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ABSTRACT 

Purpose: The link between radiotherapy bladder dose and chronic urinary toxicity is 

unclear. This thesis took the unique stance that robust associations between bladder 

dose and toxicity will not be found unless the dose incorporates the effects of daily 

bladder motion. The purpose of this thesis was to develop and validate novel techniques 

to reconstruct the dose delivered to the normal bladder functional tissue during 

fractionated radiotherapy. 

 

Methods: This was a 7-phase quantitative research design. Phase-1 evaluated bladder 

and trigone delineation on planning CTs (planCT) for 30 patients. Phase-2 evaluated 

bladder wall delineation on treatment images (CBCT) for 10 patients. Phase-3 varied 

the calculation dose grid spacing for 15 patients to determine the optimal interval for 

bladder wall (BW) and trigone DVHs. Phase-4 evaluated the use of linear elastic 

modelling and finite element analysis (LEM/FEA) to deform the bladder surfaces and 

intra-wall elements for 24 patients. Phase-5 determined whether LEM/FEA software 

could accurately render the initial dose distribution and then map elements within that 

distribution for 10 patients. Phase-6 combined techniques developed in the previous 

phases to reconstruct bladder and trigone delivered dose for 30 patients, exploring 

factors that influenced the difference between planned dose (planDose) and 

reconstructed dose (reconDose). Phase-7 associated bladder and trigone reconDose with 

an objective indicator of chronic urinary toxicity for 59 patients.  

 

Results: Semi-automated bladder delineation differed <2cm3 from manual delineation 

on planCT, but demonstrated less observer variability (Intraclass Correlation 

Coefficient [ICC] >0.77 vs. >0.49; p 0.001). Manual trigone delineation was associated 

with substantial observer variability (ICC <0.49), but less variable automated methods 
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failed to accurately approximate the dose (-20%; p 0.001). Propagated CBCT contours 

were slightly larger than manual contours (+8%; p 0.001), but demonstrated less 

observer variability (Dice Similarity Coefficient 0.84 vs. 0.90; p 0.008). The use of an 

equation to delineate IB on CBCT differed <2cm3 from manual delineation. Dose grid 

spacing >1.5mm significantly underestimated bladder volume receiving 78Gy (-3cm3; p 

0.002). LEM/FEA transformed surface and intra-wall element positions with an 

accuracy of <1mm, and rendered and mapped the dose to within 0.5% of the treatment 

planning system. Bladder reconDose was 8Gy higher than planDose for prostate IMRT 

and cervix 4-field, but lower for rectum 3-field (p <0.05). Trigone reconDose was 

similar to planDose for cervix 4-field (p >0.1), but higher for prostate IMRT and lower 

for rectum 3-field (+6Gy and -9Gy, respectively; p <0.016). The difference between 

bladder planDose and reconDose was dependent on bladder filling variation and plan 

dose gradient, and was effected by the number and sequence of images included in the 

reconstruction process. The incidence of chronic urinary toxicity was associated with 

the bladder volume within the reconstructed 35-50Gy isodose region (1cm3 increment: 

Odds Ratio [OR] 1.06; p 0.03). Bladder planDose was correlated with reconDose in that 

region (R2 >0.5), and was also associated with toxicity (OR 1.07; p 0.03). Neither 

trigone planDose nor reconDose was related to toxicity (OR 0.79-1.2; p 0.77). 

 

Conclusions: The methods developed and tested in this thesis were able to accurately 

and reproducibly reconstruct the dose delivered to the bladder functional tissue, such 

that clear associations between bladder dose and an objective indicator of urinary 

dysfunction were identified. Using these methods to reconstruct bladder delivered dose 

has the potential to reveal the relationship between bladder dose and chronic toxicity 

within a prospective clinical trial, and contribute to minimizing the risk of toxicity using 
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inverse planning, improve the accuracy of radiobiological predictions and assist in the 

identification of useful biomarkers. 
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BACKGROUND 
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1.1  CLINICAL CONTEXT 

More than three million people worldwide are diagnosed with primary cancer in the 

pelvis every year, accounting for approximately 22% of all new cancer diagnoses 

(Figure 1.1) (Ferlay et al., 2012). The advent of modern radiotherapy techniques has 

facilitated the delivery of radio-biologically optimal dose to pelvic targets, resulting in 

an estimated 40% of cancer patients cured by radiotherapy (Bentzen et al., 2005).  

 

 

Figure 1.1: Incidence and mortality of the 20 most common cancers worldwide for 
2012, arranged in descending total incidence (Ferlay et al., 2012). Pelvic cancers 
highlighted in green.  
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The ultimate goal of radiotherapy is not only to provide a high probability of cure 

however, but also to inflict only minimal damage in the surrounding normal tissues. 

Often this cannot be achieved because of the high doses required for effective local 

control, and the burden of radiotherapy side effects on cancer survivors can be extensive 

and incapacitating (Gilbert, Miller, Hollenbeck, Montie, & Wei, 2008). Furthermore, 

the number of cancer survivors in North America has risen three-fold in the last 30 

years (Bentzen, 2006) and increasing numbers of these individuals are now living with 

long-term normal tissue morbidity from radiation (Schaake et al., 2014; Yabroff, 

Lawrence, Clauser, Davis, & Brown, 2004).  

 

The category of normal tissue morbidity experienced by pelvic radiotherapy survivors is 

dependent on the organs contained within the radiation field (Travis, 2007). It may 

present as any combination of; skin erythema, small or large bowel dysfunction, bone 

marrow depletion, bony insufficiency fractures, joint dysfunction, or chronic fatigue; 

depending on the radiotherapy technique and dose used (Einhorn et al., 2003a, 2003b; 

Glimelius, Gronberg, Jarhult, Wallgren, & Cavallin-Stahl, 2003; Nilsson, Norlen, & 

Widmark, 2004; Widmark, Flodgren, Damber, Hellsten, & Cavallin-Stahl, 2003). Not 

least amongst these treatment sequelae is radiation-induced urinary bladder dysfunction.  

 

Studies using sophisticated radiotherapy planning and delivery techniques still estimate 

the risk of chronic bladder toxicity from non-bladder cancer pelvic radiotherapy at 9-

23% (Jani, Su, Correa, & Gratzle, 2007; Skala et al., 2007). For these individuals, not 

only is their urinary function impaired but additional deleterious effects may be 

experienced as a secondary consequence of urinary toxicity, such as poor sexual 

function, impaired emotional and psycho-social function and reduced quality of life 

(Henningsohn, Wijkstrom, Dickman, Bergmark, & Steineck, 2002). Consequently, 
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urinary toxicity caused by modern fractionated external beam radiotherapy (ƒEBRT), 

remains a common and profoundly debilitating toxicity that affects increasing numbers 

of cancer survivors worldwide (Ferlay et al., 2012).  

 

The three most common pelvic cancer sites to receive curative radiotherapy are rectum, 

prostate and cervix (Ferlay et al., 2012). For these sites, the normal (non-cancerous) 

bladder is considered an important organ-at-risk that should be avoided if possible, but 

all of these sites will inevitably have some portion of the normal bladder wall included 

in the irradiated volume.  

 

Interest in the relationship between the spatial distribution of radiotherapy dose within a 

normal organ and the consequential dysfunction of that organ has expanded sharply in 

recent years due to the increasingly common use of complex planning techniques (e.g. 

intensity modulated radiation therapy [IMRT]) which can manipulate the distribution of 

dose to spare normal organs. The rationale behind the use of these dose constraint-

driven planning techniques is that the incidence of radiation-induced organ toxicity can 

be minimized by reducing the dose received by critical volumes of that organ (Ling, 

Kutcher, & Mohan, 1995). A high-level evidence base for the relationship between 

organ toxicity and the dose/volume pairings is required however, if the anticipated 

reductions in morbidity are to be achieved. Many authors have successfully identified 

critical dose/volume parameters linked to the risk of rectal toxicity following ƒEBRT 

(Vargas et al., 2005). These relationships have been repeatedly tested and substantiated 

in numerous independent confirmatory studies (Fiorino et al., 2002; Greco et al., 2003; 

Vordermark et al., 2003) and their use during IMRT planning has been attributed with a 

clinically significant reduction in the incidence of chronic rectal bleeding (Figure 1.2) 

(Zelefsky et al., 2001). 
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Figure 1.2: Kaplan-Meier actuarial probability of rectal bleeding, according to dose. 
Red lines indicate delivery of 81Gy to prostate clinical target volume (CTV) using CRT 
without dose constraints (Dashed) vs. with IMRT dose constraints (Solid). Figure from 
Zelefsky et al., 2001: p. 879. 
 

Despite successful identification of the link between radiotherapy dose and rectal 

dysfunction, relationships postulated between dose/volume parameters and urinary 

toxicity remain uncorroborated and contentious. Between January 1999 and July 2014, 

31 publications attempted to identify the link between radiotherapy dose and the risk of 

chronic urinary toxicity for the normal bladder. Twelve of these studies identified 

various dosimetric associations with the incidence of chronic urinary toxicity (Table 

1.1). Regardless of toxicity grade used, the incidence of chronic urinary toxicity 

increased when higher target doses were prescribed (Chen et al., 2007; Dearnaley et al., 

2005; Peeters et al., 2005; Zelefsky et al., 2001). In addition, several studies found key 

dose/toxicity associations from the bladder DVH (Cheung et al., 2007; Harsolia et al., 

2007; Michalski et al., 2000). When the DVH curve was reduced to a single value using 

area under the histogram curve (AUC) or equivalent uniform dose (EUD) reduction 

methods, several positive associations were also found (Fleming, Kelly, Thirion, 
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Fitzpatrick, & Armstrong, 2011; Pinkawa et al., 2006). A few studies attempted to link 

urinary toxicity to functionally heterogeneous segments of the bladder wall, finding 

independent associations between toxicity and the dose to the trigone (Ghadjar et al., 

2014; Heemsbergen et al., 2010). 

Table 1.1: Articles published between 1999 and 2014 that demonstrated a significant 
relationship between radiotherapy dose and chronic urinary toxicity. 
 

Article 
Prescribed 

dose (Gy) 

RT 

technique 

#  

patients 

Significant association between dose and 

toxicity 

Michalski  

2000 
68 or 74 CRT 288 ↑ logV65Gy ↑G2+ 

Zelefsky  

2001 

65 or 70 or 

75.6 or 81 or 

86.4 

CRT or 

IMRT 
1100 PD > 75.6Gy ↑G2+ 

Dearnaley  

2005 
64 or 74 

Conv plus 

CRT 
127 PD >74Gy ↑ Frequency 

Peeters  

2005 
68 or 78 CRT 643 PD ≥78Gy ↑ Nocturia 

Pinkawa  

2006 
70.2 CRT 80 ↑AUC ↑ Bother @ 16mon 

Chen 

2007 

Variable (68-

78) 
IMRT 125 ↑ PTVmean ↑G2+ 

Cheung  

2007 
78 

Conv plus 

CRT 
128 ↑ V78Gy to >3% of bladder wall ↑G1+ (30% vs 11%) 

Harsolia  

2007 

Variable (70-

80) 
CRT 331 

Wall D30cm3 ≥ 30Gy ↑ Retention (RR 10.0) 

Wall ↑ V82Gy > 7cm3 ↑G3 & ↑ Retention (RR 6.0) 

Heemsbergen  

2010 
68 or 78 CRT 557 

80Gy SurfAr >0.5cm2 ↑ Obstruction (HR 3.5) 

Trigone point >47Gy ↑ Obstruction (HR 2.6) 

Fleming  

2011 

69.5 or 70 or 

73.7 
CRT 180 EUD >53.4Gy ↑G2+ (HR 3.3) 

Ahmed  

2013 

Variable (67 – 

81) 
Conv + CRT 501 AUC> 6000 ↑G2+ (RR 2.0 for patients older than 68yrs) 

Ghadjar 

2014 
86.4 IMRT 268 Trigone max dose >86Gy (HR 2.7 for IPSS inc >10) 

 
Abbreviations: Conv (conventional planning), CRT (conformal planning), IMRT 
(intensity modulated planning), G2+ (incidence of grade 2 or above toxicity), RR 
(relative risk), HR (hazard ratio), AUC (area under curve), EUD (equivalent uniform 
dose), Vxx (volume receiving xx dose), Dmax, Dmin etc. (maximum dose, minimum 
dose etc.)  
 

Unfortunately, these instances of a positive relationship are incongruent with each 

other, and are in direct opposition to the findings from most other studies, which 

reported no such association when testing the same parameters (Brabbins et al., 2005; 
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Devisetty, Zorn, Katz, Jani, & Liauw, 2010; Harsolia et al., 2007; Jani et al., 2003; 

Jereczek-Fossa et al., 2010; Karlsdottir, Muren, Wentzel-Larsen, & Dahl, 2008; Koper 

et al., 2004; Kuban et al., 2008; Michalski et al., 2005; Michalski et al., 2002; Michalski 

et al., 2003; Michalski et al., 2013; Pederson, Fricano, Correa, Pelizzari, & Liauw, 

2012; Pinkawa et al., 2006; Pollack et al., 2002; Ryu et al., 2002; Skala et al., 2007; 

Storey et al., 2000; Thor et al., 2013; Valicenti et al., 2003; Zelefsky et al., 2002). Even 

the results of the positive studies showed no internal consistency and they sometimes 

refuted their own associations (Ahmed et al., 2013; Chen et al., 2007; Dearnaley et al., 

2005; Michalski et al., 2000; Pinkawa et al., 2006). Furthermore, no positive association 

between radiotherapy dose/volume parameters and chronic urinary toxicity has been 

successfully replicated by another author. Clearly, the information on the relationship 

between dose and urinary toxicity currently available in the literature is insufficient to 

provide an evidence-base for the application of safe bladder dose/volume constraints 

during radiotherapy planning and no reduction in the incidence of urinary toxicity has 

been seen with IMRT (Skala et al., 2007; Zelefsky et al., 2001). The literature 

evaluating the relationship between the dose/volume characteristics of ƒEBRT and 

chronic urinary toxicity was subjected to a full critique in Chapter 2, but the inability to 

find consistent associations between dose and toxicity is most likely caused by 

methodological limitations in the collection and analysis of the two primary variables 

for these studies. 

 

Firstly, there is difficulty in precisely determining the type and severity of bladder 

dysfunction as a direct result of radiotherapy. Most studies rely on patient-reported 

changes in symptoms during and after radiotherapy (Rosewall et al., 2010). Although 

patient-reported symptoms are more indicative of actual dysfunction than physician-

recorded changes (Basch et al., 2006), these studies often suffer from a lack of pre-
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treatment baseline and ‘recall bias’ (Fowler et al., 1993) making it difficult to actually 

attribute the reported changes to radiotherapy. Moreover, those subjective descriptors of 

toxicity exhibit significant observer variability when assigning a particular grade of 

dysfunction (Rosewall et al., 2009). When attempting to find dosimetric commonalities 

amongst patients experiencing a particular severity of post-radiotherapy toxicity, it is 

vital that the level of toxicity is correctly classified. Thus, the subjectivity of current 

toxicity quantification paradigms likely contributes to the difficulties in finding an 

association between dose and toxicity. Yet, the impact of those grading inaccuracies is 

considered minimal, compared to the inaccuracies in the quantification of radiotherapy 

dose (Bentzen, 2006). A review of normal bladder anatomy and physiology, in 

combination with the effects of radiotherapy on the functional tissue is presented in 

Section 1.2, below. 

 

Secondly, the inability to link symptoms of urinary toxicity to the dose received by the 

bladder may be because all but one of the studies relied solely on a calculation of dose 

from a single pre-treatment planning computed tomograph (CT). Also, there is an over-

reliance on the use of prescription dose to describe bladder dose but, in the era of IMRT 

and adaptive radiotherapy these two parameters are no longer correlated (Huang et al., 

2008; Martinez et al., 2001). When DVHs are used, the bladder is commonly delineated 

as a solid structure, and this practice combines the dose to the urine with the dose to the 

functional bladder tissue. Because the volume of urine is often more than five times 

larger than the volume of the bladder tissue, the practice of including the urine in the 

dose calculation will obfuscate any relationship with urinary toxicity (Rosewall et al., 

2011). In addition to these systematic errors at the time of planning, the bladder wall 

moves and changes shape during ƒEBRT (Pinkawa et al., 2007). Those changes can 

result in substantial discrepancies between the pre-treatment planning estimates and the 
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dose actually delivered (Godley, Ahunbay, Peng, & Li, 2012; Wen et al., 2012). 

Obviously, the severity of toxicity experienced by an individual will be related to the 

dose actually delivered to the functional bladder tissue. A newly developed cluster of 

interrelated techniques, together referred to as dose reconstruction, can be used to 

calculate the dose actually delivered to the bladder by using three dimensional (3D) 

deformable registration algorithms to sum the daily delivered dose into a cumulative 

dose by taking into account daily organ position and shape changes (Jaffray, Lindsay, 

Brock, Deasy, & Tome, 2010). This novel and complex series of processes are fully 

described in Section 1.3. 

 

1.2  EFFECT OF RADIATION ON THE BLADDER 

1.2.1 Normal Anatomy and Function 

The urinary bladder is a hollow and distensible organ which lies behind the symphysis 

pubis and in front of the rectum (Gray, 1918) (Figure 1.3). The primary function of the 

bladder is to expand to store urine excreted by the kidneys prior to contraction for urine 

disposal during micturition (Gray, 1918).  
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Figure 1.3: Mid sagittal magnetic resonance image of the female pelvis illustrating the 
position of the urinary bladder within the pelvis. Ruching of inner bladder surface can 
be seen, in contrast to the smooth inner surface of the trigone region. 
 

The wall of the bladder consists of multiple layers of cellular tissue, each with specific 

physiological functions, comprising (from outer to inner) the muscularis propria, lamina 

propria and urothelium (Figure 1.4). The detrusor muscle of the muscularis propria 

consists of three layers of smooth muscle fibres which maintain organ architecture, 

stretch during filling and contract during voiding (Gray, 1918). When the bladder is full 

and the muscular layers are stretched, the parasympathetic nerves embedded within the 

bladder wall signal the detrusor muscle to contract (Teichman & Moldwin, 2007). This 

expels urine via the autonomically controlled internal sphincter and the voluntarily 

controlled external sphincter (Milosevic & Gospodarowicz, 2007). 

Bladder 

Uterus 

Rectum 

Symphysis 
Pubis 

Small Bowel 

Trigone 
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Figure 1.4: Full thickness digital image of a cystectomy specimen, demonstrating the 
histological layers of the normal bladder wall. Figure courtesy of Dr AJ Evans, staff 
pathologist at University Health Network, Toronto. 
A – Muscularis Propria; B – Lamina Propria; C – Urothelium 
+ Bladder lumen; † Fat cells; ‡ Capillaries 
 

The lamina propria is a complex connective tissue, which links together the muscular 

and epithelial layers (Gray, 1918). Within the lamina propria lie the blood vessels, 

lymphatics and nerves which supply the bladder wall. Throughout most of the bladder 

wall, it is loosely attached to the muscular layer which allows the lamina propria to 

gather into folds when the bladder is empty and to expand without tearing as it fills. 

This maintains an even distribution of nutrients to and from the bladder tissue.  

 

The whole surface of the urinary bladder is coated with a highly specialized transitional 

cell epithelium called the urothelium (Apodaca, 2004; Southgate et al., 2007). When 

viewed in cross section, it is composed of three histologically distinct cell layers 

(Birder, 2006; Lewis, 2000; Southgate et al., 2007; Teichman & Moldwin, 2007). Basal 
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layer cells are small, and form a single row of cuboid cells in direct contact with the 

underlying capillary bed (Gray, 1918). These tissue-specific stem cells are capable of 

dividing for the lifetime of the host and generate a pool of maturing cells to maintain 

tissue homeostasis (Southgate et al., 2007). The intermediate cells are pyriform in shape 

and form a tissue layer several cells thick (Apodaca, 2004; Gray, 1918). They are 

thought to be generated by fusion of the basal cells (Lewis, 2000) and in turn, fuse 

together to form the “umbrella cells” of the apical layer (Apodaca, 2004). The umbrella 

cells are very large, flat and terminally differentiated (Gray, 1918). The exposed 

membrane of these cells constitutes the surface of the bladder lumen. The umbrella cells 

were first thought to form a stable and impenetrable barrier to prevent the leakage of 

urine into the underlying tissue (Apodaca, 2004). Now, the urothelium is considered to 

be a multifunctional tissue layer with an active role in dynamic adaptive permeability 

(Southgate et al., 2007), cellular communication (Teichman & Moldwin, 2007) and 

bacterial infection prevention through the production of GlycosAminoGlycan (GAG) 

mucus (Birder & de Groat, 2007; Parsons, 2007). 

 

Although bladder functional heterogeneity is still a controversial subject, the bladder 

trigone  (region between insertion points of the ureters and the urethra), demonstrates 

clear histological and physiological differences from the remainder of the bladder wall 

(Marks, 1996; Mettler & Upton, 1995; Milosevic & Gospodarowicz, 2007). Only over 

the trigone, is the lamina propria always smooth and flat, and closely attached to the 

muscular layer even when the bladder is empty. The trigone urothelium consists of 

fewer intermediate cell layers than the bladder dome (Jost, Gosling, & Dixon, 1989) and 

the muscle layer consists of a blending of ureteral and detrusor muscle (Oswald et al., 

2006; Viana et al., 2007), with smooth muscles in much less density than the dome 

(Sánchez Freire, Burkhard, Schmitz, Kessler, & Monastyrskaya, 2011). Opposite to the 
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bladder dome, the trigone is believed to contract during filling to open the ureters and 

close the internal urethral sphincter (Sánchez Freire et al., 2011). Significantly higher 

levels of proteins that regulate the junctions between cells have been found in the 

trigone (Sánchez Freire et al., 2011), indicating that the trigone exhibits permeability to 

water and solutes differently to the remainder of the bladder wall, which may contribute 

to differences in underlying nerve activation and sensitivity to pain (Hu et al., 2002). 

 

1.2.2 Chronic Histopathological Effects of Radiation 

Chronic bladder effects are typically found after latent periods in excess of two years 

following radiotherapy (Hall, 2000). These result from a combination of the depletion 

of urothelial progenitor cells, fibrotic replacement of muscle fibres and the structural 

collapse of the capillary system (Bentzen, 2006; Rodemann & Blaese, 2007). A review 

of the clinical manifestations of the chronic effects of radiotherapy on the normal 

bladder can be found in Section 11.1. 

 

Following radiation therapy, the urothelium shows signs of severe atrophy which are 

focal and random in location within the bladder wall (Lopez-Beltran, Luque, 

Mazzucchelli, Scarpelli, & Montironi, 2002; Mettler & Upton, 1995). Necrosis can also 

occur and generally results from ischemic regions, causing ulcers in the urothelium of 

varying depth and area (Fajardo, 1989). Inability of these denuded regions to repair 

themselves results in permanent dysfunction of the permeability barrier. Chronic 

leakage of urine solutes into the underlying bladder tissues produces long-term bladder 

wall inflammation (McConnell-Greven & Paunesku, 2006). The GAG mucus cannot be 

maintained in sufficient density for optimal anti-adherence function, and frequent, 

protracted bacterial infections may result (Henningsohn et al., 2002). 
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Fibrosis is the major process active in the muscle and connective tissue layers during 

the chronic phase (Antonakopoulos, Hicks, & Berry, 1984). Although the cellular 

events resulting in fibrosis evolve slowly over time (Brush et al., 2007; Fleckenstein et 

al., 2007; Williams, Chen, Rubin, Finkelstein, & Okunieff, 2003), they are triggered by 

cascades of signalling cytokines which commence shortly after radiation exposure 

(Rodemann & Blaese, 2007) (Williams et al., 2003). Transforming Growth Factor beta 

(TGFβ) is the cytokine most frequently associated with late tissue fibrosis in the urinary 

bladder (Travis, 2001; Williams et al., 2003). These normal tissue repair proteins 

attempt to reconcile the damage manifested in the acute phase by replacing 

dysfunctional cells with fibroblasts and collagen (Marks, Carroll, Dugan, & Anscher, 

1995). The muscular layer becomes chronically contracted, thick and indurated, with a 

loss of primary function (Lopez-Beltran et al., 2002; McConnell-Greven & Paunesku, 

2006; Mettler & Upton, 1995). Although fibrosis is often assumed to be an undesirable 

feature of tissue repair following radiation therapy, it may not always be a negative. 

Where normal tissue has been obliterated, radiation induced fibrosis is initiated to fill 

the space. Tissue function is lost, but structure is maintained to prevent architectural 

collapse of the organ (Brush et al., 2007; Delanian & Lefaix, 2007). This is particularly 

important for the urinary bladder to prevent wall perforation and the leaking of urine 

into the abdominal cavity.  

 

Fibrous and proliferative changes also take place in the capillary network 

(Antonakopoulos et al., 1984; McConnell-Greven & Paunesku, 2006). These often start 

during the sub-acute phase, with the endothelial cells of the capillaries becoming 

œdematous and obstructing the lumen. Areas of endothelial cells can be completely 

destroyed leaving just denuded basal lamina (Rodemann & Blaese, 2007) to which 

platelets adhere, resulting in additional intravascular occlusion (Antonakopoulos et al., 
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1984). In the chronic phase, these tortuous and fragile vessels (Figure 1.5) may create 

areas of hypoxia and oxidative stress in the bladder tissue (Fleckenstein et al., 2007) or 

may spontaneously rupture, bleeding into the urine (Lopez-Beltran et al., 2002; Mettler 

& Upton, 1995; Rodemann & Blaese, 2007). The blood supply to the bladder wall is 

further disrupted by excess deposits of collagen around the blood vessels 

(Antonakopoulos et al., 1984; Bentzen, 2006) from increased expression of TGFβ 

(Rodemann & Blaese, 2007; Travis, 2007). The perivascular collagen increases the 

osmotic distance between the vessel and the bladder tissue leading to a reduction in 

oxygenation (Antonakopoulos et al., 1984). Bladder wall ischæmia and necrosis are 

common consequences of chronically diminished blood flow (Hall, 2000; Marks et al., 

1995; Milosevic & Gospodarowicz, 2007).  
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Figure 1.5: Photograph taken during cystoscopy. Image shows an area of marked 
radiotherapy-induced proliferation of the blood vessels on the bladder surface several 
years after the patient received high dose external beam and brachytherapy for cervix 
cancer.  
 

1.2.3 Classification of Normal Bladder Radiosensitivity 

According to Casarett’s classification of tissue radiosensitivity (Casarett, 1981), 

parenchymal cells are divided into 4 major categories. Within this system, the detrusor 

muscle and nerve cells in the bladder wall (which do not divide and are highly 

differentiated) are considered low in sensitivity (Mettler & Upton, 1995). The lamina 

propria and blood capillaries are considered intermediate in sensitivity (Mettler & 

Upton, 1995), but the radiosensitivity of the urothelium is more complicated to define. 

The basal layer of the urothelium is considered a layer of tissue specific stem cells. As 

such, it could be very vulnerable to radiation. But urothelial cells mature and 
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differentiate as they transition from basal to umbrella cells, and are therefore considered 

intermediate to low in sensitivity (Mettler & Upton, 1995).  

 

As a complete system, the normal bladder is considered to be “fairly highly 

radiosensitive”, classified together with the rectum and the oral cavity (Rubin, 1989), 

but each of the functional layers noted above has a different sensitivity to radiation 

(Mettler & Upton, 1995). Furthermore, physiological failure of any of these structural 

layers will have a significant impact not only on their specific functions, but also on the 

function of the bladder as a whole (Widmark et al., 2003). It is tempting therefore, to 

categorize the bladder as having a series architecture (Niemierko & Goitein, 1993), yet 

modern theories suggest that even parallel architecture organs exhibit a “neighbourhood 

effect” where dose delivered to a portion of an organ may have an effect on the function 

of an adjacent portion of that organ (Marks & Ma, 2007). Thus, establishing a 

descriptive radiosensitivity model for the entire organ is fraught with challenges due to 

the limited data available on bladder radiation tolerance (Rubin, 1989; Schultheiss, 

2001). 

 

1.3 ‘DELIVERED’ DOSE RECONSTRUCTION 

All modern radiotherapy treatment commences with the acquisition of images for the 

purposes of designing the radiation plan. This may be as simple as beam borders and 

shields placed using bony landmarks, or as complex as inverse planning techniques 

which modulate the dose within a treatment field to achieve a-priori stipulated dose 

volume constraints for the target and organs at risk. With the rare exception of MRI-

based treatment planning, those pre-treatment planning images consist of a planning 

computed tomography scan (planCT). The planCT is useful because it provides 

geometrically accurate volumetric imaging throughout the region to be irradiated which 
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can be used to delineate the target and organs at risk to personalize the design of the 

treatment dosimetry (Dobbs & Webb, 2012). Also, the conversion of CT Hounsfield 

units to tissue density provides a method to account for patient density heterogeneities 

(such as bone and air) through which the treatment beams pass (Schneider, Pedroni, & 

Lomax, 1996). 

 

A limitation of this treatment planning process is that it most often takes place only 

once before the beginning of the treatment course. Thus, it is a single snapshot of the 

patient’s anatomy, and the validity of the dose calculated from that snapshot (planned 

dose) is dependent on whether the single pre-treatment image is a good representation 

of the patient’s anatomy during a treatment course that could last as long as nine weeks. 

For normal organs adjacent to the target, the similarity between the planned dose and 

the dose actually delivered is dependent on the magnitude of organ shape and position 

changes seen during the treatment course. 

 

It is well recognized that most organs change shape and position during a treatment 

course (Langen & Jones, 2001). These changes can be systematic, such as the shrinkage 

of gynaecological tumours (Lim et al., 2008), or they can be random in direction and 

magnitude, such as the changes seen for the rectum (Mechalakos et al., 2002). It is 

possible to employ several techniques to either eliminate motion (such as the use of 

breath hold techniques for lung cancer (Mageras & Yorke, 2004)) or to acquire multiple 

CTs to quantify motion (such as 4DCT (Colgan et al., 2008)). To date, all of these 

techniques have focused on the accurate treatment of the target, and/or minimization of 

margins around the target that incorporate motion. None have been specifically 

employed to improve the validity of the pre-treatment estimates of the dose to adjacent 

normal organs. 
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Inter-fraction motion of the normal bladder during pelvic radiotherapy is particularly 

large in magnitude, geometrically complex in nature, and varies substantially between 

patients. Bladder filling volume can change considerably between one daily treatment 

fraction and the next, and volume variations with a standard deviation (sd) of 30% or 

150ml are common (Roeske et al., 1995; Stam, van Lin, van der Vight, Kaanders, & 

Visser, 2006; Ung, White, Mathlum, Mak-Hau, & Lynch, 2014). Reports vary however, 

and average volume variations as large as 400%, even up to an eight-fold increase in 

volume have been seen (Claudio Fiorino et al., 2005). This inconsistency in the 

literature may be explained by the presence of significant heterogeneity in the 

magnitude of bladder filling variability between patients and thus variability between 

cohorts of different patients under study (Roeske et al., 1995).  

 

To add to the complexity of the problem, even similar bladder filling volume changes 

generate different magnitudes of spatial changes in wall position for different patients 

(Lalondrelle et al., 2010). Also, spatial changes of the superior and anterior bladder wall 

are in the order of 2 to 3 cm, whereas changes of the inferior, lateral and posterior walls 

are much smaller (Claudio Fiorino et al., 2005; Pinkawa et al., 2007). The non-uniform 

spatial changes in the position of the bladder wall result in deformation of the bladder 

shape in 3D. Moreover, the thickness of the bladder wall itself has been shown to vary, 

dependent on the volume of urine contained within it (Figure 1.6) (Oelke et al., 2006). 
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Figure 1.6: Transverse and sagittal images of two planCTs from one patient, displayed 
at mid-bladder with same window/level. Illustrates differences in bladder filling 
volume, shape and wall thickness between the scans at two different bladder filling 
volume. Bladder filling volume difference of 124cm3 between the scans.  Yellow scale 
= 1cm increments.  
 

Intra-fraction bladder motion, which is motion that takes place during the delivery of 

that day’s radiation beams, can also occur. However, the normal bladder fills at a rate of 

only 2 cm3 per minute (Dees-Ribbers et al., 2014; Tuomikoski et al., 2013). With 

modern radiotherapy techniques requiring only 5 minutes or less for beam delivery, it is 

unlikely that changes in bladder filling of only 10 cm3 will impact on the position of the 

bladder relative to the delivered dose, although the dosimetric effect of this magnitude 

of volume change still requires evaluation. 
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Based on the information above, it is reasonable to consider the normal urinary bladder 

to be the site of some of the largest and most complex motion in the human body. 

Perhaps most important in the context of delivered dose calculation, the literature 

consistently reports that the bladder filling volume at planCT is systematically different 

from the bladder filling volume during treatment (Fiorino et al., 2005; Mechalakos et 

al., 2002; O'Doherty et al., 2006; Roeske et al., 1995; Stam et al., 2006). Moreover, 

these studies found that the bladder volume during treatment is approximately 30% 

smaller than the planCT. Reasons postulated for this systematic volume change 

included: inability of the patient to gauge how full their bladder was (Stam et al., 2006), 

poor compliance with bladder filling instructions during treatment (Fiorino et al., 2005), 

and the impact of acute toxicity on the distensibility of the bladder (O'Doherty et al., 

2006). A systematically smaller bladder volume has serious dosimetric implications. If 

the volume and position of the bladder during treatment is systematically different from 

the volume and position at the planCT, then the dose actually delivered to the bladder 

tissue during treatment will be systematically different from the bladder dose estimated 

from the planCT because the bladder tissue is in a different position relative to the 

isodose regions (Yan, Jaffray, & Wong, 1999). Because bladder filling variation is 

patient dependent, this effect will be larger for some patients, and smaller for others. 

Furthermore, if the bladder volume during treatment is systematically smaller than the 

planCT bladder volume, then the dose delivered to the normal bladder will be 

systematically higher than the planned dose because more of the bladder tissue will 

collapse into the high dose volume when other pelvic targets are treated (Figure 1.7). 

Thus, we are routinely delivering a higher dose to the bladder functional tissue than is 

estimated at pre-treatment planning procedures.  
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Figure 1.7: Bladder wall cumulative dose volume histograms for a prostate IMRT 
distribution illustrating the effect of bladder filling variation on dose. Same patient and 
bladder filling as Figure 1.6. Blue line indicates bladder wall dose with bladder filling 
volume of 238cm3 (left side images), red line for filling volume of 114cm3 (right side 
images). All other planning parameters constant between histograms. 
 

Even when bladder filling protocols and sophisticated IGRT techniques are employed, 

delivered dose has been reported as substantially different from planDose. Godley et al. 

(2012) found per-patient differences in bladder mean dose between -11% and +17% 

despite using of full bladder preparation and daily soft tissue-based image guidance. 

Similarly, Wen et al. (2013) reported differences between mean bladder planDose and 

reconDose ranging between -18% to +31% when using full bladder preparation and 

daily image guidance. Thus, the magnitude of the dosimetric effect of daily positional 

and filling changes on the bladder DVH can be clinically significant (Jaffray et al., 

2010), even in the presence of stringent bladder filling protocols and frequent soft-tissue 

image guidance  (Landoni et al., 2006; Zhang et al., 2011). 
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It is clear that, in the presence of large organ motion, relying on an estimate of the dose 

from a single pre-treatment snapshot undoubtedly hinders identification of an 

association between bladder dose and urinary toxicity following radiotherapy. A 

rigorous link between dose and toxicity will likely not be found until those dosimetric 

inaccuracies are resolved, and the dose actually delivered is calculated. Dose 

reconstruction techniques hold the potential to accurately calculate the dose actually 

delivered to the functional bladder tissue during fEBRT. It employs a series of novel 

and complex processes to: 1) track the position of individual tissue elements (voxels) 

based on serial tomographic imaging; 2) map the daily dose to each of those elements; 

3) combine the daily element doses together to reconstruct cumulative delivered dose 

for the whole organ.  

 

1.3.1 Techniques for Dose Reconstruction 

Simple dose volume histogram (DVH) addition methods can be useful to reconstruct the 

dose delivered at each fraction when the organ of interest does not change substantially 

in size or position relative to the isodoses (Andersen et al., 2013). This is not the case 

for bladder wall during fEBRT however, and use of this technique in the presence of 

large organ motion will lead to significant errors (Soukup, Sohn, Yan, Liang, & Alber, 

2009). It is possible to warp the dose image using a deformation matrix but this can 

produce jagged and irregular results at regions of complex 3D shape changes, such as 

those near the prostate / bladder interface (Schaly, Kempe, Bauman, Battista, & Van 

Dyk, 2004).  

 

To accurately reconstruct delivered dose for highly mobile organs during fractionated 

radiotherapy, two components are necessary. Firstly, a model of the organ of interest 

and its relationship to the dose distribution must be generated from the planCT and from 
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serial imaging performed during the treatment course. Secondly, a method of accurately 

mapping the same point (voxel) of the organ of interest from one fraction to another is 

vital (Xiong et al., 2006).  

 

It is possible to use deformable registration to map the voxels of the bladder wall from 

one image to another to facilitate dose reconstruction (Yan et al., 1999). In general, 

image registration is the process of mapping coordinates between two or more images, 

such that points in one image correspond to those in another. Rigid registration 

techniques output six numbers (three translation and three rotation) to describe the 

relationship between the two 3D image sets. In contrast, deformable registration 

techniques output a vector indicating the correspondence between each voxel 

individually. Over a whole 3D image set, the individual vectors are combined into a 3D 

deformation matrix linking each voxel in the primary image to the corresponding voxel 

in the secondary image. Each 3D vector can be of a different size and orientation to its 

neighbour, creating a significant computational challenge. For example, a deformation 

matrix for all voxels in a 512 x 512 x 100 image will require 78 million parameters to 

describe it appropriately (Sarrut, 2006). To present that quantity of data, deformation 

matrices are commonly presented as either vector arrows or as colour wash images 

(Figure 1.8). 
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Figure 1.8: Top right and left frames are sagittal images of two planCTs from one 
patient (same as Figures 1.6 and 1.7). Bottom frame is the deformation matrix created 
by deforming the top right bladder to the top left bladder using deformable registration. 
Colour in bottom image indicates magnitude of the vector displacement from one 
bladder to the other. Dark red indicating vectors of 4 cm, dark blue indicating vectors of 
0 cm. 
 

There are many deformable registration techniques available that may be suitable for 

the purposes of dose reconstruction. Those techniques fall generally into two categories; 

image based methods such as mutual information or thin-plate spine (Sarrut, 2006), and 

physical models such as viscous fluid or linear elastic models (Xiong et al., 2006). The 

large magnitude of volumetric and positional changes seen for the bladder during 

radiotherapy pose significant challenges for most image based deformable registration 

techniques (Sarrut, 2006). As the bladder expands and contracts on its superior aspect, 

the number of image slices containing bladder wall will vary, and methods of slice-by-

slice registration will not be able to resolve those differences. The shape of the bladder 

also changes in a highly irregular manner, and techniques that rely on bony structures or 

presume symmetry about the mid-sagittal plane will not be able to handle bladder 
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deformations appropriately. The orientation of the bladder relative to adjacent organs 

also changes, and methods that must simultaneously consider the entire contents of the 

abdomen and pelvis will introduce unnecessary constraints on the deformation of the 

bladder (Chai, van Herk, Hulshof, & Bel, 2012).  

 

As elastic materials, the motion of human tissue must obey the laws of mechanics. 

Thus, geometric motion of a living organ can be represented by using mechanical and 

mathematical models based on Newton’s and Hooke’s laws (Yan et al., 1999). 

Biomechanical deformation models, such as the linear elastic model (LEM), use tissue 

properties and data on the initial and final states of the organs to simulate the action of 

the normal tissues as they change from one state to another. This biomechanical model 

is parameterized using Young’s modulus (Ε) and the Poisson ratio (ν). Young’s 

modulus describes the stiffness of the tissue under tension or compression, whereas the 

Poisson ratio indicates the amount of induced transverse strain (Chi, Liang, & Yan, 

2006). Application of linear elastic modelling, in combination with finite element 

analysis (LEM/FEA) is a promising approach to managing large and complex bladder 

wall deformations seen during fEBRT (Andersen et al., 2012). Although the technology 

to support this technique is not widely available, LEM/FEA deformable registration has 

yielded favourable results for a wide array of body regions (Brock et al., 2008; Brock, 

Sharpe, Dawson, Kim, & Jaffray, 2005; Chai et al., 2012), including the urinary bladder 

(Chi et al., 2006; Krywonos et al., 2010; Xiong et al., 2006). 

 

For dose reconstruction using LEM/FEA, a series of steps beyond deformable 

registration are necessary. The organs of interest (in this case the inner and outer 

bladder surfaces) are delineated on the planCT and on each of the images acquired 

during treatment. Finite element analysis is used to convert the contours into tetrahedral 
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elements. The planCT dose distribution is then reconstructed in 3D, relative to the 

planCT tetrahedral elements. Linear elastic modelling then transforms each element 

from the planCT to each one of the serial images to create a deformation matrix for each 

“treatment” image (Brock et al., 2003). Using the deformation matrix, the location of 

the centroid of each tetrameshed element in the planCT structures is projected to its 

position on each of the “treatment” images and the dose to the centroid of each element 

calculated in that new position. When the centroid doses of each element, at each 

“treatment” image, are summed a DVH of the bladder wall at the “treatment” position is 

created. The output from this final stage is termed reconstructed dose.  

 

All complex systems have the potential for error, but reconstructed dose is likely to be a 

much closer approximation of dose delivered to the bladder than a calculation from the 

pre-treatment planCT. As any toxicity caused by radiotherapy will undoubtedly be 

related to the dose delivered to the organ of interest, dose reconstruction techniques 

hold the potential to resolve one of the methodological issues that obscure the 

relationship between radiotherapy dose and urinary toxicity. Moreover, because the 

dosimetric impact of bladder motion and deformation may be so high, these effects will 

overshadow over any subjective variation in toxicity reporting (Bentzen, 2006).  

 

1.4 SUMMARY 

Due to steadily improving cure rates with modern radiotherapy, increasing numbers of 

pelvic cancer survivors are living with long-term normal tissue morbidity. Even with 

sophisticated radiotherapy techniques, it is common for these individuals to experience 

some form of chronic urinary toxicity. The urinary bladder performs a vital 

physiological function, and the complex histology of this organ results in a multifaceted 
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response to radiation. This affects not only the function of the bladder but also results in 

additional deleterious effects experienced as a consequence of urinary dysfunction.  

 

With the ability of IMRT to manipulate the entire spectrum of dose in normal organs-at-

risk adjacent to the target, knowledge of the link between precise metrics of 

radiotherapy dose and subsequent toxicity is considered vital by the radiation medicine 

community. Yet, for the normal urinary bladder during curative radiotherapy of other 

disease sites, the state of current knowledge on this subject is conflicting and 

incongruous. Difficulties quantifying the dose delivered to the normal bladder 

functional tissue may be to blame for this, and dose reconstruction techniques may hold 

the key to solving this problem.  

 

The overarching aim of this thesis was to reconstruct the dose delivered to the normal 

bladder functional tissue during fractionated external beam radiotherapy of other pelvic 

sites. Describing bladder functional tissue dose in this manner had not been attempted 

before, and represents an entirely new approach in bladder dose/toxicity research. To 

guide the development, testing and application of those innovative techniques, research 

that had attempted to link radiotherapy dose with chronic urinary toxicity was reviewed 

in detail in the next chapter, with a particular focus on how dose delivered to the normal 

bladder functional tissue was quantified. 
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CHAPTER 2 

 

REVIEW OF THE LITERATURE 
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2.1 INTRODUCTION 

The following literature review examines the current knowledge regarding the 

association between radiotherapy dose to the bladder and chronic urinary toxicity 

following fEBRT. A critical review was performed on the key literature, discussing the 

factors that contribute to the strengths and weaknesses of their findings. Manuscripts 

that directly explore the association of normal bladder dose and toxicity have been 

given more attention than others that are less pertinent. Any identified gaps in the 

current scientific knowledge have then been discussed. Finally, a summary encapsulates 

the current knowledge of the subject under study and aligns the proposed research with 

the context of the existing body of work to demonstrate how it will address the 

limitations of prior investigation of this topic. 

 

2.2 SEARCH METHODS 

The peer-reviewed scientific literature was examined for material produced within the 

last 15 years, although older articles that are of particular relevance and still clinically 

applicable have also been included. This search was limited to English language 

documents to facilitate review by this author. Databases used included the Cochrane 

Database of Systematic Reviews, Medline Ovid, Google Scholar and PubMed. The 

keywords and MeSH headings used to find relevant articles included multiple 

combinations of the following terms:  

• Radiotherapy / conformal / intensity modulation / radiobiology / dose volume 

histogram 

• Pelvic organ motion / distortion / deformation / dose accumulation / dose 

reconstruction / dose mapping 

• Bladder dysfunction / toxicity / side effects / morbidity / latency / definitions / co-

morbidities / lower urinary tract symptoms 
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• Symptomology / grading systems / quality of life / reporting / recording 

Augmenting this initial search, older articles were identified through a review of the 

references section in manuscripts obtained during the searches mentioned above, and 

newer articles were identified using the “cited by” function in Medline and Google 

Scholar. Articles available in abstract form only were not incorporated, as the limited 

details provided could not sustain a sufficiently insightful level of critical analysis. 

Other sources reviewed were “in-press” journal articles and conference proceedings.  

 

2.3 LIMITS OF THE REVIEW 

This literature review provides a detailed synthesis and critique of published articles 

that have attempted to identify a significant relationship between external beam 

radiotherapy dose and chronic urinary toxicity. These studies commonly include toxic 

event data for all the organs in the pelvis, but only the effects of radiotherapy on the 

normal urinary bladder are discussed herein. Moreover, articles evaluating the 

relationship between bladder dose and acute effects have not be included because they 

are commonly considered transitory and of limited clinical significance. Articles 

published after 1999 have been included in this review so as to draw conclusions from 

only that data which reflects modern radiotherapy practice, such as the use of conformal 

planning and mega-voltage photon beams. Only radiotherapy regimen with 

“conventional” fractionation schemes have been included to avoid the confounding 

effect of variation in radio-biological effect. 

 

2.4 CURRENT KNOWLEDGE 

Chronic bladder toxicity following radiotherapy can be profoundly debilitating and may 

affect many facets of the patients’ life (Gilbert, Miller, Hollenbeck, Montie, & Wei, 

2008). Moreover, the number of pelvic cancer survivors living with radiotherapy-
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induced bladder dysfunction is substantial and is steadily increasing as survival rates 

improve (Ferlay et al., 2012). The critical dose/volume parameters linked to the risk of 

rectal toxicity following ƒEBRT have been identified and substantiated (Fiorino et al., 

2002; Greco et al., 2003; Vargas et al., 2005; Vordermark et al., 2003), and their use 

during IMRT planning has been attributed with a clinically significant reduction in the 

incidence of chronic rectal bleeding (Zelefsky et al., 2001).  

 

Despite successful identification of the link between radiotherapy dose and rectal 

toxicity, relationships postulated between dose/volume parameters and urinary toxicity 

remain uncorroborated and contentious. Between January 1999 and July 2014, 31 

publications were identified which evaluated the link between radiotherapy dose and the 

risk of chronic urinary toxicity for the normal bladder (Table 2.1). The majority of these 

studies were of prospective design using large sample sizes to evaluate the effect of 

prescription doses in the range of 70Gy to 80Gy delivered during prostate cancer 

radiotherapy.  
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Table 2.1: Publications that evaluated the link between radiotherapy dose and chronic urinary toxicity of the normal bladder, with both 

positive and negative findings for an association between toxicity for the various variables evaluated. 

Article 
Prescribed 

dose (Gy) 

RT 

technique 

#  

patients 

Bladder 

definition 

Bladder 

filling 

Image 

guidance 

Variables evaluated, resulting 

in POSITIVE FINDINGS 

Variables evaluated, resulting 

in NEGATIVE FINDINGS 

Storey 

2000 
70 or 78 

Conv plus 

CRT 
189 

Outer 

Truncated 

superiorly 

"Feeling 

full" 
-- None 

V70 and V60 in cm3 and %vol 

PD 70 vs 78Gy 

Michalski  

2000 
68 or 74 CRT 288 Outer 

Catheter at 

CT 

EPI - bone 

Weekly 
↑ logV65Gy ↑G2+ Dmean, PD 

Zelefsky  

2001 

65 or 70 or 

75.6 or 81 or 

86.4 

CRT or 

IMRT 
1100 -- -- -- PD > 75.6Gy ↑G2+ None 

Michalski  

2002 
68 or 71 or 77 CRT 406 Outer -- -- None PD 68.3 vs 67.7 vs 71.2 vs 76.7Gy 

Pollack  

2002 
70 or 78 Conv + CRT 301 -- -- -- None PD 70 vs. 78Gy 

Ryu  

2002 
79.2 CRT 169  -- 

Catheter at 

CT 

EPI-bone 

Twice 

weekly 

None PD 68.4 vs. 73.8 vs. 79.2Gy 

Zelefsky  

2002 
81 or 86 IMRT 772 -- -- -- None PTVmin 81 vs 86.4Gy 

Jani  

2003 
72 CRT 12 Outer -- -- None AUC, V60 

Michalski  

2003 
68 or 74 

Conv or 

CRT 
393  Outer 

Catheter at 

CT 
-- None PD 67.7 vs. 68.3 vs. 71.2 vs. 77Gy 

Valicenti  

2003 
68 or 74 or 79 CRT 547 Outer -- -- None V68.4, V73.8, V79.2 

   



Article 
Prescribed 

dose (Gy) 

RT 

technique 

#  

patients 

Bladder 

definition 

Bladder 

filling 

Image 

guidance 

Variables evaluated, resulting 

in POSITIVE FINDINGS 

Variables evaluated, resulting 

in NEGATIVE FINDINGS 

Koper 

2004 
66 

Conv or 

CRT 
248 Outer None 

EPI –bone 

"regularly" 
None %V59.4, V33, V62.7 

Brabbins  

2005 

Variable (70-

79) 
CRT 280 -- 

Catheter at 

CT 

EPI-bone 

Daily 
None PD 70 vs 72 vs 75.6Gy 

Michalski  

2005 
78 CRT 218 Outer 

Catheter at 

CT 
-- None 

PD 78Gy vs 79.2 Gy 

V65, Dmean 

Dearnaley  

2005 
64 or 74 

Conv plus 

CRT 
127 Outer 

"Feeling 

full" 

EPI -bone 

Weekly 
PD >74Gy ↑ Frequency No effect with G2+ 

Peeters  

2005 
68 or 78 CRT 643  -- 

Preparatory 

instructions 

EPI -bone 

Weekly 
PD ≥78Gy ↑ Nocturia No effect with G2+ or G3+ 

Pinkawa  

2006 
70.2 CRT 80 Outer 

"Feeling 

full" 
-- ↑AUC ↑ Bother @ 16mon V21, V35, V63 

Skala  

2007 
75.6 or 79.8 

CRT or 

IMRT  
437 

Manual 

wall, 

truncated 

superiorly 

Preparatory 

instructions 

EPI-prostate 

Daily 
None 

Dmax, V50, V60,  V70, DVH Principle 

Component Analysis 

Chen 

2007 

Variable (68-

78) 
IMRT 125 Outer 

Preparatory 

instructions 

EPI-bone 

Weekly 
↑ PTVmean ↑G2+ 

PTV dmax, dmin 

D55%, D30%, D25%, D10% 

V47Gy, V70Gy in % 

Cheung  

2007 
78 

Conv plus 

CRT 
128 

Outer 

5mm wall 

"Feeling 

full" 

EPI-bone 

Weekly 

↑ V78Gy to >3% of bladder wall 

↑G1+ (30% vs 11%) 

Dmean,  

Solid bladder analysis 

%vol analysis 

Harsolia  

2007 

Variable (70-

80) 
CRT 331 

Outer 

3mm wall 

Catheter at 

CT 

EPI-bone 

"regularly" 

Wall D30cm3 ≥ 30Gy ↑ Retention 

(RR 10.0) 

Wall ↑ V82Gy > 7cm3 ↑G3 & ↑ 

Retention (RR 6.0) 

Solid bladder analysis 

%vol analysis 

PD, Dmax, dmin, dmean, dmedian,  

V 10 to V80 in 10Gy inc 

V66.6, V70.2, V72, V75.6, V78 
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Article 
Prescribed 

dose (Gy) 

RT 

technique 

#  

patients 

Bladder 

definition 

Bladder 

filling 

Image 

guidance 

Variables evaluated, resulting 

in POSITIVE FINDINGS 

Variables evaluated, resulting 

in NEGATIVE FINDINGS 

Kuban  

2008 
70 or 78 

Conv plus 

CRT 
301  -- None -- None PD 70 vs 78Gy 

Karlsdottir  

2008 
70 CRT 234 Outer 

“No 

urination 1-

2hrs before 

treatment 

-- None 

V20, V40, V60, V65, V70 in %vol and 

cm3 

Dmean 

Devisetty  

2010 

Variable 

(64.8 - 76.4) 

CRT or 

IMRT 
609 -- -- 

EPI-bone 

Weekly 
None PD >74Gy 

Jereczek 

2010 

Variable (34-

82) 
CRT or Arc 897 -- 

Empty 

bladder 

EPI-bone 

2 weeks 
None PD <70 vs. 71-79 vs. >80Gy 

Heemsbergen  

2010 
68 or 78 CRT 557 Outer 

Preparatory 

instructions 

EPI-bone 

Weekly 

80Gy SurfAr >0.5cm2 ↑ Obstruction 

(HR 3.5) 

Trigone point >47Gy ↑ Obstruction 

(HR 2.6) 

Bladder surface 5 Gy to 80Gy in 5 Gy 

steps 

Fleming  

2011 

69.5 or 70 or 

73.7 
CRT 180 Outer 

Preparatory 

instructions 
-- EUD >53.4Gy ↑G2+ (HR 3.3) Dmedian 

Pederson  

2012 
76 IMRT 277 Outer 

Catheter at 

CT 

 

EPI-bone 

Weekly 

None 
V75, V70, V65, V40 in %vol 

PD >76Gy 

Michalski  

2013 
79.2 

CRT or 

IMRT 
748 Outer -- -- None V75, V70, V65 in %vol 

Thor 

2013 
67.5 IMRT 38 

Outer 

3mm wall 
None 

EPI 

Daily 
None 

Planned dose & Reconstructed dose 

Solid bladder & Bladder wall 

V70, V60, V40 

EUD 

Ahmed  

2013 

Variable (67 

– 81) 
Conv + CRT 501 

Outer 

3-5mm wall 
-- -- 

AUC> 6000 ↑G2+ (RR 2.0 for 

patients older than 68yrs) 

V60, V62, V64, V66, V68, V70 

Solid bladder, bladder wall 

   



Article 
Prescribed 

dose (Gy) 

RT 

technique 

#  

patients 

Bladder 

definition 

Bladder 

filling 

Image 

guidance 

Variables evaluated, resulting 

in POSITIVE FINDINGS 

Variables evaluated, resulting 

in NEGATIVE FINDINGS 

Ghadjar 

2014 
86.4 IMRT 268 

Outer 

Trigone 

6mm wall 

Empty 

EPI-bone 

Weekly 

Daily for 

some 

Trigone max dose >86Gy (HR 2.7 for 

IPSS inc >10) 

Solid Bladder Dmax V90 

Bladder Wall  Dmax, V90 

Trigone V85 

V5 to V100 in 5Gy steps (wall and solid) 

 
Abbreviations: Conv (conventional planning), CRT (conformal planning), IMRT (intensity modulated planning), Outer (outer bladder 
surface only), EPI-bone (electronic portal images, matched to bone), G2+ (incidence of grade 2 or above toxicity), IPSS (international 
prostate symptom score), RR (relative risk), HR (hazard ratio), AUC (area under curve), EUD (equivalent uniform dose), Vxx (volume 
receiving xx dose), Dmax, Dmin etc. (maximum dose, minimum dose etc.)  
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Twelve of these studies identified various dosimetric associations with the incidence of 

chronic urinary toxicity, which reached adequate levels of statistical and clinical 

significance. Regardless of toxicity grade used, the incidence of chronic urinary toxicity 

increased when higher target doses were prescribed. Specifically when mean Planning 

Target Volume (PTV) doses between 68 Gy and 78 Gy were used (Chen et al., 2007), or 

when the Prescription Dose (PD) was greater than 74 Gy (Dearnaley et al., 2005) or 75.6 

Gy (Zelefsky et al., 2001), or 78 Gy (Peeters et al., 2005). In addition, several studies found 

key dose/toxicity associations from the bladder DVHs. These reported that the incidence of 

chronic urinary toxicity increased; when volumes of the bladder received more than 30 Gy 

(Harsolia et al., 2007), 65 Gy (Michalski et al., 2000), 78 Gy (Cheung et al., 2007) or 82 

Gy (Harsolia et al., 2007). In the search for association with toxicity, the DVH curve has 

also been reduced to a single value using area under the histogram curve (AUC) or 

equivalent uniform dose (EUD) reduction methods. Positive associations have been found 

for AUC values greater than 45% (Pinkawa et al., 2006) or greater than 6000 cm2; or with 

EUD greater than 53.4 Gy (Fleming, Kelly, Thirion, Fitzpatrick, & Armstrong, 2011).  

Several studies have attempted to link urinary toxicity to functionally heterogeneous 

segments of the bladder wall, finding associations with dose to the trigone, namely: when 

trigone point dose was more than 47 Gy (Heemsbergen et al., 2010), when greater than 0.5 

cm2 received 80 Gy (Heemsbergen et al., 2010) or when trigone maximum dose was 86 Gy 

or greater (Ghadjar et al., 2014). 

 

Unfortunately, these instances of a positive relationship are in direct opposition to the 

findings from most other studies, which reported no such association when testing similar; 

high PD (Brabbins et al., 2005; Devisetty, Zorn, Katz, Jani, & Liauw, 2010; Jereczek-Fossa 

et al., 2010; Kuban et al., 2008; Michalski et al., 2005; Michalski et al., 2002; Michalski et 
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al., 2003; Pederson, Fricano, Correa, Pelizzari, & Liauw, 2012; Pollack et al., 2002; Ryu et 

al., 2002; Storey et al., 2000; Zelefsky et al., 2002), individual dose/volume parameters 

from bladder DVHs (Harsolia et al., 2007; Jani et al., 2003; Karlsdottir, Muren, Wentzel-

Larsen, & Dahl, 2008; Koper et al., 2004; Michalski et al., 2005; Michalski et al., 2013; 

Pederson et al., 2012; Pinkawa et al., 2006; Skala et al., 2007; Storey et al., 2000; Thor et 

al., 2013; Valicenti et al., 2003), or when using sophisticated evaluation techniques to test 

entire high dose regions of the DVH curve (Skala et al., 2007). Even the results of the 

positive studies showed no internal consistency and they sometimes refuted their own 

associations (Ahmed et al., 2013; Chen et al., 2007; Dearnaley et al., 2005; Michalski et al., 

2000; Pinkawa et al., 2006).  

 

Most studies that successfully identified a significant relationship between radiotherapy 

dose and chronic urinary toxicity are directly contradicted by the findings from the 

remainder of the literature. It is possible that the heterogeneity in the findings of these 

studies was caused by issues of selection and/or confounding bias throughout the many 

observational studies (Fletcher, Fletcher, & Wagner, 1996). This is unlikely to be the cause 

however, as most of the observational studies used complex multivariate analyses to 

control co-variates within large sample sizes (Altman, 1997) and those that used 

randomized controlled trials also demonstrated variability in their findings. There are also 

many intrinsic and extrinsic factors (such as age or history of smoking) that are thought to 

influence chronic bladder dysfunction independent of the magnitude of dose delivered 

(Bentzen & Overgaard, 1994; Milano, Constine, & Okunieff, 2007; Roach, 2004; Turesson, 

Nyman, Holmberg, & Oden, 1996). It is also possible that minor genetic variations could 

influence normal organ radiation response (Andreassen, Alsner, & Overgaard, 2002; 
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Travis, 2007). On a population basis however, the effect of those variables is likely to be 

small (Bentzen, 2006). 

 

With large sample sizes and control over confounding variables used in most dose/toxicity 

studies, it is plausible that the cause of the disparity in the findings of the articles included 

in this review is the substantial heterogeneity in the methods used to quantify bladder 

toxicity. The common practice of describing radiation-induced urinary toxicity using 

subjective “symptoms”, combining those symptoms into a grade, then dichotomizing those 

grades using an arbitrary cut-point  has likely contributed to the challenges inherent in 

identifying a rigorous relationship with urinary toxicity and radiotherapy dose (Rosewall et 

al., 2010). Yet, the impact of those grading inaccuracies is considered minimal, compared 

to the inaccuracies in the quantification of radiotherapy dose (Bentzen, 2006). Therefore, 

this literature review will critique the published studies that present information on the link 

between bladder dose and toxicity, highlighting the challenges associated with quantifying 

the dose received by the bladder functional tissue and the impact on the validity of the 

findings. 

 

2.5 CRITICAL REVIEW OF KEY STUDIES 

A detailed critique of key published articles reporting a significant relationship between 

radiotherapy dose and chronic bladder toxicity was undertaken. Those 12 articles were 

evaluated in context with contemporary articles which have tested doses of similar 

magnitudes but were unable to identify the same relationship. For the purposes of this 

review, the positive studies were combined into groups that describe dose to the bladder 

tissue in a similar manner. Although not strictly necessary, use of these dose-based 
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divisions hopefully provoked meaningful comparisons between a complex group of diverse 

and conflicting studies. 

 

2.5.1 Target Dose as a Surrogate for Bladder Dose 

There are four positive studies that described the dose to the normal bladder in terms of 

“target dose” (Chen et al., 2007; Dearnaley et al., 2005; Peeters et al., 2005; Zelefsky et al., 

2001). In those studies, target dose was defined as either prescription dose (PD) (dose 

prescribed to the isocentre of the treatment beams) or as the minimum dose reported for the 

planning target volume (PTVmin).  

