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intRoduction

In the Netherlands prostate cancer is the malignant tumor with the highest incidence 

in men (www.ikcnet.nl). The incidence of prostate cancer has recently surpassed the 

incidence of lung cancer, mainly because of Prostate-Specific Antigen (PSA) screening in 

the community. PSA is a protease that is mainly produced by epithelial cells and secreted 

into the lumen of prostate ducts. PSA can reach the serum by diffusion from luminal cells 

to capillaries. An elevation of serum PSA value can be indicative for prostate cancer. In 

2007 prostate cancer has been diagnosed to 9588 men; in the same year 2425 men died 

due to prostate cancer in the Netherlands.

In general prostate cancer has a slow growth rate. For that reason some investigators 

advocate an active surveillance policy for low-risk prostate tumors at advanced age.  The 

10-year prostate cancer-specific mortality was found to be 3%-9% for patients with low-

risk disease (T1-2, Gleason score ≤ 7, PSA ≤ 15 ng/ml) [1, 2]. In a randomized clinical study 

of radical prostatectomy versus watchful waiting a 12-year absolute difference of 11% 

was found in prostate cancer-specific mortality for patients ≤ 65 years in favor of early 

treatment [3]. This study suggests that younger patients with localized prostate cancer will 

benefit from early treatment. Also patients with poorly differentiated prostate cancer are 

at a higher risk for prostate cancer mortality, as found in an active surveillance study, and 

can benefit from active treatment [2].

tReatment oF PRostate canceR.

For active treatment of prostate cancer several therapies are available. Treatment options 

for localized prostate cancer are radical prostatectomy, external beam radiotherapy (EBRT) 

and brachytherapy. The value of cryotherapy and high-intensity focused ultrasound (HIFU) 

are under investigation.

Locally advanced prostate cancer is preferably treated by EBRT. According to the RTOG 

and EORTC studies it is evident that with the addition of long-term hormonal therapy overall 

survival is improved [4-7]. These studies have been conducted with a conventional EBRT 

dose of 65-70 Gy. Later, dose-escalating studies have shown an increase in biochemical 

control at higher radiation doses (≥ 74 Gy) [8-13]. It is still questionable if a higher dose 

on the prostate can replace hormonal therapy or that even better results will be obtained 

by combining dose-escalated radiotherapy with hormonal treatment.

One of the major drawbacks of dose-escalated EBRT was the increase in late toxicity. 

Gastrointestinal grade ≥2 and grade ≥3 late toxicity of 17-35% and 1-6%, has been 

reported for dose-escalated EBRT respectively [9-11, 14]. The reported incidence of 

genitourinary grade ≥2 and grade ≥3 late toxicity for dose-escalated EBRT was between 

11-40% and 3-13%, respectively.

A high dose on the prostate gland can also be achieved with brachytherapy. One of 

the characteristics of brachytherapy is the high dose within the implant. For this reason, 
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brachytherapy is not only suitable for low-risk localized prostate cancer, but has also 

become of value for the treatment of intermediate- and high-risk prostate cancer.

Brachytherapy has the advantage that because of the steep dose gradient outside the 

implanted volume the dose to for example the rectum wall and the neurovascular bundle 

can be more limited than with 3-dimensional conformal EBRT. However, as the urethra 

is located within the implanted volume high doses are reached here and could influence 

urinary toxicity negatively. Modern EBRT techniques as intensity-modulated radiotherapy 

(IMRT) and image-guided radiotherapy (IGRT) are promising techniques for high precision 

therapy resulting in better tumor control and reduced toxicity [15-17]. The value of 

these modern EBRT techniques in relation to brachytherapy should be investigated in 

randomized prospective trials.

Proton therapy have been used in some centers for the treatment of prostate cancer 

with dose escalation [8, 10, 13]. Compared to proton therapy IMRT delivers low doses of 

radiation to a larger volume of tissue. On the other hand, the dose conformality of IMRT 

is higher than with proton therapy. With the lateral opposed beam proton therapy still 

high dose areas are found on the anterior rectal wall, which could hinder further dose 

escalation [18]. In addition to high dose areas in normal tissue close to the target volume 

seen with EBRT techniques, also large low dose areas occur. These low dose volumes 

are much more for IMRT and proton therapy compared to brachytherapy, as shown in a 

planning study for cervical cancer [19]. These relatively low dose volumes have been found 

to be associated with morbidity [20].

Dose distribution profiles very similar to high-dose rate (HDR) brachytherapy have been 

described for stereotactic body radiotherapy and can evolve as a new promising technique 

in competition to brachytherapy [21-23].

One disadvantage of brachytherapy for prostate cancer is that this treatment modality 

is not applicable for all prostate cancer patients treated with curative intent. If the 

prostate volume is too large technical problems caused by pubic arch interference can 

arise prohibiting an acceptable implant. Large prostate volume and severe lower urinary 

tract syndromes can cause serious urinary complaints after an implant. For these reasons 

patient selection for brachytherapy is necessary according to several guidelines [24-26].

histoRy oF PRostate BRachytheRaPy

Pasteau and Degrais started in Paris with brachytherapy for prostate cancer in 1907 

[27]. Brachytherapy was performed by placing a radium source in the urethra. Inspired 

by the French colleagues, Young introduced prostate brachytherapy in the U.S. at the 

John Hopkins Institute in Baltimore. He further developed the intracavitary technique 

by alternated placement of radium sources in not only the urethra, but also in the 

bladder and the rectum [28].  At the Memorial Hospital in New York radon sources were 

developed for medical treatment. Radon has a higher specific activity than radium; so 
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smaller sources for interstitial implants could be manufactured. Barringer was the first to 

describe a transperineal implantation technique. Needles bearing radon sources were left 

in place for 4 to 6 hours before being partially retracted and directed to the contralateral 

posterior lobe [29]. Subsequently radon-bearing glass capillary tubes were developed for 

permanent implants. High dose deposition of beta and low energy gamma rays led to 

painful necrosis in the vicinity of the sources. Gold-encapsulated seeds were developed 

for a more homogeneous dose distribution [30]. Often a combination of a transperineally 

and an open surgical suprapubic approach was used. Due to disappointing results, 

because of poor patient selection and poor dose distribution, prostate brachytherapy 

was largely abandoned in the forties of the last century. Also the development of radical 

prostatectomy techniques and the observation of tumor regression after castration have 

made brachytherapy less familiar.

In 1951 prostate brachytherapy gained new interest with the introduction of colloidal 

gold-198 (Au-198) injections in the prostate gland [31]. Flocks developed this technique 

further at the university of Iowa and introduced encapsulated Au-198 grains.

Whitmore et al. from the Memorial Sloan-Kettering Center in New York described 

in 1972 the open retropubic technique for permanent iodine-125 (I-125) prostate 

implantation. Needles containing I-125 sources were digitally guided with a finger in the 

rectum for positioning [32]. 

Holm et al. was the first to describe the transperineal I-125 seed implantation 

in prostatic cancer guided by transrectal ultrasonography at the Herlev Hospital in 

Copenhagen in 1983 [33]. The development of this technique laid the foundation of 

modern brachytherapy of the prostate.

The first transperineally ultrasound guided permanent prostate implant in The 

Netherlands was performed in the Academic Medical Center (AMC), Amsterdam by Blank 

in 1985 [34].

The first report on temporary prostate implants from L’Institut Gustave-Roussy in 

Villejuif was published in 1977 [35]. Flexible tubes were loaded with iridium-192 (Ir-192) 

for low-dose rate (LDR) brachytherapy.

At the Kiel University Bertermann and colleagues started with the development of HDR 

brachytherapy for prostate cancer in the eighties of the last century [36]. Together with 

permanent I-125 and palladium-103 (Pd-103) implants, HDR brachytherapy became very 

popular throughout the world.

The next development in temporary implants was treatment with pulsed-dose rate 

(PDR) brachytherapy. Blank and Pieters from the AMC started in June 2002 with this 

treatment modality by using an open template and self-anchoring catheters for the 

implantations [37].
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temPoRaRy PRostate imPlants

Brachytherapy for prostate cancer can be applied by permanent or temporary implants. 

Nowadays the most often used isotopes for permanent prostate implants are I-125 and 

Pd-103. Good treatment results have been reported resulting in a high acceptance as 

efficacious treatment modality worldwide [38-41]. Radioactive seeds are implanted 

directly into the prostate gland and remain there for the rest of patient’s life. The effective 

dose is delivered during several weeks or months depending on the radioactive decay.

A different approach for brachytherapy is by temporary implants. Radioactive source(s) 

are placed into the prostate via needles or catheters. After the required dose has been 

applied, the source(s) and the needles/catheters are removed. The most developed and 

popular technique is with an HDR Ir-192 source [25]. Accurate positioning of the source 

is possible by placing first non-active needle/catheters. With an interactive treatment 

planning system a virtual dose distribution can be obtained which allows the possibility for 

needle/catheter position adjustments. Small imperfections of needle/catheter positioning 

can be adjusted with dwell time optimization techniques. An advantage of afterloading 

HDR brachytherapy is that there is no radiation exposure to medical personnel and 

other people. A disadvantage of HDR brachytherapy for prostate cancer compared to a 

permanent implant is the need for fractionated treatment. This means that a patient has 

to be hospitalized for several days or multiple implantation sessions should be planned.

PdR PRostate BRachytheRaPy

PDR prostate brachytherapy was introduced at the AMC in 2002 [37]. In contrast to the 

high source activity used for HDR (approximately 370 GBq), in PDR a source of 18.5 – 74 

GBq is used. With PDR multiple small size fraction doses can be given in several hours or 

days. Because PDR brachytherapy uses the same stepping source technology as HDR, the 

same technical and physical features are applicable, such as virtual treatment planning, 

afterloading with no radiation exposure to other people, and dwell time optimization. 

However, different from HDR, the multifractionated dose delivery in PDR mimics a radiation 

course of LDR. The concept of PDR was proposed by Brenner and Hall to combine the 

features of a stepping source treatment with LDR treatment [42].

Cell survival after exposure to ionizing radiation can be described by the linear-

quadratic formula [43]. Sensitivity to fractionation is dependent on the a/b-ratio of tissue. 

Tissues with a low a/b-ratio are more sensitive to fractionation than tissue with high a/b-

ratio. Because the majority of malignant tumors have high a/b-ratio and normal tissue is 

characterized by low a/b-ratio the therapeutic window can be increased by fractionation 

or a protracted low-dose rate treatment. For prostate tumor cells a lower a/b-ratio than 

normal tissue has been suggested [44-47]. If the a/b-ratio for prostate cancer is indeed as 

low as 1.5 Gy a hypofractionated treatment with HDR is more beneficial. However, the value 

of the a/b-ratio is still under debate and also higher values have been proposed [48-50]. 
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Also, biologic effect to high fraction doses of 5-10 Gy may be poorly predictable by the 

linear-quadratic model. Ongoing clinical trials (RTOG 0415 (NCT00331773), MD Anderson 

Cancer Center (NCT0066788), Fox Chase Cancer Center (NCT00062309), Ontario Clinical 

Oncology Group (ISRCTN43853433), Erasmus Medical Center (ISRCTN85138529), Royal 

Marsden NHS Trust (ISRCTN97182923)) will probably give more clarity on this matter.

Because there is still no clear evidence on the a/b-ratio for prostate cancer and excellent 

results have been found with conventional fractionated radiotherapy and low–dose rate 

permanent brachytherapy, the choice was made at the AMC to perform temporary implants 

with PDR.  Liao et al. found in a radiobiological modeling study that for less responsive 

tumor cells to radiation there is hardly any difference in “complication-free tumor control 

probability” according to radiation schedule (conventional vs. hypofractionation) for 

an a/b-ratio for prostate cancer cells between 2.5-3.5 Gy. In this study complication-

free tumor control probability was modeled as a combined parameter of tumor control 

probability (TCP) and normal tissue complication probability (NTCP) [51]. For responsive 

tumor cells the model predicts slightly better clinical results for hypofractionation.

comBination oF eBRt and BRachytheRaPy

As all other cancer diseases the presentation of prostate cancer is diverse. At diagnosis 

different stages of prostate cancer need a different treatment approach. But even 

for localized prostate cancer a subclassification is proposed according to risk profiles. 

Different risk profiles classifications are in use. All these classifications have in common 

a differentiation based on PSA-value, differentiation grade or Gleason score, and 

T-classification [24, 52, 53],[www.nccn.org]. The Gleason system is the most widely used 

grading system for prostate cancer. It is based on the architectural pattern of cells and 

is composed of the most prevalent pattern (Gleason pattern 1) and the second most 

prevalent pattern (Gleason pattern 2). The Gleason pattern is graded 1 to 5, with 1 being 

the most differentiated and 5 the most undifferentiated cells. The Gleason score is the 

sum of pattern 1 and 2. The T-classification describes the primary tumor extension, which 

is derived from the TNM-classification of the International Union Against Cancer (UICC) 

[54]. T1 is clinically inapparent tumor not palpable or visible by imaging, T2 is tumor 

confined within the prostate, T3 is tumor extending through the prostatic capsule, and T4 

is tumor fixed to adjacent structures other than seminal vesicles. Some classifications also 

consider the amount of positive core biopsies as a prognostic factor [55]. The classification 

according to the American National Comprehensive Cancer Network (NCCN) is shown in 

table 1. The importance of subdivision into risk profiles is not only to assess the prognosis, 

but also to support in treatment choice [www.nccn.org, www.oncoline.nl].

Brachytherapy is characterized by high dose delivery near a radioactive source and a 

steep dose gradient resulting in a relatively low dose at some distance from the source [56]. 

