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ABSTRACT 
 

Purpose: Permanent prostate brachytherapy (PPB) as a treatment option for prostate 

cancer requires implantation of 80-150 radioactive iodine-125 (I-125) "seeds" into the 

prostate.  Seed positions are carefully planned using ultrasound images of the prostate.  

The objective is to implant the seeds in a pattern that will deliver an integral radiation 

dose that is adequate for tumour sterilisation without significant toxicity. The post-

implant dosimetry study facilitates the establishment of treatment planning guidelines 

to minimise toxicity with optimal tumour control. 

 

Multiple uncertainties associated with PPB can directly influence treatment decisions 

and treatment outcomes. Uncertainties can impact on: 

− the selection of the optimal prescription dose, 

− the selection of the optimal dose distribution, 

− accuracy of pre and post-implant dosimetry methods, 

− dosimetric and clinical factors that determine tumour control and normal-

tissue toxicity 

− interaction of complementary therapies. 

Consensus on these uncertainties and optimal treatment approaches are not readily 

derived from the literature. The purpose of this thesis was therefore to use data derived 

from the establishment of a PBB program, to determine dosimetric relationships for 

tumour response and induction of toxicities, and to examine these parameters in the 

context of other published series. 

 

Method and Materials: A post-implant dosimetry technique was developed to 

determine the dose distribution in a prostate implant. The technique registers stereo-

shift (anteroposterior) radiographically defined seed positions with the ultrasound 

defined prostate anatomy. The dose distribution was correlated with treatment related 

toxicity and local tumour control.  A bioeffect model was developed as a robust means 

of predicting for biochemical control. The model incorporates a distribution of cell 

   



densities that is related to the probability of finding cancer foci in select regions of the 

prostate 

 

Results: Commonly reported toxicity in permanent prostate brachytherapy includes 

urinary and rectal toxicity, and erectile dysfunction (ED). Many factors in addition to 

radiation dose were found to contribute to treatment related morbidity.  Inconsistencies 

in the literature were found to be the result of differences in study end-points, patient 

selection, toxicity instruments, implant techniques and dose reporting methods. There 

are many uncertainties in specified dose that are a function of imaging modality, intra- 

and inter-observer variability, timing of the post-implant study, errors in identifying 

seed positions, seed movement and migration. The prostatic urethra appears to 

demonstrate a dose response and a urethral dose constraint of <150% appears to 

deliver acceptable dose coverage of the prostate when allowing for seed movement and 

migration.  There is no consensus on the optimal planned distribution of seeds, the 

number of seeds to implant and their individual source strength.  Opinions are largely 

related to implant technique. The literature suggests a rectal dose response; however 

because the ultrasound transducer distorts the rectal anatomy it is difficult to establish 

treatment planning guidelines as the treatment is delivered without the rectal probe in 

place.  Calculation of integral rectal dose is made difficult by multiple factors 

including rectal filling and movement of the rectum with respect to the prostate over 

time.  Potency at 24-months post-implant was maintained in 54% of our patients, 

consistent with the findings of other studies including patients that have received 

hormonal therapy.  We were not able to demonstrate a dose response in erectile tissues 

as demonstrated in previous studies as the ultrasound images do not contain sufficient 

detail to verify this finding.  Our conservative apical margin approach should limit the 

incidence of ED and our studies suggest hormonal cytoreduction should be used with 

caution.   

 

A preliminary analysis using our bioeffect model suggests that consideration of the 

portion of the prostate receiving the lowest tumour control probability (TCP) value is 

more likely to predict for tumour control than commonly used dosimetry parameters.  

This model could be developed further to include patient specific data derived from 

comprehensive biopsy data or functional imaging studies. 
     



 

Conclusion:  Treatment related toxicity in PPB is multifactorial.  Our urinary toxicity 

data confirms previously reported urethral dose response.  Further work is required to 

establish rectal dose treatment planning constraints.  Potency may be improved by 

conservative apical margins though use of hormone therapy to reduce gland size may 

have a greater effect on ED.  A bioeffect model with a heterogeneous distribution of 

cell densities has demonstrated the potential to predict biochemical control and lead to 

a better understanding of the dose distribution required to achieve optimal tumour 

control with low rates of toxicity. 
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GLOSSARY 
 

Note that a glossary of the symbols used in the dosimetry formalism are contained in 

Appendix I 

 

AAPM  American Association of Physicists in Medicine 

ABS  American Brachytherapy Society 

ASTRO American Society for Therapeutic Radiology and Oncology 

AP  Antero-posterior 

AUA  American Urological Association 

BED  Biologically effective dose 

BEUD  Biologically effective uniform dose 

bNED  Biochemically defined, no evidence of disease 

BPH  Benign prostatic hyperplasia 

CT  Computerised tomography 

3DCRT Three-dimensional conformal radiotherapy 

D90, D100 etc Minimum dose delivered to 90%, 100% etc of the target volume.  Note 

that D100 is the same as the minimum peripheral dose (mPD) 

DSH Dose surface histogram 

DVH Dose volume histogram 

DWH Dose wall histogram 

EBRT  External beam radiotherapy 

ECE  Extracapsular extension 

ED  Erectile dysfunction 

EUD  Equivalent uniform dose 

FACT-P Functional assessment of cancer therapy-prostate. A toxicity scoring 

system (Cella DF, et al. J Clin Oncol 11 (1993), pp. 570–579) 

GTV  Gross target volume 

HDR  High dose rate brachytherapy 

HRQOL Health related quality of life 



 

IIEF  International index of erectile function. A toxicity scoring system 

(Rosen RC, et al. Urology 1997;49: 822-830) 

IMRT  Intensity modulated radiotherapy 

IPSS  International prostate symptom score, a validated, self-assessment 

scoring system for urinary symptoms (Barry MJ, et al. J Urol 1992;148: 

1549-1557) 

LENTSOMA Late effects of normal tissues, subjective, objective, management and 

analytic.  A toxicity scoring system developed by the EORTC Late 

Effects Working Group (Pavey et al. Radiother Oncol 1995;35: 11-15) 

LHRH  Luteinising-hormone releasing hormone 

LUTS  Lower urinary tract symptoms 

MAD  Maximal androgen deprivation 

mPD  Minimum dose delivered to the periphery of the target volume 

MPD Matched peripheral dose.  The dose at which the volume encompassed 

by the isodose surface matches the volume of the target.  The quantifier 

does not address the relative location of the radiation dose to the target 

volume and is therefore seldom used in modern prostate implant series. 

MRI Magnetic resonance imaging 

MSAC  Medicare Services Advisory Committee 

MSKCC Memorial Sloan-Kettering Cancer Centre, New York 

NAAD  Neoadjuvant androgen deprivation 

NIST National Institute of Standards and Technology. Further details on 

source calibration standards are contained in Appendix I 

NTCP Normal tissue complication probability 

NWTI Northwest Tumour Institute, Seattle, USA. 

PSA  Prostate Specific Antigen 

QOL  Quality of life 

PPB  Permanent prostate brachytherapy 

RBE  Relative biologic effect 

RP  Radical prostatectomy 

RTOG  Radiation Therapy Oncology Group 

SCGH Sir Charles Gairdner Hospital – the institution where the majority of 

this work was carried out 
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SV Seminal vesicles 

TCP Tumour control probability 

TCS Template coordinate system 

TG-43 and  

TG-43 U1 Dosimetry formalism, described in Appendix I 

TRUS  Transrectal ultrasound 

TURP  Transurethral resection of the prostate 

V100, V150 etc Percentage volume receiving 100% and 150% etc of the prescribed 

dose 

WA  Western Australia, the State in which most of this work was carried out. 

WINPSI Name given to the in-house dosimetry software used for calculations 

shown in this thesis 
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Introduction 

Brachytherapy is a type of radiotherapy in which radioactive sources are placed either 

within or very close to the intended region of tumour or tissue to be irradiated.  The 

short range of the radiation produced by the brachytherapy sources, with its rapid fall-

off in dose, enable a large dose of radiation to be delivered to that region and relatively 

low doses to surrounding healthy tissue. Brachytherapy is therefore an ideal treatment 

option for localised prostate cancer where there is a requirement to minimise the dose 

to the surrounding radiosensitive organs such as the bladder and rectum. This thesis 

provides an in-depth study into the calculation of the radiation dose that may be 

delivered to the prostate that has been permanently implanted with a large number of 

radioactive iodine (I-125) seeds.  Of principal interest is the inhomogeneous radiation 

dose distribution and its effect on local tumour control and treatment morbidity.    

 

This chapter aims to provide the evidence for this form of specialised treatment by 

considering epidemiological data, alternative treatment options and economic 

considerations.  The historical development of the procedure is described and is 

followed by an outline of the thesis including a description of its objectives. 

 

Incidence of prostate cancer 

The Medicare Services Advisory Committee (MSAC) of Australia reported that in 

2000, prostate cancer was the second most common cause of cancer death in 

Australian males [1].  Of the 14,000 prostate cancers detected annually, approximately 

2,500 men will die as a direct result of this disease.  The introduction of prostate 

specific antigen test (PSA) in the early 1990s as a method of detection lead to a sudden 

increase in the incidence of clinically localised prostate cancer [2].  In Western 

Australia (WA) the number of new cases of prostate cancer rose from 433 in 1989 to 

1193 in 1995 [3].  The incidence now appears to have reached a plateau with 1204 

cases reported in 2002 [4]. 

 

Abbas and Scardino [5] found that in histological studies of prostate cancer in men 

aged over 50 years, 30-40% of that population will return positive biopsy results. Only 
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one in four of these cancers however, will become clinically evident and only one in 

fourteen of those with positive biopsies will die as a direct result of the disease. Whilst 

it is now possible to detect prostate cancer at an early stage, it is still not possible to 

accurately determine which tumours are likely to progress and lead to death. 

Consequently, the management of localised prostate cancer remains controversial [6-

12].  Because a large proportion of patients are likely to die of other causes, treatment 

with traditional methods such as radical prostatectomy (RP) and external beam 

radiotherapy (EBRT) may cause a large proportion of patients to suffer treatment 

related toxicity unnecessarily [13-16].  

 

Comparison with alternative treatment options 

Because of its short range in tissue, prostate brachytherapy using permanently 

implanted I-125 seeds (PPB) (or palladium, Pd-103) is most suited to patients at low 

risk of extracapsular spread [17,18].  This thesis therefore concentrates mostly on this 

risk group of patients though patients at higher risk of extracapsular spread were 

included in the early part of our program. 

 

Survival and freedom from failure 

In a systematic review of radiation therapy trials, Nilsson et al. [19] found no 

randomised studies comparing RP with EBRT or PPB in low risk patients. Non-

randomised comparisons of PPB with RP and EBRT studies are potentially flawed by 

the use of a range of toxicity instruments, different end points, the time course to 

symptoms and patient selection criteria. Prostate cancer has a long natural history [20]; 

after 22 years of follow-up in patients with low grade prostate tumours, Iselin et al. 

[21] found that median time to death had not been reached.  For these reasons, 

Kupelian et al. [22] concluded that sufficient evidence is not available to predict which 

treatment option (RP, EBRT or PPB) will offer superior metastasis-free or overall 

survival in low risk patients.  Freedom from biochemical failure (bNED) as an 

endpoint in prostate cancer studies is therefore often used as a surrogate for survival as 

bNED provides rapid evaluation of the efficacy of techniques even though the bNED 

may not predict metastasis-free or overall survival [23,24]. 
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In their review article, Crook et al. [20] found that bNED rates varied considerably in 

the PPB series.  Differences were mostly due to patient selection and ranged from 63% 

at 4-years [25] to 93% at 5-years [26].  Kupelian et al. [22] compared 5-year and 7-

year bNED rates in 2991 patients treated with RP, high and low dose EBRT and PPB 

(with or without EBRT).  Similar 5-year bNED rates were found in the RP, high dose 

EBRT and the PPB (monotherapy) groups (81%-83%). The low dose EBRT group 

however, had significantly worse outcome with 51% remaining bNED at 5-years.  As 

reported in other series [27-31], PSA and Gleason score were found to be predictive of 

biochemical control. 

  

Morbidity 

In a study of 417 patients treated with RP, EBRT or PPB, Talcott et al. [32], observed 

a greater increase in obstructive and irritative symptoms in the PPB patients at 3-

months post treatment compared with patients receiving RP or EBRT.  At 24-months 

post-treatment however, patients in all treatment groups (PPB, RP and EBRT) had 

mean scores very close to baseline.  In the first few months, incontinence rates did not 

change in the EBRT or PPB patients but increased significantly in the RP patients. At 

24-months incontinence rates in the RP patients had improved but were still 

significantly higher than in the EBRT and PPB patients.    

 

Lee et al. [33] measured health related quality of life (HRQOL) in RP, EBRT and PPB 

patients at regular intervals in the first 12-months post treatment.  The FACT-P [34,35] 

instrument requires patients to answer questions related to pain, urinary symptoms, and 

bowel and sexual function. Both the RP and PPB patients experienced significantly 

decreased HRQOL in the first few months and all 3 groups reported close to baseline 

scores at 12-months post treatment.  Whilst these results tend to suggest EBRT is the 

superior treatment, follow-up is short and does not take into account late rectal toxicity 

which may become more evident in the EBRT patients. 
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For patients treated from 1989-1996, Zelefsky et al. [36] reported 5-year actuarial 

likelihood of late Grade 2 rectal toxicity was 6% and 11% (p=0.71) in EBRT and PPB 

patients respectively. In a quality of life review in RP, EBRT and PPB patients, 

Henderson et al. [37] noted that the incidence of late toxicity was more prevalent in 

older PPB studies when urethral and rectal sparing treatment planning techniques were 

evolving.  The incidence of late Grade ≥2 rectal toxicity defined by the Radiation 

Therapy Oncology Group (RTOG) [38] in EBRT patients is reported in 9-25% of 

patients depending on the method of dose delivery and prescribed dose [39-49]. For 

PPB, the reported incidence of Grade ≥2 rectal bleeding following I-125 prostate 

brachytherapy ranges from 5-14%  [50-56]. 

 

Erectile dysfunction (ED) is a well known sequel following any form of prostate 

cancer therapy.  Different methods of reporting this toxicity and a differing time course 

to ED makes it difficult to compare results in different treatment modalities.  Robinson 

et al. [57] performed a comprehensive meta-analysis to compare the probability of 

maintaining erectile function at 12-months post-treatment in a hypothetical 65-year old 

prostate cancer patient that was potent prior to treatment.  Data from 54 articles were 

combined and adjusted for age.  Patients receiving brachytherapy as monotherapy were 

found to have an 80% probability of maintaining erectile function compared with 68% 

receiving EBRT and 16%-22% in the RP series.  When combining EBRT with a 

brachytherapy boost, potency rates were similar to those of the EBRT alone group.  

Longer follow-up is probably required to complete the picture.  For example, in 

Talcott et al.’s study of 417 patients [32], ED was found to increase rapidly in the RP 

group in the first few months though there was some improvement at 24-months.  The 

EBRT and PPB patients experienced a gradual increase in sexual dysfunction over 

time, which was similar to the rate of decline in patients managed by observation alone 

(no initial treatment). 

 

A recent review paper, Henderson et al. [37] found no convincing evidence to 

determine which therapy produced the least toxicity in low risk patients.  These 

authors suggested different symptoms experienced by the RP, EBRT and PPB groups 

may be weighted differently by different patients.  For example, the patient choosing 
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PPB may prefer to tolerate significant urinary symptoms in the first 12-months post-

implant in preference to increased risk of impotence and incontinence with RP.  The 

study by Hall et al. [58] found that 97.5% and 43% of RP and PPB (monotherapy) 

patients respectively based their decision of treatment choice on evidence of cure.  

However, 1% and 40% of RP and PPB patients made their decision based on side 

effects, with fear of erectile dysfunction being their primary concern. 

 

A comparison of PPB with high dose rate brachytherapy (HDR) has so far not been 

discussed, as the practice in our centre has been to offer PPB to low risk patients and 

HDR to intermediate and high risk patients. High dose rate brachytherapy is the 

application of a single, high activity stepping source, usually iridium-192 (Ir-192).  

The dose is generally delivered in a small number of fractions over a few days and has 

mostly been used as a boost to EBRT [59], but recent studies have reported successful 

application in monotherapy in low risk disease [60,61].  Results from single and multi-

institutional studies suggest this form of treatment may offer excellent biochemical 

control rates and reduced toxicity compared with PPB [59,61,62].  This form of 

treatment has only been available in our institution for 2 years and is therefore not 

discussed in detail in this thesis. 

 

A number of studies have reported the results of PPB in combination with EBRT [63-

65]. Combination therapy has only been provided in three patients at our institution 

and this was because each of the patients presented with large prostate volumes that 

did not reduce in size sufficiently to be considered suitable for implant alone. Most 

often brachytherapy as a boost treatment in combination with EBRT is offered to 

patients with intermediate or high-risk disease not considered suitable for implant 

alone.  Currently the public health service of Australia (Medicare) does not offer a 

rebate for patients with intermediate or high-risk disease.  As the practice of combining 

PPB with EBRT is not common in our institute, this topic is not considered in detail in 

this thesis. 
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Economic considerations 

The MSAC report [1] determined that patients eligible for a partial rebate against the 

full cost of permanent prostate seed implant include those with clinical stage T1, T2a 

or early T2b, Gleason score 2-6 and PSA ≤ 10ng/ml.  The MSAC report found that the 

cost of PPB to be approximately $3,500 more per patient than that of RP 

(approximately $11,500 for PPB compared with a little more than $8,000 for RP), but 

acknowledged that the risk of incontinence and impotence were probably less common 

than in the RP patient.  Hummel et al. [66] recently conducted a detailed cost-

effectiveness study for early localised prostate cancer.  This detailed economic analysis 

compared overall costs of a selection of prostate cancer treatments in the United 

Kingdom.  Brachytherapy and three-dimensional conformal radiotherapy (3DCRT) 

were considered "new and emerging treatments" and were compared with the standard 

treatment options including watchful waiting, radical prostatectomy or standard 

radiotherapy.  The study concluded that brachytherapy (and 3DCRT) may be 

considered cost-effective when compared with traditional treatments as a result of the 

reduced incidence of adverse effects.  The basis of the analysis was the underlying 

assumption that the new and traditional treatments are equally effective in terms of 

survival.  These authors however, acknowledged the paucity of data to confirm this 

assumption.  The analysis was not only based on the initial cost of treatment but also 

the on-going patient monitoring and quality of life.   Again these authors 

acknowledged that as a result of a lack of controlled clinical trials, there existed a large 

uncertainty in the incidence of treatment related toxicity for PPB.  In particular they 

noted the incidence of impotence for PPB was on average 18% but has been reported 

to be as high as 53%.  In comparing PPB with RP, the total cost of the respective 

treatments for the low risk patients was found to be £6880 and £6359 (approximately 

AUS$17,200 and AUS$15,900 respectively). The analysis however, is not valid for the 

PPB patient that has received a course of hormonal therapy as this will not only 

increase the cost of initial treatment but will almost certainly also increase toxicity, for 

example an increase in loss of potency.  We may therefore conclude that PPB appears 

to be a cost-effective treatment compared with RP and EBRT in the absence of 

hormonal therapy.  For patients that receive hormonal cytoreduction, there appears to 

be insufficient evidence to draw a firm conclusion on cost-effectiveness.  In all cases, 
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the there is an assumption that all treatments are equally effective in terms of survival 

and the results of the analysis are sensitive to estimates of the degree and incidence of 

treatment related toxicity. 

 

Prior to the Medicare agreement to partially fund the procedure, Australian patients 

were either required to fully fund the procedure, or, in later years, claim a proportion 

back from their health insurance companies.  A small number of Australian patients 

have been able to receive treatment under state government funding agreements or in 

hospitals with budgets adequate to cover the costs, however for most, the procedure 

remains accessible to only those patients who are covered by private health insurance 

or those able to fund the large difference between the actual cost of the procedure and 

the rebate offered by Medicare.  As a result of these funding issues, prostate 

brachytherapy has not become the popular treatment option as experienced in the 

United States where prostate brachytherapy was used in 36% of all prostate cancer 

patients receiving radiotherapy in 1999 [67]. 

 

Historical perspective 

The historical perspective of prostate brachytherapy is well described by Hilaris [68].  

In this publication it was noted that brachytherapy was the first reported treatment for 

prostate cancer.  The technique of implantation of radium capsules into the prostatic 

urethra began in Paris in 1909, and was first published by Pasteau and Degrais in 1914 

[69]. In the following year, Barringer, at the Memorial Sloan-Kettering Cancer Centre 

(MSKCC) in New York, published a technique describing the implantation of radium 

needles inserted through the perineum [70].  The open perineal approach became the 

most popular technique at the time though the suprapubic approach, through the open 

bladder and with the index finger in the rectum to guide needle placement, was 

occasionally used.   

Nuclear reactor produced I-125 sources were developed at MSKCC in the late 1960s. 

Whitmore and Hilaris first began implanting these sources using the retropubic 

approach [71,72]. Treatment planning was based on a nomogram [73], which was used 

to determine the number of seeds and their spacing to produce a dose-volume that 
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matched the estimated prostate volume [74].  Rectal injury was minimised by 

withdrawing the needles at least 0.5cm from the anterior rectum under digital 

guidance.  This technique often resulted in significant regions of the prostate being 

underdosed, though this could not be quantitated due to lack of sophisticated imaging 

devices and advanced computers.  This experience gathered during the 1970s 

determined the optimal tumour dose for I-125 to be in the range of 140-160Gy. 

Despite the crude methods to determine the prostate volume and an unrealistic 

assumption that the prostate was covered by the prescribed dose, this work forms the 

basis of the dose prescription commonly used today.  Details of dose specification are 

reported in detail in Appendix I of this thesis.  In brief however, in 1995 the American 

Association of Physicists in Medicine (AAPM) published the recommendations of 

Task Group 43 (TG-43) [75]. This document provided revised dosimetry data for I-125 

seeds that resulted in doses of 11% less than that previously calculated.  As a result, 

Luse et al. [76] suggested that the recommended prescribed dose be reduced from 

160Gy to 144Gy when using the dosimetry data of TG-43.    

The first Australian report of the retropubic approach was published in 1981 [77]. The 

early attempts to introduce brachytherapy as a radical treatment for organ confined 

disease using the retropubic technique produced disappointing results [78-80].  This 

was due largely to the lack in precision in implanting the radioactive sources and the 

relatively invasive retropubic implantation technique.  The technique of transperineal 

implantation guided transrectal ultrasound was described by Holm in 1983 [81].  Initial 

results were disappointing [82], though most likely a result of poor patient selection.  

The initial work of Holm was developed further by Ragde and colleagues at the 

Northwest Tumour Institute in Seattle, USA [83-85]. Later the technique was 

developed further to include fluoroscopy  [86] and forms the basis of the technique 

currently used in our centre.   

 

The role of prostate brachytherapy 

At around the time that our implant program commenced at our institute (1994), 

treatment options for localised prostate cancer included EBRT or RP.  Dose 
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prescriptions for EBRT were typically 60-66Gy and delivered with large fields to 

account for uncertainties in target localisation, organ motion and daily set-up 

variations.  Larger doses were thought to improve local control but morbidity as a 

result of using large fields and high doses was considered unacceptable.  

Brachytherapy was therefore considered an ideal opportunity to increase the dose to 

the prostate whilst sparing normal tissue.  As our implant program has evolved, so has 

the technology for EBRT.  With the introduction of computerised tomography (CT) 

guided, three-dimensional planning techniques (3DCRT), it has been possible to 

increase the dose to the prostate and either maintain or reduce toxicity, in particular 

lower gastrointestinal toxicity [87].  Dose escalation studies have now more recently 

identified that patients with disease that is at intermediate or high risk of being outside 

the prostate capsule (generally having one or more high risk features such as 

PSA>10ng/mL, Gleason score ≥ 7 or stage > T2b) are those most likely to benefit 

from increased doses of radiation to the prostate [88-90].  Similarly, as data have 

matured in the brachytherapy series, it has become apparent that only patients with low 

risk features are suitable for implant without additional therapy such as EBRT [27-31].  

Hence, our original objective of finding a way of delivering very high doses of 

radiation to the prostate whilst sparing healthy tissue may now be reconsidered.  

Clearly we still need to deliver doses adequate to sterilise the tumour, but the high 

doses we were initially aiming for might not be necessary.  To determine the dose that 

will achieve optimal tumour control with low risk of morbidity requires studies that 

pay careful attention to detail in quantifying the heterogeneous dose distribution 

through the prostate so that tumour control indices can be correlated with dose 

delivered to the prostate.  The purpose of this thesis is to take a comprehensive look at 

the many variables that are involved in describing the post-implant dose distribution 

and how this dose distribution may be related local tumour control and treatment 

related morbidity. 

Literature review 

A review of the published literature for prostate brachytherapy using the PubMed 

search strategy: [prostate brachytherapy OR prostate implant] OR [prostate AND 

brachytherapy] revealed 1419 publications between the years 1987 and November 
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2004.  In 1987 Blasko et al. [83] published the first paper describing the now 

commonly used transperineal implantation technique. That year, 16 papers appeared in 

the literature.  Each year the number of papers published has grown dramatically 

(Figure 1.1) with 220 papers published in the year 2003.  The overwhelming number 

of published manuscripts, often containing conflicting conclusions, may leave the 

small implant team with the difficult decision on which advice to follow.  As discussed 

previously, despite the heterogeneity of information available, some conclusions may 

be drawn: PPB may achieve the same long term local control rates as RP and high 

dose EBRT in low risk patients, urinary toxicity is common and mostly returns to 

baseline levels by 12-months post-implant and late rectal bleeding occurs in up to 14% 

of patients.  There is almost certainly some effect on potency following prostate 

brachytherapy though accurate reporting of this toxicity is difficult to achieve.  Whilst 

it is quite clear that good local control rates can be achieved in carefully selected 

patients and the incidence of genito-urinary and gastrointestinal symptoms is well 

documented, what is less clear is the relationship of the radiation dose distribution 

within the prostate with clinical outcomes including tumour control rates and toxicity.  

At the time of preparing this thesis, of the thousands of papers published, few 

publications have reported a significant correlation of tumour control with dosimetry 

parameters [91,92].  Stock et al. [91] produced the first publication to report that the 

dose that is delivered to 90% of the prostate volume (D90) will predict 5-year 

biochemical control rates.  This simple parameter does not take into account the non-

uniform distribution of cancer cells through the prostate and the possibility that 

underdosing certain regions of the prostate may not be as significant as underdosing 

regions at high risk of containing a significant number of tumour foci [93,94].  Chapter 

5 has been devoted to this particular topic with a proposed bioeffect model that one 

day may be used to answer the critical question- “has this prostate received an 

adequate dose to provide a high probability of local tumour control?” 
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.1  The number of publications related to permanent prostate brachytherapy

n rapidly since the mid 1990s as this treatment option gained popularity in

ed States. 
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The role of the physicist 

In 1998, a study by Prete et al. [95] revealed a broad range of practice in physics and 

dosimetry in PPB in the United States. A number of studies have identified variations 

in physics practice and treatment planning philosophies that may impact on treatment 

outcomes including biochemical control rates and morbidity [56,91,96-99].  In 1999, 

the AAPM published recommendations for quality control in PPB [100] and noted “A 

substantial part of the medical physicist’s contribution to this multidisciplinary 

modality has a direct impact on the factors that may singly or jointly determine the 

treatment outcome”. Differences in patient management philosophies may also impact 

on treatment morbidity. Whilst this is not something a physicist would normally 

consider, in trying to understand radiation-related effects we must also be mindful that 

changes in patient management strategies may produce unexpected results when 

comparing differences in seed placement techniques.  Hence this thesis not only 

attempts to understand the basic physics associated with PPB, it also attempts to 

understand some of the clinical factors that may have influenced some of the 

observations made during the course of this work.  This work however is not intended 

to provide a comprehensive manual for patient management strategies and this remains 

the responsibility of the attending clinical staff.  It is however intended to demonstrate 

the need for the clinical physicist to work in partnership with the entire clinical team to 

best serve the patient.  This is the ultimate goal of this thesis.     

 

Outline of the thesis 

This thesis attempts to draw on the information contained in the literature, the 

experience and expertise of clinical groups in Australasia and the UK that the author 

has had the honour to work with, and the experience in treating over 150 patients in 

my own institution (Sir Charles Gairdner Hospital - SCGH).  With this information, 

the intention of this thesis has been to document the uncertainties in calculating the 

dose distribution in a PPB implant and draw some conclusions on the how we might 

achieve optimal tumour control rates with minimal toxicity through the careful 

planning, implantation and post-implant evaluation of I-125 seed implants.  
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Chapter 2 provides an overview of the development of the entire prostate implant 

technique at SCGH and a summary of the toxicity and biochemical control rates 

achieved in over 100 patients treated at our institution.  The purpose of this chapter is 

to demonstrate that a multidisciplinary approach can achieve results that are consistent 

with those reported in the literature from long-established centres and that prospective 

data collection can lead to improvements in clinical outcomes. 

 

Chapter 3 describes a novel technique for post-implant dosimetric analysis.  To assess 

the dose distribution through the prostate and the dose to the surrounding critical 

organs, it is first necessary to establish the geometric relationship of the prostate to the 

implanted seed array.  The first part of this chapter describes a technique that registers 

the ultrasound-defined prostate volume with stereo-shift defined seed positions.  The 

second part of this chapter compares the results of the dosimetric evaluation of nine 

implants using the novel technique with two other techniques that are commonly used 

in other treatment centres.  

 

Chapter 4 attempts to understand the relationship between dose to normal tissue and 

toxicity.  The three sections of this chapter consider urinary and rectal toxicity, and 

sexual dysfunction.  With an understanding of the dose response to critical organs we 

may develop dose planning constraints that may lead to minimising toxicity without 

impacting on local control. 

 

Chapter 5 introduces a radiobiological model that may be used to determine implant 

quality.  The hypothesis that a heterogeneous dose distribution may be advantageous in 

the treatment of prostate cancer, is investigated. Because some parts of the prostate 

may have a low risk of containing tumour foci, underdosing these regions may not be 

as significant as underdosing regions at greatest risk of containing cancer cells.  This 

information may lead to a better understanding of the ideal dose distribution that will 

deliver higher doses to regions of the prostate that are most likely to contain tumour 

cells whilst low risk regions may be treated to a lower dose and lead to reduced 

toxicity. 
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Chapter 6 presents a general discussion of the work presented in this thesis and 

suggests ways this work may be expanded to further understand the relationship 

between dose distribution and clinical outcomes including toxicity and local disease 

control rates. 
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CHAPTER 2 

 

 

 

 

 

EVOLUTION OF A CLINICAL PROCEDURE  

 

 

 

 

 

 

 

 
Part of the information contained in this chapter appears in the following publication: 

 

Iodine-125 Brachytherapy for prostate cancer. The first published experience.  Joseph 

D, Woo T, Haworth A.  Australas Radiol. 2004; 48: 181-187 
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Abstract 

 

Purpose: Prostate brachytherapy is a treatment option for organ-confined cancer of 

the prostate.  Using the low energy I-125 isotope offers the potential to deliver high 

radiation doses to the prostate with low doses to surrounding normal tissue.  This 

therapy therefore has the potential to offer low rates of toxicity with high rates of 

tumour control.  We describe our experience in introducing this technique in Western 

Australia and compare our outcomes with other published series.   

 

Methods and Materials: Between 1994-2002, 102 patients were considered suitable 

candidates for prostate brachytherapy.  Iodine-125 seeds were implanted using an 

ultrasound and fluoroscopy guided transperineal technique.  Hormonal therapy was 

administered in patients with prostates >60cc or those with prostate mediolateral 

widths greater than 4cm.  Prospective documentation of the staging, dosimetry and 

toxicity were recorded using internationally recognised indices.  Prostate specific 

antigen levels were recorded on a regular basis to document biochemical control. 

 

Results: In the first few years of our implant program, improved dose coverage of the 

prostate was achieved by increasing the number of seeds implanted with a lower 

individual source strength.  Seventy-four percent of patients received hormonal 

cytoreduction.  Irritative urinary symptoms were experienced in 90% of patients and 

peaked in the first few months post-implant.  Rectal symptoms were mild and potency 

was maintained in 51% of previously potent patients.  Overall 5-year biochemical 

control was achieved in 85% of patients. 

 

Conclusions: Similar toxicity and biochemical control rates to those reported in the 

literature have been achieved in our clinic.  Our understanding of the role of hormonal 

cytoreduction continues to evolve.  Consistent with the findings of other series, patient 

selection has a major impact on toxicity profiles and biochemical control rates. 
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Introduction 

The purpose of this chapter is to provide an overview of the development of the 

treatment technique used for the work contained in this thesis. In addition, a summary 

of our dosimetry and toxicity data is presented along with our 5-year biochemical non-

evidence of disease (bNED) rates for comparison with the results achieved by other 

centres.  Our centre was the first in Australia to introduce the technique of 

transperineal implantation of the prostate at a time when few papers had been 

published and formal training courses were not established.  Our program has therefore 

developed based on our own experience and from the work that has since appeared in 

the literature. 

 

Excellent biochemical control rates for low risk prostate patients have been reported in 

the literature regardless of the treatment option [1].  Measuring quality of life as an 

endpoint in prostate cancer treatment is therefore important, as many patients will have 

long-term survival after completion of therapy.  In permanent prostate brachytherapy 

(PPB) this endpoint is particularly significant, as many patients have chosen this form 

of treatment because they believe that the alternative treatment options will have a 

greater impact on their quality of life [2].  Apart from documenting evidence of 

reduced morbidity compared to external beam radiotherapy (EBRT) and radical 

prostatectomy (RP), a validated instrument for measuring toxicity is necessary for 

correlation with dosimetric parameters such as total source strength implanted, 

urethral, bladder and rectal dose.    

   

In the period 1994-2002, 102 patients have been treated at Sir Charles Gairdner 

Hospital (SCGH). We1 present our indications for treatment, the technique, an 

overview of our morbidity and local control data, and our experience in introducing 

this treatment option into our institution. 

 

                                                 
1 The word “we” is used extensively throughout this thesis in recognition of the many professionals that 

have contributed to various parts.  The acknowledgments section of the thesis provides details of the 

contributions made by each of these professionals. 
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Methods and Materials 

Technique 

The transperineal implantation technique guided by transrectal ultrasound and 

fluoroscopy is described in detail by Kaye et al. [3]. Prior to implantation, the urologist 

performs a transrectal ultrasound volume study with the patient in the modified 

lithotomy position.  Transverse slices in 5mm increments from the base to apex of the 

prostate are recorded for the purpose of treatment planning.  The radiation oncologist 

traces the required treatment volume onto the ultrasound study.  The physicist then 

determines the number of radioactive I-125 seeds, their source strength and position to 

achieve the prescribed radiation dose to this volume.   

 

All patients have been implanted with loose I-125 seeds (Model 6711, Oncura, 

Amersham Health), pre-loaded into approximately 30 needles.  The number of seeds 

implanted has ranged from 42 to 152 (mean 102, median 105), with a total air-kerma 

strength range of 18.7U 2 to 59.4U (mean 41.3U, median 42.2U).  All seeds were 

implanted under general anaesthesia with the patient in the lithotomy position. During 

the procedure a urinary catheter is inserted, the balloon of the catheter inflated, and the 

inferior extent of the balloon used to determine the location of the base of the prostate. 

An ultrasound transducer inserted into the rectum is positioned until the images 

produced match those taken from the planning volume study. A needle template is 

fixed onto the transducer. Two stabilisation needles are introduced into the prostate 

with their tips positioned to mark the position of the base of the prostate gland using 

fluoroscopic guidance (Figure 2.1). Hollow needles containing preloaded seeds are 

then advanced through the holes of the template and the I-125 seeds deposited at pre-

planned locations. Both ultrasound and X-ray fluoroscopy are used to ensure correct 

placement of the seeds. 

 

                                                 
2 Note that all source strengths in this thesis (unless stated otherwise) have been converted to source 

strengths defined by the NIST99 standard.  For details refer to Appendix I. 
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median lobe.  The presence of this was thought to contribute to urinary symptoms and 

it is also difficult to implant [4].  If present, the lobe was removed by minimal 

transurethral resection of the prostate (TURP) or laser (of only the median lobe) and 

then the volume study was performed 4-6 weeks later. 

 

Dosimetry 

Treatment planning was carried out using in-house written software (details of 

programming support are contained in the acknowledgments section).  The dosimetry 

formalism is discussed in detail in Appendix I of this thesis.  All patients receiving an 

implant as monotherapy were prescribed a dose of 144Gy (using the TG-43 

formalism3 [5]) to the periphery of the prostate with a 0-5mm margin.  Three patients 

received an implant as a boost to EBRT as a result of a large prostate volume or having 

one or more factors associated with increased risk of extracapsular extension (Gleason 

score >6 or PSA >10ng/ml). For these patients, the prescribed implant dose was 110 

Gy following a dose of 46 Gy EBRT. An assumption was made that all seeds would be 

implanted with a random error of  3 to 5mm [6,7] (random seed displacement error is 

discussed in detail in Appendix II of this thesis). This was verified on the day 

following the procedure using a technique that registers stereo-shift film defined seed 

positions [8] with the ultrasound defined prostate volume using the method of Haworth 

et al. [9] (and described in detail in Chapter 3), which enables a quantitative 

assessment of dose coverage of the prostate.  This information serves two purposes, 

first to identify patients at risk of local recurrence due to large seed placement errors, 

and second to provide feedback on the implant technique to identify sources of seed 

placement error.  Implant quality was assessed using the parameters recommended by 

the American Brachytherapy Society [10] and the American Association of Physicists 

in Medicine (AAPM) [11] including the percentage volume encompassed by the 

prescribed dose (V100) and the maximum dose delivered to 90% of the prostate 

volume (D90). A D90 cut-off value of 140Gy (TG-43) has previously been shown to 

 
3 Unless stated otherwise, all doses quoted in this thesis have been calculated using the TG-43 

formalism. Refer to Appendix I for further details 
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predict for biochemical control [12,13].  We therefore compared the bNED rates in 

patients receiving ≥140Gy and < 140Gy. 

 

 

Mean follow-up time (first 90 patients) (months)   49  

Median follow-up time (first 90 patients) (months)   52  (range: 14–98) 

No. patients (total)     102 

No. patients:  
 All     102 
 With > 1 years follow up     90 

Hormone therapy: 
 Hormone naïve:     27 
 Receiving hormone therapy:     75 

Risk group:  
 Low  (Gleason < 7, PSA < 10, T < 2c)   36% 
 Intermediate (Gleason 7, PSA 10–19, T = 2c)   61% 
 High (Gleason > 7, PSA ≥ 20, stage > 2c)   3% 

Gleason grade:  
 ≤ 6     81% 
 > 6     19% 

Prostate specific antigen:  
 ≤ 10 ng/ml     61% 
 > 10 ng/ml     39% 

Stage:  
 T1     47% 

T2a     23% 
T2b     24% 

 T2c     6% 

Table 2.1. Patient demographics.  PSA = prostate specific antigen 

Post-implant follow up.  

The urologist and radiation oncologist followed all patients.  For the first 20 patients 

treated in our centre, pre-implant urinary and quality of life (QOL) status were 

measured using the International Prostate Symptom Score (IPSS), a self-assessment 

scoring system recommended by the American Urological Association (AUA) [14].  

Although this scoring system was originally devised to measure symptom relief 

following trans-urethral prostatectomy for benign prostatic hyperplasia (BPH), the 

urinary symptoms from prostate implants are similar to those of BPH. These scores 

were then compared with post-implant scores at three-monthly intervals. Questions 

relate to incomplete emptying of the bladder, frequency, intermittency, urgency, weak 
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stream, straining and nocturia (Appendix A of this chapter).   Patients score symptoms 

on a scale of 0 – 5, with a score of zero representing no symptoms and a score of 5 

indicating severe symptoms.   After the first twenty patients, questions from the LENT 

(late effects of normal tissues)-SOMA (Subjective, Objective, Management and 

Analytic) scoring system [15] were added to the IPSS and QOL measurements in the 

pre- and post-implant assessments. In addition to scoring urinary symptoms, questions 

also related to rectal symptoms and sexual function (Appendix B and C of this 

chapter).  Prostate specific antigen values were recorded every three months.  Success 

or failure of treatment was defined according to the proceedings of the American 

Society for Therapeutic Radiology and Oncology (ASTRO) Consensus Conference of 

1996 [16]. Patients who had three consecutive increases in PSA measures were 

recorded as having failed treatment. Data were available for sixty-two patients with a 

median follow-up of 65 months (range 13-104 months). We report our 5-year 

biochemical non-evidence of disease (bNED) rates for comparison with other series.  

Patients were also analysed according to Gleason score ≤6 or >6, presenting PSA <10 

and 10-40ng/ml, T-staging and prognostic risk factors (Table 2.1).   

 

   n 

Favourable PSA ≤10ng/ml + Gleason ≤6 28 

   

 PSA ≤10ng/ml + Gleason >6  

 Intermediate or 28 

 PSA >10ng/ml + Gleason ≤6  

   

Unfavourable PSA >10ng/ml + Gleason >6 6 

 

Table 2.2  Prognostic risk factors for analysis of 5-year local control rates.  Data were 

available for sixty-two patients with 5-year follow-up.  
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Results 

Whilst the technique of implanting prostates with ultrasound and fluoroscopic 

guidance was well established before the program of implantation began in Western 

Australia, issues such as prostate volume, patient assessment and dose calculation 

methods (both pre- and post-implant) were not well addressed.   We therefore present 

the results of our first 102 patients treated in our centre for comparison with other 

series and discuss some of the changes we have made as our program has matured.  

 

Pre-implant Work Up 

Figures 2.2a and 2.2b demonstrate the effect of hormone deprivation on the prostate 

volume (cross section).  In this example, the total prostate volume was reduced from 

45.3cm3 to 26.5cm3. Whilst total prostate volume is considered an important factor in 

choice of patients for implant, experience has shown that it is the width (mediolateral 

dimension) and antero-posterior dimension of the transverse sections of the prostate 

plus the position of the posterior border with respect to the posterior row of template 

hole that are the major limiting factors.  The presence of the pubic arch may limit 

implantation of the lateral aspects of a wide prostate and also the anterior portion of a 

"tall" prostate (large in the antero-posterior dimension).  For a tall prostate it is 

necessary to place the posterior edge of the prostate on the most posterior row of holes 

of the template and not below, as portions of the prostate extending beyond the 

template present technical difficulties.  Figure 2.2a demonstrates the transverse section 

of a prostate that we would now consider marginally suitable for implant.  The 

delineated volume in this figure is the prostate. Providing a margin to allow for seed 

placement error may result in using high source strength seeds in an attempt to “push” 

the radiation dose out to regions not accessible because of pubic arch interference or 

limitations in the template size and shape.  Our early experience with large prostates or 

prostates not well positioned on or above the posterior row of template holes resulted 

in large seed placement errors due to the difficulty in steering needles beyond the 

template region.    The cytoreduced volume shown in Figure 2.2b sits well within the 

template and would be an ideal volume to implant. 
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Dosimetry 
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stylet as the needle is withdrawn. An additional margin of approximately 5mm inferior 

to the apex is now applied in treatment planing to compensate for this systematic 

difference.  The subject of oedema, seed displacement error and migration is discussed 

in detail in Appendix II. 

 

Early treatments in our centre were designed to place all I-125 seeds within the 

prostate capsule.  Planning in this way required on average 76 seeds of mean source 

strength 0.459U/seed.  After treating the first twenty patients, the technique was 

modified to a method similar to that used by the Seattle Group [17-19].  The analysis 

of the data was again repeated after treating a further 30 patients.  In the second group, 

we used on average 107 seeds with a lower individual source strength (0.391U/seed). 

This has resulted in a significant improvement in dose coverage (p=0.0013) of the 

prostate volume with the prescribed isodose covering 78% (SD 15%) of the prostate 

volume in the earlier group and 88% (SD 12%) in the later group (Figure 2.3).  In 

addition, by using lower source strength seeds, the central dose to the urethra has been 

reduced from a mean of 250Gy to 208Gy, which is considered a desirable factor when 

attempting to reduce treatment morbidity [20] and may account for our observed 

decrease in difficulty in commencing urination at three months post-implant (Figure 

2.4). Whilst we conclude that a larger number of low activity seeds appear to improve 

coverage of the prostate with the prescribed dose and lead to reduced urethral doses, 

other researchers have arrived at differing conclusions [21-26]. These results are 

discussed in greater detail in Chapter 4. 

 



Chapter 2  Evolution of a clinical procedure 

___________________________________________________________________________________ 

   Page 40  

Difficulty in commencing urination

0

0.5

1

1.5

2

2.5

Pre implant 2-4 months 5-9 months 11-15 months

Time interval from implant

M
ea

n 
A

U
A

 s
co

re

Group1

Group2

p=0.0297

Figure 2.4 Comparison of group 1 patients (n=20, mean urethral dose

250Gy) with group 2 patients (n=30, mean urethral dose 208Gy) 

Figure 2.3  Percentage volume of prostate receiving the prescribed

dose (V100) has gradually improved and is now consistently greater

than 78%. 
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Genitourinary side-effects 

On the IPSS scale, a score of ‘3’ or greater for an individual question meant that the 

patient experienced a urinary symptom at least half of the time (Appendix A). Prior to 

implant, 46% of patients reported one or more urinary symptoms of IPSS score >3. 

The incidence of these symptoms rose acutely to 90% after the implant and then 

rapidly decreased so that by 1-year, only 42% were still having IPSS Grade 3, 4 or 5 

urinary symptoms. By 3-years, only 6 of 36 (17%) patients were still having weak 

stream and 4 of 36 (11%) continued to have Grade 3 frequency and urgency. Details of 

the individual urinary symptoms and how they relate to the dosimetry may be found in 

Chapter 4.  A QOL summary score evaluated patients’ overall satisfaction with their 

urinary functioning. On this scale, there are seven discrete descriptions ranging from 

‘delighted’ (= 0) up to ‘terrible’ (= 6) (Appendix A). In the initial 6 months, only 29% 

of patients were ‘mostly satisfied’ with their treatment; however, this figure rose 

rapidly after the first year to 85%. By 3 years, 89% of patients were ‘mostly satisfied’, 

‘pleased’ or ‘delighted’ with their urinary symptoms. 

Rectal toxicity 

Prior to implant 4% of our patients reported ≥ Grade 2 rectal symptoms.  This 

increased to 29% in the first few months post-implant. At 24-months post-implant, 

13% of patients continued to report ≥ Grade 2 rectal symptoms. The most common 

complaint in the acute period was tenesmus, followed by mucus loss. Prior to implant 

and at 3-, 12- and 24-months post-implant, 2%, 14%, 6% and 4% of patients reported 

≥ Grade 2 tenesmus respectively.  Late rectal toxicity was rare. At 3 years, only one 

patient out of 80 continued to experience Grade 3 rectal symptoms.   

Sexual dysfunction 

Because of the influence of hormonal ablation, potency was analysed only in patients 

who had at least 1-year of follow up. The main end-point was whether the patient was 

able to maintain an erection sufficient for vaginal penetration without medical 

intervention (Grade 0–2). Of 70 patients who admitted to being potent prior to implant, 

36 (51%) were still able to maintain potency 1-year after the implant.  
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Five-year bNED 

The overall actuarial (ie patients lost to follow-up or died of other causes were 

censored) 5-year bNED for the 62 patients available for analysis was 85%.   All 

relapses observed to date have been within 2 years, although it is possible that with 

longer follow-up further relapses will be seen. PSA nadirs were achieved after 20 

months. Patel et al. [27] defined PSA bounce as "a rise of at least 0.2ng/mL greater 

than a previous PSA level with subsequent decline equal to, or less than, the initial 

nadir" [27].  Using this definition we observed 41% of patients had a PSA bounce.   

 

When stratified by Gleason score, initial (pre-hormone) PSA, T-stage and prognostic 

risk factor, only initial PSA and prognostic risk factor were found to predict for 

increased risk of biochemical failure (p = 0.0183 and p = 0.0073 respectively) (Figure 

2.5a-d).  On multivariate analysis, only prognostic risk group remained significant 

(p<0.01). The number of patients in each of the remaining stratified groups was too 

small to reach significance though there was a clear trend for lower Gleason score, 

lower presenting PSA and stage T1-T2b to have improved rates of biochemical 

control. The Cox proportional hazard model indicated that the D90 did not predict for 

biochemical failure (p=0.093) (Figure 2.6a).  Stock et al. [12,13] reported a median 

D90 dose of 140.7Gy in their dose response study of 151 patients.  Similarly, the 

median D90 in our study cohort was 138Gy.  Unlike the study of Stock et al. however, 

when dividing patients into two groups, <140Gy and ≥ 140Gy, we found the D90 did 

not predict PSA outcome (p=0.062).  The median V100 value for our study cohort was 

87%; neither the Cox proportional hazard logistic regression nor a dichotomous 

analysis (above and below 90%) found the V100 to significantly predict for 

biochemical failure (p=0.082 and p=0.105 respectively). (Figure 2.6b).   
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Discussion 

Technique, pre-implant work-up 

In the early years, our implant program was lead by a urologist experienced in prostate 

brachytherapy, which enabled our program to by-pass some of the problems associated 

with the learning-curve phenomenon [28].  Never-the-less, at the time our program 

commenced there was still much to learn, and the aim of the work described in this 

chapter was to briefly describe some of our implant philosophies that have evolved 

over the years and present a summary of our toxicity data and our local control rates.  

Each of these factors is considered in greater detail, in particular the way they relate to 

the dose distribution, in the following chapters of this thesis. 