 

2.5.1.1 Positive study designs 

In the first study to successfully link target dose with chronic urinary toxicity, Zelefsky et 

al. (2001) compared local control for various PD delivered using 3D conformal (CRT) or 

IMRT techniques. In the largest evaluation to date, prescription doses were selected from 

64.8, 70.2, 75.6, 81 or 86.4 Gy, with the higher prescribed doses delivered using IMRT. 

After accruing 1100 prostate cancer patients to this study, this investigation would have had 

large enough sample size to identify even the rarest manifestations of late urinary toxicity. 

The median follow-up length was 60 months but, because the dose cohorts were treated 

consecutively, there was considerable range in the length of follow-up (24 – 142 months). 

As commonly seen, the shortest follow-up length was associated with the highest 

prescription doses, and the mantel log rank test was employed to adjust for longer follow-

up in the lower dose cohorts. In addition, actuarial rates of toxicity were reported using 

Kaplan Meier curves. Before this study, time-to-event analysis had been predominantly 

used in disease survival statistics, but it was effectively employed in this article to 
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accurately describe the rate of toxicity without including those patients who had been lost 

to follow-up (died or dropped out) or had not yet been followed-up to that time point (new 

cohort vs. older cohort). This method of  toxicity incidence summary is particularly useful 

when describing groups of patients who exhibit a large range in follow-up length as found 

therein, and the overall probability calculated up to each point in time provided a very 

accurate estimation of the incidence of morbidity (Fletcher et al., 1996). Controlling for 

differences in follow-up length is particularly important in the study of bladder toxicity, as 

the incidence of dysfunction has been shown to continually increase over time (Zelefsky et 

al., 2006) (Figure 2.1). 

 

 

Figure 2.1: Actuarial likelihood of late G2+ rectal toxicities and urinary toxicities for 561 
patients with clinically localized prostate cancer treated with IMRT. All patients treated to 
a dose of 81 Gy prescribed to the planning target volume. Zelefsky et al. (2006): p.1417 
 

The very large sample size and thoughtful toxicity analysis could have related the incidence 

of urinary toxicity to dose/volume parameters with a high statistical power. This was not 
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the primary or secondary endpoint of this study however, and association testing was not 

given much attention during data analysis. After this paper was published in 2001, no 

author found a positive association between target dose and urinary toxicity for four more 

years. 

 

Similarly to Zelefsky et al. (2001), the purpose of the second positive target dose study 

from Dearnaley et al. (2005) was not to determine a specific dose/volume association with 

toxicity, but was to evaluate the effect of dose escalation and PTV margin size on toxicity. 

These authors compared the incidence of toxicity during prostate CRT using a PD of either 

64 Gy or 74 Gy with either a 1 cm or 1.5 cm PTV margin in four cohorts. By using 

randomization techniques to allocate patients into these concurrent cohorts, Dearnaley et al. 

(2005) minimized susceptibility to bias from extraneous factors such as different follow-up 

lengths and from systematic differences in host or disease characteristics (Jewell, 2004). 

Chronic toxicity data from 124 patients was presented. With considerable dose and margin 

heterogeneity within this rather small sample, and a low incidence of chronic grade 2 or 

above (G2+) urinary toxicity (15%) according to the Radiation Therapy Oncology Group 

(RTOG) toxicity grading scale, the statistical power of this study to detect differences in 

the risk of urinary toxicity for different PD was low. In fact, the authors noted that accrual 

to this study was eventually abandoned in favour of joining a multi-centre trial of the same 

design to increase the achievable sample size, and therefore increase the power of the 

study. 

 

In the third positive target dose study, Peeters et al. (2005a) also employed randomized 

sampling for a prospective study delivering PD between 68 and 78 Gy to evaluate host and 

disease characteristics which influenced the rate of chronic toxicity. Prostate cancer 
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patients from four different centres were included in the sample, resulting in the use of 

various CRT techniques and target volumes which created significant variations within the 

study group. Moreover, no dose constraints were applied to the bladder during treatment 

planning further increasing the heterogeneity of bladder dose. Toxicity data from 643 

patients was included and statistical analysis was performed with appropriately 

sophisticated methods, such as Kaplan Meier curves and Cox proportional hazards 

regression. However, a p-value of 0.05 was used to indicate statistical significance, and no 

adjustment was performed for a very high degree of multiple inter-related endpoints and 

testing. The use of p-values of 0.05 with large numbers of statistical tests left the analysis 

particularly vulnerable to false positive findings (Altman, 1997). 

 

In the fourth positive target dose study, Chen et al., 2007 presented a retrospective 

evaluation of prospectively documented late toxicity following the implementation of 

IMRT for the treatment of prostate cancer. This study used the data collected to specifically 

identify normal tissue dose/volume parameters as possible risk factors for urinary toxicity 

and presents the first published attempt to provide an evidence-base for IMRT bladder 

dose/volume constraints. 125 patients were included in the analysis and consisted of a very 

heterogeneous group of patients. A particular strength of this research design was the 

collection of relevant medical conditions from the chart (e.g. baseline urinary function) 

which were tested as co-variables in a logistic regression model. This was especially 

important in this study due to the inclusion of post-prostatectomy patients, whose pre-

radiotherapy urinary function would have already been severely compromised compared to 

their non-surgery counterparts (Pacholke, Wajsman, Algood, Morris, & Zlotecki, 2004). 

These patients were systematically different from the others in the sample in terms of pre-

treatment bladder function, as surgical manipulation of the bladder neck has been shown to 
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adversely affect the radiation tolerance of the bladder. This may have confounded or 

overpowered any associations between toxicity and dose. Despite substantial variations in 

the clinical target volume (CTV), standardized radiotherapy planning practices reduced the 

dosimetric variation within the cohort. All patients were treated with IMRT using 

consistent PTV margins. Although target dose (PTVmin) was varied based on prognostic 

risk groups, all IMRT plans were generated using standard dose constraints for the bladder 

(i.e. V55% to receive less than 47 Gy, V30% to receive less than 70 Gy and bladder Dmax 

of less than 82 Gy). These dose/volume constraints were likely derived from local clinical 

practice, as they did not reflect the findings of the literature available at the time, nor did 

they successfully limit the incidence of urinary toxicity.  

 

2.5.1.2 Summary of positive findings 

Of those studies which compared the incidence of urinary toxicity with target dose, 

Zelefsky et al. (2001) found that PD over 75.6 Gy (specifically; 75.6 Gy or 81 Gy or 86.4 

Gy) was associated with 13% actuarial rate of chronic G2+ toxicity compared to 4% for 

lower PD (64.8 Gy or 70.2 Gy). Similarly, when comparing concurrent cohorts treated with 

a PD of either 64 Gy or 74 Gy, Dearnaley et al. (2005) found an increase in the rate of 

Grade 3 (G3) frequency in the higher dose group (39% vs. 19%) and Peeters et al. (2005) 

found that the incidence of nocturia was significantly higher in a group of patients 

receiving a PD of 78 Gy compared to those receiving 68 Gy (22% vs. 15%, respectively) 

(Figure 2.2).  
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Figure 2.2: Cumulative incidence of late nocturia at 1, 2 and 3 years from start of 
radiotherapy in both randomization arms. The error bars indicate the standard error. The p-
values compare randomization arms and were obtained from the Cox proportional hazards 
ratio analysis using the baseline model. Peeters et al. (2005): p.1029 
 

Chen et al. (2007) also found a relationship with PTVmin dose between 68 Gy and 78 Gy. 

In that study, target dose was treated as a continuous variable, rather than the dichotomized 

groups used the other target dose studies. Overall, the rate of G2 urinary toxicity was 3.2%. 

PTVmean was incorporated into a multivariate model (exact logistic regression) to identify 

significant factors prognostic of chronic toxicity. Although PTVmean was identified as a 

“significantly correlated” with the incidence of G2 toxicity, no further data was presented 

regarding clinical impact, using indicators such as Odds Ratio (OR) for example. 

Therefore, although PTVmean was demonstrated to affect the rate of toxicity, there was no 

indication of the magnitude of that effect.  
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In summary, although slightly different in their interpretation of target dose, the findings 

from the positive studies do support each other. In combination, they suggest that there is 

an increase in the incidence of chronic urinary toxicity at PD greater than approximately 74 

Gy. Unfortunately, many other studies which have evaluated these target-based variables, 

have not found a relationship with urinary toxicity.  

 

2.5.1.3 Critical comparison with negative studies 

There are 17 studies that did not find an association between urinary toxicity and target 

dose, described using PD or PTV related metrics.  Several negative target-based 

evaluations have included doses much higher than the ~74 Gy level (Michalski et al., 2005; 

Zelefsky et al., 2002). However, most of the negative studies which evaluated target-related 

doses did incorporate the ~74 Gy value, and these either investigated a continuous range of 

prescription doses (Pederson et al., 2012) or individual cohorts of patients irradiated using 

discrete target doses (Brabbins et al., 2005; Devisetty et al., 2010; Jereczek-Fossa et al., 

2010; Kuban et al., 2008; Michalski et al., 2005; Michalski et al., 2002; Michalski et al., 

2003; Pollack et al., 2002; Ryu et al., 2002; Storey et al., 2000).  

 

The four positive studies presented above exhibit marked similarities in design and toxicity 

quantification methods with the negative studies. All studies were exclusively composed of 

patients receiving radiotherapy for prostate cancer and used prospective data collection 

methods. Follow-up lengths varied from 2 years to 9 years, with no discernible differences 

in follow-up length between those studies with positive or negative findings. All the target 

dose studies used either the Radiation Therapy Oncology Group (RTOG) or Common 

Toxicity Criteria (CTCAE) scales to quantify urinary toxicity. 
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Prescription dose was often used as a dose metric within the dose/toxicity literature. Its 

usefulness is chiefly as a readily attainable surrogate for the dose delivered to the bladder 

tissue. It is routinely documented in clinical practice, and thus it provides a dose metric that 

can be easily accessed for very large cohorts of patients, facilitating comparison with 

toxicity by increasing the number of toxicity events available for comparison. Moreover, 

large cohort analysis will permit the evaluation of infrequent manifestations of toxicity, 

such as haematuria and incontinence, which are less subjective in their definition.  

 

The rationale behind the use of PD as a surrogate for bladder dose is that target dose is 

proportional to the dose received by the bladder tissue. Unfortunately, target dose is not 

related to bladder dose except for CRT, and then only when the same beam arrangements 

and PTV margin are used (Haycocks, Mui, Alasti, & Catton, 2000).  Modern radiotherapy 

techniques (e.g. IMRT and adaptive margin generation) often manipulate the dosimetric 

relationship between the target and normal tissue to achieve optimal organ sparing. This 

results in bladder dosimetry that is intentionally independent of the dose prescribed (Huang 

et al., 2008; Martinez et al., 2001), making target dose an inadequate descriptor of the dose 

received by the bladder tissue when these techniques are used. Even for simple 

conventional beam arrangements, the target dose will not be related to the bladder dose 

because the field borders (placed using bony anatomy) will vary significantly in relation to 

the position of the bladder.  

 

Furthermore, if standardized CRT techniques and margins were used for a cohort of 

patients, with no knowledge about the position of the bladder relative to the treatment 

fields, the relationship between the target dose and the bladder dose would be different for 
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every patient. Studies from Harsolia et al. (2007) and Michalski et al. (2000) provide direct 

examples of the confounding effect of using target dose as a surrogate for bladder dose. 

Evaluations between dose and toxicity were negative when target doses were used, and 

positive when DVH parameters were used. The only example of a positive target dose 

finding in conjunction with a negative DVH finding was for Chen et al. (2007). In that 

study, target dose was varied, but dose constraints were used with IMRT planning to keep 

the bladder dose constant regardless of the target dose. The DVH was then evaluated for 

links with toxicity at the dose/volume points that were used to constrain the planning, 

resulting in a negative outcome. Because of these factors, and the recent increase in the use 

of IMRT and adaptive techniques, target dose has fallen out of favour as a dose metric in 

recent dose/toxicity analyses. 

 

In summary, four target dose studies have found a link between target-related radiotherapy 

dose and urinary toxicity. In combination, these positive studies suggest that the incidence 

of urinary toxicity increases at doses greater than 74 Gy. However, many studies that have 

evaluated the same endpoint and were unable to identify that relationship, likely because 

target doses are particularly poor estimates of the dose received by the normal bladder 

tissue. If we ignore the preponderance of the evidence to the contrary, and propose that 

target dose is associated with toxicity, the relationship between target dose and urinary 

toxicity is only indicative of a relationship between toxicity and some other untested 

dosimetric variable to which PD is proportional. Thus, although suggestive of a dose 

response, these positive target dose studies shed little light on the key dose/volume 

relationship with chronic urinary toxicity.  
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2.5.2 Bladder Dose Volume Histograms 

The best method to condense the dosimetric data from complex radiation therapy plans is to 

use a cumulative DVH (Cheng & Das, 1999; Drzymala et al., 1991). It is a graphical 

representation of the volume of a delineated structure (Y-axis) receiving a dose greater than 

or equal to a given dose (X-axis). In most cases, the volume is specified as a percentage of 

the total volume for that organ, but displaying absolute volume on the y-axis may be more 

clinically relevant for some organs. DVHs are calculated by delineating a structure, 

subdividing that volume into voxels, calculating the dose to each voxel, then summing each 

voxel into the appropriate dose bin to create a frequency histogram.  

 

There are six positive studies that describe the dose to the bladder tissue using a dose 

volume histogram. In these studies, bladder dose was defined using either discrete dose / 

volume points on a DVH curve (Harsolia et al., 2007; Michalski et al., 2000) or analytical 

methods to reduce the entire DVH curve to a single representative value (Ahmed et al., 

2013; Cheung et al., 2007; Fleming et al., 2011; Pinkawa et al., 2006).  

 

2.5.2.1 Positive study designs 

In the first study to report any form of relationship between radiotherapy dose/volume 

parameters and chronic urinary toxicity, Michalski et al. (2000) summarized the early 

RTOG experience with dose escalation for localised prostate cancer. The primary objective 

of that study was not to determine a dose/volume relationship with urinary toxicity, but to 

establish the maximum tolerated dose of radiation that could be delivered to the normal 

tissues adjacent to the prostate gland. Therefore, they combined the incidence of urinary 

and rectal toxicity together for most of the analyses, limiting the application of their 
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findings in this review. They compared the RTOG graded toxicity rates of 288 men treated 

with either high dose conformal radiotherapy (73.8 Gy) or standard dose conventional 

radiotherapy (68.4 Gy) techniques in two consecutive cohorts. The challenges of using 

consecutive cohorts were controlled using sophisticated statistical methods (i.e. estimated 

probability techniques). Bladder DVHs were created by delineating the outer bladder 

surface on the planning CT (planCT). A urethrogram was performed at planCT to better 

identify the prostatic apex. A single dose/volume point (percentage volume (%vol) of 

bladder receiving 65 Gy (V65Gy)) was selected based on recommendations from Emami et 

al. (1991). This value was entered into a multivariate model to identify any relationships 

with chronic urinary toxicity.  

 

In 2006, Pinkawa et al. (2006) presented the findings of a study specifically designed to 

identify an association between pelvic dose and health related quality of life (HRQoL). 

They studied a single cohort of 80 prostate cancer patients who were irradiated using a 

simple CRT technique to a single PD of 70.2 Gy with a standardised PTV margin around a 

consistent CTV. It is a significant strength of this research that all the patients were 

irradiated with the same dose, technique and target, because minimising extraneous 

dosimetric variations in this manner fortified their analysis when using an unconventionally 

small sample size. HRQoL was quantified using the previously validated Expanded 

Prostate Index Composite (EPIC), a 50-item questionnaire, which was administered 16 

months after completion of radiotherapy to capture indicators of chronic toxicity and the 

“bother” experienced by the patient related to that dysfunction. Bladder dose was 

quantified by delineating the outer bladder (OB) surface on planCT. Patients were asked to 

present with their bladder “feeling full”. During data analysis, an exceptionally large 

number of variables were tested against each other. These included bladder volume 
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categorized into both percentage volume (%vol) and in absolute volume (cm3) for V21Gy, 

V35Gy and V63Gy, plus the area under the bladder DVH curve (AUC). In an exhaustive 

tabular summary of the HRQoL data, Pinkawa et al. (2006) presented a plethora of 

dose/toxicity associations as “significant” using a p-value of ≤0.05. A more appropriate p-

value for this large number of tests would have been ≤0.01, with a chance of 1 in 100 of 

determining a false positive association in the data. Or more rigorously, these authors 

should have applied a Bonferroni correction to reduce the chances of a false positive 

association by a factor that would correct for both the number and the interrelationship of 

the tests (Altman, 1997). Alternatively, multivariate analysis could have been used to 

supersede the multiple individual testing but this would have required a larger sample size 

(Fletcher et al., 1996). In addition to the weak definition of statistical significance, these 

authors presented data on any magnitude of change in HRQoL. Quality of life experts have 

designated changes in HRQoL of ≥10 from baseline as clinically significant on the EPIC 

scale (Osoba, Rodrigues, Myles, Zee, & Pater, 1998). Therefore, for the purposes of this 

review, most associations offered as significant by these authors have been disregarded, 

and only those with HRQoL changes of ≥10 from baseline and a p-value of <0.01 will be 

referred to as significant.  

 

Rather than attempting to evaluate the dose/dysfunction response of all organs in the pelvis, 

Ahmed et al. (2013) recognized that it was the relationship between dose and bladder 

toxicity that urgently needed clarification. They identified a historical cohort of 501 

prostate patients irradiated using a combination of conventional small pelvis fields and a 

CRT boost to the prostate and seminal vesicles, with a PD from 64 Gy to 78 Gy. Bladder 

was delineated on the planCT by contouring the OB surface, and then applying a uniform 

contraction of between 3 and 5 mm dependent on bladder filling to indicate the IB surface. 
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DVHs were calculated for the solid and wall (outer minus inner) bladder structures. There 

is no indication if the patients were asked to present for planCT with a consistent filling 

status, and a large range of bladder volume values were reported. The V60Gy to V70Gy in 

2 Gy increments, Dmean and AUC were collected. Chronic urinary toxicity was reported 

using a modified version of the RTOG scale (Storey et al., 2000) with a median follow-up 

length of 72 months. Time-to-event censuring was used to accommodate large differences 

in follow-up length. Patient and treatment characteristics were added into a multivariate 

model, along with the various dosimetric parameters under study. Variables that were 

significant in the multivariate analysis were then applied into a Cox proportional hazards 

regression model, and a concordance probability estimate (CPE) calculated. CPE can be 

used to discriminate between regression models, by quantifying each model’s predictive 

power. 

 

Harsolia et al. (2007) also examined the dose/volume relationship with chronic urinary 

toxicity for individuals participating in a dose-escalation protocol for adaptive radiotherapy 

in prostate cancer. 351 patients were purposely selected for this sub-analysis using simple 

logistical criteria that likely created a sample which was representative of the general 

population. The application of an adaptive planning process resulted in varying 

“individualised” PTV margins and prescription doses ranging from 70.2 Gy to 79.2 Gy. 

This adaptive protocol intentionally varied the PD for each individual to achieve consistent 

toxicity rates throughout the cohort based on in-house DVH constraints (i.e. D50% less 

than 75.6 Gy, Dmax less than 85 Gy) (Martinez et al., 2001). The failure of these in-house 

dose/volume constraints to control the incidence of urinary toxicity in this study is 

indicative of the limitations in the knowledge regarding this topic. Bladder DVHs were 

created from outer bladder surface contours and a urethrogram was performed to identify 
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the prostatic apex. A 3 mm contraction was applied to the outer surface, to create a hollow 

bladder wall structure for DVH analysis. Both the solid bladder and hollow bladder wall 

DVHs were analysed in %vol and cm3. That analysis was done for the bladder volume 

receiving 10 Gy to 80 Gy in 10 Gy increments, plus V66.6Gy, V70.2Gy, V72Gy, V75.6Gy 

and V78Gy. This generated 56 interrelated and associated variables to be tested against 

various levels of toxicity for each patient in the cohort. As noted above, the high number of 

univariate statistical tests on related (and sometimes correlated) data makes the analysis 

prone to false positive findings with a p-value of only 0.05 (Bland, 2003). Therefore, the 

statistically significant results summarized in this review, are not those considered by 

Harsolia et al. (2007) as significant, but only those where the p-value was ≤ 0.01. 

 

In a study purposely designed to look at the effect of radiotherapy dose on pelvic toxicity, 

Cheung et al. (2007) retrospectively examined various features of the whole DVH curve in 

128 prostate cancer patients treated with 78 Gy using various CRT techniques. The patients 

were asked to arrive at planCT with their bladder “feeling full”, and OB surface was 

delineated. A uniform contraction of 5 mm was applied to generate a hollow bladder wall 

structure, and comparisons to toxicity were performed in %vol and cm3 for both the hollow 

wall and solid bladder volumes. Recognising the statistical weaknesses of prior 

investigations with multiple tests on numerous, inter-related, dose/volume pairings, Cheung 

et al. (2007) used normal tissue complication probability (NTCP) theory and ‘best fit’ 

techniques to determine the link between radiotherapy dose and urinary toxicity. This 

reduced the whole DVH curve into a theoretical estimate of the probability of urinary 

complications, rather than relying on discrete dose/volume pairings. Each patients’ DVH 

was inputted into four different NTCP models. Those models were the Effective (Lyman) 

Dose, Mean Dose, Threshold Dose and Hottest Volume models (Baumann & Petersen, 
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2005). All those NTCP estimates were fitted to the clinical toxicity data using the 

maximum likelihood method which provided confidence intervals and receiver operating 

characteristics as indications of the closeness of the theoretical estimates of toxicity to the 

clinical incidence of toxicity (Marks et al., 2010). This method of testing for links between 

radiotherapy dose/volume characteristics and toxicity allowed the comparison of the entire 

DVH curve without the challenges associated with testing multiple interrelated 

dose/volume pairings. 

 

Equivalent uniform dose (EUD) is a mathematical concept that assumes radiotherapy 

distributions are equivalent if they have the same radiobiological effect (Niemierko, 1997). 

Fleming et al. (2011) were the first authors to use EUD as an independent prognostic factor 

for chronic bladder toxicity after radiotherapy for prostate cancer. All 180 patients were 

treated with 3-field CRT, with consistent PTV margins and CTVs. Most patients received 

73.7 Gy, a small group (58 patients) only received 70 Gy. The bladder was delineated as a 

solid structure. Patients were given specific “full bladder” preparatory instructions for the 

planCT, yet large variation in bladder volume was seen (median volume 282 ml; sd 199 

ml). The DVHs were calculated, then reduced to a single value according to the methods 

described by Kutcher et al. (1991) using an n-value of 0.5 for bladder. This method 

assumes that each individual element is subject to the same dose/volume relationship as the 

whole organ. The resultant EUD was entered into a multivariate model, along with various 

clinical and dosimetric parameters (V55Gy to V70Gy in 5 Gy increments, V72, V74 and 

median dose) and recursive partitioning techniques were used to select the optimum EUD 

value at which to discriminate between patients at low or high risk of chronic RTOG G2+ 

toxicity.  
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2.5.2.2 Summary of positive findings 

During analysis, Michalski et al. (2000) found that the natural log of the relative bladder 

volume receiving 65 Gy was significantly associated with the incidence of G2+ late urinary 

toxicity, with a 2.2-fold increase in Relative Risk of toxicity when increasing log-volumes 

received that dose. After evaluating many discrete points along the DVH curve, Harsolia et 

al. (2007) found that when volumes of bladder wall receiving 30 Gy exceeded 30 cm3 the 

incidence of chronic retention increased from 3% to 18% and if the volume of bladder wall 

receiving 82 Gy exceeded 7 cm3 the incidence of urinary retention increased from 5% to 

50%. Similarly, Cheung et al. (2007) reported that the “hottest volume” NTCP model 

demonstrated the best fit to the clinical data. The important dose/volume relationship found 

within this model was when 2.9% of the bladder was irradiated to more than 77.8 Gy. 

Those patients who received more than 77.8 Gy to that volume would experience a 30% 

risk of G1+ urinary toxicity by 2 years, compared to 11% for those who received less than 

77.8 Gy. (Figure 2.3). No patient had urinary toxicity unless the dose to the hottest 2.9% 

was > 77.3 Gy.  
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Figure 2.3: Freedom from G1+ chronic urinary toxicity after prostate cancer radiotherapy. 
The two groups are patients who received ≥ 78 Gy to the hottest 2.9% of the bladder versus 
those who received less (p = 0.002). Cheung et al. (2007): p.1063 
 

When considering only HRQoL changes of ≥10 and p-values <0.01 as significant, the only 

finding in which Pinkawa et al. (2006) linked dose and urinary traits of HRQoL was an 

association between the area under the DVH curve >45% with the degree of bother from 

chronic urinary toxicity. Those patients with AUC >45% saw an average 10 point increase 

in bother, compared to a 4 point decrease in those with AUC<45%. Ahmed et al. (2013) 

also reported a significant effect with AUC. Unfortunately, although statistically significant 

p-values were presented numerically for the univariate and multivariate analysis and for the 

CPE endpoint, the actual relationship between the incidence of toxicity and a value of AUC 

is not reported in the results section. When interpreting directly from a visually complex 

3D figure (Figure 2.4), it seems that for patients 69 years or older, AUC of <3000 (no units 

given) was associated with ~8% G2+ toxicity, whereas AUC >6000 was associated with 
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~15%. This effect would seem to be substantially less for patients <68 years old (~7% vs. 

~10%). 

 

 

Figure 2.4: Percentage of patients experiencing toxicity increases with wall area under the 
histogram curve (AUHC) within each age group. Ahmed et al. (2013): p.713 
 

Using recursive partitioning, Fleming et al. (2011) determined that EUD was an 

independent prognostic factor for the risk of chronic bladder toxicity. Patients with an EUD 

>53.4 Gy were at significantly greater risk of developing G2+ toxicity compared to those 

with EUD <53.4 Gy (10% vs. 33%) (Figure 2.5).  Indeed, it was characterized as the most 

powerful predictor of G2+ toxicity of all the clinical and dosimetric variables studied. 
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Figure 2.5: Kaplan-Meier curve showing the cumulative probability of G2+ bladder 
complications over time: divided at a cut-point equivalent uniform dose of 53.38 Gy. 
Fleming et al. (2011): p.610 
 

In summary, when using the bladder DVH to find a relationship between dose and chronic 

urinary toxicity, relationships with V30Gy, V65Gy, V77.8Gy, V82Gy have been found. 

Equivalent uniform dose greater than 53.4Gy and area under the DVH curve greater than 

45% or 6000 (no units given) would also seem to be significant. Although these studies 

commonly evaluate similar dose/volume values, none were able to replicate the findings of 

another. Moreover, many other studies which have evaluated these bladder DVH variables, 

have not found a relationship with urinary toxicity.  
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2.5.2.3 Critical comparison with negative studies 

There are 12 studies that found no association between urinary toxicity and bladder DVH 

parameters, when described using dose/volume pairs or metrics that resolve the DVH into a 

single value. In addition, some of the positive studies refute the findings of other positive 

studies. For example, Pinkawa et al. (2006), Harsolia et al. (2007) and Ahmed et al. (2013) 

all tested the V65Gy metric, but were unable to find a relationship similar to the one 

postulated by Michalski et al. (2000). 

 

Many authors have investigated the relationship between the volume of bladder receiving 

65 Gy and chronic urinary toxicity. This may be because Michalski et al. (2000) were the 

first to find any relationship between dose/volume parameters and toxicity, and subsequent 

authors have included this value in their analyses in an attempt to confirm or refute that 

well known association. All subsequent studies have been unable to find a relationship with 

the volume of bladder irradiated to between 60 and 70 Gy and various urinary toxicity 

endpoints including: RTOG G1+ (Koper et al., 2004); G2+ (Ahmed et al., 2013; Chen et 

al., 2007; Harsolia et al., 2007; Heemsbergen et al., 2010; Karlsdottir et al., 2008; Pederson 

et al., 2012; Skala et al., 2007); G3+ (Jani et al., 2003); IPSS (Ghadjar et al., 2014) and 

HRQoL (Pinkawa et al., 2006). Over the years, the same group has continued to test for 

associations with V65Gy, but without success (Michalski et al., 2005; Michalski et al., 

2013). In light of these numerous negative findings, this critique suggests that the V65Gy 

parameter identified by Michalski et al. (2000) was either a spurious finding, or V65Gy 

was simply indicative of an untested but important value that was associated with the 

V65Gy in that study, but not in others. 
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Both Pinkawa et al. (2006) and Ahmed et al. (2013) found an association between AUC 

and the degree of bother from urinary toxicity or the incidence of RTOG G2+ toxicity. This 

is the only association between bladder DVH parameters and chronic urinary toxicity 

identified by more than one study. Jani et al. (2003) also evaluated this endpoint, but found 

no significant association between AUC and RTOG G3+. Comparison between this group 

of studies is difficult. Although AUC would seem a simple parameter to compare, Pinkawa 

et al. (2006) presented values as percentages of the total possible DVH area, Ahmed et al. 

(2013) presented absolute values with no units, and Jani et al. (2003) normalized their 

values against matched patients with no toxicity. If we assume that Ahmed et al. (2013) 

calculated their AUC using DVHs presented in a manner similar to Pinkawa (% dose on the 

x-axis, % volume on the y-axis), then their results can be converted to a 60% cut-point. 

This is not consistent with the 45% AUC cut-point postulated by Pinkawa et al. (2006). 

Although the positive AUC findings do not actually support each other, neither do they 

refute each other’s findings. Those differences may be explained by differences in the 

toxicity endpoint evaluated (RTOG G2+ vs. HRQoL ‘bother’), but could also be explained 

by differences in the methods used to create the DVHs.  

 

Most significant amongst those DVH differences is the use of hollow bladder wall contours 

by Ahmed et al. (2013) and the use of solid bladder contours by Pinkawa et al. (2006). Jani 

et al. (2003) also used a solid bladder structure. It is quick and reproducible to contour the 

OB surface on CT and those contours are commonly available as part of the standard 

conformal treatment planning process. When the contours are generated in this manner 

however, the “bladder” DVHs actually represents a summation of the dose received by the 

bladder tissue plus the dose received by all the urine contained within it. It is obvious that 

the dose to the urine will not influence the incidence of radiation-induced urinary toxicity 
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and because, in a full bladder the volume of urine will exceed the volume of actual bladder 

tissue by 5 to 10-fold (Ting et al., 1997), the dose to the urine will obscure any associations 

between the dose received by the actual bladder tissue and urinary toxicity. This 

supposition is directly supported by the work of Ahmed et al. (2013) who found higher 

predictive values when the DVHs for bladder wall was used, compared to when the DVHs 

included the dose to the urine. Because the inner bladder surface can be difficult to identify 

using CT, Ahmed et al. (2013) used uniform contractions of 3 to 5 mm from the outer 

bladder contour to generate a hollow bladder wall volume for the DVH calculation. 

Although creating a bladder wall structure by using a uniform contraction is likely to be a 

much better representation of the actual bladder tissue than just using the outer bladder 

surface, it is possible to see contrast-bearing urine in the “wall” contours in the images 

from the paper (Figure 2.6). So, although the use of a contraction to create a bladder wall is 

superior to using outer surface alone, the magnitude of the contractions used by Ahmed et 

al. (2013) were too large and still included some of the urine in the DVH dose calculation. 

This critique suggests that the methods used to derive the “wall” DVHs in Ahmed et al. 

(2013) provide the closest approximation of the dose to the bladder functional tissue, and 

thus are the most clinically relevant of the three AUC papers. It is unfortunate therefore, 

that the relationship between bladder wall AUC and chronic urinary toxicity was not 

clearly reported in the results section and could only be inferred from the axes of a 3D 

chart. 
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Figure 2.6: Bladder wall contouring by using a 3-5mm contraction from the outer wall. 
Contrast in the urine can be seen inside the “wall” contours (white arrows). Ahmed et al. 
(2013): p.710 
 

Only a few studies have evaluated the effect of bladder DVH doses of 78 Gy or greater. 

Harsolia et al. (2007) found that 82 Gy delivered to 7 cm3 (~27%) or more of the bladder is 

associated with an increased risk of chronic urinary retention. Cheung et al. (2007) also 

identified an increased incidence of G1+ toxicity when 2.9% (~3 cm3) of the bladder wall 

received more than 78 Gy. Published in the same year, both Cheung et al. (2007) and 

Harsolia et al. (2007) specifically set out to uncover the relationship between dose and 

urinary toxicity. Their bladder dose quantification methods were very similar. Both used a 

uniform contraction to generate a hollow bladder wall, both analysed their DVHs in cm3 

and in %vol. Although the important cut-point volumes identified were very different in 

relative volume, when considered in absolute volume both studies suggest a relationship of 

~80 Gy to ~5 cm3 of bladder wall. In fact, Harsolia et al. (2007) reported that analyses in 
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cm3 were more consistently associated with urinary toxicity than %vol. For these two 

studies to find similar cut-points with substantially different analytical methods (point 

based DVH vs. NTCP modelling) is remarkable.  

 

All other studies who evaluated bladder DVH dose between 75 and 85 Gy have been 

unable to find a relationship for the volume of bladder irradiated to those doses and various 

toxicity endpoints (Ghadjar et al., 2014; Skala et al., 2007; Valicenti et al., 2003). All these 

studies compared high DVH doses to bladder volumes quantified in %vol. This suggests 

that the incidence of urinary toxicity and high dose is related based on a critical absolute 

volume of bladder wall receiving those doses. This conclusion is justified from a 

physiological standpoint, where focal manifestations of dysfunction (such as haematuria, 

obstruction etc.) are thought to be related to a critical volume receiving a particular dose 

(Marks, Carroll, Dugan, & Anscher, 1995; Trott et al., 2012; Viswanathan, Yorke, Marks, 

Eifel, & Shipley, 2010). It makes sense then, that Harsolia et al. (2007) should find a high 

dose relationship with urinary retention (obstruction) but not with G2+, which would have 

included both global and focal manifestations of dysfunction. More difficult to explain is 

the high dose association with G1+ found by Cheung et al. (2007). Unfortunately, the 

incidence of toxicity is poorly described in that paper, preventing any further exploration of 

this phenomenon.  

 

Global manifestations of urinary dysfunction (such as frequency, urgency etc.) are thought 

to be associated with low dose / large volume pairings (Marks et al., 1995; Viswanathan et 

al., 2010). Rather than finding a relationship between low dose and global manifestations of 

dysfunction, Harsolia et al. (2007) found that when volumes of bladder wall greater than 30 

cm3 received doses of 30 Gy or more the incidence of chronic urinary retention (a focal 
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manifestation) was significantly increased. This low dose relationship has been directly 

refuted by many other investigations that considered the effect of dose in that range, 

finding no relationship with the incidence of G1+ (Koper et al., 2004), G2+ (Karlsdottir et 

al., 2008; Pederson et al., 2012; Thor et al., 2013), HRQoL (Pinkawa et al., 2006) or IPSS 

(Ghadjar et al., 2014). Harsolia et al. (2007) were themselves not able to link the volume of 

bladder wall receiving 30Gy with G2+, nor with any of the other individual symptoms of 

toxicity they collected. Koper et al. (2004) and Heemsberg et al. (2010) also collected 

individual symptoms of toxicity (including retention), analysing the relationship with dose 

for focal and global manifestations separately. Neither found a relationship at the V30Gy 

level. With a preponderance of evidence suggesting that there is no relationship between 

the incidence of urinary toxicity and V30Gy, it is possible that the V30Gy value is only 

significant because it was correlated with the V82Gy parameter discussed above due to the 

application of consistent treatment planning techniques (Yorke, Kutcher, Jackson, & Ling, 

1993).  

 

Fleming et al. (2011) found that patients with an EUD >53.4 Gy were at significantly 

greater risk of developing G2+ toxicity. Thor et al. (2013) also evaluated EUD as a 

predictor for urinary toxicity, but found no such association. Unfortunately, the number of 

adverse events in that study was only seven. This would not have had enough statistical 

power to accurately discriminate between parameters (Fletcher et al., 1996), and thus 

cannot confirm or refute the findings by Fleming et al. (2011). With use of 

methodologically sound toxicity reporting by Fleming et al. (2011), the robustness of this 

association must be evaluated by critically reviewing the assumptions made when 

calculating EUD. EUD is a mathematical concept based on the linear quadratic model, 

which assumes two dose distributions are equivalent if they cause the same radiobiological 
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effect (Niemierko, 1997). It was originally presented as a method to calculate the 

probability of local control using the power law to predict the expected number of 

surviving clonogens for a tumour, but EUD makes no claim to predict the actual biologic 

response (Amols & Ling, 2002). It is not derived from cell survival models (Cutanda 

Henriquez & Vargas Castrillon, 2011), and it has been generalized to normal tissue 

response by simply fitting it to toxicity according to the expert consensus document 

published by Emami et al. (1991) (Amols & Ling, 2002). Because of these limitations, 

EUD has been proposed as a useful method of discriminating between plans for a particular 

patient, or group of similarly irradiated patients. When used in this manner, uncertainties 

regarding the fitting parameters (such as n) are nullified (Kutcher, Burman, Brewster, 

Goitein, & Mohan, 1991). 

 

In a sobering expert editorial, Schultheiss (2001) outlines the controversies and pitfalls of 

modelling the relationship between dose and normal tissue toxicity, and fitting those 

models to clinical toxicity data. He states that it is a “logical pitfall” to use the results of a 

model fitted to data from one group of patients to predict the outcome in a new group of 

patients, and “it would be a mistake” to use any relationship found without considering the 

impact of different dosimetric techniques. This is because the correlation of dose/volume 

parameters for a given dosimetric scenario is well known (Yorke et al., 1993). This 

suggests that although the EUD value from Fleming et al (2011) may well be highly 

predictive of G2+ toxicity for that cohort, that value may not hold up for different 

dosimetry. This is a particularly important concept when interpreting the findings from 

Fleming et al. (2011). All plans in Fleming et al. (2011) were 3-field CRT. This is a highly 

unusual treatment technique that has fallen out of clinical use, and is not reported in any of 

the other dose/toxicity papers. So, although the findings from Fleming et al. (2011) may 
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have high internal validity (although there are no statistics to confirm this), the 

generalizability of those findings is limited to application for patients irradiated with a 

seldom-used radiotherapy technique.  

 

In summary, there are six positive studies that describe the dose to the bladder tissue using 

a dose volume histogram. This critical review contends that relationships between chronic 

urinary toxicity and V65Gy or V30Gy are likely spurious, or the result of correlations with 

other dosimetric variables. EUD would seem to be a promising approach, but the clinically 

important values postulated thus far are highly limited in their generalizability to modern 

radiotherapy techniques. Using AUC also seems promising, but whether that value should 

be presented as an absolute or relative area has yet to be determined. Two bladder DVH 

studies found a significant relationship between ~80 Gy received by ~5 cm3 of the bladder 

wall. These studies used markedly different analytical methods to derive that relationship, 

lending credence to their findings. 

 

2.5.2.4 Planned dose versus delivered dose 

As discussed previously, the accuracy of a DVH (and the accuracy of the dose metrics it 

reports) is very sensitive to the methods used to delineate the volume of interest. But, even 

when accurately delineated on planCT, the planCT DVH may not reflect the dose delivered 

to the bladder during the treatment course. This is important because toxicity following 

radiotherapy must be related to the dose actually delivered to the functional bladder tissue. 

So, whether planned dose (planDose) is a good approximation of delivered dose, is 

dependent on how well the anatomic and dosimetric relationships are preserved during a 

course of fractionated radiotherapy.  
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The bladder moves during radiotherapy, based mainly on the volume of urine contained 

within it (Burridge et al., 2006; Roeske et al., 1995; van Herk et al., 1995). The superior 

and anterior bladder walls exhibit much greater displacement during bladder filling than the 

inferior and posterior walls (Krywonos et al., 2010; Pinkawa et al., 2007). This results in 

concomitant volumetric changes, bladder wall displacements and deformation of the shape 

of the bladder. To add to the complexity of the problem, the thickness of the bladder wall 

itself has been shown to vary, dependent on the volume of urine contained within it (Oelke 

et al., 2006). This type of displacement and deformation can result in substantial 

discrepancies between the dose calculated using the planCT and the dose actually delivered 

to an organ over during fEBRT (Lebesque et al., 1995; Yan, Jaffray, & Wong, 1999).  

 

It is obvious that for the planDose to be a good approximation of the delivered dose, the 

planCT bladder volume must be a good approximation of the bladder volume during 

treatment. The bladder DVH dose/toxicity literature falls roughly into three groups on this 

issue: those that made no attempt to control bladder filling variation, those that used 

procedures at planCT that would result in systematic differences, and those that used 

various techniques to control bladder filling variation.  

 

One third of the DVH dose/toxicity articles make no mention of controlling bladder filling, 

and it can be assumed therefore that this was not attempted. Several studies actually 

stipulated that they intentionally did not control bladder filling (Koper et al., 2004; Thor et 

al., 2013). With no attention to bladder filling variation, the planDose from these studies 

will likely be very different from the delivered dose, and neither could find a relationship 

between the planned bladder DVHs and urinary toxicity.  
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Several studies used a urinary catheter at the planCT to assist in the delineation of the 

prostatic apex (Harsolia et al., 2007; Michalski et al., 2000; Michalski et al., 2005; 

Pederson et al., 2012). This improved the quality of target volume delineation but, when a 

catheter is placed in the urethra, the pelvic musculature contracts and the position of the 

pelvic structures is systematically different to their position without the catheter in place 

(Malone et al., 2000). As a catheter was not in position during treatment, this would have 

introduced significant systematic differences between the position of the bladder at CT and 

its position during treatment, and therefore introduced significant systematic differences 

between the planDose and the delivered dose. It is not surprising therefore that most of the 

studies that used a catheter were not able to find a relationship between planDose and 

toxicity. For the two positive studies that used a catheter during planCT, based on the 

critique in the previous section, the V65Gy finding from Michalski et al. (2000) should be 

considered spurious. The V82Gy relationship from Harsolia et al. (2007) was supported by 

another author and stood up to the systematic critique presented above. A possible 

explanation for the preservation of the V82Gy relationship under significantly different 

bladder positions is that, image-guided treatment delivery was used to nullify the effects of 

pelvic organ positional changes and the high dose was precisely delivered as planned 

(Rijkhorst et al., 2009).  

 

Techniques to minimize daily variations in the patients’ bladder filling were often 

implemented in an effort to reduce prostate motion during radiotherapy, but would have 

also minimised the differences between the planDose to the bladder and the dose actually 

delivered. Some authors relied on the patient to ensure that their bladder “felt full” each day 

(Cheung et al., 2007; Pinkawa et al., 2006; Storey et al., 2000), but this approach has now 
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been confirmed as unreliable (Stam, van Lin, van der Vight, Kaanders, & Visser, 2006). 

Despite this, both Pinkawa et al. (2006) and Cheung et al. (2007) were able to find a 

significant relationship with urinary toxicity. Similar to the V82Gy finding from Harsolia et 

al. (2007), Cheung et al. (2007) proposed a high dose relationship with toxicity (V78Gy) 

and that would also have been delivered to the inferior portion of the bladder, where 

bladder position is less sensitive to bladder filling changes (Pinkawa et al., 2007). 

Preservation of the AUC relationship suggested by Pinkawa et al. (2006) is more difficult 

to explain, as percentage AUC would be very sensitive to changes in bladder filling. 

Perhaps including the urine in the DVH calculation had already fatally flawed the findings 

from this study, or perhaps the univariate testing of more than 100 inter-related variables 

had generated a false positive result.  

 

Several studies used specific, protocolized instructions for bladder filling to ensure that 

patients presented to their planning and treatment appointments with consistent bladder 

filling (Chen et al., 2007; Fleming et al., 2011; Ghadjar et al., 2014; Karlsdottir et al., 2008; 

Skala et al., 2007). This approach could have resulted in a planning DVH that provided a 

reasonable estimate of the dose actually delivered to the bladder wall during fractionated 

radiotherapy. Of these, only Fleming et al. (2011) were able to find a relationship between 

planned DVH dose and urinary toxicity. Skala et al. (2007), Chen et al. (2007) and Ghadjar 

et al. (2014) all used IMRT, making the distributions exquisitely sensitive to even the 

smallest amount of bladder volume variation (Landoni et al., 2006; Schaly, Kempe, 

Bauman, Battista, & Van Dyk, 2004). Karlsdottir et al. (2008) only required that the 

patients “did not urinate for 1-2 hours before treatment” (Karlsdottir, Johannessen, Muren, 

Wentzel-Larsen, & Dahl, 2004). With a wide time range, and no instructions on how much 
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to drink (or not drink) during that time it is unlikely that these patients would have achieved 

a constant bladder filling status. 

 

In addition to changes in bladder filling, fractionated radiotherapy delivery is also 

associated with random and systematic displacements of the beam position relative to the 

organs in the pelvis (Verhey, 1995). Although considerably smaller in magnitude compared 

to the effect of bladder filling variation, those displacements would have an effect on the 

dose received by the bladder (Rijkhorst et al., 2009), particularly when IMRT is used due to 

the high dose gradients employed at the target/normal tissue interfaces (Landoni et al., 

2006). Although image-guidance (IGRT) strategies are often applied to ensure optimal 

target volume coverage, IGRT can also minimize the dosimetric variation across the 

bladder (Kupelian et al., 2006; Mackie et al., 2003; Schaly, Bauman, Song, Battista, & Van 

Dyk, 2005), which would minimize the differences between the planning DVH and the 

dose delivered to the bladder tissue (van Haaren et al., 2009). Unfortunately, there are only 

two dose/toxicity studies that employed daily IGRT based on pelvic organ position rather 

than the pelvic bones (Skala et al., 2007; Thor et al., 2013). In all other studies, variations 

in the position of the isocentre relative to the soft tissue structures in the pelvis would result 

in an overestimation of bladder dose in the planDose DVH (Song, Wong, Bauman, Battista, 

& Van Dyk, 2007). Although Skala et al. (2007) used methods that would have minimized 

the differences between the planned and delivered doses, no attempt to present delivered 

dose was made. To date, the study by Thor et al. (2013) is the only evaluation between 

chronic urinary toxicity and “delivered” bladder dose.  

 

The Thor et al. (2013) study cohort consisted of 38 patients treated for prostate cancer 

using IMRT at a single institution. Chronic urinary toxicity was graded using the RTOG 

72 



scale, and significant events were considered to be G2+. The radiotherapy plan was 

generated from an initial planCT. The bladder was delineated as a hollow structure from 

base to dome, using a uniform contraction of 3 mm from the outer surface. No bladder 

preparation protocol was used, and the use of a 3 mm contraction was likely too large for a 

full bladder and too small for an empty bladder (Dale, Hellebust, Bruland, & Olsen, 2005; 

Oelke, 2010). 

 

To calculate the “motion-inclusive” DVHs, repeat CTs were acquired twice per week 

throughout the treatment course (median: 9 repeat CTs per patient). Those repeat CTs were 

registered (rigid, translation only) to the initial planCT using the intra-prostatic markers to 

mimic the positioning protocol used for daily IGRT. The bladder was delineated on each 

repeat CT as noted above. The initial treatment plan was then transferred to each repeat CT, 

and the dose recalculated with the initial plan monitor units applied. A bladder wall DVH 

was created for each repeat CT, and an average DVH calculated for each patient. This was 

considered the motion-inclusive DVH.  

 

These methods of reconstructing the delivered dose have several strengths and limitations. 

Firstly, the repeat CT images were not acquired daily, nor were they acquired at the time of 

treatment. Less than daily imaging will result in an incomplete description of bladder filling 

variation and thus will be associated with a reduction in the accuracy of the delivered dose 

estimation (Rosewall et al., 2014). In addition, not acquiring the images at the time of 

treatment would result in bladder filling or emptying between radiotherapy delivery and 

image acquisition. This would create differences between the delivered dose, and the dose 

calculated using those images. Furthermore, the rectum may also have filled or emptied, 

increasing the differences in bladder position between treatment and imaging. Secondly, 
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the use of repeat fanbeam CTs is a significant strength of this research. Delineation of the 

bladder is much more accurate and reproducible using a fanbeam CT, compared to other 

methods that could be used to reconstruct delivered dose (such as conebeam CT (Rosewall 

et al., 2012)), contributing to the validity of the motion-inclusive DVHs. The acquisition of 

repeat fanbeam CT also permits accurate re-calculation of the planned dosimetry, because 

the Hounsfield units can be converted directly to electron density. Thirdly, a 3 mm 

contraction was used for all the repeat scans, even in the presence of very large differences 

in bladder filling. Again, this would have been too large for full bladders, and too small for 

empty bladders (Dale et al., 2005; Oelke et al., 2006). When applied in the context of 

repeat CTs with different filling volumes, for any given patient this would have falsely 

increased the volume of a full bladder receiving high dose, and reduced the high dose 

volume of an empty bladder, negating the dosimetric effect of bladder filling variation. 

Figure 2.7 illustrates this issue. 

 

Figure 2.7: Schematic of the effect of using a constant contraction to create the inner 
bladder surface with different bladder filling.  “Full bladder” on left, “Empty bladder” on 
right. Red box indicates high dose region. Black – outer bladder. Blue dashed – inner 
bladder surface using 3mm contraction. Blue solid – actual wall position. 
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At a median follow-up of 42 months G2+ toxicity was seen in 7 (18%) patients, with one 

incidence of G3 obstruction. No associations between EUD, V40Gy, V60Gy or V70Gy and 

chronic G2+ urinary toxicity were found for either the planned or the motion-inclusive 

DVHs. If a relationship between bladder dose and toxicity does exist, then there are two 

major reasons why Thor et al. (2013) were unable to find that association. Firstly, the 

images used to calculate the motion-inclusive DVHs were not acquired at the actual time of 

treatment delivery. Although this approach allowed them to use fanbeam CT for 

delineation and plan re-calculation, the patients’ bladder was not in the same position or at 

the same degree of filling as it was when the treatment was actually delivered. Thus any 

DVH calculated from those images would be an approximation that was probably closer to 

the treatment bladder volume than the planCT, but still not the actual delivered dose. 

Alternatively, the authors freely admit that their analysis was fatally hampered by the small 

number of adverse events reported by their sample. Undoubtedly, the total number of 

patients considered for this analysis was limited by the significant resources required to 

reconstruct dose. Based on the low incidence of toxicity, it may have been a more efficient 

use of resources to have used a case-control design similar to that in Jani et al. (2003) 

(Bland, 2003; Fletcher et al., 1996). This would have allowed the authors to identify a 

sufficiently large group of cases (with toxicity) and compare them to a group of matched 

controls (without toxicity) which would also have allowed them to account for the 

influence of clinical variables, such as baseline function (Altman, 1997). 

 

In summary, all but one of the bladder dose/toxicity studies have evaluated the association 

between planned dose, rather than the dose that was delivered to the bladder. This is 

significant because the magnitude and complexity of bladder motion during fEBRT will 

result in substantial difference between planned and delivered dose. Almost all of the 

  75 



studies considered in this review have failed to use methods that would preserve the 

relationship between planned and delivered dose, such as protocolized bladder filling 

control and soft-tissue based IGRT delivery. Only one study has reported the relationship 

between delivered dose and toxicity, but the methods only generated an approximation of 

delivered dose, and analysis was impaired by an inadequate number of adverse events. 

Thus, the relationship between urinary toxicity and delivered bladder DVH dose is still in 

need of rigorous evaluation. 

 

2.5.3 Trigone Dose 

When bladder dose is summarized using DVHs, all geographic information on the location 

of a given dose-of-interest is lost. Evaluations based on bladder DVHs assume that the 

bladder is “functionally homogeneous”, and that each volume element independently obeys 

the same dose/volume relationship as the whole organ (Yorke, 2001). If the bladder is not 

functionally homogeneous, then determining the location of the significant doses becomes 

important in determining the radiation response of the organ as a whole (Lu, Spelbring, & 

Chen, 1997; Trott et al., 2012). While bladder functional heterogeneity is still controversial, 

there are clearly histological and physiological differences between the trigone and the 

remainder of the bladder wall (Marks, 1996; Mettler & Upton, 1995; Milosevic & 

Gospodarowicz, 2007). This strategy is a significant departure from previous evaluations 

and, to date, only two studies have attempted to associate chronic urinary toxicity with the 

dose to the bladder trigone.  
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2.5.3.1 Study design and positive findings 

Heemsbergen et al. (2010) evaluated a cohort of 557 prostate cancer patients, irradiated to a 

prescribed dose of either 68 Gy or 78 Gy using 4-field CRT. The bladder was delineated as 

a solid structure, and patients were asked to attend the planCT and treatment with a full 

bladder. Chronic toxicity was collected using the RTOG grading system, but patients also 

reported their urinary function using a check list that captured indicators of frequency, 

dysuria, incontinence, obstruction and weak stream.  

 

Trigone dose was quantified using a point. That point was placed 2 cm superior to the 

insertion of the urethra on the planCT (Figure 2.8). This point was likely chosen because it 

was easy to identify for large numbers of patients and it was outside the PTV. The validity 

of that point dose was confirmed in a sub-group analysis of 69 patients, where the “trigone 

point” dose was compared to planCT bladder surface dose maps immediately posterior to 

the trigone point. The mean dose for that sub-group showed good agreement (57.3 Gy vs. 

58.0 Gy), and overall the values were highly correlated (r2 = 0.92). The close dosimetric 

association between the “trigone point” and the dose on the bladder surface is likely due to 

the use of 4-field CRT plans. Although the point would be approximately 3 to 4 cm anterior 

to the actual trigone, the 4-field technique would result in uniform dosimetry in the anterior 

to posterior dimension. In addition to trigone dose, dose surface histograms (DSH) were 

calculated for the whole bladder in 5 Gy increments between 5 Gy and 80 Gy. 
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Figure 2.8: Sagittal view of prostate/bladder region for template patient (blue, bladder; 
black, prostate; dark red, rectum). Red cross indicates trigone point 2 cm above starting 
point of prostatic urethra. Green asterisk indicates region in which largest dose differences 
were found between obstructed and non-obstructed patients. Heemsbergen et al. (2010): 
p.21 
 

With a median follow-up of 71 months, urinary obstruction was seen in 40 patients. Cox 

regression multivariate analysis was used to identify any relationships between obstruction 

and the clinical or dosimetric variables. Of the clinical parameters, only transurethral 

resection of the prostate (TURP) was associated with obstruction (Hazard ratio: 3.6). 

Patients with a trigone point dose of greater than 47 Gy were 2.6 times more likely to 

experience obstruction, compared to those with a trigone point dose less than 47 Gy (Figure 

2.9a). Dose to the trigone point was highly correlated with maximum surface dose, and 

patients receiving 80 Gy to a surface area of more than 2 cm2 were 3.5 times more likely to 

experience obstruction, compared to those where the 80Gy surface area was less than 0.5 

cm2 (Figure 2.9b). No other dose or toxicity endpoints were significantly associated.  
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Figure 2.9: Kaplan-Meier estimates for obstruction. Cumulative incidence for subgroups 
dichotomized based on  a) mean dose to trigone point or b) surface area receiving >80 Gy. 
Heemsbergen et al. (2010): p.24 
 

More qualitatively, the region identified as the area with greatest dose differences between 

the patients with and without obstruction would seem to be at the location of the insertion 

of the ureters, the most superior aspect of the trigone (see green asterisk in Figure 2.8).  

Also, although dose to the prostate was not significant, dose to the seminal vesicles was a 

significant predictor for obstruction. As the seminal vesicles lie immediately posterior to 

the trigone, all of these factors indicate an important relationship between trigone dose and 

chronic urinary obstruction. 

 

Ghadjar et al. (2013) also focused their analysis on trigone dose. For their study, they 

selected 268 patients who had received 86.4 Gy (at 1.8 Gy per fraction) using IMRT for 

prostate cancer. Patients were asked to present for CT and treatment with an empty bladder. 

The bladder wall was delineated, but rather than contouring outer bladder and contracting 

to generate the inner bladder, these authors delineated the inner bladder and expanded by 6 

mm to create the outer bladder. Planning constraints were used to limit the bladder 

a) b) 
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V75.6Gy to 53% and the urethra max dose to <105%. Chronic urinary toxicity was 

collected using the IPSS questionnaire, with a clinically relevant change identified as any 

increase in score more than 10 from the pre-treatment baseline (IPSS+10). DVHs were 

created for solid bladder, bladder wall, urethra and trigone (defined as the triangular region 

of the bladder wall bounded by the ureters and the urethra). %vol of these structures 

receiving between 5 Gy and 100 Gy was captured in 5 Gy increments. Clinical variables 

(such as age, smoking etc.) were also collected and significant factors were added into a 

multivariate Cox proportional hazards model.  

 

With a median follow-up length of 5 years, 39 patients experienced IPSS +10. During 

multivariate analysis, maximum dose to the trigone of more than 90.9 Gy was associated 

with a 2.7-fold increased risk of IPSS +10. Figure 2.10 demonstrates the effect of 

maximum trigone dose on the IPSS change relative to baseline (A) and the IPSS total (B). 

As the patients in this study were irradiated using a non-standard fraction size (1.8Gy per 

day), the authors performed a radiation biological equivalence correction (αβ ratio 3.0). The 

significant dose 90.9 Gy in 48 x 1.8 Gy fractions was deemed equivalent to 86.3 Gy in 40 x 

2 Gy fractions. Lower baseline IPSS was also significantly associated with higher 

incidence of IPSS +10. This is the opposite of the relationship that most studies have found 

with baseline function. No other dose level for the trigone, or dose to another structure, or 

clinical variable was found to be related to IPSS score. 
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Figure 2.10: Kaplan-Meier plot showing the proportion of patients remaining without an 
IPSS increase of ≥10 points (A) stratified according to the maximal dose to the bladder 
trigone, and showing (B) the proportion of patients remaining without an absolute IPSS 
sum of ≥20 points stratified according to the maximal dose to the bladder trigone. Ghadjar 
et al. (2014): p.343 
 

2.5.3.2 Critical review 

The two trigone dose studies were designed and executed with excellent consideration of 

issues regarding toxicity quantification and statistical method. Notably, with trigone dose 

incorporated into multivariate models, dose to the bladder was not a significant predictor of 

toxicity when considered as a solid organ, as a hollow wall, or as a surface. There were 

however, marked differences between the studies in the manner in which they quantified 

trigone dose. Heemsbergen et al. (2010) used a single reproducible point to represent the 

dose to the trigone. Although this point was mid-bladder, the dose to that point was a good 

approximation of the dose at the same level on the trigone surface. Similar to prescription 

dose however, it is only a single point on a 3D structure, and it cannot fully describe the 

distribution of dose across the trigone. Nor is it possible to determine where that point dose 

falls on the spectrum of dose across the trigone, for example is it approximately Dmean, or 

A) B) 
Dmax ≤ 90.9Gy 

Dmax > 90.9Gy 

Dmax ≤ 90.9Gy 

Dmax > 90.9Gy 
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is it closer to Dmin? Rather than relying on a single point to describe trigone dose, Ghadjar 

et al. (2014) delineated the trigone as a 3D volume and calculated a DVH in 5 Gy 

increments, along with Dmean and Dmax. Thus they more fully described the dose to the 

trigone, and found that although V85Gy, V90Gy were significant on univariate analysis, 

only Dmax was significant after multivariate analysis. This suggests that the 47 Gy cut-

point identified by Heemsbergen et al. (2010) may only be significant because it was 

correlated with the 80 Gy surface dose.  

 

These studies also have an important methodological limitation in common, both report 

planDose not delivered dose. As noted above, whether planDose is a good approximation 

of delivered dose, is dependent on how well the anatomic and dosimetric relationships are 

preserved during a course of fractionated radiotherapy. In the study from Heemsbergen et 

al. (2010), patients were given specific instructions to attend planCT and treatment with a 

full bladder. Delivery of the 4-field CRT technique was verified using weekly electronic 

portal images (EPI). Ghadjar et al. (2014) asked patients to attend planCT and treatment 

with an empty bladder, and delivery of their IMRT beams was also verified using weekly 

EPI in ~80% of their cohort. Nothing is known regarding trigone motion during treatment. 

If the trigone motion can be approximated by motion of the posterior and inferior borders 

of the bladder, then trigone motion can be considered minimal (Pinkawa et al., 2007). Also, 

these two studies have employed techniques to minimize bladder filling variability during 

treatment, and thus organ motion will probably not have had a significant effect on trigone 

dose. As both used only weekly EPI matched to bony anatomy, the daily displacements of 

the isocentre position will have degraded the relationship between planned and delivered 

dose in both of these studies (Landoni et al., 2006; Schaly et al., 2005). This would not 

have normally had a large effect on 4-field CRT distributions, but the trigone point was 
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placed very close to the penumbra region, and therefore would have been very sensitive to 

changes in the isocentre position. 

 

In summary, these studies found a positive relationship between urinary toxicity and 

trigone point dose (>47 Gy), Surface Area receiving 80 Gy (>0.5 cm2) and Dmax (>86 Gy). 

Although these findings seem consistent, they do not directly confirm or refute each other, 

and the trigone V47Gy may only be significant because it was correlated with the 80Gy 

surface area, thus these associations still require external corroboration. Furthermore, 

nothing is known about the effects of bladder filling on trigone dose and these dose/toxicity 

associations are limited in their presentation of planDose, rather than delivered dose. 