For this reason selection of patients for brachytherapy is crucial. In general brachytherapy 
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is offered to patients with a circumscribed solitary lesion. Tumor size is often an important 

aspect in patient selection for brachytherapy.

The so-called low-risk prostate cancer (T1-T2a, PSA < 10 ng/ml, Gleason score ≤ 6, 

www.nccn.org) can easily be treated with brachytherapy as monotherapy. The probability 

that the tumor is confined to the prostate is very high. There is a high probability that the 

tumor lesions within the prostate will be covered completely by the reference isodose if 

the whole prostate is treated. However, in the presence of adverse prognostic factors, such 

as ≥ T2c, PSA > 10 ng/ml, Gleason score ≥ 7, there is an increased risk of extraprostatic 

extension or distant metastases. So, for local radiation treatment it is recommended 

to enlarge the treated area by adding EBRT. Also hormonal therapy can be considered 

because of the risk for (micro)metastases [57].

table 1. NCCN risk group classification for localized prostate cancer (Clinical practice guidelines in 
oncology v.1.2010)

Risk group t classification Gleason score Psa (ng/ml) Biopsy cores
Psa density 
(ng/ml/g)

Very low T1c ≤ 6 < 10
Fewer than 3 biopsy 
cores positive, ≤ 50% 
cancer in each core

< 0.15

Low T1-2a 2-6 < 10

Intermediate T2b-T2c or 7 or 10-20

High T3a or 8-10 or > 20

Very high T3b-T4

aims and outline oF the thesis

There is substantial data that with dose-escalated radiotherapy biochemical control for 

prostate cancer will improve. The major drawback for dose-escalated radiotherapy is that 

the probability for toxicity will also increase. There are several accepted techniques for 

dose escalation. One of these techniques is high dose EBRT with sophisticated treatment 

planning techniques, such as IMRT, and optimal position verification on the treatment 

machines with IGRT. EBRT can also be combined with brachytherapy to achieve a high 

dose. Brachytherapy is commonly applied with radioactive LDR seeds or with an HDR 

stepping source.

The aims of this work were to develop, to investigate the possibility to deliver, and to 

investigate the results of brachytherapy on the prostate by PDR in addition to EBRT.

In chapter 2 a comparative study between concomitant boost IMRT, IMRT with 

HDR boost, and IMRT with PDR boost is presented. The 3-dimensional physical dose 

distribution was converted to linear quadratic dose at 2 Gy per fraction (EQD2) for a useful 

comparison of the dose on the target volume and organs at risk (OAR). In external beam 
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radiation oncology treatment schedules are usually designed in 2 Gy per fraction. To make 

comparison of different external beam radiation schedules and different brachytherapy 

schedules easy understandable, these schedules should be converted to biologically 

equivalent doses as the EQD2. In the appendix of chapter 2 the calculation of EQD2 is 

explained.

A systematic review on observational studies was performed to compare clinical 

outcome of dose-escalated EBRT to EBRT with radioactive seeds boost and to EBRT with 

HDR boost. Comparison of combined survival curves was performed by metaregression 

analysis and described in chapter 3.

To perform brachytherapy for prostate cancer with PDR a different technique should 

be used than for radioactive seed implantation or HDR. A description of a novel technique 

with an open template and self-anchoring catheters for PDR brachytherapy is reported in 

chapter 4.

The first results of EBRT with a PDR boost are described in chapter 5. Patients were 

prospectively followed and data on tumor control and morbidity were collected and 

analyzed.

Assessment of toxicity can be done as a cumulative incidence as is presented in 

chapter 5. However, information on resolution of morbidity can be missed. For that 

reason in chapter 6 a longitudinal analysis was performed to investigate the association 

of the development of late toxicity with time.

Brachytherapy is characterized by a heterogeneous dose distribution. Within the 

implant there are areas, that receive 20-40% more dose than the prescribed dose. With 

standard implantation of the prostate taking only the prostate volume as target organ 

these high dose areas do not necessarily coincide with tumor bearing areas. chapter 7 

presents a method to visualize tumor lesions with contrast-enhanced ultrasound (CEUS) 

and to use this information for adaptation of the brachytherapy treatment plan.

In chapter 8 a general discussion with future prospects is presented.

chapter 9 provides a summary of this work in English, Dutch, and Papiamentu.
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aBstRact

Background and Purpose. The two main modalities to deliver high dose to the prostate 

and preventing high doses to neighboring organs are intensity modulated radiotherapy 

(IMRT) or external beam radiotherapy combined with brachytherapy. Because of the 

different biological effectiveness the physical dose distributions were converted to 

3-dimensional linear quadratic dose at 2 Gy per fraction (EQD2). From the latter, cumulative 

EQD2-volume histograms were determined for comparison of the modalities.

material and methods. An IMRT plan was made on the contoured planning target 

volume (PTV1) and organs at risk (OAR) of 20 patients (IMRT-only). A dose of 70 Gy was 

prescribed on the PTV1 with a concomitant boost to a total of 76 Gy on a sub volume 

(PTV2). Also a 46 Gy IMRT plan was made combined with either a pulsed-dose rate (PDR) 

or a high-dose rate (HDR) brachytherapy boost. The EQD2 on the PTV1 of the combined 

IMRT-PDR and IMRT-HDR plans were made equivalent to the EQD2 of the 70 Gy IMRT-only 

plan. The a/b-ratio for prostate was set to 1.5 Gy and 10 Gy. For normal tissues an a/b-

ratio of 3.0 Gy was taken. Several EQD2-volume histogram parameters were calculated for 

comparison and analyzed by two-way-ANOVA. 

Results.  The mean EQD2 to 95% of the prostate volume was slightly higher for the IMRT-

only plan than for the brachytherapy modalities (P<0.001), in contrast to the mean EQD2 

to 50% of the prostate volume in which the opposite was the case (P<0.001). Rectum 

and bladder doses for IMRT-only are significantly higher (P<0.001). The urethra dose for 

IMRT-HDR was much higher than the other modalities only when the a/b-ratio for prostate 

was 10 Gy.

conclusion. Because of the high doses within an implant, the dose in 50% of the prostate 

volume is much higher with the brachytherapy modalities than IMRT-only which may have 

clinical consequences. With brachytherapy the doses to the OAR are lower or similar to 

IMRT-only. Dose escalation for prostate tumors is more easily achieved with brachytherapy 

than with IMRT alone. Therefore brachytherapy might be the preferred modality to achieve 

further dose escalation.

acknowledgment: The authors thank Chris van Bree for critically reviewing the 

manuscript.
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intRoduction

Different radiation treatment modalities exist for the treatment of intermediate to high-

risk prostate cancer. The most common treatment is external beam radiotherapy. With 

the introduction of Intensity Modulated Radiotherapy (IMRT), this modality is increasingly 

used with the aim to deliver high doses to the prostate and sparing neighboring organs 

adequately. The ability to increase the delivered dose while avoiding high doses in normal 

tissues is not only a matter of a new treatment delivery technique, but also a matter of 

better imaging of the prostate, better position verification on the treatment machines, 

thereby reducing planning target volume margins, and improvement in both treatment 

equipment and planning software. Zelefsky et al. reported on 561 patients treated to 81 

Gy [33]. Compared to conventional 3-dimensional conformation radiotherapy no increase 

in late toxicity was observed and even a decrease in rectal bleeding was seen. IMRT has 

also been used with hypofractionated radiotherapy to increase the dose on the prostate 

because of the presumed low a/b-ratio of prostate cancer cells [17].

Another modality to increase the dose on the prostate while simultaneously preventing 

high doses on surrounding normal tissue is brachytherapy. To treat intermediate to high-

risk prostate cancer, brachytherapy is usually combined with external beam radiotherapy 

[8, 11, 12, 23, 29]. Reported severe grade 3-4 toxicity is less than 7% while biochemical 

tumor control is high (80-90%). Both techniques aim to minimize the dose to rectum and 

bladder in order to have a high dose on the prostate.

To date only one full paper has been published on a prospective randomized trial 

comparing external beam radiotherapy to a combined modality of external beam 

radiotherapy and high-dose rate (HDR) brachytherapy [13]. In this study a better biochemical 

control outcome is observed for the combination treatment at a limited follow-up time of 

only median 30 months. This outcome is not surprising because the prescribed dose in the 

combined modality treatment was much higher than the other. 

In this study we computed three different 3 dimensional linear quadratic equivalent 

dose at 2 Gy per fraction (EQD2) dose distributions for 20 consecutive patients, treated 

at the Academic Medical Center [10]. Comparable dose schedules were chosen for 

comparison: (a) 46 Gy IMRT on the prostate plus 24 pulses pulsed-dose rate (PDR) 

brachytherapy boost; (b) 46 Gy IMRT on the prostate plus 3 fractions (HDR) brachytherapy 

boost; and (c) 70 Gy IMRT with a concomitant boost of 6 Gy to the prostate. The aim was 

to look for the magnitude of the differences in the biological equivalent doses on prostate 

cancer and normal tissues that are undoubtedly caused by differences in dose distribution 

patterns, even when a comparable dose is prescribed on the same target volume. 
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methods and mateRials
Patient data

Data from 20 consecutive treated patients with combined 46 Gy conformal external beam 

therapy and PDR brachytherapy for prostate cancer was used. Details of this treatment are 

given in a previous publication [23].

The prostate was implanted with 12 needles on average (range 8-13) under transrectal 

ultrasound guidance. Before the brachytherapy treatment a continuous 2 mm thick CT 

dataset was acquired with the needles in situ. The clinical target volume (CTV) was 

considered to be the prostate with base of the seminal vesicles. Besides the CTV also 

the rectum, bladder neck and urethra were delineated. The rectum and urethra were 

delineated from 4 mm cranially to 4 mm caudally of the CTV. The bladder was delineated 

as the 1 cm part adjacent to the CTV, being the part receiving the highest dose from 

brachytherapy.

Brachytherapy treatment plan

For generation of planning target volume (PTV) margins dose delivery uncertainties must 

be taken into account. Source size and source positioning uncertainties are considered 

to be negligible [2]. With proper fixation of catheters movement of the implant has no 

marked influence on the dose distribution [23]. So no further expansion from CTV was 

utilized to generate the PTV. Constraints for dose planning were that 95% of the PTV 

was covered by the reference dose, a maximum of 10% of the rectum volume receiving 

80% of the reference dose, and a maximum of 10% of the urethra receiving 120% of 

the reference dose. Brachytherapy planning was performed with the BPS 14.2 software 

(Nucletron B.V., The Netherlands). This plan was used to simulate both the PDR and HDR 

treatments, with different reference doses.

46 Gy IMRT treatment plan

For the 46 Gy IMRT-plan (23 fractions) the PTV1 was defined as the CTV with an isotropic 

margin of 8 mm. This PTV1 was planned to receive at least 95% of 46 Gy. A five-beam 

step-and-shoot IMRT technique with 10 MV photons was used and treatment planning 

was done with PLATO-ITP (Nucletron B.V., The Netherlands) [21].

70-76 Gy IMRT treatment plan

For this plan a similar approach as for the 46 Gy IMRT-plan was taken. Additionally an 

extra PTV was defined (PTV2), consisting of the CTV with an 8 mm margin, except at 

the rectum and bladder interface where no margin was taken. The dose prescription 

to the PTV1 was at least 95% of 70 Gy and at least 95% of 76 Gy to PTV2, so that the 

isocenter received 70 Gy and 6 Gy, respectively. Constraints to the rectum and bladder 

were a maximum of 50 Gy to 50% of the rectum volume and a maximum of 72 Gy to 

5% of the bladder volume, respectively. Again, a five-beam 10 MV technique was used 
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and treatment planning was performed using PLATO-ITP. The patients were planned for 

35 fractions [21]. 

Equivalent dose calculations

To enable comparison between treatment modalities the prescription dose for the 

brachytherapy treatment was redefined. The IMRT dose prescription of 70 Gy on PTV1 

was used as the reference dose. EQD2 were computed to design equivalent schedules for 

the brachytherapy modalities on the PTV1. First the Biologically Effective Dose (BED) was 

calculated with the relevant a/b-ratio of the tissue of interest. Subsequently the EQD2 

can be calculated by dividing the BED by the relative effectiveness for 2 Gy fractions (see 

appendix) [10].

Nowadays much debate is going on about the a/b-ratio for prostate cancer. Modeling 

studies suggest that the a/b-ratio for prostate could be as low as 1.5 Gy, while other 

studies show higher a/b-ratios [4, 5, 9, 14, 20, 26, 30, 32]. Prospective studies are being 

carried out to find the real a/b-ratio for prostate cancer [18, 24]. Because valid data is 

still not known and because probably a range of a/b-ratios could be found depending on 

tumor characteristics, we have decided to do our investigation with two extremes rather 

than choosing only one a/b-ratio for prostate cancer. An a/b-ratio for prostate cancer of 

1.5 Gy (a/b-p_1.5) and 10 Gy (a/b-p_10) was chosen. Also the same uncertainties can be 

found for the assumed half time of sublethal repair (T1/2) values (0-2.9 hours) [9, 14, 30]. 

We have chosen to use in this report a fixed intermediate value of 1 hour.

Calculations of the BED for the 70 Gy IMRT schedule was according to the linear-

quadratic model assuming complete repair between fractions [1].

For the combined IMRT-brachytherapy model the 46 Gy IMRT was converted to BED as 

described above. Next a schedule was calculated for 24 pulses PDR and 3 fractions HDR 

brachytherapy treatment, such that the summed BED of the 46 Gy IMRT part and the PDR 

or HDR part yielded an EQD2 of 70 Gy. 