 

Our understanding of the role of hormone therapy to reduce the prostate volume prior 

to implant is still evolving.  Generally our use of hormone therapy has been much 

greater than in other series though in most cases this therapy was used to reduce the 

size of the gland and for only a short period of time (usually less than 7 months). There 

are no randomised studies that demonstrate improved survival rates in the androgen 

deprived implant patient and its use has been questioned by some researchers [29,30].  

In terms of survival advantage, it would appear that it is the intermediate and high-risk 

EBRT patients that are most likely to benefit in terms of disease free survival [31,32].   

We have used hormonal therapy only to reduce the volume, in particular the 

mediolateral width of the prostate, so that it may easily be implanted.  This reduces the 

risk of under-dosing parts of the prostate due to seed placement error as a result of 

difficulties in steering the needles into hard to reach places as a result of pubic arch 

interference or poor positioning of the posterior border of the prostate.  Of our first 20 

patients, only 12 patients (60%) were treated with hormonal therapy compared with 

77% in the remaining 102 patients. Our early V100 and D90 values (patients 1-20) 

were less consistent than our later results when the use of hormone therapy became 

more common and may partly explain the improved dosimetry. Some improvement 

may be related to experience, although our urologist did have considerable experience 

in implanting seeds prior to the start of our program at SCGH [33]. The improved 
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dosimetry may also be related to the smaller number of seeds implanted in early 

patients.  We may postulate that an implant with smaller numbers of high source 

strength seeds is more sensitive to seed placement error than an implant with a larger 

number of low activity seeds.  There is no consensus in the literature regarding the 

ideal mix of seed source strength and number of sources to be implanted [21-26]. This 

is discussed in greater detail in Chapter 4.  The disadvantage of hormonal 

cytoreduction is the possibility of increase toxicity [30,34,35], particularly the effect 

on potency.  Many patients select PPB rather than RP as they perceive the latter 

treatment option carries a greater risk of impotence [36], and therefore it is important 

that we do not over prescribe hormone therapy.  Achieving a good quality implant 

should always be the first aim of any implant program to minimise the risk of local 

failure and only the individual implant team can decide at what point they believe the 

prostate is too wide or poorly positioned within the template to adequately implant. A 

prostate that sits below the most posterior row of holes on the template grid should be 

raised with careful transducer positioning and inflation of the balloon surrounding the 

transducer.  In summary it has been our experience that it is the width (mediolateral 

dimension) and the antero-posterior dimensions that are the limiting factors in patient 

selection, not absolute volume, though prostate volume may, to a certain extent, act as 

a surrogate for these factors. A large cylindrical prostate that is less than 4cm wide is 

easier to implant than a small volume prostate that is greater than 4cm wide.  We 

therefore challenge the recommendation contained in the Medicare Services Advisory 

Committee (MSAC) report [37] that suggest prostate volumes should be < 40cc. We 

propose that this recommendation be re-worded to emphasise the fact that the prostate 

volume should be of a size and shape that is accessible within the constraints of the 

pubic arch and template grid.  Volumes >40cc may fit these criteria. We now routinely 

aim to implant prostates no wider than 4cm with the posterior border no lower than the 

most posterior row of holes on the template grid at any retraction plane.   

 

It has been our experience that patients presenting with significant urinary symptoms 

prior to implant will develop worse and prolonged symptoms post-implant.  For 

example, a patient with prostatitis prior to implantation developed severe and 

persistent urinary toxicity lasting over one year.  Treatment for this condition prior to 
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implant is now considered essential for all patients presenting with this condition.  

Patients with a major deficit due to a prior transurethral resection of the prostate 

(TURP) are generally not considered suitable candidates for prostate brachytherapy 

[38,39]. Five patients in our centre with a TURP deficit however, have been implanted 

and none of these patients reported a significant change in symptoms beyond 3-months 

post-implant (no increase in total IPSS by more than 3 points).  It is possible that the 

TURP defects in our patients were small enough to improve their pre-implant 

symptoms without adversely affecting their post-implant status. 

 

Dosimetry 

PPB dosimetry is the major subject of this thesis and is discussed in greater detail in 

subsequent chapters. We have however, provided a summary of our results for 

comparison with the literature.  Post-implant dosimetry is routinely carried out to 

provide feedback on treatment planning and implant techniques, and also to identify 

patients at risk of local failure.   We have used the information from our post-implant 

dosimetry studies to review our treatment planning techniques and improve the quality 

of our implants, which in turn we hope will maintain or improve our local control 

rates. In the early days of our implant program we discovered that the apex was most 

commonly underdosed and therefore we have since increased our apical margin to 

implant seeds 5 mm beyond (inferior to) the apex of the prostate.  This change was 

made cautiously as large apical doses have been reported to contribute to 

bulbomembranous strictures [40].  Our treatment margins were selected based on seed 

placement error.  In the early years of our implant program it was not widely 

recognised that patients with a high PSA (>10ng/ml) or Gleason score > 6 were at 

greatest risk of significant extracapsular extension (ECE) [41] and therefore most 

likely not suitable for treatment as monotherapy with the short range of the low energy 

I-125 seeds.  For stage T1-2 patients, Sohayda et al. [42] found ECE to be within 

3.8mm of the prostate capsule in 90% of cases with a median range of 1.1mm which 

suggests that in addition to our margin for seed placement error, we should add a 

margin for ECE.  As most ECE exists postero-laterally, then an additional margin 

would increase our rectal dose and may well lead to implantation of the rectal wall.  
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For this reason and because there is some evidence that hormone therapy may reduce 

the incidence of ECE [43], we have chosen not to extend our margins beyond 5mm of 

the prostate and would only do so if we were not satisfied with our local control rates.  

We have in the last 5 years however, modified our patient selection criteria to exclude 

intermediate and high-risk patients.   

 

Stock and Stone [44] emphasised the importance of post-implant dosimetry as it 

provides a unique opportunity to assess the dose that was delivered to the prostate and 

surrounding structures. Fifteen percent of our first 20 patients achieved a mean D90 

value greater than 140Gy, this increased to 64% in the subsequent 42 patients.  Stock 

et al. [12] similarly reported 12% of patients achieved a D90 of 140Gy in the early 

years of their program. Four years and 86 patients later, they reported 67% of patients 

were achieving D90 values >140Gy.  In contrast to this, and the study by Potters et al. 

however [12,13], we did not find that the D90 parameter correlated with 5-year bNED 

rates. Lee et al. [45] similarly found no correlation with D90 cut-off values of 140Gy 

and local failure rates suggesting their study may have been underpowered, subject to 

measurement error, length of follow-up and the possibility that the dosimetry 

parameter is a poor surrogate for the dose delivered to the tumour.   We concur with 

their suggestions and also believe the D90 parameter lacks vital information relating to 

the spatial relationship of under-dosed regions to the regions of the prostate most likely 

to contain tumour foci [46,47].   

Toxicity 

The literature report few or no serious complications requiring major surgical 

intervention or prolonged hospitalisation [33,48,49]. Acute urinary toxicity is reported 

in approximately 80-95% of implant patients [33,49-51] with differences in reported 

results mostly due to differences in toxicity instruments, reporting methods, patient 

selection and implant technique.  Urinary symptoms are generally reported to peak in 

the first few weeks following implant and return to levels close to baseline by around 

12-months post-implant [48-50,52].  With data collected using the validated IPSS 

questionnaire, our results therefore appear to be consistent with those reported in the 

literature with 90% of our patients reporting acute urinary toxicity, and most returning 
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to baseline levels by 14-months post-implant.  It is important to note however, that 

46% of our patients presented with symptoms prior to implant.   Using our QOL 

questionnaire, which relates only to urinary function, at 6- and 12-months post-implant 

we report 29% and 85% of our patients were “mostly satisfied” with their treatment 

respectively. By 3-years post-implant, 89% of patients were “mostly satisfied”, 

“pleased” or “delighted” with their urinary symptoms. We compared these results with 

Arterbery et al. [49] who, when considering all symptoms at 6-months post-implant, 

reported 79% of patients had an “excellent quality of life”. Although our result does 

not appear to be as good as that reported by Arterbery et al. [49], a quality of life score 

is very subjective [53] and may be related to how well the patient has been informed of 

what symptoms to expect, and how significant the patient perceives these problems to 

be [53,54].  

 

For PPB the reported incidence of Grade ≥2 rectal bleeding following I-125 prostate 

brachytherapy ranges from 5-14% [20,55-59].  Severe (RTOG Grade 3 or 4) long-term 

bowel dysfunction is relatively uncommon with incidences of rectal ulceration or 

fistula formation of 2% or less [20,55-58].  Late rectal bleeding is the most commonly 

reported rectal toxicity, though other symptoms such as bowel movement frequency, 

urgency and incontinence are occasionally reported [56,60-62].  Gelblum [56] for 

example, with a median follow-up of 48-months for 825 patients, reported Grade 1 

tenesmus in 9.4% of patients at some time following implant using a modified RTOG 

scale. The incidence of Grade 1 tenesmus in our study cohort was much higher, around 

20% at 24-months post-implant. It is difficult to compare results however, using 

different toxicity instruments and also results using a patient administered 

questionnaire compared with data collected by the clinician.  This is because clinician 

based questionnaires have been found to underestimate toxicity when compared with 

patient-based self-assessment questionnaires [63,64]. The subject of toxicity 

instruments is discussed in greater detail in Chapter 4 of this thesis. Baseline 

symptoms must also be taken into account along with the toxicity from hormonal 

therapy [65].  In our series, 41% of our patients reported ≥ Grade 1 rectal symptoms 

prior to implant. This is a little higher than reported by Litwin [66], who reported 

approximately one third of older men (mean age 72.5 years) without prostate cancer 
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experience some degree of rectal dysfunction, though differences in toxicity 

instruments and methods of data collection may account for this. Our adaptation of the 

LENTSOMA scoring system (Appendix B) does not record rectal bleeding and 

therefore it is difficult to compare this rectal toxicity with other series however, we can 

report that for 80 patients available for 3-year post-implant analysis, only one patient 

continues to experience Grade 3 symptoms.   

 

As many of our patients received hormone therapy it is difficult to assess the effect on 

potency of PPB alone in our patients reliably.  We have chosen to analyse our potency 

data at 12-months post-implant.  At this time 51% of our patients potent prior to 

implant were still able to maintain an erection sufficient for vaginal penetration.  These 

results appear to be consistent with those reported in other series [33,58,67].   

 

Five-year bNED results of 82% to 94% have been reported in the literature for implant 

patients  [68-70].  Our overall result of 85% is therefore consistent with the literature 

though comparison with published series is made complicated by patient selection, the 

definition of biochemical failure [71-73] and the PSA bounce phenomenon [74]. We 

observed a PSA bounce in 41% of our patients when using a rise of 0.2ng/ml in the 

definition of bounce, which was considerably higher than the 28% reported by Patel et 

al. [27]. Although Patel et al. found no correlation between PSA bounce and the use of 

androgen deprivation, it is possible that in some of our patients, the bounce may have 

been a result of an increase in testosterone levels as the effects of the hormonal 

cytoreduction diminished. Stock et al. [74] reported the incidence of PSA bounce 

using three definitions in a study of 373 brachytherapy patients who did not receive 

androgen deprivation.  Using a definition a rise ≥0.4ng/ml they reported a 17% 

incidence of PSA bounce. For this reason and because a number of our patients 

received PSA testing at different laboratories and the uncertainty in the PSA readings 

was unclear (personal communication with testing laboratories), we re-analysed the 

data using definition of a rise of >0.4ng/ml. By this definition, we report 27% of 

patients experienced a PSA bounce.   
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Due to the short range of the radiation produced by the radioactive sources, the 

selection of patients for prostate brachytherapy is limited to those with organ confined 

disease. Ragde et al. [75] suggested using I-125 as a “boost” to external beam therapy 

for patients at risk of ECE.   In Ragde’s series, initial PSA was found to be the most 

accurate predictor for disease free survival. Patients considered at risk of ECE were 

those with a Gleason score of > 6 or a clinical stage > T2b.  Compared with this study 

and others, we similarly found patients with low-risk, early-stage prostate cancer (T1-

T2b, Gleason sum ≤6 and PSA ≤10 ng/ml) are the best candidates for I-125 prostate 

seed implants [68,69,75-77]. 

  

Conclusions 

 

Post-implant dosimetry studies have provided valuable feedback on implant technique. 

Systematic differences between planned and realised seed positions are now accounted 

for in the selection of treatment planning margins and this has resulted in improved 

implant quality.  Size and shape constraints of the prostate dictate the feasibility of this 

technique though cytoreduction may be an appropriate tool to reduce large glands. The 

point at which cytoreduction will benefit implant quality is dependent on the skill of 

the implant team to accurately implant seeds in regions of the prostate not readily 

accessible due to the presence of the pubic arch or limitations of the boundary of the 

template grid.  

 

Almost all of our implant patients experienced some change in urinary function, with 

symptoms peaking in the first few months post-implant and returning to baseline 14-

months post implant. Rectal toxicity was generally mild with tenesmus being the most 

commonly reported rectal toxicity.  Our potency data may be affected by use of 

hormonal therapy however, 51% of previously potent patients remained potent at 12-

months post-implant.  We therefore conclude our toxicity rates are consistent with 

those reported in the literature. 
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Five-year biochemical control (bNED) was achieved in 85% of patients.  When 

stratified by risk group, our bNED rates were 96%, 82% and 50% for low, 

intermediate and high-risk patients respectively.  These results are consistent with the 

literature and we therefore concur that permanent prostate brachytherapy with I-125 

seeds is a safe and effective treatment in prostate cancer patients with a low risk of 

extracapsular extension of the disease.   
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APPENDIX A – SCORING SHEET FOR URINARY SYMPTOMS [14] 

Question Score 0 Score 1 Score 2 Score 3 Score 4 Score 5 

 Not at All < 1 time in 5 < half the time About half the 
time 

More than half 
the time 

Almost always 

Over the past month … 
… how often have you had a sensation of not emptying your bladder completely after you finished urinating? 
(Incomplete emptying) 

… how often have you had to urinate again less than 2 h after you have finished urinating?  (Frequency) 

… how often have you found you stopped and started several times when you urinated?  (Intermittency) 

… how often have you found it difficult to postpone urination?  (Urgency) 

… how often have you had a weak urinary stream?  (Weak stream) 

… how often have you had to push or strain to begin urination?  (Straining) 

… how many times did you most typically get up to urinate from the time you went to bed at night until the time you got 
up in the morning?  (Nocturia) 

Quality of life due to urinary symptoms 
‘If you were to spend the rest of your life with your urinary condition just the way it is now, how would you feel about 
that?’ 
Delighted Pleased Mostly 

Satisfied 
Mixed 
Satisfied & 
Dissatisfied 

Mostly 
Dissatisfied 

Unhappy Terrible 

Score 0 Score 1 Score 2 Score 3 Score 4 Score 5 Score 6 

 

APPENDIX B – SCORING SHEET FOR RECTAL SYMPTOMS (FROM [15]) 

Over the last month, Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 

please tell us…      

Constant …if you had 
urgency anal 
spasms? 
(tenesmus) 

No Occasional 
urgency 

Intermittent 
urgency 

Persistent 
urgency  

… if you had any 
mucous loss? 

No Occasional Intermittent Persistent Constant 

Constant …if you had loss of 
bowel 
control (sphincter)? 

No Occasional Intermittent Persistent 
 

…how often you 
needed to open 
your bowels (stool 
frequency)? 

< 2 per day 2–4 per day 4–8 per day > 8 per day Uncontrolled 
diarrhoea 

…if you had any 
pain? 

None Occasional 

and Minimal 

Intermittent 

and tolerable 

Persistent 

and intense 

Constant 

and excruciating 
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APPENDIX C – SCORING SHEET FOR SEXUAL DYSFUNCTION 

Over the last 
month, please 
tell us 

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 

Sufficient Impotent …whether 
erectile function 
for vaginal 
penetration was 
sufficient? 

 
Occasionally 
insufficient 

Intermittently 
insufficient 

Not 
sufficient  

…how strong 
was your desire 
or libido 

Normal Occasional Intermittent Seldom Never 

…how satisfying 
was intercourse 

Normal Occasional Intermittent Seldom Never 
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POST-IMPLANT DOSIMETRY METHODS  

 

 

    

 
 

 

This chapter is based on the following publications: 

Haworth A, Ebert M, Joseph D, Kaye K. Registration of prostate volume with 

radiographically identified I-125 seeds for permanent implant evaluation J. 

Brachytherapy Int. 2000;16: 157-167 

 

Haworth A, Ebert M, St Clair S, Carey B, Flynn A, Bottomley DM, Duchesne GM, 

Joseph D, Ash D. Impact of selection of post-implant technique on dosimetry 

parameters for permanent prostate implants. Brachytherapy 2005, in press. 
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Introduction 

To calculate the dose distribution of a permanent prostate implant, it is first necessary 

to establish the relationship of the implanted seeds to the prostate volume.  

Computerised tomography (CT) is now commonly used to establish this relationship as 

both the seeds and the prostate volume can be identified with the same imaging study. 

Commercial software is readily available to provide a quick and convenient method to 

calculate the dose-volume histogram (DVH). There are many limitations however, in 

using CT to define the prostate volume and this is discussed in detail in section 2 of 

this chapter. Some of these limitations were well recognised at the start of our implant 

program and commercial software had not at that time been developed to simplify the 

task of CT based post-implant dosimetry.  For these reasons, a method of registering 

the ultrasound defined prostate volume with seeds positions defined from stereo-shift 

films was developed.  This technique was published in 2000 and is reproduced here in 

its original form.  Since this work was published, our understanding of the limitations 

of each of the commonly used post-implant dosimetry methods has grown.  The 

second part of this chapter therefore compares the shift-film/ultrasound technique with 

two other methods of post-implant dosimetry and provides a discussion based on a 

review of the modern literature. 
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Section 3.1: Registration of prostate volume with radiographically identified I-

125 seeds for permanent implant evaluation 

Abstract 

Purpose: Post-implant dosimetry for permanent prostate brachytherapy requires 

knowledge of the position of the implanted seeds within the prostate volume.  We 

describe a method that registers shift-film defined seed positions with the ultrasound- 

defined prostate volume. 

 

Methods and Materials: Seeds identified in an arbitrary coordinate system are 

translated into the geometric reference system of the ultrasound-defined prostate 

volume in a two-stage process.  Axial contours of the prostate are digitised into the in-

house written software.  The position of the template grid used to implant the seeds is 

superimposed on the axial slices and defines the reference coordinate system.  Seeds 

are planned to coincide with the template holes and cover the treatment volume with 

the prescribed dose.  Post-implant, the shift film defined seed positions are translated 

into the prostate volume coordinate system by registering the centroid of the implanted 

seed array with the planned seed positions as a first approximation.  This translation 

assumes all seeds are implanted with a random error about their planned positions.  

The second stage requires small corrections in the position of the implanted array to 

correct for systematic deviations of the implanted seeds from their intended position. 

 

Results: Changes in prostate volume may be accounted for by substituting the pre-

implant volume with a volume study acquired post-implant.  Systematic deviations of 

implanted seeds from their intended position are largest in the craniocaudal direction 

and may be accounted for with the assistance of the fluoroscopy images acquired 

during the implantation procedure.  These images use the Foley balloon, stabilisation 

needles and transducer position to identify the position of the prostate base within the 

implanted seed array.  Images with the stabilisation needles at the apex can confirm 

alignment in the coronal plane.  Systematic deviations in the mediolateral and 
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anterioposterior directions can be accounted for by noting deviations during the 

implantation procedure. 

 

Conclusions: The dose distribution for a prostate implant can be calculated from seed 

positions defined by shift-films and registered with the ultrasound-defined prostate 

volume.  The process first assumes seeds are implanted with a random error about their 

intended position in order to translate the shift-film coordinate system to the 

ultrasound-volume coordinate system.  Systematic deviations of the seeds from their 

intended positions are then accounted for using information gathered during the 

implantation procedure. 

  

Introduction 

The introduction of the Prostate-Specific Antigen (PSA) test has lead to an increase in 

the number of early stage prostate cancers detected in recent years.  In Western 

Australia, 433 cases of prostate cancer were reported in 1989; in 1996, a total of 1193 

new cases were reported [1].  Ten-year data now suggest that brachytherapy may be 

equally effective in the treatment of prostate cancer as radical prostatectomy and 

external beam therapy in carefully selected patients [2].  Techniques for implanting 

iodine-125 or palladium-103 seeds into the prostate are described elsewhere [3-5].  

Similarly, techniques for post-implant dosimetry are well described [6,7]. In its report, 

the American Brachytherapy Society recommended computed tomography (CT) for 

post-implant dosimetry rather than film-based methods, as the latter does not represent 

patient anatomy [8].  We have attempted to address the shortcomings of the film 

method by registering the film-defined seed positions with ultrasound-defined prostate 

anatomy.  

 

We describe a method for post-implant dosimetry using ultrasound and stereoshift 

films.  With this technique, the ultrasound prostate volume is registered with the film- 

defined seed positions using fiducial markers in the form of base and apex “marker 

seeds” identified on fluoroscopic radiographs taken during the implantation procedure.  

The method was originally developed to use pre-implant ultrasound- defined prostate 
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volumes with post-implant stereoshift films.  In patients with significant post-implant 

oedema, we propose pre-implant ultrasound volume data be substituted for post-

implant ultrasound data with the condition that stereoshift film data be collected within 

a few hours of obtaining the volume data.   

Method and Materials 

Pre-implant planning dosimetry software written “in-house” allows importation of 

transverse transrectal ultrasound (TRUS) images of the prostate. Superimposed over 

the ultrasound images are the hole positions of the template used during the 

implantation procedure to accurately guide the needles containing the loose I-125 

seeds (model 6711, Oncura, Amersham Health) and spacer material (Look, Surgical 

Specialities, USA) into the prostate through the perineum. The target volume dose is 

planned preoperatively to cover the prostate with a 2-3 mm margin and a slightly 

greater margin at the apex.  Seeds typically are placed in the periprostatic tissue.  

Urethral morbidity is minimised by adjusting or eliminating seed positions in the 

centre of the gland [9].

 

Details of the implant technique are described by Kaye et al. [3].  Careful 

identification of the base of the prostate is an important step in the dosimetry process 

and will be described in detail here. At the commencement of the implantation 

procedure, the Proscan (Proscan Plus ultrasound imaging system software version 1.2, 

Teknar Corp, St Louis, Mo) axial and longitudinal ultrasound transducer is introduced 

into the rectum. The base of the prostate is identified using both the longitudinal and 

transverse modes of the scanner.  With the scanner in the transverse mode, the base of 

the prostate is designated as the zero retraction plane.  The image of the prostate at 

each retraction plane from the base to the apex is then compared with the planning 

volume study, and small adjustments in the position of the transducer are made if 

necessary to reproduce the planning volume study. With the transducer positioned at 

the level of the base, fluoroscopy images display the Foley catheter with 20cc of dilute 

contrast gently (to avoid distortion of the prostate) retracted against the bladder neck 

and prostate base (Figure 3.1.1).  With the transducer in axial mode at the level of the 

base, the “baseline stabilisation” needles (MDTech, USA) are advanced through the 
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template into the prostate until the echo from the region just inferior to the tips of the 

needles (contained within the prostate) can be observed on the ultrasound image.  

Fluoroscopy is used to verify that the tips of these needles are correctly positioned 

before any seeds are implanted.  It should be noted that the transducer is always used 

in the horizontal position and perpendicular to the x-ray tube axis.  If using an angled 

transducer, it would be necessary to rotate the x-ray tube by the same amount to avoid 

projection errors. 

Base of Prostate

T 
Figure 3.1.1 Gentle retraction on the

Foley catheter places the Foley balloon

(FB) against the bladder neck and

prostate base.  T = ultrasound transducer.
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Following implantation of a number of see

showing the baseline stabilisation needles

position of the base in relationship to the im

provided to assist with the post-implant dos

inferior to the tips of the needles (the etch

identified as “base marker seeds” to be 

Similarly, following implantation of all se

retracted to the level of the apex (as defined

with the stabilisation needles.  A second flu

so that seeds aligned with the region just in

the plane of the apex can be identified an
Figure 3.1.2 Fluoroscopy image with tips 

of stabilisation needles indicating position 

of the base of the prostate. 
Figure 3.1.3 Fluoroscopy image with tips 

of stabilisation needles indicating position 

of the apex of the prostate. 
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ds, a hard copy of the fluoroscopy image 

 is obtained.  These films indicate the 

planted seed array (Figure 3.1.2) and are 

imetry.  Seeds aligned with the region just 

ed region) on the fluoroscopy images are 

later identified on the stereoshift films.  

eds, the axial plane of the transducer is 

 by the pre- implant volume study) along 

oroscopy image (Figure 3.1.3) is obtained 

ferior to the tips of the needles retracted to 

d labelled “apex marker seeds”.   These 
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marker seeds therefore act as fiducial markers and are later used to position the 

prostate within the array of implanted seeds reconstructed from stereoshift films.  

Typically each patient in our centre is implanted with up to 150 seeds with average 

source air-kerma strength 0.422U (range 0.342U - 0.468U). 

 

Following implantation, stereoshift films are taken with the patient in the modified 

lithotomy position on the radiotherapy simulator couch. Ideally, the shift films are 

acquired within a few hours of the implant to minimise differences in prostate volume. 

Stirrups are used to support the patients’ legs in an effort to reproduce the rotational 

angle of the prostate within the pelvis compared with the angle at the time of the 

ultrasound volume study.  The dosimetry software has the facility to rotate the 

reconstructed implanted seed positions to align with the transducer angle (the angle at 

which the ultrasound images were acquired), though in practice, this angle is difficult 

to determine and it is thought that placing the legs in stirrups will minimise rotational 

error and avoid the need to correct for gland rotation due to leg position. 

 

To assist with precise longitudinal movement of the simulator couch between each pair 

of stereoshift films, a couch mount frame has been constructed with radiographic 

fiducial markers placed 300mm apart.  The board is placed over the couch so that the 

radiographic markers are positioned over the midline of the couch, and patients are 

positioned so that the prostate lies between the upper and lower radiographic markers. 

The films are taken with the x-ray tube centred over the most superior radiographic 

marker and then over the most inferior radiographic marker by moving the couch 

longitudinally through 300mm in the superior direction.  Fluoroscopy is used to verify 

precise centring of the x-ray source over the appropriate marker.  An additional antero-

posterior (AP) film with the x-ray tube centred over the implant is acquired for later 

verification of the shift film reconstruction process. 

 

Each stereoshift film is scanned and imported into the dosimetry software as a bitmap 

image.  Geometric coordinates for the implanted seed distribution are determined by 

manually matching the seed pairs from the shift films through the dosimetry software.  

The software allows the images to be magnified to assist the matching process.  Seeds 
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equidistant from the shift axis on the pairs of films are considered a possible match, 

and orientations of the seeds with respect to the shift axis are used to verify the 

matching process.  The X,Y,Z coordinates for each seed are then calculated using the 

equation described by Smith et al. [10].  The reconstructed seed positions are checked 

by comparing the calculated mediolateral and craniocaudal dimensions of the 

calculated array with dimensions measured on the AP film. 

 

The geometric origin of the coordinate system of the seeds thus identified is defined as 

the position of the superior fiducial marker.  So that the prostate outline information, 

defined in terms of the coordinate system used at the planning stage, can be used with 

the post-implant dosimetry, it is necessary to translate the coordinate system of the 

shift film-defined seed positions to that of the pre-planned seed positions, that is, with 

an origin at the left posterior template hole at the 0.0 retraction plane (most superior 

transverse plane). To assist in this process, the software first makes an initial estimate 

of the position of the prostate within the implanted seed array by matching the 

centroids of the pre-planned seed positions and implanted seed positions. The purpose 

of this exercise is to translate the implanted seed position coordinate system to that of 

the template coordinate system, which contains the pre-implant prostate volume 

information.  Similarly, the implanted seeds may be registered with the post-implant 

ultrasound-defined volume by substituting the pre- implant volume information with 

the post-implant volume study, as both share the same coordinate system with an 

origin at the left posterior template hole, 0.0 retraction plane. 
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Ant 

Post 

Right 
Left 

Figure 3.1.5 Alignment algorithm showing implanted seed posi

on planned positions in green in the coronal plane only. 
PLANNED SEEDS AT 

LEVEL OF BASE 
PLANNED SEEDS AT 

LEVEL OF APEX 
Figure 3.1.4 Alignment algorithm

showing implanted seed positions

in blue superimposed on planned

positions in green in the three

orthogonal planes. 
tions in blue superimposed
Figure 3.1.6 Alignment algorithm

showing implanted seed positions in

blue superimposed on planned positions

in green in the transverse view only.

Seeds for this patient could not be

implanted in the two anterior template

holes due to the presence of the pubic

arch.  In addition, needles were

deliberately steered in both lateral

posterior directions to extend the dose

coverage in these regions. 
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The software will allow both planned and actual seed positions to be displayed 

together in the three orthogonal planes (Figure 3.1.4).   The implanted seed positions 

may then be moved manually in relation to the planned seed positions through the 

alignment algorithm of the dosimetry software as follows: 

• The fluoroscopy images are used to establish the craniocaudal alignment (Figure 

3.1.5).  Marker seeds on the fluoroscopy images indicating the position of the base 

and apex, as described above, are identified on the stereoshift films and 

reconstructed AP seed distribution displayed by the software.  Although Figure 

3.1.5 indicates only one marker seed at the base and at the apex, in general, two or 

three seeds are identified at each plane to provide a “best fit” for the craniocaudal 

alignment.  It has been the experience of our institution that the alignment of the 

centroid of the pre-implant and implanted seeds can only be considered a first 

approximation in this plane.  Systematic errors between planned and realised seed 

positions may arise due to the technique used by the implanting clinician.  For 

example, when looking at the fluoroscopy films, we often find that seeds that were 

intended for the base are actually implanted slightly superior to the level of the 

base indicated by the stabilisation needles and the balloon in the bladder.  This is 

because we use a technique whereby, just before implantation, the needle tip is 

aligned with the tip of the stabilisation needle.  The seeds are pushed down the 

needle shaft until the first seed can be seen (using fluoroscopy), then the needle is 

withdrawn.  Hence, the first seed becomes implanted superior to the etched part of 

the needle tip, which sits in the prostate at the plane defined as the base. The 

position of the base of the prostate is therefore commonly found near the inferior 

end of the seeds intended for the base.  To compensate for this systematic 

difference, we now plan seeds 5mm inferior to the apex to ensure adequate cover 

in this region. 

• The transverse view of Figure 3.1.6 demonstrates the alignment process for the AP 

and mediolateral axes.  If all seeds are implanted with a random error in these 

planes, then the centroid of the planned seed position and the implanted seed 

positions should superimpose in these planes.  Situations in which a systematic 

difference may arise include the following:  
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a) Instances where seeds cannot be implanted according to the planned array due to 

the presence of bone (pelvic arch).  In the transverse view of Figure 3.1.6, the 

implanted anterior seeds do not match the planned anterior seed positions.  The 

planned anterior needles for this patient could not be introduced due to the 

presence of bone, and a decision was made to accept a lower dose in this region.  

During the alignment process, this deviation from the plan was taken into account 

by subjectively moving the centroid of the implanted seeds posteriorly with respect 

to the planned seed array until the implanted anterior seeds aligned with the row 

below the most anterior planned seeds. 

b) In some cases, the implanted array is moved in the anterior direction if seeds are 

implanted more posteriorly than planned, for example, to provide dose to regions 

below the posterior row of template holes.   It can be seen in the transverse view of 

Figure 3.1.6 that needles introduced through both lateral posterior template holes 

were steered laterally and posteriorly as a deliberate deviation from the plan to 

extend the dose coverage in these regions.   

c) In situations in which a tumour identified on one side of the prostate, extra seeds 

are implanted to provide a local boost dose.  In these situations, the centroid of the 

implanted seed array is moved laterally using the implanted seed positions as a 

visual guide.  In the first instance, it can be assumed that the implanted seeds will 

sit symmetrically within the periphery of the planned seed array (assuming all 

seeds are implanted with a random error in the mediolateral axis).  Second, as 

seeds are never implanted in the central column of holes in the region of the 

urethra, there is a natural gap in both the planned and implanted seed array, which 

can be used to align the two seed arrangements. 

 

The alignment algorithm allows movement of the seed array in user-defined steps of 

0.1 to 10 mm in any of the three orthogonal planes (transverse, coronal or sagittal) or 

rotation in steps of 0.1º to 10º about each of the principal axes.  Each movement of 

the seed array creates an automatic re-allocation of the X,Y,Z coordinates of the 

implanted seed positions. 
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Once the alignment process is complete, the dose distributions about the reconstructed 

seed positions are calculated and evaluated.  The outline of the prostate imported into 

the software (either the pre- or the post-implant ultrasound volume) is included with 

the dose distributions of the implanted seed positions. Dose-volume histograms of the 

implant may then be calculated to define the proportion of the prostate receiving less 

than the prescribed dose. 

 

To assess the impact of moving the implanted seed array due to known deviations 

from the pre- planned positions (ie, taking into account the systematic differences 

between the planned and implanted seed positions), the dosimetry parameters for 22 

consecutive patients were compared for two situations.  In the first instance, the 

implanted seeds shared the same centroid as the planned seeds (the “non-shifted seed 

array”).  In the second instance, the implanted seed array was shifted to the “most 

likely” position taking into account known deviations from the plan as described 

above. The dosimetry parameters measured were: the dose that covers 90% of the 

prostate volume (D90), the dose that covers 100% of the prostate volume (D100), and 

the percentage prostate volume (V100) receiving the prescribed dose as recommended 

by the American Brachytherapy Society [8].  The prescribed dose for this study was 

145Gy using the parameters of Task Group 43 [11].

 

Results and Discussion 

Seed identification and spatial relation 

For the stereoshift films, by matching seeds both equidistant from and at the same 

orientation to the shift axis, on average at least 95% of seed pairs can be matched with 

confidence.  Generally, the remaining 5% of seeds are well within the prostate capsule 

and seed-matching errors are thought to have minimal impact on the isodoses 

contouring the periphery of the prostate.  Manual seed matching takes approximately 

20 minutes to complete; however, automated seed matching software would reduce 

this time considerably.  In comparing the error in defining seed positions by CT and 

shift films, Brinkmann and Kline [12] found little difference between the two methods 

when using automatic seed localisation algorithms. 
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To test the accuracy of the stereoshift film technique for localising seeds, we measured 

the reconstructed three-dimensional array of small diameter ball bearings in a phantom 

using our shift film protocol.  These measurements demonstrated a spatial accuracy of 

less than 1mm, which may be due to a combination of couch movement and digitiser 

precision. 

 

Registration of the prostate within the seed array 

Accuracy of localisation of the prostate within the implanted seed array is difficult to 

measure.  As the implant team has gained experience, precise placement of the most 

superior seeds has improved and hence confidence in defining the position of the base 

has increased.  There are generally fewer seeds implanted in the apex, and the 

precision of seed placement in that region is always less than in the base.  In an effort 

to estimate the error in defining the position of the TRUS-defined planes within the 

implanted array, the distance between seeds identified on the stereoshift films at the 

level of the base (the base marker seeds) and seeds at the level of the apex was 

compared with the defined TRUS distance.  For example, for a prostate known to be 

40mm in length, (base to apex) from the TRUS images, then the distance (in our case 

the difference in Z coordinate values) between the seeds identified at the level of the 

base and seeds identified at the level of the apex should be 30mm for 4.5mm long 

seeds and 5.5mm spacers.  For a sample set of 20 patients, the distance between the 

seeds identified in these two planes was typically within 3mm of the measured TRUS 

distance. 

 

The results of the study of 22 patients to assess the impact on dosimetry parameters of 

moving the centroid of the implanted seeds away from the centroid of the pre- planned 

seed array are shown in Tables 3.1.1 and 3.1.2.  In the first instance, the centroid of the 

implanted seeds was matched with the centroid of the pre- planned seed positions, and 

the dosimetry parameters were calculated without taking into account systematic 

differences in seed placement between the pre- plan and the implanted seed array.  For 

the shifted seed group, the implanted array was moved to the “most likely” position 

within the template coordinate system as a result of known deviations from the plan as 
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described above.  For the 22 patients studied, the mean shift in the three orthogonal 

planes due to known deviations from the plan is less than 2mm in each direction.  The 

direction of the shift in the mediolateral and AP directions was random between 

patients though for most patients there was a systematic shift in the craniocaudal 

direction.  A negative shift in the Z axis indicates that the array was moved in the 

superior direction.  This occurred as a result of the implant technique described above.  

The effect of the shift on the dosimetry parameters was insignificant for most patients.  

Of the 22 patients in this study, only one patient required a shift of more than 3mm in 

the mediolateral or AP direction.  Four patients required a shift of more than 3mm in 

the craniocaudal direction.  For all patients, the D90 value with and without the shift 

differed by no more than 10Gy.   The difference between the D100 value was larger, 

with the maximum being 25Gy.  The V100 values for all patients were within 5% for 

the shifted and non-shifted seed arrays. 

 

 Mean Shift† 

(mm) 

Mean Absolute 

Shift‡ (mm) 

Maximum 

Absolute Shift 

(mm) 

Mean shift in mediolateral 

coordinate  
0.3* 1.0 3.9 

Mean shift in anterior-

posterior coordinate -0.2* 1.7 3.3 

Mean shift in z coordinate  

(craniocaudal) -1.2* 1.4 6.0 

Table 3.1.1. Mean shift values in the three orthogonal planes for 22 patients 
†Average of all values that may be negative or positive depending on direction of shift 
‡Average of absolute values of shift (ie independent of direction of shift) 
*Positive value indicates centroid has been shifted to the right (patient left), anteriorly 

or posteriorly respectively. 
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 Mean D90 dose 

(Gy) 

Mean D100 dose 

(Gy) 

Mean  % volume 

V100

Pre-implant 

 
181.1 116.8 98.9 

Post-implant with shifted 

seeds 
144.1 94.8 89.1 

Post-implant with 

centroid = pre- implant 
144.1 92.2 89.0 

 

Table 3.1.2. Comparison of dosimetry parameters for shifted and non-shifted seeds 

 

 

Pre- and post-implant volume 

Prostate swelling as a result of the trauma of the implantation process has been 

reported in the literature [6,13-16].  Although the amount of swelling reported varied 

from author to author, clearly this is an effect that must not be overlooked regardless 

of the imaging technique applied for post-implant dosimetry.  This effect is 

particularly important when attempting to match the pre-implant prostate volume with 

post-implant defined seed positions.  This is a limitation of this technique, and we can 

only recommend this method be used where there is little evidence of oedema 

observed during the implant procedure and when it is possible to complete the post-

implant shift films within a short time of completing the implant.  When these 

conditions cannot be met, it is necessary to match the seed positions with a post-

implant ultrasound volume study.  As with any imaging modality, local haemorrhaging 

immediately post-implant presents a challenge in defining the prostate boundary and 

postponing the post-implant study and stereoshift film procedure may help in defining 

the prostate volume.  Prestidge et al. [13] suggest waiting approximately one month to 

perform post-implant dosimetry studies when considering the time-averaged dose 

coverage of the prostate.  While that study was carried out with CT, it is likely that the 

same conclusion could be applied here and the volume may be more accurately 

delineated at that time. Whittington et al. [17] investigated the change in prostate 
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volume (using ultrasound) in patients receiving neoadjuvant androgen deprivation 

before implant and in the early post-implant period.   While the median change in 

prostate volume between the treatment planning ultrasound and the follow-up study 11 

days post-implant was only 3%, 16% of the patients in this series had an increase in 

volume greater than 30%. The change in volume at 30 days post-implant was not 

reported and possibly with the two competing effects – hormonal therapy to reduce 

prostate volume and oedema increasing the volume.  This group of patients requires an 

independent study to determine the optimal time for post-implant dosimetry. 

 

In its report, the American Brachytherapy Society [8] recommended CT for post-

implant dosimetry rather than film-based methods, as the latter does not represent 

patient anatomy. We have attempted to address the shortcomings of the film method 

by registering the film-defined seed positions with ultrasound-defined prostate 

anatomy.  Early in our program, we chose not to use CT methods for a variety of 

reasons, including the reported over estimation in prostate volume by CT, the 

interobserver variability, and the difficulty in defining the apex [18].  Defining the 

prostate volume by ultrasound may also be criticised for similar reasons [19]; however, 

we prefer ultrasound as it is consistent with the method used to plan and implant the 

seeds and our implant team members have now built up a wealth of experience in 

using this modality for imaging and defining the prostate boundary. 

 

Conclusion 

The pre- or post-implant ultrasound-defined prostate volume may be registered with 

stereoshift film-defined seed positions using marker seeds identified during the 

implantation procedure and in-house written software.  Using this method, a 

quantitative assessment of the implanted target volume may be made to identify 

patients at risk of local failure.  
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Section 3.2: Impact of selection of post-implant technique on dosimetry 

parameters for permanent prostate implants 

  

Abstract 

Purpose: To investigate the variability of prostate implant quality indices between 3 

different methods of calculating the post-implant dose distribution.  

 

Methods and materials: In a study of 9 permanent prostate implant patients, post-

implant dosimetry was carried out using 3 methods of identifying seed positions within 

the prostate volume: i) prostate volumes defined by transrectal ultrasound (TRUS) 

immediately following implant were registered with shift-film defined seed positions, 

ii) seeds were identified directly from the post-implant TRUS images and iii) 

computerised tomography (CT) was used to define seed positions and prostate 

volumes from images acquired at 41-65 days post-implant.  For each method the 

volume of prostate receiving 90%, 100% and 150% of the prescribed dose (V90, 

V100, V150) and the dose delivered to 90% of the prostate volume (D90) were 

calculated. 

 

Results:  Post-implant TRUS volumes were within 15% of the pre-implant TRUS 

volumes in 8 of the 9 patients investigated.  The post-implant CT volume was within 

15% of the pre-implant (TRUS) volume in only 3 of the 9 cases.  The value of the 

dosimetry parameters was dependent on the method used and varied by 5-25% for 

V90, 5-30% for V100, 42-134% for V150 and 9-60% for D90. No simple relationship 

was found between change in volume and the resultant change in dosimetry parameter.  

Differences in dosimetry parameters due to source localisation uncertainties was found 

to be small (≤ 10% for V100) when comparing methods i) and ii).  

 

Conclusions: There are many uncertainties in the calculation of parameters that are 

commonly used to describe the quality of a permanent prostate implant. Differences in 

the parameters calculated were most likely a result of a combination of factors 
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including uncertainties in delineating the prostate with different imaging modalities, 

differences in source identification techniques and intra-observer variability.   

 

 Introduction 

The American Brachytherapy Society (ABS) recommends post implant dosimetry be 

carried out for all patients undergoing permanent prostate implant brachytherapy [1].  

Such quality assurance procedures may help to identify consistent underdosing of a 

particular region of the prostate that suggests changes in implant technique are 

required. Also, data from published dose response series [2,3] may be used to identify 

patients at risk of local recurrence due to regional underdosing and provide the 

opportunity for supplemental therapy if required.  

  

The ABS has recommended using computerised tomography (CT) based post-implant 

dosimetry as it provides a method of directly relating seed positions to the prostate 

anatomy and is readily available in most treatment centres.  CT however, is well 

recognised for its limitations in accurately delineating the prostate [4,5] which can 

have a profound effect on implant quality indices such as the volume of prostate 

receiving 100% of the prescribed dose (V100) and dose delivered to 90% of the 

prostate volume (D90) [6-8].  Post-implant oedema has also been found to impact on 

the dosimetry parameters as a result of significant changes in prostate volume in the 

first month postoperatively [9].   Significant differences in the volume of prostate 

defined by transrectal ultrasound (TRUS) compared with CT prostate volumes have 

been identified, with the TRUS volume generally reported to be smaller than the CT 

volume [4,10].  As a result of these differences, it may appear that the post-implant 

dose coverage of the CT defined prostate does not appear as good as the planned dose 

distribution that was based on the pre-implant TRUS image. This observation may 

result in changes to treatment planning margins being applied to the treatment 

planning (TRUS based) volume study [11,12] to compensate for the TRUS to CT 

volume.  It is however, arguable that the CT volume may include normal tissue that 

should not receive the prescribed dose [4]. As a result of the limitations of CT-based 

dosimetry, various authors have investigated alternative techniques for post-implant 
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dosimetry using, for example, stereo shift films, ultrasound and magnetic resonance 

imaging (MRI) [13-15] to identify seed positions in relation to prostate volume. Seeds 

may also be identified from the CT study but registered with the TRUS volume [4].  

More recently, as centres move toward real-time treatment planning there is an 

increased interest in performing post-implant dosimetry using the TRUS based 

prostate volume at the conclusion of the implant procedure which provides the most 

convenient opportunity to rectify any underdosed regions of the prostate.  

 

 In this study we have compared the volume of prostate receiving 90%, 100% and 

150% of the prescribed dose (V90, V100 and V150 respectively) and the dose 

delivered to 90% of the prostate (D90) for 9 patients calculated with 3 different post-

implant dosimetry techniques.   

  

Method and Materials 

Nine randomly selected patients were implanted with I-125 seeds in the form of Rapid 

Strand4 or loose seeds for treatment of localised prostate cancer.  On average 85 seeds 

were implanted (range, 70-104) with a mean air kerma strength of 0.451U (range, 

0.412-0.459U).  All patients underwent a pre-implant MRI scan to rule out evidence of 

extra capsular disease.  A TRUS volume study (5mm axial slices) was acquired under 

general anaesthesia for the purpose of pre-implant dosimetry approximately 4 weeks 

prior to implant. The radiologist (BC) traced around the prostate using the on-board 

ultrasound unit planimetry software5 to define the gross target volume (GTV) for 

treatment planning.  All patients were planned to receive a prescribed dose of 145Gy 

to the prostate with a 5mm margin (0-3mm on the posterior border), calculated using 

the parameters recommended by the American Association of Physicists in Medicine 

Task Group report 43 (TG-43) [16].  Implantation was carried out under ultrasound 

and fluoroscopic guidance [17] and immediately following implant, a TRUS volume 

study was again acquired with the Radiologist defining the prostate volume using the 

TRUS planimetry software.  This volume was used for two of the post implant 

                                                 
4 Oncura, Amersham Health 
5 B&K Medical, Gentofte, Denmark 
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dosimetry methods described below.  A CT study was carried out between 41 and 65 

days (mean, 47 days) following implant. Prostate volumes for both the ultrasound 

studies and CT scans were defined by the radiologist (BC). 

 

Three methods were used to determine the relationship of the implanted seeds to the 

prostate volume. For each method, the dose distribution was calculated using the TG-

43 formalism [16].  For the nine patients in this study, we report the V90, V100, V150 

and the D90 values for each post implant dosimetry method. Methods 1B and 2 use 

exactly the same the prostate volume, which was defined by TRUS imaging acquired 

immediately post-implant.  As the same volume study is used in both methods,  

differences in the dosimetry parameters are mostly related to differences in methods of 

defining seed positions. The third post-implant dosimetry method uses CT imaging, 

carried out a few weeks post-implant, as recommended by the ABS.  The differences 

between the values of the dosimetry parameters calculated with this method and the 

first two are a result of a combination of factors.  These include differences in 

delineating the prostate with different imaging modalities, differences in source 

identification methods and also intra-observer variability. 

Methods 1A and 1B 

The first method of post-implant dosimetry is described in detail by Haworth et al. 

[13].   Briefly, the geometric coordinates of the implanted seeds, defined by stereo-

shift films acquired with a longitudinal couch shift, are registered with the outlines of 

the prostate from the TRUS study in a two stage process using in-house written 

software (WINPSI).  Firstly the pre-implant outlines of the prostate (collected during 

the pre-implant volume study) are digitised into the WINPSI software by tracing 

around the GTV marked on the axial TRUS images.  Template holes superimposed 

over the prostate volume are also digitised, so that the outlines may be defined in a 

coordinate system called the “template coordinate system (TCS)”. The origin of the 

geometric axes (position 0,0,0) is defined at the lower left template hole (labelled a1.0) 

at the base of the prostate (zero retraction plane).  Seeds are implanted following the 

treatment plan and at the conclusion of the implant, the TRUS volume study is 

repeated. Within a few hours of implantation, shift-films are acquired and processed to 
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define a unique set of coordinates for each seed within an arbitrary shift-film 

coordinate system. To translate the stereo-shift film defined seeds from the arbitrary 

coordinate system to the TCS, the centroid (geometric centre of all seed positions) of 

the implanted seeds is registered with the centroid of the planned seed positions. As a 

first approximation, it is assumed that all seeds are implanted with a random error 

about their planned position.  Small adjustments to the registered implanted seed array 

with respect to the planned seed positions are made to account for known systematic 

deviations from the plan and with the guidance of fluoroscopy images acquired during 

the implantation procedure. The fluoroscopy images are acquired with the tips of the 

stabilisation needles (positioned under TRUS guidance) indicating the position of the 

base and apex of the prostate within the implanted seed array.  Corresponding seeds 

aligned with the tips of the needles are identified on the shift films and are used to 

guide the process of registering the prostate outlines with the implanted seed array.   

Once the implanted seeds have been translated into the TCS, the pre-implant prostate 

volume may be substituted for the post-implant volume.   

 

For this study, the dose distribution about the implanted seeds was calculated using 

both the pre- and post-implant volumes (Vpre, method 1A and Vpost, method 1B 

respectively).    

