same cannot be said about the organ plus content and the organ wall EUDs. Higher organ wall 

9¦5Ωǎ ǿŜǊŜ ŎƻƴǎƛǎǘŜƴǘƭȅ ŎŀƭŎǳƭŀǘŜŘ ƛƴ ŀƭƭ ǘƘŜ ǇŀǘƛŜƴǘǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƻǊƎŀƴ 9¦5Φ ¢ƘŜ ŎƻǊǊŜŎǘ ƳŜǘƘƻŘ 

to use EUD dose computation would therefore be to use the organ wall without content as dose in 

urine or faeces is not dose in the organ. This is also applicable to larger volume dose metrics such as 

D5cm
3
 and D10cm

3
 values. The bladder wall EUD was reported to be up to 2.27 % higher than the bladder 

EUD itself. The rectum and sigmoid wall EUD were reported to be up to 0.59 % and 0.48 % higher than 

the rectum and sigmoid EUD itself. Therefore, in this study, only the organ waƭƭ ŘƻǎŜǎ ŀƴŘ 9¦5Ωǎ ǿƛƭƭ 

be reported and discussed.  

As mentioned in Section 3.6, to verify the significant differences between the approaches, statistical 

analysis was performed and ŎƻƳǇŀǊŜŘΦ wŜǎǳƭǘǎ ǘƘŀǘ ǇǊŜǎŜƴǘŜŘ ŀ ǎǘŀǘƛǎǘƛŎŀƭ ǎƛƎƴƛŦƛŎŀƴŎŜΣ Ǉ Җ лΦлр ǿƛƭƭ 

be noted and discussed; otherwise, it can be assumed that there were no significant differences. 

4.2.2 Intracavitary Image-Guided Adaptive Brachytherapy (IGABT) Treatment planning 

Intracavitary IGABT treatment planning and optimisation were performed on all eighteen patients. A 

total of 720 plans were optimised and evaluated. During the optimisation process, priority was given 

to the hard constraint of the CTV-THR and subsequently, the hard constraints for all OARs. When hard 

constraints for targets and OARs were realised, the priorities were, to aim for approaching/reaching 

the soft constraints for CTV-THR and thereafter approaching/reaching soft constraints for OARs and 

CTV-TIR. However, if the soft constraint of the CTV-T volumes were reached, but the OAR soft 

constraint was still not reached, the dose in the CTV-THR volume was increased up to a maximum of 

105 Gy. The local control at 95 Gy and the local control at the given dose > 95 Gy will be evaluated per 

patient to establish if the dose given beyond 95 Gy will lead to an additional increase in local control.  

Before planning and optimisation commenced, a standard plan was created for each patient on the 

Oncentra TPS. This information was imported into the IHDM, corresponding dose-volume histograms 

were plotted, and EUD and dose-volume parameters were automatically calculated and displayed for 

all the CTV-T and OAR volumes. At the onset of optimisation, each OAR volume had an idea what the 

dose contribution towards their respective D2cm
3 and EUD values were, this facilitated the  

optimisation process. Figure 26, displays an example of the dose-volume histogram, displaying all the 

automatically calculated EUD and dose-volume parameters for all CTV-T and OAR volumes. 
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Figure 26 - Example of the dose-volume histogram displaying all EUD and dose-volume parameters for all CTV-T and OAR 
volumes. 

The interface of the IHDM is displayed in Figure 27. From this, you can see the variety of tools that 

were developed. The user had the ability to visualise the CT data with the correlating dose 

distributions in three different planeǎΣ ōȅ ǳǎƛƴƎ ǘƘŜ άǎƭƛŎŜ ǎŜƭŜŎǘέ tool.  

The user had the ability to perform forward optimisation with manual dwell time adjustments of all 

ǘƘŜ ǎƻǳǊŎŜǎ ōȅ ǳǎƛƴƎ ǘƘŜ άDwŜƭƭ ǘƛƳŜ ŀŘƧǳǎǘƳŜƴǘǎέ ǘƻƻƭ. After necessary adjustments were made, the 

ά!ǇǇƭȅ ƴŜǿ ŘǿŜƭƭ ǘƛƳŜǎέ ōǳǘǘƻƴ ǿŜǊŜ ǳǎŜŘ ǘo display the new dose distribution, plot all corresponding 

5±IΩǎ ŀƴŘ ŀǳǘƻƳŀǘƛŎŀƭƭȅ ǊŜ-calculate and display all dose parameters (conventional and biological).  

The user had the option to perform a variety of inverse optimisation techniques. The weights assigned 

to the different structures could be individually increased or decreased throughout the inverse 

optimisation processes.  

¢ƘŜ ά!ŘŘ ƴŜŜŘƭŜǎέ ǘƻƻls gave the user the ability to add an interstitial needle to the existing 

intracavitary source configuration to perform IC/IS planning and optimisation. Dwell times of needles 
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were manually adjusted, or the four different inverse optimisation techniques could be applied by a 

push of a button to include the needle sources into the inverse optimisation process. 

For all optimisation techniques, the IHDM automatically calculated and displayed the allowed 

fractional dose constraints which where dependent on which fraction compensation approach were 

utilised. 

 

Figure 27 - Interface of the IHDM displaying the variety of tools available. 

a) Forward planning and optimisation 

The forward planning and optimisation tool as described in Section 3.3.4, was used.  Forward planning 

and optimisation were performed on all eighteen patients, which resulted in a total of 360 

Intracavitary IGABT forward optimised plans. The 360 plans consisted of 90 conventional optimistic 

plans, 90 conventional greedy plans, 90 biological optimistic plans and 90 biological greedy plans.  
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a.1)  Forward Conventional Optimistic (FCO) vs Forward Conventional Greedy (FCG) 

A total of 180 Forward Conventional plans were optimised and planned. During the Forward 

Conventional Optimistic (FCO) and Forward Conventional Greedy (FCG) approach, the total OAR 

conventional constraints listed in Table 2 were used as the limiting dose constraints during the 

optimisation and planning process. Corresponding OAR biological parameters obtained during the 

conventional optimisation process were only noted and were not incorporated as limiting parameters.  

The fractional OAR dose constraint was automatically calculated and displayed by the IHDM by using 

Equation (39) and (40) for the FCO and FCG approach, respectively. The displayed fractional OAR 

constraints were used and applied during the forward planning approaches. 

Table 9 provides the average CTV-THR and CTV-TIR D90 %, D98 %  and D100 % values obtained for the Forward 

Conventional Optimistic (FCO) and Forward Conventional Greedy (FCG) approach.   

Table 9 - Average CTV-T D90 % , D98 % and D100 % values for the FCO and FCG approach 

Approach CTV-THR 

D90 % (Gy) 

CTV-THR 

D98 %  (Gy) 

CTV-THR 

D100 % (Gy) 

CTV-TIR 

D90 % (Gy) 

CTV-TIR 

D98 %  (Gy) 

CTV-TIR 

D100 % (Gy) 

FCO 91.50 ± 2.70 80.39 ± 2.86 73.23 ± 3.23 65.90 ± 2.34 62.38 ± 2.06 60.23 ± 1.86 

FCG 91.50 ± 2.71 80.41 ± 2.87 73.24 ± 3.24 65.90 ± 2.23 62.38 ± 2.06 60.22 ± 1.86 

 

The difference in CTV-T values between the FCO and FCG approach was negligible (see  

Table 9), considering the patient population as a whole. However, the differences between the two 

approaches were also evaluated per patient.  Figure 28 displays the results for the FCO and FCG 

approach that was obtained per patient.  



100 
 

 

The solid and dotted lines in Figure 28 and all the CTV-T Figures in the rest of the chapter represent 

the intended conventional planning aims for the CTV-T volumes in the form of hard and soft 

constraints as summarised in Table 1 175. No significant differences can be observed for both the CTV-

THR and CTV-TIR D90 % and EUD values, as seen in Figure 28. The CTV-THR D90 % hard constraint of 90 Gy 

was given priority and was reached in all the patients. In both approaches, the D90 % hard constraint of 

60 Gy for the CTV-TIR was reached for all the patients without difficulty. The outcome of the FCO and 

FCG approach, when assessing the average CTV-T EUD values, were comparable. Average CTV-THR and 

 
175 (Shaw, Rae and Alber, 2013; Tanderup et al., 2020) 

(a) (b) 

(c) (d) 

Figure 28 ς Comparison between the FCO and FCG approach per patient. CTV-T HR  (a) D90 % and (b) EUD, CTV-T IR (c) D90 % and (d) EUD. Note:  
Data points for the FCO and FCG approach are indicated by hexagons and triangles, respectively. 
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CTV-TIR EUD values were reported as 108.02 ± 2.65 Gy and 77.81 ± 3.29 Gy for the FCO approach and 

108.02 ± 2.66 Gy and 77.80 ± 3.28 Gy for the FCG approach, respectively. 

Eight patients received an average CTV-THR D90 % value greater than the set D90 % hard constraint of 90 

Gy. The D90 % soft constraint was surpassed in one patient, Patient 13,  with a D90 % value of 100.45 Gy 

without violating any OAR wall D2cm
3
 constraints, just reaching the small bowel D2cm

3 soft constraint 

(Figure 29). Even though the OAR EUD values were not incorporated as dose-limiting parameters 

during the FCO and FCG optimisation process, the EUD values were still recorded and evaluated. When 

evaluating the EUD values of patient 13, it was noticed that the bladder wall EUD hard constraint of 

75.95 Gy was reached, while the rectum wall and small bowel EUD hard constraints of 67.75 Gy were 

both violated (Figure 30). Two patients, Patient 5 and 17, nearly reached the 95 Gy soft constraint with 

D90 % values of 94.80 Gy and 94.65 Gy, respectively. Patient 5 were limited by the D2cm
3 of the bladder 

wall and small bowel, while patient 17 was only restricted by the D2cm
3 of the bladder wall (Figure 29). 