 

2.6 SUMMARY 

Twelve of 31 studies identified various dosimetric associations with the incidence of 

chronic urinary toxicity, which reached appropriate levels of statistical and clinical 

significance. Following a critical review of those associations in context with their 

methodological limitations and the findings from negative studies evaluating the same 

endpoints, the only convincing dosimetric associations are: 

• Bladder wall V80Gy >5 cm3 

• Trigone Surface Area receiving 80 Gy >0.5 cm2 

• Trigone Dmax >86 Gy 

 

These three key dose parameters are all at the near-maximum dose level. They may well 

have retained their significance because the relationship between these high doses and 

urinary toxicity was preserved despite bladder volume variation during treatment. It then 
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stands to reason that other significant dose levels may have been lost during association 

with toxicity as a result of the confounding effect of bladder volume variation during 

fractionated radiotherapy.  

 

The specifics of the spatial distribution of radiotherapy dose have an immense influence on 

the incidence of morbidity (Rubin, 1989) and the exact delivered dose distributed within 

the bladder tissue is required if robust associations with radiotherapy morbidity are to be 

found (Holscher, Bentzen, & Baumann, 2006). Improvements in the methods to quantify 

the actual dose delivered to the bladder functional tissue during fractionated radiotherapy 

will undoubtedly assist in the identification of those relationships. Based on the findings 

from this critical review, the following dose quantification methods hold the best 

probability of finding an association between bladder dose and toxicity: 

• Use of dose volume histograms not point doses or prescription doses. 

• Use of hollow bladder contours not solid contours to exclude the urine from the 

DVH. 

• Delineation of functionally heterogeneous segments (i.e. trigone). 

• Presentation of DVH volumes in cm3 

• Delivered dose calculated from frequent images acquired at the time of treatment. 

 

Describing bladder functional tissue dose in this manner had not been attempted before, 

and represents an entirely new approach in bladder dose/toxicity research. It therefore 

required the development, testing and application of innovative techniques for: 1) 

delineating the bladder functional tissue on the planning CT and on images acquired 

immediately prior to treatment delivery; 2) calculation and mapping of dose to a thin, 
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hollow, highly deformable structure. As very little is known about bladder dose 

reconstruction, an evaluation of the factors that influence the reporting of reconstructed 

dose (reconDose) was also necessary before the best approximation of ‘delivered’ dose can 

be compared to chronic urinary toxicity. How these techniques were developed and then 

applied is discussed in Chapter 3. 
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CHAPTER 3 

 
 

RESEARCH DESIGN 
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3.1 INTRODUCTION 

Chronic urinary dysfunction after fEBRT of the pelvis is a common and debilitating 

sequelae that affects increasing numbers of pelvic cancer patients worldwide. The link 

between radiotherapy dose to the normal bladder and subsequent urinary toxicity is 

unclear, likely due to inaccuracies in estimating the dose delivered to the bladder 

functional tissue. Improvements in the methods to quantify the actual dose delivered 

will undoubtedly assist in the identification of a link between dose and toxicity, 

facilitating improvements in the therapeutic ratio. The critical review of the literature 

suggests those methodological improvements should include: using delivered-dose 

DVHs, that exclude the urine, presented in absolute volume, and identify functionally 

heterogeneous segments. Describing bladder functional tissue dose in this manner have 

not been attempted before, and represents an entirely new approach in bladder 

dose/toxicity research.  

 

This concise chapter presents the overarching research objective, specific aims, 

rationale and general methodological approach of the entire doctoral research. A link 

has been made between the individual projects and how they contributed to 

achievement of the central research objective. The conceptual limits of the doctoral 

research have also been presented and justified.  

 

3.2 RESEARCH OBJECTIVE 

The purpose of this thesis was to develop and validate techniques to reconstruct the 

dose delivered to the functional normal bladder tissue during fractionated external beam 

radiotherapy. This necessitated the creation and application of novel delineation, dose 

calculation and dose reconstruction techniques and processes, to precisely quantify the 

dose actually delivered to the functional bladder tissue during ƒEBRT. Those techniques 
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were then applied in a clinical scenario to determine if dose reconstructed using these 

methods could be associated with chronic urinary toxicity. 

 

3.2.1 Specific Aims 

To achieve the overarching research objective, to develop and validate bladder 

delivered dose reconstruction techniques, the research addressed the following specific 

aims: 

i. To develop and validate methods to delineate the bladder functional tissue on 

planning CT and on images acquired at the time of treatment delivery 

ii. To develop and validate methods to accurately calculate the dose planned for, and 

reconstruct the dose delivered to, the functional bladder tissue 

iii. To determine the clinical, technical and dosimetric factors that influence the 

differences between planned dose and delivered dose to develop an evidence-base 

for total dose reconstruction 

iv. To reconstruct the total dose delivered to the bladder functional tissue using the 

above-mentioned techniques, and test for associations with chronic urinary 

toxicity following radiotherapy 

 

3.3 RATIONALE 

3.3.1 Clinical Significance 

Due to steadily improving cure rates with radiotherapy, increasing numbers of pelvic 

cancer survivors are living with long-term normal tissue toxicity (Ferlay et al., 2012). 

Even with sophisticated radiotherapy techniques, it is common for these individuals to 

experience some form of chronic urinary dysfunction. This affects not only the function 

of their bladder but also results in additional deleterious effects experienced as a 
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consequence of urinary dysfunction such as impairment of; sexual function, psycho-

social interaction and quality of life (Schaake et al., 2014). The reduction of urinary 

morbidity with the use of conformal techniques broadly demonstrates that there is a 

relationship between the spatial distribution of radiotherapy dose within the normal 

bladder and the consequent risk of toxicity. But, with the ability of IMRT to manipulate 

the entire spectrum of dose in normal tissues, knowledge of the link between precise 

metrics of radiotherapy dose and subsequent toxicity is considered vital by the radiation 

medicine community (Bentzen et al., 2010). 

 

A critical review of the literature has revealed that the state of knowledge on this 

subject is unsatisfactory. To date, all but one investigation of the link between 

radiotherapy dose and urinary toxicity have relied on a pre-treatment planning estimates 

of bladder dose. The bladder displays substantial motion and deformation during 

treatment, which will result in differences between the dose calculated during planning 

and the dose actually delivered (Godley, Ahunbay, Peng, & Li, 2012; Wen et al., 2012). 

Even small variations in the dose actually delivered may impact the estimated risk of 

toxicity because the dose response curve for normal tissue is so steep (Andreassen, 

Alsner, & Overgaard, 2002). The exact dose delivered to the bladder tissue is required 

therefore, if accurate predictions of radiotherapy morbidity are to be performed 

(Holscher, Bentzen, & Baumann, 2006).  

 

Precise knowledge of the partial dose/volume effect of inhomogeneously irradiated 

normal organs will enhance our ability to estimate the risks of radiotherapy toxicity 

(Jackson et al., 2010). Moreover, those parameters could potentially be used to guide 

IMRT planning dose deposition and limit urinary toxicity for any patient receiving 

ƒEBRT to the pelvis. Conversely, reliable dosimetric prediction of normal tissue toxicity 
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could determine where safe intensification of tumour dose was possible and/or aid in 

the selection between dose distributions to achieve an optimal therapeutic ratio 

(Bentzen, 2006) and the highest probability of an uncomplicated cure. 

 

3.3.2 Academic Significance 

In addition to improving clinical practice, an accurate determination of the actual dose 

delivered to the bladder wall is also theoretically useful. Radiobiological modelling of 

normal tissue response to ƒEBRT is an important tool to compare experimental 

treatment modalities and to design novel treatment regimen. Unfortunately, the effect of 

dosimetric uncertainty during ƒEBRT dominates over the biological effect in low risk 

toxicity scenarios (Bentzen, 2006). This limits the accuracy of the radiobiological 

predictions (Fiorino, Valdagni, Rancati, & Sanguineti, 2009) and, if this research can 

develop a robust method to calculate the actual dose delivered to the bladder tissue, it 

will be of enormous benefit to radiobiologists. 

 

New techniques to personalize radiation therapy based on genomic and proteomic 

information hold great potential. However, the current level of uncertainty in delivered 

dose hampers the identification of useful biomarkers (Jaffray, Lindsay, Brock, Deasy, & 

Tome, 2010). Effective biomarker validation will require quantification of delivered 

dose, particularly for organs which exhibit large changes during the treatment course, 

such as bladder.  

 

3.2.3 Uniqueness of Approach 

This research took the unique stance that a robust association between radiotherapy 

dose and chronic urinary toxicity will not be found unless the delivered dose is 

calculated to the functionally inhomogeneous bladder tissue using images acquired at 
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the time of treatment delivery. To achieve that delivered dose calculation, the chosen 

methods were substantially different from those employed by similar studies.  

 

Rather than relying on planCT DVHs, daily DVHs, or simple summation methods to 

estimate delivered dose, this research used deformable registration and dose mapping to 

avoid the large dosimetric errors seen with these techniques in the presence of large 

organ motion (Andersen et al., 2013; Soukup, Sohn, Yan, Liang, & Alber, 2009). This 

was the first research to delineate and track the position of the hollow bladder wall. This 

eliminated the confounding effect of the dose to the urine from the DVH (Rosewall et 

al., 2011), and was the first dose reconstruction to accommodate daily changes in 

bladder wall thickness (Dale, Hellebust, Bruland, & Olsen, 2005). This provided the 

first estimate of delivered dose to the functional bladder tissue. Moreover, bladder 

trigone has been identified as independently important for the prediction of urinary 

toxicity after radiotherapy (Ghadjar et al., 2014; Heemsbergen et al., 2010) and this 

research was the first to reconstruct the delivered dose to that structure. Rather than 

using images taken outside the treatment room which suffer from changes in bladder 

filling and position in the period between treatment and imaging, this research used 

images for dose reconstruction that were acquired in the treatment position, at the time 

of treatment, aligned using the treated isocentre position, providing a valid estimate of 

delivered dose.  

 

This approach required the development and testing of innovative techniques for: 1) 

delineation of the bladder functional tissue on the planning CT and on images acquired 

immediately prior to treatment delivery; 2) calculation and mapping of dose to a  thin, 

hollow, highly deformable structure; 3) development of an evidence-base for total dose 

reconstruction procedures. Finally, those techniques were applied within a challenging 
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clinical scenario to determine if dose reconstructed using these methods could be 

associated with chronic urinary toxicity. 

 

3.4 SCOPE AND CONCEPTUAL LIMITS 

Naturally, this research must have some limits on the concepts under investigation. The 

first and most important limitation in scope is that the research will only evaluate the 

effect of radiotherapy on the urinary bladder as a normal (non-cancerous) organ. 

Specifically, this includes irradiation of the bladder as an adjacent organ-at-risk during 

the treatment of prostate, cervix and rectal cancer etc., but excludes patients receiving 

radiotherapy for bladder cancer. This was done to avoid the confounding effects of poor 

patient performance status, significantly impaired pre-treatment urinary function, 

substantially different dose, fractionation and treatment planning practices, and a high 

frequency of loss to follow-up. Current referral practices in Canada mean that exclusion 

of bladder radiotherapy patients would only reduce the eligible research population by 

approximately 10 patients per year. Thus, exclusion of bladder cancer patients from the 

focus of this research increased the homogeneity of the eligible population, without 

decreasing the feasibility of the research. For reference, the reader is directed to several 

articles that present information on the planned dose/toxicity relationship for bladder 

cancer patients (Majewski & Tarnawski, 2009; Mangar et al., 2006). 

 

As noted in the literature review, although the challenges associated with using 

subjective and aggregated patient-reported symptoms to quantify urinary dysfunction 

are acknowledged (Bentzen et al., 2010; Viswanathan, Yorke, Marks, Eifel, & Shipley, 

2010), it is logical to first solve the most significant source of error, i.e. accurate 

reporting of the dose delivered to the functional tissue. Furthermore, finding the link 

between dose and toxicity will likely not be possible until objective indicators of 
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urinary toxicity are identified (Rosewall et al., 2010), which is well beyond the scope of 

this thesis. Evaluations of the association between reconstructed dose and chronic 

urinary toxicity contained herein should therefore, be considered an extension of the 

dose reconstruction validation, rather than an attempt to find actual associations 

between bladder dose and toxicity.  

 

The motion or dysfunction of other normal pelvic organs during and after radiotherapy 

will not be discussed specifically, but only in terms of their similarity or differences to 

the urinary bladder. The reader is directed to numerous radiotherapy-specific articles 

available detailing; rectal motion (Padhani et al., 1999) and radiation-induced toxicity 

(Garg et al., 2006); or small bowel motion (Kvinnsland & Muren, 2005) and toxicity 

(Guckenberger & Flentje, 2006). The effect of radiotherapy on sexual function will not 

be explicitly discussed, except in the context of bladder toxicity and its consequential 

long-term effect on feelings of sexual well-being. Detailed reports of sexual dysfunction 

following radiotherapy can be found for both male (van der Wielen, Mulhall, & 

Incrocci, 2007) and female (Donovan et al., 2007) pelvic cancer survivors.  

 

This thesis will not consider the effect of intra-fraction bladder motion, which is motion 

that takes place during the delivery of that day’s radiation beams. The normal bladder 

fills at a rate of approximately 2 cm3 per minute (Dees-Ribbers et al., 2014; Tuomikoski 

et al., 2013). With modern radiotherapy techniques requiring only 5 minutes or less for 

beam delivery, it is unlikely that changes in bladder filling of only 10 cm3 will impact 

on the position of the bladder relative to the delivered dose. Little is known about this 

phenomenon however, and an evaluation of the magnitude of volume change (between 

fractions) on dose will take place in this research. This may determine if an evaluation 

of the dosimetric impact of intrafraction bladder filling is warranted in the future, which 
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will necessitate the use of complex imaging acquired while the radiation is being 

delivered. 

 

The impact on bladder toxicity of non-standard fractionation schemes, or the addition of 

chemotherapy or brachytherapy to external beam radiotherapy will not be evaluated. 

The reader is directed to the following articles for an overview of these topics related to 

urinary toxicity and: hypofractionation (Hoskin & Dearnaley, 2007); neoadjuvant or 

adjuvant chemotherapy (Eifel, 2006) and brachytherapy (Steggerda, Witteveen, van den 

Boom, & Moonen, 2013). 

 

Normal tissue complication probability estimates will not be employed in this thesis 

because many of the calculation parameters used are, as yet, poorly identified for 

bladder (Marks et al., 2010; Trott et al., 2012). Uncertainty in these parameters often 

leads to inaccurate estimates of population-based statistics, which are not well 

correlated with actual bladder toxicity rates from clinical samples (Baumann, Petersen, 

& Krause, 2005; Burman, 2002; Ling, Kutcher, & Mohan, 1995). For a full discussion 

of the strengths and weaknesses of bladder normal tissue complication probabilities the 

reader is directed to the following articles (Baumann & Petersen, 2005; Schultheiss, 

2001). 

 

3.5 OVERARCHING RESEARCH DESIGN 

This research was performed as a series of seven consecutive phases (Table 3.1). Each 

of these phases addressed one of the specific aims noted in section 3.2.1 above and 

mimicked the stages of the dose reconstruction process. This was necessary because 

many of the techniques required for this work did not exist prior to this research. For 

those that did exist, there was very little information on the accuracy and reliability of 
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those techniques for use in bladder dose reconstruction. So, each phase developed and 

tested a particular technique, which was then employed in the next phase, and so on.  

 

Table 3.1: Description of the seven stages of the research process, with the specific aim 
that they address and chapter number where the research methods and results can be 
found.  

 
 

Phase 1 evaluated various common or novel methods to delineate the functional bladder 

tissue accurately and reproducibly on kV fan beam planning CTs, based on dosimetric 

parameters. The inter-observer study incorporated in Phase-1, also allowed 

credentialing of the two observers that performed bladder delineations throughout the 

remainder of the thesis. In Phase-2, the most promising of the methods from Phase-1 

was validated geometrically, and a technique to propagate those contours to the daily 

treatment images (kV conebeam CT) was developed and tested. Also, the principles of 

uniform contraction proposed for planCT in Phase-1 were extended to include 

delineation of the inner bladder wall on the treatment images. Phase-3 identified the 

Research 
Phase Process Step Specific 

Aim 
Thesis 

Chapter 

1 Delineation on 
planning images i. Chapter 4 

2 Delineation on 
treatment images i. Chapter 5 & 6 

3 Initial dose 
calculation ii. Chapter 7 

4 Deformable 
registration ii. Chapter 8 

5 Daily dose mapping ii. Chapter 9 

6 Evidence-based total 
dose reconstruction iii. Chapter 10 

7 
Association of 

reconstructed dose 
and chronic toxicity 

iv. Chapter 11 
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optimal parameters necessary for an accurate initial dose calculation, which the 

deformable registration methods evaluated in Phase-4 would deform to create daily 

dose maps for evaluation in Phase-5. In Phase-6, the techniques developed to this point 

were combined to reconstruct dose in a variety of different clinical and dosimetric 

scenarios to provide insight into the underlying mechanisms of dose reconstruction and 

develop evidence-based guidelines for use in Phase-7, where reconstructed delivered 

dose was evaluated for potential associations with chronic urinary toxicity. 

 

3.5.1 Study Paradigm 

The study design for this entire research was a retrospective, quasi-experimental 

approach, with dose reconstruction technique development and validation using pre-

existing clinical data, acquired as part of the standard of care. This was an ethically 

sound approach; as it did not require the exposure of patients to experimental 

procedures, nor did it necessitate additional radiation dose or hospital visits. Thus, it 

was minimally impactful for the participants, but could also efficiently achieve the 

research objectives. However, this design means that the groups for each phase were not 

formed randomly, and as such had the potential to be subject to confounding bias. For 

the case-control phase (7), any bias present was controlled using multivariate regression 

(Altman, 1997). For phases 1 to 4, all comparisons were performed within-subject, 

eliminating the confounding effect of subject differences (Seltman, 2014). For phases 5 

and 6, comparisons were made between three intentionally different groups to 

specifically explore the effect of those differences on dose reconstruction. That 

evaluation explored the effect of variables that were thought to influence reconstructed 

dose, but it must be acknowledged that other unknown variables may have confounded 

that analysis (Bland, 2003). As such, the approach of these research phases was one of 
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exploration and description of a previously unexplored subject, rather than an 

identification of a causal relationship. 

 

As this study sought to describe the relationship between variables in a sample drawn 

from a hospital-based patient population, an empirical stance was taken where this 

researcher attempted a precise and unbiased recording of events to determine the 

interrelationships of the study variables and generalize these findings to the population 

as a whole (Fletcher, Fletcher, & Wagner, 1996).  Also, as it was the researcher’s 

intention that this study should contribute to evidence-based practice, it must use a 

design that would facilitate precise communication of results between clinicians and 

researcher utilizing reproducible data gathering methods that permit an accurate 

quantification of error (Fletcher et al., 1996; Sackett, Strauss, Richardson, Rosenberg, & 

Haynes, 2000). Thus, a quantitative research paradigm was selected for this project. 

 

For all phases except Phase-7, this research was analysed for naturalistic comparison 

groups (See 3.5.2 for details). This study design was a methodologically and logistically 

sound method to meet the study objectives of developing and testing procedures for 

bladder dose reconstruction (Fletcher et al., 1996). However, an acknowledged 

weakness of ex post facto research design is that it is difficult to evaluate a causal 

hypothesis, as alternative explanations can always be advanced due to uncontrolled 

confounding variables (Creswell, 1994). Thus, for the final phase evaluating a causal 

relationship between reconDose and urinary toxicity, a case-control design was used.  

 

A case-control design was deemed most effective to meet the objectives of this phase of 

the research, as a prospective cohort study would have required more than three years of 

follow-up after treatment to accommodate the long latency period identified for chronic 
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urinary toxicity (Gardner, Zietman, Shipley, Skowronski, & McManus, 2002). Also, 

because the incidence of severe chronic toxicity is low at our cancer centre (~8%) 

(Martin et al., 2009; Skala et al., 2007), the sample size for a prospective cohort study 

would need to be prohibitively large to ensure a sufficient number of adverse events 

(Altman, 1997). Inclusion of too few adverse events has frequently underpowered 

previous cohort-based evaluations attempting to identify the association between 

bladder dose and urinary toxicity (Dearnaley et al., 2005; Thor et al., 2013). Although 

an uncommon approach, case-control study design has specific methodological 

advantages (Jewell, 2004) and has been used previously to associate bladder dose and 

urinary toxicity (Jani et al., 2003). This design is highly recommended as long as cases 

and controls are well matched, and if bias can be minimized during selection (Altman, 

1997; Fletcher et al., 1996). Beyond the traditional benefits of case-control design, this 

paradigm focused the use of time-consuming and resource-intensive dose reconstruction 

procedures on groups of patients that would best answer the research question. 

However, to achieve valid outcomes from case-control research, there must be careful 

avoidance of techniques that may create bias during participant selection. These are 

discussed in detail in Chapter 11. 

 

3.5.2 Sample Selection 

For the first four phases of the research, the eligible population of patients consisted of 

the following: 

• Diagnosed with biopsy confirmed intermediate risk prostate carcinoma. 

• Completed treatment as planned at Princess Margaret Cancer Centre between June 

2008 and August 2010. 

• Received 78 Gy in 39 fractions to prostate-only CTV. 
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• IMRT plan (7-field coplanar, static field, step-and-shoot with multi-leaf collimation 

[MLC]) achieved departmental dose constraints. 

• Received ‘comfortably full’ bladder preparation instructions. 

• No positive or negative contrast agents in the pelvis. 

• No transurethral resection of the prostate, and no metallic hip prostheses. 

 

These criteria resulted in an eligible cohort of 198 patients. All homogeneously 

irradiated, with sufficient imaging frequency and quality to facilitate meaningful 

analysis and meet the aims of these research phases. Thus, methods to delineate and 

deform the bladder functional tissue were developed and tested with high quality 

images under stringent dosimetric conditions.  

 

From that eligible cohort, small groups were selected for inclusion in the individual 

research phases; either consecutive reverse chronologically. Any patient included in one 

phase of the research was excluded from the remainder. Some additional exclusion 

criteria were applied, based on specific imaging needs of the various phases. For the 

research presented in Chapters 5 and 8, all patients were excluded who were not imaged 

every day in the first week of treatment. In Chapter 6, all patients without multiple 

planCTs were excluded from the analysis. Chapters 4 and 7 required no additional 

exclusion criteria.  

 

Samples sizes for each phase of the research were consistent with those used in similar 

investigations found in the literature, or larger if previous studies were felt to be 

underpowered. They were selected to meet the demands of any particular statistical 

approaches, and the size of the cohorts should have introduced sufficient patient-based 

diversity to be representative of the population of interest. Individual power calculations 
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were performed to ensure the sample sizes for each phase were sufficient to detect 

clinically meaningful differences between the techniques employed. To ensure that bias 

from patient idiosyncrasies was not perpetuated throughout the research, an individual 

patient’s data was only included in one phase of the study. The only exception to this 

rule was the group who had received multiple planCTs. This group of 14 patients was 

included in both Phase-2 and Phase-4, due to the rarity of that event. In total, 99 patients 

from the 198 patient eligible cohort were included in the first four phases of the 

research. 

 

In Phase-5 and 6, the methods developed in the previous phases were tested in various 

clinical and dosimetric scenarios. Therefore, data from patients with different cancer 

diagnoses and radiotherapy regimen were included. The eligible population of patients 

consisted of: 

• Diagnosed with prostate, cervix or rectal cancer. 

• Completed treatment as planned at Princess Margaret Cancer Centre between 

February 2010 and August 2010. 

• Received radical radiotherapy prescription doses using standard techniques and 

fractionation schemes. 

• No positive or negative contrast agents in the pelvis. 

• Daily kV conebeam CT images taken at the time of radiotherapy delivery as part of 

routine image-guided practice. 

• All images must contain the whole bladder, and be of sufficient image quality to 

afford precise bladder delineation. 

 

These criteria resulted in an eligible cohort of 103 patients. This group demonstrated 

differences in target volume shape, target volume position relative to the bladder, 

  101 



prescription dose, dose distribution, patient position, daily setup correction protocol and 

bladder filling protocol. Although there were large differences between the disease site 

groups, there was minimal variation within the disease site groups (due to standardized 

treatment protocols) enabling valuable exploration of the influence of those clinical and 

dosimetric differences on bladder dose reconstruction.  

 

From that eligible cohort, two groups were identified for inclusion. Quota sampling was 

used to select patients, reverse chronologically, for each disease site individually. Any 

patient included in one phase of the research was excluded from the remainder. Some 

additional exclusion criteria were applied during sampling, based on specific imaging 

needs of the various phases. For the research presented in Chapter 9, any patient with 

less than five CBCT images containing the whole bladder volume was excluded. In 

Chapter 10, any patient with less than 100% of their CBCT images containing the 

whole bladder volume was excluded. The first consecutive 30 patients were allocated 

for investigation in Phase-5 (10 prostate, 10 cervix, 10 rectal). The next consecutive 30 

patients (10 prostate, 10 cervix, 10 rectal) were allocated to Phase-6. Individual power 

calculations were performed to ensure the sample sizes for each phase were sufficient to 

detect clinically meaningful differences between the techniques employed. 

 

For the final phase (7) of the research, the eligible population of patients consisted of 

the following: 

• Diagnosed with biopsy confirmed prostate carcinoma. 

• Completed treatment as planned at Princess Margaret Cancer Centre between March 

2006 and September 2011. 

• Received more than 60Gy prescribed dose using standard fractionation schemes. 

• Baseline (pre-treatment) urinary function documented. 
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• Current urinary function documented at last follow-up appointment. 

• Daily kV conebeam CT images taken at the time of radiotherapy delivery as part of 

routine image-guided practice. 

• All images must contain the whole bladder, and be of sufficient image quality to 

afford precise bladder delineation. 

 

From an initial group of 1640 patients, application of these inclusion criteria resulted in 

an eligible cohort of 172 patients. For full details on the step-wise exclusion process, 

see Chapter 11. It was originally intended to include all pelvic cancer patients in this 

phase of the research. However, technical difficulties reconstructing the dose from 

intracavitary brachytherapy for cervix cancer, and lack of pre-treatment urinary function 

baseline documentation for rectal cancer, prevented inclusion of these disease sites (see 

Section 11.2.2.1 for more details). 

 

From the eligible cohort of 172 patients, 22 cases (with chronic urinary toxicity) and 44 

matched controls (without chronic urinary toxicity) were selected for inclusion (see 

Chapter 11 for detail on case/control matching). None of these individuals had been 

included in any of the previous phases. 

 

 

3.6 SUMMARY 

This chapter described the overarching thesis objective, specific aims, rationale and 

general methodological approach of the entire doctoral research, to link the individual 

phases and their contribution to the central research objective. The overall study design, 

selection of the study paradigm and the distribution of 223 eligible patients throughout 

the various phases of the study was also described. 
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For the written presentation of this doctoral research, the rationale, methods, results and 

conclusions from each phase of the study are described in individual chapters, as noted 

in Table 3.1. To aid the reader, chapters evaluating similar themes have been grouped 

into sections. This section (Section 1) encapsulates the background, literature review 

and research design of the thesis. Section 2 contains the bladder delineation phases of 

the research and Section 3 groups the dose calculation and dose mapping phases. 

Section 4 presents the findings of the total dose reconstruction and dose/toxicity 

association phases, culminating in a discussion and conclusions chapter (Chapter 12) 

that brings the findings of all the research phases together to provide a synthesis of the 

new knowledge from this thesis, and recommendations for future practice.  
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SECTION 2 

 

DELINEATION OF 

FUNCTIONAL BLADDER 

TISSUE 

 
 
 
 
Peer reviewed articles and abstracts stemming from this section 
 
Rosewall T, Bayley AJ, Xie J, Baxi S, Catton CN, Chung P, Currie G, Wheat J, 
Milosevic M. The effect of delineation method and interobserver variability on 
“bladder” cumulative dose-volume histograms (DVH). ESTRO conference, Barcelona, 
Spain, 2010. Radiother Oncol 96(Suppl 1): S590, 2010. 
 
Rosewall T, Bayley A, Chung P, Le LW, Xie J, Baxi S, Catton C, Currie G, Wheat J, 
Milosevic M. The effect of delineation method and interobserver variability on bladder 
dose-volume histograms for prostate intensity modulated radiotherapy. Radiother Oncol 
101: 479–485, 2011  

Chosen as “an article of particular value and interest” by the editorial board of 
UroToday.com 
 

Rosewall T, Xie J, Li W, Bayley AJ, Chung P, Currie G, Wheat J, Milosevic M. The 
use of model-based auto adaption and propagation to minimize intra-observer 
variability when delineating the normal urinary bladder on planning CT and pre-
treatment cone-beam CT. ISRRT world congress, Toronto, Ontario, 2012. J Med Im 
Rad Sci, 43(S1): S58, 2012.  

Awarded the George Reason Memorial Award (Certificate of Merit, 2012) 
 

Rosewall T, Bayley A, Catton C,  Chung P, Currie G, Heaton R, Wheat J, Milosevic M. 
A model to predict the position of the inner bladder surface relative to the outer surface. 
B J Radiol. Under review Dec 2014 
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SECTION INTRODUCTION 

This research took the unique stance that a robust association between radiotherapy 

dose and chronic urinary toxicity will not be found unless the delivered dose is 

calculated to the functionally inhomogeneous bladder tissue. Accurate cumulative 

DVHs are central to achieving a valid description of the dose delivered to the bladder 

functional tissue (Drzymala et al., 1991). DVHs are calculated by delineating a 

structure, subdividing that volume into voxels, calculating the dose to each voxel, then 

summing each voxel into the appropriate dose bin to create a frequency histogram. 

Thus, the validity of a DVH is strongly affected by the validity of the methods used to 

delineate the volume-of-interest. 

 

The critical review of the literature suggests that improvements in the manner in which 

the dose to the bladder tissue is calculated must describe delivered-dose that excludes 

the urine and identifies functionally heterogeneous segments. Describing bladder 

functional tissue dose in this manner had not been attempted before. It therefore 

required the development, testing and application of innovative techniques to delineate 

the outer and inner surface of the bladder wall and the trigone region on the planCT, 

and on images acquired immediately prior to treatment delivery. 

 

To achieve these objectives, the research in Chapter 4 evaluated both common and 

novel methods to delineate the functional bladder tissue accurately and reproducibly on 

kV fan beam planCTs, based on dosimetric parameters. The inter-observer study 

incorporated in that research, also allowed credentialing of the 2 observers that 

performed bladder delineations throughout the remainder of the thesis. In Chapter 5, the 

most promising of the methods to delineate the bladder tissue on the planCT was 

validated geometrically, and a technique to propagate those contours to the daily 
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treatment images (CBCT) was developed and tested. Finally, the principles of uniform 

contraction proposed for use with the planCT were extended to include delineation of 

the inner bladder surface on the CBCT images in Chapter 6. In this manner, this series 

of inter-related studies provided an evidence base for delineation of the outer and inner 

surfaces of the bladder and the trigone that were then used throughout this thesis.  
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CHAPTER 4 

 

DELINEATION ON PLANNING CT 
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4.1 INTRODUCTION 

As highlighted in the review of the bladder dose/toxicity literature, a spectrum of 

bladder delineation methods have been used to report planDose in an attempt to find 

associations with urinary toxicity. Most simply outlined the outer surface of the bladder 

for the DVH calculation (Chen et al., 2007; Dearnaley et al., 2005; Fleming, Kelly, 

Thirion, Fitzpatrick, & Armstrong, 2011; Michalski et al., 2000; Pinkawa et al., 2006b), 

but this will include the dose to the bladder wall plus the dose received by the urine. 

Others have subtracted the dose to the urine by using automatic contraction margins of 

3-5 mm to generate a hollow bladder ‘wall’ DVH (Ahmed et al., 2013; Cheung et al., 

2007; Harsolia et al., 2007) but this does not accurately reflect intra-patient variation in 

bladder wall thickness (Li, Boyer, Lu, & Chen, 1997) nor different wall thickness at 

different sites of the bladder  (Hoogeman, Peeters, de Bois, & Lebesque, 2005). Some 

have manually delineated a portion of the inner and outer bladder surfaces (Skala et al., 

2007; Storey et al., 2000) but these contours were truncated superiorly, and thus did not 

quantify the bladder dose beyond the field edge. In addition, modern theories suggest 

that dose to the bladder trigone is independently important but rely on point doses or 

DSH to quantify dose (Ghadjar et al., 2014; Heemsbergen et al., 2010).  

 

Imprecise methods used during the delineation process could result in significant under 

or over reporting of the dose received by the bladder tissue and it has been suggested 

that the dosimetric effect of delineation variability is much more significant for bladder 

than for rectum (Cheng & Das, 1999). Two factors determine whether the volumes 

delineated will result in an accurate estimate of the dose to the bladder; namely whether 

the volumes delineated are a valid representation of the functional tissue and what 

degree of reproducibility is achievable with those methods. Only three articles have 

reported the effect of delineation method on the bladder DVH itself, and these found 
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either no difference (Pinkawa et al., 2006a), an overestimation (Lebesque et al., 1995), 

or an underestimation (Cheng & Das, 1999) when comparing the DVHs of the outer 

surface of the bladder with a technique to delineate the bladder wall. Furthermore, the 

study of observer variability during bladder delineation is limited to findings presented 

in geometric or volumetric discrepancies (Berthelet et al., 2003; Foroudi et al., 2009; 

Logue et al., 1998; Meijer, Rasch, Remeijer, & Lebesque, 2003), with no consideration 

of the dosimetric impact. To date, no author has evaluated the 3D volumetric 

delineation of the trigone, and very little is known about the variation of trigone dose 

between patients. Furthermore, there has been no attempt to quantify the effect of 

delineation methods, or to evaluate the magnitude of inter-observer variability. 

 

The rigour of this thesis relies on the accurate and reproducible delineation of the 

functional bladder tissue. Therefore, the lack of quantitative data on the optimal method 

of delineating the bladder functional tissue, and on the accuracy achievable with that 

method, necessitated the design of a study to evaluate the effect of various delineation 

methods on the ‘bladder’ and trigone DVHs and to determine the dosimetric 

consequences of observer-related variability. 

 

4.2 METHODS 

This was a single centre, quasi-experimental study with research ethics board approval 

from the University Health Network (Toronto) and Charles Sturt University. The 

radiotherapy planCT of 30 patients were included in the analysis. These were selected 

consecutively, in reverse chronological order from a cohort of 198 available patients. 

Study inclusion criteria were: 

• Diagnosed with biopsy confirmed intermediate risk prostate carcinoma. 
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• Completed treatment as planned at Princess Margaret Cancer Centre between June 

2008 and August 2010. 

• Received 78 Gy in 39 fractions to prostate-only CTV . 

• IMRT plan (7-field coplanar, static field, step-and-shoot MLC) achieved 

departmental dose constraints. 

• Received ‘comfortably full’ bladder preparation instructions. 

• No positive or negative contrast agents in the pelvis. 

• No transurethral resection of the prostate, and no metallic hip prostheses. 

Patients included in previous research phases were excluded. No additional exclusion 

criteria were employed. 

 

The planCT scans (2 mm slice thickness; 0 mm gap; 120 kVp; mAs regimen 

individualized per patient using SUREExposure™ software [Toshiba AquilionOne]) and 

clinical plans were copied into a treatment planning system research directory 

(Pinnacle, (Elekta USA, ver. 9.0). These images were then de-identified and the clinical 

contours deleted. 

 

To determine the optimal method for delineating the bladder functional tissue, the 

bladder was delineated on the first 20 patients using standard Pinnacle tools by a single 

observer using various manual and automated methods: 

1. The outer surface of the bladder was manually delineated to create a solid structure 

(Outer).  

2. Bladder wall thickness has been shown to vary between patients, at different 

anatomical regions of the bladder wall, and with bladder filling (Dale, Hellebust, 

Bruland, & Olsen, 2005; Oelke et al., 2006). Therefore, manual delineation of the 
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entire inner and outer bladder surfaces was performed (BW_m) and was considered 

the nominal benchmark for this study.  

3. BW_m was truncated to 18 mm above the CTV (BW_t), consistent with methods 

reported in the literature (Skala et al., 2007; Storey et al., 2000).  

4. Outer was used as a basis to automatically generate a hollow bladder ‘wall’ by 

performing uniform 3D contractions of 2, 2.5, 3, 4 and 5 mm (BW_2 to BW_5).  

5. A novel method for delineating the bladder wall was also included (BW_vol). To 

create this structure, a uniform contraction (in 0.5 mm increments) was applied to 

Outer until the volume of the structure created was equivalent to the volume of 

BW_m (in cm3).  

6. A semi-automated method was used to delineate the outer bladder. Model-based 

auto-adaptation is a standard tool in the Pinnacle planning system. An organ model 

was previously developed using the clinical OB contours from 100 consecutive 

patients, and was stored in the Pinnacle Organ Model Library. This composite organ 

model was placed on the planCT, then user-defined image and organ characteristics 

were used to automatically detect the outer border of the bladder (Figure 4.1)  

(Whitfield, Price, Price, & Moore, 2013). Small manual edits with a 3D mesh tool 

were permitted. This OB contour was then combined with Method 5 above to 

generate BWauto. 
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Figure 4.1: Model-based auto adaptation image and organ characterization window used 
to automatically to search for and fit the contour to the borders of the bladder on the 
planCT image. 
 

To determine observer-based delineation variability, 6 experienced observers manually 

delineated both inner and outer bladder surfaces in Pinnacle for each of the remaining 

10 patients. These observers were: allocated a study number to ensure anonymity; 

blinded to the contours of their peers; and permitted to use any Pinnacle contouring tool 

or window/level settings they preferred. To determine observer variability for different 

delineation methods, the manual inner and outer contours were then used as a basis to 

create the following ‘bladder’ volumes: BW_m, and BW_2.5 and BW_vol (the two 

most promising methods from the single observer study). 

 

To explore the dosimetric effect of delineation method and observer variability on the 

trigone DVH, all the methods to delineate the bladder wall noted above were 

constrained to a geometric triangular region of interest, with vertices defined by the 

position of the insertion of the two ureters and the urethra for each patient. Thus, for a 

voxel to be considered as part of the trigone, it must be positioned within the triangular 

region and within the bladder wall structures created above. To determine trigone 

observer variability for different delineation methods, the manual inner and outer 

bladder surface contours were then used as a basis to create the following trigone 
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volumes: Trig_m, and Trig_3 and Trig_vol (two most promising methods from the 

single observer study). 

 

After all contouring was complete, the dosimetry of the clinically treated plans was 

recalculated using the collapsed cone convolution/superposition algorithm (CCCS) and 

a 1.5 mm3 dose grid. Dose interpolation was performed between the centres of the 1 

mm3 voxels. See Chapter 7 for validation of these dose calculation parameters. 

 

4.2.1 Data Analysis 

The dosimetric output of each delineation method was quantified using raw differential 

dose volume histogram data from Pinnacle. The raw DVH data binned the dose / 

volume pairings in 10 cGy increments throughout the entire volume. Those differential 

dose volume histograms were exported electronically from Pinnacle to Excel (Ver. 

2010, Microsoft USA). Within Excel, the differential DVH data were converted to 10 

cGy cumulative frequency bins for analysis.  

 

To determine the effect of delineation method on the DVH curve, the following 

procedures were performed. For each 10 cGy dose bin, the organ volume from the study 

benchmark (manual contours) was subtracted from the DVH volumes of the other 

delineation methods. This was performed for each patient, individually to create a 

“subtraction DVH”. The per-patient volume differences between the delineation 

methods were then averaged for the 20 patient cohort, and subtraction DVHs were 

plotted in both %vol and cm3.  

 

Bladder volumes at key dose levels were used as discrete comparison points between 

the methods. These key dose levels were those that have been previously associated 

  115 



with the risk of chronic urinary toxicity: Bladder volume receiving 30Gy (V30Gy) in 

cm3 (Harsolia et al., 2007); V65Gy in %vol (Michalski et al., 2000); V78Gy in cm3 

(Cheung et al., 2007); Area under the curve in cm3 (AUCabs) and %vol (AUC%) 

(Ahmed et al., 2013; Pinkawa et al., 2006b). The V80Gy parameter suggested by 

Heemsbergen et al. (2010) was not included as the volumes receiving this dose would 

be very small with a prescription dose of 78 Gy. Key dose /volume levels for the trigone 

were defined as V78Gy (Cheung et al., 2007) and V47Gy (Heemsbergen et al., 2010). 

Dose to 98% of the trigone (D98%) was also used to describe the near minimum trigone 

dose. 

 

The Wilcoxon signed-rank test was performed to test for differences from BW_m. This 

test was used for several reasons. Firstly, the data was continuous and paired. Secondly, 

the Wilcoxon test is particularly suitable when evaluating the difference between two 

treatments or conditions where the samples are correlated, as was the case in this 

research (Fletcher, Fletcher, & Wagner, 1996). The volumes delineated with each 

method were tested for association using Spearman’s rho (ρ).  Spearman’s rho was used 

because the data were paired, and the relationship between the variables may not be 

well described by tests that only evaluate a pure linear relationship (Bland, 2003). To 

investigate observer variability, the Intraclass Correlation Coefficient (ICC) was 

calculated. Since the systematic source of variance was associated with both subject and 

observer, a two-way random effect model was used to calculate ICC with both patient 

and observer as random effects in the model (McGraw & Wong, 1996). ICC has been 

widely used in reliability studies as the measure of agreement. Within the range from 

0.0 to 1.0, ICC will approach 1.0, when there is no variance due to the observer and 

variation in the data is solely due to subject variation. All statistical analysis was 

performed using SAS® (v9.2, Cary, NC) and R (www.r-project.org). The a-priori p-
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value was set at 0.05. A Bonferroni correction was applied to compensate for the use of 

48 inter-related tests, resulting in a significant p-value of 0.00104. 

 

4.3 RESULTS 

The ‘bladder’ was delineated as planned, resulting in 200 ‘bladder’ and 180 trigone 

cumulative DVHs to compare delineation methods; 180 bladder wall DVHs and 180 

trigone DVHs to quantify inter-observer variability. These were analyzed in both %vol 

and cm3. Power calculations based on a “within person” comparison for continuous data 

indicated that the sample of 20 patients would have an 85% power to detect DVH 

volume differences of 1cm3 for bladder wall and an 80% power to detect a 0.5cm3 DVH 

difference for trigone (Altman, 1997). 

 

4.3.1 Bladder Delineation Methods 

Use of different methods to delineate the bladder functional tissue, resulted in 

substantial differences between some of the DVH curves. Figure 4.2 illustrates the 

effect of delineation method on the DVHs when it is presented in either absolute 

volume or relative volume. 
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Figure 4.2: Mean cumulative ‘bladder’ DVHs for the various delineation methods under 
study presented in relative volume (top) and absolute volume (bottom) for 20 patients 
and one observer. 
 

The volumes generated using the different bladder delineation methods are summarized 

in Table 4.1. Outer, BW_4 and BW_5 all produced organ volumes that were 

significantly larger than BW_m. Truncating the contours (BW_t) was the only method 
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that resulted in significantly smaller organ volumes. No significant correlation between 

the volume of Outer (in cm3) and the magnitude of the contraction used to generate 

BW_vol (in cm) could be identified (ρ -0.18, n 20).  

 

Table 4.1: Group-based mean for BW_m and per patient pairwise differences (averaged 
over 20 patients) of total delineated volume and individual DVH points for structures 
created using the various delineation methods.  Mean (sd);  * p< 0.001; Negative values 
indicate mean volumes are less than the volume reported with BW_m 
 

 

 

The DVHs generated using the study delineation methods were compared to the study 

benchmark (BW_m) for each patient individually, using the key dose levels previously 

associated with the risk of chronic urinary toxicity (Table 4.1). Outer resulted in an 

almost 4-fold increase in the absolute volume reported to be receiving 30 Gy compared 

to BW_m and produced significant increases in every volume evaluated, except AUC%. 

Despite significantly under-reporting the organ volume, truncating the contours 

superiorly almost doubled the AUC%. BW_4 and BW_5 all resulted in statistically 

significant increases in the V30Gy, with BW_5 almost doubling the volume reported. 

Use of BW_2 resulted in a small but significant under-reporting of the V78Gy. Pairwise 

Delineation 
method

Organ 
Volume V30Gy V65Gy V78Gy AUCabs AUC%

Group Average BW_m 55 (18) 20 (7) 22 (10) 4 (3)
145856 
(45022) 2867 (1135)

Outer +276 (152) * +74 (25) * +20 (10) * +4 (4) * +561796 * 
(167231)

-235 (312)

BW_t -27 (19) * +1 (2) -2 (4) * 0 (1) -1480 
(15452)

+2327 (967) *

BW_vol 0 (2) 0 (3) -2 (4) -1 (2) -3584 
(17921)

-105 (267)

BW_Auto 0 (2) 0 (3) -3 (4) -1 (2) -2694 
(19767)

-104 (290)

BW_2 -7 (16) -3 (5) -3 (4) -1 (2) * -23269 
(35389)

-104 (267)

BW_2.5 +2 (16) -1 (4) -2 (4) -1 (2) -5579 
(32790)

-157 (251)

BW_3 +15 (19) +4 (4) -3 (4) 0 (2) +30357 
(35241)

-98 (277)

BW_4 +39 (24) * +12 (5) * -3 (4) +1 (1) +88609 * 
(38854)

-117 (247)

BW_5 +57 (30) * +18 (6) * 0 (0) +1 (2) +134724 * 
(45067)

-114 (246)

Average 
pairwise 

difference from 
BW_m
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differences were large with BW_3 for organ volume and AUCabs, although these did 

not reach statistical significance (p 0.005 and p 0.003, respectively). The remaining 

methods (BW_vol, BW_auto,  BW_2.5) showed no significant differences from BW_m 

when using these volume-based metrics. There were no significant differences between 

BW_vol and BW_auto, despite using semi-automated methods to delineate the outer 

bladder. 

 

These results were consistent with the findings from a visual review of the entire DVH 

curves. Figure 4.3 shows the mean pair-wise (per-patient) differences between BW_m 

and the other delineation methods with %vol on the Y-axis. Truncating the volume 

resulted in a marked overestimation of the %vol across the whole DVH curve (See 

Figure 4.3 inset). At doses between 67 Gy and 77 Gy, Outer underestimated the %vol 

by more than 5%, but overestimated the %vol receiving doses less than 10 Gy. All other 

methods deviated less than 3% from BW_m across the entire DVH curve.  
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Figure 4.3: Mean of pair-wise volume differences (%vol) of the bladder delineation 
methods from BW_m, plotted against dose (20 patients / 1 observer). Negative values 
indicate smaller volumes reported, compared to BW_m. Inset presents full curve for 
BW_t. 
 

When expressing pair-wise differences between volumes in cm3 (Figure 4.4), 

differences were generally smallest in the high dose region, increasing as dose 

decreased. Outer, BW_5, BW_4 all greatly overestimated the cm3 across the full length 

of the DVHs (See Figure 4.4 inset). BW_2.5, BW_auto and BW_vol demonstrated the 

smallest pair-wise differences from the study benchmark (<2 cm3). BW_t also showed 

small differences from BW_m, but these differences rapidly increased at doses below 

10 Gy. 
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Figure 4.4: Mean pair-wise volume differences (cm3) of the bladder delineation 
methods from BW_m, plotted against dose (20 patients / 1 observer). Negative values 
indicate smaller volumes reported, compared to BW_m. Inset presents full curve for 
Outer, BW_5 and BW_4. 
 

 

4.3.2 Bladder Wall Inter-Observer Variability 

Figure 4.5 shows the manual inner and outer contours of the six observers for a typical 

patient and indicates the range of DVH curves generated from those contours. Across 

the 10 patients, no systematic differences in DVH curves were noted between the 

observers.  

 

The per-patient range of delineated organ volume (largest observer volume – smallest 

observer volume) was calculated for each patient and each method. The group mean of 

these variations in delineated organ volume were 31 cm3 for BW_m (range 12 to 56 

cm3), 29 cm3 for BW_vol (range 11 to 55 cm3), and 4 cm3 for BW_2.5 (range 2 to 

5cm3). As bladder filling increased and the bladder wall became thinner, the magnitude 
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of observer variability increased for BW_m (ρ 0.88). However, bladder filling was not 

associated with the magnitude of observer variability for any other method. 

 

 

Figure 4.5: Effect of observer variation on BW_m. Top: 2 axial, sagittal and coronal 
planning CT slices displaying the BW_m contours of 6 observers for a typical patient, 
Bottom: BW_m DVHs (in cm3) for the same patient with DVH lines in the same colour 
as the corresponding observer contour seen on the CT slices. 
 

The effect of observer-based delineation variability on key dose levels is illustrated for 

each patient in Figure 4.6. The variation in V65Gy was largest for BW_m in every 

patient (mean 12% variation), whereas BW_2.5 and BW_vol mean variations were 2% 

and 4%, respectively. This trend was consistent throughout the length of the DVH 

curve, except for doses above 80 Gy where the volume variation was very small for all 

methods. 
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Figure 4.6: The per-patient minimum and maximum values of V65Gy in %vol for 3 
bladder wall delineation methods (10 Patients / 6 observers). 
 

These results were paralleled by the Intraclass Correlation Coefficient (ICC), where 

BW_m demonstrated the poorest ICC values compared to the other methods. BW_vol 

and BW_2.5 showed strong or near perfect agreement between the six observers at 

V30Gy, V65Gy and V78Gy (ICC between 0.77 and 0.99). For BW_m, ICC at V78Gy, 

V65Gy and V30Gy were 0.49, 0.73 and 0.66, respectively, indicating fair to moderate 

agreement. 

 

4.3.3 Trigone Delineation Methods 

As a trigone DVH had not been presented before, Figure 4.7 displays the trigone DVHs 

for each of the 20 patients, delineated using manual contours.  Even with the same PTV 

margin, prescription dose and target dose constraints, the dose to the trigone varied 

substantially between the 20 patients.  
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Figure 4.7: Cumulative trigone DVHs in cm3, delineated using manual inner and outer 
contours for 20 patients and one observer. Each curve indicates an individual patient. 
 

Across the 20 patients, the manual trigone organ volumes ranged from 3.1 cm3 to 8.4 

cm3 (mean 5.3 cm3). Variation in the volume of trigone receiving 78 Gy between 

patients was quite large (0.1 cm3 to 6.2 cm3). Similarly, the volume receiving 47 Gy 

varied from 2.3 cm3 to 8.4 cm3. Total organ volume, V78Gy and V47Gy were all 

significantly correlated with each other (ρ 0.62 to 0.85).  

 

Use of different methods to delineate the trigone resulted in substantial differences 

between some of the DVH curves when presented in absolute volume (Figure 4.8). 

However, there was little visible difference between the %vol DVH curves.  
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Figure 4.8: Mean cumulative trigone DVHs for various delineation methods, presented 
in absolute volume for 20 patients and one observer. 
 

The volumes generated using the different trigone delineation methods are summarized 

in Table 4.2. Trig_Auto, Trig_2 and Trig_2.5 all produced organ volumes that were 

significantly smaller than Trig_m. Only Trig_5 resulted in significantly larger organ 

volumes. Trig_4 organ volumes were also systematically larger, but not significantly so 

(p 0.0019).  At the key dose/volumes, Trig_5 almost doubled the volume reported to be 

receiving 47 Gy. Trig_Auto, Trig_2 and Trig_2.5 all significantly under-reported the 

V47Gy by approximately 1 cm3 (~20%) compared to manual methods. Only using 

contractions of 2 mm and 2.5 mm resulted in significant differences in the V78Gy, 

reporting 50% of the volume compared to Trig_m. The near-minimum dose was only 

significantly influenced by the use of a 2.5 mm contraction, but the value of those dose 

differences was very small.  
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Table 4.2: Group-based mean for Trig_m and per-patient pairwise differences (averaged 
over 20 patients) of total delineated volume and individual DVH points. Mean (sd); * 
p<0.001; Negative values indicate mean values are less than the volume reported with 
Trig_m. 
 

 

 

These results were consistent with the findings from a visual review of the entire DVH 

curves. Figure 4.9 shows the mean pair-wise (per-patient) differences between Trig_m 

and the other delineation methods across the full spectrum of dose with absolute volume 

differences on the y-axis. Trig_3 and Trig_Vol demonstrated the smallest pair-wise 

differences from Trig_m. 

 

 

 

 

 

 

 

 

Delineation 
method

Organ 
Volume V47Gy V78Gy D98%

Group Average Trig_m 5.3 (1.0) 4.3 (1.5) 2.0 (1.6) 3264 (2483)

Trig_Vol -1.1 (1.4) -1.0 (1.4) -0.7 (1.1) -77 (143)

Trig_Auto -1.5 (1.1) * -1.4 (1.2) * -0.7 (1.3) -102 (125)

Trig_2 -1.7 (1.5) * -1.5 (1.6) * -0.9 (1.2) * -95 (213)

Trig_2.5 -1.2 (1.6) * -1.1 (1.5) * -0.8 (1.1) * -105 (196) *

Trig_3 +0.2 (1.8) +0.1 (1.7) -0.2 (0.9) -50 (149)

Trig_4 +2.1 (2.2) +1.6 (1.9) +0.1 (0.8) -35 (147)

Trig_5 +4.1 (2.7) * +3.1 (2.2) * +0.5 (0.9) -3 (171)

Average 
pairwise 

difference from 
Trig_m
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Figure 4.9: Mean pair-wise volume differences (cm3) of the trigone delineation methods 
from Trig_m, plotted against dose (20 patients / 1 observer). Negative values indicate 
smaller volumes reported, compared to manual delineation. 
 

 

4.3.4 Trigone Inter-Observer Variability 

Figure 4.10 shows the trigone DVHs for a typical patient, generated using the manual 

bladder wall contours of the six observers. The mean observer-related trigone organ 

volume variation between the six manual observations on those 10 patients was 3.2 cm3, 

ranging from 1.3 to 7.2 cm3. When using a 3 mm contraction, mean organ volume 

variation reduced to 1.0 cm3 (range 0.6 to 1.9 cm3) and using a patient-specific volume 

method to delineate the inner surface resulted in a mean organ volume variation of 2.0 

cm3 (range 0.7 to 3.4 cm3). 
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Figure 4.10: Effect of observer variation on trigone DVHs based on manual bladder 
wall contours of 6 observers for a typical patient. 
 

The effect of observer-related delineation variability on key dose/volume levels is 

illustrated for each patient in Figure 4.11. The variation in V47Gy was largest for 

Trig_m in 9 of 10 patients (mean 3.1 cm3), whereas Trig_vol and Trig_3 mean 

variations were 1.7 cm3 and 1.0 cm3, respectively. This trend was consistent for all key 

dose/volume levels evaluated. Notably in 7 of the 10 patients, the range of V47Gy 

values for Trig_3 was not completely encompassed by the range of values for Trig_m. 

Variation of V47Gy for Trig_vol was not fully encompassed by Trig_m variation in 4 

of 10 patients. 

 

The interclass correlation coefficient indicated near perfect agreement between the 

observers at V47Gy and V78Gy for Trig_3 (ICC >0.89), strong agreement with 

Trig_vol (ICC >0.74), but weak agreement with Trig_m (ICC <0.49). All 3 methods 

demonstrated almost perfect agreement between the observers at the D98% level (ICC 

>0.995). 
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Figure 4.11: The per-patient minimum and maximum values of V47Gy in cm3 for 3 
trigone delineation methods (10 patients / 6 observers). 
 

 

4.4 DISCUSSION 

The results from this phase of the research indicated that, with the exception of 

artificially truncating the delineated volume, bladder and trigone DVHs were relatively 

insensitive to the method of delineation when the Y-axis was displayed in %vol. Thus 

doses reported using %vol DVHs may be comparable, irrespective of the delineation 

method used. These results are consistent with comparisons of %vol DVHs for Outer 

and BW_m (Pinkawa et al., 2006a). Yet, when %vol DVHs for Outer and BW_3 were 

compared, Outer was found to under-report the %vol receiving 100% and 102% of the 

prescription dose (Cheng & Das, 1999). This finding conflicts with the results presented 

above, but this subject was not the focus of the study from Cheng et al. (1999), and the 

data was from only one patient. The study described herein found that only the 

truncated bladder wall method (BW_t) resulted in notable differences from BW_m with 

%vol displayed on the Y-axis. With the magnitude of the DVH differences found, it is 

not surprising that this practice has been shown to artificially increase NTCP estimates 

130 



by 8% compared to BW_m (Hornby, Ackerly, See, & Geso, 2003). The results above 

suggest that (with the exception of truncated volumes) %vol DVHs are a reliable 

method of quantifying dose to the bladder tissue, but DVHs in %vol have been shown 

to be more sensitive to the dosimetric effects of bladder motion compared to those in 

cm3 (Hoogeman et al., 2005). Moreover, clinical data appears to confirm that the DVH 

power to predict chronic urinary toxicity is improved when quantified in cm3 (Cheung 

et al., 2007; Harsolia et al., 2007). So, although most delineation methods have little 

effect on the interpretation of dose reported using %vol DVHs, its clinical relevance is 

limited. 

 

It was found that with cm3 on the Y-axis, DVHs were very sensitive to delineation 

method, with BW_2.5, BW_vol and BW_auto DVHs falling closest to BW_m. The use 

of other methods (such as Outer) will lead to considerable differences in the volumes 

reported. For example, a V70Gy of 11 cm3 calculated using BW_m may be reported as 

38 cm3 when using Outer. Lebesque et al. (1995) also found that the volume reported to 

be receiving between 80% and 90% of the prescribed dose was three times larger for 

Outer than for BW_m (Lebesque et al., 1995). When those DVHs were used to 

calculate NTCP, the estimate was 53% higher when using Outer DVH (Lebesque et al., 

1995).  

 

Although BW_m was considered the nominal study benchmark in this study, it was also 

associated with the greatest magnitude of observer variability. Thus, any DVH benefits 

associated with BW_m method sensitivity to variations in normal bladder thickness 

were likely lost due to lack of precision in the process. This phenomenon is largely 

unstudied however, with most evaluations examining target volume definition for 

bladder cancer (Foroudi et al., 2009; Logue et al., 1998; Meijer et al., 2003). When 
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delineating the bladder as an organ at risk, only small differences in volume (~3%) were 

noted when two observers contoured Outer (Berthelet et al., 2003; Lebesque et al., 

1995). When asked to delineate BW_m, the variation in volume between the two 

observers increased to 9% (Lebesque et al., 1995). This volume variation for two 

observers corresponds almost exactly to the findings for six observers examined herein, 

and resulted in BW_m DVH variability which was much higher than DVHs using 

automated methods to delineate the inner bladder surface (BW_vol and BW_2.5). This 

suggests that defining the inner surface of the bladder is likely the source of greatest 

uncertainty. Thus, the use of any method of automated contraction for the inner surface 

will result in less observer variability and therefore, less variability in the application of 

IMRT constraints and the reporting of dose received by the bladder tissue. 

 

Since publication of this work, several authors have built upon the concepts presented in 

Rosewall et al. (2011). Carillo et al. (2012) evaluated the use of 5 mm and 10 mm 

contractions against the bladder wall delineated on magnetic resonance imaging (MRI). 

The DVHs of 28 prostate radiotherapy patients were evaluated, using V50Gy, V60Gy 

and V70Gy. For a 4-field CRT technique, the MRI bladder wall DVHs were highly 

correlated  with BW_5 DVHs (R2 0.91), indicating better agreement than using just the 

outer surface, a 10 mm contraction or DSH (Carillo et al., 2012). In a follow-up study 

by the same group, IMRT plans were evaluated in the same manner for 17 patients 

(Maggio et al., 2013). This study also found that BW_5 was the best approximation of 

BW_m compared to DSH, BW_7, BW_10 and Outer. These two studies address one of 

the limitations of the work described herein, namely the observer related variability of 

the nominal study benchmark when using CT. Agreement of the more accurate and 

reproducible MRI bladder wall DVHs with DVHs from automated contractions 

substantially strengthens the validity of the conclusions from the work herein. However, 
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Carillo et al. (2012) and Maggio et al. (2013) both suggest that BW_5 should be used, 

because its agreement was highest amongst the DVHs evaluated. Unfortunately they did 

not evaluate a contraction smaller than 5 mm but, based on the step-wise improvements 

seen when they evaluated 10 mm vs. 7 mm vs. 5 mm, a smaller contraction may well 

have resulted in even higher levels of agreement.  

 

In this research, the use of uniform contractions (BW_2.5 and BW_vol) resulted in 

DVHs with minimal differences from the BW_m DVHs. There are however, limitations 

to the use of a specific magnitude of uniform contraction (such as BW_2.5) to delineate 

the IB surface. Because the thickness of the bladder wall varies, dependent on the 

volume of urine, the magnitude of the optimal uniform contraction (or bladder wall 

thickness) will depend on the bladder filling protocol used (Oelke et al., 2006). The 

bladder protocol used herein achieved bladder filling of approximately 330cm3. When 

using an ‘empty’ bladder protocol, the optimal uniform contraction will likely be larger 

than 2.5 mm, as suggested by Carillo et al. (2012 and Maggio et al. (2013), who 

proposed a 5 mm contraction at bladder volumes of approximately 200 cm3. 

 

BW_vol is novel method for delineating bladder wall. Varying the wall thickness based 

on filling volume, may avoid the confounding effect of variable bladder filling, and will 

likely be beneficial in the dose reconstruction setting. By using a fixed bladder wall 

volume from a planning CT or MRI to derive a variable contraction from Outer, this 

patient-specific, fixed-volume/variable-contraction method could be used to identify the 

IB surface in serial treatment verification images (e.g. conebeam CT) that currently lack 

sufficient soft tissue contrast for inner surface bladder wall identification (Lutgendorf-

Caucig et al., 2011). It is possible that the magnitude of the BW_vol contraction 

primarily depends on the urine volume, with little inter-patient variation. This does not 
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seem to be the case in this study however, as a significant association between Outer 

volume and BW_vol contraction could not be identified. This suggests that either 

variation in the delineation of BW_m is obscuring the relationship, or that inter-patient 

differences in bladder wall thicknesses do exist. Also, BW_vol may be a 

methodological improvement over the use of DSH, because BW_vol is able to take into 

account intra-patient wall thickness variation due to filling changes (Li et al., 1997). 