For the PDR brachytherapy part the model of Thames and Dale was used for dose 

calculations assuming incomplete monoexponential repair between pulses [6, 25]. The 

schedule was designed with 2.2 hours period time between the pulses. In the same way 

as for PDR brachytherapy also an HDR brachytherapy schedule was designed. Since the 

time between HDR brachytherapy fractions of more than 6 hours apart was much longer 

than the presumed T1/2, complete repair was assumed between HDR fractions. Treatment 

schedules are given in Table 1. The resulting isodose distribution of the different treatment 

modalities is illustrated in Fig. 1.

For all patients cumulative dose-volume histograms of the prostate (CTV), rectum, 

urethra, and bladder were calculated corresponding to the different treatment modalities. 

The dose was expressed as EQD2 to account for differences in fraction dose and dose-rate. 

The EQD2 was calculated for each voxel separately. The EQD2 values for each fraction 

(including the brachytherapy fractions) were summed up to a total EQD2 dose. From this 
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3-dimensional EQD2 distribution cumulative dose-volume histograms were calculated. An 

a/b-ratio of 3 Gy was taken for the rectum, urethra, and bladder [28]. T1/2 was 1 hour 

for all tissues. From the different cumulative EQD2-volume histograms parameters were 

derived for comparison. When calculating EQD2 for the IMRT plans random geometrical 

deviations were taken into account. Systematic deviations were corrected assuming 

application of a position verification protocol. The physical dose distribution matrix of 

a patient was convolved with a Gaussian distribution to simulate random positioning 

variations. The standard deviations were 2.2 mm in the lateral direction, 3.8 mm in the 

anterior-posterior direction, and 2.4 mm in the longitudinal direction [7]. Calculation of 

EQD2 was done for 95%, 90%, 50%, and 5% of the CTV volume. Also the EQD2 for the 

most exposed 2ml of the rectum and bladder were calculated and 10% of the urethra.

Figure 1. Physical isodose distribution of an IMRT-only plan (A), an external beam radiotherapy 
with HDR boost plan (B), and an external beam radiotherapy with PDR boost plan (C). These dose 
distributions are valid for the fractionation schedule belonging to an a/b-ratio of 1.5 Gy for prostate 
cancer. This means for (A) 100% equals 70 Gy; for (B) 100% equals 59.8 Gy; and for (C) 100% equals 
72.4 Gy. The illustrated isodoselines are from the outside to the center the 80%, 95%, 100%, 107%, 
120%, and 150% of the prescribed physical dose.

table 1. Fractionation dose schedules for different a/b-ratio for prostate used in the models

PtV1 imRt PtV1 Brachytherapy PtV2 eqd2 to PtV1

a/b-ratio for prostate is 1.5 Gy.

IMRT-only 35 x 2.0 Gy - 35 x 0.17 Gy 70 Gy

IMRT-PDR 23 x 2.0 Gy 24 x 1.10 Gy 70 Gy

IMRT-HDR 23 x 2.0 Gy 3 x 4.60 Gy 70 Gy

a/b-ratio for prostate is 10 Gy.

IMRT-only 35 x 2.0 Gy - 35 x 0.17 Gy 70 Gy

IMRT-PDR 23 x 2.0 Gy 24 x 1.04 Gy 70 Gy

IMRT-HDR 23 x 2.0 Gy 3 x 6.10 Gy 70 Gy

In the last column the equivalent dose of 2 Gy per fraction to PTV1 is given.
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To calculate and to compare the degree of conformity the conformation number 

according to van ‘t Riet was used [27]. The conformation number was calculated on 

physical dose-volume parameters. 

Statistical analysis

The relationship between treatment modality (IMRT-only, IMRT-PDR, and IMRT-HDR) and 

EQD2-volume parameters or conformation number was analyzed by two-way-analysis 

of variance. Assumption to use the model was checked by exploring the distribution of 

the residuals. P-values < 0.05 were considered statistically significant. Where significant 

associations were found, pairwise comparisons with the Bonferroni method were taken 

to identify the differences. Differences were expressed as mean differences with the 95% 

confidence intervals (95% CI). Statistical analysis was performed with Statistical Package 

for the Social Sciences, version 11.0 for Mac OS X (SPSS, Chicago, IL, USA).

Results

In Table 2 a frequency table is illustrated with a summary of the results. Details of the 

relationship between treatment modality and the dependent variables are given in Table 3.

a/b-Ratio for prostate is 1.5 Gy.

A significant association was found between treatment modality and Prostate_

EQD2(95%) (P<0.001). The IMRT-only mean Prostate_EQD2(95%) was 2.1 Gy more than 

the brachytherapy modalities. No statistically significant associations were observed for 

Prostate_EQD2(90%) (P=0.51). Again statistically significant associations were observed 

for Prostate_EQD2(50%) and Prostate_EQD2(5%), where higher mean EQD2 values were 

observed for both brachytherapy modalities. When looking at the calculations for the 

organs at risk all associations were statistically significant. For both rectum and bladder 

the IMRT-HDR treatment yields lower dose compared to the IMRT-PDR treatment, which 

in its turn yields much lower values compared to the IMRT-only treatment. For the mean 

Rectum_EQD2(2ml) and mean Bladder_EQD2(2ml) the differences were 13.3 Gy and 13.4 

Gy, respectively (IMRT-only minus IMRT-HDR) and 9.2 Gy and 8.9 Gy, respectively (IMRT-

only minus IMRT-PDR). Comparing IMRT-PDR to IMRT-HDR shows 4.1 Gy and 4.5 Gy more 

for the mean Rectum_EQD2(2ml) and the mean Bladder_EQD2(2ml) in case of IMRT-PDR. 

When analyzing Urethra_EQD2(10%) there is no statistically significant difference between 

IMRT-HDR and IMRT-only (P=0.11), although the Urethra_EQD2(2ml) for IMRT-PDR was 

6.9 Gy higher than IMRT-only (P<0.001). No difference in conformation number exists 

between the two brachytherapy modalities (P=0.35). However, the conformation numbers 

of the brachytherapy modalities are much better than IMRT-only (both P values <0.001).
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a/b-Ratio for prostate is 10 Gy.

Comparable statistical significant differences were observed for the prostate EQD2-

volume parameters, as a/b-p_1.5. In contrast to the a/b-p_1.5 situation, the IMRT-PDR 

mean EQD2 values for rectum and bladder were less than IMRT-HDR (1.6 Gy; P=0.33 

and 2.2 Gy; P=0.002, respectively). The mean Urethra_EQD2(10%) doses for IMRT-PDR 

and IMRT-HDR are significantly higher than for IMRT-only (3.4 Gy; P=0.05 and 15.8 Gy; 

P<0.001, respectively). As in the situation of a/b-p_1.5 the conformation number for the 

brachytherapy modalities are much better than for IMRT (both P values <0.001).

discussion

This modeling study is based on patients who were actually treated with brachytherapy 

using a temporary implant. As a consequence, the position of the catheters and the 

resulting isodose distribution is not from a perfect implantation but exactly as it happens in 

practice. An IMRT plan was made on the same CT dataset to allow a reliable comparison. 

table 2a. Mean EQD2 values (Gy) and mean CN for different organs if a/b-ratio for prostate is 1.5 
Gy. P-value found by 2-way ANOVA and F-test.

imRt-only imRt-PdR imRt-hdR P

Prostate_EQD2(95%) 75.0 72.9 72.9 <0.001

Prostate_EQD2(90%) 75.9 75.9 76.3 0.510

Prostate_EQD2(50%) 79.5 89.8 92.3 <0.001

Prostate_EQD2(5%) 83.0 207.2 228.2 <0.001

Rectum_EQD2(2ml) 67.0 57.8 53.7 <0.001

Bladder_EQD2(2ml) 71.2 62.2 57.8 <0.001

Urethra_EQD2(10%) 80.7 87.6 79.1 0.010

CN 0.30 0.59 0.58 <0.001

table 2b. Mean EQD2 values (Gy) and mean CN for different organs if a/b-ratio for prostate is 10 Gy. 
P-value found by 2-way ANOVA and F-test.

imRt-only imRt-PdR imRt-hdR P

Prostate_EQD2(95%) 73.7 72.1 72.3 <0.001

Prostate_EQD2(90%) 74.3 74.3 74.8 0.180

Prostate_EQD2(50%) 76.9 83.5 86.5 <0.001

Prostate_EQD2(5%) 79.4 144.3 171.7 <0.001

Rectum_EQD2(2ml) 67.0 56.8 58.4 <0.001

Bladder_EQD2(2ml) 71.2 61.1 63.2 <0.001

Urethra_EQD2(10%) 80.7 84.1 96.5 <0.001

CN 0.30 0.57 0.59 <0.001
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table 3. Mean differences between modalities with 95% confidence intervals for different a/b-ratio’s 
for prostate.

a/b-ratio for prostate = 1.5 Gy a/b-ratio for prostate = 10 Gy

95% ci P 95% ci P

P_EQD2(95) -2.1 -3.4 to –0.9 <0.001 -1.6 -2.5 to –0.7 <0.001

P_EQD2(50) 10.3 8.6 to 12.0 <0.001 6.7 5.4 to 7.8 <0.001

P_EQD2(5) 124.2 110.4 to 138.0 <0.001 64.8 57.3 to 72.4 <0.001

R_EQD2(2ml) -9.2 -10.5 to -7.9 <0.001 -10.3 -11.7 to –8.8 <0.001

B_EQD2(2ml) -8.9 -10.1 to –7.7 <0.001 -10.1 -11.6 to –8.7 <0.001

U_EQD2(10) 6.9 5.0 to 8.9 <0.001 3.4 0.9 to 5.9 0.050

CN 0.30 0.27 to 0.32 <0.001 0.29 0.27 to 0.32 <0.001

PDR minus IMRT-only. 

a/b-ratio for prostate = 1.5 Gy a/b-ratio for prostate = 10 Gy

95% ci P 95% ci P

P_EQD2(95) -2.1 -3.3 to –0.9 <0.001 -1.5 -2.4 to –0.5 0.001

P_EQD2(50) 12.9 11.1 t 14.6 <0.001 9.6 8.4 to 10.8 <0.001

P_EQD2(5) 145.2 131.4 to 159.0 <0.001 92.3 84.7 to 99.8 <0.001

R_EQD2(2ml) -13.3 -14.6 to –12.2 <0.001 -8.6 -10.1 to –7.1 <0.001

B_EQD2(2ml) -13.4 -14.6 to –12.2 <0.001 -8.0 -9.4 to –6.5 <0.001

U_EQD2(10) -2.8 -6.1 to 0.4 0.110 15.8 13.3 to 18.3 0.050

CN 0.28 0.25 to 0.31 <0.001 0.29 0.26 to 0.31 <0.001

HDR minus IMRT-only

a/b-ratio for prostate = 1.5 Gy a/b-ratio for prostate = 10 Gy

95% ci P 95% ci P

P_EQD2(95) -0.1 -1.3 to 1.2 1.000 -0.2 -1.1 to 0.8 1.000

P_EQD2(50) -2.5 -4.3 to –0.8 0.002 -2.9 -4.2 to –1.8 <0.001

P_EQD2(5) -21.4 -34.8 to –7.2 0.002 -27.4 -35.0 to –19.8 <0.001

R_EQD2(2ml) 4.1 2.8 to 5.4 <0.001 -1.6 -3.1 to 0.1 0.330

B_EQD2(2ml) 4.5 3.3 to 5.7 <0.001 -2.2 -3.6 to –0.7 0.002

U_EQD2(10) 8.6 6.7 to 10.6 <0.001 -12.4 -14.9 to –9.8 <0.001

CN 0.02 -0.01 to 0.04 0.350 0.01 -0.02 to 0.03 1.000

PDR minus HDR.  
The prefix P is for prostate, R is for rectum, B is for bladder, and U is for urethra.

A model with radioactive seed implantation as a boost was not performed, because 

obviously no comparison of a seed implant and a temporary implant could be made for 

the same patient. In a similar modeling study of King et al. external beam radiotherapy 
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(45 Gy) with a seed implantation was compared to dose-escalated IMRT. In this study 

tumor control probabilities (TCP) were calculated. They predicted a superior outcome for 

the external beam radiotherapy with seed implantation for high-risk prostate tumors [15].

Dose distribution in target volume

In this study we found that for both a/b-prostate_1.5 and a/b-prostate_10 the mean 

Prostate_EQD2(90%)is similar for IMRT-only compared to the brachytherapy modalities. 

This means that at least 90% of the prostate should receive the same minimal dose 

whatever modality is chosen. Because of better coverage of the target volume with IMRT-

only the Prostate_EQD2(95%) values are higher. It is debatable these small differences (1.5 

to 2.1 Gy) would have any significant clinical impact. By looking at the dose distribution 

for brachytherapy the under dosage is particularly at the base of the prostate and 

has been recognized by others before [22]. Larger differences are found for Prostate_

EQD2(50%) values. Fifty percent of the prostate receives at least 7-13 Gy more dose with 

brachytherapy. This extra dose in the central parts of the prostate, where it is assumed 

that the tumor load is greatest, is more likely to have clinical consequences for tumor 

control. The same observation was also found by Wang et al. who calculated equivalent 

uniform dose (EUD) to compare different radiotherapy modalities [31]. In their study the 

combination of external beam radiotherapy with both permanent and non-permanent 

brachytherapy yields a higher EUD than dose-escalated external beam radiotherapy, 

particularly if low a/b-ratio for prostate cancer is assumed. Based on the higher EUD, 

TCP-values were also higher.

