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Abstract 

Introduction: The mainstay of bladder preservation treatment is radiotherapy, and 

hypoxia modification has been shown to improve outcomes. This thesis aims to (1) 

investigated the long-term outcomes of hypoxia modification associated with biological 

features in muscle-invasive bladder cancer; (2) investigate the relationship of parameters 

on radiotherapy planning (RTP) scan with clinical outcomes of patients following radical 

radiotherapy for bladder cancer; (3) quantify and compare inter-fraction bladder motion 

between men and women; (4) prospectively evaluate the association of intra-fraction 

motion of tumour bed and bladder. 

Method: (1) Examine the long-term outcomes of the BCON study and explore the 

biological features that may aid in patient selection for hypoxia modification including 

necrosis status, hypoxia gene signature score and molecular subtypes; (2) Conduct a 

retrospective study on patients who had completed radical chemoradiotherapy, assessing 

bladder and rectum dimensions on RTP scans and relating that to patients’ outcomes; (3) 

Compare the differences in inter-fraction bladder motion between male and female 

bladders by measuring motion in six directions. (4) Evaluate the motion of tumour bed 

and bladder on MRI scans over a time period required to deliver a fraction of MRI guided 

treatment, and assess potential correlation between the motion of tumour bed and 

bladder 

Results: (1) The long-term benefit of hypoxia modification is sustained and necrosis and 

hypoxia gene signature score have the potential to select patients who would benefit 

most. (2) Bladder size is associated with survival outcomes. (3) Mean male and female 

bladder inter-fraction motion are similar. (4) There is an association between tumour bed 

and bladder motion in anterior-posterior and superior-inferior directions. 

Conclusion: The long-term benefit of hypoxia modification in the presence of necrosis and 

hypoxia suggest that a biomarker driven study will enable better patient selection for 

treatment in future. The bladder varies in size, moves in all direction intra- and inter-

fraction. The current standard of care of a single treatment plan is not ideal. Adaptive 

radiotherapy with a library of plans that take into consideration tumour bed and bladder 

motion will allow for more accurate treatment to be delivered. 
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1 Introduction 

1.1 Epidemiology 

Bladder cancer is ninth most common cancer worldwide[1] and the tenth most common 

cancer in the United Kingdom. It accounts for 3% of all cancer deaths in the UK and is the 

ninth most common cause of cancer related deaths. Mortality is related to age and rises 

sharply in both males and females at the age of 60, with rates being higher in males than 

females[2].  

There were 10100 new cases diagnosed in the UK in 2014, and 5400 bladder cancer 

related deaths in the same year. There is a higher incidence in males than females. More 

than half of bladder cancer cases each year are diagnosed in patients aged 75 and older, 

and the incidence increases with age with the highest in people over the age of 90.  

 

Figure 1 Average number of new cases per year and age-specific incidence rates per 100 000 
population, UK (Source: Cancer Research UK) 

There are various risk factors associated with the development of bladder cancer, 

including some lifestyle factors that are potentially avoidable. Smoking is linked to about 

37% of bladder cancers in the UK, while 6% is related to occupational exposure and 3% to 

ionising radiation. There has been a decrease in the incidence of bladder cancer in recent 

years and this could be linked to a decrease in smoking and exposure to environmental 

carcinogens[3]. 
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1.2 Anatomy and histopathology 

The urinary bladder is a hollow distensible muscular organ. It is a part of the urinary 

system and serves two main functions – it collects and stores urine temporarily, and 

assists in the expulsion of urine. Urine from the kidneys enters the bladder via the left and 

right ureters and exit through the urethra. When the bladder is empty, it sits entirely 

within the pelvis. As it fills, its shape changes from being flat to being oval and protrudes 

into the abdomen. The average adult human bladder has the capacity of 300-600ml. 

 

 

Figure 2 Bladder in relation to other pelvic organs in female (A) and male (B) pelvis (source: 
http://www.organsofthebody.com/bladder/) 

The pubic symphysis lies anterior to the urinary bladder. The fundus (or base) of the 

bladder lies anterior to the cervix and vagina in females, and anterior to the rectum in 

males. The prostate is inferior to the bladder in men, and the uterus is superior to the 

bladder in women[4]. Figure 2 illustrates the position of the bladder in the female and 

male pelvis respectively. 

 

A 

B 
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The bladder wall is made up of four layers – mucosa, submucosa, muscularis propria and 

adventitia or serosa. 

Mucosa The innermost layer of the bladder is lined with a multilayer epithelium 

known as urothelium. It is lined with a glycosaminoglycan layer which 

serves both as an osmotic barrier and an antibacterial coating. 

Submucosa Also known as the lamina propria, this layer consists of connective tissue 

and a dense capillary plexus that serves as a further barrier 

Muscularis 

propria 

The muscularis layer is formed by three layers of smooth muscles 

Adventitia 

or serosa 

This connective tissue layer is formed partly by the reflection of the 

peritoneum and separates the bladder from other organs 

Table 1 Layers of the urinary bladder 

Up to 95% of bladder cancers diagnosed in the UK originate from the urothelium and are 

known as urothelial or transitional cell cancers. Urothelial cancers can be non-invasive 

with flat or papillary lesions or invasive. Invasive cancers are more aggressive.  

Squamous differentiation is found in about 20% of bladder cancers and glandular 

differentiation is found in about 6%. The presence of either squamous or glandular 

differentiation does not affect the overall prognosis. There has been evidence to support 

neo-adjuvant chemotherapy in urothelial cancer with squamous differentiation[5]. Other 

variants like nested and sarcomatoid are known to be more aggressive. Although less 

common, small cell carcinomas are also known to arise in the bladder. They are 

characterised by an aggressive clinical course, and tend to carry a poorer prognosis[6].  
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1.3 Staging 

The stage of disease is a vital prognostic factor for progression and OS. It is also an 

important factor that directs management plans. The most common staging system used 

for bladder cancer is known as the Tumour, Node, Metastasis (TNM) system which 

reflects tumour size and degree of bladder wall invasion, nodal involvement and distant 

metastases. The TNM staging for bladder cancer is described in table 2. A combination of 

transurethral resection of bladder tumour (TURBT) and imaging modalities such as 

computed tomography (CT) scans and Magnetic Resonance Imaging (MRI) are used to 

adequately stage bladder cancer.  

 

Figure 3 The different T-stages and their relation to the different layers of the bladder. (source: 
Cancer Research UK) 
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T – Primary Tumour 

Ta Exophytic lesions that tend to recur, but not invasive 

Tis 
Carcinoma in-situ (cancer is in the inner most layer of the bladder and does 
not invade deeper) 

T1 Tumour invading the submucosa or lamina propria 

T2 Tumour invades into the muscle layer 

 T2a Superficial invasion 

 T2b Deep invasion 

T3 Tumour extends beyond the muscle into perivesical fat 

 T3a Microscopic extension 

 T3b Macroscopic extension 

T4 Tumour extending to adjacent organs 

 T4a Tumour invading prostate, vagina, uterus or bowel 

 T4b Tumour fixed to abdominal wall, pelvic wall or other organs 

N – Regional Lymph Nodes 

N1 Single lymph node involvement in the true pelvis 

N2 Multiple lymph nodes involvement in the true pelvis 

M – Distant Metastasis 

M Distant metastatic disease present 

Table 2 The American Joint Committee on Cancer (AJCC) Staging System (8th edition, 2017) 

In the absence of nodal or distant metastatic disease, the optimal management of 

bladder cancer is dependent on the T-staging. Patients with Ta, Tis and T1 disease are 

known to have non-muscle-invasive bladder cancer (NMIBC) and this is managed with 

intra-vesical treatments. However, one-third of patients diagnosed with bladder cancer 

have muscle-invasive disease (MIBC) and these patients require more aggressive 

treatments. NMIBC and MIBC are regarded as two different diseases both in terms of 

pathogenetic pathways, treatment and prognosis. This literature review focuses on the 

muscle-invasive stages of bladder cancer. 
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1.4 Curative treatment options 

The two main treatment options available to patients with localized MIBC are radical 

cystectomy (RC) and trimodality bladder preservation treatment (TMT). As the choice 

between TMT and RC is an important one, the differences between the two treatment 

options and the guideline recommendations should be considered.  

1.4.1 Comparing radical cystectomy and trimodality treatment 

RC — which involves major abdominopelvic surgery performed under general anaesthesia 

followed by a prolonged recovery period —is associated with increased operative 

mortality in elderly patients (age ≥75 years) and can result in long-term changes in QoL to 

which all patients must adapt. Such QoL changes include the construction of a urostomy 

or neobladder and negative effects on sexual function. In the long term, 24% of patients 

with ileal conduits experience stomal problems, and a similar proportion of patients 

develop renal insufficiency (27%), bowel problems (24%), and urinary tract infections 

(24%)[7]. With respect to sexual function, a retrospective survey by the Department of 

Health in England found that, at 1–5 years after diagnosis, 88% of patients reported 

dissatisfaction with their sex life after RC, whereas only 11% and 17% of patients reported 

such dissatisfaction following chemoradiotherapy and radiotherapy, respectively[8].  

TMT comprises maximal TURBT followed by radiotherapy with concurrent administration 

of a radiosensitizing agent (often chemotherapy)[9]. Radical radiotherapy to the bladder 

involves 4–7 weeks of daily treatment and has the potential of causing tiredness, 

impaired sexual function, and adverse effects related to the bladder and bowel (such as 

urgency, dysuria and proctitis)[10]. Indeed, a 2018 meta-analysis reported that late 

Radiation Therapy Oncology Group (RTOG) grade 3 pelvic toxicities, including urinary and 

gastrointestinal toxicities, occurred in 7% of patients following TMT[11]. Moreover, in the 

phase III BC2001 trial, which investigated radiotherapy with or without synchronous 

chemotherapy in patients with MIBC, late RTOG grade 3–4 pelvic toxicities were noted in 

4.6% of patients who underwent chemoradiotherapy and in 5.2% of patients who 

received radiotherapy only at two years after completion of treatment[12]. TMT is also 

associated with a long-term negative effect on bladder function, specifically decreased 

bladder capacity in ~3% of patients[13], and cystectomy for intractable bladder symptoms 

rather than tumour recurrence is required in 1–2% of patients[13], [14]. In a recent report 
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of the 5-year, patient-reported, health-related quality of life (HRQoL) outcomes from the 

BC2001 study, there was an early reduction in HRQoL scores at the end of treatment 

resulting from the impact of acute toxicities, followed by improvement of scores to that 

of baseline after six months. This remained consistent thereafter. However, only about 

70% and 60% of questionnaires were returned at 1 year and 5 years following treatment 

and there may be a bias of patients who were more well having a greater tendency to 

complete and return the questionnaires[15].  

An important component of TMT is ongoing cystoscopic surveillance with the possibility 

of salvage cystectomy after disease recurrence, which might be necessary in ~7–15% of 

patients[12], [14], [16]. A study reported that TMT was associated with a risk of NMIBC 

recurrence in 25% of patients who had complete response, who might require 

treatment[17]. However, this retrospective study recruited over a 27 years period from 

1986 to 2013. It is therefore likely that a variety of radiotherapy techniques were utilised. 

Ideally, RC and TMT should be compared in a prospective randomized controlled trial, but 

attempts to do so have been unsuccessful owing to poor patient accrual[18]. The early 

closure of the Selective bladder Preservation Against Radical Excision (SPARE) trial has 

been attributed to several factors, including the complexity of the patient referral and 

management pathways (which had multiple specialist teams and centres involved) and 

the importance of patient preference in a trial that randomizes patients to two distinctly 

different treatment options.  

Large RC series report 5-year OS ranging from 40.2–58%[19]–[21]. Similarly, a meta-

analysis showed that patients with MIBC undergoing TMT had good outcomes, despite its 

use in frail patients, with a complete response rate of 78% and 5-year OS of 56%[22]. In 

addition, a pooled analysis of six RTOG studies showed that the 10-year disease-specific 

survival (DSS) was 65% in patients with MIBC following bladder preservation 

treatment[16]. 

Various retrospective studies and propensity matched analyses have attempted to 

compare the outcomes of patients receiving either treatment option. In a population-

based retrospective cohort study, the cancer-specific survival (CSS) and OS of patients 

who underwent RC and TMT were similar following adjustments for covariates[23]. 
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Similarly, a meta-analysis of 29 TMT studies and 30 RC studies found that the 5-year OS 

was 63% for TMT and 61% for RC patients with T2 disease (P=0.30) and was 45% and 40%, 

respectively, for patients with >T2 disease (P=0.36)[24]. Conversely, a cohort study from 

2018 proposed the contrary — that TMT is associated with poorer OS and DSS than 

RC[25]. However, patients in the TMT group had received a median of 18 fractions of 

radiotherapy, suggesting that more than half of patients who allegedly underwent TMT 

did not, in fact, have curative treatment and, therefore, did not undergo TMT. During the 

time period studied (December 2011 to December 2013), TMT tended to be 

recommended for frail patients who were unfit for surgery, a consideration that was also 

not adequately accounted for in this study. 

A number of factors preclude patients from each treatment option. Patients with serious 

comorbidities (for example, cardiac issues and renal failure) might be unable to tolerate 

the general anaesthetic and physiological stress associated with major surgery, and some 

patients might be unable or unwilling to adapt to the lifestyle changes that are required 

after RC. Similarly, patients with extensive carcinoma in situ (CIS), poor bladder function, 

or obstruction to their kidneys might not be appropriate candidates for TMT. Moreover, 

patients who undergo TMT must be prepared for the ongoing cystoscopic surveillance 

and the ongoing risk, for a minority of patients, that cystectomy will be ultimately 

required in the event of recurrence or poor residual bladder function. 

A retrospective study of patients with MIBC treated with either RC or TMT found that 

patients who received TMT had markedly better general QoL, bowel function, and sexual 

function, had fewer concerns about the negative effects of cancer, and had similar urinary 

symptoms scores[26]. Toxicity rates between the two treatment options have also been 

reported in the SPARE trial; 70% of patients in the RC arm had Common Terminology 

Criteria for Adverse Events (CTCAE) grade 3–4 toxicity compared to 36% of patients in the 

radiotherapy group (P=0.038)[18]. The primary aim of radical treatment for MIBC is to 

maximise the chance of cure while maintaining a good patient QoL. 

1.4.2 Guidelines recommendations 

In the UK, specific recommendations in the National Institute for Health and Care 

Excellence (NICE) guidelines[27], which provide evidence-based guidance for clinical 
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practice, advocate that patents with MIBC are offered both RC and TMT as curative 

treatment options. This set of guidelines specifies the need to discuss the evidence for 

each treatment option in terms of efficacy, potential toxicities, and the influence on QoL. 

Surgery remains the most common option recommended to patients in Europe and the 

USA. The European Association of Urology (EAU) guidelines recommend that patients 

who are fit should be offered RC, reserving TMT for those who are less fit[28]. While the 

American Association of Urology (AUA) had similar guidelines previously, this has changed. 

It now recommends that patients who desire to retain their bladder or who are not 

suitable surgical candidate should be offered TMT[29]. The differences in 

recommendations are reflected in real world practice. In a survey of 277 radiation 

oncologists from the USA, 58% treated only 1–3 patients per year with TMT, and 74% 

primarily treated patients who were deemed unfit for surgery with TMT[30]. Similarly, a 

survey of 32 Italian centres found that, in the 13 centres that responded, only 12 of 100 

patients with bladder cancer in a one-year period received radiotherapy as a primary 

curative treatment[31]. The main difference between the guidelines is that NICE 

recommends that patients should be offered both options, whereas the EAU and, until 

more recently, AUA, guidelines recommend RC over TMT for fit patients. 

The choice between TMT and RC is a difficult one for patients and a controversial topic 

amongst clinicians. As discussed previously, the previous attempt to establish level I 

evidence with a randomized controlled trial had been unsuccessful.  

1.4.3 External beam radiotherapy 

External beam radiotherapy is an important aspect of TMT. Ionizing radiation causes both 

single-stranded and double-stranded deoxyribonucleic acid (DNA) breaks. This in turn 

results in lethal damage, potentially lethal damage (PLD) and sublethal damage (SLD). As 

the name suggests, lethal damage is irreversible and would lead to cell death. PLD is 

damage that can be repaired if the post-irradiation environment changes and SLD is DNA 

damage that can be repaired spontaneously with time. The repair of SLD is especially 

important in normal tissue response and should be considered in order to reduce 

treatment related toxicities. 
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Radiation dose is expressed in gray (Gy), which is the defined as 1 joule of energy 

absorbed per 1 kilogram of mass. The total dose of radiation is then delivered in multiple 

smaller doses over a period of time. This is known as fractionation.  Fractionation allows 

for restoration of normal tissue damage and improvement of radiosensitivity through the 

concepts of repair, reoxygenation and redistribution.  

Cancer cells lack appropriate DNA repair mechanisms to recover from the damage caused 

by radiation and have less capacity to repair radiation damage but the time between 

fractions of treatment allow for repair of SLD in normal tissue. As the tumour shrinks in 

response to treatment, previously hypoxic and radioresistant portions of the tumour may 

become reoxygenated, rendering them more radiosensitive. Cells in different phases of 

the cell cycle also display different levels of radiosensitivity. There is greatest 

radioresistance during the DNA replication phases of the cell cycle and greatest 

radiosensitivity during mitosis. The time delay between each radiotherapy fraction allows 

cells to redistribute and progress from one phase to the next, in turn increasing the 

chances of irradiating cells during the radiosensitive phases and improving the efficacy of 

treatment. Despite the benefits of having a delay between fractions, the prolongation of 

treatment time also results in accelerated repopulation. Cytotoxic treatments like 

radiotherapy can induce an increase in the rate of cell division and reduction in length of 

cell cycle, thereby increasing proliferation rate. It is therefore vital to achieve a balance of 

minimising toxicities, improving efficacy and reducing cell proliferation when formulating 

a curative treatment course.  

Although TMT and radiotherapy are often regarded as “second best”, reserved for 

patients too unwell to undergo surgery[30], the use of ionizing radiation in radical 

treatment of bladder cancer is certainly not a new development. Waters describes a 

series of 67 cases treated with radiotherapy – implantation (brachytherapy), deep 

roentgen ray (external beam radiotherapy) or a combination of both in 1923[32]. The idea 

of radical radiotherapy with salvage cystectomy is also not a new one. Studies since the 

mid-1970s had been advocating initial radical radiotherapy with close monitoring as 

opposed to upfront cystectomy, with surgery being held in reserve for patients who do 

not respond to radiotherapy or whose disease recur[33]–[36]. 
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While brachytherapy may have played a role in bladder cancer treatment in the 1920s, a 

preference for external beam radiotherapy quickly took hold. Duncan et al described 963 

patients with bladder cancer treated with a three-field beam directed technique (one 

anterior, two posterior oblique fields) while lying prone, at a dose of between 55 to 

57.5Gy in 20 fractions over 4 weeks, between 1971 and 1982[34]. While this is not 

significantly different from the manner in which bladder cancer is treated more than 40 

years later, modern radiotherapy techniques have resulted in improved conformality of 

radiotherapy plans in three-dimensions. 

 

Figure 4 Radiotherapy plan from 1970s with a 3-field technique with patient in a prone position 
[34]. 

External beam radiotherapy involves the use of high energy x-ray generated from a linear 

accelerator to kill cancer cells while minimizing radiation dose to surrounding tissues. 

Different radiotherapy techniques have been developed over the years to achieve this by 

delivering treatment with multiple beams of radiation that intersect at the target to 

achieve a cumulative dose, while spreading out the dose that each individual surrounding 

organ would achieve.  

In the last decade, the use of intensity modulated radiotherapy (IMRT) and volumetric 

modulated arc therapy (VMAT) has allowed better shaping of dose around the target 

volume while avoiding organs at risk, potentially reducing both early and late toxicities. 
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Van Rooijen et al re-planned the radiotherapy of 20 patients who had undergone 3D 

conformal radiotherapy, examining the effect of IMRT plans and found that while 

maintaining good target volume coverage, the incidental dose to small intestine was 

significantly reduced[37]. However, these radiotherapy plans are more complex and time 

consuming to formulate and deliver. 

There is currently no consensus with regards to the dose and fractionation used in 

curative treatment of bladder cancer. The two major clinical trials in the UK have allowed 

for either 55Gy in 20 fractions or 64Gy in 32 fractions. The results of a meta-analysis of 

patients treated in both trials were presented, reporting that the hypofractionated 55Gy 

in 20 fractions was not inferior 64Gy in 32 fractions. However, these results have not 

been formally published[38]. 

1.4.4 Radiosensitisation 

Central to bladder preserving treatment is radical radiotherapy with the addition of 

radiosensitising agents. Radiosensitising agents work in a synergistic or additive manner 

with radiotherapy to increase cell kill and improve treatment efficacy.  

Various phase II studies have investigated the use of different cisplatin-containing 

regimens (cisplatin alone, cisplatin plus 5-fluorouracil, and cisplatin plus paclitaxel) as 

radiosensitizers in MIBC, and have reported good complete response rates and long-term 

DSS that are comparable to that of RC[39]–[42]. However, these were relatively small 

studies with sample sizes of <100 patients. Patients in these studies were treated in a split 

course manner, with assessment following an initial induction course of 

chemoradiotherapy, after which patients were selected for RC or consolidation 

chemoradiotherapy on the basis of their response to induction treatment. These studies 

showed encouraging results at the time. Mak et al. conducted a pooled analysis of these 

phase II trials and a phase III study and demonstrated that these prospective RTOG 

bladder-preserving protocols result in DSS comparable to that of cystectomy studies [16]. 

The choice of radiosensitisers has evolved over time. Until the early 2000s, the only 

randomised phase III clinical trial was a Canadian study that used cisplatin as a 

radiosensitiser[43]. This small study (n=99) showed an improvement in both the rate of 

local control and OS with the addition of concurrent cisplatin to perioperative or 
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definitive radiotherapy, but had limited statistical power (3-year OS 47% versus 33%, 

p=0.34). As cisplatin causes an increased risk of renal toxicity[44], some clinicians have 

reservations about the use of cisplatin in patients with MIBC who might already have 

impaired renal function and other comorbidities. The approach of adding cisplatin to 

radiotherapy was not widely adopted at the time. 

Results from two large randomised trials were published in the last decade. These 

landmark studies compared outcomes of treatment with radiotherapy alone and with the 

addition of radiosensitising agents. The phase III BC2001 trial reported an improvement in 

2-year locoregional recurrence-free survival (RFS) from 54% to 67% (P=0.03) and in 5-year 

OS from 35% to 48% (P=0.16) with the addition of concomitant chemotherapy with 5-

fluorouracil and mitomycin C to radiotherapy in patients with MIBC[12]. 

As hypoxic cells are more resistant to radiation, BCON took a different approach to 

radiosensitisation with the use of hypoxia modifying agents instead of traditional 

chemotherapy agents. This trial showed that the addition of carbogen and nicotinamide 

to radiotherapy improved 3 year recurrence-free survival from 43% to 54% (p=0.06) and 

OS from 46% to 59% (p=0.04)[14].  

Another agent that has been tested as a radiosensitiser for bladder cancer is gemcitabine. 

A phase II study of radiotherapy with concurrent gemcitabine in MIBC reported a 

complete response rate of 88% at first-check cystoscopy, with an organ preservation rate 

of 64% and an OS of 72% at three years[45]. In addition, a meta-analysis of eight 

published studies that evaluated concurrent gemcitabine and radiotherapy, which 

included a total of 190 patients with MIBC, described a 93% complete response rate at 

first-check cystoscopy within 12 weeks of completion of treatment, and a 5-year OS of 

59%[46]. The NRG/RTOG 0712 study is a phase II study that randomised patients to twice-

daily radiation with cisplatin–5-fluorouracil or once-daily radiation with gemcitabine. The 

primary end point of 3-year distant-metastasis-free survival was reported to be >75% in 

both arms (78% versus 84%; P=0.73), suggesting that outcomes were comparable[47]. 
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1.4.5 Mechanisms of action of radiosensitisers in bladder radiotherapy 

Chemotherapy Agents 

Cisplatin is a platinum chemotherapy agent that is used as a radiosensitiser in various 

cancer subsites. This drug interacts with radiation in various different ways. Radiation 

results in an increase in cellular cisplatin uptake and there is a synergistic effect due to 

cell-cycle disruption. It inhibits the repair of DNA damage following irradiation through 

inhibition of nonhomologous end joining (NHEJ) [48] and blocks cells in the G2 phase 

where cells are more radiosensitive. Furthermore, cisplatin forms toxic intermediates 

with radiation-induced free radicals[49].  

