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“The problem that one will investigate must be formulated so that it can be 

solved, like all problems are solved. In stead of looking for a relation that 

maybe not exists, you have to ask if this relation is at all possible…” 

 
 
 
 
 
 

 

 

Nils Henrik Abel (1802-29), in Sur la résolution algebrique des équations. The

Norwegian mathematician Abel became famous for his elliptical function and the

so-called ‘Abel integral’. This integral is fundamental for the solution of what is

known in mathematics as the inverse problem. The inverse problem is the

underlying mathematical principle of all medical tomography imaging, including

CT and MRI, without which modern radiology could not have developed. It is also

the basis for inverse radiotherapy treatment planning and thereby intensity

modulated radiotherapy that already has proved to improve the clinical results of

cancer therapy. During his short life Abel wrote more than 30 scientific papers.

After a long struggle he was appointed professor in mathematics, but sadly, Abel

died of pneumonia before this message reached him. In 2002, Norway has

celebrated his 200 year anniversary. 
 



 

PREFACE 
 

The work presented in this thesis has been carried out in a four year period from spring 

1998 to spring 2002, when working as a research fellow of the Norwegian Cancer Society at 

the Section of Oncology, Institute of Medicine, Medical Faculty, University of Bergen and 

residing at the Department of Radiophysics, Haukeland University Hospital. During these 

years I have enjoyed the assistance, support, fellowship and friendship of a number of 

persons, to whom I am deeply obliged. 

My supervisor Professor Olav Dahl has been, and hopefully, will continue to be in the future, 

a source of inspiration and an active partner in my scientific work. His enormous working 

capacity, his broad knowledge in the field of radiotherapy and oncology as well as his 

brilliant scientific guidance, have been key factors for the work presented here. Olav, I have 

really enjoyed being one of your research fellows! 

My medical physics colleague Rune Hafslund has been an important co-author in this work. I 

want to thank him for introducing me into the field of radiotherapy physics, all the way from 

my temporary positions during the summer vacations in 1995 and 1996 when my 

professional interest for this area awakened, throughout my MSc project in the winter of 

1996-97, and into the PhD programme that now has come to its end. Dr. Rune Småland has 

as responsible for bladder cancer patients at our clinic also been an essential project partner. 

Despite his very busy schedule, I am glad that he has always found time for my projects.  

I am obliged to my other co-authors for their contributions, including my colleagues Harald 

Valen and Nina Jebsen at Haukeland Hospital, Anders Murman and Dr. Anders Gustafsson, 

both at MDS Nordion, Uppsala, Sweden, and Günter Schuster, Schuster Medizinische 

Systeme, Forchheim, Germany.  

Apart from the work presented in this thesis, I have also had the pleasure of working actively 

together with several individuals involved in cancer therapy and/or research at our hospital 

during the last years, including Asst. Professor Jarle Rørvik, Professor August Bakke, Ole 

Johan Halvorsen, Asst. Professor Lars Ersland, Gjertrud Maurstad, Gun Anker, Ása 

Karlsdottir, Odd Monge, Stig Knutsen, Jørgen Krohn, Bernt Rekstad, Espen Vorland, Nils 

Hovdenak, Randi Ekerold, Frode Gald and Victor Pettersen. This way I have been introduced 

to various aspects of cancer management, and this has both been exciting and important for 

my scientific development.  

I am also thankful to the heads of the Dept. of Radiophysics and the Dept. of Oncology, 

Anfinn Mehus, Professor Olav Mella and Dagfinn Brosvik. They have always being supportive 

to my ideas, and they have provided the required infrastructure. Anfinn’s trademark, his 



 

“open door policy”, is a fundamental component of the friendly atmosphere at the Dept. of 

Radiophysics. The staff members at these two departments have contributed to creating a 

both scientifically inspiring and pleasant place to work. The close interaction between the 

medical profession, the medical physicists and the radiographers is a distinctive feature of 

these units that has created a fertile climate for clinical research. Sharing office for several 

years with Dr. Hans Petter Eikesdal has also been scientifically stimulating and amusing.  

Through these years I have also enjoyed being part of an expanding scientific community of 

Norwegian medical physicists. Dr. Einar Dale, Karsten Eilertsen, Professor Dag Rune Olsen 

and Dr. Yngve Kvinnsland are among the representatives of this growth that I have 

interacted with during these years, and that I hope to continue discussing ideas with in the 

future. 

Looking ahead, I am eager to continue the recently initiated collaboration with Dr. David 

Thwaites, Dr. Tony Redpath, Dr. Grahame Howard and Dr. Duncan McLaren at the Western 

General Hospital, Edinburgh, UK, both during the planned stay in Edinburgh, and in the time 

thereafter.  

 

The work presented in the following pages has been my major occupation in the last four 

years. I have found the work challenging and developing, and it has sometimes been difficult 

to leave the projects aside when not working. My family, my friends and most important, my 

coming wife, Marie, have helped me to focus on other aspects of life during this time. Marie 

has been my closest friend, always supportive and optimistic. In the time ahead, Marie, I 

look forward to experiencing all the wonders of life, together with you!   

 

 

June 2002 

 

Ludvig Paul Muren 

 

     

  

 



 

ABSTRACT OF THESIS 
 

Cystectomy has traditionally been regarded the treatment of choice for muscle invading 

urinary bladder cancer in most countries. Radiotherapy has been offered patients considered 

unfit for cystectomy. Since the contraindications of surgery are frequent among bladder 

cancer patients, a substantial amount of patients with muscle invading bladder cancer 

(typically 50%) are still managed primarily with radiation. Recently, a tri-modality, organ-

sparing treatment (trans-urethral resection and radio-chemotherapy) has been proposed for 

bladder cancer, like in the management of a range of other common malignancies. This 

approach may provide as high control rates as cystectomy yet maintain a higher quality of 

life for selected patient groups. In both the radical radiotherapy and the combined modality 

approach, high radiation doses are needed to improve local disease control. Radiation dose 

escalation requires improved conformation of dose distributions. This PhD programme aimed 

to develop improved conformal radiotherapy procedures in the management of patients with 

muscle invading urinary bladder cancer.  

In the initial phase of this work, computer-controlled movement of the linear accelerator 

collimator jaws during beam delivery was applied to shape so-called partially wedged beams 

(PWBs), that were designed specifically to tailor the dose distribution in bladder irradiation 

closer to the defined bladder target. The dosimetric verification and treatment planning 

implementation of this beam delivery concept were addressed, and we documented that 

these dynamic beams were delivered as accurately as standard beams. Particular attention 

was given to the BMS-96 diode array system, as it was adapted to dynamic beam dosimetry. 

Next, the potential clinical impact of these beams was analysed. In a retrospectively study of 

a set of urinary bladder treatment plans, the PWBs were seen to improve the dose 

homogeneity inside the bladder target as well as to reduce normal tissue (small intestine and 

rectum) doses. Using previously published clinical data as input to normal tissue complication 

probability (NTCP) models, the application of PWBs was found to permit radiation dose 

escalation of 2-6 Gy in up to 60% of the patients without increasing the overall NTCP above 

the risk resulting from the standard treatment. This analysis also revealed the uncertainty in 

the present NTCP models, an issue we addressed in a separate study. This study illustrated 

both the uncertainty in currently available small intestine and rectum radiation tolerance data 

as well as the differences between the probit and relative seriality models. Consequently, the 

results of the prospective studies on the late effects after pelvic irradiation that are underway 

both in our clinic and elsewhere are highly needed. Finally, as an important prerequisite for 

prescribing escalated radiation doses is to determine adequate target volume margins, we 



 

quantified the internal organ motion and patient set-up variation in bladder irradiation by 

weekly repeat CT scans and electronic portal images. New treatment margin proposals were 

derived, and were used to update the margins we use in bladder irradiation. We also 

generated rectum and intestine motion data that in the future can be applied to supplement 

the static treatment planning scan used in DVH/NTCP analysis to predict the risks for 

experiencing late effects. Currently, a clinical trial of radiation dose escalation in bladder 

irradiation using the PWB principle is underway.  

 

 

 

 

 

 

 

 

 

 



 

LIST OF PAPERS AND PRESENTATIONS 
 

This thesis is based on the following papers, referred to in the text by their Roman numerals: 

I. Muren LP, Hafslund R, Murman A, Valen H and Dahl O: Partially wedged radiation 

beams. Medical Physics 27: 527-534, 2000.  

II. Muren LP, Hafslund R, Valen H, Schuster G and Dahl O: Adapting the waterproof 

BMS-96 diode array for isodose determination of dynamic beams. Medical Dosimetry 

25: 87-91, 2000.  

III. Muren LP, Hafslund R, Gustafsson A, Smaaland R and Dahl O: Partially wedged 

beams improve radiotherapy treatment of urinary bladder cancer. Radiotherapy & 

Oncology 59: 21-30, 2001. 

IV. Muren LP, Jebsen N, Gustafsson A and Dahl O: Can dose response models predict 

reliable normal tissue complication probabilities in radical radiotherapy of urinary 

bladder cancer? The impact of alternative radiation tolerance models and parameters. 

International Journal of Radiation Oncology • Biology • Physics 50: 627-637, 2001. 

V. Muren LP, Smaaland R and Dahl O: Organ motion and set-up variation in radical 

radiotherapy of urinary bladder cancer - potential reasons for local treatment failure? 

Submitted for publication in Radiotherapy & Oncology 

 

Preliminary results have been/will be presented at the following conferences: 

�� The 17th ESTRO Meeting in Edinburgh, UK, September 20-24, 1998  

�� The 6th International Conference on Medical Physics, Patras, Greece, September 1-4, 

1999 

�� The 19th ESTRO Meeting in Istanbul, Turkey, September 19-23, 2000  

�� The 42nd ASTRO Meeting in Boston, Ma, USA, October 22-26, 2000  

�� The 21st ESTRO Meeting in Prague, Czech Republic, September 17-21, 2002  

 

The PhD project has been awarded the ESTRO-Varian Research Award 2002.  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 



 

 CONTENTS 
 

        Page 

 

INTRODUCTION            1 

Incidence and staging of urinary bladder cancer 

Treatment of muscle invading urinary bladder cancer 

The development of conformal radiotherapy 
 

CONFORMAL RADIOTHERAPY OF BLADDER CANCER       9 

A method for dose conformation in bladder irradiation 

Dosimetric verification of dynamic beams 

Treatment planning calculations 

Evaluation of radiotherapy and dose response modelling 

Set-up uncertainties and internal anatomical variability 
 

AIMS OF THE PROJECT         17 
 

MATERIALS AND METHODS         19 

The patient materials on which this study is based 

Design and delivery of partially wedged beams 

Dosimetry of partially wedged beams 

Treatment planning implementation and verification 

Treatment planning of bladder irradiation with partially wedged beams 

Evaluation of bladder irradiation with physical parameters 

Dose response modelling in radiotherapy evaluation 

Quantification of organ motion and set-up variation during bladder irradiation 

Statistics 
 

SUMMARY OF RESULTS         27 
 

DISCUSSION           31 

A tool for dose conformation in bladder irradiation 

Issues in biological modelling of bladder irradiation 

Geometric uncertainties in bladder irradiation 

The findings of this study from bladder cancer patients’ point of view 

 



 

CONCLUSIONS          43 
 

FUTURE WORK           45 
 

REFERENCES           51 



Page 1 

INTRODUCTION 
 

Radiation has been used in the treatment of cancer for one century. Other cancer therapy 

modalities, like surgery and hyperthermia, have a far longer history. Radiotherapy is today 

applied in the treatment of a range of common malignancies, both as local and systemic 

therapy and as a palliative means.  

Despite that clinical application of radiation in cancer therapy followed shortly after 

Röntgen’s discovery of the x-rays in 1895 (Figure 1), and the enormous technological 

development that has taken place in the last century thereafter, the fundamental problem of 

curative radiotherapy still persists: How to direct a lethal dose of radiation to all viable 

malignant cells and at the same time spare the normal tissues that is located around the 

tumour. It is not until the last decades that the technology needed to design individualised 

treatment has become available. The developments of modern radiotherapy aiming to 

achieve this goal have been termed conformal radiotherapy [1, 2], in which the volume of 

high radiation dose is shaped to the three-dimensional (3-D) volume of malignant tissue. The 

work presented in this thesis is one example of such a strategy, focusing at improving the 

radiotherapeutic management of patients suffering from muscle invading urinary bladder 

cancer.  

 

 

 

 

 

 

 

 

 

Figure 1: Wilhelm Conrad Röntgen (1845-1923) discovered the x-rays on November 8, 1895. His 

paper “Eine neue Art von Strahlen” (Eng: A new type of radiation) was submitted December 28, the 

same year and published on January 5, 1896! And only another 8 days later, the first diagnostic x-ray 

radiograph was taken in Birmingham, UK, disclosing a needle in a woman’s hand. Röntgen felt his 

discovery belonged to humanity, and refused to take economic advantages of his work. His altruistic 

decision made the rapid dissemination and application of his finding possible. In 1901 Röntgen 

received the first Nobel Prize in Physics [3]. 
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Radiotherapy plays a significant role in the curative management of cancer [4, 5]. Today, 

approximately 50% of the cancer patients are cured. Indisputably, surgery alone cures a 

substantial number of these, about 22% of all patients [4]. Radiotherapy alone cures 12%, 

and combinations of surgery and radiotherapy another 8% of the patients [4, 5]. Despite the 

enormous resources that have been invested on research in medical oncology [6], 

chemotherapy alone cures only around 4%, and addition of chemotherapy to surgery and/or 

radiotherapy cures another 4% [5]. Radiotherapy also plays a major role as a palliative 

means to relief symptoms of cancer growth: Approximately 50% of the patients that are 

given radiotherapy, i.e. approximately one sixth of all cancer patients, are treated with 

palliative intention [7]. In addition to playing an already important role in cancer therapy 

today, radiotherapy also has a large potential for further progress. In a Swedish report it is 

hypothesised that another 10% of the cancer patients that are treated with radiotherapy 

could have been cured if better radiotherapy routines were implemented, 4% of this 

improvement would be ascribed to improved conformality of radiation dose distributions [7].  

 

Incidence and staging of urinary bladder cancer  

The histology of urinary bladder cancer show large geographical variations. In the Western 

world, approximately 90% of the tumours of the urinary bladder are transitional cell 

carcinomas [8]. In Egypt and in parts of the Middle East where Schistosoma haematobium 

infections are frequent, 55-80% of the bladder cancers are squamous cell carcinomas [8]. 

World-wide, urinary bladder cancer is the eleventh most common cancer, with two-thirds of 

the cases occurring in developed countries [8]. In nearly all populations, men are 2.5-5 times 

more likely to develop bladder cancer than women [8]. In the Western world, bladder cancer 

is therefore the second most common urologic malignancy among men. In Norway, 

approximately 1100 new cases were diagnosed in 1997 [9]. Urinary bladder cancer is 

expected to increase in both incidence and mortality in the period from 1990 to 2010 [7].  

In western countries, cigarette smoking has been identified as the most important cause of 

bladder cancer, and to double the risk of developing this disease [8]. Due to the increasing 

smoking rate in developing countries, one might expect an increase in incidence also in this 

part of the world. 

Urinary bladder tumours are staged according to the International Union Against Cancer 

(UICC) TNM system [10]. The T stage expresses the grade of infiltration into or through the 

tissue layers of the bladder wall (Figure 2), the N stage (N0-N4) indicates the presence 

and/or degree of lymph node involvement and the M stage (M0-M1) shows whether distant 

metastases are present or not. 
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Figure 2: Staging of urinary bladder cancer according to the UICC TNM system [10]. Tis-T1 

tumours are grouped together as superficial tumours, while the muscle-invading T2-T4  

tumours are classified as either localised (T2-T3a) or locally-advanced (T3b-T4) tumours. 

Reproduced with permission from Springer Verlag (Heidelberg, Germany). 

 

Superficial non-invasive tumours (Tis-T1) comprise 70-80% of all patients presenting with 

primary bladder cancer. They are treated with relatively good clinical results by a variety of 

bladder-sparing approaches, such as trans-urethral resection (TUR-B) and/or intravesical 

therapy with various agents (e.g., BCG, thiotepa, doxorubicin, mitomycin C) [10, 11]. 

Muscle-invading tumours are classified as T2-T4. The T2-T3a tumours are considered 

localised while T3b-T4 tumours are classified as locally-advanced. Bladder tumours in these 

stages are managed with various treatment approaches, as described in the following 

section. 

 

Treatment of muscle invading urinary bladder cancer  

Patients with muscle invading bladder cancer have been managed primarily with radical 

surgery, i.e., cystectomy [10, 12-14]. As cystectomy has been regarded the treatment of 

choice for these patients in most countries, other treatment modalities has been applied only 

for patients regarded medically unfit for cystectomy, e.g., patients in high age or with inter-

current diseases. External beam radiotherapy has been the major conservative treatment 

alternative [10, 15-18], but also interstitial brachytherapy [19, 20] and hyperthermia [21] 

have been used. The understanding that many patients with muscle invading disease 

develop distant metastases has motivated the application of various chemotherapeutic 

1 – Epithelium 
2 – Subepithelial connective tissue 
3 – Muscle 
4 – Perivesical fat 
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agents in bladder cancer therapy [22]. Single- or multi-agent regimens have been used 

either alone, or in combinations with other treatment alternatives.  

The cystectomy involves removal of the whole urinary bladder, the surrounding perivesical 

adipose tissue, the distal ureteral segments and the pelvic lymph nodes, as well as the 

prostate, seminal vesicles and the distal vas deferens (in men) and the uterus, fallopian 

tubes, the ovaries and to some extent part of the anterior vaginal wall (in women) [23]. The 

survival rates after cystectomy are relatively high [12, 13], with 5-year survival rates 

approaching 75% for T2 tumours and 55% for T3 tumours [13]. Techniques for 

reconstruction of the lower urinary tract, such as the ileal conduit reservoir or the orthotopic 

neo-bladder techniques have also improved for both male and female patients [24]. 

However, it has been shown that such artificial bladders in many cases are not reconstructed 

[23]. The treatment itself is mutilating, and might induce a range of problems of both 

physical and social/psychological nature. During and after the procedure, patients are at risk 

for general operative complications, e.g., bleeding and cardiovascular problems. Late 

complications related to the cystectomy and/or the artificial reservoir, such as incontinence, 

and sexual dysfunction, are frequent [23, 25], as are complications related to the 

gastrointestinal tract, e.g., obstructions and anastomotic leakage, and renal failures [23]. 

External beam radiotherapy already plays an important role in the management of muscle 

invading bladder cancers. The contraindications of cystectomy (e.g. high age and heart 

disease) are observed in a relatively large fraction of the bladder cancer patients, and some 

patients refuse the extensive surgical procedure. At our institution, approximately half of the 

patients with muscle invading disease are today managed with cystectomy, the other 

(negatively selected) half is given external beam radiotherapy. Despite the strong confidence 

in cystectomy as the treatment of choice, there is no strong evidence in support of this 

practice. Only four randomised trials have compared pre-operative radiotherapy (to 40-50 

Gy) and cystectomy versus radiotherapy (60 Gy) and salvage cystectomy [26-30]. Two of 

the trials had less than 40 patients in each study arm, including the only trial that reported a 

statistically significant difference in long-term survival, in favour of pre-operative 

radiotherapy and cystectomy [26]. A randomised trial comparing radical radiotherapy versus 

surgery alone has not been performed [31]. Regarding treatment induced side effects, 

patients treated with radical radiotherapy appear to have a lower frequency of sexual 

dysfunction than cystectomized patients, on the other hand, they have a higher rate of 

gastrointestinal symptoms [32]. It has been suggested that the strong confidence in surgical 

management is more a matter of speciality training than evidence-based decisions [33, 34]. 
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Geographical variations in treatment policy are large, with the British urologists being the 

least aggressive in terms of surgical radicality.  

Different prescription doses and treatment volumes are used worldwide in bladder irradiation 

[31]. With conventional fractionation, doses of 60-65 Gy are commonly prescribed, with 

hypo-fractionation (widespread in particular in the United Kingdom), doses of 50-55 Gy in 

fractions of 2.5-2.75 Gy are used [31]. Some centres prescribe a dose of 40-50 Gy (with 

conventional fractionation) to the whole pelvis, including the pelvic lymph nodes, and then 

directs the additional dose (approximately 20 Gy) to the tumour only (or to the whole 

bladder) [35]. Other centres, including our institution, deposit the total dose to a volume 

containing the bladder with margins only using a three or four-field technique (Paper III, 

Paper V) [32], in agreement with a consensus conference report from 1995 [31].  

Currently, the primary challenge of radical external beam radiotherapy is to deliver high 

enough doses to the tumour to stop tumour growth. The good clinical results obtained by 

van der Werf-Messing [19] when using interstitial brachytherapy to direct high radiation 

doses to bladder tumours, indicate that the dose levels used in external beam therapy 

(which are limited by the risk of causing unacceptably high morbidity rates) are too low to 

obtain adequate local control rates. The control rates actually obtained after radical 

irradiation to 60-64 Gy (which is lower than typical radiation doses in curative treatment of 

head and neck and prostate cancer) could rather be viewed as documentation of the radio-

sensitivity of bladder tumours. This opens a potential for improving upon the clinical results 

obtained with current radiotherapy techniques by radiation dose escalation exploiting the 

potential of advances in modern radiotherapy. 

Organ-sparing approaches have entered oncologic management for a range of common 

malignant tumours such as early stage breast cancer, prostate cancer and anal cancer. Due 

to the shortcomings of cystectomy and external beam radiotherapy, the same trend is seen 

in the management of urinary bladder cancer. A tri-modality conservative treatment 

consisting of a complete trans-urethral resection, radiotherapy and concomitant 

chemotherapy has been pioneered (at least in the USA) by the group at Massachusetts 

General Hospital, Boston [15, 16, 18]. The 1994 IJROBP editorial from prominent members 

of this group, “Organ-sparing treatment for bladder cancer: Time to beat the drum” [17], 

was a clear request to the radiation oncology community to reconsider the status of radical 

surgery as the unrivalled primary treatment for muscle invading bladder cancer. 

Fundamental for an organ-sparing approach is the development of effective 

chemotherapeutic agents, working locally as radio-sensitizers and systemically by preventing 

metastatic disease spread. Initially, cisplatin based regimes were developed [36]. More 
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recently, agents such as paclitaxel, 5-fluorouracil and gemcitabine have been added to the 

arsenal of chemotherapeutic agents. A large number of institutions have now reported 

encouraging (initial) experience in organ-sparing bladder treatment, with 5-year survival 

rates comparing well with cystectomy series, high rates of bladder sparing and acceptable 

complication profiles [22, 37-49]. 

 

The development of conformal radiotherapy 

Takahashi invented the term conformal, or conformation, radiotherapy in the 1960ies [1] to 

describe the techniques required for delivery of radiotherapy where the volume of high 

radiation dose is tailored to match the 3-D volume of malignant tissue. Logically, this puts 

forward two requirements for conformal radiotherapy: i) The ability to determine the extent 

of the disease in 3-D, and ii) the ability to deliver radiotherapy where the dose distribution is 

shaped to the tumour volume.  

Enormous progress in techniques for both anatomy visualisation and dose conformation has 

followed since the work of Takahashi, with advances in imaging techniques preceding 

improvements in technology for delivery of conformal radiotherapy. Computer technology 

has been the underlying requirement for development in both fields [50]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: A 3-D model of a bladder cancer patient constructed in the Helax-TMS TPS, showing the 

bladder (orange), the target volume (red), the rectum (yellow) and the intestine below the 

promontory (pink). One of the CT slices from which the patient model is constructed is also shown.  

 



Page 7 

The first computer tomography (CT) scanner was built in 1963 by Cormack, and the first 

commercially available CT scanner was presented in 1972 [50]. Today, CT scanners have 

become routinely available at radiotherapy departments. When planning radiotherapy, multi-

slice CT scans are used to construct a 3-D model of the patient (Figure 3). This model is 

used to estimate the deposition of radiation dose in the patients resulting from various 

treatment set-ups, and thereby to determine the optimal treatment for the patient. The 

computer system that is used in this process is termed a treatment planning system (TPS).  

With increasing availability of CT scanner resources, the fraction of treatments planned on 

the basis of CT patient models increases, and in many clinics it exceeds 50%. More recently, 

magnetic resonance imaging (MRI) and positron emission tomography (PET) scanners have 

been developed, providing more functionally/biologically relevant information [51]. With the 

ability to define the malignant volume in 3-D, the potential were opened for shaping the 

volume receiving high-dose radiation, and for sparing surrounding sensitive normal tissues. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: In standard conformal radiotherapy the tumour is irradiated from typically 3-6 directions 

(left). In each direction the treatment field is formed using either individual blocks or the multileaf 

collimator (middle) to match the shape of the tumour (red in the prostate case, right), avoiding 

normal tissues (yellow rectum in the prostate case). The left and middle images are courtesy of Varian 

Associate, www.varian.com/onc/index.html. 

   

Historically, treatment fields were set up according to external anatomical landmarks or they 

were of a certain size for a given treatment situation. Fields were shaped using standardised 

lead alloy blocks [52, 53]. With the availability of CT information, it became possible to 

design treatment fields that fitted the shape of the tumour as seen from the treatment 

machine (Figure 4). Initially, individual lead blocks were used. Later on, from early in the 

1990ies, fields were shaped using the multileaf collimator (MLC), an electro-mechanical 
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device placed at the lower end of the treatment machine (Figure 4). The MLC is composed of 

two opposing banks with thin leaves, each casting a 1 cm thick shadow at 1 m distance in a 

standard MLC. The position of each leave can be set accurately, and controlled from the 

general treatment machine software.  

The invention of computer-control of the treatment machine (e.g., the MLC, the collimator 

jaws, the gantry angle) and the MLC in particular, has had an enormous impact on 

radiotherapy delivery. Initially, the MLC to a large extent replaced the making of individual 

lead blocks, as the MLC in most clinical situations could fit to the tumour shape as closely as 

individual blocks (Figure 4). Furthermore, the software control of the various beam-shaping 

devices of the treatment machine has opened up for a further level of dose conformation. 

Intensity modulated radiotherapy (IMRT) is a sophistication of conformal therapy, where the 

intensity inside the treatment fields is modulated, in addition to having a conformal field 

shape (Figure 5). This is accomplished by using computer-controlled movement of the MLC, 

either by continuous movement during beam delivery (dynamic IMRT) or by step-wise leaf 

movement between the beam segments (segmented IMRT) [54]. Other modes of intensity 

modulation includes dynamic movement of the treatment machine around the patient with 

continuous adaptation of the beam aperture (dynamic/intensity-modulated arc therapy) [54]. 

Computer controlled movement of the collimator jaws, a simplified version of the dynamic 

IMRT technique, can in many cases provide significant dose conformation, and was applied 

in the work presented in this thesis.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: An example of an intensity profile of the medial field in tangential breast irradiation using 

IMRT. From Hong et al, IJROBP 44:1155-1164, 1999 [55]. Reproduced with permission from Elsevier 

Science (Oxford, UK). 
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CONFORMAL RADIOTHERAPY OF BLADDER CANCER 
 

The aim of conformal radiotherapy in curative cancer treatment is to direct a high dose of 

radiation to the tumour and thereby sterilise all viable malignant cells and at the same time 

spare the healthy normal tissues from radiation to avoid radiation-induced normal tissue late 

effects. The underlying clinical criteria for benefit from conformal radiotherapy are the 

following: 1) Increasing the tumour dose will lead to improved local tumour control and 

thereby, to improved patient survival; 2) Improved local control and survival can be achieved 

without causing higher incidences of normal tissue side effects if the radiation dose 

distribution is shaped tighter to the tumour/target volume, i.e., less normal tissue late effects 

appear when the dose to the normal tissues is reduced. Evidence that increasing the dose 

above current standard doses (60-64 Gy) leads to improved local control has been presented 

in a number of publications [56-60]. Data that documents a dose and volume effect in the 

organs that are at risk for complications after bladder irradiation, the intestine and the 

rectum, has also been presented [61-65].  

Since both the tumour and normal tissue dose-response criteria presented above are met in 

bladder cancer, there is a potential for improved outcome of conformal therapy by using 

dose escalation. Modern linear accelerator technology should enable the development of 

improved irradiation techniques. They do, however, require thorough quality assurance, and 

a systematic analysis of their potential clinical results before application. In pelvic conformal 

therapy attention should also be given to the impact of internal organ motion and patient 

set-up variation.  

 

A method for dose conformation in bladder irradiation 

This project evolved from the observation that the currently applied treatment technique 

when prescribing the whole bladder to a dose of up to 64 Gy resulted in a relatively large 

dose variation across the treatment volume. Using a standard four-field treatment technique 

with lateral wedge fields, volumes of high radiation doses were found both anterior and 

posterior inside the treatment volume (Figure 6). The inhomogeneous dose distribution was 

regarded particularly unfavourable since the high dose volumes were located close to 

radiation sensitive structures such as the rectum and small/large intestine. With this beam 

configuration and resulting dose distribution, our clinical experience suggested that we 

operated at the limit of normal tissue tolerance. 
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Figure 6: The dose distribution of standard 4-field conformal box technique. Volumes of high dose are 

seen anterior and posterior in the treatment volume.   

 

However, the typical patient contour observed (Figure 6) suggested that only the anterior 

part of the two lateral fields requires wedge modulation. Traditionally, radiation beams with 

wedge modulation were created by inserting a wedge shaped metal piece into the beam in 

the treatment head. From the early 1990ies, use of computer-controlled movement of 

collimator jaws to produce wedge modulated beams was implemented in commercial 

treatment machines (e.g. the Dynamic Wedge (DW) and the Enhanced Dynamic Wedge 

(EDW) from Varian Oncology Systems, Palo Alto, Ca, USA, and the Virtual Wedge from 

Siemens Medical, Concord, Ca, USA). We therefore intended to apply this technology to 

deliver so-called partially wedged beams (PWBs), i.e., beams with wedge modulation in one 

part of the field only (Figure 7) (Paper I).  

 

 

 

 

 

  

 

 

 

 

Figure 7: Sketch of the definition and delivery of a PWB. The upper part illustrates the one-sweep 

delivery of a PWB shaped by the Y1 jaw movement from its start position (dashed line) to its final 

position w (solid line). The Y2 collimator remains stationary during beam delivery. A resulting isodose 

curve of a PWB is also outlined. The lower part of the figure demonstrates the modification of the 

fluency profile from a standard dynamic wedge field (dotted line) to a PWB (solid line). 
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Dosimetric verification of dynamic beams 

In dynamic beam delivery (dynamic jaw and MLC modulation), both accelerator output (dose 

rate) and collimator/leaf positions change during beam exposure. Consequently, to measure 

the dose to a fixed point the dose must be integrated at this point during the entire beam 

delivery. Equipment with several detectors are therefore useful for measurement of a 

distribution of dose (e.g. dose profiles, isodose charts). A 2-D isodose distribution, often the 

chart of isodose lines in a lateral-depth plane through the isosenter, is frequently applied to 

verify (and characterise) open and in particular, wedge shaped beams [66]. Linear multi-

detector arrays are often used to reduce the time and beam-on time required recording a 2-

D isodose distribution with a sufficient spatial frequency. In the verification of the dynamic 

PWBs, we applied two linear arrays, one based on ionisation chambers, and one based on 

semiconductor diode detectors (Paper I). The diode based array had four times as low inter-

diode distance as the ion chamber array, but was not originally designed for recording of 

isodose distributions in dynamic beams. We therefore studied whether it was possible to 

adapt this system to dynamic beam dosimetry (Paper II).   