But, similar to DSH, it cannot solve the problem of the different wall thickness at 

different sites of the bladder (Hoogeman et al., 2005). This did not seem to result in 

observable differences in the DVH output however. The BW_vol approach remains 

promising, and further evaluation of this method can be found in Chapter 6. 

 

An exploration of bladder trigone delineation had not been reported before, thus the 

results presented herein cannot be compared to the literature, and any findings from this 

research need to be validated by other authors before assuming their veracity. The 

trigone is commonly described as “a triangular region at the base of the urinary bladder, 

between the openings of the ureters and urethra” (Standring, 2009).  In this research, the 

previously delineated bladder wall structures were combined with a 3D geometric 

construct (triangular prism) to create trigone volumes, but this approach has its 

limitations. Although that geometric structure was created using the anatomical 

insertion points of the urethra and two ureters for each patient, it is unlikely that the 

physiological trigone tissue is exactly “triangular” in shape. Furthermore, the use of a 

geometric construct to limit the extent of the trigone volumes will have resulted in 

precise lateral, inferior and superior edges of the volume. This would have eliminated 

delineation variability in those dimensions. If the trigone is delineated without the aid of 

that geometric construct, inter-observer variability would be much greater than the 

values noted herein. 
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Use of either a 3 mm contraction (Trig_3) or a patient-specific contraction (Trig_vol) 

resulted in mean trigone DVHs that seemed quite similar to the manual trigone DVHs, 

but that yielded much smaller observer-related variability. However, evaluation of the 

per-patient delineation variability indicated that the spectrum of dose reported using 

these methods did not fall within the spectrum reported using manual delineation, 

indicating an increase in precision for all patients but a loss of accuracy for 

approximately half of the patients considered. In retrospect, the lack of statistically 

significant differences between Trig_3 and Trig_m was likely a false negative, perhaps 

caused by the unexpectedly high degree of inter-patient heterogeneity in trigone dose. 

Overall, the findings from the trigone evaluation would suggest that there is currently 

no accurate automated substitute for manually delineating the inner surface of the 

trigone.  

 

Semi-automated bladder wall DVHs generated by combining model-based 

segmentation to delineate the outer bladder surface with a patient-specific uniform 

contraction (BW_auto) showed no dosimetric differences from those with inner and 

outer surfaces delineated manually (BW_m). The level of agreement achieved with 

model-based segmentation of the OB surface is greater than those who reported their 

experiences with other methods of automatic or semi-automatic methods. These authors 

found that automated OB delineation produced unacceptable contours in 9% to 18% of 

patients (Haas et al., 2008; Huyskens et al., 2009) or reported contour differences of 

greater than 5 mm (Martinez et al., 2014; Pekar, McNutt, & Kaus, 2004). These 

evaluations all compared automated to manual OB contours using geometric and 

volumetric parameters, and the evaluation herein highlighted the effect of delineation 

variability on dose. As it is possible for contour deviations of several millimetres to 

produce similar DVHs (Sharp et al., 2014), an evaluation of the geometric accuracy of 
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these methods can be found in Chapter 5. Contrary to the findings for bladder wall, 

Trig_auto and Trig_vol were both dosimetrically different from Trig_m. This would 

suggest that semi-automated methods are appropriate to delineate the inner and outer 

non-trigone bladder surface, but those contours should be manually edited across the 

trigone region. The reason for this may be two-fold. Firstly, the trigone/prostate 

interface is very difficult to identify because of the similarity of CT numbers between 

the two organs (Meijer et al., 2003). Secondly, the trigone is very irregular and of a 

different thickness to the rest of the bladder wall (Hoogeman et al., 2005).  

 

This research has evaluated the effect of delineation method and observer variability on 

the bladder and trigone DVHs, but these results should be interpreted in context with 

the limitations of the design. The dosimetric effect of bladder wall movement and 

patient position variation during fractionated radiotherapy were not considered. 

Nevertheless, by determining the optimal method of delineation, this work does provide 

and first step toward evidence-based dose reconstruction techniques. The planning CTs 

in this study used 2 mm slice thickness and an individually optimized high mAs 

regimen. Poorer soft tissue contrast scans and/or larger slice thicknesses (Berthelet et 

al., 2003) would increase observer variability. The observers in this study were 

experienced at manually delineating the inner and outer bladder surfaces. As such, the 

magnitude of observer variability reported is likely a conservative estimate. The 

inclusion of patients following transurethral resection of the prostate (TURP) may 

increase variability, whereas the addition of intra-vesical contrast may reduce 

variability. Finally, the IMRT plans used to calculate the DVHs resulted in very high 

dose gradients across the bladder and trigone. Other types of plans may result in 

shallower dose gradients and therefore, less conspicuous DVH differences (Maggio et 

al., 2013).  
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4.5 CONCLUSIONS 

Bladder and trigone DVHs (reported in cm3) were very sensitive to the method of 

delineation. Manual IB surface delineation was subject to considerable observer 

variability. Uniform contractions from a semi-automatic outer surface can provide a 

more reproducible and reasonably accurate substitute for manual bladder wall 

delineation. The optimal contraction for patients with a ‘comfortably full’ bladder is 2.5 

mm, but this is likely different with other bladder filling protocols. Trigone DVHs vary 

significantly between patients, even with consistent dose constraints and planning 

margins. Manual delineation of the trigone was associated with substantial observer 

variability, but less variable automated methods failed to accurately approximate the 

dose.  
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CHAPTER 5 

 

OUTER BLADDER DELINEATION  

ON CONEBEAM CT 
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5.1 INTRODUCTION 

To accurately reconstruct the dose delivered during a fractionated course of 

radiotherapy, the random and individualized nature of bladder motion and deformation 

requires that the position of the bladder tissue must be identified at each daily treatment 

fraction. There are various imaging modalities available to acquire a daily radiotherapy 

image (Dawson & Jaffray, 2007). Of these methods, kV cone beam CT (CBCT) images 

may be considered optimal because: 1) they are taken in position and at the time of 

treatment delivery, 2) they have been shown to be geometrically accurate 

representations of changes in patient body position, 3) they provide detail of internal 

anatomy with minimal additional radiation dose (Jaffray, Siewerdsen, Wong, & 

Martinez, 2002). Images are generated by moving a flat panel detector and a kV x-ray 

source about the patient in a single linac gantry rotation. This provides data to 

reconstruct an entire volumetric image set in a single rotation (White, Brock, Jaffray, & 

Catton, 2009).  

 

Although CBCT images demonstrate excellent contrast for high and low density 

structures such as bone or air, the lack of scatter rejection results in poor contrast 

between soft tissues (Wang, Wu, & Yan, 2009). This makes accurate bladder wall 

delineation particularly challenging, as the bladder is of a similar density to all of the 

adjacent pelvic structures. In addition, the presence of air in the small and large bowel 

will result in significant degradation of the CBCT image with an associated increase in 

delineation uncertainty (Figure 5.1)  (Smitsmans et al., 2008). 
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Figure 5.1: Two axial kV conebeam CTs (20mA, 20ms, 120kVp: half scan, S20 
collimator) at the same anatomical level in the same patient, taken on different fractions 
during a course of prostate radiotherapy. Image on the left shows good soft tissue 
definition and the outer surface of the bladder is well visualized. Image on the right 
shows the degradation of image quality associated with scatter artifact from air in the 
small bowel. 
 

In context with dose reconstruction techniques, the challenges of delineating the outer 

bladder surface on CBCT are twofold. Firstly, the delineated volume must be an 

accurate reflection of the actual position of the bladder surface or the dose reconstructed 

will not be a valid quantification of the dose actually received by the bladder. Secondly, 

the technique used to delineate the bladder surface must be reproducible so as not to add 

random error into the reconstruction process.  

 

Although manual delineation could be considered the most valid representation of the 

position of the OB surface, observer-related variation during manual delineation on 

CBCT is a well acknowledged source of uncertainty (Foroudi et al., 2009; Lutgendorf-

Caucig et al., 2011; Weiss et al., 2010). Automated methods to delineate the OB surface 

may reduce the observer related variability of contouring on CBCT, but population-

based models of bladder motion have consistently failed to accurately predict the 

position of the bladder in daily CBCT images (Chai, van Herk, Betgen, Hulshof, & Bel, 

2012b; Simmat et al., 2012) due to large inter-patient variations in bladder volume and 

shape changes (Lalondrelle et al., 2010; Yee et al., 2010).  

  141 



The addition of patient specific information into the predictive models, has been shown 

to substantially improve the ability of the auto-delineation software to accurately predict 

the position of the OB surface (Chai, van Herk, Betgen, Hulshof, & Bel, 2012a). The 

concept of 3D volume propagation from planCT to CBCT is a simple variant of that 

technique (Whitfield, Price, Price, & Moore, 2013). Volume propagation uses contours 

created on a high quality image as “seed” information when delineating the same organ 

on a lower quality image for the same patient. From that starting point, the volumes can 

be modified using 3D tools (either manually or automatically) to match prominent 

features in the lower quality image. This technique has been used successfully to 

delineate the OB surface (Murphy et al., 2008; Thor, Bentzen, Elstrom, Petersen, & 

Muren, 2013; Thor, Petersen, Bentzen, Hoyer, & Muren, 2011) and the propagated 

contours were found to fall within the range of variation from manually drawn contours. 

Unfortunately Thor et al. (2013) only used repeat planCT images and these findings 

would not be applicable to CBCT. Murphy et al. (2008) created “CBCT-like” images by 

increasing the noise in planning CT images, but this procedure would not reproduce 

streaking, cupping or ring artifacts which are commonly seen in CBCT. Thor et al. 

(2011) did use actual CBCT images but the five patients were purposely selected to 

ensure minimal volume variation between the planCT and the CBCT.  

 

The information contained in these studies has limited application for the central focus 

of this thesis because the tests were not performed on images with an image quality or 

bladder volume variation that would normally be seen during a radiotherapy treatment 

course. Therefore, the purpose of this phase of the research was to determine the 

validity and reproducibility of a commercially available patient-specific propagation 

method to delineate the OB surface on CBCT. In addition, propagating OB contours 
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from planCT to CBCT requires that the initial ‘seed’ contours on the planCT are 

geometrically accurate, therefore this was also evaluated. 

 

5.2 METHODS  

This was a single centre, quasi-experimental study with research ethics board approval 

from the University Health Network (Toronto) and Charles Sturt University. The 

radiotherapy planCT of ten patients were included in the analysis. This sample size was 

deemed large enough to contain sufficient patient diversity to ensure generalizability of 

the findings, met the requirements of the statistical tests and is twice as large other 

studies evaluating similar endpoints (Murphy et al., 2008; Thor et al., 2011). These 

patients were selected consecutively, in reverse chronological order from a cohort of 

198 available patients. Study inclusion criteria were: 

• Diagnosed with biopsy confirmed intermediate risk prostate carcinoma, 

• completed treatment as planned at Princess Margaret Cancer Centre between June 

2008 and August 2010, 

• received ‘comfortably full’ bladder preparation instructions, 

• no positive or negative contrast agents in the pelvis, 

• no transurethral resection of the prostate, and no metallic hip prostheses, 

• daily CBCT acquired in the first week, whole bladder visible on each image. 

Patients included in previous research phases were excluded. Also, any patient that was 

not imaged every day in the first week of treatment was excluded. 

 

The planCT scans (2 mm slice thickness; 0 mm gap; 120 kVp; mAs regimen 

individualized per patient using SUREExposure™ software [Toshiba AquilionOne]) were 

copied into a treatment planning system research directory (Pinnacle, ver. 9.0). These 

images were then de-identified and the clinical contours deleted. 
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For each patient, one CBCT (40 mA, 10 ms, 120 kVp: half scan, S20 collimator) was 

randomly selected from the five images acquired during the first week of treatment. 

This image was exported electronically from XVI (Elekta ver. 4.5) and imported into 

Pinnacle. Once imported, the CBCT was registered to the planCT in Pinnacle using an 

automated rigid registration algorithm (Local Correlation) to align the bony pelvis in 

both scans.  

 

The OB surface was contoured by two observers. Both observers had participated in the 

planCT inter-observer study in Chapter 4, and were selected because their contours did 

not result in any outlier contours during that analysis. Thus, they were considered to be 

“typical” observers who generated manual contours similar to each other. The following 

delineation procedures were carried out for each patient: 

a) The first observer delineated the OB surface on the planCT (planOBm) and CBCT 

(cbOBm) using manual methods. That observer was permitted to select any slice 

orientation, window/level and Pinnacle contouring tools they considered to be 

optimal. Those manual contours were repeated four times on each image for each 

patient. The observer was blinded to their previous contours, and a minimum of 24 

hours was required between contours on any particular patient. 

b) The second observer used the Pinnacle model-based segmentation module to 

delineate the outer bladder surface on the planCT (OBmbs), to generate a patient-

specific 3D organ model of the bladder. Those methods are described fully in 

Chapter 4 but briefly, an organ model was placed on the planCT, then image and 

organ characteristics were used to automatically detect the border of the bladder 

(Figure 5.2; Steps 1 & 2). Small manual edits across the trigone were permitted.  

c) That patient-specific organ model was then converted to a 3D polygonal surface 

mesh of between 1000 and 3000 vertices (based on volume), which was propagated 
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(i.e. duplicated and aligned with the new image in 3D space) to the CBCT. That 

propagated 3D mesh was then fitted to the CBCT bladder surface using 3D editing 

and smoothing tools (OBp) (Figure 5.2; Steps 3 & 4).  Manual editing across the 

trigone was not permitted.   

d) The process of model-based segmentation of the planCT and propagation to the 

CBCT was repeated four times for each patient. The observer was blinded to their 

previous contours, and a minimum of 24 hours was required between contours on 

any particular patient. 

 

 

Figure 5.2: Four step model-based segmentation and propagation process for contouring 
outer bladder on planCT and then CBCT. Step 1: planCT, organ model placed (red), but 
before auto-adaptation. Step 2: planCT, organ model (red), after auto-adaptation. Step 
3: CBCT, organ model propagated from planCT (red), but before manual fitting. Step 4: 
CBCT, organ model (red), after manual fitting. 
 

Four pairs of additional contours were generated for each patient. In Pinnacle, the 

encompassing volume (Enc) and the common volume (Com) were created for the 

manual and automated (model-based and propagated) contours. Enc was defined as the 

3D union of the four volumes, and Com as the intersect (Figure 5.3). These contours 

Step 2 Step 1 

Step 4 Step 3 
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indicated the maximum and minimum extent of the four observations for each method, 

and were used to quantify the effect of intra-observer variability using 3D surfaces. 

 

 

Figure 5.3: Schematic of the encompassing volume in red (Enc) and the common 
volume in blue (Com) created using the union and intersect of the 4 observations in 
black. Also illustrates an automated contour (green) falling within the range of manual 
contour variation. 
 

5.2.1 Data Analysis 

As differences between delineated volumes can be volumetric, geometric, or a 

combination of both (overlap concordance), the OB contours were compared using 

various complimentary metrics. Furthermore, there is always difficulty in evaluating the 

differences between delineation methods when it is not clear what the absolute truth is. 

Therefore, for the purposes of this analysis, the model-based and propagated contours 

were deemed equivalent to the manual contours if they fell within the range of manually 

drawn contours (Murphy et al., 2008), i.e. they do not vary from the manual contours by 

more than the other manual observations (See Figure 5.3 above).  
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The absolute volume (cm3) and relative (%) of the contours were summarized using 

descriptive statistics. Normality of the data permitted the relationships between the 

volumes delineated with each method to be tested for association using Pearson’s 

product-moment correlation (r2). Mixed effect modelling was used to determine if there 

were significant differences between the manual and automated volumes in the presence 

of large patient-based variations (Altman, 1997). 

 

The volumetric concordance (3D overlap) between the four observations for each 

delineation method was quantified using the Dice Similarity Coefficient (DSC) 

(Kouwenhoven, Giezen, & Struikmans, 2009). This metric provided a value that 

simultaneously quantified differences in volume position, shape, size and orientation. 

DSC is calculated as: 

𝐷𝐷𝐷𝐷𝐷𝐷 =  
2 𝑥𝑥 (𝑂𝑂𝑂𝑂𝑂𝑂 ∩  𝑂𝑂𝑂𝑂𝑂𝑂)
𝑂𝑂𝑂𝑂𝑂𝑂 +  𝑂𝑂𝑂𝑂𝑂𝑂

 

A value of zero indicates that the delineated volumes were completely disassociated, 

whereas a value of one indicates the volumes were identical. To determine the 

concordance between the delineation methods, DSC was also calculated for each patient 

using a “typical” observation from each method. The “typical” delineated volume was 

selected for each patient, by identifying the observation with a volume closest to the 

median volume for all four observations for each delineation method. 

 

Variation in the geometric position of each volume was quantified in two ways. Firstly, 

a point was placed at the centroid of each 3D volume. The position of each point was 

quantified using absolute Digital Imaging and Communications in Medicine (DICOM) 

coordinates. These coordinates were evaluated for differences between and within 

delineation methods. Secondly, approximately 3000 vectors (based on organ volume) 

spaced evenly across the 3D surface were projected perpendicularly from one volume 
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surface to another to measure the distance between them. This was done to compare the 

3D differences between the largest (Enc) and smallest (Com) extent of the four 

observations for each method. To compare the differences between delineation 

methods, surface displacement analysis was also performed for each patient using a 

“typical” observation from the two methods. Because this technique generated a range 

of surface displacements for the ~3000 points, frequency histograms were created to 

compare the percentage of the surface at vector differences between 1 mm and 15 mm. 

This method was also reported surface area (SA) of the volumes, which was combined 

with organ volume (V) to calculate a measure of surface sphericity index (SSI) for the 

contours (Takao, Tadano, Taguchi, & Shirato, 2012): SSI = SA1.5 / V. Values for the 

index close to 1 indicate perfect sphericity, values greater than 1 indicate presence of 

surface irregularities. 

 

5.3 RESULTS 

The OB surface was delineated as planned, resulting in 40 manual and 40 model-based 

volumes on planCT, and 40 manual and 40 propagated volumes on CBCT. Power 

calculations based on a “within person” comparison for continuous data indicated that 

the sample of 10 patients would have an 80% power to detect bladder volume 

differences of 6cm3 or a 2% difference in volume between the methods (Altman, 1997). 

 

5.3.1 Volumetric Comparison 

On average, manual planning CT volumes (planOBm) were 258 cm3, with a mean 

volume difference between the maximum and minimum observation of 7 cm3 (4%). The 

model-based volumes (OBmbs) were slightly larger than the manual ones (mean 261 

cm3; p 0.003), but exhibited approximately half the observer related volume variation (3 

cm3, 2%). Figure 5.4 illustrates the planCT contours for two patients with the largest 
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OBmbs and planOBm observer variations. The mean pairwise difference between the 

manual and model-based volumes was 4 cm3 (2%). There was no correlation between 

bladder filling volume and the magnitude of observer variation for either contouring 

method (r2 <0.242), nor was there a correlation between manual and model-based 

observer volume variability (r2 0.076).  

 

 

Figure 5.4: Sagittal image of two patients who exhibited the greatest planCT delineation 
variability using model-based segmentation (left) and manual methods (right). 
 

The mean pairwise difference between each patient’s average manual planCT and 

CBCT bladder volume was 113 cm3 (range 9 cm3 to 293 cm3). Mean cbOBm were 174 

cm3, with a mean volume difference between the maximum and minimum observation 

of 19 cm3 (11%). The propagated volumes (OBp) were larger than the manual ones 

(mean 188 cm3; p <0.001), but exhibited approximately half the observer related 

volume variation (11 cm3, 6%). The mean of pairwise differences between the manual 

and propagated volumes was 13 cm3 (8%). Figure 5.5 illustrates the OBp and cbOBm 

contours for a patient with little variation, and a patient with large variation.  

 

Those patients with smaller CBCT bladder volumes displayed larger observer variation 

with manual methods (r2 -0.640), but not with propagated methods (r2 0.212). There 

was a weak correlation between manual and propagated observer variability on CBCT 
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(r2 0.504). Larger bladder volume differences between the planCT and the CBCT did 

not result in larger observer variation using propagation (r2 0.02). 

 

 

Figure 5.5: Sagittal CBCT images for two patients, one with small observer-related 
delineation variability (left side), and one with large variability (right side). Top row 
images show the four manual contours, middle row images show the four propagated 
contours, bottom row images show the “typical” observations for OBm (yellow) and 
OBp (red). Note the degradation of image quality from gas in the small bowel (right 
side). 
 

The volumetric concordance between the observations and the methods was quantified 

using DSC. For planCT, the 4 model-based observations had a higher DSC than the four 

manual observation (0.97 vs. 0.93; p 0.0002), and comparison between the typical 

manual and typical model-based observation also yielded a higher DSC than the four 

manual observations (0.96 vs. 0.93; p 0.002). DSC values for CBCT were all 
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significantly lower than the corresponding planCT values (p <0.01). The CBCT 

observer related variation was greater for the manual observations than for the 

propagated contours (mean DSC: 0.84 vs. 0.90; p 0.008).  

 

When comparing the “typical” volumes generated on CBCT by the two methods, the 

mean DSC was 0.90, indicating excellent volumetric overlap between the two methods. 

Only one patient had an intra-method DSC of less than 0.8, and this was the patient with 

the greatest variation in manual volumes (DSC 0.69). For that patient, visual review 

determined that two of the manual contours were markedly different from the other two 

manual contours and from the propagated contours, suggesting an image interpretation 

error may have occurred during manual contouring. Removal of that outlier resulted in a 

mean DSC of 0.92 between the manual and propagated CBCT delineation methods.  

 

5.3.2 Geometric Comparison 

For each patient, the DICOM coordinates of the centroid points of each volume were 

averaged over the four observations for each delineation method. When evaluating 

observer variability for the two delineation methods, the position of the centroid points 

varied by <1 mm in all directions for planCT and <2 mm for CBCT, except in the 

Ant/Post direction for the manual contours (2.2 mm for planCT and 2.3 mm for CBCT). 

Centroid position differences between the delineation methods were <1 mm in all 

directions for planCT and <2 mm for CBCT. The mean planCT SSI values were 1.24 

(sd 0.34) for OBmbs and 1.25 (sd 0.33) for OBm (p 0.03). Mean CBCT SSI values were 

1.29 (sd 0.18) for OBp and 1.35 (sd 0.18) for OBm (p 0.03). Per-patient pairwise 

differences between manual and automated contours were small for planCT (3%), but 

large for CBCT (10%) indicating smoother contours on CBCT with propagation. 
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The frequency histograms of the surface difference analysis are presented in Figure 5.6. 

PlanCT surface differences were all significantly smaller than the corresponding CBCT 

values (p <0.005). Variability between the four automated observations (either model-

based or propagated) was significantly smaller than for the corresponding manual 

observations (p 0.004 and 0.002, respectively).  

 

 

Figure 5.6: Frequency histograms of the mean vector surface differences between the 
study volumes (4 observations on 10 patients). Red curves indicate differences between 
the planCT contours, blue curves indicate the CBCT contours. Solid lines summarize 
the variation between the 4 manual observations, dotted lines indicate the variation 
between the 4 automated (model-based or propagated) observations. 
 

The 3D vector surface differences between the typical manual and automated 

observations were resolved into single dimension components for comparison. The 95th 
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percentile of differences (i.e. the maximum magnitude of difference covering 95% of 

the surface) was calculated in each major plane (Table 5.1). Differences between the 

typical observations were largest for CBCT, and largest in the superior/inferior direction 

(p<0.01). 

 

Table 5.1: Maximum single dimension surface differences covering 95% of the surface 
between the typical manual and automated contours. Mean (sd) for the absolute 
differences in mm (10 patients). 
 

 

 

5.4 DISCUSSION 

This phase of the research determined the validity and reproducibility of a commercially 

available patient-specific model-based segmentation and propagation method to 

delineate the OB surface on planCT and CBCT by comparing contours generated using 

this method to those manually created by an experienced independent observer.  

 

For planCT the geometric, volumetric and overlap concordance statistics herein 

demonstrated better agreement between methods and smaller observer variability than 

in other evaluations of this subject (Huyskens et al., 2009; La Macchia et al., 2012; 

Martinez et al., 2014; McBain et al., 2008; Meijer, Rasch, Remeijer, & Lebesque, 2003; 

Pekar, McNutt, & Kaus, 2004). This may be explained by the use of manual editing 

across the trigone region of the model-based contours. Several studies have identified 

the trigone as the location of greatest variation during manual or automated bladder 

contouring (Huyskens et al., 2009; La Macchia et al., 2012; Meijer et al., 2003). This 

also resulted in significant dosimetric variation for the trigone DVHs in this research 

planCT cbCT
Left / Right 0.9 (0.1) 2.1 (1.4)
Ant / Post 1.1 (0.3) 2.0 (1.1)
Sup / Inf 1.4 (0.5) 3.3 (2.1)
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(Chapter 4). Although performed a posteriori to correct “outliers”, both Pekar et al. 

(2004) and La Macchia et al. (2012) found that minor manual correction across the 

trigone of automated contours improved the performance of automated methods, 

supporting the use of manual trigone edits to model-based outer bladder contours in 

subsequent phases of this research. This phase of the research confirms geometrically, 

the dosimetric findings of Chapter 4 which suggest that model-based segmentation is an 

accurate method of delineating the OB surface on planCT. This was an important first 

step to delineating the OB surface on CBCT, as any errors made during delineation of 

the planCT would be propagated to the CBCT.  

 

The different delineation methods did not result in clinically important differences in 

OB volumes for planCT, but the propagated volumes were significantly larger than the 

manual CBCT volumes, likely due to significant decreases in the irregularity (increased 

smoothness) of the automated contours. Those differences between the methods were 

smaller than the variation seen between manual observations, and therefore the 

automated CBCT contours met the equivalency criteria set in this research. The 

magnitude of those differences are consistent with other evaluations of this subject 

(Nishioka et al., 2013; Thor et al., 2013; Thor et al., 2011; Weiss et al., 2010), although 

Thor et al. (2011) were unable to discern a significant difference between the manual 

and propagated volumes. That lack of significant difference may be due to comparing 

only single observation from each delineation method. This approach would 

overemphasize the impact of random variations within in the methods, and 

underemphasize the impact of systematic variations between the methods. Even if the 

differences between the methods were a systematic error, these small volumetric errors 

were later associated with negligible dosimetric errors (Thor et al., 2013).  
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There was little variation in the geometric centre of the CBCT volumes, either within or 

between the delineation methods. Yet, some large surface displacements were seen, 

particularly for the manual CBCT contours in the sup/inf direction. This indicates that 

the errors were symmetrical, and likely due to the inclusion (or exclusion) of contours 

on CBCT slices above and below the actual bladder position. Of those evaluations that 

compared propagated bladder contours with multiple observer manual contours, all 

report that the magnitude of surface displacements between the manual and propagated 

contours was consistent with differences between manual contours (Chai et al., 2012a; 

Murphy et al., 2008). This supports the hypothesis that propagated OB contours are 

geometrically equivalent to manual OB contours. 

 

All metrics of overlap (geometric concordance) indicated excellent agreement within 

the manual and automated CBCT observations, and also between those two methods. 

The literature presents a plethora of overlap metrics to analyse volumetric concordance, 

including Dice Similarity Coefficient. These metrics are all very sensitive to the volume 

of the contours evaluated, thus DSC for two large volumes will be higher than DSC for 

two small volumes, even when the overlap proportion is the same (Kouwenhoven et al., 

2009). As the contours considered in this research are delineated around high volume 

“full” bladders, this likely explains the relative insensitivity of the DSC evaluation and 

supports the inclusion of the multiple, complimentary metrics employed in this 

research.  

An unexpected finding from this research was that smaller CBCT bladder volumes were 

associated with larger observer variation for manual methods. One plausible 

explanation for this is that smaller bladder volumes were associated with increased 

small bowel in the pelvis (Pinkawa et al., 2006). Increased image artefact from air in the 

small bowel would degrade the image quality (see Figure 5.1 and 5.5) and may increase 
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observer variability of manual contouring (Lutgendorf-Caucig et al., 2011). No such 

relationship was identified for the propagated delineation method evaluated herein. This 

suggests that the propagation method may be more tolerant of poor image quality, 

perhaps due to consideration of the image set as a 3D volume, rather than slice-by-slice. 

Unfortunately, there have been no formal evaluations of this phenomenon, and this is an 

area that warrants further investigation. If confirmed, tolerance to poor image quality 

would be an important benefit to using propagated contouring methods.  

 

This research was not without limitations in its design. Perhaps the most significant 

limitation is the use of two observers, each employing a different delineation method. 

Although this design is consistent with those used in the literature on this subject, it is 

possible that rather than simply quantifying the differences between delineation 

methods, the findings actually combine differences between the methods with 

differences between the observers. Fortunately, research presented in Chapter 4 

identified these two observers as having no significant differences between them. 

Moreover, the delineation methods generated volumes that were not different from each 

other by a clinically significant magnitude, indicating that this design limitation had 

minimal effect on the final conclusions. It may have aided comparison, and increased 

the clinical relevance of the analysis, to have included a quantification of the dosimetric 

impact of delineation variability between the methods, similar to the methods employed 

by Thor et al. (2013). However, the intention of this thesis was to use bladder wall as 

the structure of interest, not the OB surface. Therefore dosimetric analysis was only 

performed when methods to identify the position of the IB were combined with this 

method of delineating the OB to create a bladder wall (see Chapters 4 and 6). 
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5.5 CONCLUSIONS 

This study determined the validity and reproducibility of a patient-specific method to 

propagate the OB contours from the planCT to the CBCT. Volumetric, geometric and 

overlap metrics all indicated that the propagated contours fell within the range of 

manually delineated contours. They were significantly smoother and associated with 

smaller inter-observation variability. Importantly, the findings from this research 

suggest that contour propagation may be more robust than manual delineation, 

especially in the presence of poor image quality. 
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CHAPTER 6 

 

INNER BLADDER DELINEATION  

ON CONEBEAM CT 
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6.1 INTRODUCTION 

Knowledge synthesis from the critical review of the literature suggests that, for accurate 

dose reconstruction of the bladder functional tissue, it is necessary to delineate the outer 

and inner bladder surfaces on images acquired at the time of treatment delivery 

(Lebesque et al., 1995). Kilovoltage CBCT can be acquired immediately before delivery 

of radiotherapy, and provide detail of internal anatomy (Jaffray, Siewerdsen, Wong, & 

Martinez, 2002), but imaging artifacts make accurate bladder delineation challenging 

(Smitsmans et al., 2008; Wang, Wu, & Yan, 2009). Only a few, very limited studies 

have evaluated methods to delineate the OB surface on CBCT, and these have been 

discussed in Chapter 5, where this research concluded that the propagation of a model-

based mesh from the planCT to the CBCT can reproducibly delineate the OB on CBCT. 

To date, no study has attempted to identify a method to delineate the IB surface on 

CBCT, yet including the urine in the DVH will invalidate estimates of the dose to the 

functional bladder tissue (Chapter 4).  

 

It is obvious from a simple visual review of any pelvic CBCT image that, within the 

confines of currently achievable CBCT soft tissue image quality, it is impossible to 

visualize the position of the IB surface and there have been no evaluations of methods 

to delineate the IB surface on CBCT. It does however, seem reasonable to employ a 

philosophy similar to the propagation methods evaluated in Chapter 5. Specifically, can 

information about the position of the IB surface from a high quality image (such as a 

planCT) be used to assist in the delineation of the IB surface in a lower quality image 

(such as a CBCT)? Moreover, the results from Chapter 4 suggest that if the OB surface 

can be accurately delineated, then a uniform contraction can be used to closely 

approximate the position of the IB. A significant impediment to this process remains  

however, namely what magnitude of uniform contraction should be used? 
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The findings from Chapter 4 suggest that a uniform contraction of 2.5mm from the OB 

surface closely approximates the position of the IB surface for patients with a 

‘comfortably full’ bladder. However, large variations in bladder wall thickness between 

patients have been noted by other authors, even at similar urine filling volumes 

(Hakenberg, Linne, Manseck, & Wirth, 2000; Oelke et al., 2006). Moreover, several 

ultrasound studies suggest that there is an inverse relationship between wall thickness 

and the volume of urine contained within the bladder (See Figure 6.1) (Bright, Pearcy, 

& Abrams, 2011; Hakenberg et al., 2000; Kaefer, Barnewolt, Retik, & Peters, 1997; 

Yang & Huang, 2003), implying a constant, patient-specific bladder wall volume is 

necessary. The specifics of that inverse relationship seem to vary for different filling 

volumes however (Oelke, 2010; Oelke et al., 2006; Oelke, Mamoulakis, Ubbink, de la 

Rosette, & Wijkstra, 2009), and it has been reported that the volume of the wall actually 

increases slightly with increasing urine volume due to increased blood perfusion from 

higher metabolic demands on the detrusor at larger urine volumes (Dale, Hellebust, 

Bruland, & Olsen, 2005; Kojima et al., 1996).  

 

 

Figure 6.1: Transverse images from two planCTs from one patient fused to bony pelvis. 
Displayed at mid-bladder with same window/level.  Differences in bladder wall 
thickness between the scans can be clearly seen at two different bladder filling volumes. 
Bladder filling volume difference of 124 cm3between the scans. 
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Because the delineation of the bladder wall on CBCT is central to this thesis, and 

currently there is no useful information to aid in the selection of contraction magnitude, 

the objective of this research was to identify the best method to predict the position of 

the IB surface under variable filling conditions using uniform contractions from the OB 

surface, by evaluating the dosimetric performance of the following: generic contraction 

(2.5 mm); constant, patient-specific contraction; variable contraction based on patient-

specific constant wall volume; variable contraction based on patient-specific variable 

wall volume. 

 

6.2 METHODS 

A single centre, quasi-experimental design was employed, following research ethics 

board approval from the University Health Network (Toronto) and Charles Sturt 

University. The clinical imaging record was reviewed for all localised prostate cancer 

patients who had undergone a planCT between June 2008 and August 2010. Inclusion 

criteria were: 

• Received 78 Gy in 39 fractions to prostate-only CTV, 

• IMRT plan (7-field coplanar, static field, step-and-shoot MLC) achieved 

departmental dose constraints, 

• received ‘comfortably full’ bladder preparation instructions, 

• no positive or negative contrast agents in the pelvis, 

• no transurethral resection of the prostate, and no metallic hip prostheses. 

Patients included in previous research phases were excluded. Also, any patient that did 

not have more than one planCT was excluded. This exclusion criteria was employed 

because to evaluate the four methods of delineating the IB surface at varying bladder 

filling volumes, it was necessary to manually delineate the IB surface on all study 
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images to act as a benchmark. Because the IB surface cannot be visualized on CBCT, 

two planCTs were used. 

 

From the group of 198 patients, a cohort of 14 patients was identified as those who had 

received more than one planCT prior to commencing radiotherapy. The principle reason 

documented for the acquisition of multiple planCTs was that the patient did not achieve 

acceptable bladder and rectal preparation (i.e. “comfortably” full bladder and empty 

rectum).  

 

6.2.1 Image Selection 

The planCT scans (2 mm slice thickness; 0 mm gap; 120 kVp; mAs regimen 

individualized per patient using SUREExposure™ software [Toshiba AquilionOne]) and 

clinical plans were copied into a treatment planning system research directory 

(Pinnacle, ver. 9.0). These images were then de-identified and the clinical contours 

deleted. 

 

Once imported, the planCT that was used to create the clinical treatment plan was 

considered the primary image. All other planCTs were registered to that primary image 

in Pinnacle using an automated rigid registration algorithm (Local Correlation) to align 

the bony pelvis. For patients with two planCTs, both image sets were used. For those 

patients with more than two planCTs, the image set with the largest visual difference in 

urine volume from the primary image was selected for use. For the purposes of analysis, 

the primary (clinically used) planCT was labelled CTa and the secondary planCT was 

labelled CTb, and was considered a surrogate for a CBCT image to facilitate 

comparison of IB delineation methods. 

 

  163 



6.2.2 Benchmark Delineation 

For both planCTs from each eligible patient, the outer bladder surface (OB) was 

delineated using the previously evaluated, model-based auto adaptation procedures with 

manual editing across the trigone. The IB surface was then delineated manually (IBm) 

using standard Pinnacle manual delineation tools. The use of automated uniform 

contractions to create the IB benchmark (as suggested in Chapter 4) were not employed 

as the benchmark to avoid biasing the results towards acceptability of uniform 

contraction on CBCT. So, to minimize the influence of intra-observer variability of 

manually delineated contours, contouring was repeated three times on both CTs, by one 

observer. That observer had been identified as a “typical” observer in Chapter 4, and 

was blinded to previous contours, with a minimum of 24 hours between contours.  

 

The OB and IBm observations with the largest and smallest delineated volumes were 

discarded, and only the median observations were used as reference structures for 

analysis. The OB reference was used as a source for the generation of all IB 

experimental methods. The IBm reference was the structure against which the 

experimental delineation methods were compared. 

 

6.2.3 Experimental Methods 

In the absence of strong evidence regarding the thickness of bladder wall under variable 

bladder filling conditions, four increasingly complex relationships between the bladder 

volume and the thickness of the wall were postulated: 
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6.2.3.1 Generic contraction (IB2.5) 

Findings from Chapter 4 suggests that a uniform contraction of 2.5 mm from the OB 

surface may be a good approximation of the position of the IB surface for patients given 

“comfortably full” instructions.  

Contour generation: A uniform 2.5 mm contraction was applied to the reference OB 

contour for CTb. This method ensured that the thickness of the bladder wall was 

constant for all patients, and at all urine volumes. 

 

6.2.3.2 Patient specific, constant contraction (IBcon) 

It is possible that variations in bladder wall thickness between patients are more 

important than the effect of urine volume variations within a patient, therefore a patient-

specific uniform contraction may be identified from one image and applied to 

subsequent images.  

Contour generation: On CTa, a uniform contraction was applied to OB. The magnitude 

of that contraction was varied iteratively (minimum change 0.1 mm) until the volume of 

the structure created by the contraction was equivalent to the volume of IBm for that 

patient. The magnitude of that CTa contraction was noted, and a contraction of 

equivalent magnitude was applied to the OB on CTb. This method ensured that the 

thickness of the bladder wall varied between patients, but was constant for an individual 

patient, regardless of differences in urine volume. 

 

6.2.3.3 Patient specific, constant wall volume (IBvol) 

It is possible that bladder wall thickness does not remain constant for an individual 

patient. Rather, it is the volume of the bladder wall that remains constant for a patient, 

and the magnitude of the contraction required to create that wall volume varies based 

on urine volume.  
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Contour generation: On CTa, the reference IBm volume was subtracted from the 

reference OB volume to calculate a bladder wall volume. On CTb, the bladder wall 

volume (from CTa) was subtracted from the reference OB volume to calculate an IB 

volume. A uniform contraction was then applied to CTb OB reference. The magnitude 

of that contraction was varied iteratively (minimum change 0.1 mm) until the volume 

of the structure created was equivalent to the volume of IB volume. This method 

would result in different bladder wall thicknesses between patients and between scans, 

but a constant wall volume for an individual patient. 

 

6.2.3.4 Patient specific, variable wall volume (IBequ) 

It is possible that neither the wall thickness nor the wall volume remain constant while 

urine volume varies (Dale et al., 2005), but that the bladder wall volume (and the 

contraction to achieve it for a particular patient) vary in a predictable manner based on 

the change in urine volume. To test this hypothesis, a two-stage process was necessary.  

Equation Derivation: The “derivation cohort” consisted of 20 consecutive prostate 

cancer patients who had undergone a planCT between June 2008 and August 2010, and 

who also had a diagnostic staging pelvic CT scan suitable for electronic import into the 

treatment planning system. Patients included in other contouring studies were excluded. 

Additional inclusion criteria were: 

• Received 78 Gy in 39 fractions to prostate-only CTV, 

• IMRT plan (7-field coplanar, static field, step-and-shoot MLC) achieved 

departmental dose constraints, 

• no transurethral resection of the prostate, and no metallic hip prostheses, 

• no positive or negative contrast agents in either CT scan, 

• staging scan acquired with slice thickness of 2 mm or less and included the 

whole bladder. 
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All CTs were acquired using 120 kVp; mAs regimen individualized per patient using 

SUREExposure™ software [Toshiba Aquilion or Toshiba AquilionONE]. PlanCTs were 

acquired with “comfortably full” bladder filling instruction, but the staging CTs used no 

bladder filling instructions. The planCTs were copied into the treatment planning 

system research directory and anonymised. The staging CTs were exported 

electronically from the hospital PAC system and registered to the planCT using Local 

Correlation rigid registration algorithm in Pinnacle. For both images, the outer and inner 

bladder surfaces were delineated as above (6.2.2). 

For each patient, the absolute difference in OB volume and the absolute difference in 

IBm volume between the two CTs was quantified. A linear relationship between the 

absolute difference in OB volume and the absolute difference in IBm volume was 

quantified using the least squares method of linear regression. Linear regression was 

applied to the whole organ volume, not on a slice-by-slice basis.  That linear equation 

was then resolved to provide a model to predict the IB volume for a secondary image, 

when only the inner and outer volumes of a primary image, and the outer volume of a 

secondary image, are known. 

 

Equation Testing: For the 14 patient “testing cohort” (used to evaluate the other IB 

delineation methods, as defined in section 6.2.1), the CTa reference IBm volume and 

the reference OB volume were noted. On CTb, the reference OB volume was noted. 

These three values were then entered into the equation derived above and the predicted 

CTb IB volume noted. A uniform contraction was then applied to CTb OB reference. 

The magnitude of that contraction was varied iteratively (minimum changes 0.1 mm) 

until the volume of the structure created by the contraction (IBequ) was equivalent to 

the IB volume predicted by the equation. This method ensured that the volume of the 
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bladder wall changed as urine volume changed, according to the independently derived 

relationship. 

 

6.2.4 Data Analysis 

For each experimental volume on CTb of the 14 patient “testing” cohort, the volumes of 

each OB and IB pair were noted. The bladder wall (BW) volume for each patient and 

each experimental method was calculated by subtracting the volume of each IB contour 

from the volume of the OB reference contour. Descriptive statistics were used to 

describe the IB and BW volumes for each experimental method. Normality of the data 

permitted the use of Student’s t-test to identify any statistically significant volume 

differences between the study benchmark and the experimental methods (p <0.05). The 

coefficient of determination (R2) was used to identify any near-linear associations 

between the study volumes. These inferential tests were applied because the data was 

paired, continuous in nature and normally distributed with similar variances in each 

group of values (Altman, 1997). Coefficient (R2) >0.44 was deemed statistically 

significant for 20 patients and R2 >0.53 for 14 patients (p 0.05) (Bland, 2003). 

 

After all contouring was complete, the dosimetry of the treated plans was recalculated 

using the CCCS algorithm and a 1.5 mm3 dose grid. Dose interpolation was performed 

between the centres of the 1 mm3 voxels (See Chapter 7 for validation). The dosimetric 

output of each delineation method was quantified using raw differential DVH data from 

CTb. The raw DVH data was binned in 10 cGy increments throughout the entire 

delineated volume. Those differential DVHs were exported electronically from the 

treatment planning system to Excel (Ver. 2010, Microsoft USA). Within Excel, the 

differential DVHs were converted to 10 cGy cumulative frequency tables for analysis. 

To generate bladder wall DVHs for analysis, the IB DVH volume was subtracted from 
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the OB DVH volume in each of the 10 cGy dose bins. This was performed for the 

benchmark contours and all the experimental methods contours on CTb.  

 

To determine the dosimetric effect of the various contouring methods, the DVH 

volumes from the manual bladder wall (BWm) were subtracted from the DVH volumes 

created using the experimental methods. This was performed for each patient, 

individually to create a “subtraction DVH”. The per-patient bladder volume differences 

between the delineation methods were then averaged for the 14 patient cohort and the 

mean subtraction DVHs plotted for each method.  

 

Bladder volumes at key dose levels were used as discrete comparison points between 

the methods. These key dose levels were those that have been previously associated 

with the risk of chronic urinary toxicity: Bladder volume receiving 30 Gy (V30Gy) 

(Harsolia et al., 2007); V65Gy (Michalski et al., 2000); V78Gy (Cheung et al., 2007). 

 

6.3 RESULTS 

6.3.1 IBequ Equation Derivation 

In the 20 patient derivation cohort, planCT OB reference volumes ranged from 89-546 

cm3 and from 53-746 cm3 for the staging CT. The mean pairwise change in IBm 

reference volume between the two CTs was 146 cm3, but exhibited a large intra-patient 

range (13-487 cm3). The absolute change in IBm volume (∆VIB) and the absolute 

change in OB volume (∆VOB) between the CTs was plotted (Figure 6.2).  
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Figure 6.2: Scatter plot of the association between changes in IB volume and changes in 
OB volume for the 20 patient Derivation cohort. Absolute volume differences 
calculated by subtracting the staging CT volumes from the planCT volumes. Dashed 
line indicates unity. 
 

The following linear equation was found to closely describe the relationship between 

changes in OB volume (∆VOB) and changes in IB volume (∆VIB) between the two scans 

for the same patient (R2 0.995): 

∆𝑉𝑉𝑂𝑂𝑂𝑂 = (1.109 ×  ∆𝑉𝑉𝐼𝐼𝑂𝑂) − 6.06 cm3 

This equation was then resolved to provide a model to predict the IB volume for a 

secondary image, when the inner and outer surface volumes of a primary image, and the 

outer surface volume of the secondary image are known.  

Specifically if: ∆VOB = VOBa – VOBb, and ∆VIB = VIBa – VIBb 

Y = 1.109x – 6.06 
R2 = 0.995 
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then: (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 −  𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂) = �1.109 × (𝑉𝑉𝐼𝐼𝑂𝑂𝑂𝑂  − 𝑉𝑉𝐼𝐼𝑂𝑂𝑂𝑂)� − 6.06 

or:  𝑉𝑉𝐼𝐼𝑂𝑂𝑂𝑂 = 𝑉𝑉𝐼𝐼𝑂𝑂𝑂𝑂 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂−𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂−6.06
1.109

 

Where:  

VIBb is the volume contained within the IB contour of the secondary image 

VIBa is the volume contained within the IB contour of the primary image 

VOBb is the volume contained within the OB contour of the secondary image 

VOBa is the volume contained within the OB contour of the primary image 

 

This equation was used to calculate the IBequ volume on CTb for the testing cohort and 

create the IBequ structure. 

 

6.3.2 Experimental Methods Testing 

In the 14 patient testing cohort, OB volumes ranged from 114-495 cm3 in CTa and from 

56-287 cm3 in CTb. The pairwise change in IBm volume between CTa and CTb was on 

average 109 cm3, but exhibited a large intra-patient range (16-242 cm3). Power 

calculations based on a “within person” comparison for continuous data indicated that 

the sample of 14 patients would have an 96% power to detect inner bladder volume 

differences of 2cm3 between the methods (Altman, 1997). 

 

The magnitude of the uniform contraction used to generate the IB structures ranged 

from 1.7 to 3.0 mm for IBcon, 2.4 to 6.5 mm for IBvol, and from 2.5 to 5.0 mm for 

IBequ. The magnitude of IBvol and IBequ contractions were inversely correlated with 

IBm volume (R2 0.62 and 0.73, respectively). The volumes generated using the study 

methods are summarized in Table 6.1. 
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Table 6.1: Raw volumes of Outer and IB, for the manual and experimental methods (14 
patients). All volumes in cm3 

 

 

 

Using a constant contraction of 2.5 mm, resulted in a significant overestimation of the 

IB volume (mean difference 12 cm3; sd 6 cm3; p <0.001). The use of a patient-specific 

constant contraction also significantly overestimated the volume of the IB (mean 

difference 13 cm3; sd 7cm3; p <0.001). The differences between the manual and IBcon 

volumes were significantly correlated with the change in volume between CTa and CTb 

(R2 0.857). 

 

The method that assumed a constant bladder wall volume created IB volumes that were 

significantly smaller than the IBm volumes (mean difference -3 cm3; sd 5 cm3; p 0.04). 

As volume differences between the scans increased, IBvol increasingly underestimated 

the actual IB volume (R2 0.846). The method that assumed a variable bladder wall 

volume created IB volumes with small random and systematic differences from IBm 

(mean difference 0 cm3; sd 3 cm3) that were not significantly different from IBm (p 

0.67).  

 

Patient # OBm IBm OBm IBm IB2.5 IBcon IBvol IBequ
1 494 418 284 212 216 232 207 216
2 429 355 227 160 175 181 153 162
3 205 156 191 139 140 143 142 139
4 144 99 127 83 90 85 81 78
5 380 321 121 78 88 95 64 82
6 206 159 109 67 76 77 63 65
7 141 99 109 63 76 73 67 62
8 243 191 105 56 70 72 54 60
9 114 76 99 60 69 66 62 57
10 216 167 93 49 61 61 43 49
11 125 83 70 26 45 41 29 27
12 245 192 62 22 34 37 10 18
13 233 179 62 13 36 36 9 15
14 125 85 56 16 31 24 16 17

PlanCTa PlanCTb
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The bladder wall DVHs were calculated for each of the IB delineation methods and 

compared to the CTb BWm using a subtraction DVH (Figure 6.3). BW2.5 and BWcon 

demonstrated substantial differences from BWm across the whole DVH curve. Mean 

pairwise differences between BWm and BWequ were less than 1 cm3 across the full 

dose range. Mean pairwise volume differences between BWm and BWvol were <1 cm3 

at doses above 70 Gy, and >2 cm3 below 35 Gy. When considering each patient 

individually, at doses >40 Gy, only two patients exhibited per-patient DVH volume 

differences of 2 cm3 with BWequ, whereas with BWvol, four patients had DVH volume 

differences >2 cm3, and three patients had differences >3 cm3. 

 

 

Figure 6.3: Subtraction bladder wall DVHs for 14 patient testing cohort. The DVH 
volumes from manually delineated bladder wall (in each 10cGy dose bin) were 
subtracted from the DVH volumes created using each of the experimental methods. Per-
patient pairwise differences summarized with cohort mean. Red dotted lines indicate 
mean ±1 standard deviation for BWequ. 
 

The effects of the experimental IB delineation methods on the key dose levels for the 

bladder wall DVHs are summarized in Table 6.2. BW2.5 significantly under-reports the 
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volumes in all three of the key dose levels, compared to BWm (p<0.0002). Only 

BWequ does not result in statistically significant volumes differences from BWm.  

 

Table 6.2: Summary of the volume variation for key dose levels using the various IB 
delineation methods to create a bladder wall DVH (14 patients). Volumes presented as 
mean (sd) in cm3. * indicates statistically significant differences from BWm, p<0.05 
 

 

 

When each patient is considered individually (Figure 6.4), pairwise differences between 

BWm and the experimental methods at V30Gy, V65Gy and V78Gy were smallest for 

BWequ and largest for BW2.5 and BWcon. 

 

Figure 6.4: Box and whisker plot of per-patient volume differences between BWm and 
the four experimental IB delineation methods at V30Gy, V65Gy and V78Gy. BW2.5 
purple; BWcon green; BWvol blue; BWequ red. Box indicates interquartile range, 
whiskers indicate maximum and minimum OB volumes, circles indicate outliers. Red 
cross indicates planCT OB volume. Dashed line indicates zero differences from BWm, 
negative values indicate experimental method reports volumes smaller than BWm. 

BWm BW2.5 BWcon BWvol BWequ
V30Gy 24 (9) 17 (4) * 17 (4) * 26 (10) * 24 (9)
V65Gy 13 (5) 9 (2) * 9 (2) * 14 (7) 13 (6)
V78Gy 4 (2) 3 (1) * 3 (1) * 4 (2) 4 (2)
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6.4 DISCUSSION 

In this research, various magnitudes of uniform contraction were applied to the outer 

surface contours to create a bladder wall of constant thickness, and constant or varying 

volume. For the fixed contraction methods, the magnitude of the differences from IBm 

increased as volume differences between the scans increased. For the variable 

contraction methods, the magnitude of the contractions showed variation between 

patients, but for a given patient were always smaller at large filling volumes. This is 

consistent with the literature evaluating bladder wall thickness at urine volumes up to 

250 cm3 (Oelke, 2010; Oelke et al., 2006), where wall thickness was inversely 

correlated with urine volume and intravesical pressure (Hakenberg et al., 2000; Yang & 

Huang, 2003). This suggests that, for the purposes of generating a bladder wall structure 

for DVH calculations and dose reconstruction, it would be inaccurate to apply a generic 

uniform contraction (such as the 2.5 mm contraction suggested in Chapter 4) to a group 

of patients. Furthermore, it would also be inaccurate to apply a constant, but patient-

specific contraction in multiple images when bladder filling is variable. Variation of 

bladder wall thickness with variations in urine volume is a well-recognized 

phenomenon in the urodynamics and ultrasound literature, but it is largely unexplored 

in the radiotherapy setting. This phenomenon is however, gaining new importance in 

the era of dose reconstruction, adding a new level of complexity to bladder functional 

tissue changes during fEBRT. 

 

This research found that under variable urine filling conditions, changes in IB volume 

do not have a one-to-one relationship with simultaneous changes in OB volume. Rather, 

the volume of the bladder wall itself increased predictably with increasing urine 

volume. That relationship was well described using the equation derived in this 

research, which stood up to testing in an independent cohort. Dale et al. (2005) also 
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attempted to quantify the relationship between bladder wall volume and OB volume. 

Consistent with our findings, they reported that wall volume increased by ~10% for 

each 100 cm3 increase in OB volume. These findings are somewhat supported by the 

literature which found that wall thickness remained constant at filling volumes beyond 

250 cm3 (Oelke, 2010; Oelke et al., 2006). The specific inference being, if bladder 

surface area is increasing and wall thickness remains constant, then the bladder wall 

volume is increasing. All other evaluations of this subject have either not attempted to 

quantify the relationship between filling volume and wall volume (Kojima et al., 1996) 

or have attempted to quantify the relationship across a group of patients (Bright, Oelke, 

Tubaro, & Abrams, 2010), rather than evaluating a patient-specific pairwise change. 

This design would be confounded by intra-patient variations in initial bladder wall 

volume. 

 

The equation derived in this research was used to create a bladder wall structure that 

produced a DVH curve closely approximating one for manually delineated bladder wall. 

This has important ramifications for dose reconstruction in pelvic radiotherapy. It is 

necessary to delineate both the outer and inner surfaces of the bladder to accurately 

calculate the dose to the functional bladder tissue (Chapter 4), and the dosimetric effect 

of volume variation has been shown to be different when the organ is considered as a 

solid structure versus a hollow structure (Lebesque et al., 1995). Furthermore, uniform 

contractions to create a bladder wall have been shown to be quicker and less prone to 

observer related variability than manual inner surface contours (Rosewall et al., 2011). 

Therefore, until deformable registration is able to accurately predict the motion of the 

IB surface from deformations of the outer surface (to be evaluated in Chapter 8), this 

method provides an accurate and logistically viable method to delineate the bladder 

functional tissue on serial imaging, even on images where it cannot be visualized. 
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The results of this research should be interpreted in context with its limitations. 

Although multiple manual observations were made for each image and each patient, all 

manual contours were performed by a single observer. It is possible that the inclusion of 

other observers may increase the variability of both the manual and the experimental 

methods. Although the equation was derived and tested across a wide range of clinically 

relevant initial filling volumes and volume changes, it is possible that the equation may 

not hold for volumes or volume changes beyond those ranges. The dosimetric 

comparison of the model was performed using prostate IMRT distributions. Although 

this is a limitation in the generalizability of the findings from this study, the sharp dose 

fall-off across the bladder wall should make the DVHs very sensitive to small changes 

in the bladder wall contours when absolute volume DVHs are considered (as they are 

herein). Thus, if the model can generate DVHs which hold up to scrutiny with IMRT 

dosimetry, it is likely to be applicable in other less sharp dose gradient scenarios. 

Finally, although it would have been reasonable to evaluate the ability of these 

experimental methods to delineate the inner surface of the trigone, Chapter 4 has 

already demonstrated that uniform contractions do not perform well over this 

geometrically complex section of bladder functional tissue. Thus, an evaluation of 

deformable registration methods to identify the position of the trigone in serial images 

under variable filling conditions is presented in Chapter 8. 

 

6.5 CONCLUSIONS 

This study evaluated the efficacy of various methods to predict the position of the IB 

surface using uniform contractions from the OB surface, based on the assumption that 

the bladder wall was either of constant thickness, constant volume, or volume that 

varies predictably based on bladder filling. The volumetric and dosimetric results from 
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this study suggest that use of the equation derived in this research more accurately 

predicted the volume of the bladder wall under varying bladder filling conditions, 

compared to the other methods, particularly when filling changes were large. This 

method provided an accurate technique to delineate the bladder functional tissue on 

serial imaging for the purposes of dose reconstruction. 
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SECTION CONCLUSIONS AND RECOMMENDATIONS  

This research took the unique stance that the dose delivered to the functionally 

inhomogeneous bladder tissue must be calculated before a robust association between 

radiotherapy dose and chronic urinary toxicity will be found. Improvements beyond 

standard methods by which the bladder tissue is delineated were necessary to meet that 

objective, and they included DVHs that described delivered dose to functionally 

heterogeneous segments of the bladder, and excluded the dose to the urine. This novel 

approach required the development and testing of innovative techniques to delineate the 

outer and inner surface of the bladder wall and the trigone region on the planCT, and on 

images acquired immediately prior to treatment delivery. 

 

To achieve these objectives, the research in Chapter 4 evaluated various methods to 

delineate the functional bladder tissue on planCTs. That research found that bladder and 

trigone DVHs (reported in cm3) were very sensitive to the method of delineation. 

Manual IB surface delineation was subject to considerable observer variability. Uniform 

contractions from a semi-automatic outer surface can provide a more reproducible and 

reasonably accurate substitute for manual bladder wall delineation. The optimal 

contraction for patients with a ‘comfortably full’ bladder was 2.5 mm, but this is likely 

different with other bladder filling protocols. Trigone DVHs vary significantly between 

patients, even with consistent dose constraints and planning margins. Manual 

delineation of the trigone was associated with substantial observer variability, but less 

variable automated methods failed to accurately approximate the dose.  

 

Chapter 5 evaluated the validity and reproducibility of a method to propagate the OB 

contours from the planCT to the CBCT. Volumetric, geometric and overlap metrics all 

indicated that the propagated contours fell within the range of manually delineated 
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contours, and were associated with smaller inter-observation variability. Importantly, 

the findings from this research suggest that contour propagation may be more robust 

than manual delineation, especially where images are of poor quality. 

 

In Chapter 6, the principles of uniform contraction proposed for use with the planCT 

were extended to include delineation of the IB surface on CBCT. The volumetric and 

dosimetric results from that research suggested that use of the predictive equation more 

accurately modelled changes in the bladder wall, particularly under highly variable 

filling conditions. This provided an accurate method to delineate the bladder functional 

tissue on daily CBCT for the purposes of dose reconstruction. 

 

Based on the findings from these three inter-related studies, the following methods are 

recommended to delineate the functional bladder tissue on the planCT:  

1. Functional bladder tissue must be delineated using both outer and inner surfaces 

2. OB surface can be delineated accurately and precisely with semi-automated model-

based segmentation 

3. IB surface can be delineated using a uniform contraction to create a bladder wall 

DVH which shows excellent dosimetric agreement with manual methods, but with 

less observer-based variability.  

4. The magnitude of that IB contraction should be varied based on patient anatomy and 

bladder filling status 

5. Semi-automated bladder wall contours (inner and outer) must be manually edited 

over the trigone 

 

The changing volume of the bladder wall adds an additional level of complexity to 

delivered dose reconstruction, as many methods assume a constant volume during 
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treatment. Yet, the methods identified in this section were able to accurately delineate a 

bladder wall that changed in shape, position, thickness and volume during treatment. 

This research recommends: 

1. The planCT OB contour should be propagated and manually adapted to create a 

CBCT OB contour 

2. A patient-specific uniform contraction should be applied to the OB contour to 

create the IB contour 

3. The magnitude of that uniform contraction should be calculated for each patient 

using the equation derived in Chapter 6 

 

The accurate delineation of the bladder functional tissue is vital to the accurate 

calculation of the DVHs. Yet, for the planCT, the validity of the DVHs is equally 

dependent on the validity of the dose calculation parameters used. Moreover, the 

deformable registration and dose mapping techniques used to reconstruct the delivered 

dose DVH also play an important part in the precision of the final delivered dose 

estimate. Section 3 will evaluate those dosimetric techniques. 
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SECTION 3 

 

DOSE CALCULATION  

AND MAPPING 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Peer reviewed articles and abstracts stemming from this section 
 
Rosewall, T., Kong, V., Heaton, R., Currie, G., Milosevic, M., & Wheat, J. (2014). The 
Effect of Dose Grid Resolution on Dose Volume Histograms for Slender Organs at Risk 
during Pelvic Intensity-modulated Radiotherapy. J Med Im Rad Sci. 45(3), 204-209. 
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SECTION INTRODUCTION 

Based on an extensive review of the literature on that subject, this research took the 

unique stance that robust associations between bladder dose and urinary toxicity will 

not be found unless the dose actually delivered to the functional bladder tissue was 

accurately calculated. Section 2 evaluated methods to delineate the bladder wall and 

trigone on planCT and CBCT, which are vital to the calculation of a DVH that is a valid 

representation of the dose to the functional bladder tissue (Rosewall et al., 2011). Yet, 

the accuracy of a DVH is affected both by the methods used to delineate the volume and 

by the methods used to calculated to dose to that volume (Drzymala et al., 1991).  

 

The bladder dose/toxicity literature provides few details regarding the methods used to 

calculate the dose to the bladder, despite the significant impact that inaccuracies in that 

calculation would have on the relationship between dose and toxicity (Bentzen et al., 

2010). The objective of this Section was therefore to identify and evaluate dose 

calculation methods that would provide the best estimate of the dose delivered to the 

bladder functional tissue. 