Again, the sigmoid wall EUD of 67.75 Gy was reached in patient 5, and the bladder wall EUD hard 

constraint was violated in patient 5 and 17 (Figure 30). 

Even though patient 13 reached a dose of 100.45 Gy without violating any OAR dose constraints, it 

has been reported that a CTV-THR D90 % җ ур Dȅ ŀƴŘ ŀ /¢±-THR size of 29 cm3 already result in a 3-year 

local control rate > 93 %. Exceptional local control of 96 % has been reported at 95 Gy, with this said 

it does not seem relevant to further dose escalate beyond 95 Gy, in this case, as it would not translate 

to higher local control 176. 

The D90 % hard constraint of the CTV-THR was also exceeded by five other patients, namely patients 2, 

6, 10, 16 and 18. Table 10 below displays the corresponding D2cm
3 and D0.1cm

3
 values for all the OAR 

walls as well as the recto-vaginal reference point values of the FCO and FCG approach across the whole 

population.  

 

 

 

 

 

 
176 (Pötter et al., 2018) 
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Table 10 - Average D2cm
3 and D0.1cm

3 values for all OAR walls and the recto-vaginal reference point of the FCO and FCG 

approach, respectively. 

 Bladder wall Small bowel Rectum wall Sigmoid wall Recto-vaginal 

Approach 
D2cm

3 (Gy) 

Average ± SD 

D2cm
3
  (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

Dose point (Gy) 

Average ± SD 

FCO 78.66 ± 4.35 69.51 ± 8.50 62.24 ± 3.54 61.34 ± 4.74 64.50 ± 4.92 

FCG 78.54 ± 4.23 69.44 ± 8.45 62.22 ± 3.53 61.36 ± 4.75 64.45 ± 4.79 

Approach 
D0.1cm

3
 (Gy) 

Average ± SD 

D0.1cm
3
 (Gy) 

Average ± SD 

D0.1cm
3
 (Gy) 

Average ± SD 

D0.1cm
3
 (Gy) 

Average ± SD 
- 

FCO 99.99 ± 8.32 82.85 ± 15.09 82.85 ± 15.09 70.43 ± 9.87 - 

FCG 99.61 ± 8.07 82.68 ± 14.97 82.68 ± 14.97 70.47 ± 9.89 - 

 

From these results, the difference in average D2cm
3 and D0.1cm

3
 values for all the OAR volumes 

considering the FCO and FCG approach is so small it is negligible. The difference between the FCO and 

FCG approach was once more evaluated per patient, in more detail. Figure 29 and Figure 30 displays 

the OAR dose results per patient that were obtained for the FCO and FCG approach. 
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The solid and dotted lines in Figure 29 and all the other D2cm
3 OAR Figures in the rest of the chapter, 

represent the intended conventional planning aims for all the OAR volumes in the form of hard and 

soft constraints as summarised in Table 2 177. As illustrated in Figure 29, the D2cm
3 hard constraint of 

the bladder wall was violated in three patients for the FCO approach with an average value of 78.66 ± 

пΦор DȅΣ ǿƘƛƭŜ ƻƴƭȅ ǘǿƻ ǇŀǘƛŜƴǘǎΩ D2cm
3 hard constraint was violated by the FCG approach, with an 

average value of 78.54 ± 4.23 Gy.  In an attempt to reach the CTV-THR hard constraint of 90 Gy, the 

bladder wall D2cm
3 soft constraint was violated in seven patients, for both approaches. The average 

 
177 (Shaw, Rae and Alber, 2013; Tanderup et al., 2020) 

(a) (b) 

(c) (d) 

Figure 29 - Comparison between the FCO and FCG approach per patient. The D2cm
3 values for (a) bladder wall, (b) small bowel, (c) rectum wall  

and (d) sigmoid wall. Note:  Data points for the FCO and FCG approach are indicated by hexagons and triangles, respectively. 



104 
 

small bowel D2cm
3 were 69.51 ± 8.50 Gy and 69.44 ± 8.45 Gy for the FCO and FCG approach, 

respectively, while the D2cm
3 hard constraint of the small bowel was violated in five patients, for both 

approaches. The D2cm
3 soft constraint of the small bowel was reached/violated in fourteen patients. 

The D2cm
3 hard constraint of the rectum wall was not violated in any of the eighteen patients. The 

average D2cm
3 values of 62.24 ± 3.54 Gy and 62.22 ± 3.53 Gy were reported for the FCO and FCG 

approach, respectively. The D2cm
3 soft constraint of the rectum wall was reached in one patient for 

both the approaches. Neither the D2cm
3 hard or soft constraint of the sigmoid wall was reached and 

average D2cm
3 values of 61.34 ± 4.74 Gy, and 61.36 ± 4.75 Gy were recorded for the FCO and FCG 

approach, respectively.  The results displayed in Figure 29 clearly show that the bladder wall and small 

bowel are ǘƘŜ ǘǿƻ Ƴƻǎǘ ƭƛƳƛǘƛƴƎ h!wΩǎ ƛƴ ōƻǘƘ the FCO and FCG approach. Rectum and sigmoid wall 

constraints were never reached without one or both bladder wall and small bowel constraints 

reached.  

From the results shown in Figure 29, the FCO and FCG display similar outcome, except in the case of 

patient 7. Patient 7 was the only patient that displayed a significant difference between the FCO and 

FCG approach. Both the approaches reached the same CTV-THR D90 % value of 90 Gy. The total D2cm
3 for 

the bladder wall for this patient was recorded as 85.11 Gy and 83.23 Gy, respectively. The total D2cm
3 

for the small bowel was recorded as 73.09 Gy and 71.41 Gy for the FCO and FCG approach, 

respectively. For this specific patient, the FCG approach led to a difference in D2cm
3 values of 2.26 % 

for the bladder wall and 2.35 % for the small bowel, respectively. The FCG approach recorded a 5.37 

Gy and 3.88 Gy lower bladder wall and small bowel D0.1cm
3 compared to the FCO approach. The 

difference in the total D2cm
3
 values for the rectum and sigmoid wall for this patient were negligible. 

The reason for this difference in patient 7, the FCG approach allowed for a higher small bowel and 

bladder wall fractional dose limit in fraction 2, which led to an exploitation of the CTV-THR dose. The 

FCG approach was able to give a higher dose to the CTV-THR compared to the FCO approach. This 

allowed some sparing of the small bowel and bladder wall in the remainder of the fractions. In the 

case of the FCO approach, small bowel and bladder wall limits were violated in the remainder of 

fractions to be able to reach the CTV-THR dose. This is the reason why patient 7 benefitted more from 

the FCG approach compared to the FCO approach. 

The corresponding EUD values that were recorded for all the OAR are visualised in Figure 30. The solid 

lines in Figure 30 and all the other EUD OAR Figures in the rest of the chapter, represent the intended 

biological planning aims for all the OAR volumes in the form of hard constraints as summarised in 

Table 3 178. 

 
178 (Shaw, Rae and Alber, 2013) 
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As seen in Figure 30, the EUD hard constraint of the bladder wall was violated in sixteen patients, with 

average values of 79.88 ± 4.85 Gy and 79.68 ± 4.69 Gy for the FCO and FCG approach, respectively. 

The EUD hard constraint of the small bowel was violated in nine patients, with average values of 70.15 

± 9.87 Gy and 70.05 ± 9.82 Gy for the FCO and FCG approach, respectively. The average reported small 

bowel values were higher than the EUD hard constraint of 67.75 Gy.  The EUD hard constraint of the 

rectum wall, 67.75 Gy, was reached in one patient and violated in two patients, with average values 

of 63.27 ± 3.88 Gy and 63.25 Gy ± 3.86 Gy for the FCO and FCG approach, respectively. The EUD hard 

constraint of the sigmoid wall was reached in four patients and violated in 5 patients, with average 

values of 65.61 ± 7.98 Gy and 65.65 ± 8.00 Gy for the FCO and FCG approach, respectively. Patient 6 

had the most significant difference in sigmoid wall EUD among the whole patient population, with the 

FCO approach recording a value of 69.32 Gy and the FCG approach a value of 69.94 Gy. Even though 

(a) (b) 

(c) (d) 

Figure 30 - Comparison between the FCO and FCG approach per patient. The EUD values for (a) bladder wall, (b) small bowel, (c) rectum wall  
and (d) sigmoid wall. Note:  Data points for the FCO and FCG approach are indicated by hexagons and triangles, respectively. 
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this patient represents the patient with the biggest sigmoid wall EUD difference between the two 

approaches, the difference is still very small and therefore, negligible. 

As displayed in Figure 30, again, the only patient with a significant difference between the FCO and 

FCG approach was patient 7. The total EUD for the bladder wall were recorded as 86.14 Gy and 83.15 

Gy, while the total EUD for the small bowel was recorded as 73.24 Gy and 70.98 Gy for the FCO and 

FCG approach, respectively. For this specific patient, the FCG approach led to a difference in EUD 

values of 3.60 % for the bladder wall and 3.18 % for the small bowel, respectively. The reason for the 

differences in EUD values is similar to the recorded D2cm
3 values for this patient stated above. The 

difference in the total EUD  for the rectum and sigmoid wall values for this patient was negligible, while 

the CTV-THR dose recorded was as stated previously, 90 Gy for both approaches. When considering 

the obtained conventional and biological doses for all the OAR and CTV-T volumes for this patient, it 

can be concluded that patient 7 greatly benefitted from the FCG approach.  