Method 2 

For the second method, seeds were identified directly from the post-implant ultrasound 

images obtained immediately following the implant.  The delineated volumes were the 

same as those described in method 1B. The prostate outlines and seed positions were 

transferred from the hard copy print-outs from the ultrasound unit to the Nucletron6 

MPS Version 11.32 software using the digitiser.  The V90, V100, V150 and D90 

parameters were calculated using the Nucletron software. 

Method 3 

For the third study, the prostate was outlined at the time of the CT scan acquired 41-65 

days post-implant.  The 4mm slice thickness, transverse images were transferred to the 

 
6 Nucletron BV, Veenendaal, The Netherlands 
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Nucletron planning computer using the digitiser.  Seed positions were manually 

identified and their positions entered via the Nucletron software that was also used for 

calculation of the V90, V100, V150 and D90 parameters as described above. 

 

Both the Nucletron and WINPSI software dosimetry algorithms were independently 

verified to calculate doses within 1% up to 5cm from the centre of a typical multi-seed 

implant compared with values published in the Task-Group 43 report [16].   

 

Results  

The absolute volume of the prostate for each patient was calculated using WINPSI, the 

on-board ultrasound unit software and the Nucletron software for each patient and is 

shown in Figure 3.2.1.  In comparing the pre-implant (TRUS) volume with the mean 

post-implant TRUS volume (the mean of the WINPSI, on-board ultrasound and 

Nucletron software calculated volumes) we found that the post-implant volumes were 

on average 6% smaller than the pre-implant volumes though this was quite variable 

(SD 13%).  Differences between pre- and post-implant TRUS volumes may be a result 

to intra-observer variability and digitisation error. Larger post-implant volumes were 

seen in 2 patients indicating that oedema may have occurred during the implant 

procedure.  

 

The post-implant TRUS volume measured using WINPSI, the volume determined by 

the ultrasound unit software and the Nucletron software (Figure 3.2.1) should be the 

same as they originate from the same study.  Differences in calculated volume may 

result from differences in the software methods used to calculate volume and errors in 

digitising the volume into the dosimetry software.  The difference in ultrasound 

volumes calculated with the WINPSI and Nucletron software was less than 5% for 8 of 

the 9 patients, the maximum difference being 11%.  The variation in prostate volume 

for the three different software algorithms appeared to be random. 

 

The fifth bar for each patient shown in Figure 3.2.1 is a measure of the post-implant 

CT volume.  This is compared with the prostate volumes determined from the pre- and 
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post-implant TRUS study in Figure 3.2.2. The value of the error bars for the mean 

TRUS volume is 4.3% which represents the mean standard deviation for the volumes 

calculated with the three software algorithms. The CT volume calculated 41-65 days 

post implant varies between -20% and +61% of the mean post-implant TRUS volume.  

The difference in volumes did not appear to be a function of time post-implant 

(Pearson correlation test p = 0.115, Figure 3.2.3). 

 

Table 3.2.1 shows the variation in the parameters V90, V100, V150 and D90 for each 

of the post-implant dosimetry methods described above.  The V150 demonstrated the 

greatest range in values with patient #8 reporting a value ranging from 16% to 64% 

depending on the method used to calculate the parameter.  The V90 parameter was the 

least sensitive to the method used, the maximum range was 92% to 96%.  

Comparison of calculated volumes (cm3)
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(Method 1A)
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Nucletron U/S
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unit

Nucletron CT
volume (Method 3)
Figure 3.2.1 Comparison of prostate volumes calculated using each of the WINPSI

(pre and post-implant), Nucletron (ultrasound and CT volume) and the on-board

ultrasound unit software. 
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Figure 3.2.2 Comparison of the pre-implant ultrasound (TRUS) volume with the

post-implant TRUS and CT volumes.  The post-implant TRUS volume shown is

the mean of the values calculated with the WINPSI (Vpost), Nucletron and on-

board ultrasound software.  The error bars represent 1SD of the values measured

with the three ultrasound methods. 

Comparison of prostate volumes as a percentage of 
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CT volume as a proportion of TRUS volume vs 

days post-implant to CT scan
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Figure 3.2.3  The difference between the volume on the CT scan and the

ultrasound volume on the day of implant did not appear to be a function of time to

post implant CT scan. 
atient 

umber: 

1 2 3 4 5 6 7 8 9 SD 

90 (Gy) 137 133 131 141 124 129 133 124 133 16.5 

90 91.1% 90.8% 88.5% 93.6% 87.4% 89.2% 90.5% 86.7% 91.0% 6.3% 

100 87.3% 86.3% 84.6% 89.3% 79.9% 83.8% 83.4% 77.8% 85.8% 8.6% 

150 53.6% 70.6% 47.1% 59.5% 42.1% 44.1% 32.4% 36.2% 47.2% 32.6% 
Table 3.2.1 Mean values for each of the parameters with the range of values (shown as

the standard deviation of that range) for each of the four methods. SD- standard

deviation. 
ection 3.2   Page 90  
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To investigate the effect of differences in volume (∆vol) alone on the dosimetry 

parameters, we compared the V100 and D90 parameters using the WINPSI software 

and the pre- and post-implant volumes (Vpre and Vpost).  In both cases the relative seed 

positions were exactly the same, the only difference between the two studies was the 

prostate volume.  The results of this investigation are shown in Figures 3.2.4a and 4b. 

The maximum difference between the pre- and post-implant volumes (35% difference 

in volume) resulted in almost no difference in the V100 parameter and a 5Gy 

difference in the value of D90.  
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generally lower when calculated using method 1B, approximately 6% and 9Gy for 

V100 and D90 respectively. 
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Figures 3.2.6a and b compare the V100 and D90 values for all 3 post-implant 

dosimetry methods.  Patient #3 shows the greatest variation with values for V100 and 

D90 ranging from 70.4-95.9% and 93.5-171.5Gy respectively.  Patient #1 had the 

largest difference in post-implant TRUS-CT volume  (45%) though the range in V100 

and D90 values was considerable less (84.8-94.2% and 128-164Gy, respectively). 
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Discussion 
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imaging modalities could be avoided and it was assumed that post-implant oedema had 

not peaked. We observed post-implant volumes were on average 5% smaller, and 

within 15% of the pre-implant volume in 8 out of 9 patients. We believe the difference 

in these volumes was mostly related to the greater uncertainty in defining the post-

implant (TRUS) prostate volume due to haemorrhaging as a result of multiple needle 

insertion. Prestidge et al. [9] found that there was considerable change in the CT 

defined prostate volume due to oedema resolution in the first 30 days post implant, but 

between 30 and 180 days post-implant, volume changes were much smaller (<5%). In 

a study of 25 patients, Dogan et al. [18] found that prostates were approximately 10% 

larger on the 30-day post implant CT scan compared with the pre-implant CT scan.  In 

our small study, we found that the post-implant CT volume was on average 3% larger 

than the pre-implant TRUS volume but the range was quite variable with a difference 

of more than 15% in 6 of the 9 patients. 

 

Previous studies have shown that changes in prostate volume (and presumably seed 

positions) of around 20% due to oedema can affect the V100 and D90 values by 8% 

and 9% respectively [18]. In our study, we compared the V100 and D90 values for 

different volumes with identical seed patterns.  We found that in one patient, a 35% 

change in volume resulted in <1% difference in V100 and only a 5Gy difference in 

D90.   The two volumes in this example were taken from the pre- and post-implant 

TRUS studies and it is most likely that the increase in volume was either relatively 

uniform (representing an increase in linear dimensions of approximately 2mm) or 

mostly in a part of the prostate that was adequately dosed.   Bice et al. [20] similarly 

observed small changes in V100 when comparing CT post-implant dosimetry studies 

with contours defined by 2 independent physicians. Although these investigators did 

not specify absolute volumes in their study it would appear from the data presented 

that their study physician defined volumes 14-25% larger than the institute physicians 

that resulted in differences in V100 of 0.9% to 2.7%.  In our small study, differences in 

volume alone were shown not to be a reliable predictor for differences in V100 and 

D90.  For a second patient, the prostate volume was 13% smaller on the post-implant 

TRUS study and this resulted in a decrease in V100 and D90 by 9% and 22Gy 

respectively.  For a decrease in prostate volume we would normally expect an 
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improvement in dosimetry parameters for identical seed patterns however, these 

parameters are extremely sensitive to changes in volume in only the underdosed 

regions.  This highlights one of the major problems with CT-based dosimetry where 

the greatest uncertainty in defining the prostate volume occurs at the base and apex, 

which also coincides with the regions that are most likely to be underdosed [21]. 

 

Uncertainties in defining the prostate volume are not the only reasons for variations in 

calculated dosimetry parameters.  In Figures 3.2.5a and b we compared two post-

implant dosimetry methods that use seed positions and prostate volume data acquired 

shortly after the implant procedure (methods 1B and 2).  In the case of method 1B, the 

stereo-shift films were acquired within a few hours following the implant.  The seed 

positions were fused with the post-implant ultrasound study acquired immediately 

following implant.   As expected, the difference in prostate volumes is small (<12%) 

as they originate from the same (post-implant TRUS) imaging study. There appears 

however, to be a small systematic difference between the dosimetry parameters 

calculated with the two methods, with WINPSI (method 1B) values lower than 

Nucletron/ultrasound (method 2) values by approximately 6% and 9 Gy for V100 and 

D90 respectively.  The source of this systematic error is thought to be a result of small 

movements of the seeds due to oedema occurring between the conclusion of the 

implant and the time the shift-films were acquired.  Errors in identifying source 

positions in the two methods are expected to be random. In the case of identifying 

seeds directly from the TRUS images, source localisation errors may be a result of the 

partial volume effect whereby seeds appear on adjacent transverse images resulting in 

an uncertainty in defining the position of their true centre. Additionally, seeds are 

difficult to identify within the TRUS images [22,23]. However, with experience, 

knowledge of how many seeds were implanted and the pre-implant image to 

distinguish calcification, this task is not impossible and is the subject of interest in 

centres wishing to complete the dosimetry analysis intraoperatively [24,25].   If the 

systematic error between methods 1B and 2 is removed from the error analysis, we can 

conclude that the uncertainty in the V100 and D90 parameters was ≤10% and 30Gy 

respectively in 8 out of 9 cases due to differences in source localisation for methods 

1B and 2.   
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The V90 parameter was found to be the least sensitive to the post-implant dosimetry 

method.  This is most likely a result of the fact that the 90% isodose well covered the 

implant and it was therefore relatively insensitive to small changes in prostate volume 

delineation or seed identification.  It may therefore be a useful parameter to use when 

comparing implant quality with multiple centres, however its value in correlation with 

tumour control or treatment toxicity has yet to be reported. The ABS [1] suggested that 

the V150 parameter might be a useful parameter for correlation with toxicity.  We 

found the V150 parameter to be extremely sensitive to the method used to calculate its 

value, hence potentially limiting its utility as a predictive factor.  The sensitivity of this 

parameter is most likely due to small changes having a relatively larger effect on the 

small volumes enclosed by the 150% isodose compared with the larger 90% and 100% 

isodoses.  Also the 150% isodose is more likely to cut in and out of the prostate 

volume at multiple locations and is therefore most sensitive to volume delineation 

uncertainties. The 150% isodose also commonly surrounds individual seeds and 

therefore small differences in seed position are more likely to have a profound effect 

on the V150 calculated in the region of a high dose gradient. A significant correlation 

of the V150 parameter with toxicity has yet to be reported [26] and may only be 

relevant if critical structures such as the urethra are covered by the 150% isodose.  It is 

therefore possible that dose to critical structures is more relevant in correlating with 

toxicity than the V150 parameter, which carries a large degree of uncertainty. 

Although not as large, there was still considerable variation in the D90 parameter 

across the dosimetry methods investigated.  Whilst it is clear that differences in 

absolute prostate volume will impact on the D90 value, it would appear that the 

relationship is not simple.  In Figure 3.2.4b, it can be seen that a 35% difference in 

prostate volume alone (identical seed positions) resulted in only a 5Gy difference in 

D90.  

  

In comparing the post-implant TRUS studies (methods 1B and 2) with the CT study 

we are considering the uncertainty in the dosimetry parameters due to a multitude of 

reasons.  These include differences in prostate volume due to difficulties in delineating 

the prostate, which is unique to each imaging modality, differences due to prostate 
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volume as a result of post-implant oedema, and uncertainties in defining the source 

positions.  Source position uncertainties may be a result of the partial volume effect for 

the TRUS and CT studies and error in seed matching for the shift films.  Combining 

these uncertainties we have found that the V100 and D90 can vary by up to 30% and 

41Gy respectively, with a single person delineating the prostate volume.  These 

differences may be much larger when inter-observer variability is included [7]. 

 

We cannot say that any one of the post-implant dosimetry methods we have used in 

this study is superior to the others as patient numbers were too small to conduct a 

detailed statistical analysis, and because we have not correlated the dosimetry 

parameters with clinical outcome. Our results are in contrast to the findings of 

Chauveinc et al. [27] who found good agreement between the dosimetry parameters 

calculated from the TRUS based real-time dosimetry study and the CT study carried 

out 8 weeks later. The differences in the values of the parameters calculated in our 

study however, highlight the fact that any dosimetry parameter that is found to 

correlate with tumour control may be specific to the post-implant dosimetry method 

used.  Differences in calculated parameters may also be specific to the implant team as 

reported by Bice et al. [20] who found that despite similar training, five institutes had 

applied different margins to the prostate volumes.   Subtle differences in seed 

identification and volume delineation may lead to large differences in the calculated 

dosimetry parameter values and such differences should be taken into account when 

comparing results across institutions. The V100 and D90 parameters have been 

previously criticised for providing no spatial information with respect the region of 

prostate that is underdosed [21,28]. For low risk prostate cancer patients it has been 

shown that some regions of the prostate are more likely to contain tumour foci than 

others [29].  For this reason, we believe that post-implant dosimetric assessment 

should be based not only on the dose delivered to the entire prostate (which we have 

shown to be extremely unreliable) but also the relevance of the underdosed region with 

respect to the likelihood of finding cancer foci [29].   

 

The purpose of this study was to demonstrate that the value of a calculated post-

implant dosimetry parameter may be dependent on the post-implant dosimetry 

 



Chapter 3  Post-implant dosimetry methods 

___________________________________________________________________________________ 

Section 3.2   Page 98 

technique and care must be taken in applying data from a single institution series to 

determine the quality of the implant.  For example, the D90 value found to correlate 

with biochemical control at one institution calculated with day 1 CT data may not be 

the same value that correlates with biochemical control at another centre that performs 

real-time dosimetry, identifying seed positions directly from the TRUS images.  Our 

small study aimed to demonstrate that calculated dosimetry parameters may be 

sensitive to the post-implant technique used, each containing its own unique set of 

uncertainties.  We have not attempted to quantitate the magnitude of each uncertainty 

for each of the techniques described, as each will be largely institution specific.  

Instead we have attempted to demonstrate the sensitivity of each of the dosimetry 

parameters to post-implant dosimetry technique.  We recommend that future multi-

institutional studies take into account the many variables described in this work when 

analysing the post-implant dosimetry results.  In addition, we caution a change in 

practice, such as enlargement of margins [12], based on evidence that may not be 

relevant to an individual’s particular practice. 

 

Conclusions 

We have demonstrated that the dosimetry parameters commonly used to describe 

implant quality (V100 and D90) are dependent on the methods used to derive the 

parameters and may be sensitive to uncertainties in delineating the prostate volume and 

identifying seed positions. From the results of this small observational study we would 

caution the use of values of dosimetry parameters derived in other centres to determine 

the quality of an implant.  It is important that each brachytherapy team has a good 

understanding of the uncertainties in deriving dosimetry parameters and it is 

recommended that each implant team compares its own dosimetry parameters with 

clinical outcomes.   
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Section 2 of this chapter contains information from the following publication: 
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Haworth A. Australian and New Zealand three-dimensional conformal radiation 

therapy consensus guidelines for prostate cancer. Australas Radiol 2004;48: 493-501 
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 This chapter is divided into three sections: 

4.1 Correlation of dosimetry parameters with urinary toxicity 

4.2 Correlation of dosimetry parameters with rectal toxicity 

4.3 Correlation of dosimetry parameters with sexual dysfunction 

 

Each section of this chapter describes a study of a select group of patients.  The 

clinical data used in the analyses was obtained from the patient administered 

questionnaires described in Chapter 2. Patients were encouraged to complete these 

questionnaires monthly for the first 12 months and every three months after.  Many of 

the patients treated in the early years of our program selected to have their cancer 

treated with an implant because of their lifestyle. For example many were farmers 

living away from the city or wealthy businessmen living inter-state or overseas and all 

anxious to return to their professions as quickly as possible.  These types of patients 

proved to be unreliable in returning lengthy questionnaires asking detailed questions 

about their urinary and rectal health, and sexual performance on a regular basis despite 

the persistence of our datamanagers.  Patients that had not returned questionnaires at 

the time the data was to be sampled for each of the studies in this Chapter were 

therefore excluded from that particular study and, in part explains why there are 

different patient numbers in the studies described.  It should be noted that all of the 

clinical data presented in this Chapter is obtained directly from the patient 

administered questionnaires, there has been no attempt to interpret the clinical data 

contained in the patient notes unless stated otherwise.  Other reasons for different 

patient numbers in these studies are described below: 

• The studies were carried out at different time periods.  The work 

described in Section 4.1 was one of the first studies completed for this 

thesis.  The study was carried out as soon as adequate follow-up time 

had been achieved to compare two implant techniques and determine 

the technique that would be used for future patients. A minimum of 12-

months follow-up was considered adequate as the literature indicated 

urinary symptoms occur mostly within the first 12-months following 
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implant.  The first 50 patients treated at Sir Charles Gairdner Hospital 

(SCGH) were included in this study.   

• The LENTSOMA questionnaires were not introduced until 18 months 

after our implant program commenced. Patients included in the study 

presented in Section 2 of this Chapter were implanted after July 1996, 

when the rectal symptom questionnaire became available.  As the 

literature indicates patients may experience acute and late effects, only 

patients with a minimum follow-up of 23-months were included in this 

study. Under this criteria, at the time of analysis, 81 consecutive 

patients were considered eligible for this study, however 3 patients were 

lost to follow-up and were therefore excluded.  Section 2 of this 

Chapter therefore includes 78 patients. 

• Section 3 of this Chapter presents a study of sexual function following 

implant.  As many of our patients received neo-adjuvant hormonal 

therapy, to be eligible for this study it was necessary to have data at the 

following time intervals: baseline (prior to administration of hormonal 

therapy and implant), 12-months and 24-months post-implant. Patients 

receiving supplemental EBRT were excluded from this study. At the 

time of completing this study, 56 patients had been treated with I-125 

implant alone since the introduction of the LENTSOMA scoring 

system. Patient compliance in completing this part of the LENTSOMA 

questionnaire was poor and, with such strict selection criteria, only 38 

patients were eligible for this study.   

 

Chapter 2 of this thesis presents an overview of the first 102 patients treated at SCGH.  

The data presented is mostly from the patient questionnaires, however as this was a 

collaborative project including clinical staff, information from the patient records was 

occasionally used to supplement data from the questionnaires and therefore boost 

patient numbers available for study. The work contained in Chapter 4 presents a 

detailed analysis of sub-sets of these patients.  Differences in the results presented in 

this Chapter and those contained in Chapter 2 are a result of differences in selection 

criteria and availability of data at the time of analysis.  
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Section 4.1 Correlation of dosimetry parameters with urinary toxicity 

Abstract 

 

Purpose: Investigate factors related to radiation dose that may impact on urinary 

toxicity in permanent prostate brachytherapy.  

 

Method and Materials: A review of the literature was carried out to quantitate the 

degree of urinary toxicity reported in modern series and determine factors in addition 

to radiation dose that may impact on urinary toxicity.  A study of 50 patients treated in 

the early days of our prostate implant program compared two I-125 seed planning 

techniques to investigate their effect on implant quality and urinary toxicity.  Twenty 

consecutive patients were planned using on average 76 seeds, each of mean source 

strength 0.455U implanted entirely within the prostate capsule.  In a second group, 

thirty patients were planned using a lower seed density around the urethra and required 

on average 107 seeds of source strength 0.390U/seed to be implanted within and 

outside the prostate capsule.  The quality of the implants for both groups was 

determined from a measure of the proportion of the prostate volume receiving the 

prescribed dose (V100) and the volume receiving 75% of the prescribed dose (V75). 

(These were determined prospectively before D90 became a common measure of 

implant quality).  The level of urinary side effects experienced by both groups was 

measured using a self-assessment questionnaire. 

 

Results: Most implant series report a large proportion of patients (up to 95%) will 

experience irritative urinary symptoms up to 18 months post-implant and acute urinary 

retention is seen in 5 - 35% of patients. Incontinence occurs in ≤5% of patients in 

modern series that employ urethral dose sparing techniques. Patients with a 

transurethral resection of the prostate (TURP), either pre- or post-operatively, are at 

greater risk of incontinence. There is little consensus in the literature regarding factors 

that may exacerbate urinary toxicity.  Baseline urinary function, prostate volume, 
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number of needles used, use of alpha-blockers and adjuvant hormonal therapy, total 

source strength implanted and dose to the urethra are a few of the factors that have 

been identified as possible correlates with urinary toxicity. High urethral doses have 

been reported to correlate with increased irritative symptoms and incontinence. 

Bulbomembranous strictures have been reported as late effects and may be related to 

generous apical dose margins.  In our small study, 80% of patients experienced an 

increase in total International Prostate Symptom Score (IPSS) of more than 3 points 

above baseline in the first 12 months post-implant.  Scores peaked in the first few 

months post-implant and for both groups, urinary symptoms returned to baseline 

within 14 months of implant with the exception of urgency experienced by the first 

group, which persisted beyond 14 months.  The patients treated with the lower activity 

seeds achieved statistically significant superior dose coverage with the prescribed dose 

at the expense of increased bladder and rectal dose.  The increase in dose to these 

structures did not appear to have any impact on toxicity.  In considering individual 

symptoms, only urgency and difficulty in starting urination were found to be 

significantly different between the two groups with the lower source strength group 

reporting lower individual symptom scores despite the higher bladder dose.  

 

Conclusions: Multiple factors appear to contribute to urinary toxicity.  The number of 

patients experiencing urinary toxicity has not decreased significantly over time, 

however the number of reported severe symptoms appears to have diminished and is 

most likely the result of improved patient selection, use of alpha-blockers and 

treatment planning techniques that limit the dose to the urethra. Modern implant series 

demonstrate that dose to the urethra and possibly dose to the base of the bladder 

contribute to urethral toxicity.  Treatment planning techniques that limit the dose to the 

urethra to 150% of the prescribed dose can produce good quality implants though any 

attempt to further limit the urethral dose should not be at the expense of reduced 

implant quality and should consider the consequences of seed movement and 

migration following implant.   
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Introduction 

With similar outcomes for radical prostatectomy (RP), high dose external beam 

radiotherapy (EBRT) and permanent prostate brachytherapy (PPB) in terms of 

biochemical control [1], patients will often make treatment choices based on their 

perception of treatment related toxicity.  Henderson et al. [2] provided a literature 

review of quality-of-life issues for low risk prostate cancer patients receiving PPB, RP 

and EBRT.  These authors found brachytherapy patients are more likely to experience 

greater lower urinary tract symptoms (LUTS) compared with RP or EBRT patients in 

the first year post-implant. A significant number of patients however, will choose to 

accept the increased risk of urinary symptoms associated with brachytherapy in 

preference to the higher risks of impotence and incontinence from radical surgery. Lee 

et al. [3], using the Functional Assessment of Cancer Therapy-Prostate (FACT-P) 

questionnaire found that within the first year of treatment, RP and PPB patients had 

significant decreases in quality of life compared with the EBRT group, however at 12 

months post treatment, scores were not statistically different from baseline.  

 

In 1997 Ragde et al. [4] published the results of their first 7-years experience of 

transperineal implantation of the prostate.  In this study of 118 patients (median 

follow-up of 69 months), they reported that all patients experienced some degree of 

urinary urgency, frequency and outlet obstruction, though this generally subsided 

between 5 and 10 months post-implant. Six patients became incontinent, all of these 

patients had either previously or post-operatively undergone a transurethral resection 

of the prostate (TURP).  Fourteen patients developed bulbomembranous strictures 8-44 

months post-implant.  It was suggested that these strictures were possibly a result of a 

generous margin applied at the apex. It would appear that radiation dose contributes to 

urinary toxicity and this section of the thesis attempts to investigate the relationship of 

the dose distribution and radiation induced urinary toxicity.   

This section begins with a literature review to describe of some of the many factors 

that may contribute to urinary toxicity.  This is followed by a study of 50 patients 

treated at Sir Charles Gairdner Hospital (SCGH) using 2 different treatment planning 
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techniques. The prostate implant brachytherapy program at this hospital commenced in 

1994.  The team was lead by an experienced prostate brachytherapy urologist and 

therefore the “learning curve” phenomenon [5] was mostly related to the physics 

aspects of the treatment, in particular treatment planning. At this time there were few 

guidelines for planning seed positions and different treatment centres appeared to have 

different rules for determining the source activity and number of seeds to be implanted 

for a given prostate volume.  For the study described in this section of the thesis, the 

first group of twenty patients was planned using a technique that required all seeds be 

placed within the prostate capsule.  After implanting the first 20 patients, the technical 

aspects of the procedure were reviewed with the intention of further improving the 

dose distributions and minimising the side effects.  In particular it was decided to 

adopt a technique pioneered by the Seattle Group [6-8] that allows a larger number of 

low activity seeds to be placed within and outside the prostate and attempts to reduce 

the dose to the urethra. A further 30 patients were treated with the revised planning 

technique. In changing treatment planning technique, it was recognised that any 

reduction in urethral dose must not be off-set by reduced coverage of the target volume 

with the prescribed dose.  To compare dose distributions between the two groups, the 

proportions of the prostate volume receiving at least the prescribed dose (V100) and 

the volume receiving at least 75% of the prescribed dose (V75) were calculated for 

both groups. It should be noted that this prospective study was carried out before the 

D90 (dose delivered to 90% of the prostate volume) became the common measure of 

implant quality. 

 

Literature review 

 

In an attempt to simplify comparison of studies using different source activities, all 

source strengths quoted in the literature have been converted to air kerma strength 

based on the NIST 1999 definition [9] (see Appendix 1 for further details).  In addition 

all references to absorbed dose have been converted to an equivalent dose calculated 

using the TG-43 formalism [10]. 
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Urinary toxicity 

Acute urinary toxicity is reported in approximately 80-95% of implant patients [3,11- 

14].  Urinary complications include increased lower urinary tract symptoms (LUTS), 

retention, incontinence and stricture formation.  This section will look at each of these 

toxicities and their possible causes. 

 

1.1  Lower Urinary Tract Symptoms (LUTS) 

LUTS tend to peak in the first few weeks following implant and return to levels close 

to baseline by around 12 months post-implant [3,11,13,15] In addition to radiation 

exposure, acute effects may be a result of a number of physical factors including 

needle trauma, prostate volume, oedema, transition zone volume and differences in 

seed arrangement techniques [16,17].  Baseline symptoms have been reported as one 

of the most significant predictors for post-implant toxicity by several investigators 

[11,17-19]. In contrast however, Williams et al. [20] recently reported higher peak 

post-implant symptom scores, measured with the International Prostate Symptom 

Score (IPSS), correlated with lower baseline symptom scores. Use of alpha-blockers 

and hormonal therapy may also impact on toxicity.  Merrick et al. [21] reported that, in 

a multi-institutional study of 234 patients, urinary symptoms (also measured with the 

IPSS) returned to baseline levels significantly faster for patients receiving prophylactic 

alpha-blockers compared with patients not receiving this medication or only receiving 

it therapeutically.  The mean time to return to baseline symptoms was 4 months in the 

former group and more than 10 months in the latter groups.   
 

1.2  Acute Urinary Retention 

The reported incidence of acute urinary retention ranges from 5-35% [18, 20,22-24]. 

Crook et al. [22] found that large prostate volumes and prior androgen ablation 

increased the risk of acute urinary retention. In contrast, Hinerman-Mulroy et al. [25] 

found hormonal therapy did not significantly increase the risk of acute urinary 

retention and Blank et al. [26] reported 3-months of neoadjuvant hormonal therapy 

could reduce the prostate volume and consequently the total activity implanted and 

acute urinary toxicity. 
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1.3  Incontinence 

Blasko et al. [27], in 1991 reported a 17% risk of incontinence in patients that had 

previously or post-operatively received a transurethral resection of the prostate 

(TURP) compared with 0% in the non-TURP group.  This incontinence occurred early 

in their experience when patients were implanted with a uniform seed loading pattern 

that resulted in central doses ranging from 200 to 300Gy (thought to be equivalent to 

180 to 270Gy  using the TG-43 formalism [10]) [4]. In a similar early experience Kaye 

et al. [14] reported 4 out of 19 patients (22%) with prior resections developed stress or 

urge incontinence compared with 6 out of 57 patients (11%) that had no prior 

resection.  Wallner et al. [28] in 1997 reported 6% incontinence in TURP patients 

using a peripheral loading technique. Modern brachytherapy series generally exclude 

patients with a prior TURP and report incontinence rates of around 1-5% at one year 

post-implant [19,29].  Differences in reported incontinence are likely to be the result of 

a combination of factors.  These may include differences in reporting methods (eg 

occasional such as stress incontinence, versus continual); patient numbers (many 

studies too small to provide reliable statistics) and differences in technique (eg 

differences in urethral doses as a result of differences in treatment planning 

techniques).  

 

 

1.4  Strictures and other late effects 

Kaye et al. [14] in 1995 reported toxicity data for 76 patients treated in the period 

before treatment planning with urethral dose constraints became popular. In this study 

with a mean follow-up of 24 months, 2 patients developed strictures 1-2 years post-

implant.  Merrick et al. [30] found a 5.3% 5-year actuarial risk of urethral stricture in a 

study of 425 patients.  The median time to development in this series was 26.6 months 

and the use of hormonal therapy for more than 4 months was found to increase the 

likelihood of strictures. Merrick and colleagues were unable to conclusively explain 

this observation, suggesting the possibility of a radiosensitising effect of the hormonal 

therapy.  Their observations may also have been a result of small patient numbers that 

included 7 patients receiving >4 months of hormonal therapy (5 developed strictures) 

and 41 patients receiving ≤ 4 months of hormonal therapy (8 developed strictures). In 
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this series, hormonal therapy was prescribed for “urinary obstructive symptomatology, 

unfavourable geometry or multiple poor prognosticators.” We cannot be sure that the 

duration of the hormonal therapy was related to the pre-implant condition and 

therefore it is possible that the strictures were more closely related to the pre-implant 

condition rather than the duration of hormonal therapy. Although Merrick suggested 

their observation was unlikely to be related to dose, this possibly requires further 

investigation.  Whilst we know that the greatest reduction in prostate volume occurs in 

the first few months of androgen deprivation [31], we do not know how the prostate 

volume (and its structure) changes as a result of a combination of ceasing the hormone 

therapy and post-implant oedema. We therefore do not know how these changes may 

impact on urethral dose as a function of pre-implant hormonal therapy duration [25]. 

Dose to the membranous urethra (Figure 4.1.1) was also found to be predictive for the 

development of urethral strictures. In a retrospective study, Merrick et al. [32] found 

no significant long-term (median follow-up 64 months) urinary complications in their 

brachytherapy patients when compared with a newly diagnosed age matched group. 

Henderson et al. [2] suggested this excellent result is most likely a consequence of 

careful patient selection, urethral dose sparing techniques and avoiding significant 

post-implant TURP. 

 

1.5 Toxicity Instruments 

Section 2 of this chapter provides a detailed review of toxicity reporting systems and 

the difficulties in comparing results of studies that have used a variety of toxicity end-

points and a mix of physician based and patient administered questionnaires.  For 

urinary toxicity, the American Brachytherapy Society (ABS) recommends that in 

addition to using the International Prostate Symptom Score (IPSS) [33] to assess 

urinary morbidity, dysuria, gross haematuria, urinary retention and incontinence 

should also be reported.  Care must be taken in interpreting the IPSS if symptoms have 

been managed with temporary or intermittent catheterisation for reasons other than 

retention. As an example, Henderson et al. [11] reported patients in their series often 

elected self-catheterisation to reduce nocturnal frequency even though they were able 

to void per urethrum. In this case IPSS cannot be reliably compared with the IPSS of 

patients that do not self-catheterise for this purpose. 



Chapter 4                                                     Correlation of dosimetry parameters with morbidity 

_____________________________________________________________________ 

Section 4.1  Page 113  

 

 

Figure 4.1.1 Anatomy of

the urethra.  From Merrick

et al. [30], reproduced

with permission.   

 

 

1.6  Correlation with Dosimetry Parameters 

A small number of studies (summarised in Table 4.1.1) have reported a correlation of 

dosimetry parameters with urinary toxicity [12,15,19,24,34]. Wallner et al. [34] 

presented the first study correlating dose to the urethra with toxicity measured 

according to a modified RTOG toxicity scale.  The patients treated in this early series 

received much higher urethral doses than seen in modern series that use peripheral 

loading techniques.  This study reported a greater incidence of RTOG Grade 2 and 3 

(mild symptoms requiring simple treatment to distressing symptoms) urinary toxicity 

in patients receiving central urethral doses above 400Gy (thought to be equivalent to 

360Gy using the TG-43 formalism [10]). Desai et al. [15] used a peripheral loading 

technique in the treatment of 117 patients in the period 1991-1995.  These researchers 

calculated the dose surface histogram for the urethra and found a correlation with 

urinary frequency but not total IPSS.  Total IPSS however, did correlate with a number 

of dosimetry parameters (including volume of the prostate receiving 150%, 100%, 

87.5% and 78% of the prescribed dose) and total activity, suggesting irritative 

symptoms will increase with improved implant quality and greater dose heterogeneity.  

Doses to the urethra for some of these patients exceeded 150% of the prescribed dose, 

a value generally avoided in modern series. 

 

Merrick et al. [30] reported dose to the membranous urethra (Figure 4.1.1) was found 

to be predictive for the development of urethral strictures, with stricture and non-
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stricture patients receiving membranous urethral doses of 98% and 82% of the 

prescribed dose respectively.  Dose to the prostatic urethra was apparently not 

predictive of stricture development but the magnitude and extent of high dose regions 

(volume receiving more than 150% and 200% of the prescribed dose, V150 and V200) 

was.  The dose to 90% of the prostate volume (D90) was also found to predict stricture 

formation, but the V100 did not.  This study included a mix of patients receiving either 

I-125 or Pd-103 as monotherapy or in combination with EBRT. The addition of EBRT 

however, was not found to be predictive of stricture formation. 

 

 

 

1.6 Selection of Isotope 

 

A complete review of all treatment options for early stage prostate cancer is beyond 

the scope of this thesis however, for completeness, this sub-section considers the 

results of studies using isotopes other than I-125 to investigate the effect of dose rate 

on toxicity. 

 

In considering prostate cancer cell kill, Ling [35] demonstrated in a theoretical study 

that Pd-103 should be more effective in fast growing tumours (tumour doubling time 

Tp < 10 days) and I-125 in slow growing tumours (Tp > 10 days). Despite the fact that 

later studies have suggested Tp values for prostate cancer are in the range of 16-61 days 

[36], Pd-103 remains a popular choice in patients with higher grade Gleason scores (≥ 

7) with I-125 for better differentiated tumours (Gleason score <7). There are therefore 

few studies comparing isotopes for similar patient populations (ie similar Gleason 

scores). 

 

Whilst a detailed review of the radiobiology of prostate cancer is provided in Chapter 5 

of this thesis, for this chapter, we first consider the radiobiologically effective dose 

(BED) to normal tissue.  Peschel et al. [37] calculated the BEDs to normal tissue 

(bladder, rectum and urethra) for prescribed doses of 145 Gy (TG-43) and 115 Gy for 

I-125 and Pd-103 implants respectively.  These authors found that as a result of 
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differences in initial dose rate and prescribed dose, the BED for normal tissue was 

lower for the Pd-103 isotope for both early reacting tissue (α/β = 10) and late reacting 

tissue (α/β = 3).  To test this theory they compared their long-term toxicity data in a 

study of 82 patients receiving I-125 implants and 41 patients receiving Pd-103.  

Although the mean Gleason score was higher in the Pd-103 group, these authors 

pointed out that the effect of dose rate on normal tissue should be independent of the 

tumour status. In this study of 123 patients, 11 patients (9%) reported long-term 

urinary or rectal toxicity with all of these complications occurring in the I-125 group.  

These authors acknowledged a number of shortcomings within their study (including 

small patient numbers, and shorter follow-up in the Pd-103 group) however their 

observations were supported by their meta-analysis of 992 I-125 and 540 Pd-103 

patients demonstrating weighted mean complication rates of 11% and 1.5% 

respectively. 

 

In a randomised multi-centre study of 110 patients, Wallner et al. [39] compared the 

time course for urinary symptoms in patients receiving either I-125 (144Gy TG-43) or 

Pd-103 (125Gy).  For all patients, IPSS scores peaked at 1-month post-implant.  The 

greatest difference between the 2 groups occurred at 6-months post-implant with the 

Pd-103 group reporting lower urinary symptom scores. At 12-months post-implant 

there was little difference between the two groups.  Again this study is too small to 

draw conclusive results and their findings that minimal pre-treatment obstructive 

symptoms and small prostate volume are associated with increased post-implant 

symptoms suggest the results of this study may require further investigation. 
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The initial dose rates for I-125 and Pd-103 implants are approximately 7 cGy/hour and 

21 cGy/hour at the prostatic periphery.  High dose rate brachytherapy (HDR) utilises a 

single high activity Ir-192 stepping source that may be used to deliver a high radiation 

dose in a few short fractions over a few days. Martinez et al. [40] reported minimal 

acute toxicity in an HDR feasibility study that delivered a total dose of 38 Gy in 4 

fractions over 2 days (no EBRT) in 41 low risk prostate cancer patients.  In comparing 

65 patients that received HDR as monotherapy with 84 patients that received 

permanent Pd-103 implants, Grillis et al. [41] reported decreased rates of acute urinary 

frequency, urgency, dysuria and rectal pain in the HDR group.  Similarly, late urinary 

frequency, urgency and grade 2 rectal toxicity were reduced in the HDR group.  The 

HDR group reported an 8% urethral stricture rate with 3% in the Pd-103 group though 

the difference was not statistically significant.  Follow-up for this study was 35 months 

and at this time, biochemical control rates in both groups was approximately equal.  

 

Each of the studies in this sub-section suggests that treatments delivered with higher 

dose rates produce reduced acute toxicity and possibly reduced late effects compared 

with the very low initial dose rate of an I-125 implant.  As in many brachytherapy 

studies however, each of these publications are either lacking in follow-up, contain 

small numbers of patients or contain variables that may bias the results such as the 

tendency to use Pd-103 in patients with higher Gleason scores.   In addition, none of 

the comparative studies including I-125 patients included details of urethral doses and 

it is therefore impossible to rule out differences in treatment planning techniques that 

may account for the observed differences in acute or late toxicity. 

Needle loading techniques 

 

The early prostate implant teams, using a retropubic implantation technique [42,43] 

used a Quimby style [44] implant technique as the basis for treatment planning with 

seeds arranged through the prostate on a 10mm grid. To assist in the planning process, 

nomographs were developed to determine the total source strength required to cover a 
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 Toxicity reported Dosimetry parameter Other parameters tested 

Wallner  [34] 

1995 

RTOG Grade 2-3 urinary 

morbidity at ≥12 months 

post-implant 

Up to 1cm of urethra receiving >400Gy MPD*, total activity implanted and source activity 

did not correlate with late toxicity 

Desai  [15] 

1998 

Total IPSS**   

& Frequency 

Total IPSS§ correlated with total activity, D100, D95, 

D90, D80, V150, V100, V88. 

Frequency correlated with D95, D90, D80, V150, 

V100 and dose to 5 cm2 of urethra 

With the exception of frequency, individual 

symptoms did not correlate with any of the 

dosimetry parameters.  DSH for the bladder did 

not correlate with total or individual IPSS. 

Merrick  [24] 

2000 

Urethral strictures  

(late effect) 

Dose to membranous urethra was 98% and 82% in 

the stricture and non-stricture group respectively 

V100, V150, V200, D90 or prostatic urethral dose 

did not correlate with stricture formation. 

Salem  [12] 

2003 

RTOG Grade 2-3 or 

persistent urinary morbidity 

More than 40% of urethral volume receiving ≥216Gy Univariate analysis also found prostate volume, 

D90, V100 and V150 to be linked to urinary 

morbidity. 

McElveen [19] 

2004 

Urinary incontinence Mean urethral D10 was 314 Gy and 394Gy for Grade 

0 and Grade 1 or 2 patients respectively 

Total activity and number of needles used did not 

correlate with incontinence. Pre-implant IPSS was 

also found to correlate with incontinence 

Table 4.1.1 Summary of the literature reporting correlation of dosimetry parameters with toxicity. Note that the doses specified in this table are 

translated directly from the publication.  Refer to the specific publication to determine the equivalent dose calculated using the TG-43 formalism [10]. 

*Matched peripheral dose, this is the dose at which the volume encompassed by the isodose surface encompasses the calculated volume of the gland. 
§Total IPSS [33] represents the sum of the scores for each of the 7 symptoms. ^NCI Common Toxicity Criteria (version 2) [38], Grade 0 is defined as 

no incontinence, Grade 1 is incontinence with coughing or sneezing and Grade 2 is spontaneous incontinence with some control. 

Section 4.1  Page 117  



Chapter 4                                                 Correlation of dosimetry parameters with morbidity 

___________________________________________________________________ 

Section 4.1  Page 118  

given treatment volume [45,46] to deliver a peripheral dose of 160Gy (thought to 

be equivalent to 144Gy using the TG-43 formalism [10]). Blasko et al. [47], in the 

early days of the transperineal ultrasound guided technique, similarly placed the I-

125 seeds in a uniform pattern through the prostate.  Such uniform seed placement 

leads to high urethral doses and, as discussed previously, such high doses may lead 

to significant urinary toxicity [27, 34, 48].  In contrast, a Manchester Paterson-

Parker style implant [49] is designed to produce a uniform dose distribution (± 

10%) throughout the treatment volume.  This system requires three quarters of the 

total activity to be placed on the periphery of the volume and forms the basis of 

many of the “peripheral loading” implant techniques commonly used today.  Both 

the Quimby and Paterson-Parker systems were developed in the days when fast 

computers were not available for individualised computer planning.  The 

development of commercial software for image based treatment planning now 

opens the way for complete flexibility in source placement.  Traditional “forward” 

planning techniques require the dosimetrist to follow a set of rules to determine the 

most likely source positions that would achieve an optimal dose distribution.  The 

dosimetrist will then make small adjustments to the plan to achieve treatment 

objectives.  More recently, “inverse” planning algorithms have been developed 

whereby the software determines the position of the seeds based on a set of 

constraints [50- 54].  These constraints may include coverage of the prostate (with 

margin) by the prescribed dose (minimum peripheral dose), dose homogeneity, 

dose to the urethra, dose to the rectum and the maximum number of needles that 

may be used.   Both forward and inverse planning techniques however, are only as 

good as the user-defined end-points and, apart from adequate coverage of the PTV 

and constraints on urethral dose, there appears to be little consensus on selection of 

parameters to rank treatment plans.    

 

A number of studies have considered a range of end-points to determine optimal 

source strength and seed pattern [55-61].  Both Narayana et al. [55] and Butler et 

al. [56] for example, compared various modifications to the peripheral loading 

techniques. The simplest peripheral loading technique uses large numbers of low 

activity seeds (up to 150 seeds/ patient) placed on a 10mm grid with additional 

seeds placed on a 5mm grid on the periphery of the prostate.  Variations on this 

include reducing the number of seeds in the centre of the PTV and then either 
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placing more seeds on the periphery or increasing the source strength.  Both papers 

considered coverage of the planning target volume (PTV) with the prescribed dose, 

dose to the urethra and dose homogeneity to rank treatment plans.  Butler et al. [56] 

noted that the difference in dose homogeneity between each of the techniques was 

probably not clinically significant.   This was confirmed clinically by Jones et al. 

[62] who found that there was no significant correlation of change in total IPSS 

score with high-dose volumes at 12-months post-implant. Indeed, Ling et al. [63] 

reported that there may be some advantage in dose heterogeneity at around 20% 

above the prescribed dose, beyond which, dose would be “wasted” in terms of 

producing cell kill.  Of interest however, was that both Butler et al. [56] and 

Narayana et al. [55] found that the modified peripheral loading techniques 

produced regions of high dose close to the urethra and hence these techniques 

could be more dependent on accurate source placement to spare the urethra of 

excessive dose compared with the simple peripheral loading technique. 

 

Beaulieu et al.  [57] and Sloboda et al. [58] used inverse planning algorithms to 

investigate the range of optimal seed strengths that will produce a robust treatment 

plan in the presence of seed migration. Both studies concluded that the optimal 

source strength falls in the range of approximately 0.4-0.8U and both studies 

suggested that treatment planning with fewer seeds of higher individual source 

strengths may reduce costs and time in the operating theatre.  Both studies however 

included a constraint that all seeds be implanted within the prostate and, in the case 

of the study by Sloboda et al. [58], seed spacing was set to 10mm apart within each 

needle.  The latter requirement is necessary if using seeds embedded in suture 

material (eg Rapid Strand, Oncura, Amersham Health) although the practice of 

using loose seeds in centrally placed needles to provide greater flexibility in seed 

placement is not uncommon. The algorithm used by Sloboda et al. [58] was unable 

to obtain good coverage of the prostate with low activity seeds even in the absence 

of seed misplacement.  Allowing additional seeds to be implanted at the base, 

outside the prostate volume, may have changed the conclusions to this study. In a 

later publication, Sloboda et al. [59] compared the post-implant dosimetry 

parameters V90, V150, V200 and D90 for two groups of 20 patients treated with 

seeds of source strength 0.414U and 0.526U.  The higher activity group scored 

higher D90 values, but as follow up was too early (approximately 1-month post-
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implant) and the mean D90 value for both source activity groups was greater than 

99% of the prescribed dose, clinical significance is unclear. The difference between 

the remaining parameters for the two groups was not significant.    

 

Intuitively one would expect an excessive number of needles used to implant the 

seeds would cause additional trauma to the prostate resulting in unpredictable 

oedema, and possibly increased toxicity.  A review of the literature found 

conflicting evidence regarding correlation of toxicity with the number of needles 

used [17,19,23,64] even though each of these studies used typically 30-33 needles 

per patient. As intraoperative (real-time) treatment planning has become more 

popular we have seen an additional incentive to reduce needle numbers to reduce 

the time spent in the operating theatre.  Intraoperative planning [65] may take a 

completely different approach to pre-planning objectives. With pre-planning 

techniques it is necessary to carefully consider seed loss, seed placement error and 

seed movement to produce a robust plan.  With advanced intra-operative planning 

software, there is the potential to track individual source placement and correct for 

seed misplacement during the procedure. It is therefore not surprising that papers 

published more recently [57,58] have provided evidence for using higher activity 

sources and smaller numbers of needles.    

 

We may conclude that there are a variety of needle loading techniques and source 

strengths in clinical use however, there are currently no clinical data to support the 

superiority of one technique over the other. In reviewing two papers with 

contrasting conclusions regarding the advantages of Rapid Strand, Crook [66] 

warned that “brachytherapists should carefully analyse their own results to 

determine the factors that contribute to improved dosimetry”.  With this advice, we 

should also add that the brachytherapist should also determine the factors that 

contribute to increased toxicity.  The small study that is described in this chapter 

compares the dosimetric and clinical effects of two needle loading arrangements.  

 

Uncertainties in defining urethral dose 

The uncertainties in calculating the post-implant dose distribution are covered in 

detail in Appendix 2 of this thesis.  Of particular relevance to this Chapter 



Chapter 4                                                 Correlation of dosimetry parameters with morbidity 

___________________________________________________________________ 

Section 4.1  Page 121  

however, is the dose to the urethra.  The majority of the post-implant dosimetry 

studies reported in the literature are based on computerised tomography (CT) data 

as both the prostate and seed positions can be visualised at the same time.  In some 

studies, the CT scan is carried out on the day of the implant as this is the most 

convenient time for the patient, particularly those that have travelled a great 

distance for treatment.  For these patients, the catheter is usually left in place until 

the scan is complete and therefore identifying the position of the urethra for 

dosimetry purposes is reasonably simple. Many centres choose to postpone the CT 

scan until the post-implant oedema has nearly resolved to determine the dose 

distribution that is most likely to represent the time averaged dose delivered to the 

prostate and critical structures [67].  The delayed scans are generally obtained 

without the catheter in place and therefore a number of studies have used a 

“surrogate” urethra to estimate the likely position of the urethra [68-70].  The 

simplest “surrogate” urethra is placed in the geometric centre of each transverse CT 

slice. The “deviated surrogate” urethra [69] however, is based on the average 

deviation from the centre of the prostate to the true urethra, and more closely 

resembles the true position of the urethra, particularly in the superior prostate.  Lee 

et al. [68] found a statistically significant difference between the urethral dosimetry 

parameters calculated with the geometric centre surrogate and the parameters based 

on the true urethra position on the CT scan carried out in the day of the procedure.  

For the CT study carried out at 1-month post-implant, the majority of the 

parameters remained significantly different or approached significance.  This study 

therefore cautioned the use of the geometric centre surrogate and also demonstrated 

an uncertainty in urethral dose based on the timing of the CT study.     

 

Waterman and Dicker [71] found that, as a result of post-implant oedema 

resolution, the urethral D10 (maximum dose delivered to 10% of the urethral 

volume) calculated from the CT scan (with catheter in place) acquired 4-9 weeks 

post-implant may be 90Gy higher than the dose calculate from the day 0 CT scan.   