Mitomycin C has been found to have the greatest effect in tumour control and regrowth 

delay if administered shortly before radiation. It is also known to be more toxic to 

radioresistant hypoxic cells and hence would have a synergistic effect with radiation[50]. 

5FU undergoes anabolism to cytotoxic forms, resulting in both DNA- and RNA-directed 

effects. 5FU is phosphorylated to form fluorodeoxyurine monophosphate (FdUMP) which 

inhibits thymidylate synthase (TS). This in turn leads to inhibition of DNA synthesis and 

repair. 5FU can also be metabolized to fluorouracil monophosphate (FUMP) and then to 

fluorouracil triphosphate (FUTP), which can be incorporate into RNA. These mechanisms 

target radioresistant S-phase cells, thereby increasing cell kill when combined with 

radiotherapy[51].  

Like 5FU, gemcitabine is also a pyrimidine antagonist that targets cells in the 

radioresistant S-phase. It also causes dATP pool depletion. These events lower the 

threshold for apoptosis with radiation, with an increase in radiation-induced apoptosis 

with the addition of gemcitabine compared to radiation alone[52]. 

Hypoxia modification 

Carbogen is a mixture of oxygen and carbon, and is used in combination with 

nicotinamide to improve oxygenation and radiosensitisation. Carbon dioxide has a 

vasodilatory effect which helps to improve blood flow and hence improved oxygenation. 

Nicotinamide is a hypoxia-modifying agent. It reduces intermittent constriction of blood 

vessels, thereby increasing blood flow to tumours and reduces acute hypoxia. When 
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combined with breathing high concentration of oxygen, this increases oxygenation and 

radiosensitivity[53].  

Rojas et al. studied the effect of conventional and accelerated radiotherapy fractionation 

in combination with carbogen with and without nicotinamide [54]. The group found that 

the dose of radiation required to control 50% of tumour in mice (TCD50) is reduced in 

mice breathing carbogen compared to air and this is further reduced with the addition of 

nicotinamide. With regards to conventional fractionation, relative to air-breathing 

conditions, the enhancement ratio of carbogen breathing was 1.47 and with the addition 

of nicotinamide this increases to 1.7. A similar effect of carbogen-breathing and 

nicotinamide relative to air-breathing was seen in the accelerated fractionation cohorts.  

Tumour pO2 measured in 16 patients with Eppendorf pO2 electrode demonstrated that 

inhalation of Carbogen with 98% oxygen and 2% carbon dioxide increases tumour 

oxygenation comparable with the 95% oxygen and 5% carbon dioxide gas mixture. 

Patients reported less respiratory discomfort with the lower concentration of carbon 

dioxide[55].  

1.5 Margins and motions 

Radiotherapy dose prescription is based on the international commission on radiation 

units and measurement guidelines (ICRU). The gross tumour volume (GTV) is the volume 

of known disease infiltration. A margin is added on to this to include sub-clinical disease 

to form the clinical target volume (CTV), and in order to compensate for organ motion 

and set up errors, a further margin is added on to form the planning target volume 

(PTV)[56]. The radiotherapy plan would then be aimed at encompassing the PTV, which 

should receive 95%-107% of the prescribed dose. As a result, the volume receiving any 

radiation tends to be significantly larger than the original GTV. 
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Figure 5 Schematic of volumes described in ICRU 62 

In order to reduce radiation dose to surrounding organs at risk (OAR), it is important to 

minimise the margins added to each volume. However, it is vital to weigh this up against 

the potential of suboptimal coverage of the target volume.  

The urinary bladder is a hollow organ that fills and empties regularly. It changes in shape, 

size and position due to both internal and external pressure on a regular basis. 

Unfortunately, the radiotherapy planning (RTP) only offers a snap shot view of the 

position of the bladder in relation to other pelvic organs, while a course of radical 

radiotherapy can last up to 7 weeks. In order to ensure adequate coverage of the bladder 

while avoiding incidental dose to OARs, motion of the bladder and other pelvic organs 

should be considered in detail. 

Various studies have looked into bladder motion during a course of radiotherapy 

treatment, both in terms of motion between fractions (inter-fraction) and motion during 

a fraction of treatment (intra-fraction). Table 3 summarises these studies. 
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Study Purpose/Methods Findings 

Turner et al 

(1997)[57] 

Inter-fraction bladder motion 

Comparison of bladder size, shape and 

motion between RTP and three further 

CT scans on treatment 

Series of measurements of organ 

dimensions and positions made from 

each of mid-bladder slices for all four 

scans. 

Large variation in bladder size 

during treatment, but no pattern 

demonstrated 

Bladder shape remained stable 

Change in posterior margin 

associated with marked rectal 

diameter change 

Superior-Inferior changes not 

measured due to methodology 

Nishioka et 

al (2017)[58] 

n=29 

Inter- and intra-fraction bladder motion 

Fiducial markers implanted into tumour 

beds 

Comparison of caudal vs cranial, 

anterior vs posterior and left vs right 

wall tumours and markers movement 

between fractions and during different 

time points within a fraction. 

Anterior and cranial tumour groups 

showed larger inter-fractional 

movement than tumours on the 

opposite side (not statistically 

significant). 

Increase in intra-fraction movement 

over time. 

Dees-Ribbers 

et al 

(2014)[59] 

n=40 

Inter- and intra-fraction bladder motion 

Comparison of the impact of empty and 

full bladder on bladder wall motion 

No significant difference in bladder 

wall motion in empty and full 

bladders. 

Maximum movement in anterior 

and cranial directions 

Fokdal et al 

(2003) [60] 

n=15 

Inter-fraction bladder motion 

Compared bladder position on CT scans 

with different rectal and bladder filling, 

and post-treatment CT scan to RTP 

scan. 

 

 

Bladder and rectum volume impact 

bladder movements 

Maximum movement in anterior 

and cranial directions 

2.4cm anterior and 3.5cm cranial 

margins required to ensure 

coverage compared to standard 

isotropic margin of 2cm. 
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Meijer et al 

(2003)[61] 

n=10 

Interfraction bladder motion 

Compared bladder position on weeks 1, 

3 and 5 of treatment 

Empty bladder protocol 

Maximum movement in posterior 

and cranial directions. 

Foroudi et al 

(2012) [62] 

n=50 

Intrafraction bladder motion 

Bladder motion compared on daily pre-

treatment and weekly post-treatment 

CBCT 

Empty bladder protocol 

 

Maximum movement in anterior 

and cranial directions. 

1.2cm anterior and 1.25cm superior 

margins required to account for 

intrafraction motion 

McBain et al 

(2009)[63] 

n=15 

Intrafraction bladder motion 

Cine-MRI scans on 2 occasions with 

bladder contoured at 3 different time 

points. 

Empty bladder protocol 

Dominant source of motion was due 

to bladder filling. 

Maximum movement in anterior 

and cranial directions 

Table 3 Summary of studies on bladder motion 

Meijer et al studied inter-fraction bladder motion in 10 patients at RTP scan, and then at 3 

different time points. It is interesting to note that this is the only study that concluded 

that movement was maximal in the posterior and cranial (superior) direction when other 

studies are consistent in their findings that the bladder moved most in the anterior and 

superior directions. The differences that may have resulted in this finding between this 

study and the others were two-fold. Firstly, this study has comparatively smaller sample 

size, and secondly, while the bladder on the RTP scans were contoured by 7 different 

radiation oncologists, the bladder on the follow up scans were contoured by a single 

observer. The combination of small sample size and inter-observer variability may have 

contributed to the difference in anterior/posterior motion results. 

This suggests that we should move away from the use of isotropic margins so as to 

improve coverage in the anterior and superior directions, while reducing unnecessary 

dose to the rectum posteriorly. As we move towards online adaptive radiotherapy, the 

question regarding the predictability of bladder motion and feasibility of deformable 
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registration is one to consider. With increasing interest in differential dose to tumour bed, 

it is important to examine the potential difference between tumour bed and whole 

bladder movement. Furthermore, taking into account the differences in male and female 

pelvic anatomy described previously, it is also vital to consider the potential differences in 

male and female bladder motion. 

1.6 Image-guided and adaptive radiotherapy 

Effective radiotherapy is dependent on accurate delivery of a curative dose to the target 

volume, encompassing both macroscopic and microscopic disease, while avoiding 

unnecessary radiation to the surrounding tissues as much as possible. As discussed 

previously, the bladder’s function is to fill, store and empty on a regular basis. Hence, 

there is a constant change in its shape and position, posing a challenge to precise delivery 

of radiation treatment. 

1.6.1 Image-guided radiotherapy 

Cone beam computed tomography (CBCT) scans are low dose CT images taken on a linear 

accelerator during treatment. These images have revolutionised radiotherapy as they 

allow tracking of the patient’s anatomy and strategies to be employed to modify 

treatment in response to anatomical changes within the patient. This allows the 

radiotherapy team to visualise what was previously an invisible target. 

Patients who undergo radical radiotherapy to the bladder traditionally have a maximum 

transurethral resection of bladder tumour (TURBT) and a GTV is often not defined as the 

tumour has been removed and the tumour bed is difficult to visualise on the RTP scan. 

The entire bladder is defined as the CTV and treated to the same dose of radiation. A 

margin of 15 to 20mm is added to the CTV to account for bladder expansion and motion. 

The RTP scan and CBCT are matched based on bony anatomy during treatment to ensure 

that the patient’s position is reproduced as much as possible. As the position of 

surrounding normal tissues is relative to the bladder, this method results in treating larger 

volumes of normal tissue when the bladder is small with a risk of inadequate coverage of 

the bladder when the bladder is large. It also assumes uniform expansion of the bladder, 

which is not the usual case in vivo. In a study of 141 patients undergoing bladder 

radiotherapy with regular CBCT, following a match to bony anatomy, 44% of patients 
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required further intervention in order to improve target coverage including 10% who 

required repeat planning to accommodate for a small or large bladder[64]. This study 

explores the effect of inter-fraction motion and demonstrates that the manner in which 

the bladder and its surrounding organs move is often not adequately accommodated by 

the current CTV to PTV margin. The intra-fraction motion is not yet accounted for and the 

real magnitude of the problem may be bigger. 

1.6.2 Fiducial markers 

Studies have looked into the use of markers such as lipiodol or gold fiducial markers in 

image guided radiotherapy (IGRT)[65]. Gold seeds have been used in other cancer 

subsites, such as oesophageal, prostate and breast, to guide radiotherapy[66]–[68]. 

Garcia et al reported on the use of gold fiducial markers in 16 patients who underwent 

chemoradiotherapy, outlining that 98% of markers stayed in place until the end of 

treatment and that the use of these markers resulted in a reduction in bladder area 

treated with high-dose radiation[69].  

Lipiodol markers are radio-opaque liquid markers. Chai et al demonstrated that the use of 

lipiodol markers is a feasible and useful way of tracking bladder tumour during 

radiotherapy[70]. Apart from feasibility, lipiodol markers have also shown to improve 

accuracy in IGRT, Søndergaard et al also showed that 5mm and 3mm inter- and intra-

fraction shifts respectively is required to match on to lipiodol spots, suggesting that the 

use of these markers can help to improve accuracy[71]. Furthermore, Pos et al. showed 

that the matching on lipiodol is more precise than grey value or manual registration[72]. 

In a relatively small study of 5 patients, Freilich et al explored the impact of lipiodol 

markers on inter-observer variability regarding the size and location of the tumour bed, 

and found that lipiodol reduces inter-observer variability[73]. 

While the use of fiducial markers allows for better matching and hence accuracy, it is not 

without problems. The insertion of these markers requires patients to undergo a further 

invasive procedure, which may in turn delay definitive treatment. There is also the risk of 

markers moving following insertion.  
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1.6.3 Adaptive radiotherapy 

Different adaptive strategies have been developed in order to improve target coverage 

while reducing unnecessary dose to surrounding tissues. The “plan of the day” (POD) 

adaptive radiotherapy strategy involves the formulation of multiple treatment plans and 

the best plan being selected on the day of treatment based on the CBCT findings. A 

treatment plan is designed based on the patient’s initial radiotherapy planning scan. This 

plan is then modified, generating 3 concentrically grown clinical target volumes – small, 

medium and large. Prior to each day’s treatment a CBCT scan is undertaken and the most 

suitable plan that provides the best target coverage and the least dose to OARs is 

selected. 

This has been investigated in several studies and has shown promising results for both 

feasibility and clinical outcomes [74]–[76]. Hafeez et al reported on the findings of 

treating 55 patients who were not suitable for daily radiotherapy or surgery with weekly 

hypofractionated treatment using the POD approach[74]. In this group of less fit patients, 

82% of patients completed treatment and local disease control was achieved in 60% of 

patients, with a 4.3% rate of grade 3 late toxicity at 12 months. The low rate of late 

toxicity appears encouraging but may not truly reflect the long-term impact of treatment 

as only 42% of patients were alive at the 12 months timepoint. While this study has 

promising results, the aim of treatment in this group of patients is for local disease 

control rather than long term cure. 

Improved normal tissue sparing with this method has also been demonstrated, with a 30% 

reduction of planned target volume (PTV) in patients treated with adaptive radiotherapy 

compared to the non-adaptive approach [75]. This demonstrates that adaptive 

radiotherapy has the potential to reduce radiation dose to uninvolved surrounding tissues, 

but the clinical impact of this is not discussed and remains the important factor in any 

proposed treatment.  

Another adaptive radiotherapy approach is known as the composite method. In this 

approach, only one treatment plan is developed from the RTP scan initially. The patient is 

treated with this plan for the first few fractions of treatment, during which time CBCT 

images are taken. These CBCTs are then averaged to generate a composite plan, which is 
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used for subsequent fractions of treatment. While this method corrects changes in 

bladder volume and position during the relatively longer time period between the 

planning scan and start of treatment, it does not account for the random errors that 

occur with changes between fractions[76] or further changes in the bladder after the 

composite plan has been designed.  

While it is an improvement from using a single plan, current adaptive radiotherapy 

approaches assume uniform bladder movement and expansion, and do not consider 

intra-fraction changes. The generation of multiple radiotherapy plans is labour-intensive 

and the daily choice of plans is dependent on subjective assessment by the treating team. 

Furthermore, while we are concerned about reducing radiation dose to surrounding 

tissue, it is not known if the incidental dose that patients currently receive actually plays a 

positive role towards their long-term disease status.  

1.6.4 Tumour bed boost 

Considering that the basis of radiotherapy lies with delivering the maximum radiation 

dose to a high-risk region while minimising that to surrounding tissues, the practice of 

treating the whole bladder to the same dose is incongruous. A study of 149 patients 

randomised to whole bladder or partial bladder radiotherapy found that a reduction in 

treatment volume allowed for higher radiation dose to be delivered, but survival 

outcomes were similar[77]. Furthermore, BC2001 included a comparison of reduced high 

dose tumour focused volume to standard high dose whole bladder radiotherapy[78]. This 

sub-study reported no significant differences in late toxicity or rates of recurrence, but it 

should be noted that the bladder sparing effect in BC2001 was modest as the protocol 

called for a 1.5cm margin around the tumour within an empty bladder. CBCT had not yet 

been wholly developed and as such on-treatment imaging was of poor quality.  

The RAIDER trial (NCT02447549) is a phase II, three arm randomised trial of adaptive 

radiotherapy for bladder cancer. This trial investigates both the feasibility and impact of 

adaptive radiotherapy and dose escalated tumour boost in radical radiotherapy to the 

bladder. It has recently closed to recruitment and results are awaited. This will be of 

interest as we move forward in optimising the delivery of radical radiotherapy and 

improve patient outcome. 
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1.7 MRI in bladder cancer 

Magnetic resonance imaging (MRI) exploits the high hydrogen content of the human body 

by using a strong magnetic field and radiofrequency pulses to align hydrogen proton axes. 

The resulting processing magnetic dipole then generates a detectable radiofrequency, 

which is used to create images. Different tissues have different hydrogen density and 

relaxation time, thereby emitting radio waves of varying intensity[79].  

Compared to computed tomography (CT), MRI produce scans with better soft tissue 

contrast, which in turn allows better identification and localization of disease and 

surrounding organs at risk. MRI also allows both anatomical and functional images, which 

provides more information about the disease. Different pulse sequences allow for image 

contrast to be manipulated when imaging different structures. 

However, it takes a significantly longer amount of time to obtain MRI images, and 

involves the patient being in a confined space during the scan time. This gives rise to 

increased risk of image distortion from patient motion. Furthermore, patients with 

certain implanted medical devices or metallic fragments are not able to undergo MRI 

scans. 

1.7.1 Anatomical imaging 

The superior soft tissue contrast on MRI scans is important in its use in the staging of 

bladder cancer. On T2 weighted images, bladder tumour and bladder muscularis layer can 

be differentiated. It can be determined if the muscularis layer is intact and therefore 

allowing the radiologist to accurately determine if the cancer is superficial or muscle 

invasive[80]. 

MRI allow for images to be acquired in different planes and accurate evaluation for the 

bladder tumour is not limited by its location within the bladder[81]. For example, 

tumours on the lateral wall can be better evaluated with coronal images while those on 

the anterior or posterior wall can be better evaluated with sagittal images.   

MRI with gadolinium enhancement has an overall accuracy of 85% in distinguishing 

between non-muscle invasive bladder cancer (NMIBC) and muscle invasive bladder cancer 

(MIBC), 82% accuracy in classifying organ-confined disease and 96% accuracy in 
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diagnosing lymph node involvement[82]. In comparison, CT scans only have an accuracy 

rate of 49% in predicting the depth of bladder wall invasion[83]. 

1.7.2 Functional imaging 

Apart from anatomical information, MRI allows for functional or biological information to 

be obtained by imaging perfusion through the use of diffusion-weighted imaging (DWI), 

oxygenation through blood oxygen level dependent (BOLD) scans and macrophage 

functions with lymphotropic nanoparticle enhanced MRI (LNMRI). 

DWI examines the diffusion of water molecules (Brownian motion) and reflects the cell 

density in the region examined. As tumours have a greater cell density, there is greater 

restriction in diffusion and hence a lower apparent diffusion co-efficient (ADC). In 

addition to structural information, DWI-MRI provide quantitative information to further 

aid tumour assessment[84]. The ADC value may be useful in determining the 

aggressiveness of tumours, with a lower ADC value found in MIBC and high-grade 

tumours[85]. In addition to its use in diagnosis, DWI-MRI has also been shown to predict 

response to chemoradiotherapy with a multivariable analysis identifying ADC value as the 

only significant and independent predictor of sensitivity to chemoradiotherapy[86]. 

However, it is important to consider the limitations of DWI-MRI in bladder cancers as 

water diffusion is also impeded in non-cancerous tissues such as neurological tissues, 

lymphatic tissues and areas of fibrosis and can lead to misdiagnosis. 

BOLD MRI scans utilises the difference in magnetism of deoxyhaemoglobin and 

oxyhaemoglobin. As deoxyhaemoglobin is paramagnetic and oxyhaemoglobin is 

diamagnetic, oxygenated blood appears brighter on T2 weighted images. MRI scan 

sequences can be manipulated to be sensitive to the level of deoxyhaemoglobin. 

Therefore, by increasing oxygenation through the breathing of carbogen (95% oxygen and 

5% carbon dioxide) during a BOLD MRI scan can help to identify patients who would 

benefit from hypoxia modification during treatment[87]. 

LNMRI utilises macrophage function within normal lymph nodes to differentiate between 

benign and metastatic lymph nodes. Lymph node specific nanoparticles are administered 

prior to the scan, and are phagocytosed by functioning macrophages, causing them to 

accumulate within benign lymph nodes. As a metastatic lymph node would have poorer 
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macrophage function, the nanoparticles do not accumulate, and there would be a 

difference in signal intensity[80]. 

These new developments in functional imaging hold much potential, but are not currently 

used in clinical practice due to the lack of access and availability and more importantly, 

the lack of validation in large cohorts of patients. 

1.7.3 MRI-guided radiotherapy 

The superior soft tissue contrast of MRI scans makes it ideal for radiotherapy planning 

and image guidance. The recent development of MRI-guided radiotherapy machine, 

which would allow for online adaptive radiotherapy has resulted in much excitement. 

There is limited literature on the role of MRI guided radiotherapy in bladder cancer. 

Vestergaard et al has assessed different MRI-guided adaptive radiotherapy techniques 

with regards to target coverage, and concluded that online re-optimization allows normal 

tissue sparing and should be considered for use in bladder cancer[88]. While this is 

optimistic, it must be recognised that this study was in a relatively small patient group of 

9 patients, with only one female patient. 

The role of MRI guided radiotherapy has been explored in other urological tumours. For 

example, Hegde et al. reports that MRI guidance with a cobalt-60 radiotherapy system is 

an alternative to fiducial marker in prostate stereotactic radiotherapy (SBRT) in a single 

patient case report[89].  

There have also been reports of MRI guided radiotherapy use in other cancer subsites. 

For example, Chen et al. reports a single institution experience of treating 18 patients 

with head and neck cancer with IMRT and on-board MRI, and found that the clinical 

outcome is comparable to contemporary IMRT series[90]. Padgett et al. found that online 

adaptive MRI guided lung stereotactic radiotherapy (SBRT), with deformably propagated 

contours that were edited by clinicians, provides better target conformality and reduces 

dose to normal tissue [91]. However, this small study included only three patients and 13 

fractions of treatment in total. 

MRI guided radiotherapy is still in its infancy. Online adaptive radiotherapy requires time 

and manpower unless the system is designed to generate an adaptive plan with 
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deformable registration and has the ability to carry out effective and efficient software 

based quality assurance[92]. The additional time required to deliver treatment may also 

have an impact on intra-fraction motion, which would need to be taken into 

consideration as well. MRI based studies would need to be carried out to examine 

bladder movement, and adaptive radiotherapy strategies would need to be studied in a 

large and varied patient population. 

1.8 Radiomics and imaging biomarkers 

Radiological imaging is commonly used in the diagnosis of cancer and in monitoring of 

response to treatment. They aid clinical decisions regarding disease treatment. 

Radiologists use the different tissue contrast obtained in various imaging modality to 

decide on diagnosis. However, a large amount of information is gathered during imaging 

studies that are not visible to naked eye[93]. Recent advancement in computer 

technology means interpretation of images is no longer limited to what the radiologist 

can see. Radiomics refers to the high throughput extraction of advanced quantitative data 

from radiological images creating a high dimensional data set, followed by data mining 

and analysis of these data supports clinical decision[93], [94]. In turn, this contributes to a 

further step towards the practice of precision medicine. 

1.8.1 Imaging versus tissue biopsy 

Biopsies involves small samples of a tumour and do not account for the spatially 

heterogenous nature of most tumours[95]. This could easily result in misrepresentation. 

On the other hand, radiological imaging allows the examination of an entire tumour, and 

the extraction and analysis of quantitative features of both the tumour and its 

surroundings. Relating the radiomics features to pathological features or clinical 

outcomes will in turn help to overcome the issues of under-sampling[94]. 

1.8.2 Radiomics workflow 

The radiomics workflow involves a four-step process. High quality images are obtained 

and the area of interest is identified through segmentation. This could refer to an area of 

disease or normal tissue. Quantitative features are then extracted, and subsequently 

analysed[95]. 