 

The first step for dose reconstruction is to calculate the initial dose distribution on the 

planCT. Accurate calculation of the planDose for the bladder wall and trigone is 

complex for several reasons. Firstly, the bladder wall is thin, irregular and transects the 

beam edge for the majority of pelvic radiotherapy techniques. The trigone is also thin 

and has a very small volume. All these factors are known to exacerbate the dosimetric 

errors associated with calculation grid spacing on the planCT (Bedford et al., 2003; 

Drzymala et al., 1991; Kennedy, Lane, & Ebert, 2014). Secondly, even if the initial 

planCT dose distribution is assumed to be accurate, daily changes in the bladder wall 

position, shape, thickness and volume make it the site of some of the largest and most 

184 



complex motion in the human body. This has serious dosimetric implications, and large 

differences between the planned dose and delivered dose have been reported (Andersen 

et al., 2012; Schaly, Bauman, Song, Battista, & Van Dyk, 2005; Schulze, Liang, Yan, & 

Zhang, 2009; Song, Wong, Bauman, Battista, & Van Dyk, 2007).  

 

Dose reconstruction techniques hold the potential to accurately calculate the dose 

actually delivered to the functional bladder tissue, even in the presence of substantial 

organ motion (Jaffray, Lindsay, Brock, Deasy, & Tome, 2010). This technique employs 

a series of novel and complex processes to: 1) track the position of individual tissue 

elements (voxels) based on serial tomographic imaging; 2) map the daily dose to each 

of those elements; 3) combine the daily element doses together to reconstruct 

cumulative delivered dose for the whole organ. Unfortunately, the large magnitude of 

volumetric and positional changes seen for the bladder during radiotherapy pose 

significant challenges for most deformable registration techniques (Sarrut, 2006), and 

uncertainty persists with regard to the optimal deformable registration technique for 

bladder. Errors in the 3D deformation matrix calculated using deformable registration 

can result in substantial dose mapping errors (Murphy, Salguero, Siebers, Staub, & 

Vaman, 2012; Saleh-Sayah, Weiss, Salguero, & Siebers, 2011). Moreover, errors in the 

initial planCT dose distribution will be perpetuated and compounded during the dose 

reconstruction process (Yan, Jaffray, & Wong, 1999), making the accuracy of the initial 

dose calculation even more important. 

 

To meet the objective of this section, Chapter 7 presents expert consensus on dose 

calculation algorithms and tissue heterogeneity correction for use during the initial 

planCT dose calculation, then goes on to quantify the effect of calculation grid spacing 

on the bladder wall and trigone DVHs. In Chapter 8, the ability of biomechanical 
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deformable registration techniques to accurately deform the surfaces of the bladder, and 

discrete elements within the bladder wall was evaluated. Finally, the dosimetric validity 

of dose mapping was evaluated using an initial dose distribution calculated according to 

the findings in Chapter 7, in combination with 3D deformation matrices created using 

the deformable registration techniques evaluated in Chapter 8. In this manner, this series 

of inter-related studies provided an evidence base for bladder functional tissue delivered 

dose reconstruction processes that were then used in the remainder of the thesis. 
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CHAPTER 7 

 

INITIAL DOSE CALCULATION 
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7.1 INTRODUCTION 

Dosimetric variation from inaccurate dose calculations has a marked impact on normal 

tissue complication probability calculations and dose volume histograms (DVHs) 

(Bentzen et al., 2000). In the context of delivered dose reconstruction, the accuracy of 

the initial dose calculation is even more important. The organ elements will be 

transposed very precisely within the spatial distribution of dose during dose mapping, 

and thus any errors in that initial dose calculation will be perpetuated and compounded 

during dose reconstruction (Yan et al., 1999). Three major factors influence the ability 

of a radiotherapy treatment planning system to accurately report the dose received by an 

organ-of-interest. These factors are; the use of tissue density heterogeneity correction, 

dose calculation algorithm and calculation grid resolution (AAPM, 1991).  

 

7.2 TISSUE DENSITY CORRECTION AND DOSE 

CALCULATION ALGORITHM 

There is expert consensus regarding the use of tissue density corrections for external 

beam treatment planning. Although commercially available tissue heterogeneity 

correction algorithms either under or overestimate the dose to the patient when areas of 

density heterogeneity are present, it is more accurate to include a correction as long as 

the method incorporates both the primary photon and secondary electron transport 

(AAPM, 2004). Moreover, the magnitude of dosimetric errors caused by tissue density 

heterogeneity corrections are reduced in the presence of multiple beam arrangements, 

and Report #85 from the American Association of Physicists in Medicine states that 

even simple correction methods are sufficiently accurate for the density heterogeneities 

of pelvic anatomy (AAPM, 2004).  
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The most accurate dose calculation method has long been considered Monte Carlo 

simulation (AAPM, 1991; Demarco, Chetty, & Solberg, 2002; Frass, Smathers, & 

Deye, 2003). It is clear from the literature however, that the Collapsed Cone 

Convolution/Superposition (CCCS) dose calculation algorithm employed within the 

Pinnacle3 treatment planning system (Philips Medical Systems, USA) provides a very 

close approximation of the actual dose distribution compared to first order dose 

calculation methods (such as Monte Carlo) and phantom-based water or dosimeter 

measurements (Bedford, 2002; Bedford et al., 2003; Fogliata et al., 2007; Hasenbalg, 

Neuenschwander, Mini, & Born, 2007; Knoos et al., 2006; Krieger & Sauer, 2005). The 

accuracy of the CCCS dose calculation algorithm has been demonstrated when small 

IMRT segments traverse various arrangements of tissue density heterogeneity 

(Schwarz, Bos, Mijnheer, Lebesque, & Damen, 2003; Venselaar & Welleweerd, 2001). 

When evaluated specifically for pelvic IMRT, dosimetric differences were in the order 

of 2% for the adjacent organs at risk (Bedford et al., 2003; Francescon, Cora, & 

Chiovati, 2003; Jeraj, Keall, & Siebers, 2002; Rangel, Ploquin, Kay, & Dunscombe, 

2007).  

 

7.3 DOSE GRID RESOLUTION 

7.3.1 Introduction 

Unlike tissue density heterogeneity correction and dose calculation algorithm, opinion 

regarding the optimal dose calculation grid resolution is equivocal. The selection of grid 

spacing for 3D dose matrices often involves compromise. The finer the grid, the greater 

the accuracy of dose calculation (Bedford, 2002; Lu & Chin, 1993; Niemierko & 

Goitein, 1989a), but the longer the computation times. For the same computational 

volume, the relationship between calculation time and dose grid increment is 
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exponential (Figure 7.1), and dose grid increments smaller than 1 mm are associated 

with calculation times which are prohibitive in the clinical setting.  

 

 

Figure 7.1: Exponential relationship between calculation time and dose grid increment 
for a constant computational volume. Mean calculation time for 4 patients (exponential 
trend line with forward and backward forecast of 0.5 units). 
 

In the era of initial development and evaluation of computerized 3D treatment planning 

systems, the impact of dose calculation grid spacing on the dosimetric accuracy of the 

treatment plans was rigorously evaluated using empirical analysis of highly simplified 

theoretical dose distributions. Despite controversy over the method of point dispersion, 

these initial evaluations all concluded that larger grid spacing will result in substantial 

dose calculation errors (Lu & Chin, 1993; Niemierko & Goitein, 1989a, 1989b, 1990; 

Smith, Morrey, & Gray, 1990).  These evaluations all made certain assumptions 

however, such as low dose gradients inside and outside the field, which do not hold for 

IMRT. 

 

Exponential trend line fit: R2 = 0.9935
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There have been very few evaluations of grid size effects with IMRT distributions, but 

if large grid spacing is applied, the use of small beamlets and sharp penumbra is thought 

to result in much greater errors than for unmodulated beams (AAPM, 2004; Dempsey, 

Romeijn, Li, Low, & Palta, 2005; Ezzell et al., 2003; Niemierko & Goitein, 1989a). 

Only three studies have evaluated the effect of dose grid increment on IMRT, all for 

head and neck cancer. It has been suggested that 4 mm spacing is sufficient to 

accurately describe the dose to adjacent normal tissue structures (Dempsey et al., 2005; 

Mittauer et al., 2013), yet clinically important differences between the DVHs presented 

for spinal cord were seen. A more detailed analysis of dose grid effect on head and neck 

IMRT plans indicated that using 4 mm grid spacing will result in dose discrepancies of 

~4% (Chung, Jin, Palta, Suh, & Kim, 2006), and grid sizes of ~1.5 mm are necessary 

for an accurate prediction of dose compared to film dosimetry. The guidance report 

from the AAPM radiation therapy committee states that the dose grid must be finer than 

the IMRT fluence map to ensure that the modulation is adequately modelled (Ezzell et 

al., 2003). In fact, it has been postulated that only a dose grid size ≤ 1 mm will nullify 

any dosimetric errors related to this effect (Chung et al., 2006; Smith et al., 1990).  

 

For the purposes of this research, the dosimetric scenario is a challenging one. It 

consists of high dose gradient IMRT plans, a structure-of-interest which has a slender 

cross section and transects the beam edge (bladder wall), and a very small volume 

structure-of-interest (trigone). All these factors are known to exacerbate the dosimetric 

errors associated with grid spacing (Bedford et al., 2003; Drzymala et al., 1991; 

Kennedy et al., 2014). This makes selection of the dose grid increment particularly 

important to the accuracy of the initial bladder wall and trigone 3D dose distribution. In 

the context of dose reconstruction, the effect of dose grid spacing takes on a new 

importance. Interpolation between dose grid voxels resulted in dose reconstruction 
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errors up to 6% for grid spacing of 3.5-10 mm in conformal lung plans (Rosu et al., 

2005). This effect led to incorrect NTCP estimates for the adjacent organs when 

reconstructing the delivered dose.  

 

In summary, there were enduring uncertainties regarding the optimal dose grid 

increment for use in the dosimetry and organ scenario present in this thesis. This 

necessitated the design of a study to evaluate the effect of dose grid increment on the 

accuracy of dose calculations for prostate IMRT plans and to determine the optimal 

dose grid increment to use in this thesis. 

 

7.3.2 Methods 

This was a single centre, quasi-experimental study with research ethics board approval 

from the University Health Network (Toronto) and Charles Sturt University. The 

radiotherapy planCT datasets of 15 prostate cancer patients were included in the 

analysis. These were selected consecutively (reverse chronologically), from a cohort of 

198 available patients. Study inclusion criteria were: 

• Diagnosed with biopsy confirmed intermediate risk prostate carcinoma. 

• Completed treatment as planned at Princess Margaret Cancer Centre between June 

2008 and August 2010. 

• Received 78 Gy in 39 fractions to prostate-only CTV. 

• IMRT plan (7-field coplanar, static field, step-and-shoot MLC) achieved 

departmental dose constraints. 

• Received ‘comfortably full’ bladder preparation instructions. 

• No positive or negative contrast agents in the pelvis. 

• No transurethral resection of the prostate, and no metallic hip prostheses. 
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Patients included in previous research phases were excluded. No additional exclusion 

criteria were employed. 

 

The planCT images (2 mm slice thickness; 0 mm gap; 120 kVp; mAs regimen 

individualized per patient using SUREExposure™ software [Toshiba AquilionOne]) and 

clinical plans were copied into a Pinnacle treatment planning system research directory 

(ver. 9.0). IMRT plans consisted of seven static co-planar beams at gantry angles of 

250o, 280o, 310o, 355o, 40o, 80o and 110o. All fields were modulated using inverse 

planning and direct machine parameter optimization, for delivery in a step-and-shoot 

manner. Beamlets were shaped using 0.5 cm width multileaf collimation with a 

minimum segment area of 3 cm2. 

 

For each study CT, the entire bladder surfaces were delineated by a single observer 

using model-based segmentation for the OB (edited manually across the trigone). A 

uniform contraction was used to delineate the IB surface. With images axial, sagittal 

and coronal displayed at the bladder mid-point, a uniform contraction was applied to the 

OB. Starting at 2.5 mm, the contraction magnitude was increased or decreased 

iteratively until the optimal match with the IB surface visible on the images was 

identified. Manual edits were permitted, particularly over the trigone. The IB surface 

was delineated in this manner, three times. The largest and smallest observations were 

discarded, and only the median volume observation was used in this analysis to 

minimize the effect of observer variability. The trigone was delineated by constraining 

the bladder wall contours to a 3D geometric construct (triangular prism), with vertices 

defined by the position of the insertion of the two ureters and the urethra for each 

patient.  
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The borders of the dose calculation grid were automatically defined by adding a 3 cm 

margin around the OB contours. The dose grid was modified to include the whole CTV 

as the radiotherapy dose was routinely prescribed to CTVmin for this group of patients. 

Then nine identical versions of the clinical plan were created for each patient. In each 

plan version, the interval between the dose grid calculation points was varied uniformly 

in three dimensions, while the dose grid origin and all other plan parameters were kept 

constant. The dose grid increments (mm) tested were: 1, 1.5, 2, 2.5, 3, 4, 5, 7 and 10. 

The dosimetry of the plans was recalculated (but not re-optimized) using CCCS with 

tissue heterogeneity correction. Dose interpolation was performed between the centres 

of the 0.8 mm3 voxels.  

 

To aid in the interpretation of findings from this study, the magnitude of the uniform 

contraction used to create the median IB surface observation (prior to manual editing) 

was used as an approximation of the bladder wall thickness. 

 

7.3.2.1 Data Analysis 

The dosimetric output of each dose grid was quantified using raw differential dose 

volume histogram data for the inner and outer bladder volumes and the trigone. The raw 

DVH data binned the dose/volume pairings in 10 cGy increments throughout the entire 

volume. Those differential DVHs were exported electronically from the treatment 

planning system to Excel for analysis. Within Excel, the differential DVH data were 

converted to 10 cGy cumulative frequency bins. The IB volumes were subtracted from 

the OB volumes to create cumulative frequency histograms for a hollow bladder wall 

structure.  
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The DVHs with 1 mm grid increment was used as the study benchmark, against which 

the other grid resolutions were compared. This grid resolution was selected as the 

benchmark for three reasons. Firstly, a grid increment of 1 mm has been associated with 

dose calculation errors of almost zero (Chung et al., 2006; Smith et al., 1990). Secondly, 

use of dose grid increments smaller than the resolution of the CT image voxels used for 

dose interpolation (0.8 mm) would not result in any meaningful improvements in 

calculation accuracy. Thirdly, it was the smallest dose increment that could reliably be 

calculated over the specified dose grid volume with the memory capacity of the 

computer hardware used (Oracle based X4470 workstation with 24 cores and 96 GBytes 

of RAM).  

 

The organ volumes in 10 cGy dose bins were calculated for each grid resolution. For 

each 10 cGy dose bin, the volume from the study benchmark (1 mm grid) was 

subtracted from the DVH volumes of the other dose grid resolutions. This was 

performed for each patient, individually creating a pairwise “subtraction DVH”. The 

pairwise organ volume differences between the plans were then averaged across the 15 

patient cohort, and mean subtraction DVHs plotted. 

 

The volumes of bladder wall reported to be receiving 78 Gy, 65 Gy and 30 Gy were 

used to quantify differences between the dose grid spacing. These dose/volume levels 

were selected for evaluation because they have been linked to the incidence of chronic 

urinary toxicity (Chen et al., 2007; Cheung et al., 2007; Harsolia et al., 2007; Michalski 

et al., 2000). Key dose/volume levels for the trigone were defined as V78Gy (Cheung et 

al., 2007) and V47Gy (Heemsbergen et al., 2010). Dose to 98% of the trigone (D98%) 

was also used to describe the near minimum trigone dose. Normality of the data 

permitted the use of Student’s t-test to determine if the differences between the study 
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variables were statistically significant (paired data, 2-tail test). Because of the high 

number of significance tests performed, the a-priori significant p-value of 0.05 was 

adjusted to 0.0021 using the Bonferroni correction. 

 

Descriptive statistics were used to summarize the variation of bladder wall thickness 

within the cohort. Spearman’s rho (ρ) was used to identify any relationship between 

bladder wall thickness and the magnitude of differences in key dose/volume variables 

between the study benchmark and other dose grid resolutions. Spearman’s rho was used 

because the data were paired, and the relationship between the variables may not be 

well described by tests that only evaluate a pure linear relationship (Bland, 2003). A rho 

value of >0.7 was considered a significant association for the 15 patient cohort and an 

alpha level of 0.002 (Bland, 2003). 

 

7.3.3 Results 

All study procedures were completed as planned resulting in nine bladder wall DVHs 

and nine trigone DVHs for each of the 15 patients considered, yielding 270 DVHs for 

analysis. Power calculations based on a “within person” comparison for continuous data 

indicated that the sample of 15 patients would have an 89% power to detect DVH 

volume differences of 1cm3 for bladder wall and 0.5cm3 for trigone (Altman, 1997). 

The mean bladder wall volume was 72 cm3 (sd 24 cm3), and the mean trigone volume 

was 5.3 cm3 (sd 1.5 cm3). Figure 7.2 presents the mean bladder wall and trigone DVHs 

using the 1 mm dose grid increment. 
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Figure 7.2: Cumulative DVHs for bladder wall and trigone. Mean DVH for 1 mm dose 
grid increment (15 patients). 
 

The effect of increasing grid increment on the bladder wall DVH curve is summarized 

in Figure 7.3. The subtraction DVHs (mean of 15 patients) clearly demonstrates the 

phenomenon of overestimation of the bladder wall volume at low doses. More clinically 

importantly perhaps, there was also a systematic underestimation of the bladder wall 

volume receiving doses >60 Gy. The maximum volume differences occured at 

approximately 10 Gy (13% of prescription dose) and 78 Gy (100% prescription dose). 

The 1.5 mm, 2.0 mm and 2.5 mm grid increments all resulted in mean volume 

differences less than 1 cm3 across the whole DVH. 3.0 mm and 4.0 mm increments 

demonstrated mean volume differences up to 2 cm3 across the curve, but 5.0 mm, 7.0 

mm and 10.0 mm increments resulted in mean volume differences greater than 2 cm3.  
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Figure 7.3: Subtraction bladder wall dose volume histogram for various dose calculation 
grid resolutions as compared to a 1 mm dose grid increment. Y-axis represents the mean 
pairwise differences (15 patients) between the grid resolutions evaluated. Negative 
values indicate under-reporting of volume compared to the 1 mm dose grid increment. 
 

Although the group mean of the volume differences were less than 1 cm3 across the 

whole bladder wall DVHs curve for the 1.5 mm, 2.0 mm and 2.5 mm grid increments, 

evaluation of individual patients revealed that volume differences between the 

benchmark and the 2.0 mm grid could range up to 2.5 cm3, and up to 5 cm3 with the 2.5 

mm grid (Figure 7.3). Only the bladder wall DVHs calculated using the 1.5 mm 

increment resulted in maximum volume differences ≤1 cm3 for every patient across the 

full length of the curve.  
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Figure 7.4: Subtraction bladder wall dose volume histogram for various dose calculation 
grid resolutions as compared to a 1 mm dose grid increment. Y-axis demonstrates the 
maximum pairwise differences between the DVHs for any of the 15 patients evaluated. 
 

For the trigone, the mean subtraction DVH (Figure 7.4) illustrates systematic 

underestimation of trigone volumes receiving doses >65 Gy. The maximum volume 

differences occur at approximately 78 Gy (100% prescription dose). The 1.5 mm, 2.0 

mm and 2.5 mm grid increments all resulted in mean volume differences less than 0.5 

cm3 across the whole DVH. All other dose grid increments resulted in mean volume 

differences greater than 0.5 cm3. Analysis of the maximum pairwise differences 

between the DVHs followed a trend similar to the bladder wall DVHs, with 2.5 mm 

grid resulting in errors of up to 2.5 cm3 in the high dose region. Only the 1.5 mm grid 

spacing resulted in maximum pairwise differences of less than 1 cm3. 
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Figure 7.5: Subtraction trigone dose volume histogram for various dose calculation grid 
resolutions as compared to a 1 mm dose grid increment. Y-axis represents the mean 
pairwise differences (15 patients) between the grid resolutions evaluated. Negative 
values indicate under-reporting of volume compared to the 1 mm dose grid increment. 
 

Table 7.1 summarizes the effect of grid resolution on key doses and volumes. For 

bladder wall, only grid increments 1.5 mm, 2.0 mm and 2.5 mm did not result in any 

statistically significant pairwise differences from the study benchmark. There were no 

significant differences for V30Gy with any of the dose grid resolutions evaluated. The 

mean pairwise V65Gy volumes were also only minimally affected by grid resolution. 

There was a trend toward increasing differences with increasing grid increment across 

most of the variables studied. This trend did not hold for the 10 mm grid at V78Gy.  

 

Mean bladder wall thickness was 2.4 mm, ranging from 1.7 mm to 4.4 mm. No 

correlation was found between bladder wall thickness and the magnitude of the dose 

grid effect on any of the key dose / volume variables for the bladder wall DVH (ρ from 

-0.42 to +0.47). 
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Table 7.1: Key dose / volume variables for bladder wall and trigone DVHs using the 1 
mm grid increment, and pairwise differences from the 1 mm grid increment for the 
other grid resolutions evaluated. Mean (standard deviation) reported in mm or cGy for 
all 15 patients. Negative values indicate volumes reported are smaller than 1 mm grid 
volumes.  * indicates statistical significance, p ≤ 0.002 
 

 

 

For the trigone, mean differences from the benchmark were small in magnitude and 

were not statistically significantly. Similar to bladder wall, there is a non-significant 

trend toward greater differences using the larger grid spacing. 

 

7.3.4 Discussion 

When assuming a 1 mm grid increment is an accurate (but logistically impractical) 

estimation of the actual dose distribution (Chung et al., 2006; Smith et al., 1990), the 

research described herein indicated that a grid increment of 1.5 mm was necessary to 

approximate the dose to the bladder wall and trigone during IMRT with an error of less 

than 1 cm3 for all patients considered. Although a dose grid of 4 mm may have been 

considered sufficient for pelvic radiotherapy with conventional fields (Smith et al., 

1990), a dose grid increment of 1.5 mm would seem to be necessary for pelvic IMRT. 

This value has also been proposed for use in head and neck IMRT planning (Chung et 

al., 2006; Smith et al., 1990), and would therefore most likely be appropriate for other 

IMRT planning clinical scenarios.  

 

Similar to the findings from other radiotherapy techniques and clinical scenarios, dose 

calculation errors evaluated herein tended to increase in magnitude as the grid 

Pairwise differences from 1mm (with sign)
Values for 1mm 1.5mm 2.0mm 2.5mm 3.0mm 4.0mm 5.0mm 7.0mm 10.0mm

V30Gy 22 (7) 0 (0) 0 (0) 0 (1) 0 (0) 0 (0) 0 (1) 0 (1) 0 (1)
V65Gy 12 (4) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) -1 (1) * -1 (1) * -1 (1) *
V78Gy 5 (2) 0 (1) -1 (1) -1 (2) -2 (1) * -2 (2) * -3 (2) * -3 (2) * -1 (3)
D98% 3171 (2200) 9 (52) -7 (41) 14 (117) 10 (108) -11 (186) -8 (203) -40 (371) 7 (545)

V47Gy 4.4 (1.6) 0 (0) 0 (0) 0 (0.1) 0 (0.1) 0 (0.1) 0 (0.1) 0 (0.1) -0.1 (0.2)
V78Gy 2.1 (1.2) -0.1 (0.2) -0.2 (0.3) -0.3 (0.7) -0.6 (0.6) * -0.7 (0.9) -1.0 (0.9) * 0.9 (1.0) -0.4 (1.1)

Bladder 
Wall

Trigone
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increment increased (Bedford, 2002; Lu & Chin, 1993; Mittauer et al., 2013; Niemierko 

& Goitein, 1989a; Park et al., 2014). An unexpected finding in this research was that 

this trend did not hold for the 10 mm grid spacing. When individual patient data was 

reviewed, the 10 mm grid often resulted in large differences in volume/dose variables, 

but these differences were random in distribution (as indicated by the large standard 

deviations). This phenomenon also explains the lack of statistical significance for the 10 

mm grid differences, and was likely due to the cross section of the bladder wall being 

on average a quarter of the size of the dose calculation point spacing (Lu & Chin, 1993; 

Niemierko & Goitein, 1990). Variation in the magnitude of bladder wall cross section 

does not seem to have had an appreciable effect on the magnitude of dose/volume 

differences seen in this study however, perhaps because the range of values was quite 

small. 

 

Regardless of differences in the effect size, all grid resolutions evaluated in this research 

consistently overestimated the volume of bladder wall receiving <20 Gy, and 

underestimated the volume receiving >60 Gy. This finding for IMRT plans is supported 

by previous work that demonstrated this effect for single beam dosimetry using 

analytical beam models and measured data (Niemierko & Goitein, 1989a), and for 

multiple conventional beams (Kennedy et al., 2014; Rosu et al., 2005; Smith et al., 

1990). For trigone, volume underestimation at high doses was of greater magnitude than 

the overestimation of low dose volumes. This is likely because most of the trigone is 

contained within the PTV and received a high, homogeneous dose making the low dose 

region less sensitive to changes in dose grid increment (Chung et al., 2006; Kennedy et 

al., 2014; Niemierko & Goitein, 1989b). 
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The clinical significance of the systematic under reporting of the volumes receiving 

high doses may be considerable, because the organ-at-risk volumes receiving high doses 

are often used to predict the incidence of toxicity (Rosewall et al., 2010). This effect 

may result in clinicians unknowingly accepting plans based on DVHs that seem to meet 

those toxicity related constraints, but in actuality those volumes are larger than reported 

due to the use of an inappropriately large grid increment. To give a practical example of 

this, Cheung et al. (2007) found patients were at higher risk of experiencing Grade two 

urinary toxicity when the volume of bladder receiving 78 Gy was greater than 2.9% 

(Cheung et al., 2007). Using a dose grid increment of 5 mm, five patients considered 

herein would have fallen into the “high risk” group. Whereas, if a 1 or 1.5 mm 

increment was used to calculate the dose, 14 patients would be considered at “high risk” 

of toxicity. 

 

This research has evaluated the effect of dose calculation grid resolution on bladder 

wall and trigone DVHs, but these results should be interpreted in context with the 

limitations of the design. Firstly, a 1 mm grid resolution was used as the study 

benchmark. It may have been more valid to have used first order dose calculation 

methods (such as Monte Carlo) as the study comparator, but a grid increment of ≤ 1 mm 

has been previously associated with dose calculation errors of almost zero when 

compared to in-vitro measurements (Chung et al., 2006; Smith et al., 1990). Secondly, 

these results will likely vary for different penumbra shapes and gradients but in this 

research that effect was nullified by using intra-patient pairwise comparisons. Thirdly, 

the bladder was considered to be a slender, hollow wall structure. If the bladder was 

delineated as a solid organ, it is likely that the DVHs would be less sensitive to the dose 

grid resolution and perhaps larger dose grid increments could be used. It is clear 

however, that calculating DVHs for the bladder using a solid organ shape rather than a 
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hollow wall will not produce a valid representation of the dose received by the bladder 

functional tissue (Rosewall et al., 2011). 

 

7.4 CONCLUSIONS 

The existing body of knowledge available in the literature supports the use of the 

standard tissue density heterogeneity correction method utilized by the Pinnacle3 

treatment planning system. Similarly, the Collapsed Cone Convolution Superposition 

algorithm currently represents the closest approximation of the actual dose available 

within a commercial treatment planning system, and thus will be used for all dose 

calculations that follow.  

 

The findings for this research phase suggest that dose grid resolution is an important 

dosimetric parameter, which influenced the accuracy of dose volume histogram 

calculation, particularly for slender organs-at-risk positioned in the penumbra region. If 

large grid increments were employed, a substantial under-reporting of the volume 

receiving high radiation doses was seen. For an accurate DVH calculation for bladder 

wall and trigone across a normal range of wall thicknesses, a 1.5 mm dose grid 

increment is recommended. 
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CHAPTER 8 

 

DEFORMABLE REGISTRATION FOR  

SURFACE AND VOXEL MAPPING 

 
  

  205 



8.1 INTRODUCTION 

The bladder wall changes in position, shape and thickness throughout a course of 

fractionated external beam radiotherapy, based on filling status (Britton et al., 2005; 

Dale, Hellebust, Bruland, & Olsen, 2005; Lalondrelle et al., 2010). Also, the position of 

the bladder relative to the isocentre of the radiotherapy beams can change, dependent on 

daily patient positioning variability and the mode of image-guidance used (Rijkhorst et 

al., 2009). These factors (alone, and in combination) have a significant impact on 

whether the dose calculated on the planCT is a close estimation of the dose actually 

delivered to the bladder (Landoni et al., 2006; Zhang et al., 2011).  

 

Simple dose addition methods can be useful to incorporate the effects of organ motion 

in the dose calculation when the organ of interest does not change substantially in size 

or position relative to the isodoses (Andersen et al., 2013). This is not the case for 

bladder wall during fractionated radiotherapy, and use of simple DVH addition in the 

presence of large organ motion will lead to errors in the order of 3Gy compared to full 

deformable dose reconstruction  (Soukup, Sohn, Yan, Liang, & Alber, 2009). Experts 

suggest that “because of the steep dose–response relationship for normal tissue 

reactions, even a small difference in dose may be very significant” (Andreassen, Alsner, 

& Overgaard, 2002) and the exact dose delivered to the bladder tissue is required if 

accurate predictions of radiotherapy toxicity are to be performed (Holscher, Bentzen, & 

Baumann, 2006).  

 

It is possible to use deformable registration to generate a 3D deformation matrix to track 

the elements of the bladder wall from one fraction to another to facilitate reconstruction 

of delivered dose (Yan, Jaffray, & Wong, 1999). The large magnitude of volumetric and 

positional changes seen for the bladder during radiotherapy pose significant challenges 
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for most deformable registration techniques (Sarrut, 2006), and uncertainty persists with 

regard to the optimal deformable registration technique for bladder.  

 

As elastic materials, the motion of human tissue must obey the laws of mechanics (Chi, 

Liang, & Yan, 2006). Thus geometric motion of a living organ can be represented by 

biomechanical models based on Newton’s and Hooke’s laws (Yan et al., 1999). 

Application of such a linear elastic model (LEM), in combination with finite element 

analysis (FEA) is a promising approach to replicate bladder wall deformation during 

external beam radiotherapy (Brock et al., 2003). To date, patient-based investigations of 

this novel technique have been limited by the simultaneous deformation of all pelvic 

organs in the model (Chai, van Herk, Hulshof, & Bel, 2012; Chai et al., 2011), or to 

pairs of images where bladder volume variation was intentionally limited (Krywonos et 

al., 2010). Knowledge of the accuracy of this technique when deforming the hollow 

bladder across a range of normal bladder variation is vital to the evidence-based 

reconstruction of the bladder dose central to this thesis. Thus, this research evaluated 

the use of LEM/FEA to deform the bladder wall as a single hollow organ, across a 

range of normal bladder volume variation.  

 

8.2 METHODS 

This was a single centre, two-phase quasi-experimental study with research ethics board 

approval from the University Health Network (Toronto) and Charles Sturt University. 

Using the validation framework proposed by Varadhan et al. (2013), the efficacy of 

LEM/FEA to deform the bladder functional tissue was evaluated against the principles 

of forward accuracy and inverse consistency. Forward accuracy quantifies the 

differences between: the volumes deformed from a primary image to a secondary 

image; and the delineated volumes on the secondary image (Varadhan, Karangelis, 
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Krishnan, & Hui, 2013). It mimics the actual deformable registration process. Inverse 

consistency deforms volumes from the primary image to the secondary, and then back 

to the primary. This “double-deformation” is not used clinically, but allows comparison 

of the deformed volumes to the primary image volumes when no comparator volumes 

are available on the secondary image (Wognum et al., 2013).  

 

Phase one of this research used forward accuracy and inverse consistency to evaluate 

deformations of the outer and inner surfaces of the bladder wall using both anatomic 

and geometric elements within the bladder wall. Phase two used forward accuracy to 

evaluate the ability of LEM/FEA to predict the position of the trigone vertices and the 

inner bladder surface from a primary image to a secondary image. 

 

To evaluate the forward accuracy and inverse consistency of LEM/FEA-based bladder 

wall deformation under a normal range of bladder filling conditions, the patient cohort 

needed multiple CBCT available for analysis. To evaluate the ability of LEM/FEA to 

predict the position of the trigone vertices and inner bladder surface, it was necessary to 

accurately identify those structures on two sets of images. As those features cannot be 

visualized on CBCT, two planCTs were necessary. Consequently the two research 

phases used different patient cohorts to meet the study endpoints. 

 

8.2.1 Phase One: Outer and Inner Bladder Deformation under 

Variable Filling Conditions 

The radiotherapy image sets of 10 patients were included in this analysis. These were 

selected consecutively, in reverse chronological order from a cohort of 198 available 

patients. Study inclusion criteria were: 
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• Diagnosed with biopsy confirmed intermediate risk prostate carcinoma, 

• completed external beam radiotherapy as planned at Princess Margaret Cancer 

Centre between June 2008 and August 2010, 

• received ‘comfortably full’ bladder preparation instructions, 

• no positive or negative contrast agents in the pelvis, 

• no transurethral resection of the prostate, and no metallic hip prostheses, 

• at least five CBCT acquired for the purposes of IGRT, whole bladder visible on 

each image. 

Patients included in previous research phases were excluded. Also, any patient that was 

not imaged every day in the first week of treatment was excluded. 

 

The planCT scans (2 mm slice thickness; 0 mm gap; 120 kVp; mAs regimen 

individualized per patient using SUREExposure™ software [Toshiba AquilionOne]) were 

copied into a treatment planning system research directory (Pinnacle, ver. 9.0). These 

images were then de-identified and the clinical contours deleted. For each patient, the 

first five CBCT (40 mA, 10 ms, 120 kVp: half scan, S20 collimator) that included the 

whole bladder, were exported electronically from XVI (Elekta ver. 4.5) and imported 

into Pinnacle. Once imported, the CBCT was registered to the planCT using the co-

ordinates of the “treated isocentre”. The position of the treated isocentre was saved at 

time of treatment, as part of the clinical protocol for image guided delivery. This 

information was automatically embedded in the DICOM header of the images (by the 

XVI software), and was used to register the planCT and the CBCT in Pinnacle. This 

method of image co-registration would evaluate the performance of deformable 

registration under clinically realistic conditions of bladder motion and isocentre position 

variation, mimicing the process necessary for dose reconstruction. 
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The bladder wall was contoured by one observer using the methods developed and 

tested in Chapters 4 to 6. Briefly, OB was delineated on the planCT using model-based 

segmentation (with manual trigone edits), and that structure was propagated to each 

CBCT, with manual refinement using 3D tools. The IB surface was delineated using a 

patient-specific uniform contraction (with manual edits, particularly over the trigone), 

three times on the planCT. Only the observation with the median volume was used for 

this analysis. The IB on CBCT was generated using the predictive equation and a 

uniform contraction from CBCT OB.  

 

Although analysis of deformed surface congruity with delineated surfaces is useful, it 

provides no information on whether the deformable registration process was accurately 

tracking elements between those surfaces. In order to quantify the ability of the 

deformable registration methods to accurately transform voxels at known positions 

within the bladder wall, the bladder wall contours on the planCT were geometrically 

divided into sections along each of the transverse, sagittal and coronal planes. The 

intersect of the cut planes was determined using the centroid of OB (Figure 8.1). Each 

segment contained approximately 1/8th of the planCT bladder wall volume. 
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Figure 8.1: Schematic of the geometric segments of bladder wall in the transverse and 
sagittal planes. Dashed lines indicate cut planes between the segments. Each colour 
segment (in both transverse and sagittal planes) indicates one of four segments. Red: 
Sup/Ant/Rt segment. Yellow: Inf/Post/Rt segment. Blue: Sup/Post/Lt segment. Purple: 
Inf/Ant/Lt segment. 
 

 

8.2.1.1 Deformable registration procedure 

All study volumes were exported from Pinnacle as raw two dimensional (2D) mask 

files. The DICOM header file for the primary image set was also exported. The 2D 

masks were then stacked in 3D, and converted to 3D meshes using specialised software 

(IDL v. 85, Exelis Visual Information Solutions, USA). The meshes were then shrink-

wrapped (surface smoothed in 3D to avoid the stacked coil effect) (Hypermesh, Altair, 

v9.1) with a maximum element size of 0.4 cm. This element size was previously 

derived on a separate group of test patients to provide sufficient detail to describe the 

irregularities of the bladder surfaces, but to also provide sufficient dynamic range when 

surfaces were deformed from large volumes to small volumes, and vice versa.  
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Using MatLab (Mathworks, vR2010b) as a user interface and job batch manager, these 

meshes were imported into Hypermesh (Altair, v11.0) and formed into 3D tetrahedral 

volume elements. Primary surface meshes were defined as those generated from planCT 

contours. Secondary meshes were those generated from the contours from each of the 

five CBCT. Initially, a rigid registration was performed using the OB volumes (aligning 

centre of OB volume, translation only) and the elements on the primary surfaces were 

mapped to the elements on the secondary surfaces (Figure 8.2). While retaining the 

primary to secondary element mapping information, the volumes were then reset to 

their initial position (i.e. prior to rigid registration). 

 

Figure 8.2: Schematic of the element mapping process. PlanCT bladder in red, CBCT 
bladder in green.  Images 1 and 2, show each bladder at its position relative to the 
treated isocentre (black cross). Image 3 indicates rigid registration to centre of bladder 
and mapping of elements (blue). Image 4 shows realignment of bladders at the initial 
position, while information about the element pairing is retained. 
 

1 

3
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Material properties were assigned to the 3D volumes (Young’s modulus (Ε) = 10 kPa, 

Poisson ratio (ν) = 0.499) (Chi et al., 2006). Then, using LEM/FEA software (Abaqus, 

v6.9, Dassault Systèmes), the transformation of each primary surface element was 

determined using the element mapping information with the secondary surface as a 

boundary condition. The primary mesh was smoothed after 50 iterations of the initial 

projection to the secondary surface. A second projection was then performed and 

smoothed. Thus the primary surfaces were deformed to match the secondary surfaces, 

and a 3D deformation matrix created (Figure 8.3). This deformation matrix is key to the 

dose reconstruction process, as it allows the tracking of an organ element from one 

image set to the next, despite large changes in size, shape and position. 

 

 

Figure 8.3: 3D deformation matrix of an outer bladder deformation from planCT to 
CBCT. Blue arrows indicate the direction and magnitude of deformation at each 
primary surface element. a) lateral view, b) anterior view. 
 

8.2.1.2 Study deformations 

To determine forward accuracy and inverse consistency, LEM/FEA deformable 

registration was performed for the following combination of volumes for each patient: 

1. The planCT OB and IB (primary volumes) were deformed to the OB and IB of each 

of the five CBCT (secondary volumes). Forward deformation matrices were then 

created. 

a) b) 
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2. One of the five CBCT was identified as having the median volume difference from 

planCT. The OB and IB of that CBCT (primary volumes) were deformed to the OB 

and IB of the planCT (secondary volumes). Inverse deformation matrices were then 

created.  

3. First the initial and then the inverse deformation matrices were applied to the 

individual bladder segments defined in Figure 8.1. 

 

8.2.2 Phase Two: Prediction of Inner Bladder and Trigone 

Vertices 

To evaluate the ability of LEM/FEA to predict the position of the IB surface without 

pre-existing boundary conditions, it was necessary to create a comparator contour on 

the secondary image. This required two sets of images with different bladder filling 

volumes but, as the IB surface cannot yet be visualized on CBCT, two planCTs were 

required. Consequently, the 14 patients included in the previous CBCT inner bladder 

delineation phase (Chapter 6) were also used in this evaluation. This provided the 

opportunity to compare the geometric efficacy of IB contours created using deformable 

registration to IB contours generated using the equation developed in Chapter 6. 

 

Image preparation and contour generation were as previously described (6.2.1 to 6.2.3). 

Briefly, the two planCT images were imported, de-identified and registered. The CT 

used for clinical planning was planCTa, the other was planCTb. For both images, outer 

and inner bladder surfaces were delineated three times for each patient. The equation 

(Chapter 6) was used to create the inner bladder surface for planCTb. Manual observer 

variation for manual inner bladder contours was quantified on planCTb using the 

encompassing volume (Enc) and the common volume (Com) (See 5.2 for more details). 
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All study volumes were exported from Pinnacle as raw 2D mask files. As described 

above (8.2.2.1), the 2D masks were converted to 3D meshes and shrink-wrapped with a 

maximum element size of 0.4 cm. The planCTa OB and planCTb OB meshes were 

imported and tetrameshed into elements. The elements on the primary surface (planCTa 

OB) were mapped to the elements on the secondary surface (planCTb OB). Material 

properties were then assigned (Ε 10 kPa, ν 0.499) (Chi et al., 2006)). Using LEM/FEA, 

the transformation of each primary surface element was determined using the elements 

of the secondary surface as a boundary condition. These transformations were used to 

create an OB 3D deformation matrix for each patient. 

 

To determine whether deformable registration can be used to automatically create an IB 

surface for planCTb, the 3D deformation matrix from the OB transformations was 

applied to planCTa IBm, resulting in a deformed IB volume corresponding to planCTb 

(IBdef). To determine how accurately LEM/FEA was able to deform the bladder wall in 

the region of the trigone, three cylinders (5 mm diameter, 4 mm length) were delineated 

at the insertion of the two ureters and the urethra for both planCTs and each patient. The 

2D masks were exported and converted to 3D meshes with a maximum element size of 

0.1 mm. The 3D deformation matrix from the OB transformations was applied to each 

of the cylinders from planCTa resulting in a new position for the insertions, 

corresponding to planCTb. 

 

8.2.3 Data Analysis 

To identify 3D differences between the delineated bladder surfaces and those created 

using LEM/FEA, 3000 evenly spaced vectors were projected perpendicularly from the 

delineated volumes to the deformed volumes. The mean and 95th percentile of the data 

range were used to quantify the differences between the surfaces. The 95th percentile of 
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the surface differences was chosen as it quantifies the largest magnitude of 3D 

differences that cover 95% of the surface-or-interest, which would not be influenced by 

single-point maximums. In addition to the magnitude of vector displacements, the 

percentage of the surface with displacements greater than 2 mm (largest dimension of 

the planCT voxel) was quantified and compared. To identify 3D differences between 

the actual and transposed urethral/uretal insertion points, the centroid of the transposed 

cylinders was compared to the centroid of the three corresponding cylinders delineated 

on planCTb. 

 

The normality of the data permitted the use of Student’s t-test to identify statistically 

significant differences in displacements between the surfaces, with a statistical 

significance level set at < 0.05. Associations between OB volumes and surface 

differences were evaluated using Spearman’s Rho (ρ). This non-parametric test of 

association was used because a purely linear relationship between the volumes could 

not be guaranteed (Altman, 1997).  

 

8.3 RESULTS 

All study procedures were completed as planned, yielding 60 OB deformed volumes, 74 

IB deformed volumes and 40 deformed bladder wall segments for comparison. Power 

calculations based on a “within person” comparison for continuous data indicated that 

the sample of 10 patients in phase one would have an 97% power to detect differences 

in the position of the bladder wall surfaces of 1mm between the methods (Altman, 

1997). For the 14 patients in the phase two comparison, trigone insertion point 

differences of 1.5mm would be identified with an 80% power (Altman, 1997). 
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For phase one, the planCT OB had a mean volume of 246 cm3 (range: 146 cm3 – 462 

cm3). The CBCT OB mean volumes were 51 cm3 smaller than the planCT, but there 

was a wide range of differences within the individual patients and across the whole 

cohort (95% confidence intervals (CI): -288 cm3 to 186 cm3). For phase two, the mean 

OB volumes were 237 cm3 for the primary CTs and 123 cm3 for the secondaries, with 

an average pairwise difference of 113 cm3 (CI: -278 cm3 to 82.3 cm3; p 0.0002). 

 

8.3.1 Forward Accuracy 

When the OB and IB surfaces from the planCT were deformed to match the surfaces of 

each of the five CBCT, the differences between the deformed surfaces and the 

delineated ones was very small. On average, the 95th percentile of the surface 

displacements was 0.4 mm and 0.5 mm for OB and IB, respectively. There were three 

occasions where the 95th percentile displacements were greater than 2 mm (out of a total 

of 100 comparisons) (Figure 8.4). For those three occasions, the maximum 95th 

percentile difference was 2.6 mm, the 90th percentile difference always fell below 1 

mm, and all three occasions were associated with the IB surface.  
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Figure 8.4: Scatter plot of 95th percentile of pairwise surface displacements between 
deformed and delineated volumes (y-axis). Differences between the OB volumes on the 
planCT and the CBCT on the x-axis. Negative values indicate that the CBCT volume 
was smaller than the planCT. Blue circles indicate surface differences for OB. Green 
squares indicate differences for IB. 
 

No associations could be identified between the mean or 95th percentile of surface 

displacements and the volume differences between the planCT OB and CBCT OB (in 

absolute or relative volume) or the initial planCT OB volume (ρ  0.4 to -0.2). 

 

8.3.2 Inverse Consistency 

The deformations of the OB, IB and four bladder wall segments were performed as 

planned. Requiring first a forward deformation then an inverse deformation, where the 

volumes deformed to match the CBCT were deformed back to match the initial planCT 

volumes. Thus, the “double deformed” volumes were compared to the delineated 

planCT volumes using perpendicular surface differences. Table 8.1 summarizes the 

surface differences for these experiments.  
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Table 8.1: Mean (standard deviation) of mean and 95th percentile pairwise (per-patient) 
surface differences between deformed and delineated surfaces in mm. Fwd indicates 
forward deformation from planCT to CBCT. Inv indicates inverse deformation from 
planCT to CBCT, then back to planCT. IAL: Inf/Ant/Lt bladder wall segment. IPR: 
Inf/Post/Rt segment. SAR: Sup/Ant/Rt segment. SPL: Sup/Post/Lt segment. 
 

 

 

The surface displacement statistics for OB and IB after the forward deformation to the 

CBCT delineated surfaces were consistent with the results presented above. For the 

inverse OB and IB deformations, the magnitude of the surface differences from the 

delineated planCT tended to be higher than for forward deformation alone, although not 

significantly so (p 0.223 and 0.215, respectively). Increased OB and IB surface 

differences during inverse deformation were also seen when percentage frequency of 

surface displacements was considered (Figure 8.5). A notable increase in the frequency 

of displacements between 1 mm and 3 mm was seen during inverse deformation. An 

increase in the magnitude of the maximum differences was also seen. 

 

Mean 95th P
OBfwd 0.0 (0.0) 0.2 (0.0)
IBfwd 0.0 (0.0) 0.1 (0.0)
OBinv 0.2 (0.1) 0.5 (0.2)
IBinv 0.2 (0.1) 0.6 (0.5)
IALinv 0.4 (0.5) 1.6 (2.2)
IPRinv 0.6 (0.4) 2.3 (1.8)
SARinv 0.5 (0.3) 1.8 (1.3)
SPLinv 0.4 (0.3) 1.5 (1.3)
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Figure 8.5: Frequency histogram of deformed OB and IB surface differences from the 
delineated OB and IB (mean of 10 patients). Forward deformations compared to CBCT 
surfaces. Inverse deformations compared to planCT surfaces. 
 

The surface displacements of the individual bladder wall segments after forward then 

inverse deformation are also summarized in Table 8.1 (above). The surface 

displacements were similar for all four segments across all metrics evaluated (p ≥ 0.24). 

The mean surface displacements were less than 1 mm for all 4 segments. There were 11 

occasions (from a total of 40) where the 95th percentile of surface displacements 

exceeded 2 mm. Six of these were seen in the superior segments, and five in the inferior 

segments.  

 

It was not possible to perform a quantitative analysis on the effect of forward 

deformation alone on the wall segments because there was no comparator available. A 

qualitative visual review of the segments revealed that the majority of contour 

irregularities occurred during inverse deformation, rather than during the forward 

component. Figure 8.6 illustrates the effect of forward, then inverse deformation on the 
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bladder wall segments on the four patients with 95th percentile segment surface 

differences greater than 2 mm. 

 

 

Figure 8.6: 3D visualization of tetrameshed bladder wall segments, left lateral 
viewpoint. Each image contains 4 planCT bladder wall segments delineated as 
previously described: Sup/Ant/Rt (Red), Sup/Post/Lt (Blue), Inf/Ant/Lt (Purple), 
Inf/Post/Rt (Yellow). Each row of 3 images is from the same patient. The images 
illustrate the segments before deformation (left column), segments after forward 
deformation (mid column) and after inverse deformation (right column). Note the 
segment surface degradation and highly irregular placement of elements following 
inverse deformation. 
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8.3.3 Prediction of Inner Bladder Surface and Trigone Vertices 

The perpendicular surface differences were quantified between manual delineation of 

the inner bladder (IBm) and the inner bladder created by deforming the primary CT 

IBm to the secondary image without a boundary condition (IBdef). Those differences 

are presented in context with the surface differences associated with manual delineation 

variability (3 observations), and with the surface differences from IBm to IBequ.  

 

Consistent with the previous analysis (Chapter 6), the magnitude of the IBequ 95th 

percentile surface differences were similar to differences seen with manual IB 

delineation (2.0 mm; p 0.888). When comparing IBdef to the other two methods, both 

the magnitude and frequency of surface differences were significantly larger for IBdef. 

The IBdef 95th percentile was 1.5 mm larger than the other methods (3.5 mm vs. 2.0 

mm; p 0.007). The percentage of the IBdef surface with displacements of ≥2mm was 

weakly correlated with the bladder volume differences between the scans (ρ <0.53). The 

magnitude and dispersion of those differences for the three volumes is summarized in 

Figure 8.7. 

 

There was excellent 3D positional agreement between the trigone vertices on planCTb 

and the corresponding vertices transformed from planCTa with secondary boundary 

conditions. Mean differences between the urethral points was less than 1 mm in all 

directions (0.5 mm left/right; 0.7 mm ant/post; 0.4 mm sup/inf). Mean positional 

differences between the insertions of the left and right ureters were largest in the sup/inf 

direction (2.2 mm), but varied less than 1 mm left/right and ant/post. 
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Figure 8.7: Frequency histogram of the percentage of surface displacements between 
inner bladder delineated using various methods (mean 14 patients). Blue curve 
describes the frequency of surface displacements seen between 3 manual (IBm) 
contours. Red curve describes the frequency of surface displacements between manual 
and deformed (IBdef) contours. Green curve describes the frequency of displacements 
between the manual inner bladder and the inner bladder position predicted by the 
equation (IBequ). 
 

 

8.4 DISCUSSION 

Accurate deformable registration procedures are vital to the process of delivered dose 

reconstruction because these techniques produce the 3D deformation matrices that are 

used to track the position of organ voxels between images, and thereby sum the daily 

dose to a moving organ element into a total delivered dose (Jaffray, Lindsay, Brock, 

Deasy, & Tome, 2010; Yan et al., 1999). This research evaluated the use of LEM/FEA 

to deform the hollow bladder wall as a single organ, across a range of normal bladder 

volume variations. Analysis of perpendicular surface differences between the delineated 

volumes and the deformed volumes revealed sub-millimetre accuracy when deforming 
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OB and IB surfaces from the planCT to the CBCT. No other study has evaluated the 

deformation of the bladder as a hollow structure, but these findings suggest that 

LEM/FEA is superior to other deformable registration methods for bladder deformation 

which report 2 mm to 12 mm surface errors (Gu et al., 2013; Murphy et al., 2008; 

Saleh-Sayah, Weiss, Salguero, & Siebers, 2011).  

 

In other evaluations of LEM/FEA performance, Chi et al. (2006) reported OB surface 

displacements of 0.3 mm to 0.6 mm for a cohort of 10 patients when using delineated 

OB contours as boundary conditions. When boundary conditions were not applied, 

mean OB surface displacements increased to more than 3 mm (Chai et al., 2012; Chai et 

al., 2011), in some cases up to 10 mm different from the manually delineated surfaces 

(Krywonos et al., 2010). Use of boundary conditions would seem to improve the 

accuracy of LEM/FEA deformation, but all of those studies also deformed the bladder 

in conjunction with the other pelvic organs. It is difficult therefore, to determine if it is 

the use of boundary conditions that reduced the errors, or whether it is consideration of 

the bladder as a single organ that improved the accuracy of the final deformed surface. 

It could be postulated that, because this research found larger surface differences for IB 

than OB, and the IB deformation was constrained by the OB deformation, deforming 

multiple organs simultaneously was the dominant source of error for deformable 

registration. However, uncertainties in delineating the IB surface on CBCT may have 

contributed to the magnitude of the differences between the deformed and delineated 

surfaces. The effect of inclusion or exclusion of multiple pelvic organs on the accuracy 

of LEM/FEA deformation is an interesting focus for future research, but it would 

require the delineation and deformation of multiple pelvic structures and therefore falls 

beyond the scope of this thesis. 
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Inconsistent with two previously published articles, this research found no relationship 

between the volume differences between the planCT and CBCT, and the magnitude or 

frequency of surface differences between the deformed and delineated OB surfaces. 

Chai et al. (2011) found larger deformation errors when volume differences between the 

images exceeded 200%. In a follow up paper, Chai et al. (2012) also found errors of less 

than 10 mm for volume differences of less than 100 ml, but errors of up to 27 mm with 

volume differences of 500 ml. The difference in findings between this study and Chai et 

al. (2012) could have been due to their use of MRI to more accurately delineate the 

comparator, but it is most likely due to a lack of boundary surfaces in that research. This 

supposition is somewhat supported by the findings from the inner bladder prediction 

evaluation herein, where a weak correlation indicated that as volume differences 

increased, the maximum surface differences for IBdef increased. This was the only 

correlation between volume difference and surface errors found in this research, and it 

is also the only instance where deformations were performed without boundary 

conditions. 

 

The findings discussed thus far have provided insight into the accuracy of deformable 

registration for organ surfaces. Although useful, this does not provide an evaluation of 

how well LEM/FEA tracks the position of individual elements (voxels) within the 

bladder wall, which is vital for accurate delivered dose reconstruction. The analysis of 

geometrically defined bladder wall segments was used to determine the errors 

associated with intra-wall voxel tracking. The challenge associated with that evaluation 

was heightened by the lack of comparator contours on the CBCT, necessitating the use 

of inverse consistency testing, where the planCT volumes were ‘double deformed’, first 

to the CBCT and then back to the planCT. That complex analysis revealed 95th 

percentile inverse consistency for the segments of approximately 1.8 mm ±1.6 mm. 
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That magnitude of voxel positional error could result in important dosimetric errors 

during dose reconstruction for high dose gradient treatment plans (Murphy, Salguero, 

Siebers, Staub, & Vaman, 2012). Those findings for the segment borders must however, 

be interpreted in context with the limitations of the methods that created them.  

 

Firstly, inverse consistency is a theoretical construct that was created to facilitate 

surface comparisons when it was not possible to delineate those surfaces on a secondary 

image (Wognum et al., 2013), and those ‘double deformed’ volumes are not used in the 

dose reconstruction process. Secondly, this research confirmed that the OB and IB 

surface differences after inverse consistency testing were approximately three times 

larger than the surface differences after forward deformation of the same surfaces 

(Saleh-Sayah et al., 2011). Qualitatively, substantial degradation was seen in the meshes 

after the inverse deformation but not after the forward deformation. Thus, it is 

reasonable to propose that the magnitude of surface differences for the segments during 

forward deformation would be approximately one third of the segment surface 

differences seen with inverse deformation. i.e. the mean 95th percentile would be 

approximately 1 mm. Evaluation of the effect of deformation on the position of the 

insertion of the urethra and ureters performed herein also reported errors of that 

magnitude. This value is consistent with other research that has evaluated LEM/FEA 

deformations of point-based landmarks that can be seen on both planCT and CBCT 

(such as surgical clips or calcifications) to track voxel mapping within the bladder wall 

using one or two landmarks (Wognum et al., 2013; Xiong et al., 2006). All this 

complementary evidence suggests that LEM/FEA is able to track the position of voxels 

within the bladder wall with an accuracy of 1 mm or less which is considered sufficient 

for accurate dose reconstruction, even in regions of high dose gradient (Murphy et al., 

2012; Saleh-Sayah et al., 2011). 
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The final aim of this research was to determine if LEM/FEA deformable registration 

could be used to predict the position of the IB surface without a pre-existing boundary 

condition (i.e. no CBCT inner bladder contour). It was clear that the errors associated 

with that technique exceeded those from using an equation to approximate the position 

of the IB surface. Indeed, lack of an IB boundary condition increased the magnitude of 

the 95th percentile surface differences six-fold compared to the same deformation 

performed with boundary contours evaluated herein. No other research has attempted to 

use deformable registration to predict the position of the IB surface, but the conclusions 

drawn are consistent with other research that has used LEM/FEA to deform surfaces 

without pre-existing boundary conditions (Chai et al., 2012; Chai et al., 2011; 

Krywonos et al., 2010). This finding strongly supports the continued use of the IBequ 

method of IB surface delineation developed and validated in Chapter 6 of this thesis. 

 

8.5 CONCLUSIONS 

When attempting to reconstruct delivered dose to an organ that moves and changes 

shape during radiotherapy, use of deformable registration to create an accurate 3D 

deformation matrix is vital. The deformation matrix is used to track the position of the 

organ elements from one fraction to the next, and thereby calculate the dose to that 

element. If errors exist in that deformation matrix, then the organ elements will not be 

tracked appropriately and the dose will not be correctly reconstructed. The findings 

from this study suggest that LEM/FEA deformable registration (using the parameters 

and methods outlined above) accurately tracked the position of surfaces and the voxels 

between the surfaces from one image set to the next, regardless of the bladder filling 

differences between them. That level of accuracy is considered sufficient for accurate 

dose reconstruction, even in regions of high dose gradient. A significant increase in the 

magnitude of positional errors associated with a lack of boundary contours suggests that 
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it is still necessary to delineate both an outer and inner surface of the bladder wall on 

each CBCT to produce an accurate deformation matrix for bladder wall dose 

reconstruction. 
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CHAPTER 9 

 

DOSIMETRIC VALIDATION OF  

LINEAR ELASTIC MODEL-BASED DOSE MAPPING 
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9.1 INTRODUCTION 

Dose mapping is a powerful tool to reconstruct the dose delivered when organs change 

volume, shape and position during fEBRT (Janssens et al., 2009). This technique uses 

the 3D matrix created during deformable registration to project the location of the 

centroid of each element in an organ-of-interest from its position in the planCT to its 

position at each radiotherapy fraction, relative to the planCT dose distribution (Yan, 

Jaffray, & Wong, 1999). The dose to each element at each daily position is determined, 

then the doses from each daily position are summed to create the total element dose. 

The total element doses are then summed to create a DVH of the organ-of-interest 

which incorporates the dosimetric effect of organ motion (Brock et al., 2003). The 

inherent assumption is that the deformable registration techniques can accurately project 

(map) the changes in element position within the dose distribution. Deformable 

registration algorithms are imperfect however, and a deformation matrix may contain 

positional uncertainties that could result in substantial dose errors dependent on the 

magnitude and location of matrix errors and the steepness of the dose gradient (Murphy, 

Salguero, Siebers, Staub, & Vaman, 2012; Salguero, Saleh-Sayah, Yan, & Siebers, 

2011; Zhong, Weiss, & Siebers, 2008). It is important therefore, that the performance of 

dose mapping based on deformable registration be quantified within the context of other 

relevant clinical and dosimetric uncertainties. 

 

Despite the importance of dosimetric accuracy for this technique, there is no widely 

accepted method to evaluate the uncertainty of deformable registration dose mapping 

(Salguero et al., 2011; Zhong et al., 2008). Controversy over the validity of dose 

mapping methods persists, mainly due to the inability to compare mapped dose to 

measured dose (Schultheiss, Tome, & Orton, 2012). Some investigators have attempted 

to solve this problem by using deformable dosimeter gel phantoms with known 
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displacements (Juang, Das, Adamovics, Benning, & Oldham, 2013; Niu et al., 2012; 

Yeo et al., 2012), but these do not provide information about the actual errors seen with 

real patients and clinical relevance is limited due to insufficient complexity in phantom 

design (Jaffray, Lindsay, Brock, Deasy, & Tome, 2010). In addition, dose mapping for 

bladder wall poses some unique challenges. The bladder can exhibit positional and 

volumetric changes far in excess of any other organ in the body. Most importantly, 

changes in the volume of bladder wall associated with filling volume adds an additional 

level of complexity to dose mapping validation, as many standard tests of validation 

(such as tests for transitivity) assume a constant volume during treatment (Bender, 

Hardcastle, & Tome, 2012). 

 

Determining the dosimetric validity of dose mapping procedures is important for this 

thesis, but drawing robust conclusions from the literature is hampered by the use of very 

small numbers of patients (often one or two patients) with limited consideration of the 

effect of variable plan dosimetry. Brock et al. (2003) and Yan et al. (1999) both 

thoroughly describe the use of LEM/FEA for dose mapping and acknowledge its 

accuracy limitations, but do not report the dosimetric effects of deformation 

inaccuracies. All other articles have evaluated the dosimetric accuracy of dose mapping 

using image intensity based deformable registration techniques, most commonly for 

lung (Hub, Thieke, Kessler, & Karger, 2012; Saleh-Sayah, Weiss, Salguero, & Siebers, 

2011; Salguero et al., 2011; Yan et al., 2012; Zhong & Siebers, 2009; Zhong et al., 

2008). Three articles have evaluated dose mapping in the pelvis via thin plate or b-

Spline deformable registration (Murphy et al., 2012; Wen et al., 2012; Zhong et al., 

2008). As noted in Chapter 8, these techniques do not model bladder deformation well 

and therefore the bladder dose mapping errors reported with b-Spline will likely not be 

representative of those seen with LEM/FEA. Consequently, the purpose of this phase of 
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the research was to evaluate the validity of LEM/FEA-based dose mapping. 