Other parameters that were recorded: 

As summarised in Table 11, the average dose to point A Left and A Right for both the FCO and FCG 

approach had minimal differences. The dose to point A Left and A Right was not set as a limiting parameter 

in the optimisation processes, these values were only reported and evaluated retrospectively. This 

applies to the rest of the reported point A values in this chapter. The average dose to point A Left and 

A Right was higher than the proposed > 65 Gy soft constraint 179. 

 No significant difference was recorded between the FCO and FCG average TRAK values. Recorded 

TRAK values for the FCO and FCG approach were lower than the average TRAK value of 1.74 cGy at 1 

m published by Bockel et al 180. 

Table 11 - Average dose to point A and TRAK values of FCO and FCG approach 

Approach A Left (Gy) A Right (Gy) TRAK (cGy at 1 m) 

FCO 76.97 ± 8.27 77.26 ± 10.19 1.59 ± 0.25 

FCG 77.02 ± 8.32 77.20 ± 10.23 1.58 ± 0.25 

 

If the patient population is evaluated as a whole, the difference between FCO and FCG approach is 

almost negligible. However, when the impact of the approaches is evaluated based on individual 

response, some patients do benefit more from the FCG approach; for instance, patient 7. When 

 
179 (Tanderup et al., 2020) 
180 (Bockel et al., 2019) 
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considering the evaluation, the FCG approach can be proposed to be always used instead of the FCO 

approach.  

a.2) Forward Biological Optimistic (FBO)  vs Forward Biological  Greedy (FBG) 

A total of 180 Forward Biological plans were optimised and planned.  During the Forward Biological 

Optimistic (FBO) and Forward Biological Greedy (FBG) approach, the total OAR biological constraints 

listed in Table 3 were used as the limiting dose constraints during the optimisation and planning 

process. Corresponding OAR conventional parameters obtained during the biological optimisation 

process were only noted and were not incorporated as limiting parameters.  The fractional OAR dose 

constraint was automatically calculated and applied by the IHDM by using Equation (39) and (40) for 

the FBO and FBG approach, respectively. 

Table 12 provides the average CTV-THR and CTV-TIR D90 % D98 %  and D100 % values obtained for the 

Forward Biological Optimistic (FBO) approach versus the Forward Biological Greedy (FBG) approach.  

Table 12 - Average CTV-T D90 % D98 %  and D100 % values for the FBO and FBG approach 

Approach 

CTV-THR 

D90 % (Gy) 

CTV-THR 

D98 %  (Gy) 

CTV-THR 

D100 % (Gy) 

CTV-TIR 

D90 % (Gy) 

CTV-TIR 

D98 %  (Gy) 

CTV-TIR 

D100 % (Gy) 

FBO 91.96 ± 2.97 81.04 ± 3.48 73.75 ± 3.63 66.25 ± 2.47 62.69 ± 2.24 60.49 ± 1.96 

FBG 91.77 ± 2.91 80.90 ± 3.38 73.59 ± 3.51 66.20 ± 2.42 62.63 ± 2.19 60.43 ± 1.91 

  

Average CTV-THR and CTV-TIR doses over the whole patient population were the same for the FBO and 

FBG approach as summarised in Table 12. The results per patient were depicted in Figure 31 to Figure 

33. 
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From Figure 31, it was found that only one patient recorded a significant higher CTV-THR EUD with the 

FBO approach compared to the FBG approach, patient 10 recorded a 2.43 Gy difference between the 

FBO and FBG approach. The average CTV-THR EUD values reported were similar for the FBO approach 

and FBG approach, with values of 108.44 ± 3.03 Gy and 108.23 ± 2.96 Gy, respectively. When 

considering the CTV-TIR EUD values per patient for both approaches, no significant difference was 

reported. Therefore, the FBO and FBG approach reported similar average CTV-TIR EUD values of 78.19 

± 3.27 Gy and 78.16 ± 3.23 Gy, respectively. 

 

(a) (b) 

(c) (d) 

Figure 31 - Comparison between the FBO and FBG approach per patient. CTV-T HR  (a) D90 % and (b) EUD, CTV-T IR (c) D90 % and (d) EUD. Note:  
Data points for the FBO and FBG approach are indicated by hexagons and triangles, respectively. 
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The D90 % hard constraint of the CTV-THR was once again reached in all the patients. The D90 % hard 

constraint of the CTV-TIR was reached for both approaches in all the patients without any difficulty. 

Eight patients received an average D90 % value greater than the set D90 % hard constraint of 90 Gy.  Two 

patients reached the 95 Gy soft constraint, patient 2 and 13,  with D90 % values of 95.69 Gy and 100.45 

Gy, respectively for both the approaches. Patient 2 and 13 reached the CTV-THR soft constraint of 95 

Gy without violating any of their OAR wall EUD constraints, just reaching the bladder wall EUD 

constraint for patient 2 and the small bowel EUD constraint for patient 13 (Figure 32). Even though 

the OAR D2cm
3 values were not incorporated as dose-limiting parameters during the FBO and FBG 

optimisation process, the D2cm
3 values were still recorded and evaluated. However, from the D2cm

3
 

values for patient 2 and 13 that were recorded, the small bowel D2cm
3 soft constraint was violated 

(Figure 33). Six other patients exceeded the D90 % hard constraint of the CTV-THR, namely patients 3, 5, 

6, 10, 17 and 18, without violating any of their OAR EUD and D2cm
3 hard constraints, however 

violating/reaching some of their D2cm
3 soft constraints. 

Table 13 displays the corresponding D2cm
3 and D0.1cm

3
 values for all the OAR walls, as well as the recto-

vaginal reference point values of the FBO and FBG approach across the whole population. 

Table 13 - Average D2cm
3 and D0.1cm

3 values for all OAR walls of the FBO and FBG approach 

 Bladder wall Small bowel Rectum wall Sigmoid wall Recto-vaginal 

Approach 
D2cm

3
 (Gy) 

Average ± SD 

D2cm
3
  (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

Dose point 

(Gy) 

Average ± SD 

FBO 78.05 ± 4.22 69.84 ± 7.91 62.61 ± 3.27 61.42 ± 4.50 65.05 ± 4.06 

FBG 78.10 ± 4.23 69.81 ± 7.88 62.64 ± 3.29 61.42 ± 4.48 65.11 ± 4.12 

Approach D0.1cm
3
 (Gy) D0.1cm

3
 (Gy) D0.1cm

3
 (Gy) D0.1cm

3
 (Gy) - 

FBO 97.07 ± 7.33 82.43 ± 13.45 69.15 ± 4.93 70.12 ± 8.76 - 

FBG 97.00 ± 7.36 82.29 ± 13.37 69.23 ± 4.93 70.12 ± 8.74 - 

 

As displayed in Table 13, virtually no difference between the average  D2cm
3  and D0.1cm

3
 values for all 

the OAR volumes was recorded for the FBO and FBG approach. The OAR dose results per patient that 

were obtained for the FBO and FBG approach are displayed below in Figure 32 and Figure 33. 



110 
 

 

As seen in Figure 32, the 75.95 Gy EUD hard constraint of the bladder wall was reached in 7 patients 

and violated in nine patients, with average values of 78.19 ± 4.04 Gy and 78.14 ± 4.05 Gy for the FBO 

and FBG approach, respectively. The EUD hard constraint of the small bowel was reached in three 

patients and violated in eight patients, with average values of 69.26 ± 7.99 Gy and 69.18 ± 7.88 Gy for 

the FBO and FBG approach, respectively. The EUD hard constraint of the rectum wall was reached in 

one patient and violated in one patient with average values of 63.38 ± 3.38 Gy and 63.48 ± 3.41 Gy for 

the FBO and FBG approach, respectively. The EUD hard constraint of the sigmoid wall, 67.75 Gy, was 

reached in three patients and violated in four patients, with average values of 65.12 ± 6.72 Gy and 

65.11 ± 6.71 Gy for the FBO and FBG approach, respectively. The violation of OAR EUD hard constraints 

(a) (b) 

(c) (d) 

Figure 32 - Comparison between the FBO and FBG approach per patient. The EUD values for (a) bladder wall, (b) small bowel, (c) rectum wall  
and (d) sigmoid wall. Note:  Data points for the FBO and FBG approach are indicated by hexagons and triangles, respectively.  
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occurred in patients because priority was given to the CTV-THR hard constraint of 90 Gy. These would 

then be patients that could potentially benefit from intracavitary/interstitial IGABT. The 

corresponding D2cm
3 ǾŀƭǳŜǎ ǊŜŎƻǊŘŜŘ ŦƻǊ ǘƘŜ h!wΩǎ ŀǊŜ ǾƛǎǳŀƭƛǎŜŘ ƛƴ Figure 33. There were 12 patients 

in which the bladder wall EUD constraint was reached/violated without the bladder wall D2cm
3
 soft 

constraint of 80 Gy of the same patient being reached.  

 

As seen in Figure 33, the D2cm
3 hard constraint of the bladder wall was violated in two patients. The 

D2cm
3 soft constraints were reached in one patient and violated in four patients. The average bladder 

wall D2cm
3 were 78.05 ± 4.22 Gy and 78.10 ± 4.23 Gy for the FBO and FBG approach, respectively. The 

D2cm
3 hard constraint of the small bowel was reached in one patient and violated in four patients. The 

(a) (b) 

(c) (d) 

Figure 33  - Comparison between the FBO and FBG approach per patient. The D2cm
3 values for (a) bladder wall, (b) small bowel, (c) rectum wall  

and (d) sigmoid wall. Note:  Data points for the FBO and FBG approach are indicated by hexagons and triangles, respectively. 
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D2cm
3 soft constraint of the small bowel was violated in fourteen patients. The average small bowel 

D2cm
3 were 69.84 ± 7.91 Gy and 69.81 ± 7.88 Gy for the FBO and FBG approach, respectively. The D2cm

3 

hard constraint of the rectum wall was not reached nor violated. The D2cm
3 soft constraint of the 

rectum wall was violated in one patient. The average rectum wall D2cm
3 were 62.61 ± 3.29 Gy and 62.64 

± 3.27 Gy for the FBO and FBG approach, respectively.  The D2cm
3 hard constraint of the sigmoid wall 

was neither reached nor violated. The D2cm
3 soft constraint of the sigmoid wall was reached in one 

patient. The average sigmoid wall D2cm
3 were 61.42 ± 4.50 Gy and 61.42 ± 4.48 Gy for the FBO and FBG 

approach, respectively.  