This finding was based on a study of 50 patients, and, like the change in prostate 

volume, there was considerable variation in the difference in values between the 

two scans across all patients (± 56Gy). Whilst their recommendation to specify the 

timing of the CT scan when specifying urethral dose thresholds is quite reasonable, 

it is not a simple task to compare studies carried out with different periods of time 
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between implant and CT.  For example, a dose response may be observed for a 

urethral dose of 250Gy calculated at day 30.  This may be 90 Gy more than the 

dose that would have been calculated at day 0 (ie 160Gy). According to Waterman 

et al. [71], as the day 30 dose is more likely to represent the planned dose, the 

treatment planning constraint should be based on the day 30 dose (250Gy) and not 

the day 0 dose (160Gy).  We would expect a very different outcome for a treatment 

plan with a urethral dose constraint of 160Gy compared with a constraint of 250Gy 

with the former most likely underdosing the tissue surrounding the urethra in the 

first few weeks post-implant. We would of course hope that an implant team would 

understand that the dose delivered may not be the same as the planned dose 

depending on the time the CT scan was carried out. This example however 

demonstrates the need for each implant team to carefully compare their planned 

dose distribution with the post-implant distribution and adjust their implant 

technique accordingly. 

 

A theoretical study by Brezovich et al. [72] found that calculated maximum and 

average urethral doses may be underestimated by up to 26% and 19% respectively 

when the patient is imaged with a catheter in place.  After the catheter has been 

removed, the medial seeds preferentially move towards the urethra, the magnitude 

of the uncertainty is dependent on prostate volume, number of seeds implanted and 

the catheter diameter. 

 

In the studies reviewed so far there has been a range of dosimetry parameters used 

to specify the dose to the urethra.  When a catheter is in place, the dose surface 

histogram (DSH) or dose-volume histogram is commonly calculated (DVH).  

Alternatively, the dose may be calculated as point doses along the urethra or 

surrogate urethra. Based on the paucity of clinical studies that correlate urethral 

doses with toxicity, the ABS simply recommends that the length of urethra 

receiving > 200% of the prescribed dose [73] should be reported.   
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Methods and Materials 

The objectives of this study were to compare two I-125 seed planning techniques to 

investigate their effect on post-implant dosimetry and LUTS.  Patients with stage 

T1a – T2c disease with a life expectancy of more than 10 years and with prostate 

volumes <60cm3 were considered suitable candidates for implant.  Patients with a 

gland volume of ≥ 60 cm3 were considered eligible only if the post-cytoreduction 

volume was < 60 cm3.  Of the first group of 20 patients, 12 (60%) required 

hormonal cytoreduction.  This consisted of a combination of a Luteinising-

Hormone Releasing Hormone (LHRH) agonist and an anti-androgen applied for a 

period of four to six months pre-implant and one month post-implant.  Following 

reduction in prostatic volume, a further transrectal volume assessment was carried 

out for the purpose of treatment planning.  For the second group of 30 patients, 29 

(97%) received hormonal cytoreduction. 

 

Initial PSA and Gleason scores were similar for both groups of patients and are 

shown in Table 4.1.2 below. 

 

 n (group 1) n (group 2) 

Pre-implant Prostate 

Volume (cm3) 

33.44 (SD 10.3) 34.13 (SD 10.0) 

Median Age at 

implant (Years) 

62 (50-74) 67 (56-73) 

Neo-adjuvant 

therapy 

12 (60%) 29 (97%) 

Gleason Score   

<7 15 24 

≥7 5 6 

Total PSA range   

0 to 4 2 (10%) 1 (3%) 

>4 to 10 11 (55%) 15 (50%) 

>10 to 20 5 (25%) 13 (43%) 

>20 to 40 2 (10%) 1 (3%) 

Table 4.1.2. Patient Characteristics 
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All patients were implanted using the transperineal implantation technique guided 

by transrectal ultrasound and fluoroscopy as described in detail by Kaye et al. [74]. 

Prior to implantation the urologist performed a transrectal ultrasound volume study 

with the patient in the modified lithotomy position.  Transverse slices in 5mm 

increments from the base to apex of the prostate were recorded for the purpose of 

treatment planning. 

 

For the first 20 patients, seed positions were planned on a 10mm grid through the 

prostate volume with additional seeds placed on the periphery of the prostate but 

within the prostate capsule to produce acceptable coverage by the prescribed 

isodose (144Gy using TG-43 dosimetry [10]).  No attempt was made to constrain 

the dose to the urethra.  For this group of patients all seeds were implanted within 

the prostate capsule and the source activity was chosen to provide adequate 

coverage (Table 4.1.3).  

 

 Mean Source 

Strength (U)  

Mean Total 

Source Strength (U) 

Mean number of 

seeds implanted 

Group 1 0.455 (0.422-0.468) 35.01 77 (42-100) 

Group 2 0.390 (0.342 – 0.422) 42.47 109 (71-152) 

Table 4.1.3. I-125 Source characteristics.   Note that source strengths are specified 

in terms of the NIST 99 standard (see Appendix 1 for details). 

 

For the second group of patients, the seeds were planned using the technique 

pioneered by the Seattle group [6-8] whereby seeds were placed on a 10mm grid 

through the prostate volume and outside the prostate capsule particularly at the 

base and apex.  On intermediate retraction planes (ie 5mm from the base, 15mm 

from the base etc) seeds were placed only on the periphery of the prostate and only 

in template holes not used in the 10mm grid arrangement.  No seeds were 

implanted along the central column of template holes to avoid direct implantation 

into the urethra and the number of seeds in adjacent columns was adjusted to 

produce a maximum dose in the centre of the prostate to no more than 220Gy 

(approximately 150% of the prescribed dose). 
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All patients were implanted with loose seeds (Model 6711, Oncura, Amersham 

Health) pre-loaded into approximately 30 needles.  Post-implant dosimetry was 

carried out within 24 hours of implant, with the catheter removed, and with the aid 

of stereo-shift films and in-house written software that registers seed positions with 

the ultrasound defined prostate volume as described by Haworth et al. [75].  A dose 

volume analysis was carried out to calculate the proportion of the prostate volume 

receiving the prescribed dose (V100) and 75% of the prescribed dose (V75).  (It 

should be noted that this analysis was carried out before the D90 became a 

common measure of implant quality.) In addition, the dose was calculated at three 

reference points defined as “bladder”, “rectum” and “centre”.  The “bladder” 

reference point was defined as a point 10mm superior to the prostate base. The 

“rectum” reference point was defined at 10mm posterior to the  “1.0” row on the 

template grid at the mid-gland level (this definition is discussed in more detail in 

Section 2 of this Chapter).  The “centre” point was defined as the centre of the 

prostate gland as shown in Figure 4.1.2 below.  This point is intended to represent 

the maximum dose within the prostate along the urethra. 

 

 

Bladder 

Prostate

“Centre” 

defined mid-

gland

"Bladder" defined 10mm

proximal to prostate base

"Rectum" defined 10mm posterior to the

“1.0” row on the template grid 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.2. Mid-sagittal section through prostate showing "Rectum" and 

"Bladder" reference points.    

 

Prior to implant and at three-monthly periods post-implant, all patients were asked 

to complete the International Prostate Symptom Score (IPSS) [33] questionnaire.  
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This validated instrument includes 7 questions related to symptoms associated with 

urinary tract irritation including incomplete emptying, urgency, frequency, 

intermittency, weak stream, straining and nocturia. An 8th question is related to 

quality of life (QOL). Patients reported the severity of their symptoms on a scale of 

0-4, with a score of zero representing no symptoms and a score of 4 “almost 

always”.  A change in IPSS of >3 points is considered clinically significant [76].  

The IPSS does not include questions related to dysuria, retention or incontinence 

(though IPSS does include difficulty commencing urination and urgency). At the 

time of reviewing our treatment technique, we also introduced an additional patient 

questionnaire using selected questions from the LENTSOMA scoring system [77] 

that included questions related to dysuria, haematuria and incontinence. It is 

acknowledged that considering "selected" questions in isolation may result in loss 

of validity but at the time it was considered a useful way of supplementing the 

IPSS data. Because of the inconsistency in the way the data were collected for the 

two groups, we have not attempted to correlate these symptoms with any of the 

dosimetry parameters.   

Statistical Analysis 

The data on dose at the reference points (bladder, centre and rectum), V100, V75, 

total activity implanted, IPSS and QOL scores at time intervals 3 months, 6 months 

and 12 months post-implant were analysed using the non-parametric Wilcoxon 

rank-sum test. Spearman rank correlations were calculated between V100, V75 and 

the IPSS and QOL scores at each of the time intervals. 

 

The patients’ response to the individual IPSS questions, total IPSS and QOL data 

was analysed using the analysis of covariance with baseline values and time of 

measurement as covariates.  These data were also expressed as categorical “low” 

scores (individual IPSS or QOL score ≤2) vs. “high” scores (scores >2).  Logistic 

regression was then performed on this categorical data to assess the effect of 

treatment after adjusting for baseline values. 

 

Results 
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The first patient treated in group 1 (high source strength group) was lost to follow 

up and hence we report the results of a comparison of urinary symptom scores for 

only 19 patients in the first group and 30 in the second group.  For the dosimetric 

parameters alone, we report on 20 patients in the first group and 30 in the second. 

 

A comparison of the V75 and V100 values for the two groups found that the 

second group achieved superior coverage of the prostate volume (Table 4.1.4).  

This improved coverage however was at a cost of higher “bladder” and “rectal” 

point doses.  Although the mean “central” dose was lower in the second group 

(208Gy compared with 250Gy for the first group) the standard deviation in these 

values is too large to draw any firm conclusions. 

 

 V75

% 

V100

% 

“bladder” 

dose (Gy) 

“rectum” 

dose (Gy) 

“centre” 

dose (Gy) 

Mean Total 

Source 

Strength (U) 

Group 1 

(n=20) 

91 (9) 78 (15) 64 (11) 68 (9) 250 (89) 35.01 

Group 2 

(n=30) 

98 (3) 88 (12) 74 (16) 86 (22) 208 (64) 42.47 

p- value  0.0001 0.0013 0.0367 0.0031 0.0414 0.0009 

Table 4.1.4. Comparison of dosimetric parameters for Groups 1 and 2 using the 

non-parametric Wilcoxon rank-sum test.  Values in brackets indicate 1SD. 

 

Overall, 80% of patients had total IPSS scores more than 3 points higher than their 

baseline values in the first 12 months post-implant.  This reduced to 42% of all 

patients beyond 12-months.  The relationship between the V100 and the total IPSS 

and the QOL score for both groups is summarised in 4.1.5.  At six months post-

implant, the results indicate that there is only a very weak correlation between total 

IPSS and V100 (ie increased symptoms with improved tumour coverage) for both 

groups (p=0.0549 and 0.0524 for groups 1 and 2 respectively, at six months post-

implant).  For the QOL scores however, there was a stronger correlation with V100 

at three months post-implant (p= 0.049 and 0.0431 for groups 1 and 2 

respectively).  This suggests that there is a trade-off in QOL with improved tumour 

coverage at 6-months post-implant.  Similarly, the V75 correlated with QOL score 
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(p=0.049 for group 1 at 6 months post-implant and 0.0239 at three months post-

implant for group 2) however there was no correlation with the total IPSS score.  

By twelve months post-implant there was no correlation between the volumes 

covered and either total IPSS score or QOL.  

 

Scores for two of the seven IPSS questions were found to be significantly different 

between the two groups of patients.   The question relating to urgency at the time 

interval between three and six months post-implant showed a significant difference 

(p=0.0015), with the first group experiencing greater urgency than the second 

group (Figure 4.1.3).  Similarly, when expressed as categories we were able to 

show that for urgency at the time interval between three and six months post-

implant, group 1 was seven times more likely to have a score of more than 2 

compared to the low seed activity group. The question relating to straining 

demonstrated a difference between the two groups in the three month period 

following implant with the second group reporting less difficulty in commencing 

urination than the first group (p=0.0297).  There was however approximately one 

third of patients in both groups reporting scores more than 2.  It would therefore 

appear that a greater number in group 2 experienced no symptoms, but more severe 

symptoms were experienced equally by both groups. 

  Total IPSS score  

p value 

QOL score 

p value 

V100 (3 months) Group 1 __ 0.0490 

 Group 2 __ 0.0431 

V100 (6 months) Group 1 0.0549 0.0147 

 Group 2 0.0524 __ 

V75 (3 months) Group 1 __ __ 

 Group 2 __ 0.0239 

V75 (6 months) Group 1 __ 0.0490 

 Group 2 0.0262 __ 

 

4.1.5 Correlation of total IPSS scores and QOL scores to dosimetric factors 

(- indicates no significant difference) 
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Whilst we were only able to find a significant difference between the toxicity of the 

two groups for the questions relating to urgency and straining, Figure 4.1.3 clearly 

indicates that the general trend is for the first group to have greater symptom scores 

than the second group.   Figure 4.1.3 also indicates that for both groups, symptoms 

peak in the first three months post-implant and return to baseline levels within 15 

months of implant.  The only exception to this is for the first group who were still 

experiencing significantly more urgency (p=0.0103) at 14 months post-implant 

compared to their pre-implant condition. 
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Figure 4.1.3 Comparison of urinary symptoms at time intervals TI1- pre-implant;

TI2- 2-4 months post-implant, TI3- 5-9 months post-implant; TI4- 11-15 months

post-implant 
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Discussion 

In a dose response study, Stock et al. [78] reported that patients receiving a dose of 

140Gy (TG-43) to more than 90% of the prostate volume have improved disease free 

survival rates over patients with poorer dose coverage.  Whilst the parameters 

measured in the series presented in this thesis differ from those reported by Stock et 

al., we have shown a significant difference (p=0.0001 for V75) between the prostate 

volume covered in the two groups and we may therefore expect over time to see a 

difference in disease free survival between our two groups. 

The number of patients in both groups studied in this series is small and hence finding 

statistical differences between the two groups has been difficult. With a clear 

improvement in dose coverage in the second group however, and little or no 

difference in morbidity it would have been inappropriate to boost the numbers in the 

first group.  The improvement in dose coverage of the second group may be related to 

the increased total activity implanted and may also be related to the fact that using a 

larger number of seeds produces a plan that is less sensitive to individual seed 

placement error.  This was found to be particularly evident at the base and apex where 

seeds may easily fall into the bladder and risk of seed placement error is greatest.  In 

this case, the absence of a single high activity seed will produce a much greater effect 

on the dose coverage at the periphery of the prostate compared with the implant with a 

larger number of seeds. 

The increase in dose to the reference point within the bladder did not appear to 

increase any of the urinary symptoms in the second group.  The dose measured at this 

point was intended to represent the rate of fall off in the region of the bladder in the 

absence of anatomical information.  These data therefore suggest that although the I-

125 implants do produce irritative urinary symptoms they do not appear to be related 

to dose at the bladder reference point for the two techniques reported here.  This is in 

contrast to a recent study reported by Williams et al. [20] who found that total IPSS 

increased with increased numbers of seeds implanted above (superior to) the base of 

the prostate to ensure adequate coverage of the base. 
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Using V100 and V75 as measurement parameters, we found little or no correlation 

between implant quality and total IPSS at any time interval following implant.  This is 

in contrast to Desai et al. [15] who found that total urinary scores increased with 

improved dose coverage of the prostate volume.  These authors achieved 

improvement in dose distribution (in terms of coverage by the prescribed dose) by 

increasing total source strength implanted but also found that an increase in total 

source strength correlated with an increase in morbidity.  In our series of patients, the 

second group achieved improved coverage of the 100% and 75% isodose by not only 

increasing the total source activity implanted but by also modifying the seed 

arrangement within the prostate.   

It is not clear why patients in the second group experienced fewer problems with 

urgency than the first group. Whilst the IPSS is a validated questionnaire, this validity 

might be lost when considering individual questions in isolation. For the question 

relating to straining, it may be reasonable to attribute the greater morbidity seen in the 

first group within the first 4 months post-implant to the greater density in seed 

numbers close to the urethra.  Due to the large variation in “central” dose within both 

groups we cannot positively conclude that this symptom is dose related.  We made the 

assumption that the maximum urethral dose would be found at the centre of the 

prostate. An analysis of dose points along the urethra for both groups however, may 

have been more sensitive to detecting patients with very high urethral doses for a 

significant length of the urethra. This approach may have proved more conclusive as 

demonstrated by Wallner et al. [34] who found that for doses > 400Gy (thought to be 

equivalent to 360Gy using the TG-43 formalism [10]), urethral length irradiated 

correlated with greater toxicity.  

From the literature review and our small study it would appear that there are many 

factors that contribute to urinary toxicity and urethral dose is only one of these many 

factors.  As symptoms peak in the first few months post-implant, well before the full 

cumulative dose has been delivered, it may be hypothesised that urethral dose below a 

certain level will have only a minor impact on urinary toxicity and reducing the dose 

any further may impact on implant quality.  It would appear that our incidence of 

LUTS (80% of all patients in the first 12 months) is consistent with that reported in 
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modern series and therefore reducing our urethral dose constraint below 150% may 

have little effect on irritative symptoms.   We cannot conclude from our study that 

lower urethral doses will lead to a reduced incidence of urinary retention or 

incontinence because this is not reported directly in the IPSS and therefore the 

correlation of these symptoms with urethral dose requires further investigation. 

Conclusions 

 

Early studies have demonstrated that very high urethral doses will impact on acute 

urinary toxicity and generous apical margins may well lead to stricture formation 

some months post-implant.  Modern day series that employ urethral sparing 

techniques struggle to demonstrate a correlation of toxicity with urethral dose and it is 

therefore quite possible that, in most cases, the urethra can tolerate a dose of up to 

150% of the prescribed dose without causing unacceptable levels of toxicity. Patient 

selection including good pre-implant urinary function and a small to medium size 

prostate appears to have a greater impact on risk factors for acute or late urinary 

toxicity than urethral dose with careful treatment planning and implantation.  We 

therefore believe that in selecting a urethral sparing treatment planning technique, it is 

important to take into consideration the likelihood of seed displacement error which 

may lead to poor implant quality and/or migration of a hot spot towards the urethra. 

 

In our small study comparing two I-125 seed planning techniques we have found that 

the seed arrangement using a larger number of low activity seeds placed both within 

and outside the prostate (group 2 patients) can achieve superior dose coverage of the 

prostate compared to a technique with all sources placed within the prostate (group 2).  

This is in contrast to recent reports using intra-operative dose planning techniques 

with inverse treatment planning algorithms that favour higher source strength seeds 

placed entirely within the prostate capsule. 

 

The patients implanted with the low individual source strength seeds (group 2) were 

implanted with a greater total source activity however this had little effect on 

morbidity compared with the higher individual source strength seeds group (group 1).  



Chapter 4                                                     Correlation of dosimetry parameters with morbidity 

_____________________________________________________________________ 

Section 4.1  Page 134  

Group 2 patients experienced less urgency and problems commencing urination.  This 

may be due to the lower seed density around the urethra for the second group but it 

may also be a function of the individual seed source strengths.   

 

Despite many publications related to urethral toxicity, we are unable to specify the 

optimal urethral dose that will minimise urethral toxicity and maintain good implant 

quality.  This value is most likely specific to the individual implant team and will 

depend on the treatment planning philosophy and skill of the brachytherapist in 

implanting the seeds.  Our small study suggests however, that a treatment planning 

dose constraint of 150% of the prescribed dose is achievable without compromising 

implant quality. Further studies with large numbers of patients in the multi-

institutional setting may be required to produce conclusive results as there are many 

factors in addition to urethral dose that contribute to urinary toxicity. 

Future studies  

Due to the small number of patients in this study and considerable heterogeneity in the 

data it has been difficult to establish conclusive evidence of a urethral dose response.  

This study however, along with others, has demonstrated that implant quality does not 

need to be compromised when using urethral dose sparing techniques in treatment 

planning.  In the second group of patients in this study we constrained the dose to 

150% of the prescribed dose. Further research is required to determine if this 

constraint can be further reduced to decrease toxicity without significantly impacting 

on implant quality.  This study was carried out before the D90 became the popular 

dosimetry parameter used to describe implant quality and therefore to facilitate 

comparison with other series, future studies should include the D90 parameter in the 

analysis. Ideally, a large multi-institutional study is required to capture a significant 

number of patients to establish a relationship between dose to the urethra and irritative 

symptoms, acute urinary retention and incontinence.  In addition to calculating the 

dose within the prostatic urethra, dose to the membranous urethra should also be 

determined in the multi-institutional setting to verify the observations of Merrick et al. 

[30] who found that stricture formation was related to dose to this part of the urethra 
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in a study of patients that had received either I-125 or Pd-103 implants, with or 

without EBRT. 
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Section 4.2  Correlation of dosimetry parameters with rectal toxicity. 

  

Abstract 

 

Purpose: To identify dosimetry parameters that correlate with rectal toxicity to define 

treatment planning constraints for I-125 prostate implants. 

 

Methods and Materials: LENTSOMA scores for each of 5 questions were summed 

for specific time periods and correlated with rectal dose measured at a fixed distance 

from the anterior surface of the rectal ultrasound probe in 78 patients.  Median follow 

up was 62 months.  

 

Results:  Eighty-four percent of patients reported mild to moderate bowel symptoms 

in the first few months following implant and 86% of patients at any time in the first 

12 months.  Scores in the period 12-24 months post-implant were still higher than 

baseline scores. Toxicity when expressed as the sum of the LENTSOMA scores at any 

of the specified time periods did not correlate with rectal dose.  Patients with high 

LENTSOMA scores had near average rectal doses and patients with high rectal doses 

experienced typical symptoms.   

 

Conclusions: Rectal dose constraints for treatment planning should be derived from 

the ultrasound defined anatomy (with probe in place) as there is no simple method of 

relating CT derived constraints to the ultrasound planning study. A correlation of 

rectal dose with toxicity was not demonstrated in this study though there may be many 

reasons for this.  From a review of the literature, it is recommended that in 

determining treatment planning constraints, in a multi-institutional study, rectal dose 

be determined at a number of points along the anterior rectal surface defined by 

ultrasound or some other imaging system with a probe (or obturator with a similar 

diameter) in place.  Length of rectum receiving more than a specified dose should be 

recorded relative to the entire length of the rectum.  Toxicity scoring systems that 

include a variety of questions related to quality of life are useful to identify subtle 
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changes in rectal function however late proctitis may be the only syndrome that 

correlates with rectal dose.  
  

Introduction 

Prostate brachytherapy using the transperineal technique [1] has become a common 

treatment option for prostate cancer in selected patients.  The short hospital stay with 

low risk of severe morbidity [2-6] is an appealing option compared to radical 

prostatectomy or external beam radiation therapy (EBRT).  The low energy of the 

radioactive sources commonly used to permanently implant the prostate (Iodine-125 

or Palladium-103) produces a rapid fall off in dose at the periphery of the prostate and 

hence has the potential to deliver a lower dose to surrounding normal tissue compared 

with EBRT.  External beam radiotherapy to high doses may carry a significant risk of 

rectal morbidity unless specialised techniques such as three-dimensional conformal 

therapy (3DCRT) or intensity modulated radiotherapy (IMRT) are applied [7].  Both 

3DCRT and IMRT techniques require the application of tight treatment margins 

around the target volume to spare normal tissue and unless treatment is delivered with 

a high degree of accuracy, there is a risk of missing part of the target with each 

treatment fraction.  Brachytherapy has the potential to deliver a high dose accurately 

to the prostate and spare the surrounding normal tissue, in particular the rectum.  

 

Rectal morbidity for EBRT is well documented [8-18].  The incidence of late Grade 

≥2 rectal toxicity defined by the Radiation Therapy Oncology Group (RTOG) [19] is 

reported in 9-25% of patients depending on the method of dose delivery, prescribed 

dose and the scoring system used for recording toxicity. For prostate brachytherapy 

the reported incidence of Grade ≥2 rectal bleeding following I-125 prostate 

brachytherapy ranges from 5-14%  [5,20-24].  Severe (RTOG Grade 3 or 4) long-term 

bowel dysfunction is relatively uncommon with incidences of rectal ulceration or 

fistula formation of 2% or less [5,20-23].  Late rectal bleeding is the most commonly 

reported rectal toxicity, though other symptoms such as bowel movement frequency, 

urgency and incontinence are occasionally reported [20,25-27]. A small number of 

publications have reported a correlation with dosimetry parameters and rectal bleeding 
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for brachytherapy patients, however the rectal doses were estimated post-implant and 

based on computerised tomography (CT) data. Whilst this is an appropriate way of 

correlating the dose-volume relationship with toxicity, it is difficult to translate to 

planning guidelines as the treatment plan, whether planned prior to implant or 

intraoperatively, is generally based on the ultrasound study with the probe placed in 

the rectum.  

 

In this study we have attempted to correlate dosimetry parameters with rectal toxicity 

based on the ultrasound defined prostatic and rectal anatomy in an attempt to provide 

treatment planning guidelines to limit acute and late effects. 

Method and Materials 

In the period August 1996 to March 2002, 81 consecutive patients underwent 

transperineal implantation of the prostate with I-125 seeds using the technique of 

Kaye et al. [1] for clinical stage T1c-T2c prostate cancer. Three patients were lost to 

follow-up, we therefore present the results of 78 patients. The demographic details of 

these patients are summarised in Table 4.2.1.  Patients were implanted with on 

average 106 seeds (range 69-148) and mean air kerma strength of 0.395U/seed (range 

0.340U – 0.487U, based on the post 1999 NIST (National Institute of Standards and 

Technology) equivalent source strength standard [28]).  In 75 of the 78 patients, 

hormonal therapy was used to reduce the prostate volume for implantation. Typically 

hormonal therapy was administered for a period of 6 months prior to implantation (SD 

3 months) and ceased at the time of the procedure.  The mean implanted prostate 

volume was 34.9cm3 (range 18.9-59.8cm3). Of the 78 patients in this series, three 

were treated in combination with EBRT.  For prostate brachytherapy alone, the 

prescribed dose was 144Gy (calculated using TG-43 formalism [29]).  For patients 

receiving combination therapy, the dose prescription was 45Gy in 1.8 Gy fractions 

external beam followed by a permanent seed implant dose of 108Gy.  

 



Chapter 4                                                     Correlation of dosimetry parameters with morbidity 

_____________________________________________________________________ 

Section 4.2  Page 146  

                                                

All patients underwent a pre-implant volume study for the purpose of treatment 

planning.  The Proscan7 or B&K 8658 probe2 was positioned in the rectum and the 

balloon surrounding the probe inflated such that the posterior border of the prostate, at 

the level of the mid-gland, was aligned with the row of holes on the template grid 

labelled “1.5” which corresponds to a distance of 5mm above (anterior to) the most 

posterior row of holes and 11mm above the anterior rectal probe surface (Figure 

4.2.1).   Transverse ultrasound images of the prostate were acquired at 5mm 

increments from the base of the prostate to the apex.  During treatment planning, an 

effort was made to limit urinary toxicity by peripheral placement of seeds and a 

constraint of 125% - 150% of the prescribed dose to the urethra.  A treatment margin 

of 3-5mm was incorporated to allow for seed movement and seed placement error 

during the implantation procedure. To limit the dose to the rectum, this margin was 

reduced to 0-2mm along the posterior border.  No rectal constraints were applied in 

the pre-planning procedure.  

 
7 Proscan, Teknar Corp., MO, USA 
2 B&K Medical, Gentofte, Denmark 
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Median age (years) 69.1 (range 53.1-83.2)  

Median follow-up (months) 62 (range 23-90) 

Median pre-implant PSA (ng/ml) 9.3 (range 2.5-6.1)  

Median prostate volume (cm3) 33.6 (range 18.9-59.8) 

Number of patients receiving hormonal 

cytoreduction 

75 

Clinical Stage (number of patients):   

T1c 33 

T2a 17 

T2b 20 

T2c 8 

Gleason Score (number of patients):  

<7 63 

≥7 13 

 

Table 4.2.1. Demographic profile of the study population and clinical details for the 

78 patients included in this study   

 
 

 

Figure 4.2.1 Rectal

dose points were

measured 10mm

posterior to the

“1.0” row on the

template grid. 
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Implantation occurred approximately 6 weeks after the volume study. Shift films were 

obtained within 24 hours of implant and the dose distribution was calculated by fusing 

the shift-film defined seed positions with the transverse transrectal ultrasound images 

using the method of Haworth et al. [30]. The prostate volume was calculated from the 

ultrasound defined prostate using in-house written software.  Rectal doses were 

calculated at a distance of 10mm below the most posterior row on the template grid in 

5mm increments from the base to the ape prostate. The rectal doses were 

reported in four different ways: (1) The sta

rectum 15mm below (posterior to) the post

the mid-gland.  (2) The “mean” dose was 

point from below the base of the prostate 

was the maximum value recorded along this

correlate the length of rectum receiving a do

length was determined by considering t

containing rectal dose points greater than 10

 

 

Toxicity data were collected prospectively

International Prostate Symptom Score (IP

toxicity. The subjective questions from th

modified for ease of patient use to assess 

These questionnaires were completed mont

three months subsequently. The question

associated grading system are shown in Tab

we have analysed the data using two diffe

total LENTSOMA score.  This is the sum 

rectal toxicity at specific time periods po

months, 9-12 months, 12-24 months 24-4

multiple time periods (ie total score at 0-3 

plus 9-12 months).  When multiple question

period, the highest total score was used in t
x of the 
Posterior
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ndard “reported” dose was the dose to the 

erior border of the prostate at the level of 

the average dose calculated at each dose 

to the apex and (3) the “maximum” dose 

 length.  (4) An attempt was also made to 

se greater than 100Gy with toxicity.  This 

he number of consecutive 5mm slices 

0Gy. 

 with all patients asked to complete an 

SS) questionnaire [31] to assess urinary 

e LENTSOMA questionnaire [32] were 

rectal morbidity and sexual dysfunction. 

hly for the first 12 months and then every 

s relating to rectal morbidity and the 

le 4.2.2.  To simplify the reporting of data, 

rent methods. Firstly by considering the 

of the scores for each question related to 

st-implant (0-3 months, 3-6 months, 6-9 

8 months); and the sum of scores over 

months plus 3-6 months plus 6-9 months 

naires were completed in a specified time 

he analysis.   The data were also analysed 
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by considering the highest total score at any time, and the highest score at any time for 

each of the individual questions.  Prostate volume and duration of hormonal 

cytoreduction were also tested for correlation with dosimetry parameters.  The 

radiation oncologist or attending urologist was responsible for completing the 

objective set of questions in the LENTSOMA questionnaire.  

 

LENTSOMA   

Subjective Questions (patient administered) Objective Questions (clinician 

administered) 

• Have you had any anal spasms 

(tenesmus)? 

• Bleeding 

• Have you had any mucus loss? • Ulceration 

• Have you had a loss of bowel control? • Stricture 

• How often do you need to open your 

bowels? 

 

• Have you had any pain?  

0 - none, 1 - occasional, 2 - intermittent and 

tolerable, 3 - persistent and intense,  

4 - constant and excruciating 

 For bleeding definitions are: Grade 1 

occult,  Grade 2 occasionally 

>2/weeks, Grade 3 persistent/daily, 

Grade 4 gross haemorrhage 

 

Table 4.2.2.   Rectal function based on the LENTSOMA 

 

The Spearman Rank Order Correlation Coefficient was used to measure the 

correlation of the dose reporting methods as the data did not follow a normal 

distribution.  Similarly, the Spearman Rank Order Correlation Coefficient was used 

when considering the correlation of the LENTSOMA scores with reported dose. 

Statistical significance was established at p ≤0.05.  The McNemars test was used to 

compare treatment scores over the range of time periods investigated. 
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Results 

Rectal dose calculation methods 

The maximal, reported and mean rectal dose values are summarised in Table 4.2.3.  

Both reported and maximum dose significantly correlated with mean dose (Figure 

4.2.2) (p<0.001 for both).  

 Reported Dose Mean Dose Maximum Dose 

Mean Dose (Gy) 80.1 70.4 98.2 

Median Dose (Gy) 73.9 64.5 79.3 

Range (Gy) 25.7-201.2 41.2-142.5 48.4-318.2 

Table 4.2.3.  Summary of rectal dose data  
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Figure 4.2.2 Both mean and maximal dose correlated with "reported" rectal dose.
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hanges in symptoms over time 

he responses to the rectal component of the subjective LENTSOMA questions as a 

unction of time post-implant are summarised in Figures 4.2.3a-e, and Table 4.2.4.  

ighty-six percent of all patients reported rectal symptoms at any time in the first 12-

onths post-implant. In most cases these symptoms were mild (Grade 1 toxicity) with 

9% of patients reporting rectal toxicity scores ≥ Grade 2 for any of the questions in 

he first three months following implant and 36% of patients at any time following 

mplant in the first 12 months.  In the period 12-24 months post-implant, 13% of 

atients reported a score ≥ Grade 2 for any of the 5 questions which is still higher than 
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the reported baseline level of 4% of patients scoring ≥ Grade 2 pre-implant. 

Comparing scores for the individual questions using McNemars test, 2-sided p-values 

were only significant for tenesmus (p=0.031) when comparing the proportion of 

patients at 0-3 months with scores ≥2, with the proportion of patients at 12-24 months 

with scores ≥2 with less tenesmus after 12 months.  Incontinence and rectal pain 

approached significance (p=0.063) and may be worthy of further investigation with 

larger numbers of patients. 
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Figures 4.2.3a-e. Toxicity scores at 

each time interval for the 5 

subjective rectal function 

LENTSOMA questions. 
c
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 Baseline 0-3 months 0-12 months 12-24 months 

Grade 0 59% 16% 14% 39% 

Grade 1 37% 55% 50% 48% 

≥ Grade 2 4% 29% 36% 13% 

 

Table 4.2.4. Change in maximum LENTSOMA symptom scores for individual 

questions over time.    
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Figure 4.2.4.  Total LENTSOMA score as a function of time for 30 consecutive 

patients. 

 

 

Correlation of LENTSOMA scores and reported dose 

The “total LENTSOMA score” is the sum of the scores for the individual questions in 

any time period.  As each of the 5 questions is scored on a scale 0-4 (Table 4.2.2), the 
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maximum possible total LENTSOMA score in any time period is 20, and the 

minimum is zero. The total LENTSOMA score in the period 0-12 months is the sum 

of the total scores for the 4 time periods (0-3, 3-6, 6-9, 9-12 months), the maximum 

value being 80, and the minimum zero. The total LENTSOMA score at each of the 

time periods measured and for the sum of the 4 time periods (0-12 months) did not 

significantly correlate with reported, mean or maximum dose (Figures 4.2.5a and b). 

Symptoms mostly peaked in the first three months after implant though this was quite 

variable. The “highest total LENTSOMA score at any time” is the total LENTSOMA 

score at the time symptoms peaked and has a possible maximum value of 20. Twenty-

five patients had more than 2 dose points >100Gy.  For these patients, the length of 

rectum receiving a dose >100Gy did not correlate with the highest total LENTSOMA 

score at any time (Figure 4.2.6). For higher doses, the patient numbers were too small 

to test for correlation of rectal length with toxicity scores.  When considering the 

highest score for each of the individual questions, no correlation was found with 

reported dose.  
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Figure 4.2.5a Total LENTSOMA score in

the time periods 0-3 months did not

correlate with reported, mean or

maximum dose. The scattergrams for the

time periods not shown were similar to

those presented above. 
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Figure 4.2.6  In most cases, symptoms peaked at the first three months after

implant.  Highest score at any time did not correlate with length of rectum

receiving more than 100Gy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4                                                     Correlation of dosimetry parameters with morbidity 

_____________________________________________________________________ 

Section 4.2  Page 155  

 

The total LENTSOMA score across the 5 time periods up to 24 months post-implant 

(0-3, 3-6, 6-9, 9-12, 12-24 months) had a maximum possible value of 100.  For the 47 

patients that completed all questions in all time periods to 24 months, the maximum 

total score was 44 and the mean value was 8.6 (Table 4.2.5). Nine patients scored 

Grade 3 symptoms and 2 scored Grade 4 symptoms.  The mean of the sum of the total 

scores for these 11 patients over the 5 time periods to 24 months was higher than the 

cohort average (Table 4.2.5) but the reported, mean and maximum doses were less.  

One patient diagnosed with Crohn’s disease pre-implant scored Grade 4 mucus loss at 

9-12 months post-implant and Grade 3 stool frequency at almost all time periods. A 

patient receiving warfarin medication scored Grade 4 tenesmus and mucus loss at 3-6 

months post-implant. His symptoms (including rectal bleeding) were treated with 

photocoagulation with a good result.  

 

 Mean total 

score across 

all time 

periods 

Mean total 

score acute 

symptoms (0-

12 months) 

Mean total 

score late 

effects  

(>12months) 

Mean 

reported 

dose 

(Gy) 

Average of 

rectal dose 

points 

(Gy) 

Average 

max. dose 

(Gy) 

All patients 

(n=78) 

8.6  

(n=47) 

7.2 

(n=53) 

1.9 

(n=60) 

80.1 

(n=78) 

71.1 

(n=78) 

98.7 

(n=78) 

Patients 

with   

scores 3 or 

4 (n=11) 

20.8 

(n=8) 

17.0 

(n=8) 

4.9 

(n=10) 

69.3 

(n=10) 

59.0 

(n=10) 

71.8 

(n=10) 

 

Table 4.2.5. Comparison of the sum of the LENTSOMA scores for all patients and 

patients scoring Grade 3 or 4 symptoms.  Not all patients completed all questions.  

The number of patients included in each analysis is shown in brackets. 
 

Correlation of prostate volume and duration of androgen deprivation with toxicity 

scores and rectal dose 

Total LENTSOMA score at all time periods was found to be independent of prostate 

volume though rectal dose appeared to decrease as prostate volume increased but this 
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was not significant (Figure 4.2.7). The duration of hormone therapy did not impact on 

toxicity scores (Figure 4.2.8). The number of patients who did not receive hormone 

therapy was too small to compare toxicity with those who underwent hormonal 

cytoreduction.  
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Figure 4.2.7. Pre-implant prostate volume did not significantly correlate with rectal

dose or total LENTSOMA score at any time period. 
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Figure 4.2.8.  Highest total score at any time was found to be independent of the

duration of hormone therapy. 
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Addition of EBRT 

Three patients with large prostate volumes prior to implant were treated with a 

combination of EBRT and implant. None of these patients completed all 

questionnaires and therefore their data have not been included when considering the 

sum of total scores across multiple time periods.  Two of the three patients returned 

scores of 0 or 1 for most questions, with only a slight increase (Grade 2) in bowel 

frequency noted by 1 of these patients.  The third patient returned scores of 2 or 3 for 

most questions in the first 6 months post-implant.  After this time he underwent a 

surgical haemorrhoidectomy and his scores then gradually dropped to Grade 2 or less. 

Discussion 

 

In treatment planning (EBRT or brachytherapy), constraints are used to provide 

optimal tumour control and acceptable rates of toxicity.  These constraints are derived 

from either previous experience or published data.  For the I-125 prostate 

brachytherapy patient, post-implant dosimetry is generally based on the CT scan.  

Previous studies have attempted to correlate dosimetry parameters, derived from the 

post-implant CT scan, with rectal toxicity [5,21-23,25].  The treatment plan however, 

is generally based on the ultrasound study and as the relationship of the prostate to the 

rectum is quite different with the rectal probe in place, it is almost impossible to relate 

parameters derived from the CT scan (without probe in place) to the pre-implant 

ultrasound study and therefore provide treatment planning guidelines.  We have failed 

to demonstrate a relationship between dosimetry parameters derived from the post-

implant study using the ultrasound-defined rectum and prostate anatomy with toxicity 

reported using the subjective questions from the LENTSOMA scoring system.  There 

could be many reasons for this and we investigate each in turn to provide 

recommendations for future studies. 
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Definition of rectal dose 

In our series of patients, the rectal dose has been calculated at a fixed distance below 

the posterior border of the prostate.  Presently there is no consensus on the method of 

defining rectal dose for correlation with morbidity in both the external beam and 

permanent prostate implant patient. The prostate implant series described in the 

literature are particularly difficult to analyse as a range of treatment modalities, 

toxicity instruments, end points and dosimetry parameters are reported (summarised in 

Table 4.2.6).  The timing of the post-implant CT scan has also been shown to impact 

on the value of the dosimetry parameter measured [33,34].  The American 

Brachytherapy Society (ABS) acknowledged that there is currently insufficient 

evidence in published prostate brachytherapy series to recommend a single method of 

defining the dose to the rectum [35].  Until such evidence exists, the ABS 

recommends the rectal dose be defined by the dose surface histogram (DSH) [36] or 

anterior rectal wall dose points.  The DSH is difficult to measure with most 

commercial planning systems.  Hilts et al. [37] investigated the accuracy and 

practicality of determining the DSH using a commonly used commercial planning 

system (VariSeed, Varian Medical Systems, Palo Alto, CA).  The commercial system 

provided three indirect methods of defining the DSH, the difference in values between 

each method was up to 40%.  Calculating the DSH was found to be a tedious and time 

consuming exercise and so the authors investigated the relationship between the DSH 

and alternate methods of defining the rectal dose. Manually defining a 1mm thick 

anterior wall using a ruler and careful tracing was defined as the reference standard to 

compare with other methods of defining the dose/volume relationship.  In their study 

of 55 randomly selected patients, they found that the surface area receiving >144Gy 

(the prescribed dose) correlated with the total rectal volume (including filling) and the 

volume of the anterior half of the rectum receiving this dose with an uncertainty of 

approximately ±10%.  The length of rectum receiving a dose greater than 144Gy was 

also found to be related to the DSH but with a larger uncertainty, up to 14%, 

suggesting that the dose volume histogram (DVH) or rectal length could act as a 

surrogate for the DSH. Whilst this study regarded the maximal and average dose point 

method as being unreliable surrogates for the DSH, evidence supporting lack of 
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correlation with toxicity was not provided and therefore their conclusion may be 

unjustified. 

 

Wallner et al. [21] in a study of 45 patients found a greater incidence of RTOG 

Grades 1 and 2 morbidity when rectal surface areas greater than 17mm2 received 

doses > 100Gy (thought to be equivalent to 90Gy using the TG-43 formalism [29]).  

Merrick et al. [38] similarly found surface area to be a potential predictor of rectal 

complications. In this study of 45 patients, only 4 patients reported mild self-limited 

proctitis and all 4 had surface areas (defined on the CT scan by the rectal obturator) ≥ 

90mm2 receiving doses > 100% of the minimal peripheral dose (mPD).  The study 

found that the anterior rectal surface correlated with the length of rectum receiving the 

prescribed dose however, only 2 of the patients reporting proctitis (treated with I-125 

alone) had rectal lengths receiving a dose more than one standard deviation above the 

cohort average.  The other two proctitis patients received either implant alone with 

Pd-103 or in combination with EBRT, with the latter patient in the upper quartile of 

average rectal dose and length receiving greater than the prescribed dose, and the 

former in the lowest quartile of these parameters.  Because of differences in the 

biological effectiveness of the different treatment modalities it is probably not 

appropriate to sum the physical doses from EBRT and implant, and direct comparison 

of physical doses with the two isotopes is probably also not appropriate [39]. 

However, despite the combination of treatment modalities and small number of 

patients, this study does suggest that the length of rectum receiving in excess of a 

given dose may be predictive of toxicity.  

 

Waterman and Dicker [22] found a range of percentage rectal surface areas receiving 

doses in the range 100 - 200 Gy (thought to be equivalent to 90 - 180Gy using the TG-

43 formalism [29]) correlated with late Grade 2 RTOG rectal toxicity.  The 

probability of Grade 2 toxicity for a given maximal dose was calculated by 

extrapolating the percent surface area versus probability graphs back to zero surface 

area for each dose level. From the extrapolated data it would appear that the maximum 

dose should be kept below 300Gy Gy (thought to be equivalent to 270Gy using the 

TG-43 formalism [29]).  In conclusion, from this study it would appear that the 
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maximal rectal dose may act as a surrogate for the DSH.  As our study measured the 

rectal dose at a different anatomical point and we used different end points, it is 

probably not appropriate to compare the results of our study with that of Waterman 

and Dicker. We can report however that 1 patient in our series received a maximum 

dose >300Gy and a further 4 patients received maximum doses >200Gy.  

LENTSOMA scores for all of these patients was below the cohort average and the 

patient receiving >300Gy reported only a mild (Grade 1) increase in bowel movement 

frequency in the first three months, no symptoms were reported at any other time. 

 

In our series of patients we measured the rectal dose at a fixed distance from the 

posterior border of the prostate.  This does not account for the fact that some patients 

have a significantly greater layer of connective tissue between the prostate and 

rectum. We had hypothesised that patients with a greater degree of dose fall off from 

the posterior border of the prostate would experience less toxicity than those with a 

higher dose at the same distance.  In future studies we intend to measure the dose at an 

anatomically, rather than geometrically defined position such as the anterior rectal 

surface defined by ultrasound.  As magnetic resonance imaging (MRI) is superior to 

CT in defining soft tissue, future studies may also consider using the MRI defined 

anatomy in the search for dosimetry correlates. Although the radiation dose is 

delivered without the rectal ultrasound probe in place, to define treatment planning 

constraints (when treatment planning is based on the ultrasound study), the anatomy 

should be defined with the probe in place.  In the search for treatment planning 

constraints, we would therefore recommend future studies be carried out using post-

implant MRI scans with and without the probe (or obturator with similar diameter) in 

place so that the dose distribution can be assessed in both scenarios and related to the 

pre-implant geometry.  As severe rectal toxicity is uncommon, such studies will 

require large numbers of patients.  In addition, to validate these results, we would also 

recommend that such studies be carried out in multiple institutions to take into 

account the wide variety in clinical, physics and dosimetry practices [40,41].   

 

A number of EBRT studies [9-16,40] have found a correlation of dose-volume 

parameters with rectal morbidity.  Different end-points and modifications to toxicity 
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scoring instruments make comparison of studies difficult.  Differences in dosimetry 

parameters used (DVH, DSH, dose wall histogram (DWH) or maximal dose) and the 

length of rectum contoured may also have a profound impact on the results presented.  

This was demonstrated by Liu et al. [43] who showed that, in a study of 10 EBRT 

patients, the percentage of rectum covered by the 95% isodose may range from 11.5% 

to 33.3% depending on the length of rectum contoured and whether or not rectal 

filling was included in the delineated volume.    It is clear however, that for EBRT 

patients, a dose-volume relationship with toxicity exists and there is growing evidence 

for a response over a range of doses starting at around 40 Gy (in 1.8-2.0Gy fraction 

equivalent doses).  This is consistent with the findings of Snyder et al. [5] who, in a 

study of 212 I-125 implant patients found a dose response for absolute rectal wall 

volumes of tissue at dose levels 80-240Gy (calculated using the TG-43 formalism 

[29]) for Grade 2 proctitis.  This study suggests that small volumes receiving high 

doses are as important as larger volumes receiving lower doses and is consistent with 

the findings of several EBRT series [12-15]. In the EBRT series, depending on the 

prescription dose and technique, the incidence of Grade 2 rectal bleeding typically 

ranges from 10-25% with inclusion of large pelvic fields tending to increase proctitis 

rates. Jackson et al. [44] investigated a group of 171 patients classified as “bleeders” 

and “non-bleeders”.  A significant correlation was found between the total rectal wall 

volumes of patients classified as bleeders and non-bleeders, with the patients with 

smaller total rectal wall volumes experiencing an increase in the incidence of 

bleeding.  Comparing the DWHs for the two groups, a correlation in the dose range 

30-75 Gy was also found when correlating toxicity with percentage (rather than 

absolute) rectal wall volume.  From the results of this study, Jackson et al. [44] 

suggested that whilst a dose-percentage volume relationship appears to exist, the way 

this relationship correlates with toxicity will depend on the absolute volume of the 

unirradiated tissue. Jackson et al. suggested that this may be because a reserve of 

unirradiated tissue may protect against rectal bleeding. We may therefore conclude 

from both the EBRT and implant series that for the rectum, a dose response does 

appear to exist, and the proportion of rectum irradiated may be an important 

consideration.  It is not clear however, which of the dosimetry parameters (dose 

points, DVH, DWH or DSH) is the most appropriate for correlation with toxicity. 