 43 

Different features can be extracted from a single set of images. This includes three 

different categories. Tumour intensity histogram-based features involves the conversion 

of the 3-dimensional data of a segment into a single histogram (e.g. Hounsfield unit for a 

CT scan), describing the distribution of voxel intensities within an image. The 

morphological features describe the geometric shape of the segment, total volume and 

total surface area. Lastly, the texture features describe the distribution of grey levels 

within an image[93], [96]. 

1.8.3 Radiomics in bladder cancer 

There have been limited number of studies into role of radiomics in bladder cancer, but 

findings have nonetheless been interesting.  

CT radiomics 

Two different studies have been published with regards to the use of CT radiomics in 

bladder cancer.  

Cha et al. explored the role of response assessment using radiomics with deep learning in 

the setting of neo-adjuvant chemotherapy[97]. CT scans prior to and after neo-adjuvant 

chemotherapy were evaluated with three different radiomics’ predictive models and the 

findings compared to expert radiologist assessment. This study found that there was no 

significant difference between the radiologists’ and the predictive models’ overall 

assessment of residual tumour following neo-adjuvant chemotherapy. While an obvious 

criticism of this study would be that disease response is often not seen following neo-

adjuvant chemotherapy as patients had maximum trans-urethral resection of tumour 

(TURBT) prior to commencement of chemotherapy, it is important to note that the main 

finding is that the deep learning radiomics predictive models’ evaluation of disease 

response is similar to that of trained radiologists.  

Wu et al. demonstrated the value of CT radiomics texture features in the prediction of 

lymph node metastases[98]. A comparison of radiomics features obtained from pre-

operative CT scans was made with post-operative pathological lymph node status, 

thereby developing a radiomics signature. This was shown to accurately predict lymph 

node involvement even in situations where the contrast enhanced CT scans were 

reported as lymph node negative. 
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MRI radiomics 

Studies have shown that textural features from MRI scans are significantly different 

between cancer tissue and uninvolved bladder wall, and also between the uninvolved 

bladder wall of patients and those of healthy volunteers[99]. Moreover, the combination 

of textural features and apparent diffusion coefficient (ADC) can also help to distinguish 

between high and low grade non-muscle invasive bladder cancer (NMIBC)[100]. 

Clinical applications 

Current findings have demonstrated that radiomics may be useful in accurate diagnosis 

and grading of bladder cancer, and that with further validation, could be useful in clinics. 

However, little has been done to look at the potential for monitoring or predicting 

response to treatment. Modern radiotherapy techniques have an increased flexibility in 

dose delivery with intensity-modulated radiotherapy (IMRT) and volumetric-modulated 

arc therapy (VMAT). While these techniques are used to improve more anatomically 

conformal contours, radiomics could translate to biological conformality in future.  

Limited work has been done in the field of radiomics and imaging biomarkers in bladder 

cancer and we are still a long way away from realising the goal of biological conformality. 

There is a need to first isolate useful imaging biomarkers in bladder cancer and to further 

validate them in different independent cohorts of patients in order to demonstrate their 

reliability, thereby narrowing down and identifying robust imaging biomarkers to be used 

in clinical practice. 

1.9 Molecular biomarkers in bladder cancer 

Over the past decade, unprecedented developments have been made in cancer genetics 

and genomics, enabling the exploration of molecular biomarkers in different cancer types, 

including MIBC. Importantly, non-invasive and invasive bladder cancers have been found 

to be different diseases with distinct pathogenetic pathways[101], [102]. Invasive 

tumours are believed to originate from CIS and are associated with dysregulation of the 

p53 and retinoblastoma (RB) pathways whereas non-invasive tumours are associated with 

FGFR3 and HRAS mutations[102]–[104]. Importantly, such molecular biomarkers might 

have prognostic and predictive value in bladder cancer, and could inform treatment 

strategies 
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Figure 6 The divergent pathogenetic pathway of urothelial cancers. Adapted from Wu et al[102] 

1.9.1 Prognostic biomarkers 

Prognostic biomarkers are biological features of a tumour that provide information about 

the general outcome of the disease and might help to identify patients who require 

treatment intensification. Importantly, despite predicting outcomes, prognostic 

biomarkers do not predict response to a specific treatment or intervention. Several 

potential prognostic biomarkers have been studied in urothelial bladder cancer, but they 

are not in routine clinical use as they have not been adequately validated and their 

clinical relevance has not yet been determined.  

The tumour suppressor p53 is an important gatekeeper in G1–S cell cycle progression and 

has a key role in regulating the cell growth and division[105]. Mutational inactivation of 

the TP53 gene results in an altered p53 phenotype, and TP53 alterations were found to 

be associated with increased risk of disease recurrence and a poor prognosis in patients 

with bladder cancer[106]–[108]. In bladder cancer, individual alterations in the levels of 

p53, cyclin-dependent kinase inhibitor 1 (also known as p21) and phosphorylated RB are 

associated with early recurrence and poor prognosis, whereas combinations of these 
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alterations further enhance this prediction[109]. Indeed, the 5-year recurrence and 

survival rates were 93% and 8%, respectively, in patients with all three alterations 

compared with 23% and 70%, respectively, for those with a single alteration. 

Gene expression profiling has been used to identify genes that might aid in bladder 

cancer diagnosis and in predicting recurrence and progression[101], [110]–[112]. Smith et 

al.[113] developed a 20-gene model that identified patients at high and low risk of lymph 

node metastasis, independent of age, gender, pathological tumour stage, and 

lymphovascular invasion. As lymph node involvement is an important prognostic factor in 

bladder cancer recurrence and survival[114], the ability to accurately predict lymph node 

metastases using this model, after adequate validation, could prove invaluable and could 

help to select patients for neoadjuvant chemotherapy prior to definitive treatment.  

Various groups have identified basal and luminal subtypes in MIBC through whole 

genome mRNA expression profiling, echoing the molecular subtyping in breast 

cancers[115]. The cancer genome atlas (TCGA) identified four different molecular 

subtypes – clusters I to IV. The group found that the cluster III subtype was enriched with 

breast basal markers while clusters I and II showed similarity to breast luminal A 

subtypes[116].  

Sjödahl et al. used gene expression data from 308 samples (NMIBC and MBC) to defined 

five major subtypes: urobasal A, genomically unstable, urobasal B, squamous cell like and 

highly infiltrative, and demonstrated that urobasal B and squamous cell-like subtypes 

have the worse prognosis[117]. Their findings were validated in two independent cohorts. 

Using a meta-dataset of 262 high grade MIBC tumours and a further smaller independent 

dataset as validation, a gene signature was developed to classify MIBC tumours into 

luminal and basal subtypes[118]. The authors found that within the validation cohort, 

basal tumours had worse OS and disease specific survival outcomes. However, it should 

be noted that the validation cohort was relatively small comprising of only 49 patients. 

Interest has been growing in the role of the immune system in disease outcome and 

treatment response. Lymphocytic infiltration has been reported to be related to clinical 

outcome in various cancer types[119]. In a cohort of patients with MIBC undergoing 
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radical chemoradiotherapy to the bladder, pre-treatment lymphopaenia was associated 

with poor outcome, a finding that was also observed in a separate cohort of patients with 

advanced bladder cancer undergoing palliative chemotherapy for advanced urothelial 

cancer[120]. 

Programmed cell death protein 1 (PD-1), a cell surface receptor expressed on T cells, has 

gained importance in various cancer types. In line with its role in immune regulation, 

interaction of PD-1 with its ligands, such as programmed cell death 1 ligand 1 (PD-L1), 

results in downregulation of the immune response[121]. By expressing PD-1 ligands, 

tumours can exploit this immune checkpoint in order to evade immune detection. PD-L1 

expression in bladder cancer has been shown to be associated with the risk of disease 

progression and decreased survival[122]–[124]. The use of immune checkpoint inhibitors 

(ICIs) targeting either PD-L1 or PD-1 in the metastatic setting has improved survival 

outcomes, particularly in patients with high PD-L1 expression[125]–[127]. 

Receptor tyrosine kinases (RTKs) regulate a number of cellular processes, including cell 

proliferation and differentiation, and have an active role in cancer development and 

progression[128]. Overexpression of human epidermal growth factor receptor 2 (HER2; 

also known as ERBB2) is associated with aggressiveness and poor prognosis in urothelial 

cancer, specifically lymphovascular invasion, disease recurrence, and decreased DSS and 

OS[129], [130].  

Prognostic biomarkers could possibility be used for the identification of patients with a 

poor prognosis who might require treatment intensification. However, although some 

biomarkers have both prognostic and predictive value (for example, PD-L1 expression), 

the prognostic value of most of the aforementioned biomarkers does not necessarily 

translate into predictive values and, therefore, they might not be useful in guiding 

optimal treatment for an individual patient. 

1.9.2 Predictive biomarkers 

Predictive markers are biological features that predict response to an intervention or 

treatment. Despite still being at the developmental stage, predictive biomarkers have 

been identified that might aid patient selection for treatment options in bladder cancer, 

specifically for identifying patients who might respond well to radiotherapy or who might 
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be better suited to surgery, and also in identifying patients in who neoadjuvant 

chemotherapy would be useful. However, further studies are now required to validate 

their predictive power and clinical value.  

Apart from its prognostic value, molecular subtyping has been shown to predict response 

to neoadjuvant chemotherapy. Choi et al. demonstrated that p53-like subtype of tumours 

has little response to neoadjuvant chemotherapy. However, this was a small study of 100 

patients, of which 9 were of p53-like subtype. These findings were not validated[131]. 

A further multi-institution study of tumour samples prior to neoadjuvant chemotherapy 

stratified tumours into four subtypes – claudin-low, basal, luminal-infiltrated and luminal, 

and validated the findings in an independent cohort[132]. The survival outcomes were 

compared to that of a non-neoadjuvant chemotherapy dataset. Luminal tumours were 

found to have the best while claudin-low tumours were associated with worse outcomes 

regardless of neoadjuvant chemotherapy. Neoadjuvant chemotherapy made the most 

difference improvement in OS in basal tumours. While there was a large sample size and 

the molecular subtyping results were validated, the study compared survival outcomes 

across different datasets. 

Whole transcriptome analysis of TURBT samples from 136 TMT patients and 223 NAC and 

RC patients found that molecular subtype did not have an impact on DSS or OS in the TMT 

cohort, but claudin-low subtype was associated with worse outcomes in the NAC and RC 

cohort[133]. The study also studied two gene signatures of immune infiltration, T-cell 

inflamed gene expression and IFN-gamma gene expression, and showed that higher 

expression of immune signature is associated with improved DSS in the TMT cohort but 

not in the NAC and RC cohort. Stromal infiltration was found to be associated with worse 

outcomes in the NAC and RC cohort. While the results provide an interesting potential of 

predicting outcomes with treatment, they should be treated cautiously. The two cohorts 

do not have balanced patient characteristics. The RC cohort had a lower median age, with 

a greater proportion of female patients and higher T stage. The gene signature expression 

scores were dichotomised, but it is unclear how the cut off scores were determined.  

Most importantly, the results require further validation in prospective study before any 

change in practice should be considered. 
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Double-strand break repair protein MRE11 is involved in activation of the DNA damage 

response (DDR) by forming part of the MRE11–RAD50–NBS1 (MRN) complex, which has 

an important role in detecting double-stranded DNA damage and repair[134]. On the 

basis of their role in DDR, increased expression of MRN complex proteins would be 

expected to predict poor radiosensitivity, but different studies have concluded the 

opposite. The expression of MRE11 has been shown to be predictive for DSS following 

radical radiotherapy in both a test and validation cohort, with high MRE11 expression 

being associated with improved 3-year DSS in patients with MIBC after radiotherapy. This 

predictive value could be due to the relationship between low MRE11 expression and 

impaired checkpoint arrest and/or reduced apoptosis, resulting in increased 

radioresistance [135]. In the same study, MRE11 expression was found not to be 

associated with survival outcomes in patients who underwent RC, a finding that has been 

further validated in a separate patient cohort[136]. Thus, MRE11 expression might be a 

useful predictive biomarker for stratifying patients to receive either surgery or bladder-

preserving treatment. However, further validation of these findings in other cohorts has 

been disappointing owing to problems associated with assay reproducibility[137] and, 

therefore, MRE11 is not in current routine clinical use as a biomarker for patient selection.  

The RTOG has reported that patients with HER2-positive MIBC have a poor response to 

chemoradiotherapy; analysis of tumour samples from 55 patients enrolled in 4 RTOG 

bladder cancer studies revealed that HER2 expression status was associated with 

response rate following chemoradiotherapy[138]. In a biomarker-selective, 

nonrandomized study, patients with HER2-positive MIBC were treated with HER2 

antibody trastuzumab in addition to chemoradiotherapy with paclitaxel, whereas HER2-

negative patients were treated with chemoradiotherapy only. Complete response rates 

were similar between groups (72% in HER2-positive group versus 68% in HER2-negative 

group) despite expectations that response rates would be lower in HER2-positive 

patients[139]. This was a small study (n=76) and the radiosensitising regimen used was 

non-standard, but the findings suggest the possibility of using HER2 status as a predictive 

biomarker for the addition of trastuzumab in order to improve outcomes in this patient 

group.  
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In addition to concurrent chemoradiotherapy, another option for radiosensitisation in 

TMT is the use of hypoxia modification instead of chemotherapy. As a step towards 

biological stratification for the choice of radiosensitizer, retrospective analysis of tumour 

samples from the phase III BCON study (which evaluated the addition of concurrent 

carbogen and nicotinamide to radiotherapy) has enabled exploration of associations 

between tissue biomarkers and clinical outcomes and led to the identification of a 

number of potentially important predictive biomarkers for response to concurrent 

hypoxia modification. Specifically, necrosis, carbonic anhydrase-IX (CA-IX), hypoxia-

inducible factor-1α (HIF-1α), and a 24-gene signature have been shown to predict 

improved outcomes in patients treated with carbogen and nicotinamide. Eustace et 

al.[140] examined a variety of histopathological features in tumour samples from 231 

patients enrolled in the BCON trial, and found that necrosis and expression of the hypoxia 

marker CA-XI independently predicted OS benefit from hypoxia modification. Another 

study that evaluated HIF-1α expression by immunohistochemistry in tumour samples 

showed that patients with high HIF-1α expression who were treated with hypoxia 

modification in combination with radiotherapy had a marked improvement in local 

relapse-free survival compared with those treated with radiotherapy alone, whereas no 

improvement was observed with hypoxia modification in patients with low HIF-1α 

expression[141]. Similarly, a 24-gene signature that identified hypoxic MIBC tumours 

predicted benefit from the addition of hypoxia modification to radiotherapy[112].  

In summary, a number of different biomarkers that predict response to bladder-

preserving treatments in MIBC have been identified, mostly using retrospective data from 

randomised controlled trials, but few have been validated. With appropriate validation, 

these predictive biomarkers could aid clinicians and patients in the decision between 

treatment options and in formulating appropriate management plans. Validated 

biomarkers that predict response to RC will be invaluable and could enable the 

development of algorithms to aid clinical decision making regarding definitive treatment 

options. 
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1.10 Optimising radiotherapy in bladder cancer 

Patient outcomes in bladder cancer have improved over the years[16] and this can be 

attributed to improvement in TURBT techniques, radiotherapy delivery and supportive 

care.  In order to optimise patients’ chances of bladder preservation, we need to improve 

on the accuracy of radiotherapy delivery. The bladder moves within the pelvis due to 

external pressure from surrounding organs, and it changes in shape and size from internal 

filling and emptying. By exploiting modern imaging techniques and advanced 

radiotherapy methods, we could better visualise the bladder, learn to predict its 

movement in both male and female pelvis, and adapt treatment more appropriately. This 

would translate to the maximum dose of radiation to target areas to optimise the chance 

of local disease control, while minimizing dose to normal tissue to reduce toxicity. As we 

evaluate the long-term outcomes of hypoxia modification in bladder cancer radiotherapy, 

we can improve patient selection for this radiosensitisation regimen. 

2 Hypothesis 

Organ preservation treatment in bladder cancer can be personalised through improved 

accuracy with image guided radiotherapy and biologically informed use of hypoxia 

modification. 

3 Aims 

The aims of this thesis are as follows: 

1 To investigate the associations between long-term outcomes of hypoxia modification 

and biological features in muscle invasive bladder cancer. 

2 To investigate the relationship of parameters on radiotherapy planning scan on the 

clinical outcomes of patients who underwent radical radiotherapy for bladder cancer. 

3 To quantify and compare inter-fraction bladder motion between men and women, 

looking for gender differences using CBCT. 

4 To prospectively evaluate the association of intra-fraction role of tumour bed and 

bladder. 
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4.1 Abstract 

4.1.1 Introduction 

Organ preservation in muscle-invasive bladder cancer (MIBC) is achieved through 

radiotherapy with the addition of a radiosensitiser. Oxygen makes radiation induced DNA 

damage permanent and increases cell kill. Hypoxic tumours are therefore more 

radioresistant. Biological features that reflect the presence of hypoxia such as necrosis 

and gene expression scores could potentially select patients that would best benefit from 

hypoxia modification. Furthermore, there has been increasing interest in molecular 

subtyping in bladder cancer. Like in breast cancer, basal and luminal bladder tumours 

display a different course of disease and may respond differently to treatments. The 

Bladder CarbOgen Nicotinamide (BCON) study showed that the use of hypoxia 

modification resulted in an improvement of 3-year overall survival. We examine the long-

term outcomes of the BCON study and explore the biological features that may aid in 

patient selection for hypoxia modification. We also present the first study into the effect 

of hypoxia modification in radiotherapy for basal and luminal bladder cancers.  

4.1.2 Methods 

Patients with histologically proven non-metastatic muscle-invasive, or high grade non-

invasive, transitional cell carcinoma of the bladder were recruited to the BCON study and 

randomised to receive radical radiotherapy (RT) alone or radical radiotherapy with the 

addition of nicotinamide and carbogen (RT+CON). Centres were contacted for the long-

term survival outcomes of patients. Tumour samples were examined for presence of 
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necrosis. Whole transcriptomic analysis was carried out and a hypoxia gene signature 

score was determined for each sample based on a previously developed 24-gene 

signature. Tumours were also stratified into basal and luminal molecular subtypes. 

Kaplan-Meier analyses were used to determine long term survival for these biological 

features. Multivariable analysis was carried out to adjust for known prognostic factors. 

4.1.3 Results 

There is sustained benefit of hypoxia modification in bladder radiotherapy in the long 

term, with p-values overall in this moderate sample of patients falling just short of 0.05. 

Tumours with necrosis present and/or high hypoxia gene signature scores benefited from 

hypoxia modification. In the presence of necrosis, 5-year OS was 53% (95% CI 42-67%) in 

RT+CON and 33% (95% CI 22-50%) in RT alone. Similarly, with high hypoxia score, 5-year 

OS was 51% (95%CI 41-62%) in RT+CON and 34% (95%CI 23-49%) in RT alone. There was 

an improvement in OS with the addition of CON in the basal group (HR 0.58 (0.32-1.06) 

p=0.08) but not in the luminal group (HR=0.96 (0.58-1.61) p=0.88) (figure 5). 

4.1.4 Conclusion 

Our study shows that necrosis, hypoxia gene signature score and molecular subtypes are 

predictive biomarkers in bladder radiotherapy with hypoxia modification. This would 

allow the development of biologically stratified management plans as opposed to being 

dependent on patient and clinician bias. Further qualification of our findings in the form 

of a biomarker driven study is required prior to a move into routine clinical use.  
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4.2 Introduction 

The optimum strategy for organ preservation in muscle-invasive bladder cancer (MIBC) 

involves maximum transurethral resection of bladder tumour (TURBT), radiotherapy and 

radiosensitisation.  The Bladder CarbOgen Nicotinamide (BCON) study opened in 2000 

and randomised patients to receive radiotherapy alone or radiotherapy with carbogen 

and nicotinamide (CON). This study demonstrated a 13% improvement in 3-year overall 

survival (OS)[14].  

4.2.1 Hypoxia 

Tumour hypoxia occurs as a result of structural abnormalities of tumour blood vessels, 

size of tumour resulting in poor oxygen diffusion or disturbed microcirculation[142]. This 

leads to the activation of hypoxia inducible factors (HIFs), which in turn play important 

roles in the tumour’s invasive and metastatic properties by affecting glycolysis, mitosis, 

apoptosis and angiogenesis[143].  

The interplay between presence of oxygen and effect of radiotherapy is an issue that has 

been known about for over a century. This was first described by Schwarz in 1909 when 

he showed that the effect of radiation to the skin is reduced with compression but this 

was attributed to the lack of perfusion at the time. Mottram demonstrated in the 1930s 

that cells closer to blood supply had greater damage compared to cells further way away 

when the same dose of radiation is applied[144], [145].  

Ionizing radiation causes cell death through direct DNA damage and indirect formation of 

free radicals from water molecules. The majority of damage caused by photon 

radiotherapy is indirect. Radiation causes the formation of highly reactive free radicals 

which in turn react with DNA to cause structural damage[146], [147]. This results in 

various types of DNA damages single and double strand DNA breaks and base 

damages[148], [149]. DNA damage causes arrest in cell cycle and the activation of various 

DNA repair pathways. For example, double strand breaks require homologous repair (HR) 

or non-homologous end joining (NHEJ), while single strand breaks are repaired through 

single strand repair pathway and base damages through base excision repair pathway. 

Radiosensitivity is dependent on the cell’s ability to repair.  
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Oxygen causes “fixation” of damage induced by radicals by forming organic peroxide, 

thereby making damage permanent and result in cell kill. This is known as the oxygen 

effect. The oxygen enhancement ratio (OER) is the ratio of doses under hypoxic 

conditions to doses under aerated conditions to produce the same effect.  Up to three 

times the dose of radiation is required to result in the same cell kill in hypoxic cells as in 

normoxic cells[150]. Therefore, improving oxygenation of cancer cells increase their 

radiosensitivity. 

4.2.2 Hypoxia modification 

BCON studied the impact of hypoxia modification in the form of carbogen and 

nicotinamide. Nicotinamide is the soluble, active form of vitamin B3. Carbogen is a high 

oxygen content gas mixture of 95% oxygen and 5% carbon dioxide. As explained in 

chapter section 1.4.5, tumour oxygenation is similar when a 98% oxygen and 2% carbon 

dioxide gas mixture was used with the additional benefit of patients experiencing less 

respiratory discomfort. Therefore, the higher oxygen concentration mixture was used in 

BCON. 

Oxygenation of tissues is dependent on perfusion of blood, oxygen concentration in blood 

and the diffusion of oxygen across capillary walls. High concentration oxygen in carbogen 

results in increased arterial pO2 and therefore a greater diffusion gradient, and 

subsequently improved diffusion of oxygen into tissue. Carbon dioxide causes 

vasodilation and may thereby improve tissue perfusion[151].  

The radiosensitising effect of carbogen is further enhanced with the addition of 

nicotinamide, the amide form of vitamin B3, niacin. In a murine study, it was shown that 

the nicotinamide reduced mean arterial blood pressure by about 50%[152]. Nicotinamide 

reduces acute hypoxia by reducing transient vasoconstriction thereby reducing acute 

hypoxia[53]. Nicotinamide is also the pre-cursor to nicotinamide adenine dinucleoside 

(NAD+), which is a PARP substrate. PARP is an important enzyme in DNA repair induced 

by radiation. The inhibition of PARP by nicotinamide increases clonogenic cell kill[153].  
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4.2.3 Molecular subtypes 

There has been increasing interest in molecular subtyping of solid tumours. For example, 

molecular subtyping in breast cancer has allowed a better understanding of the disease, 

treatment and prognosis[154], [155]. Recent years have seen various research groups 

classify MIBC into molecular subtypes through whole genome mRNA expression profiling. 

Different subtyping classifications have been developed, but at the highest level, MIBC 

can be categorised into basal and luminal subtypes. Seiler et al showed that basal 

tumours benefitted from neoadjuvant chemotherapy while luminal tumours did not[132]. 