Considering Figure 31 to Figure 33, the only patients with some significant difference between the two 

approaches are patients 5, 7 and 10. The rest of the patient population showed no significant 

difference between the approaches.  

The outcome in patient 5 for the two approaches was the same in all CTV-T and OAR parameters, 

except in the small bowel D0.1cm
3
 value, where the FBG approach led to a 1.70 Gy lower value compared 

to the FBO approach. The bladder wall and small bowel EUD hard constraints were reached in both 

approaches; however, reporting the same values. The sigmoid and rectum wall EUD hard constraints 

were not reached in any of the approaches; however, the same values were reported. None of the 

bladder, rectum and sigmoid wall D2cm
3
 constraints was reached, again the same values were reported. 

The small bowel D2cm
3
  soft constraint of 65 Gy was violated in both approaches. 

 In patient 7, the small bowel and bladder wall D2cm
3
  soft constraints and EUD hard constraints were 

violated in both approaches; the same values were reported in both OAR. The small bowel D0.1cm
3
 value 

was 1.76 Gy lower in the FBG approach. None of the rectum and sigmoid wall D2cm
3
 or EUD constraints 

were reached, again the same values were reported, but the rectum wall D0.1cm
3
 value was 1.15 Gy 

higher in the FBG approach. The rest of the CTV-T and OAR results showed no difference between the 

two approaches.  

Patient 10 obtained higher CTV-THR values for the FBO approach compared to the FBG approach, and 

the FBO approach led to 2.43 Gy, 2.27 Gy, 1.76 Gy and 1.56 Gy higher CTV-THR  EUD, D90 %, D98 % and 

D100 % values, respectively. Not only did the FBO approach obtain higher CTV-THR values but also 

allowed lower rectum wall EUD, D2cm
3
 and D0.1cm

3
 values of 1.24 Gy, 1.02 Gy and 1.72 Gy, respectively. 

The rest of the CTV-T and OAR results showed no difference between the two approaches. The FBO 

approach led to a higher CTV-THR D90 % and lower OAR EUD and D2cm
3
 values, compared to the FBG 

approach.  
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Parameters like the CTV-THR D90 % and D98 %  and CTV-TIR D98 % have been proven to be associated with 

better local control (LC) 181. The CTV-THR volume size of the patient was classified between limited and 

intermediate size. According to published data, a tumour volume of 30 cm3 and a CTV-THR dose of 

93.37 Gy recorded by the FBO approach, LC of more or less 94 % has been reported, and this is better 

LC compared to the 91.10 Gy dose reported by the FBG approach 182. Considering both OAR and CTV-

T values, the FBO approach led to a superior plan compared to the FCG approach.  

Other parameters that were recorded: 

The average dose to Point A (left and right) and TRAK values for the FBO and FBG approach are 

tabulated below in Table 14. The difference in average dose to point A Left and A Right in both FBO and 

FBG approach was minimal. No significant difference was recorded between the FBO and FBG average 

TRAK values. 

Table 14 - Average dose to point A and TRAK values of FBO and FBG approach 

Approach A Left (Gy) A Right (Gy) TRAK (cGy at 1 m) 

FBO 77.56 ± 8.51 75.80 ± 8.53 1.62 ± 0.23 

FBG 77.24 ± 8.98 75.35 ± 8.91 1.62 ± 0.23 

 

Considering the average dose to the CTV-T and OAR volumes over the whole patient population, the 

FBO and FBG approach outcome seem the same. In three patients, the FBO approach led to better 

plans compared to the FBG approach. In patient 5 and 7, the same CTV-T values and lower OAR dose 

in some of the OAR volumes were reported; however, differences were small. Therefore, if an 

individual scores lower OAR dose in the one approach, but all the CTV-T doses were the same in both 

approaches, then that approach could be advocated. In patient 10, however noteworthy higher CTV-

THR values and lower dose in some of the OAR volumes were recorded. Taking this into account, the 

FBO approach can be considered to be superior to the FBG approach.  

 

 

 

 

 
181 (Johannes C A Dimopoulos et al., 2009; Mazeron et al., 2015; Tanderup et al., 2016) 
182 (Tanderup et al., 2016) 
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a.3) Forward Conventional Greedy (FCG) vs Forward Biological Optimistic (FBO)  

The most preferred Forward Conventional (FC) approach and Forward Biological (FB) approach are 

compared with one another, the Forward Conventional Greedy (FCG) approach versus Forward 

Biological Optimistic (FBO) approach (discussed in sections a.1 and a.2).  

Table 9 provides the average CTV-THR and CTV-TIR D90 % D98 %  and D100 % values obtained for the FCG 

and FBO approach.  

Table 15 - Average CTV-T D90 %  D98 % and D100 % values for the FCG and FBO approach 

Approach 

CTV-THR 

D90 % (Gy) 

CTV-THR 

D98 %  (Gy) 

CTV-THR 

D100 % (Gy) 

CTV-TIR 

D90 % (Gy) 

CTV-TIR 

D98 %  (Gy) 

CTV-TIR 

D100 % (Gy) 

FCG 91.50 ± 2.71 80.41 ± 2.87 73.24 ± 3.24 65.90 ± 2.23* 62.38 ± 2.06 60.22 ± 1.86 

FBO 91.96 ± 2.97 81.04 ± 3.48 73.75 ± 3.63 66.25 ± 2.47* 62.69 ± 2.24 60.49 ± 1.96 

*Tested for the significant difference with a p-ǾŀƭǳŜ Җ лΦлрΦ 

From the CTV-THR and CTV-TIR results provided in Table 15, it can be concluded that the D90 % D98 %  and 

D100 % parameters reported were similar for the FBO and FCG approach across the whole patient 

population. The FBO approach, however, produced a higher average CTV-TIR D90 % value compared to 

the FCG approach, which was of significant difference. Table 16 displays the average OAR D2cm
3 and 

D0.1cm
3 values reported for the FCG and FBO approach. 

Table 16 - Average D2cm
3 and D0.1cm

3
 values for all OAR walls for the FCG and FBO approach 

 Bladder wall Small bowel Rectum wall Sigmoid wall Recto-vaginal 

Approach 
D2cm

3 (Gy) 

Average ± SD 

D2cm
3
  (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

Dose point 

(Gy) 

Average ± SD 

FCG 78.54 ± 4.23 69.44 ± 8.45   62.22 ± 3.53 61.36 ± 4.75  64.45 ± 4.79 

FBO 78.05 ± 4.22 69.84 ± 7.91 62.61 ± 3.29 61.42 ± 4.50  65.05 ± 4.06 

Approach 

D0.1cm
3
 (Gy) 

Average ± SD 

D0.1cm
3
 (Gy) 

Average ± SD 

D0.1cm
3
 (Gy) 

Average ± SD 

D0.1cm
3
 (Gy) 

Average ± SD 

- 

FCG 99.61 ± 8.07* 82.68 ± 14.97 68.88 ± 5.52 70.47 ± 9.89 - 

FBO 97.07 ± 7.33* 82.43 ± 13.45 69.15 ± 4.93 70.12 ± 8.76 - 
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*Tested for the significant difference with a p-ǾŀƭǳŜ Җ лΦлрΦ 

The difference in the average bladder wall D0.1cm
3 values obtained by the FCG and FBO approach were 

of significant difference with a p-ǾŀƭǳŜ Җ лΦлрΦ ¢ƘŜ C.h ŀǇǇǊƻŀŎƘ ƭŜŘ ǘƻ нΦрр ҈ ƘƛƎƘŜǊ ōƭŀŘŘŜǊ ǿŀƭƭ 

D0.1cm
3 values compared to the FCG approach. All other average D2cm

3 and D0.1cm
3 values for the OAR 

had no significant difference between the approaches. The difference between the two approaches 

was again evaluated per patient, in Figure 34 through Figure 36.  

 

(a) (b) 

(c) (d) 

Figure 34 - Comparison between the FCG and FBO approach per patient. CTV-THR  (a) D90 % and (b) EUD, CTV-TIR (c) D90 % and (d) EUD. Note:  Data 
points for the FCG and FBO approach are indicated by hexagons and triangles, respectively. 
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Figure 34 displays significant differences in CTV-THR and CTV-TIR D90 % and EUD values per patient. The 

average CTV-THR EUD values were 108.02 ± 2.66 Gy and 108.44 ± 3.03 Gy. The difference in average 

CTV-TIR EUD values was 77.80 ± 3.28 Gy and 78.19 ± 3.27 Gy for the FCG and FBO approach, 

respectively, whiŎƘ ǿŀǎ ǘŜǎǘŜŘ ŦƻǊ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜΣ ǿƛǘƘ ŀ Ǉ Җ лΦлрΦ  

 

 

 

 

(a) (b) 

(c) (d) 

Figure 35 - Comparison between the FCG and FBO approach per patient. The D2cm
3 values for (a) bladder wall, (b) small bowel, (c) rectum wall  

and (d) sigmoid wall. Note:  Data points for the FCG and FBO approach are indicated by hexagons and triangles, respectively. 
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The difference between the two approaches was evaluated by considering all the reported OAR and 

CTV-T dose simultaneously, as illustrated in Figure 34 through Figure 36.  