Chapter 4                                                     Correlation of dosimetry parameters with morbidity 

_____________________________________________________________________ 

Section 4.2  Page 162  

 

First 

Author 

Number of 

Patients/incidence of 

toxicity 

Study End-point Toxicity 

Instrument 

Time post-

implant to CT 

scan  

Treatment 

Technique 

Dosimetry Parameter Dose – Volume Threshold  

Wallner 

1995 [21] 

45 / 6 >Grade 1  modified RTOG    2-4 hours I-125 Surface area ≥17mm2 receiving 100Gy  

Merrick* 

1999 [38] 

45 / 4 Mild  proctitis  Within 9 days I-125 or Pd-103, ± 

EBRT 

Surface area + dose 

points** 

 ≥90mm2 should receive 

≤100% mPD 

Merrick 

2003 [25] 

187 / (12%  

deterioration in bowel 

function) 

R-FAS score R-FAS ≤2 hours I-125 or Pd-103, ± 

EBRT 

Median rectal dose Median rectal dose 

correlated with total score 

and continence 

Merrick 

2003 [27] 

213 / (I-125 group 

24.2% bleeding) 

Pre-post implant 

score 

R-FAS ≤2 hours I-125 or Pd-103, ± 

EBRT 

Outer rectal wall 

(DVH) 

D5 should be <85%mPD 

Snyder 

2001 [5] 

212 / 22 ≤5% risk  Grade 

2 proctitis 

modified RTOG 4-6 weeks I-125 Rectal wall  

(DWH) 

range from 

4cc 80Gy to 

0.4cc at 240Gy 

Han 2001 

[23] 

160 / 9 Bleeders vs 

non-bleeders 

Endoscopic 

proven 

2-4 hours I-125 or Pd-103, ± 

EBRT 

DVH + DSH 0.6cm3 and 3.1cm2 <144Gy 

Waterman 

[22] 

98 / 10 ≤5% risk Grade 

2 bleeding 

RTOG 3-9 weeks I-125 DSH / max dose 31% (11cm2) 100Gy 

19% 150Gy 

9% 200Gy 

 max doses 300Gy 

Table 4.2.6. Summary of dosimetry parameters that have been found to correlate with toxicity instruments. (mPD =minimal peripheral dose). Note that the doses 

specified in this table are translated directly from the publication.  Refer to the specific publication to determine the equivalent dose calculated using the TG-43 

formalism [29]*Merrick et al. [38] reported only mild-symptoms hence rectal tolerance cannot be determined from this study.  **Measured at surface of the rectal 

obturator 
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Uncertainties in defining rectal dose 

Calculation of rectal length receiving a given dose is relatively simple for most 

planning systems, though the uncertainty in the parameter measured may be quite 

large.  From EBRT series we know that the position of the rectum relative to the 

prostate may vary by more than 10mm [45-53] over the course of treatment as a result 

of rectal filling and natural organ motion.  As a result of this uncertainty Jackson [53] 

pointed out that any dosimetric parameter derived from the planning CT scan that 

correlates with rectal bleeding can only be regarded as a surrogate for the true dose 

delivered. Support for this theory was demonstrated by Fiorino et al. [13] in a study of 

245 EBRT patients who were encouraged to maintain an empty rectum during their 

course of treatment.  These investigators claim their success in correlating the DVH 

with Grade 2 toxicity over a range of dose-volume combinations may be a result of 

consistent rectum volumes during treatment, hence a greater correlation with planned 

and treated volumes. In this study there was a correlation of toxicity with percentage 

volumes of rectum receiving doses in the range 50 – 70Gy.  At 75Gy the correlation 

with volume was not significant.  These authors suggested this is possibly a result of a 

combination of the greater uncertainty in dose to small volumes due to organ motion 

and the DVH calculation algorithm on the treatment planning computers. Similarly, 

Waterman and Dicker [22] also recommended considering doses to surface areas >5% 

as the dose is more sensitive to contouring errors and seed localisation in very small 

surface areas.  This however is in contrast to Merrick et al. [27], who found that the 

D5 parameter (minimum dose received by 5% of the rectal volume) was the only 

parameter that correlated with bowel function when expressed as the difference 

between the sum of the pre and post-implant scores using the patient administered R-

FAS scoring system. 

 

Changes in prostate volume and rectal filling during the protracted treatment of the 

brachytherapy patient can have a significant effect on the calculated rectal dose.  

Merrick et al. [34] investigated the effect of changes in rectal filling on rectal 

dosimetry following prostate brachytherapy. In this study a constipated patient 
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underwent two CT scans within 90 minutes.  An enema was administered between 

scans to evacuate the rectum.  In all parameters measured, the dose to the rectal wall 

was substantially increased in the distended state with the mean dose to the rectal wall 

increased by a factor of 1.5.   Similarly changes in prostate volume due to post-implant 

oedema can also have a large and unpredictable effect on rectal dose. In a study by 

Waterman [33], nine hormone naïve patients (ie not receiving hormonal therapy) 

underwent a post-implant CT scan on the day of the procedure and multiple CT scans 

up to 15 weeks later.  The D10 rectal dose (dose that just encompasses 10% of the 

surface area of the rectum) was found to increase at approximately the same rate that 

oedema resolved. For the 9 patients investigated, there was a large variation in the 

amount by which the D10 rectal surface dose increased – from 16% to 190% (mean 68 

± 50%) between day 0 and day 30. The D10 parameter was found to be extremely 

sensitive to changes in prostate volume due to oedema.  

 

Changes in the brachytherapy patient prostate volume as a result of ceasing hormone 

therapy have not been documented.  Sanguineti et al. [54] found that gland shrinkage 

due to EBRT alone (without hormonal therapy) was approximately 7%.  Three months 

of neo-adjuvant hormones will shrink the prostate by 20-50%, however, if the 

hormone therapy is ceased at the time of implantation (the protocol used in our 

Department) we do not know if the prostate will continue to shrink, remain the same or 

increase in size. This may in part depend on the rate of recovery of normal androgen 

function. In the same way that oedema of the prostate impacts on rectal dose, we 

would expect changes in prostate volume due to cessation of hormone therapy to also 

impact on total accumulated rectal dose. 

 

We may conclude from the literature that it is difficult to estimate the dose to the 

rectum from a permanent prostate implant and a single imaging study. Uncertainties in 

rectal dose are a result of changes in prostate volume, rectal volume (due to filling) 

and, as a result of these 2 effects, differences in the distance between the prostate and 

rectal mucosa.  Radiation damage as a result of accidental implantation into the rectal 

mucosa however, may be more predictable. 
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Rectal Injury 

In brachytherapy patients we would expect that, compared with EBRT, very small 

volumes of rectal tissue could be exposed to very high doses, whilst a large proportion 

of the rectum will receive significantly smaller doses.  It is therefore possible that the 

mechanism for rectal injury in the brachytherapy patient is different to that seen in the 

external beam patients, particularly those treated with large pelvic fields.   A number 

of investigators have attempted to explain the mechanism of rectal injury by modelling 

the organ as a serial or parallel structure [36,55-58].  If an organ is considered to be 

made up of a number of functional sub units, it may be considered a serial structure if 

a large dose to a small volume leads to loss of organ function (eg in the case of the 

spinal cord).  A parallel structure requires most sub units to be damaged before injury 

is observed. In applying their theoretical model to a clinical data set of 27 patients, Lu 

et al. [55] concluded that from a curve fit to the normal tissue complication probability 

(NTCP) model, the rectum behaves as a parallel structured organ. Dale et al. [56] 

similarly fitted a clinical data set consisting of 52 patients to the NTCP model but 

found that the serial structure theory best fitted the clinical data suggesting that the 

DSH may miss high dose points in the wall. In support of the serial architecture model, 

Dale and colleagues [56] found that the maximum dose (Dmax) correlated with late 

effects however, in contrast to other studies, they found no significant correlation 

between dose and rectal wall volume with toxicity. 

  

Fenwick et al. [57] suggested that the severity of rectal bleeding should be 

proportional to the number of radiation induced telangiectatic vessels which in turn 

will depend on both the dose delivered and the volume of tissue irradiated suggesting a 

parallel type structure.  Using the parallel model-based analysis, it was found that the 

rate of RTOG ≥Grade 1 bleeding falls significantly as the quantity of rectal tissue 

irradiated to dose levels ≥ 57 Gy is reduced.  Tucker et al. [58] attempted to fit clinical 

data (RTOG ≥Grade 2 bleeding) to a number of NTCP models including the parallel 

architecture model.  The mean dose model was found to fit the data as good as any of 

the more complex models except for the parallel architecture model that did not return 
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biologically meaningful parameters.  It would appear that the mechanism for rectal 

injury is not yet clearly understood and large clinical data series from brachytherapy 

patients may well lead to a better understanding of radiation injury to the rectum. 

 

Instruments for measuring toxicity 

The American Brachytherapy Society recommends that toxicity data for prostate 

brachytherapy be reported using validated patient-administered health-related quality-

of-life instruments (HRQOL) [59].  In the case of rectal toxicity, it is recommended 

the RTOG/EORTC acute and late morbidity scoring scheme [60] be adopted, 

acknowledging that there is no commonly accepted rectal toxicity reporting instrument 

for prostate brachytherapy.  This is not a patient-administered HRQOL instrument, and 

rectal bleeding for example, may not have the same impact on normal daily activities 

as a combination of urgency and frequency [61] that are not included in the RTOG late 

toxicity scale [19].  In addition to baseline measurements, it was also recommended 

that toxicity data be collected on a regular basis to detect subtle changes. 

 

Recently Merrick et al. [27] presented the results from two randomized trials. Rectal 

morbidity was determined from the patient-administered R-FAS questionnaire 

completed at the initial consultation and at the time of a single mail-out survey. The 

questionnaire included 9 questions related to specific bowel functions and one question 

summarising bowel function. Rectal morbidity was also evaluated using the modified 

RTOG criteria that graded frequency of bowel movements and mucus loss or bleeding. 

Mean RTOG scores peaked at one month post-implant but returned to baseline at 12 

months post treatment for all trial arms. Significant differences however, were found 

between the pre and 12-month post-implant R-FAS scores when considering the total 

score and the score for all individual questions except nighttime frequency.  These 

authors therefore concluded that following prostate brachytherapy, the ability to 

discern subtle changes in rectal function is dependent on the sensitivity of the survey 

instrument. 
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Livsey et al. [62] compared the UCLA Prostate Cancer Index [63] scoring system with 

the subjective questions from the LENTSOMA scoring system [32] to assess late 

effects in patients receiving a course of hypofractionated radiotherapy.  The former 

scoring system is a measure of rectal function and “bother” – an assessment of how 

symptoms impact on the patients’ daily life. The data from this study was presented as 

follows: 1) the total score for each subsection for all questions; 2) the median score for 

each subsection/ scoring system; 3) the score representing the lower and upper 

quartiles; 4) the percentage of patients scoring less than 50% and 75% of the 

maximum possible total score.  These authors noted that using the mean and standard 

deviation in reporting the total score is a common method of reporting but not strictly 

valid for data that is not normally distributed.  Also, a disadvantage of using the sum 

of the scores was highlighted by Denekamp et al. [64].  A high score for one question 

can be disguised if the scores for each of the other questions are low, returning a low 

average score. The Livsey et al. [62] study also found that as mean LENTSOMA 

scores increased, so did the maximum scores however the relationship was not simple, 

particularly in the middle range of average scores (0.4 – 0.6) having maximum scores 

ranging from 1-4. Livsey et al. [62] therefore recommended that both the average and 

maximum score be presented, though acknowledged that correlation with dose-volume 

histogram data becomes difficult. 

 

In our study we have chosen to use the LENTSOMA scoring system for both acute and 

late effects because it provided more information on specific symptoms compared with 

the commonly used RTOG system.  Patients that scored Grade 3 or 4 symptoms at any 

time did have higher total LENTSOMA scores calculated over all time periods 

however the mean dose for these 11 patients was less than the cohort average. We did 

not include bleeding in our patient administered questionnaire.  Bleeding was 

documented by the clinician at each follow-up visit. We do not know however, if this 

toxicity would have been reported more frequently if it had been included in the 

patient administered questionnaire, as clinician based questionnaires have been found 

to underestimate toxicity when compared with patient-based self-assessment 

questionnaires [65,66].  The proctitis data collected by the clinician did not correlate 

with any of the dosimetry parameters measured (data not shown).  In future we intend 
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to include bleeding in our patient administered questionnaires as we believe there is 

sufficient evidence to suggest that proctitis data is more likely than any other symptom 

to correlate with dosimetry parameters.  Baseline data, prior to administration of 

hormone therapy, and a question relating to overall quality of life should also be 

included.   

 

O’Brien et al. [67] found that the presence of multiple telangiectasia on flexible 

sigmoidoscopy was found to be a significant predictor of bleeding.  Correlation 

between bleeding and rectal mucus discharge was found to be significant. There was 

however, no correlation between telangiectasis and other symptoms including bowel 

frequency, diarrhoea, faecal urgency, rectal pain or faecal incontinence and may 

explain why we have been unable to correlate these symptoms we measured with 

dosimetric parameters. Only three of our patients reported late ≥ Grade 2 mucus loss, 

one of these patients had rectal doses slightly greater than the cohort average. 

 

Late effects in EBRT patients are generally defined as any treatment toxicity 

experienced 3 months after completion of treatment or symptoms starting before this 

time and persisting beyond 3 months.   For I-125 implants, because of the 60-day half-

life, Zelefsky [3] suggested that acute toxicity be considered to be symptoms that 

develop during the first year after implantation. Late toxicity is any symptom that 

develops after the first year from the procedure or symptoms that develop during the 

first year and persisted > 12 months after implantation.  We report acute symptoms in 

86% of our patients with 50% and 36% experiencing LENTSOMA (subjective 

questions only) Grade 1 and ≥ Grade 2 toxicity respectively.  As reported by Merrick 

et al. [27], symptoms appeared to be worse in the first few months following implant.  

This is in contrast to Gelblum and Potters [20] who found that Grade 1 and 2 (RTOG) 

symptoms peaked at 8 months, and Grade 3 symptoms occurred 12-23 months post-

implant. Differences are most likely a due to differences in toxicity reporting methods.  

The ABS [59] recommended baseline data be provided and this was highlighted by 

Merrick et al. [26] who noted that as men age, deterioration in bowel function may be 

expected.  Litwin  [68] reported that for a control group of non-prostate cancer men of 

average age 72.5 years, one third will report some degree of rectal dysfunction.  It has 
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been our experience that some brachytherapy patients select this form of treatment 

because they have pre-existing bowel conditions and believe EBRT is more likely to 

irritate their symptoms.  Forty-one percent of our patients reported ≥Grade 1 

symptoms prior to implant though we have not included this data in our analysis as 

many of the patients had commenced hormone therapy prior to completing their 

baseline questionnaires. 

 

Hormonal Therapy 

Use of hormone therapy in the brachytherapy patient is described by Lee at al. [69].  

We have used hormonal therapy for downsizing the prostate in 96% of reported 

patients. Merrick et al. [70] found no statistically significant difference in bowel habit 

between hormone naïve patients and those that had received 3-36 months (median 4 

months) of hormonal therapy with implant alone or in combination with EBRT.  

 

In a randomised trial conducted by the Trans-Tasman Radiation Oncology Group 

(TROG), Lamb et al. [71] reported acute toxicity due to different durations of maximal 

androgen deprivation (MAD). Patients completed a self-assessment questionnaire. The 

baseline questionnaire indicated that in this population of men (median age 68 years, 

range 41-87), approximately 2% reported at least “moderate” bowel bother. This 

increased only slightly after 2 or 5 months of hormonal therapy but jumped to around 

24% in all patient groups (including those not on MAD therapy) following 66Gy of 

EBRT, concluding EBRT had a greater influence on bowel symptoms than hormone 

therapy.  The number of patients in our series who did not receive hormonal 

cytoreduction was too small to confirm that that this therapy did not impact on 

reported toxicity 

Conclusion 

Previously reported series correlating dose-volume relationships with rectal toxicity 

have used different end points and techniques to measure rectal dose making it 

difficult to compare results.  It is almost impossible to relate data derived from the 

post-implant CT scan to the pre-planning or real-time dosimetry situation with the 
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rectal ultrasound probe in place and therefore it is not a simple process to derive 

treatment planning constraints from these earlier studies.  We have failed to find a 

relationship between dosimetry parameters and rectal toxicity in the work we have 

presented.  This may be due to the small numbers of patients in our study, the way the 

rectal dose was defined and possibly the questions we used in our toxicity reporting 

system.  It is also possible that some of the symptoms we have observed (eg frequency 

and rectal pain) do not have a dose response. The DVH, DWH and rectal length 

receiving more than a specified dose may act as a surrogate for the DSH however it is 

important for the implant patient that both the absolute and relative volumes, areas and 

lengths be reported. Measuring dose points at 5mm increments however, may not 

provide sufficient resolution and this requires further investigation.  There are many 

uncertainties in defining rectal dose as the effect of change in prostate volumes due to 

oedema and hormone therapy along with rectal filling can have a significant effect on 

the dose calculated.  In the brachytherapy patient we might expect small volumes of 

tissue to receive very high doses and these hot spots may “blur” over the surface of the 

rectum due to the effects of rectal filling and prostatic oedema unless seeds are directly 

implanted into the rectal mucosa.  With so many uncertainties in defining the rectal 

dose and so few complications observed in most series, it would appear that a large 

study group will be required to produce conclusive results. In future studies we 

propose dose points along the surface of the anterior rectal wall be calculated from the 

ultrasound defined anatomy, and the proportion of the entire rectal length receiving a 

given dose should be defined for correlation with toxicity.  Regular patient and 

clinician administered questionnaires (including baseline) should include 

documentation of a range of symptoms that may impact on the patients’ quality of life.  

As the incidence of severe events is small in most studies, we believe large multi-

institutional studies are required to establish rectal constraints that may be used with 

either pre-implant planning or real-time dosimetry techniques. 
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Section 4.3  Correlation of dosimetry parameters with sexual dysfunction 

Abstract 

Purpose: To determine factors related to the dose distribution of a permanent prostate 

brachytherapy implant (PPB) that correlate with erectile dysfunction (ED). 

 

Methods and Materials: A literature review was carried out to identify the patient 

anatomy responsible for erectile function that exhibits a dose response.   Pre-implant, 

12-month and 24-month post-implant potency data was available for 38 patients 

treated from 1996 – 2000. From the post-implant dosimetry study, the dose at a point 

16mm inferior to the apex (a point thought to most likely contain the penile bulb) was 

calculated. These doses were correlated with post-implant potency status. 

 

Results: At 12- and 24-months post-implant, 43% and 53% of patients potent prior to 

implant reported having erections adequate for intercourse. The mean dose at the point 

most likely to coincide with the penile bulb was the same in the potent and impotent 

patients.  Ultrasound imaging was found to not be suitable for imaging the erectile 

tissues and therefore providing dose constraints for treatment planning based on 

individual anatomical data from the ultrasound planning volume study may not be 

practical in the everyday setting. 

 

Conclusions: Due to limitations of the imaging equipment and small patient numbers, 

we are not able to draw firm conclusions from our study cohort on the correlation of 

ED and dose to erectile tissue. Based on the findings in the literature, it would appear 

that ED  is multifactorial and that radiation dose to the penile bulb may correlate with 

ED.  Hormone therapy appears to have the greatest impact on post-implant potency 

particularly in the acute phase. To reduce the risk of radiation induced ED it is 

recommended that treatment plans be designed to produce a rapid fall off in dose distal 

to the apex.  This must be achieved without compromising the dose to the prostatic 

apex.  This recommendation is consistent with the previous recommendation to limit 

the dose beyond the apex to limit the risk of post-implant urethral stricture. 
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Introduction 

In a study using data from the CaPSURE (Cancer of the Prostate Strategic Urological 

Research Endeavour) database, Lubeck et al. found that most men, with or without 

cancer, were willing to trade life expectancy for maintained sexual function [1].  Trade 

off in symptoms in selecting treatment option (ie radical prostatectomy (RP), external 

beam radiotherapy (EBRT) or permanent prostate brachytherapy (PPB)) however, is 

variable amongst patients and hence providing accurate data for the patient to make a 

decision regarding treatment choice is of paramount importance.  Similarly, it is the 

treatment planning physicists’ responsibility to understand the effect of the dose 

distribution on toxicity so that constraints on doses to critical structures may be 

determined and then applied in routine clinical practice.   

 

When considering erectile dysfunction (ED), based on the results of surgical series [2], 

it was thought that trauma to the neurovascular bundles due to needle insertion and 

radiation dose would correlate with ED. The neurovascular bundles are positioned 

close to the posteriolateral part of the prostate, the part most likely to contain tumour 

foci [3], and therefore it is not practical to limit the dose in this region.  Whilst some 

external beam and PPB dose escalation studies have determined higher radiation doses 

(prescribed dose in the case of EBRT and dose to the neurovascular bundles in the case 

of PPB) are predictive of ED [4,5], other PPB studies have reported no relationship 

between dose to the neurovascular bundles and ED [6,7].  Dose to the penile bulb has 

been reported by some investigators to correlate with ED [8-12]. There is however, no 

consensus in the literature.  Buyyounouski et al. [13] suggested that computerised 

tomography (CT) is inadequate to define with sufficient accuracy the erectile tissues 

(including the arterial supply to the penile bulb) that may be affected by radiation dose 

to find a reliable dosimetry correlate.   These authors and others [14,15] have 

suggested magnetic resonance imaging (MRI) is superior to CT and ultrasound, and 

may explain why some studies were unable to find a relationship between dose to 

penile bulb (and adjacent erectile tissue) and ED.  

 

As the positions of the penile bulb, vascular structures and erectile tissue are not 

readily available from the ultrasound volume study routinely used in our institute for 
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post-implant dosimetry, we have been unable to investigate the relationship between 

ED and dose to the penile bulb.  We have however, conducted a small study 

comparing the dose at 16mm from the prostatic apex (the most likely position of the 

penile bulb [16,17]) with post-implant potency status.  Conclusive results from this 

study were not expected due to the small number of patients available for review 

however, it was expected that the exercise would provide some practical information 

for the design of a larger scale study.  The study may therefore be considered a 

feasibility study.   To supplement this information, we have conducted a literature 

review to examine in detail the clinical and technical factors that may predict for ED, 

compared our results with published series and considered future studies that may lead 

to a better understanding of the relationship of dose distribution and ED. 

 

Method and Materials 

In the period October 1996 and January 2000, 56 patients underwent PPB without 

supplemental EBRT. Of these 56 patients, pre-implant, 12-month and 24-month post 

implant data was available in only 38 patients.  These 38 patients therefore constitute 

our study group. Thirty-five of the 38 patients received 6-8 months of hormonal 

therapy prior to implant for the purpose of reducing the prostate volume.  In all cases 

hormonal therapy was suspended at 1-month post implant.  The median age of this 

patient group was 65.6 years (range 52.7 – 76.5 years) 

  

Prior to implant, patients were asked by the clinician to describe their potency status as 

fully potent, partially potent or impotent.  At three-monthly intervals post-implant, 

patients completed questionnaires related to the LENTSOMA scoring system [18].  

Three questions related to sexual dysfunction were scored on a scale of 0-4 (Table 

4.3.1).  To compare post-implant potency status with pre-implant potency status, the 

response to the question “is erectile function sufficient for vaginal penetration” was 

graded as potent for a score of 0, partially potent for a score of 1 or 2, and impotent for 

a score of 3 or 4.  
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The prescribed dose was 144Gy (calculated using TG-43 formalism [19]).  As the 

ultrasound volume study did not contain sufficient anatomical detail to calculate the 

dose to the penile bulb, the dose at a point 16mm inferior to the apex of the prostate 

(based on the work of Taussky et al. [17] and Plants et al. [16]) was calculated. Using 

the template grid as a reference (Figure 4.3.1) this represents a point on the D3.5 hole, 

16mm inferior to the apex. 

 
Figure 4.3.1.  This shows the image of the apex of a prostate.  The urethra exits the 

apex of the prostate at template grid point D3.5.  The dose to the surrogate “penile 

bulb” was calculated at 16mm inferior to this plane and in coincidence with template 

grid point D3.5. 

 

SCORING SHEET FOR SEXUAL DYSFUNCTION 

Over the last 
month, please 
tell us 

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4 

Sufficient Impotent …whether 
erectile function 
for vaginal 
penetration was 
sufficient? 

 
Occasionally 
insufficient 

Intermittently 
insufficient 

Not 
sufficient  

…how strong 
was your desire 
or libido 

Normal Occasional Intermittent Seldom Never 

…how satisfying 
was intercourse 

Normal Occasional Intermittent Seldom Never 

 

 Table 4.3.1.  Patient administered questionnaire for sexual dysfunction. 
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A literature review was carried out to compare our results with those presented in the 

literature and to suggest a design for future studies that may establish treatment 

planning constraints to minimise ED.  The review aimed to identify clinical and 

physical parameters that would predict for ED in an attempt to understand factors that 

contribute to ED. 

 

Literature Review 

Toxicity instruments 

As discussed in the previous two sections of this chapter, choice of instrument to 

report toxicity may have a profound impact on the results.  In a review of the literature, 

Helgason et al. [20] found at least 17 definitions of potency. These may be broadly 

divided into two groups; those reporting potency on a three or four point scale in terms 

of their ability to maintain an erection suitable for intercourse (functional assessment); 

alternatively, questions relating to “bother” (such as sexual desire, subjective arousal, 

ejaculation and orgasm) are commonly used. It would appear that there is no simple 

relationship between function and bother and it has been suggested that the simple 

measure of potency is inadequate in the evaluation of health-related quality of life [21].  

The American Brachytherapy Society recommended that questions from the validated 

International Index of Erectile Function (IIEF) [22] scale be used to score potency with 

additional questions related to symptoms specific to brachytherapy be included along 

with documentation of erectile aids and addition of hormonal therapy for androgen 

deprivation [23].   

 

The publication by Litwin et al. [24] is commonly reported in noting that physician 

ratings of patient symptoms do not correlate well with patient’s self-assessed quality of 

life.  In a more recent study by Walsh et al. [25] however, identical outcomes of sexual 

potency were reported regardless of whether the data were collected by the physician 

or questionnaires were completed by the patient. 
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Reported incidence 

A meta-analysis study of 54 reports [26] found that patients were more likely to 

maintain erectile function following brachytherapy than after EBRT, RP or 

cryotherapy.  This study applied strict inclusion criteria that excluded patients with 

unknown pre-treatment potency status and included only studies with patient self-

assessment of erectile function. The brachytherapy and EBRT patients were on 

average older than those of the surgical series, and when the results were adjusted for 

age, there was a significant difference in ED between each of the treatment modalities 

at 12-months post-implant except for the PPB with EBRT and EBRT alone series 

(Table 4.3.2).  At 12-months post-treatment there was no difference in ED in the PPB 

with EBRT, and the EBRT alone patients. This study reported an 80% probability of 

maintaining erectile function at 12-months in the age-adjusted PPB series, 68% in the 

EBRT series and 16-22% in the surgical series. Merrick et al. [27] reported the 

incidence of ED in the brachytherapy series varies from 6-90%. The wide range in the 

reported incidence of ED may be a result of inconsistencies in defining ED, follow-up, 

inclusion (or exclusion) of patients previously impotent and mode of data collection 

(eg physician rating, patient administered questionnaire, phone or mail survey).  

Merrick et al. [28] reported the mean and median time to ED was 9.1 and 6 months 

respectively.  This is consistent with Stock et al. [29] who reported a median time to 

decrease in erectile function was 6.8 months though the range was large (1.8 – 32 

months). Similarly, in a study of 220 patients, Mabjeesh et al. [30] reported a decline 

in ED in the first 3-months of implant, some improvement by the end of the first year 

and little change by the end of the second year.     
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 Age-adjusted 

Treatment Probability 95% CI 

PPB 0.80 0.64-0.96 

PPB + EBRT 0.69 0.51-0.86 

EBRT alone 0.68 0.41-0.95 

Nerve-sparing RP 0.22 0.0-0.53 

Standard RP 0.16 0.0-0.37 

Cryotherapy 0.13 0.0-0.53 

 Table 4.3.2. Probability of maintaining erectile function after treatment of prostate 

cancer (from Robinson et al. [26]).  Data are based on the probability of maintaining 

erectile function 12-months post-treatment for a hypothetical 65-year-old prostate 

cancer patient who was potent prior to treatment.   

Abbreviations: CI = confidence interval, PPB = permanent prostate brachytherapy, 

EBRT = external beam radiotherapy, RP = radical prostatectomy. 

Dosimetry correlates 

It would appear that the aetiology of erectile dysfunction (ED) is not well understood 

[31].  Whilst a full description is beyond the scope of this thesis, a simple explanation 

may provide some clues to understanding how the radiation dose distribution may 

impact on ED and vice-versa. Erectile dysfunction following (PPB) is a multifactorial 

process and was described by Zelefsky et al. [32] to be mainly caused by local trauma 

and damage to small blood vessels and nerves.  Whilst surgical series have found that 

trauma to the neurovascular bundles [2] correlate with ED, this does not appear to be 

the case with radiation induced ED in the brachytherapy patient [6]. The neurovascular 

bundle however cannot be seen on CT and the study by Merrick et al. [6] was 

therefore based on dose point measurements and dose surface histograms using a 

geometric model.   Whilst these authors acknowledged that longer follow up may be 

required to establish a dose response to the neurovascular bundles, it is not reasonable 

to recommend a restriction on dose to the neurovascular bundles as they lie close to the 

peripheral zone of the prostate that is frequently biopsy positive [33]. 
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As noted previously, correlation of dose to the penile bulb and ED remains 

controversial [8-10,13,31].   Selek et al. [31] noted that as the penile bulb does not 

play a significant role in the development and maintenance of erectile function, the 

dose at the penile base may act as a surrogate for dose at some other significant 

structure nearby.   Laboratory studies found that in the rat model, the number of nitric 

oxide synthase-containing nerve fibres in the corpora cavernosum was significantly 

decreased in the irradiated groups [34] (Figure 4.3.2).  These authors concluded that 

radiation, directly or indirectly, damaged the vascular supply and nerves supplying the 

cavernous smooth muscle. Mulhall et al. [35] therefore investigated the relationship of 

ED with dose to both the penile bulb and the proximal corporeal bodies.  This external 

beam study determined a dose response in these tissues however there was little dose 

gradient between the penile bulb and crura making it difficult to determine the exact 

position of the anatomy responsible for ED.  In the brachytherapy series of Merrick et 

al. [8], a dose gradient between the penile bulb and the crura did exist and a significant 

correlation was found between the dose delivered to of the penile bulb and ED.  The 

dose that was delivered to 25% of the proximal crura (D25) approached significance. 

This study concluded with the recommendation that the dose to 50% of the penile bulb 

(D50) value should maintained below 40% of the prescribed dose and the proximal 

crura D25 below 28%.   Taussky et al. [17], in a study investigating factors that may 

lead to an increase in penile bulb dose, found that the position of the anterior border of 

the penile bulb depends on the angle of the pelvis.  These researchers therefore 

developed a set of rules to define the penile bulb volume.  Using these a rules, the 

median penile volume reported in this study was 3.9cc which was considerably less 

than the median volume of 8.1cc reported in the study by Wallner et al. [36].  In 

comparing dosimetry correlates based on the dose volume histogram (DVH), it would 

therefore appear that attention must be paid to the rules for defining the penile bulb 

volume and a consensus on this definition is required for future studies. 
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Figure 4.3.2. Mid-penile bulb and erectile tissue on MRI 
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52% in patients treated with PPB in combination with neoadjuvant androgen 

deprivation (NAAD). This is in contrast to Speight et al. [39] in a study of 992 men 

who received EBRT with or without PPB, found that the addition of ≤ 6 months 

androgen ablation had only a temporary effect on sexual function. 

 

Merrick et al. [44] reported 81% of patients using sildenafil citrate (Viagra) had an 

improvement in erectile function.  Similarly Potters et al. [38] found patients 

responded well to sildenafil though response was better in those not treated with 

NAAD.  Sildenafil appears to have a significant effect on erectile function and 

therefore any studies attempting to investigate a dose response should take into 

account any medication that may impact on ED. 

 

In a study of 181 patients with a median follow-up of 406 months, who were potent 

prior to receiving brachytherapy alone, Merrick et al. [28] found no significant 

difference in the incidence of ED in patients receiving I-125 versus Pd-103.  This is in 

contrast to Stock et al. [29], who found that patients treated with Pd-103 experienced a 

greater decline in erectile function compared with those receiving I-125 (69% and 32% 

respectively at 2-years).  Care must be taken in comparing series that contain a mix of 

patients receiving either I-125 or Pd-103 as quite often the patient demographics may 

be significantly different.  For example Pd-103 is commonly used in patients with 

higher grade disease (Gleason score ≥ 7).  We cannot be sure therefore, that difference 

in dose rate for the 2 isotopes is responsible for the observations described in the study 

of Stock et al. [29].  In comparing Pd-103 and high dose rate brachytherapy (HDR) 

delivered as monotherapy, Grills et al. [45] reported a dramatic difference in potency 

rates at 3-years post implant, with the HDR group reporting only 16% impotence 

compared with 45% in the Pd-103 group.  This result was achieved in a centre that has 

pioneered the use of HDR as monotherapy in the low risk prostate cancer patient.  We 

eagerly await results from other centres confirming this excellent result can be 

achieved elsewhere.  

  

  



Chapter 4                                                     Correlation of dosimetry parameters with morbidity 

_____________________________________________________________________ 

Section 4.3  Page 188 

Results 

The potency status for the 38 patients included in this study is shown in Table 4.3.3.  

Initially 37 of the 38 patients claimed they were either fully or partially potent prior to 

implant.  At 12- and 24-months, 43% and 54% respectively of the patients fully or 

partially potent prior to implant reported that they were having erections adequate for 

intercourse.  Only 3 patients in this study group did not receive hormonal 

cytoreduction.  Of these 3 patients, 2 were fully potent and 1 was partially potent prior 

to implant.  All three maintained their potency status over the 2-year period except the 

partially potent patient who became temporarily impotent at 12-months post-implant. 

 

As anatomical information was not available for the patients in this study it was not 

possible to calculate a penile bulb DVH.  The doses calculated at the surrogate dose 

point (16mm inferior to the apex) are shown in Table 4.3.4.  The number of patients in 

this study was too small to perform any reliable statistics, however it is clear that there 

was no difference in the dose calculated in the potent and impotent groups and the 

range of doses calculated was very large. 

 Full Partial Impotent Proportion fully potent pre-implant 

having erections adequate for 

intercourse 

Potency pre-

implant 

25 12 1  

Potency at 12-

months 

7 9 22 43%  
(16/37) 

Potency at 24-

months 

6 14 18 54%  

(20/37) 

  

Table 4.3.3.  Potency status pre-implant, 12-months and 24-months post implant 
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 Fully/partial potent 

(n = 15) 

Gy 

Impotent 

(n =10) 

Gy 

Mean dose at surrogate “penile bulb” 

(range in Gy shown in brackets) 

28.0  

(16.7 - 45.4) 

27.8 

(14.6 - 52.2) 

 

Table 4.3.4. Dose at a point 16mm inferior to the apex in patients at 24-months who 

were classified as fully or partially potent and impotent. These patients were fully 

potent prior to implant (n=25). 

Discussion 

 

The objective of this section of the thesis was to identify dosimetry parameters that 

would correlate with sexual dysfunction with the intention of developing treatment 

planning guidelines to limit this toxicity.  The small study described in this section was 

not expected to fulfil these objectives for a number of reasons identified in the 

literature review.  Each of these reasons is described below with recommendations for 

future studies. 

 

This study identified patients as potent, partially potent or impotent.  Pre-implant, the 

patient was classified by the clinician, whereas post-implant the patient completed a 

questionnaire.  Whilst most patients also completed the questionnaire prior to implant, 

for some patients the questionnaire was completed following a short duration of 

hormonal therapy. The pre-implant questionnaire was therefore not considered a 

reliable indicator of pre-implant potency status.  The American Brachytherapy Society 

(ABS) and others have recommended the use of validated patient administered 

questionnaires [21,23] that include questions not only related to functional assessment 

of ED but also “bother”.  The International Index of Erectile Function (IIEF) is a 

validated questionnaire [22] that includes questions related to both function and bother 

and may therefore be a reasonable option for assessing and scoring this toxicity.  
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Our study population was too small to perform any reliable statistics.   As the vast 

majority of patients received hormonal cytoreduction, we are limited to comparing our 

results with similar study populations.  Potters et al. [38], in a study of 482 patients of 

median age 68 years, reported 52% of patients who were potent prior to implant and 

received PPB in combination with 1.2–9.5 months of hormonal therapy for 

cytoreduction (and no EBRT), were able to maintain an erection adequate for 

intercourse at 5-years post-implant.  At 2-years post-implant, we report 54% of our 

patients (median age 65.6 years) previously potent were able to maintain an erection 

adequate for intercourse. Based on the work by Potters et al. [38], we would expect 

our potency rates to decline as our patients age though the rate of decline in potency 

appears to be slow beyond 2-years post-implant [41].  We recommend future studies 

contain sufficient numbers of patients to be adequately powered to produce significant 

results.  Studies need to be stratified to take into account patient age, hormonal status, 

whether external beam was included as part of the therapy and use of medications such 

as sildenafil must be recorded.  For results of such studies to be meaningful in other 

centres, multi-institutional studies are recommended. 

 

Whilst there is no consensus in the literature regarding the erectile tissues most likely 

to be affected by radiation, it would appear that the dose to the penile bulb may act as a 

surrogate for the dose at some other anatomically significant point.  This anatomical 

information was not available in our study and so point doses were determined at a 

point thought to be close to the penile bulb based on measurements reported in the 

literature [16,17].  Patients vary considerably in their anatomy, for example Taussky et 

al. [17] found that the distance between the prostatic apex and the penile bulb 

(identified by MRI) ranged from 5-33mm in a study of 50 patients.  In a sharp dose 

gradient, this would represent a significant uncertainty in dose to the penile bulb using 

our methodology and does not take into account uncertainties due to organ motion 

during the course of the treatment and changes in prostate volume due to post-implant 

oedema.  It was therefore not surprising that we observed little difference in the dose 

measured at our reference point for the potent and impotent patients. It is interesting to 

note however, that Merrick et al. [8] recommended 50% of the penile bulb receive no 
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more than 40% of the prescribed dose.  Whilst we were not able to obtain penile bulb 

volume information, typically the dose at the most likely position of the penile bulb 

was < 20% of the prescribed dose and never > 37% in our series.  We typically apply 

treatment margins of 5mm at the prostate apex and quite possibly the margins used in 

the Merrick study were larger than ours [8,46], which may explain our smaller doses in 

this region. We do not know however, if our impotent patients had penile bulbs closer 

to the apex than the potent group.  We would recommend that future studies be based 

on dose to anatomically defined points.  Contrary to the findings of Wallner et al. [36], 

we have found it very difficult to identify the penile bulb using our B&K8 linear array 

probe operating at 7.5MHz. Magnetic resonance imaging would appear to provide the 

only reliable method of accurately identifying the erectile tissue [14,15] though care 

must be taken in defining the anterior border as this may lead to significant differences 

in defining the penile bulb volume [17].  Unfortunately MRI is not routinely used in 

post-implant dosimetry in most centres in Australia.  Apart from the cost associated 

with this imaging modality, it is very difficult to identify the seeds in the prostate and 

the image must be fused either with shift-film defined seeds [47] or CT-defined seed 

positions [17].   

 

Assuming the correlation of ED and dose to the penile bulb as described by Merrick et 

al. [8] can be verified in the multi-institutional setting, it is then necessary to translate 

this work into meaningful parameters that can be used in routine treatment planning.  

Whether using pre-planning techniques or real-time dosimetry, the seed positions are 

mostly determined by ultrasound imaging which has been described as unsuitable for 

defining erectile tissue [14,15].  It may therefore be necessary to define a surrogate 

anatomical reference point that can be determined by ultrasound for applying dose 

constraints.  It would then be interesting to consider the practicalities of applying a 

limitation on the dose to the bulbomembranous urethra described in section 1 of this 

chapter (to limit the risk of the development of a urethral stricture), a constraint on the 

penile bulb (or some surrogate point to reduce the risk of ED) and providing adequate 

dose to the prostatic apex to achieve tumour control. 

 
8 B&K Medical, Gentofte, Denmark 
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Conclusions 

In conclusion we believe there is still a great deal to learn about the dose response of 

the erectile tissues and how we may apply treatment planning constraints in routine 

planning.  It would appear that ED is multifactorial and that the use of hormonal 

therapy may have the most significant effect on potency rates.  The dose to the penile 

bulb may correlate with erectile dysfunction and therefore, in patients where the penile 

bulb sits close to the apex it would seem reasonable to take extra care in ensuring a 

rapid fall off in dose beyond the apex.  This recommendation is consistent with the 

previous recommendations for maintaining a sharp dose gradient beyond the apex to 

limit the risk of urethral stricture formation. 
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Abstract 

Purpose: A method of prostate implant dose distribution assessment using a bioeffect 

model that incorporates a distribution of tumour cell densities is demonstrated.  This 

method provides both a quantitative method of describing implant quality and spatial 

information related to the location of underdosed regions of the prostate. This model, 

unlike any other, takes into account the likelihood of finding cancer cells in the 

underdosed region. 

Method and Materials: The prostate volumes of five patients were divided into 

multiple sub-sections and a unique cell density was assigned to each sub-section.  The 

assigned cell density was a function of probability of finding tumour foci in that sub-

section.  The tumour control probability (TCP) for each sub-section was then 

calculated to identify the location of any significantly underdosed part of the prostate.  

In addition, a single TCP value for the entire prostate was calculated to score the 

overall quality of the implant. 

Results: Adequately dosed sub-sections scored TCP values greater than 0.76. The 

TCP for underdosed regions fell dramatically particularly in sub-sections at higher risk 

of containing tumour cells. The uncertainty in the TCP values calculated for each sub-

section as a result of differences in the model parameters was found to be less than 

12% in most cases for the good quality implants.  The difference in TCP values was 

much larger for the poor quality implant. 

Conclusions: Despite uncertainties in radiobiological parameters used to calculate the 

TCP and the distribution of cancer foci through the prostate, the bioeffect model was 

found to be useful in identifying regions of underdosed prostate that may be at risk of 

local recurrence due to inadequate dose and high probability of finding tumour foci.  

Unlike the isodose distribution, the model has the potential to demonstrate that small 

volumes of tissue underdosed in regions most likely to contain higher numbers of 

tumour cells may be more significant than larger volumes irradiated to a lower dose 

but with a lower probability of containing cancer cells. 
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Introduction  

Post-implant dosimetry is performed to determine the adequacy of coverage of the 

prostate with the prescribed dose. For permanent prostate brachytherapy post-implant 

dosimetric analysis the American Brachytherapy Society (ABS) has recommended that 

the dose volume histogram (DVH) be calculated and the D90 (dose to 90% of the 

prostate gland) be reported as a minimum [1]. The ABS chose the D90 value as a 

minimum for reporting based on the study of Stock et al.  [2]. The D90 provides no 

spatial information and must be used in combination with the isodose distribution so 

that the clinician may assess the likelihood of underdosed regions contributing to 

significant risk of local disease control failure.  There are few reports in the literature 

that attempt to correlate implant quality with clinical outcome such as PSA control.  

The Stock study [2] found a range of dose cut points that predicted for PSA control. 

On multivariate analysis, the most significant cut point was seen at 140 Gy (p=0.02) 

and for a D90 value ≥ 140Gy, the 4-year freedom from biochemical failure rate was 

92% compared with 68% for a D90 value <140 Gy. This was a single-institution study 

with 134 patients and a short follow up time (12-74 months; median, 32) therefore, the 

results may not necessarily be transportable across institutes.  It is quite likely that the 

paucity of data in the literature correlating quality with outcome is a result of the 

complexity of assessing implant quality and that a single parameter based on the DVH 

alone, without spatial information, is inadequate to provide a universal measure of 

implant quality. It seems highly likely that the dose level required to achieve such 

excellent local control rates will depend strongly on the quality of the implant, and its 

distribution in cancer-bearing parts of the prostate. Relatively patchy or irregular 

implants might still succeed provided the overall dose is high enough, whereas a good 

even implant might achieve similar results with a lower delivered dose.  

The aim of this chapter is to describe a bioeffect model that may be used to quantitate 

the quality of an implant and review the parameters used in radiobiological modelling 

to test the effect of uncertainties in these parameters in the clinical setting.  The 

bioeffect model (using the tumour control probability TCP) combined with 

pathological data from prostatectomy specimens provides a single value to estimate 
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probability of local control.  This model is unique in that it considers the prostate to 

consist of a heterogeneous distribution of clonogenic cells.  Sub-sections of the 

prostate are assigned a cell density based on the probability of finding cancer cells in 

that sub-section. The model determines TCP values for individual sub-sections of the 

prostate to identify which sub-sections are at risk of local failure, and also a single 

TCP value for the entire implant, which may be used to simply identify the overall 

quality of the implant. 

There is much controversy in the appropriate selection of parameters to use in 

radiobiological models applied to prostate cancer.  In particular, the α/β ratio is hotly 

debated with the suggestion that this value may be as low as 1.2 [3-12].   Whilst there 

appears to be no consensus on the values for these parameters there is general 

agreement that the α/β ratio for prostate cancer is low.  As a result, hypofractionated 

external beam radiotherapy (EBRT) treatment regimens or EBRT with a small number 

of high dose rate (HDR) brachytherapy fractions appear to be most appropriate for 

increased tumour control and/or decreased late complications in prostate cancer [13].  

With the advent of clinical proof of this theory, the demand for permanent prostate 

brachytherapy (PPB) as monotherapy may decrease but for now it remains a popular 

treatment option for appropriately selected patients and therefore our goal remains to 

deliver an effective dose of radiation with minimal morbidity.  Our question is 

therefore, what is the optimal dose that can be delivered to the prostate with acceptable 

levels of morbidity?  To answer this question we must first consider how we may 

determine the adequacy of an implant for tumour control and understand the 

uncertainties in making this assessment. 

Review of radiobiological parameters 

By first considering the biologically effective dose (BED) for which clinical outcomes 

for EBRT and PPB were equivalent, a number of investigators [4,7,8,10,14] were able 

to calculate the α/β ratio from the linear quadratic relationship for the BED for which 

the implant and EBRT data gave a unique solution.  This methodology is fraught with 

difficulties related to multiple uncertainties, particularly in PPB which requires 
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estimates of tumour repopulation rates, time for repair of sublethal damage, 

heterogeneity of parameters and the relative biologic effect (RBE) of the low energy x-

rays emitted from I-125 or Pd-103, together with uncertainties in dose including the 

selection dose parameters that accurately reflect dose delivery in PPB.  Estimates of 

some of these parameters are summarised in Table 5.1. These parameters have been 

tested by others [15-18] using the TCP model to compare predicted response with 

clinical data. 

 α/β (Gy) α (Gy-1) T1/2 (h) Tpot
 (days) Clonogen 

number 

Brenner & Hall 

[3] 

1.5 0.036   15*

Brenner et al. 

[4] 

1.2 0.026   138 

King & Mayo 

[14] 

4.96 0.346   1.9x108-

1.05x109

Fowler et al. [7] 1.49 0.0391 1.90  (42) 14 –6186 

Wang et al. [10] 3.1 0.15 0.27 42 1.6x106-

1.1x107

Wang et al. [11] 3.1 0.14 0.27 42 1.6x106-

1.1x107

Kal & 

Gellekom [8] 

3.1-3.9 0.1-0.15 0.5 42  

*Based on the calculations of King and Mayo [14] 

Table 5.1.  Values shown are the estimated values; for confidence intervals refer to the 

appropriate publication. Values in brackets refer to the quantity quoted in the 

publication but not used in the calculation of α/β. 
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In deriving the α/β ratio, assumptions are made on the appropriate selection of the 

radiosensitivity parameter (α) and the distribution of these values when heterogeneity 

is acknowledged.  The TCP model requires an estimate of initial clonogen numbers.  

Clonogen numbers have been estimated to range from 10 clonogens to 1.05 x 109 

[4,10,14] with supporters of the low numbers justifying these values by assuming that 

only the most radioresistant clonogens affect the final outcome in tumour control.  

Such differences in the selection of parameters can lead to contrasting conclusions. For 

example Deşu et al. [15], using the TCP model, suggest that in using a heterogeneous 

distribution of α and a correction factor of 1.45 for the RBE leads to the conclusion 

that the currently prescribed dose level of 145Gy for permanent prostate brachytherapy 

(PPB) using I-125 seeds is too high. These authors suggest that lower prescribed doses 

would reduce morbidity with negligible decrease in tumour control probability.  This is 

in contrast to Li et al. [17] who, using a single value for α (homogeneous distribution) 

and an RBE of 1.0, suggested that for a prescribed dose of 150Gy, the equivalent 

uniform dose (EUD) when compared with conventional external beam radiotherapy, 

1.8Gy/fraction, is 75.6Gy and that the prescribed dose for PPB could be increased to 

180Gy with only a small increase in rectal EUD. 

 

Brenner and Hall in 1999 [3] made the first estimate of α/β using data from EBRT and 

PPB series.  Their value of 1.5Gy was based on 3-year biochemically defined, no 

evidence of disease (bNED) implant data from Stock et al. [2] and EBRT data from 

Hanks et al. [19].  By assuming that the half-time time for sublethal damage repair 

(T1/2) is "less than a few hours" and that tumour repopulation can be ignored, they 

determined a value for α of 0.036Gy-1 and 0.024Gy-2 for β. They did not incorporate 

heterogeneity in α in these calculations claiming the clinical effect is dominated by a 

small number of radioresistant cells.   

 

In 2001, Fowler et al. [7] used three methods to estimate a value of 1.49 for the α/β 

ratio.  In the first method, 5-year bNED data from a multitude of institutions for 

intermediate risk patients treated with EBRT, implant with I-125 and implant with Pd-

103 were analysed.  Assuming a value of 42 days for the potential doubling time of 
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cells (Tpot) [20], Fowler et al. [7] calculated a “wasted dose” due to insufficient dose 

rate to compensate for tumour proliferation to be less than 1% and therefore ignored 

this effect in their calculations. Their second method estimated T1/2 to have a value of 

1.9 h and α/β = 1.49.  By extrapolating back to zero dose, their regression analysis 

provided an estimate of the log of initial clonogen cell numbers. The value 5.68, and 

range 2.63 to 8.73 is the Fowler et al. [7] estimate of the log of the initial clonogen cell 

number.  They acknowledged that this was a large extrapolation resulting in a large 

confidence range but point out that their estimate of α/β required no assumptions on 

initial cell numbers.   