Molecular subtypes do not affect the rate of complete response after TMT[133].  

4.2.4 Patient selection 

Radiosensitisation regimens in bladder radiotherapy can be through the use of 

chemotherapy or hypoxia modification. There is currently no optimum method of 

selecting patients for either option. Previous studies into the role of MRE11 as a 

predictive biomarker in bladder radiotherapy has not been conclusive[135], [137]. Our 

group had previously shown that necrosis and hypoxia gene signature scores were 

independently predictive of survival outcomes with hypoxia modification [140], [156].  

We aim to examine the potential of selected biomarkers to predict sustained benefit of 

hypoxia modification in the long-term. 

4.3 Methods 

The BCON study recruited patients with non-metastatic muscle-invasive, or high grade 

non-invasive, histologically proven transitional cell carcinoma of the bladder. Patients 

were randomised to receive radical radiotherapy (RT) alone or radical radiotherapy with 

the addition of nicotinamide and carbogen (RT+CON). The study included patients with 

localised disease and who were able to tolerate a closed carbogen breathing system. 

Patients with distant or nodal metastases, or who have contraindications to carbogen or 

nicotinamide use were excluded from the study. The detailed inclusion and exclusion 

criteria were described in the original publication[14] and are listed in table 4. Informed 

consent to the study, including consent for tumour sample collection and analysis, were 

obtained prior to randomisation. 
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Inclusion criteria: 

Age over 18 years 

Histologically proven transitional cell carcinoma of the bladder 

Muscle invasive carcinoma (stage T2 or T3) of any grade, high grade (G3) superficial 

bladder carcinoma (stage T1), or prostatic invasion (T4) 

Ability to give informed consent 

Capable of complying with the use of a closed breathing system delivering carbogen 

through either a mask or a mouthpiece with nasal clip 

Exclusion criteria: 

Squamous or adenocarcinoma of the bladder 

Locally advanced T4b carcinoma 

The presence of distant metastasis or enlarged pelvic lymph nodes on CT staging scan of 

the pelvis 

Co-existing respiratory disease with reduced respiratory drive which would make delivery 

of 95% oxygen contra-indicated 

Impaired renal or hepatic function resulting in serum creatinine or bilirubin more than 

twice the normal range 

Ischaemic heart disease or peripheral vascular disease requiring treatment with 

angiotensin-converting enzyme (ACE) inhibitors 

Table 4 Inclusion and exclusion criteria for BCON study 

4.3.1 Treatment 

Radiotherapy was delivered with either a conventional fractionation of 64 Gy in 32 

fractions over 6 and a half weeks or a hypofractionated regimen of 55 Gy in 20 fractions 

over 4 weeks. Patients underwent radiotherapy planning (RTP) scan with the bladder 

empty. The treatment volume was defined on this scan and included the bladder and 

extra-vesical tumour extension, with a 1 to 2cm margin. A three or four field treatment 

plan using at least 6MV x-rays was used. Conformal planning with multi-leaf collimators 

(MLC) or fixed block techniques were allowed. Treatment was carried out daily, 5 times a 

week, treating all fields each day. 
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Patients randomised to receive hypoxia modification received oral nicotinamide 60mg/kg 

1.5 to 2 hours before radiotherapy each day. Nicotinamide dose was reduced to 40mg/kg 

in the event of significant nausea. This was returned to the higher dose if treatment was 

well tolerated or discontinued if it was not. Patients also inhaled 15L/min of carbogen (2% 

carbon dioxide, 98% oxygen) throughout each fraction. Carbogen was delivered via a face 

mask with an air tight seal or mouthpiece with nasal clip. Carbogen breathing continued 

even if nicotinamide was stopped. 

4.3.2 Long-term outcomes 

Centres that enrolled patients in the BCON study were contacted for updates on disease 

and survival status. A pro forma with information required and detailed instructions 

about the definition of each section were sent to all centres. This included information 

about local recurrence (superficial and/or invasive recurrence), cystectomy, metastatic 

disease, date last seen, whether patient is alive, date and cause of death (if applicable).  

4.3.3 Biological features 

Pre-treatment tumour samples were obtained from the study and analysed for the 

presence of necrosis and hypoxia gene signature score. Tissue samples were obtained 

through transurethral resection of bladder tumour (TURBT). Samples were formalin-fixed 

and paraffin-embedded.  

One 4μm haematoxylin and eosin (H&E) stained section from each FFPE block was 

analysed for necrosis. This was characterised by increased tissue eosinophilia, nuclear 

breakdown and loss of tissue architecture.  Necrosis was scored as present (of any 

amount) or absent, as is used routinely in histopathology reporting for other cancers. 

Each sample was assessed by one of two experienced histopathologists, with no cross 

checking between scorers[140]. 

RNA was extracted from BCON FFPE samples using the RecoverAll Total Nucleic Acid 

Isolation Kit (Life Technologies, Warrington, UK) and profiled using human exon 1.0 ST 

array. Transcriptomic analysis was performed.   

A hypoxia gene signature was derived with a seed-based co-expression network and 

tested in publicly available bladder cancer cohorts. This is known as the West-24 
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Signature. Details are available in previously published literature[112]. In summary, a 

training cohort was obtained from the cancer genome atlas project (TCGA)[157]. Genes 

shown to be hypoxia regulated and validated in clinical cohorts were identified from a 

recent review[158]. Spearman correlation was calculated for each pair of candidate genes 

and a bladder cancer specific hypoxia co-expression network was constructed by pooling 

together interactions above a threshold of 0.5.  As tumour hypoxia was associated with 

aggressive tumour biology and poor prognosis, genes that were upregulated and 

associated with poor prognosis in the TCGA training cohort were selected. The 24 gene 

signature was identified and validated in six other independent bladder cancer cohorts. 

West-24 signature scores were then derived for each BCON tumour sample. In this 

analysis, we explored the impact of the hypoxia gene signature scores on two levels – 

Patients were deemed to have high or low hypoxia based on the median cohort hypoxia 

score. Analysis was also carried out based on the hypoxia score as a continuous variable. 

A 47-gene mRNA subtype signature (BASE47) which had been shown to consistently 

stratify tumours into basal and luminal subtypes was used to stratify samples into the two 

subtypes[118]. Gene differential expression analysis was performed with the LIMMA 

package (v3.32.2). We evaluated the impact of molecular subtypes on survival outcomes. 

4.3.4 Statistical analysis 

Statistical analysis was carried out with R v3.6.3. OS was calculated from time of 

randomisation to time of death or time last known to be alive. Relapse free survival (RFS) 

was defined as time from randomisation to time of local or distant disease recurrence or 

death. Patients who withdrew consent or did not receive allocated treatment were 

excluded from the analysis. Kaplan-Meier method was used to analyse survival. 

Multivariable analysis was carried out to adjust for known prognostic factors. 

Chi-squared test is used to determine correlation between the presence of necrosis and 

the two molecular subtypes studied. Wilcoxon signed rank test is used to determine the 

correlation between West-24 signature score and the two other categorical biomarkers – 

presence of necrosis and molecular subtypes. 
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4.4 Results 

333 patients were recruited to the BCON study between November 2000 and April 2006. 

165 were randomised to radiotherapy (RT) alone and 168 to radiotherapy with hypoxia 

modification (RT+CON). 9 patients have been excluded from this analysis due to not 

receiving the allocated treatment or withdrawal of consent. A total of 324 patients were 

included in this analysis. This is illustrated in the CONSORT diagram (figure 7). We 

obtained updated survival data for 301 (92.9%) patients. Patient characteristics and 

demographic details are shown in table 5. The patient characteristics were well-matched 

between both arms. 

 

Figure 7 CONSORT diagram of BCON study 
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 Main trial Translational study 

 

 

RT  

(n=162) 

RT+CON  

(n=162) 

p-value RT 

(n=75) 

RT+CON 

(n=75) 

p-value 

Age (years) 

   median (range)  

 

74 (51-90) 

 

74 (44-89) 

 

0.615 

 

75 (51-86) 

 

75 (51-89) 

 

0.781 

Gender – N (%) 

   male 

   female 

 

128 (79) 

34 (21) 

 

131 (81) 

31 (19) 

 

0.781 

 

55 (73) 

20 (27) 

 

59 (79) 

16 (21) 

 

0.566 

Grade – N (%) 

  2 

  3 

  Unknown 

 

21 (13) 

140 (86) 

1(<1) 

 

25 (15) 

136 (84) 

1 (<1) 

 

0.493 

 

11 (15) 

64 (85) 

0 (0) 

 

14 (19) 

60 (80) 

1 (1) 

 

0.475 

T-Stage – N (%)  

  1 

  2 

  3 

  4 

 

14 (9) 

103 (64) 

38 (23) 

6 (4) 

 

15 (9) 

112 (69) 

29 (18) 

6 (4) 

 

0.623 

 

0 (0) 

54 (72) 

19 (25) 

2 (3) 

 

10 (13) 

52 (69) 

11 (15) 

2 (3) 

 

0.007 
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  Missing 1 (<1) 0 (0) 0 (0) 0 (0) 

Tumour Bulk – N 
(%) 

  Complete De-
bulking 

  Partial De-bulking 

  Biopsy 

  Missing 

 

67 (41) 

43 (27) 

45 (28) 

7 (4) 

 

62 (38) 

56 (35) 

40 (25) 

4 (2) 

 

0.390 

 

32 (43) 

25 (33) 

15 (20) 

3 (4) 

 

33 (44) 

23 (31) 

18 (24) 

1 (1) 

 

0.712 

Haemoglobin (g/dL) 

   median (range) 

   missing– N (%) 

 

13.7 (9.3 – 17.0) 

3 

 

14.0 (9.5-17.2) 

2 

 

0.318 

 

13.7 (9.8-16.9) 

1 (1) 

 

14.1 (9.5-17.2) 

1 (1) 

 

0.340 

Hypertension – N 
(%) 

  No 

  Yes 

  Missing 

 

112 (69) 

49 (30) 

1 (<1) 

 

113 (70) 

49 (30) 

0 (0) 

 

0.605 

 

48 (65) 

27 (36) 

0 (0) 

 

55 (73) 

20 (27) 

0 (0) 

 

0.291 

Diabetes – N (%) 

  No 

  Yes 

 

151 (93) 

10 (6) 

 

147 (91) 

15 (9) 

 

0.358 

 

72 (96) 

3 (4) 

 

68 (91) 

7 (9) 

 

0.326 
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  Missing 1 (<1) 0 (0) 0 (0) 0 (0) 

IHD – N (%) 

  No 

  Yes 

  Missing 

 

149 (92) 

12 (7) 

1 (<1) 

 

143 (88) 

19 (12) 

0 (0) 

 

0.259 

 

70 (93) 

5 (7) 

0 (0) 

 

70 (93) 

5 (7) 

0 (0) 

 

1.000 

Hypoxia Scores 

   median (range) 

    

4.68 (4.44-5.21) 

 

4.65 (4.33-5.18) 

 

0.022* 

Necrosis – N (%) 

   No 

   Yes 

    

39 (52) 

36 (48) 

 

32 (43) 

43 (57) 

 

0.327 

Molecular 
Subtyping – N (%) 

   Basal 

   Luminal 

    

 

37 (49) 

38 (51) 

 

 

33 (44) 

42 (56) 

 

0.623 

Table 5 Patient characteristics of BCON study. *There is a significant difference in hypoxia score between the two arms. 
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Median follow up was 10.3 years. OS and RFS are shown in figures 8. One patient in the 

RT+CON arm progressed during treatment and treatment was stopped, therefore does 

not have RFS time. The 5 years OS is 49% (95%CI 42-57%) in RT+CON patients and 40% 

(95%CI 33-48%) in the RT alone patients (HR 0.8 (95% CI 0.61-1.04), p=0.08). With regards 

to RFS, this was 60% (95%CI 52-69%) with RT+CON and 51% (95%CI 43-60%) with RT 

alone (HR 0.74 (95%CI 0.52-1.04) p=0.06). (Figure 8) 

 

Figure 8 Overall survival and relapse free survival curves of RT vs RT+CON 

Biological features (necrosis, hypoxia score and molecular subtypes) were available in 150 

patients, 75 from each arm of study (table 5). There was a greater number of patients 

with T1 disease in the RT+CON arm compared to the RT alone in this group. 

4.4.1 Necrosis 

In the absence of necrosis, OS was similar in both treatment arms (HR 1.20 (0.70-2.04), 

p=0.5). 5-year OS was 43% (95% CI 31-61%) in RT+CON and 49% (95% CI 37-65%) in RT 

alone. The median OS was 37 months (95% CI 24-141 months) and 57 months (95%CI 32-

112 months) respectively. This is illustrated in figure 9A. There was no significant 

difference in RFS (0.52 (0.25-1.12), p = 0.094).  

In the presence of necrosis, there was a statistically significant difference in OS (HR 0.59 

(0.36-0.99), p=0.04). 5-year OS was 53% (95% CI 42-67%) in RT+CON and 33% (95% CI 22-

50%) in RT alone. The median survival was 65 months (95%CI 32-112 months) and 22 
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months (95% CI 15-68 months) respectively. This is illustrated in figure 9B. There is no 

significant difference in RFS (1.49 (0.72-3.10), p = 0.283).  

The interaction between survival outcomes and necrosis, remains following adjustments 

for tumour bulk, haemoglobin, T stage, tumour grade and molecular subtype (table 6).  

 

 

Univariable Multivariable 

(N = 144/E = 110) 

 N/E HR (95% CI) p-value HR (95% CI) p-value 

Tumour Bulk 

  Partial v Complete 

  Biopsy v Complete 

146/114  

0.98 (0.63-1.50) 

0.84 (0.51-1.37) 

 

0.911 

0.472 

 

0.99 (0.63-1.54) 

0.97 (0.59-1.62) 

 

0.962 

0.916 

Haemoglobin 148/114 0.97 (0.86-1.09) 0.608 0.97 (0.85-1.10) 0.622 

T-Stage 

  3/4 v 1/2  

 

150/115 

 

0.88 (0.56-1.36) 

 

0.552 

 

0.77 (0.47-1.24) 

 

0.283 

Grade 

  2 v 3/4 

 

150/115 

 

1.24 (0.77-2.02) 

 

0.381 

 

1.11 (0.65-1.89) 

 

0.703 

Interaction 

  Necrosis x  

  Treatment Arm* 

  Treatment Arm* 

150/115  

 

1.56 (0.93-2.61) 

1.00 (0.63-1.56) 

 

 

0.089 

0.986 

 

 

1.69 (0.97-2.94) 

0.98 (0.62-1.56) 

 

 

0.065 

0.930 

Mol. Subtype 

  Luminal vs Basal 

150/115  

1.16 (0.80-1.69) 

 

0.422 

 

1.18 (0.79-1.76) 

 

0.417 

**Yes v No; * RT v RT/CON 

Table 6 Univariable and multivariable analysis of survival outcomes and presence of necrosis 
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Figure 9 Kaplan Meier curves showing survival probability in both treatment arms based on 
necrosis (A and B), hypoxia (C and D) and molecular subtype (E and F) groups. 
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4.4.2 West-24 Signature Score (Hypoxia Score) 

West-24 signature score analysis was carried out with categorisation of patients into high 

and low hypoxia groups based on the median score value, and also with West-24 

signature score as a continuous variable.  

OS outcomes were similar in both treatment arms in the low hypoxia group (HR 1.08 

(0.63-1.84), p=0.8). 5-year OS was 51% (95% CI 41-62%) in RT+CON and 51% (95% CI 39-

68%) in RT alone (figure 9C). The median OS in this group was 38 months (95% CI 29-126 

months) and 68 months (25-124 months) respectively. This is illustrated in figure 9C. 

There is no difference in RFS (HR 1.00 (0.46-2.21), p = 0.987)  

In the high hypoxia group, 5-year OS was 51% (95%CI 41-62%) in RT+CON and 34% (95%CI 

23-49%) in RT alone (figure 9D). The median OS was 64 months (37-133 months) and 23 

months (18-60 months) respectively (HR 0.64 (0.38-1.08), p=0.09). This is illustrated in 

figure 9D. There is no difference in RFS (0.84 (0.41-1.68), p=0.615).  

When assessing the relationship of survival and hypoxia score as a continuous variable, 

the 5-year survival probability of patients receiving RT alone decreased with increasing 

hypoxia score. The 5-year survival probability remained constant despite hypoxia score in 

those who underwent RT+CON. A visual representation of this interaction is 

demonstrated in figure 10.  

The interaction between survival outcomes and hypoxia score remain following 

adjustments for tumour bulk, haemoglobin, T stage, tumour grade and molecular subtype 

(table 7). 
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Figure 10 Plot showing the 5-year survival probability as a function of hypoxia score based on 
whether a patient had RT+CON (red) or RT alone (black). The median hypoxia score is illustrated 
as a dotted blue vertical line. 
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 Univariable Multivariable 

(N = 144/E = 110) 

 N/E HR (95% CI) p-value HR (95% CI) p-value 

Tumour Bulk 

  Partial v Complete 

  Biopsy v Complete 

146/114  

0.98 (0.63-1.50) 

0.84 (0.51-1.37) 

 

0.911 

0.472 

 

1.06 (0.68-1.65) 

1.09 (0.64-1.84) 

 

0.795 

0.752 

Haemoglobin 148/114 0.97 (0.86-1.09) 0.608 0.98 (0.86-1.12) 0.768 

T-Stage 

  3/4 v 1/2 

 

150/115 

 

0.88 (0.56-1.36) 

 

0.552 

 

0.75 (0.46-1.22) 

 

0.250 

Grade 

  2 v 3/4 

 

150/115 

 

1.24 (0.77-2.02) 

 

0.381 

 

1.12 (0.66-1.91) 

 

0.665 

Interaction 

  Hypoxia Cat.** x 

Treatment Arm* 

  Treatment Arm* 

150/115  

1.63 (0.97-2.72) 

 

0.95 (0.59-1.52) 

 

0.065 

 

0.819 

 

1.88 (1.04-3.41) 

 

0.90 (0.55-1.48) 

 

0.038 

 

0.673 

Mol. Subtype   

Luminal vs Basal 

150/115  

1.16 (0.80-1.69) 

 

0.422 

 

1.26 (0.84-1.91) 

 

0.265 

** High v Low; * RT v RT/CON 

Table 7 Univariable and multivariable analysis of survival outcomes and hypoxia scores 
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4.4.3 Molecular Subtype 

In luminal subtypes, OS was similar in both treatment arms (HR=0.96 (0.58-1.61) p=0.88) 

(figure 5). 5-year OS was 43% (95% CI 30-61%) in RT+CON and 45% (95% CI 31-64%) in RT 

alone. The median OS was 39 months (95% CI 24-99 months) and 48 months (95% CI 25-

91 months) respectively. This is illustrated in figure 9E. There was no significant difference 

in RFS (HR 0.63 (0.32-1.25), p = 0.185). 

In basal subtype, there was a difference in OS (HR 0.58 (0.32-1.06) p=0.08). 5-year OS was 

58% (95%CI 43-77%) in RT+CON and 38% (95%CI 25-57%)in RT alone. The median OS in 

the basal group was 75 months (95% CI 34-NR months) with RT+CON and 23 (95% CI 18-

112 months) respectively. This is illustrated in figure 9F. There is no significant difference 

in RFS (HR 1.49 (0.65-3.45), p = 0.350).  

The interaction between survival outcomes and molecular subtype was not significant 

following adjustments for tumour bulk, haemoglobin, T stage, tumour grade and hypoxia 

score (table 8).  

There is an association between molecular subtype and West-24 signature score (ROC 

AUC = 0.82 (0.75-0.89) p<0.001) (figure 11) and but no association between molecular 

subtype and necrosis (p=0.234) or between West-24 signature score and necrosis (ROC 

AUC 0.63 (0.54-0.72) p<0.001). 
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Figure 11 Distribution of hypoxia score for basal and luminal molecular sub-types. Box and 
whisker plot is also shown with 25th, 50th and 75th percentiles as solid horizontal lines. 
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 Univariable Multivariable 

(N = 144/E = 110) 

 N/E HR (95% CI) p-value HR (95% CI) p-value 

Tumour Bulk 

  Partial v Complete 

  Biopsy v Complete 

146/114  

0.98 (0.63-1.50) 

0.84 (0.51-1.37) 

 

0.911 

0.472 

 

1.13 (0.72-1.79) 

1.00 (0.58-1.73) 

 

0.590 

0.995 

Haemoglobin 148/114 0.97 (0.86-1.09) 0.608 0.94 (0.82-1.08) 0.388 

T-Stage 

  3/4 v 1/2  

 

150/115 

 

0.88 (0.56-1.36) 

 

0.552 

 

0.75 (0.45-1.25) 

 

0.267 

Grade 

  2 v 3/4 

 

150/115 

 

1.24 (0.77-2.02) 

 

0.381 

 

1.18 (0.66-2.12) 

 

0.569 

Interaction 

  Mol. Subtype** x 

Treatment Arm* 

Treatment Arm* 

150/115  

0.62 (0.36-1.05) 

 

0.99 (0.63-1.56) 

 

0.077  

 

0.975 

 

0.62 (0.35-1.10) 

 

1.09 (0.67-1.77) 

 

0.101 

 

0.739 

Hypoxia Score*** 150/115 1.99 (0.61-6.53) 0.258 3.06 (0.85-

11.07) 

0.088 

** Luminal vs Basal; * RT v RT/CON;***mean centered (mean = 4.7) 

Table 8 Univariable and multivariable analysis of survival outcomes and molecular subtype 
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4.5 Discussion 

Patients with localised muscle-invasive bladder cancer have various options for curative 

treatment. There has to be a scientifically sound approach to personalise treatment and 

guide clinicians and patients in their decisions regarding treatment plans. Our study 

explores the use of biomarkers to predict benefit from hypoxia modification in bladder 

radiotherapy.  

The BCON study closed to recruitment in April 2006 and with a 5 -year median follow-up, 

the study reported improvements in OS and relapse free survival outcomes at 3 years 

with the addition of hypoxia modification to bladder radiotherapy.  The median age at 

randomisation was 74 (44-90), the advanced age at randomisation would explain the 

limited median OS in each subgroup. With a median follow up of 10.3 years, we 

demonstrated that there is a trend of sustained benefit with hypoxia modification.   

Hypoxia is an important biological feature that drives cancer cell behaviour [159]–[162] 

and a poor prognostic factor in various solid cancers. Tumour hypoxia induces various 

pathways including the hypoxia inducible factor (HIF), PI3K/AKT/mTOR, MAPK and NFĸB 

pathways. The absence of oxygen causes stabilisation and accumulation of HIF-1α. This 

results in enhancement of cell survival via increase in levels of growth factor and 

inhibition of pro-apoptotic pathways, angiogenesis and tumour neovascularisation via 

VEGF pathway, and also the induction of cell migration and invasion. The upregulation of 

hypoxia-inducible factor 1α (HIF-1α) and tumour-associated carbonic anhydrase in 

bladder cancer suggests that hypoxia plays an important role in bladder cancer[163], 

[164]. HIF-1α has also been shown to predict tumour recurrence and progression in 

bladder cancer[165][166].In addition to its impact on tumour cell survival, mobility and 

metastasis, hypoxia also has an impact on radioresistance as oxygen causes permanent 

fixation of damage caused by radiation through the formation of organic peroxide. 