In patient 1, the hard constraint of 90 Gy CTV-THR D90 % was reached in both approaches. No significant 

difference was observed in the CTV-T values and all the OAR EUD and D2cm
3
  values between the two 

approaches. Although small, the FBO approach recorded a lower D0.1cm
3
 value of 1.0 Gy compared to 

the FCG approach. The D2cm
3 small bowel hard constraint of 75 Gy was excessively violated by both 

ŀǇǇǊƻŀŎƘŜǎΦ ! ¢w!Y ǾŀƭǳŜ җ н ŎDȅ ŀǘ м Ƴ ŀƴŘ ŀ /¢±-THR  ǾƻƭǳƳŜ җ нр ŎƳ3 have been associated with 

late bowel toxicity 183Φ .ƻǘƘ ǘƘŜ ŀǇǇǊƻŀŎƘŜǎ ǊŜŎƻǊŘŜŘ ŀ ¢w!Y ǾŀƭǳŜ җ н ŎDȅ, and the CTV-THR volume 

was a large volume of җ тл ŎƳ3. This violation will cause an increased risk in late bowel toxicity, and 

therefore the patient is a candidate for the application of intracavitary/interstitial IGABT, in the 

attempt to lower the dose in the small bowel. 

In patient 2, the EUD hard constraint of the bladder wall was reached by the FBO approach and 

violated by the FCG approach, the FBO approach however recorded lower bladder wall EUD, D2cm
3
  and 

D0.1cm
3
  values of 4.13 Gy, 1.36 Gy and 7.16 Gy compared to FCG approach. The EUD hard constraint of 

the small bowel was not reached in any of the approaches. The D2cm
3
  soft constraint of the sigmoid 

wall was reached in both approaches, but the FCG approach recorded lower small bowel EUD, D2cm
3
 

and D0.1cm
3
 values of 1.08 Gy, 1.43 Gy and 1.73 Gy compared to FBO approach. No significant difference 

was observed for the rectum and sigmoid wall values between the two approaches. Significant higher 

CTV-T values were reported for the FBO approach compared to the FCG approach. The FBO approach 

led to higher CTV-THR EUD, D90 % and D98 % values of 5.24 Gy, 5.02 Gy and 6.21 Gy. CTV-THR D90 % values 

of 90.67 Gy and 95.69 Gy were recorded for the FCG and FBO approach, respectively. The FBO 

approach also led to higher CTV-TIR EUD, D90 % and D98 % values of 2.32 Gy, 2.50 Gy and 2.82 Gy. 

Parameters like the CTV-THR D90 % and D98 %  and CTV-TIR D98 % are associated with better local control 

184. The CTV-THR volume size of the patient was classified between limited and intermediate size. 

According to published data with regards to LC, a tumour volume of 22 cm3 and a CTV-THR ŘƻǎŜ җ фр 

Gy,  ensure LC of 96 %, this is better than a LC of 95 %  at 90 Gy reported in the FCG approach 185. 

Considering both OAR and CTV-T values, the FBO approach led to a superior plan compared to the FCG 

approach.  

In patient 3, none of the sigmoid or rectum wall constraints were reached in any of the two 

approaches. Still, the FBO approach led to lower EUD and D2cm
3
  values of 1.35 Gy and 2.07 Gy 

compared to the FCG approach. The EUD hard constraint of the bladder wall was reached in the FBO 

 
183 (Bockel et al., 2019) 
184 (Johannes C A Dimopoulos et al., 2009; Mazeron et al., 2015; Tanderup et al., 2016) 
185 (Pötter et al., 2018) 
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approach and violated in the FCG approach. The FBO approach recorded lower bladder wall EUD, D2cm
3
  

and D0.1cm
3
  values of 3.84 Gy, 3.44 Gy and 6.51 Gy compared to FCG approach. The bladder wall D2cm

3
 

was still below the soft constraint value of 80 Gy for both approaches. A higher CTV-THR D98 % value of 

1.74 Gy was recorded for the FBO approach as well. No significant difference was observed in the 

other OAR and CTV-T values between the two approaches. In this case, the results show clearly that 

the FBO approach was superior to the FCG approach. 

In patient 4, the CTV-T values had no significant difference between the two approaches. None of the 

rectum and bladder wall constraints was reached, and no difference in the values was observed 

between the two approaches. The small bowel EUD and D2cm
3
 hard constraints were violated in both 

approaches; however, no significant difference in small bowel EUD values was observed between the 

two approaches. The D2cm
3
 soft constraint of the sigmoid wall, 70 Gy, was only reached in the FBO 

approach. The EUD hard constraint of the sigmoid wall, 67.75 Gy, was violated in both approaches; 

however, the FCG approach recorded lower EUD and D0.1cm
3
  values of 1.28 Gy and 1.71 Gy. The small 

bowel hard constraints that were violated showed no difference between the two approaches, as 

mentioned earlier. The planning aims were (1) to reach the hard constraint of the CTV-T values, then 

(2) to obey the OAR hard constraint and (3) then the soft constraints of the CTV-T volumes and OAR 

becomes a priority. With this said, the FCG approach led to a superior outcome compared to the FBO 

approach. 

In patient 5, lower CTV-THR D90 % and EUD values of 1.74 Gy and 2.26 Gy was recorded for the FBO 

approach compared to the FCG approach. The EUD hard constraint of the bladder wall was reached in 

the FBO approach but violated by the FCG approach. The FBO approach led to lower bladder wall EUD, 

D2cm
3
  and D0.1cm

3
  values of 4.69 Gy, 1.26 Gy and 7.75 Gy compared to FCG approach. The EUD hard 

constraint of the sigmoid wall was reached by the FCG approach. Lower sigmoid wall EUD and D0.1cm
3
  

values of 1.05 Gy and 1.54 Gy were recorded for the FBO approach. The EUD hard constraint of the 

small bowel was violated by the FBO approach only, while the FCG approach managed to record lower 

small bowel EUD, D2cm
3
  and D0.1cm

3
 values of 4.79 Gy, 3.16 Gy and 9.20 Gy. The small bowel D2cm

3
 soft 

constraint of 65 Gy was violated by both approaches. The significant lower small bowel doses and 

some increase in the CTV-T values recorded by the FCG approach outweigh the lower bladder wall 

values recorded by the FBO approach. 

In patient 6, higher CTV-THR values were recorded by the FBO approach, with CTV-THR D90 %, D98 %  and 

EUD values of 1.97 Gy, 2.24 Gy and 1.97 Gy higher. The FBO approach reported a lower bladder wall 

D0.1cm
3
  value of  1.11 Gy compared to the FCG approach. The FCG approach led to lower rectum wall 

EUD, D2cm
3
  and D0.1cm

3
  values of 1.17 Gy, 2.02 Gy and 1.67 Gy, however, none of the rectum wall 

constraints were reached by any of the approaches. A higher recto-vaginal reference point of 2.80 Gy 
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was reported for the FBO approach; however, the value was still well below the 65 Gy soft constraint. 

The FBO approach exploited the flexibility of the rectum wall dose values to its advantage to produce 

a plan with higher CTV-T values which will have an impact, although small on the LC of the patient.  

In patient 7, no significant difference was observed in the CTV-T values between the two approaches. 

Both approaches violated the EUD hard constraint and D2cm
3 soft constraint values of the bladder wall. 

The FBO approach reported a lower bladder wall D0.1cm
3
 value of 1.08 Gy compared to the FCG 

approach. Even though none of the rectum wall constraints was reached, the FBO approach still led 

to lower rectum wall EUD, D2cm
3
  and D0.1cm

3
  values of 1.67 Gy, 1.62 Gy and 2.34 Gy. The EUD hard 

constraint of the small bowel was violated by both approaches, while both approaches reached the 

D2cm
3 soft constraint. The FCG approach produced a plan with lower small bowel EUD, D2cm

3
  and D0.1cm

3
  

values of 1.77 Gy, 1.33 Gy and 2.95 Gy. A lower recto-vaginal reference point of 3.35 Gy was reported 

for the FBO approach, with the FCG approach violating the proposed hard constraint of 75 Gy. The 

recto-vaginal reference point hard constraint of 75 Gy proposed was only reached by the ICG 

ŀǇǇǊƻŀŎƘΦ ¢ƘŜ ǇǊƻōŀōƛƭƛǘȅ ƻŦ ŘŜǾŜƭƻǇƛƴƎ ǾŀƎƛƴŀƭ ǎǘŜƴƻǎƛǎ όD җ нύ ƛƴ ǘƘƛǎ ŎŀǎŜ ƛǎ нт ҈ 186. This probability 

rates for the FCG approach are very high, and in this case, any approach that recorded lower rectum 

wall values and in effect lower the probability of developing vaginal stenosis will be superior. 

Therefore, the FBO approach led to a superior plan compared to the FCG approach. 

In patient 8, no significant difference was observed in the CTV-T values between the two approaches. 

Both approaches violated the EUD hard constraint of the bladder wall; however, the FBO approach 

led to lower EUD and D0.1cm
3
 values of 1.60 Gy and 2.75 Gy. The rest of the OAR values recorded 

reported no significant difference between the two approaches. When considering these results, the 

FBO approach led to a better plan compared to FCG approach. 

In patient 9, the bladder wall EUD and D2cm
3
 hard constraints of 85 Gy was violated by both approaches. 