Dose distribution in organs at risk 

As expected, the EQD2 values for rectum and bladder in our study are much lower for 

the brachytherapy modalities compared to IMRT-only, illustrating the better sparing of 

surrounding organs at risk for brachytherapy. Because of this sparing, dose escalation for 

prostate cancer is easier achieved with brachytherapy compared to IMRT-only. If for IMRT-

planning a reduced margin for PTV2 is used towards the rectum instead of no margin, 

the prostate coverage will be improved. However, we expect that the dose in rectum will 

increase further, enlarging the differences we found on rectal dose between IMRT and the 

brachytherapy modalities.

The results in this study illustrate a different effect of treatment modality on urethra dose. 

Despite high doses within the brachytherapy implant it was possible to limit the dose to the 

urethra by optimization of dwell-times. However, because of hypofractionation, especially 

in case of a/b-p_10, the urethra dose for IMRT-HDR was the highest. The required physical 

dose for HDR was much less in case of a/b-p_1.5, reducing the urethra dose dramatically. 

Another way to reduce urethra dose is by placing more needles into the prostate to achieve 

a more homogeneous dose distribution [19].
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When IMRT-PDR is compared to IMRT-HDR for a/b-p_1.5 it is obvious that because 

of the physical dose reduction for HDR therapy the EQD2 to rectum and bladder is less 

than PDR; about 4 Gy for an organ volume of 2 ml. Notwithstanding that a higher rectal 

dose is given with IMRT-PDR compared to IMRT-HDR the probability of late rectal toxicity 

is minimal because the EQD2 remains below 60 Gy [3]. For a/b-p_10 the differences are 

much smaller.

Alternative a/b-values for prostate cancer

One may wonder what the results would be if an a/b-ratio for prostate cancer of 3-5 Gy 

was chosen as proposed by several authors [14, 20, 26]. By looking at Table 2 it is clear 

that for the range of a/b-ratios for prostate cancer between 1.5 Gy and 10 Gy the EQD2 

for 90% for the prostate volume will be similar for both the IMRT only treatment as for 

the brachytherapy treatments. For this whole range of a/b-ratio the Prostate_EQD2(50%) 

is the highest for the HDR treatment and the lowest for the IMRT only treatment. These 

results will also be valid for an a/b-ratio of 3-5 Gy. When the rectum and bladder dose 

are considered, the dose is lower for the brachytherapy treatments in the whole range 

of a/b-ratios. For low a/b-ratio for prostate cancer the EQD2 on these organs is lower for 

HDR than for PDR treatments, but for high a/b ratio the opposite is the case. Equivalence 

in EQD2 for both brachytherapy modalities is expected when the a/b-ratio for prostate 

cancer is the same as the organs at risk, i.e: 3 Gy.

Conformity of treatment

One of the main advantages of brachytherapy is the ability to have a very conformal 

treatment. In our study no differences were noticed between the brachytherapy modalities 

whichever a/b-ratio for prostate was chosen. The conformity of treatment expressed as 

conformation number was 27%-29% better than for IMRT-only. The explanation for this 

difference is the larger volume outside the CTV that is treated to a dose equal to the 

reference dose with IMRT-only. When applying IMRT certain margins must be taken from 

the CTV to account for geometrical uncertainties, such as inter-fraction and intra-fraction 

internal organ motion, but also delineation uncertainties [16]. With brachytherapy no 

extra margin are taken because the implant stays in and moves together with the target 

volume. Improvement of conformation number when only IMRT is given can be obtained 

by reducing the PTV volume with closer margins around the CTV. Closer margins can 

be accepted with for example improved position verification and higher delineation 

accuracy by means of Image Guided Radiotherapy [16]. Improving conformation number 

corresponds to less dose on the surrounding organs of the prostate and probably with 

lower incidence of late toxicity. 
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Conclusion 

For all a/b-ratio values between 1.5 and 10 Gy the dose with brachytherapy to a large part 

of the prostate is much higher than for IMRT-only and could be more favorable for tumor 

control. As expected, combined external beam radiotherapy plus brachytherapy modalities 

showed better conformation values than IMRT-only. This observation was in agreement 

with the lower dose to the rectum and bladder for the brachytherapy modalities. The dose 

to the urethra for IMRT-only and IMRT-PDR did not change much with the choice of the 

a/b-ratio for prostate. However, the influence was very pronounced in case of IMRT-HDR. 

This means that when applying HDR brachytherapy treatment careful attention should be 

paid to the urethra dose particularly when high fraction doses are used. 

aPPendix

BED modeling

The biologically effective dose (BED) can be calculated by multiplying the given physical 

dose (D) by the relative effectiveness (RE):

� 

BED = RE •D  [Gy] (Eq. 1)

For fractionated external beam therapy and HDR brachytherapy assuming complete repair 

between fractions, RE is:

� 

RE =1+
d

a b
 (Eq. 2)

where d is the fraction dose and a/b is the a/b-ratio of the organ concerned.

For PDR brachytherapy RE is:

� 

REPB =1+ 2•
1

a b
•
T1 2
ln(2)

•
DP

Tpulse
•FP (T1 2,OTT,N) (Eq. 3)

where

T1/2 is the half time of repair for sublethal damage,

Dp is the dose per pulse,

Tpulse is the time during which the dose of one pulse is delivered,

Fp is a modifying factor expressing the influence of repair kinetics.

� 

FP =1-
1

N •m •TPulse
• (N •Y - S •Y 2) (Eq. 4)

where

� 

m =
ln(2)
T1 2

[h-1] (Eq. 5)

N is total number of pulses delivered

� 

Y =1- e-m•TPulse  (Eq. 6)
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� 

S =
K

(1-K •Z)2
• (N • (1-K •Z) -1+ KN •ZN )  (Eq. 7)

� 

K = e-m•(TPeriod -TPulse ) (Eq. 8)

� 

Z = e-m•TPulse  (Eq. 9)

To calculate EQD2 the BED is divided by the RE of 2 Gy.

 

(Eq.10)

Conformation number

The degree of conformity can be quantitatively calculated by the conformation number 

(CN):

� 

CN =
TVref
CTV

•
TVref
V100

 (Eq.11)

where TVref is the volume within the CTV receiving a dose equal to or greater than the 

reference dose and V100 is the total volume receiving a dose equal to or greater than the 

reference dose.

The first ratio in the equation is the proportion of the CTV receiving a dose equal to or 

greater than the reference dose. The second ratio in the equation is the proportion of 

the treated volume (V100) that covers the CTV and is in addition a measure of how much 

‘normal’ tissue outside the CTV is covered by the reference dose. The CN has a value 

between 0 and 1. A CN of 1 means that the CTV is completely covered by the reference 

dose and that ‘normal’ tissue outside the CTV receives less dose than the reference dose. 

In case of a geographical miss or if the V100 is much larger than the TVref, the CN reaches 

a value of 0.
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aBstRact

Background and Purpose. For the radiation treatment of prostate cancer high dose 

should be delivered for optimal biochemical control. Treatment can be given by dose-

escalated external beam radiotherapy (EBRT) or external beam radiotherapy combined 

with a radioactive seed implantation (EBSeeds) or high-dose rate (HDR) brachytherapy 

(EBTI). Differences in outcome between the modalities were assessed by a systematic 

review.

materials and methods. A systematic search was performed resulting in 40 articles to 

be used. Data were extracted on biochemical control and overall survival at 3, 5, and 8 

years and other time points mentioned in the articles. Also known prognostic parameters 

were noted. Comparison of the modalities was done by a Weibull survival analysis and 

estimation of Hazard Ratio’s (HR) was done with 95% confidence intervals (95% CI).

Results. The HR for biochemical recurrence was 1.40 (95% CI 1.31 to 1.51) for EBRT 

relative to EBTI and was 1.37 (95% CI 1.26 to 1.49) for EBSeeds relative to EBTI.

The HR for overall survival was 1.50 (95% CI 1.29 to 1.73) for EBRT relative to EBTI, 

and was 2.33 (95% CI 2.04 to 2.66) for EBSeeds relative to EBTI, respectively.

conclusion. The combination of external beam radiotherapy and HDR brachytherapy 

results in a superior biochemical control and overall survival found in a systematic review 

on radiotherapy for prostate cancer. 



3 

sy
stem

a
tic

 R
eV

iew
 o

F R
a

d
io

th
eR

a
Py

 m
o

d
a

lities Fo
R

 th
e tR

ea
tm

en
t o

F PR
o

sta
te c

a
n

c
eR

39

intRoduction

It is obvious that for the treatment of intermediate to high-risk prostate cancer with 

radiotherapy high doses are needed for high tumor control. In randomized studies of low 

dose compared to high dose better biochemical control, expressed as prostate specific 

antigen (PSA)-control, was found in favor of the high-dose groups [1-3].

High dose to the prostate can also be achieved with brachytherapy. The dose can 

be delivered with low activity radioactive seed sources or by a temporary implant with 

a higher activity source. Monotherapy with radioactive seeds is preferably reserved 

for patients with low-risk disease, however some groups have also treated patients 

with intermediate risk disease. For patients with intermediate to high-risk disease seed 

brachytherapy can be combined with external beam (EBSeeds) aiming at higher tumor 

dose and better coverage of the target volume because of presumed extension of cancer 

cells beyond the prostate boundaries.

Other brachytherapy modality is with high-dose rate (HDR) performed by a temporary 

implant (EBTI). The largest experience up to now is combined with external beam 

radiotherapy [4-6]. The reported results are in good agreement with high biochemical 

control rates and are challenging for high-dose external beam radiotherapy.

Because of the similar results reported by high-dose external beam radiotherapy (EBRT) 

and external beam radiotherapy combined with a temporary implant, randomized studies 

were undertaken for the comparison of the two modalities [7, 8]. One study is already 

published as a full paper showing the preliminary results to be in favor of EBTI. A drawback 

of this study is that the biological dose in the EBRT-arm is lower than that in the EBTI-arm, 

hampering a fair comparison between the two modalities [8].

In this study a systematic review of observational studies was performed with the data 

of EBRT, EBSeeds, and EBTI cohorts for the treatment of prostate cancer. Analysis was 

restricted to data related to tumor control. The aim was to look for possible differences 

in outcome between treatment modalities commonly employed in the radiotherapy 

community.

mateRials and methods

A systematic search was performed in the database of PubMed, Embase, Cochrane, and 

CancerLit from 1980 to December 2007. Terms used for the search were prostatic neoplasms 

in combination with dose-response relationship, treatment outcome, survival analysis, 

survival rate, survival, disease-free survival, PSA-free survival, biochemical non-evidence 

of disease, and combined with computer-assisted radiotherapy, conformal radiotherapy, 

Intensity Modulated Radiotherapy, high dose, dose escalation, brachytherapy, high-dose 

rate, pulsed-dose rate, iridium, iodine, and palladium. Also synonyms and derivates of 

the terms were used to enlarge the number of articles to be found. Manual search was 
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performed on the articles mentioned in the reference list of articles not found in the 

automatic search. The following data were extracted from the articles: year of publication, 

year of entry of the first patient, year of entry of the last patient, number of patients, 

median follow-up time, mean or median age, percentage of patients with an initial PSA-

value of ≤ 10 ng/ml, 10-20 ng/ml, > 20 ng/ml, percentage of patients with a Gleason score 

≤ 6 and > 6, percentage of patients with a clinical T1, T2, T3 and T4 stage, percentage of 

patients with hormonal therapy, the given dose, overall survival (OS) at 3, 5, and 8 years 

with standard errors, biochemical free survival (BFS) at 3, 5, and 8 years with standard 

errors, and definition of biochemical recurrence. If additional survival data at other time 

points were mentioned in the text, these values were also noted. Missing standard errors 

for survival time were estimated using the number of patients of the subcohort or the 

number of patients at risk.

Statistics

Comparison of the treatment groups (EBRT, EBSeeds, and EBTI) was done on BFS and 

OS. Differences between survival curves were assessed by the Weibull survival analysis. 

To account for differences in the number of patients in each study the fixed-effects 

model was applied. A stepwise multivariate regression analysis was performed on the ln(-

ln(probability of survival)) as dependent variable. Covariates entered into the model were: 

type of treatment (EBRT vs. EBSeeds vs. EBTI), T-stage (T1-2 vs. T3-4), Gleason score (≤6 vs. 

> 6), PSA (≤10 vs. 10-20 vs. >20), hormonal therapy (yes vs. no), year of publication, and 

median or mean age. Type of treatment was considered the main covariate and remained 

into the model. The other covariates were entered stepwise into the model and remained 

if the regression coefficient of treatment type changed with more than 10%. Interaction of 

treatment type with time was performed to investigate the assumption of proportionality. 

Associations with a P-value ≤ 0.05 (two-sided) were considered significant. The analysis 

was performed for both BFS and OS with the Statistical Package for the Social Sciences, 

version 16.0 for Mac OS X (SPSS, Chicago, IL, USA).

Results

A total of 884 articles were found. Further selection of relevant articles was done by 

reading the title and abstract. After this selection 182 articles remained. Articles used for 

data extraction were only those articles in which data were given on overall survival or 

biochemical (PSA) free survival. When more than one article was found from the same 

investigation group only the most recent or the article with the most complete data 

was selected if it concerned the same cohort. Data from risk groups (combination of 

initial PSA-value, clinical T-stage, and Gleason score) were not used, but only data of 

the complete cohort as described in the articles were used. Data from multi-institutional 

studies were not used if the results were already reported by a single institute to avoid 
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table 1. Summary of articles selected.