 

Treatment planning calculations 

The introduction of treatment planning software made it possible to calculate the dose 

absorbed throughout the patient volume. The CT-based patient model is represented as a 3-

D set of voxels (of typically 2 mm dimension), each having a certain CT density (Hounsfield 

unit). The transport of radiation and the deposition of dose when directing radiation beams 

at this patient geometry is modelled analytically or semi-analytically using pencil beam type 

or collapsed cone algorithms in today’s TPSs [67]. In general, deviations between state-of-

the-art calculations and measurements are within 4% (relative to calibration point) and 4 

mm (distance to agreement) in heterogeneous conditions [67, 68]. In the near future, 

stochastic approaches such as Monte Carlo methods will probably be used for routine 

treatment planning calculations, improving on the calculation accuracy, in particular for 

complex cases [69, 70]. 

 

Evaluation of radiotherapy and dose response modelling 

The doses calculated by the TPS are the basis for evaluation of radiotherapy. Valuable 

features of standard TPSs in this process are the ability to present the calculated dose 

distribution superimposed on the CT images (Figure 6) and to summarise the dose vs. 

volume fraction received by so-called volumes of interest, e.g., the tumour and relevant risk 

organs. The latter presentation is termed a dose-volume histogram (DVH) (Figure 8). 



Page 12 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: DVHs of the target volume (bladder with margins), the rectum and the intestine below the 

promontory for a patient with urinary bladder cancer. The dose scale presents doses relative to the 

prescription dose; the volume scale is relative to the total volume for each volume of interest (75 cm3 

for the rectum, 395 cm3 for the intestine). 

 

Treatment plans have traditionally been scored numerically and compared using DVH 

parameters, i.e., doses and volumes. Clinical considerations came into play via the 

experienced clinicians’ judgements of both the dose required for local tumour control and 

dose-volume constraints for critical normal tissues. With the advent of 3-D treatment 

planning, mathematical models of the radiation dose response for both tumours (tumour 

control probability, TCP) and normal tissues (normal tissue complication probability, NTCP) 

have been presented. The models were meant to serve as tools for the judgement of the 

clinical effect of inhomogeneous dose distributions in tumours and organs at risk, and to be 

applied for optimisation and evaluation of treatment plans [71-76]. These models have been 

tested in a clinical setting only by a few institutions, and in many investigations applied only 

on a small number of patients [77, 78].  

To evaluate the effect of treatment with PWBs in terms of the probability for tumour control, 

we used a Poisson based TCP model presented by Källman et al. [74]. This model assumes 

that tumour control is obtained when all clonogenic cells in the tumour are inactivated, and 

that each clonogenic cell can be considered independently. The model obligates the following 

tumour dose response parameterisation to deliver TCP predictions: TD50, the mean tumour 

dose giving 50% tumour control, and γ, the maximum normalised gradient of the tumour 

dose response curve.  
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To supplement the use of DVH parameters in the evaluation of intestine and rectum doses, 

we applied two of the published NTCP models, the probit [72, 73] and the relative seriality 

[74] models, with models parameters presented in the literature. The probit NTCP model is a 

strictly phenomenological model, formulated as a modification of the error function [72]. 

NTCP estimates may be determined from reduced histograms based on knowledge of three 

parameters: D50, the dose absorbed in the reference volume Vref for which there is a 50% 

probability of complications occurring, m, a parameter that describes the slope of the dose 

response relation and n, a volume dependency parameter. A high value of the volume 

dependency parameter indicates a strong volume effect in the specific tissue. A reduction 

scheme equivalent to the “effective volume” scheme proposed by Kutcher and Burman [73] 

was applied to obtain reduced single-step histograms. The following equations describe this 

model and reduction scheme:                                

 

               (1) 

 

               (2) 

 

               (3) 

 

               (4) 

 

The relative seriality model is at least in principle a more radio-biologically founded model 

[74]. The organisation of the organ at risk has intrinsically been taken into account, allowing 

for a varying degree of parallel and serial tissue structure and thus for an integrated DVH 

reduction procedure. This model is also described with three free parameters: D50 and γ, the 

maximum normalised gradient of the dose response curve, and s, the “seriality” of the 

relevant OAR. High values for the s parameter reflect a high seriality, i.e., an OAR where the 

risk for complications is determined by the maximum dose received in the whole organ. The 

model can be described by the following two equations: 

 

               (5) 

 

               (6) 

 

where νi  is the fractional volume of volume element i  in the organ at risk. 

dx)
2
xexp(

2π
1NTCP

t 2

�
∞−

−⋅=

refV
V=ν

)(
)(

50

50

ν
ν

Dm
DDt

⋅
−=

nDD −⋅= νν )1()( 5050

s

i

s
i

iDPNTCP
1

11 )])([( ∏ −−= ν

))(exp(

)( 50
1

2 D
D

e

iDP
−−

=
γ



Page 14 

The models were initially applied as a tool for evaluating the potential benefit of treatment 

with PWBs, supplementing and extending the well founded, traditional physical concepts 

(Paper III). Motivated by the findings of Paper III, we addressed the performance of NTCP 

models in evaluation of bladder irradiation in general, testing their ability to reliably answer 

important clinical questions such as the allowed dose prescription level and the scoring of 

alternative treatment plans (Paper IV).   

 

Set-up uncertainties and internal anatomical variability 

The precision of conformal radiotherapy as it appears in a static 3-D treatment planning 

study may be compromised by two independent factors that can cause the tumour to not be 

in the high-dose volume: Internal organ mobility and patient set-up variation [50]. Currently, 

without knowledge of the actual day-to-day position of the tumour, adding safety margins 

around the tumour has been the only practical method to account for these factors. The size 

of these margins is a compromise between the probability of hitting the tumour in each 

fraction and at the same time avoiding as much as possible of the involved organs at risk. 

This conflict is particularly problematic in the treatment of tumour sites such as the urinary 

bladder, where large internal anatomical motion is expected, where patient positioning 

uncertainties to a certain extent are unavoidable, and where sensitive normal tissues are 

located close to the tumour. A previous study of bladder irradiation has documented that 

geographical miss due to too narrow treatment margins lead to reduced patient survival 

[79].  

Dose escalation in radiotherapy depends on secure definitions of the tumour and organs at 

risk. The recent ICRU 62 report provided guidelines and a framework for studies on internal 

motion and set-up variability for determination of treatment margins [80]. Based on the 

work of the Nordic Association of Clinical Physics (NACP) [81], the ICRU 62 report 

recommended to distinguish between these two aspects in both a qualitative and 

quantitative respect (Figure 9) [80]. By measuring the internal anatomical variability of the 

clinical target volume (CTV) during a course of fractionated radiotherapy, one can determine 

the appropriate internal margin (IM) which extends the CTV into the internal target volume 

(ITV). From the NACP point of view, this is the most relevant target volume to which target 

doses should be prescribed and from which target coverage should be evaluated and 

reported [81]. The next step in the chain involves the quantification of the reproducibility of 

the patient set-up on the treatment table. This variability requires the inclusion of a further 

safety margin – the set-up margin (SM) – to give the planning target volume (PTV) in the 

ICRU terminology. 
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Figure 9: Schematic representation of the relation between the target volumes defined in the NACP 

and the ICRU 62 reports in two different scenarios. Scenario A: The internal margin (IM) and set-up 

margin (SM) are added linearly. Scenario B: IM and SM are combined using a quadratic sum 

approach, which requires detailed knowledge of the internal motion and the set-up variation for the 

group of patients in question. Narrower margins can be used, leading to less dose to normal tissues. 

 

There has been little attention in the literature on how to convert organ motion data into 

treatment margins for non-solid organs. Most of the “margin recipes” presented in the 

literature for the determination of treatment margins from e.g. repeated CT and EPI studies 

have been developed for solid CTVs, e.g., the prostate [82-85]. For the bladder, the motion 

of the centre of the bladder (e.g. centre of mass) is not directly relevant. It is the organ 

motion of the tumour-bearing bladder walls that must be measured and accounted for. We 

therefore present a more direct, empirical approach for the analysis of organ motion of non-

solid organs. The internal margins (CTV-ITV) determined using this method were compared 

with the internal margins resulting from adapting one of the previously published solid CTV 

margin recipes [83-85] to the present situation.  

The majority of studies on organ motion and set-up uncertainties in pelvic irradiation have 

focused on prostate irradiation (e.g. [86-93]). Only a few published studies have been 

carried out on patients with bladder cancer [94-96]. These three studies have all focused on 

organ motion only, and they included a limited number of repeat CT scans (1-3 repeat scans 

per patient). One study conducted at the same time as ours addressed both delineation 

errors, set-up errors and bladder motion, but also this study were of limited size in terms of 

the number of patients included and the scans acquired [97]. The final aim of this PhD 

programme was therefore to measure both organ motion and set-up variation in bladder 
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irradiation from a large number of patients/imaging sessions in order to determine the 

appropriate treatment margins for this group of patients.  
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AIMS OF THE PROJECT 
 

The aims of this project are summarised in the following points: 

��To develop an improved irradiation technique for the management of urinary bladder 

cancer using a modern linear accelerator with dynamic techniques (Paper I), and to test 

the potential of this concept in a set of clinical treatment plans (Paper III).  

��To verify correct dose delivery in dynamic beams (Papers I and II) 

��To apply and evaluate the use of biological probability models for the prediction of the 

outcome of radiotherapy of bladder cancer (Papers III and IV) 

��To quantify internal organ motion and external patient positioning variation through a 

course of radical radiotherapy for bladder cancer and thereby to determine adequate 

beam margins that will allow dose escalation (Paper V) 
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MATERIALS AND METHODS 
 

This chapter gives an overview of the patient materials included and the methods applied to 

fulfil the aims of the project. More specific details can be found in the corresponding papers 

(Papers I-V). 

 

The patient materials on which this study is based 

This study included patients with muscle invading bladder cancer (T2-T4), that were 

prescribed to receive external beam radiotherapy at Haukeland University Hospital [59]. The 

patients that were included were prescribed to a target dose of 60-64 Gy using the standard 

2 Gy five times per week fractionation schedule. The defined CTV consisted of the gross 

tumour volume (GTV), the whole bladder as well as possible macroscopic spread outside the 

bladder. The ITV (ICRU 62, NACP) were constructed by adding a 1.5-2.0 cm margin around 

the CTV. Normal tissue structures, like the rectum, were delineated also in routine planning 

to aid comparison of rival treatment plans.  

Two separate series of urinary bladder cancer patients were included in this work. The first 

patient material was studied retrospectively to test the potential of PWBs (Paper III) and the 

performance of NTCP models and parameters in evaluation of bladder irradiation (Paper IV). 

These patients were prescribed to radical radiation in the period September 1997 to August 

1999. The second group of patients was studied prospectively and the patients were 

included after obtaining informed consent from January 2000 until October 2001. This study 

was performed to quantify the internal organ motion and the patient set-up variation from 

weekly repeat CT scans and EPI sessions (Paper V).  

 

Design and delivery of partially wedged beam 

Based on the dynamic wedge concept presented by Varian, the fluency profile of an ordinary 

60O wedged field was calculated (Figure 7, lower part). The fluency profile for a field with an 

arbitrary wedge angle was obtained from open and 60O beam fluency profiles applying the 

ratio of tangents model of Petti and Siddon [98, 99]. Subsequently, the fluency profile for a 

partially wedged beam was obtained by setting the fluency values for all collimator positions 

larger than w equal to the fluency value at w (Fig. 7). Finally, the profile was truncated to its 

specified field size.  

The PWBs were delivered in one single exposure using the Dynamic Beam Delivery (DBD) 

Toolbox, a Varian research software [100]. This software enabled computer-controlled 

modulation of dose rate and collimator position during irradiation, according to our 
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prescribed fluency versus collimator position profile (Figure 7). After entering the required 

number of monitor units, beam delivery commenced with irradiation of a given fraction of 

the dose as an open beam (Figure 7). Then one of the Y-collimators moved under computer 

control during irradiation towards the intermediate point, w, where irradiation was 

completed. The value of w could be specified arbitrarily by the user. This “close-in” 

technique [101, 102] modified the radiation fluency and produced a dose gradient across 

one part of the field only, as prescribed.  

 

Dosimetry of partially wedged beams 

Isodose distributions of PWBs were measured using both the CA24 ionisation chamber array 

(Wellhöfer Dosimetrie, Nürnberg, Germany) and the BMS-96 diode array (Schuster 

Medizinische Systeme GmbH, Forchheim, Germany). The CA24 array was designed for 

isodose verification of dynamic beams, and we followed previously published reports [103, 

104]. Only a few issues required special attention, e.g., the conversion of the data export file 

format and establishing the effective point of measurement (Paper I). The BMS-96 diode 

array was originally not made for measurements of (dynamic beam) isodose distributions. 

The modifications needed to adapt this system were investigated (Paper II).  

With both systems, isodoses were derived from measurements of beam profiles and depth 

dose distributions. Beam data was measured in a standard water tank (Wellhöfer Dosimetrie, 

Nürnberg, Germany) in a 2D matrix with 5 mm spacing in both depth- and off-axis direction 

for each field through repeated beam exposures. Profiles were recorded at the depths of 0.5 

cm to 20 cm in each field in the direction of the wedge dose gradient. A special adapter was 

made to mount the BMS-96 array inside the water tank (Figure 10).  

 

 

 

 

 

 

 

 

Figure 10: The waterproof BMS-96 diode array mounted inside the Wellhöfer water phantom.  

 

In our initial measurements with the BMS-96 system, we observed that dynamic beam 

profiles measured at different depths were not correctly scaled relative to each other. Since 
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the problem occurred for dynamic beams only, we presumed that the problem was related to 

dose rate modulation in dynamic beams. To throw light on this problem, we performed test 

measurements with the system by recording profiles at different depths in solid water 

(Göttingen Water 3 – RW3, PTW-Freiburg, Freiburg, Germany) using the array designed for 

use in air. As the problem was software related, separate investigations were performed 

using both a software version developed before upgrading to water tank adaptation and the 

latest software version after designing the system to be used in water.  

 

Treatment planning implementation and verification 

PWBs were implemented in our TPS using the principle of the Varian DW and EDW, the 

Segmented Treatment Table (STT) [105, 106]. We designed a special routine that produced 

the STT-files for the combinations of wedge angles, wedge starting points w, and for each 

field size (in increments of 4 mm). We restricted the w parameter to discrete values of -3 

cm, 0 cm and 3 cm, and we implemented the partially wedged beams with seven different 

wedge angles, similar to the nominal wedge angles of the standard Varian EDW (10O, 15O, 

20O, 25O, 30O, 45O and 60O). The STT files were transferred to the Helax-TMS database, and 

a special TMS routine was applied to store and enable these STT files for treatment planning 

calculations. Similar to the Dynamic Wedge, the PWBs had to be restricted to symmetric field 

sizes in the direction of the moving jaws. The PWBs were implemented in our TPS as a 

special wedge option on both a high-energy and low-energy Varian accelerator.  

As a verification of the TPS implementation, we compared Helax-TMS dose calculations with 

our experimental data. Isodoses from Helax-TMS were exported to a standard file format 

and overlaid the experimental isodoses.  

 

Treatment planning of bladder irradiation with partially wedged beams 

The PWB treatment plan was produced retrospectively for all bladder patients analysed by 

substituting the standard EDW with PWBs in the two lateral beams. The partial wedge angle 

and starting point (i.e. the point separating the open and wedge parts of the beam) were 

manually optimised. All other beam parameters remained unchanged.  

To compare the standard and PWB treatment plans, surrounding normal tissue volumes (the 

intestine, rectum as well as gross normal tissue) were outlined in all CT studies. The rectum 

volume was defined as the volume inside the outer rectal wall from the sigmoid colon to the 

anal canal. The small intestine volume was defined as the volume that “potentially” 

contained small intestinal tissue.  
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Evaluation of bladder irradiation with physical parameters  

Use of PWBs aimed to improve the dose homogeneity inside the treated volume. The 

standard and PWB treatment plans were therefore compared with respect to target dose 

homogeneity, as well as peak dose-volume parameters for the defined normal tissue 

volumes. Peak dose-volume parameters have been correlated to the clinical frequency of 

radiation-induced intestinal side effects, both for severe small intestinal complications [61], 

and for moderate rectal complications [63, 64]. 

  

Dose response modelling in bladder irradiation 

A module in Helax-TMS (from v. 5.1A) allowed for TCP and NTCP calculations. The models 

were first used to compare the standard and PWB treatment (Paper III). Second, we 

performed a general study on the use of NTCP modelling in bladder irradiation (Paper IV).  

In the comparison of the standard and PWB treatment (Paper III), we first calculated the 

TCP and the rectum and small intestine NTCPs for the standard treatment using each 

individual patient’s actual dose-fractionation scheme. Applying the same model parameters 

and fractionation scheme, we calculated the TCP and rectal and small intestinal NTCPs in the 

PWB plan. Extra 2 Gy fractions were added until the combined complication probability, 

given as 1-(1-NTCPsmall intestine)·(1-NTCPrectum), reached a level within 1% of the estimate for 

the original treatment plan. 

In the general evaluation of NTCP modelling in bladder irradiation (Paper IV), we first 

applied the NTCP models to find the individual dose levels that could be prescribed without 

increasing the combined complication probability beyond defined thresholds (5%, 10% and 

20%) using various model and parameter combinations. We also calculated the probability 

for “uncomplicated tumour control”, denoted P+, given by P+ = PB – PB∩I where PB is the TCP 

and PB∩I  is the probability that the tumour is controlled but at the expense of manifestation 

of one or more complications [107]. P+ can be approximated by PB – PI  + δ·(1 - PB)· PI 

where PI is the combined complication probability and δ is the estimated fraction of patients 

for which tumour and normal tissue response occur statistically independent [107]. Using 

this approximation, we determined the optimal dose level according to this approach, i.e., 

the dose level that resulted in the highest P+. Finally, we tested the performance of the 

NTCP models when choosing between rival treatments in the light of model parameter 

uncertainty and the choice of model. For this purpose we re-planned a selection of patients 

with traditional open AP/PA pelvic beam portals, and determined the dose levels that could 

be prescribed with this two-field technique when limiting the combined complication 

probability to the same thresholds as applied for the conformal set-up (5%, 10% and 20%). 
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Quantification of organ motion and set-up variation during bladder irradiation  

In Paper V we quantified internal organ motion and patient set-up variation during the 

treatment course by acquiring weekly CT scans and electronic portal images (EPIs). The CT-

scans covered both the pelvis and the abdomen, including the bladder, rectum and the 

whole intestine. Patients were given written and (repeated) oral instructions to empty their 

bladder before both each treatment and CT scanning session. The CT scans were acquired 

as close as practically possible in time to the treatment session, preferably within 30 

minutes. EPI sessions were scheduled to the same day as CT scanning. At each session, two 

AP (0°) images and two lateral (90°) images were acquired using the “double exposure” 

facility of the Varian PortalVision system (SW version 5.0, LC250 detector; Varian Ass, Palo 

Alto, CA, USA).  

To measure the internal organ motion relative to the fixed bony anatomy, the repeat CT 

scans were registered/matched to the planning/reference CT scan using the Advantage 

Fusion software (v. 1.15; GE Medical Systems, Milwaukee, WI, USA). The registration 

resulting from an automatic procedure was adjusted by defining a set of bony anatomical 

landmarks. After completed image registration, the bladder, rectum and the intestine were 

outlined in the repeat CT scans using the Advantage Fusion software. All organ delineations 

in the repeat scans were automatically transferred to the planning scan according to the 3-D 

image registration transform. The bladder volume was defined as the volume within the 

outer bladder wall. For the rectum, we adopted the definition used in a number of recent 

publications, e.g. [63, 65, 108, 109], using the first slice below the recto-sigmoid flexure as 

the superior/cranial limit and the first slice above the anal verge as the inferior/caudal limit. 

Our rectum volumes included the rectal wall as well as the rectum contents. All “islands” of 

intestinal tissue were consistently outlined. 

Taking advantage of the DICOM RT compatibility of the Advantage Fusion and Helax-TMS 

systems (v. 6.0.2, MDS Nordion, Uppsala, Sweden), all bladder contours from the repeat 

scans were imported into Helax-TMS along with the corresponding planning CT scan. Various 

volumes and dimensions were recorded, such as the volume of the repeated contour located 

outside the initial contour of the planning scan. The motion of individual bladder walls was 

quantified by using the 3-D margin tool of Helax–TMS. With this method, margins were 

added by rolling a 3D ellipsoid (with possibly different axes in all six directions) along the 

bladder contour. The outside of the volume touched by the 3D ellipsoid is used to trace the 

contours of the extended volume. Using this method we determined the margins needed to 

cover the various bladder variations, taking into account bladder wall deflection in all slices. 

First, this tool was used to add margins to the planning scan bladder needed to cover the 
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registered bladder volume from each of the repeat scans. Subsequently it was applied to find 

margins needed to cover all registered bladder structures simultaneously, as well as the 

margins required to envelope around all volumes where the bladder was located more than 

once. As a test of the previously described method, we also adapted the margin recipe of 

van Herk and colleagues [83-85] to the present situation.  

Internal rectum motion was quantified using a method similar to the one used for the 

bladder. Due to the appearance of the intestine in axial pelvic/abdominal slices (with 

“islands” of intestine both anterior and posterior), intestinal motion was analysed using the 

Advantage Sim system (v. 1.15, GE Medical systems). For the intestine we recorded the total 

volume, the volume below the promontory and a volume scoring the amount of intestine 

close to the bladder.  

Set-up errors were assessed by comparing all EPIs of the treatment fields with the 

corresponding reference images using the PortalVision system. Digitally Reconstructed 

Radiographs (DRRs) were selected as reference images, and they were created with the DRR 

generator of the RT Navigator software system [110]. The outline of anatomical fiducial 

structures were added to the DRRs applying Portal Vision software tools, and the resulting 

structures were automatically transferred to the corresponding portal image and correctly 

positioned with respect to the detected field edge. The inferior-superior and lateral set-up 

deviations were determined from the AP images, while the anterior-posterior set-up 

deviations were measured from the lateral images. The set-up variation data was analyzed 

using the van Herk et al. margin recipe with the McKenzie et al. corrections [83-85]. To 

determine the CTV-PTV margin, the systematic and random errors of the organ motion and 

set-up variation were combined, under the assumption that the bladder wall variation could 

be handled with this methodology.  

 

Statistics 

All statistical analyses (in Papers III-V) were performed with the SPSS statistics software 

(versions 9 and 11, SPSS Inc., Chicago, USA). All referred p-values were derived from two-

sided tests when appropriate. A p-level of 0.05 was regarded as statistically significant.  

In Paper III, differences in DVH parameters between the standard and PWB treatment were 

tested for statistical significance using a paired test design. Generally the student’s t-test 

were used, but the Wilcoxon test was applied when absence of normality was documented.  

In paper IV, the variation between different NTCP estimates was tested for statistical 

significance using paired comparison tests. In this case, the non-parametric Wilcoxon test 

was applied due to the large variability in the material. Intra- and inter-model/parameter 
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variability was further investigated with a standard correlation and regression analysis. A 

parametric one-way analysis of variance (General Linear Model) was used to test if the 

variability in recommended prescription doses determined from different models/ parameters 

at various clinical scenarios was statistically significant. The same test design was used to 

test the statistical significance of any variation between the different models/parameters in 

predicting the increase in permitted prescribed dose achieved by conformal therapy. 

In paper V, comparisons of parameters measured in the planning scan and then throughout 

treatment were tested using repeated paired t-tests. Composite variables, e.g. the average 

of a parameter throughout treatment were also compared with paired t-tests. When 

differences in a certain variable between sub-groups of patients were tested for statistical 

significance we used an independent samples t-test. Correlation between pairs of variables 

was evaluated by calculating the Pearson correlation coefficient and its significance level.  
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SUMMARY OF RESULTS 
 

Paper I 

In this first paper we presented the concept of a partially wedged radiation beam, i.e. a 

beam with wedge modification in one part of the field only. We suggested that PWBs could 

be beneficial in cases with curved surfaces inside parts of the beam only, where they may 

compensate for missing tissue and/or for variations in depth to the target region. Possible 

sites suitable for application of PWBs were suggested, such as urinary bladder and tangential 

breast irradiation. Customised PWBs were shaped applying dynamic collimation techniques. 

Two different linear detector arrays, a semiconductor diode array and an ionisation chamber 

array, were used independently in the same standard water tank to verify that the PWBs 

were delivered according to the definition. PWB dose calculations were implemented in our 

treatment planning system and compared with the measured dose distributions. We also re-

planned a representative treatment plan for both advanced urinary bladder cancer and 

tangential breast irradiation using PWBs. For both patients the target dose homogeneity was 

improved, and the doses to surrounding critical normal tissues were reduced.  

 

Paper II 

In this paper we reported the application of the Schuster BMS-96 waterproof linear diode 

array for isodose determination of dynamic beams, such as PWBs. The array recorded beam 

profiles correctly, while depth dose distributions of dynamic beams with large variations in 

dose rate were registered erroneously. The deviations could be eliminated by appropriate 

software modifications. True isodoses could also be obtained by re-scaling each individual 

profile to the depth dose curve as measured with a single ionization chamber. After the 

corrections presented in the paper, isodoses interpolated from these corrected data sets 

agreed with ionisation chamber measurements within 1-2%.  

 

Paper III 

This paper presented a systematic analysis of the possible clinical benefit of PWBs when 

applied in treatment plans for muscle invading bladder cancer. Three-dimensional treatment 

plans for 25 bladder cancer patients were analysed. The originally prescribed standard 

conformal four-field box technique, which included the use of lateral ordinary wedge beams, 

was compared to a modified conformal treatment using customised lateral PWBs. In these 

modified treatment plans, only the anterior part of the two lateral beams had a wedge. To 

analyse the potential clinical benefit of treatment with PWBs, treatment plans were scored 
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and compared using both physical parameters and biological dose response models. One 

tumour control probability model and two NTCP models were applied. Different parameters 

for normal tissue radiation tolerance presented in the literature were used. We found that 

the dose homogeneity throughout the target volume was improved for all patients by using 

PWBs, reducing the average relative standard deviation of the target dose distributions from 

2.3% to 1.8%. A consistent reduction in the maximum doses to surrounding normal tissue 

volumes was also found. The most notable improvement was demonstrated in the rectum 

where the volume receiving more than the prescribed tumour dose was halved. Treatment 

with PWBs would permit a target dose escalation of 2-6 Gy in several of the patients 

analysed, without increasing the overall risk for complications. The number of patients 

suitable for dose escalation ranged from 3 to 15, depending on whether support from all or 

only one of the five applied NTCP model/parameter combinations were required in each case 

to recommend dose escalation. We concluded that PWBs represent a simple dose 

conformation tool that may allow radiation dose escalation in the treatment of muscle 

invading urinary bladder tumours.  

 

Paper IV 

In this paper we analysed the consequences of selecting alternative NTCP models and 

parameters for evaluation of radiotherapy of urinary bladder cancer. Using the treatment 

plans of 24 bladder cancer patients referred to radical four-field conformal radiotherapy, 

small intestinal and rectal NTCPs were determined using both the probit and relative seriality 

models with several sets of published radiation tolerance parameters. Various combinations 

of NTCP models and parameters were applied to find the prescription dose in individual 

patients as well as to estimate the benefit of the conformal radiotherapy set-up. We found 

that different risk estimates were predicted from the two NTCP models even when the same 

clinical radiation tolerance doses were fitted into the two models. The demonstrated 

variability translated into significant deviations (7-10 Gy) in the recommended prescription 

doses. Even if it was possible to discriminate between a two-field plan and the four-field 

conformal set-up using a given complication model and set of tolerance parameters, the 

estimated benefit of the conformal treatment in terms of permitted dose escalation varied 

with as much as 10-12 Gy between the different NTCP models/parameters used. We 

concluded that different NTCP models and tolerance parameters might propose different 

answers to important clinical questions in radiotherapy treatment of bladder cancer, such as 

dose prescription and scoring of rival treatment plans. We therefore recommend that the 

variability caused by tolerance parameter uncertainty and model selection should be 



Page 29 

accounted for in dose response modelling of radiotherapy. More prospectively recorded 

normal tissue late effect data are required to improve the accuracy of current NTCP models 

and parameters.  

 

Paper V 

Due to the potentially large changes in shape and size of the bladder, a major challenge in 

conformal radiotherapy of bladder cancer is to determine adequate treatment margins. We 

therefore quantified the internal motion of the urinary bladder as well as the external set-up 

variation during a course of fractionated radiotherapy. Additionally, in the light of the 

recently introduced ICRU 62 concept, the ‘Planning Organ at Risk Volume’, we studied the 

internal motion of nearby organs at risk, the rectum and small and large intestine. Weekly 

CT scans and electronic portal images (EPIs) were sampled from 20 patients during radical, 

conformal bladder irradiation (60-64 Gy/2 Gy in 5 fractions weekly). Internal motion of the 

bladder, rectum and small/large intestine was measured from the CT scans using 3-D image 

matching methods. The external patient set-up variability was determined by 2-D matching 

of the front and lateral EPIs to corresponding digitally reconstructed radiographs (DRRs). A 

total of 149 CT scans (20 for planning, 129 during the treatment course) and 133 sets of 

EPIs were analysed. After instructing patients to empty their bladder before treatment, 

bladder volumes were smaller during treatment than in the planning situation in 85% of the 

repeat scans. Nevertheless, we found the bladder in the repeat scans to extend outside the 

planning scan contours in 89% of the scans, on average with 9% (SD: 10%; range: 0-47%) 

of the volume. Eight patients (40%) had at least one scan (25 scans in total) where margins 

> 15 mm were required in at least one direction to enclose the bladder variation. Internal 

margins (CTV-to-ITV) of 10 mm inferior, 17 mm superior, 11 mm left, 5 mm right, 20 mm 

anterior and 11 mm posterior were required to cover all bladder wall deflections except for 

one occasion in 89% of the patients. Including patient set-up variation (CTV-to-PTV), we 

found that an additional safety margin of 2-6 mm had to be added in the various directions. 

Patient set-up variation dominated the total systematic uncertainties in the inferior, right and 

posterior directions. The rectum contour expanded outside the rectum planning contours in 

all repeated scans, on average with 24% (SD: 15%; range: 2-69%) of the volume. 