 

Wang et al. [10] used the same clinical data set analysed by Fowler et al. [7] and 

similarly assumed a prescribed dose of 145Gy in their calculations rather than 

considering the real dose distribution (for example from DVH data) in their estimate of 

3.1 for α/β. Their estimated value of 16 minutes for the characteristic repair half-life is 

considerably less than the value of 1.9 hours calculated by Fowler et al. [7]. However, 

Wang et al [12] acknowledged the large uncertainty in this parameter (0-90 minutes) 

and argued that it has little impact on the resultant value of α/β.  In their calculations 

they considered the parameter Tk, the delay before the start of accelerated proliferation, 

and found little difference in the estimated value of α and α/β for values of Tk from 0-

28 days. A small value for Tk reduces the effective dose delivered. Wang et al. [10] 

estimated this “wasted dose” to be 7% for an α value of 0.15 Gy-1.  For an α value of 

0.04 Gy-1 (the value used by Fowler et al. [7]), the estimated wasted dose is 25%.   

Fowler et al. [21] suggested Tk for prostate tumour cells should be much longer than 

28 days based on the long potential doubling time of these cells and the observed delay 

in rise of PSA in patients with clinical relapse. Wang et al. [12] argued that there is no 

plausible mechanism for a delay in cell proliferation.  

 

To further defend their estimated value of 3.1 for α/β, Wang et al. [11] repeated their 

calculations, substituting 4-year bNED HDR data for PPB data.  Using the HDR data 

they were able to avoid many of the uncertainties uniquely associated with the long 

treatment times in PPB and the relative biological effectiveness of the low energy 
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isotopes compared with the high photon energies of EBRT.  Because the new data 

provided a consistent value in their estimate of α/β they concluded that the RBE for I-

125 is close to 1.0 as they had assumed in their earlier work [10]. 

 

Kal and Gellekom [8] used the same implant and EBRT data analysed by Fowler et al. 

[7] and Wang et al. [10]. In addition to accounting for repopulation, they also included 

a correction for oedema in calculating the BED for the implant data.  In their analysis 

they varied the input parameters to determine a range of α/β values that fitted the 

clinical data.   Increasing the prostate volume to account for oedema resulted in a small 

increase in the estimated α/β value.  Similarly, increasing the time to resolve oedema 

from 9 to 23 days resulted in a small increase in the ratio.  These authors made no 

correction for RBE, suggesting a value >1.0 would increase the value of the ratio. 

Also, by using a heterogeneous dose distribution rather than a single dose value, their 

estimated value for the ratio could have produced a lower value (depending on dose) 

hence concluding the two effects would partially cancel each other out.  Their 

calculations suggest that the α/β ratio is between 3.1 and 3.9 Gy. 

 

The majority of the studies discussed so far have not incorporated a distribution in the 

radiosensitivity parameter α,  though Fowler et al. [7] argues that this is not necessary 

when using clinical data for a number of patients from multiple institutes. The effect of 

incorporating inter-patient heterogeneity in radiobiological parameters is discussed in 

detail by a number of researchers [22-25]. Daşu et al. [15] compared TCP values 

calculated using single values for the biological parameters with clinical data and 

found that only unrealistic single values return clinically observed gradients for the 

TCP curves. Similarly, King and Mayo [14] reanalysed the data used by Brenner and 

Hall [3] using a Gaussian distribution of α and β, but with a constant value of 

α/β.  With this distribution they calculated a value of 4.96 for α/β and clonogen 

numbers ranging from 1.9 x 108 to 1.05 x 109 depending on initial PSA.  Brenner and 

Hall [26] and Fowler et al. [21] however, have argued that the TCP curve is dominated 

by a small number of highly radioresistant cells explaining their suggested low α and 

initial clonogen numbers. Brenner and Hall [26] argued that using a heterogeneous 
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distribution of α and β but not fixing the ratio over the distribution will result in a 

similar value for α/β as the “standard LQ model” – the model that assumes small 

numbers of radioresistant clonogens. 

    

Nahum et al. [27,28] proposed a method for incorporating the effects of hypoxia into 

the TCP model.  These authors suggested that even low risk patients are at risk of 

demonstrating very low values of pO2 in diseased portions of the gland.  Whilst the 

model successfully predicts observed clinical data, the factors used in the model are 

based on many assumptions derived mostly from single institution studies with small 

numbers of patients.  Evidence that significant hypoxia exists demonstrates the need to 

account for this effect. Once more reliable data become available, the bioeffect model 

described in this chapter could be extended to take into account either a patient specific 

correction factor where direct pO2 measurements can be made, or the distribution of α 

values be extended to account for the heterogeneity of hypoxic and aerobic cells.  This 

distribution might be a time dependent variable to account for changes in the ratio of 

hypoxic to aerobic cells during the protracted brachytherapy treatment. 

 

Incorporating dose heterogeneity into the TCP calculation has been discussed in a 

number of publications [23,25, 29,30].  Lindsay et al. [9] demonstrated that the value 

of the α/β ratio is dependent upon a number of factors including the heterogeneity of 

dose distribution in the brachytherapy implant.  Rather than assuming a delivered dose 

of 145Gy, they considered the “real” dose delivered by incorporating the DVH data 

from a series of post implant dosimetry studies.  For a “good” implant (D90 value 

close to 144Gy) the α/β ranged from 2.1 to 3.8 Gy but this range increased to 12.3 Gy 

when marginal quality implants were included.  This ratio varied from 1.0 to 1.8 when 

the distribution in dose was exchanged for a uniform dose distribution, which is 

equivalent to using the mean or modal dose, the model used by Fowler et al. [7]. 

  

To acknowledge the wide variation in opinion on selection of parameters used in 

radiobiological modelling for prostate cancer, this chapter will investigate the impact 

of some of these uncertainties in the TCP model. 
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Methods and materials 

 

The dose distribution in five randomly selected implants was calculated by fusing 

shift-film defined seed positions with transverse transrectal ultrasound images using 

the method of Haworth et al. [31].  Each ultrasound image was acquired in 5mm 

increments from the base to the apex of the prostate. Stereoshift films were obtained 

within 24 hours of implant. Each patient was implanted with between 97 and 126 I-125 

seeds each with an air kerma strength of 0.40 U. Pre-treatment planning aimed to 

deliver 144Gy to the entire prostate, though under-dosing the anterior part of the 

prostate was considered acceptable in the presence of pubic arch interference.  The 

dose distribution was calculated using TG-43 formalism [32].  The treatment plan for 

the fifth patient was modified by increasing the air kerma strength to 0.45 U so that the 

144Gy isodose completely encompassed the prostate.  In this way, an ideal implant (in 

terms of coverage of the prescribed dose only) was created. The DVH was calculated 

using in-house written software, and the tumour control probability for the implant was 

then calculated as described below.   

 

To account for spatial variations in the probability of finding clonogenic cells within 

the prostate volume, the dose distribution and DVHs for sub-sections of each of the 

five prostates in this study were independently calculated. The definition of each of 

these sub-sections is described below.  The clonogenic cell density assigned to each 

sub-section was determined according to the reported probability of finding tumour 

cells in that sub-section. The TCP for each sub-section was then calculated using the 

assigned clonogenic cell density and the DVH for that sub-section.  The method of 

combining the TCPs for each sub-section to produce a single value is described in 

Section 2. 
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1. Distribution of cancer cells through the prostate. 

Frimmel et al. [33] mapped the distribution of cancers of 81 radical prostatectomy 

specimens by “morphing” all samples into three sizes: small, medium and large. Each 

volume was divided into 6 transverse slices and then each slice into 4 quadrants with 

the focal point being the centre of mass of the slice. Each quadrant was then divided 

into 2 sections at a radial distance of 33% from the outer surface. The end result was 

that each slice was divided into 8 sections.  From this study it was found that 73% of 

cancers originated in the peripheral zone, 21% in the transition zone and 6% were of 

indeterminate origin.  Although there do appear to be some anomalies in the data 

presented by Frimmel (for example a greater number of cancers were found on the left 

side of the gland than on the right), these results form the basis for our calculations. 

The design was simplified with the subdivision of the 5 prostates into 3 cross sections 

and then each slice into 4 quadrants.  The base section included the superior-most 

10mm of each prostate and the apex the inferior-most 10mm, each representing 2 

transverse slices of the prostate 5mm apart.  The remainder of the prostate was 

assigned to the mid-gland section. The subdivision by volume for each of the prostates 

is shown in Table 5.2 with the value in parentheses representing the number of 5mm 

slices. 

 Total Vol (cc) Base Mid-gland Apex 

Patient A 42.61 17.4% (2) 62.8% (4) 19.8% (2) 

Patient B 33.95 17.2% (2) 66.4% (4) 16.3% (2) 

Patient C 41.34 14.3% (2) 75.8% (6)   9.8% (2) 

Patient D 35.45 24.7% (2) 56.0% (3) 19.2% (2) 

Patient E 37.84 23.7% (2) 63.3% (4) 13.0% (2) 

Table 5.2. Volume contained within each section of the prostate.  The value in 

parentheses represents the number of transverse slices, 5mm apart, included in each 

section 

 

Frimmel et al. [33] subdivided the prostates in their study into three groups by volume: 

small (12.8-24.0mL), medium (24.4 – 34.3mL) and large (34.4-96.4mL). For each 

gland size, the mean percentage of tumour foci was reported for each sector.  It can be 

  



Chapter 5                          Assessment of I-125 prostate implants via tumour bioeffect 

_____________________________________________________________________ 

 Page 208 

seen from Table 5.2 that four of the five patients included in this study fall into the 

“large” category, which was surprising given that all patients had received at least 6-

months of androgen deprivation to reduce the gland size for implantation.  It is 

possible that the radical prostatectomy specimens experienced some shrinkage after 

removal from the patient and may explain why our prostate volumes fell on the larger 

side compared with Frimmel’s patients whose glands presumably had not been 

downsized with hormones prior to surgery. Because of the uncertainty regarding the 

category allocation, Frimmel’s data were averaged across the three groups (small, 

medium and large). Figure 5.1 summarises the mean percentage of tumour foci across 

the prostate volumes used in this study, each representing the percentage risk of 

finding tumour foci in each sub-section. This figure also shows the range of values 

reported by Frimmel et al. [33] for small to large prostates. Having identified the 

distribution of cancer foci, the aim was to build these data in the form of a unique cell 

density assigned to each sub-section of the prostate.  This is discussed in Section 3. 
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Figure 5.1. Distribution of probability of finding cancer foci in prostate sub-sections.  

The value in each sub-section represents the mean percentage value of finding tumour 

cells in that sub-section. The values shown in brackets represent the range of values 

reported by Frimmel et al. [33] for small to large prostates 

2. TCP calculations 

A model for calculating the TCP is described in detail by Ebert and Zavgorodni [34].  

In summary, the TCP model was created by merging established (linear quadratic 
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based) TCP models for dose non-uniformity, with dose-rate effects as influenced by 

cell repair and proliferation capacities.  The derived equation is shown below:  
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The tumour is broken up into N voxels with cell density ρi and Vi is the volume of 

voxel i. N corresponds to the number of dose bins used in calculation of the DVH. The 

dose (d) is related to the initial dose rate (R0) as follows: 
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RE [35] is the relative effectiveness, which describes the effectiveness of the radiation 

dose according to the manner in which the dose is delivered and 
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Values for both Vi (the volume of voxel i) and R0 were obtained from the DVH.   Tpot is 

the potential doubling time of cells and Tcrit is the time at which cell killing due to 

radiation damage is balanced by cell proliferation. The value of d calculated in 

equation 2 is calculated according to the time it takes for the dose-rate to drop below 

the rate at which cell kill balances cell proliferation.  

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−≈

pot
crit TR

T
0

2lnln1
αλ

  (5) 

 

Where λ is the decay constant and µ is the exponential repair rate.   

 

The TCP for the entire prostate is calculated as the product of TCPs for each voxel i.  

Interpatient heterogeneity in radiosensitivity is accounted for by using the methods of 

Webb and Nahum [25,30] and a log-normal distribution of α values with a mean 

value, α  and standard deviation, σα.  Details on how we applied a log-normal 

distribution of α are shown in the appendix at the end of this chapter.   

 

To incorporate heterogeneity in α, the TCP calculation is repeated n times, each with a 

different value of α, αk. The TCP values are then summed and averaged: 
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=

=
1

1 )  (6) 

 

The TCP for each value of αk is determined from the DVH.  To apply a log-normal 

distribution to the TCP calculations, the weighting factor w(ακ), as described in the 

appendix, was applied to TCP(αk) as follows: 
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Where W is the sum of the weighting factors w(ακ): 

  



Chapter 5                          Assessment of I-125 prostate implants via tumour bioeffect 

_____________________________________________________________________ 

 Page 211 

)(∑
=

=
n

k
kwW

1
α   (8)

  

To enable a distribution of cell densities through the prostate it was necessary to 

calculate the TCP for each sub-section, with its assigned cell density, for a given value 

of αk. The TCP for the entire prostate for αk is then the product of the TCPs for each 

sub-section for s sub-sections.  

 

( ) ( ) ( ) ( )kSSskSSkSSkprostateentire TCPTCPTCPTCP αααα .........21 ××=  (9) 

 

Where SS represents the sub-section that has a cell density that is related to the 

probability of finding tumour foci in that sub-section. The TCP for the distribution of 

α values for the entire prostate is then the sum of the TCP values calculated for each 

value of α ie TCPentire prostate(αk) can be substituted for TCP (αk) in equation 7. 

 

3. Model parameters 

The basis of the bioeffect model requires input of cell densities, which we have 

assumed is a function of the probability of finding tumour cells in each sub-section of 

the prostate.  There are few publications that refer to specific cell numbers.  Brenner 

and Hall [26] and Fowler et al. [7] assume that only the very radioresistant cells 

contribute to local control rates hence their estimates of α and clonogenic cell numbers 

are quite different to those proposed by Wang et al. [10] (see Table 5.1). The TCP 

values for the five patients have therefore been calculated using the parameters of 

Fowler et al. [7] and Wang et al. [10] summarised in Table 5.3. Each sub-section of 

the prostate was assigned a value representing percentage risk of finding tumour foci 

(Figure 5.1) as described in Section 1.  These percentage values were then assigned to 

one of five categories ranging from ‘very low risk’ to ‘very high risk’.  The value of 

the cell density used in the ‘very low risk” category sub-sections was one standard 

deviation below the low risk value estimated by Wang et al. [10].  Similarly, the ‘very 

high risk’ category was assigned a cell density one standard deviation above the 

highest estimated cell density value suggested by Wang et al. [10].  The intermediate 
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risk groups were interpolated in a linear fashion between the two extreme values. The 

range of cell densities used with the Fowler et al. [7] parameters were assigned in a 

similar manner and are based on the clonogen numbers estimated by Fowler for an 

average prostate volume of 38 cm3.  The relationship of cell densities and probability 

of finding tumour foci is summarised in Table 5.4. 

 

Parameter Values from Wang 

et al. [10] 

Values from Fowler 

et al. [7] 

α/β 3.1 Gy  1.5 Gy 

α  0.15 Gy-1  0.039 Gy-1

σα 0.08  0.08  

Tpot 42 days 42 days 

Τ1/2 16 minutes 1.90 hours 

 

Table 5.3. Values used in the TCP calculations as suggested by Wang et al. [10] and 

Fowler et al. [7].  Unlike Wang and Fowler we have incorporated a log normal 

distribution of α in our calculations. 

 

Sub-section 

category 

cell density / cm-3

From Wang et al. [10] 

cell density / cm-3

From Fowler et al. [7] 

% risk 

Very low 5.60E+04 0.34 2.7-5.0 

Low 1.60E+06 0.79 5.0-7.3 

Intermediate 3.00E+06 1.30 7.3-9.6 

High 1.10E+07 3.62 9.6-11.9 

Very high 1.30E+09 162.00 11.9-14.2 

Table 5.4. Relationship of cell density to percentage risk of finding tumour foci in 

defined prostate sub-sections. 

 

In addition to calculating the TCP values with a heterogeneous distribution of cell 

densities based on the work of Frimmel et al. [33], the distribution of cell numbers has 
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also been created based on individual patient biopsy data for one of the patients in this 

series. For patient C all positive biopsy cores were found in the right posterior sub-

section (referred to as sub-section 3 in Table 5.5) at the base, mid-gland and apex.  We 

therefore assigned the maximum cell density based on the Wang et al. [10] data to 

each of these sub-sections.  The cell densities for the remaining sub-sections were 

unaltered from the previous calculations.  

 

To assess the effect on the TCP values of a heterogeneous distribution of α, the TCP 

value for the entire implant (with a distribution of cell densities) was calculated using:  

(1) a single value for α, no distribution, (2) using a log-normal distribution with a 

standard deviation on the distribution σα = 0.08 (as suggested by Webb [30] and 0.04, 

the uncertainty in the value of α (1SD) as suggested by Wang et al. [10], and (3) a 

Gaussian distribution with σα = 0.08, using the methods of Webb and Nahum [25] and 

Webb [30] with 4 different cut-off (minimum value of α) values.  A graphical 

representation of these distributions is presented in Figure 5.2. 

Alpha distributions
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Figure 5.2a. Log-normal distribution of alpha values with σα=0.04 and 0.08. To apply 

the log-normal distribution a weighting factor is applied which is a function of αk. 
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Figure 5.2b. Comparison of distribution of α values.  Data shown in Tables 5.5 and 5.6 

were calculated with a log-normal distribution mean α value of 0.15 and 0.039 

respectively.  Data shown in Table 5.8 were calculated with a mean α value of 0.15, no 

distribution, log-normal and Gaussian distributions (cut-offs at 0.05 and 0.15 not 

shown). 

 

To quantitate the effect of wasted dose as discussed by Fowler et al. [21] and Wang et 

al. [12] we calculated equation 2 as a function of α and Tpot.    

 

4. Selection of dose distributions 

The dose distributions for five patients were chosen to demonstrate the effect of model 

parameters on the calculated TCPs.  Patients A, B and C represent typical dose 

distributions for patients treated at our Institution.  The D90 for these patients was 

145Gy; patient B was mostly underdosed in quadrant 4 (right-anterior) at the base, 

which was assigned the lowest cell density.  Both patients A and C were underdosed 

anteriorly but also a very small volume in quadrant 2 (left-posterior) in the mid-gland, 

the quadrant with the highest assigned cell density.  Patient A was also underdosed in 

mid-gland quadrant 4.  The D90 value for Patient D was 105Gy and was included as 

an example of a poor quality implant.  Approximately 20% of the anterior prostate was 

underdosed through the mid-gland and apex.  The 144Gy isodose for Patient E 

completely encompassed the prostate and was provided as an example of an ‘ideal’ 

implant in terms of coverage by the prescribed dose. 
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Results 

The results of the TCP calculations using the parameters of Wang et al. [10] and 

Fowler et al. [7] are summarised in Tables 5.5 and 5.6 respectively.   The values of the 

TCP for each sub-section are reported along with a combined (entire prostate) TCP 

value and the D90 value.  The sub-section containing the lowest TCP value for each 

patient is shown in bold italics to indicate the region at greatest risk as a result of a 

combination of low dose and high probability of finding cancer cells. These 

calculations have incorporated a log-normal distribution of α (with a standard 

deviation, σα = 0.08).  The difference between the TCP for the entire prostate 

calculated with the two sets of parameters was less than 6% for the good quality 

implants. For the poor quality implant (patient D), the TCP value calculated with the 

Fowler et al. [7] data was more than double that calculated with the Wang et al. [10] 

data.    

  Pt A Pt B Pt C Pt D Pt E 

Base 1 0.901 0.922 0.957 0.753 0.998 

Base 2 0.953 0.977 0.979 0.816 0.997 

Base 3 0.994 0.976 1.000 0.928 0.999 

Base 4 0.908 0.917 0.974 0.881 1.000 

Mid-gland 1 0.828 0.913 0.901 0.341 0.998 

Mid-gland 2 0.847 0.872 0.781 0.766 0.981 
Mid-gland 3 0.989 0.984 0.938 0.980 0.999 

Mid-gland 4 0.797 0.970 0.894 0.344 0.999 

Apex 1 0.972 0.881 0.956 0.440 0.998 

Apex 2 0.979 0.947 0.959 0.995 0.999 

Apex 3 0.997 0.984 0.960 0.997 0.999 

Apex 4 0.989 0.960 0.980 0.491 1.000 

       

D90 Gy 145 145 146 105 220 
Combined 
TCP value 0.777 0.848 0.779 0.307 0.981 

4 

2 3

1 

 

Table 5.5. TCP values for each sub-section and the entire prostate using data of Wang 

et al. [10], an α/β ratio of 3.1 and σα of 0.08. 
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  Pt A Pt B Pt C Pt D Pt E 

Base 1 0.997 0.997 0.998 0.990 1.000 

Base 2 0.998 0.999 0.999 0.990 1.000 

Base 3 1.000 0.999 1.000 0.998 1.000 

Base 4 0.998 0.998 1.000 0.998 1.000 

Mid-gland 1 0.975 0.978 0.966 0.819 1.000 

Mid-gland 2 0.840 0.851 0.774 0.810 0.994 
Mid-gland 3 0.998 0.998 0.991 0.998 1.000 

Mid-gland 4 0.965 0.994 0.976 0.810 1.000 

Apex 1 0.998 0.987 0.997 0.919 1.000 

Apex 2 0.998 0.995 0.997 1.000 1.000 

Apex 3 1.000 0.999 0.999 1.000 1.000 

Apex 4 1.000 0.997 0.999 0.969 1.000 

       

D90 Gy 145 145 146 105 220 
Combined 
TCP value 0.818 0.835 0.764 0.650 0.993 

Table 5.6. TCP values for each sub-section and the entire prostate using the data of 

Fowler et al. [7], α/β ratio of 1.5 and a log-normal distribution of α with σα of 0.08 

 

The results of the dose distributions at the base and mid-gland for patient C are shown 

in Figures 5.3a and b. The dose distributions can be compared with the grey scale 

images showing the distribution of TCP values calculated with the Wang et al. [10] 

parameters for the same patient (Figures 5.4a and b). It can be seen that for this patient 

the TCP values were more than 89% in all sub-sections except mid-gland sub-section 2 

(left posterior quadrant).  The dose distributions in Figures 5.3a and b show a greater 

proportion of the base was underdosed than at the mid-gland where only a small 

section of the left posterior quadrant was under-dosed.  The TCP calculations suggest 

that we should not be so concerned with the under-dosing that has occurred at the 

anterior base as there is a low probability of finding cancer cells in this region.  The 
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region that is underdosed at the mid-gland however requires further investigation and 

it is expected that the clinician would make the final decision on the acceptability of 

the implant (ie whether it is necessary to provide supplemental therapy) on the dose 

coverage in this sub-section. 

 

The raw TCP values, without the α weighting factor (applied to produce the log-

normal distribution) for patients C, D and E are shown in Figure 5.5 and provide an 

alternative method for dose distribution evaluation.   For patient D, the poor implant, it 

can be seen that there are a significant number of TCPs that have a value less than 1.0 

for α < 0.15.  This is in contrast to the distributions for patients C and E where the 

TCPs for the low α values rise to 1.0 very quickly.  The raw values for the TCPs 

change with the parameters used in the calculations however the trend for a greater 

spread in the curves is constant for the poor implant. 

 

Table 5.7 shows the TCP values for patient C calculated using the values of Wang et 

al. [10] as described above. The values in the second column have been calculated 

using the cell densities from Figure 5.1 and Table 5.4, we will call these the ‘default 

cell-densities’. In the third column, the TCP values have been recalculated with sub-

sections identified as containing positive biopsy cores assigned the maximum cell 

density, 1.3x109cm-3.  Positive biopsies were found in quadrant 3 at the base, mid-

gland and apex.  The default cell densities for these quadrants are 5.6x104, 1.1x107 and 

1.6x106 cm-3 respectively.  
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 Figure 5.3a  Figure 5.3b 

 
 

Figures 5.3a and b. Dose distribution calculated at the base (5.3a) and mid-gland (5.3b) 

for patient C 

 

 

 

Figure 5.4a  Figure 5.4b 

 

 

 

Figures 5.4a and b Grey scale distribution of TCP values calculated at the base (5.4a) 

and mid-gland (5.4b) for patient C 
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Figure 5.5 Raw TCP values for α/β ratio of 3.1, standard deviation 0.08 
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 Default cell density 

(From Table 5.4) 

Revised cell density values 

Based on biopsy data 

Base 1 0.957 0.957 

Base 2 0.979 0.979 

Base 3 1.000 0.977 

Base 4 0.974 0.974 

Mid-gland 1 0.901 0.901 

Mid-gland 2 0.781 0.781 

Mid-gland 3 0.938 0.823 

Mid-gland 4 0.894 0.894 

Apex 1 0.956 0.956 

Apex 2 0.959 0.959 

Apex 3 0.960 0.792 

Apex 4 0.980 0.980 

   

Combined 
TCP value 

0.779 0.624 

 

Table 5.7. TCP values for patient C with the cell densities distributed as shown in 

Table 5.4, Wang et al. [10] data in column two.  The third column shows the TCP 

values with quadrants 3 (base, mid-gland and apex) assigned the maximum cell density 

as a result of finding positive tumour biopsies in these sub-sections. 

 

Table 5.8 shows the TCP values for patient C calculated with the parameters of Wang 

et al. [10] shown in Table 5.3 but with a variety of distributions (no distribution, log-

normal and Gaussian with a range of cut-off values) of α.  This table shows the 

combined TCP value for the entire implant (heterogeneous distribution of cell 

  



Chapter 5                          Assessment of I-125 prostate implants via tumour bioeffect 

_____________________________________________________________________ 

 Page 221 

densities) in the second column and the TCP values calculated with a homogeneous 

distribution of cell densities of 5.6 x 104 and 1.3 x 109 cm-3 in the third and fourth 

columns respectively, representing the highest and lowest cell densities proposed by 

Wang et al. [10]. In considering a single value (homogeneous distribution) of α, the 

resultant TCP values are considerably higher than those calculated with a 

heterogeneous distribution except for the Gaussian distribution with a cut-off of 0.15. 

The arbitrary cut-off point for the Gaussian distribution has a significant effect on the 

resultant TCP with the cut-off value of 0.10 most closely matching the log-normal 

distribution.  Table 5.9 shows the TCP values calculated with the Wang et al. [10] 

parameters but with a standard deviation in the distribution of 0.04.  This data may be 

compared with Table 5.5, which was calculated with a standard deviation of 0.08. 

 Distribution of 

cell densities  

(Figure 5.1 &  

Table 5.4) 

Homogeneous 

distribution of cell 

densities  

(ρ= 5.60E+04) 

Homogeneous 

distribution of cell 

densities 

(ρ=1.30E+09) 

Νo distribution, (σα=0) 0.974 1.000 0.757 

Log normal distribution, 

(σα=0.08) 

0.779 0.931 0.704 

Gaussian distribution, 

(σα=0.08), cut-off  0.0 

0.600 0.748 0.538 

Gaussian distribution, 

(σα=0.08), cut-off  0.05 

0.655 0.813 0.584 

Gaussian distribution, 

(σα=0.08), cut-off  0.10 

0.802 0.983 0.716 

Gaussian distribution, 

(σα=0.08), cut-off  0.15 

0.999 1.000 0.989 

Table 5.8. TCP values with a mean value of α=0.15,  for different distributions of 

α for patient C.  Αll other parameters are from Wang et al. [10] 
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  Pt A Pt B Pt C Pt D Pt E 

Base 1 0.928 0.950 0.980 0.715 1.000 

Base 2 0.977 0.993 0.994 0.814 1.000 

Base 3 0.999 0.992 1.000 0.955 1.000 

Base 4 0.935 0.945 0.990 0.902 1.000 

Mid-gland 1 0.834 0.942 0.929 0.121 1.000 

Mid-gland 2 0.861 0.895 0.762 0.739 0.995 
Mid-gland 3 0.998 0.996 0.966 0.994 1.000 

Mid-gland 4 0.787 0.989 0.921 0.124 1.000 

Apex 1 0.990 0.905 0.980 0.228 1.000 

Apex 2 0.993 0.973 0.982 0.999 1.000 

Apex 3 1.000 0.996 0.982 1.000 1.000 

Apex 4 0.998 0.983 0.994 0.297 1.000 

       

D90 Gy 145 145 146 105 220 
Combined 
TCP value 0.755 0.862 0.760 0.092 0.995 

4 

2 3

1 

Table 5.9. TCP values for each sub-section and the entire prostate using an α/β ratio of 

3.1 and σα of 0.04 

 

Figure 5.6a shows “wasted dose” plotted as a function of α with a Tpot of 42 days, the 

mean value proposed by Haustermans and Fowler [20].  The loss in dose due to the 

dose rate reaching a level insufficient to counteract cell proliferation was found to 

range from 2% to 21% over a range of α values suggested by various groups 

summarised in Table 5.1. Figure 5.6b shows that wasted dose decreases rapidly as Tpot 

decreases from a few days to around 6 weeks. 
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Figure 5.6a and b.  Correlation of wasted dose as a function

 

Discussion 

• Distribution of cancer foci 

There have been a number of studies that have attempted

cancer foci [33,36-38] from radical prostatectomy specim

consensus that tumours tend to originate in the periphera

cases to the transitional zone.  More than one cancer foci

incidence of cancer foci in the central zone, which is most
 

Figure 5.6a
 

b 

 of 

 to

en

l z

 is 

ly c
Figure 5.6
Page 223 

 

α and Tpot 

 map the distribution of 

s.  There is a general 

one extending in some 

not uncommon and the 

ontained in the anterior 
 



Chapter 5                          Assessment of I-125 prostate implants via tumour bioeffect 

_____________________________________________________________________ 

 Page 224 

base, is very low - less than 4% reported by most authors. Frimmel et al. [33] reported 

that 73% of cancers originated in the peripheral zone, 21% in the transition zone and 

6% were of indeterminate origin.  This article concluded that cancers are mostly 

distributed along periphery of the gland and mostly in the apical region for small 

tumours, though some appeared to arise in the anterior transition zone. With increasing 

tumour volume, cancers spread along the lateral edge eventually filling the transition 

zone.  Cancers appear to originate closer to the apex.  These data are consistent with 

the work presented by McNeal and colleagues [36] who defined the distribution of 

cancer cells of 104 radical prostatectomy specimens by zone (peripheral, transitional 

and central).  These investigators reported that the majority of cancers occur in the 

peripheral zone (68%), followed by the transitional zone (24%) and approximately 8% 

in the central zone.  In the post-PSA era, D’Amico et al. [37] defined the transitional 

zone as a concentric cylinder within 5mm of the prostatic urethra in 39 low risk 

patients. The apex was defined as being the inferior-most 5mm of the prostate gland 

and the base was the superior-most 10 mm.  Of the 269 tumour foci found in these 

patients, less than 1% were found in the base of the gland, 0.7% occurred in the 

transition zone, 17.5% at the apex and the remaining 81% were found in the mid-

gland.  Sidhu et al. [39] described the difficulties of implanting the anterior superior 

quadrant of the prostate, but if it is true that cancers are rarely found in this part of the 

prostate then under-dosing this region may not be as significant as under-dosing other 

regions, particularly the peripheral zone.  Indeed there may be some benefit in 

reducing morbidity by deliberately under-dosing the anterior base as suggested by 

some implant teams e.g., D’Amico et al. [37]. 

 

The distribution of cancer foci using the geometric model proposed by Frimmel et al. 

[33] provided us with the data required to perform the calculations in this study. 

Within an implant containing around 100 radioactive seeds it is almost impossible to 

accurately identify the three zones that constitute the prostate and hence for this study 

a description of the distribution of tumour foci based on a geometrical rather than 

anatomical distribution was considered essential. As the urethra and the transitional 

zone that wraps around the urethra are not contained within the geometric centre of 

mass of each cross-section, we propose a similar study to that of Frimmel et al. [33] be 
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carried out but with a geometric subdivision of the prostate that more closely 

represents the zonal anatomy e.g., D’Amico et al. [37], Bice et al. [40].  The resultant 

distribution of cancer foci may then provide a more realistic distribution of relative 

numbers of clonogen cells, though the absolute value of clonogen numbers may well 

be unknown for some time. 

 

All of the patients presented in this study received androgen suppressive therapy to 

reduce the size of the gland for implant.  It is quite likely that the prostate does not 

shrink in a uniform manner when treated with hormones and without further data we 

are unable to estimate the error in applying the data from Frimmel et al. [33] and their 

(presumably) non-androgen suppressed patients to our series.  However, despite this 

uncertainty, the location of the tumour cells with respect to the defined quadrants will 

remain unchanged, that is, the base quadrants will always be at a lower risk of 

containing cancer foci than any other quadrants. 

 

• Uncertainties in model parameters 

In their estimate of the α/β ratio, a number of publications have based their work on 

the equivalence of EBRT and PPB [3,4,7,8,10,14].  This is fraught with difficulties 

related to multiple uncertainties, particularly in PPB, which requires estimates of repair 

half times and the RBE of the low energy emitted from I-125.  Such equivalence can 

be questioned for example in the works of both Wang et al. [10] and Fowler et al. [7] 

where it was assumed that 145Gy delivered to the tumour periphery in PPB was 

equivalent to 71Gy EBRT (2Gy/ fraction).  This assumption was based on a number of 

published results for intermediate risk patients and a mean 5-year bNED of 63.9%. The 

definition of “intermediate risk” varied amongst the institutions. This risk group was 

chosen because the slope of the dose-response curve was considered too shallow for 

the low-risk group and that the dose-response curve for the intermediate risk group 

data would give more reliable results. It could be argued that establishing such 

equivalence in the intermediate risk group is inappropriate because the low range of I-

125 photons would be less effective in treating extracapsular extension than EBRT. 

Hence the treatment failure in the implant intermediate risk group is more likely to be 
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a result of insufficient dose in the periphery of the treatment volume than insufficient 

dose to the major tumour burden in the EBRT group.  PPB with I-125 is most effective 

in low risk patients where the risk of extracapsular extension is low and comparing 

EBRT and PPB bNED rates for this low risk group would be more appropriate. 

 

 

A review of the literature reveals broadly differing views on the selection of 

parameters to be used in the radiobiological modelling of prostate cancer. To consider 

the extreme of modern opinion, calculations using the parameters of Wang et al. [10], 

were compared with calculations using the Fowler et al. [7] data.  The former found 

that the effects of repopulation during the protracted therapy with long half-life sources 

had a significant effect on the estimated BED.  Fowler et al. [7] ignored repopulation 

effects and argued that it is the small number of highly radioresistant cells that 

dominate the survival effects of clonogenic cells. We cannot say from our work which 

model (ie Wang or Fowler) is correct. To test the reliability of these models would 

require a large clinical series with appropriately selected patients, as failure rates in the 

low risk are infrequent.  Even with a large clinical series we may still not be able to 

draw a conclusion as a result of weaknesses in the TCP model (see below).   Despite 

the differences in opinion and quite different estimates in α, α/β and cell numbers, a 

difference of less than 12% was found in the majority of the individual quadrant TCP 

values and less than 6% for the combined (entire prostate) TCP values calculated for 

the good quality implants.  A much larger difference was seen in the TCP values 

calculated for the poor quality implant.  This is most likely a result of a weakness in 

the TCP model that is highly sensitive to low dose regions when calculated from DVH 

data (rather than mean dose) [9,16,23,41-47]. Sanchez-Nieto and Nahum [41] found 

that the TCP can decrease by 18% when a very small volume (5%) is underdosed by 

20%. Underdosed regions can only be partially compensated for by regions of over-

dosing. Not taking the distribution of dose into account (or ignoring the voxels 

containing the lowest doses) however will lead to artificially high values of TCP [16].  

Furthermore, including a factor for cell proliferation will also produce a rapid fall in 

TCP value for quadrants containing low dose rate (and hence low dose) regions 
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because of the need for the dose rate to be maintained above a minimum threshold to 

overcome proliferation [34].   

 

To overcome the problem of uncertainties in the parameters of the TCP model we 

could have used either the equivalent uniform dose (EUD) or the biologically effective 

uniform dose (BEUD) models proposed by Niemierko [48] and Mavroidis et al. [49] 

respectively.  The EUD is defined as the dose which, when delivered uniformly, 

results in the same surviving number of cells as the heterogeneous one.  BEUD 

assumes that any two dose distributions are equivalent if they cause the same 

probability for tumour control or normal tissue complication.  Both models provide a 

method of plan evaluation without attempting to predict outcome.  The general concept 

being that the inhomogeneous dose distribution is acceptable if, and only if, the EUD 

is larger than the prescribed dose.  In the case of PPB, the appropriate prescribed dose 

is not yet clear as discussed previously [15,17]. As in the case of the TCP model, it 

would be necessary to perform these calculations with a large clinical data set to 

determine the most appropriate cut-off value to distinguish between adequate and 

inadequate dose distributions.  Preliminary calculations using the BEUD with the 

variable cell density model were abandoned because it was felt that providing dose 

equivalent values for the individual quadrants would be difficult to interpret with the 

natural tendency to compare with doses delivered with EBRT.  Whilst EUD and 

BEUD values are less sensitive to the uncertainties in radiobiological parameters, the 

absolute calculated values still carry a large degree of uncertainty and it is not 

appropriate to compare these values across vastly different treatment techniques (e.g., 

low dose rate brachytherapy with EBRT). Their value in comparing one EBRT 

technique with another however, is well recognised though it is essential to remain 

aware of the shortcomings of all radiobiological models  [50]. 

 

With such great uncertainties in the model parameters we can only consider the TCP 

values we have presented in the relative rather than absolute sense.  Because the TCP 

model is sensitive to low dose regions, the model will readily identify regions of the 

prostate that are at risk of local failure as a result of both low doses and high risk of 

finding clonogenic cells.  Although the calculations with the two sets of parameters 
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(Table 5.3) returned similar TCP values for adequately dosed quadrants (Tables 5.5 

and 5.6), the two sets did select a different ranking in order of quadrants at risk. This 

observation in the presence of uncertainties in radiobiological parameters has been 

made previously [42].   For the Fowler et al. [7] data, the quadrant at greatest risk of 

relapse due to low dose/ high probability of finding cancer cells, for all patients was 

mid-gland quadrant 2, the quadrant with the highest cell density.  The calculations with 

the Wang et al. [10] data identified mid-gland quadrant 4 at risk for patient A and mid-

gland quadrant 1 for patient D.  This difference in ranking is most likely related to a 

threshold in the calculations that tips the TCPs over a limit pushing them down to low 

values as a result of finding low dose voxels. The highest cell density in the Fowler et 

al. [7] data probably pushed the TCPs over this limit hence all TCPs in mid-gland 

quadrant 2 dip below the TCP values in the other quadrants.  The exception here is for 

patient D where the dose in mid-gland quadrants 1 and 4 are low enough to also drag 

the TCP values down.  The greater range in cell densities provided with the Wang et 

al. [10] data provides us with a model that behaves in a way that is most likely to 

match clinical observation. Verification of this model however, and selection of an 

appropriate cut-off value requires data from a large clinical series. 

 

The TCP calculations described in this study are based on the work of Ebert and 

Zavgorodni [34].  In this publication it was proposed that a Gaussian distribution of α 

be defined by a mean α , a standard deviation σα and a lower cut-off, αcutoff.  The cut-

off was found necessary in these calculations to return reasonable (clinically observed) 

values for the TCPs.  Because the cut-off value is an arbitrarily assigned value we 

chose to use a log-normal distribution for the majority of our calculations as this 

avoids the use of a cut-off value.  In Table 5.8 we have compared the TCP values 

calculated with the log-normal distribution and the Gaussian distribution with a range 

of cut-off values.  We present TCP values for the entire prostate with a heterogeneous 

distribution of cell densities (column 2) and a homogeneous distribution of cell 

densities in columns 3 and 4.  It can be seen that the cut-off value has a dramatic effect 

on the calculated TCP values with the higher cut-off excluding a small number of low 

values of α (see Figure 5.2b) that have a significant effect on the resultant TCP value. 
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Replacing a distribution of α with a single (homogeneous) value excludes both the 

highly radiosensitive and highly radioresistant cells. As it is the radioresistant cells that 

dominate the TCP calculations, it is their exclusion that influences the final TCP value 

the most, hence returning a higher TCP value than those calculated with either the log-

normal or Gaussian distribution.  

 

To investigate the effect on the width of the distribution of radiosensitivities on the 

model we compared values calculated with a log-normal distribution using a standard 

deviation of 0.04 and 0.08.  The uncertainty in this parameter has less effect on the 

good implants but a greater effect on the poor implant.  The TCP value for the poor 

implant (patient D) with a standard deviation of 0.08 is greater than the TCP with a 

value of σ = 0.04 (Tables 5.5 and 5.9 respectively).  The reason for this is because the 

wider alpha distribution (σα = 0.08) includes more high alpha values (greater 

radiosensitivity) than the distribution with σα = 0.04 (Figure 5.2a).  The distribution 

for σα = 0.08 also includes more low alpha values but as the TCPs for these values are 

mostly zero, they have less impact on the final TCP value.  Figure 5.5 provides an 

alternative method of displaying the results of our calculations but without the effect of 

the log-normal distribution. Here the ‘raw’ TCP values (values without the weighting 

factors described in the appendix) show that for patient D there were a large number of 

TCPs with a value less than 1.0 for α < 0.15.  The combined TCP curve shown in 

Figure 5.5 is the product of the individual curves plotted for each of the quadrants.  

The weighting function has also been plotted on these graphs and the difference in the 

overlap position of the combined curve with the weighting function for the poor 

implant compared with the typical and ideal implants is clear.  Similarly, the spread of 

the individual plots for all quadrants for patient D is quite different to the plots 

bunched in the low alpha values for the typical and good implants providing an 

alternative method of differentiating adequate and poor implants.   

 

We may also use the data presented in Table 5.8 to understand the effect on the TCP of 

the uncertainty in cell density.  In this table, in columns 3 and 4, we have calculated 

the TCP values for a homogeneous distribution of cell densities of 5.6x 104 and 1.3 x 
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109 cm-3 respectively.  The difference in the TCP values calculated for patient C with 

the log-normal distribution was approximately 30%.  This may be compared with the 

individual quadrant TCP values calculated with the Wang et al. [10] and Fowler et al. 

[7] data (Tables 5.5 and 5.6) where the difference was less than 8%, and only 2% for 

the combined (entire prostate) TCP values.  This demonstrates that it is the uncertainty 

in the cell density that has the greatest effect on the TCP values rather than the values 

of α and α/β.  The TCP values for the poor implant are more sensitive to all of the 

parameters considered. This demonstrates that the calculated TCP values can not be 

considered in absolute terms however from the limited data presented here it would 

appear that a TCP cut-off level of around 0.75 will distinguish between an adequately 

dosed sub-section and an inadequately dosed sub-section. Although the uncertainty in 

the cell densities limits our ability to consider the TCP values in absolute terms, it is 

the sensitivity of this model to cell density that allows us to identify the significance of 

underdosed sub-sections of the prostate.  

 

Our calculations did not include a factor for delay in accelerated repopulation.  We 

believe this is a complicated issue and that for prostate cancer, although there may be a 

slight and gradual increase in repopulation, it is unlikely that accelerated repopulation 

will occur as seen in head and neck cancers.  We have assumed a potential doubling 

time of 42 days in our calculations though it is likely that this value is a function of 

time, the time to doubling decreasing during the long treatment time in PPB.  

Haustermans and Fowler [51] measured repopulation rates in 7 human prostate cancers 

and found Tpot to range from 16 to 61 days.  Based on our calculations (assuming a 

value of 0.15 for α), this equates to a wasted dose of 12% to less than 2% respectively.  

For a Tpot of 42 days, the median value suggested by Haustermans and Fowler [20], we 

estimate the wasted dose to be 4% for a mean value of α of 0.15 as proposed by Wang 

et al. [10] and 16% for α equal to 0.039 as suggested by Fowler et al. [7].  These vaues 

are similar to those reported by Wang et al. [10] who estimated wasted dose to be 7% 

and 25% for α values of 0.15 Gy –1 and 0.04 Gy –1 respectively. As we have shown in 

Tables 5.5 and 5.6, as a result of differences in the parameters proposed by Wang and 

Fowler, including wasted dose, there is a difference of less than 12% in most cases for 
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the good quality implants and individual quadrant TCP values.  For the combined 

(entire prostate) this difference is less than 6% for the good quality implants.  For the 

poor quality implant, the TCP value is dominated by the sensitivity of the model to 

low dose regions. 

 

The distribution of density of clonogenic cells is generally ignored in most 

radiobiological models as this is unknown; and in the case of prostate cancer, the entire 

prostate, plus a margin is generally considered in the volume calculations.   Margins 

are applied in prostate brachytherapy to account for seed placement uncertainties and 

for extracapsular extension.  Patients selected for brachytherapy as monotherapy in 

Australia are typically at low risk for extracapsular extension and therefore the cell 

density in the region of the margin will be less than within the capsule.  Any under-

dosing that may occur in an implant most often occurs at the periphery of the volume 

and in the region of the margin containing the low density of cells.  We have not 

attempted to apply a unique cell density to the margin or account for the uncertainty on 

volume delineation.   Both of these effects could have a profound impact on the TCP 

values due to the sensitivity of the TCP to low dose regions.  We have however, 

arbitrarily assigned a distribution of cell densities to the quadrants defined in this 

study.  The range of cell densities used in this paper extend from the lowest to highest 

values (68% confidence interval above and below the mean estimated values) 

proposed by Wang [10].  Equally we could have used the range suggested by Levegrun 

[16] which is based on the work of Webb [25].  In this work the cell density was varied 

from 10-2 to 1010 cm-3.  Using a broader range of cell densities will further increase the 

sensitivity of the individual quadrants to variations in dose distribution, in particular 

the high-risk quadrants. To extend the model further, the individual cell densities could 

be modified for each patient as a function of biopsy data.  For example, the risk factor 

(which relates to cell density, Table 5.4) could be increased to the highest level if the 

biopsy specimen is positive for that particular quadrant.  Until the uncertainty in of the 

distribution of cell densities is reduced, the selection of the range of cell densities for 

each quadrant is subjective and the resultant TCP values can therefore only be 

considered in the relative (rather than absolute) sense. 
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To derive the α/β value, Wang [10] and Fowler [7] used the same clinical data that 

equated the mean 5-year bNED rates for intermediate risk patients receiving 145Gy 

brachytherapy (I-125) and 70.5Gy external beam radiotherapy.   For these patients the 

weighted mean actuarial 5-year bNED is 63.9%. For low risk patients treated with 

modern techniques such as those included in this paper, 5 and 10-year bNED rates in 

excess of 80% have been reported [52,53].  The TCPs calculated for the typical 

implants in this study ranged from 78 to 87% for an α/β value of 3.1 (Table 5.5), and 

therefore consistent with our expectations though the follow-up time for this small 

number of patients is too short to draw any conclusions on the reliability of the values 

calculated.  The very low TCP values calculated for the poor implant may well be too 

low and are a result of the limitations of the TCP model used.  Although the low 

values may not be clinically realistic, their value is demonstrated by the dramatic fall 

separating the good implants from the poor.  This is shown in both the combined 

(entire prostate) TCP value and the distribution of TCP vs (unweighted) alpha graphs 

(Figure 5.5).  By reporting the TCP values for the individual quadrants we can show 

which quadrants are at greatest risk of local failure and identify patients that may 

require supplemental therapy.  The dose distributions alone are limited in providing 

this information.  This was demonstrated in the typical implant for patient C where the 

anterior base was underdosed but the very small volumes underdosed in the mid-gland 

quadrants had the greatest effect on the combined (entire prostate) TCP values.  

 

The ideal implant scored a TCP a little less than 100% when calculated with the Wang 

et al. [10] parameters (Table 5.5).  To achieve complete coverage of the prostate with 

the prescribed isodose may result in an unacceptably high urethral dose.  In the ideal 

implant the seed air kerma strength was arbitrarily increased to achieve complete 

coverage of the prostate with the prescribed dose, with no attempt to optimise the seed 

positions to minimise the urethral dose. In this example, the urethra would have 

received in excess of 200% of the prescribed dose and most likely unacceptable 

morbidity. Applying the model proposed in this paper to a large clinical data set has 

the potential to determine the optimal TCP value that would lead to acceptable bNED 

rates and toxicity.  This in turn would derive the optimal prescribed dose for I-125 

prostate brachytherapy.  
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Conclusion 

 

Despite the vast differences in opinion in the appropriate selection of radiobiological 

parameters for prostate cancer, we have found relatively minor differences in the TCP 

values calculated for the four good quality implants considered in this study.  A large 

difference in the TCP values for the underdosed quadrants, and hence the entire 

prostate, was seen for the poor quality implant when comparing the parameters 

proposed by Wang et al. [10] and Fowler et al. [7]. As the TCP falls away rapidly 

when a region of low dose is encountered, we believe that quadrants receiving an 

adequate dose distribution can be clearly distinguished from quadrants with 

underdosed regions.  The cut-off point between ‘good’ and ‘bad’ will be determined 

by the parameters used in the TCP calculations and by performing a dose/outcome 

correlation study similar to that performed by Stock et al. [2]. Although the uncertainty 

in radiobiological parameters limits our ability to consider TCP values in the absolute 

sense, it is the sensitivity of the TCP model to regions of low dose/ high probability of 

cancer foci that allows one to readily identify regions of the prostate that are at risk of 

local recurrence. 
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Appendix – Application of the log-normal distribution 

 

A normal (Gaussian) distribution may be used to describe the inter-patient 

heterogeneity of α values.  With this approach however, for low mean α values with 

comparatively broad inter-patient heterogeneity, represented by the standard 

deviation σ, an arbitrarily assigned ‘cutoff value’ is required to limit the minimum α 

value used in the TCP calculation, to ensure ‘reasonable’ TCP values. 