First author
year of 
publication

number of 
patients

external beam 
technique

target organ  
external beam

dose prescribed  
in Bed3 (Gy)*

eBRt

Shipley [14] 1995 103 4F, proton Lower pelvic lnn, 
prost 121

Pollack [15] 2000 132 4F, 3D-CRT NM 130

Pollack [2] 2002 151 4F Lower pelvic lnn, 
prost, sem ves 130

Kupelian [16] 2002 116 3D-CRT
Low risk: prost
Int and high risk: 
prost, sem ves

130

Zelefsky [17] 2003 529 IMRT Prost, sem ves > 121

Pollack [18] 2004 163 3D-CRT

Low risk: prost
Int and high risk: 
Lower pelvic lnn, 
prost, sem ves

130

Nichol [19] 2005 120 3D-CRT Prost 121

Zietman [3] 2005 195 4F, proton Prost, sem ves 127

Peeters [1] 2006 333 3D-CRT Prost, sem ves 130

Eade [20] 2007 568 3D-CRT

Low risk: prost
Int and high risk: 
prost, sem ves,  
lower pelvic lnn

> 120

eBseeds

Iversen [21] 1989 33 3F Pelvic lnn 234

Kaye [22] 1995 31 NM NM 183

Critz [23] 1998 657 Arc, 3D-CRT Prost, sem ves 183

Ragde [24] 1998 54 4F Lower pelvic lnn 183

Lederman [25] 2001 348 NM NM 169-183

Potters [26] 2002 314 4F Lower pelvic lnn 168-186

Singh [27] 2005 80 3D-CRT Prost, sem ves 157-161

Jani [28] 2006 54 4F Prost, sem 169-183

Dattoli [29] 2007 243 NM Lower pelvic lnn 142-152

Ellis [30] 2007 89 4F Prost, sem ves 169-185

Sylvester [31] 2007 223 4F Lower pelvic lnn 169-183

Merrick [32] 2007 204 4F Pelvic lnn 169

Lee [33] 2007 130 NM Prost, sem ves 183

eBti

Mate [34] 1998 104 Arc, 4F Prost 105-118

Galalae [5] 2002 144 Arc Pelvic lnn 139
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table 1. Continued

Pellizzon [35] 2003 108 4F Prost, sem ves 109-153

Hiratsuka [36] 2004 71 4F Whole pelvic lnn 119-135

Martin [37] 2004 102 4F Prost, sem ves 125-146

Åström [38] 2005 214 NM

1988-1993: Pelvic 
lnn
1993-2000: prost, 
sem ves

170

Deger [39] 2005 411 4F, 3D-CRT

Low and int risk: 
prost
High risk: prost, 
sem ves

153-144

Hsu [40] 2005 64 4F, 3D-CRT

Low risk: prost, 
sem ves
Int and high risk: 
whole pelvic lnn

126

Chin [41] 2006 67 3D-CRT
Low risk: prost
Int and high risk: 
prost, sem ves

134

Izard [42] 2006 165 4F, 3D-CRT
Low risk: prost
Int and high risk: 
prost, sem ves

135

Vargas [6] 2006 197 4F Whole pelvic lnn 123-188

Yamada [43] 2006 105 3D-CRT Prost, sem ves 119-151

Hoskin[8] 2007 109 3F, 3D-CRT Prost 134

Rades [44] 2007 41 4F Prost, sem ves 153

Phan [45] 2007 309 4F, 3D-CRT, 
IMRT Prost, sem ves 126-144

Kälkner [46] 2007 154 3F, 4F Prost, sem ves 170

Chen [47] 2007 85 3D-CRT, IMRT
Whole pelvic lnn 
or
Prost, sem ves

127

3F: 3-field technique
4F: 4-field technique
Arc: Arc technique
3D-CRT: 3-Dimensional radiotherapy
IMRT: Intensity modulated radiotherapy
Prost: Prostate
Sem ves: seminal vesicles
Lnn: lymph nodes
Int: Intermediate
NM: Not mentioned
*Prescription dose expressed as Biologically Effective Dose (BED3), calculated for an a/b-ratio of 3 Gy.
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making an entry of data of the same patient group more than once into the analysis. 

From EBRT-articles only data of patients treated with 75 Gy or more were used. The results 

should explicitly be mentioned in the article. From EBSeeds articles only data with the 

transperineal implantation technique were used and if data of the combined external 

beam radiotherapy and seed implant results were explicitly mentioned in the article. From 

EBTI articles only articles using HDR or PDR were selected. One PDR-article was found 

in which study a 37-mBq iridium-192 source was used in a fractionated treatment of 

3 fractions of 6 Gy. In total 40 articles were used in this systematic review; 10 EBRT, 13 

EBSeeds, and 17 EBTI (Table 1). In Table 2 an overview of the characteristics of the patient 

groups of each treatment modality is given. The distribution of initial PSA-value, clinical 

T-stage, and the use of hormonal therapy were not well balanced between the groups. 

table 2. Frequencies of parameters of the 3 different radiotherapy modalities.

eBRt eBseeds eBti

Year of publication 1995-2007 1989-2007 1998-2007

Median number of patients
Range

236
151-568

189
31-657

144
41-411

Median Follow-up time (months) Range
50.6
32-66

54.5
24-113

50.6
30-96

Median age (years)
Range

68.9
66.0-72.0

68.0
65.0-71.6

68.0
64.0-71.0

Median % of patients with PSA ≤ 10 ng/ml
IQR

65.0
19.4

54.7
22.5

44.6
21.0

Median % of patients with PSA 10-20 ng/ml
IQR

26.9
19.1

29.0
12.2

32.6
8.3

Median % of patients with PSA > 20 ng/ml
IQR

8.0
10.3

11.1
18.3

20.0
23.2

Median % of patients with PSA unknown 0.1 5.2 2.8

Median % of patients with clinical stage T1-2
IQR

74.9
37.8

93.0
5.4

68.4
25.9

Median % of patients with clinical stage T3-4
IQR

25.1
37.8

7.0
5.4

31.6
25.4

Median % of patients with Gleason score 2-6
IQR

49.5
33.3

45.6
39.6

47.8
33.7

Median % of patients with Gleason score 7-10
IQR

50.5
34.1

54.4
39.6

52.2
33.7

Median % of patients with hormonal therapy
IQR

9.3
5.3

28.9
41.9

57.3
40.5

EBRT (External Beam Radiotherapy), EBSeeds (External Beam Radiotherapy with seeds implantation), 
EBTI (External Beam Radiotherapy with Temporary Implant), PSA (Prostate Specific Antigen), IQR 
(interquartile range).
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Biochemical free recurrence rate

Different definitions of biochemical recurrence were used among the different studies 

(Table 3). The majority have used the 1997 ASTRO Consensus Panel definition of 

biochemical failure, being three consecutive rises after reaching a nadir with a minimal of 

3-month interval between the measurements [9].

With univariate analysis a statistically significant association was found between 

treatment modality and BFS (P < 0.001). The hazard ratio (HR) of biochemical recurrence 

for EBRT relative to EBTI was 1.05 (95% confidence interval (CI) 1.01 to 1.10) and for 

EBSeeds relative to EBTI was 

0.66 (95% CI 0.63 to 0.69).

In the multivariate analysis 

with adjustment for potential 

confounders, such as initial 

PSA-value, clinical T-stage, 

Gleason score, median age, 

hormonal therapy, and year of 

publication, also a significant 

association was found between 

treatment modality and BFS. 

However, the BFS of EBTI 

appeared now to be better 

than that of EBSeeds. The HR of 

EBRT relative to EBTI was 1.40 

(95% CI 1.31 to 1.51), and that 

of EBSeeds relative to EBTI was 

1.37 (95% CI 1.26 to 1.49). 

The estimated BFS curves are 

illustrated in Fig. 1.

Figure 1
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Figure 1. Biochemical free survival curves for 
External Beam Radiotherapy (EBRT), External 
Beam Radiotherapy with Seeds implantation 
(EBSeeds), and External Beam Radiotherapy 
with Temporary Implants (EBTI) adjusted for 
confounders.

table 3. Definition of biochemical recurrence found in the 
articles and distribution according to treatment modality.

n

eBRt 3 consecutive rises 8

Nadir + 4 ng/ml or + 10% 1

Not reported 1

eBseeds 2 consecutive rises 1

3 consecutive rises 4

> 0.2 ng/ml 1

> 0.5 ng/ml 2

> 1.0 ng/ml 1

> 4.0 ng/ml or nadir + 2 ng/ml 1

Other 2

Not reported 1

eBti 3 consecutive rises 14

> 1.0 ng/ml 1

Nadir + 2 ng/ml 1

Other 1
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Figure 2
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Figure 2. Overall survival curves for External 
Beam Radiotherapy (EBRT), External Beam 
Radiotherapy with Seeds implantation 
(EBSeeds), and External Beam Radiotherapy 
with Temporary Implants (EBTI) adjusted for 
confounders.

Biochemical free recurrence restricted to ASTRO biochemical failure criteria

The same multivariate analysis on biochemical failure was performed restricted to those 

26 studies, which used the ASTRO criteria for biochemical failure. Studies of EBSeeds are 

underrepresented in this analysis (Table 3), however the endpoint is uniform. The HR of 

EBRT relative to EBTI was 1.12 (95% CI 1.04 to 1.20), and that of EBSeeds relative to EBTI 

was 2.73 (95% CI 2.43 to 3.06).

Overall survival

A statistically significant difference in OS was found between treatment modalities with 

univariate analysis. The HR of OS was 1.38 (95% CI 1.27 to 1.51) for EBRT relative to EBTI, 

and was 1.06 (95% CI 0.98 to 1.14) for EBSeeds relative to EBTI. In multivariate analysis 

the HR was 1.50 (95% CI 1.29 to 1.73) for EBRT relative to EBTI, and 2.33 (95% CI 2.04 

to 2.66) for EBSeeds relative to EBTI (Fig. 2). 

discussion

Vicini et al. also performed a review on the optimal radiation modality for prostate cancer 

[10]. In this review the studies included comprised external beam radiotherapy alone, seed 

implantation alone, seed implantation combined with external beam radiotherapy, and 

HDR brachytherapy combined with external beam radiotherapy. No apparent difference 

in biochemical control was noticed between treatment modalities. However, they made 

no effort to combine the data of the studies and to control prognostic factors as we did. 

In our systematic review a comparison was done between high-dose external beam 

radiotherapy only vs. external beam radiotherapy with a radioactive seed implantation 

boost vs. external beam radiotherapy with an iridium-192 high-dose rate boost for 

the treatment of prostate cancer. The selection for EBRT included only studies with a 

cohort treated to at least 75 Gy. This selection was chosen because randomized studies 

have shown that high dose is needed for optimal biochemical control especially for the 

intermediate to high-risk groups [1-3]. By combining external beam radiotherapy with 
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brachytherapy also high doses are delivered on the prostate. The doses of the combination 

treatment are not fully comparable with external beam radiotherapy because of the specific 

dose distribution with brachytherapy giving high doses in the center of the implant. In a 

model study, Pieters et al. have shown the higher doses that are given with a combination 

treatment when doses are expressed in biologically equivalent doses [11]. Because of 

the different doses applied by the different modalities in the same patient groups it is 

necessary to compare these modalities to each other and to find out if differences in 

survival exist between these common and often used therapies.

Randomized controlled trials (RCTs) provide the strongest evidence of differences in 

treatment outcome between treatment modalities. Up to now only one trial has been 

published comparing external beam radiotherapy to external beam radiotherapy with 

HDR brachytherapy [8]. The results of this trial can be considered preliminary because of 

a short median follow-up of only 30 months. Because of the lack of randomized trial on 

the issue of radiotherapy modalities for the treatment of prostate cancer we have chosen 

to perform a systematic review with metaregression analysis on observational studies. 

Other reasons to conduct a meta-analysis on observational studies are to analyze risk 

factors for which no random allocation can be done, to gain information as a preparation 

to conduct a RCT, or to investigate interventions on community level. We followed the 

recommendations of the Meta-analysis Of Observational Studies in Epidemiology (MOOSE) 

group in designing, conducting, and analyzing this systematic review [12].

In a multivariate analysis the combination of external beam radiotherapy with HDR 

appeared to give better biochemical control and better overall survival. No difference 

was found between EBRT and EBSeeds (HR 1.02, 95% CI 0.96 to 1.08) for biochemical 

survival. For overall survival a better survival for EBRT was found compared to EBSeeds (HR 

0.64, 95% CI 0.59 to 0.70). An explanation why EBTI results in high survival figures could 

be because of the higher doses applied. When prescription doses of brachytherapy and 

external beam therapy are compared to each other one have to realize that the doses in 

the center of a brachytherapy implant are much higher than the prescribed dose. So, a 

large area within the prostate receives higher doses than the stated BED3 in Table 1 when 

brachytherapy is given. In our analysis we have not included dose in the multivariate 

model. The reason is that in many studies different radiation schedules were applied and 

therefore it was difficult to control for in the analysis. This review illustrates the common 

practice showing that with brachytherapy higher doses, particularly with HDR, are easier 

to achieve and is the reason why better results are reported.

When interpreting the results of systematic reviews of observational studies also 

possible biases should be considered and taken into account. For example in our study a 

wide variation was noticed in the selection of patients for the different studies. Because of 

possible confounding the cohorts were categorized by known risk factors as percentage 

of patients with a particular clinical T-stage, Gleason score, initial PSA-value, and use of 
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hormonal therapy and were analyzed in a multivariate model. However, other unknown 

confounders could play a role and introduce bias and explain the significant interaction 

found between time (ln(t)) and the type of treatment. Instead of categorizing covariates 

in dichotomous variables, also continuous variables could have been used such as 

percentage patients with clinical T1 disease for example. When analyzing the association 

of the continuous covariates with BFS and OS without dichotomizing we essentially found 

the same results.