Variations in the volume of intestine found close to the bladder were significantly correlated 

to the variation in bladder volume in almost half of the patients. As a result of this study, our 

original treatment margins (15-20 mm isotropic) were adjusted. The documented organ 

mobility should be included in modelling of normal tissue late effects. 
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DISCUSSION 
 

The work presented in this thesis lays the ground for improved radiotherapy of urinary 

bladder cancer. A new dose conformation tool is presented and evaluated both in terms of 

quality assurance aspects and in terms of its theoretical potential for allowing safe dose 

escalation. Additionally, the performance of current NTCP models and parameters in 

evaluation of bladder irradiation was tested. Finally, new data on bladder motion and patient 

positioning uncertainties was presented and applied to derive evidence-based target volume 

margins for bladder irradiation.  

 

A tool for dose conformation in bladder irradiation 

The first major issues addressed in this study were the design and delivery of the PWB 

concept. In Paper I we documented that PWBs could be shaped using computer controlled 

dynamic modulation of the collimator jaws, a precursor to full 3-D MLC-based IMRT. Several 

other groups have also suggested parallel principles, e.g., the Milano group for prostate 

treatment (“the absorbing bar”) [111, 112] and the Utrecht group for breast irradiation 

[113]. The experience from at least the pelvic applications suggested that such strategies 

could provide significant and clinically useful beam modulation [112]. The limitation of 

modulation techniques like the PWB principle in complex patient geometries (like the breast) 

has also been demonstrated at our clinic [114]. Next we addressed the treatment planning 

implementation and verification of PWBs (Paper I), and confirmed that the agreement 

between our TPS calculations and experimental measurements of PWB isodose distributions 

were of the same accuracy as standard beams [67, 68].   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: Segmentation of a dynamic PWB into a series of open fields with shrinking field size. 
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Originally, the PWB principle was developed using dynamic collimation techniques. Beam 

delivery on one of our treatment machines was performed using special software for the 

accelerator. It has, however, not been possible to deliver dynamic PWBs in the clinical 

(accelerator) mode used when treating patients. To allow clinical use of the PWB concept, 

we have therefore developed a segmented version of a PWB that we use to approximate the 

optimal PWB as determined by treatment planning (Figure 11).   

Particular attention in the dosimetric verification work was given to the BMS-96 diode array 

system (Paper II). The system had an attractive diode-to-diode spacing of only 5 mm, i.e., 

most dynamic beam profiles could be adequately measured with one beam exposure. Our 

test measurements revealed that the data handling in both of the two current BMS-96 

software versions (for measurements in air and water) were sub-optimal. We suggested that 

the parameter containing the integrated dose should be used directly in the system, and this 

has been implemented in the recent software releases. With these corrections, we showed 

that the BMS-96 system could be used to determine accurate isodose distributions of 

dynamic beams. PWB isodoses determined by the BMS-96 and the CA24 ionisation chamber 

array then agreed to within 1-2% in the central beam region. However, the method we 

applied was rather labour-intensive: manual storing of every recorded profile, collection of 

profile data into one single file, re-scaling of the dynamic beam profiles to obtain true depth 

dose characteristics and design of an interpolation and plotting procedure. These procedures 

are now automated as they are implemented in the BMS-96 software, making the BMS-96 

array an easy and useful tool for documentation of dose distributions of dynamic beams.  

The Paper III study demonstrated the theoretical potential of PWBs in radiotherapy of 

muscle invading bladder tumours. The main effect of the PWBs was the improvement of the 

dose homogeneity within the treatment volume, and therefore also the reduction in volumes 

receiving high radiation doses in the rectum and intestine. A major advantage of planning 

bladder irradiation with PWBs is that this concept is a natural extension of current standard 

conformal therapy. The optimal wedge starting point and angle was easily determined with 

standard forward planning. 

Use of PWBs reduced the maximum doses to the normal tissues. If the risk for side-effects is 

correlated to the maximum doses received by the organ, the average 3% reduction would 

allow dose escalation with one additional 2 Gy fraction. This assumption is supported by 

recently published clinical data on both severe small intestinal complications [61], and on 

moderate rectal complications [63, 64]. To guide such decisions, NTCP models have been 

developed to take the entire non-uniform dose delivery in the organs at risk into account. 

Such models were applied in Paper III to predict the clinical significance of the demonstrated 
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reductions in the maximum doses and high-dose volumes in the normal tissues. As dose 

escalation was our ultimate goal, we quantified how much the dose could be escalated 

without increasing the overall combined complication probability. The results from these 

analyses depended strongly on which of the models and parameter sets we applied: The 

number of patients suitable for a dose escalation of 2-6 Gy ranged from 6 to 11. Altogether, 

15 of the 24 analysed patients could be dose escalated if response in only one of the five 

tested NTCP model/parameter combinations were required to recommend dose escalation. 

The variability in the dose response analysis may to a certain extent be caused by the 

different degree of tissue seriality reflected in the tolerance parameters for the two organs at 

risk. The PWBs reduced primarily the maximum doses in both the small intestine and the 

rectum, and the parameter sets that reflected the more serial structure in these two organs 

therefore presented the greatest benefit of using PWBs.  

It is not straightforward to translate the dose escalation suggested above into predictions of 

increased local control or even survival in future clinical application of the PWB concept. In 

Paper III we used a Poisson based TCP model [74] with parameters from Batterman et al. 

[57]. According to this model, a local control rate of approximately 50% is obtained at a 

prescription dose of 64 Gy. This seems to be in relatively good agreement with our clinical 

experience when considering all T2-T4 cancers together [59]. When it comes to dose 

escalation for instance from 64 Gy to 68 Gy, the applied model predicts an increase in the 

local control with approximately 12%. In a previous retrospective series from our institution, 

complete local control increased from 29% for patients receiving less than 55 Gy to 58% for 

patients receiving 55 Gy and above [59]. In this paper it was also demonstrated that local 

control was the strongest independent predictor for long-term survival [59]. Judging the 

potential survival benefit that can be achieved with dose escalation using the PWB concept 

would be speculative. Therefore, the true effect of dose escalation with PWBs must be 

determined in a controlled clinical trial (see also the Future work section).  

The reduction in peak doses we achieved when using PWBs was similar to what can be 

accomplished by using dynamic multileaf intensity-modulation in a four-field bladder 

treatment, as reported recently [115]. This indicates that our PWB concept represents an 

adequate level of beam customisation when treating the whole bladder to a uniform dose 

with this beam set-up. With a beam delivery concept that allows for dose escalation without 

increasing the risk for complications in the surrounding normal tissues, it is important to 

keep in mind that there is also a tolerance dose level for the entire normal bladder [116]. 

High frequencies of severe bladder complications after bladder irradiation (urethral 

obstructions, increased urinary frequency, reduced bladder capacity) have been reported 
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[58, 117]. Dose escalation to the whole bladder beyond the tolerance level is therefore not 

recommended. Still, the relatively moderate dose escalation suggested in this study (2-6 Gy) 

should keep the total tumour dose within the acceptable dose range, also with respect to 

normal bladder tissue. A further increase in dose delivery to the tumour beyond the 

tolerance level for the whole bladder may be accomplished by a boost technique, directing 

an extra dose to the involved part of the bladder only. Such an approach could provide an 

additional potential increase in local tumour control, without increasing normal bladder tissue 

morbidity (see also the Future work section).  

 

Issues in biological modelling of bladder irradiation 

The interest in and application of biological dose response models is growing, despite that 

the clinical use of these models remains controversial, mostly due to the lack of reliable 

clinical dose response data [118-121]. The variability in the published normal tissue 

tolerance parameters was also seen in our analysis of the estimated benefit of treatment 

with PWBs (Paper III). We therefore performed a more general study of the impact of the 

variability in published radiation tolerance models and parameters for evaluation of bladder 

irradiation (Paper IV).  

The major achievement of Paper IV was that we demonstrated the present inaccuracy of 

NTCP predictions for the small intestine and the rectum after bladder irradiation, including 

both the intra-model variability caused by tolerance data and parameter uncertainty as well 

as the inter-model variability between the probit and relative seriality models. In the case of 

the small intestinal parameter uncertainty, the variation between the Emami/Ågren-Cronqvist 

et al. [122, 123] and the Letschert/Ågren-Cronqvist et al. [124, 125] relative seriality 

parameters (both relating to severe late effects) did not reach statistical significance. 

Nevertheless, the variation could be of clinical significance since the small intestine is the 

dose-limiting OAR in irradiation of bladder cancer, i.e., the small intestine NTCP dominates 

the overall complication probability. Some of the variation really mirrors the present 

tolerance data uncertainty, and part may be due to methodological differences when fitting 

the two sets of clinical data to the seriality model. An interesting technical detail is that the 

small intestine reference volume was selected differently in the two studies. This reflects the 

difficulties of handling and interpreting small intestinal dose-volume data (Paper V). Volume 

variations are large, both when looking at the amount of intestine that extends down to the 

bladder, when considering the total volume for a patient at different treatment/imaging 

sessions and also in-between different patients (Paper V). The internal intestinal mobility 

further complicates the situation when using dose-volume data as a fundament for predicting 
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the risk for intestinal late effects: It might be different intestinal loops that extend downward 

to the bladder in the planning situation and in the individual treatment sessions throughout 

the treatment course. The population-average NTCP predictions for the occurrence of severe 

small intestinal complications were 21% and 24%, respectively for the Emami/Ågren-

Cronqvist et al. [122, 123] and the Letschert/Ågren-Cronqvist et al. [124, 125] parameters. 

Since these predictions appear to overestimate the risk for severe late effects when 

comparing with our clinical experience, we demonstrated a need for clarification of the small 

intestine radiation tolerance parameters. However, we do not have prospectively recorded 

follow-up data on late effects after bladder irradiation, only a retrospective assessment of 

the patient records for a few patients. The large number of physicians involved in the follow-

up of even this small number of patients clearly showed the need for prospective studies 

(Paper IV). In addition, the relatively low survival rate in our patient materials implies that 

not all late effects have had time to manifest. Prospective studies are required to obtain 

reliable small intestine complication data. In addition, attention should also be given to the 

impact of the intestinal mobility on DVH parameters (Paper V). Advances in this area will be 

beneficial in planning of radiotherapy of both bladder cancer and rectal cancer since the 

small intestine is the primary organ at risk in the curative radiotherapy treatment of both 

these diseases. 

In paper IV we also addressed the tolerance data variability of the rectum. Modelling of 

radiation-induced side effects in the rectum has been a major topic for several years [63, 77, 

86], mostly due to the proximity of the rectum to the prostate gland. During the last decade 

there has been a large number of radiation dose escalation studies in prostate cancer that 

has proven their efficacy [126]. Since increased dose was found to lead to improved local 

control, prostate cancer has also been the primary test site for intensity-modulated radiation. 

Therefore, the number of studies of late rectum effects based on actual prospective 

recordings of side effects is limited, but increasing. To illustrate the rectum parameter 

uncertainty we selected the probit model parameters of Dale and co-workers [127] based on 

the clinical data of Boersma et al. [108], and compared them to the reference parameters 

resulting from fitting the Emami et al. doses to the same model. These two sets of 

parameters differed only with respect to the rectum seriality. The increased seriality of the 

rectum according to the Boersma/Dale tolerance parameters was seen to increase the 

predicted rectum NTCPs (the population-average increased from 2% to 14%). However, the 

Emami/Burman parameters were valid for severe side effects, while the Boersma/Dale 

parameters were derived from data on grade 2-4 rectal bleeding, i.e., mild and moderate 

side effects were included as well. Regarding the rectum seriality, there seems to be 
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diverging views in the literature [128, 129]. Some authors present data that suggest a more 

parallel architecture than the Emami et al. reference data [130, 131] while other reports 

demonstrate a more serial rectum nature [63, 108, 127]. The large difference may reflect 

that different clinical endpoints may be correlated to different parts or parameters 

(maximum, mean) of the dose-volume histogram. For instance, rectum bleeding may be 

related to the maximum dose as bleeding may occur from blood vessels in a small area. In 

general, as more attention is given to the development of radiation late effects and as the 

number of prospective late effect studies increases, a trend towards focus on less serious 

late effects should be expected [108, 116, 127, 132]. This will provide background data 

allowing for an update of the tolerance data for less serious endpoints. 

The inter-model variability was illustrated by comparing the risk estimates for the small 

intestine and rectum obtained when using the parameters derived from the Emami et al. 

tolerance doses in both models. The differences we observed between the probit and 

relative seriality model predictions were large and statistically significant (population-

averages for the small intestine were 14% vs. 24%, respectively, and 2% vs. 4%, 

respectively, for the rectum). Since the individual estimates with the two models were 

strongly correlated and the relation was of similar shape for both organs, most of the 

variation is probably caused by an underlying mathematical difference between the models. 

The two applied models are based on different mathematical equations, and even in the case 

of homogeneous dose delivery to an organ at risk parameterised with equal D50 and curve 

steepness, will the two models in general give different risk predictions for all doses away 

from the D50 dose [74]. The differences between various reduction algorithms and most of 

the published NTCP models have been elegantly presented in a recent paper by Moiseenko 

et al. [133]. They showed that the “effective volume” reduction scheme of Kutcher and 

Burman [73] was in general more sensitive than the Lyman “effective dose” scheme to dose 

variation in the organ when the mean dose was the same [133]. Additionally, using three 

different organs as model systems, they compared the doses needed to yield a relevant level 

of complication (NTCP = 0.05) as well as the response of a limited dose escalation (10%), 

according to the four models they looked at. Generally, large deviations were seen between 

the models. The degree of agreement between the models was seen to depend critically on 

the organ in consideration. For at least one of the organs of dominantly parallel nature, the 

probit and relative seriality models were the models that had the most similar performance. 

However, for the organ system that resembled the rectum and intestine most in terms of 

seriality, the variation between these two models was quite pronounced, supporting our 

observations (Paper IV). Despite the differences between the models, one might argue that 
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the background clinical data currently are too uncertain to allow us to decide which is the 

most appropriate model. And at least for mobile organs such as the rectum and intestine, it 

seems at present more fruitful to reduce or account for [134] the uncertainty in the 

underlying clinical data and to include organ motion into the models [135] than to elaborate 

more the mathematical properties of the various models. 

In Paper IV we also illustrated the impact of the model/parameter variation when applying 

the models to find the individual dose level that constrained the overall NTCP below certain 

thresholds, or when choosing between different treatment plans. For a standard four-field 

conformal treatment plan the NTCP uncertainty caused deviations of 7-10 Gy in the average 

prescribed doses, with potentially large differences in the effectiveness of the treatment. 

Using the models to judge between a four-field conformal versus a two-field AP/PA pelvic 

technique) the NTCP uncertainty lead to large variations in the estimated benefit of 

conformal therapy (in terms of the extra radiation dose permitted by the conformal 

treatment). The difficulty of using NTCP models to choose between treatment without 

absolute knowledge of the dose response relation documented in our work was in line with 

previous reports [133, 136]. 

The relevance of the rectum seriality in modern radiotherapy was underlined by the 

comparison of the two-field pelvic and the four-field conformal techniques. Using a two-field 

technique, the whole rectum receives the prescribed dose, while the conformal set-up spares 

a large volume fraction of the rectum. However, with the rectum parameters presented by 

Dale et al. [127] the probability of experiencing rectal complications is determined almost 

solely by the maximum dose. The maximum (point) dose in the rectum is not always 

reduced with modern techniques, like IMRT. This new proposal regarding the seriality of the 

rectum may therefore have important implications for recent advances in conformal and 

intensity modulated pelvic radiotherapy.  

 

Geometric uncertainties in bladder irradiation 

Paper V presented data on volume and shape variation of the bladder, rectum and intestine 

and on set-up variation during the treatment course of conformal bladder irradiation. The 

bladder motion and patient set-up data were studied in order to derive adequate treatment 

margins for this group of patients. The rectum and intestine motion were assessed to 

generate data that in the future can be applied to supplement the static volume DVH used in 

a DVH/NTCP analysis to predict the risks for experiencing late effects.  

The previously published studies on organ motion during bladder irradiation have been 

limited to 1-3 repeat CT scans per patient, and to a certain extent also to a low number of 
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CT slices per scan [94-96]. This limitation is also valid for a recent study of Meijer and 

colleagues [97]. The methodology used to measure bladder motion varied between the 

studies, and with this disparity in mind, our observations seem to be in very good agreement 

with the reports from these studies. Turner et al. assessed organ motion three times during 

treatment, and found that 33% of the patients had at least one incidence of outwards wall 

movements larger than 15 mm in any direction [95]. Harris and Buchanan measured bladder 

motion half way and at the end of treatment, and observed the bladder to extend outside of 

the treatment fields in 20% of cases (1-2 cm margin was applied) [96]. In the study of Sur 

et al. bladder motion was assessed once, half way through the treatment course, and they 

found that the target volume had moved out of the treatment field in 13% of the patients 

(1-2 cm margin was applied) [94]. In the recent study of Meijer and colleagues, bladder 

motion was analysed using a very sophisticated method, that allowed 2-D maps of the organ 

motion measured perpendicularly at all points of the bladder wall to be derived [97]. 

However, in order to present treatment margin proposals that can be implemented clinically, 

they approximated this method to a 3D ellipsoid expansion, similar to the one used in our 

study (Paper V). Apart from in the anterior direction, the resulting margins (CTV-PTV) were 

within a few mm from those derived with our method (Paper V), indicating a very similar 

degree of organ motion in this material. In our study, we observed at least one incidence of 

outward wall movements larger than 15 mm in any direction in eight of 20 patients (40%) 

and in a total of 25 scans (19%). It is not surprising that the studies with the highest 

number of measurements during treatment (the studies of Turner et al. [95] and Meijer et 

al. [97], in addition to the present study) disclosed the largest extent of organ motion.  

A major challenge in bladder irradiation is to keep the bladder walls during treatment within 

their position in the planning scan. In our institution we have scanned patients with a small 

volume of bladder contrast inserted by a catheter (70 ml total volume) and then instructed 

patients to empty their bladder immediately before treatment. The contrast volume shall 

both help defining the tumour, but perhaps more important, it is meant to resemble a small 

amount of residual urine. In this study, bladder volumes were smaller during treatment than 

in planning in 85% of the scans. Still, the bladder had extended outside the planning scan 

contours in the vast majority (89%) of the repeated scans. First, this shows that a certain 

extent of bladder motion away from the planning contours probably will be present even in 

the case of adherence to a bladder emptying policy. However, 14 of the 19 scans with 

increased bladder size were among the 25 repeated scans where margins > 15 mm were 

needed at least on one of the bladder walls. In five of the eight patients where large margins 

were required in one or more scans, all such occasions could be explained by an increased 
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bladder volume relative to the planning situation. Also the finding that the superior, anterior 

and posterior bladder wall movements dominate, are in support of maintaining our policy of 

instructing patients to empty their bladder immediately before each treatment session.  

In two patients large internal margins were required because of the presence of intestinal 

loops in the planning scan that temporarily shifted the bladder away from the position seen 

in the scans acquired during treatment. In these cases this led to a more or less systematic 

error. However, in clinical routine where treatment is based on one planning scan only, it is 

difficult to judge whether the anatomy as shown in the planning scan will be representative 

or not for the treatment situation. This problem is relevant not only for bladder cancer, but in 

the treatment of all tumour sites where organ motion is present. In general, as we in today’s 

clinical routine are not in possession of exact information about the actual day-to-day 

position of the CTV, adding treatment margins around the CTV has been the only practical 

method to take anatomical and geometrical uncertainties into account. Currently, this is one 

of the major challenges for further development of radiotherapy. Methods aiming to reduce 

organ motion have been presented, such as gating techniques that increase the precision in 

the treatment of tumours close to the lungs [137, 138]. Equipment designed for daily tumour 

localisation prior to treatment has also been developed [139, 140].   

This study documented that an-isotropic target volume margins should be applied in bladder 

irradiation. Our current isotropic target margins established through several years of 

conformal radiotherapy for bladder cancer will therefore be adjusted according to the 

findings of this study. The internal margins derived with one version of our empirical 

approach were very similar to the margins found with the van Herk et al. methodology [83-

85]. These are therefore the internal margins we recommend to use in conformal bladder 

irradiation if applying the same imaging and treatment procedures as described here. And as 

mentioned above, the margins we derived were very similar to the margins presented by 

Meijer et al. [97], with the only exception being in the anterior direction. A striking feature 

seen in our data is the large difference between the margins required at the left and right 

bladder wall. Since this appears not to be an effect caused by statistical chance, it reflects 

that there might be larger variation in the left bladder wall. A likely reason for this 

asymmetry is that the sigmoid colon bends from the recto-sigmoid flexure over the bladder 

and to the left.  

The set-up accuracy presented in Paper V seems to be in relatively good agreement with 

previous studies on the set-up reproducibility in pelvic irradiation. Our random deviations are 

within the generally accepted state of the art accuracy (2.5 mm for prostate, 3.0 mm for 

general pelvic), while our systematic deviations in the inferior-superior and anterior-posterior 
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directions are somewhat higher than other previous reports [141]. Under the assumption 

that the van Herk et al. formalism [83-85] applies to bladder wall motion, the set-up 

variation dominates the total systematic variability in the inferior, right and posterior 

directions. At least in the inferior and posterior direction there appears to be a potential for 

future margin reductions by improving the patient set-up accuracy. The study has therefore 

initiated a more active use of portal imaging in bladder irradiation at our clinic (see Future 

work section). Hopefully, this will lead to lower systematic set-up errors, and future margin 

reduction. Reduction of the posterior margin should lead to less rectum dose and lower 

incidences of treatment-induced rectal complications. 

Organ motion of the rectum during a course of radiotherapy has been addressed in a 

number of publications [86, 88]. The general question of how the rectum should be defined 

(wall, surface or volume?; length according to anatomy or treatment fields?) has been a 

major issue [64, 142-144]. Regarding the use of rectum wall-, surface- or volume-

histograms, many authors advocate the use of wall-histograms. Recently, the ICRU report 

no. 62 [80] recommended the use of margins when outlining the mobile organs at risk, such 

as the rectum. Theoretical aspects of this issue have recently been detailed by McKenzie et 

al. [145]. From our point of view, these two trends seem to be contradictory. The value of 

accurately delineating the rectal wall would appear to vanish if margins should be added. To 

get an estimate of the mobility of the rectum, we used the CT data of Paper V and measured 

the fraction of the rectum that extended outside of the initial rectum contours of the 

planning scan. We found that on average 24% of the rectum had extended outside of the 

planning scan contours. Due to the small thickness of the rectum wall, it follows that if one 

uses dose-wall or dose-surface histograms for the rectum, these histograms may be even 

less representative for the situation throughout the treatment course than the whole volume 

DVH. We also presented preliminary data on rectum margins, using the same method as we 

used to derive target volume margins. The margin proposals we presented (Paper V) were 

much larger than the 4 mm proposal of McKenzie et al. that they estimated from previous 

unpublished studies. A further rectum motion and margin analysis using the McKenzie et al. 

approach is underway. The bottom line is whether delineation of mobile organs at risk with 

margins improves the predictive power of NTCP type models. This will have to be decided in 

future work on the correlation of late effects to DVH/NTCP parameters (see also the Future 

work section). 

Intestinal organ motion was also addressed in this study. Due to the shape and mobility of 

the intestine, it is not straightforward to take organ motion into account to derive more 

accurate/representative DVHs. Using our data, it would perhaps be possible to derive some 
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kind of probability model describing intestinal mobility in the abdomen and pelvis. However, 

we concentrated on measuring the correlation between the volume of the bladder and the 

volume of intestine that extends down to the bladder (using various volume definitions). 

These studies showed the importance of maintaining an invariant bladder volume during the 

treatment course. If the bladder volume is smaller during treatment than in the planning 

situation, there is certainly a good chance that the bladder CTV is adequately covered during 

treatment, but at the expense of irradiating a larger volume of intestine. As we are using 

contrast in the planning scan and treating patients after instructing them to empty their 

bladder, this finding is highly relevant. However, as improving local control is the major 

challenge in radiotherapy of bladder cancer, this justifies the use of sufficient, and therefore, 

wide treatment margins. But it should be taken into account when judging the risk of 

intestinal morbidity that the amount of intestine seen close above the bladder in the planning 

scan may not be representative for the actual situation during treatment.  

 

The findings of this study from bladder cancer patients’ point of view 

The work presented here was carried out with the aim of improving radiotherapy offered 

patients presenting with muscle invading bladder cancer. From the point of view of a bladder 

cancer patient that today receives radiotherapy, this work has two main findings. First, we 

have presented a dose conformation technique that at least theoretically has the potential of 

allowing dose escalation without increasing the morbidity risk. This hypothesis is now under 

investigation in a clinical study. Secondly, by obtaining image data from a recent series of 

our bladder cancer patients, we have determined more empirically the size of the treatment 

margins that must be placed around the bladder in conformal irradiation. For the patients 

that today are prescribed to radical radiotherapy, improvement of the treatment outcome 

depends mainly on improving the therapeutic window of radiotherapy. Dose conformation 

and thereby dose escalation as well as the determination of sufficiently wide (but not too 

wide) margins is among the methods that can bring about the improved treatment outcome 

that is really needed for these patients. Furthermore, for bladder cancer patients in the years 

to come, there is growing evidence that radiotherapy combined with chemotherapy after 

transurethral resection can be a safe, bladder-sparing and effective alternative to cystectomy 

[15, 17, 45-49, 146]. Since irradiation is the primary local therapy for patients managed with 

this conservative approach, these patients could also benefit from the work presented in this 

thesis. Hopefully, application of modern treatment techniques that make safe radiation dose 

escalation possible, in concert with the use of evidence-based, adequate treatment margins, 
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will contribute to improving the treatment outcome after radio-chemotherapy of bladder 

cancer [35, 146].  
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CONCLUSIONS 
 

This study was initiated to develop improved radiotherapy routines in the management of 

muscle invading urinary bladder cancer. In Paper I we showed that dynamic jaw collimation 

and intensity modulation could be applied to shape customised partially wedged beams 

designed for use in a four-field bladder irradiation set-up. Equivalent results from two 

independent dosimetry methods documented that these dynamic beams were delivered as 

prescribed. PWB calculations were implemented into our TPS and we found that these beams 

were calculated as accurately as standard beams. 

In the work on dosimetric verification we revealed dose rate related errors of the BMS-96 

system when it was applied for isodose determination of dynamic beams. However, if 

appropriate software corrections were implemented, we found that efficient and accurate 

beam verification of dynamic beams with the BMS-96 system were feasible.  

Next, we tested the theoretical potential of PWBs in bladder irradiation, and documented 

that PWBs could improve radiotherapy treatment for urinary bladder cancer patients. This 

conclusion was reached by retrospectively comparing a hypothetical treatment with lateral 

PWBs to the standard treatment originally prescribed for a set of 25 bladder patients. 

Treatment plans were scored and evaluated by both traditional dose-volume parameters and 

by the recently available dose response models. Clinically significant improvements that may 

allow for radiation dose escalation were documented.  

In Paper IV we presented a more detailed study of the performance of the published NTCP 

models and parameters in evaluation of bladder irradiation. We found that statistically 

different risk estimates were predicted from the two NTCP models and from varying 

published tolerance parameters. The variability between the published NTCP models/ 

parameters had a large impact on the recommended prescribed dose levels. With a given 

model and set of tolerance parameters, it was possible to choose between rival treatment 

plans. Yet there were large variations between models/parameters in the estimated benefit 

of the superior treatment.  

Finally, we studied the bladder, rectum and intestine motion as well as the patient set-up 

variation through a course of radical bladder irradiation. Large motion of the bladder was 

disclosed in spite of our policy of using bladder contrast in the planning scan and treating 

patients with empty bladder. Patient set-up variation dominated the total systematic 

uncertainties in the inferior, right and posterior directions. Our current treatment margins will 

be updated according to the findings of this study. Substantial variation in organ position of 

the intestine and rectum was also documented.  
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FUTURE WORK  
 

The work presented in this thesis documents the theoretical potential of PWBs in bladder 

irradiation. This is of limited clinical importance on its own. However, as a clinical study 

testing whether this theoretical potential also translates into improved clinical results is 

underway, the work presented here may prove to have important clinical consequences. In 

the forthcoming study we will include 32 patients with muscle invading bladder cancer 

referred to our radiotherapy clinic and escalate the target dose to 68 Gy using the PWB 

principle. Our hypothesis is that this dose escalation will be possible without exceeding 10% 

RTOG grade 3 late effects. Currently, the study has been approved by the Regional Research 

Ethics Committee (in June 2002) and is open to recruit patients.  

The need for more clinical data on normal tissue late effects after pelvic irradiation was 

demonstrated in Paper IV. Such studies are underway both in our clinic and elsewhere. With 

large amount of prospective follow-up data in hand it will be possible to develop models and 

derive parameters for these models that allows more accurate predictions of the individual 

patients risk for experiencing late effects.  

Initially, the data in Paper V has been used to update our treatment margins for bladder 

irradiation. Besides, the study demonstrated that there would be a potential for future 

reduction in treatment margins by a more accurate patient positioning. This challenge will be 

pursued as a part of the dose escalation study described above. As the bottom line for 

adequate treatment margins is to hit the target in each treatment fraction, we are also 

planning to investigate whether the group of patients in the Paper V study with largest 

geometrical variations have inferior treatment effect, i.e., a lower rate of local control.  

Large motion of both the bladder and the surrounding sensitive normal tissues was 

demonstrated in Paper V. Looking to the future, equipment that can be used to deposit the 

daily dose of irradiation with a minimal margin will be important for improving the outcome 

of radiotherapy for tumour sites with large anatomical or geometrical variation. The 

tomotherapy system that allows CTV imaging immediately before each high energy 

irradiation session without moving the patient are now becoming commercially available 

(Tomotherapy Inc, Middleton, US) [139]. The potential for such treatment strategies in 

conformal bladder irradiation was demonstrated in our work since the target volume 

resulting from volume expansion (from the static planning scan) were much larger than the 

volume enveloping around the span of all observed bladder positions.  

Additionally, in Paper V we touched upon a new radiotherapy topic, i.e., the use of margins 

when delineating organs at risk. The Planning Organ at Risk Volume concept was introduced 
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in the ICRU 62 report [80, 145], and is a volume that contain a specific organ and as well as 

a safety margin around it to account for its anatomical and geometrical variability, in analogy 

with the target volume definition. A few publications have focused on e.g. rectum mobility in 

prostate irradiation, but no clinical series to date have presented data on organ motion in 

terms of margins needed to encompass the variation of the rectum. We therefore included 

an initial investigation of rectum margins in Paper V, and presented margins that would 

cause the resulting extended volume to encompass all rectum variations (Figure 12).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 12: Continues on the following page 
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Figure 12 (continued): One of the patients included in the Paper V study with an extended rectum in 

the planning situation but with a smaller rectum in the six scans acquired during treatment. In this 

case, defining the rectum as the wall only would give a volume (and a DVH) that to a large degree 

would not contain any of the voxels where the rectum actually were located during treatment. 

 

At the onset we presumed that the walls would move more at the superior end of the 

rectum, and we therefore focused on this issue initially. In our data we observed that the 

average margin increased with increasing level, but this trend was not statistically significant. 