 

To eliminate the need to choose an arbitrary cutoff value, a log-normal distribution 

was used in the calculations presented in this study. A variable α is log-normally 

distributed if x = ln(α) is normally distributed. The mean α  and standard deviation σ 

that are defined for the Gaussian distribution can be related to similar parameters in the 

log-normal distribution: 
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An empirically derived ‘shift parameter’ τ was applied to move the log-normal 

distribution so that the maximum occurred at the nominated mean α value for the 

Gaussian curve. The form of the log-normal weighting distribution is given by: 
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To apply a log-normal distribution to the TCP calculations, the weighting factor w(ακ)  

was applied to TCP(αk) which is a function of αk as shown in Figure 5.2 and given by: 
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Where W is the sum of the weighting factors w(ακ): 
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With αk sampled uniformly from a smooth distribution, the value of n can be relatively 

low compared with a statistically sampled distribution. This allows intensive 

calculations to be performed quickly. In this study, it was determined that uniform 

sampling with n = 100 gave TCP values consistent with those obtained using a 

statistically sampled alpha distribution with n = 10,000. 
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The primary purpose of this thesis was to determine dosimetric relationships for 

tumour response and induction of toxicities and examine these parameters in the 

context of other published series.  In the quest to determine these dosimetric 

relationships we have investigated post-implant dosimetry techniques, considered the 

dose response of normal tissue and proposed a method to assess the quality of an 

implant to determine the likelihood of tumour control.  For each point investigated, 

multiple uncertainties were discovered highlighting the complexity of providing a 

simple answer to this question. 

 

In a recent editorial Mack Roach [1] provide a critique of a paper [2] that attempted to 

provide a simple answer to the simple question “does supplemented beam radiation 

increase the morbidity of prostate brachytherapy?”  Roach commented that although 

simple answers are highly desirable “unfortunately, with regard to prostate cancer, we 

tend to get many complicated questions and a few complicated answers.”  In his 

critique of this particular paper he noted that although the simple answer of "no" 

provided in the publication may be correct, the answer may be more complicated than 

the reader is lead to believe. His criticism of this paper may be extended to many other 

publications that have been referenced in this thesis.  Firstly, Roach noted that 

underpowered studies might fail to show differences that do exist.  Secondly he noted 

that relatively short follow-up may provide misleading conclusions and that the subject 

of morbidity reporting is, in itself, a complicated subject. He further commented on the 

practice of the authors to use generous treatment margins that may negate the need for 

supplemental therapy.  The critique raises many other relevant points that demonstrate 

that finding simple answers to simple questions in prostate brachytherapy is a very 

difficult task.  It would be nice to conclude this thesis with simple answers, instead, it 

is closed with many observations and suggestions for future studies that may draw us 

closer to finding the answer to our opening question. 

 

Brenner and Arndt [3] recently reported 5- and 10-year survival rates in more than 

180,000 American prostate cancer patients.  These authors found that there was no 

excess mortality compared with the general population in low and intermediate risk 
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patients.  In selecting a treatment option, the prostate cancer patient will therefore 

often select their treatment choice based on expected toxicity.  Our role as physicists is 

therefore to be aware that the patient has made a difficult decision based on expected 

tumour control and toxicity.  We must therefore carefully consider what dosimetric 

factors may contribute to suboptimal tumour control rates and excess toxicity.   The 

patient numbers available for studies presented in this thesis have, in most cases been 

too small to draw firm conclusions and we have therefore been forced to compare our 

observational studies with those of other centres to support our findings and test for 

factors that maybe technique specific.  Along the way we have discovered a large 

number of uncertainties and differences in techniques across centres that may well 

explain the lack of consensus on many issues presented in the literature. 

Post-implant dosimetry techniques 

To compare our reported doses it was first necessary to describe our post-implant 

dosimetry techniques and then compare this technique with other commonly used 

techniques.  Because our implant program began at a time when reporting was most 

commonly based on the matched peripheral dose (MPD), which does not address the 

relative location of the radiation dose to the target volume, we found it necessary to 

develop our own technique. 

In Chapter 3 we described a post-implant dosimetry technique that registers the 

implanted seed positions identified on stereo-shift films with the ultrasound defined 

anatomy.  We compared this with other post-implant dosimetry techniques including 

the commonly used CT post-implant dosimetry technique.  The results of this study 

along with the detail provided in Appendix 2 demonstrated a large degree of 

uncertainty in the commonly used dosimetry parameters D90 (dose delivered to 90% 

of the prostate volume) and V100 (percentage of prostate volume receiving the 

prescribed dose).  Depending on the post-implant dosimetry technique used, the V100 

and D90 values may vary by more than 30% and 40Gy respectively as a result of 

different imaging modalities, timing of the study (as a result of resolution of post-

implant oedema, changes in prostate volume as a result of hormonal therapy and seed 

movement/migration), intra-observer variability in defining prostate volume, 
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differences in dosimetry software and errors in defining seed positions.  Additional 

uncertainties are introduced when comparing results with other centres and we need to 

consider the uncertainties in defining seed source strength, inter-observer variability in 

defining the prostate volume and the lack of consensus on application of treatment 

planning and evaluation margins along with medications such as perioperative steroids 

to reduce post-implant oedema.  In considering these multiple uncertainties we must 

assume that any dosimetry parameter found to correlate with tumour control or toxicity 

may only be applicable under certain circumstances.  For example, one would expect a 

centre applying large treatment margins would find a lower D90 value cut-off point for 

predicting treatment failure compared with a centre applying tight margins. 

bNED and toxicity 

The early chapters of this thesis provided an overview of the results of published series 

and a comparison with the results we have achieved in our own centre (Sir Charles 

Gairdner Hospital – SCGH).  In summary, our results were found to be reasonably 

consistent with those presented in the literature for similar patient populations.  In 

particular, we concur that permanent prostate brachytherapy (PPB), delivered as 

monotherapy, is most suitable for patients with a low risk of extracapsular extension 

(ECE) [4-8].  Our 5-year freedom from biochemical failure (bNED) rates for low risk 

patients was 96% which compared well with other PPB series [9] and also external 

beam (EBRT) and radical prostatectomy series (RP) for patients in the low risk group 

[10].  Our results lead us to conclude that in combination, our patient selection is 

appropriate, we are using appropriate treatment planning margins, our precision in 

implanting the seeds is reasonable and the number of seeds, their source strength and 

planned positions are appropriate.   

 

We are also satisfied that our urinary toxicity is similar both in incidence and duration 

as other reported series [11-15].  Whilst we may be satisfied that the rate of 90% of 

patients experiencing acute urinary toxicity is consistent with that reported in the 

literature, we must be aware that many of our patients in the low risk group may have 

died of other causes even if their cancer had not been treated [16-22].  We therefore 

carry the responsibility of finding ways to reduce this toxicity without affecting our 
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bNED results.  Similarly we found that a large proportion (84%) of our patients 

experienced some acute rectal symptoms.  Though these symptoms were mild, they 

may well impact on the quality of life.  We found little in the literature on rectal 

toxicity that we could compare with our results.  Most series report the incidence of 

late Grade 2 toxicity which affects 5-14% patients [23-29]. This toxicity however, may 

not have the same impact on quality of life as acute symptoms such as ≥ Grade 2 rectal 

continence which was observed in 7 of 62 (11%) of our patients in the first 12-months 

post-implant.  Our potency rates (54% at 24-months post-implant) were also found to 

be similar to those reported in the literature when compared with patients that have 

received a similar duration of hormonal therapy to reduce the prostate volume.   

Dose response in normal tissue 

In Chapter 4 we investigated the dose response in normal tissue that contributes to 

urinary and rectal toxicity and erectile dysfunction (ED).  For each symptom we found 

radiation dose was only one of many factors that contributed to the observed morbidity 

and hence with our small patient numbers, it was difficult to isolate the effects of 

radiation dose from these multiple factors.  In the case of urinary toxicity we found 

dose to the urethra was most likely to correlate with toxicity when measured using the 

International Prostate Symptom Score (IPSS) toxicity instrument.  In our small study 

we concluded that using a larger number of low source strength seeds better enabled us 

to achieve good quality implants with a lower urethral dose resulting in a reduction of 

severe urinary symptoms. Recent publications however have demonstrated how 

smaller seed numbers with higher source strengths can achieve similar urethral doses 

[30-32].  Whilst there may not be a consensus on the most appropriate seed numbers/ 

source strength to use, there does appear to be an agreement that urethral doses should 

be minimised but not at the expense of reduced implant quality.  In practice we plan to 

deliver a urethral dose of between 125% and 150% of the prescribed dose as this range 

allows for seed movement and seed migration and rarely do we observe a cold spot 

around the urethra using these treatment planning constraints. 

In our urinary toxicity study we considered only the dose to the prostatic urethra and 

not the bulbomembranous urethra that is found inferior to the prostatic apex.  Merrick 
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et al. [33] reported an increased incidence in stricture formation when this part of the 

urethra received excessive doses.  As a result of this publication we aim to not over-

implant the apex however, this area is difficult to implant with great accuracy and we 

routinely implant seeds 5mm beyond the apex to allow for seed placement uncertainty.  

This is a conservative margin compared with that used by the Merrick group that 

implant 8-10mm inferior to the ultrasound image containing the prostatic apex [34,35].  

As our bNED rates compare well with other institutions, we believe this margin is 

acceptable in the hands of our experienced urologists who are responsible for 

implanting the seeds.  

Despite a huge amount of evidence from EBRT studies that a dose response in rectal 

toxicity exists, in the PPB series the evidence has been less forthcoming and treatment 

planning guidelines are not well defined.  The reason for this is most likely multi-

factorial, and not because a rectal dose response in the brachytherapy patient doesn't 

exist. In Chapter 4 we attempted to develop treatment planning guidelines based on the 

ultrasound pre-implant volume study.  The anatomical relationship of the rectum to the 

prostate is quite different with the rectal probe in place compared with the "normal" 

treatment situation without a probe.  This is almost certainly why we were not able to 

correlate rectal dose (anatomy defined with probe in place) with toxicity.  But this was 

probably not the only reason, organ motion and rectal filling cannot be controlled 

during the treatment period of PPB and therefore predicting the average rectal dose-

volume relationship is extremely difficult unless seeds are directly implanted into the 

rectal mucosa.  It would be highly irresponsible to plan seed placement in the rectal 

mucosa and therefore toxicity data from patients that were accidentally implanted this 

way provides little assistance in setting treatment planning constraints. Setting rectal 

dose constraints is a demanding task as tumour foci commonly originate in the lateral 

posterior prostate and hence tight margins in this region need to be applied cautiously 

so that the prostate is not underdosed [36]. We conclude that more work is required to 

establish rectal dose constraints for treatment planning. In designing such a study 

consideration should be given to the relationship of the rectal anatomy at the treatment 

planning stage (ie with the probe in place) as constraints derived from imaging studies 

without the probe in place are difficult to apply in practice.  In-vivo dosimetry studies 
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may also be of benefit in confirming calculated doses, though detectors will need to be 

small in volume to provide meaningful results in high dose gradients. 

In comparing our potency data with other researchers we found the incidence of ED 

was similar when comparing patient groups that had received a similar duration of 

hormonal cytoreduction [37].  The incidence and cause of ED was again found to be an 

area lacking in consensus.  As with urinary and rectal toxicity, the range of toxicity 

instruments used, patient selection and methods to describe dose made it difficult to 

compare results and develop firm conclusions. Ultrasound imaging is not adequate to 

image the erectile tissues and therefore we were unable to verify the dose response in 

these tissues observed by previous investigators [38-42]. The team lead by Merrick 

apply generous treatment margins at the apex compared with the practice in our centre 

[34,35] and therefore our treatment planning guidelines to minimise ED are consistent 

with those for minimising urethral strictures, ie. we aim to not over-implant the apex 

but provide an adequate margin for seed placement errors. 

In general, the clinical physicist would not normally be concerned with the medication 

received by the patient.  In searching for dosimetry correlates however, we need to be 

aware that certain medications can impact on results and need to be considered when 

comparing results from multiple centres.  The use of hormonal therapy requires 

particular consideration as we have used this therapy to greater extent than many other 

centres.  The use of hormonal therapy is controversial [43,44].  The literature does not 

provide adequate evidence for increased biochemical control in the low risk patient.  

There is some evidence however, that patients with larger prostates are at greater risk 

of developing urinary retention and greater acute symptoms, and that larger 

proportions of rectal tissue will be irradiated [45-51].  Whilst we have not been able to 

verify these observations, we have continued to use hormone therapy to reduce the size 

of large glands to avoid the difficulties of implanting tissue that sits behind the pubic 

arch or outside the template grid.  The point at which a prostate is too large to implant 

will depend on the position of the pubic arch in relationship to the prostate and also on 

the skill of the surgeon to steer the needles around the pubic arch whilst maintaining 

reasonable accuracy in implanting all seeds in the needle track. We believe there is 
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sufficient evidence to demonstrate that hormonal therapy does impact on toxicity, 

particularly ED, but this therapy should be used when there is an increased risk of not 

achieving an adequate dose distribution throughout the prostate. 

Post-implant dosimetry - evaluation of implant quality 

Intuitively we would expect an implant containing significant regions of underdosage 

would be less likely to achieve local control than an adequately dosed prostate. What 

we don’t know with any certainty is the minimum dose that will achieve local control 

rates equivalent to other treatment options (ie. RP and EBRT).  This is an important 

question to answer because aiming for very high doses may increase the risk of 

toxicity but in lowering the prescribed dose, unexpected cold spots may occur as a 

result of excessive seed placement error. If the dose delivered is thought to be too low 

then the patient may become anxious that the treatment may not be effective and at 

some point the clinician must decide if the risk of treatment failure is too high.  In this 

case supplemental therapy may be offered.  Options may include an EBRT or high 

dose rate brachytherapy (HDR) boost dose or a supplemental seed implant.  These 

options are undesirable as excess dose will almost certainly be delivered in some parts 

of the prostate increasing the risk of toxicity. 

In Chapter 5 we described a biological model that incorporates a distribution of cell 

densities that is related to the probability of finding tumour foci in specific regions of 

the prostate. Since publishing the work presented in Chapter 5 there have been 

subsequent researchers suggesting the use of biological models to predict for tumour 

control in PPB [52,53] as an alternative to the commonly used V100 and D90 

parameters.  The V100 and D90 parameters contain no spatial information on the 

location of the underdosed region of the prostate.  Previous studies have demonstrated 

that certain parts of the prostate are less likely to contain tumour cells than others and 

hence underdosing these regions may not impact on biochemical control in the same 

way as the high risk regions [54,55].   

Recently we have carried out a preliminary analysis on 79 patients with a median 

follow-up of 62 months using the bioeffect model.  The post-implant dosimetry was 

analysed using  the parameters of Wang et al. [56]. A minimum tumour control 
  



Chapter 6                            General discussion and conclusions 

_____________________________________________________________________ 

 Page 249 

probability (TCP) value of 0.55 was found to predict for PSA control (p=0.004) when 

using a Kaplan-Meier survival analysis and log-rank test [57-59]. Our patient numbers 

were too small to be confident that this is a significant result however, the model 

appears to be robust as minimum TCP values of 0.4 and 0.5 also predicted for PSA 

control (p = 0.009 and 0.026 respectively).  The definition of biochemical control used 

in this analysis was a modified version of the ASTRO consensus definition [60].  Our 

modified definition required three consecutive rises in PSA, with each rise being at 

least 10% more than the previous value.  This modification was incorporated as 

uncertainty in the PSA analysis has been reported as high as ±10% (personal 

communication) in some of the earlier PSA assays.   Using the modified definition of 

failure, 11 patients failed treatment at 3.5 to 20 months post-treatment (median 9 

months).  Using the ASTRO consensus definition, 12 patients were classed as 

biochemical failures. By this definition, the minimum TCP did not appear to correlate 

with PSA control (p=0.069 for a minimum TCP value of 0.55).  This analysis 

demonstrates that our model has potential to predict local failure but further work is 

required to verify our results.  Careful consideration of the definition of treatment 

failure is required and also there is a need for large patient numbers as failure rates are 

low in the low-risk group.  Our preliminary analysis included all risk group patients 

and did not differentiate between local and distal failure.  We would expect the model 

to return optimal results in only those patients in which sub-clinical, extra-prostatic 

disease prior to implant was unlikely to be present as PPB is not able to deliver 

radiation doses sufficient for tumour sterilisation to more than a few millimetres 

beyond the capsule.  This was demonstrated in Chapter 2 where we found risk-group 

was the only significant predictor for PSA control on multi-variate analysis.  

We believe our model could be further improved in the future.  The model was based 

on "averaged" data.  The tumour cell densities were derived from prostatectomy 

specimens gathered from 81 patients. We therefore used an average cell density pattern 

for all patients in the study described above.  With patient specific data we may be able 

to better predict for tumour control.  A simple way of doing this is to substitute the 

average cell density in each quadrant with a cell density related to the biopsy data.  For 

example, for every quadrant containing positive biopsy specimens, the maximum cell 
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density would be substituted for the average value.  This is not so simple in practice as 

commonly the location of the positive biopsy specimen is not so well defined.  An 

alternative option would be to use functional imaging [61-66].  This technology has 

the ability to identify regions of the prostate containing active disease.  By dividing the 

functional imaging data into the quadrants described in Chapter 5 we could tailor the 

cell densities in each quadrant to the results of the functional imaging scan.  This 

technology offers an exciting opportunity for further research as the sensitivity and 

specificity of these studies improves. 

Conclusion 

In conclusion, the wide variety of dosimetry techniques and toxicity reporting systems 

makes it difficult to draw conclusions from single centre studies that are applicable in 

the multi-centre setting.  Large clinical trials may one day lead us to determine the 

optimal dose (distribution) that may be delivered to the prostate to achieve good 

tumour control and low toxicity - but only if the many variables including those related 

to imaging modality, timing of the post-implant study, intra- and inter-observer 

variability in defining prostate volume, uncertainties in dose specification and 

treatment margins are clearly defined.  This thesis set out to determine dosimetric 

relationships for tumour response and induction of toxicities and examine these 

parameters in the context of other published series.  We can conclude that urethral 

dose sparing techniques will reduce urinary toxicity. The literature suggests a rectal 

dose response but the integral dose to the rectum is difficult to estimate and many 

other factors contribute to both acute and late effects making it difficult to separate out 

the effects due to dose alone.  Sexual dysfunction in the PPB patient is thought to be 

related to dose to the erectile tissues but doses in this region are typically low and 

other factors such as hormonal therapy may have a greater influence on ED than 

radiation dose.  Our proposed model introduces a novel method of post-implant dose 

distribution evaluation that takes into account the heterogeneous distribution of cancer 

foci in the prostate.  Further testing of the model with larger patient numbers offers the 

possibility of identifying patients at risk of local failure. 
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 Glossary of terms and symbols relevant to this Appendix 

(This glossary is based on that contained in the TG-43 and TG-43 U1 reports [1,2]) 

 

AAPM  American Association of Physicists in Medicine 

Aapp  Apparent activity. Units Bq or mCi 

d Distance to the point of measurement from the source centre in its 

transverse plane. 

D(r,θ) Dose rate in water at P(r,θ). The reference dose rate D(r0,θo), is 

specified at P(r0,θo). Units are often specified in cGyh-1. 

δ Energy cut-off parameter used for air-kerma rate evaluation. 

F(r,θ) 2D anisotropy function describing the ratio of dose rate at radius r and 

angle θ around the source, relative to the dose rate r0=1cm and θ0=90° 

when removing geometry function effects.  Dimensionless. 

G(r,θ) Geometry function approximating the influence of the radionuclide 

physical distribution on the dose distribution. Units are cm-1. GP(r,θ) is 

used in the TG-43 U1 report to denote geometry function used in the 

point-source approximation and GL(r,θ) in the line-source 

approximation. 

g(r) Radial dose function describing the dose rate at distance r from the 

source relative to the dose rate at r0=1cm. Dimensionless units. gP(r) is 

used in the TG-43 U1 report to denote geometry function used in the 

point-source approximation and gL(r) in the line-source approximation. 

K Used in the traditional formalism is the dose rate constant with units 

µGy.mm-2/MBq.s 

( )dK δ

.
 Air-kerma rate in vacuo due to photons of energy greater than δ, with 

units of cGyh-1. 

Λ Dose-rate constant in water, with units of µGyh-1U-1. Λ is defined as the 

dose rate at P(r0,θo) per unit SK. CONΛ is the consensus value determined 

by the AAPM from published data with units cGyh-1U-1
. 
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L Active length of the source (length of the radioactive portion of the 

source) with units of cm.  For the Amersham Health model 6711 

source, this is 0.3cm. 

NIST National Institute of Standards and Technology 

NWTI Northwest Tumour Institute, Seattle. 

P(r,θ) Point of interest, positioned at distance r and angle θ from the 

geometric centre of the radionuclide distribution. 

φ Anisotropy constant. Dimensionless. 

φan(r) The one-dimensional anisotropy function. At any radial distance r, 

φan(r) is the ratio of dose rate averaged over 4 π steradian integrated 

solid-angle to the dose rate at the same distance r on the transverse 

plane. Dimensionless. 

r The distance from the source centre to P(r,θ) with units of cm. 

r0 The reference distance, which is 1cm for the TG-43 and TG-43 U1 

protocols [1,2]. 

SK Air-kerma strength: the product of the air-kerma rate  and the 

square of the distance d to the point of specification from the centre of 

the source in its transverse plane. S

( )dK δ

.

K is expressed in units of µGym2h-1, 

a unit also identified by U. The TG-43 U1 report introduced the 

symbols SK,N85 and SK,N99 to distinguish the NIST 1985 and 1999 

standards respectively [2]. 

Taverage Mean half-life defined by equation 7. 

T(r) Tissue attenuation coefficient used in the traditional formalism. 

Dimensionless. 

θ The polar angle between the longitudinal axis of the source and the ray 

from the active source centre to the calculation point P(r,θ).  

θ0  The reference polar angle, which is 90° or π/2 radians. 

U  The unit of air-kerma strength, equivalent to µGym2h-1 or cGycm2h-1

 

  



Appendix I     Dosimetry protocol and source strength specification 

_____________________________________________________________________ 

  Page 260 

Introduction 

The Radiation Therapy Committee of the American Association of Physicists in 

Medicine (AAPM) in 1988 formed Task Group No. 43 (TG-43) to review published 

dosimetry data for interstitial brachytherapy sources with the intention of 

recommending a dosimetry protocol and provide values for the required dosimetry 

parameters [1].  This report was published in recognition of the fact that differences in 

dosimetry protocols and dosimetry parameters commonly in use at that time could 

result in large differences in calculated doses for identical seeds.  In some cases these 

differences could be as much as 17% [1]. At the time the TG-43 report was published, 

most centres were using the dosimetry protocol reported by the Northwest Tumour 

Institute (NWTI) in Seattle [3] as many centres at that time had received their training 

in Seattle and had used the commercial treatment planning service provided by this 

group.  Therefore, prior to publication of the TG-43 formalism, published dosimetry 

data was mostly based on the Seattle protocol.    

 

The TG-43 report provided a formalism and dosimetry parameters for I-125, Ir-192 

and Pd-103 sources [1]. For most centres, this represented the first major change in the 

way the dose distribution was calculated for these sources and required a change in 

dose prescription to achieve consistent clinical results [3,4]. In January 1999 a new 

standard for the calibration of I-125 seeds was introduced and represented the second 

major change in clinical dosimetry for I-125 sources.  The new standard did not 

require a change in prescription, and the reason for this is explained below. In 2004, 

the TG-43 report was updated to provide a revised definition of air-kerma strength and 

correct for inconsistencies and omissions in the original report [2]. In addition, it was 

recommended that the use of apparent activity and the anisotropy constant be 

eliminated and guidance for extrapolating the tabulated data to longer and shorter 

distances was provided. The updated report will be referred to as TG-43 U1 in this 

Appendix. This Appendix provides an overview of the TG-43 formalism that has 

formed the basis of the calculations in this thesis. Changes in the commonly used 

dosimetry formalism are presented in chronological order so that the reader may 
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appreciate the differences in the way the dose has been reported in the literature over 

time.     

 

This Appendix will detail dosimetry factors for use with I-125 sealed sources 

(“seeds”), Amersham Health model 6711 only, specific to the use in multi-seed 

prostate implants.  These seeds contain a silver wire, 3mm in length with the active 

material as silver iodide on the surface.  These sources are encapsulated in titanium 

with outer dimensions of 4.5mm x 0.8mm.  I-125 decay primarily results in the 

emission of 27.4 keV photons.  The silver wire serves as a radiographic marker and 

also emits fluorescent x-rays as a result of photoelectric interactions with energies of 

22.1 keV and 25.5 keV.  The average energy for all emissions is approximately 27.4 

keV with a half-value layer in lead of approximately 0.025mm.  Self-absorption of the 

entire source capsule and its contents is approximately 37.5% [5].  Other models of I-

125 seeds are available and the factors listed below are not valid with these seeds, as 

the quantities used in the formalism are specific to a particular style of source. 

 

TG-43 and Traditional Dose Calculation Formalisms 

The traditional method of calculating dose rate D(r) at a distance r from an interstitial 

brachytherapy source using the point source approximation is given by: 

 

D(r) = Aapp Κ T(r) (1/r2)φ …………………….(1) 

 

where  Aapp is the apparent activity of the source in MBq 

 K factor (dose rate constant) units are µGy.mm-2/MBq.s 

 φ is an anisotropy factor which accounts for the variation in dose around 

the source.  This is discussed in more detail below. 

 T(r) = tissue attenuation factor, commonly Meisberger coefficients [6] are 

used whereby:  

  

    ……………………….(2) ( ) 32 drcrbrarT +++=
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and: a = 1.2497, b  = -2.656E-02 mm-1, c = 1.957E-04 mm-2, d = -4.924E-10 mm-3

 

Different centres throughout the world have previously used different values for K, φ, 

and T(r). It was the intention of the new TG-43 formalism to provide the most accurate 

data available and encourage consistency in reporting dose. 

 

The TG-43 report suggested two equations that may be used to calculate dose rate, the 

two-dimensional case and the one-dimensional case: 

1. Two-Dimensional Case 

   

  

 

                r0=1cm 

y 

θ2θ θ1 

P(r0,θ0)x 

P(r,θ) 

 
z 

  

Figure A1.1. Calculation of dose rate at P(r,θ) using the TG-43 two-dimensional 

equation 

 

Dose rate at a point r,θ is given by: 

 

( ) ( )
( ) ( ) ( )D r S

G r
G r

g r F rk,
,
,

,θ
θ
θ

θ= × ×
⎡

⎣
⎢

⎤

⎦
⎥ × ×Λ

0 0

………………(3) 

 

Where: 

r is the radial distance from the geometric centre of the source.  r0 is the reference 

distance which has a value of 1.0cm 

 

Sk = Air-kerma Strength.  This unit replaces apparent activity (mCi or MBq).  Units of 

air-kerma strength are µGy.m2h-1 as recommended in report TG-32 [7].  The TG-43 
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report gave this unit its own symbol “U”.  The subject of air-kerma is discussed in 

more detail below. 

 

Λ = Dose Rate Constant.  This replaces the K factor.  Units quoted in the TG-43 report 

are cGy.h-1U-1.  The recommended value for Amersham Health model 6711 seeds was 

0.88cGy.h-1U-1.  The subject of dose rate constant is discussed in more detail below. 

 

G(r,θ) = Geometry Factor.  This is used in the 2-dimensional case only.  It replaces 

1/r2.  It accounts for the variation of relative dose due only to the spatial distribution of 

activity within the source, ignoring photon absorption and scattering in the source 

structure.  The TG-43 report recommended the use of either a line-source 

approximation for I-125 or a point-source approximation.  Values for the line-source 

approximation are provided in Table V of the TG-43 report.  At 0.5cm from the source 

there is an 18% variation in the value of G(r,θ) for θ = 0° - 90°, however at 2.0cm the 

variation is 0.1%.  

 

g(r) = Radial Dose Function. This replaces the tissue attenuation function T(r)  

(Meisberger coefficients).  The function is defined in equation (8) of the TG-43 report 

and calculated values are shown in Table VII of the report.  The dose function for I-

125 model 6711 will fit a 5th order polynomial with coefficients a0 = 1.01376, 

a1=1.22747 x 10-1, a2=-1.73025 x 10-1, a3=4.02378 x 10-2, a4=-3.85227 x 10-3, a5= 

1.34283 x 10-4.  This function accounts for the effects of absorption and scatter in the 

medium along the transverse axis of the source.  It can also be influenced by filtration 

of photons by the encapsulation and source materials. 

 

F(r,θ) = Anisotropy Function.  This function accounts for the anisotropy of the dose 

distribution around the source including the effects of absorption and scatter in the 

medium due to self-filtration, oblique filtration of primary photons through the 

encapsulating material and scattering of photons in the medium.  It is defined as: 

 

( ) ( ) ( ) ( ) ( )F r D r G r D r G r, , , / ,θ θ θ θ= 0 0 ,θ ………………… ..(4) 
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Values as a function of r and θ for model 6711 are provided in Table IX of the TG-43 

report. This two dimensional equation attempts to fully describe the shape of the 

isodose distribution about the line source as shown below: 

 

 
Figure A1.2. Two dimensional dose distribution about an I-125 source  

(from Ling et al. [8]) 

2. One-Dimensional Case, Point Isotropic Source Approximation. 

In recognition of the fact that the two dimensional equation cannot be readily 

incorporated into existing commercial planning systems, a second equation was 

provided by the TG-43 report, which is a one dimensional approximation of the 

recommended equation.  The equation assumes the source is a point source rather than 

a line source and an average value of the anisotropy factor is used which may be either 

a function of distance (r) from the source or a single value averaged over a range of 

distances. 

 

 
Figure A1.3. One Dimensional point source dose distribution about an I-125 source, 

assuming an average value for the anisotropy factor. 
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The TG-43 report states that for a large number of randomly oriented seeds, “the dose 

rate contribution to tissue from each seed can well be approximated by the average 

radial dose rate as estimated by integrating the single anisotropic seed source with 

respect to solid angle.”  

 

For a point source approximation, the dose rate at a distance r from the source is given 

by: 

( ) ( ) ( )D r S
r

g r rk= × × × ×Λ
1

2 φ an ……………………….(5) 

 

Note that the Geometry Factor has been replaced by 1/r2 and the anisotropy function 

F(r,θ) has been replaced by φan(r) which is called the anisotropy factor.  The 

anisotropy factor is given by: 

 

( )
( )

( )
φ

θ θ

θ

π

an r
D r d

D r
= ∫ , sin

,
0

02

θ
………………………………..(6) 

 

Compared with the full 2-dimensional dose calculation, the error in using an average 

radial dose rate along the transverse axis of a single seed is around 3% - 9% [1]. 

Values of φan(r) are shown in Table XII of the TG-43 report.  The report states that for 

I-125 sources, this factor may be approximated to a distance independent constant φan, 

which is called the anisotropy constant φan.  The anisotropy constant for model 6711 

sources is 0.93.  The dose rate on the transverse axis in the medium at the reference 

distance is therefore lower using the point source approximation than the actual dose 

rate by 7% for these sources.  Calculations around a typical multi-seed implant (I-125 

seeds) show that typically the difference in total dose in using the anisotropy constant 

φan rather than the anisotropy factor φan(r) is less than 1% throughout the implanted 

volume [9]. 
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Prior to the general implementation of the TG-43 formalism, the dosimetry system 

used by the NWTI was the most commonly used dosimetry protocol as many centres 

had received training in Seattle and many implants had been planned through their 

commercial prostate implant planning service. The factors formerly used at NWTI 

were based on the published values of Ling et al. [8,10]  and are listed below: 

 

Dosimetry Parameters  NWTI Values [3] TG-43 Recommendations [1] 

K 1.45 x 0.9 cGy cm2 mCi-1 hr-1 no longer used 

φave 0.87 0.93 

Λ not defined 0.88 cGy hr-1 U-1 

Air-kerma to activity 

conversion factor 

not defined 1.27 U mCi-1 

Taverage* 2084 hrs 2053 hrs 

Distance (mm) T(r) g(r) 

5 1.05 1.04 

10 1.00 1.00 

15 0.92 0.926 

20 0.82 0.832 

25 0.71 0.731 

30 0.63 0.632 

35 0.55 0.541 

40 0.49 0.463 

45 0.32 0.397 

50 0.27 0.344 

 

Table A1.1. Comparison of dosimetry parameter values 

 

*Note that Taverage  is the mean half-life [11] and is given by: 

 

Mean Half Life Taverage = 1.44 x T1/2……………………...(7) 
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and represents the approximate total time it would take to deliver the same dose with a 

constant source strength compared with a source decaying exponentially to infinity. 

T1/2 is the half-life, the value recommended by the TG-43 report for I-125 seeds is 59.4 

days and hence 90% of the total dose is delivered in approximately 6.5 months. 

 

To assess the effect of changing from the more traditional formalism to that 

recommended by the TG-43 report using the point-source approximation, the dose due 

to a single 1U seed was calculated at distances ranging from 0.5cm to 5.0cm as shown 

in Table A1.2 below: 

 

r (cm) Traditional Formalism  

(NWTI Values)  

Total Dose in Gy 

TG-43 

Total dose in Gy 

% Difference 

(NWTI-TG-43) 

0.5 78.25 69.90 11.3% 

1.0 18.63 16.80 10.3% 

1.5 7.62 6.91 9.7% 

2.0 3.82 3.49 8.9% 

2.5 2.12 1.97 7.4% 

3.0 1.30 1.18 10.0% 

3.5 0.84 0.74 12.0% 

4.0 0.57 0.49 16.0% 

4.5 0.29 0.33 -11.2% 

5.0 0.20 0.23 -13.9% 

 

Table A1.2. Comparison of integrated dose (Gy) for a single 1U seed.  The integrated 

(total) dose has been calculated by multiplying the dose rate by the mean half-life.  

 

The difference between the traditional (NWTI) formalism and that recommended by 

the TG-43 report is approximately 10%. To achieve the same biological effect, in 

changing from the traditional formalism to the TG-43 formalism, a 10% change in 

prescribed dose was recommended [3,4], i.e. a 160Gy prescription became 144Gy if 

using the TG-43 formalism.  It should be noted that the difference between the 160Gy 
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contours for the two formalisms is only of the order of 1-2mm.  Although the 

difference in these contours in the region of the high dose rate gradient may be 

insignificant, doses calculated at specific points will vary by approximately 10%. 

 

In conclusion, the TG-43 report provided a dosimetry protocol and dosimetry 

parameters to achieve accurate and consistent dose reporting.  Reported doses that do 

not explicitly state that they were calculated with the TG-43 formalism may be 

effectively different to TG-43 doses by as much as 17%. Prior to implementation of 

the TG-43 formalism, commonly prescribed doses were 160Gy.  As a result of the 

change in dosimetry protocol, it was necessary for most centres to change the 

prescribed dose to 144Gy to achieve the same clinically effective dose. 

Air Kerma, Dose Rate Constant, NIST Standards and Impact on Clinical Dose 

Prescriptions 

Change in NIST Standard for I-125 seeds

The National Institute of Standards and Technology (NIST) maintains the primary air-

kerma standards for radionuclides including I-125.  Prior to 1st January 1999, the 

primary standard was based on Loftus’ air-kerma measurements, made using the Ritz 

low-energy parallel-plate free air chamber. The Loftus calibration standard has been 

referred to as the NIST 1985 air-kerma strength standard. These measurements were 

contaminated by non-penetrating low energy 4.5keV titanium characteristic x-rays, 

which have significant penetration in air but penetrate only ~0.1mm in condensed 

matter.  The effect of this contamination was to increase the air-kerma strength per 

contained mCi by 7%-10% without affecting the dose-rate in condensed medium at 

1cm.  Since January 1st 1999, source calibrations have been based upon measurements 

using the Loevinger’s wide-angle free-air chamber with a thin absorber to eliminate 

the characteristic x-rays [12].  As a result of this change in calibration procedures, the 

AAPM Radiation Therapy Committee published recommendations for the clinical 

implementation of the revised standard [13,14]. This report recommended the dose rate 

constant be revised using equation (15) of the original TG-43 report [1] and 

reproduced below: 
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Λ Λnew old
k

k

S old
S new

=
⎡

⎣
⎢

⎤

⎦
⎥         for the same seed………………(8) 

 

For the Amersham Health model 6711 seeds: 

• Prior to the change in NIST standard, the TG-43 recommended dose rate constant 

was 0.88cGyh-1U-1. 

• Following implementation of the change in NIST standard, the TG-43 

recommended dose rate constant was 0.98cGyh-1U-1. 

Similarly, in using parameters other than those recommended by TG-43, to achieve the 

same end result prior to the introduction of the new NIST standard, it was necessary to 

change the equivalent dose rate constant by an equal amount. 

  

Amersham Health model 6711 seeds are calibrated by comparison against NIST 

calibrated sources of the same model within a re-entrant well-type ionisation chamber.    

To avoid confusion amongst the physics community, Amersham Health postponed the 

introduction of seeds traceable to the new calibration standard until July 26, 1999.  

Therefore, all seeds ordered after that date were specified with an activity (or air-

kerma strength) that had been adjusted to take into account the new standard. 

Seed Source Strengths 

To provide an example of the effect of the change in NIST standard, the source 

strengths used at Sir Charles Gairdner Hospital (SCGH) before and after the change 

are presented in Table A1.3 below. Seed strengths were reduced by a factor of 0.897 

than used previously [14].  These values are shown below: 
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Activity (mCi) 
Pre NIST standard change

Activity (mCi) 
Post NIST standard 

change 
0.37 (small gland) 0.33 

0.34 (medium gland) 0.30 
0.31 (large gland) 0.28 

 

Table A1.3.   Comparison of seed activities, pre and post NIST standard change.  Note 

that source strengths have been specified in units of mCi as that was the unit 

commonly used at the time of the change in NIST standard.  To convert to air-kerma 

strength, multiply the values in mCi by a factor of 1.27. 

 

As Australia does not provide a calibration standard for I-125 seeds, the practise at 

SCGH has been to verify individual source strengths against the NIST standard and if 

within ±7% of the value stated on the calibration certificate, the certified value used in 

clinical practice. 

 

 In conclusion, the revised I-125 NIST standard resulted in a change of specified 

source-strength and required the value of the dose rate constant to be modified to 

reflect this change.  After July 1999, specified source strengths were approximately 

10% less than previously specified.  The dose rate constant for Amersham Health 

model 6711 seeds was revised from 0.88cGyh-1U-1 to 0.98cGyh-1U-1.  No change in 

prescription was required as a result of these changes. 

 

2004 Update of AAPM TG-43 Report (TG-43 U1) 

In March 2004 the AAPM Task Group 43 published a revised protocol for 

brachytherapy dose calculations [2].  The updated protocol (that will be referred to as 

TG-43 U1) contains consensus data sets for a number of commercial sources that have 

become available since publishing the original report. The revised protocol also 

contains recommendations for specifying data sets for commercial sources that may be 

produced in the future. This Appendix however, is focussed on the clinical 
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implementation of dosimetry protocols, with particular reference to multi-seed 

implants using Amersham Health model 6711 seeds, and will therefore summarise 

only the points in the TG-43 U1 report relevant to this topic.  For centres that are 

currently using the TG-43 formalism and specify the source strength in units of air-

kerma, there are three significant changes requiring consideration in adopting the TG-

43 U1 recommendations.  These are summarised below: 

 

Firstly, the TG-43 U1 report recommends the anisotropy constant no longer be used.  

For the 1-dimensional description of dose, the anisotropy factor (φan(r)) should be used 

instead.  The values for this factor are contained in Table V of the TG-43 U1 report 

and are reproduced in Tables A1.4 and A1.5 below. The anisotropy factors presented 

in both the original report and the revised protocol were calculated from the 3-

dimensional anisotropy functions provided in the respective report. 

 

Secondly, the geometry factor and the radial dose function may be specified as either a 

point-source or line-source approximation.  Both are valid but only if applied 

consistently.  In summary it is recommended that one of the two equations should be 

used: 

 

( ) ( ) ( )rrg
r
r

SrD anPK φ⋅⋅⎟
⎠
⎞

⎜
⎝
⎛⋅Λ⋅=

2
0

.
………………………(9) 
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………………..(10) 

 

where the subscript “P” denotes the point source approximation and “L” the line-

source approximation. 

 

The TG-43 U1 report states that the line source approximation is the preferred option 

as it provides improved accuracy for radial distances <1cm.  Consensus values for the 

line-source and point-source approximation are provided in Table II of the TG-43 U1 
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report and are summarised in Tables A1.4 and A1.5 below.  The geometry function 

may be calculated using either equation (11) or (12) below: 

 

( ) 2, −= rrGp θ     point-source approximation (11)   

        

θ
β
sinLr

 if θ ≠ 0° 

( ) =θ,rGL       line-source approximation   (12) 
122 )4/( −− Lr  if θ = 0° 

 

The original TG-43 report provided the coefficients for a fifth order polynomial fit for 

the radial dose function.  The revised report (TG-43 U1) instead provided a table of 

values for both the point-source and line-source approximation.  A linear interpolation 

between points is permitted if required. 

 

The final significant change in the clinical implementation of the TG-43 U1 report is 

the change in the value of the dose rate constant.  The consensus value for the dose rate 

constant (CONΛ) is the equally weighted average of the separately averaged 

experimental and Monte Carlo values [2].  For the Amersham Health model 6711 I-

125 seed, this has a value of 0.965 cGh-1U-1.  The TG-43 value (used following the 

change in the NIST source strength standard) was 0.98 cGh-1U-1 [14]. 

 

The TG-43 U1 report, has recommended a revised definition for air-kerma strength, 

which is the air-kerma rate , in vacuo and due to photons of energy greater than 

δ, at a distance d, multiplied by the square of the distance, d

( )dK δ

.

2. The low energy cut-off 

is typically 5 keV.  This change in definition was provided as a formal method of 

addressing the issues that were raised with the change in NIST standard. For the 

Amersham Health model 6711 I-125 source, the source strength standard is unaffected 

by this change in definition. 
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Radial distance (r) 

(cm) 

Λ ( )
( )⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

00

0

,
,
θ
θ

rG
rG

L

L  
gL(r) φan(r) Calculated dose rate 

(cGyh-1U-1) 

0.5 0.965 3.9151 1.071 0.973 3.9370 

1 0.965 1.0000 1.000 0.944 0.9110 

2 0.965 0.2458 0.814 0.941 0.1858 

3 0.965 0.1089 0.632 0.942 0.0643 

4 0.965 0.0612 0.496 0.943 0.0284 

5 0.965 0.0391 0.364 0.944 0.0134 

Table A1.4. Calculation of dose rate using the line-source approximation and data 

from the TG-43 U1 report [2]. 

 

Radial distance (r) 

(cm) 

Λ 1/r2 gP(r) φan(r) Calculated dose rate  

(cGyh-1U-1) 

0.5 0.965 4.0000 1.048 0.973 3.9361 

1 0.965 1.0000 1.000 0.944 0.9110 

2 0.965 0.2500 0.819 0.941 0.1859 

3 0.965 0.1111 0.636 0.942 0.0642 

4 0.965 0.0625 0.499 0.943 0.0284 

5 0.965 0.0400 0.367 0.944 0.0134 

Table A1.5. Calculation of dose rate using the point-source approximation and data 

from the TG-43 U1 report [2]. 

 

Table A1.6 demonstrates the differences in values of dose at a range of radial distances 

using the TG-43 U1 line-source, point-source model and the original TG-43 point 

source (anisotropy constant) model.  For the radial distances shown in the table, there 

is virtually no difference in doses calculated when comparing the TG-43 U1 line-

source and point-source models.  In comparing the line-source TG-43 U1 model with 

the TG-43 point source model however, the difference in dose is distance dependent 

and ranges from -2.0% to +7.7%. 
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r 

(cm) 

Dose rate line-

source approx. 

(cGyh-1U-1) 

Dose rate point-

source approx. 

(cGyh-1U-1) 

Dose rate  

TG-43 

(cGyh-1U-1)

% Difference TG-43 – 

TG-43 U1 line-source 

approximation 

0.5 3.9370 3.9361 3.7914 3.8% 

1 0.9110 0.9110 0.9114 0.0% 

2 0.1858 0.1859 0.1896 -2.0% 

3 0.0643 0.0642 0.0640 0.4% 

4 0.0284 0.0284 0.0264 7.7% 

5 0.0134 0.0134 0.0125 6.5% 

Table A1.6. Comparison of dose rates calculated using the TG-43 U1 and TG-43 

recommended values.  This is a summary of the data provided in Tables A1.4 and 

A1.5 for the TG-43 U1 recommendations. The TG-43 dose rate values were calculated 

with the distance independent anisotropy constant (0.93), the radial dose function 

shown in Table A1.1 of this Appendix and a dose rate constant of 0.98cGyh-1U-1, 

which is consistent with the values that should be used when specifying source 

strengths with the NIST-99 standard.    

 

Comment 

At the time of writing this thesis, it would appear from the literature that most centres 

have adopted the original TG-43 formalism.  The primary aim of achieving a 

consensus on a dosimetry formalism has therefore been achieved.  The major 

advantage of incorporating the recommendations of the updated TG-43 report (TG-43 

U1) for the clinical physicist appears to be improved accuracy in specifying the dose at 

distances very close to the source and at distances beyond those for which doses were 

previously tabulated.  It is noted however, that at 4cm from the source there is a 

difference of almost 8% between the TG-43 and TG-43 U1 doses.  Unfortunately, 

clear recommendations for extrapolating and interpolating the anisotropy factor were 

not provided in the TG-43 U1 report. In comparing the line-source approximation of 

TG-43 U1 and the point-source approximation (anisotropy constant) model of TG-43 

there is a difference in calculated dose of -2.0% to 7.7% depending on the distance 
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from the source.  The TG-43 U1 report did not offer recommendations on the clinical 

implementation of the revised protocol, in particular with reference to a change in 

prescribed dose. The TG-43 U1 report states that “guidance on prescribed-to-

administered dose ratios for I-125 and Pd-103 will be forthcoming in a subsequent 

report”. As noted previously, a change in dose specification for individual sources  of 

around 10% has little effect on the size of the 100% contour encompassing the prostate 

though differences in doses calculated at specific points will vary by up to 7.7%.  It is 

expected that as a result of differences in dose calculated using the two protocols, 

widespread acceptance of the recommendations of the TG-43 U1 report will be 

postponed until this report is published.  

 

In conclusion, the original TG-43 report aimed to provide a dosimetry formalism that 

would achieve consistency in dose reporting.  The updated report (TG-43 U1) 

recommends use of the line-source approximation and the anisotropy factor rather than 

the point-source approximation and the anisotropy constant. This change may result in 

doses that are different by up to 8% compared with those calculated with the original 

TG-43 formalism. As guidelines for the clinical implementation of the revised protocol 

have not yet been published the revised protocol has not been used for the doses 

reported in this thesis.  Further details on the clinical implementation of the original 

TG-43 formalism are contained in Appendix II. 
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Each chapter of this thesis has attempted to address the uncertainties relevant to the 

individual topic discussed in that chapter.  This appendix is designed to present a 

summary of the individual uncertainties and expand the detail where appropriate.  

Uncertainties in the radiobiological model were presented in great detail in Chapter 5 

and are therefore not repeated here. 

 

Uncertainties in prostate brachytherapy fall into 4 broad categories: dosimetric 

uncertainties due to the difficulties associated with accurately determining the dose 

distribution around a single low energy source; seed position uncertainties; 

uncertainties related to post-implant oedema and target volume delineation.  Providing 

a single combined uncertainty is not appropriate, as the uncertainties are a combination 

of dosimetric and volumetric uncertainties.  The purpose of this appendix is, therefore, 

to present a summary of expected uncertainties to provide an appreciation of the 

difficulties in comparing published results from single institution studies. 

 

Dosimetric uncertainties 

The uncertainty in the dose at a point is related to the uncertainty in the individual 

parameters required to calculate the dose distribution around a single seed and the 

uncertainties in the computer software that is used to calculate the dose distribution 

due to an array of seeds.  Each of these uncertainties will be discussed in the sections 

below. 

Parameters used in the dosimetry formalism 

All dose calculations presented in this thesis were calculated using the TG-43 

formalism [1], which is described in detail in Appendix I.  The TG-43 report [1] 

provided limited detail on the uncertainties in the dosimetry parameters. The updated 

report (TG-43 U1 [2]) however, provided comprehensive details of the uncertainties in 

each of the parameters for each of the source types contained in the revised dosimetry 

formalism.  We therefore provide only a short summary from both reports in this 

Appendix with the understanding that the parameters from TG-43 U1 were not used in 
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the calculations contained in thesis and (presumably) indicate a conservative estimate 

of the uncertainties contained in the TG-43 formalism. 

 

In the TG-43 report, the uncertainty in the dose rate constant (Λ) was estimated to be 

5%. For the dose rate constant contained in the TG-43 U1 report, the recommended 

"consensus" value was the equally weighted average of the separately averaged 

experimental and Monte Carlo values.  The combined uncertainty in this value was a 

result of uncertainties in the photoelectric cross section, the geometric uncertainty (due 

to small manufacturing differences in seed construction which is seed manufacturer 

dependent) plus experimental uncertainties. The recommended value for the 

uncertainty in Λ in the TG-43 U1 report is 4.8% (1SD).  It should be noted that the 

value of Λ recommended in the TG-43 U1 report was 1.5% lower than the previously 

(TG-43) recommended value. 