Other bias to consider is the different definition of biochemical recurrence among the 

studies. This makes comparison between studies difficult, because what is considered a 

biochemical recurrence in one study does not necessarily to be a recurrence in another 

one, which is reflected in the different validity and predictive values of the tests [13]. The 

majority of EBRT and EBTI studies used the ASTRO definition of 3 PSA-rises as recurrence 

definition in their studies. In contrast, EBSeeds studies more often used a raise of PSA-

value above a certain threshold as a criterion for recurrence. The latter definition has a 

much lower specificity (9%-30%) than the ASTRO definition (about 80%) due to a higher 

false positive rate and a explanation of the inferior biochemical outcome of the EBSeeds 

cohorts compared to that of EBTI cohorts. A way to circumvent this problem is to perform 

an analysis on individual patient data and to analyze all the patients to one common end-

point, which means that all these data should be delivered in a uniform way. However, if 

this effort is not realized selection bias will occur. To analyze the outcome of biochemical 

control in a more uniform way a second analysis was performed which was restricted to 

only those studies that used the ASTRO criteria for biochemical failure as an end-point. 

Similar result was found as in the original analysis indicating that the internal validity of 

this study is reliable.

The results on overall survival are less robust than those on biochemical control, 

probably because of the lack in reporting overall survival data. Only 18 studies of the 40 

found reported on overall survival whereas 31 studies reported on biochemical control. 

Not all studies reporting on biochemical control did so on overall survival. This could 

partly explain the discrepancy found in biochemical control and overall survival between 

EBRT and EBSeeds. Another criticism on this systematic review is that only a few studies 

reported 8-year overall survival data. Because of the slow progression of prostate cancer 

differences in survival curves often become apparent after some years. So, the early 

differences noticed in this study model should be interpreted with caution. 

Because of all these uncertainties randomized studies are needed for definitive answer 

on which modality will be the preferred treatment considering both tumor control and 

toxicity as well [7, 8]. 
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conclusion

The combination of external beam radiotherapy and HDR brachytherapy results in 

a superior biochemical control and overall survival found in a systematic review on 

radiotherapy for prostate cancer. This outcome is mainly explained by the higher dose 

that can be prescribed when brachytherapy is used for treatment and by virtue of a higher 

dose within the implant.
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aBstRact

Catheters were developed that can be fixed in the prostate gland by self-expanding parts 

for use in PDR brachytherapy. Daily CT-scans were made to investigate the magnitude of 

catheter displacement. 

The mean absolute displacement during the 3 days treatment was 1.2 mm. The 

resulting minor alterations in dose-volume parameters were of no clinical importance.
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intRoduction

Data from phase III studies show that high dose radiotherapy is necessary to control 

prostate cancer, especially in intermediate and high risk cancers [9, 11, 12]. However, 

increasing dose with external beam radiotherapy leads to a higher risk of normal tissue 

damage. This can be partly overcome by giving a boost with brachytherapy [2]. Ragde et 

al. reported long-term survival rates with a 45 Gy external beam dose followed by a 120 Gy 

iodine-125 permanent seed boost [10]. Implants can also be performed with a temporary 

needle or catheter implant and stepping-source brachytherapy. Several investigators have 

used high-dose rate (HDR) brachytherapy boost to improve tumor control in intermediate- 

to high-risk patients [3, 7]. 

Needle displacement between fractions is the main technical problem that occurs with 

a perineal temporary prostate implant which necessitates a needle position check with 

fluoroscopy or CT-scan before each HDR treatment [1, 4, 6, 8]. In our institute we have 

chosen to deliver the brachytherapy boost by pulsed-dose rate (PDR). Because of the 

higher number of fractions during day and night it is not acceptable to check the position 

of the needles before each pulse. For that reason we developed a catheter that can be 

fixed in the prostate gland and therefore could reduce catheter displacement. We describe 

the implantation procedure, analyzed catheter displacement, and its consequences on 

dose distribution.

mateRials and methods
General

From May 2003 to March 2005 43 patients were entered in a study to investigate 

prospectively the feasibility of PDR boost for histologically proven adenocarcinoma of the 

prostate. The Medical Ethics Committee of the hospital approved this study and written 

informed consent was obtained from all patients. Thirty-one patients were included in 

this analysis to assess the usability of the novel catheters. The other patients are part of a 

toxicity analysis, which will be reported separately.

External beam radiotherapy

Radiotherapy started with external irradiation of the lower pelvic lymph nodes, prostate, 

and base of the seminal vesicles. A CT-scan of the pelvis was made to perform virtual 

simulation (AcQsim, Philips Medical Systems, The Netherlands). Patients who did not 

undergo a pelvic lymph node dissection (pN0), were irradiated on the prostate and base 

of the seminal vesicles (Clinical Target Volume (CTV)) only. With 3-dimensional conformal 

techniques a radiotherapy plan was obtained on the CTV with 1 cm margin. The dose in 

the ICRU reference point [5] was 46 Gy in daily fractions of 2 Gy.
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Implantation technique and treatment planning

The implantation was performed according to a pre-plan. Treatment planning was 

performed with BPS 14.2 software (Nucletron B.V., The Netherlands) on ultrasound images, 

obtained with a multiplane 7.5 MHz transducer (Hitachi, Japan), in lithotomy position and 

with a transurethral catheter in place. Most source tracks, resembling planned catheter 

positions, were placed at the periphery of the prostate in order to cover the prostate 

gland completely and to spare the urethra. Dwell positions were 5 mm apart. Dwell-time 

optimization to improve the dose distribution was carried out on the pre-plan.

The implantation was done the week following the end of external beam radiotherapy. 

Implantations were performed under general or spinal anesthesia with the patient in 

lithotomy position and under antibiotic coverage (ciprofloxacine), starting the evening 

before. The endorectal ultrasound probe was placed similarly as during the preplan. Before 

the reconstruction of the preplan TRUS, a transurethral balloon-catheter was introduced 

and the bladder filled with 150 ml saline. First a 7F needle covered by a synthetic 

splitsheat (Optimed, Germany) was inserted transperineally into the prostate. In transverse 

ultrasound view the needle was placed at any desired position by using a template 

enabling movement of the needle-guidance arm in lateral and ventro-dorsal direction, 

according to the preplan. In the sagital view the needle was advanced up into the seminal 

vesicles or bladder wall. After withdrawing the needle a 6F catheter (ELLA-CS, Czech 

Republic) could be placed through the splitsheat. Finally, the splitsheat was withdrawn 

and the catheter was fixed into the prostate by a self-anchoring mechanism at the outside 

tip of the catheter (Fig. 1). By opening the needle-guidance arm the catheter could be 

freed from the template. All consecutive catheters were placed accordingly (Fig. 2). Three 

Figure 1. The catheter consists of an inner and outer luminal part. By pulling the outer part at the 
entrance end of the catheter, the umbrella anchoring mechanism unfolds itself over the inner part. 
This situation can be fixed with a closing knob (black arrow in figure 2) incorporated into the catheter. 
The radioactive sources go into the inner part.
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non-radiating iodine seed-markers, two at the base and one at the apex, were placed in 

the prostate to help with the recognition of these structures on CT-scan. Positioning of 

the seeds was done with the use of ultrasound quidance, as well as measurement of the 

distances between the prostate contour and the tip of each catheter.

The antibiotic treatment was continued from one day before until three days after 

removal of the catheters at the end of the brachytherapy treatment. Catheters were 

removed by relaxation of the anchoring mechanism and subsequent retraction.

Following the implantation a CT-scan was made with the catheters in situ, using 2-mm 

slice thickness and 2-mm slice spacing, resulting in a center to center slice distance of 

2-mm. On the CT slices the prostate gland without margin (= PTV), urethra, rectum and 

bladder were delineated. The seed-markers placed into the prostate and the measured 

length of the prostate along each catheter helped with delineation of the prostate. The 

urethra and rectum were delineated from 2 slices above to 2 slices below the prostate. 

Only the part of the bladder adjacent to the prostate (5 slices) was delineated, being the 

volume that receives the highest dose from the implant.

With the PTV and all organs at risk delineated, dose planning was performed with 

dwell-time optimization. The first source position starts at 6 mm from the tip of the 

catheter.

The reference dose (RD) was 2496 cGy in 24 pulse doses of 104 cGy covering 95% of 

the PTV. The period time (time between start of two consecutive pulses) was 2.2 hours. 

The total treatment lasted 50.6 hours.

Figure 2. Some catheters already placed. Note the free movable needle-guidance arm of the template 
(white arrow), which can be placed in any desired position. By opening the arm catheters can be freed 
from the template.
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Catheter displacement and the influence on dose distribution

Thirty-one patients received a second CT-scan on the day after the implantation (day 

2) and 26 patients also on the second day after the implantation (day 3). The position 

of the prostate on these repetitive CT-scans was matched to the first CT-scan using the 

seed-markers and the part of the Foley catheter inside the prostate. To correct for prostate 

movements we have chosen not to match on bony structures. By comparing the two 

images, displacement of catheters relative to the prostate can be measured.

Assessment of the influence of catheter displacements on alteration of the dose 

distribution was performed by comparing the situation approximately 48 hours after the 

implant (day 3) to the situation on the day of the implant. The catheter displacements 

were entered in the planning system and a recalculation of the dose distribution was 

performed. From a cumulative dose-volume histogram (CDVH) the volumes of the PTV 

receiving a dose equal to or higher than 100% (V100), and 150% (V150) of the RD were 

obtained. Also the dose to 90% of the PTV (D90), the dose to 0.5 ml of the urethra volume 

(D0.5ml-u), 2 ml of the bladder volume (D2ml-b), and the rectum volume (D2ml-r) were calculated.

Statistical considerations

Implantation of the prostate was performed according to a standard geometry of 12 

catheters for the majority of patients. The position of the catheters were coded and used 

in the analysis to investigate if there were positions where catheters moved most. One-way 

analysis of variance (One-way ANOVA) of the absolute displacement of catheters was used 

for this analysis, only for patients with 12 catheters implanted.

Paired comparison of dose-volume parameters was used to investigate the impact of 

catheter movement on dose distribution. For hypothesis testing the paired t test was used. 

V150 and D2ml-b values were logarithmically transformed to get a Normal distribution. D90 

could not be transformed to a Normal distribution so a non-parametrical test was used. All 

Figure 3. Absolute displacements of catheters on day 2 (white bars) and day 3 (shaded bars).
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tests were two-sided and a P-value ≤ 0.05 was considered significant. Statistical analysis 

was performed with Statistical Package for the Social Sciences, version 11.0 for Mac OS 

X (SPSS, Chicago, IL, USA).

Results
Catheter displacement and the influence on dose distribution

In total 602 catheter positions compared to the initial position were measured. The mean 

absolute catheter displacement on day 2 and 3 were 1.0-mm (range 0-6) and 1.2-mm 

(range 0-6), respectively (Fig. 3).

One-way ANOVA could not identify any location in the prostate at which catheters 

moved more; P = 0.27 on day 1 and P = 0.95 on day 2.

The displacement of catheters caused some minor differences of dose-volume 

parameters after two days of treatment (Table 1).

discussion

The flexible catheters used in this study were well tolerated. The major advantage of the 

catheters is the anchoring mechanism into the prostate gland, making external fixation 

unnecessary. Catheter movements with an absolute mean distance of only 1 mm were 

found, which is considerably smaller than displacements in HDR of up to 40 mm as 

reported by others [1, 4, 6, 8]. The magnitude of displacement did not depend on catheter 

localization in the prostate, even for the catheters placed into the seminal vesicles.

The displacements of the catheters had no relevant effect on the dose distribution 

during the treatment period. The V100 decreased significantly (0.25 ml), but this is probably 

of no clinical relevance. Also, the D90 decreased significantly, but still the mean D90 on the 

last the day of treatment was higher than the reference dose (108%). A D90 of at least 

the reference dose has also been reported by others performing temporary implants [6]. 

Mullokandov and Gejerman assessed the influence of catheter movement on the dose 

table 1. Paired differences of dose-volume parameters on day 1 compared to day 3.

dose-volume parameters mean difference day 1-3 95% ci P

V100 0.25 ml 0.05 to 0.46 0.02°

Ln(V150) 0.04 ml -0.002 to 0.08 0.06°

D0.5ml-u 0.99 cGy/pulse 0.02 to 1.96 0.05°

D2ml-r 0.93 cGy/pulse 0.31 to 1.56 0.01°

Ln(D2ml-b) -0.01 cGy/pulse -0.05 to 0.03 0.63°

D90 0.002*

° Paired t-test
* Wilcoxon signed ranked sum test
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distribution in a similar way as we did [8]. The catheters were fixed into a perineal template 

and sutured to the skin. In this study the median D90 decreased by up to 35% resulting in a 

median D90 of 62% of the reference dose. Therefore, they advised to evaluate catheter or 

needle position before each fractionated treatment. With the novel anchoring catheters 

displacement is not a major problem anymore, which is essential in multifractionated 

PDR because verification of catheter position before each fraction is not feasible. These 

catheters can also be used for fractionated HDR brachytherapy.