The FBO approach reported lower bladder wall EUD and D0.1cm
3
  values of 4.02 Gy and 7.29 Gy, compare 

to the FCG approach. However, the FCG approach reported a 1.65 Gy lower D2cm
3
 value to compare to 

the FBO approach. The EUD hard constraint of 67.75 Gy for the sigmoid wall was violated by both 

approaches. The FBO approach delivered a plan with lower sigmoid wall EUD and D0.1cm
3
  values of 4.01 

Gy and 4.13 Gy.  A higher dose was recorded by the FBO approach in the rectum wall and recto-vaginal 

reference point. None of the rectum wall constraints was reached by any of the approaches. Still, the 

FCG recorded lower EUD, D2cm
3
  and D0.1cm

3
  values of 2.71 Gy, 2.57 Gy and 3.83 Gy. A higher recto-

vaginal reference point of 3.90 Gy was reported for the FBO approach; however, it was still below the 

65 Gy soft constraint. The bladder wall was the OAR volume of main concern due to the violation of 

 
186 (Kirchheiner et al., 2016) 
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the EUD and D2cm
3 hard constraint by both approaches. With this said, the FBO approach had the ability 

to recorded lower values for the bladder wall, but the FCG approach also led to lower values. 

Therefore, both approaches had their advantages, and there is no clear evidence to advocate the one 

approach over the other. 

In patient 10, higher CTV-TIR D90 % and D98 % values of 1.01 Gy and 1.05 Gy were recorded for the FBO 

approach. No significant difference was observed in the rest of the CTV-T values between the two 

approaches. The bladder wall EUD hard constraint was violated by the FCG approach but only reached 

by the FBO approach. The FBO approach recorded lower bladder wall EUD, D2cm
3
  and D0.1cm

3
  values of 

1.79 Gy, 1.21 Gy and 3.24 Gy compared to FCG approach. None of the small bowel, rectum and sigmoid 

wall constraints was violated. The FBO approach led to lower rectum wall EUD, D2cm
3
  and D0.1cm

3
  values 

of 1.41 Gy, 1.02 Gy and 2.08 Gy. The FCG approach recorded lower sigmoid wall and small bowel doses 

compared to the FBO approach. Lower small bowel EUD, D2cm
3
  and D0.1cm

3
  values of 3.34 Gy, 2.57 Gy 

and 5.41 Gy were recorded. Lower sigmoid wall EUD, D2cm
3
  and D0.1cm

3
  values of 1.35 Gy, 1.16 Gy and 

1.73 Gy were recorded. A lower recto-vaginal reference point of 1.27 Gy was reported for the FBO 

approach, even though both approaches recorded doses below 65 Gy. Even though the FCG approach 

led to lower values in the sigmoid and small bowel, no hard constraints were reached or violated in 

these volumes. The FBO approach exploited the flexibility of the small bowel and sigmoid wall dose 

values to its advantage to produce a plan with lower bladder wall doses in which the EUD hard 

constraint was violated and therefore are considered the superior approach in this case.  

In patient 11, the hard constraint of 90 Gy CTV-THR D90 % was reached in both approaches, and no 

significant difference was observed in the CTV-T values between the two approaches. Both 

approaches violated the EUD and D2cm
3 hard constraints of the bladder wall and small bowel. The FBO 

approach produced a plan with significant lower small bowel EUD, D2cm
3
  and D0.1cm

3
 values of 7.28 Gy, 

3.16 Gy and 10.12 Gy compared to the FCG approach. The rest of the OAR values recorded had no 

significant difference between the two approaches. When considering these results, the FBO 

approach clearly led to a better treatment plan compared to FCG approach. 

In patient 12, the FBO approach led to a lower dose in the bladder wall, rectum wall and small bowel. 

The FCG approach did not record any significant lower doses in any of the OAR volumes. The bladder 

wall and small bowel EUD hard constraints were violated by both approaches, and the rectum wall 

EUD hard constraint was only reached by the FCG approach. The FBO, however, recorded lower EUD 

and D0.1cm
3 values in these OAR volumes. The small bowel D2cm

3
  hard constraint was also violated by 

both approaches. The FCG approach only reached the bladder wall D2cm
3 soft constraint. The FBO 

approach recorded lower bladder wall EUD and D0.1cm
3
 values of 1.20 Gy and 2.29 Gy, respectively. 

Again, the FBO approach led to lower rectum wall EUD and D0.1cm
3
  values of 1.05 Gy and 1.15 Gy.  The 
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FBO approach produced a plan with lower small bowel EUD and D0.1cm
3
 values of 1.41 Gy and 1.71 Gy 

compared to the FCG approach. No significant difference was observed in the CTV-T values between 

the two approaches. With this said, the FBO approach led to a better plan compared to the FCG 

approach.  

In patient 13, the EUD hard constraints of the small bowel and rectum wall were violated by the FCG 

approach and only reached by the FBO approach. Both the approaches reached only the D2cm
3 soft 

constraint of the small bowel. A lower rectum wall EUD and D0.1cm
3
  values of 1.27 Gy and 1.52 Gy, and 

a lower recto-vaginal reference point of 1.52 Gy was reported for the FBO approach. The FBO 

approach produced a plan with lower small bowel EUD and D0.1cm
3
 values of 16.29 Gy and 11.68 Gy 

compared to the FCG approach. Higher CTV-THR values of 1.02 Gy and 1.04 Gy was also recorded by 

the FBO approach. When considering these results, the FBO approach was superior to the FCG 

approach in this case. 

In patient 14, no significant difference was observed in the CTV-T values between the two approaches. 

Both approaches violated the EUD hard constraints of the sigmoid wall and small bowel. The FCG 

approach led to higher sigmoid wall EUD and D0.1cm
3
 values of 5.84 Gy and 4.42 Gy. The small bowel 

D2cm
3
 soft constraint was reached by both approaches. The FCG approach managed to report lower 

small bowel EUD, D2cm
3
 and D0.1cm

3
 values of 1.98 Gy, 1.47 Gy and 3.59 Gy compared to the FCG 

approach. A lower recto-vaginal reference point of 1.23 Gy was reported for the FBO approach, with 

both approaches violating the soft constraint of 65 Gy. Both approaches led to lower OAR dose in one 

of the two OAR, small bowel and sigmoid wall. According to published data, the small bowel dose 

constraints take priority over the sigmoid constraints, and for this reason, the FCG approach can be 

chosen as the superior approach in this case 187. 

In patient 15, no significant difference was observed in the CTV-T values between the two approaches. 

The bladder wall D2cm
3
 soft constraint was only reached by the FCG approach, while both approaches 

violated the EUD hard constraint. Significant lower bladder wall EUD, D2cm
3
  and D0.1cm

3
  values of 4.90 

Gy, 1.96 Gy and 8.54 Gy was reported by the FBO approach compared to the FCG approach. None of 

the rectum and sigmoid wall constraints was reached by any of the approaches. Still, the FCG approach 

led to lower rectum wall EUD, D2cm
3 and D0.1cm

3
  values of 2.73 Gy, 2.55 Gy and 3.66 Gy. The D2cm

3
  values 

reported for the rectum was well below the 70 Gy soft constraint.  The small bowel D2cm
3
 hard 

constraint of 75 Gy was reached by both approaches, while both approaches violated the EUD hard 

constraint. The FBO approach managed to record lower small bowel EUD and D0.1cm
3
  values of 1.07 

Gy, and 1.95 Gy. A higher recto-vaginal reference point of 3.82 Gy was reported for the FBO approach, 

 
187 (Tanderup et al., 2020) 
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with only the FBO approach reaching the soft constraint of 65 Gy. The FBO approach recorded lower 

bladder wall and small bowel values which were violated in both approaches. With all this said, the 

FBO approach led to a superior outcome compared to the FCG approach.   

In patient 16, none of the bladder wall constraints was reached by any of the approaches. However, 

the FCG approach managed to report lower bladder wall EUD, D2cm
3
, and D0.1cm

3
 values of 3.17 Gy, 2.63 

Gy and 5.18 Gy compared the FBO approach. Both approaches violated the EUD hard and D2cm
3
 soft 

constraint of the small bowel, the FBO approach only managed to report a lower D0.1cm
3
 value of 1.26 

Gy. The FCG approach produced a plan that was 1.85 Gy lower for the recto-vaginal point, and this 

will, in effect, lead to a lower probability of developing vagiƴŀƭ ǎǘŜƴƻǎƛǎ όD җ нύ 188. No significant 

difference was observed in the CTV-T values between the two approaches. The bladder wall 

constraints were not reached by any approaches and therefore was not the OAR of main concern. In 

this case, the FCG approach seems to be superior, which led to a lower recto-vaginal point.  

In patient 17, the EUD hard constraint of the bladder wall was violated by the FCG approach and only 

reached by the FBO approach. Significant lower bladder wall EUD, D2cm
3
  and D0.1cm

3
  values of 4.02 Gy, 

1.31 Gy and 7.29 Gy was reported by the FBO approach. None of the small bowel, rectum and sigmoid 

wall constraints was reached by any of the approaches. However, the FCG approach recorded lower 

small bowel, rectum and sigmoid wall values compared to the FBO approach. The FCG approach led 

to lower sigmoid wall EUD and D0.1cm
3
  values of 1.16 Gy and 1.47 Gy. The FCG approach led to lower 

rectum wall EUD, D2cm
3
  and D0.1cm

3
  values of 1.42 Gy, 1.61 Gy and 2.01 Gy. The FCG approach also 

managed to record lower small bowel EUD, D2cm
3
  and D0.1cm

3
  values of 1.24 Gy, 1.44 Gy and 1.88 Gy, 

respectively. A higher recto-vaginal reference point of 2.90 Gy was reported for the FBO approach; 

however, no approach reached the soft constraint of 65 Gy. A higher CTV-THR D98 % value of 1.34 Gy 

was recorded by the FBO approach. The FBO approach exploited the flexibility of the small bowel, 

rectum and sigmoid wall dose values to its advantage to produce an approach that lowered the dose 

in the OAR of main concern, in this case, the bladder wall.  