This means that it might be possible to delineate a margin around the rectum that has the 
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same size at the various levels for a given direction (left/right/anterior/posterior), i.e., it will 

be possible to use the 3-D margin tools available in most current TPSs. A more detailed 

study on rectum margins using the data material of Paper V is currently underway. However, 

the bottom line for this discussion is that organs at risk are outlined in treatment planning to 

get an estimate of the dose received in the organ and to use this to judge the patients risk 

for experiencing treatment induced complications. It still remains an open question whether 

inclusion of organ motion data improves the predictive power of present methods used for 

estimating risks for developing normal tissue late effects after (pelvic) irradiation. This should 

be a topic for future research. 

Hopefully, the present study will contribute to a better treatment for patients that today are 

prescribed radiotherapy for their muscle invading urinary bladder cancer. Along with the 

general trend in cancer therapy of introducing organ sparing treatment approaches, we hope 

to look ahead to a situation where both radiotherapy and chemotherapy are developed to a 

stage where a combination of these may replace cystectomy as the treatment of choice for 

muscle invading bladder cancer. As discussed in this thesis, radiotherapy planning and 

delivery is currently undergoing rapid development. Preliminary data showing increased 

effect of new cytotoxic drug combinations (taxanes, gemcitabine) has also been presented 

[36]. In this situation, there might be a potential for a further dose escalation beyond what 

we believe can be allowed with the PWB principle presented here. The basis for organ 

sparing bladder cancer treatment is to allow patients to preserve their native, functioning 

bladder. Consequently, we believe that a boost therapy will be the optimal way of increasing 

the radiation dose, giving today’s standard dose to the whole bladder, and directing an 

additional dose to the involved part of the bladder wall only. Such an approach therefore 

requires that one possess both a precise method for defining the volume that shall be 

boosted [147-149] and a method for shaping the two-level dose distributions to the defined 

volumes. The potential of MRI and IMRT in this setting is currently the topic of a new 

research project (Figure 13). The clinical MRI part of the project is carried out in co-

operation with the Dept. of Radiology, Dept. of Surgery and Dept. of Pathology, Haukeland 

University Hospital while the IMRT part will be studied in collaboration with the medical 

physics and oncology groups at Western General Hospital, Edinburgh, UK.   
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Figure 13: A magnetic resonance image of one of the bladder cancer patients included in the project 

where we investigate if dynamic contrast-enhanced MRI can provide accurate diagnostic information 

about the extent of the tumour growth and how IMRT can be used to direct an extra dose of radiation 

to the part of the bladder that has tumour involvement. The colour wash overlay of the axial MRI 

image shows areas that has similar contrast uptake as a function of time. The contrast uptake in 

anterior part of the bladder wall can clearly be differentiated from the remaining bladder wall. If this 

patient should have been treated with radiotherapy, we would suggest boosting (give an additional 

radiation dose to) the anterior bladder wall, and giving today’s standard dose to the remaining 

bladder.   
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To increase dose homogeneity within certain radiotherapy targets, we defined apartially wedged
radiation beam as a beam with wedge modification inonepart of the field only. Partially wedged
beams may be beneficial in cases with curved surfaces inside parts of the beam only, where they
may compensate for missing tissue and/or for variations in depth to the target region. Possible sites
suitable for partially wedged beams include urinary bladder and tangential breast irradiation. Cus-
tomized partially wedged beams were delivered applying dynamic collimation techniques. Two
different linear detector arrays, a semiconductor diode array and an ionization chamber array, were
used independently in the same standard water tank to verify that the partially wedged beams were
delivered according to the definition. Dose calculations of partial wedge fields were implemented in
our treatment planning system and compared with the measured dose distributions. We re-planned
a representative treatment plan for both advanced urinary bladder cancer and tangential breast
irradiation using partially wedged beams. For both patients the target dose homogeneity was im-
proved, and the doses to surrounding critical normal tissues were reduced. ©2000 American
Association of Physicists in Medicine.@S0094-2405~00!00503-4#

Key words: target dose in-homogeneity, partially wedged beams, dynamic collimation, dosimetric
verification, treatment planning implementation, clinical application
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I. INTRODUCTION

ICRU Report No. 501 recommends restriction of the min
mum and maximum dose in the radiotherapy planning ta
volume to be within25% and17% of the prescribed dose
Using standard open and wedged beams only, this ICRU
requirement may sometimes be difficult to fulfill, for in
stance, in the treatment of urinary bladder cancer, of
intact breast and of targets within the head and neck reg
~for instance brain, nasopharynx and tongue!.

Our standard technique for urinary bladder cancer i
four-field isocentric conformal technique, where the late
beams may be modified by a standard physical or Enhan
Dynamic Wedge~EDW, Varian Oncology Systems, Pa
Alto, CA! to account for variations in the anatomy of th
patient. A review of 19 of our recent urinary bladder car
noma treatment plans, revealed that only one of these p
strictly met the ICRU 50 requirement. In the treatment pla
most of the cross-sections through the tumor volume
played high dose areas in normal small intestine tissue
cated anterior of the bladder and in rectal tissues posterio
the bladder volume. The typical patient outline and anato
527 Med. Phys. 27 „3…, March 2000 0094-2405 Õ2000Õ27„
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indicated that application of lateral beams with a wedge
only the anterior part could increase the dose homogen
inside the bladder target volume and also reduce the dos
surrounding intestinal tissues.

Tangential irradiation of the intact breast is given as t
almost opposed wedged beams. Due to the shape of
breast, three hot-spot volumes are generally found in the c
tral cross-sections: One close to the nipple of the breast,
in both the lateral and medial parts of the breast close to
chest wall and the lung. The major critical tissue in irrad
tion of the left breast is the left anterior descending artery
the heart,2 and this tissue is found close to one of the hig
dose volumes. Tangential beams with wedge modification
only the anterior part of the fields could have the potentia
improving the treatment by both reducing these hot-spot
the central parts of the target, and to shape the high d
isodose lines closer to the curved chest wall.

Motivated by these clinical considerations, we defined
partially wedged radiation beam as a beam composed of
open part and one wedged part, where the ‘‘thin edge’’ of
beam was at an intermediate point inside the beam~Fig. 1!.
These beams may be applied to increase dose homoge
5273…Õ527Õ8Õ$17.00 © 2000 Am. Assoc. Phys. Med.
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within some radiotherapy targets where curved surfaces
pear inside parts of the beam only, or to compensate
variations in depth to the target region. In such cases,
tially wedged beams may shape the isodoses more close
the target volume, and use of cumbersome physical o
dimensional ~1-D! beam compensating filters can b
avoided.

In this paper we present different aspects of the parti
wedged beams, such as the design, delivery, documenta
treatment planning implementation and clinical applicatio
As test sites for partially wedged beams, we selected ra
therapy for urinary bladder cancer and of the intact brea

II. MATERIALS AND METHODS

A. Design and delivery of partially wedged beams

Beam shaping by computer-controlled collimator a
dose rate modulation has been well described in

FIG. 1. Sketch of the definition and delivery of a partially wedged beam. T
upper part illustrates the one-sweep delivery of a partially wedged b
shaped by the Y1 jaw movement from its start position~dashed line! to its
final positionw ~solid line!. The Y2 collimator remains stationary durin
beam delivery. A resulting isodose curve of a partially wedged beam is
outlined. The lower part of the figure demonstrates the modification of
fluency profile from a standard dynamic wedge field~dotted line! to a par-
tially wedge field~solid line!.
Medical Physics, Vol. 27, No. 3, March 2000
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literature,3,4 and the use of dynamic wedges in particular h
been implemented extensively into clinical practice.5–13 The
presented partially wedged dynamic beam represents a
finement of this concept, and was implemented using
same technology.

The partially wedged beams were delivered in one sin
exposure using a Varian research software@Dynamic Beam
Delivery ~DBD! Toolbox Engineering Reference Manua
Varian Oncology Systems, 1996, Palo Alto, CA#. This soft-
ware enabled computer-controlled modulation of the d
rate and collimator positions during irradiation, according
our prescribed fluency versus collimator position profile. A
ter entering the required number of monitor units, beam
livery commenced with irradiation of a given fraction of th
dose as an open beam~Fig. 1!. Then one of the Y-collimators
moved under computer control during irradiation towards
intermediate point,w, where irradiation was completed. Th
value of w could be specified arbitrarily by the user. Th
‘‘close-in’’ technique14,15 modified the radiation fluency an
produced a dose gradient across one part of the field on

Based on the dynamic wedge principles from Varian,
in-air fluency profile at 100 cm distance from the source
an ordinary 60° wedged field was calculated by incorpor
ing beam attenuation and inverse square law only. Secon
effects ~scatter! were neglected in this model. The fluenc
profile for a field with an arbitrary wedge angle~between 0°
and 60°! was obtained from open and 60° beam fluency p
files applying the ratio of tangents model of Petti a
Siddon.3,16 The fluency profile for apartially wedged beam
was obtained by setting the fluency values for all collima
positions larger thanw equal to the fluency value atw ~Fig.
1!. In this way, thew parameter indicates where the open a
wedged parts of the beam meet. The final step in the de
of a partially wedged beam was to truncate the profile to
specified field size and finally to normalize the fluency at
specificw-value to 1. After storing these numerical entries
a text file, a conversion program provided by the accelera
manufacturer checked and converted this file into an exe
able file.

The DBD Toolbox was installed as an additional serv
mode option in our 2300C/D Varian linear accelera
~Varian Oncology Systems!. During execution of the fluency
prescription file in the DBD Toolbox application, standa
interlock systems of the linear accelerator monitored t
actual fluency and collimator positions agreed with the spe
fications.

B. Measurement and verification of partially wedged
beams

Several authors have reported the application of lin
detector arrays and verification films for efficient dose do
mentation of standard dynamic wedges.5–13 For quality as-
surance, two linear radiation detector arrays were there
applied independently to verify isodose distributions of t
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partially wedged beams. Verification films were not used
cause of the inherent calibration problems related to fi
dosimetry.7,11

Isodoses were determined from measurements of b
profiles and depth dose distributions. Beam data was m
sured in a standard water tank~Wellhöfer Dosimetrie, Nu¨rn-
berg, Germany! in a 2-D matrix with 5 mm spacing in both
the depth- and off-axis direction for each field through
peated beam exposures. Profiles were recorded at the d
of 0.5 cm to 20 cm in each field. The off-axis measureme
were always in the same direction as the wedge dose g
ent. We developed a method based upon beam profiles
corded with the waterproof BMS-96 linear semiconduc
diode array17 ~Schuster Medizinische Systeme Gmb
Forchheim, Germany!, and this method was applied on a
constructed partially wedged beams. For comparison,
Wellhöfer WP700 system with the CA24 linear ionizatio
chamber-array~Wellhöfer Dosimetrie! was employed to ob-
tain isodoses for three partially wedged 15 MV beams.

1. The BMS-96 linear diode array based method

In this method, we adapted the waterproof BMS-96 dio
array to beam profile measurements inside the Wellho¨fer wa-
ter tank.17 Central axis depth dose distributions were me
sured by IC10 ionization chambers~Wellhöfer Dosimetrie!,
and this depth dose information was used to re-scale
beam profiles to constrain the central axis signal to the c
rect depth dose curve. Prior to each measurement sessio
diodes were calibrated at the center of a large open b
using motorized movement of the array. Isodoses for p
tially wedged beams were calculated from the resulting d
sets by linear interpolation.

2. The CA24 linear ionization chamber array

Application of the CA24 ionization chamber array fo
EDW beam dosimetry has been described previously,8,9 and
we recorded beam data for partially wedged beams follow
these methods.

The Wellhöfer software permitted isodoses to be stored
binary format only. An in-house conversion of the bina
data into a readable format was necessary to enable a
parison with the BMS-96 based method.

Special attention was required to find the effective po
of measurement for the IC10 ionization chambers fr
which the array is fabricated. During measurements~with a
0° gantry angle! the central electrode in the chambe
pointed vertically upwards,parallel with the beam centra
axis. To calibrate the chamber’s effective point of measu
ment, we measured open beam depth dose distributions
ploying a single IC10 chamber in both horizontal and ve
cal orientation.

C. Treatment planning implementation and
verification of partially wedged beams

Calculations of standard Varian EDW fields in our tre
ment planning system~TPS!, the Helax-TMS~Helax-TMS,
AB Helax, Uppsala, Sweden!, are based on Varians Golde
Medical Physics, Vol. 27, No. 3, March 2000
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Segmented Treatment Table~STT!18,19 while the TPS calcu-
lates Varian Dynamic Wedge~DW! dose distributions from
discrete STT files. Beam delivery on the Varian Clinac
based on the same STTs. For technical reasons we im
mented the partially wedged beams using separate STT fi
analogously to the DW. We designed a special routine t
produced the STT files for the combinations of wed
angles, wedge starting pointsw, and for each field size~in
increments of 4 mm!; a total of 777 STT files per photon
beam quality. The STT files were transferred to the Hel
TMS database, and a special TMS routine was applied
store and enable these STT files for treatment planning
culations. In addition, similar to the dynamic wedge, the p
tially wedged beams were restricted to symmetric field si
in the direction of the moving jaws. The partially wedge
beams were implemented in our TPS as a special we
option on both a high-energy and low-energy Varian acc
erator.

To calculate the dose distribution of a partially wedg
beams, the treatment planner specified the wedge angle
starting point for the wedged part of the beam, in addition
standard field parameters as photon energy, field size
MLC shape. We restricted thew parameter to the discret
values23 cm, 0 cm and 3 cm, and we implemented t
partially wedged beams with seven different wedge ang
similar to the nominal wedge angles of the standard Var
EDW ~10°, 15°, 20°, 25°, 30°, 45° and 60°!.

As a quality control of the TPS implementation, we com
pared Helax-TMS dose calculations with our experimen
data: Isodoses from Helax-TMS were exported to a stand
file format and overlaid the experimental isodoses. For a
ther control of our methods, we also implemented the Var
EDW using the same routines, i.e., with separate STTs.
resulting dose distributions were compared with the dose
tributions calculated from the EDW Golden STT.

D. Application of partially wedged beams in treatment
plans

To demonstrate the potential of the partially wedg
beams, we selected one representative treatment plan for
different tumor sites: a T4 urinary bladder cancer and a T1

left-sided breast carcinoma receiving tangential irradiat
after breast-conserving surgery. The urinary bladder tre
ment plan with the standard EDW in the lateral beam por
was re-planned using partial wedges. For the breast ca
patient we modified the treatment plan by application of p
tially wedged beams with the wedge portion in the vent
part of both beams.

Both patients were planned based on multi-slice CT tra
versal series~22 slices for the bladder case, 26 slices for t
breast case, both series with a 1 cmslice-to-slice distance!.
For both patients we applied the originally delineated tar
volume, and assessed changes in the target dose homo
ity by comparing the dose standard deviation throughout
target volume. All relevant organs at risk for each patie
were systematically outlined in all slices to obtain dos
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FIG. 2. Isodose distribution for a 16316 cm2 15 MV partially wedged radiation beam with wedge modification in half of the beam, i.e.,w50 cm. The wedged
part corresponds to a 45° nominal wedge angle. Isodose curves are displayed in 10 percent increments, with 100% normalized to 10 cm depth a
axis. Solid lines: CA24 ionization chamber array measurements. Dotted lines: BMS-96 diode array measurements. Dashed lines: Helax TMS
planning system calculations. The measured depths and off-axis points are given in Sec. II.
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volume histograms for surrounding normal tissues. Ma
mum doses to all organs at risk were specified as the d
level where a 2 cm3 volume of the organ received a dos
beyond this level.

III. RESULTS

A. Beam delivery and experimental verification

Nine partially wedged beams were measured for bot
and 15 MV photon beam qualities. All beams had a field s
of 16316 cm2, and nominal wedge angles of 15°, 30° a
45° according to the IEC definition20 were chosen forw
523, 0 and 3 cm. A SSD of 100 cm was used.

Good correspondence between the two measurem
methods was demonstrated: In the penumbra region a la
deviation of typically 1–2 mm, at most 4 mm in sing
points, was observed. Outside the penumbra and build
area, typically less than 1% dose deviations~relative to the
maximum dose level! were seen. A maximum deviation o
2% was found in the region of maximum dose. Isodose d
tributions for one partially wedged beam~with 45° wedge
angle, and withw50 cm) measured with the two method
described in the previous section, are compared in Fig. 2
Medical Physics, Vol. 27, No. 3, March 2000
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Our measurements confirmed that thew parameter sepa
rated the wedge part and open part of the beam, and
partially wedged beams were delivered as prescribed by
proposed dynamic collimation beam shaping technique.

B. Treatment planning implementation and
verification

We compared Helax-TMS treatment planning calcu
tions with experimental data for a number of partia
wedged beams, with beam characteristics given in Sec. II
and good agreement was generally found. For the CA24
observed deviations in the calculations of typically 1–1.5
at most 3%, in the central beam area. In the buildup a
penumbra area we found discrepancies from the CA24 d
in single points of up to 5 mm and 7 mm, respectively. T
TMS calculations differed less from the BMS-96 measu
ments in the central beam area, typically 0.5–1%, at m
3%, and more in the penumbra region where a maxim
lateral deviation of 9 mm was observed. The calculated i
dose distribution for one partially wedged beam is compa
to the experimental data in Fig. 2.

We also tested the quality of our implementation routin
by comparing dose distributions of EDW beams calcula
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FIG. 3. Abdominal CT cross-section near the tumor center of a urinary bladder carcinoma patient, irradiated with~a! standard EDW beams and~b! partially
wedged beams in the lateral beam portals. Isodose contours~10%, 50%, 70%, 80%, 90%, 95%, 100%, 105% and 110%! and outlines of the target volume
small intestine and rectum are superimposed onto the CT-images.
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in Helax-TMS from the standard Golden STT file and fro
discrete STT files. The resulting dose distributions w
found to be identical for the 6 MV photon beam quality. F
the 15 MV beam the agreement was also very good, ex
in the high-dose region under the thin edge of the we
where deviations up to 2% in dose were observed in a
single points.
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C. Application in treatment plans

A reduction in the relative standard deviation of the targ
dose from 3.1% to 2.1% was achieved by the application
partially wedged beams for the T4 bladder target volume
~Fig. 3!. In addition, in the original treatment plan a sma
intestine volume of 70 cm3 received a dose higher than th
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FIG. 4. CT cross-section through a breast irradiated tangentially with two~a! standard wedge beams and~b! partially wedged beams. Isodose contours~10%,
50%, 70%, 80%, 90%, 95%, 100% and 105%! and outlines of the target volume, left lung and heart are superimposed onto the CT-images.
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100% dose level, while this was reduced to 49 cm3 when
partially wedged beams were applied. A rectum volume
14 cm3 were also irradiated to more than 100% dose in
original treatment plan while only 1 cm3 of rectum volume
would have been irradiated to this dose level if partia
wedged beams had been used.

The breast target volume was also irradiated more ho
geneously with partially wedged beams~Fig. 4!: The relative
Medical Physics, Vol. 27, No. 3, March 2000
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standard deviation of the target volume dose was redu
from 4.0% to 3.3%, and the minimum relative target do
was elevated from 70% to 79%. The application of partia
wedged beams reduced the maximum dose in the heart
99% to 94%, and reduced the relative mean heart dose f
9% to 8%. The maximum dose to the left lung was a
reduced, but the volume receiving more than 50% dose~25
Gy! was unchanged.
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IV. DISCUSSION

The measured data displayed in Fig. 2 document that
were able to shape partially wedged beams according to
scription using dynamic jaw and dose rate modulation. F
thermore, both dosimetry methods can be used for qua
assurance of dynamic beams. However, for isodose mea
ments, the CA24 array and software provides time sav
automatic data collecting and processing.

The agreement between TPS calculations and our exp
mental data~Fig. 2! confirmed that Helax-TMS calculate
partial wedge fields properly, without any extra input
measured data. The deviations between calculations
measurements are of the same magnitude as we have
rienced with standard open and wedged beams. Our a
tional tests also confirmed that the chosen calcula
method based on discrete STTs did not affect the dose
culations.

The low dose rates required for delivery of some intens
modulated beams in general raises a radiobiological q
tion. For our partially wedged beams, the dose rate at
calibration point was as low as 0.4–0.5 Gy/min over a per
of a few seconds. At this reduced accelerator output the d
rate effect in tissue may become significant.21–23 However,
the total time spent to deliver the daily~2 Gy! fraction by
several beam portals is probably a more clinically relev
factor.

In Varian accelerators, the direction of motion of th
Y-collimators during EDW beam delivery is perpendicular
the axis for multileaf collimator movement. In some clinic
cases, beam shaping with static multileaf collimators and
namic jaws moving along the multileaf axis may be requir
This cannot be produced with the standard EDW and m
therefore limit the applicability of the EDW option, or ne
cessitate the use of cerrobend blocking. However, the
sented DBD Toolbox does not exhibit these inherent lim
tions since it permits arbitrary movement of any collima
jaw independently of the selected multileaf configuration

The application of partially wedged beams in treatm
plans of the two patients illustrated the merits of the partia
wedge beam concept. For these patients the target dos
mogeneity was increased by application of partially wedg
beams as compared to the standard treatment techniqu
the same time, the dose burden to critical normal tissues
reduced. The partially wedged beams thus permit easy s
ing of radiation beams to individual patients without a
need for inverse planning tools, and enable simple cust
ized intensity modulated radiotherapy to be performed.

V. CONCLUSIONS

We have applied dynamic jaw collimation and intens
modulation to shape customized partially wedged bea
Equivalent results from two independent dosimetry meth
documented that these dynamic beams were delivered as
scribed. We implemented partially wedged beam calcu
tions into our TPS and found that these beams were ca
lated as accurately as standard open and wedged beam
Medical Physics, Vol. 27, No. 3, March 2000
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replanned a representative treatment plan for urinary blad
and the breast using partially wedged beams. For both
tients the target dose homogeneity was improved at the s
time as the doses to surrounding critical normal tissues w
reduced.
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Abstract—We report the application of the Schuster BMS-96 waterproof linear diode array for isodose
determination of dynamic beams. The array recorded beam profiles correctly, while depth dose distributions of
dynamic beams with large variations in dose rate were registered erroneously. The deviations could be eliminated
by appropriate software modifications. Until the software is revised, true isodoses can be obtained by rescaling
each individual profile to the depth dose curve as measured with a single ionization chamber. After the
corrections presented in the paper, isodoses interpolated from these corrected data sets agreed with ionization
chamber measurements within 1–2%. © 2000 American Association of Medical Dosimetrists.

Key Words: Semiconductor diode detector array, Isodose verification, Dynamic beams, Dose rate modulation.

INTRODUCTION

During intensity-modulated radiation, both accelerator
output (dose rate) and collimator positions may change.
Consequently, dose must be integrated during the entire
beam delivery. Several authors have reported the appli-
cation of verification films and linear detector arrays
for measurements of dose distributions of dynamic
beams.1–8 The Schuster BMS-96 linear semiconductor
diode array (Schuster Medizinische Systeme GmbH,
Forchheim, Germany) offers a small diode-to-diode dis-
tance and a small detection volume, and should therefore
enable efficient documentation of dose distributions. We
report the first application of Schuster’s waterproof
BMS-96 array in a water phantom for determination of
dynamic beam isodose distributions, and we present
modifications required to obtain true isodoses from mea-
surements with this system.

PHYSICAL CHARACTERISTICS OF
THE ARRAY

The BMS-96 system was designed for quality con-
trol dosimetry of beam profiles in both real-time and
integration mode.9 The 88 diodes in the waterproof
BMS-96 array were fabricated into an epoxy phantom at
1-mm depth and positioned with a diode-to-diode dis-
tance of 5 mm. Each diode had a detector area of 2.53
2.5 mm2 and was constructed of an n-type base doped by
p-type material. The signals from the diode array and a

reference diode were recorded and amplified by a con-
troller system and transferred to the BMS-96 computer.

BEAM DATA ACQUISITION

Prior to every beam profile measurement session, all
diodes were calibrated at the center of an open beam to
compensate for any difference in sensitivity. We attached
the waterproof BMS-96 array on top of the array made
for use in air, and applied the standard calibration pro-
cedure, according to the manual.9

For determination of isodoses in water, we made a
plastic adapter and mounted the waterproof array inside
a Wellhöfer water tank (Wellho¨fer Dosimetrie, Nu¨rn-
berg, Germany) (Fig. 1). Beam profiles were recorded in
the BMS-96 continuous integration mode, while Well-
höfer software was applied only to position and move the
array inside the water phantom. Thermal and electric
background corrections were performed prior to detec-
tion of every profile. In each measured field, 40 profiles
were recorded at different depths with 5-mm increments,
starting at 5-mm depth. A reference diode detector was
always positioned inside the open part of the beam. For
dynamic beams, it was placed close to the static colli-
mator. For the determination of isodose distributions, we
applied the available data export functionality, and stored
each beam profile in separate ASCII files.

The performance of the BMS-96 system for deter-
mination of dynamic beam profiles was verified using
enhanced dynamic wedge beams (EDW, Varian Oncol-
ogy Systems, Palo Alto, CA). Independent measure-
ments with the BMS-96 array and a single ionization
chamber (IC10, Wellho¨fer Dosimetrie) agreed within 2%

Reprint requests to: Ludvig Paul Muren, Department of Radio-
physics, Haukeland University Hospital, N-5021 Bergen, Norway.
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in dose in the central part of the beam (Fig. 2), in
accordance with other reports on diode detector ar-
rays.1,2,4,8

However, when analyzing the ASCII profile data,
we observed that the profiles measured at different
depths were not correctly scaled relative to each other
along the central axis (Fig. 3). The depth dose distribu-
tions for dynamic beams and open beams have been

reported to agree within 1–2%,2,3,7,10 as we also con-
firmed by measurements using a single ionization cham-
ber (IC10) (data not shown). Further investigations of the
BMS-96 system were carried out, paying particular at-
tention to dose rate modulation in dynamic beam deliv-
ery, and are presented in the following section.

ADAPTING THE BMS-96 TO DYNAMIC
BEAM DOSIMETRY

Both intensity (dose rate) and collimator modula-
tion are applied to shape the dose distribution of a
dynamic beam. These variations of accelerator output
and collimator positions as a function of time is calcu-
lated from the segmented treatment table (STT; Varian
Oncology Systems) of the beam, optimizing delivery
time with dose rate and collimator speed constraints.
Figure 4 displays theoretical calculations of dose rate/
output variations in an open beam, a 10° EDW beam, and
a 60° EDW beam, all with a field size of 203 20 cm2

and a total of 100 MU per beam. The 2 chosen EDW
beams (with the shallowest and steepest profile gradient)
were selected because they represented the upper and
lower limit, respectively, in dose rate variation. The
distributions were calculated using steps of 1 cm in
collimator position.

Fig. 1. The waterproof BMS-96 diode array mounted inside the
Wellhöfer water phantom.

Fig. 2. Comparison of 15-MV 60° EDW beam profiles mea-
sured at the depth of maximum dose (3.0 cm) with the water-
proof BMS-96 array and a single IC10 chamber. A field size of
153 15 cm2 and a source-surface distance of 100 cm was used.

Fig. 3. Illustration of the reported problem for the BMS-96
array when applied to dynamic beams, showing the signal from
the central diode in each profile as a function of depth, for 3
dynamic wedge beams with wedge angles of 15°, 30°, and 45°.
The depth dose distribution for an open beam with the same
field size as measured with the IC10 ionization chamber is
shown with a solid line. The deviations increase with decreas-
ing dynamic wedge angle. Photon beam quality is 15 MV, field
size is 163 16 cm2, and the source-surface distance equals 100
cm. The recorded signals were normalized to 100% at the depth
of 10 cm along central axis. The measurements are performed

with software version 1.95.0F.
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Software versions designed for air measurements
The measurements presented in Figs. 2 and 3 were

performed with the software version 1.95.0F, which was
designed for individual measurements of profiles in air
only. Running this software in the continuous integration
mode, the controller unit sequentially read the signals
from a subset of 8 diodes until a complete profile was
sampled. This procedure was repeated a total ofn times,
each time adding up the sampled signals, giving the total
integrated signal,S. In the BMS-96 software, only inte-
ger type variables (having a value less than 65,535) may
be used as the basis for further data handling and storing.
This integer parameter,A, which is also used for export
to the ASCII files, was calculated for each diode as

A 5
S

n
z d (1)

whered is a total scaling factor resulting from repeated
rescaling of the profile on the display during integration.

Obtaining correct depth doses from the BMS-96
requires a constantd/n quotient with depth, becauseS is
the total accumulated diode signal, and is proportional to
dose. We created a test version of the software where the
values ofA, n, andS were displayed in real-time during
integration (the value ofd was not easily accessible).
From measurements in solid water (Go¨ttingen Water 3 -
RW3, PTW-Freiburg, Freiburg, Germany) we discov-
ered thatn decreased with depth in EDW beams for a 10°
wedge angle, whereas it remained almost constant with
depth in open beams and in EDW beams for a wedge
angle of 60° (Fig. 5a). Analyzing the BMS-96 software
code, it was found that during profile sampling onlyS
was increased, whilen remained constant, if the accel-
erator output was below a defined detection threshold of
the array. In a low-angle EDW beam, the radiation in-
tensity was reduced to a level beneath this noise thresh-
old during a period of a few seconds (Fig. 4). The length

of this period increased with depth, causing the reduction
in sampling ofn and the reported erroneous depth dose
curves.

The depth dependency ofn was removed by imple-
mentation of a lower noise threshold, as confirmed by
new measurements in solid water (Go¨ttingen Water 3)
(Fig. 5b). However, the variation with depth ofA in the
EDW beams was not in complete agreement with the
variation in a corresponding open beam (data not
shown). The residual errors were this time largest for the
60° EDW beam. We explain this by a small depth de-
pendency ofd, which should have largest impact in a
beam with a large profile gradient where the rescaling
during display was more frequent.

Software versions designed for water phantom measure-
ments

The BMS-96 software was modified when the
system was upgraded to water phantom measurements

Fig. 4. Theoretical calculations of beam output variations in a
Varian Clinac for an open beam, a 10° EDW beam and a 60°
EDW beam, all with a field size of 203 20 cm2, a (ceiling)
dose rate of 400 MU/min, and a total of 100 MU delivered. The
distributions for the EDW beams are calculated using intervals
of 1 cm in the collimator position, and a maximum collimator

speed of 1 cm/s.

Fig. 5. The number of accepted profiles,n, as a function of
depth in an open beam, a 10° EDW beam and a 60° EDW
beam, all with a field size of 203 20 cm2, a (ceiling) dose rate
of 400 MU/min, and a total of 100 MU delivered. In (a) the
measurements are performed with the software version 1.96.1F,

and in (b) with the test version of this software version.
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(software versions 2.0 and higher). We tested if these
modifications also improved the performance of the
BMS-96 for dynamic beams. One important new fea-
ture was that the profile integration was performed
within the system controller (BIOS), and after 15
complete profile samples, the integrated signals were
transferred to the PC. Another modification was the
improvement of the graphics routine to not longer
require rescaling of the profile data.