Our study results are in line with that of published literature regarding the poor outlook 

of patients with hypoxic features. In the RT alone cohort, without an attempt to alter 

oxygenation, patients with necrosis or high hypoxia scores have a poorer OS than those 

without these features. 
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Due to anatomical restrictions, the measurement of hypoxia in bladder tumours in vivo is 

difficult. Measuring hypoxia directly would require the insertion of Eppendorf electrode 

probe into tumour with the aid of cystoscopy and general anaesthetic. This is not practical 

in the clinical setting and is associated with risks of an invasive procedure. Hypoxia can be 

measured indirectly with blood oxygen dependent (BOLD) MRI scans. This utilises the 

difference in magnetism of deoxyhaemoglobin and oxyhaemoglobin. As 

deoxyhaemoglobin is paramagnetic and oxyhaemoglobin is diamagnetic, oxygenated 

blood appears brighter on T2 weighted images. MRI scan sequences can be manipulated 

to be sensitive to the level of deoxyhaemoglobin[87]. Oxygen-enhanced MRI (OE-MRI) 

measures the change in relaxation time (R1) which is related to tumour hypoxia. This 

allows identification of hypoxic regions within a tumour. While both functional imaging 

techniques can translate to useful imaging biomarkers, further validation is required. In 

addition, there could be significant logistical challenges involved. MIBC patients undergo 

maximum TURBT as part of their diagnostic work up, a BOLD MRI or an OE-MRI following 

maximum resection of the tumour will therefore not be a true reflection of tumour 

hypoxia status. 

Necrosis is considered the endpoint of hypoxia as the lack of oxygen results in ischaemic 

injury which in turn causes cell death. Tumour necrosis has been shown to be associated 

with poorer prognosis following radical cystectomy in bladder cancers[167]. Coagulative 

necrosis results from chronic hypoxia and is characterised by increased tissue eosinophilia, 

nuclear breakdown and ultimately, the loss of tissue architecture[168]. The presence of 

necrosis can therefore be determined through careful examination of a haemotoxylin and 

eosin (H&E) stained sample of a tumour sample by an experienced histopathologist. In 

this study, we found that in patients with no necrosis, the addition of hypoxia 

modification to radiotherapy did not make a difference their survival probability at 5 

years. In those with necrosis, the addition of hypoxia modification to radiotherapy 

improved survival outcomes, indicating that the presence of necrosis could help select 

patients for hypoxia modification.  

Exploring genes regulated by hypoxia in cancer cell lines or previous hypoxia signature 

genes validated in clinical cohorts, we were able to develop the West-24 signature and a 

score was calculated for each tumour as the median of expression levels over all[156]. 
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This hypoxia gene signature score provides both an objective and quantitative measure of 

hypoxia. With a hypoxia score lower than the median, survival probability at 5 years is 

similar with and without hypoxia modification. In patients with high hypoxia scores, 

survival is poor with radiotherapy alone. However, this improves with the addition of 

hypoxia modification, suggesting that when the radioresistance resulting from hypoxia is 

mitigated, patents response to treatment improves. The use of a median score as cut-off 

to impact on choice of radiosensitiser requires careful consideration. Those with lower 

than median score may also benefit from hypoxia modification, albeit to a smaller degree.  

When assessing the hypoxia score as a continuous variable, we demonstrate that 

prognosis decreases with increasing hypoxia score if they receive RT alone, but hypoxia 

score does not affect prognosis if hypoxia modification is administered. This graph 

suggests that for low hypoxia values, there is little difference between RT and RT+CON. 

There is a clearer separation of the two curves and as the hypoxia score increases. This 

nomogram is an illustration of the potential benefit of hypoxia modification for patients, 

depending on their hypoxia score. There is potential for this to be a useful nomogram for 

clinical use, enabling patients and clinicians to consider the use of hypoxia modification.  

In recent years, various groups have identified basal and luminal subtypes in MIBC 

through whole genome mRNA expression profiling, echoing the molecular subtyping in 

breast cancers[115], [116], [118], [169]. However, these published classifications were 

derived from different datasets and methods used. Despite earlier attempts to reach a 

consensus in this field, the studies considered continued to vary in numbers and names of 

subtypes[170], [171]. This resulted in a barrier for collaboration in research and a transfer 

to clinical practice. At the highest level, MIBC can be classified into basal and luminal 

subtypes. We have therefore utilised this classification in our analysis. 

A study had found that basal tumours had worse OS and disease specific survival 

outcomes[118]. Seiler et al showed that basal tumours benefitted from neo-adjuvant 

chemotherapy while luminal tumours did not[132]. In a study of 136 patients who 

underwent TMT and 223 who underwent neoadjuvant chemotherapy (NAC) followed by 

radical cystectomy (RC), samples were classified into luminal, luminal-infiltrated, basal 

and claudin-low subtypes[133]. Classification using TCGA subtypes found that the 
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majority of luminal and luminal-infiltrated tumours were classified as TCGA luminal 

subtypes while basal and claudin-low subtypes were classified as TCGA basal subtype. 

There was no difference in outcomes across all subtypes in the TMT group, but outcomes 

were worse in the claudin-low subtype in the NAC/RC group. The study also found that 

tumours with higher level of immune infiltration in the TMT group had improved 

outcomes, while higher level of immune infiltration is associated with NAC/RC. 

To our knowledge, our study is the first to examine the difference in outcomes between 

molecular subtypes following hypoxia modification. We demonstrated that basal tumours 

benefited from hypoxia modification while luminal subtypes did not. Taking into 

consideration various other studies also showed that basal tumours have worse 

outcomes, it is likely that luminal tumours follow a more indolent course and intensifying 

treatment through radiosensitisation would not have an impact on long term outcome. In 

comparison, basal tumours are more aggressive and any attempt to improve outcomes 

though systemic treatment or radiosensitisation can result in marked improvement. 

Our study is not without its limitations. The sample size included in the biological features 

analysis is less than half of the total patients recruited to the study. Inclusion of other 

tumour samples within the study would improve precision for the difference observed.  

Tumour necrosis appears to be straightforward biomarker that could potentially stratify 

patients, there are three issues with the use of necrosis in patient selection. The 

assessment of necrosis is a subjective one and therefore dependent on the expertise of 

individual histopathologist. In our study, each sample is scored by one histopathologist 

and not cross-checked. Secondly, only a small part of the tumour is examined and tumour 

heterogeneity is not accounted for. Lastly, necrosis is a qualitative factor and unlike the 

West-24 signature score which provides a quantitative measure, it does not illustrate the 

differing amount of benefit patients would gain from hypoxia modification depending on 

the amount or severity of hypoxia. 

The West-24 signature score allows a quantitative measurement of hypoxia as illustrated 

by the nomogram we present. However, the nomogram requires further validation as it 

was not included in our previous study where the prognostic value of the median score 

was validated.  
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The use of a median score to stratify patients into high and low hypoxia groups allow a 

simple way to separate those who would benefit from hypoxia modification and those 

who would not. However, a median score is dependent on the patient cohort. Less than 

half the patient cohort of the main study was included in the development of the 24 gene 

hypoxia signature score. The median score may change if more samples were included. In 

clinical practice, the median score may differ depending on the target patient cohort. 

Therefore, it is important to determine if the median score is dependent on sample 

numbers and patient cohort through increasing sample size and further validation in 

order to work towards a more robust method of determining the cut off score. 

Whole transcriptome analysis was utilised to develop both the 24 gene hypoxia signature 

score and to determine the molecular subtype of each sample. Transcriptome analysis is 

dependent on RNA extraction from tumour samples. This is in turn is affected by sample 

and technological factors. The age of tissue sample, storage conditions and sample 

handling can affect the quality of RNA extracted. In a study of RNA extraction from frozen 

samples of oral tumours and fresh oral mucosa, it was found that the mean RNA 

concentration was significantly lower in samples stored for a long time[172]. Similarly, the 

initial handling of tissue prior to storage has also been shown to affect RNA yield[173]. 

Patients were recruited to the study over a decade ago and the FFPE blocks were 

obtained from their diagnostic procedures. The large time lapse may have had an impact 

of the amount and integrity of RNA extracted. Furthermore, RNA extraction is operator 

dependent and the technique utilised may also affect results. We utilised the RecoverAll 

Total Nucleic Acid Isolation Kit and human exon 1.0 ST array and results will differ with 

different kits and array [174]. The careful storage, specialist skillset and equipment 

required translates to a costly method of determining biomarker status consideration is 

made to move this to wider clinical use. 

Apart from the subjectivity surrounding identification of necrosis, the technical issues and 

cost surrounding the transcriptome analysis, it is also vital to consider that these 

biological features have not been adequately validated. Although the prognostic value of 

the gene signature had been validated in independent cohorts[112], the  predictive value 

had not. Similarly, while recent years have seen much interest in molecular subtyping of 
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bladder cancer, the effect of hypoxia modification in different subtypes has not been 

qualified. 

We have presented the potential impact of three different biomarkers on the long-term 

outcomes of hypoxia modification. However, due to the relatively small cohort in our 

study, it had not been possible to determine the value of a composite biomarker 

comprising two or three of the phenotypes presented. 

The Cancer Research UK’s prognostic and predictive biomarker roadmap recommends 

that biomarker driven randomised trials should be carried out prior to a biomarker’s 

introduction into routine clinical practice[175].  

Radiosensitisation in bladder cancer is most common with chemotherapy regimens. We 

have demonstrated the possibility of identifying potentially useful predictive biomarkers 

in hypoxia modification cohorts. This is an initial step in personalising treatment in MIBC. 

Similar studies in chemoradiotherapy may also find biomarkers that predict benefit with 

chemotherapy radiosensitisation. In combination, a treatment decision algorithm could 

be developed such that treatment plans best suited to a patient and most effective for 

the cancer biology can be formulated.   



 79 

5 Radical Radiotherapy to Bladder –Do Bladder and Rectal Size on 

Radiotherapy Planning Scan Matter? 

Y Song, A Choudhury, H Mistry, A McPartlin, P Hoskin, A McWilliam 

Conception or design of the work: YS, AMcW 

Acquisition of data: YS, AMcW 

Analysis of data: YS, HM  

Interpretation of data: YS, HM  

Drafting and editing text: YS, AMcP, PH, AC, AMcW 

5.1  Abstract 

5.1.1 Introduction 

Radiotherapy is the mainstay of curative treatment for bladder cancer patients opting for 

organ preservation. Historically, the entire empty bladder is included in as single clinical 

target volume. An empty bladder reduces dose to organs at risk and improves 

reproducibility. Advances in imaging and radiotherapy techniques allow the possibility of 

delivering higher radiation dose to tumour beds. Such techniques require the filling of 

bladders to separate bladder walls.  The effect of bladder size on clinical outcomes is 

unknown. Studies in prostate cancer have shown the impact of rectal dimension on 

radiotherapy planning (RTP) scan on biochemical failure. The impact of rectal dimensions 

in bladder radiotherapy is not known. We evaluate the association of rectal and bladder 

dimensions on bladder RTP scan with survival outcomes. 

5.1.2 Methods 

This retrospective study included patients treated with radical concurrent 

chemoradiotherapy for urothelial carcinoma of the bladder in a tertiary cancer centre 

from 2010 to 2014. The whole bladder and extra-vesical extension of tumour was treated 

to a uniform dose of 52.5Gy in 20 fractions with weekly concurrent gemcitabine. An 

empty bladder imaging and treatment protocol was used. Superior-inferior length and 

anterior-posterior diameter of the rectum corresponding to superior, inferior and mid-

point of the planned target volume (PTV) were measured. Bladder volume was measured 

on RTP scan. Overall survival was defined as time from start of treatment to death and 
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patients still alive were censored at time last known alive. Progression free survival was 

defined as time to local or metastatic progression. Cox proportional hazard ratio was used 

to investigate the association of bladder and rectal dimensions with outcomes 

5.1.3 Results 

132 patients were included in this study.  With a median follow-up of 74.1 months, the 

median OS of all patients was 73.2months (95% CI 58.7-NR) and median progression free 

survival (PFS) was not reached. A larger log (bladder volume) on RTP scan was associated 

with poorer overall survival (OS) (HR 1.78 (95% CI 1.07-2.94), p=0.03) and PFS (HR 1.62 

(95% CI 0.99-2.63), p=0.05). Larger superior-inferior (SI) distance and rectal volumes was 

associated with poorer OS (HR 1.42 (95% CI 1.14-1.78), p=0.002 and HR 1.59 (95% CI 1.06-

2.37), p=0.02 respectively) and PFS (HR 1.39 (95%CI 1.12-1.73), p=0.003 and HR 1.46 

(95%CI 0.98-2.16), p=0.06 respectively). This was not statistically significant following 

multivariable analysis. Rectal anterior-posterior (AP) diameters at three positions 

corresponding to PTV and mean cross sectional area (CSA) are not associated with 

survival outcomes.  

5.1.4 Conclusion 

Rectal AP diameters and mean CSA are not associated with survival outcomes. Rectal SI 

distance and volumes reflect bladder volume. Advances in radiotherapy technique allow 

more precise treatment plans. As clinical trials adopt bladder-filling protocols, it is vital 

that the impact of bladder volume on clinical outcomes is considered. Our relatively small 

study shows that bladder volume is not related to survival in a multivariable analysis. 

Factors like hydronephrosis and CIS impact survival, and should be considered in 

formulation of management plans. Bladder volume in this study reflects poor bladder 

emptying which may differ from planned bladder filling. Further evaluation in a 

prospective patient cohort with planned bladder filling will improve our understanding of 

the impact of bladder size on outcomes in the modern era.  
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5.2 Introduction 

Around one-third of bladder cancer patients present with locally advanced muscle-

invasive bladder cancers and require aggressive treatments in the form of either radical 

cystectomy or trimodality bladder preserving treatment[27]. Radiotherapy is the 

mainstay of curative treatment for those who opt for bladder preservation treatment[12], 

[14], [176]. Therefore, optimal delivery of radiotherapy in this group of patients is 

especially important.  

When considering radiotherapy to any part of the body, factors affecting motion and 

position of the target volumes are vital. The urinary bladder is a muscular organ that sits 

amongst pelvic organs. It changes in shape, size and position as a result of internal filling 

and external pressure[177]. Hence, radiotherapy to the bladder can be challenging.  

5.2.1 Bladder volume 

Historically, the entire bladder and any extra-vesical extension of tumour are included in a 

single clinical target volume (CTV), and a 1.5 to 2cm margin is added to form planning 

target volume (PTV). The bladder is a highly elastic structure and as it fills, volume can 

increase to over 500 millilitres. A larger bladder on radiotherapy planning (RTP) scan 

compared to on-treatment can result in increased treatment volume and unnecessary 

dose to normal tissue while the contrary would in geographical miss. Either scenario 

could impact treatment outcomes. Hence, patients are advised to empty their bladders 

prior to radiotherapy planning (RTP) and treatment. This improves reproducibility, and 

reduces the overall treatment volume and dose to organs at risk.  

Advances in imaging and radiotherapy techniques in recent years allow visualisation of 

the bladder wall and delivery of high dose to the tumour bed. Such techniques require 

planned bladder filling to separate bladder walls for tumour bed boost. While clinical 

trials investigate the benefits of tumour bed boost, the effect of this increase in bladder 

volume on patients’ clinical outcomes is unknown. 

5.2.2 Rectal dimensions 

The bladder is a pelvic organ that is situated immediately anterior to the rectum. A large 

rectum on RTP scan can potentially result in the bladder being more anterior at planning 

than on treatment if the rectum empties prior to treatment and reduces in size. A filled 
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rectum would be difficult to reproduce accurately on treatment resulting in poor target 

coverage. The impact of rectal filling and motion on prostate radiotherapy has been 

extensively evaluated. Studies in prostate cancer have demonstrated that a large rectum 

on radiotherapy planning scans is associated with a greater risk of geographical miss and 

therefore worse clinical outcomes. Regardless of the use of implanted markers, prostate 

cancer patients with a greater rectal cross sectional area[178] or rectal diameter[179] on 

RTP scans had a greater risk of biochemical failure in 5 years. Furthermore, the 

combination of distended rectum on RTP scan and diarrhoea on treatment (and hence a 

change in rectal dimensions on treatment) was also shown to have a detrimental impact 

on outcome in patients with high risk prostate cancer[180]. Since diarrhoea is also a 

common acute toxicity in bladder radiotherapy, this may also be the case in bladder 

cancers. 

In this study, we evaluate the association of bladder and rectal size with patients’ clinical 

outcomes. We hypothesize that rectal diameter and bladder volume would not be 

associated with survival outcomes.  

5.3 Methods 

This retrospective study included patients who had undergone radical radiotherapy for 

urothelial carcinoma of the bladder with concurrent chemotherapy in a tertiary cancer 

centre between May 2010 and December 2014. Patients underwent maximum 

transurethral resection of bladder tumour (TURBT) prior to radiotherapy planning. 

5.3.1 Radiotherapy planning 

All patients underwent radiotherapy planning scan and treatment with an empty bladder 

protocol – patients were instructed to empty their bladder immediately prior to RTP scan 

and each fraction of treatment. Patients underwent RTP scan in the supine position with 

three localisation tattoos (one anterior and two laterals) and intravenous contrast. 3mm 

CT slices were obtained from L2 to pelvic floor. The clinical target volume (CTV) was 

contoured by the patient’s treating consultant clinical oncologist. The CTV included the 

whole bladder and any extra-vesical extension of bladder tumour. An isotropic expansion 

of 1.5cm was added to CTV to form PTV. Organs at risk (OAR) including the rectum was 

contoured by experienced radiographers. 
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5.3.2 Treatment 

Patients were treated with 52.5Gy external beam radiotherapy in 20 daily fractions on 

consecutive week days over a four week period with three-dimensional conformal 

radiotherapy technique. All patients had intravenous gemcitabine chemotherapy at a 

dose of 100mg/m2 body surface area (BSA) on days 1, 8, 15 and 22 of treatment. This was 

administered at least two hours before radiotherapy treatment on the same day. 

5.3.3 Rectal and bladder dimension 

We calculated the volume of CTV contoured as a proxy of bladder volume at RTP. We also 

calculated the rectal volume, and measured the anterior-posterior (AP) diameter of the 

rectum at three points on the RTP scan corresponding to the most superior, inferior and 

mid-point of PTV – RectumSup, RectumInf and RectumMid respectively (figure 12). The 

superior-inferior (SI) distance between RectumSup and RectumInf points were also 

measured. Mean cross sectional area (CSA) was calculated by dividing rectal volume by SI 

distance. 

 

Figure 12 Image illustrating the definition of points (RectumSup, RectumMid and RectumInf) at 
which rectal AP diameter was measured. Green contour – rectum; dark blue contour – CTV; light 
blue contour – PTV. 
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5.3.4 Statistical analysis 

Data analysis was carried out with R version 3.5.1[181]. Overall survival (OS) and 

progression free survival (PFS) survival probability was calculated with Kaplan Meier 

method and Cox’s proportional hazard ratio was used to investigate the association of 

bladder and rectal parameters with survival probability. Univariable and multivariable 

analyses were carried out. PFS was defined as time from start of chemoradiotherapy to 

local muscle-invasive or metastatic recurrence. OS was defined as time from start of 

chemoradiotherapy to death, patients still alive were censored at time last known to be 

alive. 

5.4 Results 

138 patients with histologically proven urothelial carcinoma of the bladder underwent 

concurrent chemoradiotherapy at the tertiary cancer centre during the study period. RTP 

scans of 6 patients were not available and they were excluded from the study. 

5.4.1 Patient characteristics 

Of the 132 patients included in this study, one had high grade T1 disease and all others 

had muscle-invasive disease (T2-T4a). One patient had an indeterminate para-aortic node 

at diagnosis, but this did not change following neo-adjuvant chemotherapy and was 

therefore deemed not to be a metastatic lesion. No other patients had distant metastatic 

disease at diagnosis. 5 patients did not complete radiotherapy but patients had at least 16 

of the planned 20 fractions of treatment. 74 patients had neoadjuvant chemotherapy – 

72 patients had gemcitabine with either cisplatin or carboplatin, 2 patients had 

methotrexate, vinblastine, doxorubicin and cisplatin. Four patients did not complete neo-

adjuvant chemotherapy due to treatment related toxicities – one stopped after one cycle, 

three stopped after two cycles. Patient characteristics are summarised in table 9. 

5.4.2 Survival outcomes 

With a median follow-up of 74.1 months, the median OS of all patients was 73.2months 

(95% CI 58.7-NR) and median PFS was not reached. 5 years OS was 56.7% (95% CI 48.9-

65.9%) while 5 years PFS was 69% (95% CI 60.9-78.1%). Kaplan-Meier charts illustrating 

OS and PFS are shown in figure 13. 



 85 

5.4.3 RTP parameters 

The mean bladder volume was 129.95cm3 (range 39.23-433.25cm3). The mean rectal SI 

distance was 4.11cm (range 1.20-7.80cm). Mean AP distance at the RectumSup, 

RectumMid and RectumInf points were 2.78cm (range 0.33-6.67cm), 3.39cm (range 1.31-

5.86cm) and 2.94cm (range 0.49-5.86cm) respectively.  Rectal volume ranged from 8.14 

to 137.6cm3 with a mean of 41.46cm3. The mean PTV volume was 130.24cm3(39.23-

433.25). 
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Total patients (n) 132 

Median age 71 years 
(43-88) 

WHO performance status (PS) 
0 
1 
2 
3 

 
72 
50 
9 
1 

T stage 
T1 
T2 
T3 
T4 
Not documented 

 
1 
94 
31 
5 
1 

CIS 
Yes 
No 

 
15 
117 

Hydronephrosis 
Yes 
No 

 
19 
113 

ACE-27 
0 
1 
2 
3 
Not documented 

 
37 
45 
20 
24 
18 

Neo-adjuvant chemotherapy 
Yes 
(MVAC 
Gemcitabine/Platinum) 

No 

 
74 
(2 
72) 

58 

Completed concurrent chemotherapy 
Yes 
No 

 
98 
34 

Completed radiotherapy 
Yes 
No 

 
127 
5 

Table 9 Patient characteristics 
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Figure 13 Overall survival and progression free survival probability 

5.4.4 Relationship of RTP parameters to survival outcomes 

Due to the large range of bladder volume, a log scale of the volume was used in the 

statistical analysis. A larger log (bladder volume) on RTP scan was associated with poorer 

OS (HR 1.78 (95% CI 1.07-2.94), p=0.03) and PFS (HR 1.62 (95% CI 0.99-2.63), p=0.05). This 

was not statistically significant following multivariable analysis, adjusting for known 

prognostic factors – age, presence of carcinoma in situ (CIS), performance status (PS), 

prior neo-adjuvant chemotherapy, pre-treatment white cell count (WCC) and 

hydronephrosis (table 10). CIS, PS and hydronephrosis were the only factors that 

continued to show an association with OS and PFS following in multivariable analysis. 

Rectal AP diameters at three positions corresponding to PTV and mean CSA do not have 

an association with patients’ survival outcomes. Larger SI distance and rectal volumes 

correlate with poorer OS (HR 1.42 (95% CI 1.14-1.78), p=0.002 and HR 1.59 (95% CI 1.06-

2.37), p=0.02 respectively) and PFS (HR 1.39 (95%CI 1.12-1.73), p=0.003 and HR 1.46 

(95%CI 0.98-2.16), p=0.06 respectively).  The association of SI distance and PFS remained 

borderline statistically significant following multivariable analysis (HR 1.29 (95%CI 0.998-

1.67), p=0.05) but the confidence intervals cross 1. 
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 OS PFS 

Univariable analysis HR 95% CI p-value HR 95% CI p-value 

Log (Bladder Vol) 1.78 1.07-2.94 0.03 1.62 0.99-2.63 0.05 

Age 1.04 1.01-1.07 0.02 1.02 0.99-1.05 0.09 

WHO PS 1.70 1.21-2.38 0.002 1.60 1.16-2.20 0.004 

CIS 2.41 1.26-4.61 0.01 2.30 1.21-4.38 0.01 

Neo-adjuvant 

chemotherapy 

0.54 0.33-0.87 0.01 0.62 0.39-0.99 0.04 

Pre-treatment WCC 1.11 1.01-1.23 0.03 1.12 1.02-1.23 0.02 

Hydronephrosis 2.33 1.32-4.11 0.003 2.44 1.41-4.22 0.002 

Multivariable analysis       

Log (Bladder Vol) 1.52 0.88-2.62 0.13 1.47 0.86-2.50 0.15 

Age 1.02 0.98-1.05 0.35 1.01 0.97-1.04 0.74 

CIS 2.60 1.33-5.06 0.005 2.39 1.23-4.63 0.01 

WHO PS 1.47 1.03-2.10 0.04 1.43 1.01-2.01 0.04 

Neo-adjuvant 

chemotherapy 

0.76 0.43-1.37 0.36 0.83 0.47-1.46 0.51 

Pre-treatment WCC 1.08 0.96-1.21 0.20 1.09 0.97-1.21 0.14 

Hydronephrosis 2.17 1.21-3.89 0.009 2.18 1.24-3.83 0.007 

Table 10 Univariable and multivariable analyses of correlation between bladder volume and 
survival outcomes 
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5.5 Discussion 

There is potential for a patient’s anatomy to vary from one moment to the next due to 

respiratory motion, organ filling or muscle relaxation. However, radiotherapy plans are 

typically generated from a snapshot view known as the RTP scan. It is therefore crucial 

that the RTP scan is an accurate reflection of the patient’s anatomy, with easy 

reproducibility during treatment. Immobilization techniques can help to ensure a 

patient’s position is replicated externally, but internal organ motion is more difficult to 

predict and repeat. Bladder motion is affected by its filling and emptying and by the 

motion of surrounding pelvic organs.  