In patient 18, higher CTV-THR EUD and D90 % values of 1.32 Gy and 1.53 Gy were recorded by the FBO 

approach. None of the OAR values showed a significant difference between the two approaches, 

except for the rectum wall and recto-vaginal reference point. The FBO approach recorded higher 

rectum wall D2cm
3
  and D0.1cm

3
  values of 2.17 Gy and 2.14 Gy, however, no rectum wall constraints was 

reached for both approaches. A higher recto-vaginal reference point of 2.34 Gy was reported for the 

FBO approach, with only the FBO approach violating the 65 Gy soft constraint, by a very small margin.  

 
188 (Kirchheiner et al., 2016) 
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None of the approaches reached the OAR hard constraints, while the FCG approach reported a lower 

rectum wall and recto-vaginal reference point values. The reported rectum wall values for both 

approaches still fall within the same sub-group of 65-70 Gy regarding the probability of late rectal 

effect; therefore, the FBO approach may be advocated for due to some increase in CTV-T dose 189. 

The difference in the average bladder wall EUD values was ƻŦ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦŜǊŜƴŎŜ ǿƛǘƘ ŀ Ǉ Җ лΦлрΦ 

The average bladder wall EUD was 79.68 ± 4.69 Gy and 78.19 ± 4.04 Gy, a 1.86 % difference between 

the FCG and FBO approach, respectively. No significant difference between the two approaches was 

reported for the average EUD values of the small bowel, sigmoid and rectum wall. The average small 

bowel EUD values of 70.05 ± 9.82 Gy and 69.26 ± 7.99 Gy were reported for the FCG and FBO approach, 

 
189 (Mazeron et al., 2016) 

(a) (b) 

(c) (d) 

Figure 36  - Comparison between the FCG and FBO approach per patient. The EUD values for (a) bladder wall, (b) small bowel, (c) rectum wall  
and (d) sigmoid wall. Note:  Data points for the FCG and FBO approach are indicated by hexagons and triangles, respectively. 
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respectively. The average rectum wall EUD values were recorded as 63.25 ± 3.86 and 63.38 ± 3.38 Gy  

Gy for the FCG and FBO approach, respectively. The average sigmoid wall EUD was recorded as 65.65 

± 8.00  Gy and 65.12 ± 6.72 Gy, for the FCG and FBO approach, respectively. 

Other parameters that were recorded: 

As displayed in Table 17, the dose to A Left and A Right is more comparable for both the approaches. The 

FBO approach led to significantly higher average TRAK values. 

Table 17 - Average dose to point A and TRAK values of FCG and FBO approach 

Approach A Left (Gy) A Right (Gy) TRAK (cGy at 1 m) 

FCG 77.02 ± 8.32 77.20 ± 10.23 1.58 ± 0.25* 

FBO 77.56 ± 8.51 75.80 ± 8.53 1.62 ± 0.23* 

*Tested for the significant difference with a p-ǾŀƭǳŜ Җ лΦлрΦ 

The FBO approach led to significant higher CTV-TIR D90 % and EUD values combined with significant 

lower bladder wall EUD and D0.1cm
3
 values. Aside from these differences, when patient plans were 

individually assessed, the FBO approach also led to more superior plans in more patients compared to 

the FCG approach. 

b) Inverse planning and optimisation 

The inverse planning and optimisation tool, as described in Section 3.3.5, were used to plan all 18 

patients. A total of 360 inverse Intracavitary IGABT  plans were optimised and planned. The 360 plans 

consist of 90 conventional optimistic plans, 90 conventional greedy plans, 90 biological optimistic 

plans and 90 biological greedy plans. The priorities set for the target and OAR volumes during the 

planning and optimisation process were the same as the forward planning and optimisation method, 

as described in Section 0. 

b.1) Inverse Conventional Optimistic (ICO) vs Inverse Conventional Greedy (ICG) 

A total of 180 Inverse Conventional plans were optimised and planned. The Inverse Conventional 

Optimistic (ICO) approach was executed, and the total OAR conventional constraints listed in Table 2 

were used as the dose constraints during the optimisation and planning process. Corresponding OAR 

biological parameters obtained during the conventional optimisation process were only noted and 

were not incorporated as limiting parameters.  The fractional OAR dose constraint was automatically 

calculated and applied by the IHDM by using Equation (39) and (40), for the ICO and ICG approach, 

respectively. 
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Table 18 provides the average CTV-THR and CTV-TIR D90 % D98 %  and D100 % values obtained for the Inverse 

Conventional Optimistic (ICO) approach versus the Inverse Conventional Greedy (ICG) approach. 

Evaluating these results below no significant differences can be seen in all the CTV-T parameters for 

the ICG approach compared to the ICO approach considering the whole patient population.  

Table 18 - Average CTV-T D90 % D98 % and D100 % values for the ICO and ICG approach 

Approach 

CTV-THR 

D90 % (Gy) 

CTV-THR 

D98 %  (Gy) 

CTV-THR 

D100 % (Gy) 

CTV-TIR 

D90 % (Gy) 

CTV-TIR 

D98 %  (Gy) 

CTV-TIR 

D100 % (Gy) 

ICO 91.24 ± 2.58 80.69 ± 2.96 73.70 ± 3.29 66.46 ± 2.44 62.81 ± 2.11 60.59 ± 1.85 

ICG 91.22 ± 2.57 80.67 ± 2.93 73.66 ± 3.25 66.44 ± 2.42 62.79 ± 2.10 60.57 ± 1.82 

 

Again, the difference in approaches was evaluated per patient. Results are displayed in Figure 37 to 

Figure 39. As illustrated in Figure 37, the D90 % hard constraint of the CTV-THR were reached in all the 

patients. No significant difference in the CTV-T D90 % and EUD values can be noted between the ICO 

and ICG approach. Average CTV-THR  and CTV-TIR EUD values of 107.57 ± 2.57 Gy and 78.75 ± 3.18 Gy 

were reported for the ICO approach, whereas values of 107.55 ± 2.55 Gy and 78.73 ± 3.15 Gy were 

recorded for the ICG approach. 

Six patients received an average D90 % value greater than the set D90 % hard constraint of 90 Gy. The D90 

% soft constraint was reached in one patient, patient 13,  with a D90 % value of 100.64 Gy. This was 

without violating any OAR walls D2cm
3 constraints, just reaching the small bowel D2cm

3
 soft constraint. 

Even though the OAR EUD values were not incorporated as dose-limiting parameters during the ICO 

and ICG optimisation process, the EUD values were still recorded and evaluated. When the 

corresponding OAR EUD values for patient 13 are evaluated, it is noted that the small bowel and 

rectum wall EUD hard constraint was violated.  The violation of the small bowel and rectum wall EUD 

hard constraint is not justified, because even though patient 13 reached a dose of 100.45 Gy, it has 

been reported that a CTV-THR D90 % җ ур Dȅ ŀƴŘ ŀ /¢±-THR size of 29 cm3 already result in a 3-year local 

control rate > 93 %. Exceptional local control of 96 % has been reported at 95 Gy, with this said it does 

not seem relevant to further dose escalate beyond 95 Gy, in this case, as it would not translate to 

higher local control 190. 

 

 
190 (Pötter et al., 2018) 
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As illustrated in Figure 37, the D90 % hard constraint of the CTV-THR was exceeded in five other patients, 

patient 2, 5, 10, 17 and 18. Table 19 displays the corresponding D2cm
3 and D0.1cm

3 values for the OAR 

walls as well as the recto-vaginal reference point values for the ICO and ICG approach across the whole 

population. 

 

 

 

 

 

(a) (b) 

(c) (d) 

Figure 37 - Comparison between the ICO and ICG approach per patient. CTV-THR  (a) D90 % and (b) EUD, CTV-TIR (c) D90 % and (d) EUD. Note:  Data 
points for the ICO and ICG approach are indicated by hexagons and triangles, respectively. 
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Table 19 - Average D2cm
3

  and D0.1cm
3

 values for all OAR walls of the ICO and ICG approach. 

 Bladder wall Small bowel Rectum wall Sigmoid wall Recto-vaginal 

Approach 
D2cm

3
 (Gy) 

Average ± SD 

D2cm
3
  (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

Dose point 

(Gy) 

Average ± SD 

ICO 78.88 ± 4.68 69.39 ± 7.77   64.17 ± 3.92 69.39 ± 7.77  67.35 ± 4.12 

ICG 78.89  ± 4.69 69.39 ± 7.79 64.15 ± 3.92 69.39 ± 7.79  67.31 ± 4.11 

Approach 
Bladder wall 

D0.1cm
3
 (Gy) 

Small bowel 

D0.1cm
3
 (Gy) 

Rectum wall 

D0.1cm
3
 (Gy) 

Sigmoid wall 

D0.1cm
3
 (Gy) 

- 

ICO 97.86 ± 9.60 81.84 ± 13.57 71.69 ± 6.17 71.25 ± 12.00 -- 

ICG 97.86 ± 9.59 81.84 ± 13.61 71.63 ± 6.17 71.21 ± 12.00 - 

 

The difference in the D2cm
3, D0.1cm

3, dose point values (see Table 19) for the ICO and ICG approach, for 

the whole patient population, are of no significant value. Figure 38 and Figure 39 display the OAR dose 

results that were obtained for the ICO and ICG approach per patient. 
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The D2cm
3 hard constraint of the bladder wall was reached in one patient and violated in two patients, 

while the D2cm
3 soft constraint was reached in five patients and violated in five patients. The average 

bladder wall D2cm
3 were 78.88 ± 4.68 Gy and 78.89 ± 4.69 Gy for the ICO and ICG approach, 

respectively. The D2cm
3 hard constraint of the small bowel was violated in four patients, while the soft 

constraint was reached/violated in thirteen patients. The average small bowel D2cm
3 was 69.39 ± 7.77 

Gy and 69.39 ± 7.79 Gy for the ICO and ICG approach, respectively. The D2cm
3 hard constraint of the 

rectum and sigmoid wall were not reached/violated. One patient violated the D2cm
3 soft constraint of 

the rectum and sigmoid wall. The average rectum wall D2cm
3 was 64.17 ± 3.92 Gy and 64.15 ± 3.92 Gy 

for the ICO and ICG approach, respectively.  The average sigmoid wall D2cm
3 was 61.78 ± 5.04 Gy and 

(a) (b) 

(c) (d) 

Figure 38 - Comparison between the ICO and ICG approach per patient. The D2cm
3 values for (a) bladder wall, (b) small bowel, (c) rectum wall  

and (d) sigmoid wall. Note:  Data points for the ICO and ICG approach are indicated by hexagons and triangles, respectively. 
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61.77 ± 5.04 Gy for the ICO and ICG approach, respectively. From these results, no significant 

difference between the two optimisation techniques is recorded. The corresponding OAR EUD values 

are illustrated in Figure 39. Again, it is evident from Figure 38 and Figure 39 that the bladder wall and 

small bowel are the most limiting OAR volumes. 