Specifically, its ability to render the initial planned dose accurately in 3D space, then to 

map the bladder wall elements within that dose distribution in the presence of bladder 

filling variation. 

 

9.2 METHODS 

This phase of the research was a single centre, quasi-experimental study with research 

ethics board approval from the University Health Network (Toronto) and Charles Sturt 

University. As noted above, dose reconstruction requires that LEM/FEA software 

renders the planned dose distribution relative to the planCT volumes, then projects the 

elements of the bladder wall to a new position in the dose distribution based on the 3D 

deformation matrix. The ability of LEM/FEA to achieve those two steps was evaluated 

by comparison of the LEM/FEA initial and mapped bladder wall DVH output with 

bladder wall DVHs calculated in Pinnacle for the planCT contours and for the contours 

from five CBCT. This would evaluate initial distribution rendering and daily element 

dose mapping, but not total element dose summation (see section 9.4 for further 

discussion). 

 

To permit evaluation of LEM/FEA for dose mapping of the most common pelvic 

radiotherapy planning techniques the eligible population of patients consisted of: 

• Diagnosed with primary prostate, cervix or rectal cancer. 

• Completed external beam radiotherapy as planned at Princess Margaret Cancer 

Centre between February 2010 and August 2010. 

• Received radical radiotherapy prescription doses using standard fractionation 

schemes. 

• No positive or negative contrast agents in the pelvis. 
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• Daily kV conebeam CT images taken at the time of radiotherapy delivery as part of 

routine image-guided practice. 

• All images must be of an image quality sufficient for precise bladder delineation. 

Patients included in other phases of the research were excluded. In addition, any patient 

with less than five CBCT images containing the whole bladder volume was excluded 

 

These criteria resulted in an eligible cohort of 103 patients. This group demonstrated 

differences in radiotherapy: target volume shape, target volume position relative to the 

bladder, prescription dose, dose distribution, patient position, IGRT protocol and 

bladder filling protocol. Although there were large differences between the disease site 

groups, there was minimal variation within the disease site groups enabling valuable 

exploration of the influence of those clinical and dosimetric differences on bladder dose 

reconstruction. 

 

From that eligible cohort, quota sampling was used to select patients, reverse 

chronologically, for each disease site individually resulting in the inclusion of 10 

prostate, 10 cervix, and 10 rectal cancer consecutive patients. The standard planning 

technique and prescribed dose for those patients are as follows (also see Figure 9.1): 

• RECTUM RADIOTHERAPY: 50 Gy in 25 fractions to the primary CTV and 

regional lymph nodes. Evenly weighted 3-field coplanar beam arrangement 

(standardized clinical placement of field borders and shielding). Prone positioning, 

empty bladder preparation. Daily image guidance to align pelvic bony anatomy. 

• CERVIX RADIOTHERAPY: 45 Gy in 25 fractions to the primary CTV and 

regional lymph nodes. Evenly weighted 4-field coplanar beam arrangement 

(standardized clinical placement of field borders and shielding). Supine positioning, 

no bladder preparation. Daily image guidance to align pelvic bony anatomy. 
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• PROSTATE RADIOTHERAPY: 78 Gy in 39 fractions to prostate-only CTV. 

IMRT plan (7-field coplanar, static field, step-and-shoot MLC) achieved 

departmental dose constraints. Supine positioning, “comfortably full” bladder 

preparation. Daily image guidance to align prostate. 

 

 

Figure 9.1: Screen captures from Pinnacle treatment planning system illustrating the 
beam arrangement and field shape of patients included in this phase of the research. 
Rectal cancer (top/left); cervix cancer (top/right); prostate cancer (bottom right and 
left). Planning CT outer bladder contour displayed in red in all images. Axial slices 
positioned midway through the sup/inf extent of bladder. 
 

9.2.1 Study Procedures 

The planCT scans (2 mm slice thickness; 0 mm gap; 200 mAs; 120 kVp [Toshiba 

AquilionOne or Philips]) and the clinical plans from these 30 patients were copied into 

a treatment planning system research directory (Pinnacle, ver. 9.0). These images were 

then de-identified and the clinical contours deleted. For each patient, the first five 
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CBCT that included the whole bladder (20-40 mA, 10-40 ms, 120 kVp: half scan, S20 

collimator) were exported electronically from XVI (Elekta USA, ver. 4.5) and imported 

into Pinnacle. Once imported, the CBCT were registered to the planCT using the co-

ordinates of the treated isocentre (see Section 8.2.1 for further details). 

 

For each patient, the bladder wall was contoured by one observer using the methods 

developed and tested in Chapters 4 to 6. Briefly, OB was delineated on the planCT 

using model-based segmentation (with manual trigone edits), and that structure was 

propagated to each CBCT, with manual refinement using 3D tools. The IB surface was 

delineated using a patient-specific uniform contraction (with manual edits, particularly 

over the trigone), three times on the planCT. The observation with the median volume 

was included in this analysis, and was used to generate the IB surface on CBCT using 

the predictive equation and a uniform contraction. 

 

9.2.1.1 Pinnacle bladder wall dose calculation and electronic export 

The plan used to treat the patient was used for all phases of this study. In the clinical 

environment however, the three types of treatment plans considered in this research all 

use markedly different parameters during dose calculation, which would preclude any 

meaningful comparison of the results (see Chapter 7). For the purposes of this research 

therefore, all dose calculation parameters were standardized for all the treatment plans 

considered. These parameters were selected based on previous findings described in 

Chapter 7. Briefly these are: the use of CCCS algorithm for heterogeneous dose 

calculation; use of a 1.5 mm3 increment dose grid which encompassed the entire bladder 

on all images with dose interpolation performed between the centres of the 1 mm3 

voxels. No other treatment plan parameters were changed, and monitor units, beam 

weights and prescription point doses were all locked before recalculation in Pinnacle 
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(ver 9.0). Using the above calculation parameters, the dosimetry of the clinical plan was 

recalculated for each patient.  

 

Bladder wall DVHs were then generated for the new calculation of the clinical plan. A 

total of six bladder wall DVHs were generated for outer and inner bladder contours 

pairs from the planCT and the five CBCT. The following files were then exported 

electronically from Pinnacle via standard DICOM transfer protocols to a windows-

based desktop computer: 

• The delineated volumes, converted to 2D mask files 

• The DICOM header file for the planCT 

• The DICOM header and image file for the dose distribution 

• One bladder wall DVH for planCT contours 

• Five bladder wall DVHs for five CBCT contours 

 

9.2.1.2 Deformation matrix creation 

Deformable registration procedures were performed as described in Section 8.2.1.1. 

Briefly, all study volumes were exported from Pinnacle as raw 2D mask files, converted 

to 3D meshes and shrink-wrapped with a maximum element size of 0.4 cm. The 

elements on the primary surface (planCT) were mapped to the elements on the 

secondary surface (each of the five CBCT, individually). Material properties were then 

assigned (Ε 10 kPa, ν 0.499) (Chi, Liang, & Yan, 2006). Using LEM/FEA, the 

transformation of each primary surface element was determined using the elements of 

the secondary surface as a boundary condition. These transformations were used to 

create five 3D deformation matrices per patient. 
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9.2.1.3 LEM/FEA dose rendering and mapping 

Dose rendering: In MatLab, the planCT dose distribution was rendered in 3D, relative 

to the primary (planCT) meshes using the DICOM co-ordinates in the exported header 

files for the dose distribution and the contoured volumes. The location of the centroid of 

each tetrameshed element for the planCT meshes was used to look up the dose at that 

point in the dose distribution. When the centroid doses of each element were combined, 

a DVH of the bladder wall at the planCT position was created. 

 

Dose mapping: Using the deformation matrices created during the deformable 

registrations above, the location of the centroid of each element in the planCT structures 

was projected to its position on each of the CBCT and the dose to the centroid of each 

element calculated in that new (CBCT) position. Figure 9.2 illustrates this process for 3 

elements on the bladder wall.  

 

Figure 9.2: Schematic of the element mapping process. PlanCT bladder in red; CBCT 
bladder in black; element deformation vectors in purple. Colour wash represents planCT 
dose distribution; red high dose region; yellow medium dose region; blue no dose 
region. e1-3; individual elements in the bladder wall. 
 

As the bladder expands, element one (e1) moves from the low dose region to the no 

dose region, element two (e2) moves from medium to low dose, and element three (e3) 

moves from one point in the high dose region to another point of similar dose. Thus, the 

e1 

e2 e3 
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dose to each element can be affected differently by bladder wall motion based on both 

the magnitude and direction of that motion and also on its position in the initial dose 

distribution. When the centroid doses of each element were summed, a DVH of the 

bladder wall at the CBCT position was created. This dose mapping procedure was 

repeated for each CBCT individually. 

 

9.2.2 Data Analysis 

To evaluate the ability of LEM/FEA to firstly, accurately render the planned dose 

relative to the meshes and secondly, to map the mesh elements into new positions in the 

dose distribution using the deformation matrices, the bladder wall DVH output from 

LEM/FEA was compared against the DVH output from Pinnacle.  

 

The raw differential dose volume histograms for the planCT and five CBCT structures 

exported from Pinnacle were imported into Excel (Ver. 2003, Microsoft USA) where 

they were converted to cumulative dose/volume histograms. The dosimetric output files 

from the LEM/FEA dose mapping procedures were already formatted as cumulative 

dose volume histograms, and were also imported into Excel for analysis. 

 

The DVH dose/volume pairings were initially binned in 10 cGy increments throughout 

the entire volume. To facilitate meaningful comparison between the doses reported by 

the two systems, the DVHs were re-binned into 1 cm3 volume increments. Thus the 

dose calculated to a stipulated volume could be compared between the two systems. 

Comparisons of LEM/FEA dose after rendering of the initial dose distribution relative 

to the planCT contours used total “prescribed” dose. Comparisons of LEM/FEA dose 

after element projection to each of the CBCT positions used daily “fractional” dose.  
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Differences in dose between Pinnacle and LEM/FEA were summarized using 

descriptive statistics. The normality of the data permitted the use of Bland Altman 

analysis to calculate the 95% limits of agreement (95% LoA) between the two systems 

(Bland & Altman, 1999). This method of analysis describes the agreement between two 

different methods when used to measure the same quantity. Calculated as the mean of 

the two measurements ± 1.96 standard deviations, these limits are expected to contain 

the difference between measurements by the two methods for 95% of pairs of future 

measurements on similar individuals (Bland & Altman, 2007). Pearson’s product-

moment correlation coefficient was used to evaluate associations between dose 

differences and the magnitude of bladder volume differences between the planCT and 

the 5 CBCT. 

 

9.3 RESULTS 

All study procedures were completed as planned yielding 180 Pinnacle bladder wall 

DVHs, 30 initial dose DVHs and 150 mapped dose DVHs from LEM/FEA. Power 

calculations based on a “within person” comparison for continuous data indicated that 

the sample of 30 patients would have an 80% power to detect DVH dose differences of 

0.45% between the planning systems (Altman, 1997). 

 

PlanCT OB volumes were on average 466 cm3 for cervix cancer patients, 246 cm3 for 

prostate and 168 cm3 for rectum. Figure 9.3 shows the mean Pinnacle planCT bladder 

wall DVHs for each of the treatment techniques.  
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Figure 9.3: Pinnacle planCT bladder wall DVHs for IMRT prostate (blue), 4 field 
cervix (pink) and 3 field rectum (brown) techniques in total (prescribed) dose. Mean of 
10 patients bold line, mean ±1 standard deviation dashed line. 
 

 

When comparing the planCT bladder wall DVHs from Pinnacle and the DVHs created 

by LEM/FEA rendering the initial dose distribution relative to the planCT contours, 

Bland Altman analysis revealed excellent agreement between Pinnacle and LEM/FEA. 

Mean differences in total dose and 95% LoA for the three techniques were: 16 cGy (-51 

to 84 cGy) for rectum dosimetry; 24 cGy (-53 to 101 cGy) for cervix; 33 cGy (-148 to 

214 cGy) for prostate. These findings indicate that using LEM/FEA to render the 

planCT dose in 3D results in a mean total dose error of 0.5% for all three pelvic cancer 

techniques considered. This high level of agreement was found across the full range of 

dose for each technique (Figure 9.4). 
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Figure 9.4: Scatter plots of planCT bladder wall dose calculated using Pinnacle or 
reconstructed using LEM/FEA. Total dose binned in 1 cm3 volume increments. 3 
cohorts of 10 patients each plotted as individual series for: Rectal cancer (Top/Left), 
cervix cancer (Top/Right) and prostate cancer (Bottom/Left). Dashed line of unity 
indicates absolute agreement between the two doses.  
 

Mean OB volumes in the five CBCT were 90% of the planCT volumes for prostate and 

rectum patients, but 60% for cervix patients. The OB volume varied markedly between 

the five CBCT in all 30 patients. Prostate patient OB volumes varied (Max – Min OB 

volume) by 172 cm3 in those five fractions (per-patient range: 50 to 297 cm3). The OB 

volumes of cervix patients varied more than prostate patients, but not significantly so 

(mean variation: 288 cm3; range: 66 to 585 cm3; p 0.067), whereas the OB volumes of 

rectum patients varied significantly less than both prostate and cervix patients (mean 

variation: 92 cm3; range: 43 to 199 cm3; p 0.025). Figure 9.5 demonstrates the 

dosimetric effect of those inter-fraction bladder volume variations on the Pinnacle 
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bladder wall DVHs for each fraction for three patients that exhibited “typical” CBCT 

volume variation. 

 

Figure 9.5: Bladder wall DVHs from Pinnacle for three typical patients: rectum 
(top/left), cervix (top/right) and prostate (bottom/left). Each patient selected as “typical” 
because their OB volume variation was closest to the cohort mean OB volume variation. 
Each curve indicates the daily dose calculated for the bladder position at each of the 
five fractions considered. The legend indicates the OB volume (cm3) for each fraction. 
 

The five Pinnacle bladder wall DVHs calculated using the CBCT contours were 

compared to the five daily dose DVHs mapped with LEM/FEA. The mean dose 

differences between Pinnacle and LEM/FEA were 0.5% of the prescribed fractional 

dose for all three techniques. The 95% LoA were largest for prostate dosimetry (-4 to 10 

cGy), next largest for rectum (-3 to 8 cGy) and smallest for cervix (-1 to 4 cGy). The 

per-CBCT average dose error was weakly correlated with the difference between the 

planCT OB volume and the CBCT OB volume for prostate dosimetry (r 0.43) and for 

rectum (r 0.49), but not for cervix (r 0.05) (Figure 9.6).  
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Figure 9.6: Scatterplot of the association between differences in OB volume between 
the planCT and each CBCT vs. the differences in fractional dose between Pinnacle and 
LEM/FEA (per fraction mean). Volume ratios less than 1 indicate the CBCT values was 
smaller than the planCT value. Negative dose differences indicate LEM/FEA dose was 
less than Pinnacle dose. 
 

Although the per-fraction dose differences reported herein were less than 0.5% for each 

technique (Table 9.1), there was the potential for them to combine into a clinically 

significant dose difference when summed in a multi-fraction treatment course. To 

roughly approximate whether the errors would add together in a random or systematic 

way, a full treatment course was simulated by randomly sampling from among the five 

CBCT. Assuming that the five samples were representative of bladder motion during 

the entire treatment course, the absolute mean values of the differences remained small 

and the mean percentage error remained constant relative to the prescribed dose (Table 

9.1). The percentage dose 95% LoA across the whole DVH curves were reduced when 

the errors for five fractions were randomly combined into a whole treatment course. 
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Table 9.1: Comparison of dose differences between the Pinnacle and LEM/FEA 
fractional bladder wall DVHs. Daily dose 200cGy for 3Field and IMRT, and 180cGy 
for 4 Field. Total course dose 4500 cGy for 4Field, 5000cGy for 3Field and 7800cGy 
for IMRT. Results presented in cGy (%). 
 

 

 

9.4 DISCUSSION 

This research evaluated the ability of LEM/FEA to render planCT dose distribution 

correctly relative to the meshes of interest and to map the bladder wall elements within 

that distribution using the 3D deformation matrices created using deformable 

registration. Bladder wall DVH outputs were compared between Pinnacle and 

LEM/FEA for 30 patients with highly variable bladder filling, planned with the three 

most common pelvic radiotherapy techniques for three different sites of primary pelvic 

cancer. This is the only study to date that evaluated the accuracy of LEM/FEA 

deformable registration based dose mapping in the pelvis. This necessitates discussion 

of the findings in context with reports of pelvic dose mapping using other deformable 

registration methods. 

 

The difference between the planCT DVHs from Pinnacle and LEM/FEA DVHs was 

0.5% of the total dose and was consistent in magnitude across the three techniques. 

Godley et al. (2012) also found “no discernible differences” between the rendered and 

original dose distribution when using the Demons deformable registration algorithm. 

Wen et al. (2012) reported a similar magnitude of differences between the initial 4-field 

CRT plan dose and the same distribution rendered in their b-Spline deformable 

Mean Std Dev 95% CL
3Field Pelvis (Rectum) Per Fraction 1 (0.4) 4 -3 to 8 (1.5 to 3.9)

Summed over 25 fractions 19 (0.4) 44 -29 to 104 (-0.6 to 2.1)
4Field Pelvis (Cervix) Per Fraction 1 (0.4) 1 -1 to 4 (-0.5 to 2.0)

Summed over 25 fractions 15 (0.3) 24 -12 to 62 (-0.3 to 1.4)
IMRT (Prostate) Per Fraction 1 (0.5) 4 -4 to 10 (-1.9 to 4.8)

Summed over 39 fractions 36 (0.5) 89 -62 to 211 (-0.8 to 2.7)
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registration software. When they evaluated 9-field IMRT plans however, the dose 

differences increased to 2.7%. This is larger than the value reported herein, and may be 

because the use of a 2.5 mm grid spacing in the initial planCT dose calculation could 

have increased the dose interpolation errors (Saleh-Sayah et al., 2011). Although the 

initial rendering of the dose distribution in the dose mapping software is not evaluated 

in most studies, it is a vital first step in the dose mapping process because any errors at 

this stage may result in dose discrepancies that are perpetuated through daily mapping, 

creating a systematic error in the dose reconstruction process.  

 

Differences between CBCT DVHs from Pinnacle and LEM/FEA CBCT DVHs were 

very small and simple multi-fraction summation did not increase the 95% LoA beyond 

3%. Kaus et al. (2005) also reported that the b-Spline deformed dose for various pelvic 

organs (including the solid bladder) “appeared reasonable” on visual comparison with 

the un-warped plans. Dose mapping differences in the order of 4% were reported with 

thin plate Spline deformable registration; when organ volume increases were simulated 

for a phantom (Schaly, Bauman, Battista, & Van Dyk, 2005), and when deformation 

matrix errors of 4 mm were simulated (Tilly, Tilly, & Ahnesjo, 2013). Zhong et al. 

(2007) reported dose mapping errors of 0.9% for a single prostate patient using thin 

plate Spline. The similarity between the magnitude of dose mapping differences for 

LEM/FEA and these image intensity-based deformable registration methods was not 

anticipated. Murphy et al. (2012) suggest that for image-based techniques, registration 

errors will be smallest at the boundaries of image features (such as the outer bladder 

surface) (Niemierko & Goitein, 1993). It is reasonable to suggest therefore, that the 

dose mapping errors with these techniques were similar to LEM/FEA because most 

dose mapping will take place close to the edge of the OB surface where image-based 

deformation methods provide their best results. Evaluation of this subject is still in its 
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infancy however, and more validation work is still necessary (Kaus, Pekar, McNutt, & 

Bzdusek, 2005). 

 

There was a trend toward larger dose mapping errors for patients with both large OB 

volume changes planned with either 3-field or IMRT. Interestingly, although the cervix 

patients exhibited the largest changes in bladder volume, there was no trend toward 

increased dose mapping errors with large bladder volume changes. This suggests that 

dose mapping accuracy is subject to a complex interplay between bladder volume 

variation and dose gradient. The contribution of these two factors has not been 

simultaneously evaluated in the literature, but several authors also observed weak 

correlation between the magnitude of dose mapping errors and the sharpness of the dose 

gradient across the bladder (Murphy et al., 2012; Risholm, Balter, & Wells, 2011; 

Saleh-Sayah et al., 2011; Salguero et al., 2011; Zhong et al., 2008). All these studies 

compared small dose gradient differences within a single treatment plan, rather than 

evaluating the large dose gradient differences seen between different treatment 

techniques. In addition, Schaly et al. (2005) reported small dose mapping errors with 

small bladder volume differences for “IMRT-like” distributions, but saw an exponential 

increase in the magnitude of dose errors with volume differences up to 200%. This is an 

interesting area for further research, the results of which would provide a useful 

framework to predict threats to dose mapping accuracy. 

 

Although necessary to move to the next phase of research with some knowledge of, and 

confidence in, the dosimetric accuracy of the methods employed, this phase of the study 

has a significant limitation. Full validation of dose reconstruction with deformable 

registration requires knowledge of a ‘ground truth’ of the dose received by each of the 

tissue elements for each fraction and in total (Schaly et al., 2005). Unfortunately this 
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‘ground truth’ is virtually impossible to achieve in vivo (Zhong et al., 2008), and the 

true delivered dose distribution is not currently known for any patient (Jaffray et al., 

2010). It is therefore, not currently possible to fully quantify total dose reconstruction 

accuracy or precision in the presence of organ motion and deformation (Schultheiss et 

al., 2012). It is however, evident from in silico evaluations that daily dose delivered can 

be accurately accumulated into total dose delivered as long as the daily dose (and 

deformations related to it) are accurately modelled (Juang et al., 2013; Niu et al., 2012; 

Yeo et al., 2012). So although limited in its scope, this phase of the research has 

successfully quantified the basic properties of the dose mapping process and provides 

prima facie evidence of dose mapping accuracy with LEM/FEA for bladder wall total 

dose reconstruction. 

 

9.5 CONCLUSIONS 

Although currently unable to completely validate the entire dose mapping process, this 

study found that LEM/FEA (using the parameters and methods outlined above) could 

render the initial dose distribution, and map the individual bladder wall elements within 

that dose, to within 0.5% of the treatment planning system dose in the presence of 

normal bladder filling variation. Simple addition of the daily dose mapping errors did 

not increase the differences between LEM/FEA results and the treatment planning 

system. Trends in the data suggest that the magnitude of dose mapping errors is 

somewhat influenced by the sharpness of the dose gradient across the bladder, and by 

bladder filling variation for sharp dose gradient plans, but not for low gradient plans. 

This is an exciting area for further research, but more complete examinations of this 

subject will not be possible until novel methods of in vivo multi-fraction dosimetry are 

developed. 
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SECTION CONCLUSIONS AND RECOMMENDATIONS 

This research took the unique stance that the dose delivered to the functionally 

inhomogeneous bladder tissue must be calculated before a robust association between 

radiotherapy dose and chronic urinary toxicity will be found.  Improvements beyond the 

standard methods by which the dose to the bladder tissue is calculated were necessary to 

meet that objective, and they included DVHs that described delivered-dose to 

functionally heterogeneous segments of the bladder, and excluded the dose to the urine. 

This novel approach required the identification and evaluation of methods that would 

provide the best estimate of the dose delivered to the bladder functional tissue, even in 

the presence of large and complex organ motion. 

 

To meet the objective of this section, Chapter 7 presented expert consensus to support 

the use of CCCS and standard tissue density heterogeneity correction methods utilized 

by the Pinnacle3 treatment planning system. Calculation dose grid resolution was found 

to be an important dosimetric parameter, which influenced the accuracy of the DVH, 

particularly for slender organs-at-risk positioned in the penumbra region. When large 

grid increments were employed, a substantial under-reporting of the volume receiving 

high radiation doses was seen. For an accurate DVH calculation for bladder wall and 

trigone across a normal range of wall thicknesses, a 1.5 mm dose grid increment was 

recommended. 

 

Chapter 8 evaluated the use of LEM/FEA to deform the bladder wall as a single hollow 

organ, across a range of normal bladder volumes. The findings from that study 

suggested that LEM/FEA deformable registration (using the parameters and methods 

described) accurately tracked the position of surfaces and the voxels between the 

surfaces from one image set to the next, regardless of the bladder filling differences 

  249 



between them. The level of accuracy achieved was considered sufficient for accurate 

dose reconstruction, even in regions of high dose gradient. A significant increase in the 

magnitude of positional errors associated with a lack of boundary contours suggested 

that it is necessary to delineate both an outer and inner surface of the bladder wall on 

each CBCT to produce an accurate deformation map for bladder wall dose 

reconstruction. 

 

Although currently unable to completely validate the entire dose mapping process, 

Chapter 9 found that LEM/FEA (using the parameters and methods described) could 

accurately render the initial dose distribution, and map the individual bladder wall 

elements to that dose, to within 0.5% of the treatment planning system dose in the 

presence of normal bladder filling variation. Simple addition of the daily dose mapping 

errors did not increase the differences between LEM/FEA results and the treatment 

planning system. Trends in the data suggested that the magnitude of dose mapping 

errors was somewhat influenced by the sharpness of the dose gradient across the 

bladder, and by bladder filling variation for sharp dose gradient plans, but not for low 

gradient plans.  

 

Based on the findings from these three inter-related studies, the following methods are 

recommended to reconstruct the delivered dose to the functional bladder tissue during a 

course of fEBRT: 

1. A dose calculation grid spacing of 1.5 mm should be used for the initial planCT 

distribution. 

2. LEM/FEA deformable registration is superior to other deformable registration 

methods when deforming the surfaces of the bladder wall and elements within it as 
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long as delineated volumes on the secondary images are used as boundary 

conditions. 

3. LEM/FEA deformable registration was unable to accurately predict the position of 

the inner bladder surface without boundary conditions, and continued use of IBequ 

is recommended. 

4. Element mapping with the initial planCT dose distribution using 3D deformation 

matrices generated by LEM/FEA provides sufficient dosimetric validity for an 

accurate reconstruction of dose delivered to the functional bladder tissue. 

 

The accurate bladder delineation methods presented in Section 2, in combination with 

the valid dose calculation methods presented in this section hold the potential to 

describe the dose delivered to the bladder functional tissue in a very accurate manner. 

Yet little is known about the clinical, technical or dosimetric factors that may affect the 

difference between planned and reconstructed dose. Moreover, comparison of bladder 

reconstructed delivered dose to chronic urinary toxicity has not yet been performed. 

Section 4, will evaluate those important concepts. 
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SECTION INTRODUCTION 

This research took the unique stance that a robust association between radiotherapy 

dose and chronic urinary toxicity will not be found unless the delivered dose is 

calculated to the functionally inhomogeneous bladder tissue. A critical review of the 

literature suggests that improvements in the manner in which the dose to the bladder 

tissue is calculated must describe delivered dose that excludes the urine and identifies 

functionally heterogeneous segments. This novel approach required the development 

and validation of methods that would provide the best estimate of the dose delivered to 

the bladder functional tissue, even in the presence of large and complex organ motion. 

 

The accurate and reproducible bladder delineation methods presented in Section 2, in 

combination with the valid dose calculation methods presented in Section 3 hold the 

potential to reconstruct the dose delivered to the bladder functional tissue in a very 

accurate and reproducible manner. Although delivered dose has been reported as 

substantially different from planDose (Godley, Ahunbay, Peng, & Li, 2012; Wen et al., 

2013), there is considerable diversity in the methods employed to quantify delivered 

dose. Yet, very little is known about the factors that influence the magnitude of those 

dose differences. Moreover, reconstructed dose has been associated with chronic 

urinary toxicity in only one paper (Thor et al., 2013b), but images were not acquired at 

the time of treatment delivery and no relationship was found. 

 

The objective of the research in this section was to quantify the differences between 

planDose and reconDose for the bladder wall and the trigone employing the highly 

accurate and reproducible techniques developed in the preceding chapters. The effect of 

various clinical, technical and dosimetric factors on the differences between planned 

and reconstructed dose was also explored. Bladder and trigone dose were then 
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reconstructed and associated with chronic urinary toxicity with a clear understanding of 

the underlying mechanisms at play during dose reconstruction.  

 

To meet the objectives of this section, Chapter 10 quantified the differences between 

planDose and reconDose for the bladder wall and the trigone in a cohort of pelvic 

cancer patients, and explored the effect of bladder filling variation, planning technique 

and treatment technique on the magnitude of those differences. The effect of the number 

and sequence of images included in the dose reconstruction procedures was also 

quantified. In Chapter 11, a case-control design was used to determine if application of 

the dose reconstruction methods developed in this study can identify any associations 

between that dose and an objective indicator of chronic urinary toxicity. Chapter 12 

summarizes the research from throughout this thesis as a whole, and provides an 

insightful synthesis of knowledge gained during this research to draw meaningful 

conclusions from the work performed and suggest interesting avenues for further 

research. 
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CHAPTER 10 

 

FACTORS THAT INFLUENCE THE REPORTING OF 

RECONSTRUCTED DOSE 
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10.1 INTRODUCTION 

The bladder wall changes in position, shape, volume and thickness throughout a course 

of fractionated external beam radiotherapy, based mainly on filling status (Britton et al., 

2005; Dale, Hellebust, Bruland, & Olsen, 2005; Lalondrelle et al., 2010). The position 

of the bladder can also change relative to the isocentre of the radiotherapy beams, 

dependent on daily patient positioning variability and the mode of image-guidance used 

(Rijkhorst et al., 2009). These factors (alone, and in combination) have been shown to 

have a significant impact on whether the dose calculated on the planCT is a close 

estimation of the dose actually delivered to the bladder (Landoni et al., 2006; Zhang et 

al., 2011).  

 

The magnitude of the dosimetric effect of daily positional and filling changes on the 

bladder DVH can be large (Jaffray, Lindsay, Brock, Deasy, & Tome, 2010). Effort to 

quantify the dosimetric effect of this complex phenomenon has been reported in many 

publications, but there is substantial diversity in the methods employed. Techniques to 

calculate the delivered dose DVH present information either as simple ‘daily’ DVHs 

with no attempt at summation (Hatton et al., 2011; Janssens et al., 2009; Kupelian et al., 

2006; Lebesque et al., 1995; Murthy et al., 2012; Murthy et al., 2011; Peng et al., 2010; 

Pinkawa et al., 2006), or daily DVHs have been summed together to create an ‘average’ 

DVH (Fiorino et al., 2005; Higgins, Weaver, & Dusenbery, 2006; Hysing et al., 2008; 

Mohan et al., 2005; O'Daniel et al., 2006; Orton & Tome, 2004; Rijkhorst et al., 2009; 

Rudat et al., 1996; Thor, Apte, Deasy, & Muren, 2013a; van Haaren et al., 2009; 

Varadhan, Hui, Way, & Nisi, 2009). These methods are often used because of the 

highly specialized techniques required for dose reconstruction based on deformable 

registration, but they both lead to prohibitively large dosimetric errors in the presence of 

large organ motion (Andersen et al., 2013; Soukup, Sohn, Yan, Liang, & Alber, 2009).  
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Those that did use various deformable registration or dose warping techniques to 

reconstruct bladder dose present a wide array of findings when comparing planDose to 

reconDose (Akino et al., 2013; Andersen et al., 2012; Godley et al., 2012; Lim et al., 

2009; Schaly, Bauman, Song, Battista, & Van Dyk, 2005b; Schaly, Kempe, Bauman, 

Battista, & Van Dyk, 2004; Schulze, Liang, Yan, & Zhang, 2009; Song, Wong, 

Bauman, Battista, & Van Dyk, 2007; Soukup et al., 2009; Wen et al., 2012). 

Differences between the mid-range bladder planDose and reconDose varied from -18% 

to +31% across those studies, and showed such large inter-patient variability in those 

differences, that measures of central tendency poorly described the magnitude of 

differences for individual patients. These studies all varied in the radiotherapy 

dosimetry examined, the bladder filling preparation used and the number and sequence 

of images included in the dose reconstruction procedures. Little is known however, 

about how these variables may affect the differences between planDose and reconDose 

for bladder.  

 

Perhaps most importantly, all studies to date have reconstructed bladder dose using a 

solid bladder contour. As noted previously, not only will the inclusion of urine in the 

‘bladder’ DVH result in a 4-fold over-reporting of dose/volume parameters (Chapter 4) 

which will obfuscate any relationship with urinary toxicity (Rosewall et al., 2010), but 

the dosimetric effect of organ motion is different (both in magnitude and direction) 

when that organ is considered as a hollow structure or as a solid structure (Lebesque et 

al., 1995). Thus, reconDose for the hollow bladder wall has not been reported before. 

Furthermore, although the bladder trigone has been shown to be independently 

important in the prediction of urinary toxicity after fEBRT (Ghadjar et al., 2014; 

Heemsbergen et al., 2010), dose reconstruction for this functionally heterogeneous 

segment has also not been reported. 
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The accurate reconstruction of dose delivered to the functional bladder tissue is critical 

to identifying the link between radiotherapy dose and chronic urinary toxicity. The 

primary objective of this phase of the research was to quantify the differences between 

planDose and reconDose for the bladder wall and the trigone and to explore the clinical 

and dosimetric factors that may influence the magnitude of those differences. The effect 

of the number and sequence of images included in bladder dose reconstruction 

procedures was also quantified.  

 

10.2 METHODS 

This phase of the research was a single centre, quasi-experimental study with research 

ethics board approval from the University Health Network (Toronto) and Charles Sturt 

University. To permit dose reconstruction of the most common pelvic radiotherapy 

planning techniques the eligible population of patients consisted of: 

• Diagnosed with primary prostate, cervix or rectal cancer. 

• Completed treatment as planned at Princess Margaret Cancer Centre between 

February 2010 and August 2010. 

• Received radical radiotherapy prescription doses using standard fractionation 

schemes  . 

• No positive or negative contrast agents in the pelvis. 

• Daily kV conebeam CT images taken at the time of radiotherapy delivery as part of 

routine IGRT practice. 

• All images must contain the whole bladder. 

• All images must be of an image quality sufficient for precise bladder delineation. 

Patients included in other phases of the research were excluded. In addition, any patient 

with less than 100% of their CBCT images containing the whole bladder volume was 

excluded 
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These criteria resulted in an eligible cohort of 103 patients. This group demonstrated 

differences in target volume shape, target volume position relative to the bladder, 

prescription dose, dose distribution, patient position, daily setup correction protocol and 

bladder filling protocol. Although there were large differences between the disease site 

groups, there was minimal variation within the disease site groups (due to the use of 

standard treatment protocols) enabling valuable exploration of the influence of those 

clinical and dosimetric differences on bladder dose reconstruction. 

 

From that eligible cohort, quota sampling was used to select patients, reverse 

chronologically, for each disease site individually resulting in the inclusion of 10 

prostate, 10 cervix, and 10 rectal cancer patients. This sample size was selected to be 

larger than similar studies, so it would contain sufficient patient-based diversity to 

permit a full exploration of the issues influential for bladder dose reconstruction, and 

would be representative of the target population. Major barriers to consecutive inclusion 

were:  

1) the use of short CBCT lengths for prostate radiotherapy which did not include the 

whole bladder, 

2) not acquiring CBCT on one or two days during the treatment course, due to machine 

breakdown.  

 

The standard radiotherapy technique and prescribed dose for the eligible patients was as 

follows: 

RECTUM RADIOTHERAPY: 50 Gy in 25 fractions to the primary CTV and regional 

lymph nodes. Evenly weighted 3-field coplanar beam arrangement (standardized 

clinical placement of field borders and shielding). Prone positioning, empty bladder 

preparation. Daily image guidance to align pelvic bony anatomy. 
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CERVIX RADIOTHERAPY: 45 Gy in 25 fractions to the primary CTV and regional 

lymph nodes. Evenly weighted 4-field coplanar beam arrangement (standardized 

clinical placement of field borders and shielding). Supine positioning, no bladder 

preparation. Daily image guidance to align pelvic bony anatomy. 

PROSTATE RADIOTHERAPY: 78 Gy in 39 fractions to prostate-only CTV. IMRT 

plan (7-field coplanar, static field, step-and-shoot MLC) achieved departmental dose 

constraints. Supine positioning, “comfortably full” bladder preparation. Daily image 

guidance to align prostate. 

 

These prescribed doses, target volumes, treatment planning and delivery procedures are 

all consistent with the European Organisation for Research and Treatment of Cancer 

Radiation Oncology Group clinical guidelines paper for prostate (Boehmer et al., 2006), 

the European Society for Therapeutic Radiology and Oncology working group 

guidelines for cervix (Pötter et al., 2006) and a position paper from the European 

Registration of Cancer Care for rectum (Valentini et al., 2014). 

 

10.2.1 Study Procedures 

The planCT scans (2 mm slice thickness; 0 mm gap; 200 mAs; 120 kVp [Toshiba 

AquilionOne or Philips]) and the clinical plans from these 30 patients were copied into 

a treatment planning system research directory (Pinnacle, ver. 9.0). These patient files 

were then de-identified and the clinical contours deleted. 

 

For each patient, every daily CBCT acquired during the entire treatment course (20-40 

mA, 10-40 ms, 120 kVp: half scan, S20 collimator) was included in this phase of the 

research. These images were exported electronically from XVI (Elekta USA, ver. 4.5) 
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and imported into Pinnacle. Once imported, the CBCT was registered to the planCT 

using the co-ordinates of the treated isocentre (see Section 8.2.1 for further details). 

 

For each patient, the bladder wall and trigone was contoured by one observer using the 

methods developed and tested in Chapters 4 to 6. Briefly, OB was delineated on the 

planCT using model-based segmentation (with manual edits across the trigone), and that 

structure was propagated to each CBCT, with manual refinement using 3D tools. The 

IB surface was delineated using a patient-specific uniform contraction (with manual 

edits, particularly over the trigone), three times on the planCT. The median volume 

observation was used for this research, and was used to generate the IB surface on 

CBCT using the predictive equation and a uniform contraction. The planCT bladder 

wall was then constrained to a geometric triangular region of interest, with vertices 

defined by the position of the insertion of the two ureters and the urethra for each 

patient. Thus, for a voxel to be considered as part of the trigone, it must be positioned 

within the triangular region and within the bladder wall structure. 

 

10.2.1.1 PlanCT dose calculation and electronic export 

The plan used to treat the patient was used throughout this research phase. In the 

clinical environment however, the three types of treatment plans considered in this 

research all use markedly different parameters during dose calculation, which would 

preclude any meaningful comparison of the results (see Chapter 7). For the purposes of 

this research therefore, all dose calculation parameters were standardized for all the 

treatment plans considered. These parameters were selected based on previous findings 

described in Chapter 7. Briefly, the use of the CCCS algorithm for heterogeneous dose 

calculation and a 1.5 mm3 increment dose grid which covered the entire bladder on all 

images with dose interpolation performed between the centres of the 1 mm3 voxels. No 
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other treatment plan parameters were changed, and monitor units, beam weights and 

prescription point doses were all locked before recalculation. Using the above 

calculation parameters, the dosimetry of the clinical plan was recalculated for each 

patient.  

 

In a manner similar to a previous study (Hysing et al., 2008), the cervix and rectum 

beam geometry was reproduced (field border and shielding placed in reference to pelvic 

bony anatomy) onto the 10 prostate patients. This was done in accordance with standard 

departmental protocols for those sites, by a radiation oncology physician with clinical 

experience in pelvic radiotherapy. Plan dosimetry was then generated using clinical 

treatment planning procedures for those beam arrangements by a certified medical 

dosimetrist, with extensive experience in the pelvic site. Dose calculation parameters 

were standardized after planning for research purposes, as above. 

 

After the recalculation of dose, the treatment plans were saved and the following files 

were exported electronically from Pinnacle via standard DICOM transfer protocols to a 

windows-based desktop computer: 

• The delineated volumes were converted to 2D mask files and exported. 

• The DICOM header file for the primary image set was exported. 

• The DICOM header and image file for the dose distributions were exported. 

 

10.2.1.2 Deformation matrices and dose mapping 

Deformable registration procedures were performed as described in Section 8.2.1.1. 

Briefly, all study volumes were converted to 3D meshes and shrink-wrapped with a 

maximum element size of 0.4 cm. The elements on the primary surface (planCT) were 

mapped to the elements on the secondary surface (each of the CBCT, individually). 
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Material properties were then assigned (Ε 10 kPa, ν 0.499). Using LEM/FEA, the 

transformation of each primary surface element was determined using the elements of 

the secondary surface as a boundary condition. The planCT trigone was categorized as a 

‘zone’ within the bladder wall, and was transformed synchronously with the planCT 

surfaces. These transformations were used to create a 3D deformation matrix. 

 

Dose mapping procedures were performed as described in Section 9.2.1.2. Briefly, the 

planCT dose distribution was reconstructed in 3D, relative to the primary (planCT) 

meshes. The location of the centroid of each tetrameshed element for the planCT 

meshes was used to look up the dose at that point in the dose distribution. When the 

centroid doses of each element were combined, a DVH for the organ-of-interest at the 

planCT position was created. This DVH was considered the planning DVH.  

 

Using the deformation matrices created above, the location of the centroid of each 

element in the planCT structures was projected to its position on each CBCT and the 

dose to the centroid of each element calculated in that new (CBCT) position. The daily 

dose to each element was summed individually to create the total element dose. Then 

the total element doses were summed to create a DVH of the organ-of-interest which 

incorporated the dosimetric effect of organ motion. This DVH was considered the 

reconstructed DVH. 

 

10.2.2 Data Analysis 

The dosimetric output files from the LEM/FEA dose reconstruction procedures were 

imported directly into Excel for analysis. The bladder wall DVHs were binned into 10 

cGy or 1 cm3 bins for analysis, depending on the parameter of interest. Trigone DVHs 
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were binned into 0.2 cm3 bins, due to the small volume and high dose gradient of this 

structure (see Section 4.3.3).  

 

Bladder wall volumes at key dose levels were used as discrete comparison points. These 

key dose levels were those that have been previously associated with the risk of chronic 

urinary toxicity: V30Gy (Harsolia et al., 2007); V65Gy (Michalski et al., 2000); V78Gy 

(Cheung et al., 2007). In addition, various dose/volume relationships identified as 

significant during reconDose comparison, were used to highlight differences between 

the techniques. Key dose/volume levels for the trigone were defined as V78Gy (Cheung 

et al., 2007) and V47Gy (Heemsbergen et al., 2010). Dose to 98% of the trigone 

(D98%) was also used to describe the near minimum trigone dose. 

 

Non-parametric descriptive statistics were used to describe the differences in dose and 

volume between planDose and the various reconstruction strategies, as the data did not 

appear to be normally distributed. The Wilcoxon signed rank test was used to determine 

if statistically significant differences existed between the planned and reconstructed 

DVHs. The coefficient of determination (R2) was used to describe how well the data 

fitted to a simple least squares linear regression trendline. 

 

To determine the optimal number and sequence of CBCT that should be included in the 

dose reconstruction procedures for the various techniques, incrementally increasing 

numbers of consecutive fractions were used to reconstruct the bladder wall dose (i.e. 

Day1; then Day1 + Day2; then Day1 + Day2 + Day3, etc). These partial course dose 

reconstructions were compared to total course reconstructions which used 100% of 

fractions. To further evaluate this effect, 50%, 33% and 20% of fractions were used to 

reconstruct bladder wall dose. Those proportions of fractions were either grouped 
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consecutively at the start of treatment (i.e. the first half, third or fifth of the treatment 

course), or spaced evenly throughout the entire course (i.e. every 2nd, 3rd or 5th fraction). 

Bland Altman analysis was performed to calculate the 95% LoA between the dose 

reconstructed using 100% of fractions and the dose reconstructed using partial course 

image inclusion strategies (Bland & Altman, 1999). 

 

10.3 RESULTS 

All study procedures were completed as planned yielding 49 total dose bladder wall 

DVHs for each prostate patient and 32 DVHs for each cervix and rectum patient. To 

examine the effect of daily bladder filling variation, an additional 38 daily DVHs were 

generated for each prostate patient, and an additional 24 daily DVHs for each cervix 

and rectum patient. A planned and reconstructed trigone DVH was also generated for 

each patient. This resulted in the inclusion of 2050 DVHs in this analysis. Power 

calculations based on a “within person” comparison for continuous data indicated that 

the sample of 30 patients would have an 80% power to detect DVH differences between 

the planned and reconstructed dose of 3 Gy for bladder wall and DVH differences of 0.8 

Gy for trigone (Altman, 1997). 

 

The median planCT OB volume was 227 cm3 (range 146-461 cm3) for the prostate 

patients, 540 cm3 (range 163-812 cm3) for the cervix patients and 148 cm3 (range 62-

305 cm3) for the rectum patients. The median CBCT OB volumes were 176 cm3 for 

prostate patients, 173 cm3 for cervix and 98 cm3 for rectum patients. The group median 

of the individual interquartile ranges (IQR) of OB volumes during treatment was 105 

cm3, 99 cm3 and 36 cm3 for prostate, cervix and rectum patients, respectively. When 

patients were considered individually, CBCT OB volumes during treatment varied 

substantially from the planCT OB volume for most patients, as demonstrated in Figure 
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10.1. The planCT OB volume fell beyond the CBCT IQR for 6/10 prostate patients, 

8/10 cervix patients and 9/10 rectum patients. Relative to each patient’s planCT OB 

volume, the CBCT OB volumes were on average 80%, 54% and 78% of the planCT 

volume for prostate, cervix and rectum patients, respectively. 
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Figure 10.1: Box and whisker plot of OB volume variation during treatment for 10 
prostate (top), 10 cervix (mid) and 10 rectum (bottom) patients. Each patient considered 
individually. Box indicates interquartile range, whiskers indicate maximum and 
minimum OB volumes. Red cross indicates planCT OB volume. 
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10.3.1 Planned versus Reconstructed Bladder Wall Dose 

10.3.1.1 Prostate cancer patients 

Bladder wall reconDose demonstrated substantial differences from planDose for the 

majority of prostate patients (Figure 10.2). When the planDose reported a value of 30 

Gy, the reconDose was 30 Gy for one patient, between 31 and 40 Gy for five patients, 

and between 41 and 65 Gy for four patients. At a planDose of 65 Gy, the reconDose 

was between 65 and 57 Gy for four patients, but between 68 and 77 Gy for the 

remainder. 

 

Figure 10.2: Histogram of bladder wall dose for 10 prostate patients. Planned dose on x-
axis and dose reconstructed using all 39 fractions on y-axis. Each curve represents one 
patient. Black line indicates absolute agreement between planned and reconstructed 
dose. 
 

When considered together as a cohort, the 10 prostate patients showed significant 

differences between planned and reconstructed dose at planDoses less than 60 Gy (p 
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<0.022) (Figure 10.3). At planDoses between 20 Gy and 60 Gy, the differences between 

the planDose and median reconDose were in the order of 7.5 Gy greater. For a 

planDose of 10 Gy, the median reconDose was approximately 25 Gy. Differences 

between planDose and reconDose were smaller at higher planDoses (~1.5 Gy) and 

those differences were not statistically significant (p>0.13). 

 

Figure 10.3: Box and whisker plot of bladder wall dose for 10 prostate patients. Planned 
dose on x-axis and dose reconstructed using all 39 fractions on y-axis. Box indicates 
interquartile range, whiskers indicate maximum and minimum values, black cross 
indicates median. Red line indicates agreement between planned and reconstructed 
dose. 
 

When the differences between planned and reconstructed bladder wall DVHs for 

prostate patients were quantified based on the volume reported to be receiving 30 Gy, 

65 Gy or 78 Gy, only the V30Gy was statistically significantly different (planned 23 

cm3 vs. reconstructed 30 cm3; p 0.007). 
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10.3.1.2 Cervix cancer patients 

Bladder wall reconDose demonstrated substantial differences from planDose for most 

of the cervix patients (Figure 10.4). When the planDose reported a value of 30 Gy, the 

reconDose was between 30 and 40 Gy for four patients, and between 42 and 45 Gy for 

the remaining six patients. As planDose increased, the differences between planned and 

reconstructed dose diminished. To understand the implications of the information 

presented in Figure 10.4, the actual bladder wall DVHs for two individual patients are 

shown in Figure 10.5. For the patient in green, although the reconDose is higher than 

the planDose, it has retained a dose gradient across the bladder. For the patient in red 

however, the dose gradient seen in the planDose has been lost in the reconDose, and 

100% of the bladder has received the prescribed dose (45 Gy). 
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Figure 10.4: Histogram of bladder wall dose for 10 cervix patients. Planned dose on x-
axis and dose reconstructed using all 25 fractions on y-axis. Each curve represents one 
patient. Black line indicates absolute agreement between planned and reconstructed 
dose. 
 

 

Figure 10.5: Bladder wall DVHs for 2 cervix patients. Planned dose in black, 
reconstructed dose in green and red. These patients correspond to the green and red 
curves in Figure 10.4. 
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When considered together as a cohort, the 10 cervix patients showed significant 

differences between planned and reconstructed dose at planDoses less than 40 Gy (p 

<0.022) (Figure 10.6). At planDoses between 30 Gy and 40 Gy, the differences between 

the planDose and median reconDose were in the order of 8 Gy greater. For a planDose 

of 30 Gy, the median reconDose was 39 Gy. Differences between planDose and 

reconDose were smaller at higher planDoses and those differences were not statistically 

significant (p 0.57). The median reconstructed V30Gy was 81 cm3, significantly larger 

than the V30Gy calculated with the planDose (73 cm3; p 0.009). 

 

 

Figure 10.6: Box and whisker plot of bladder wall dose for 10 cervix patients. Planned 
dose on x-axis and dose reconstructed using all 25 fractions on y-axis. Box indicates 
interquartile range, whiskers indicate maximum and minimum values, black cross 
indicates median. Red line indicates agreement between planned and reconstructed 
dose. 
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10.3.1.3 Rectal cancer patients 

Bladder wall reconDose demonstrated substantial differences from planDose for most 

of the rectum patients but unlike the prostate and cervix patients, reconDose was 

generally lower for the rectum patients (Figure 10.4). When the planDose reported a 

value of 30 Gy, the reconDose was between 30 and 35 Gy for three patients, but 

between 15 and 25 Gy for the remaining seven patients. At a planDose of 40 Gy, the 

reconDose was between 40 and 42 Gy for three patients, between 30 and 35 Gy for five 

patients, and less than 25 Gy for the two remaining patients.  

 

Figure 10.7: Histogram of bladder wall dose for 10 rectal cancer patients. Planned dose 
on x-axis and dose reconstructed using all 25 fractions on y-axis. Each curve represents 
one patient. Black line indicates agreement between planned and reconstructed dose. 
 

When considered together as a cohort, the 10 rectum patients showed significant 

differences between planned and reconstructed dose at planDoses above 30 Gy (p 

<0.037) (Figure 10.8). At planDoses between 35 Gy and 45 Gy, the differences between 
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the planDose and median reconDose were in the order of 7 Gy smaller. For a planDose 

of 50 Gy, the median reconDose was approximately 49 Gy. At doses below 35 Gy the 

planned and reconDose were not significantly different (p >0.08). Differences between 

the planned and reconstructed V30Gy were also not significant (21 cm3 vs. 18 cm3; p 

0.13). 

 

Figure 10.8: Box and whisker plot of bladder wall dose for 10 rectal cancer patients. 
Planned dose on x-axis and dose reconstructed using all 25 fractions on y-axis. Box 
indicates interquartile range, whiskers indicate maximum and minimum values, black 
cross indicates median. Red line indicates agreement between planned and 
reconstructed dose. 
 

 

10.3.2 Planned versus Reconstructed Trigone Dose 

Planned and reconstructed trigone dose was successfully calculated for all patients 

(Figure 10.9). For the 10 cervix patients, the per-patient pairwise differences between 

1500 2000 3000 3500 4000 4500 5000 2500 
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planned and reconstructed trigone dose were small (less than 0.7 Gy; p >0.1) across the 

length of the DVH curve. Trigone D98% was also similar between the cervix planDose 

and reconDose (44.4 Gy vs. 44.7 Gy; p 0.103). 

 

Figure 10.9: Median trigone DVHs for 10 prostate patients (blue), 10 cervix (pink) and 
10 rectum patients (brown). Solid line indicates median value for planned dose. Dashed 
line indicates median value for reconstructed dose. 
 

Consistent with the differences between planned and reconstructed dose for bladder 

wall, the trigone reconDose D98% was significantly smaller than the planDose D98% 

for rectum patients (33.2 Gy vs. 42.6 Gy; p 0.014) and significantly larger for prostate 

patients (72.6 Gy vs. 65.7 Gy; p 0.016). ReconDose V47Gy was also significantly 

smaller for the rectum patients (1.5 cm3 vs. 2.2 cm3; p 0.016) but no significant increase 

in reconDose V47Gy was seen for the prostate patients (2.7 cm3 vs. 3.1 cm3; p 0.084). 

 

10.3.3 Effect of Bladder Filling 

The magnitude of bladder filling variation varied considerably across the individual 

patients (Figure 10.1, above). This manifested as differences in the range of volumes 

  277 



seen during treatment, and in the magnitude of the offset of that range from the planCT 

volume. For the prostate patients, as differences between the median OB volume during 

treatment and the planCT OB volume increased, the differences increased between the 

total planDose and total reconDose at the V65Gy (R2 0.80) and V30Gy (R2 0.90) levels 

(Figure 10.10). Differences in V78Gy were not related to either the volume differences 

between planCT and treatment median OB volume nor to the treatment IQR (R2 0.11 

and 0.01, respectively). Differences between total planned and total reconstructed 

V65Gy and V30Gy were also not related to treatment IQR (R2 0.22 and 0.17, 

respectively). 

 

Figure 10.10: Scatter plot for 10 prostate patients, with differences in OB volume 
(CBCT median – planCT) on the x-axis and differences in the volume reported at 
various dose levels (total reconstructed – total planned) on the y-axis. 
 

The dosimetric effect of differences between the planCT OB volume and the median 

OB volume during treatment is illustrated in Figure 10.11. The top DVH is for a 

prostate patient who had similar planCT and median CBCT OB volumes (see inset) and 

the differences between planned and reconstructed dose are small. Conversely, the 

bottom DVH is for a patient who had marked differences in OB volume (see inset), 
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resulting in substantial differences between the planned and reconstructed dose despite 

a smaller IQR of OB volumes during treatment. 

 

Figure 10.11: Bladder wall DVHs for two prostate patients exhibiting the smallest (top) 
and largest (bottom) median OB volume differences from planCT. Planned dose in red, 
reconstructed dose in blue. Box and whisker insets indicate OB volume variation during 
treatment (see Figure 10.1 for more details). 
 

Despite large differences between planned and reconstructed dose for most cervix 

patients, the difference in V40Gy was only weakly associated with the difference 

between the planCT and median CBCT OB volumes (R2 0.57). The difference between 

planned and reconstructed V30Gy was not significantly associated with OB volume 

difference. IQR was not associated with differences in V30Gy or V40Gy. The 

dosimetric effect of differences between the planCT OB volume and the median OB 

volume during treatment is illustrated in Figure 10.12. The large volume reduction 
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during treatment has resulted in a total loss of dose gradient over the bladder (DVH on 

bottom). Below a certain volume, 100% of the bladder wall is in the treated volume, and 

no further dose increase occurs. This may explain why OB volume difference is only 

weakly correlated with the dosimetric parameters. 

 

Figure 10.12: Bladder wall DVHs for two cervix patients exhibiting the smallest (top) 
and largest (bottom) OB volume differences. Planned dose in red, reconstructed dose in 
blue. Box and whisker insets indicate OB volume variation during treatment (see Figure 
10.1 for more details). 
 

For the 10 rectum patients, the differences between the total planned and total 

reconstructed V35Gy and V45Gy were not associated with the magnitude of differences 
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between the planCT and median CBCT OB volumes, or with the IQR of the CBCT OB 

volumes (R2 <0.12). 

 

When daily changes in dose were considered (rather than the total dose described 

above), interesting associations between changes in daily dose and daily changes in 

bladder filling were observed in the cohort of 10 prostate patients (Figure 10.13). As the 

daily treatment OB volume decreased relative to the planCT OB volume (ratio <1.0), 

the volume of bladder wall contained within the 30 Gy and 65 Gy isodose increased 

proportional to the decrease in OB volume. For example, at 80% of the planCT OB, the 

V30Gy increased to 120% of the value reported from the planCT. As the daily 

treatment OB volume increased relative to the planCT OB (ratio >1.0), the bladder wall 

volume contained within the V30Gy reduced at a much slower rate. For example, at 

150% of the planCT OB volume, the V30Gy had only reduced to 90% of the planDose 

volume. Even treatment OB increases of up to 250% only resulted in V30Gy decreases 

to 80% of the planned value. V65Gy followed a similar pattern to V30Gy with a two-

fold increase in V65Gy from treatment OB volumes at 40% of the planCT OB volumes 

(Figure 10.13). The bladder wall volume contained within the 78 Gy isodose also 

followed this general trend, but was subject to greater intra-patient variability, with 

patients experiencing both increases and decreases in the V78Gy as OB volume 

decreased. 
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Figure 10.13: Scatter plot of daily changes in bladder filling vs. daily changes in V30Gy 
(top/left), V65Gy (top/right) and V78Gy (bottom/left). Axes show daily treatment 
volumes relative to the planCT volumes, with values less than 1 indicating that the 
treatment volume was smaller than the planCT volume. Data for 39 fractions from 10 
prostate patients, each patient displayed as a different colour. 
 

Most of the 10 cervix patients also exhibited incremental increases in daily V30Gy and 

V40Gy with daily reduction in OB volume, relative to the planCT values (Figure 

10.14). Three patients in this cohort did not follow this trend (pink, blue and brown 

series in Figure 10.14). These three patients experienced no variation in V30Gy while 

OB volume varied during treatment. For one of these (pink series), V30Gy remained 

consistent with the planCT V30Gy despite a range of large changes in OB volume. For 

two of these (blue and brown series), V30Gy was systematically different from the 

planCT, but OB volume variation during treatment had no effect on V30Gy. These 
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findings were consistent at the V40Gy level, except for the brown series which saw no 

increase in V40Gy at OB volumes smaller than 60% of the planCT volume.  

 

Figure 10.14: Scatter plot of daily changes in bladder filling vs. daily changes in V30Gy 
(left) and V40Gy (right). Axes show daily treatment volumes relative to the planCT 
volumes, with values less than 1 indicating that the treatment volume was smaller than 
the planCT volume. Data for 25 fractions from 10 cervix patients, each patient 
displayed as a different colour. 
 

Eight of the 10 rectum patients exhibited a reduction in V30Gy and V45Gy as OB 

volume decreased, the opposite effect from the prostate and cervix patients (Figure 

10.15). The remaining two patients saw increases in V30Gy and V45Gy with 

decreasing OB volume, similar to the cervix and prostate patients. Even when the 

treatment OB volumes were consistent with the planCT value (x-axis = 1.0), substantial 

variation in V30Gy and V45Gy values was seen. 
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Figure 10.15: Scatter plot of daily changes in bladder filling vs. daily changes in V30Gy 
(left) and V45Gy (right). Axes show daily treatment volumes relative to the planCT 
volumes, with values less than 1 indicating that the treatment volume was smaller than 
the planCT volume. Data for 25 fractions from 10 rectum patients, each patient 
displayed as a different colour. 
 

 

10.3.4 Effect of Plan Dosimetry 

To more fully understand the complex interplay between plan dosimetry and bladder 

filling variation and the effect on reconDose, the standard beam characteristics, field 

borders and shielding positions for cervix and rectum were reproduced on the 10 

prostate patients (Figure 10.16). Although analysis was performed in percentage of 

prescription dose to facilitate comparison between the techniques, differences between 

prostate IMRT planned and reconstructed dose were consistent with the data presented 

above in absolute dose (Section 10.3.1.1). Those differences were only statistically 

significant at <70% of the prescribed dose (p <0.05), with a magnitude of differences 

between 6% and 19%. For the rectum 3-field dosimetry, the differences between 

planned and reconstructed dose were only significant at the 90% level (p 0.05), with a 

median 11% decrease in reconDose compared to planDose. No statistically significant 

differences between planDose and reconDose were found for cervix 4-field dosimetry 

(p >0.11). 
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Figure 10.16: Box and whisker plots of bladder wall dose for 10 prostate patients. 
Dosimetry for prostate IMRT (top), rectum 3-field (bottom/left), cervix 4-field 
(bottom/right). Dose is normalized to the prescription dose of each technique (78Gy 
prostate, 45Gy cervix, 50Gy rectum). Planned dose on x-axis and dose reconstructed 
using all fractions on y-axis. Box indicates interquartile range, whiskers indicate 
maximum and minimum values, black cross indicates median. Coloured line indicates 
agreement between planned and reconstructed dose. 
 

Figure 10.17 illustrates this effect for a single prostate patient exhibiting a typical range 

of treatment OB volumes. Large differences between the planned and reconstructed 

bladder wall DVHs were seen for prostate IMRT dosimetry. For the same range of OB 

volume variation during treatment, much smaller differences between the planned and 

reconstructed dose are seen with 4-field cervix and 3-field rectum dosimetry.  

 

100 

100 

100 
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Figure 10.17: Bladder wall DVHs for a single prostate patient with a typical range of 
treatment OB volumes (see inset). Dose is normalized to the prescription dose of each 
technique (78Gy prostate, 45Gy cervix, 50Gy rectum). Planned dose is solid line, 
reconstructed dose is dashed line. Blue indicates prostate IMRT dosimetry, pink 
indicates cervix 4-field dosimetry, brown indicates rectum 3-field dosimetry. 
 

 

10.3.5 Effect of Number and Sequence of Images 

Bladder wall dose was reconstructed using incrementally increasing numbers of 

consecutive fractions (i.e. Day1; then Day1 + Day2; then Day1 + Day2 + Day3, etc) for 

all 30 pelvic cancer patients. These partial course DVHs were then compared to the 

reconstruction performed using 100% of all fractions (RD100%). Differences in bladder 

wall volume reported to be enclosed within key isodose regions were calculated by 

subtracting the bladder wall volume reported by RD100% from the volume reported with 

fewer fractions. 
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Figure 10.18 summarizes the effect of including information from less than 100% of the 

treatment fractions for prostate and rectum patients. As the number of consecutive 

fractions included increases, the difference between the partial course dose 

reconstruction and RD100% decreases for all patients and all isodose levels. For rectum 

patients, inclusion of only the first five consecutive fractions resulted in third quartile 

(Q3) differences from RD100% of only 2cm3 across the full spectrum of isodose values. 