One limitation of the flexible catheter technique is the possibility of conduct problems 

due to kinking of the catheter. We have only observed serious problems resulting in 

cancellation of the treatment particularly at the beginning of the study period. It is our 

experience that these problems are not occurring any more because of better care of the 

catheters and instruction to the nursing staff.
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aBstRact

Purpose: To evaluate treatment outcome of Pulsed-dose rate brachytherapy (PDR) 

combined with external beam radiotherapy (EBRT) for the treatment of prostate cancer.

methods and materials: Between 2002 and 2007, 106 patients were treated by EBRT 

combined with PDR and prospectively followed. Two, 38, and 66 patients were classified 

as low-, intermediate-, and high-risk disease respectively according to the National 

Comprehensive Cancer Network criteria. EBRT dose was 46 Gy in 2.0 Gy fractions. PDR 

dose was increased stepwise from 24.96 Gy to 28.80 Gy.

Biochemical disease free survival and overall survival were determined by the Kaplan-

Meier method. Cumulative incidence of late gastrointestinal (GI) and genitourinary (GU) 

toxicity were scored, according to the Common Terminology Criteria for Adverse Events.

Results: The 3- and 5-year biochemical non-evidence of disease (bNED) were 92.8% 

(95% CI: 87.1 to 98.5) and 89.5% (95% CI: 85.2 to 93.8), respectively. Overall survival at 

3 and 5 years was 99% (95% CI: 96 to 100) and 96% (95% CI: 90 to 100), respectively.

The 3 and 5 year grade 2 GI toxicity was 5.3% (95% CI: 0 to 10.6) and 12.0 % (95% 

CI: 1.4 to 22.6), respectively. No grade 3 or higher GI toxicity was observed. The 3 and 5 

year grade 2 or higher GU toxicity was 18.7% (95% CI: 10.3 to 27.1) and 26.9% (95% 

CI: 15.1 to 38.7), respectively. 

conclusion: Results on tumor control and late toxicity of EBRT combined with PDR are 

good and comparable to results obtained with EBRT combined with High-Dose Rate 

brachytherapy for the treatment of prostate cancer. 
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intRoduction

Randomized studies have shown that dose-escalated external beam radiotherapy is more 

beneficial to the conventional dose when treating prostate cancer because of better 

biochemical control [1-3]. A drawback of the higher dose seen in these studies is an 

increase in late toxicity. Another modality to achieve a high radiation dose within the 

prostate gland is by brachytherapy. Brachytherapy has the advantage of administering 

a high dose to the prostate and only a limited dose to particularly the rectum and is 

for this reason an attractive alternative. One randomized study has shown an improved 

biochemical outcome of external beam radiotherapy (EBRT) combined with high-dose rate 

(HDR)-brachytherapy above EBRT alone in patients with T1-3 disease [4].

If brachytherapy is applied for the treatment of intermediate- to high-risk prostate 

cancer, combination with EBRT is strongly advocated. Different definitions for risk-group 

classification exist. All these classifications recognize the adverse prognostic factors such 

as elevated initial Prostate Specific Antigen (PSA)-values (> 10 ng/mL), high Gleason score 

(≥ 7), and/or high clinical T-classification (≥ T2c). Patients with these adverse prognostic 

factors have a higher probability of extra capsular extension, making brachytherapy alone 

a less attractive treatment option [5]. The reported 5-year biochemical control and overall 

survival in various studies with combined treatment is in the order of 80 to 90% and 85 to 

95%, respectively [5-11]. In these studies brachytherapy was applied with low dose-rate 

radioactive seeds or a temporary HDR implant.

In our institute the possibility of treating prostate cancer with a temporary implant by 

means of pulsed-dose rate (PDR) brachytherapy as part of a combined radiation modality 

treatment was prospectively explored. In a previous study we described the technique 

with anchoring catheters to prevent movement of the catheters during treatment and 

ensuring proper dose delivery [12]. The aim of this study was to analyze the short-term 

biochemical progression free and overall survival results of this treatment, together with 

acute urinary complaints and late gastrointestinal (GI) and late genitourinary (GU) toxicity.

methods and mateRials

Between April 2002 and October 2007 106 prostate cancer patients were treated in our 

institute by EBRT and PDR brachytherapy and were prospectively followed. Patients with 

adverse prognostic factors, such as an initial PSA > 10 ng/mL, Gleason score ≥ 7, or 

T2c-T3a, were selected for this treatment. Categorization into risk groups was based on 

the National Comprehensive Cancer Network (NCCN) criteria (www.nccn.org). In case of 

very-high risk disease, such as initial PSA > 20 ng/mL or T3b-T4, the preferred treatment 

modality was only EBRT with long-term hormonal treatment. The very high-risk patients 

were thus excluded from treatment with brachytherapy and were no part of this study. 

The prostate volume should be ≤ 55mL to be admitted and no major urinary complaints 

should exist based on an IPSS ≤ 20 and a maximum urinary flow (Qmax) of ≥ 15 mL/s.
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The technique of the procedure has been described previously [12]. Treatment started 

with EBRT on the pelvis by a conformal box technique to a dose of 46 Gy in daily fractions 

of 2 Gy. The irradiation volume was limited if a lymph node dissection had been performed 

and no pathologic lymph nodes were found. In these cases only the prostate and seminal 

vesicles were irradiated with 1-cm margin by a 3D-conformal technique.

Until 2006 a transrectal ultrasound (TRUS) based preplanning was done before 

implantation as an outpatient procedure. Based on this preplan, ultrasound-guided 

transperineal implantation of the catheters was performed under general or spinal 

anesthesia in the lithotomy position. Several anchoring needles were placed in the prostate 

up to the bladder and into the seminal vesicles. A final CT-based treatment plan (BPS 

14.2 software, Nucletron B.V., Veenendaal, The Netherlands) was used for therapy. The 

clinical target volume was considered to be the prostate and base of the seminal vesicles. 

No margin was added for the planning target volume (PTV). From September 2006 

onwards the preplan was performed intra-operatively with Oncentra Prostate planning 

system (Nucletron B.V., The Netherlands). The day before implantation antibiotics with 

ciprofloxacine was started and continued until 3 days after removal of the catheters.

At initiation of the protocol the prescribed dose with brachytherapy was 24 pulses of 

1.04 Gy with a period time (time between start of two consecutive pulses) of 2.2 hours. 

Because at the start of this treatment there was no experience with PDR brachytherapy 

for prostate cancer we chose to begin with a relatively low dose, equivalent to our daily 

practice external beam dose. As it became apparent from the literature and our own 

experience that dose escalation to 75 Gy and above on the prostate was feasible we 

decided to increase the dose to this level. This dose was increased in June 2005 to 24 

pulses of 1.1 Gy with a period time of 2.0 hours and since May 2006 to 24 pulses of 1.2 

Gy with a period time of 2.0 hours. Treatment planning aimed at the prescribed dose 

covering 95% of the PTV.

Patients were followed 3, 6, and 12 weeks after brachytherapy. Further follow-up was 

every 3 months in the first year after treatment and biannually thereafter.

Statistics 

Severity of acute urinary complaints was assessed and quantified by the IPSS. Univariate 

analysis of covariance was performed by a linear regression model to investigate possible 

factors associated with increase of IPSS at 3 weeks post-brachytherapy. Factors investigated 

were voiding frequency, nocturia, initial IPSS, prostate volume, and maximal urinary flow. 

The condition for linear regression analysis was investigated by analysis of residuals. 

Late toxicity was scored according to the National Cancer Institute Common Terminology 

Criteria for Adverse Events v3.0 (CTCAE). Late toxicity was defined as any adverse event 

occurring 6 months after brachytherapy or later. The highest grade was used for the analysis.

The Cox proportional hazard analysis was used to investigate an association between 

predictive factors and the occurrence of grade 2 or higher GU toxicity. Factors included 
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table 1. Patient characteristics.

median age 64 years (53-77)

median iPss 7 (0-23)

mean qmax 19.3 mL/s (8.0-49.2)

mean prostate volume 34.2 mL (13.9-61.4)

Voiding frequency Every 1 hour 3 2.8%

Every 2 hours 17 16%

Every 3 hours 32 30.2%

Every 4 hours or more 48 45.3%

Unknown 6 5.7%

nocturia 0 28 26.4%

1 50 47.2%

2 21 19.8%

3 3 2.8%

4 or more 2 1.9%

Unknown 2 1.9%

erection Yes 92 86.8%

No 9 8.5%

Unknown 5 4.7%

number of catheters 8 5 4.7%

10 17 16%

11 2 1.9%

12 75 70.8%

13 6 5.7%

14 1 0.9%

mean Psa 9.9 ng/mL (1.3-25.3)

median Gleason score 6 (4-8)

clinical t-classification T1c 4 4.8%

T2a 8 7.5%

T2b 8 7.5%

T2c 21 19.8%

T3a 64 60.4%

T3b 1 0.9%

Number in parenthesis is the range.
IPSS = International Prostate Symptom Score.
Qmax = maximum urinary flow.
PSA = Prostate Specific Antigen.
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in the model were age (continuous), voiding frequency (≤ 2 hours vs. 3 hours vs. ≥ 4 

hours), nocturia frequency (continuous), use of alpha-blocker (yes vs. no), prostate 

volume (continuous), maximum urinary flow (continuous), post voiding residual volume 

(continuous), IPSS (continuous), and brachytherapy dose (24.96 Gy vs. 26.40 Gy vs. 28.80 

Gy). For this investigation a backward analysis was performed by removing at each step 

the least significant factor.

Survival analysis was performed by the Kaplan-Meier method with 95% confidence 

intervals (95% CI). Biochemical recurrence was defined as a persistent PSA rise of the 

nadir plus 2 ng/mL [13]. Differences between groups were tested by log-rank test.

No patients were excluded from analyses.

All P-values were two-sided. P-values < 0.05 were considered significant. Statistical 

analysis was performed with Statistical Package for the Social Sciences, version 16.0 for 

Mac OS X (SPSS, Chicago, IL, USA).

Results

Patient characteristics are given in Table 1. Median age was 64 years. The median IPSS was 

7 and the mean Qmax was 19.3 mL/s.

According to the NCCN risk-group classification 2, 38, and 66 patients were considered 

to have low-, intermediate-, and high-risk disease, respectively. Nineteen patients received 

hormonal therapy of whom 6 an antiandrogen only and 13 with a luteinizing releasing 

hormone receptor analogue. Three patients used hormonal therapy for less than 3 months, 

5 patients between 3 and 6 months, 10 patients for longer than 6 months and 1 patient 

for unknown duration.

Figure1. Boxplots of IPSS 
course at baseline and post 
brachytherapy.
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Forty-two patients were treated 

to 24.96 Gy with brachytherapy, 23 

patients to 26.40 Gy, and 35 patients to 

28.80 Gy. Six patients did not complete 

brachytherapy due to guide problems 

with the catheters. The remaining dose 

was completed by EBRT.

Median follow-up time was 34.6 

months (range 7.4-75.5).

The maximum IPSS was noticed 

at 3 weeks post-brachytherapy and 

gradually declined thereafter to 

baseline level at 12 weeks (Fig. 1). No significant association was found between any 

predictor variable and the maximum IPSS at 3 weeks (Table 2).

No grade 3 or higher GI toxicity was observed. The 3 and 5 year grade 2 GI toxicity 

was 5.3% (95% CI: 0 to 10.6) and 12.0% (95% CI: 1.4 to 22.6), respectively. The majority 

of grade 2 GI toxicity was due to fecal incontinence (3 patients) for which the patients 

needed daily use of pads. One grade 2 toxicity (fecal incontinence) resolved completely 

with time. Fourteen patients had rectal bleeding and in 2 cases medical intervention was 

necessary (argon plasma coagulation, beclometasone/mesalazine enema). Five patients 

had a complete resolution of rectal bleeding without medical intervention.

The 3 and 5 year grade 2 or higher GU toxicity was 18.7% (95% CI: 10.3 to 27.1) and 

26.9% (95% CI: 15.1 to 38.7), respectively. The majority of grade 2 or higher GU toxicity 

was due to increased voiding frequency. Five patients with a grade 2 and one patient with 

Figure 2. Survival probability 
for biochemical non-evidence 
of disease (bNED).

table 2. Univariate analysis of the association 
between predictor variables and maximum IPSS 
at 3 weeks post brachytherapy.

P-value

Voiding frequency 0.06

Nocturia 0.41

Initial IPSS 0.051

Qmax 0.34

Prostate volume 0.31

IPSS = International Prostate Symptom Score.
Qmax = maximum urinary flow.
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a grade 3 (increased voiding frequency) toxicity had a complete disappearance of the 

late effects. Five patients experienced a grade 3 GU toxicity yielding a 3 and 5 year GU 

toxicity rate of 4.8% (95% CI: 0.3 to 9.3) and 7.3% (95% CI: 0.6 to 14.0%), respectively. 

The observed late grade 3 GU toxicities were one with increased voiding frequency, one 

with cystitis, one with incontinence, and two with urethral obstruction.  The patient with 

incontinence developed this symptom already during external beam treatment.

With Cox proportional hazard analysis no factor was found predictive for the 

occurrence of grade 2 or higher GU toxicity.

Of the 88 patients who reported to have sufficient erectile function before treatment 

and did not use hormonal therapy, 17% had diminished erectile function after treatment 

and 17% total disappearance of erectile function.

The 3- and 5-year biochemical non-evidence of disease (bNED) were 92.8% (95% 

CI: 87.1 to 98.5) and 89.5% (95% CI: 85.2 to 93.8), respectively (Fig. 2). No significant 

difference was found between the intermediate- and high-risk group (P=0.59).