Additionally, in this software version, the noise
threshold level was reduced considerably from its
previous value. New measurements in solid water
(Göttingen Water 3) (data not shown) confirmed that
the n parameter remained constant with depth. Equa-
tion (1) explains why these modifications improved
the performance of the system substantially. However,
due to the registration of 15 profiles in the BIOS
before data transfer to the PC, the absolute value of the
denominator in Eq. (1) was reduced (by a factor of
1/15), being approximately equal to 3 times the
beam-on time in seconds. This leaves a non-negligible
source of possible stochastic errors that may only be
reduced by increasing the beam-on time and hence the
total time spent for measurements. A simple error
analysis shows that more than 33 seconds of beam-on
time would be required to keep this error within 1%.

FUTURE SOFTWARE IMPROVEMENTS

A true integration of a dynamic beam profile re-
quires that all sampled signals from each diode should be
added numerically during the entire beam delivery. After
introducing software test versions, displaying the total
integrated signal to the central diode during integration,
we confirmed that theSvs. depth curves were similar for
open beams and EDW beams (Fig. 6). In future software
releases, this parameter will be used directly for data

handling and storing, avoiding the impacts of depth
dependency ofn andd.

ISODOSE CALCULATIONS FROM
BEAM PROFILES

A special algorithm was developed to put the profile
data originally stored in separate ASCII files into 1 single
file. Because of the problems described above, individual
rescaling of all profiles were required for dynamic beams
only. In this procedure, the central diode signal of each
profile was matched to the depth dose distribution of an
equivalent open beam measured with a single ionization
chamber (IC10). Finally, we employed a customized
spreadsheet procedure that extracted and displayed iso-
doses applying linear interpolation between the point
doses.

RESULTS AND DISCUSSION

The interpolation procedure was tested relative to
standard beams and standard dosimetry methods. Iso-
doses of physically wedged beams obtained with the
BMS-96 array were compared with isodoses traced with
a single ion chamber (IC10); deviations were within 1%
in the central beam region (data not shown). After rescal-
ing, isodoses for dynamic beams11 determined by the
BMS-96 and the CA24 ionization chamber array (Well-
höfer Dosimetrie) agreed also to within 1% to 2% in the
central beam region (Fig. 7).

Due to the 5-mm diode-to-diode spacing in the
BMS-96 array, only 1 beam exposure was required to
record an intensity-modulated beam profile with ade-
quate spatial resolution. To achieve the same spatial

Fig. 6. The total integrated signal,S, from the central diode as
a function of depth when measured with the test version of the
software designed for air measurements. Similar results were
found with the test version of the software designed for water

phantom measurements.

Fig. 7. Isodoses for a 15-MV dynamically wedged radiation
beam measured with the BMS-96 diode array (dashed lines)
and with the CA24 chamber array (solid lines). The wedge
angle is 45° and the field size is 163 16 cm2. The wedged part
covers only 1 part of the beam (from Y5 28 cm to Y5 3 cm).
Depth dose corrections were required for the BMS-96 data.
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resolution with the CA24 ionization chamber array (Fig.
7), a 4-fold increase in the number of beam exposures
was necessary. However, the presented method required
a lot of time-consuming work: manual storing of every
recorded profile, collection of profile data into 1 single
file, rescaling of the dynamic beam profiles to obtain true
depth dose characteristics, and design of an interpolation
and plotting procedure. These procedures are now im-
plemented in the BMS-96 software, making the BMS-96
array an easy and useful tool for documentation of dose
distributions of dynamic beams.

CONCLUSIONS

We have reported dose rate related errors when the
BMS-96 array was applied for isodose determination of
dynamic beams. However, if they are taken into consid-
eration, either by rescaling of the profiles, or preferably
by applying the modified software, we found that effi-
cient and accurate beam verification of both static and
dynamic beams is feasible.
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Abstract

Background and purpose: Partially wedged beams (PWBs) having wedge in one part of the ®eld only, can be shaped using dynamic jaw

intensity modulation. The possible clinical bene®t of PWBs was tested in treatment plans for muscle-in®ltrating bladder cancer.

Material and methods: Three-dimensional treatment plans for 25 bladder cancer patients were analyzed. The originally prescribed

standard conformal four-®eld box technique, which includes the use of lateral ordinary wedge beams, was compared to a modi®ed conformal

treatment using customized lateral PWBs. In these modi®ed treatment plans, only the anterior parts of the two lateral beams had a wedge. To

analyze the potential clinical bene®t of treatment with PWBs, treatment plans were scored and compared using both physical parameters and

biological dose response models. One tumour control probability model and two normal tissue complication probability (NTCP) models

were applied. Different parameters for normal tissue radiation tolerance presented in the literature were used.

Results: By PWBs the dose homogeneity throughout the target volume was improved for all patients, reducing the average relative

standard deviation of the target dose distribution from 2.3 to 1.8%. A consistent reduction in the maximum doses to surrounding normal

tissue volumes was also found. The most notable improvement was demonstrated in the rectum where the volume receiving more than the

prescribed tumour dose was halved. Treatment with PWBs would permit a target dose escalation of 2±6 Gy in several of the patients

analyzed, without increasing the overall risk for complications. The number of patients suitable for dose escalation ranged from 3 to 15,

depending on whether support from all or only one of the ®ve applied NTCP model/parameter combinations were required in each case to

recommend dose escalation.

Conclusion: PWBs represent a simple dose conformation tool that may allow radiation dose escalation in the treatment of muscle-

in®ltrating urinary bladder tumours. q 2001 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Urinary bladder cancer; Partially wedged radiation beams; Target dose in-homogeneity; Tumour control probability; Normal tissue complication

probability

1. Introduction

Conformal radiotherapy procedures aim at a high local

tumour control probability (TCP) whilst keeping the normal

tissue complication probability (NTCP) in any organ at risk

as low as possible. Assuming uniform clonogenic cell

density throughout the tumour volume, this goal translates

into irradiating the tumour with a high and uniform dose in

its three-dimensional volume and simultaneously keeping

the dose as low as possible in any organ at risk

[6,14,35,46,47]. ICRU report no. 50 [17] therefore recom-

mends restriction of the minimum and maximum dose in the

planning target volume to within 25% and 17% of the

prescribed dose. A pilot study of 19 of our recent treatment

plans for urinary bladder cancer, revealed that only one of

these plans strictly met the ICRU 50 requirement [31].

Volumes of high dose were found both anteriorly and

posteriorly of the tumour centre, both inside the target

volume close to the skin, and in nearby small intestine

and rectum. Bladder cancer patients are subject to poten-

tially severe radiation-induced small intestinal side effects

[12,16,37,38,40,43], which in some cases may even be fatal

[12,37,38,40]. For advanced tumours of the bladder, parts of

the rectum are also often close to or included in the target

volume, causing a risk of rectal complications. Furthermore,

several authors have reported high local failure rates after

radical radiotherapy of urinary bladder cancer, resulting in

low survival ®gures [15,16,36,37,40]. Still, increased radia-
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tion doses have been reported to improve both long-term

local tumour control [2,30,36,42] and survival [36,42].

There is therefore a potential for improved conformal radio-

therapy techniques for this group of patients, to reduce

normal tissue morbidity and/or to improve local tumour

control and thereby the chance for survival.

In a recent paper we demonstrated the ability to plan and

deliver radiotherapy treatment with photon beams having a

wedge in one part of the beam only, denoted as a `partially

wedged beam' (PWB) [31]. The PWBs were delivered using

dynamic jaw intensity modulation, and the technique was

implemented in our treatment planning system.

In this paper we report the potential bene®t of application

of PWBs for irradiation of muscle-in®ltrating urinary blad-

der cancer. We compare our standard treatment, a four-®eld

box technique with lateral standard wedge beams, to a rival

treatment plan where lateral PWBs were applied (Fig. 1).

The PWBs were designed both to increase the dose homo-

geneity inside the target volume and to shape the dose distri-

bution more tightly to the bladder cancer target volume.

Rival treatment plans have traditionally been scored

numerically and compared using physical concepts like

dose and volume only. Clinical considerations came into

play via the experienced clinicians' judgements of both

the dose required for local tumour control and dose-volume

constraints for critical normal tissues. With the advent of 3D

treatment planning, and as a consequence of the develop-

ment of inverse planning techniques, mathematical models

of the response to inhomogeneous radiation for both

tumours and normal tissues have been presented, and

applied for optimization and evaluation of treatment plans

[21,22,27,33,34]. These models have been tested in a clin-

ical setting only by a few institutions, and in many investi-

gations applied only on a small number of patients [7,32]. In

this work we have tested some of the recent biological dose

response models using the model parameters presented in

the literature. The models were applied as a tool for evalu-

ating the potential bene®t of treatment with PWBs, supple-

menting and extending the well-founded, traditional

physical concepts.

2. Materials and methods

2.1. Selection of patients/treatment plans

In this study we analysed retrospectively treatment plans

for 25 urinary bladder cancer patients planned with our 3D

treatment planning system, the Helax-TMS v. 4.1A (MDS

Nordion AB, Uppsala, Sweden). Only patients referred for

radical radiotherapy and treated according to our standard

four-®eld conformal treatment technique were included.

The patients were treated at Haukeland Hospital from

September 1997 and until August 1999, and were prescribed

to a dose of 60±64 Gy in fractions of 2 Gy (except one hypo-

fractionated case with 56.5 Gy given in 24 fractions). Mean

and median age of patients at the start of treatment was 75

and 76 years, respectively. All patients had muscle-in®ltrat-

ing tumours (T2±T4), as is generally the case for patients

referred for radical radiotherapy [42].

In order to isolate the effect of the PWBs from other

differences in beam characteristics, only patients treated

on our Varian accelerators (Varian Oncology Systems,

Palo Alto, Ca) with symmetrical lateral beams in the origi-

nal treatment plan were included.

2.2. The originally prescribed standard radiotherapy

treatment technique

The standard four-®eld conformal set-up originally

prescribed to the included patients consisted of open ante-

rior and posterior beams and two lateral (right and left)

wedge beams where standard Enhanced Dynamic Wedges

(Varian Oncology Systems) were applied. All radiation

beams were individually shaped to ®t the target volume

using blocks or multileaf collimators. Most of the patients

were treated with 6 MV photon beam quality. The radiation

oncologist delineated the outer bladder wall in each CT

slice, and de®ned the internal target volume (ITV) [1,18]

by adding a margin of 1.5±2 cm around the outer bladder

contour to account for both microscopic tumour spread and

anatomic variability. The treatment plans were manually

optimized by dedicated treatment planners with 10±15

years of experience in radiotherapy planning, aiming for

target volume coverage according to the ICRU 50 guide-

lines (95±107% dose variation), and keeping the dose to the

rectum outside the ITV as low as possible (preferably less

than 60% of the prescribed dose). The radiation oncologist

approved the ®nal treatment plans, on the basis of dose-

volume histograms (DVHs) for the target volume (ITV),

the whole bladder and if delineated, the rectum, as well as
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Fig. 1. The typical set-up when irradiating a urinary bladder cancer patient

with a four-®eld box technique. The patient contour and the position of the

bladder target volume suggest that only the anterior part of the two lateral

radiation ®elds require wedge modulation.



slice-by-slice dose distributions and dose values in speci®c

points of interest. Mean and median number of CT slices per

patient was 24 and 22, respectively.

2.3. Treatment planning with lateral partially wedged

beams

A rival treatment plan (the PWB plan) was produced

retrospectively for all patients by application of PWBs in

the two lateral beams (Fig. 1). The partial wedge angle and

starting point (i.e. the point separating the open and wedge

parts of the beam) were manually optimized by one of the

authors (LPM). All other beam parameters, such as photon

beam quality, beam size and MLC- or block- con®guration,

were ®xed in order to isolate the effect of the PWBs. Since

the PWBs changed the contribution from each beam to the

total dose distribution, we also allowed small alterations in

the individual beam weights to be made. The resulting dose

distribution was normalised to obtain a mean target dose

within 0.5% of the mean target dose in the original plan.

2.4. Relevant dose-volume parameters for an objective

comparison of treatment plans

For a thorough comparison of the two rival treatment

regimes, surrounding normal tissue volumes were system-

atically outlined in each CT image. The delineation of the

relevant volumes of interest (VOIs) permitted calculation of

DVHs for both treatment plans. The de®ned VOIs were the

gross normal tissue (GNT), and the two major dose-limiting

organs at risk, the small intestine and the rectum. The

rectum was delineated in most cases when the patient was

planned for his actual treatment, but we retrospectively deli-

neated both the small intestine and the rectum in all patients

to secure consistent de®nitions of the organ at risk volumes.

(Delineation of the normal tissue and organ at risk volumes

were performed by one of the authors {LPM}, and checked

by another {OD}). The GNT volume was delineated as the

normal tissue outside the internal target volume. The rectum

volume was de®ned as the volume inside the outer rectal

wall from the sigmoid colon to the anal canal. The small

intestine volume was de®ned as the volume that `poten-

tially' contained small intestinal tissue. Dose-volume histo-

grams were calculated by the treatment planning system

using the volumes outlined in all CT slices.

Use of PWBs aimed to improve the dose homogeneity

inside the treated volume by reducing the peak dose

absorbed both in tumour and normal tissues. The two treat-

ment plans were therefore compared with respect to target

dose homogeneity, as well as peak dose-volume parameters

for the de®ned normal tissue volumes, i.e. GNT, small intes-

tine and rectum. We quanti®ed the target dose variation with

the relative standard deviation of the target dose distribu-

tion. This was motivated by the work of Brahme, who has

shown that the mean absorbed target dose and its standard

deviation determine the theoretical probability for tumour

control, at least for relatively moderate target dose varia-

tions [6]. This view is also re¯ected in a recent recommen-

dation published by the Nordic Association of Clinical

Physics [1]. The potential sparing of normal tissues from

the high-dose region with PWBs were scored using normal

tissue peak dose-volume parameters, such as the maximum

point dose and the absolute normal tissue volume receiving

more than 95% (V95%) and 100% (V100%) of the prescribed

dose. Peak dose-volume parameters have been correlated to

the clinical frequency of radiation-induced intestinal side

effects, both for severe small intestinal complications [23],

and for moderate rectal complications [11,41].

2.5. Statistical analysis of dose-volume histogram

parameters

Dose- and volume parameters obtained from the dose-

volume histograms of the de®ned volumes of interest were

tested for statistical signi®cance using the SPSS statistics

software 9.0.0 (SPSS Inc., Chicago, Illinois, USA). A paired

test design was applied to eliminate inter-patient variability.

The student's t-test was used when the distribution of the

difference in the tested parameter (PWB treatment versus

original treatment) was normally distributed. The Wilcoxon

test was applied when absence of normality was documen-

ted with either Komogorov±Smirnov or Shapiro±Wilk tests

for normality (P , 0.05).

2.6. Modelling of the dose response of tumours and normal

tissues

A new module in our treatment planning system enables

the calculation of TCPs and NTCPs within the system. The

module supports TCP calculations with an algorithm based

on Poisson statistics for the eradication of independent

clonogenic cells [22], and provides NTCP calculations

with the most established model, the probit model [21,27],

and the relative seriality model [22]. Using the TCP and

NTCP models along with their parameters as described

below, we ®rst calculated the TCP for the de®ned ITV

and the NTCPs for the rectum and small intestine in the

original treatment plan using each individual patient's

actual dose-fractionation scheme. Applying the same

model parameters and fractionation scheme, we calculated

the TCP and rectal and small intestinal NTCPs in the PWB

plan. Extra 2 Gy fractions were added until the overall

complication probability, given as 1-(1-NTCPsmall intestine)

(1-NTCPrectum) using Bayesian statistics, reached a level

within 1% of the estimate for the original treatment plan.

a /b-Corrections were included in both the TCP and NTCP

models.

2.6.1. Dose response models for tumours and normal tissues

The applied TCP model is the Poisson based model

presented by KaÈllman et al. [22]. This model assumes that

tumour control is obtained when all clonogenic cells in the

tumour are inactivated, and that each clonogenic cell can be

considered independently. The model obligates the follow-
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ing tumour dose response parameterisation to deliver TCP

predictions: TD50, the mean tumour dose giving 50% tumour

control, and g , the maximum normalised gradient of the

tumour dose response curve. The present biological models

were implemented in a separate module of our treatment

planning system, which facilitated the speci®cation of the

fraction of clonogenic cells in volumes de®ned both as

inside the target volume and an organ at risk.

The probit NTCP model is a strictly phenomenological

model, formulated as a modi®cation of the error function.

NTCP estimates may be determined from reduced histo-

grams based on knowledge of three parameters: D50, the

dose absorbed in the reference volume Vref for which there

is a 50% probability of complications occurring; m, a para-

meter that describes the slope of the dose response relation;

and n,a volume dependency parameter. A high value of the

volume dependency parameter indicates a strong volume

effect in the speci®c tissue. A reduction scheme equivalent

to the `effective volume' scheme proposed by Kutcher and

Burman [21] was applied to obtain reduced single-step

histograms.

A more radiobiologically based model is the relative seri-

ality model [22]. Like the applied TCP model, the relative

seriality model assumes normal tissue cell inactivation

governed by Poisson statistics. In the relative seriality

model the organisation of the organs at risk has intrinsically

been taken into account, allowing for a varying degree of

parallel and serial tissue structure and thus for an integrated

DVH reduction procedure. This model is also described

with three free parameters: D50 and g for the dose response

curve of the relevant organ at risk and s, the `seriality' of the

organ at risk. High values for the s parameter re¯ect a high

seriality; i.e. an organ where the risk for complications is

determined by the maximum dose received in the whole

organ.

2.6.2. Dose response data and parameters

For all TCP calculations we applied the model parameters

for bladder tumours given in Table 1 [2,49]. The normal

tissue tolerance doses published by Emami et al. [13]

have been used as reference data ever since their publica-

tion. They have been ®tted to the probit model by Burman et

al. [9] (Probit I in Table 2) and to the relative seriality model

by AÊ gren Cronqvist [49] (Relative seriality I in Table 3),

and we applied these parameters to calculate NTCPs for the

small intestine and the rectum. However, since Emami et

al.'s data has been subject to criticism [11,22], we wanted to

test other published radiation tolerance parameters as well.

New clinical rectum tolerance data [4] have been ®tted to

the probit model by Dale et al. [10]. Together with the

Emami/Burman small intestine parameters, these new

rectum data constituted another set of probit model para-

meters (Probit II in Table 2). Letschert et al. [24] have

studied severe small bowel complications, and their data

have been ®tted to the relative seriality model by AÊ gren

Cronqvist and co-workers [50]. These data combined with

the Emami/AÊ gren Cronqvist rectum parameters yielded the

second set of parameters for the relative seriality model

(Relative seriality II in Table 3).

There is certain ambiguity regarding the de®nitions of the

applied values of g , the dose response gradient parameter

applied in both the TCP model and the relative seriality

model. Bentzen and Tucker have investigated different

ways of quantifying this parameter, and have suggested a

conversion between different presentations of the curve

steepness [3]. However, the conversion leads to a unity

transformation at g � 2.2 [3]. No conversion was therefore

performed since the g values for the dose response relations

applied in this paper ranged from 2.1 to 2.3.
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Table 1

Parameters applied for calculation of tumour control probabilities [2,49]

Model parameter Parameter value

TD50 (Gy) 63.2

g 2.1

a /b 10

Clonogenic cell factora 0.8

a Fraction of clonogenic cells in volumes de®ned both as target volume

and organ at risk.

Table 2

Parameters applied for calculation of normal tissue complication probabil-

ities with the probit model

Model parameter Probit I Probit II

Small intestinea Rectuma Small intestinea Rectumb

D50 (Gy) 55 80 55 80

m 0.16 0.15 0.16 0.15

n 0.15 0.12 0.15 0.06

a /b 3 3 3 3

Vref Whole organ 100 cm3 Whole organ 100 cm3

a Clinical data from Emami et al. [13], model ®tting by Burman et al. [9].
b Clinical data from Boersma et al. [4], model ®tting by Dale et al. [10].

Table 3

Parameters applied for calculation of normal tissue complication probabil-

ities with the relative seriality model

Model parameter Relative seriality I Relative seriality II

Small intestinea Rectuma Small intestineb Rectuma

D50 (Gy) 53.6 80 62 80

g 2.3 2.2 2.1 2.2

s 1.5 2.0 0.14 2.0

a /b (Gy) 3 3 3 3

Vref Whole organ 100 cm3 500 cm3 100 cm3

a Clinical data from Emami et al. [13], model ®tting by AÊ gren Cronqvist

[49].
b Clinical data from Letschert et al. [24], model ®tting by AÊ gren Cronq-

vist et al. [50].



3. Results

3.1. Evaluation of treatment plans with physical parameters

The results from the statistical analysis of the dose-

volume parameters for all patients are summarised in

Table 4. Dose homogeneity throughout the de®ned target

volume was systematically improved, and the average rela-

tive dose standard deviation for all treatment plans was

reduced from 2.3 to 1.8% by the application of PWBs.

The improved homogeneity was obtained by reducing the

maximum target dose from an average of 107.0 to 104.7%,

keeping the mean target dose constant. An unfavourable

effect of treatment with PWBs is a small reduction (0.7%)

in the minimum target dose.

The principal bene®t of treatment with lateral PWBs is

the sparing of normal tissues and nearby organs at risk.

PWBs reduced the maximum doses to the surrounding

normal tissues: Besides the 3.1% reduction in the average

maximum point doses, a reduction in the average volume of

GNT receiving more than the prescribed dose (100%

isodose) from 145 to 99 cm3 was accomplished, i.e. a reduc-

tion of 32%. The use of PWBs also reduced the dose to the

dose-limiting critical organs at risk, primarily in the rectum

where the volume receiving more than the prescribed dose

was halved from 17 to 8 cm3. A small reduction was also

demonstrated for the small intestine volume.

The effect of the PWBs in a patient with a T3 tumor is

illustrated in Fig. 2, showing CT cross-sections through the

central parts of the urinary bladder. In this speci®c patient,

the use of PWBs reduced the relative standard deviation of

the target dose from 2.2 to 1.1% (Fig. 3). The volume of

GNT receiving more than the prescribed dose (100%

isodose) was reduced from 147 to 81 cm3.

Treatment planning with PWBs was as straightforward as

planning with standard wedges, and did not require inverse

planning techniques. The most frequently applied PWB was

a half-wedged beam with a 458 wedge angle in the wedge

part.

3.2. Evaluation of treatment plans with dose response

models

A theoretical expression deduced by Brahme suggests

that a small direct increase in the TCP should be expected

from the demonstrated improvement in target dose homo-

geneity (i.e. reduction in dose standard deviation), given a

constant mean tumour dose [6]. However, in addition to the

improved target dose homogeneity, we also documented a

reduction in the normal tissue doses obtained by the use of

PWBs (Table 4). Dose response models as presented in the

literature were applied to test if the demonstrated reductions

in dose- and volume-parameters for the organs at risk could

be translated into an escalation of the prescribed target dose.

One of the cases was for technical reasons not included in

the dose response analysis, reducing the number of tested

treatment plans to 24.

Different sets of input parameters for the two NTCP

models were applied in the dose response analysis, as

outlined in Section 2.6. The results from these analyses

are shown in Fig. 4, and illustrate that the response of the

different combinations of NTCP models/parameters were

somewhat different. The evaluations with the Emami data

only ± ®tted to the probit model [9] (Probit I) and the rela-

tive seriality model [49] (Relative seriality I) ± concurred in

21 of the 24 cases, and according to these tolerance data, 6±

9 of the patients were candidates for 1±2 extra 2 Gy frac-

tions. In the second test with the probit model (Probit II), we

applied the rectum parameters presented by Dale et al. [10]

and the Burman parameters for the small intestine [9]. If

these dose response parameters were used, 11 of the 24

patients could be dose escalated with 1±2 fractions of 2

Gy. In the next test with the relative seriality model (Rela-

tive seriality II) we used AÊ gren-Cronqvists ®tting of the

Emami et al. rectum tolerance data [49], while the small

intestinal tolerance was based on Letscherts data [50].

According to these parameter sets, ten patients could be

given 1±3 additional fractions of 2 Gy, including one patient

where three extra fractions were permitted. We observed

that the average estimated complication risk for the rectum

with Boersma/Dale's probit model parameters and for the

small intestine with Letschert/AÊ gren-Cronqvist's relative

seriality model parameters (data not shown) best harmo-

nised with our clinical experience. We therefore combined

these two new alternative tolerance parameters ± Boersma/

Dale's rectum parameters and Letschert/AÊ gren-Cronqvist's

small intestine data ± in a ®fth and ®nal test, and found
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Table 4

Comparison of the standard treatment and the treatment with partially

wedged beams with physical dose- and volume parameters. Mean values

of the parameters are indicated, as well as P-values from two-sided paired

statistical tests

Physical parameter Standard RT PWB RT P-value

Target volume

Dose standard deviation (%) 2.34 1.80 ,0.001b

Maximum dose (%) 107.0 104.7 ,0.001b

Minimum dose (%) 91.9 91.2 0.005

Mean dose (%) 100.3 100.3 0.60b

Gross normal tissue

Maximum point dose (%) 107.7 104.6 ,0.001b

V100% (cm3)a 145 99 ,0.001b

V95% (cm3)a 267 244 ,0.001

Small intestine

Maximum point dose (%) 107.0 104.4 ,0.001b

V100% (cm3)a 169 154 0.01

V95% (cm3)a 284 281 0.04b

Rectum

Maximum point dose (%) 105.0 102.0 ,0.001

V100% (cm3)a 17.0 7.9 ,0.001b

V95% (cm3)a 28.1 25.3 ,0.001b

a V100% and V95% is the absolute volume of the de®ned volume of interest

that receives at least 100 and 95%, respectively, of the prescribed dose.
b Non-parametric Wilcoxon test applied.



results similar to the two latter tests. Altogether, treatment

administration with PWBs would allow a target dose esca-

lation of 2±6 Gy in 15 of the 24 patients without increasing

the overall NTCP if support from only one of the ®ve tested

NTCP model/parameter combinations were required in each

case to advise dose escalation. However, only three patients
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Fig. 2. CT cross-section near the tumor centre of a urinary bladder cancer patient, irradiated with a) standard EDW beams and b) partially wedged beams in the

lateral beam portals. Isodose contours (dark blue lines: 10% and 50%; light blue lines: 70, 80 and 90%; green lines 95 and 100%; orange line: 105%) and

outlines of the target volume, small intestine and rectum are superimposed onto the CT-images.



were candidates for dose escalation (of 2±4 Gy) if support

from all NTCP model/parameter combinations were neces-

sary to permit dose escalation.

Fig. 5 presents the potential improvement in TCP for the

individual patients. An increase in the predicted theoretical

TCP of 6±7% follows each 2 Gy dose escalation [2,49].

Since the question of dose escalation was settled on the

basis of NTCP calculations, the different TCP predictions

for each patient re¯ect the variability between the different

NTCP models/parameters. The difference in predicted TCP

in the cases where dose escalation was not possible, was

primarily a consequence of slightly different mean target

doses (within 0.5%) in the two treatment plans.

4. Discussion

This study demonstrates that the use of lateral PWBs

would increase the target dose homogeneity when irradiat-

ing the whole bladder in the treatment of muscle-in®ltrating

bladder tumours. The main effect of the PWBs is the reduc-

tion in the volumes receiving high radiation doses, both

inside the target volume and more important, in nearby

organs at risk. The small reduction in the minimum target

point dose should according to theory by Brahme not have

any signi®cant impact on the tumour control [6]. Our calcu-

lations support this view since the average TCP found when

using the originally prescribed dose-fractionation regime is

practically the same for the two treatments. (The average

TCP changes only from 48.7 to 48.8% by application of

PWBs when the originally prescribed dose-fractionation

was applied for both treatments.) Furthermore, the demon-

strated sparing of normal tissues/organs at risk that opens for

dose escalation should more than outweigh the potentially

negative effect of the small reduction in minimum target

dose.

The 3% reduction in the maximum doses to the normal

tissues achieved with partial wedges (Table 4), corresponds

roughly to a 2 Gy reduction in the maximum dose at a

prescribed dose of 64 Gy. If the risk for side-effects are

correlated to the maximum doses received by the organs

at risk, this would on the average allow dose escalation

with one additional 2 Gy fraction. This assumption is

supported by recently published clinical data on both severe

small intestinal complications [23], and on moderate rectal

complications [11,41].

A controversial issue in the prediction and modelling of

radiation-induced side-effects in normal tissues is the hand-

ling of hollow organs (like bladder and rectum). Use of

dose-surface and dose-wall histograms has been suggested

[25,26], but at present there is no consensus on which of the

methods that are best correlated to clinical data [11,41]. The

prediction is in many cases further complicated by the

presence of a steep dose gradient across the rectum or blad-

der volume. A related issue is discussed in the new ICRU

report no. 62 [18], where it is recommended to use an inter-

nal anatomical margin also for the risk volumes. This would

imply a `thickening' of the rectal wall. Considered the docu-

mented large rectum mobility, the resulting delineated
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Fig. 3. Dose-volume histograms for the target volume of a urinary bladder

cancer patient (same patient as in Fig. 2) resulting from the original treat-

ment with standard EDW beams (solid line) and from the modi®ed treat-

ment with partially wedged beams (dashed line).

Fig. 4. The number of patients where tumour dose escalation is possible

when using PWBs, keeping the overall NTCP at the same level as in the

standard treatment. Parameters for the underlying NTCP models are given

in Tables 2 and 3.

Fig. 5. Potential increase in tumour control probability for individual

patients resulting from the analysis with the same combinations of normal

tissue complication probability model parameters as in Fig. 4. Patient order-

ing corresponds to increasing target volume, i.e. patient # 1 has the smallest

target volume, patient # 24 the largest.



structure would become very similar to a `solid' organ.

Despite that our dose-volume histograms includes the

dose to unimportant contents of the organs (urine, faeces),

we chose this traditional procedure to reduce the impact

from the delineation uncertainty due to the known mobility

and the different ®lling of these hollow organs.

In the present work we have touched upon the general

problem of scoring/evaluating rival treatment plans. The

explicit goals of radiotherapy procedures have traditionally

been formulated using physical dose-volume concepts, as

for instance expressed in the ICRU 50 dose homogeneity

requirement for target volume coverage [17]. Optimization

based on the recent dose response models, using inverse

planning techniques, may result in proposed treatment

plans that contradict this clinically established goal. In our

work, however, the treatment plans were optimized manu-

ally, aiming primarily for a homogeneous target dose distri-

bution and for reduced doses to the critical tissues. The dose

response models were applied retrospectively as an evalua-

tion tool only, and not for optimization purposes.

We employed NTCP modelling to test the clinical signif-

icance of the demonstrated reductions in the maximum

doses and high-dose volumes in normal tissues. The

NTCP models are designed to take the entire non-uniform

dose delivery in the organs at risk into account. The models

were therefore considered to be helpful in distinguishing

and scoring any differences in the DVHs for the organs at

risk resulting from the two rival treatment plans.