For prostate patients, the first 22 consecutive fractions must be included in the dose 

reconstruction to obtain a Q3 volume within 2cm3 of RD100% across the full spectrum of 

isodose values. V78Gy was only minimally affected by the number of fractions 

included in the dose reconstruction, and inclusion of only the first six consecutive 

fractions resulted in Q3 V78Gy values within 1cm3 of those reported with RD100%. For 

prostate patients, the lower the isodose considered, the more fractions must be included 

in the dose reconstruction process to ensure congruence with RD100% volume values. For 

example, to achieve Q3 volume differences less than 1cm3 from RD100%, 21 consecutive 

fractions must be used for V65Gy and 28 fractions for V30Gy. 
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Figure 10.18: Effect of the number of consecutive fractions included in the dose 
reconstruction process on the bladder wall volumes reported to be enclosed within key 
isodose regions for 10 prostate (top) and 10 rectum (bottom) patients. Y-axis reports the 
third quartile value for the cohort. 
 

The effect of the number of fractions included in the dose reconstruction process is 

somewhat more complex for cervix patients (Figure 10.19A). V10Gy and V20Gy show 

little variation from RD100%, even when only one fraction is included in the 

reconstruction. V40Gy and V45Gy follow the general trend towards decreasing Q3 

volume differences with increasing numbers of fractions and fall within 2cm3 of RD100% 

at fraction 18 and 14, respectively. Third quartile volume differences for V30Gy 

increase in magnitude between fractions 7 and 20, and are subject to considerable inter-

patient variability across the length of the curve (Figure 10.19B). 
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Figure 10.19: Effect of the number of consecutive fractions included in the dose 
reconstruction process on the bladder wall volumes reported to be enclosed within key 
isodose regions for 10 cervix patients. A) Y-axis reports the third quartile value for the 
cohort at various dose levels. B) Grey curves indicate V30Gy volume differences for 10 
individual patients, green curve indicates Q3 value for entire cohort. 
 

Six partial course image inclusion strategies were also evaluated against RD100%: 50% 

of fractions either consecutively at the start of treatment or spaced evenly across the 

treatment course (i.e. every 2nd fraction); 33% consecutive or spaced (i.e. every 3rd 

fraction); 20% consecutive or spaced (i.e. every 5th fraction). None of these image 

inclusion strategies resulted in statistically significant differences in the volume of 

bladder wall reported to be within any of the key isodose regions, compared to the 

volumes reported by RD100% (Table 10.1). All of these strategies were significantly 

closer approximations of RD100% than the planDose, with the exception of 20% 

consecutive for prostate patients and 20% spaced for cervix patients (Table 10.2). 

 

 

 

 

 

 

 

 

A) B) 
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Table 10.1: Bladder wall volumes (cm3) reported to be receiving key dose levels with 
various image inclusion strategies. Mean value reported for 10 prostate, 10 cervix and 
10 rectum patients. ‘Consec’ indicates inclusion of consecutive fractions commencing 
at start of treatment course. ‘Spaced’ indicates inclusion of fractions spaced evenly 
throughout the treatment course. 
 

 

 
 
Table 10.2: Absolute per-patient, pairwise difference from RD100% of bladder wall 
volumes (cm3) reported to be receiving key dose levels with various image inclusion 
strategies. Median difference reported for 10 prostate, 10 cervix and 10 rectum patients. 
All differences significantly smaller than Planned Dose differences (p<0.01), except 
those identified with * 
 

 

 

Although the above-noted metrics of central tendency were quite similar between the 

image inclusion strategies, the dispersion of the dosimetric variables was highly 

dependent on the number and sequence of images included in the dose reconstruction 

process. Table 10.3 summarizes the 95% LoA for the various image inclusion 

strategies.  

 

 

 

 

V30Gy V65Gy V78Gy V30Gy V40Gy V45Gy V30Gy V40Gy V50Gy
RD100% 26 13 5 81 77 66 18 15 3
Consec 25 11 5 81 75 66 18 15 3
Spaced 25 13 5 81 76 66 18 15 3
Consec 24 11 5 81 75 65 18 14 3
Spaced 26 12 5 81 79 64 18 15 4
Consec 24 11 5 81 75 64 18 14 5
Spaced 25 12 5 81 73 61 18 15 3

Cervix Rectum

50%

33%

20%

Prostate

V30Gy V65Gy V78Gy V30Gy V40Gy V45Gy V30Gy V40Gy V50Gy
Planned Dose 5.6 2.4 1.2 8.8 5.6 4.2 2.3 2.6 2.1

Consec 1.6 0.6 0.3 0.1 1.3 0.8 0.4 0.5 0.3
Spaced 0.9 0.3 0.2 0.0 0.5 0.9 0.2 0.3 0.2
Consec 0.5 0.8 0.5 0.3 1.4 1.5 0.3 0.3 0.3
Spaced 1.0 0.3 0.3 0.1 0.3 0.9 0.3 0.3 0.4
Consec 1.2 * 1.2 * 0.5 0.2 1.0 2.2 0.2 0.3 0.4
Spaced 1.1 0.7 0.3 0.1 0.8 1.2 * 0.7 0.6 0.5

Cervix Rectum

50%

33%

20%

Prostate
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Table 10.3: Bland Altman comparison between dose reconstructed with 100% of 
fractions vs. reconstructed with partial course image inclusion strategies. Mean 
difference in cGy, Limits of Agreement in parentheses. Negative values indicate partial 
course reconstruction yielded doses less than 100% fraction reconstruction.  
 

 

 

Regardless of number and sequence of images included in the reconstruction, the 95% 

LoA were largest for the 10 prostate patients in absolute values, and in values 

normalized to prescription dose. Increasing the number of fractions included in the 

reconstruction resulted in smaller 95% LoA, for both consecutively and evenly spaced 

sequences (p<0.05). For the same proportion of fractions, spacing them evenly through 

the treatment course resulted in significantly smaller 95% LoA (p<0.05). Figure 10.20 

illustrates these effects using the raw DVH data from the 10 prostate patients. 

 

 

 

 

 

 

 

 

 

 

Prostate Cervix Rectum
Consec -59 (-412 to 294) -40 (-248 to 168) -36 (-152 to 80)
Spaced 11 (-250 to 271) -4 (-61 to 53) -4 (-85 to 76)
Consec -48 (-672 to 576) -49 (-286 to 189) -40 (-190 to 110)
Spaced 1 (-281 to 284) 11 (-90 to 113) 0 (-119 to 119)
Consec 31 (-931 to 992) -44 (-305 to 218) -42 (-197 to 114)
Spaced 60 (-545 to 664) -26 (-229 to 178) -38 (-269 to 193)

20%

33%

50%
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Figure 10.20: Six histograms of bladder wall dose for 10 prostate patients. Dose 
reconstructed using 100% of fractions on x-axis and dose reconstructed using various 
partial course image inclusion strategies on y-axis. Each series represents one patient. 
Black line indicates agreement between total and partial course reconstructed dose. 
 
 
 

50%, Consec 

20%, Spaced 20%, Consec 

33%, Consec 33%, Spaced 

50%, Spaced 
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10.4 DISCUSSION 

This phase of the research quantified the differences between planDose and reconDose 

for the bladder wall and the trigone for prostate IMRT, cervix 4-field and rectum 3-field 

patients. By calculating reconstructed DVHs using daily in-room imaging, it explored 

the complex interplay between the isodose distribution of radiotherapy technique and 

bladder filling variation, and quantified the effect of image number and sequence 

included in bladder dose reconstruction process.  

 

This research was the first to calculate reconstructed radiotherapy dose to the hollow 

bladder wall, which has necessitated discussion of the findings with information 

available on dose reconstruction to the bladder as a solid structure (including the urine). 

This has led to several challenges during interpretation and synthesis. The research 

presented in Chapter 4 highlights the differences between DVHs calculated using a 

solid or hollow wall structure, with reported volume increases of three or four fold seen 

when using a solid structure. In itself, this should not hamper comparisons between 

planDose and reconDose if the focus is placed on pairwise differences. Unfortunately, 

the work from Lebesque et al. (1995) clearly showed that the dosimetric effect of organ 

motion is different (both in magnitude and direction) when that organ is considered as a 

hollow structure or as a solid structure. Furthermore, the research presented herein is the 

first instance where changes in bladder wall thickness (related to changes in filling) 

have been incorporated into dose reconstruction processes. Thus, there can be no 

expectation that the values derived in this research will be consistent with those found 

in the literature, but trends in the data and relationships between variables should be 

consistent. 
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This research found that reconstructed bladder wall dose was systematically higher than 

planDose for prostate IMRT and cervix 4-field patients, but systematically lower for 

rectum 3-field patients. Individual patient differences between reconstructed and 

planDose at the mid-point of the DVHs were up to 30 Gy for prostate IMRT, up to 

15Gy for cervix 4-field and down to 20 Gy for rectum 3-field. The magnitude of those 

differences and the inter-patient variability of differences have significant ramifications 

when attempting to associate toxicity with radiotherapy dose. It is clear that the 

planDose is a poor estimate of dose delivered to the functional bladder tissue for the 

majority of pelvic radiotherapy techniques and for the majority of patients, particularly 

in the region of the DVH that most studies have attempted to find correlates with 

toxicity. Most studies present cohort-based summary statistics to describe differences in 

central tendency for planned and reconstructed dose, and report no significant 

differences between them (Akino et al., 2013; Andersen et al., 2012; Lim et al., 2009). 

Using cohort-based summary statistics will under or over-report the difference between 

planned and reconstructed dose for any given individual. This is particularly significant 

when searching for dose associations with toxicity, as it is most likely that it is those 

individuals who receive doses poorly described by measures of central tendency (i.e. 

dose difference outliers) that may experience greater than normal severity of toxicity. 

 

To date, 11 publications have compared reconDose with planDose for the bladder 

delineated as a solid (including urine) structure. All but one of these reconstructed dose 

for one to nine prostate cancer patients using a variety of plan dosimetry and image 

guidance techniques. Only the two studies by Wen et al. (2012 and 2013) and Godley et 

al. (2012) used daily images to calculate the reconDose. Those calculations were 

performed using images acquired at the time of IMRT treatment delivery, and thus 

provide the closest methodological match to the study described herein. Godley et al. 
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(2012) found decreases in the bladder volume receiving 70 Gy of between 1% and 3%, 

but differences increased substantially at lower doses, which was also observed in the 

research herein. The per-patient differences in bladder mean dose were between -11% 

and +17%. This range of values is not consistent with the results presented herein, 

where prostate IMRT reconstructed mean dose ranged between -2% to +75%. With so 

many methods similar between the two studies, such as the use of full bladder 

preparation and prostate-based image guidance, it is likely the inclusion of the urine in 

the DVH is the cause of these differences. Inclusion of the urine in the DVH not only 

over-reports the volume within an isodose region (Chapter 4), but also under-reports the 

effect of filling variation on dose changes (Lebesque et al., 1995). Alternatively, Godley 

et al. (2012) only included 5 patients in their analysis, and perhaps this sample size was 

not sufficient to fully describe the inter-patient variability seen with the larger cohort. 

Mean bladder reconDose was reported as 11% greater than planDose when evaluating 5 

prostate IMRT patients (Wen et al., 2012), but ranged between -18% to 31% when 

evaluating 8 prostate IMRT patients (Wen et al., 2013), indicating that large differences 

between patients make analysis of this phenomenon very sensitive to sample size. 

 

Akino et al. (2013) used in-room images from the majority of fractions (approximately 

78% of fractions) but these images often did not include the whole bladder. This would 

have had a similar effect to the truncated contour method examined in Chapter 4, 

namely the significantly under-reporting of volumes receiving doses less than 65 Gy. 

When V60Gy was used to quantify differences between planned and reconstructed 

dose, an increase of approximately 3 cm3 was seen for the majority of patients. This 

value is quite close to the difference in V65Gy found herein. This unexpected 

agreement may be explained by the action of two competing factors, the use of solid 

bladder contours would have increased the volume reported in V65Gy, but the use of 
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truncated contours would have decreased the volume reported. Perhaps the most 

dramatic difference between planned and reconstructed bladder dose was described by 

Schaly et al. (2004). When reconstructing dose for a single prostate patient irradiated 

with a 4-field CRT technique using in-room images taken twice per week, the 

maximum difference to 2 cm3 of bladder was an increase of 22 Gy in one fraction 

followed by a reduction of 9 Gy. Although limited by the inclusion of only one patient, 

this study highlights the dramatic effect that bladder filling variation can have on the 

delivered dose. 

 

The remaining prostate studies all used images taken outside of the treatment room 

(Andersen et al., 2012; Schaly et al., 2005b; Schulze et al., 2009; Song et al., 2007; 

Soukup et al., 2009). Although this was done to use higher quality imaging modalities, 

this would subject the images to changes in bladder filling and position in the 

intervening period and the actual position of the treated isocentre cannot be reproduced, 

preventing the accurate reconstruction of delivered dose. All of these studies reported 

that reconDose was higher than planDose, and those differences were larger at the mid-

point of the DVH. The magnitude of those differences varied between studies, but in 

most instances reached clinically relevant levels (Andersen et al., 2012; Schaly et al., 

2005b; Schulze et al., 2009; Song et al., 2007). This is consistent with the findings from 

the study described herein, but because changes in bladder position relative to the 

isodoses were inevitable between treatment and image acquisition, these studies neither 

confirm nor refute the findings from this research. 

 

Although the figures comparing prostate and rectum planned to reconstructed dose 

make visual sense (Figures 10.2 and 10.7), the unusual shape of the curves seen in the 

cervix comparison (Figure 10.4) require some explanation. Firstly, almost all patients 
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were planned to receive at least 25Gy to the whole bladder explaining why there are 

very few data points for planDoses less than 25Gy. Secondly, for most patients the 

majority of the bladder had fallen into the treated volume (45Gy) due to substantial 

bladder emptying during treatment, and the reconstruction procedures captured that 

effect appropriately. A good example of this phenomenon is the curve highlighted in red 

in Figures 10.4 and 10.5. Only one other study has compared planned and reconstructed 

solid bladder dose for 20 cervix cancer patients, treated using 4-field pelvic fields (Lim 

et al., 2009). Using weekly MRI to quantify organ motion, Lim et al. (2009) found no 

significant difference between planned and reconstructed doses using median bladder 

dose and V45Gy for the cohort. Pairwise (per patient) differences in median bladder 

dose were also small, even with bladder filling changes up to 450% from planCT. The 

study herein, reports similar differences between planCT bladder volume and CBCT 

bladder volumes and found no significant differences between planned and 

reconstructed dose at the V45Gy level. There were however, significant differences at 

doses of 40Gy and below, but these were not presented by Lim et al. (2009). 

 

No other author has reconstructed bladder dose for rectal cancer patients. The reason for 

this is unknown, perhaps because these patients do not often receive IGRT delivery so 

the daily images are not available for evaluation. Thus the differences between planned 

and reconstructed dose for rectum 3-field presented herein, are uncorroborated. 

Nonetheless, based on the relationships seen for prostate IMRT and cervix 4-field, the 

decrease in reconDose with a reduction in treatment bladder filling volume makes 

‘common sense’. Firstly, there is a smooth anterior/posterior dose gradient across the 

bladder due to the 3-field technique, so changes in the position of the bladder were 

associated with smooth changes in dose. Secondly, as the patients were positioned 

prone for treatment, reductions in bladder filling would act with gravity to pull the 
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bladder forward away from the irradiated volume, reducing the dose delivered. These 

effects can be clearly seen in the comparisons of dose for individual rectum patients 

(Figure 10.7). These changes for the individual patients resulted in the first reported 

instance where reconDose above 30Gy was significantly lower than planDose for the 

entire cohort.  

 

When the 4-field and 3-field pelvis techniques were reproduced on the 10 prostate 

patients, the effect of organ motion on technique dosimetry could be evaluated 

independent of differences in bladder filling variation between the three cohorts. IMRT 

plans were more sensitive to bladder filling variation than 3-field plans in both the 

length of the DVH curve affected and the magnitude of that effect. No significant effect 

could be identified for 4-field plans, suggesting that very large filling volume variation 

is necessary to observe an effect for this type of dosimetry. This suggests that the 

magnitude of differences between planned and reconstructed dose cannot be generalized 

across different dosimetric scenarios. 

 

This is not the first research to have reproduced various pelvic beam arrangements onto 

patients with a different cancer diagnosis. Hysing et al. (2008) mocked-up prostate 

IMRT and prostate 4-field CRT beams onto 20 male bladder cancer patients. Using 

generalized EUD and an average DVH from weekly diagnostic CTs, they also reported 

that IMRT was much more sensitive to organ changes than other techniques. gEUD 

differences between the planned and average weekly dose for whole pelvis 4-field CRT 

were between -2% to +4%, whereas whole pelvis IMRT differences were between -5% 

to +9%. Although the absolute values are different (due to consideration of bladder as a 

solid structure; whole pelvis IMRT dosimetry and use of weekly averaging rather than 

dose reconstruction), the trend seen in Hysing et al. (2008) is consistent with the 

298 



findings from this research. Analysis by Lim et al. (2009) on 20 cervix cancer patients 

also demonstrated little change between the median planned and median reconstructed 

bladder dose for 4-field pelvis, but when the same patients were replanned with pelvic 

IMRT, the magnitude of the differences between median planDose and median 

reconDose increased substantially. Schulze et al. (2009) also concluded that IMRT was 

more sensitive to organ motion than CRT using EUD of prostate-only plans, although 

they attributed this to improvements in conformality. When Soukup et al. (2009) 

compared the effects of organ motion on reconDose for prostate IMRT and intensity 

modulated proton treatment (IMPT), they found that IMPT was more sensitive to organ 

motion than IMRT, despite similarities in conformity. This suggests that differences in 

dose gradient across the bladder were the major influencing factor, rather than the 

conformity of isodoses to the target as postulated by Soukup et al. (2009). 

 

This research found that it was the difference between planCT OB volume and the 

median OB volume during treatment that influenced the magnitude of the total mid to 

low dose differences between planDose and reconDose for prostate IMRT, and not the 

range of the filling volumes during treatment. This finding is of considerable 

significance because it may be possible to use measures of systematic changes in 

bladder volume during treatment to identify patients who will vary substantially from 

planned bladder dose and would benefit from dose reconstruction procedures, or even 

mid-course replanning. This is an interesting and clinically useful avenue for future 

research, but would require a much larger sample size to develop a robust predictive 

model. No such relationship between bladder filling changes and total dose differences 

could be identified for cervix 4-field or rectum 3-field; perhaps because for cervix 

patients below a certain bladder filling volume, the dose maximizes and no further 
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change is seen with increasingly smaller volumes, as described above (vice versa for 

rectum).  

 

It should also be noted that the three pelvic cohorts also differed in the manner in which 

the daily isocentre was aligned. For the prostate patients, the daily isocentre was placed 

relative to the prostate, thus the geometic relationship between the isocentre and the 

position of the bladder was only influenced by changes in the shape and volume of the 

bladder (Schaly et al., 2005b; Song et al., 2007). For the cervix and rectum patients 

however, the daily isocentre was placed relative to the bony pelvis. This would nullify 

any bladder dosimetric variation due to patient positional uncertainties, but the position 

of the bladder relative to the isodoses could also be influenced by the position and 

volume changes of the other pelvic organs (van Herk et al., 1995), confounding the 

relationship between dose and bladder filling changes. 

 

The analysis of changes in daily bladder filling volume versus daily differences between 

planned and reconstructed dose also demonstrated the effect of image-guided isocentre 

verification method. For rectum patients, wide variation in the magnitude of dose 

differences was seen, even with treatment bladder volumes equivalent to planning 

bladder volumes. This suggests that, in addition to the dosimetric effect of bladder 

filling changes, when using bony alignment for isocentre placement, the volume and 

position changes of the other pelvic organs resulted in bladder dose changes. Similar 

effects were seen for cervix patients, with V40Gy values ranging from 85% of planned 

to 130% of planned for a single patient at similar bladder filling volumes. When using 

soft tissue image guidance for prostate, the relationship between daily filling volume 

differences and daily dose differences at low and medium doses was more apparent. 

The relationship between bladder filling and dose has been previously described 

300 



(Lebesque et al., 1995; Pinkawa et al., 2006), but an important finding from the research 

herein is that the relationship between dose differences and filling differences is not 

consistent. Small reductions in bladder volume increase the dose to a much higher 

degree than similar volume increases reduce the dose. This finding for prostate IMRT is 

supported by the research from Andersen et al. (2012) who, despite use of solid bladder 

contours and use of the first treatment CT as the “planned dose”, also found that a 50% 

reduction in bladder volume increased the Dmean to approximately 170% of the 

planDose, but a 50% volume increase, only decreased the Dmean to 70%. This effect 

can also be seen by close inspection of the single patient DVHs presented by Higgins et 

al. (2006) which showed a small dose increase with a 33% decrease in volume, but a 

large dose increase with a 66% decrease in volume. This is a significant finding because 

even if variation in treatment bladder volumes were normally distributed about the 

planCT bladder volume (which they are not), the dose increases from an empty bladder 

would not be cancelled out by dose decreases from a larger bladder. Thus, there will 

always be the tendency for total reconDose to be skewed higher than the total planDose. 

When the systematic reduction of treatment bladder volumes relative to the planCT is 

added to that phenomenon, the large increases in bladder dose seen in this research are 

explained. 

 

The vast majority of published research that has reconstructed bladder dose during 

prostate treatment has done so using substantially less than 100% of daily fractions, 

with most using once or twice weekly images (20% to 40%) (Andersen et al., 2012; 

Lerma et al., 2009; Schaly et al., 2005b; Schaly et al., 2004; Schulze et al., 2009; 

Soukup et al., 2009; Vestergaard et al., 2013). Unfortunately, there has been little 

consideration of the effect that partial course image inclusion may have on the veracity 

of the reconDose. Bland Altman analysis performed during this research revealed that 
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using weekly images spread throughout the treatment course would result in dosimetric 

errors of ± 6 Gy for prostate IMRT across the full length of the DVH curve. Including a 

higher proportion of treatment fractions increased the accuracy of the dose 

reconstruction, as did spacing those fractions throughout the entire treatment course. 

Bland Altman limits of agreement indicated that for prostate IMRT the optimal regimen 

tested herein was 50% of fractions spaced throughout the treatment course, although 

improvement was minimal beyond 33% of spaced fractions. Godley et al. (2012) also 

traced changes in reconstructed bladder Dmean for increasing numbers of fractions for 

five prostate IMRT patients. They observed that Dmean appeared to stabilize at 

approximately 60% of the treatment course (25 consecutive fractions). This value is 

very close to the 22 consecutive fractions postulated herein. Schaly et al. (2004) found 

that the 4-field prostate CRT DVHs for a single patient appeared to converge at five 

fractions, however they were comparing five fractions to dose reconstructed using only 

15 fractions out of a total 39 fraction treatment course. The two studies that 

reconstructed bladder dose for cervix patients used weekly images to reconstruct dose 

(Lim et al., 2009; Stewart et al., 2010). When evaluating 4-fields, the limits of 

agreement calculated herein indicate using weekly images may have resulted in a ± 2.4 

Gy error, however both studies also reconstructed dose for pelvic IMRT which would 

likely need a greater frequency of images for a good approximation of full course 

reconDose.  

 

This research was the first study to reconstruct dose to the bladder trigone and there is 

no published literature with which to compare the findings, thus any conclusions 

postulated must be confirmed externally before assuming their veracity. Reconstructed 

trigone dose was higher than planDose for prostate IMRT, lower for rectum 3-field and 

unchanged for cervix 4-field. These differences are likely due to differences in the dose 
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gradient over the trigone. The cervix 4-field technique would contain the whole trigone 

within the irradiated volume, and even substantial bladder filling variation (up to 

812cm3) did not impact on the dose received. Thus, the planned trigone dose can be 

assumed to be a good approximation of the actual dose delivered and there is little 

benefit to reconstructing trigone dose for patients irradiated in this manner. For rectum 

3-field and prostate IMRT, the trigone was partially inside and partially outside the 

irradiated area, and changes in trigone position relative to that dose gradient resulted in 

systematic increases in trigone dose with reduced bladder filling for prostate and 

systematic decreases in trigone dose with reduced bladder filling for rectum patients. 

Thus, this research suggests that planDose is a poor estimate of reconDose when the 

trigone transects a region of sharp dose gradient. This could have important 

ramifications for those studies that attempted to find a relationship between planned 

trigone dose and the incidence of chronic urinary toxicity (Ghadjar et al., 2014; 

Heemsbergen et al., 2010). Yet Heemsbergen et al. (2010) used a 4-field technique that 

included the whole seminal vesicles in the CTV resulting in complete and homogeneous 

irradiation of the trigone and Ghadjar et al. (2014) used near-maximum planDose; both 

of which would not suffer from significant differences between planned and 

reconstructed trigone dose, perhaps explaining why they were able to find such strong 

associations with toxicity. 

 

This research contains several strengths and limitations. It was the first work to evaluate 

reconstructed hollow bladder wall dose. This eliminated the urine from the DVH, 

accommodated changes in bladder wall thickness and volume, and provided the first 

estimate of delivered dose to the functional bladder tissue. Moreover, bladder trigone 

has been identified as independently important for the prediction of urinary toxicity 

after radiotherapy and this research was the first to reconstruct dose to this structure. 
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Furthermore, it is one of only four studies that have reconstructed dose using 100% of 

daily images taken in the treatment room, and thus contains a very accurate 

approximation of the dose actually delivered to the bladder wall. Also, although 

summary statistics have been used, the analysis in this chapter has taken the approach 

that per-patient differences are clinically important because it is likely that those 

individuals who received doses poorly described by measures of central tendency may 

experience greater than normal severity of toxicity. Finally, this was the first study to 

include multiple disease sites and beam arrangements, with different isocentre 

verification and bladder filling preparation protocols in order to understand the 

underlying mechanisms that contribute to differences between planned and 

reconstructed dose. The techniques explored were consistent with global clinical 

practice guidelines for the three disease sites evaluated (Boehmer et al., 2006; Pötter et 

al., 2006; Valentini et al., 2014), improving the generalizability of the findings. 

 

Although it is the second largest study of its kind, the 30 patient sample actually 

consisted of only 10 patients per disease site. A 10 patient sample is consistent with the 

samples sizes in other studies of bladder dose reconstruction, but it is clear that the 

magnitude of the differences between planned and reconstructed dose are highly 

dependent on the number of patients included in the sample and it is possible that this 

research is an underestimation of the actual range of differences. Thus, these findings 

must be externally reproduced to confirm their validity. Also, it should be noted that the 

dose reconstruction procedures employed herein do not recalculate the dose on the daily 

images, rather they reposition the organ elements (based on daily organ motion and 

deformation) within the planCT dose distribution. It is acknowledged that the dose 

distribution calculated during treatment planning can be quite different from the actual 

dose during treatment delivery due to changes of tissue density (such as air in the 

304 



rectum), skin contour and machine output (Yan et al., 1999). The effect of these 

changes on the overall distribution is thought to be minimal compared to the dosimetric 

impact of variation in bladder position (Schaly, Bauman, Battista, & Van Dyk, 2005a; 

Schulze et al., 2009; Soukup et al., 2009). The alternative of recalculating the daily 

distribution is also an imperfect option, as CBCT suffer from an increased scatter 

contribution, which is patient anatomy dependent (Varadhan et al., 2009). Consequently 

the CT numbers of a CBCT cannot be simply be converted to electron density and 

directly used for dose recomputation as this will lead to substantial dose errors (Brock et 

al., 2003; Varadhan et al., 2009). Thus, while some small dosimetric errors were 

incorporated in the reconDose based on the reconstruction methods selected, the 

benefits of reconstructing dose based on daily images, taken at the time of treatment 

delivery and in the treatment position, were felt to be more significant with bladder as 

the organ-of-interest. 

 

10.5 CONCLUSIONS 

Substantial differences exist between planned and reconstructed hollow bladder wall 

and trigone dose for most pelvic radiotherapy techniques in the majority of patients. 

Trends in the differences were somewhat similar to those seen for solid bladder dose 

reconstruction, but the magnitude of those differences was greater. The magnitude of 

those differences was poorly described by measures of central tendency due to high 

inter-patient variability. Variation in the magnitude of differences between planned and 

reconstructed bladder wall dose were dependent on the interplay between changes in 

bladder filling and the dose gradient of the radiotherapy technique, but may also be 

influenced by the image-guidance technique employed. Use of some partial course 

image inclusion strategies could lead to large dose discrepancies from the dose reported 

with total course reconstruction.  
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CHAPTER 11 

 

RECONSTRUCTED DOSE AND  

CHRONIC URINARY TOXICITY 
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11.1 INTRODUCTION 

All patients receiving pelvic fEBRT will inevitably have some portion of the normal 

urinary bladder included in the irradiated volume (Antonakopoulos, Hicks, & Berry, 

1984). The chronic effects of radiation on the normal bladder typically manifest after 

latent periods in excess of two years following radiotherapy (Hall, 2000) and result 

from a combination of the depletion of urothelial progenitor cells, fibrotic replacement 

of muscle fibres and the structural collapse of the capillary system (Bentzen, 2006; 

Rodemann & Blaese, 2007). A full review of the histopathological effects of radiation 

on the bladder can be found in Section 1.2.2.  These effects result clinically in a diverse 

group of symptoms of bladder dysfunction experienced by pelvic radiotherapy patients.  

 

Urothelial atrophy and denudation result in permanent barrier dysfunction and chronic 

inflammation (McConnell-Greven & Paunesku, 2006), and symptoms such as urinary 

frequency, nocturia, urgency and dysuria are reported by patients in the chronic phase 

(McConnell-Greven & Paunesku, 2006; Peeters et al., 2005; Roach, 2004; Schultheiss, 

Hanks, Hunt, & Lee, 1995). These symptoms of long-term inflammation can be 

exacerbated by a chronically constricted bladder (Corman, McClure, Pritchett, 

Kozlowski, & Hampson, 2003; Schultheiss et al., 1995). The thickened bladder wall 

and reduced urine capacity of the constricted bladder result directly from muscle 

fibrosis (Marks, Carroll, Dugan, & Anscher, 1995). The clinical symptoms of 

dysfunctional bladder contraction can be placed on a continuum, from mild (hesitancy, 

weak and intermittent stream and incomplete emptying) to severe (urinary retention) 

(Roach, 2004). Fibrosis is often associated with pain and neuropathy (Bentzen, 2006), 

and patients can report, not only long-term dysuria, but also deep pelvic pain following 

radiotherapy (McConnell-Greven & Paunesku, 2006). Chronic bacterial infections are 

also common without the GAG layer to protect the urothelium (Henningsohn, 

308 



Wijkstrom, Dickman, Bergmark, & Steineck, 2002), and the lack of the anti-adherence 

layer may also result in stone formation with the potential for urinary obstruction 

(Marks et al., 1995). Finally, haematuria is a rare consequence of radiation to the 

bladder (Gardner, Zietman, Shipley, Skowronski, & McManus, 2002; Koper et al., 

2004; Lee, Schultheiss, Hanlon, & Hanks, 1996; Roach, 2004) and can result from 

rupture of the friable bladder wall capillaries (Hall, 2000) or from areas of focal 

ulceration, most likely at the trigone (Rubin, 1989). For individuals experiencing severe 

chronic urinary toxicity, not only is their urinary function impaired but additional 

deleterious effects may also be experienced as a secondary consequence of urinary 

dysfunction, such as poor sexual function, impaired psycho-social interaction and 

reduced quality of life (Henningsohn et al., 2002). 

 

The burden of radiotherapy-induced urinary toxicity on pelvic cancer survivors can be 

extensive and incapacitating (Bentzen, 2006; Schaake et al., 2014; Yabroff, Lawrence, 

Clauser, Davis, & Brown, 2004). Yet, a confirmed relationship between dose/volume 

parameters and chronic urinary toxicity remains elusive (Rosewall et al., 2010). 

Information on this subject is currently insufficient to provide a rigorous evidence-base 

for the application of bladder dose/volume constraints during radiotherapy planning, 

and the use of IMRT has not been associated with a reduction in the incidence of 

chronic urinary toxicity (Michalski et al., 2013). 

 

It is well known that the bladder moves and deforms during radiotherapy, based mainly 

on the volume of urine contained within it (Burridge et al., 2006; Roeske et al., 1995; 

van Herk et al., 1995). This type of displacement and deformation has the potential to 

cause substantial discrepancies between the dose calculated using the planCT and the 

dose actually delivered to an organ over a fractionated radiotherapy course (Godley, 
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Ahunbay, Peng, & Li, 2012; Murthy et al., 2012; Wen et al., 2013). Only one study has 

attempted to associate urinary toxicity with delivered bladder dose (Thor et al., 2013). 

Those investigators were unable to find a relationship between reconstructed dose and 

G2+ toxicity, but the images employed for dose reconstruction were not acquired at the 

time of treatment and the cohort-based analysis only included seven adverse events. 

Consequently, the objective of this phase of the research was to employ the dose 

reconstruction techniques developed and evaluated throughout this thesis to identify 

associations between the presence of chronic urinary toxicity more than three years after 

fEBRT and the dose delivered to the bladder functional tissue. 

 

11.2 METHODOLOGY 

This phase of the research was a single centre, case-control study with research ethics 

board approval from the University Health Network (Toronto) and Charles Sturt 

University. All data were collected retrospectively from clinical documentation or 

prospectively generated from images acquired as part of the standard of care. 

 

11.2.1 Justification of Study Design 

There are many study designs that would adequately address the objectives of this phase 

of the research. A randomised clinical trial is arguably considered the gold standard of 

causal research design because, through the random assignment of participants, it is 

possible to control for selection and confounding bias (Creswell, 1994). Yet, in context 

with the objectives of this research phase, even randomised clinical trials have design 

challenges. When the outcome of interest is rare, they may not accrue enough patients 

with the disease of interest to draw scientifically sound conclusions (Fletcher, Fletcher, 

& Wagner, 1996). In fact, inclusion of too few adverse events has frequently 

underpowered previous prospective evaluations attempting to identify the association 
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between bladder dose and urinary toxicity (Dearnaley et al., 2005; Thor et al., 2013). 

Also, clinical trials are costly, requiring years to accrue and follow the necessary 

number of participants (Jewell, 2004), often losing the most “at-risk” participants 

during the follow-up period (Fletcher et al., 1996). Data collected specifically for 

research purposes can suffer from Rosenthal and Hawthorne effects (Polgar & Thomas, 

1991), this is a significant concern in this study due to the highly subjective nature of 

toxicity quantification (Rosewall et al., 2009). Most importantly, in the context of 

finding a relationship between toxicity and bladder dose, it would be unethical to 

randomly assign patients to an experimental group that would intentionally receive a 

higher bladder dose in order to observe an increase in chronic urinary dysfunction with 

no potential to achieve participant equipoise (Edwards, Lilford, & Hewison, 1998).  

 

When comparing the methodological advantages and challenges of a prospective cohort 

design versus a retrospective case-control design, the case-control design was deemed 

most effective to meet the objectives of this phase of the research. Case-control design 

efficiently compares patients who have an outcome of interest (in this case, chronic 

urinary dysfunction) to patients who do not have that outcome, and looks back at how 

frequently the potential causes of that outcome (in this case, high bladder dose) are 

present in either group to determine if there is a relationship between the outcome and 

the risk factor (Creswell, 1994). This clearly matches the objective of this phase of the 

research, and has been used to meet similar objectives in the past (Jani et al., 2003). 

Although an uncommon approach, case-control study design is considered useful as an 

initial study to establish a tentative association between factors (Fletcher et al., 1996), 

and has specific methodological advantages over cohort comparison that match well 

with the specific needs of the current study (Jewell, 2004). 
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A useful feature of the case-control design is that cases have the outcome of interest at 

the time that the information on risk factors is sought, whereas for cohort studies, 

patients are free of the outcome at the beginning of the observation, when the 

measurement of the risk factors is made (Fletcher et al., 1996). This means that 

compared to cohort studies, case-control research is particularly effective at studying 

rare conditions, and requires less time to conduct the study because the outcome is 

already present (Creswell, 1994). This feature of case-control design was vital for this 

phase of the research for several reasons. Firstly, chronic urinary toxicity has an 

exceptionally long latency period (Gardner et al., 2002) and a prospective cohort study 

would have required more than three years of follow-up after treatment to accommodate 

that latency period. Secondly, the incidence of severe chronic toxicity is low at our 

cancer centre (~8%) (Martin et al., 2009; Skala et al., 2007) , which would necessitate 

the accrual of more than 400 patients to obtain a useful number of toxicity events 

(Altman, 1997). Therefore, although a prospective cohort approach may have been 

considered more rigorous, the time and resources necessary to prospectively follow that 

large number of patients for at least three years were well beyond the scope of this 

doctoral research. Beyond the traditional benefits of case-control design, this design 

strategy focused the use of time-consuming and resource-intensive dose reconstruction 

procedures on groups of patients that would best answer the research question. 

 

Naturally, case-control design is not without its methodological disadvantages. Because 

the exposure to the risk factor took place in the past, recall of that exposure is often 

subject to recall bias (Polgar & Thomas, 1991). This effect was not present in the 

current study, as the risk factor (bladder dose) was reconstructed using the dose 

distribution and treatment images acquired at the time of exposure. An important 

limitation of case-control design is the potential for selection and confounding bias 
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when creating comparable case and control groups (Fletcher et al., 1996). To minimise 

selection bias, the two groups must be members of the same base population, and have 

equal opportunity to receive the exposure (Fletcher et al., 1996). Moreover, if the cases 

and controls are well matched, then selection bias will be minimal (Altman, 1997; 

Fletcher et al., 1996). The selection process for this study is explained in detail in 

Section 11.2.2.2 below. 

 

11.2.2 Sampling Procedure 

The eligible population of patients for this phase of the research consisted of the 

following: 

• Diagnosed with biopsy confirmed prostate carcinoma. 

• Completed treatment at Princess Margaret Cancer Centre between March 2006 and 

September 2011. 

• Received more than 60 Gy prescribed dose using standard fractionation schemes. 

• Baseline (pre-radiotherapy) urinary function documented. 

• Current urinary function documented at last follow-up appointment. 

• kV CBCT images taken at the time of radiotherapy delivery as part of routine IGRT. 

• All images must contain the whole bladder and be of sufficient image quality to 

afford precise bladder delineation. 

From an initial group of 1640 patients identified using the radiotherapy department data 

management system (MosaiQ ver. 2.41, IMPAC Medical Systems USA), application of 

the above-noted inclusion criteria resulted in an eligible cohort of 172 patients (Figure 

11.1). Preliminary evaluation of the representativeness of the 172 patient sample 

revealed no differences from the 1480 standard fractionation scheme cohort in terms of: 

patient age (mean 76 years; p 0.51), T-stage (T2 45%; p 0.06), prescribed dose (mean 
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76.9 Gy; p 0.1), treatment technique (IMRT 85%; p 0.7) or length of follow-up (mean 

57 months; p 0.3). 

 

 

Figure 11.1: Schema of patient eligibility screening and stepwise exclusion process. 
Patients (pts); Electronic portal imaging (EPI); Follow-up appointment (F/U). 
 

11.2.2.1 Justification of exclusion criteria 

It was originally intended to include all pelvic cancer patients in this phase of the 

research. However, technical challenges associated with reconstructing the dose from 

brachytherapy for cervix cancer, and lack of pre-treatment urinary function baseline 

documentation for rectal cancer, prevented inclusion of these disease sites. Perhaps 

more importantly, these site groups had only begun to acquire frequent in-room images 
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within the last two years, and this would not have provided sufficient follow-up length 

for urinary toxicity to be fully expressed. 

 

Patients treated between 2006 and 2011 were included because those treated prior to 

2011 would have sufficient length of time between completing treatment and follow-up 

for any urinary toxicity to be expressed (Crook, Esche, & Futter, 1996; Merrick et al., 

2004; Nichol et al., 2005; Schultheiss et al., 1995). The start date of 2006 was chosen 

because daily in-room image-guidance was implemented for all prostate cancer patients 

in March of that year minimizing any selection bias. During that time period patients 

were accrued to a hypofractionated clinical trial (Huang et al., 2014). These patients 

were excluded to avoid the confounding effect of hypofractionation on chronic urinary 

toxicity (Hoskin & Dearnaley, 2007). Baseline urinary function has been reported as an 

important predictor of post-treatment function (Barnett et al., 2011; Feng et al., 2007; 

Heemsbergen et al., 2010), thus patients without this documentation were excluded. 

Based on the findings from Chapter 10, it was necessary for each patient to have at least 

13 CBCT images (33% throughout treatment course) available for accurate dose 

reconstruction. These images must all be long enough to include the whole bladder for 

that patient. Finally, documentation of urinary function at the last follow-up visit was 

the primary dependent variable for the study, therefore any patient that did not have 

clear and unambiguous documentation of either normal or abnormal function was 

excluded from the sample. 

 

11.2.2.2 Selection of cases and controls 

From the eligible cohort of 172 patients, 22 cases with chronic urinary toxicity (as 

defined below) were identified. This constituted 100% of the eligible cohort 
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experiencing chronic urinary toxicity after radiotherapy, thus avoiding any bias in the 

selection of cases (Jewell, 2004).  

 

When the cases under evaluation comprise of all the eligible cases, then it is sufficient 

for controls to be a random sample of the remaining eligible cohort (Fletcher et al., 

1996), but to ensure bias from control selection was kept to a minimum, controls were 

selected from the eligible cohort by matching them to cases based on length of follow-

up (Altman, 1997; Fletcher et al., 1996). Two controls were matched to each case, to 

increase the strength of the study (Altman, 1997). Thus 44 matched controls (without 

chronic urinary toxicity) were selected for inclusion. Overmatching was avoided, by not 

matching on factors that were related to the exposure under study (for example, 

planning technique or prostate volume etc.) (Altman, 1997; Fletcher et al., 1996). 

Instead, these were included as covariates in the analysis. 

 

11.2.3 Urinary Toxicity Quantification 

11.2.3.1 Study definition of chronic urinary toxicity 

Chronic urinary toxicity more than three years after external beam radiotherapy was the 

major dependent variable in this research. As noted in detail in the introduction section 

of this thesis, the quantification of radiation-induced urinary toxicity also presents 

substantial challenges when attempting to find a relationship with bladder or trigone 

dose. Most significant amongst those challenges is the difficulty in attributing urinary 

function changes to the effects of radiotherapy (Bentzen et al., 2003). To date, no 

published research has unravelled the complex interplay between radiation-induced 

urinary dysfunction, normal aging related dysfunction and urinary dysfunction caused 

by symptoms from prostate cancer progression. All research exploring the bladder 
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dose/toxicity paradigm has incorporated the confounding effects of these physiological 

processes in their definition of chronic urinary “toxicity”.  

 

Resolving this issue is far beyond the scope of this research, but the contribution of the 

other physiological processes is acknowledged. The effect of these other contributing 

causes of chronic urinary dysfunction likely added ‘noise’ to the system, reducing the 

power of the study to detect an association between dose and toxicity. This probably 

yielded conservative rather than exaggerated estimates of the bladder dose/toxicity 

relationship. 

 

11.2.3.2 Measuring chronic urinary toxicity 

There is a lack of consensus in the literature regarding which methods should be used to 

assess urinary function (Gwede, Johnson, Daniels, & Trotti, 2002; Perrone et al., 2002; 

Trotti, 2002) and different grading criteria can lead to significant differences in the 

reported levels of toxicity (Trotti & Bentzen, 2004). Moreover, use of physician-

reported grading systems can result in up to 10% of patients being misclassified as 

experiencing or not experiencing radiotherapy-related urinary toxicity (Basch et al., 

2006; Brundage, Pater, & Zee, 1993; Rosewall et al., 2009). Even patient-reported 

grading systems remain a very subjective indication of toxicity (Scott & Pajak, 1995), 

which may be influenced by factors unrelated to radiotherapy (Korfage, Hak, de 

Koning, & Essink-Bot, 2006). Thus, the subjectivity of current toxicity quantification 

paradigms likely contributed to the difficulties in finding an association between 

bladder dose and toxicity in previous studies (Rosewall et al., 2010). 

 

The choice of a valid and reliable toxicity endpoint was critical to meeting the 

objectives of this phase of the research. With every urinary toxicity scale suffering from 
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the same challenges to validity (i.e. the subjective nature of scoring the severity of a 

symptom), a new measure of toxicity was used in the thesis. This mimicked the 

approach of those investigators who solved the same subjectivity problem for rectal 

toxicity by using the dichotomous endpoint of the presence or absence of rectal 

bleeding. Using that objective toxicity endpoint, several authors have successfully 

found strong and reproducible links between rectal dose and dysfunction (Boersma et 

al., 1998; Hartford, Niemierko, Adams, Urie, & Shipley, 1996; Jackson et al., 2001). 

 

Based on what is known about the subjectivity of urinary toxicity grading systems, this 

research defined chronic urinary toxicity as the use of any form of pharmacological or 

surgical intervention to achieve an acceptable level of urinary function more than three 

years after radiotherapy. This method acknowledged the limitations of toxicity 

documentation in medical records, was objective and unambiguous when identifying its 

presence (or absence), but retained clinical relevance as an outcome following 

radiotherapy. This definition of urinary toxicity could be categorized as Grade 2 

severity according to the National Institute of Health CTCAE system (ver. 3.0) (Trotti 

et al., 2003). The definition of Grade 2 on that scale is “local or non-invasive 

intervention indicated”. This is distinct from Grade 1 in which intervention is not 

indicated, and from Grade 3 in which hospitalization is indicated. Additionally, this 

widely-accepted scale defines an adverse event as “any unfavourable symptom 

associated with use of a medical treatment that may or may not be considered related to 

the medical treatment”. Thus, the definition of chronic urinary toxicity used in this 

research was an unconventional one, but met the criteria set out by the National Institute 

of Health.  
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11.2.3.3 Chart review as a data collection method 

There is always the potential for bias in case-control studies as the onset of the disease 

is commonly “in the past”, and thus may suffer from recall bias (Fowler et al., 1993). 

This type of bias was kept to a minimum in this research by using documentation of the 

patients’ current symptoms in their medical chart, and accepting that actuarial analysis 

could not be performed. 

 

Retrospective chart review is widely used in the dose/toxicity literature and is an easily-

accessibility source of large scale, non-intrusive data (Lorenzoni, Da Cas, & Aparo, 

1999). Careful consideration must be given to the potential biases from the chart review 

process however (Allison et al., 2000; Cassidy, Marsh, Holleran, & Ruhl, 2002), with 

inter-rater reliability being a major source of error (Wu & Ashton, 1997). To minimize 

this, a list of clear definitions for the variables was used with a single data abstractor. 

Also, data collection worksheets were used to collect unambiguous data using forced 

selection entries rather than free text (Reisch et al., 2003). A random audit of 10% of 

the data was also performed during the abstraction process (Gilbert, Lowenstein, 

Koziol-McLain, Barta, & Steiner, 1996; Reisch et al., 2003). With these measures in 

place, the reliability and validity of the data gleaned from the chart review was likely 

high (Lorenzoni et al., 1999). 

 

When evaluating chart review as a data collection method, it is important to also 

consider the reliability and validity of health records themselves (Aaronson & Burman, 

1994). When the documents scrutinized in this research were submitted to internal 

criticism, it was determined that they were not created specifically for research purposes 

and therefore may not contain all the necessary data for the study yet, because of the 

nature of these documents, it can be assumed that their veracity was high and the 

  319 



intentions of the authors was to be truthful (Thiru, Hassey, & Sullivan, 2003). Because 

medical records often reflect a health professional’s interpretation of a patient’s 

experiences, they may be subject to bias where observers record only what they think is 

relevant or important. Concerns regarding the subjective nature of the recorded data 

have been assuaged during this research through the collection of research variables that 

are unambiguous. Bias can also be present when the authors of these documents have a 

vested interest in the statistics that are produced. This was not the case during this 

research as the documentation was performed as part of the standard of care and took 

place well before the inception of this study and as such the data collected would not 

suffer from either the Rosenthal or Hawthorne effects (Polgar & Thomas, 1991). 

 

11.2.3.4 Chart review procedures 

The chart review was performed over a one month period by a single data abstractor. 

An Excel spreadsheet was designed specifically (with entry limiting fields) to collect 

data for this research, facilitating the effective and efficient collection of variables 

(Table 11.1).  
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Table 11.1: List of variables collected during chart review, including the type of data 
entered into the spreadsheet, the original location of that data and the rationale behind 
its collection. For pharmacological intervention (Pharma) or surgical intervention (Surg) 
details of the intervention were also collected. Transurethral resection of the prostate 
(TURP), prostate specific antigen (PSA), conformal radiotherapy (CRT), intensity 
modulated radiotherapy (IMRT), volumetric modulated arc therapy (VMAT). 
 

Variable Descriptor Location Rationale 

Intervention 
Categorical 

No / Pharma / 
Surg 

Medical 
chart 

Primary dependent variable, 
collected at last follow-up  

Date of birth Continuous Medical 
chart 

To calculate age at time of follow 
up, known to influence incidence 

of chronic urinary toxicity 
Last follow up 

date Continuous Medical 
chart To calculate follow up length 

Smoking during 
RT 

Categorical 
No / Yes 

Medical 
chart 

May influence incidence of 
chronic urinary toxicity 

Diabetes during 
RT 

Categorical 
No / Yes 

Medical 
chart 

May influence incidence of 
chronic urinary toxicity 

Cardio-vascular 
disease during RT 

Categorical 
No / Yes 

Medical 
chart 

May influence incidence of 
chronic urinary toxicity 

TURP before RT Categorical 
No / Yes 

Medical 
chart 

May influence incidence of 
chronic urinary toxicity 

Hormone therapy 
before or during 

RT 

Categorical 
No / Yes 

Medical 
chart 

May influence incidence of 
chronic urinary toxicity 

Prostate Volume 
before RT Continuous Medical 

chart 
May influence incidence of 

chronic urinary toxicity 
Medication for 

urinary function 
at baseline 

Categorical 
No / Yes 

Radiotherapy 
management 

system 

Indicative of poor baseline 
function, may influence incidence 

of chronic urinary toxicity 
Medication for 

urinary function 
at RT completion 

Categorical 
No / Yes 

Radiotherapy 
management 

system 

Indicative of acute toxicity, may 
influence incidence of chronic 

urinary toxicity 

Radiotherapy 
completion date Continuous 

Radiotherapy 
management 

system 
To calculate follow up length 

T stage and 
Gleason score Interval Medical 

chart For descriptive purposes 

PSA (µg/mL) Continuous Medical 
chart For descriptive purposes 

Radiotherapy 
prescription dose Continuous 

Radiotherapy 
management 

system 
For descriptive purposes 

Radiotherapy 
technique 

Categorical 
CRT / IMRT / 

VMAT 

Radiotherapy 
management 

system 
For descriptive purposes 
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For each patient, the hospital-wide medical chart was accessed using the medical record 

number only. Input error of this seven digit number could have led to the accidental 

opening of the wrong patient chart so, to protect confidentiality and privacy, the list of 

clinic appointments was reviewed before fully opening the chart to confirm that the 

patient had attended the prostate cancer clinic. If this location was not present in the list, 

then the medical record number was corrected before proceeding to the confidential 

data. The documentation of visits to clinics other than cancer clinics was not accessed to 

maintain a high level of patient privacy. In addition, the researcher only reviewed 

entries that were likely to contain the data required for the study and the patients’ charts 

were only reviewed until all the necessary data was found. Similar to the hospital chart, 

the radiotherapy department data management system was accessed using the medical 

record number only. The patient’s radiotherapy schedule was reviewed before fully 

opening the chart, to confirm that the patient had been treated for prostate cancer, 

minimising the possibility of reviewing an incorrect chart. 

 

Post-radiotherapy follow-up appointments took place once per year for each patient 

included in the study. Information regarding the patients’ current urinary function was 

commonly (but not always) included in the clinical documentation for each follow-up 

visit. Unfortunately, that documentation varied in detail from free-text reports of “doing 

well” to “no change over baseline” to RTOG score GU = 0. Some follow-up notes 

contained no documentation of urinary function at all. Documentation of current 

medication was always present for each follow-up visit. The documentation of urinary 

function at the last follow-up visit (i.e. use of any intervention during the preceding 

year) was collected as the primary dependent variable. That follow-up visit must be 

more than three years after completion of radiotherapy. 
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After all the data had been collected, 10% of the data points were randomly selected and 

audited by the same abstractor. Each of these data points was checked against the 

original charted data. This audit was performed at least one week after the original data 

had been collected, with the abstractor blinded to the previously collected data points. 

These chart review procedures were all performed before dose reconstruction, to ensure 

all necessary data was available before the resource-intensive dose reconstruction 

procedures were attempted. In addition, the reconstructed dose was not known at the 

time of chart review, avoiding any undue influence on the selection of cases or 

interpretation of urinary function documentation (Polgar & Thomas, 1991).  

 

11.2.4 Dose Reconstruction 

The planCT scans (2 mm slice thickness; 0 mm gap; 200 mAs; 120 kVp [Toshiba 

AquilionOne]) and the clinical plans from these 66 patients were copied into a treatment 

planning system research directory (Pinnacle, ver. 9.0). These patient files were then de-

identified and the clinical contours deleted. 

 

Based on the findings in Chapter 10, for each patient, every 3rd daily CBCT acquired 

during the entire treatment course (20-40 mA, 10-40 ms, 120 kVp: half scan, S20 

collimator) was exported electronically from XVI (Elekta USA, ver. 4.5) and imported 

into Pinnacle. Once imported, the CBCT was registered to the planCT using the co-

ordinates of the treated isocentre (see Section 8.2.1 for further details). 

 

For each patient, the bladder wall and trigone were contoured. Briefly, OB was 

delineated on the planCT by one observer using model-based segmentation (with 

manual edits across the trigone) (Chapter 4), and that structure was propagated to each 

CBCT. That propagated structure was manually fitted to the CBCT using 3D tools 
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(Chapter 5) by a second observer, and those contours were then reviewed by the first 

observer. The planCT IB surface was delineated three times by the first observer using a 

patient-specific uniform contraction (with manual edits, particularly over the trigone). 

The median volume IB observation was used as the planCT IB surface, and was used to 

generate the IB on CBCT using the predictive equation and a uniform contraction 

(Chapter 6). To define the trigone on the planCT, the planCT bladder wall was 

constrained to a geometric triangular region of interest, with vertices defined by the 

position of the insertion of the two ureters and the urethra for each patient (Chapter 4).  

 

11.2.4.1 PlanCT dose calculation and electronic export 

The clinical plan used to treat the patient was used in this research phase. There was 

some variation in the parameters used during dose calculation, which would preclude 

any meaningful comparison of the results (Rosewall et al., 2014). For the purposes of 

this research therefore, all dose calculation parameters were standardized for all the 

treatment plans considered. These parameters were selected based on previous findings 

described in Chapter 7. Briefly, the CCCS algorithm for heterogeneous dose calculation 

was used with a 1.5 mm3 increment dose grid which covered the entire bladder on all 

images with dose interpolation performed between the centres of the 1 mm3 voxels. No 

other treatment plan parameters were changed, and monitor units, beam weights and 

prescription point doses were all locked before recalculation. Using the above 

calculation parameters, the dosimetry of the clinical plan was recalculated for each 

patient. After the recalculation of dose, the treatment plans were saved and the 

following files were exported electronically from Pinnacle via standard DICOM transfer 

protocols to a windows-based desktop computer: 

• The delineated volumes were converted to 2D mask files and exported. 

• The DICOM header file for the primary image set was exported. 
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• The DICOM header and image file for the dose distribution(s) were exported. 

 

11.2.4.2 Deformation matrices and dose mapping 

Deformable registration procedures were performed as described in Chapter 8. Briefly, 

all study volumes were converted to 3D meshes and shrink-wrapped with a maximum 

element size of 0.4 cm. The elements on the primary surface (planCT) were mapped to 

the elements on the secondary surface (each of the CBCT, individually). Material 

properties were then assigned (Ε 10 kPa; ν 0.499) (Chi, Liang, & Yan, 2006). Using 

LEM/FEA, the transformation of each primary surface element was determined using 

the elements of the secondary surfaces as boundary conditions. The planCT trigone was 

categorized as a ‘zone’ within the bladder wall, and was transformed synchronously 

with the planCT surfaces. These transformations were used to create a 3D deformation 

matrix. 

 

Dose mapping procedures were performed as described in Chapter 9. Briefly, the 

planCT dose distribution was reconstructed in 3D, relative to the primary (planCT) 

meshes. The location of the centroid of each tetrameshed element for the planCT 

meshes was used to look up the dose at that point in the dose distribution. When the 

centroid doses of each element were combined, a DVH for the organ-of-interest at the 

planCT position was created. This DVH was considered the planning DVH.  

 

Using the deformation matrices created above, the location of the centroid of each 

element in the planCT structures was projected to its position on each CBCT and the 

dose to the centroid of each element calculated in that new (CBCT) position. The daily 

dose to each element was summed individually to create the total element dose. Then 
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the total element doses were summed to create a DVH that incorporated the dosimetric 

effect of organ motion. This DVH was considered the reconstructed DVH. 

 

When radiotherapy was delivered in multiple consecutive phases, the dose for each 

phase was reconstructed individually with appropriate assignment of images based on 

their position in the treatment course. After the delivered dose to each phase was 

reconstructed, the total dose for each element was calculated by summing the total 

element dose from each phase. Only then was the total element doses summed to create 

a DVH for the entire treatment course.  

 

11.2.5 Data Analysis 

It must be acknowledged that seven controls were lost to the study during dose 

reconstruction procedures. For four patients, the placement of the isocentre was not 

saved during clinical image-guidance procedures and thus, the position of the isodoses 

relative to the bladder at the time of treatment could not be reproduced. For three 

patients, a two-phase treatment approach was used that employed two different 

planCTs, thus the plans and contoured volumes had different spatial co-ordinates and 

the plans could not be summed. These seven controls were each matched to seven 

different cases, therefore each case still had one control available for comparison and 

could be retained in the analysis (Altman, 1997).  

 

The dosimetric output files from the LEM/FEA dose reconstruction procedures were 

imported directly into Excel for analysis. The bladder wall DVHs were binned into 10 

cGy or 1 cm3 bins for analysis, depending on the parameter of interest. Trigone DVHs 

were binned into 0.1 cm3 bins, due to the small volume and high dose gradient across 

this structure (see Section 4.3.3). To explore the effect of including the urine in the 
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‘bladder’ DVHs when attempting to find an association with toxicity, the planDose 

DVH was also calculated for the outer bladder contours as a solid structure. 

 

Categorical variables were reported as frequencies and percentages. Continuous 

variables were described as means and standard deviations, along with median values 

and inter-quartile ranges where appropriate. Statistical significance was reported using 

Chi-Square or Fisher Exact Test for categorical variables, and Mann-Whitney U Test or 

Wilcoxon Signed Rank Test for continuous data. The coefficient of determination (R2) 

was used to describe relationships between the DVH parameters (Altman, 1997). 

 

Because of the high degree of co-linearity of values across the DVHs, principal 

component analysis (PCA) was performed separately on the DVHs for bladder wall 

(planned and reconstructed) and trigone (planned and reconstructed) (Dawson et al., 

2005). PCA can be used to exclude some of the low-variance principal components in 

the regression step, substantially lowering the effective number of parameters 

considered in the model to avoid over-fitting (van der Schaaf et al., 2012).  

 

The first two principal components were entered into a multivariable logistic regression 

model along with significant variables from the univariate analysis. The odds ratio (OR) 

(with 95% confidence limits) was used to describe the effect of dose on the risk of 

urinary toxicity (Fletcher et al., 1996). Once a significant PCA DVH effect was 

confirmed, multiple multivariate regression scenarios were modelled for individual 

bladder wall volumes within the significant PCA range. Statistical significance was 

considered as p <0.05. All statistical analyses were performed with SAS ver. 9.3 or R 

ver. 3.1.0. 
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11.3 RESULTS 

All study procedures were completed as planned for 22 cases and 37 controls, every 

patient record contained 100% of the variables of interest. Overall median length of 

follow-up was 52 months (range 23 to 98 months) from completion of radiotherapy. 

Median follow-up length was 50 months for the cases and 52 months for the controls. 

IMRT was used for 49 patients, VMAT was used for eight patients and the remaining 

two were irradiated using CRT. Ten patients received 2-phase treatment plans (five 

cases and five controls), irradiating the prostate ± regional lymph nodes. Mean 

prescription dose was 77.6 Gy (range 66 Gy to 79.8 Gy), with no differences between 

the cases and controls (p 0.41). The remaining host, disease and treatment 

characteristics are summarized in Table 11.2. 

 

At the time of the chart review, 18 of the 22 cases were receiving a pharmacological 

intervention to alleviate symptoms of chronic urinary dysfunction (Tamsulosin 

hydrochloride, an alpha-1 adrenoceptor blocking agent). The remaining four cases had 

received urethral dilation for obstructive symptoms. Cases were significantly more 

likely to have received a pharmacological intervention at the completion of radiotherapy 

than the controls (82% vs. 32%; p <0.001), an indicator of increased acute urinary 

toxicity. Rates of pharmacological intervention at baseline were similar however (27% 

vs. 14%; p 0.30). 
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Table 11.2: Host, disease and treatment characteristics for the entire research sample 
and for the controls and cases individually. Categorical data presented as absolute 
numbers (percentages). Continuous data presented as means (standard deviations). p-
value indicates differences between the cases and the controls. 
 