 

As illustrated in Figure 39, the EUD hard constraint of the bladder wall was reached/violated in thirteen 

patients, while the small bowel was reached/violated in ten patients. The average bladder wall EUD 

was 78.88 ± 5.39 Gy and 78.90 ± 5.40 Gy for the ICO and ICG approach, respectively. The average small 

bowel EUD was 69.28 ± 8.00 Gy and 69.29 ± 8.03 Gy for the ICO and ICG approach, respectively. The 

(a) (b) 

(c) (d) 

Figure 39 - Comparison between the ICO and ICG approach per patient. The EUD values for (a) bladder wall, (b) small bowel, (c) rectum wall and 
(d) sigmoid wall. Note:  Data points for the ICO and ICG approach are indicated by hexagons and triangles, respectively. 
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EUD hard constraint of the rectum and the sigmoid wall was respectively reached/violated in five and 

six patients. The average rectum wall EUD was 65.29 ± 4.22 Gy and 65.25 ± 4.22 Gy for the ICO and 

ICG approach, respectively.  Also, the average sigmoid wall EUD was 66.07 ± 9.55 Gy and 66.05 ± 9.55 

Gy for the ICO and ICG approach, respectively. However, no significant difference in OAR D2cm
3
 and 

EUD values per patient was observed for the ICO and ICG approach in Figure 38 and Figure 39.  

Other parameters that were recorded: 

The dose to point A and TRAK values are summarised in Table 20. The average dose to point A Left and 

A Right reported minimal differences between the two approaches. No significant difference between 

the ICO and ICG average TRAK values was recorded. 

Table 20 - Average dose to point A and TRAK values of ICO and ICG approach 

Approach A Left (Gy) A Right (Gy) TRAK (cGy at 1 m) 

ICO 85.47 ± 22.63 81.77 ± 15.94 1.73 ± 0.24 

ICG 85.50 ± 22.64 81.77 ± 15.99 1.73 ± 0.24 

 

The difference between ICO and ICG approach, in terms of the whole patient population or per 

patient, is negligible. Therefore, there is no preferred approach when considering the ICO and ICG 

approach. 

b.2) Inverse Biological Optimistic (IBO) vs Inverse Biological Greedy (IBG) 

A total of 180 Inverse Biological plans were optimised and planned. The Inverse Biological Optimistic 

(IBO) approach was executed; the total OAR biological constraints listed in Table 3 were used as the 

dose constraints during the optimisation and planning process. Corresponding OAR conventional 

parameters obtained during the biological optimisation process were only noted and were not 

incorporated as limiting parameters. The fractional OAR dose constraint was automatically calculated 

and applied by the IHDM by using Equations (39) and (40), for the IBO and IBG approach, respectively. 

Table 21 provides the average CTV-THR and CTV-TIR D90 % D98 %  and D100 % values obtained for the Inverse 

Biological Optimistic (IBO) approach compared to the Inverse Biological Greedy (IBG) approach.  
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Table 21 - Average CTV-T D90 % D98 % and D100 % values for the IBO and IBG approach 

Approach 

CTV-THR 

D90 % (Gy) 

CTV-THR 

D98 %  (Gy) 

CTV-THR 

D100 % (Gy) 

CTV-TIR 

D90 % (Gy) 

CTV-TIR 

D98 %  (Gy) 

CTV-TIR 

D100 % (Gy) 

IBO 91.82 ± 3.18 81.53 ± 3.41 74.41 ± 3.57 67.14 ± 2.52 63.46 ± 2.31 61.14 ± 2.01 

IBG 91.86 ± 3.13 81.53 ± 3.38 74.39 ± 3.57 67.13 ± 2.47 63.43 ± 2.27 61.11 ± 1.97 

 

The outcome between the two approaches, considering the results in Table 21, are comparable. No 

major differences were recorded for the average CTV-T volumes between the two approaches. These 

results were evaluated in more detail in Figure 40. 
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As illustrated in Figure 40, the CTV-TIR D90 % and EUD values were the same, with virtually no difference 

in patient 17 and 18 for the IBO and IBG approach. Average CTV-TIR EUD values of 79.46 ± 3.21 Gy and 

79.44 ± 3.15 Gy were recorded for the IBO and IBG approach, respectively. The CTV-THR EUD values 

were also comparable for the two approaches, except for patient 6 and 18, who recorded a higher 

value for the IBG approach compared to the IBO approach. Average CTV-THR EUD values of 108.10 ± 

3.20 Gy and 108.15 ± 3.13 Gy were recorded for the IBO and IBG approach, respectively. Considering 

the differences in CTV-THR D90 % per patient, patient 3 and 18 reported differences in their CTV-THR D90 

% values. Patient 3 reported higher values for the IBG approach, in contrast to patient 18, who reported 

higher values for the IBO approach.  

(a) (b) 

(c) (d) 

Figure 40 - Comparison between the IBO and IBG approach per patient. CTV-THR  (a) D90 % and (b) EUD, CTV-TIR (c) D90 % and (d) EUD. Note:  Data 
points for the IBO and IBG approach are indicated by hexagons and triangles, respectively. 
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Seven patients received an average CTV-THR D90 % value greater than the set D90 % hard constraint of 

90Gy. The D90 % soft constraint of 95 Gy was reached in three patients. Patient 2 and 13 reached the 

95 Gy constraint for both approaches, while patient 18 only reached the D90 % soft constraint for the 

IBO approach, with the IBG approach just falling short. The D90 % soft constraints for these three 

patients were reached without violating any OAR wall EUD constraints. Even though the OAR D2cm
3 

values were not incorporated as dose-limiting parameters during the IBO and IBG optimisation 

process, the D2cm
3 values were still recorded and evaluated. When the corresponding OAR D2cm

3 values 

for patient 2 and 13 are evaluated, it is noted that the small bowel hard constraint was violated. For 

patient 18, the bladder wall D2cm
3
 value was violated.  

As mentioned earlier, the excessive CTV-THR dose reported in patient 13 will not contribute to even 

better local control rates, and with this, the violation of the small bowel constraint is not justified. 

The D2cm
3,  D0.1cm

3, recto-vaginal reference point values for the IBO and IBG approach for the whole 

patient population are given in Table 22 

Table 22 ς Average D2cm
3 and D0.1cm

3
 values for all OAR walls of the IBO and IBG approach 

 Bladder wall Small bowel Rectum wall Sigmoid wall Recto-vaginal 

Approach 
D2cm

3
 (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

D2cm
3
 (Gy) 

Average ± SD 

Dose point 

(Gy) 

Average ± SD 

IBO 78.73 ± 4.55 70.09 ± 7.69 64.30 ± 3.39 61.81 ± 4.39 67.67 ± 3.83 

IBG 78.72 ± 4.50 70.07 ± 7.69 64.28 ± 3.44 61.77 ± 4.39 67.61 ± 3.93 

Approach 

Bladder wall  

D0.1cm
3
 (Gy) 

Small bowel  

D0.1cm
3
 (Gy) 

Rectum wall  

D0.1cm
3
 (Gy) 

Sigmoid wall 

D0.1cm
3
 (Gy) 

- 

IBO 95.61 ± 8.18 81.67 ± 12.20 71.55 ± 4.95 70.64 ± 8.98 - 

IBG 95.58 ± 8.10 81.66 ± 12.28 71.52 ± 5.03 70.53 ± 8.96 - 

 

The IBO and IBG approach led to the same average D2cm
3
 and D0.1cm

3 values for all the OAR walls, as 

summarised in Table 22. The outcome was again evaluated per patient Figure 41 and Figure 42. 
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As seen in Figure 41, the EUD hard constraint of the bladder wall was reached/violated in fifteen and 

fourteen patients, for the IBO and IBG approach, respectively. The average bladder wall EUD values of 

77.66 ± 4.73 Gy and 77.64 ± 4.70 Gy were recorded for the IBO and IBG approach, respectively.  The 

small bowel EUD hard constraint was reached/violated in eight patients for both approaches, with 

average small bowel EUD values of 68.87 ± 7.35 Gy and 68.86 ± 7.39 Gy for the IBO and IBG approach, 

respectively. The EUD hard constraint of the rectum wall was reached/violated in three patients with 

the IBO approach and in four patients with the IBG approach. The average rectum wall EUD values of 

65.09 ± 3.39 Gy and 65.06 ± 3.44 Gy recorded for the IBO and IBG approach, respectively. The sigmoid 

wall was reached/violated in six patients for both approaches. The average sigmoid wall EUD was 

(a) (b) 

(c) (d) 

Figure 41 - Comparison between the IBO and IBG approach per patient. The EUD values for (a) bladder wall, (b) small bowel, (c) rectum wall  
and (d) sigmoid wall. Note:  Data points for the IBO and IBG approach are indicated by hexagons and triangles, respectively. 
































































































































