The results from these analyses depended on which of

the models and parameter sets we applied: The number of

patients suitable for dose escalation ranged from 6 (when

the Probit I parameters were applied) to 11 (when the

Probit II or the Probit/Relative seriality combination were

used). Altogether, 15 of the 24 analyzed patients could be

dose escalated if response in only one of the ®ve tested

NTCP model/parameter combinations were required to

recommend dose escalation. The variability in the dose

response analysis may to a certain extent be caused by

the different degree of tissue seriality re¯ected in the toler-

ance parameters for the two organs at risk. The PWBs

reduced primarily the maximum doses in both the small

intestine and the rectum, and the parameter sets that

re¯ected the more serial structure in these two organs

will therefore respond the most. Our work did neither

intend nor allow any selection of the most appropriate

model or parameters. However, the tolerance data

presented in Emami et al.'s paper [13] have been subject

to criticism [11,22]. For instance, even though there is no

data on the volume effect in the rectum in Emami et al.'s

paper [13], this is nevertheless presented by Burman et al.

[9] in the accompanying publication. The Boersma/Dale

probit parameters for the rectum and the Letschert/

AÊ gren-Cronqvist relative seriality parameters for the

small intestine (see Section 3) are based on real clinical

data. Since they also gives results consistent with our clin-

ical experience, we tend to rely most on this model/para-

meter combination when judging the possibility for dose

escalation.

Another question in analyses of radiation-induced

complications is what level of normal tissue injury should

be selected as an endpoint. The tolerance doses published by

Emami et al. [13] relates to severe endpoints (Grade 4), but

more recent publications on tolerance doses have focused on

less serious endpoints for documentation and optimization

of radiotherapy procedures [4,10,11]. The variation in the

estimated model parameters may re¯ect that different clin-

ical endpoints are correlated to different parts or parameters

(maximum, mean) derived from the dose-volume histogram

[11]. Different model parameters result in a variable esti-

mated impact of the PWBs, as discussed in the previous

paragraph.

In this study we considered whether or not additional 2

Gy fractions could be added in case PWBs had been applied,

based on several sets of estimated small intestinal and rectal

NTCPs for each patient. This procedure was considered to

be as robust as possible to the absolute values of the NTCP

estimates, but required that the relation between the small

intestinal and rectal complication probability estimates was

similar to what was observed clinically. Our clinical experi-

ence suggests that at a prescribed tumour dose of 64 Gy is

the incidence of moderate to severe rectal complications in

the order of 2±3%, while moderate to severe small intestinal

complications are seen in 5±10% of the patients. This domi-

nance of small intestinal complications was re¯ected in our

NTCP estimates, except when a very high seriality of the

rectum is suggested (Probit II), giving almost similar rectal

and small intestinal NTCPs. Using these parameters,

however, the calculated probabilities are quantifying the

risk of severe complications in the small intestine, but

moderate rectal complications only.

The interest in and application of biological dose

response models is growing, despite that the clinical use

of these models remains controversial, mostly due to the

lack of reliable clinical dose response data [5,20,29,44].

The uncertainty in the published normal tissue tolerance

parameters is also re¯ected in our results as a variation in

the predicted bene®t of treatment with PWBs. The use of

NTCP models to guide clinical decisions in radiotherapy of

urinary bladder cancer should therefore be performed with

great caution. However, the increasing amount of informa-

tion made available by 3D treatment planning procedures

necessitates one or a few scoring parameters. If the optimi-

zation should be driven by a `physical' objective function,

the required dose-volume constraints are very similar to the

underlying basic clinical data that is needed to perform a

`biologically' based optimization. Hence, detailed knowl-

edge of the dose response of tumours and normal tissues

is fundamental for true optimization of treatment plans,

independent of the speci®c approach.

The important ®nding in this study is that a closer shaping

of the dose distribution to the bladder target volume will be

obtained if the patients were treated with lateral PWBs.
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Note that the reduction in peak doses we achieved is similar

to what can be accomplished by using dynamic multileaf

intensity-modulation in a four-®eld box treatment, as

reported in a recent publication in this journal [8]. This

indicates that our PWB concept represents an adequate

level of beam customisation when treating the whole blad-

der with this beam con®guration. The demonstrated

improvements in the dose distributions were suf®cient to

support radiation dose escalation in several of the patients

analysed. This result is deduced both from `physical'

reasoning and a `biological' assessment of the dose to the

two critical normal tissues, the small intestine and rectum.

However, reports on high frequencies of severe bladder

complications (urethral obstructions, increased urinary

frequency, reduced bladder capacity) [12,36] demonstrate

that there is also a tolerance dose level for the normal blad-

der tissue, above which dose cannot longer safely be

prescribed to the entire organ [28]. Dose escalation to the

whole bladder beyond the tolerance level is therefore not

recommended. However, the relatively moderate dose esca-

lation suggested in this study (2±6 Gy) should keep the total

tumour dose within the acceptable dose range, also with

respect to normal bladder tissue. A further increase in

dose delivery to the tumour beyond the tolerance level

may be accomplished by a boost technique to the involved

part of the bladder only. Such an approach could provide an

additional potential increase in local tumour control, with-

out increasing normal bladder tissue morbidity.

There is growing evidence that radiotherapy combined

with chemotherapy can be a safe and effective alternative

to cystectomy for patients with bladder cancer [39,45,48].

The major advantage with this treatment strategy is the

possibility of preserving a functioning bladder. However,

local failure rates after radio-chemotherapy treatment are

still relatively high [19,45]. Hopefully, the present approach

may allow radiation dose escalation and thereby contribute

to increased local control rates, as suggested by the results

from the dose response modelling.

We conclude that the application of PWBs can improve

radiotherapy treatment for urinary bladder cancer patients.

This conclusion has been reached by retrospectively

comparing a hypothetical treatment with lateral PWBs to

the standard treatment originally prescribed. The treatment

plans were scored and evaluated by both traditional dose-

volume parameters and by the recently available dose

response models. Clinically signi®cant improvements that

may allow radiation dose escalation were documented.
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CLINICAL INVESTIGATION Bladder

CAN DOSE–RESPONSE MODELS PREDICT RELIABLE NORMAL TISSUE
COMPLICATION PROBABILITIES IN RADICAL RADIOTHERAPY OF

URINARY BLADDER CANCER? THE IMPACT OF ALTERNATIVE
RADIATION TOLERANCE MODELS AND PARAMETERS

LUDVIG PAUL MUREN, M.SC.,*† NINA JEBSEN, M.D.,‡ ANDERS GUSTAFSSON, PH.D.,§ AND

OLAV DAHL, M.D., PH.D.†

*Department of Radiophysics, Haukeland University Hospital, Bergen, Norway;†Section of Oncology, Institute of Medicine, Medical
Faculty, Haukeland University Hospital, Bergen, Norway;‡Department of Oncology, Haukeland University Hospital, Bergen, Norway;

§MDS Nordion AB, Uppsala, Sweden

Purpose: To analyze the consequences of selecting alternative normal tissue complication probability (NTCP)
models and parameters for evaluation of radiotherapy of urinary bladder cancer.
Methods and Materials: Treatment plans of 24 bladder cancer patients referred to radical 4-field conformal
radiotherapy were analyzed. Small intestinal and rectal NTCPs were determined using both the probit and
relative seriality models with several sets of published radiation tolerance parameters. Various combinations of
NTCP models and parameters were applied to find the prescription dose in individual patients as well as to
estimate the benefit of the conformal radiotherapy setup.
Results: Different risk estimates were predicted from the two NTCP models, even when the same clinical
radiation tolerance doses were fitted into the two models. The demonstrated variability translated into significant
deviations (7–10 Gy) in the recommended prescription doses. Even if it was possible to discriminate between a
2-field plan and the 4-field conformal setup using a given complication model and set of tolerance parameters,
the estimated benefit of the conformal treatment in terms of permitted dose escalation varied with as much as
10–12 Gy between the different NTCP models/parameters used.
Conclusion: Different NTCP models and tolerance parameters might propose different answers to important
clinical questions in radiotherapy treatment of bladder cancer, such as dose prescription and scoring of rival
treatment plans. We therefore recommend that the variability caused by tolerance parameter uncertainty and
model selection should be taken into account in dose–response modeling of radiotherapy treatment. © 2001
Elsevier Science Inc.

Urinary bladder cancer, Normal tissue complication probability models, Radiation tolerance doses, Model
variability, Dose prescription.

INTRODUCTION

The risk for acute and late normal tissue side effects limits
the radiation dose that can be prescribed safely to the
targeted volume for most tumor sites treated with radical
radiotherapy. Conformal radiotherapy procedures, there-
fore, attempt to shape the dose distribution as tight as
possible to the three-dimensional tumor volume, minimiz-
ing the normal tissue complication probability (NTCP) in
any organ at risk (OAR) without jeopardizing the local
tumor control probability (TCP). In recent years, mathemat-
ical models for calculation of TCP and NTCP have been
presented in the literature (1–5). These models have been
applied for optimization and evaluation of treatment plans,

but the use of model estimates to guide clinical decisions
still remains controversial (6–9), mostly due to the lack of
reliable clinical data. In a previous paper, we applied some
of these models to test theclinical significance of astatis-
tically significant improvement in the dose distribution ob-
tained by the use of partially wedged beams (10) in the
treatment of urinary bladder cancer (11). Based on the
results from the NTCP modeling, we concluded that several
of the patients could have been given extra 2 Gy fractions if
treatment had been administered with these customized
beams, a conclusion that agreed with the demonstrated
reduction in the maximum doses to the OARs. However, for
a given dose–volume histogram (DVH), we observed large
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variations in the absolute values of the NTCP estimates
determined from different models and/or model parameters.
The reasons for and the clinical consequences of this vari-
ability are the main topics addressed in this paper.

The primary dose-limiting OAR in irradiation of urinary
bladder cancer is the small intestine. However, the rectum is
also at risk for radiation-induced complications. NTCPs for
these two organs were estimated using the probit model (1,
2) and the relative seriality model (3). Small intestine and
rectum radiation tolerance data from several reports were
applied, such as the comprehensive review published by
Emamiet al.(12), Letschertet al.’s small intestine tolerance
data (13), and the rectum data recently presented by
Boersma and coworkers (14). In this paper, we investigate
the intermodel differences when the models are used with
parameters obtained from the same clinical tolerance data,
and the intramodel variation resulting from use of the same
model but with different model input. The impact of this
model and parameter variability on the recommended pre-
scription dose and on scoring of different treatment plans is
presented.

METHODS AND MATERIALS

Selection of patients/treatment plans
In this study, we analyzed treatment plans for 24 urinary

bladder cancer patients planned with our three-dimensional
(3D) treatment-planning system, the Helax-TMS (MDS
Nordion AB, Uppsala, Sweden). Only patients referred for
radical radiotherapy and treated according to our standard
conformal treatment technique were included. The confor-
mal treatment was a 4-field box technique with open ante-
rior and posterior beams and 2 lateral (right and left) wedge
beams. The target volume encompassed the bladder with a
1.5–2.0 cm margin, to account for both microscopic tumor
spread and anatomic variability. The patients were treated at
Haukeland University Hospital from September 1997 and
until August 1999, and were prescribed to a dose of 60–64
Gy in fractions of 2 Gy (except 1 hypofractionated case with
56.5 Gy given in 24 fractions). Median age of the patients at
the start of treatment was 76 years. The patients had muscle-
invading tumors (T2–T4), as is generally the case for pa-
tients referred for radical radiotherapy (15).

The two major dose-limiting OARs, the small intestine
and the rectum, were systematically outlined in each rele-
vant CT image. The rectum volume was defined as the
volume within the outer rectal wall from the sigmoid colon
to the anal canal. The small intestine volume was defined as
the volume that “potentially” contained small intestinal
tissue.

Further details on treatment-planning parameters have
been reported previously (11).

The clinical incidence of normal tissue complications in
the patient material

Patients referred to radiotherapy at our institution are
those who were not candidates for radical cystectomy (15).

Retrospectively, our material did not allow a thorough anal-
ysis of normal tissue toxicity, due to the rather poor survival
rates and lack of sufficient details on treatment-related in-
testinal morbidity recorded as part of the standard health-
care follow-up. However, we retrieved the available fol-
low-up records from the local, referring urologist who
followed the patients after the end of radiation treatment. A
crude classification of any described small intestinal and
rectal complications according to the LENT SOMA scale
(16, 17) was carried out. Only the “subjective” and “objec-
tive” elements of the SOMA scale were included. Patient
records were available for 22 of the 24 patients, and, with a
median follow-up time of 10 months, we only found 1
patient with both Grade 1–2 small intestinal and rectal
complications (1/225 5%; 95% confidence interval:
0–9%).

Normal tissue complication probability models
Several mathematical models for the response of normal

tissues to heterogeneous irradiation have been presented in
the literature during the last 10–15 years (1–5). A module in
our treatment-planning system supported NTCP calcula-
tions with both the probit (1, 2) and the relative seriality (3)
complication probability models. In both models,a/b cor-
rections were included.

The probit NTCP model is a strictly phenomenologic
model, formulated as a modification of the error function
(1). NTCP estimates may be determined from reduced his-
tograms based on knowledge of three parameters:D50, the
dose absorbed in the reference volumeVref for which there
is a 50% probability of complications occurring,m, a pa-
rameter that describes the slope of the dose–response rela-
tion andn, a volume–dependency parameter. A high value
of the volume–dependency parameter indicates a strong
volume effect in the specific tissue. A reduction scheme
equivalent to the “effective volume” scheme proposed by
Kutcher and Burman (2) was applied to obtain reduced
single-step histograms. The following equations describe
the probit model:

NTCP5
1

Î2p
z E

2`

t

expS2
t2

2Ddt (1)

v 5
V

Vref
(2)

t 5
D 2 D50~v!

m z D50~v!
(3)

D50~v! 5 D50~1! z v2n (4)

The relative seriality model is a more radiobiologically
based model, and in this model normal tissue cell inactiva-
tion is described by Poisson statistics (3). In this model the
organization of the OAR has intrinsically been taken into
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account, allowing for a varying degree of parallel and serial
tissue structure and, thus, for an integrated DVH reduction
procedure. This model is also described with three free
parameters:D50 and g, the maximum normalized gradient
of the dose–response curve, ands, the “seriality” of the
relevant OAR. High values of thes parameter reflect a high
seriality, i.e., an OAR where the risk for complications is
determined by the maximum dose received in the whole
organ. The model can be described by the following two
equations:

NTCP5 S1 2 P
i

@1 2 P~Di!
s#viD

1
s

(5)

P~Di! 5 22expSegS12
D

D50
DD (6)

wherevi is the fractional volume of volume elementi in the
OAR.

Small intestine and rectum radiation tolerance data
Radiation tolerance data for serious endpoints in most

normal tissues were published by Emamiet al. in 1991 (12),
and has served as the reference data for several years. These
data have been fitted to both the probit model (18) (Probit I)
and the relative seriality model (19) (Relative seriality I).
However, as new clinical data are emerging and are being
fitted to the different complication models, we have tested
and compared the resulting complication probability esti-
mates from the new model parameters in the treatment of
bladder cancer.

New tolerance data on Grade 2–4 rectal bleeding have
recently been published by Boersmaet al. (14), and have
been fitted to the probit model by Daleet al.(20) (Probit II).
These new data support theD50 andm proposed by Emami
(12), but suggest a more serial nature of the dose and
volume dependence of the rectum, since the new value of
the n parameter is substantially reduced.

Letschertet al.have presented a detailed investigation of
severe radiation-induced small intestine complications (13).
This data collection has been adapted to the relative seriality
model by Ågren-Cronqvistet al. (21), and was applied and
compared to the Emami small intestine data (12) in this
work (Relative seriality II).

There is certain ambiguity regarding the definitions of the
applied values ofg, the dose–response gradient parameter
applied in the relative seriality model. Bentzen and Tucker
have investigated different ways of quantifying this param-
eter, and have suggested a conversion between different
presentations of the curve steepness (22). However, the
conversion leads to a unity transformation atg 5 2.2 (22).
No conversion was, therefore, performed, because theg
values for the dose–response relations applied in this paper
ranged from 2.1 to 2.3. The applied NTCP parameter sets
are shown in Tables 1 and 2.

Prescribed dose recommendations using absolute
complication risk levels

Dose limits to OARs have been used in clinical radio-
therapy for several decades to avoid radiation-induced side
effects. These limits have been stated as the doses that will
cause, for instance, 5% or 50% complication frequency after
5 years (23). We applied the complication probability mod-
els to find the individual dose levels that could be prescribed
without increasing the combined complication probability
beyond defined thresholds (5%, 10%, and 20%). The com-
bined complication probability,PI, was determined using
Bayesian statistics, and is given as:

PI 5 1 2 P
j

~12NTCPj!

5 1 2 ~1 2 NTCPSmall intestine! z ~1 2 NTCPRectum! (7)

According to this formulation, different types of side effects
have equal weight in the final expression if their probabil-
ities to manifest are equal. However, in our case, only
probability estimates of rectal and small intestinal injury are
included, and because they present as similar effects (bleed-
ing, obstruction, ulceration, and perforation), the impact of
this question should be minimized.

The optimal prescribed dose as determined with the
P1 formalism

Several authors have suggested the combined use of
probability models for tumor control and normal tissue
injury to guide clinical radiotherapy decisions (2, 8, 24–26).
Important issues, such as the optimal dose distribution and
fractionation regimen could be determined from dose–r-
esponse modeling. The probability for “uncomplicated tu-
mor control,” denotedP1, is given byP1 5 PB 2 PBùI,
where PB 5TCP andPBùI is the probability that tumor
control is obtained, but at the expense of manifestation of
one or more complications. ProvidedPB and the NTCPs for
all OARs included in the evaluation are known,P1 can be
approximated with the following expression (27):

P1 5 PB 2 PBùI ' PB 2 PI 1 d z ~1 2 PB! z PI (8)

Table 1. Parameters applied for calculation of normal tissue
complication probabilities with the probit model

Model
parameter

Probit I Probit II

Small intestine* Rectum* Small intestine* Rectum†

D50 (Gy) 55 80 55 80
m 0.16 0.15 0.16 0.15
n 0.15 0.12 0.15 0.06
a/b 3 3 3 3
Vref whole organ 100 cm3 whole organ 100 cm3

* Tolerance doses for severe complications from Emamiet al.
(Ref. 12), model fitting by Burmanet al. (Ref. 18).

† Clinical data on Grade 2–4 rectal bleeding from Boersmaet al.
(Ref. 14), model fitting by Daleet al. (Ref. 20).
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wherePI is given by Eq. 7, andd is the estimated fraction
of patients for which tumor and normal tissue response
occur statistically independent.

A consequence of this formulation is that, for low values
of d, a given absolute increase/decrease in the chance for
local tumor control on one side will be balanced with a
similar decrease/increase in risk for complications on the
other side. Furthermore, because the combined complica-
tion probability is used also in theP1 formalism, the same
assumptions as in the previous section are valid.

P1 was calculated in the relevant dose range assuming a
standard 2-Gy fractionation regimen, and the optimal dose
level, Dopt, i.e., the dose level that resulted in the highest
P1, was determined. This procedure was repeated for both
NTCP models, with the two different parameter sets for
both the small intestine and rectum. For all TCP calcula-
tions, we used the Poisson-based model presented by Ka¨ll-
man et al. (3), which is described with the following pa-
rameters:TD50, the mean tumor dose giving 50% tumor
control, andg, the maximum normalized gradient of the
tumor dose–response curve. In the calculations, we applied
a TD50 5 63.2 Gy andg 5 2.1 (19, 28).a/b corrections
were included in the TCP model (a/b 5 10 Gy), and we
assumed that a fraction of 80% of the tissue located inside
both the target and an OAR were malignant. Ad of 0.20
(20%) was used in all calculations ofP1 (3, 26, 27).

Scoring of rival treatment plans
To test the impact of the NTCP model/parameter vari-

ability when choosing between rival treatments, we re-
planned a selection of 6 patients from our material with
traditional open AP/PA pelvic beam portals. The applied
tolerance parameters of both the small intestine and the
rectum suggest a relatively large degree of seriality of the
radiation response of both these OARs. The patients with
the maximum and minimum volume of both small intestine
and rectum inside the 100% isodose in the conformal setup,
as well as the patients having the small intestine and rectum
volume inside the 100% isodose closest to the correspond-
ing population mean and median values, were, therefore,
selected as a representative subgroup. The 2-field AP/PA
treatment was compared to our standard 4-field conformal
treatment, the lattera priori considered to be a superior
treatment plan. The AP/PA treatment plans were in each

case normalized to obtain the same mean target dose as in
the conformal plan.

Statistical analysis
All statistical calculations were performed in a standard

statistics package (SPSS, Version 9.0.0, SPSS Inc., Chi-
cago, IL).

Individual NTCP estimates.The variation between dif-
ferent NTCP estimates was tested for statistical significance
using paired comparison tests. The intra- and intermodel/
parameter variability was further investigated with a corre-
lation and regression analysis. The parametric Pearson cor-
relation coefficient was calculated and tested for statistical
significance. We tested the linearity of these relations with
a linear regression analysis. The relevance of the linear
regression was quantified by calculating R square, a variable
that indicates what fraction of the variability in the material
that may be explained by a linear relation.

Prescription dose levels and scoring of different treat-
ment plans.We used a one-way analysis of variance to test
if the variability in recommended prescription doses deter-
mined from different models/parameters were statistically
significant. This statistical analysis was repeated for the
different prescription criteria (5%, 10%, and 20% thresholds
in combined complication probability, optimum inP1). The
parametric version (General Linear Model) was applied.
This test design allowed the interpatient variability to be
eliminated, and only the intermodel variability to be exam-
ined. The same test design was used to test the statistical
significance of any variation between the different models/
parameters in predicting the increase in permitted pre-
scribed dose achieved by conformal therapy.

Table 2. Parameters applied for calculation of normal tissue complication probabilities with the relative seriality model

Model parameter

Relative seriality I Relative seriality II

Small intestine* Rectum* Small intestine† Rectum*

D50 (Gy) 53.6 80 62 80
g 2.3 2.2 2.1 2.2
s 1.5 2.0 0.14 2.0
a/b (Gy) 3 3 3 3
Vref whole organ 100 cm3 500 cm3 100 cm3

* Tolerance doses for severe complications from Emamiet al. (Ref. 12), model fitting by Ågren Cronqvistet al. (Ref. 19).
† Clinical data on severe complications from Letschertet al. (Ref. 13), model fitting by Ågren Cronqvistet al. (Ref. 21).

Table 3. Theoretically predicted probabilities for severe small
intestinal complications for the whole population

NTCP
model/parameters

Severe endpoints
(Obstruction/perforation/fistula)

Mean Median

Probit I 14.4 11.8
Relative seriality I 24.1 22.9
Relative seriality II 21.0 17.9

NTCP 5 normal tissue complication probability.
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RESULTS

Individual small intestinal and rectal complication
probabilities after conformal therapy

NTCP predictions for the small intestine and rectum were
calculated for the planned 4-field conformal treatment using
the patients’ actual dose–fractionation regimen. Both the
probit and the relative seriality model were used, with the
parameters given in Tables 1–2. The mean and median
NTCPs for the whole population estimated by the different
models are compared in Tables 3-4.

Intermodel variability
Individual NTCP estimates based on Emami’s tolerance

data for the small intestine and rectum using both the probit
and the relative seriality model were compared (Fig. 1). The
seriality model predicted higher complication risks than the
probit model for both the small intestine and rectum, an
intermodel variation that was found to be statistically sig-
nificant (p , 0.001) for both OARs (Table 5). Still, the two
pairs of model estimates were well correlated, most pro-
nounced for the small intestine. This indicates that if a
patient is predicted by one of the models to have a high
probability for complications in the rectum or small intes-
tine, then the other model will also predict a high NTCP for
the same OAR. However, the absolute values of the NTCPs
estimated by the two models from the same dose–volume
histogram are different, as demonstrated by the paired com-
parison tests. Statistical indices for these relations are given
in Table 5.

Intramodel variability
The intramodel variability for small intestine NTCPs

calculated with the relative seriality model using Ågren-
Cronqvistet al.’s parameterizations of the data presented
by Emamiet al. and by Letschertet al. are plotted in Fig.
2a. Rectum NTCPs estimated with the probit model using
Burman et al.’s and Daleet al.’s parameters are com-
pared in Fig. 2b. We demonstrated certain variability in
the small intestine NTCP estimates (Fig. 2a), which was
quantified by a correlation coefficient in the high to
intermediate range (Table 5). However, a paired compar-
ison test demonstrated that the differences were not sta-
tistically significant. The probit rectum NTCP estimates

showed even larger variation, which both reached statis-
tical significance (p , 0.001) and had low correlation.
Statistical indices for these relations are summarized in
Table 5.

Fig. 1. Intermodel variability in estimates of (a) small intestine and
(b) rectum normal tissue complication probabilities with the probit
and relative seriality models using the Emami input data.

Table 4. Theoretically predicted probabilities for rectal
complications for the whole population

NTCP model/
parameters

Grade 2–4 rectal
bleeding

Severe endpoints
(Proctitis/necrosis/

fistula/stenosis)

Mean Median Mean Median

Probit I — — 1.7 0.5
Probit II 14.1 14.3 — —
Relative seriality I — — 4.3 3.2

NTCP 5 normal tissue complications probability.
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Impact of the NTCP estimate variability when
determining the prescribed dose for the conformal
treatment plan

Population average, permitted prescribed doses deter-
mined from the different models/parameters are presented
in Fig. 3. For all selected thresholds of combined compli-
cation probability,PI, the intermodel/parameter variability
was observed to cause differences as large as 7–10 Gy in the
recommended dose. The demonstrated differences at each
PI level were found to be statistically significant (p ,
0.001). As expected, the differences between the models
were approximately the same at the three complication
probability thresholds. Note, however, that another pattern
of variation between the models was observed when using
the “uncomplicated control” concept. It should also be men-
tioned that the prescription doses suggested by theP1

formalism were higher than the doses resulting in a 20%
combined complication probability in 90 of the 96 tested
scenarios (4 different model/parameter combinations3 24
patients), i.e., in 94% of the cases.

Impact of the NTCP estimate variability when choosing
between rival treatment plans

The estimated increase in the permitted prescribed dose
achieved with 4-field conformal therapy was determined
with the different models/parameters and for three thresh-
olds of the total complication probability (Fig. 4). The
predicted benefit of the superior conformal treatment in
terms of dose escalation varied between models/parameters
with as much as 10–12 Gy, a variation that was found to be
statistically significant (p , 5 0.001).

The calculated dose–response for the tumor and OARs
for a selected patient is displayed in Fig. 5. The probit
model were applied for the normal tissues, and the effect of
the Boersma/Dale rectum parameters (Probit II) as com-
pared to the Emami/Burman parameters (Probit I) are
shown to be important for the conformal setup only.

DISCUSSION

The present study investigated the impact of the variabil-
ity in published radiation tolerance models and parameters

Fig. 2. Intramodel variability in estimates of (a) small intestine
normal tissue complication probabilities with the relative seriality
model and (b) rectum normal tissue complication probabilities
with the probit model. In (a) the Emami/Ågren-Cronqvist input
data/parameters are compared to Letscherts data, in (b) the Emami/
Burman input data/parameters are compared to the Boersma/Dale
parameters.

Table 5. Statistical analysis of individual small intestine and
rectum NTCP estimates includingp values from paired

comparisonst tests, Pearson’s correlation coefficient, andR2

from linear regression analysis

NTCP model/parameters p value PearsonR2

Small intestine
Probit vs. Relative seriality 1 ,0.001 0.99* 0.98
Relative seriality 1 vs. Relative seriality 2 0.283 0.67* 0.45
Rectum
Probit 1 vs. Relative seriality ,0.001 0.90* 0.80
Probit 1 vs. Probit 2 ,0.001 0.33 0.11

* Correlation significant at the 0.001 level.
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Fig. 3. Average prescribed dose for the standard 4-field conformal setup determined from different thresholds in
permitted total complication probability and by theP1 formalism. Each bar represents the average of 24 patients. The
variations between predictions of different normal tissue complication probability models and/or parameters were
statistically significant.p values were calculated using a parametric one-way analysis of variance. Using the maximum
uncomplicated control doses as prescription dose, the average values of theP1 max, TCP, andPi are 40%, 63%, and
25%, respectively, when using the Probit I parameters; 33%, 77%, and 47% with Relative Seriality I; 26%, 50%, and
27% with Probit II; and 34%, 59%, and 26% with Relative Seriality II.

Fig. 4. Estimated average increase in prescribed dose permitted by the use of a 4-field conformal setup vs. the simple
2-field AP/PA technique. Each bar represents the average of 6 patients. The variations between predictions by different
normal tissue complication probability models and/or parameters were statistically significant.p values were calculated
using a parametric one-way analysis of variance.
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when evaluating radiotherapy treatment of urinary bladder
cancer.

The small intestine and rectum NTCP estimates for the
individual patients given in Figs. 1 and 2 reflect the large
variation in the volumes of the OARs included inside the
treatment fields. This is a consequence of the variation in the
volume of the defined bladder target (average volume: 675
cm3; range: 268–1603 cm3) and also the variability in
prescribed dose (60–64 Gy). The volumetric variation in
the target volume may partially be due to a slight inter-
patient variability in the margins added to the CTV to
ensure target volume coverage in all fractions, in addition to
the variation in the bladder volume itself.

The demonstrated intermodel variability (for both the
small intestine and rectum) when risk estimates are based on
Emami et al.’s tolerance doses may be due both to real
differences between the models, or between the parameters
resulting from fitting to the Emami data. A given dose
distribution in an OAR will cause defined risks for both
mild to moderate side effects as well as for severe side
effects, and different complication models should ideally
predict the same NTCPs. However, the two applied models
are based on different mathematical equations: The probit
model is a modification of the error function, while the
relative seriality model is elaborated from the Poisson ex-
pression. Even in the case of homogeneous dose delivery to
an OAR parameterised with equalD50 and steepness of the
curve in the probit and relative seriality models, the two

models will in general give different complication proba-
bilities for all doses away from theD50 dose (3). Note also
the difference inD50 for the small intestine when parame-
terized according to the probit and relative seriality model.
Furthermore, the seriality parameters for the rectum was
not available in Ågren-Cronqvists thesis, but was deter-
mined from the volume–dependency parameters for the
colon, small intestine, and rectum of Burmanet al. (18).