COVARIATE 
Entire 

Sample 
n = 59 

Controls 
n = 37 

Cases 
n = 22 p-value 

AGE (years) 
 Mean (sd) 

           Range 

 
76 (7) 
53 – 88 

 
75 (7) 
53 – 88 

 
76 (7) 
54 – 88 

0.48 

SMOKING 
 N 
 Y 

 
54 (92%) 
5 (8%) 

 
32 (86%) 
5 (14%) 

 
22 (100%) 
0 (0%) 

0.15 

DIABETES 
 N 
 Y 

 
46 (78%) 
13 (22%) 

 
28 (76%) 
9 (24%) 

 
18 (82%) 
4 (18%) 

0.75 

CARDIOVASCULAR 
DISEASE 
 N 
 Y 

 
 
29 (49%) 
30 (51%) 

 
 
19 (51%) 
18 (49%) 

 
 
10 (45%) 
12 (55%) 

0.79 

T STAGE 
T1 
T2 
T3 

 
(61%) 
(36%) 
(3%) 

 
(68%) 
(30%) 
(3%) 

 
(50%) 
(45%) 
(5%) 

0.41 

GLEASON SCORE 
6 
7 

8 & 9 

 
(22%) 
(63%) 
(15%) 

 
(24%) 
(65%) 
(11%) 

 
(18%) 
(59%) 
(23%) 

0.43 

SERUM PSA (µg/mL) 
Mean (sd) 

 
11.6 (8.4) 

 
11.3 (7.9) 

 
12.1 (9.2) 

0.73 

PROSTATE VOL (cm3) 
 Mean (sd) 

 
51 (24) 

 
49 (20) 

 
54 (30) 

0.65 

TURP 
 N 
 Y 

 
54 (92%) 
5 (8%) 

 
33 (89%) 
4 (11%) 

 
21 (95%) 
1 (5%) 

0.64 

HORMONE THERAPY 
 N 
 Y 

 
41 (69%) 
18 (31%) 

 
26 (70%) 
11 (30%) 

 
15 (68%) 
7 (32%) 

1.00 

MEDICATION AT 
BASELINE 
 N 
 Y 

 
 
48 (81%) 
11 (19%) 

 
 
32 (86%) 
5 (14%) 

 
 
16 (73%) 
6 (27%) 

0.30 

MEDICATION AT RT 
COMPLETION 
 N 
 Y 

 
 
29 (49%) 
30 (51%) 

 
 
25 (68%) 
12 (32%) 

 
 
4 (18%) 
18 (82%) 

<0.001 
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Overall the mean planCT OB volume was 296 cm3, ranging from 72 to 738 cm3. The 

mean planCT OB volume tended to be smaller for the cases than the controls, but not 

significantly so (293 cm3 vs. 300 cm3; p 0.61). In accordance with the previous research 

phases, bladder filling volumes were significantly smaller during treatment than the 

planCT OB volume (mean 193 cm3; range 36 to 709 cm3; p 0.0001) (Figure 11.2). 

Mean pairwise differences between the planCT OB volume and the CBCT OB volume 

were 93 cm3 smaller for the cases and 115 cm3 smaller for the controls (p 0.65). 

 

 

Figure 11.2: Box and whisker plot of bladder filling variation during treatment for all 
patients (n = 59), just the cases (n = 22) and just the controls (n = 37). Box indicates 
interquartile range, whiskers indicate maximum and minimum values, black crosses 
indicates median treatment volume. Red line indicates median planCT volume. 
 

Those systematic differences in OB volume resulted in systematic differences between 

bladder wall planDose and reconDose (Figure 11.3). For the cases, the bladder wall 

reconDose was statistically significant higher than the planDose at doses below 65 Gy 

(p <0.02). The differences between planDose and reconDose for the cases were +23 Gy 

at planDose of 10 Gy, +12 Gy at 30 Gy planDose, +9 Gy at 50 Gy planDose, <5 Gy at 
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planDoses 65 Gy and above. For the controls, the bladder wall reconDose was 

statistically significantly higher than the planDose at all dose levels below 78 Gy (p 

<0.002). At planDose of 10 Gy, reconDose was +16 Gy, then +15 Gy at 30 Gy 

planDose, +14 Gy at 50 Gy planDose, +10 Gy at 60 Gy planDose, <5 Gy at planDoses 

70 Gy and above. 
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Figure 11.3: Box and whisker plot of planned versus reconstructed bladder wall dose for 
cases (top, n = 22) and controls (bottom, n = 37). Box indicates interquartile range, 
whiskers indicate maximum and minimum values, black crosses indicates median 
reconstructed dose. Red line indicates agreement with planDose. 
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When each patient was considered individually, reconDose was substantially higher 

than planDose for the majority of patients (Figure 11.4). For a planDose of 60 Gy, 

reconDose varied from 41 to 78 Gy. Similarly, for a planDose of 40 Gy, reconDose 

varied from 27 to 74 Gy. No pattern of differences between the cases and controls could 

be discerned. 

 

 

Figure 11.4: Histogram of bladder wall dose for 59 prostate patients. Planned dose on x-
axis and reconstructed dose on y-axis. Each curve represents one patient. Red curves 
indicate cases (n 22), green curves indicate controls (n 37). Black line indicates absolute 
agreement between planned and reconstructed dose. 
 

Points across the bladder wall planDose and reconDose DVHs were significantly 

correlated with other points on the curve (Figure 11.5). For example, those patients with 

a high planDose V10Gy, also had a high planDose V65Gy (R2 0.6). PlanDose V10Gy 
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to V45Gy were highly correlated with other planDose values within that range (R2 

>0.8). V50Gy to V65Gy also displayed near-perfect correlation (R2 >0.8). Only 

planDose volumes greater than 70 Gy were not correlated with other points on the 

curve. The pattern of correlation was only slightly different for reconDose DVHs. 

Volumes within reconDose from 10 Gy to 50 Gy were highly correlated with other 

reconDose values within that range (R2 >0.8). V50Gy to V65Gy also displayed near-

perfect correlation (R2 >0.8). Only reconDose volumes greater than 70 Gy were not 

correlated with other points on the curve. When comparing planDose and reconDose 

DVHs, reconDose V10Gy to V50Gy were highly correlated with planDose V5Gy to 

V60Gy (R2 >0.5). PlanDose over 70 Gy was not correlated with any other reconDose 

parameters. ReconDose over 60 Gy was not correlated with any other planDose 

parameters. 
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Figure 11.5: Correlation matrix of bladder wall volumes within specific isodose levels. 
Top left, correlation of planned doses across the full DVHs (n = 59). Top right, 
correlation of reconstructed doses (n = 59). Bottom, correlation of planned dose to 
reconstructed dose for all patients (n = 59). Cells highlighted in green indicate R2 
between 0.5 and 0.8. Cells highlighted in red indicate R2 greater than 0.8. 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000

0 1.0 0.7 0.5 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.0 0.0 0.0

500 0.7 1.0 0.8 0.7 0.7 0.6 0.6 0.6 0.5 0.6 0.6 0.6 0.6 0.6 0.1 0.1 0.0

1000 0.5 0.8 1.0 1.0 0.9 0.9 0.8 0.8 0.8 0.8 0.8 0.8 0.7 0.6 0.1 0.1 0.0

1500 0.4 0.7 1.0 1.0 1.0 1.0 0.9 0.9 0.8 0.8 0.8 0.8 0.7 0.6 0.1 0.0 0.0

2000 0.4 0.7 0.9 1.0 1.0 1.0 1.0 0.9 0.9 0.9 0.8 0.8 0.7 0.6 0.1 0.0 0.0

2500 0.3 0.6 0.9 1.0 1.0 1.0 1.0 1.0 0.9 0.9 0.9 0.8 0.7 0.6 0.1 0.0 0.0

3000 0.3 0.6 0.8 0.9 1.0 1.0 1.0 1.0 1.0 0.9 0.9 0.8 0.6 0.6 0.1 0.0 0.0

3500 0.3 0.6 0.8 0.9 0.9 1.0 1.0 1.0 1.0 1.0 0.9 0.8 0.7 0.6 0.1 0.0 0.0

4000 0.3 0.5 0.8 0.8 0.9 0.9 1.0 1.0 1.0 1.0 0.9 0.8 0.7 0.6 0.2 0.1 0.0

4500 0.3 0.6 0.8 0.8 0.9 0.9 0.9 1.0 1.0 1.0 0.9 0.8 0.7 0.7 0.2 0.1 0.0

5000 0.4 0.6 0.8 0.8 0.8 0.9 0.9 0.9 0.9 0.9 1.0 1.0 0.9 0.8 0.2 0.1 0.0

5500 0.4 0.6 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 1.0 1.0 1.0 0.9 0.2 0.1 0.0

6000 0.4 0.6 0.7 0.7 0.7 0.7 0.6 0.7 0.7 0.7 0.9 1.0 1.0 1.0 0.3 0.2 0.0

6500 0.4 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.8 0.9 1.0 1.0 0.4 0.3 0.0

7000 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.3 0.4 1.0 0.8 0.1

7500 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1 0.2 0.3 0.8 1.0 0.2

8000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 1.0
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0 1.0 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.0 0.0 0.0

500 0.3 1.0 0.9 0.8 0.8 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.6 0.1 0.0 0.0

1000 0.2 0.9 1.0 1.0 1.0 1.0 0.9 0.9 0.9 0.8 0.8 0.7 0.6 0.6 0.1 0.0 0.0

1500 0.2 0.8 1.0 1.0 1.0 1.0 1.0 0.9 0.9 0.8 0.7 0.7 0.6 0.5 0.1 0.0 0.0

2000 0.2 0.8 1.0 1.0 1.0 1.0 1.0 0.9 0.9 0.8 0.7 0.7 0.6 0.5 0.1 0.0 0.0

2500 0.2 0.8 1.0 1.0 1.0 1.0 1.0 1.0 0.9 0.9 0.7 0.7 0.6 0.5 0.1 0.0 0.0

3000 0.2 0.8 0.9 1.0 1.0 1.0 1.0 1.0 1.0 0.9 0.8 0.7 0.6 0.5 0.1 0.0 0.0

3500 0.2 0.8 0.9 0.9 0.9 1.0 1.0 1.0 1.0 1.0 0.8 0.7 0.6 0.5 0.1 0.0 0.0

4000 0.2 0.7 0.9 0.9 0.9 0.9 1.0 1.0 1.0 1.0 0.8 0.7 0.6 0.5 0.2 0.0 0.0

4500 0.2 0.7 0.8 0.8 0.8 0.9 0.9 1.0 1.0 1.0 0.8 0.7 0.6 0.5 0.1 0.0 0.0

5000 0.3 0.7 0.8 0.7 0.7 0.7 0.8 0.8 0.8 0.8 1.0 0.9 0.9 0.8 0.2 0.1 0.0

5500 0.3 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.9 1.0 1.0 0.9 0.2 0.1 0.0

6000 0.3 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.9 1.0 1.0 1.0 0.2 0.1 0.0

6500 0.3 0.6 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.8 0.9 1.0 1.0 0.2 0.2 0.0

7000 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.2 1.0 0.8 0.1

7500 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.2 0.8 1.0 0.2

8000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 1.0
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500 0.7 0.6 0.4 0.4 0.4 0.4 0.3 0.3 0.3 0.4 0.4 0.5 0.5 0.5 0.0 0.0 0.0

1000 0.5 0.7 0.6 0.6 0.6 0.6 0.6 0.6 0.5 0.5 0.6 0.6 0.6 0.5 0.0 0.0 0.0

1500 0.4 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.6 0.6 0.6 0.6 0.6 0.5 0.0 0.0 0.0

2000 0.4 0.7 0.7 0.8 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.6 0.6 0.5 0.0 0.0 0.0

2500 0.3 0.7 0.8 0.8 0.8 0.8 0.8 0.8 0.7 0.7 0.7 0.6 0.6 0.5 0.1 0.0 0.0

3000 0.3 0.7 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.7 0.6 0.6 0.5 0.1 0.0 0.0

3500 0.3 0.6 0.7 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.7 0.6 0.5 0.5 0.1 0.0 0.0

4000 0.3 0.6 0.7 0.7 0.7 0.8 0.8 0.8 0.8 0.8 0.7 0.6 0.5 0.5 0.1 0.0 0.0

4500 0.3 0.6 0.6 0.7 0.7 0.7 0.7 0.7 0.8 0.8 0.7 0.6 0.5 0.5 0.1 0.0 0.0

5000 0.4 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.7 0.6 0.6 0.6 0.0 0.0 0.0

5500 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.6 0.6 0.5 0.0 0.0 0.0

6000 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.5 0.5 0.5 0.0 0.0 0.0

6500 0.4 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.4 0.4 0.4 0.0 0.0 0.0

7000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.0

7500 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.0

8000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6
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Variation in bladder wall filling had a dosimetric effect on trigone dose (Figure 11.6). 

For the cases, the trigone reconDose tended to be higher than the planDose at doses 

between 65 Gy and 76 Gy, but not significantly so (p >0.28). The differences between 

planDose and reconDose for the cases were +10 Gy at planDose of 65 Gy, +6 Gy at 70 

Gy planDose, <5 Gy at planDose 72 Gy and above. For the controls, the trigone 

reconDose was statistically significantly higher than the planDose at all dose levels 

above 30 Gy (p <0.02). At planDose of 30 Gy, reconDose was +26 Gy, then +17 Gy at 

50 Gy planDose, +9 Gy at 65 Gy planDose, +5 Gy at 70 Gy planDose, <5 Gy at 

planDoses 72 Gy and above. 
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Figure 11.6: Box and whisker plot of planned versus reconstructed trigone dose for 
cases (top, n = 22) and controls (bottom, n = 37). Box indicates interquartile range, 
whiskers indicate maximum and minimum values, black crosses indicates median 
reconstructed dose. Red line indicates agreement with planDose. 
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During univariate analysis, no significant differences between the cases and the controls 

were identified for either trigone reconDose or planDose (Figure 11.7). Mean 

reconDose V47Gy was 3.6 cm3 (sd 1.6 cm3) with no significant differences between the 

cases and the controls (p 0.81). Similarly, planDose V47Gy was 3.5 cm3 (sd 1.6 cm3) 

with no differences between the cases and controls (p 0.67). For trigone, planDose 

V78Gy was 1.9 cm3 (sd 1.2 cm3) and reconDose V78Gy was 1.8 cm3 (sd 1.3 cm3), with 

no differences between the cases and controls (p 0.73 and 0.56, respectively). 

 

Figure 11.7: Univariate analysis of trigone volumes in various isodose regions. Bars 
indicate mean volume, error lines indicate ± 1 standard error. Top figure X-axis in 
reconstructed dose. Bottom figure X-axis in planned dose. 
 

During univariate analysis, no significant differences between the cases and the controls 

were identified for solid bladder planDose across the whole DVH curve (Figure 11.8). 

The planDose mean V78Gy was 10.3 cm3 (sd 6.8 cm3), V65Gy was 43.9 cm3 (19.8 
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cm3) and V30Gy was 115.3 cm3 (74.4 cm3) with no differences between the cases and 

controls (p 0.53, 0.14 and 0.2, respectively). 

 

Figure 11.8: Univariate analysis of solid bladder planDose volumes in various isodose 
regions. Bars indicate mean volume, error lines indicate ± 1 standard error.  
 

 

Univariate analysis of the bladder wall DVH volumes yielded significant differences 

between the cases and controls at various points across the planned and reconstructed 

DVHs (Figure 11.9). The mean bladder wall reconDose V35Gy (35cm3 vs. 26 cm3; p 

0.043), V45Gy (28 cm3 vs. 20 cm3; p 0.047) and V50Gy (24 cm3 vs. 18 cm3; p 0.047) 

were all significantly higher for the cases than for the controls. Mean reconDose from 

V10Gy to V65Gy tended to be higher for the cases, but not significantly so (33 cm3 (sd 

16 cm3) vs. 26 cm3 (sd 10 cm3); p 0.082). Mean planDose from V10Gy to V65Gy was 

significantly higher for the cases than the controls (26 cm3 (sd 15 cm3) vs. 20 cm3 (sd 10 

cm3); p 0.032). 
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Figure 11.9: Univariate analysis of bladder wall volumes in various isodose regions. 
Bars indicate mean volume, error lines indicate ± 1 standard error. Top figure X-axis in 
reconstructed dose. Bottom figure X-axis in planned dose.  * indicates p <0.05. 
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During principal component analysis (PCA), scree plots (Figure 11.10) indicated that 

two principal components described the variance across the DVHs for up to 92% of the 

bladder wall reconDose and up to 90% for bladder wall planDose. In both instances, the 

first principal component (PC 1) increased as the volume of bladder wall within the 10-

65 Gy region increased. All volume parameters across that range were correlated with 

PC 1 to the same degree, and the correlation was not driven by any one particular dose 

bin. 

 

 

Figure 11.10: Scree plots of the 0 to 15 principal components used to describe the 
variance across bladder wall reconDose DVHs (right) and planDose DVHs (left). X-
axis indicates the individual principal components. Y-axis indicates the proportion 
(solid line) or cumulative (dashed line) DVH variance described with each principal 
component. 
 

Those principal components were entered into separate multivariable logistic regression 

models to identify relationships between the use of intervention and bladder wall 

reconDose or bladder wall planDose, along with the other significant co-variates 

identified during univariate analysis (Medication at RT completion, p <0.001). PCA 

was similarly performed for trigone reconDose DVHs and trigone planDose DVHs, 

yielding two principal components that described 95% and 96% of the DVH variance. 
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These variables were also added to logistic regression models with “Medication at RT 

completion”. Table 11.3 summarizes the findings for those “whole DVH” models. 

 

Table 11.3: Results of four individual multivariate logistic regression models for whole 
DVH curve. Bladder Wall (BW). Trigone (Trig). Principal component (PC). 
 

Model Variable Odds Ratio 95% Confidence 
Interval p-value 

BW 
reconDose 

Medication at RT 
completion 14.6 3.02 – 71.1 0.0009 

 PC 1 1.3 1.02 – 1.7 0.037 
 PC 2 0.72 0.44 – 1.2 0.19 
     
BW 
planDose 

Medication at RT 
completion 12.9 2.9 – 57.4 0.0007 

 PC 1 1.3 1.02 – 1.6 0.035 
 PC 2 0.96 0.64 – 1.44 0.84 
     
Trig 
reconDose 

Medication at RT 
completion 11.36 2.9 – 44.0 0.0004 

 PC 1 0.97 0.79 – 1.2 0.77 
 PC 2 0.67 0.38 – 1.2 0.18 
     
Trig 
planDose 

Medication at RT 
completion 9.4 2.6 – 34.7 0.0008 

 PC 1 1.02 0.85 – 1.2 0.87 
 PC 2 0.85 0.49 – 1.5 0.57 

 

Consistent with the findings from the univariate analysis, neither the planned nor the 

reconstructed trigone DVHs were significantly associated with the frequency of 

intervention use. Conversely, both planned and reconstructed bladder wall DVHs were 

significantly independently associated with the incidence of intervention use. 

Incremental increases in the bladder wall DVH first principal components (PC 1) 

resulted in a 30% increase in the odds of intervention use. 

 

Following this “whole curve” analysis, the individual volumetric relationships were 

pursued for discrete regions of the bladder wall DVHs that were found to be significant 
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during univariate analysis (Table 11.4). Each increase of 1 cm3 in bladder wall 

reconDose V35Gy to V50Gy was associated with a 6% increase in the odds of receiving 

an intervention to alleviate radiation-induced urinary dysfunction (OR 1.06 per cm3; p 

0.03). Similar significant increases in the odds of receiving an intervention were seen 

for bladder wall planDose V15Gy to V30Gy (4% per cm3; p 0.05), V35Gy to V50Gy 

(7% per cm3; p 0.03) and V55Gy to V65Gy (19% per cm3; p 0.04). 

 

Table 11.4: Results of four individual multivariate logistic regression models for partial 
bladder wall DVH curve.  
 

Model Variable Odds Ratio 95% Confidence 
Interval p-value 

reconDose 
35 to 50Gy 

Medication at RT 
completion 12.03 2.82 – 51.26 0.0008 

 reconDose 
(35-50Gy) 1.06 1.01 – 1.12 0.0295 

     
planDose 
35 to 50Gy 

Medication at RT 
completion 13.29 3.00 – 58.93 0.0007 

 planDose 
(35-50Gy) 1.07 1.01 – 1.14 0.0329 

     
planDose 
15 to 30Gy 

Medication at RT 
completion 13.02 2.99 – 56.68 0.0006 

 planDose 
(15-30Gy) 1.04 1.00 – 1.09 0.0482 

     
planDose 
55 to 65Gy 

Medication at RT 
completion 10.39 2.55 – 42.35 0.0011 

 planDose 
(55-65Gy) 1.19 1.01 – 1.39 0.0408 

 

To illustrate the effect of the volume of bladder wall receiving doses between 35 Gy 

and 50 Gy, the bladder wall volume receiving that dose range was calculated for each 

patient. Quartiles were calculated for those per-patient values, and all patients were then 

grouped into one of those quartiles. The proportion of cases to controls was then 

calculated for each volume quartile (Figure 11.11). For reconDose, of the patients with 

V35-50Gy less than 16 cm3 only 25% were cases, but for V35-50Gy more than 29 cm3, 
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50% were cases. For planDose, of the patients with V35-50Gy less than 12 cm3 only 

8% were cases, whereas for V35-50Gy more than 21 cm3, 54% were cases.  

 

 
 
 Figure 11.11: Bar chart of the proportion of cases and controls within each bladder wall 
volume quartile in the V35Gy to V50Gy region of reconDose (top) and planDose 
(bottom). Volumes in cm3. 
 
 

Both planDose and reconDose V35-50Gy were significantly associated with the 

incidence of chronic urinary toxicity, which may be explained by a very high degree of 
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correlation between those variables. Correlation does not imply equality however, and 

Figure 11.12 illustrates this issue. The V35-50Gy for reconDose was systematically 

higher than for planDose (mean 25.2 cm3 vs. 19.7 cm3; p<0.0001). Mean per-patient 

pairwise differences in V35-50Gy were 5.6 cm3, but differences between individual 

patients ranged from 8.8 cm3 smaller for reconDose to 26.8 cm3 larger for reconDose. 

 

 

Figure 11.12: Scatter plot of the volume of bladder wall reported to be receiving 35 to 
50Gy for 59 patients. Volume for planDose on x-axis, volume for reconDose on y-axis. 
Solid black line indicates absolute agreement between the volumes reported. 
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11.4 DISCUSSION 

The discussion herein will compare the findings of this chapter to the findings from 

published studies evaluating similar endpoints. Additional discussion of findings from 

this chapter, in context with new knowledge generated in other chapters of this thesis, 

can be found in Chapter 12. 

 

This phase of the research identified significant independent associations between 

chronic urinary toxicity following external beam radiotherapy (defined as the use of an 

intervention to alleviate urological symptoms) and the volume of bladder wall receiving 

reconstructed doses between 35 Gy and 50 Gy. This is the first study to find a 

significant relationship between reconstructed bladder dose and chronic urinary toxicity. 

Although it is in need of prospective confirmatory evidence, this finding has important 

clinical ramifications. Firstly, precise links between portions of the bladder 

reconstructed DVH curve and the incidence of chronic urinary toxicity will improve our 

ability to predict post-radiotherapy toxicity (Holscher, Bentzen, & Baumann, 2006). 

Secondly, the location of the important region of the DVH curve makes it actionable 

information. Specifically, high-dose regions of the DVH are dependent only on the 

overlap of the PTV with the organ-of-interest, whereas mid-dose regions are amenable 

to manipulation through the use of intensity modulation (Haycocks, Mui, Alasti, & 

Catton, 2000; Huang et al., 2008). Thus, not only does this information take the first 

step towards predicting post-radiotherapy urinary toxicity, it also has the potential to 

allow us to minimize the risk for some. 

 

Only one other study has attempted to link reconstructed dose with chronic urinary 

toxicity (Thor et al., 2013). Thor et al. (2013) calculated bladder dose by summing 

bladder DVHs from bi-weekly images, and described chronic toxicity using the RTOG 
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scale for a cohort of 38 patients. That cohort consisted of prostate cancer patients, 

irradiated using IMRT to prescription doses similar to those presented herein. They 

evaluated “motion inclusive” DVHs for bladder walls delineated using a 3 mm 

contraction from the outer surface, but were unable to find any significant associations 

with G2+ chronic urinary toxicity. Associations were reported between toxicity and 

motion inclusive V19Gy, and V65Gy, but wide OR confidence limits that crossed the 

1.0 level negated the significance of the finding (Altman, 1997). Section 2.5.2.4 

contains a full critique of the design features of this study, but there are several major 

differences between the study herein and the one by Thor et al. (2013) which may have 

prevented them from finding a relationship between reconstructed dose and toxicity 

similar to the one found herein. Firstly, the images used to calculate the motion-

inclusive DVHs were not acquired at the actual time of treatment delivery and therefore 

were not the actual delivered dose. Alternatively, the authors freely admit that their 

analysis was fatally hampered by the inclusion of only seven patients with adverse 

events, resulting in inadequate statistical power (Bland, 2003).  

 

This phase of the research also found that three planDose DVH regions were 

significantly associated with the use of an intervention to alleviate urological symptoms 

following radiotherapy. The impact of changes in the bladder wall volume receiving 

between planDose 15Gy and 30Gy was small. Although the impact of planDose V55-

65Gy was larger, the confidence intervals overlapped with 1.0 (i.e. no increase in risk) 

negating its clinical significance (Altman, 1997). Similar to reconDose, 1 cm3 increases 

in planDose V35-50Gy were associated with 7% increase in the use of intervention. 

Although the association of urinary toxicity and planDose values in this range has been 

investigated by many researchers (Chen et al., 2007; Harsolia et al., 2007; Pederson, 

Fricano, Correa, Pelizzari, & Liauw, 2012; Pinkawa et al., 2006; Skala et al., 2007), 
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there are no similar associations published in the literature. All but one of these studies 

defined the bladder as a solid structure, and as demonstrated in this research, this fatally 

confounds the analysis of dose to the functional bladder tissue by including the dose to 

the urine. Skala et al. (2007) was the only study to delineate the bladder as a hollow 

structure, although they truncated those contours superiorly, this would not have 

affected the reporting of doses in the 35-50Gy range (Chapter 4). They also used 

bladder filling instructions and daily image guidance to the prostate, and thus stood the 

best chance of the planDose being a good surrogate for reconDose. Unfortunately, 

challenges to data validity associated with collecting subjective indicators of urinary 

toxicity, and then aggregating and dichotomizing those patient reports into an RTOG 

score likely masked any associations with dose (Bentzen et al., 2003; Jackson et al., 

2010; Rosewall et al., 2010).  

 

Common sense dictates that it must be the delivered dose that is the major causative 

factor for urinary toxicity after radiotherapy, thus the significance of the planDose 

parameters was likely due to the correlation between the reconstructed doses and 

planned doses. In fact, given the high degree of correlation between reconDose and 

planDose reported herein, it would have been suspicious if no association between 

planDose and toxicity was found. At doses above 65 Gy, planDose was no longer 

correlated with reconDose, and no significant associations between planDose and 

toxicity were seen above that dose, supporting the theory that planDose was only 

important because it was correlated with reconDose. The association between chronic 

urinary toxicity and planDose V35-50Gy (albeit only as a surrogate for reconDose V35-

50Gy), actually increases the clinical usefulness of the study findings, as after 

prospective confirmation, these parameters could be incorporated into standard planning 

procedures to limit the volume receiving that dose range. Figure 11.13 demonstrates 
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that it is possible to reduce the volume of the bladder wall in that dose region during 

pre-treatment planning, which also produces a reduction in the reconstructed bladder 

wall dose. Whether those volume reductions would actually result in a commensurate 

reduction in the incidence of urinary toxicity following radiotherapy would need to be 

confirmed in a prospective randomized, controlled trial however.  

 

 

Figure 11.13: Bladder wall DVHs for a single patient. Blue curves indicate original 
planning technique for planDose (solid line) and reconDose (dashed line). Red curves 
indicate replanned dosimetry with a reduction of planDose V35-50Gy and reconDose 
V35-50Gy using low priority maximum volume dose constraints at 50Gy and 30Gy.  
 

It must be acknowledged that this research has only established these correlations 

between planDose and the clinically significant reconDose parameters for the planning, 

image-guidance and bladder preparatory techniques employed herein. Changes to any 

of those clinical protocols may well change the correlations between planDose and 

reconDose (Yorke, Kutcher, Jackson, & Ling, 1993), impacting on the region of the 

planned DVH that is correlated to the clinically significant reconDose parameters. Thus, 
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a finding specific to the research sample was the association between planned dose and 

toxicity, but the generalizable association was between reconstructed dose and toxicity. 

 

This study found no relationship between urinary toxicity and either reconDose or 

planDose for the trigone. Only two other studies have presented information on the 

relationship between trigone dose and subsequent chronic urinary toxicity (Ghadjar et 

al., 2014; Heemsbergen et al., 2010). Ghadjar et al. (2014) found that those patients that 

received trigone planDose of 86 Gy or more were at greater risk of developing urinary 

toxicity (quantified using IPSS). None of the patients evaluated herein received that 

magnitude of dose to the trigone, and thus this study can neither confirm nor refute the 

findings by Ghadjar et al. (2014). Based on the comparison between trigone planDose 

and reconDose herein, it is possible to state that the ultra-high trigone planned doses 

used by Ghadjar et al. (2014) would not be significantly influenced by bladder filling 

changes. Thus, the planDose used in their analysis was a good approximation of the 

dose actually received by the trigone, perhaps contributing to their ability to find a 

relationship with toxicity. Heemsbergen et al. (2010) used a planDose point (positioned 

2 cm superior to the insertion of the urethra) to quantify the trigone dose, and found that 

patients who received more than 47 Gy to that point were more likely to experience 

urinary obstruction. As the position of the superior aspect of the trigone varies 

substantially between patients, how this point relates to trigone dose is difficult to 

discern. It is more likely that value was significant only because it was correlated with 

the V80Gy in that research.  

 

An important secondary finding from this research was that use of medication at the 

completion of radiotherapy was significantly independently associated with the odds of 

receiving an intervention four years after the completion of radiotherapy (OR 12.0; p 
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0.0008). “Medication at RT completion” was selected as an indicator of acute toxicity, 

which was consistent with the definition of chronic urinary toxicity used in this study. 

The presence of acute toxicity has often been found to be a precursor of chronic toxicity 

(Barnett et al., 2011; Feng et al., 2007; Heemsbergen et al., 2010; Jereczek-Fossa et al., 

2010). This “consequential effect”, is thought to be most pronounced in tissues where 

the surface is subject to mechanical or chemical stress, such as the bladder (Dörr, 2002). 

Unfortunately, investigations of the consequential effect are fraught with 

methodological difficulties, where the acute and chronic effects may simply be 

dependent on the same treatment or host characteristics (Bentzen & Overgaard, 1994). 

Its existence has been strongly refuted by some (Schultheiss et al., 1995), but the 

presence of this process has been indirectly supported for the urinary bladder through 

the reduction of chronic effects by early pharmacological repair of the GAG layer 

(Dörr, 2002). The presence of this significant effect highlights the need to include 

radiotherapy dose as a covariate in multi-variable models that include host, disease and 

other treatment factors. As noted above, radiotherapy dose to the functional tissue is one 

of many factors that can increase the likelihood of an individual experiencing chronic 

urinary dysfunction (Bentzen et al., 2010; Bentzen et al., 2003) and the dose/toxicity 

literature often suffers from poor consideration of this issue, where researchers attempt 

to explain the variation of toxicity incidence in a cohort by dosimetric means alone 

(Fleming, Kelly, Thirion, Fitzpatrick, & Armstrong, 2011; Pederson et al., 2012; Skala 

et al., 2007; Thor et al., 2013). It should be noted however, that radiotherapy dose is one 

of very few influential factors that can be manipulated to reduce the likelihood of 

toxicity for a given individual and therefore the clinical importance of knowledge 

regarding the relationship between dose and toxicity cannot be overstated. 
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The findings from this phase of the research should be interpreted in context with the 

strengths and limitations of the design. This research used a case-control design to 

identify 22 cases and select 37 matching controls from an eligible cohort of 172 prostate 

radiotherapy patients. The identification of only 22 cases only allowed the simultaneous 

testing of only two to three covariates in the multivariate models reducing the power of 

the study to detect subtle differences between the cases and controls (Altman, 1997; van 

der Schaaf et al., 2012). Yet, the 22 cases represented 100% of the eligible cohort who 

were receiving an intervention to alleviate urinary dysfunction at the time of the last 

documented follow up visit. This incidence of chronic urinary dysfunction is consistent 

with rates published by this institution collected using other means (postal 

questionnaire, prospective documentation) and defined using other scales (e.g. RTOG) 

(Martin et al., 2009; Nichol et al., 2005; Skala et al., 2007). This supports the validity of 

both the data collection method and the definition of chronic urinary toxicity used in 

this research. Yet, it is important to reiterate that the level of dysfunction documented at 

last follow-up was not compared to baseline function, and thus the changes cannot be 

attributed solely to the radiation. Moreover, performing cross-sectional data collection 

(rather than longitudinal) may have missed adverse events that occurred and then 

resolved prior to the last follow-up, although whether those peak events should be 

included in chronic toxicity quantification is controversial (Gulliford, Partridge, Sydes, 

Andreyev, & Dearnaley, 2010; Schmid et al., 2012).  

 

It should be noted that bladder dose was reconstructed using every 3rd image throughout 

the treatment course. The use of less than 100% of the images is associated with some 

small dosimetric errors (Section 10.3.5), but this was done to increase the size of the 

eligible sample, and thereby increase the power of the study. Also, as discussed in 

Chapter 10, reconstructing dose by repositioning of the organ elements within the 
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planCT dose distribution is associated with some dose errors (Yan, Jaffray, & Wong, 

1999) but the effect is thought to be minimal for the bladder (Schaly, Kempe, Bauman, 

Battista, & Van Dyk, 2004).  

Despite loss of seven controls during the dose reconstruction process, the cases were 

well matched to the controls in all host, disease and treatment aspects with the 

exception of the rate of medication use at the completion of treatment, minimizing any 

challenges to validity from mismatched groups (Fletcher et al., 1996). The largest 

challenge from the study design lay in the correct interpretation of the influence of the 

variables on the risk of urinary toxicity calculated during multivariate logistic 

regression, in context with case-control methods. During analysis of case-control 

research the incidence of a disease cannot be measured directly (Bland, 2003), but the 

relative risk can be estimated using the odds ratio (Fletcher et al., 1996). Thus, although 

this research cannot say that the incidence of urinary toxicity is x% for patients with 

low V35-50Gy and y% for those with high V35-50Gy, it can conclude that the risk of 

toxicity will increase by 6% for every 1 cm3 increase in reconDose V35-50Gy (Jewell, 

2004). 

 

11.5 CONCLUSIONS 

This case-control research identified a significant independent relationship between 

chronic urinary toxicity after fEBRT for prostate cancer and the volume of bladder wall 

within the reconstructed 35 Gy to 50 Gy isodose region. Planned bladder wall dose was 

significantly correlated with reconstructed bladder wall dose in that region, and also 

demonstrated significant associations with the incidence of urinary toxicity. Trigone 

dose (either planned or reconstructed) was not related to the incidence of urinary 

toxicity. A significant association in the mid-range reconstructed bladder wall dose 
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region, with a strong correlation to planned dose, give this finding the potential for 

considerable clinical significance after prospective validation.  
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CHAPTER 12 

 

THESIS DISCUSSION, RECOMMENDATIONS 

 AND CONCLUSIONS 
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12.1 INTRODUCTION 

Due to improvements in the cure rate with modern radiotherapy, the number of pelvic 

cancer survivors living with long-term normal tissue toxicity is steadily increasing. The 

urinary bladder performs a vital physiological function, and the complex histology and 

physiology of this organ exhibits a multifaceted response to radiation. This not only 

results in impairment of primary bladder function but also causes poor sexual function, 

impaired emotional and psycho-social function and reduced quality of life 

(Henningsohn, Wijkstrom, Dickman, Bergmark, & Steineck, 2002). With the ability of 

IMRT to manipulate the distribution of radiotherapy dose in normal tissues, knowledge 

of the link between precise metrics of radiotherapy bladder dose and subsequent urinary 

toxicity is considered vital by the radiation medicine community (Bentzen et al., 2010). 

Despite successful identification of that link for rectal toxicity, relationships postulated 

between dose/volume parameters and urinary toxicity remain uncorroborated and 

contentious.  

 

In the presence of large and complex organ motion, relying on an estimate of the dose 

from a single pre-treatment snapshot hinders identification of an association between 

bladder dose and urinary toxicity following radiotherapy. Dose reconstruction 

techniques hold the potential to accurately calculate the dose actually delivered to the 

functional bladder tissue during radiotherapy. In addition to reconstructing delivered 

dose the critical review of the literature suggests that DVHs should be presented in 

absolute volume, excluding the urine and identifying functionally heterogeneous 

segments. Describing bladder functional tissue dose in this manner had not been 

attempted before, and represented an entirely new approach in bladder dose/toxicity 

research.  
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12.2 SUMMARY OF RESEARCH DESIGN AND PURPOSE 

The overarching purpose of this thesis was to develop and validate techniques to 

reconstruct the dose delivered to the functional bladder tissue during fractionated 

external beam radiotherapy. This research took the unique stance that a robust 

association between radiotherapy dose and chronic urinary toxicity would not be found 

unless the delivered dose was calculated for the functionally inhomogeneous bladder 

tissue using images acquired at the time of treatment delivery. To achieve that goal, the 

methods were substantially different from those previously employed in similar studies. 

This required the development, testing and application of innovative techniques for 

delineation of the bladder functional tissue on the planCT and on images acquired 

immediately prior to treatment delivery. Following the development of delineation 

techniques, novel methods to calculate and map the dose to a hollow, variable thickness, 

variable volume, highly deformable structure were developed. These were then 

combined into an evidence-base for total dose reconstruction procedures, and applied in 

a challenging clinical scenario to determine if dose reconstructed using these methods 

could be associated with chronic urinary toxicity. To achieve those aims, the research 

was performed as a series of seven consecutive phases.  

 

Phase one evaluated various methods to delineate the functional bladder tissue on the 

planCTs, based on dosimetric parameters. In phase two, the most promising of the 

methods from phase one was validated geometrically, and a technique to propagate OB 

contours to the daily treatment images (CBCT) was developed and tested. Also, the 

principles of uniform contraction proposed for planCT in phase one were extended to 

include delineation of the IB surface on CBCT. Phase three identified the optimal 

parameters necessary for an accurate initial planCT dose calculation. Phase four and 

five used deformable registration to accurately transform the bladder wall and trigone 
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organ elements within that initial dose distribution. In phase six, the techniques 

developed to this point were combined to reconstruct dose in a variety of different 

pelvic cancer clinical and dosimetric scenarios to provide insight into the underlying 

mechanisms of dose reconstruction and develop evidence-based guidelines. In phase 

seven, all the prior work was consolidated to test the ability of reconstructed bladder 

wall and trigone dose to discriminate between patients with and without chronic urinary 

toxicity. 

 

For all phases except phase seven, the data was analysed in naturalistic comparison 

groups. That study design was a methodologically and logistically sound method to 

meet the study objectives of developing and testing procedures for bladder dose 

reconstruction (Fletcher, Fletcher, & Wagner, 1996). Also, prospective experimentation 

with pre-existing clinical data was an ethically sound approach; as it did not require the 

exposure of patients to experimental procedures, nor did it necessitate additional 

radiation dose or hospital visits. Thus, it was minimally impactful for the participants, 

but also efficiently achieved the research objectives. For the final phase evaluating a 

causal relationship between reconstructed dose and urinary toxicity, a case-control 

design was used. For this endpoint, case-control design was a much more efficient 

method than cohort studies, as the event of interest was reasonably infrequent and had a 

long latency. For that research phase, 100% of those individuals experiencing chronic 

urinary toxicity were identified as cases from a 172 patient cohort. These were matched 

with controls (two per case). 
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12.3 DISCUSSION OF MAJOR FINDINGS 

The overall study design resulted in the inclusion of 223 patients from a total eligible 

cohort of 473 patients throughout the various research phases of the study. All patients 

were included as planned, with the exception of seven controls in phase seven. 

 

In the final phase of this research, the case-control research identified a significant 

independent relationship between chronic urinary toxicity following external beam 

radiotherapy for prostate cancer and the volume of bladder wall within the reconstructed 

35 Gy to 50 Gy isodose region. Planned bladder wall dose was significantly correlated 

with reconstructed dose in that region, and was also associated with the incidence of 

urinary toxicity. Trigone dose (either planned or reconstructed) was not related to 

increases in the incidence of urinary toxicity. Discussion of the findings from the final 

research phase, based on the design of that phase and similar evaluations in the 

literature, was presented in detail in Section 11.4 and will not be repeated here. 

However, discussion of this relationship is also warranted in context with the new 

knowledge generated in the other chapters of this thesis.  

 

The outer bladder surface propagation from planCT to CBCT, the equation to predict 

the position of the CBCT inner bladder surface, LEM/FEA deformable registration and 

dose mapping were all evaluated over a range of planCT OB volumes, CBCT OB 

volumes and volume differences consistent with the range of bladder volumes seen in 

Chapter 11. This indicates that the acceptable levels of accuracy seen when testing each 

of these methods individually, is directly applicable to the reconstructed dose reported 

in Chapter 11. Moreover, quantification of the errors associated with reconstructing 

dose using partial treatment course strategies allowed the inclusion of the optimal 

number and sequence of images in the Chapter 11 dose reconstruction that would result 

  359 



in an acceptable level of accuracy, but did not severely limit the size of the eligible 

cohort. 

 

Chapter 4 found that inclusion of the urine in the DVH significantly over-reported 

volumes within key dose levels, and Chapter 11 then confirmed that use of solid outer 

bladder contours obscured any relationship between bladder dose and urinary toxicity. 

This highlights the need to delineate the bladder as a hollow structure if a relationship 

with toxicity is to be found. Furthermore, use of model-based segmentation and uniform 

contractions to delineate the hollow bladder wall on planCT resulted in less than 1 cm3 

differences in the V35-50Gy range, and demonstrated ‘near perfect’ agreement between 

the observers. The accuracy and reproducibility achieved with these planCT delineation 

methods developed in Chapter 4 may have revealed relationships between planDose and 

toxicity in Chapter 11 that had been previously obfuscated by use of solid bladder 

contours, or large variation in manual wall contours.  

 

In Chapter 5, propagation of the contours from planCT to CBCT resulted in volumes 

that were less irregular than those generated with manual delineation. As the 

deformable registration element mapping was performed between the planCT and 

CBCT contours using perpendicular surface projections, use of the smooth propagated 

contours would have avoided the potential for incorrect mapping of elements from 

highly irregular manual volumes. In Chapter 6, the derived equation accurately 

predicted the position of the inner bladder surface. Without secondary surfaces 

delineated on the CBCT acting as boundary conditions for the deformable registration, 

3D deformation matrix errors would have been much higher (Chai et al., 2011; 

Krywonos et al., 2010).  Thus, the techniques developed and tested in those two 

chapters significantly improved the accuracy of 3D deformation matrices and therefore 
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improved the accuracy of element dose calculation. These factors would have 

contributed greatly to the validity of the reconstructed dose.  

 

The propagated CBCT contours were also more robust than manual methods when 

delineating the OB surface in poor quality images. This is important because poor 

image quality was usually associated with artefacts from increased small bowel in the 

image, which was associated with smaller bladder volumes (Pinkawa et al., 2006). If 

images were rejected from the dose reconstruction process, based on concerns over 

image quality, then this would bias the process toward inclusion of a disproportionate 

number of ‘full bladder’ images falsely decreasing reconDose. Thus, increased 

contouring confidence using propagation, likely resulted in the inclusion of images that 

may have been considered too poor a quality to be delineated using manual methods, 

further increasing the validity of the reconstructed dose in Chapter 11.  

 

12.4 STRENGTHS AND LIMITATIONS OF THE RESEARCH 

The specific strengths and limitations of the individual research phases can be found in 

the relevant chapters throughout the thesis. This section will discuss the strengths and 

limitations of the entire research as a whole.  

 

This was the first work to delineate and track the position of the hollow bladder wall. 

This eliminated the confounding effect of the dose to the urine on the DVH curve 

(Rosewall et al., 2011), and was the first dose reconstruction to incorporate daily 

changes in bladder wall thickness and volume (Dale, Hellebust, Bruland, & Olsen, 

2005). Also, rather than using images taken outside the treatment room which suffer 

from changes in bladder filling and position in the interval between treatment and 

imaging, this research used images for dose reconstruction that were acquired in the 
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treatment position, at the time of treatment. Those images were then registered to the 

planCT using the treated isocentre position. In combination, these methodological 

features provided the best estimate of delivered dose to the functional bladder tissue 

available to date, resulting in reconstructed bladder wall doses that were predictive of 

chronic urinary toxicity. 

 

This thesis did not consider the effect of intra-fraction bladder motion on delivered 

dose, which is motion that takes place during the delivery of that day’s radiation beams. 

The normal bladder fills at a rate of approximately 2 cm3 per minute (Dees-Ribbers et 

al., 2014; Tuomikoski et al., 2013). With modern radiotherapy techniques requiring 

only five minutes or less for beam delivery, it was thought that changes in bladder 

filling of only 10 cm3 would not impact the position of the bladder relative to the 

delivered dose. Furthermore, the findings from Chapter 10 suggest that the 

reconstructed bladder wall DVH is reasonably tolerant of small increases in bladder 

volume, and differences in the delivered dose as a result of intra-fraction filling were 

likely to be very small. 

 

This research could find no significant association between the dose (planned or 

reconstructed) to the trigone and chronic urinary toxicity. It is possible that defining 

chronic urinary toxicity as receiving any form of intervention was an inappropriate 

clinical endpoint for trigone. Alternatively, previous evaluations of the trigone 

dose/toxicity relationship found associations at doses >80 Gy (Ghadjar et al., 2014; 

Heemsbergen et al., 2010), which is higher than the dose reported in this study. It is also 

possible that the methods employed in this research were not sufficiently accurate to 

produce a valid reconstructed dose DVH for the trigone. Chapter 4 found that a patient 

specific contraction reduced planCT observer variability for the trigone, but did not 
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result in DVHs that were valid alternatives to the manual DVHs. So, despite high 

observer variability, it was necessary to use manual delineation methods over the 

trigone. Although three observations were made for each patient in an attempt to 

minimize the effect of manual contour variability, even small volume variations could 

have had a significant effect on the DVHs given the small total volume of the structure 

(~5 cm3). The use of a geometric construct to create the boundaries of the trigone may 

also have affected the validity of the trigone DVHs. The trigone may not be strictly a 

“triangular region of bladder wall” and, although the vertices were placed at appropriate 

anatomical locations, delineation of the trigone in this manner may have missed a 

functionally important section of the structure. Moreover, the unexpectedly high degree 

of inter-observer variability suggests that it may also be useful to quantify trigone 

delineation intra-observer variability in an effort to identify factors that may reduce that 

variation and improve the precision of the DVH dose reporting. 

 

The eligible cohort was drawn from a hospital-based population. It is likely that the 

referral base for this institution is similar to that of any other tertiary cancer care 

facility. As many patients as possible were included in that eligible cohort to improve 

generalizability. Samples were selected from that eligible cohort, consecutively and 

reverse chronologically. This inclusion strategy was employed to minimize selection 

bias, and to ensure patients were treated contemporaneously to minimize undocumented 

differences in treatment procedures (Fletcher et al., 1996). To ensure that any 

unidentified bias from patient idiosyncrasies was not perpetuated throughout the 

research, an individual patient’s data was only included in one phase of the study. These 

sampling techniques resulted in the inclusion of 47% of the eligible cohort, supporting 

the generalizability of the findings. 
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There are several unique features of the research environment that may have impinged 

upon the generalizability of the findings. Firstly, the planCT employed a personalized 

high mAs regimen that provided excellent visualization of the IB surface. If the planCT 

IB surface could not have been identified, the wall could not have been contoured for 

the DVH calculation, that volume could not have been used to generate wall volumes 

on the CBCT and dose reconstruction to the variable bladder wall would not have been 

possible. For those that do not use a high mAs regimen at planCT, it may still be 

possible to obtain the bladder wall volume from other diagnostic images, such as MRI. 

Secondly, the IMRT plans used to generate the DVHs resulted in very high dose 

gradients across the bladder and trigone. Other types of plans may result in shallower 

dose gradients and therefore, less conspicuous dose differences during initial planDose 

calculation and during deformable dose mapping (Maggio et al., 2013) and the use of 

less stringent dose reconstruction methods may be possible.  

 

Although the work in this thesis has developed and validated methods to reconstruct the 

dose to the bladder wall, the association of reconDose with radiation-induced chronic 

urinary toxicity continues to be hampered by challenges in the definition of toxicity. In 

Chapter 11, chronic urinary toxicity was defined as the use of any form of 

pharmacological or surgical intervention to achieve an acceptable level of urinary 

function after radiotherapy. This method was selected because it was objective and 

unambiguous when identifying its presence (or absence), but retained clinical relevance 

as an outcome following radiotherapy. However this method of quantifying chronic 

urinary toxicity also limited the conclusions that can be drawn from this research. A 

comprehensive description of bladder function prior to treatment was commonly not 

available, and details about changes in urinary function documented during follow-up 

were often vague or absent. This means that the state of urinary dysfunction cannot be 
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clearly attributed to radiation-induced toxicity, and there is the potential for this 

definition to include patients experiencing urinary dysfunction as a consequence of 

normal aging, or progression of their prostate cancer. 

 

12.5 SIGNIFICANCE OF THE RESEARCH 

The purpose of this thesis was to develop and validate novel techniques to reconstruct 

the dose delivered to the normal bladder functional tissue during fractionated 

radiotherapy, and it contains a number of highly significant findings. 

 

One of the most wide-reaching significant findings of this research was that delineating 

the bladder as a solid structure resulted in substantially different DVHs, compared to 

hollow bladder wall delineation methods, and including the urine in the DVH obscures 

the relationship with toxicity. This suggests that the radiation medicine community 

should immediately adopt the delineation of the bladder wall as the practice standard 

rather than the current standard of outer-only contours. An important challenge for 

delineating inner and outer bladder surfaces is that manual delineation of these 

structures would double the contouring time. However, the research herein supports the 

use of various automated processes to facilitate this important practice change, while 

being cognisant of workload and manpower limitations. Thus, not only has this research 

provided evidence that the bladder must be delineated as a hollow structure; it has 

validated the methods necessary to responsibly achieve that goal in clinical practice.  

 

The contouring of organs-at-risk on treatment delivery CBCT is quickly being adopted 

into clinical practice as part of several state-of-the-art radiotherapy techniques, such as 

bladder cancer patient-specific planning target volume generation, adaptive 

radiotherapy and dose reconstruction. These techniques are plagued with challenges 
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associated with poor image quality on CBCT, which can bias data collection by 

preferential selection of full bladder images, or delay the initiation of adaptation due to 

rejection of poor quality images. The automated propagation techniques validated in 

this research provide a quick, accurate and reproducible method to delineate the 

structure of interest for these techniques, but perhaps most significant is the apparent 

tolerance of propagated contours to poor CBCT image quality. This method provides a 

way to delineate images that would normally be rejected, reducing the imaging burden 

on patients, facilitating early plan adaptation and minimizing contouring time.  

 

A significant finding from this research is that the selection of dose grid spacing has a 

substantial effect on the DVH output. Little work has been done on this phenomenon in 

recent years, despite important changes in treatment planning practices. There has been 

a plethora of dosimetric comparisons of 3D conformal to IMRT, IMRT to VMAT, and 

VMAT to tomotherapy. Yet, in those published studies the dose grid spacing used is 

rarely mentioned. This research suggests that any dosimetric comparison should include 

a clear statement of the dose grid spacing used, particularly if the spacing is different 

between the techniques. If nothing else, the reader of such articles should be cognisant 

that the differences between the DVHs may simply be due to the differences in the grid 

spacing. Furthermore, it is common in clinical practice to evaluate the efficacy of a 

patient’s treatment plan using pre-existing dose/volume constraints, such as the 

maximum dose or the dose received by 2cm3. The wide and random variation of these 

near-maximum values based on grid spacing calls into question the wisdom of using 

these values to judge the efficacy of a clinical plan without first considering the dose 

grid spacing that is being used. Thus, the research herein has significant implications for 

the evaluation of both published treatment technique comparisons, but also for the 

interpretation of plan efficacy in clinical practice. 
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This research revealed that the techniques and processes employed to reconstruct 

bladder wall dose have a substantial impact on the accuracy of that reconstructed dose. 

This finding is significant because, if we are to gain any insight into the complex 

interplay of organ motion and dose gradient, there is an urgent need for a 

standardization of the methods used for dose reconstruction, particularly the number 

and sequence of images included in the reconstruction. Without standardization, 

analysis of the effect of organ motion on delivered dose will continue to be confounded 

by measurement error. Furthermore, inaccuracies in the quantification of delivered dose 

will continue to obscure the relationship between dose and toxicity.  

 

Radiobiological modelling of normal tissue response to external beam radiotherapy is 

an important tool to compare experimental treatment modalities and to design novel 

treatment regimen. Unfortunately, the effect of dosimetric uncertainty during 

fractionated radiotherapy limits the accuracy of the radiobiological predictions. The 

methods to accurately reconstruct the dose delivered to the bladder functional tissue 

developed in this research are therefore, of significant benefit to radiobiologists. 

Furthermore, emerging techniques to personalize radiotherapy based on genomic and 

proteomic information hold great potential, but the current level of uncertainty in 

delivered dose hampers the identification of useful biomarkers. Therefore, by accurately 

calculating the delivered dose, the reconstruction methods developed in this thesis have 

a crucial role to play in the identification of those biomarkers.  

 

The methods developed and tested in this thesis were able to accurately and 

reproducibly reconstruct the dose delivered to the bladder functional tissue, such that 

clear associations between mid-range bladder dose and an objective indicator of urinary 

dysfunction were identified. Although it is in need of prospective confirmatory 
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evidence, this finding has significant clinical ramifications. Firstly, precise links 

between portions of the bladder reconstructed DVH curve and the incidence of chronic 

urinary toxicity will improve our ability to predict post-radiotherapy toxicity. Secondly, 

the location of the important region of the DVH curve makes it actionable information. 

Specifically, high-dose regions of the DVH are dependent only on the overlap of the 

PTV with the organ-of-interest, whereas mid-dose regions are amenable to 

manipulation through the use of intensity modulation. Thus, not only does this 

information take the first step towards predicting post-radiotherapy urinary toxicity, it 

also has the potential to allow us to minimize the risk for some by generating highly 

personalized RT plans that can provide patients with the highest probability of an 

uncomplicated cure. 

 

12.6 RECOMMENDATIONS 

Based on the findings from this research, the following procedures are recommended 

for clinical practice: 

• Inclusion of the urine in the bladder DVH at planning obscures any relationship 

with toxicity. It is recommended that the bladder be contoured as a hollow wall 

structure at planCT. To achieve this, a patient-specific uniform contraction can be 

applied to the outer bladder contour. If the inner surface cannot be adequately 

visualized, then the predictive equation developed herein, can be used in 

combination with the wall volume obtained from other images, such as a diagnostic 

MRI.  

• The use of 1.5 mm or smaller dose calculation grid spacing is recommended. If 

larger dose grid spacing is used the DVH will significantly under-report the volume 

of bladder wall receiving high doses. 
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• It is also recommended that images currently used for image-guided radiotherapy 

alignment should have a sufficient field of view to include the anatomical 

boundaries of the adjacent organs-at-risk, and be of sufficient quality that the 

surfaces of those organs can be readily identified. It would then be possible to 

identify systematic reductions in bladder filling. This would indicate increases in 

delivered dose compared to the planDose, and may be useful in triggering offline re-

planning or online adaptation procedures. 

It would also be beneficial to ensure that clinical trials protocols and/or clinical practice 

databases (such as EviQ [www.eviq.org.au]) are consistent with these delineation, dose 

calculation and image-guidance recommendations. 

 

During the course of this research, several themes emerged as interesting avenues for 

future dose reconstruction research: 

• Findings in Chapter 5 suggest that contour propagation methods may be more 

tolerant of poor image quality than manual delineation, perhaps due to consideration 

of the image set as a 3D volume, rather than slice-by-slice. If confirmed, tolerance 

to poor image quality would be an important benefit to using propagated contouring 

methods for dose reconstruction as it would avoid biasing image inclusion towards 

‘full bladder’ images. This would also be clinically useful for those using 

personalized margin generation and plan selection for state-of-the-art bladder cancer 

radiotherapy (Foroudi et al., 2011; Tolan et al., 2011). 

• Trends in the data from Chapter 9 suggest that the magnitude of dose mapping 

errors is influenced by the sharpness of the dose gradient across the bladder, and by 

bladder filling variation for sharp dose gradient plans. The results of such an 

evaluation would provide a useful framework to predict threats to dose mapping 

accuracy. 

  369 



• The dose reconstruction performed during this research highlighted the huge time 

commitment currently necessary to reconstruct bladder dose. The majority of that 

time commitment was required for image delineation. Yet this research clearly 

demonstrated that contours must be delineated on the secondary images for 

deformable registration to generate accurate deformation matrices to guide dose 

mapping. Efforts to develop automated contours are currently ongoing, but 

challenges from poor image quality limit their usefulness (La Macchia et al., 2012; 

Simmat et al., 2012; Whitfield, Price, Price, & Moore, 2013). Perhaps improved soft 

tissue definition from MR-guided linear accelerators will finally unleash the 

potential of these techniques (Sharp et al., 2014).  

• Further evaluation of the factors that affect the differences between planDose and 

reconDose is also recommended. This research has begun that evaluation, but the 

incorporation of different techniques in different populations of patients is necessary 

to fully understand the interplay between dose gradient, bladder filling variation, 

isocentre verification and patient position.  

 

This research has developed, tested and applied a series of techniques to produce an 

accurate reconstruction of the dose received by the bladder wall during fractionated 

external beam radiotherapy. As noted above, the conclusions that can be drawn 

regarding the association between reconstructed dose and radiation-induced chronic 

urinary toxicity are limited. Recommendations for further research on the relationship 

between reconstructed dose and chronic urinary toxicity are: 

• Incorporate a V35-50Gy dose constraint at IMRT planning, within the confines of a 

prospective clinical trial. The experimental V35-50Gy dose constraint should be 

applied, such that there is no impact on achievement of the standard dose 

constraints. Images optimized for dose reconstruction should be acquired. 
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Independent indicators of urinary dysfunction (e.g. frequency, dysuria etc.) should 

be recorded prospectively at baseline, during and after radiotherapy using validated 

patient-reported outcome instruments and linked to dose reconstructed using a 

multivariable actuarial analysis of the onset and duration of toxicity that includes 

both dosimetric and clinical factors. 

• In addition to subjective patient-reported outcomes, novel objective biomarkers of 

physiological urinary function must be developed. Authors in other medical 

specialties have successfully identified links between symptoms of urinary toxicity 

and various objective measures such as; diffusion-weighted MRI (Matsuki et al., 

2007), non-invasive uroflometry (Pisarska & Sajdak, 2003) and urinalysis (Hurst, 

Moldwin, & Mulholland, 2007), but these concepts have not been widely applied in 

radiotherapy nor have they been correlated with patient perceptions of dysfunction 

following radiotherapy or with reconstructed dose.  
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12.7 CONCLUSIONS 

The link between radiotherapy bladder dose and chronic urinary toxicity is unclear. This 

thesis took the unique stance that robust associations between bladder dose and toxicity 

will not be found unless the dose incorporates the effects of daily bladder motion. The 

purpose of this thesis was to develop and validate novel techniques to reconstruct the 

dose delivered to the normal bladder functional tissue during fractionated radiotherapy. 

 

This research found that inclusion of the urine in the DVH obscured the dose delivered 

to the bladder functional tissue. Uniform contractions from a semi-automatic outer 

surface could be used to accurately delineate the bladder wall. Outer bladder contours 

propagated from planCT to CBCT could be used in combination with a volume-based 

calculation to delineate the bladder wall on daily CBCT. Initial planCT dose 

calculations with 1.5 mm dose grid increment and LEM/FEA deformable registration 

can be used to accurately map the dose to elements in the variable bladder wall to 

reconstruct delivered dose. Substantial differences exist between planned and 

reconstructed bladder wall dose for most pelvic radiotherapy techniques in the majority 

of patients. Variation in the magnitude of differences between planned and 

reconstructed bladder wall dose were dependent on the complex interplay between 

changes in bladder filling and the dose gradient of the radiotherapy plan. The number 

and sequence of images included in the dose reconstruction had a significant impact on 

the magnitude of partial course reconstructed dose errors.  

 

When delivered bladder wall dose was reconstructed using these methods, a relationship 

between the volume of bladder wall within the 35-50 Gy isodose region and the 

incidence of chronic urinary toxicity was found. Despite limitations in the manner in 

which urinary toxicity was characterized, this finding is the first demonstration of a link 
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between toxicity and reconstructed dose, and warrants further investigation within a 

prospective clinical trial, perhaps in combination with objective measures of urinary 

function.  

 

The methods developed and tested in this thesis were able to accurately and 

reproducibly reconstruct the dose delivered to the bladder functional tissue, such that 

clear associations between bladder dose and an objective indicator of urinary 

dysfunction were identified. Using these methods to reconstruct bladder delivered dose 

has the potential to reveal the relationship between bladder dose and chronic toxicity 

within a prospective clinical trial, and contribute to minimizing the risk of toxicity using 

inverse planning, improve the accuracy of radiobiological predictions and assist in the 

identification of useful biomarkers. As Jaffray et al. (2010) suggest, “precise and 

accurate dose reconstruction is a prerequisite to reaping the benefits of personalized 

radiation medicine”. 
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