Studies in other pelvic cancers like the prostate have demonstrated the impact of rectal 

dimensions on clinical outcomes[178]–[180]. Biochemical failure was significantly higher 

in patients with increased mean rectal CSA, rectal volumes or rectal diameters. In these 

studies, the rectum was contoured from the anus to the rectosigmoid flexure, and the 

mean CSA was calculated by dividing the rectal volume by the superior-inferior rectal 

length. As a common acute toxicity of pelvic radiotherapy is diarrhoea, the emptying of a 

previously filled rectum could cause posterior displacement of organs anterior to it, 

resulting in a geographical miss. In our study, we defined rectal dimensions based on its 

relation to the PTV, thereby examining the section of the rectum whereby movement will 

most likely impact on displacement of the target volume. Unlike published studies in 

prostate cancer, we found the rectal diameter have no association with clinical outcomes. 

This could be attributed to the difference in CTV to PTV margins used in prostate and 

bladder radiotherapy. The radiation dose in prostate radiotherapy is higher than that in 

bladder radiotherapy (78Gy vs 64Gy in 2Gy per fraction). In order to minimise rectal 

toxicities, a smaller posterior CTV to PTV margin of 0.5 to 1cm is used. As the bladder 

expands and changes in volume, and the radiation dose used is smaller, the margin used 

in bladder cancer is an isotropic 1.5cm margin. Hence, a posterior displacement of the 

target volume during treatment in bladder radiotherapy is less likely to result in 

geographical miss. 

Our study found that a large rectal SI distance and rectal volume are related to poorer 

survival outcomes. While the association is no longer statistically significant following 

multivariable analysis, the p-value in the association of SI distance to outcome remains 
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low in this relatively small patient cohort. Due to our definition of rectal SI distance, it is a 

reflection of PTV length as opposed to true rectal length. Similarly, the rectal volume is 

also a reflection of PTV length. As described previously, the PTV is generated from a 

uniform expansion margin added to CTV. Therefore, a large PTV length and volume is a 

reflection of a large bladder and/or large extra-vesical extent of tumour. The negative 

impact of a tumour with large extra-vesical extension is obvious, however, a large SI rectal 

distance would only result from a large extra-vesical tumour extension if the tumour was 

on the superior or inferior aspect of the bladder. Hence, it is more likely that the result 

signifies a possible association between large bladders and poor outcomes. 

As advanced radiotherapy techniques allow more precise treatment plans and delivery of 

tumour bed boost, planned bladder filling protocols are used to separate bladder walls. 

The impact of bladder volume on survival outcomes is an important factor to examine. 

Our study found that while there appeared to be an association on univariable analysis, 

bladder volume is not related to survival once baseline characteristics are adjusted for in 

a multivariable analysis. Bladder volume in this study reflects poor bladder emptying 

which may be differ from planned bladder filling. The statistically significant association of 

CIS and hydronephrosis on survival outcomes further suggests that it is renal and bladder 

function that should be taken into account when formulating management plans. 

This is a retrospective study on a single patient cohort, treated in a single centre. There 

has been no inter-observer validation of bladder or rectal contours. Furthermore, the 

impact of change in bladder size, rectal size and rectal gas on dosimetry has also not been 

taken into account. Therefore, further studies taking these uncertainties into account, 

involving a patient cohort with planned bladder filling, will need to be undertaken before 

any firm conclusions can be drawn.  
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6.1 Abstract 

6.1.1 Introduction 

The bladder is a mobile organ that moves with external pressure from surrounding pelvic 

organs and with internal pressure through filling and emptying. Differences in male and 

female anatomy and physiology have a potential impact on bladder motion. This study 

compares the differences in bladder motion between the two sexes. 

6.1.2 Methods 

This is a retrospective study of patients who underwent radical radiotherapy to the 

bladder for muscle-invasive bladder cancer. Three patients’ scans were contoured by two 

independent observers to check for interobserver variability measured by Dice coefficient. 

The bladder was contoured on radiotherapy planning (RTP) scan and cone beam 

computed tomography (CBCT) at start of and during the final week of treatment. The 

most extreme points in each of six directions were identified on RTP and CBCT 

delineations. The distances between these points were used as proxy of bladder wall 

movement. Mean motion between RTP to first fraction (RTPtoWk1), RTP to week 4 

(RTPtoWk4) and week 1 to week 4 (Wk1toWk4) and changes in motion over the course of 

treatment between male and female patients were analysed using R version 3.5.1. 

6.1.3 Results 

There is minimal difference in observers’ contours with a mean Dice coefficient of 98.1% 

(94.2-99.5%). Bladder wall motion is observed in all directions. There is a statistical 
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difference in mean motion between RTPtoWk1 and RTPtoWk4 in the superior (p=0.003), 

right lateral (p=0.02), left lateral (0.003) and anterior directions (p=0.05) for all patients. 

The difference in mean bladder motion in superior (p=0.01), right lateral (p=0.001), left 

lateral (p=0.008) and posterior (p=0.04) directions at RTPtoWk1 and RTPtoWk4 are 

statistically significant in female patients but not in males. There is statistically significant 

difference in mean right lateral movement at RTPtoWk1 between female and male 

bladders (p=0.04). There is a moderate correlation in inferior and anterior bladder motion 

between RTPtoWk1 and RTPtoWk4 in female patients but strong correlation in male 

patients.  

6.1.4 Conclusion 

Bladder motion is seen in all directions. There is little difference in mean motion between 

female and male patients. However, there are differences in the change in bladder 

motion during a course of treatment between the two sexes. Further studies into female 

and male differences in intra-fraction motion will be required to validate these results. 
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6.2 Introduction 

Radiotherapy is a localized treatment, tailored to each patient’s anatomy. The basis of 

modern radiotherapy planning lies in accurate definition of the target volumes. The gross 

tumour volume (GTV) encompasses the visible tumour and the clinical target volume (CTV) 

includes both GTV and probable microscopic disease. Lastly, the planning target volume 

(PTV) adds a further margin to CTV to take into consideration the net effect of any 

possible geometrical variation and inaccuracies such as patient and organ movement or 

disparity in patient setup. A large CTV to PTV margin would result in increased 

unnecessary dose to surrounding organs while a small margin could translate to a risk of 

inadequate treatment. 

The convention of bladder radiotherapy in the UK is to formulate the CTV by extending 

any visible GTV to include the entire bladder[12], [14]. Bladder motion is an important 

factor to consider in the margin added forming PTV. The bladder is a mobile organ that 

moves with external pressure from surrounding pelvic organs and also with internal 

pressure as it fills and empties. Due to its mobility, a large 1.5-2cm margin is often added 

to CTV to account for the geometrical variations. 

As described in section 1.2, the urinary bladder stores urine collected from the kidneys 

temporarily then assists in micturition with contraction of the musculature and relaxation 

of the sphincters. This causes variation in its shape and size. When empty, the bladder is 

almost flat. It can fill to an oval shape, extending above the symphysis pubis. The 

anatomical relationship of the bladder differs between males and females. 

The bladder is immediately anterior to the rectum in the male pelvis. It is hence pushed 

forward and upwards when the rectum is distended[60]. The prostate lies inferior to the 

bladder, surrounding the prostatic urethra as it exits the bladder. Hypertrophy and 

movement of the prostate affect bladder emptying and position respectively. In the 

female pelvis, the bladder lies anterior to the upper part of the vagina, cervix and uterus. 

When the bladder is empty, the uterus rests over its superior aspect. The close proximity 

of the female internal genitalia to the bladder results in bladder position being affected 

by movement of the cervix and uterus and vice versa. The male urethra is longer than the 
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female urethra (18-20cm vs 3-4cm), and in order to facilitate the greater voiding pressure 

required, the male detrusor muscle is thicker than that of the female.  

Apart from external pressures from surrounding organs, bladder motion is also affected 

by bladder size. This is a result of internal pressure from bladder filling from urine 

collected by the kidneys. Urine production is influenced by renal physiology and this 

differs between males and females. The glomerular filtration rate (GFR) is a measure of 

renal function. Males have higher GFR then females[182]. Vasopressin regulates the 

excretion of water, and atrial natriuretic peptide and renin-angiotensin-aldosterone 

system regulate salts clearance[183]. Sex hormones have an influence on these hormones 

and therefore, the excretion of salt and water differ between males and females as well. 

The differences in male and female pelvic anatomy and renal physiology have potential 

impact on bladder motion. Adaptive radiotherapy techniques like plan of the day (POD) 

and composite plans have been developed to improve target coverage and reduce 

unnecessary dose to surrounding tissues. However, neither traditional nor adaptive 

radiotherapy planning takes into account the difference between male and female 

pelvises. The same CTV to PTV margins are applied to male and female patients 

undergoing bladder radiotherapy.   

Various studies have looked into bladder motion but little is known about the variability 

in bladder motion between male and female pelvises. Our study compares male and 

female bladder movement during radiotherapy. In the era of adaptive radiotherapy, we 

also examine the relationship of bladder motion from RTP to start of treatment and RTP 

to final week of treatment, and the potential difference of this relationship in male and 

female pelvises. We hypothesise that there is no difference between male and female 

bladder movement. 

6.3 Methods 

This retrospective study included 42 patients who had undergone radical radiotherapy for 

muscle-invasive bladder cancer at a tertiary cancer centre. Approval was granted to 

collect and analyse patient data by the UK Computer Aided Theragnostic (ukCAT) 

Research Database Management Committee (REC reference: 17/NW/0060).  
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6.3.1 Contouring Validation  

Three patients’ scans (two males and one female) were contoured by two independent 

observers (AA and YS) to check for inter-observer variability. Both observers were senior 

clinical oncology fellows with experience in bladder radiotherapy and pelvic organs 

contouring.  

6.3.2 Radiotherapy technique  

All patients underwent radiotherapy planning scan and treatment with an empty bladder 

protocol – patients were instructed to empty their bladder immediately prior to 

radiotherapy planning scan and each fraction of treatment. Patients were treated with 

52.5Gy external beam radiotherapy in 20 daily fractions on consecutive weekdays over a 

four-week period with three-dimensional conformal radiotherapy technique (3DCRT). The 

CTV included the whole bladder and any extra-vesical tumour extension. 1.5cm isotropic 

margins were added to form PTV. Cone beam computed tomography (CBCT) scans were 

taken during the first 3 fractions of treatment and weekly thereafter. 

6.3.3 Bladder contouring and quantifying motion  

The urinary bladder was contoured on RTP scan and CBCTs from the first fraction and 

final week of treatment. Rigid registration was performed using bony landmarks. Motion 

was measured in six directions – superior, inferior, right lateral, left lateral, anterior and 

posterior. Motion was measured between RTP scan and fraction 1 CBCT (RTPtoWk1), RTP 

scan to week 4 CBCT (RTPtoWk4) and fraction 1 to week 4 CBCT (Wk1toWk4) in these six 

directions. The distance between the most extreme points in each direction were 

measured and used as proxy of bladder wall motion (figure 14). The direction of motion 

was taken into account. Using the CT scan earlier in the time points of assessment as 

reference, motion in the direction of assessment was deemed to be positive and motion 

opposite to the direction of assessment was negative. The average motion in each 

direction was calculated for each patient (AveMotion).  
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6.3.4 Statistical Analysis  

Dice coefficient was measured for the scans contoured by the two independent observers 

to check for interobserver variability. 

Data analysis was carried out with R version 3.5.1[181]. Histograms of motion in each 

direction between the time points described were compared to that of a normal 

probability curve to establish normal distribution of data. Comparison of mean male and 

female bladder motion in each direction was analysed using a two-sample t-test. Pearson 

coefficient was calculated to examine the relationship between RTPtoWk1 and RTPtoWk4 

motion. 
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Figure 14 Schematic of definition of motion in six directions measured from Scan 1 to Scan 2 
(S1toS2) 
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6.4 Results 

Forty-two patients were included in this retrospective study – 19 female and 23 male 

patients. No female patients had prior hysterectomy and no male patients had prior 

prostatectomy.  

6.4.1 Interobserver variability  

RTP and CBCT scans from three patients were contoured by two independent observers. 

There was minimal difference between observers’ contours in the nine scans assessed. 

The mean Dice coefficient was 98.1% (94.2-99.5%). A single observer contoured 

subsequent patients’ scans. 

6.4.2 Mean bladder motion in study population  

The bladder was contoured on each patient’s RTP scan, fraction 1 CBCT and week 4 CBCT. 

A total of 126 contours were assessed. Motion is seen in all six directions, with the biggest 

magnitude in the superior, anterior and posterior directions. The mean motion of all 

patients was measured as described above. This is summarised in table 11.  

Direction  RTPtoWk1 

Mean (SD) (cm) 

RTPtoWk4 

Mean (SD) (cm) 

Wk1toWk4 

Mean (SD) (cm) 

AveMotion 

Mean (SD) (cm) 

Superior 0.23 (0.84) -0.29 (0.66) -0.51 (1.10) -0.19 (0.44) 

Inferior -0.02 (0.65) 0.03 (0.74) 0.05 (0.63) 0.02 (0.49) 

Right 

lateral 

0.19 (0.51) -0.07 (0.49) -0.26 (0.63) -0.05 (0.33) 

Left lateral 0.12 (0.50) -0.17 (0.42) -0.29 (0.66) -0.11 (0.28) 

Anterior 0.72 (0.96) 0.36 (0.72) -0.37 (0.79) 0.24 (0.48) 

Posterior 0.26 (0.90) -0.10 (0.95) -0.36 (1.20) -0.06 (0.63) 

Table 11 Mean and standard deviation of motion in all patients in six directions 
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Apart from motion in the inferior direction, mean bladder motion from RTP scan to start 

of treatment in all patients was in the direction measured, indicating an outward motion 

of bladder walls. However, bladder motion from RTP scan to week 4 of treatment and 

from week 1 to week 4 were in the opposite direction measured, indicating an inward 

motion of bladder walls. There is statistical difference in mean motion in the superior 

(0.23 vs -0.29cm, p=0.003), right lateral (0.19 vs -0.07cm, p=0.02), left lateral (0.12 vs -

0.17cm, p=0.003) and anterior directions (0.72 vs 0.36cm, p=0.05) between RTP to start 

of treatment and RTP to week 4. There is a difference in posterior motion but this is not 

statistically significant (0.26 vs -0.10cm, p=0.08) (table 12). Accounting for multiple 

hypothesis testing using the Benjamini-Hochberg (BH) step-up procedure to limit false 

discovery rate to 10%, all four significant results remain positive discoveries. 

Direction RTPtoWk1 

Mean (SD) (cm) 

RTPtoWk4 

Mean (SD) (cm) 

p-value 

Superior 0.23 (0.84) -0.29 (0.66) 0.003* 

Inferior -0.02 (0.65) 0.03 (0.74) 0.74 

Right lateral 0.19 (0.51) -0.07 (0.49) 0.02* 

Left lateral 0.12 (0.50) -0.17 (0.42) 0.005* 

Anterior 0.72 (0.96) 0.36 (0.72) 0.05* 

Posterior 0.26 (0.90) -0.10 (0.95) 0.08 

Table 12 Comparison of mean motion of all patients from RTP to start of treatment and RTP to 
final week of treatment. 

6.4.3 Comparison between female and male bladder motion  

The difference in mean bladder motion in superior (0.14 vs -0.49cm, p=0.01), right lateral 

(0.33 vs -0.15, p=0.001), left lateral (0.19 vs -0.18, p=0.008) and posterior (0.52 vs -0.11cm, 

p=0.04) directions from RTP scan to start of treatment and RTP scan to week 4 is 

statistically significant in female pelvises. Accounting for multiple hypothesis testing using 

the BH step-up procedure to limit false discovery rate to 10%, results were no longer 

statistically significant. Results were not statistically significant in male pelvises (table 13).  
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Table 13 Comparison of motion in six directions from RTP to start of treatment and RTP to last 
week of treatment in female and male bladders 

  

Female RTPto

Wk1 

(SD) 

(cm) 

RTPto

Wk4 

(SD) 

(cm) 

p-value Male RTPtoW

k1 (SD) 

(cm)  

RTPtoWk

4 (SD) 

(cm) 

p-value 

Superior 0.14 

(0.78) 

-0.49 

(0.73) 

0.01* Superior 0.30 

(0.90) 

-0.12 

(0.56) 

0.06 

Inferior 0.13 

(0.72) 

0.00 

(0.82) 

0.62 Inferior -0.14 

(0.58) 

0.05 

(0.68) 

0.30 

Right 

lateral 

0.33 

(0.47)  

-0.15 

(0.37) 

0.001* Right 

lateral 

0.07 

(0.52) 

-0.01 

(0.57) 

0.63 

Left 

lateral 

0.19 

(0.30) 

-0.18 

(0.48) 

0.008* Left 

lateral 

0.07 

(0.62) 

-0.16 

(0.37) 

0.15 

Anterior 0.64 

(0.78) 

0.30 

(0.83) 

0.20 Anterior 0.79 

(1.10) 

0.41 

(0.62) 

0.16 

Posterior 0.52 

(0.86) 

-0.11 

(0.97) 

0.04* Posterior 0.05 

(0.89) 

-0.08 

(0.95) 

0.63 
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 Female 
(SD) (cm) 
(n=19) 

Male 
(SD) (cm) 
(n=21) 

p-value  Female 
(SD) (cm) 
(n=19) 

Male 
(SD) (cm)  
(n=21) 

p-value 

RTPtoWk1 RTPtoWk4 

Superior 0.14 
(0.78) 

0.30 
(0.90) 

0.55 Superior -0.49 
(0.73) 

-0.12 
(0.56) 

0.08 

Inferior 0.13 
(0.72) 

-0.14 
(0.58) 

0.20 Inferior 0.00 
(0.82) 

0.05 
(0.68) 

0.83 

Right 
lateral 

0.33 
(0.47) 

0.07 
(0.52) 

0.09 Right 
lateral 

-0.15 
(0.37) 

-0.01 
(0.57) 

0.36 

Left 
lateral 

0.19 
(0.30) 

0.07 
(0.62) 

0.40 Left 
lateral 

-0.18 
(0.48) 

-0.16 
(0.37) 

0.84 

Anterior 0.64 
(0.78) 

0.79 
(1.10) 

0.61 Anterior 0.30 
(0.83) 

0.41 
(0.62) 

0.63 

Posterior 0.52 
(0.86) 

0.05 
(0.89) 

0.09 Posterior -0.11 
(0.97) 

-0.08 
(0.95) 

0.93 

Wk1toWk4 AveMotion 

Superior -0.63 
(1.09) 

-0.42 
(1.05) 

0.53 Superior -0.33 
(0.49) 

-0.08 
(0.37) 

0.08 

Inferior -0.13 
(0.80) 

0.20 
(0.42) 

0.12 Inferior 0.00 
(0.55) 

0.03 
(0.45) 

0.83 

Right 
lateral 

-0.48 
(0.52) 

-0.08 
(0.67) 

0.04* Right 
lateral 

-0.10 
(0.24) 

-0.01 
(0.38) 

0.36 

Left 
lateral 

-0.37 
(0.47) 

-0.22 
(0.79) 

0.45 Left 
lateral 

-0.12 
(0.32) 

-0.10 
(0.24) 

0.82 

Anterior -0.34 
(0.81) 

-0.38 
(0.78) 

0.88 Anterior 0.20 
(0.55) 

0.28 
(0.42) 

0.63 

Posterior -0.63 
(1.21) 

-0.13 
(1.17) 

0.18 Posterior -0.07 
(0.64) 

-0.06 
(0.63) 

0.92 

 

Table 14 Comparison of mean motion of female and male bladders between timepoints 
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There is statistically significant difference between female and male bladder motion in 

the right lateral direction from start of treatment to the final week (-0.48 vs -0.08, p=0.04) 

as shown in table 14. However, there is no difference from RTP scan to either start or final 

week, and also no statistically significant difference in average motion between the two 

sexes. On further examination of this result, this difference is accounted for by two 

outliers, one in each group, of movement in opposite directions.  

With regards to superior motion, there is a difference between female and male bladder 

motion from RTP to final week and also in average motion, but this is not statistically 

significant (-0.49 vs -0.12cm, p=0.08). There is no difference from RTP to start of 

treatment or between start and final week of treatment.  

Similarly, a difference in posterior motion is seen from RTP to start of treatment but this 

is not statistically significant (0.52 vs 0.05 cm, p=0.09). There is no difference in posterior 

motion between other timepoints and in average motion. 
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6.4.4 Relationship of motion between time points  

There is moderate correlation between RTPtoWk1 and RTPtoWk4 motion in the inferior 

and anterior directions (r=0.59, p<0.01 in both directions). Correlation is very weak in 

other directions. (Figure 15)  

 

Figure 15 Scatter plots illustrating the correlation of motion of all patients in six direction between 
RTPtoWk1 (x-axis) and RTPtoWk4 (y-axis) with corresponding Pearson coefficients (r) and p-values. 

  



 104 

In terms of differences between female and male pelvises, there is moderate correlation 

between RTPtoWk1 and RTPtoWk4 motion in inferior direction in females (r=0.47, p=0.04) 

and strong correlation in males (r=0.79, p<0.01). This is similar in the anterior direction; 

there is moderate correlation females (r=0.49, p=0.03) and strong correlation in males 

(r=0.72, p<0.01). Correlation is very weak in other directions. (Figure 16) 

 

Figure 16 Correlation of motion in female (left) and male (right) bladders in inferior and anterior 
directions between RTPtoWk1 (x-axis) and RTPtoWk4 (y-axis) with corresponding Pearson 
coefficient (r) and p-values 
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6.5 Discussion 

Organ motion has an impact on accurate delivery of radiotherapy. The bladder is a highly 

deformable organ with potential to change in size and shape during a course of 

radiotherapy[184]. Relatively large margins have been applied to ensure adequate target 

coverage. Our study has shown that the bladder moves in all directions. There is little 

difference in mean bladder motion between male and female pelvises. Accounting for 

multiple hypothesis testing, there are no significant differences in the change in motion 

during a course of radiotherapy between the two sexes.  

Various authors have studied inter-fraction bladder motion in radiotherapy. The 

maximum motion had been found to be in the superior and anterior directions[59], [60], 

[185], [186] and also to a lesser extent, in the posterior direction[61], [187]. When 

assessing motion between the three time intervals (RTPtoWk1, RTPtoWk4 and 

Wk1toWk4), our study found that the greatest magnitudes of motion are in the directions 

as described in published literature. 