Variation between NTCP estimates from the same model
applied with different tolerance parameters was also dem-
onstrated (Fig. 2). In the case of the small intestine, the
variation did not reach statistical significance. Nevertheless,
the variation is important since the small intestine is the
dose-limiting OAR in irradiation of bladder cancer: All
patients in our material have higher complication risk in the
small intestine than in the rectum at their actual prescribed
dose when the Emamiet al. tolerance doses for severe side
effects are applied (similar results with both models). The
clinical data presented by both Emamiet al. and Letschert
et al.are relating to severe side effects. Still some variation
should be expected due to methodologic differences when
fitting the two sets of clinical data to the seriality model:
The Emamiet al. tolerance doses were fitted without any
restrictions in the seriality parameter (19), while this param-
eter was restricted to be less than unity when the Letschert
data were parameterized (21). The small intestine reference
volume is also selected differently in the two studies; in the
Letschert study, a volume of 500 cm3 is used, while the

Fig. 5. Comparison of 2-field AP/PA and 4-field conformal techniques in a T4 urinary bladder cancer patient using the
probit model with the Emami/Burman parameters (Probit I) as well as the Boersma/Dale rectum parameters (Probit II).
The diagram presents the tumor control probability (TCP) and total normal tissue complication risk (Pi) at a given
prescribed target dose for both techniques.
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Emami parameters relate to the whole organ. Note also that
the work by Letschertet al. is a quantitative clinical study,
in which the amount of small intestine volume irradiated to
different dose levels (as a result of different radiotherapy
setups in the treatment of rectal cancer) was estimated and
correlated to observed complication frequencies. The toler-
ance doses suggested by Emamiat el.were the results of the
views of experts in the field. Even though our risk predic-
tions based on the two reports do not differ statistically, we
have demonstrated a need for clarification of the small
intestine radiation tolerance parameters. Reliable small in-
testine complication data are required for a true evaluation
of radiotherapy treatment for bladder cancer as well as
rectum cancer, because the small intestine is the primary
OAR in the curative radiotherapy treatment of both these
diseases.

Modeling of radiation-induced side effects in the rectum
has been a major topic for several years, mostly due to the
proximity of the rectum to the prostate gland. Prostate
cancer has been the primary test-site for intensity-modu-
lated radiation. However, there are only a limited number of
studies based on actual prospective recordings of side ef-
fects, such as the study by Boersmaet al. (14) fitted to the
probit model by Dale and coworkers (20). The only differ-
ence between the Emami/Burman and Boersma/Dale toler-
ance parameters is an increasedn parameter in Dale’s work,
reflecting a higher seriality of the rectum. This is seen to
give rise to large variations in the estimated NTCPs, as
indicated in Fig. 2b. Note, however, that when using the
Emami/Burman parameters, the risk forsevereside effects
were predicted, while the Boersma/Dale parameters relate to
Grade 2–4 rectal bleeding, i.e., the risk formild to moderate
side effects were included as well. The variability in the
material reflects that two patients with equal probability for
severe complications may have highly different probabili-
ties for experiencing less severe complications. There seems
to be a trend toward more focus on restrictions on mild to
moderate complications instead of severe endpoints (14, 20,
29, 30). An update of the tolerance parameters for less
serious endpoints is thus mandatory, because different clin-
ical endpoints seem to be correlated to different parts or
parameters (maximum, mean) of the dose–volume histo-
gram.

The impact of the variability in the models was demon-
strated when we applied the complication models to find the
most appropriate individual prescribed dose (Fig. 3). The
use of an absolute threshold in the combined complication
risk is a procedure mimicking traditional clinical practice.
The large variation demonstrated in our NTCP estimates are
seen to cause variations of 7–10 Gy in the average pre-
scribed doses at all of the three selectedPI thresholds. The
applied TCP model illustrates that this overall uncertainty in
the prescribed dose theoretically has a large clinical impact:
A mean tumor dose of 60 Gy causes local control in ap-
proximately 40% of the cases, while a mean dose of 70 Gy
will theoretically give around 70% tumor control. (Prescrip-
tion doses of typically 60–70 Gy are reported in the liter-

ature in curative treatment with radiotherapy alone [29].)
Note that the largest discrepancy in suggested prescription
dose is observed between the two models when they are
used with parameters fitted from the tolerance doses pre-
sented by Emamiet al. This is to be expected because the
seriality model systematically predicts higher risks for both
the small intestine and rectum than the probit model.

Dose prescription based on theP1 concept was tested
together with the more traditional criteria for dose prescrip-
tion, e.g., 5% or 10% risk thresholds. With the tumor and
normal tissue tolerance parameters applied in this study,
dose prescription based on maximumP1 will lead to com-
plication risks that, in most cases, would be higher than the
traditionally accepted risk limits. However, this is a contro-
versial issue, and several studies have concluded that cancer
patients accept risks far higher than their physicians would
recommend, even for small chances of cure (31, 32).

The use of TCP and NTCP models to choose between
rival treatments without absolute knowledge of the dose–
response relation has been questioned previously (9, 33).
We compared two treatments where one treatment tacitly
was regarded as superior to the other (4-field conformal vs.
2-field AP/PA pelvic technique). The model estimates of the
benefit of conformal therapy show a large variation when
the improvement is quantified as the extra radiation dose
permitted by the conformal treatment. The predicted benefit
of the conformal setup increases slightly with increasing
risk thresholds for a given complication model and set of
tolerance parameters.

The variation in absolute values of the small intestine
NTCPs estimated with the relative seriality model with the
two different tolerance data was shown to be statistically
nonsignificant. However, the two parameterizations predict
the benefit of dose conformation differently (Fig. 4). The
most pronounced difference between the two suggested
treatments (2-field AP/PA vs. 4-field conformal setup) with
regard to the small intestine is thevolumeof small intestine
receiving the prescribed dose. This seems to be in agree-
ment with the different selection of reference volume be-
tween the parameterizations, as discussed above.

The two sets of tolerance parameters used with the
probit model differ only with respect to rectum seriality.
Using a 2-field technique, the whole rectum receives the
prescribed dose, while the conformal setup spares a large
volume fraction of this OAR. However, with the rectum
parameters presented by Daleet al. is the probability of
experiencing rectal complications determined almost
solely by the maximum dose. This new proposal regard-
ing the seriality of the rectum will have important impli-
cations for recent advances in conformal and intensity-
modulated radiotherapy. The maximum dose in the
rectum might even be higher with our standard conformal
4-field bladder treatment than with a 2-field AP/PA setup,
due to the demonstrated high-dose volumes close to the
rectum with the standard 4-field conformal treatment
(11). The estimated benefit of the conformal plan with the

635Variability in NTCP estimates in radiotherapy of bladder cancer● L. P. MUREN et al.



Probit II parameters are, therefore, primarily due to spar-
ing of the small intestine volume.

In this paper, we have presented calculations ofindivid-
ual estimates for the probability of experiencing radiation-
induced side effects in a group of urinary bladder cancer
patients treated with radical radiotherapy. The main objec-
tive of the study was to illustrate the differences between the
models and the available tolerance data, both when deter-
mining the prescription dose level and when scoring rival
treatment plans. To test if these differences were statistically
significant, statistical inferences onpopulation-averagees-
timates were applied. However, NTCP models should ulti-
mately includeindividual biologic parameters of normal
tissue tolerance in addition to the parameters derived from a
dose–volume histogram. Still, at present, the models suffer
from a lack of reliable background data, making further
model sophistication not yet worthwhile for clinical appli-
cation of the models.

In this study, we have tested the performance of two
proposed normal tissue complication probability models,
the probit model and the relative seriality model, to evaluate
radiotherapy treatment for urinary bladder cancer. Various
tolerance parameters as presented in the literature were

applied. We conclude that statistically different risk esti-
mates were predicted from the two complication models and
from varying published tolerance parameters. The demon-
strated variability between the published complication mod-
els/parameters had a large impact on the recommended
prescribed dose levels. With a given complication model
and set of tolerance parameters, it was possible to choose
between rival treatment plans. Yet the estimated benefit of
the superior treatment varied between models/parameters.
The number of patients included in the study is too low to
draw any conclusions concerning which of the models/
parameters best reflect the clinical data, and further prospec-
tive studies on this topic should be initiated. The quality of
the recorded data in the routine health-care practice was also
quite low. This gives further support to the initiation of
prospective recordings of normal tissue toxicity to obtain
more reliable clinical tolerance data for accurate risk pre-
dictions of normal tissue complications. Until the absolute
dose–response relations of the relevant OARs are estab-
lished, we therefore recommend taking the variability
caused by the present tolerance parameter uncertainty and
model selection into account in dose–response modeling of
radiotherapy treatment.
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_________________________________________________________________________________________________________________
 
Abstract 
 

Background and purpose: Due to the potentially large changes in shape and size of the bladder, a major challenge in 
conformal radiotherapy of bladder cancer is to determine adequate treatment margins. We therefore quantified the internal 
motion of the urinary bladder as well as the external set-up variation during a course of fractionated radiotherapy. 
Additionally, in the light of the recently introduced ICRU-62 concept, the ‘Planning Organ at Risk Volume’, we studied the 
internal motion of nearby organs at risk (ORs), the rectum and small and large intestine.  

Material and methods: Weekly CT scans and electronic portal images (EPIs) were sampled from 20 patients during radical, 
conformal bladder irradiation (60-64 Gy/2 Gy in 5 fractions weekly). Internal motion of the bladder, rectum and small/large 
intestine was measured from the CT-scans using 3-D image matching methods. The external patient set-up variability was 
determined by 2-D matching of the front and lateral EPIs to corresponding digitally reconstructed radiographs (DRRs).  

Results: A total of 149 CT scans (20 for planning, 129 during the treatment course) and 133 sets of EPIs were analysed. 
After instructing patients to empty their bladder before treatment, bladder volumes were smaller during treatment than in the 
planning situation in 85% of the repeat scans. Nevertheless, we found the bladder in the repeat scan to extend outside the 
planning scan contours in 89% of the scans, on average with 9% (SD: 10%; range: 0-47%) of the volume. Eight patients 
(40%) had one or more scans (25 scans in total) where margins > 15 mm were required in at least one direction to enclose the 
bladder variation. Internal margins (CTV-ITV) of 10 mm inferior, 17 mm superior, 11 mm left, 5 mm right, 20 mm anterior 
and 11 mm posterior were required to cover all bladder wall deflections except for one occasion in 89% of the patients. 
Including patient set-up variation (CTV-PTV), we found that an additional safety margin of 2-6 mm had to be added in the 
various directions. Patient set-up variation dominated the total systematic uncertainties in the inferior, right and posterior 
directions. The rectum expanded outside the planning contours in all repeat scans, on average with 24% (SD: 15%; range: 2-
69%) of the volume. Variations in the volume of intestine found close to the bladder were significantly correlated to the 
variations in bladder volume in almost half of the patients. 

Conclusion: In spite of our policy of using bladder contrast in the planning scan and treating patients with empty bladder, 
we disclosed large internal motion of the bladder. Our current treatment margins (15-20 mm isotropic) will be adjusted 
according to the findings of this study. Substantial variation in position and volume of the rectum and intestine was also 
documented. 
 
Keywords: Urinary bladder cancer; Organ motion; Set-up uncertainty, Internal margins; Set-up margins 
__________________________________________________________________________________________ 
 
1. Introduction 

 
The survival rates after radiotherapy (RT) of 

urinary bladder cancer alone have traditionally been 
regarded as inferior of radical surgery, i.e., 
cystectomy. However, radical RT is often 
prescribed for patients that for medical reasons 
were not suited for cystectomy. This has made 
randomised trials difficult to perform. Evidence for 
a radiation dose-response relation has been 
presented for bladder tumours, since the delivery of 
higher radiation doses has been reported to increase 
both long-term local control [3,22,26,33,35] and 
survival [26,33,35]. Addition of cisplatin-based 
chemotherapy regimens to local RT has shown 
promising radiation-sensitising effects 
[2,11,28,41,42]. Multi-modality organ-sparing 
treatment for urinary bladder cancer, which 
includes RT, therefore appears as a conservative, 
yet effective alternative to radical surgery [9,28,41].  

In the conformal radiotherapy (CRT) approach 
one uses individually shaped radiation fields to 
direct high doses of radiation to the tumour. The 
aim of CRT is to sterilise all malignant tumour cells 
and thereby to obtain local tumour control without 
risking normal tissue morbidity [5]. The balance 
between hitting the tumour in each fraction and at 
the same time avoiding as much as possible of the 
involved organs at risk (ORs), in practice becomes 
a question of the size of the safety margins around 
the clinical target volume (CTV). This conflict is 
particularly problematic in the treatment of tumour 
sites such as the urinary bladder where large 
internal anatomical motion is expected, where 
patient positioning uncertainties to a certain extent 
are unavoidable, and where sensitive normal tissues 
are located close to the tumour. In previous work 
we have developed a bladder-specific dose 
conformation technique, so-called partially wedged 
beams [25]. In a treatment planning study we 
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documented that this technique both improved the 
dose homogeneity in the bladder target and reduced 
the small intestinal and rectal peak doses [24]. 
Since bladder cancer patients are subject to 
potentially severe radiation-induced small intestinal 
adverse effects [8,12,30,31,37] and since currently 
applied tumour doses fail to control a large 
proportion of the patients, there is a potential for 
improved conformal radiotherapy techniques. We 
are now starting a phase 1/2 trial of radiation dose 
escalation for bladder tumours using this dose 
conformation technique.   

Dose escalation in radiotherapy depends on 
secure definitions of the tumour and ORs. The 
recent ICRU 62 report provided guidelines and a 
framework for studies on internal motion and set-up 
variability for determination of target volume 
margins [15]. Based on the work of the Nordic 
Association of Clinical Physics (NACP) [1], the 
ICRU 62 report recommended to distinguish 
between these two aspects in both a qualitative and 
quantitative respect [15]. By measuring the internal 
anatomical variability of the CTV during a course 
of fractionated radiotherapy, one can determine the 
appropriate internal margin (IM) which extends the 
CTV into the internal target volume (ITV). From 
the NACP point of view, the ITV is the most 
relevant target volume to which target doses should 
be prescribed and from which target coverage 
should be evaluated and reported [1]. The next step 
in the chain involves the quantification of the 
reproducibility of the patient set-up on the 
treatment table. This variability requires the 
inclusion of a further safety margin – the set-up 
margin (SM) – to give the planning target volume 
(PTV) in the ICRU terminology.  

There has been little attention in the literature on 
how to convert organ motion data into treatment 
margins for non-solid organs. Most of the “margin 
recipes” presented in the literature for the 
determination of treatment margins from e.g. repeat 
CT and electronic portal imaging (EPI) studies have 
been developed for solid CTVs, e.g., the prostate 
[20,27,34,40]. In this study we therefore present a 
more direct, empirical approach for analysis of 
organ motion of non-solid organs. The internal 
margins (CTV-ITV) determined using this 
approach were compared with the internal margins 
resulting from adapting the van Herk et al. method 
[20,27,40] to the present situation.  

A new concept introduced in the ICRU 62 report 
was the Planning Organ at Risk Volume (PORV) 
[15,19]. This volume contains a specific OR and a 
safety margin around this organ to account for its 
anatomical and geometrical variability, in analogy 
with the target volume definition. A few 
publications have focused on the rectum mobility in 
prostate irradiation, but no clinical series to date 
have presented data on organ motion in terms of 
margins needed to account for the variation of the 

rectum. In this study we therefore quantified OR 
motion, for the rectum also in terms of the margins 
needed to define a volume that includes the 
observed range of rectum variation. 

The majority of studies on organ motion and set-
up uncertainties in pelvic irradiation have focused 
on prostate irradiation (e.g., [7,17,23,39]). Only a 
few published studies have been carried out on 
patients with bladder cancer [13,36,38]. These three 
studies have all focused on organ motion only, and 
they included a limited number of repeat CT scans 
(1-3 repeat scans per patient). The aim of this study 
was therefore to quantify both organ motion and 
set-up variation in bladder irradiation in order to 
determine the appropriate treatment margins for this 
group of patients. Weekly imaging examinations 
(CT scans, sets of electronic portal images) were 
performed on each patient. Additionally, in the light 
of the recently introduced ICRU 62 concept, the 
PORV, we studied the internal motion of nearby 
organs at risk, the rectum and intestine.  

 
2. Materials and methods  
 
2.1. Selection of patients 
 

In this prospective study we aimed at including at 
least 20 patients referred for radical radiotherapy at 
our institution. The Regional Research Ethics 
Committee approved this investigation in 
December 1999, and 27 consecutive patients 
prescribed to radical radiotherapy were invited to 
participate in the study from the beginning of 
January 2000. All invited patients were given both 
oral and written information about the nature and 
practicalities of the project by the responsible 
radiation oncologist (RS) when they were seen 
before the start of their treatment. Patients were 
enrolled into the study only after written consent 
was obtained. Five patients declined participation 
before starting treatment, one patient withdrew 
from the study after one week and one patient with 
extra-vesical extension of the tumour (into the 
rectum) was excluded from the study. The two last 
patients included in the study finished their 
radiotherapy treatment in October 2001. The age of 
the 20 included patients (16 men, 4 women) at the 
start of treatment ranged from 58 to 88 years (mean 
age: 75 years). All patients had muscle-infiltrating 
transitional cell tumours [24,33]. We used standard 
four-field conformal radiotherapy treatment, and 
prescribed a dose of 60-64 Gy (5 weekly fractions 
of 2 Gy) to the whole bladder with 15-20 mm 
isotropic margins.  

 
2.2. The procedure applied for weekly CT-scanning  

 
Weekly repeat CT-scans consisting of 10/10 

slices (10 mm thick slices with 10 mm interval) 
from Th10-Th11 to L5-S1 and 5/5 slices from L5-S1 to 
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2 cm inferior of the caudal pelvic floor were 
acquired with our dedicated CT scanner (ProSpeed 
SX Power, GE Medical Systems, Milwaukee, WI, 
USA). This procedure secured that the whole small 
intestine and rectum were included in addition to 
the tumour-bearing urinary bladder. The number of 
axial CT slices per scan ranged from 56 to 72. All 
patients were given both written and oral 
instructions to empty their bladder before both each 
treatment and CT scanning session when informed 
about the study, and they were frequently reminded 
about this policy throughout the treatment period. 
The scans were acquired as close as practically 
possible in time to the treatment session, preferably 
within 30 minutes.  

 
2.3. The procedure applied for weekly electronic 
portal imaging  

 
Weekly electronic portal images were obtained 

with the Varian Portal Vision system (SW version 
5.0, LC250 detector; Varian Ass, Palo Alto, CA, 
USA) the same day as the patients were scheduled 
for CT scanning. At each treatment session, two AP 
(0°) images and two lateral (90°) images were 
acquired using the “double exposure” facility of the 
PortalVision system, i.e. for each gantry angle one 
portal image with extended field size and one image 
of the treatment field was recorded. The latter 
image was used for field shape verification, 
whereas the first was used for the actual patient set-
up assessment. 

  
2.4. Registration of CT scans and organ definitions 

 
The repeat CT scans were registered/matched to 

the planning/reference CT scan using the 
Advantage Fusion software (v. 1.15; GE Medical 
Systems, Milwaukee, WI, USA). The CT scans 
were first registered using an automatic procedure 
that primarily matched on bony anatomy. Before 
accepting the registration an arbitrary number of 
anatomical landmarks could be defined in both CT 
series to improve the registration. The automatic 
matching procedure performed very well in our CT 
series since they were all acquired with the same 
slice thickness and interval. However, to secure as 
high matching accuracy as possible, we indicated 
the position of six bony landmarks in both the 
planning/reference exam and the repeat scan. The 
landmarks included 1) the lower part of the coccyx, 
as defined in axial and sagittal crossections; 2) the 
cranial/dorsal point of the symphysis pubis, as 
defined in axial and coronal crossections; 3) & 4) 
the caudal/central part of both the left and right 
ischium tuberosity, as defined in axial and coronal 
sections; 5) the caudal/central part of S5, as defined 
in axial and coronal sections; and 6) the 
promontory, as defined in axial and sagittal 
crossections. We aimed to keep the maximum 

discrepancy between the landmarks below 2-3 mm. 
Finally, the registration quality was checked 
visually using available software tools. 

After having completed the registration of the 
planning CT scan with the repeat scan, the bladder, 
rectum and the intestine were outlined in the repeat 
CT scans in the Advantage Fusion software. The 
bladder volume was defined as the volume within 
the outer bladder wall, and was contoured in all 
relevant slices. For the rectum, we adopted the 
definition used in a range of recent publications, 
e.g. [4,6,16,32], using the first slice below the 
recto-sigmoid flexure as the superior/cranial limit 
and the first slice above the anal verge as the 
inferior/caudal limit. Our rectum volumes included 
the rectal wall as well as the contents of the rectum. 
The intestine were divided into two separate 
structures, the “lower intestine” containing all small 
and large intestine tissue in the pelvis up to and 
including the slice through the promontory, and the 
“upper intestine”, containing small and large 
intestine above the promontory slice. All “islands” 
of intestinal tissue were systematically outlined. To 
secure consistent organ definitions, all images were 
registered and all volumes outlined by one operator 
(LPM).  

In the Advantage Fusion software all organ 
delineations in the repeat CT scan were 
automatically transferred to the planning scan using 
the 3-D image registration transform. The contours 
of each organ in every repeat scan were saved as 
separate DICOM RT Structure Sets (DICOM 
RTSSs) linked to the original planning CT scan. 
Subsequently, these DICOM RTSSs could be 
loaded into both the Helax-TMS treatment planning 
system (v. 6.0.2; MDS Nordion, Uppsala, Sweden) 
and the Advantage Sim software (v. 1.15; GE 
Medical Systems, Milwaukee, WI, USA) along 
with the planning CT scan.  

 
2.5. Analysis of internal bladder motion 

 
All bladder contours from the repeat CT scans 

were imported into the Helax-TMS planning system 
along with the corresponding planning CT scan 
using the standard image and structure import 
system of Helax-TMS. The bladder as seen in the 
planning scan was then contoured in the Helax-
TMS system, using the same window/level settings 
as in Advantage Fusion. Using available software 
tools we measured the volume, height (Sup-Inf), 
width (Right-Left) and depth (Ant-Post) of the 
bladder in both the planning scan and in the repeat 
scans. We also outlined the volume of the bladder 
in the repeat scan that was seen outside bladder 
contours in the planning scan.  

The motion of individual bladder walls was 
quantified by using the 3-D margin tool of Helax–
TMS. With this method we could determine the 
margins needed to cover the various bladder 
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variations, taking into account bladder wall 
deflections in all slices. First, this tool was used to 
add margins to the planning scan bladder/CTV 
needed to cover the registered bladder volume in 
each repeat scan. For each scan the margins in all 
directions and the size of the resulting expanded 
volume were recorded. Subsequently it was applied 
to find margins needed to cover all registered 
bladder structures simultaneously. Finally, it was 
applied to find the margins required to envelope 
around all volumes where the bladder was located 
more than once. i.e, all wall variations except for 
the largest outward deflection. Since the 3-D 
margin tool used an ellipsoid expansion, this last 
approach implicitly also covered a large fraction of 
the volume where the bladder was located only 
once.   

The margin recipe of van Herk and colleagues 
[20,27,40] was considered not directly applicable 
for the mobile bladder CTV. However, by looking 
at the internal variation of the individual bladder 
walls, we adapted this method as a test of the 
previously described, more direct, empirical 
approach. In this approximation, we used the data 
on the margins required to enclose the wall 
deflections in individual scans. Since the wall 
variation throughout the repeat scans was measured 
using the 3-D margin tool, the wall deflections were 
limited to positive values only (i.e. outward wall 
deflections relative to the planning scan contours). 
Inward deflections were assigned a margin of 1mm 
(negative or zero margins could not be applied in 
this 3-D tool). However, since inward wall 
deflections should not contribute to increased 
margins (in contrast to the situation for a solid 
CTV), this limitation were assumed to be the most 
correct adaptation of the solid CTV approximation. 
The margins were calculated following the van 
Herk et al. methodology [27,40] with the McKenzie 
et al. correction [20], i.e., the sum of 2.5 times the 
systematic variation plus 0.7 or 0.6 times the 
random deviation in the Sup/Inf, and 
Left/Right/Ant/Post directions, respectively. Again, 
also according to the Amsterdam group [27], the 
SD of the systematic errors was corrected for 
limited sample size.  

 
2.6. Analysis of internal rectum motion 

 
To analyse the internal organ motion of the 

rectum, all rectum contours and the related planning 
CT scan for each patient were imported into Helax-
TMS (same method as for the bladder contours). 
Initially, the rectum volume of the planning scan 
was defined using the same window/level as is 
inside Advantage Fusion. As for the bladder, we 
used the Helax-TMS software tools and determined 
the volume and length (Sup-Inf) of the rectum in 
both the planning and repeat scans. 

Rectum volume variations are caused by varying 
rectum filling. To quantify how representative the 
planning scan was for the position and shape of the 
rectum during treatment, we measured the volume 
of rectum in the repeat scan that was outside the 
planning scan rectum contour. We also determined 
the margin needed to cover the anterior, posterior 
and lateral rectum variations at various levels: at the 
bladder top, centre and bottom, and at the prostate 
top, centre and bottom for the included males. For 
the females the slice 2 cm below the bladder bottom 
was used (assumed equivalent to the level of the 
prostate apex in males). Superior and inferior 
margins of the rectum were not considered 
clinically relevant.  

 
2.7. Analysis of internal intestinal motion 

 
Due to the shape of the lower part of the intestine 

(with “islands” of intestine both anterior and 
posterior in the pelvic/abdomen), the analysis of 
intestinal organ motion had to be approached 
differently than the bladder and rectum. We first 
outlined the upper and lower intestine in the 
planning/reference exam in the Advantage Sim 
system; again the same Window/Level settings as 
in Advantage Fusion were used during delineation. 
We then imported the lower and upper intestinal 
volumes from the repeat scans into the Advantage 
Sim system together with the planning reference 
scan. The volumes of the lower and upper intestine 
were recorded (the total intestine volume found by 
adding these volumes). Additionally, we quantified 
the volume of intestine in the repeat scan below the 
slice corresponding to the bladder top in the 
planning scan. Similarly, we measured the intestine 
volume below the slice corresponding to 2 cm 
above the bladder top in the planning scan. The 
Sup-Inf distance from the slice corresponding to the 
bladder top down to the most inferior intestinal 
structure was also recorded (i.e., no. of slices 
counted). The same parameters were recorded also 
for the intestinal structures in the planning scan.  

 
2.8. Analysis of set-up motion and determination of 
set-up margins 

 
EPI sessions were scheduled on the same days as 

CT scanning. The first set of images was acquired 
on the first day of treatment, and these images were 
approved by the responsible radiation oncologist.  

Set-up errors were assessed by comparing all EPIs 
of the treatment fields with the corresponding 
reference images. Digitally Reconstructed 
Radiographs (DRRs) were selected as the most 
appropriate reference images, and were created with 
the DRR generator of the RT Navigator software 
system [10]. The CT images that had been used for 
treatment planning as well as a planning data export 
file from the Helax-TMS system were applied to 
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create the DRRs. The DRRs were imported into the 
PortalVision system and set up according to the 
PortalVision reference image requirements.  

Prior to image matching, the outline of anatomical 
fiducial structures were added to the DRRs 
applying the tools inherent in the Portal Vision 
system. The resulting structures were automatically 
transferred to the corresponding portal image and 
correctly positioned with respect to the detected 
field edge. A Laplace-like filter for the 
enhancement of the ridges typically formed behind 
bony structures was used to guide correct 
positioning of the anatomical structures. The 
inferior-superior and lateral set-up deviations were 
determined from the AP images, while the anterior-
posterior set-up deviations were measured from the 
lateral images. Rotations were not taken into 
account. For the first half of the patients the average 
results of three observers with the Portal Vision 
system were used; for the remaining patients the 
images were analysed by one of these three 
observers only. 

The set-up variation data was analyzed using the 
van Herk et al. margin recipe with the McKenzie et 
al. corrections [20,27,40]. To determine the CTV-
PTV margin, the systematic and random errors of 
the organ motion and set-up variation was 
combined, under the assumption that the bladder 
wall variation could be handled with this 
methodology. The standard deviation of the 
systematic errors was corrected for limited sample 
size [27]. 

 
2.9. Statistical analysis 

 
Comparisons of parameters measured in the 

planning scan and then throughout treatment were 
tested using repeat paired t-tests. Composite 
variables, e.g. the average of a parameter 
throughout treatment, were also compared with 
paired t-tests. When differences in a certain variable 
between sub-groups of patients were tested for 
statistical significance we used an independent 
samples t-test. Correlation between pairs of 
variables was assessed by calculating the Pearson 
correlation coefficient and its significance level. All 
statistical analyses were performed with the SPSS 
statistics software (v. 11.0.1, SPSS Inc., Chicago, 
USA). All referred p-values were derived from two-
sided tests when appropriate. A p-level of 0.05 was 
regarded as statistically significant.  

 
3. Results 

 
A total of 149 CT scans of 20 patients were 

acquired and analysed, including the 20 CT scans 
used for treatment planning: One patient had three 
repeat scans, eight patients had six scans, ten had 
seven scans and one patient had eight repeat scans 
(all in addition to the planning CT scan). A total of 

133 sets of portal images were recorded during the 
treatment course of the patients, the majority (89%) 
acquired on the same days as the CT scans. One 
patient had three EPI sessions, one patient had four, 
five patients had six, eight patients had seven and 
five patients had eight EPI sessions.  

 
3.1. Bladder movements during the treatment 
course 

 
The bladder was outlined in all of the 149 

included CT scans. The average bladder volume in 
the planning scans was 206 cm3 (SD: 122 cm3; 
range: 134-686 cm3). Bladder volumes were smaller 
in the repeat scans (p<0.02), with population-
average bladder volumes ranging from 125 to 171 
cm3 and an overall average of 143 cm3 (Table 1). 
On average the bladder volumes in the repeat scans 
were 70% the size of the planning scan volume, but 
reductions down to 27% and increases up 178% 
were seen (Figure 1). The volume of the bladder 
was larger than in the planning scan in 19 (15%) 
repeat scans for eight patients. Four patients had 
increased bladder volume in at least two scans. The 
bladder volumes in the each of the six first repeat 
scans were significantly correlated with the volume 
in the planning scan (Table 1).  
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Fig. 1: Variation in the bladder volume during the treatment 
schedule relative to the volume in the planning scan. The bladder 
volume was smaller in the repeat scan than during planning in 
110 (85%) of the scans. Four patients (solid squares) had two or 
more repeat scans with increased bladder volume: One patient 
had an increased bladder size in 6 of the 7 scans (6 – 43% 
increase in volume), one in 4 of 7 scans (7 - 21% increase), one 
in 3 of 7 scans (8 - 34% increase), and one in 2 of 7 scans (27 - 
53% increase). Four additional patients (open squares) had one 
scan with increased bladder volume.  

 
The variation in height, width and depth of the 

bladder was compared by calculating the standard 
deviation of the data around the value in the 
planning CT scan, and population-average 
deviations of 1.18 cm, 1.10 cm and 1.50 cm, 
respectively, were found. Only the difference 
between width and depth were statistically 
significant (p = 0.032, paired t-test). The height of 
the bladder had increased with more than 1 cm in 6 
scans (5%) in 3 patients, but had decreased with 
more than 1 cm in 42 scans (33%) from 12 patients. 
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Table 1 
Statistics summary of the variation of the bladder volume throughout the treatment course. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Corresponding numbers for the width of the bladder 
was increase in 1 scan (1%), and decrease in 54 
scans (42%) in 17 patients, and for the depth we 
found an increase in 3 scans (2%) in 2 patients and 
a decrease in 66 scans (51%) from 17 patients. 