 

In the TG-43 report, the uncertainty in the radial dose function (g(r)) was also 

estimated to be 5%. The consensus value for the radial dose function (g(r)) for 6 of the 

7 seed types (including the Amersham Health OncoSeed, model 6733 I-125 seed) 

presented in the TG-43 U1 report were derived from Monte Carlo calculations.   The 

radial dose function is a relative value and by definition has a value of 1.0 at 1cm from 

the geometric centre of the source. For all other distances, the radial dose function is a 

ratio of 2 values and the combined uncertainties due to statistical variations, cross-

section uncertainty and geometric uncertainties is conservatively estimated in the TG-

43 U1 report to be 3.5% at 0.1cm, 0% at 1cm and 4.6% at 5cm from the geometric 

centre of the source. The difference between the TG-43 and TG-43 U1 g(r) values 

ranged from -7% to +2% depending on radial distance.   

 

The TG-43 report did not provide an estimate of the uncertainty in the value of the 

anisotropy constant, though in Appendix I we noted at 1cm perpendicular to the source 

axis, the dose will be 7% lower when using the anisotropy constant compared with the 

anisotropy function. The estimated uncertainty in the anisotropy function (not used in 

our calculations) was estimated to be 5% in the TG-43 report.  The TG-43 U1 report 

found insufficient data in the literature to provide a comprehensive uncertainty 
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analysis for the anisotropy function. In particular they noted a lack of data relating to 

geometric parameters such as the configuration and thickness of the weld at the end of 

the source capsule. 

 

The Medi-Physics Inc. calibration certificate that is delivered with Amersham Health 

Model 6711 seeds states that the relative uncertainty in the reported values of I-125 

air-kerma strength are estimated to be ±7% corresponding to the 95% confidence 

interval. The TG-43 U1 report assumes a vendor-supplied calibration uncertainty in 

the value of the source-strength of 3% (presumably 1SD).  Therefore, adding the 

uncertainties in quadrature (excluding the anisotropy function), the TG-43 U1 report 

states that the estimated total dose uncertainty is 6.7%, 5.7% and 7.3% at 0.1, 1.0 and 

5.0cm respectively. The TG-43 report estimated the combined uncertainty at any point 

at approximately 10%.  The American Association of Physicists in Medicine (AAPM) 

warns that the analysis contained within the TG-43 U1 report is “neither complete nor 

rigorous…(and) supports further research in the area of brachytherapy dose calculation 

uncertainties”. 

 

In conclusion we estimate the total uncertainty in dose rate at a point to be 10% for a 

single seed when using the TG-43 formalism. In the case of a multi-seed implant, we 

would expect a larger uncertainty in estimated dose at a point.  It would appear that the 

TG-43 U1 formalism will provide improved accuracy in the determination of dose rate 

at a point but further research is required to accurately estimate this uncertainty. 

 

Treatment planning software 

Dosimetric uncertainties considered so far include only those related to the calculation 

of dose from data provided by the source manufacturers and the TG-43 and TG-43 U1 

reports [1,2].  This does not include uncertainties in the application of the formalism 

by the treatment planning computer.  Most brachytherapy treatment planning 

computers do not take into account tissue inhomogeneities and source-to-source 

shielding effects. Each treatment planning system requires careful validation of dose 
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calculation accuracy.  In-house written software (WINPSI) was used for the majority 

of the calculations contained within this thesis. This software was validated as follows: 

 

Spatial Accuracy 

a) Outline Entry 

The software allows the user to import the outline of the prostate from the ultrasound 

volume study using a digitiser pad.  To set the scale of the outline and position it 

within the template grid, 3 points on the image of the template grid (corresponding to 

holes a1.0, G1.0, and G5.5) are digitised using the mouse or pointer tool.  The software 

is able to interpolate the outline of the prostate to produce outline information in the 

sagittal and coronal planes.  To test the accuracy of this facility, a series of 5 square 

boxes were entered as outlines into the software simulating 5 transverse images.  The 

outline information printed out by the software was checked for size and relative 

position within the template grid.  The accuracy of the outline was found to be limited 

by the user’s ability to guide the mouse or pointer tool around the outline.  A 1mm 

accuracy is achievable with care and is consistent with the thickness of the line 

generally drawn by the radiation oncologist in marking the outline on the volume 

study.  The outline information was entered as transverse sections, the interpolated 

outline produced for lateral and coronal views was checked for accuracy in dimensions 

and position within the template grid.  The accuracy was once again limited by the 

accuracy of the data entry using the mouse or pointer tool.   

 

b) Shift film accuracy 

Post-implant dosimetry results reported in this thesis, unless stated otherwise, were 

calculated by registering shift-film defined seed positions with the ultrasound defined 

prostate volume (see Chapter 3 for details). The shift-films were scanned to produce 

bitmap images.  A scaling factor was determined by scanning a ruler and setting a 

scaling factor, based on this scan, within the WINPSI software. Using the mouse, seed 

positions were matched on the 2 shift-films (discussed in detail in Chapter 3). A small 

phantom containing 27 small ball bearings was used to verify that the software was 

able to reproduce the relative positions of seeds in 3 dimensions.  A set of stereo shift-

  



Appendix II     Dosimetric and volumetric uncertainties in post-implant dosimetry 

_____________________________________________________________________ 

  Page 282 

                                                

films was obtained using the Varian Ximatron9 simulator.  The source-film distance 

and source-marker distance to be used with the software and the Varian simulator had 

been previously determined using this phantom and a least squares regression fit.  The 

ball bearings were arranged in three rows, 20mm apart, each row containing 9 balls.  In 

each row, the ball bearings were spaced 7.5mm apart.  The height between each of the 

planes of ball bearings was 5.5mm. 

 

Overall, the maximum error in the relative positions of the “sources” was 1.5mm.  The 

largest error was seen in determining the heights (anteroposterior distances) of the 

“sources”.  The distance from the top (anterior) plane to the bottom (posterior) plane of 

sources in the phantom was 44mm (8 x 5.5mm), the height indicated on the printouts 

(produced by the WINPSI software) was 45.5mm for each of the three rows.  The x 

and y values (representing the spatial accuracy in the coronal plane) of the sources 

were generally within 1mm of their expected value.   

 

The accuracy of the reproduced seed positions is limited by a number of factors 

including the ability of the user to accurately digitise each source, the accuracy of the 

simulator parameters (source-film distance, source-marker distance and shift distance), 

and the precision of the movement of the simulator couch. The error due to digitising 

the source position would be seen as a random error, and the test carried out for this 

report suggests that the maximum random error will be of the order of ±1.5mm but 

will depend on the magnification of the image. A larger magnification should reduce 

the error.  Error in the simulator parameters and movement would be seen as a 

systematic error.  As the error in the height (anteroposterior dimension) of all three 

rows was consistent, it would appear that there was an error in the simulator 

parameters or couch movement.  The simulator parameters used in this study were 

derived using a mathematical model based on direct measurements of the phantom 

used.  Alternatively, the parameters could have been measured directly however it was 

felt that this would introduce an additional and unnecessary uncertainty   

 

 
9 Varian Medical Systems (Palo Alto, USA) 
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Accuracy of dosimetry algorithm 

The WINPSI software uses a two dimensional table of dose rate at a distance r from 

the source.   This table provides dose rates calculated in increments of 0.1mm up to a 

maximum distance of 70mm.   

  

The dose rate table used in the WINPSI software was created using the parameters 

from TG-43 report [1]. The dose rate between values of r = 0 and r = 2mm is fixed at 

the value calculated for r = 2mm as the data provided in the TG-43 report were not 

considered reliable in this region [3]. In effect this results in an under-estimate of dose 

in the high dose region around each individual source.  The effect on the dose volume 

histogram (DVH) of a multi-seed implant in holding the dose rate constant is shown in 

Figure A2.1.  In this graph we have plotted the DVH for a typical multi-seed implant 

using the TG-43 formalism as described above, and also using the updated (TG-43 U1 

[2]) formalism in which some data is provided to 1mm from the source. For the TG-43 

U1 dose rate table, the dose rate is held constant from 0-1mm from the source.  It can 

be seen that there is a significant difference in the DVH data for doses >300Gy.  We 

should therefore consider calculated doses in excess of 300Gy to be unreliable in a 

typical multi-seed implant. 
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Figure A2.1. Dose-volume histogram (DVH) data for a typical multi-seed implant. The 

dose rate table used to calculate the TG-43 DVH curve contains unreliable data in the 

region 0-2mm from the source.  The TG-43 U1 report contained some data to 1mm 

from the source and was therefore included in the dose rate table.  The differences in 

the DVH curves for doses >300Gy are a result of the differences in the way the data 

was provided in the region close to the source. 
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The dose rate at distances 2-70mm from the source was calculated using the following 

equation: 

 

( ) ( ) anr rg
r

D φ×××Λ= 2

1 ……………(1) 

where  

 Λ is the dose rate constant = 0.88 cGyh-1U-1 prior to the change 

in NIST standard [4] and later revised to 0.98cGyh-1U-1 (see 

Appendix 1 for further details) 

 φan is the anisotropy constant.  The value used is 0.93 as  

 recommended by TG-43. 

 g(r) is the radial dose function defined in Table V11 of the TG-

 43 report where : 

   ( )g r a a r a r a r a r a r= + + + + +0 1 2
2

3
3

4
4

5
5

 and a0 = 1.01376 

  a1 = 1.22747 x 10-2

  a2 = -1.73025 x 10-3

  a3 = 4.02378 x 10-5

   a4 = -3.85227 x 10-7

  a5 = 1.34283 x 10-9

 

For d > 70mm, the dose rate is calculated by the program using equation 2, with a 

nominal attenuation coefficient of 0.0337mm-1.  The dose due to a single seed falls 

rapidly with distance and at a distance of 70mm from a single seed, the dose is 

approximately 0.7% of the dose at 10mm from the source hence great accuracy at 

distances >70mm is not required for these treatments. 

 

For d>70mm:        (( )maxexpmaxmaxrate Dose 2

2

rrk )
r

rd −−××= ………..(2) 
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Where     rmax  = The maximum distance in the dose rate table (70mm) 

 dmax = The dose rate at the maximum distance in the dose rate table 

 r        = Distance from the source 

 k       = Attenuation coefficient 

 

To verify the data in this table, values of dose at a point were compared with values 

calculated with an Excel spreadsheet for a 5 x 5 x 5 seed array, the spacing of each 

neighbouring seed was 10mm.  This spreadsheet was compiled for a plane through the 

cubic array of seeds at a height (y value, or anteroposterior direction) of 17.5mm above 

the bottom (posterior) plane of seeds and therefore sits 2.5mm below the central plane 

of seeds (Figure A2.2).  The doses calculated with the spreadsheet are summarised in 

Table A2.1 and are given in cGy for seeds of activity 1mCi (1.27U) for an effective 

treatment time of 1 hour. The WINPSI software is formatted to display dose in units of 

Gray with one significant figure after the decimal point.  To obtain values that could 

be compared with the spreadsheet, the software was used to compute the doses for 

seeds of activity 1mCi for 1000 hours.   
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c grid were entered into the software and the dose 

 bottom plane were calculated.  (Note, for clarity, 

layed in this figure). 
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Height of plane (y value): 17.5 mm 

Calculation 

Point Label 

x Value 

(mm) 

z Value 

(mm) 

Excel 

computed 

value (cGy 

for 1hour) 

WINPSI 

value (Gy for 

100 hours) 

Difference 

(Software - Excel 

computed values) 

cGy 

1 -6 -6 8.19 8.21 0.02 

2 0 0 31.28 31.39 0.11 

3 4 4 22.94 23.12 0.18 

4 8 8 30.11 30.25 0.14 

5 12 12 32.34 32.47 0.13 

6 16 16 29.78 29.98 0.20 

7 18 18 33.92 34.06 0.14 

8 20 20 43.39 43.54 0.15 

9 -6 6 13.75 13.83 0.08 

10 -6 20 15.62 15.70 0.08 

Table A2.1 Comparison of doses calculated by Excel spreadsheet and the 

prostate implant dosimetry software (WINPSI) for a plane 2mm below a plane 

of seeds. 

 

When calculating the dose at a point, the WINPSI software reports the dose at the 

nearest dose matrix grid point.  The dose matrix falls on a grid spacing of 0.1mm,  

therefore the dose calculated using WINPSI may be considered accurate to within 

0.1mm. The doses calculated using the spreadsheet were for the true distance between 

the nominated dose point and each source position, and this explains the small 

discrepancy in calculated doses.  This positional accuracy results in a difference in 

calculated dose of less than 1%. 

  

In conclusion, it would appear that the spatial accuracy of the WINPSI software is 

limited by the user’s ability to enter data into the system using the mouse, accurate 

knowledge of simulator parameters and movement of the simulator couch.  The 

random error due to data entry with the mouse is of the order of 1 to 1.5mm depending 
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on the magnification of the image.  Systematic errors in seed positions associated with 

the simulator are of greater concern as they may be greater than 1.5mm if the 

parameters are not carefully derived or the simulator movement is not orthogonal to 

the beam axis.  

 

The dose at a point, either within or just outside an array of multiple seeds calculated 

with the WINPSI software and the Excel spread sheet were in agreement to within 1%. 

 

Commercial treatment planning systems 

The Nucletron treatment planning system was used in addition to the WINPSI 

software in the work described in the second section of Chapter 3 of this thesis.  The 

dose at a point due to an array of seeds was verified in a similar manner to that 

described above with similar agreement in expected dose.  For the studies using the 

Nucletron software described in Chapter 3, seeds were identified either directly from 

the ultrasound volume study (acquired in 5mm transverse slices through the prostate) 

or from the computerised tomography (CT) scan (4mm slice thickness).  As a result of 

the partial volume effect, a seed of length 4.5mm often appears on adjacent CT images 

and therefore care must be taken to not "double count" adjacent seeds.  Some 

commercial systems provide redundancy algorithms that automatically detect seeds on 

CT images and then reduce the number of seeds identified to the number implanted by 

searching for seeds that appear on adjacent slices.  For the work presented in Chapter 

3, the redundancy algorithm was not used, all seeds were manually defined and 

checked for appearance on adjacent slices. In identifying seeds on CT images, it is 

difficult to accurately determine the centre of a source using imaging systems that 

acquire data in transverse cuts through the treatment volume.  Most commercial 

treatment planning systems will allow the user to mark a seed position in the plane of 

the transverse image or mid-way between slices.  For 4mm CT slice thickness, seeds 

will therefore have a z-value (superior-inferior distance) falling on discrete points 2.0 

mm apart.  Similarly, for the seeds identified on the 5mm transrectal ultrasound 

(TRUS) images, the uncertainty in seed position is ±2.5mm. 
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Seed displacement and migration   

A post-implant dosimetry study captures the position of the implanted seeds within the 

treatment volume at a single point in time (or two points in time if data are combined 

with two imaging studies).  Prostate volumes may change during the protracted 

treatment of permanent prostate brachytherapy (PPB) as a result of oedema and 

hormonal therapy, and seeds may move as a result of these physiological changes.  

Seeds may also migrate away from the treatment volume at some unknown time post-

implant.  In this Appendix we are mostly concerned with uncertainties in the post-

implant dosimetry study and therefore this section describes uncertainties in seed 

position during the course of treatment.  For completeness, in addition to documenting 

seed position uncertainties post-implant, we have included a discussion on seed 

placement error which occurs as a result of seeds not being deposited in their intended 

position.  

  

Seed placement error 

Seed displacements arise as a result of deviations in seed positions from their planned 

location.  This subject was discussed in Chapter 4, section 1 of this thesis with 

reference to selection of needle loading techniques. Roberson et al. [5] defined seed 

displacement in terms of needle placement error (both depth of needle insertion and 

lateral displacement), source-to-source spacing variability and seed splaying (ie 

sources not parallel to the planned needle axis).  These authors found displacements 

may arise because: 1) the patient position at the time of treatment may not be that same 

as that at the time of the planning volume study (for example the probe may be in the 

rectum at a slightly different angle), 2) the prostate volume may have changed in shape 

or volume since planning the treatment, and 3) the prostate moved during treatment. 

To determine seed placement error, these authors implanted marker seeds into the 

prostate at the time of the volume study.   Following implant, individual needle tracks 

were identified and compared with the planned source track length, seed spacing, 

depth and lateral displacement. The average error for each of these deviations for three 

patients were 2.3, 3.0mm, 0.2mm and 4.6mm respectively though the standard 

deviation for each was large. To account for the effects of source placement error, 
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these authors have chosen to increase the implant source strength by 15%.  In 

comparing seeds embedded in suture material to form a strand (seeds-in-strand) and 

loose seeds, Kaplan et al. [6] reported the average radial deviation of seeds from their 

planned position was 3.1mm and 3.7mm respectively.  These measurements were 

carried out using real-time dosimetry software that allowed each individual seed to be 

tracked as it was implanted and compared with the pre-planned position.  No seed 

migration was observed in this series probably because it is their policy to implant all 

seeds within the prostate (none in the peri-prostatic tissue). There was no significant 

difference in the D90 or V100 values between the portions of the implants receiving 

loose seeds and seeds-in-strand.  

 

Source placement errors are most likely dependent on the technique, skill and 

experience of the implanting clinician [7].  It has been our experience that sources 

implanted outside the prostate or on the prostate periphery are generally most difficult 

to implant accurately and are more likely to migrate from the treatment volume.  To 

account for this, it has been our practice to generally implant 10 seeds more than 

originally planned.  These extra seeds may be implanted in regions where excessive 

seed displacement (or migration) was observed during the implantation procedure and 

also in the periphery of the prostate to account for the increased likelihood of seed 

displacement in this region. Seeds are preferentially placed in regions with positive 

biopsy results.  Needle placement errors are minimised by using fluoroscopic imaging 

and the longitudinal ultrasound view to verify needle depth. Extending the needle 

beyond the prostate and pulling back to the planned position has also been found to 

improve accuracy of source placement. The transverse ultrasound image can be used to 

verify lateral displacement. Dattoli and Wallner [8] reported that stabilising needles 

could be used to decrease lateral displacement of the prostate from approximately 

10mm to around 0.2mm, and virtually eliminate cranio-caudal motion. Stabilising 

needles10 are commonly used in our institution though our clinicians are of mixed view 

regarding their benefit. We have found it difficult to quantitate their stabilising effect 

 
10 MD Tech Co., Gainsville, FL, USA 
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though rotation of the implanted seeds as each needle is inserted (viewed on 

fluoroscopy) does appear to be less with the stabilising needles in place. 

 

An attempt to measure individual source placement error was found to be fraught with 

many difficulties. As we commonly use more than 100 loose seeds in an implant it is 

an onerous task to accurately match every implanted seed with its planned seed 

position.  Our approach has been to interrogate each post-implant distribution to 

identify common regions for high source displacement errors.  Our in-house software 

allows a qualitative method to assess source displacements.  Our quantitative post-

implant dosimetry assessment is described in terms of dosimetric quantifiers including 

the minimum dose delivered to 90% of the prostate volume (D90), the volume 

receiving 90%, 100% and 150% of the prescribed dose (V90, V100 and V150 

respectively) and the radiobiological indices described in Chapter 5.  To assess source 

displacement, Figure A2.3 shows the planned and implanted seed positions in the 

transverse, longitudinal and coronal planes for one of our patients.  The implanted 

array contains 10 seeds more than planned.  In this example, though it is difficult to 

accurately judge, it would appear that the seeds do fall within 3 - 5mm of their 

intended position in most cases.  This approximation is made by particularly noting the 

anterior and lateral seed positions.  Larger variations are seen in the superior-inferior 

directions (ie seed track lengths) and at the posterior base. The pre-implant and post-

implant DVH for this patient is shown in Figure A2.4.  One hundred and twenty seeds 

were implanted, 3 of these seeds migrated out of the treatment volume. The pre-

implant and post-implant V100 and D90 values were 99.8% and 189Gy, and 97.4% 

and 173 Gy respectively. The clinical significance of the post-implant dosimetry 

parameters is discussed in Chapter 5. 
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10mm

Figure A2.3 Comparison of planned (green dots) and implanted (blue dots) seed 

positions.  Top left plate shows the sagittal view, top right the transverse view and 

bottom right is the coronal view (see legend in bottom left hand plate). 
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Figure A2.4 Comparison of pre- and post-implant DVH for the implant shown in 

Figure A2.3. 
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The longer seed track lengths for this patient may be a result of oedema, though this is 

not apparent in the lateral and anterior dimensions.  The increased track length is more 

likely (in this case) to be a result of seeds being drawn back along the needles as they 

are withdrawn over the stylet. The reason why the seeds appear to be missing from the 

posterior base is because they most likely migrated to the seminal vesicles (SV).  In 

general we attempt to avoid deliberate implantation of the SV for this reason.  Use of 

seeds in a strand may have improved the quality of this implant, it has however, been 

our (limited) experience that movement of strands results in a systematic deviation of 

all seeds in a strand whereas loose seeds are generally implanted with a random error, 

which has less effect on overall implant quality.   Seed migration can be minimised by 

either using seeds-in-strand or with careful placement of loose seeds in the posterior 

base (to avoid migration to the SV) and lateral posterior portion of the prostate (to 

avoid implantation of the blood vessels).  To account for seed displacement error, we 

have chosen to apply a treatment-planning margin of 3-5mm around the prostate with 

the exception of the posterior border, where a margin of 0-3mm is applied with careful 

needle placement. 

 

Seed migration and seed movement post-implant 

As discussed in the previous section, seed migration may result in implantation of the 

SV, bladder and venous plexus. Loose seeds in the bladder and venous plexus may 

migrate from the treatment volume within a few days and therefore their contribution 

to the uncertainty in total dose delivered may be minimal.  Fuller et al. [9] compared 

the incidence of seed migration in loose seed implants and implants containing seeds-

in-strand.  These authors found that in the loose seed group there was a little over 1% 

loss of seeds compared with 0.3% in the implants containing strands.  In the loose seed 

group, approximately ⅔ were lost within the first 24-hours post-implant.  In the 

stranded group, approximately 50% of the total number of seeds that migrated were 

lost in the first 24-hours and all of these seeds migrated to the seminal vesicles, the 

remainder were lost 3-12 months post-implant.   There were no cases of pulmonary 

seed migration in the stranded group, however this accounted for more than 40% of the 

migrating seeds in the loose seed group. The difference in the V100, D90 and urethral 
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D10 parameters for the 2 groups of patients was minimal suggesting that the greater 

proportion of loose seeds migrating early from the treatment volume had a comparable 

effect on dosimetry as the smaller number of later migrating seed-in-strand. 

 

In Chapter 3 we compared the post-implant dosimetry parameters for 9 patients using 

seeds identified directly from the ultrasound image and from stereo-shift films.  The 

prostate volumes (defined by ultrasound) used in the dosimetry studies were identical 

and therefore the difference in dosimetry parameters was due to uncertainties in 

defining the seed positions for the two methods and seed movement in the few hours 

between implantation and acquiring the stereo-shift films.  With an implant containing 

a large number of seeds it is almost impossible to identify identical seeds on the two 

imaging studies and therefore it is difficult to quantitate the uncertainty due to the 

individual causes. In combination however, we found a systematic difference of 

approximately 6% and 10Gy in V100 and D90 respectively.  The cause of the 

systematic error was thought to be a result of radial outward movement of the seeds 

due to oedema, but this does require further investigation. 

 

In conclusion, it is difficult to quantitate the effect of seed movement and migration 

alone in post-implant dosimetry studies as it is difficult to track individual seed 

movement in a multi-seed implant.  From the work of Fuller et al. [9] and the work 

presented in Chapter 3 we believe that the uncertainties in dose due to seed movement 

and migration are small compared with other uncertainties in good quality implants. 

This effect may be more pronounced in a less than optimal implant and careful 

treatment planning should take into account the likelihood of seed migration when 

seeds are placed outside the prostate capsule.  

Post-implant oedema    

A number of investigators have attempted to quantitate the degree and duration of 

post-implant oedema as a result of needle trauma during the implantation procedure 

[10-15].  The ratio of the reported post-implant volume to pre-implant volumes ranges 

from 0.68-1.96 with each author acknowledging a wide variation between patients. 

Mean values of 1.52 and 1.53 were quoted by Waterman et al. and Narayana et al. 
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respectively [10,14] at one-day post-implant with the first investigators using seed 

movement and the latter using CT data to estimate volume changes as a result of 

oedema. Prestidge et al. [13] compared the pre-implant transrectal ultrasound (TRUS) 

defined volume with the 1-day post-operative CT volume in 19 patients. On average, 

they found prostates were 42% larger post-operatively.  They estimated however, that 

23% of this increase in volume was most likely a result of differences in imaging 

modalities with the CT defined volume generally larger than the TRUS defined 

volume.  In taking the imaging modalities into account, they reported an average of 

19% increase in volume within the first 24-hours post implant due to post-implant 

oedema.   

 

This reported change in volume in the 24-hour period post-implant and lack of 

consensus on the degree of volume expansion to expect was of significant interest to 

our implant team, as routinely our pre-implant TRUS defined prostate volume is 

registered with seeds defined by shift-films acquired within 24-hours post-implant.  As 

a result of our concern for intra- and inter-observer variability in defining the post-

implant CT volume [16-19] and the financial and ethical issues in conducting multiple 

CT-studies, we performed serial ultrasound studies in five of our patients.  This study 

was carried out to only confirm the findings of other studies and not intended to be 

conclusive with such a small number of patients.  Serial transrectal ultrasound studies 

are uncomfortable for the patient when performed without anaesthesia and using 

anaesthesia on multiple occasions was not considered practical.  Never the less, the 

study was able to demonstrate that the ratio of post-implant to pre-implant volume 

(immediately prior to implant) ranged from 0.75 to 1.31.  The results of this study are 

shown in Figures A2.5 a-d. The volumes obtained immediately prior to implant, 

immediately post-implant and 24-hours post-implant were calculated from biplanar 

volume studies and the on-board ultrasound unit software11.  The biplanar study uses 

the mediolateral and anteroposterior dimensions from the transverse slice with the 

largest prostate cross sectional area, and the base-apex dimension from the sagittal 

view of the prostate.  Further details of the volume calculation are provided in the 

 
11Proscan Plus ultrasound imaging system software version 1.2, Teknar Corp, St Louis, MO, USA 
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following section, but it should be noted that the prostate volume determined several 

weeks prior to implant was determined from the planimetric study. Differences in 

volumes calculated from a biplanar and planimetric study may be expected and partly 

explains the inconsistency between the volume 6-weeks prior to implant and 

immediately prior to implant.  There is also the possibility that the change in volume 

was partly a result of changes due to hormonal therapy. As all patients had received a 

minimum of six months androgen deprivation therapy prior to the volume study it is 

unlikely that this accounts for more than 5% change in volume in most patients [20,21] 

though significant variation amongst patients is acknowledged.  In all cases, changes 

in the anteroposterior and mediolateral dimensions in the period immediately prior to 

implant and 24-hours post-implant were within 1mm.  The prostates of patients 1 and 3 

were 1.4 and 1.1mm longer (cranio-caudal) respectively 24-hours post-implant, and 

expansion in this dimension accounts almost entirely for the increase in volume (31% 

and 28% respectively) as expansion in the other 2 dimensions was no more than 1mm.  

Uncertainties in volume estimation are described in the next section however, it should 

be noted that the base-apex measurement is generally considered the least reliable and 

it has been suggested that the most reliable method to determine the true prostate 

volume is one that does not include the base-apex dimension [22]. 
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Figures A2.5 a-d.  Changes in prostate dimensions over time.  Note that the volume

determined 6 weeks prior to implant was calculated using the planimetry method.

Subsequent measurements were made using the ellipsoid approximation. 
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We are sceptical that our observations are entirely due to oedema. Uncertainties in 

volume delineation are discussed in greater detail in the next section and, even with the 

superior imaging capability of TRUS over CT [10,23], we are unable to conclude that 

the increase in volume in these five patients is entirely due to oedema.  The study 

described above was carried out at Sir Charles Gairdner Hospital with a single 

observer marking the prostate volume.  A similar study described in Chapter 3 was 

carried out at the Cookridge Hospital in Leeds, UK with another, single observer.  In 

this study we compared pre-implant and immediately post-implant TRUS defined 

volumes using the planimetry method.  In this study, post-implant volumes were 

within 15% of the pre-implant volume in 8 of the 9 patients included in the study and 

on average, the post-implant volumes were 5% smaller than the pre-implant volume.  

The differences in volumes reported was thought to be related to the greater 

uncertainty in defining the post-implant TRUS defined volume in the presence of 

haemorrhaging following multiple needle insertion.   Our own experience suggests that 

oedema may lead to small increases in prostate dimensions in each of the orthogonal 

planes, but these small distances are difficult to measure with a high degree of 

certainty with current imaging modalities.  We suggest that the large error bars on the 

data provided by Prestige et al. [13] are a combination of inter-patient variability and 

large uncertainties in the data.  We acknowledge that there are a number of problems 

with our study described in this Appendix, for example small patient numbers, absence 

of intra-observer variability data and limitations of the accuracy of determining 

volume using the biplanar method. Our observations however, are sufficient caution 

the reliability of published data suggesting large changes in prostate volume (measured 

at varying times pre- and post-implant) are entirely due to oedema.  We concur with 

McLaughlin et al. [12] that in part, post-implant oedema may be a function of the 

imaging modality. Even with magnetic resonance imaging (MRI) for example, post-

implant volumes may vary with MRI pulse sequences and, as suggested by Willins and 

Wallner [24] when considering MRI "one should not assume that visually striking 

images are synonymous with accuracy". 
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A number of studies have suggested that as a result of significant oedema in the period 

immediately following implant, the post-implant study should be delayed until oedema 

has resolved [13,14].  Waterman et al. [14] carried out 3 to 5 serial post-implant CT 

scans on 10 patients implanted with either I-125 or Pd-103 seeds.  This study found 

that oedema decreases exponentially over time and the half-time (time for 50% 

reduction in oedema) varied from 4 to 25 days (mean 9.3 days).  This study concluded 

that 30 days was the optimal time post-implant as in general, the prostate would be 

within 10% of its pre-implant volume.  A number of investigators have attempted to 

investigate the effect of oedema on post-implant dosimetry  [10,13-15,25-31].  The 

general consensus is that the optimal time for post-implant dosimetry is at around 30 

days for I-125 implants.  Most investigators acknowledged that post-implant dosimetry 

studies will underestimate the total dose delivered to the prostate if the study is 

performed in the presence of oedema (for example shortly after implant) and 

overestimate the total dose if carried out several months after implant.  The uncertainty 

in the cumulative dose delivered to the prostate is a function of the magnitude of 

oedema, its half-time to resolution and the half-life of the isotope.  Short-lived isotopes 

such as Pd-103 will deliver a greater proportion of the cumulative dose in the period 

when oedema is expected to be present.  Yue et al. [29] for example, estimated that the 

total dose will be overestimated by 5% for I-125 implants compared with 12% for Pd-

103 implants when the dosimetry is performed on the day of implant assuming a 

typical 50% increase in prostate volume and 10-day half-time to resolution. When 

considering a range of values for the degree of volume change (33-96% increase) and a 

range of half-time values (4-25 days) they estimated that the total dose may be 

overestimated by 15% for I-125 and 32% for Pd-103.   

 

Using a mathematical model is a useful way of estimating the effects of oedema on 

post-implant dosimetry as studies based on patient data are difficult to interpret.  We 

found in our study comparing different post-implant dosimetry techniques in Chapter 3 

that dosimetry parameters may be affected by a combination of factors including: seed 

movement (which may or may not be due to oedema), uncertainties in volume 

delineation (including oedema and intra- and inter-observer variability that may also 

be a function of the imaging modality) and uncertainties in defining seed positions.  It 
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is difficult to separate out the uncertainties due to each of these factors and hence we 

believe it is difficult to accurately determine the effect of oedema alone on post-

implant dosimetry parameters.  In Chapter 3 of this thesis we found that the 

uncertainty in the V100 and D90 values may be as much as 30% and more than 40Gy 

respectively as a result of the combination of these uncertainties.  We have chosen to 

continue to perform our post-implant dosimetry based on TRUS imaging and stereo-

shift film defined seed positions 24-hours post-implant to be consistent with our 

protocol established at the beginning of our implant program (now more than 10 years 

old).  This is convenient for our patients that have travelled a long distance to our 

centre and cannot be relied upon to return for follow-up studies at a specified time (eg 

1-month post-implant).  We have however more recently introduced a CT based post-

implant dosimetry study at 30 days post-implant in addition to our TRUS based 

technique so that we may later compare our results with other centres. 

 

In conclusion, it is clear from the literature that due to uncertainties in contouring the 

prostate volume, seed localisation, the uncertainties in the effect of hormonal therapy 

on prostate volume and interpatient variability in the degree and duration of oedema, it 

is currently not an easy task to accurately account for oedema in the routine clinical 

setting.  We suggest that the optimal time to perform post-implant dosimetry studies is 

when the prostate volume can most clearly be visualised.  This may not be 

immediately post-implant when significant haemorrhaging is still present.  In 

comparing studies presented in the literature it is important to take into account 

variables such as the use and duration of hormonal therapy, post-implant medication 

such as the use of perioperative steroids [32] and the timing of the post-implant 

imaging study.  Each of these factors may be of great significance in determining 

significant cut-off points for dosimetry parameters that may be used for predicting 

local control.  For example, in Chapter 5 of this thesis we suggest a large clinical series 

is required to determine the value of the minimum tumour control probability (TCP) 

that will predict for treatment failure.  The value that may best predict tumour control 

may be related to the variables mentioned above and we may expect a higher cut-off 

point for dosimetry studies carried out 1-day post-implant compared with dosimetry 

studies performed 30 days post-implant. 
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Target volume delineation.  

Calculation of prostate volume 

Terris and Stamey [22] compared 15 methods of calculating prostate volume using 

transrectal ultrasound. These volumes were then compared with the prostate specimen 

after surgical removal.  Measurements were made using the Bruel and Kajaer (B & K) 

model 1850 probe and the B & K 1846 console.  For the commonly used "step-wise 

planimetry method", the volume is calculated by the ultrasound unit software by taking 

the sum of the prostate image cross-sectional areas measured at each transverse section 

and multiplying by the stepping interval (usually 5mm).  Terris and Stamey [22] 

reported an average error and standard deviation of 9.4 ± 7.5g (21% ±17%) in 150 

specimens of average weight 44.9g using the step-wise planimetry method. Eighty six 

percent of volumes were underestimated using this method.  The most accurate method 

was found to be a variation of the "prolate spheroid formula": 

 

Recommended prolate spheroid formula 

( ) ( )diametererior anteropostdiameter transverse6 2π= [22] 

 

Using this formula, the average error and standard deviation were found to be 8.8 ± 

7.1g (20% ±16%) respectively. These authors found that in measuring the orthogonal 

diameters of the prostate, the base-apex measurement (biplanar method) was the least 

reliable and suggests the equation shown above is more accurate than one including 

the base-apex dimension for this reason.   

 

Prior to 2001, the Proscan Plus ultrasound system12 was used for all volume studies 

and implants at our institution (SCGH).  Routinely the step-wise planimetry method 

was used to estimate the prostate volume.  The software used by this system attempts 

to take into account the small volume of tissue that just extends beyond the base and 

                                                 
12 Proscan Plus ultrasound imaging system software version 1.2, Teknar Corp, St Louis, MO, USA 
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apex of the prostate and therefore less likely to systematically underestimate the 

prostate volume as reported by Terris and Stamey [22].  The prostate volume is 

calculated as follows: 

 

Proscan volume =   ( ) ( )∑
=

×+×
N

i
iPAPA

2
5.0167.0

where PA(i) is the area of the recorded parallel slice (i), 0.5cm is the step size and N is 

the number of transverse images containing the prostate volume.  The method of 

calculating the area of the cross section and the uncertainty in the absolute volume of 

the prostate using this equation was not provided by the manufacturer.  

 

In the previous section we described a method to measure changes in prostate volume 

in the 24-hour period between the start of the implant procedure and the time shift-

films were acquired.  In this study we determined the prostate volumes of 5 patients 

using the Proscan single plane ellipsoid technique.  This volume calculation is carried 

out by multiplying the mediolateral width by the anteroposterior height and base to 

apex length by a user defined factor: for the Proscan, "prostate" selection, this factor is 

0.5.   Whilst this method has been shown to be less accurate for determining absolute 

prostate volume compared with the step-wise planimetry method [22], our 

measurements were intended to gauge the relative change in dimensions and not the 

absolute volume.  We did not measure the intra-observer variability in defining these 

dimensions, these have however, been measured previously. For a single observer 

using the planimetry method, reproducability has been reported to be 1-3% [33,34] 

though has been reported as high as 5.1% and 11.4% for intra- and inter-observer 

variability respectively [35].   

 

The Proscan ultrasound unit was replaced with a B & K model 8658 probe and Falcon 

2101 scanner in 2001.  This unit uses a slightly different method to determine prostate 

volume using the planimetry method [36]: 

 

Prostate volume = ( ) ( ) ( ) ( )( )∑
=

⋅−⋅+−+
N

i
StepsizeiPAiPAiPAiPA

2
11

3
1  
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where PA(i) is the area recorded on the transverse section i, and the stepsize is the 

distance between the transverse sections (generally 0.5cm).  Details of the method used 

to calculate the cross sectional area were not provided by the manufacturer. Because of 

the differences in the methods used to calculate prostate volume (and probably the 

methods used to calculate the cross sectional area), the Proscan unit calculates a 

volume that is 6% -10% larger than that calculated by the B & K unit. Littrup et al. 

[36] reported a ±7% uncertainty in the planimetry method used by the B & K unit.  

 

The prostate volumes that we have reported throughout this thesis (unless stated 

otherwise) have been the volumes calculated by the in-house written DVH analysis 

program. Using the data from Chapter 3, section 2, we found that this software 

calculated a volume that was on average 2.3% larger than the B & K unit software 

with a SD of 3%.  The in-house software uses the same equation as the B & K unit to 

determine volume however, differences in the reported volumes are thought to be due 

to differences in sample numbers in defining the prostate outline and errors in 

digitising the outline from the ultrasound images. The method used to determine slice 

area (PA) in the B&K unit is not known. The in-house code calculates cross-sectional 

area at the resolution used in structure delineation and thus provides a robust 

calculation of area and subsequently volume.  In summary, we have not compared the 

volumes calculated with our in-house software with prostate specimens (following 

surgical removal). We can however, confirm that the volumes calculated were on 

average 2.3% larger than those calculated with the B&K unit that has previously 

demonstrated an agreement with excised specimens within ±7%.  We may therefore 

expect our estimated volumes to be accurate within ±10% 

 

In Chapter 3, we provided a discussion on the differences in prostate volumes 

determined by ultrasound and CT.  Narayana et al. [10] for example, found that the 

pre-implant ultrasound defined volumes were consistently smaller than the pre-implant 

CT defined prostate volumes by approximately 47%, mostly as a result of poor 

definition of the apex on CT.  Inter- and intra-observer variability in defining the 

prostate volume using CT has been reported by a number of researchers [16-19,37,38]. 
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Lee et al. [16] for example recruited 5 experienced brachytherapists to outline day-1 

post-implant CT scans for 10 patients.  The mean volume for the 10 patients ranged 

from 40.2 cm3 (reviewer 3) to 56.70 cm3 (reviewer 4). Al-Qaisieh et al. [17] found that 

different observers mark the prostate in different ways, which may result in similar 

volumes but different dosimetry indices.  Intra-observer variability was also found to 

be a function of prostate volume, with larger prostates having a greater uncertainty; the 

coefficient of variation in this study ranged from 3.9%-26% [17].  In Chapter 3 we 

found that uncertainties in prostate volume may have an unpredictable effect on the 

D90 and V100 dosimetry parameters.  As the greatest uncertainty in defining the 

prostate on CT is at the apex, the dosimetry parameters will only be greatly affected if 

this part of the volume is underdosed.  Due to the known uncertainties in defining the 

prostate volume on CT, it is not uncommon to use the ultrasound defined prostate 

volumes with the CT defined seed positions [10].  Registering the ultrasound volume 

with the CT defined volume does however, add a different set of uncertainties, which 

may impact on the DVH depending on the method used [10]. 

 

Several authors have noted significant volume differences between CT and MRI 

[12,39,40]. McLaughlin et al. [12] for example found T2-weighted MRI images 

provided superior definition of the prostate compared with CT.  In particular, they 

noted CT overestimated the volume at the anterior base, the apex and the posterior 

base-seminal vesicle interfaces. Whilst accurate volume delineation is desirable, 

consistency is possibly of greater importance when attempting to establish significant 

cut-off points for dosimetry parameters that may be used for predicting local control 

(eg D90, V100, minimum TCP etc) in single institution studies.  Consistency in this 

context refers to: imaging method, timing of post-implant dosimetry (to account for 

oedema) and application of margins.  A centre that applies large treatment margins but 

with a large degree of seed misplacement may have equally good tumour control rates 

as a centre with small margins and high precision in source placement.  Merrick et al. 

[41] for example advocates the use of generous treatment margins to account for 

extracapsular extension (ECE), post-implant oedema and uncertainty in seed 

placement.  In this letter to the editor they state that preliminary evaluation of 

randomised trial data suggest that in low-risk patients, post-implant periprostatic 
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margins more closely correlate with PSA response than the V100 or D90 parameters. 

They further contend that such wide margins (4 to 5mm laterally and anteriorly at mid-

gland, 8 to 10 mm at the base and apex [42] and no expansion posteriorly at the mid-

gland [43]) do not impact significantly on toxicity. Of particular significance to the 

wide margin strategy used by this group is the practice of adding a 5mm margin at the 

apex of the prostate with seeds placed an additional 5mm inferior to this level - 

effectively 10mm inferior to the most inferior image containing the apex (identified on 

TRUS).  McLaughlin et al. [44] argued against the wide margin approach suggesting 

that the additional margin at the apex may increase the risk of urethral strictures and 

the abandonment of the wider margin at the posterior prostate is counter-intuitive as 

this is where ECE is most expected to be found. The group led by Merrick argued that 

the wide margin approach did not increase toxicity. McLaughlin et al. however, was 

highly critical of their toxicity reporting methods, in particular their use of quality of 

life questionnaires and also suggested that the reason why the results of Merrick et al. 

compare favourably with other centres is because the wide margin approach is 

commonly practiced in other centres.    Despite their strong defence of the suggestion 

that tighter margins may be used when good visualisation of the prostate and 

surrounding normal tissue is available, McLaughlin et al. confess to using the wide 

margin strategy in routine clinical practice.  Their prediction is however, that they will 

apply tighter margins as their experience and confidence grows in PPB.   

 

The heated debate regarding the application of suitable margins leads to the question 

of which imaging modality is most suitable for PPB.  In a later publication, 

McLaughlin et al. [45] suggested the use of MRI angiography in defining the 

treatment volume for external beam radiotherapy  (EBRT) of the prostate, suggesting 

that CT is inadequate to visualise the erectile tissues.  They concluded that using CT 

rather than MRI for defining the treatment volume may lead to an unnecessary 

increase in the risk of erectile dysfunction.  The editorial by Roach in this journal [46] 

congratulated McLaughlin et al. on their elegant work but suggested that MRI may be 

a useful tool in "relearning" how to define the prostate on CT but the additional 

technology requires a higher level of evidence to gain universal support in routine 

clinical use.  Previous studies have demonstrated MRI is superior to CT in defining the 
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prostate separate to the surrounding normal tissues [12]. The radioactive seeds are 

however, extremely difficult to visualise on MRI, particularly in the periprostatic 

region where it is almost impossible to distinguish seeds from surrounding blood 

vessels.  Whilst various authors have suggested methods of overcoming these 

problems [11,47], our early experience in attempting to register seed positions from 

stereoshift films with MRI (using the method described by Moerland et al. [11]) was 

aborted as we were unable to confidently match even a small number of seeds on the 

MRI images with the stereo-shift film defined seed positions (Figure A2.5). Currently 

MRI imaging does not attract a Medicare item number and therefore reimbursement of 

costs are not available to the prostate cancer patient in Australia. We cannot therefore 

suggest MRI be used in routine clinical post-implant studies. We would however, 

suggest that it may be a useful teaching tool and to define the "gold standard" (as 

suggested by Roach [46]) in the design of a clinical trial in an effort to minimise inter- 

and intra-observe variability in defining the treatment volume.  

 
 Figure A2.5 Registration of shift-film defined seed positions (right window) with MRI 

defined seed positions (left window) to create a unique set of seed positions with MRI 
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defined prostate volume.  Seeds are very difficult to identify on MRI making the 

process of matching with the shift-film defined seed positions challenging. 

 

Transrectal ultrasound images of the prostate have been used for most of the post-

implant dosimetry studies reported in this thesis.  Whilst this imaging modality appears 

to offer good visibility of the prostate and the urethra (when imaged with a catheter in 

place) it is limited in its ability to provide useful anatomical information of the 

surrounding tissue. In particular the rectal probe distorts the rectal anatomy, making it 

difficult to predict cumulative rectal dose from TRUS imaging.  In addition, it is 

almost impossible to visualise erectile tissue on TRUS and therefore difficult to 

estimate cumulative doses to these structures.  The post-implant dosimetry technique 

using the TRUS defined prostate anatomy and stereo-shift film defined seed positions 

was developed by the author of this thesis in the early stages of our implant program 

when CT was not the commonly accepted imaging modality for post-implant 

dosimetry, and long before commercial software became available for this purpose.  

We have therefore continued to use the TRUS based technique so that we may 

consistently evaluate our implants.  We have more recently introduced CT imaging in 

addition to our TRUS based technique so that we may compare our results with other 

centres.  Whilst we have accepted that CT is the most commonly used imaging 

technique for post-implant dosimetry, we remain concerned about the lack of 

consensus on defining the prostate volume and the margins to be applied for both 

treatment planning and evaluation.  Even in the hands of experienced brachytherapists, 

we remain concerned that intra- and inter-observer variability in defining the prostate 

volume will lead to difficulties in defining universal measures of implant quality 

though substituting the ultrasound defined prostate volume for the CT volume and 

using only the CT to define the seed positions may provide an acceptable solution to 

this problem. 

 

Post-implant dosimetry techniques 

The subject of post-implant dosimetry techniques was discussed in detail in Chapter 3.     

In addition to the dosimetric uncertainties described in the first part of this Appendix, 
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each technique carries its own individual set of uncertainties. These are summarised 

below: 

Shift-film defined seeds registered with ultrasound defined anatomy 

• Uncertainties related to defining the prostate volume.  Approximately 

10% when comparing ultrasound defined volumes with excised tissue.  

Intra-observer variability is reported at 1-3% [33,34] though has been 

reported as high as 5.1% and 11.4% for intra- and inter-observer 

variability respectively [35]. 

• Uncertainties related to changes in prostate volume due to post-implant 

oedema and hormonal therapy. Difficult to estimate but increases in 

volume of approximately 50% are typically reported, but uncertainty is 

large, particularly in defining the base-apex dimension. 

• Uncertainties related to identifying pairs of seeds on shift-film images. 

In the study described in Chapter 3, on average 95% of seeds could be 

matched with confidence.  The remaining 5% were generally well 

within the prostate and unlikely to have a significant effect on the 

peripheral isodoses surrounding the prostate. 

• Uncertainties related to registering seed positions with the prostate 

volume.  The estimated uncertainty in the D90 and V100 values due to 

the registration process was found to be <10Gy and 5% respectively. 

 

Seeds identified directly from the ultrasound study 

• Uncertainties related to defining the prostate volume. (As above). 

• Uncertainties related to changes in prostate volume due to post-implant 

oedema. (As above). 

• Uncertainties related to identifying seeds within the images (eg double 

counting seeds on adjacent slices and incorrectly identifying 

calcifications as seeds). Difficult to quantitate in isolation but errors are 

more likely to occur well within the prostate and unlikely to have a 

significant effect on the isodoses contouring the prostate. 
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• Uncertainties in defining the centre of the source due to partial volume 

effects. For 5mm thick slices, uncertainty in superior-inferior direction 

is ±2.5mm. 

CT based dosimetry 

• Uncertainties related to defining the prostate volume. Uncertainty in 

defining the CT volume is assumed to be larger than uncertainties in the 

ultrasound defined volume though this is likely to be dependent on the 

experience of the brachytherapist.  CT is reported to over estimate the 

prostate volume compared with ultrasound by 47% [10] and intra- and 

inter-observer variability has been reported as high as 26% and 34% 

[16,17] 

• Uncertainties related to changes in prostate volume due to post-implant 

oedema. (As above) 

• Uncertainties related to identifying seeds within the images (eg double 

counting seeds on adjacent slices) 

• Uncertainties in defining the centre of the source due to partial volume 

effects. For 4mm thick slices, uncertainty in superior-inferior direction 

is ±2mm. 

 

Considering all of these factors and the data contained in Chapter 3 we were able to 

arrive at the following conclusions: 

1. Comparing the two ultrasound methods (same prostate volume but different seed 

localisation and dosimetry software), we found the standard deviation in the V100 

and D90 parameters to be 7.5% and 20.2Gy respectively 

2. The post-implant CT volume (at 41-65 days post-implant) was on average 3% 

larger than the pre-implant TRUS volume but the range was quite variable with a 

difference of more than 15% in 6 of the 9 patients. 

3. The post-implant CT volume (at 41-65 days post-implant) was on average 6.5% 

larger than the post-implant TRUS volume but the range was quite variable with a 

standard deviation of 24.5% 

  



Appendix II     Dosimetric and volumetric uncertainties in post-implant dosimetry 

_____________________________________________________________________ 

  Page 310 

4. Combining these uncertainties we found that the V100 and D90 can vary by up to 

30% and 41Gy respectively with a single person delineating the prostate volume.  

These differences may be much larger when inter-observer variability is included 
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