Despite the differences in pelvic anatomy and renal physiology, there had been no 

previous studies examining difference in bladder inter-fraction motion with males and 

females. We have shown that motion in male bladders remained consistent during 

radiotherapy, with no difference at the start and end of treatment. The pattern of 

movement in female bladders is different. Movement in all directions Wk1toWk4 are 

negative, indicating an inward motion of bladder wall. This could be due to better 

compliance to bladder emptying instructions or the effect of treatment related radiation 

cystitis causing a reduction in bladder capacity. This change is also seen in male bladders 

although the difference is not significant.  While the magnitude of mean change in 

bladder motion is small, it could warrant a reduction of superior and posterior CTV to PTV 

margins in female patients, thereby reducing dose to small bowel and rectum with a 

potential impact on treatment related bowel toxicities. 

There is a correlation between bladder movement early on in treatment and during the 

final week of treatment in the anterior and inferior directions, but no correlation in other 

directions. This is important in the modern era of adaptive radiotherapy. The composite 

method utilises information from CBCTs during the first week of treatment to formulate a 
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composite CTV and radiotherapy plan to be used for the rest of treatment. This assumes 

that the bladder behaves in the same way throughout the course of treatment. As 

described above, this may not be the case. The positive correlation of anterior and 

inferior motion at the beginning and end of treatment may allow a better formulation of 

treatment margins in these directions. 

While we have shown the difference in change in motion between female and male 

bladders, there are limitations within our study and further research needs to take place 

to better understand the difference in female and male bladder motion such that more 

accurate margins can be applied and treatment improved.  

This study only included CBCTs at the start and a week 4 as it was a retrospective study 

and there was limited imaging data available. A larger study including CBCTs during the 

second and third week of treatment may give us a better understanding of how the 

bladder moves during an entire course of radiotherapy. As patients treated at this centre 

only had CBCTs prior to treatment, we have only been able to examined differences in 

inter-fraction bladder motion. Intra-fraction bladder motion is influenced by bladder 

filling[188]. The difference in renal physiology between the two sexes may translate to 

differences in intra-fraction motion and should be studied. This would require CBCTs at 

start and end of treatment fractions or MRI scans spanning the time taken for treatment 

delivery.  

The convention for bladder radiotherapy in the UK utilises an empty bladder protocol. 

However, this is changing. There is increasing interest in drinking protocols in order to fill 

bladders, separate bladder walls, thereby allowing delivery of high dose radiation boost 

to tumour beds. The use of drinking protocols may have an impact on bladder motion and 

affect male and female bladders differently. Therefore, similar studies should also be 

carried out in patient cohorts with planned bladder filling. 

The rationale for our study stems from differences in female and male pelvic anatomy, 

the main distinctions being the presence and position of internal genitalia. All patients 

included in this study had intact internal genitalia. It is not certain how previous 

hysterectomy or prostatectomy would impact bladder motion. 
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Despite its limitations, to our knowledge, this is the first study to examine differences 

between female and male bladder motion. It is has shown that there are differences in 

bladder motion during a course of treatment. This is an initial step towards improved 

personalisation of treatment for patients. Further research taking into account different 

treatment time points, intra-fraction motion, planned bladder filling and previous surgery 

would be invaluable. 
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7.1 Abstract 

7.1.1 Introduction 

Radiotherapy to the bladder most commonly involves treating the whole bladder and any 

extra-vesical extension of tumour with a uniform dose. There is increasing interest in 

adaptive radiotherapy and dose escalation to tumour beds. MRI guided linear accelerator 

allows improved visualisation of tumour bed and online adaptive treatment. However, 

this increases the intra-fraction time and it is vital to consider the intra-fraction 

movement of bladder and tumour bed. We hypothesize that as the bladder fills and 

expands during this period of time, there is a correlation between bladder wall and 

tumour bed expansion in the same direction. 

7.1.2 Method 

Patients with histologically confirmed diagnoses of muscle-invasive bladder cancer 

planned for curative chemoradiotherapy were included in this study. Patients underwent 

MRI scans weekly during treatment. Each MRI scan included three T2 sequences.  Whole 

bladder and tumour bed were contoured each week by a single observer. Bladder and 

tumour bed volumes and inner surface area were calculated from the contours at each 

timepoint. The largest superior-inferior (SI), anterior-posterior (AP) and left-right (LR) 

extent of each contour were also calculated and their differences compared. Lastly the 

change in radial distance of tumour bed, which would reflect the tumour bed thickness, 

was compared with change in bladder volume. The mean difference in volume and 
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diameters across the timepoints were compared with one-way analysis of covariance 

(ANCOVA) using R v3.6.2. 

7.1.3 Results 

13 (12 males, 1 female) patients were recruited to the study from July 2018 to June 2019. 

The median age was 63 (34-79) and patients had T2-T3b disease at diagnosis. Three 

patients withdrew from the study due to medical reasons. The remaining patients 

underwent four MRI scans each. Change in bladder volume is correlated to the change in 

tumour bed volume (p=0.02) and tumour bed thickness (p<0.01). Change in bladder SI 

and AP distances and internal surface area correlated with change in tumour bed SI and 

AP distances and internal surface area (p<0.01). There is no correlation in change in 

bladder and tumour bed LR distances (p=0.66)  

7.1.4 Conclusion 

The bladder is a highly mobile organ. Understanding the correlation between tumour bed 

and bladder motion allows for formulation of an appropriate library of plans to account 

for intrafraction motion. 
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7.2 Introduction 

Radiotherapy allows patients with muscle-invasive bladder cancer (MIBC) the chance of 

cure while keeping an intact bladder. The unpredictable manner in which the bladder 

volume varies is a challenge in bladder radiotherapy, and this is overcome by applying a 

large margin to prevent a geographical miss. The most commonly used technique in the 

UK is to define the whole bladder and any extra-vesical extension of tumour as the CTV, 

then apply a uniform expansion margin of 1.5 to 2cm around this to account for bladder 

motion and expansion. This technique was developed at a time when on treatment 

imaging modalities were poor and visualisation of the bladder was poor and even more 

difficult to accurately identify the tumour bed following maximum transurethral resection 

of bladder tumour (TURBT). 

The basis of radiotherapy lies with delivering maximum radiation dose to a high-risk 

region and minimise dose to surrounding tissues. The current practice in bladder 

radiotherapy is therefore suboptimal. The relatively large margin translates to uninvolved 

organs being included in the high dose region when the bladder is small, and irradiating 

the bladder to a uniform dose does not take into account the position of the original 

tumour.  

The urinary bladder is a muscular balloon that fills and empties, thereby changing shape 

and position constantly. While some anatomical structures can be immobilised during 

radiotherapy, the bladder cannot. Hence, the study of its motion during each fraction of 

treatment, as well as between each fraction of treatment is important. Studies have 

suggested that bladder filling during treatment result in three dimensional changes in 

bladder wall positions, with maximum movement in the anterior and superior walls[63], 

[184], [186].  

After decades of stagnation, bladder radiotherapy is finally evolving. With the 

development of image guided radiotherapy (IGRT), it is now possible to formulate 

multiple radiotherapy plans and apply the best plan for the patient’s anatomy on the day, 

thereby adapting the radiotherapy plan for each patient. While current ART methods may 

account for inter-fraction motion, it does not correct for intra-fraction motion. With plan 

selection in POD, there is increased time spent on the treatment couch and therefore 
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intra-fraction time. Foroudi et al reported 18% of patients with at least one post-

treatment CBCT indicating that the bladder had filled and extended outside the PTV[189]. 

Murthy et al. showed that there was geographical miss on post-treatment CBCT of the 

superior bladder wall in 13.8% and anterior bladder wall in 10.3% of all patients 

treated[190]. It is therefore important that as we move into utilising ART and reduced 

margins, intra-fraction motion is studied and taken into account. 

RAIDER (ISRCTN 26779187) is a phase II randomised trial investigating the effect of dose 

escalated tumour boost radiotherapy in bladder cancer. However, the visualisation of 

tumour bed on CT imaging remains poor. Shi et al demonstrated an ability to distinguish 

between tumour and normal bladder on T2 weighted MR images[99]. This allows 

accurate delineation of tumour beds and high-risk regions for disease recurrence, leading 

to the potential for dose escalation in these areas and dose reduction in the rest of the 

organ. Compared to normal bladder wall, the tumour bed may have had previous 

resection leading to healing and scarring. This may impact its elasticity and motion. In the 

era of differential dose to tumour bed, it is also important to consider the motion of this 

particular area of the bladder. 

Lipiodol and fiducial markers allow the tracking of the tumour bed and studies have 

demonstrated that the tumour bed moves as the bladder fills over time[65], [71]. 

However, little is known about the correlation between tumour bed and bladder 

movement, and hence, whether a different expansion margin needs to be applied to the 

tumour bed and bladder when planning for a higher dose boost to the tumour bed. 

Furthermore, the use of lipiodol and fiducial markers in radiotherapy translates to an 

additional invasive procedure for patients.  

With regards to online imaging modalities, the quality of CBCT images does not allow for 

adequate visualisation of tumour bed. However, with the advent of MRI guided linear 

accelerators, there is now an ability to better visualise tumour bed movement during 

treatment in a non-invasive manner. Each fraction of treatment on MRI guided linear 

accelerator (MRL) takes around 30minutes and the intra fraction motion of tumour bed 

and bladder is important. 
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An improvement in the understanding of bladder wall and tumour bed movement is key 

to delivering accurate radiotherapy, and is especially important in terms of adaptive 

radiotherapy and tumour bed boost in the future. Through the use of MRI scans at 

different timepoints during a course of radical radiotherapy, we evaluate bladder and 

tumour bed motion over a 30-minute period. We hypothesize that as the bladder fills and 

expands during this period of time, there is a correlation between bladder wall and 

tumour bed expansion in the same direction.  

The study aims to recruit 20 patients and this report represents an interim analysis. 

7.3 Methods 

Patients with histologically confirmed diagnoses of muscle-invasive bladder cancer 

planned for curative chemoradiotherapy were included in this study. Exclusion criteria 

included any contraindications to magnetic resonance imaging (MRI), contraindications to 

hyoscine butylbromide and previous cystectomy.  

Patients either had standard treatment with external beam radiotherapy at a dose of 

52.5-55 Gy in 20 daily fractions to the whole bladder over four weeks or participated in 

the RAIDER study. RAIDER randomised patients to standard radiotherapy, adaptive 

tumour focused radiotherapy and adaptive tumour boost radiotherapy. Only patients 

randomised to one of the two adaptive arms were recruited to this imaging study. All 

patients had radiosensitisation in the form of gemcitabine weekly at 100mg/m2 

administered intravenously 2-4 hours prior to that day’s radiotherapy treatment. 

Patients underwent MRI scans weekly during treatment. Week 1 scan (MRI 1) was carried 

out on day 1 of treatment and subsequent scans (MRI 2, MRI 3 and MRI 4) on any day on 

the subsequent weeks. No contrast agents were used. Patients took oral hyoscine 

butylbromide 10mg prior to each MRI scan to minimise the impact of peristalsis on image 

quality. They were also instructed to fully empty their bladders and drink 350mls of water 

30min before MRI scan. 

Approval was obtained from the local ethics committee REC 18/NW/0352.  
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7.3.1 Scan sequence 

MRI scans were carried out on 1.5 Tesla AERA Siemens scanner in the same position as for 

the radiotherapy planning (RTP) scans – supine position on flat table top, with knee 

support if applicable. Spine coil and anterior flexible coil on coil bridge were positioned 

close to but not touching the patient. Three 3D T2 sequences were carried out during 

each scan. Coronal and transverse DIXON sequences were performed in between each T2 

sequence. There was a 30 minutes interval between first and third T2 sequence. 30 

minutes was also the estimated time required to deliver a single fraction of adaptive 

radiotherapy on the MRI guided linear accelerator. 

7.3.2 Contouring 

Whole bladder and tumour bed were contoured on Raystation 7R on the first and third T2 

sequence each week by a single observer who was experienced in bladder contouring. 

Tumour bed was contoured with the aid of information from cystoscopy reports and 

diagnostic CT urogram images and reports. Visible tumour in close proximity to the 

tumour bed was included within the tumour bed contours. In one patient, a separate 

tumour focus was seen and this was contoured separately.  

7.3.3 Data Analysis 

Bladder and tumour bed volumes and inner surface area were calculated from the 

contours at each timepoint. The largest superior-inferior, anterior-posterior and left-right 

extent of each contour were also calculated and their differences compared. Lastly the 

change in radial distance of tumour bed, which would reflect the tumour bed thickness, 

was compared with change in bladder volume. A visual inspection was carried out to 

ensure that the change in dimension calculated was similar to the change observed. The 

mean difference in volume and diameters across the timepoints were compared with 

one-way analysis of covariance (ANCOVA) using R v3.6.2. 

7.4 Results 

7.4.1 Patient Characteristics 

13 (12 males, 1 female) patients were recruited to the study from July 2018 to June 2019. 

The median age was 63 (34-79) and patients had T2-T3b disease at diagnosis. One patient 

was found to have squamous cell cancer and underwent radical cystectomy, and 



 114 

therefore withdrew from the study. Another withdrew from the study prior to any MRI 

scan due to deteriorating health, while another had chronic confusion and was not able 

to adhere to study instructions and withdrew following MRI 1. All patients included in the 

final analysis were male. 

The remaining 10 patients underwent four MRI scans. One patient was not able to 

complete MRI 2 due to backpain and therefore did not have a third T2 sequence that 

week. Instead of the difference between timepoint 1 and 3, the difference between 

timepoint 1 and 2 was calculated for this patient on week 2. 

Patient demographics and tumour positions (based on diagnostic imaging and cystoscopy 

reports) are listed in table 1. 

Patient ID Age Sex T Stage Tumour Position 

001 63 M 3a Right postero-lateral 

003 79 M 3b Left postero-lateral 

004 54 M 2 Right postero-lateral 

005 60 M 2 Right lateral 

007 72 M 3a Left lateral 

008 72 M 3b Left antero-lateral 

009 76 M 2 Posterior 

010 61 M 3b Left postero-lateral 

011 34 M 2 Left postero-lateral 

013 58 M 2 Superior (dome) 

Table 15 Patient demographics and tumour positions 
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7.4.2 Change in volumes 

Bladder volumes ranged from 70.1 to 399.2 cc and tumour bed volume 6.8 to 15.0 cc. 

Figure 17 illustrates the difference variation in contoured bladder and tumour bed 

volumes for each patient across time points each week. 

 

Figure 17 Change in contoured bladder (red) and tumour bed (blue) volumes (y-axis) each week 
(x-axis) for each patient. 

The bladder volume increases from timepoint 1 to timepoint 3 in all patients each week 

but there is variability with tumour bed volume. Mean differences in bladder and tumour 

volumes are shown in table 16. The change in bladder and tumour volume from timepoint 

1 to timepoint 3 (30 minute interval) remains similar throughout a course of treatment. In 

patients 7, 9, 10 and 11, the changes in bladder volume corresponded to similar changes 

in tumour bed volumes. The opposite is observed in patients 1, 4, 8 and 13, while there is 

a mixture from week to week in patients 3 and 5. With repeated measures ANCOVA, the 

change in bladder volume is correlated to the change in tumour bed volume (p=0.02)  
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 Week 1 Week 2 Week 3 Week 4 

Bladder Volume Change 

Mean (Range) 

 

82 (16, 202) 

 

47 (-8, 109) 

 

57 (16, 178) 

 

58 (10, 163) 

Tumour Bed Volume Change 

Mean (Range) 

 

-1 (-15, 3) 

 

3 (-9, 16) 

 

0 (-5, 5) 

 

0 (-5, 7) 

Table 16 Change in mean bladder and tumour bed volumes between both timepoints each week 

 

7.4.3 Change in diameters 

 

Figure 18 Change in maximum superior-inferior diameter (y-axis) of bladder (red) and tumour bed 
(blue) over time (x-axis) for each patient 

There is a similar trend in change of superior-inferior (SI) diameters of bladder and 

tumour bed in most patients apart from patients 4 and 13. With repeated measures 

ANCOVA, the change in SI diameter of the bladder is correlated to that of tumour bed 

(p<0.01) (figure 18). 

As patient 13 had a superior tumour, the SI distance measures a change in tumour 

thickness. Repeat analysis with exclusion of patient 13 continues to show a correlation of 

bladder and tumour bed SI distance (p<0.01) 
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Figure 19 Change in maximum anterior-posterior diameter (y-axis) of bladder (red) and tumour 
bed (blue) over time (x-axis) for each patient 

The changes in maximum anterior-posterior (AP) diameter of bladder and tumour bed 

shows a more varied pattern, with some similarities in patients 4, 9, 10, and 13. With 

repeated measures ANCOVA, the change in superior-inferior diameter of the bladder is 

correlated to that of tumour bed (p<0.01) (figure 19). 

As patient 9 had a posterior tumour, the AP distance measures a change in tumour 

thickness. Repeat analysis with exclusion of patient 9 continues to show a correlation of 

bladder and tumour bed SI distance (p<0.01). 
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Figure 20 Change in maximum left-right diameter (y-axis) of bladder (red) and tumour bed (blue) 
over time (x-axis) for each patient 

There is little similarity in the change in left-right diameter of bladder and tumour bed at 
each timepoint on observation. This lack of correlation is confirmed with a repeated 
measures ANCOVA (p=0.66) (figure 20). 
 

 

Figure 21 Change in bladder volume (red) and tumour bed thickness (blue) over time for each 
patient 

The changes in bladder volume and tumour bed thickness shows a more varied pattern, 

with some similarities in patients 3, 4 and 10. With repeated measures ANCOVA, the 

change in bladder volume correlated to that of tumour bed thickness (p<0.01) (figure 20). 
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7.4.4 Change in surface area 

 

 

Figure 22 Change in internal surface area (y-axis) of bladder (red) and tumour bed (blue) over time 
(x-axis) for each patient. 

There is a similar trend in change of internal surface area of bladder and tumour bed in 

most patients apart from patients 8, 9 and 13. With repeated measures ANCOVA, the 

change in internal surface area of the bladder is correlated to that of tumour bed 

(p<0.01). 
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7.5 Discussion 

A challenge in delivering differential dose to tumour bed in bladder cancer is visualisation 

of the tumour bed. This was difficult on CBCT but MRL has allowed for improved on 

treatment image quality, better visualisation, and also online adaptation to changes in 

shape and size of targets. However, this requires online contouring of the target. For a 

highly mobile organ like the bladder, the target would have changed further while this 

takes place. This highlights the importance of intrafraction motion in bladder 

radiotherapy. An understanding of motion during an appropriate intra-fraction time 

period would contribute to the development of suitable expansion margins for both 

bladder and tumour bed. 

This study uses T2 MRI sequences to compare bladder and tumour bed motion over a 

time period required to deliver a single fraction of treatment on the MRL. Our results 

show that changes in tumour bed volume and surface area are related to changes in 

bladder volume and surface area, and that changes in tumour bed AP and SI diameters 

are related to the same diameters in the bladder. Similarly, changes in tumour bed 

thickness are related to changes in bladder volume. 

The lack of correlation between changes in left-right diameter is likely due to the position 

of tumour beds. Apart from patients 9 and 11, all other tumour beds were on the lateral 

aspects of the bladders. Changes in left-right diameter of the tumour beds reflect changes 

in tumour bed thickness. In comparison, changes in tumour bed AP and SI diameters 

reflect changes in surface area. 

Bladder radiotherapy is conventionally carried out with an empty bladder due to its easier 

replicability and to minimise radiation dose to surrounding tissues. In order to allow 

differential dose to tumour bed and whole bladder, the bladder needs to be filled to 

move bladder walls apart. A drinking protocol was utilised in this study. Patients were 

instructed to fully empty their bladder and to drink 350ml of water 30 minutes before the 

start of each MRI scan. Despite adhering to the protocol, it should be noted that each 

patient’s bladder volume differed from week to week. This highlights the challenge of 

predicting bladder filling and maintaining a constant bladder size during radiotherapy. 
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Our study is limited by the small sample size. While 40 MRI scans and 80 sequences were 

analysed, these images are from 10 individual patients. There is a limit with the variability 

of bladder filling, tumour location and tumour stage that may not be accounted for in this 

small group of patients. In particular, there were no patients with T4 cancers, where 

tumour bed motion may differ due to invasion of surrounding organs. All 10 patients 

included in the analysis were male. As bladder cancer is more common in men than 

women, recruiting female patients is a challenge. While it was described in chapter 6 that 

the mean inter-fraction motions of male and female bladders are similar, it is not known 

if the intra-fraction motions are also alike. 

Due to logistical constraints, the MRI scans in this study were not performed on the MRL 

but on diagnostic 1.5 Tesla MRI scanners. We tried to simulate conditions on the MRL 

with flat table tops and knee supports, scanning in treatment position and also in the time 

period estimated to deliver a fraction of treatment. However, there may be differences in 

scanner specifications leading to variation in image quality compared to those obtained 

on an MRL. There may also be operator dependent differences as scans on diagnostic 

scanners are carried out by diagnostic radiographers who may be less used to ensuring 

patients are in treatment positions compared to their therapeutic counterparts. 

Contouring is observer dependent. The bladders and tumour beds were contoured by a 

single observer with information from diagnostic CT urograms and cystoscopies. While 

the observer had experience in contouring bladder for radiotherapy planning, this would 

have been on CT images instead of MRI images. The difficulty in tumour bed delineation, 

errors in interpreting MRI images may have led to biases which were not compensated 

for. The use of multiple independent observers may result in different outcomes. In 

particular, it is noted in the surface area calculation for patient 8 that the tumour bed 

contours were not in contact with that of bladder contours at 3 timepoints and it was 

therefore not possible to calculate tumour bed surface areas. However, with regards to 

the other aspects of the analysis, the study correlates the extent of bladder and tumour 

bed, we therefore do not expect these errors to have a large effect on our results. 

While we were able to demonstrate the correlation in magnitude of tumour bed and 

bladder motion, the direction of motion would enable formulation of appropriate margins 
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(isotropic or otherwise) in treatment planning to ensure adequate coverage of target 

volume without unnecessary irradiation of normal tissues. This could be achieved by 

measuring distance in six directions from a reference point at the different timepoints, 

and comparing the difference. This would reflect the distance moved in each direction. 

Through this study, we have a better understanding of tumour bed and bladder motion. 

The correlation between the two suggest that a planning margin added to tumour bed 

CTV to account for intra-fraction motion should be a proportion of that used for bladder. 

The preferred on-treatment imaging modality to visualise tumour bed remains an MRI 

but in the absence of an MRL, our results suggest that bladder motion may predict 

tumour bed motion. However, this study requires expansion to include a larger sample 

size, inter-observer variability and also to take into account direction of motion. 
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8 Concluding remarks  

The UK has been at the forefront of organ preservation treatment in bladder cancer, 

leading in two major practice changing trials. However, there has been little change in 

radical bladder cancer treatment in the past decade despite advances in systemic 

treatments and radiotherapy technique. This is an area of unmet clinical need.  

Bladder preservation is currently delivered in a generic manner with little personalization 

for the individual patient. With improved patient selection and radiotherapy adaptation, 

organ preservation treatment in bladder cancer can be personalised through greater 

accuracy with image guided radiotherapy and biologically informed use of hypoxia 

modification. 

8.1 Individualisation of radiosensitiser with biological factors 

The BCON study was conducted in the early 2000s, and reported improvement in overall 

survival outcomes with the addition of carbogen and nicotinamide (CON) to radiotherapy. 

Within the long-term outcomes update, we evaluated the benefit of hypoxia modification 

with CON in the long term, and the potential role of molecular biomarkers in patient 

selection. 

The improvement in overall survival benefit of hypoxia modification in bladder 

radiotherapy continues with 10-years median follow up. With the use of molecular 

biomarkers, it is demonstrated that the benefit of hypoxia modification is seen in the 

presence of necrosis and high hypoxia score. There is also a trend in benefit with basal 

molecular subtypes. This study shows that the use of biomarkers enables selection of the 

patients who would benefit most, thereby allowing biologically driven treatment 

decisions.  