The bladder in the repeat scan extended outside 
the initial volume of the bladder as seen in the 
planning scan in as much as 115 (89%) repeat 
scans. On average, 16 cm3 of the bladder was 
outside the contour of the bladder in the planning 
scan (median: 7 cm3; range 0-142 cm3). Relative to 
the volume of the bladder in the repeat scans, 9% of 
the bladder in the repeat scan was on average 
outside the bladder contour of the planning CT (SD: 
10%; median: 5%; range: 0-47%). The four patients 
with larger bladder volume in at least two repeat 
scans compared to the planning scan had 
significantly higher average relative volume outside 
the planning scan (17% vs. 7%; p<0.002, 
independent samples t-test). If all eight patients 
with one or more repeat scans with bladder volume 
larger than in the planning scan were grouped 
together, the difference in average relative volume 
outside the planning scan (12% vs. 7%) was not 
statistically significant (p = 0.08, independent 
samples t-test). 

The volume resulting from expanding the 
planning CTV with the 3-D margin tool to 
encompass the bladder in each of the repeat scans 
was on average 320 cm3 (SD: 179 cm3, range: 148-
1086 cm3). Relative to the planning CTV, the 
volume had to be expanded on average by a factor 
of 1.56 (SD: 0.42; range: 1.07-3.08). In 14 (11%) 
scans in seven patients the volume had to be more 
than doubled, including the four patients identified 
with two or more repeat scans with increased 
bladder volume. These four patients had a 
significantly higher average CTV-ITV expansion 
than the remaining patients (1.92 vs. 1.46, p < 
0.001).  

Eight patients (40%) had one or more scans where 
margins  > 15 mm  were   required  in  at  least  one   

direction to enclose the bladder variation (in total 
25 scans). Four patients had 11 scans where 
margins > 15 mm was required at the superior wall 
only. The remaining four cases had wall 
movements requiring margins > 15 mm at two or 
three of the walls throughout treatment, the anterior 
wall being the most variable (in total 12 
incidences). Three of the eight patients had scans 
where a margin > 15 mm was required at a tumour-
bearing wall, as documented at the cystoscopy 
examination before treatment. In five of the eight 
patients where margins > 15 mm were required (in 
13 scans), the volume of the bladder was increased 
in the repeat scan compared to the planning scan. In 
two patients the need for margins > 15 mm (in 9 
scans) was caused by the presence of intestinal 
loops which in the planning scan shifted the bladder 
away from its “normal” position, i.e., where it was 
seen in the repeat scans. The planning scan, with 
bladder contours from the repeat scans 
superimposed, for one of these patients is shown in 
Figure 2. In the last case where margins > 15 mm 
were required (in three scans) the bladder top 
extended more cranially during treatment than in 
planning. In one of the repeat scans of this patient 
the bladder volume was also larger than in the 
planning scan. Further data on margins in the 
various directions, see Table 2.  

Finally, the data on margins required in individual 
scans was used to compare statistically the mobility 
of the bladder walls. The population-average mean 
values of the margins were 3.0 mm and 5.9 mm in 
the inferior and superior directions (p = 0.04; paired 
t-test), 5.0 mm and 3.0 mm in the left and right 
directions (p = 0.01; paired t-test), and 5.7 mm 
anterior and 5.6 mm posterior (p = 0.98; paired t-
test).  

 
3.2. Rectum movements during the treatment course 

 
A total of 141 rectum volumes were outlined and 

analysed in 19 patients (one patient where the rect- 
 

  Planning 
scan  

Scan   # 
1 

Scan   # 
2 

Scan   # 
3 

Scan   # 
4 

Scan   # 
5 

Scan   # 
6 

Scan   # 
7 

          
          
Mean bladder volume (cm3) 
 

 206 171 159 140 134 125 134 144 

SD of bladder volume (cm3) 
 

 121 108 124 81 69 79 94 65 

Max bladder volume (cm3) 
 

 686 514 583 388 282 335 430 266 

Min bladder volume (cm3) 
 

 134 66 63 67 61 46 52 80 

Paired t-test of equality of means, relative to planning scan  - 0.02 
 

<0.001 
 

0.004 
 

0.003 
 

<0.001 
 

<0.001 
 

0.02 
 

Correlation of volumes, relative to planning scan (Pearson) 
 

 - 0.86 
 

0.90 
 

0.67 
 

0.65 
 

0.75 
 

0.83 
 

0.44 
 

Test of significance of correlation 
 

 - <0.001 
 

<0.001 
 

0.001 
 

0.003 
 

<0.001 
 

<0.001 
 

ns 
 

Mean bladder fraction outside planning scan contour (%) 
 

 - 12 10 9 8 8 8 13 

SD of bladder fraction outside planning scan contour (%)  - 14 10 9 7 10 10 7 
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Fig. 2: A patient where a loop of intestine had displaced the bladder posterior at the time of the planning scan. Six repeat CT scans were 
acquired during the treatment schedule, and were registered with the reference/planning scan using 3-D matching. The contours of the 
bladder in the registered, repeat scans are shown superimposed on the planning scan. 
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Table 2: Summary of margins required to enclose the bladder 
wall variation as seen in individual repeat scans. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
um was very difficult to separate from the small 
and large intestine was excluded from the analysis). 
There was no time trend in the rectum volumes as 
the population-average volume at each scan seemed 
to be relatively constant over time, varying from 62 
cm3 in the seventh scan to a maximum of 82 cm3 in 
the planning scan (Table 3).  

Large individual variations in the rectum volumes 
throughout the treatment course were disclosed. 
Overall, the rectum volumes ranged from 30 cm3 to 
164 cm3. Relative to the rectum volume in the 
planning scan, the rectum volumes ranged from 
being a factor of 0.29 to 2.77 the size of the rectum 
in the planning scan. On average, the rectum had a 
volume of 93% the volume in the planning scans. In 
five (26%) of the patients the volume of the rectum 
during treatment was always smaller than in the 
planning scan, in one patient (5%) the rectum was 
larger in all repeat CT scans than in the planning 
scan. For the remaining patients (13/19, 68%) the 
rectum both increased and decreased in volume 
throughout treatment relative to the planning scan. 
In the most extreme case of expansion, the rectum 
volume varied from 93% to 277% of the volume in 
the planning scan, in the most extreme case of 
decrease, the volume ranged from 29% to 60% of 
the volume in the planning scan.  

The rectum extended outside of the planning scan 
contour in all of the repeat CT scans, on average 
with 18 cm3 (SD: 17 cm3), and at most with 90 cm3. 
Relative to the volume of the rectum in the repeat 
scans, on average 24% (SD: 15%) of the rectum in 
the repeat scans was outside the rectum contours of 
the planning scan. At most 69% of the rectum was 
outside the planning scan.  In  eight (7%) scans of 
three patients more than half of the rectum had 

extended outside the contours in the planning scan, 
in 34 scans (28%) of 9 patients more than one third 
of the rectum had been displaced outside the 
planning contour. 

The margins required to encompass all lateral 
rectum variations in the OR outline did not vary 
significantly between different levels of the rectum. 
When comparing the margins in the four lateral 
directions across the various levels of the rectum, 
we found that the anterior and left average rectum 
margins were larger (7.6 mm and 8.7 mm, 
respectively) than the right and posterior margins 
(5.4 mm and 5.5 mm, respectively); p < 0.02 in 
paired t-tests, except for the test between the 
anterior and posterior margin that were statistically 
non-significant.  

 
3.3. Large and small intestinal movements during 
the treatment course 
 

The total intestine was completely defined in 133 
scans in 18 patients, while the lower intestine was 
delineated in 140 scans in 19 patients. The total 
intestine volume was on average 2277 cm3 (SD: 
562 cm3), and ranged from 1373 cm3 to 3669 cm3. 
Total intestinal volumes during treatment (range of 
population averages: 2175-2392 cm3; SD of 
averages: 69 cm3) were not different from the total 
intestinal volume in the planning scan (average: 
2256 cm3). The total intestinal volumes in the 
repeat scans were significantly correlated with the 
total volume in the planning scans (Pearson 
coefficient range: 0.72-0.92; p<0.003). Averages 
across the repeat scans for each patient varied 
substantially, and ranged from 1517 cm3 to 3270 
cm3 (SD of averages: 540 cm3). The average total 
intestine volume for each patient was found to be 
significantly and positively correlated to the “axial 
extent” of the patient, as quantified by the area of 
the ellipse with axes equal to half the thickness 
(Ant-Post) and half the width (Left-Right) of the 
patient in the planning CT slice through the 
promontory (Pearson coefficient: 0.52; p=0.03).  

In spite of the lack of time trend in the 
population-average total intestine volume, the total 
volume in single scans deviated considerably from 
the volume in the planning scan for individual 
patients, ranging from being a factor of 0.71 to 1.54 
of the planning scan volume. The volume was 
within ±10% of the planning scan volume in only 
one patient (6%), but was within ±20% in 14 of 18 
(78%) patients.    

The volume of intestine below the promontory 
was on average 455 cm3 (SD: 266 cm3, range: 75-
1339 cm3). None of the population-averages in the 
repeat scans (range of averages: 422-511 cm3; SD 
of averages: 29 cm3) were significantly different 
from the average in the planning scan (439 cm3). A 
large inter-patient variation was observed since the  

Table 3 

  Inf Sup Left Right Ant Post
        
        
Population-average 
mean (mm) 
 

 3.0 5.9 5.0 3.0 5.7 5.6 

Overall maximum (mm) 
 

 15 32 31 15 36 29 

# scans with > 10 mm 
margin required 
 

 6 29 14 5 24 16 

# patients with at least 
one scan with > 10 mm 
margin required 
 

 5 9 7 3 8 8 

# scans with > 15 mm 
margin required 
 

 0 12 4 0 12 2 

# patients with at least 
one scan with > 15 mm 
margin required 
 

 0 5 2 0 4 2 

# scans with > 20 mm 
margin required 
 

 0 7 4 0 6 1 

# patients with at least 
one scan with > 20 mm 
margin required 

 0 4 2 0 3 1 
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Statistics summary of the variation of the rectum volume throughout the treatment course. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

average lower intestine volume for each patient 
varied from 140 cm3 to 1165 cm3 (SD of averages: 
256 cm3). Relative to the planning scan, the lower 
intestine volume in the repeat scans varied from 
being a factor of 0.57 to 3.16 the volume in the 
planning scan. 14 (74%) of the 19 patients had 
incidences of both higher and lower volume of 
lower intestine volume compared to the planning 
scan.  

The fraction of intestine volume that was at the 
level of the promontory or below was on average 
21% (SD: 14%), but ranged from 4% to 62%. 
Population-averages at each scan remained fairly 
constant (range of averages: 19-24%; SD: 2%), 
whereas large individual variations were seen, with 
averages across the scans ranging from 8% to 57% 
(SD: 14%).  

The amount of intestine below the slice 
corresponding to the top of bladder in the planning 
scan was on average 142 cm3 (SD: 101 cm3), and it 
ranged from 0 to 391 cm3. Again, the average 
volumes in the repeat scans (range of averages: 
120-175 cm3; SD of averages: 19 cm3) were in 
general not significantly different (except for one of 

the comparisons) from the average volume in the 
planning scan (122 cm3). The individual variation 
between patients was also here substantial, with 
averages across CT scans for individual patients 
ranging from 33 cm3 to 315 cm3 (SD: 89 cm3). The 
measurements of the amount of intestine below the 
slice corresponding to 2 cm above the bladder top 
in the planning scan showed similar features (data 
not shown).  

Analysing individual patients separately, we 
found that variation in the volume of intestine close 
to the bladder during the treatment course (as 
quantified with the two previous intestine volumes) 
was correlated to variation in the size (volume and 
height) of the bladder (Table 4). Bladder volumes 
had a stronger correlation with variations in the 
amount of intestine near the bladder than bladder 
heights. Bladder volume and volume of intestine 
below the slice corresponding to the bladder top in 
the planning scan were negatively correlated in all 
patients, and this correlation was statistically 
significant in 9 patients (Figure 3).     

 
 

 
 
 
Table 4 
Correlation in bladder volume/height and volume of intestine below the slice corresponding to the bladder top in the planning scan and below 
the slice 2 cm above the bladder top in planning scan.   
 
 

 
 
 
 
 
 
 
 
 
 
 
 

  Planning 
scan  

Scan   
# 1 

Scan   
# 2 

Scan   
# 3 

Scan   
# 4 

Scan   
# 5 

Scan   
# 6 

Scan   
# 7 

          
          
Mean rectum volume (cm3) 
 

 82 72 70 72 65 66 69 62 

SD of rectum volume (cm3) 
 

 34 27 34 29 20 23 28 25 

Max rectum volume (cm3) 
 

 151 120 164 160 121 127 134 103 

Min rectum volume (cm3) 
 

 36 34 30 38 38 32 40 34 

Paired t-test of equality of means, relative to planning scan  
 

 - ns 
 

ns 
 

ns 
 

ns 
 

ns 
 

ns 
 

ns 
 

Correlation of volumes, relative to planning scan (Pearson) 
 

 - 0.50 
 

0.52 
 

0.54 
 

0.14 
 

0.50 
 

-0.02 
 

0.70 
 

Test of significance of correlation  
 

 - 0.03 
 

0.02 
 

0.02 
 

ns 
 

ns  
 

ns 
 

0.02 
 

Mean rectum fraction outside planning scan contour (%) 
 

 - 24 22 25 21 23 25 29 

SD of rectum fraction outside planning scan contour (%)  - 10 14 16 15 16 20 14 

  Bladder volume vs.  
Vintestine, bladder top 

Bladder volume vs.  
Vintestine, 2 cm above bladder top

 
Bladder height vs.  
Vintestine, bladder top  

Bladder height vs. 
Vintestine, 2 cm above bladder top

      
      
# patients with negative correlation coefficient 
 

 20 18 18 17 

# patients with negative, statistically significant 
correlation coefficient 
 

 9 7 6 5 

Correlation coefficient range  
 

 -0.98  to  -0.13 -0.94  to  0.26 -0.91  to  0.12 -0.90 to 0.17 

Average correlation coefficient for patients with 
negative correlation 
 

 -0.70 0.57 -0.64 -0.54 

Average correlation coefficient for patients with 
negative, statistically significant correlation 

 -0.88 -0.84 -0.80 -0.81 
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Except from one scan, the intestine extended 
below the slice corresponding to the top of the 
bladder in the planning scan. Overall, the lowest 
segment of small/large intestine extended on 
average 3.8 cm below the slice corresponding to the 
bladder top in the planning scan (SD: 1.8 cm), and 
at most with 8.5 cm. Deviations from the planning 
situation with as much as 2.5 cm caudal and 3.0 cm 
cranial were seen in individual patients. In ten 
patients (50%) the deviations throughout treatment 
from the planning situation were within ± 1 cm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 
Fig. 4: (a) Margins required to cover all bladder variations, 
including all observed wall deflections. As shown, coverage in 
90% (18/20) of the patients required margins of 12 mm inferior, 
26 mm superior, 13 mm left, 10 mm right, 25 mm anterior and 
14 mm posterior. 19 patients with 6-8 repeat CT-scans and 1 
patient with 3 repeat scans were included in the analysis. (b) 
Margins required to enclose the majority of bladder variations, 
i.e., all wall variations except for the largest outward deflection. 
Coverage in 89% (17/19) of the patients requires margins of 10 
mm inferior, 17 mm superior, 11 mm left, 5 mm right, 20 mm 
anterior and 11 mm posterior. 19 patients with 6-8 repeat CT-
scans were included in the analysis. 

 
3.4. Internal bladder margin (CTV-ITV) 

 
Using the 3-D margin tool of Helax-TMS we 

determined the internal margins needed in each 
patient to envelope around all bladder wall 
deflections (Figure 4a). Margins needed to cover all 
bladder wall variations except for the largest 
outward deflection are shown in Figure 4 (b). In 
this  approach,  internal  margins of 10 mm inferior,  

Table 5 
Internal (CTV-ITV) margins (mm) required to cover random and 
systematic organ motion of the bladder. 

 
 
 
 
 
 
 
 
 
 
 
 
17 mm superior, 11 mm left, 5 mm right, 20 mm 
anterior and 11 mm posterior were needed to cover 
the variation in 17 (89%) of 19 patients.  

The use of 70 ml of contrast in the planning scan 
and then treatment with empty bladder will in 
practice imply an extra safety margin. We did, 
however, not find any correlation between the 
internal margins (average across the six directions) 
and the volume of the planning scan CTV.  

As a test of the validity of the margins presented 
above, we also used the van Herk et al. margin 
recipe [20,27,40] on motion data on the individual 
bladder walls. We used the data on the variation of 
the margins required to enclose the wall deflections 
in each of the repeat scans. The resulting margins 
were with only few exceptions very similar to the 
margins  derived  in  the  latter  version  of the more 
direct, empirical approaches described above (Table 
5). Estimates of the random and systematic 
component of the organ motion of the bladder, as 
determined with the van Herk et al. methodology 
[20,27,40], are given in Table 6.  

 
3.5. Suggested data on an internal rectum margin 

 
From the data on the margins required to include 

the variations at various levels of the rectum 
(Section 3.2) the largest margin in each lateral 
direction would serve as an upper estimate of the 
internal  rectum  margins   required   for   individual  

 
 

Table 6 
Random and systematic components (1 SD, mm) of organ 
motion of the bladder and patient set-up variability (mm) 
according to the van Herk et al. formalism [20,27,40]. 
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  Inf Sup Left Right Ant Post
        
        
Our method, all variations, 
in 90% of patients 
 

 12 26 13 10 25 14 

Our method, all variations 
except for regions where 
the bladder extends only 
once, in 89% of patients 
 

 10 17 11 5 20 11 

van Herk’s margin recipe, 
3-D, in 90% of patients 
 

 7 16 11 6 15 9 

  Inf Sup Left Right Ant Post
        
        
Organ motion, 
random (σ) 
 

 2.7 5.6 4.2 2.6 4.6 4.1 

Organ motion, 
systematic (Σ) 
 

 2.1 4.8 3.3 1.8 5.8 3.8 

Set-up variation, 
random (σ) 
 

 1.9 1.9 2.5 2.5 2.7 2.7 

Set-up variation, 
systematic (Σ) 
 

 3.8 3.8 2.5 2.5 3.3 3.3 
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patients (Figure 5). To encompass all rectum 
variations in these slices (and we here implicitly 
assume that we in this way also encompass most of 
the rectum variations in the other slices) in 17 of 19 
(89%) of the patients, margins of 26 mm, 17 mm, 
27 mm, 17 mm were required in the left, right, 
anterior and posterior directions, respectively. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 5: Margins required to encompass all rectum variations. 
Coverage in 89% of patients (horizontal dashed line) requires 
rectum margins of 26 mm Left, 17 mm Right, 27 mm Anterior 
and 17 mm Posterior. 19 patients with 3-8 repeat CT scans were 
included in the analysis. 
 
3.6. Set-up variation and set-up margins 

 
A total of 133 sets of portal images were acquired 

and analysed. The lateral images were of reduced 
image quality (or were not captured) in 14 (11%) of 
the imaging sessions, and these were not used in the 
analysis. Overall, single deviations up to 15 mm in 
the superior-inferior direction, up to 11 mm left-
right, and up to 12 mm in the anterior-posterior 
direction were observed. Systematic variations up 
to 12 mm superior-inferior, 5 mm left-right and 9 
mm anterior-posterior were disclosed. Assuming 
that the van Herk et al. formalism [20,27,40] were 
valid for organ motion also, we calculated the 
systematic and random components of organ 
motion and set-up variation (Table 6). Organ 
motion dominates the systematic variations in the 
superior, left and anterior directions, while set-up 
variation is the dominating source to systematic 
deviations in the inferior, right and posterior 
directions. Neither the random nor the systematic 
components of the set-up variation in any direction 
were correlated with the size of the patient 
(quantified as the “axial extent” of the patient, 
Section 3.3). 

Combining the organ motion and set-up data in 
the van Herk et al. margin recipe results in the total 
margin for the CTV-PTV expansion according to 
the ICRU formalism (Table 7). Clinics that apply 
the NACP approach delineate the ITV, and take 
account of the set-up errors by adding an extra 
margin between the beam aperture and the 
treatment volume. The set-up margins needed for 
these clinics was found by subtracting the CTV-
ITV margins  from the CTV-PTV margins, both as  

Table 7 
Planning target volume (CTV-PTV) margin (mm) in the ICRU 
50/62 terminology and difference between CTV-PTV and CTV-
ITV margins used as implicit set-up margins in the NACP 
terminology (extra margin included between beam aperture and 
95% isodose). Both random and systematic components of organ 
motion of the bladder and patient set-up variability have been 
taken into account. The van Herk et al. formalism [20,27,40] has 
been applied. 

 
 
 
 
 
 
 

determined by the van Herk et al. method (Table 7). 
 

4. Discussion 
 
In this paper we have presented data on volume 

and shape variation of the bladder, rectum and 
intestine and on set-up variation during conformal 
radiotherapy for bladder cancer. To our knowledge, 
this is the first study to present data quantifying 
these issues simultaneously using weekly, repeat 
CT scans and EPIs.  

The previously published studies on organ motion 
during bladder irradiation have been limited to 1-3 
repeat CT scans per patient, and to a certain extent 
also to a low number of CT slices per scan 
[13,36,38]. The data presented here showed that 
there were substantial day-to-day variations in size 
and position of the bladder. To measure this 
variation adequately, it is therefore crucial to 
measure on a sufficient number of treatment days. 
We quantified organ motion approximately once a 
week, e.g., in every fifth treatment session, a 
“sampling frequency” that was a compromise 
between the ideal situation (measurements at each 
treatment session) and the strain that we felt was 
acceptable for the patients as well as the available 
radiographer manpower and CT scanner time. Our 
study also revealed that the results of studies with 
limited number of slices per scan (e.g. [36]) may 
not be expected to include all the variability of the 
bladder walls. In addition to using the 3-D margin 
tool we also assessed the variations in the walls by 
measuring the lateral deviations in one central slice 
and by counting slices at the bladder top and 
bottom (data not shown). Large discrepancies 
between the results of the latter method and the 3-D 
method were seen (data not shown). However, with 
the disparity in methodology in mind, our 
observations seem to be in line with the reports 
from earlier studies. Turner et al. [38] measured 
organ motion three times during treatment, and 
found that 33% of the patients had at least one 
incidence of outwards wall movements larger than 
15 mm in any direction. In the study of Harris and 
Buchanan [13], bladder motion was measured half 
way and at the end of treatment. The bladder was 
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found to extend outside of the treatment fields in 
20% of cases (1-2 cm margin was applied). Sur et 
al. [36] assessed bladder motion once, half way 
through the treatment course, and found that the 
target volume had moved out of the treatment field 
in 13% of the patients (1-2 cm margin was applied). 
In our study, we observed at least one incidence of 
outwards wall movements larger than 15 mm in any 
direction in eight of 20 patients (40%) and in a total 
of 25 scans (19%). It is not surprising that the 
studies with the highest number of measurements 
during treatment (the study of Turner et al. [38] and 
the present study) have documented the largest 
extent of organ motion.  

The next major finding of this study was that the 
bladder had extended outside the planning scan 
contours in the vast majority (89%) of the repeat 
scans, despite that the bladder volumes were 
smaller during treatment than in planning in 85% of 
the scans. First, this shows that a certain extent of 
bladder motion away from the planning contours 
will be present even in the case of perfect adherence 
to a bladder emptying policy. However, 14 of the 
19 scans with increased bladder size were among 
the 25 repeat scans where margins > 15 mm were 
needed at least on one of the bladder walls. In five 
of the eight patients where large margins were 
required in one or more scans, this could be 
explained by an increased bladder volume relative 
to the planning situation. Also the finding that the 
superior, anterior and posterior bladder wall 
movements dominate, are in support of maintaining 
our policy of instructing patients to empty their 
bladder immediately before each treatment session.  

In two patients large internal margins were 
required because of the presence of intestinal loops 
in the planning scan that temporarily shifted the 
bladder away from the position seen in the scans 
acquired during treatment. In these cases this led to 
a more or less systematic error. However, in clinical 
routine where treatment is based on one planning 
scan only, it is difficult to judge whether the 
anatomy as shown in the CT scan will be 
representative or not for the treatment situation. 
Presently, without knowledge of the actual day-to-
day position of the CTV, adding treatment margins 
around the CTV has been the only practical method 
to take anatomical and geometrical uncertainties 
into account.  

Looking to the future, equipment that can be used 
to deposit the daily dose of irradiation with a 
minimal margin will be important for improving the 
outcome of radiotherapy for tumour sites with large 
anatomical or geometrical variation. The 
tomotherapy system that allows CTV imaging 
immediately before each high energy irradiation 
session without moving the patient are now 
becoming commercially available (Tomotherapy 
Inc, Middleton, US) [18]. The potential for 
treatment strategies like tomotherapy or other 

similar principles was also documented in this 
study. We outlined the volume that enveloped 
around the span of bladder positions, and compared 
it to the ITV that was needed to cover all variation 
except for the regions where the bladder extended 
only once. The ITVs determined by volume 
expansion of the CTV ranged from being a factor of 
1.1 to 2.3 (average: 1.6) the volume covering the 
whole span of the bladder variation. On average, 
the ITVs found by volume expansion included 128 
cm3 (range: 26 - 347 cm3) of tissue that was not 
seen to contain the bladder in any of the repeat 
scans. 

This study documented that an-isotropic target 
volume margins should be applied in bladder 
irradiation. Our current isotropic target margins 
established through several years of conformal 
radiotherapy for bladder cancer, will therefore be 
adjusted according to the findings of this study. The 
internal margins derived with our empirical 
approach and that cover all wall variation except for 
one occasion (Table 5, second row) were very 
similar to the margins found with the van Herk et 
al. methodology. These are therefore the internal 
margins we recommend to use in conformal bladder 
irradiation if applying the same imaging and 
treatment procedures as described here. A striking 
feature of our data is the large difference between 
the margins required at the left and right wall. Since 
this appears not to be an effect caused by statistical 
chance, it reflects that there actually is larger 
variation at the left bladder wall. A likely reason for 
this asymmetry is that the sigmoid colon bends 
from the recto-sigmoid flexure over the bladder and 
to the left.  

The set-up variation data presented here seem to 
be in relatively good agreement with previous 
studies on the set-up reproducibility of pelvic 
irradiation. Our random deviations are within the 
generally accepted state of the art accuracy (2.5 mm 
for prostate, 3.0 mm for general pelvic), while our 
systematic deviations in the inferior-superior and 
anterior-posterior directions are somewhat higher 
than other previous reports [14]. Under the 
assumption that the van Herk et al. formalism 
[20,27,40] applies to bladder wall motion, the set-
up variation dominates the total systematic 
variability in the inferior, right and posterior 
directions. At least in the inferior and posterior 
direction there appears to be a potential for future 
margin reductions by improving the patient set-up 
accuracy. The study has therefore revealed the need 
for more active use of portal imaging in bladder 
irradiation at our clinic, including implementing 
correction strategies. Hopefully, this will lead to 
lower systematic set-up errors, and future margin 
reduction. Reduction of the posterior margin should 
lead to less rectum dose and lower incidences of 
treatment-induced rectal complications.   
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In the present study we pointed out patients with 
large bladder wall motion that may be at higher risk 
for geographical misses and thereby local treatment 
failures. Set-up variation data (at least the 
systematic component) and the actual treatment 
plan should be included to more clearly identify the 
high-risk patients. The consequences of the 
observed organ motion and set-up variation in 
terms of target coverage and its relation to the 
findings of the cystoscopy follow-up, will be a 
topic for future work.  

The target volume margins determined in the 
present study does not include bladder delineation 
uncertainties. Intuitively, since the bladder is 
relatively easy to outline and due to the documented 
large organ motion and set-up uncertainties, this 
factor should have only minor impact on the 
margins in bladder irradiation. This has also been 
demonstrated by Meijer and co-workers, as shown 
in their preliminary report [21].  

A substantial variation in size and position of the 
rectum was documented in this study. Organ 
motion of the rectum has been a topic also in 
several previous studies (e.g [17,29]), but there has 
not been any clinical series that has quantified the 
amount of the rectum that extends outside of the 
initial rectum contours of the planning scan. The 
average of 24% of the rectum we found that 
extended outside of the planning scan contours 
means that only 76% of the volume of the whole 
organ rectum DVH calculated by the planning 
system will on average include correct DVH 
information. Due to the small thickness of the 
rectum wall, it follows that this percentage of dose-
volume validity probably is even lower if one uses 
dose-wall or dose-surface histograms for the 
rectum. The general question of how the rectum 
should be defined (wall, surface or volume?; length 
according to anatomy or treatment fields?) has been 
an issue in numerous publications. The most recent 
topic is the use of margins when outlining the 
rectum, as suggested in the ICRU report no. 62 [15] 
and detailed by McKenzie et al. [19]. Based on 
previous unpublished studies, McKenzie et al. 
suggest that a margin of approximately 4 mm 
should be used at the anterior rectal wall facing the 
high-dose region [19]. The margins we have 
presented were derived using our more direct, 
empirical approach, and were much larger than the 
4 mm proposal of McKenzie et al. It was beyond 
the scope of this presentation to analyse the rectum 
motion in terms of the McKenzie et al. approach, 
and this will be addressed in future investigations. 
Still, the bottom line for this discussion is that ORs 
are outlined in treatment planning to get an estimate 
of the dose received in the organ and to use this to 
judge the patients risk for experiencing treatment 
induced complications. It still remains an open 
question whether inclusion of OR motion data 
improves the predictive power of present methods 

used for estimating risks for developing normal 
tissue late effects after (pelvic) irradiation. This 
should also be a topic for future research. 

The demonstrated correlation between bladder 
volume and amount of intestine below the slice 
corresponding to the bladder top clearly underlines 
the importance of maintaining an invariant bladder 
volume during the treatment course. If the bladder 
volume is smaller during treatment than in the 
planning situation, there is certainly a good chance 
that the bladder CTV is adequately covered during 
treatment, but at the expense of irradiating a larger 
volume of intestine. Presently, lack of local control 
is the major challenge in treatment of bladder 
cancer, and this justifies the use of sufficient, and 
therefore, wide treatment margins. But it should be 
taken into account when judging the risk of 
intestinal morbidity that the amount of intestine 
seen close above the bladder in the planning scan in 
many cases is an underestimation of the realistic 
situation during treatment. The situation is further 
complicated by the anatomical variation of the 
intestine, since it may be different intestinal loops 
that extend downward to the bladder at different 
treatment sessions.  

In conclusion, the present study has disclosed 
large internal motion of the bladder in spite of our 
policy of using bladder contrast in the planning 
scan and treating patients with empty bladder. Our 
current treatment margins (15-20 mm isotropic) 
will be adjusted according to the findings of this 
study. Substantial variation in organ position of the 
intestine and rectum were also documented. Further 
work should aim at reducing the systematic 
components of both set-up variation and organ 
motion in bladder irradiation and at developing 
methods to take the organ motion of ORs properly 
into account in modelling and prediction of late 
effects after pelvic irradiation. 
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