Moving forward, a prospective biomarker driven study will further qualify the use of 

hypoxia biomarkers in the clinical setting. Selecting the appropriate biomarker for use in 

the future study is important and therefore there is a need to consider the differences in 

biomarkers investigated. Necrosis is categorical and therefore perhaps the most 

straightforward biomarker to be used in the clinical setting, both in terms of clinician 

interpretation and communication to patients. However, the determination of necrosis 
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status is observer and sample dependent. The absence of necrosis and vice versa 

determined by a single observer in a small tumour sample may not accurately reflect the 

overall necrosis status. The study demonstrated a clear association between molecular 

subtype and hypoxia score. Hypoxia score is presented on a continuous scale and 

produced from transcriptome analysis. This score is determined in an objective manner, 

quantifies hypoxia and allows for the degree of benefit from hypoxia modification to be 

demonstrated. Therefore, when planning for a large phase III clinical trial, the more 

robust hypoxia score should be utilized. 

The main treatment choice in curative treatment for bladder cancer is between RC and 

TMT. MRE11 expression was previously felt to have the potential to stratify patients to 

receive either surgery or bladder preservation but validation of the initial findings had 

been disappointing. It is therefore important that further work is undertaken to develop a 

scientific manner to guide patients. 

CON is the only hypoxia modification regimen investigated in bladder radiotherapy in a 

phase III randomized trial setting. From a practical perspective, the administration of 

nicotinamide tablets coupled with inhalation of high concentration of oxygen is easily 

achieved in the radiotherapy treatment setting. Other techniques like hyperthermia 

involve heating tumour cells to a specified temperature during radiotherapy. Heat not 

only has an impact on the repair of radiation-induced DNA damage, but also induces 

more cell kill in radioresistant hypoxic cells and increases tumour blood flow and 

reoxygenation. However, hyperthermia treatment is invasive and would be a logistical 

challenge to deliver.  

In the past two decades, other drugs have been developed. Cells exposed to acute 

hypoxia have impaired homologous recombination (HR) repair of DNA damage. PARP is 

an important enzyme in the repair process. Hence, HR events are synthetically lethal in 

the presence of PARP inhibitor (PARPi) resulting in increased clonogenic cell kill. Pre-

clinical study in muscle-invasive bladder cancer cell lines showed that the addition of a 

PARPi to radiotherapy radiosensitised all evaluated cell lines to a dose enhancement ratio 

of 1.22-2.27[191]. In a clinical setting, there are ongoing studies regarding the 

radiosensitising role of PARPi different cancer subtypes. 
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8.2 Individualisation of radiotherapy with physical factors 

Three studies were carried out to assess the physical factors involved in bladder 

radiotherapy – RTP parameters, inter-fraction motion and intra-fraction motion. 

An important aspect of accurate radiotherapy is the RTP scan. As clinical trials adopt 

bladder filling protocols to enable differential dose to tumour beds, the impact of bladder 

size on clinical outcomes is an important consideration. By investigating the relationship 

of bladder and rectal dimensions on RTP scan and clinical outcomes, this study 

demonstrated that a large bladder on RTP scan was associated with worse OS. With 

multivariable analysis, the effect of large bladder is no longer statistically significant but 

known prognostic factors like presence of CIS and hydronephrosis remains predictive of 

outcome.  

The results from this study should be considered with caution as it was conducted with an 

empty bladder protocol. A large bladder on RTP scan would be a reflection of inadequate 

bladder emptying, which could, in turn, be due to poorer bladder function or issues with 

treatment adherence. This differs from planned bladder filling. Hence, bladder size should 

not currently be taken into consideration in terms of patient selection for bladder 

preservation treatment. Within the original retrospective study, toxicity data was not 

captured. As RTP parameters impact on radiotherapy plans and hence the potential for 

increased dose to normal organs, toxicity is an important consideration. The current 

results suggest that a similar study with planned bladder filling should be carried out and 

that the impact of RTP parameters on toxicity should also be included.  

The bladder changes in shape, size and position with internal and external pressure. Its 

motion is therefore an important consideration as we attempt to improve accuracy in 

radiotherapy and consider personalization of treatment based on physical factors. 

Differences in male and female pelvic anatomy may impact bladder motion but this has 

not previously been investigated. This retrospective study found that the mean inter-

fraction motion is similar in both sexes during a course of radiotherapy, but there is a 

difference in the change in motion between both sexes from the start to end of 

treatment. While male bladder motion remains consistent throughout treatment, there is 

an inward motion of the female bladder in all directions towards the end of treatment. 
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This study also demonstrated correlation between bladder motion in the beginning and 

end of treatment in the anterior and inferior directions and the lack of correlation in 

other directions.  

Adaptive radiotherapy is important in the treatment of highly mobile targets like the 

bladder. Current adaptive radiotherapy techniques use information from RTP scans to 

generate a library of plans, or include information from the beginning of treatment to 

generate a composite plan. The study has allowed for better understanding of similarity 

and differences in bladder motion within male and female pelvises during a course of 

radiotherapy. The results from this study require further validation in a separate patient 

group, with inclusion of a greater variety of patients such as those with previous pelvic 

surgery. With validation of results, there could be further consideration when planning 

treatment such as considering additional “small” plans for female bladders towards the 

end of treatment, or the utilization of information on anterior and inferior motion from 

the beginning of treatment to generate planning margins for plans to be used later.   

As bladder radiotherapy trials investigate the impact of differential dose to tumour bed 

by increasing radiation dose to the high-risk area and reducing dose to the unaffected 

bladder, it is vital that the tumour bed motion is considered in relation to bladder motion.  

In a small study of ten patients, the intra-motion of tumour beds and bladder observed on 

40 MRI scans during the time required to deliver a single fraction of treatment on an MRI-

guided linear accelerator is analysed. Results from this study showed that there is an 

association between tumour bed and bladder motion in the change in AP and SI 

dimensions, the change in surface area, and also an association between tumour bed 

thickness and bladder volume.  

The study is limited by the small sample size and the lack of consideration for 

interobserver variability. As the study is expanded to include a greater number of patients 

from both sexes, the results will help guide the formulation of CTV to PTV margins for a 

library of plans and true online adaptation of treatment. The information from these MRI 

scans can also be analysed for changes in imaging features during a course of treatment. 
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Tumour beds are difficult to visualize on CT imaging. The study demonstrated that the 

potential for tumour bed to be adequately visualized on T2 MRI sequences and including 

further observers will help to validate this.  Differential dose to tumour bed is currently 

being investigated as part of the randomized control trial, RAIDER. If the results are 

promising and this moves into standard of care, MRI-based planning for bladder cancer 

should be considered in order for accurate delineation. With standard linac-based 

treatment, the tumour bed cannot be accurately seen on CBCT but with MRI guided linear 

accelerators, online images can visualize the tumour bed and be used to guide treatment.  

The ability to identify tumour bed on MRI scans coupled with the availability of MRI 

guided linear accelerators hold much potential. For example, imaging features in 

contoured tumour beds can now be analysed in relation to biological features from the 

tumours removed from the same area, allowing a correlation between imaging and 

molecular biomarkers to be investigated. The change in imaging features during a course 

of treatment can also be studied to allow for the possibility of functional adaptation in 

addition to physical adaptation of treatment. 

While the three studies investigated different physical aspects of bladder radiotherapy, 

the main observation is that the bladder varies in size, moves during a fraction of 

treatment and between fractions as well. This shows that the current standard of care 

where a single treatment plan is generated with a large CTV to PTV margin is not ideal. 

Adaptive radiotherapy with a library of plans that takes into consideration changes in 

bladder and tumour bed motion during each fraction and throughout each treatment 

course will allow for more accurate treatment to be delivered, with a lower incidental 

dose to surrounding organs. 

8.3 Future directions 

As most cancer subsites move from curative surgery with significant impact on quality of 

life to organ preservation treatments that maintain quality of life without compromising 

on the chances of cure, the urological oncology community has a duty of care to bladder 

patients to move further in this regard as well. This can be achieved through 

improvement in patient selection and personalization of management plans.  
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While the previous attempt at a randomized trial between RC and TMT failed due to poor 

accrual, there remain opportunities to evaluate biomarkers that could predict benefit 

from either treatments and from selection of radiosensitisers. Propensity matched 

analysis carried out had suggested equivalence in outcomes. There is current work 

investigating the relationship of hypoxia score and clinical outcomes in a bladder 

preservation cohort with chemotherapy radiosensitisation. Carrying out a similar study in 

surgical cohorts would be invaluable. A propensity matched analysis of radical cystectomy, 

hypoxia modification and chemotherapy radiosensitisation cohorts with the inclusion of 

hypoxia score as a factor should be carried out next. This would help inform clinicians in 

patient selection for these vastly different treatment modalities.  

Advances in computer technology now allows for identification of imaging biomarkers. 

There is now an opportunity to relate imaging and molecular features, which could 

translate to less invasive methods of gaining more information about each cancer and 

planning treatment. A prospective study with biomarker stratification between 

chemotherapy and hypoxia modification radiosensitisation, with online adaptation on an 

MRI guided linear accelerator will allow for the qualification of available biomarkers.  

Functional imaging information can be obtained and analyzed in relation to molecular 

biomarkers allowing the development of imaging biomarkers during the study and any 

change in imaging features during a course of treatment can also be identified. The 

variability in scanners across centres resulted in a challenge in reproducing and validating 

imaging features but a large proportion of the MRI guided linear community form a 

consortium, using the same scanner and linear accelerator. This allows for the potential 

to reduce variability in images obtained and greater opportunity for collaboration.  

The development of imaging biomarkers will in turn form the basis of a further imaging 

and biomarker driven study, with the potential for early changes in treatment plans or 

treatment intensification based on on-treatment functional imaging. 

The future of radiotherapy in bladder cancer is one where there is both anatomical and 

biological adaptation of treatment. The use of molecular biomarkers to select patients 

and plan treatment, coupled with the adaptation of treatment based on changes during a 
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course of radiotherapy brings along the exciting potential of improving outcomes in 

bladder cancer through true personalization of management plans. 
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10 Appendix 1: MRI imaging study protocol 
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11 Appendix 2: Publications/Presentations 

The following all relate to the work presented in this MD thesis. Abstracts or full articles 

of peer-reviewed journal publications are appended where available. 
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Y Song, A Vinayan, P Hoskin (Accepted for publication in BJUI Knowledge) 

“Organ preservation in bladder cancer: an opportunity for truly personalised treatment” 

Y Song, A McWilliam, P Hoskin, A Choudhury 

Nat Rev Urol 16, 511-522 (2019) 

11.2 Presentations 

“Hypo-fractionation in muscle-invasive bladder cancer: an individual patient data meta-

analysis of the BC2001 and BCON trials” 

N Porta, Y Song, E Hall, A Choudhury, R Owen, R Lewis, S Hussain, N D James, R A Huddart, 

P Hoskin 

Oral presentation at ASTRO 2019, Chicago, September 2019 

“Hypoxia modification in bladder preservation: relating long term outcomes to necrosis 

and hypoxia” 

Y Song, H Mistry, L Yang, S Chin, C West, A Choudhury, P Hoskin 

Oral presentation at ESTRO 38, Milan, April 2019 

“Long term outcomes of hypoxia modification in bladder preservation: update from BCON 

trial” 

Y Song, H Mistry, A Choudhury, P Hoskin 

Oral presentation at ASCO GU 2019, San Francisco, February 2019 
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Hypo-fractionation in muscle-invasive bladder cancer (MIBC): an individual 

patient data meta-analysis of the BC2001 and BCON trials 

N Porta, Y Song, E Hall, A Choudhury, R Owen, R Lewis, S Hussain, N D James, R A Huddart, 

P Hoskin 

Oral presentation at ASTRO 2019, Chicago, September 2019 

Purpose/Objectives  

There are two radiotherapy (RT) fractionation schedules used in the UK for treatment of 

MIBC: 64Gy in 32 fractions (f) given over 6.5-weeks and a hypo-fractionated schedule of 

55Gy in 20 f over 4-weeks.  Using an α/β ratio of 10, the EQD2 of 55Gy/20f is only 58.4Gy 

but the biological effect may be greater than this if the α/β is lower and the shorter 

overall treatment time reduces the effects of repopulation.  The long term outcomes of 

several studies suggest that response, survival and toxicity of the two schedules are 

comparable, but there is no published direct comparison.  This work was aimed to assess 

whether 55Gy/20f is non-inferior to 64Gy/32f in terms of invasive loco-regional control 

(ILRC) (pre-specified non-inferiority (NI) margin hazard ratio (HR)=1.25), and late bladder 

and bowel toxicity in MIBC patients (pre-specified NI margin for absolute difference 10%). 

Secondary endpoints included overall survival. 

 

Materials/Methods 

Individual patient data (IPD) were obtained from two prospective multicenter randomized 

controlled trials: BC2001 (NCT00024349), which assessed addition of chemotherapy to 

RT, and BCON (NCT00033436), which investigated adding hypoxia-modifying therapy to 

RT. In both trials fractionation schedule (64Gy or 55Gy) was according to local standard 

practice. One-stage IPD meta-analysis models both for time to event (ILRC/OS) and 

binary outcomes (toxicity) were used. Trial differences and clustering due to within-

center correlation were accounted for in the models, as well as adjustment for 

randomized treatment received, baseline imbalances and potential confounding from 

relevant prognostic factors. 

 

Results  

782 patients (456 BC2001 326 BCON; 376 64Gy 406 55Gy) were included (mean age 72 

years, 80% stage T1/2); median follow-up was 120 months.  Both trials showed consistent 

benefit in ILRC by the addition of a radiosensitiser (combined HR 0.65, 95% confidence 

interval (CI) [0.49, 0.87]).  

Patients who received 55Gy had a 29% lower risk of invasive ILRR than those who 

received the 64Gy schedule (adjusted HR=0.71, [CI 0.52, 0.96]); this benefit was seen 

when analysis was restricted to patients receiving RT alone (adjusted HR 0.72 [CI 0.49-

1.05]).  No differences in OS were found (adjusted HR=0.87, CI [0.72, 1.06]). The 2 

fractionation schedules had a similar toxicity profile, with a difference in absolute risk of 
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experiencing a grade 3 or 4 late bladder or rectum symptom of - 3.82%, CI [-11.88%, 

4.24%]).  

Conclusions: In this IPD meta-analysis, the hypo-fractionated 55Gy/20f schedule was 

non-inferior to conventionally fractionated 64Gy/32f in terms of ILRC, OS and late toxicity. 

Superiority of 55Gy over 64Gy was shown for ILRC but not OS.  Results indicate that hypo-

fractionated RT is a safe and effective alternative to conventional RT in the primary 

treatment of MIBC. 
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Hypoxia Modification In Bladder Preservation: Relating Long Term Outcomes 

To Necrosis And Hypoxia 

Y Song, H Mistry, L Yang, S Chin, C West, A Choudhury, P Hoskin 

Oral presentation at ESTRO 38, Milan, April 2019 

Introduction: The BCON trial showed that the addition of carbogen and nicotinamide 

(CON) significantly improved recurrence free survival (RFS) and overall survival (OS) rates 

(Hoskin et al., 2010).  Twelve years after the trial closed to recruitment, the long-term 

clinical outcomes and their relationship to hypoxia markers are reported. 

Methods: An updated analysis of patients with bladder cancer treated in the BCON trial 

was undertaken. Cox regression was carried out to relate clinical outcomes to previously 

published biomarkers: a 24 gene signature hypoxia score (Yang et al., 2017) and necrosis 

status (Eustace et al, 2013). 

Results: 333 patients were included in the original study. 12 patients were excluded from 

the analysis.  Necrosis and hypoxia score were available for 148 of the remaining patients 

(73 RT+CON, 75 RT alone). There was a significant improvement in RFS at 5 years (41% vs 

33%, p=0.040) which was maintained at 10 years (27% vs 20%).  The 5 year OS was 49% vs 

40% (p=0.068) with a continued effect seen at 10 years (32% vs 24%).  The hypoxia score 

was prognostic in the RT alone group (p=0.041), but not in the RT+CON group (p=0.634). 

Necrosis status was a less strong prognostic indicator in the RT alone group (p=0.079) and 

had no effect in the RT+CON group. The prognostic value of both hypoxia score and 

necrosis remained following adjustment for other known prognostic factors. Hypoxia 

scores (p=0.013) (Figure 1) and presence of necrosis (p=0.05) were both independent 

predictors of benefit from hypoxia modification in the RT+CON group. 

Conclusion: With long-term follow up, there continues to be an advantage in RFS and OS 

with the addition of CON to radiotherapy, with a statistically significant improvement in 5 

year RFS. These findings confirm the significant impact of hypoxia modification on long-

term survival for bladder cancer patients undergoing organ preservation treatment. 

Similarly, the presence of necrosis and hypoxia predicts long-term benefit from hypoxia 

modification. A prospective biomarker driven clinical trial based on this data is now 

required to validate the use of hypoxia modification in patients most likely to benefit. 
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Long Term Outcomes of Hypoxia Modification In Bladder Preservation 

Treatment: Update from BCON Trial 

Y Song, H Mistry, A Choudhury, P Hoskin 

Oral presentation at ASCO GU 2019, San Francisco, February 2019 

Introduction: The mainstay of radical organ preserving treatment in muscle-invasive 

bladder cancer is radiotherapy (RT). Radiosensitising agents have been shown to improve 

treatment response and survival. Chemoradiotherapy is the most commonly used regime, 

however, hypoxia modification has also been shown to be effective. BCON is a phase III 

clinical trial which showed that the addition of carbogen and nicotinamide (CON) 

significantly improved recurrence-free survival (RFS) and overall survival (OS) (Hoskin et al, 

2010). The long term outcomes twelve years after the trial closed to recruitment are 

reported. 

 

Methods: Outcomes from the original BCON trial were updated and analysed. Patients 

excluded from the original analysis were excluded once again. Cox regression analysis 

adjusted for known prognostic factors was performed. 

 

Results: 333 patients were randomized to receive RT alone or RT+CON. 9 patients from 

the RT+CON arm and 3 from RT alone arm were excluded from the analysis. The median 

age of patients in both arms was 74 (51-90) and the median follow-up was 10.3 years. 

There was a statistically significant improvement in 5 year RFS (41% vs 33%, p=0.04) with 

the difference maintained at 10 years (27% vs 20%). The 5 year OS was 49% vs 40% 

(p=0.068) with a continued effect seen at 10 years when OS was 32% vs 24%. These 

differences remained following adjustment for known prognostic factors. 

 

Conclusions: The survival advantage for CON in the original analysis which demonstrated 

a significantly improved 3 years OS (59% vs 47%, p=0.020) is maintained in long term 

follow up. At 5 years there is a statistically significant improvement in RFS and at 5 and 10 

years the addition of hypoxia modification to radiotherapy continues to show an effect on 

overall survival, These results confirm a sustained benefit of hypoxia modification in 

bladder preservation treatment for muscle-invasive bladder cancer.   
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Impact of bladder size at radiotherapy planning scan on survival 

Y Song, A Choudhury, A McPartlin, P Hoskin, A McWilliam 

Poster accepted to ESTRO 2020, Vienna, August 2020 

Purpose or Objective: Radiotherapy is the mainstay of curative treatment for bladder 

cancer patients opting for organ preservation. Historically, the entire empty bladder is 

included in a single clinical target volume (CTV). An empty bladder aims to reduce dose to 

organs at risk and improve reproducibility. Advances in imaging and radiotherapy 

techniques allow visualisation of the bladder wall and delivery of higher radiation dose to 

the tumour bed. Such techniques require bladder-filling to separate bladder walls for 

tumour bed boost. We evaluate the impact of bladder size in radiotherapy planning (RTP) 

scans on outcomes. 

Material and Methods: This retrospective study included all patients treated with radical 

chemoradiotherapy for urothelial carcinoma of the bladder in a tertiary cancer centre 

from 2010 to 2014. An empty bladder imaging and treatment protocol was used. The 

whole bladder and extravesicle extension of tumour was treated to a uniform dose of 

52.5Gy in 20 fractions with weekly chemotherapy. Bladder volume was measured on RTP 

scan. Overall survival (OS) was defined as time from start of treatment to death and 

patients still alive were censored at time last known alive. Progression free survival (PFS) 

was defined as time to local or metastatic recurrence. Cox proportional hazard ratio was 

used to investigate the association of bladder volume with outcomes. 

Results: 132 patients were included in this study. One patient had high grade T1 disease 

and all others had muscle-invasive cancers. None had distant metastases. 5 patients did 

not complete radiotherapy but all had at least 16 of planned 20 fractions. 79 patients had 

neoadjuvant chemotherapy.  With a median follow up of 74.1 months, the median OS of 

patients was 73.2 months (58.7-108.4). Median PFS was 64.3 months (35.5-108.4). Mean 

bladder volume was 109.50cm3 (39.2- 433.3). Due to the large range of bladder volumes, 

a log scale was used. Larger log(bladder volume) on RTP scan was associated with poorer 

OS (HR 1.78 p=0.03) and PFS (HR 1.71 p=0.03). This is not clinically significant after 

multivariate analysis. (Table 1). 
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Conclusion: Advances in radiotherapy technique allow more precise treatment plans. As 

clinical trials adopt bladder-filling protocols, it is vital that the impact of bladder volume 

on clinical outcomes is considered. Our relatively small study shows that bladder volume 

is not related to survival in a multivariate analysis. Factors like hydronephrosis and CIS 

impact survival, and should be considered in formulation of management plans. Bladder 

volume in this study reflects poor bladder emptying which may differ from planned 

bladder filling. Further evaluation in a prospective patient cohort with planned bladder 

filling will improve our understanding of the impact of bladder size on outcomes in the 

modern era. 
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Gender Inequality In Bladder Motion 

Y Song, E Vasquez Osorio, A McWilliam, A McPartlin, P Hoskin, A Choudhury 

Poster at ESTRO Meets Asia 2018, Singapore, December 2018 

Introduction: The central challenge in delivering bladder radiotherapy is in accurately 

predicting bladder motion. The shape, size and position of the urinary bladder is affected 

by internal pressure from bladder filling and external pressure from other pelvic organs. 

In order to account for bladder motion, a relatively large margin is added to the clinical 

target volume. This results in potentially increased dose of radiation to normal tissue 

when the bladder is small and inadequate coverage of the bladder when it is big. Various 

studies have looked into bladder motion during a course of treatment. However, little is 

known about the variability in bladder motion in male and female pelvises. We 

hypothesise that there is no difference in bladder movement in male and female pelvis. 

Methods: 16 (13 male, 3 female) patients treated radically with concurrent chemo-

radiotherapy were included in this retrospective study. The bladder was contoured on the 

original radiotherapy planning (RTP) scan, cone beam computed tomography (CBCT) at 

fraction 1 and a further CBCT towards the end of treatment. The distance in which the 

bladder walls had moved from RTP scan was measured in the anterior, posterior, superior, 

inferior, left and right directions. The average movement in each direction is then 

compared using SPSS v25 

Results: There is bladder wall movement in all directions. The difference in movement 

between male and female patients is greatest in the posterior direction. In female 

patients, the average movement posteriorly ranged from 0.37cm at first fraction to 

1.23cm at later fractions while in male patients, this remained relatively stable. There was 

no marked difference in movement of male and female bladders in other directions. 

Conclusion: It is important to consider organ motion so as to deliver radiotherapy 

accurately. As the bladder sits amongst other pelvic organs, it is vital to consider the 

difference between male and female pelvis. The presence of a mobile uterus can easily 

affect bladder position between each fraction of treatment, and similarly the 

comparatively less mobile prostate posteriorly may account for the marked reduction in 

posterior motion of a male bladder. This study provides preliminary results when 

exploring the different way bladders may behave in male and female pelvis. Data 

collection continues in order to increase the sample size and determine whether a 

significant association exist. 

 