Overall survival at 3 and 5 years was 99% (95% CI: 96 to 100) and 96% (95% CI: 90 

to 100), respectively (Fig. 3). The deaths of two patients, were due to a second malignancy.

discussion

This is the first study to report results of PDR brachytherapy as part of the treatment of 

prostate cancer. Izard et al. also used a 37 GBq iridium-192 source of a PDR machine for 

prostate brachytherapy. However, dose delivery was at medium dose rate in 3 fractions of 

6 Gy with at least 6 hours interval followed by 45 Gy EBRT [14].

In our study the results of treatment of patients treated with a PDR brachytherapy 

boost after a course of EBRT were analyzed. All patients were treated with a low dose per 

Figure 3. Survival probability 
for overall survival.
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pulse (≤ 1.2 Gy) at short time intervals (≤ 2.2 hours). These schedules correspond to what 

is accepted as PDR-schedules [15].

Previously, we published the technique for PDR prostate brachytherapy with self-

anchoring catheters [12]. Use of these catheters is of importance because of the frequent 

displacement of standard catheters attached to a perineal template [16-19]. If not, it is 

practically impossible to check the catheter position every 1-2 hours.

We found the IPSS to attain its maximum at 3 weeks after brachytherapy due to acute 

urinary toxicity symptoms. At 12 weeks after brachytherapy IPSS returned to baseline level. 

In this selected group of patients with few pretreatment urinary complaints no association 

was found between any predictor variable and IPSS at 3 weeks.

Several observational studies have been published showing the results of treatment 

with EBRT combined with HDR brachytherapy. The median follow-up time in these studies 

is on average 50 months with some studies having a follow-up time of more than 5 

years [20]. Several radiation schedules were used. The applied doses in these studies are 

approximately 60 to 110 Gy expressed as equivalent dose at 2 Gy per fraction (EQD2) 

for an a/b-ratio of 3 Gy. However, because of the heterogeneous dose distribution of 

brachytherapy large areas in the prostate receive 20 to 50% more dose than the prescribed 

dose on the periphery of the prostate [21]. These high dose therapies have led to very 

acceptable results on tumor control.

Phan et al. treated 309 patients with 36 to 50.4 Gy combined with 15 to 26 Gy in 3 

to 4 HDR fractions [10]. Five-year biochemical control and overall survival were 86% and 

91%, respectively, while the group with high-risk disease had a 5-year biochemical control 

of 78%.

Another large cohort of 214 patients was published by Åström et al. [22]. The patients 

were treated up to a dose of 50 Gy EBRT combined with 2 fractions of 10 Gy HDR 

brachytherapy.  Five-year biochemical control and overall survival were 82% and 89%, 

respectively. Biochemical control at 5 years for the high-risk disease group was 56%.

With PDR brachytherapy we found a 5-year biochemical control and overall survival 

of 90% and 96%, respectively. Biochemical control at 5 years in our high-risk group, 

with T3a clinical classification or Gleason score 8 or higher, was 87%. These results are 

comparable to the best results obtained with HDR brachytherapy [20]. We have excluded 

patients with a very high-risk disease. This makes comparison with other published series 

a little bit problematic. However, some studies reported the results for patients with only 

1 risk factor, which is comparable to our high-risk cohort. Their results are similar to ours 

[7, 10, 11, 23].

In a model-study we have shown that when biologically equivalent PDR to HDR 

schedules are designed for an a/b-ratio of 1.5 Gy small areas in the prostate receive a 

higher dose with HDR than with PDR [21]. However, with PDR, the minimal EQD2 to 50% 

volume of the prostate was only 2.5 Gy less than with HDR. So, also with PDR high dose 

schedules can be designed that result in high tumor control.
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The results on late toxicity were acceptable. No grade 3 late GI toxicity was observed 

and the 5-year grade 2 late GI toxicity was 12.0%. This result illustrates the ability to 

spare rectal mucosa from high dose areas with brachytherapy [24]. One problem with the 

CTCAE classification is that fecal incontinence is also considered as a proctitis symptom 

interfering with activities of daily living (ADL) and classified as grade 3. Because three 

patients in our cohort had these symptoms but not interfering with ADL, we scored that 

as a grade 2.

More often and more severe toxicity was observed on the GU organs. The 5-year grade 

2 and higher late GU toxicity were 26.9%. The late grade 3 GU toxicity was 7.3% at 5 

years. These results are comparable to toxicity results published so far of EBRT with HDR 

brachytherapy [7, 10, 11, 22].

Severe late GI toxicity is seldom reported [10, 22, 25, 26]. The majority of late toxicity 

after combined EBRT and HDR brachytherapy concerns the GU tract. Chin et al. reported 

a crude 7.4% grade 3-4 late GU toxicity [25]. Urethral obstruction is an often observed 

GU toxicity [10, 22, 27].  Sullivan et al. found an actuarial 12% incidence at 6 years. Prior 

TURP, hypertension and dose appeared to be independent factors associated with the 

occurrence of late urethral obstruction [28]. In our cohort 2 patients experienced urethral 

obstruction for which treatment with bladder neck incision or transurethral resection of 

the prostate (TURP) was indicated. The most often seen late GU toxicity in our study was 

an increase in urinary frequency or nocturia up to two times normal, like in the study 

of Ghadjar et al. [29]. As was also noted by Kälkner et al. some of the symptoms that 

occurred, disappeared with time [11]. No factor was found predictive for occurrence of 

grade 2 or higher toxicity, probably because of the low incidence of toxicity or because of 

the selection of patients with low baseline urinary problems.

The results on potency preservation is in concordance with the results of other studies 

where HDR brachytherapy was used [10, 23, 30]. About 40-50% of the patients report 

a diminishing or disappearance of potency. However, the majority can be helped with 

medication.

When we started investigating the feasibility of PDR brachytherapy for the treatment 

of prostate cancer we decided to start with a relatively low dose, because of the lack of 

data for this modality of treatment. The combined PDR and EBRT prescription dose for 

the first cohort of patients was an EQD2 of 68.8 Gy for an a/b-ratio of 3 Gy. This dose 

was stepwise increased to 74.4 Gy. Because of the heterogeneous dose distribution in 

brachytherapy, large areas in the prostate received at least 20% more dose than the 

prescription dose, meaning an EQD2 of 82.7 Gy for the latter cohort [31]. This dose is still 

less than the dose that has been reached in some other studies [7, 11]. Despite the low 

dose in our study, the tumor control rate is comparable to the best published HDR figures. 

Because of the low late complication rate till now, we consider further dose escalation for 

PDR worth investigating.
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conclusion

For the treatment of intermediate- to high-risk prostate cancer good results regarding 

tumor control and late toxicity were achieved by treating patients with a combination 

of EBRT and PDR brachytherapy. The results are comparable to published data from 

EBRT combined with HDR brachytherapy studies. In our opinion, these results could only 

be obtained because a proper PDR technique was used with respect to the choice of 

fractionation regimen and with respect to positional stability of the implant during the 

complete course of PDR brachytherapy.
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aBstRact

Purpose. To investigate the development of gastrointestinal (GI) toxicity, genitourinary 
(GU) toxicity, erectile dysfunction, and International Prostate Symptom Score (IPSS) 
resolution in a cohort of patients treated with external beam radiotherapy (EBRT) followed 
by a brachytherapy pulsed-dose rate (PDR) boost.
methods and materials. Between 2002 and 2008, 110 patients were treated with 46 Gy 
EBRT followed by PDR brachytherapy (24.96 Gy – 28.80 Gy). The investigated outcome 
variables, GI-, GU-toxicity, erectile dysfunction and IPSS were prospectively scored at several 
time-points in the follow-up. Association between time (as continuous and categorical 
variable) and the outcome variables was assessed using generalized linear models.
Results. No statistically significant association was found between time (continuous) and 
GI-toxicity (OR 0.97; 95% CI 0.89 to 1.06), GU-toxicity (OR 0.97; 95% CI 0.91 to 1.03), 
erectile dysfunction (OR 1.06; 95% CI 0.99 to 1.11), and IPSS (-0.11; 95% CI -0.41 to 
0.20). Also, no statistically significant association was found between these variables and 
time as a categorical variable.

GU-toxicity was associated with IPSS resolution (OR 1.16, 95% CI: 1.09 to 1.24).

Post treatment IPSS was associated with pretreatment IPSS (0.52, 95% CI: 0.25 to 0.79).
conclusions. No accumulation of high-grade toxicity over time could be established 
for a group of patients treated with EBRT and PDR brachytherapy for prostate cancer, 
probably because high-grade late toxicity resolves with time. Also, differences in IPSS-
values between patients after treatment are smaller than before treatment.
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intRoduction

Amongst all treatment modalities for prostate cancer brachytherapy is increasingly popular 

[1], either as monotherapy for low-risk disease tumors or combined with external beam 

radiotherapy or hormonal therapy for patients having one or more adverse prognostic 

factors. Brachytherapy is by some of its supporters not only propagated because of the 

high chance of tumor control, but also because of its relatively low toxicity profile [2-7].

At the Academic Medical Center (Amsterdam, The Netherlands) we started in 2002 

with pulsed-dose rate (PDR) brachytherapy preceded by external beam radiotherapy for 

patients with intermediate- to high-risk prostate cancer. Since the data were prospectively 

collected, we investigated the development of toxicity and symptoms over time. This 

investigation will give additional information on the course of toxicity compared to a 

cross-sectional analysis, because for some patients symptoms tend to disappear with 

time, either spontaneously or after medical treatment. The principal question was: is the 

development of toxicity associated with time or other variables.

methods and mateRials

Between April 2002 and June 2008, 110 patients were treated for prostate cancer at the 

AMC with external beam radiotherapy combined with PDR brachytherapy. Details of the 

treatment, procedures, and results were previously published [8, 9]. Briefly, treatment 

started with 3D-conformal external beam radiotherapy of 46 Gy in daily fractions of 2 

Gy on a small part of the pelvis (upper border at the lower end of the sacro-iliac joints). 

If a pelvic lymph node dissection was done and showing no pathologic lymph nodes, 

the external beam treatment volume was restricted to the prostate and seminal vesicles. 

Within one week after external beam radiotherapy a temporary perineal implantation 

of the prostate was performed under ultrasound guidance. After implantation with self-

anchoring flexible catheters a CT-scan was performed for definitive treatment planning. 

In this period the brachytherapy dose was step-wise increased from 24.96 Gy with pulse 

dose of 1.04 Gy and a period time of 2.2 hours to 28.8 Gy with pulse dose of 1.2 Gy 

and a time period of 2.0 hours. Because at the start of this treatment there was no 

experience with PDR brachytherapy for prostate cancer we chose to begin with a relatively 

low dose, equivalent to our daily practice external beam dose. As it became apparent from 

the literature and our own experience that dose escalation to 75 Gy and above on the 

prostate was feasible we decided to increase the dose to the higher level.

Patients entered into the treatment protocol had one or more adverse prognostic 

factor(s) (cT2c or cT3a, PSA ≥ 10 ng/ml, or Gleason score ≥ 7). Other selection criteria were 

prostate volume ≤ 55 ml and low urinary morbidity based on an International Prostate 

Symptom Score (IPSS) ≤ 20 and maximum urinary flow (Qmax) ≥ 15 ml/s.

Hormonal therapy was prescribed at discretion of the referring urologist or the 

radiation oncologist. As it became apparent from the literature that the benefit of the 
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addition of hormonal therapy to combined EBRT with brachytherapy was minimal or 

lacking, hormonal therapy was discouraged after these publications [10-12].

After treatment patients were followed every 3 months for the first year and biannually 

afterwards. After 5 years of follow-up with no evidence of disease visits were restricted 

to once a year.

Data on morbidity were prospectively collected at each visit. Late Gastrointestinal (GI) 

toxicity, late Genitourinary (GU) toxicity, and erectile dysfunction were scored according 

to the National Cancer Institute Common Terminology Criteria for Adverse Events 

v3.0 (CTCAE). Late toxicity was defined as any adverse event occurring 6 months after 

brachytherapy or later. Severity of late urinary complaints was assessed and quantified by 

the IPSS.

Statistical analysis

Longitudinal relationship of all available longitudinal data was investigated by Generalized 

estimating equations (GEE). The association of late GI-toxicity, GU-toxicity, erectile 

dysfunction, and IPSS at consecutive time-points was investigated with time as the 

independent variable. Time points were taken in time intervals of 6 months, starting at 

6-12 months after treatment and ending at 78-84 months.

For ordinal variables as GI-toxicity, GU-toxicity, and erectile dysfunction a multinomial 

distribution was assumed. The dependent variable was transformed by a cumulative logit 

link function. For IPSS a Normal distribution was assumed.

Association of prognostic variables at baseline with late GU-toxicity and IPSS resolution 

was investigated by a backward-analysis. Factors included into the model were age 

(continuous), voiding frequency (every 1 hour vs. 2 hours vs. 3hours vs. ≥4 hours), nocturia 

frequency (continuous), use of a selective a1-receptor blocker (yes vs. no), prostate volume 

(continuous), maximum urinary flow (continuous), post-voiding residual bladder volume 

(continuous), pretreatment IPSS (continuous), hormonal therapy (yes vs. no), number of 

implanted catheters (continuous), brachytherapy dose (24.96 Gy vs. 26.40 Gy vs. 28.80 

Gy), and time (continuous). In the model for late GU-toxicity IPSS at consecutive follow-up 

time-points was also included as an independent variable. The statistically least significant 

factors were stepwise removed from the model.

The same analysis was performed for erectile dysfunction with age, prostate volume, 

hormonal therapy, number of implanted catheters, brachytherapy dose (24.96 Gy vs. 

26.40 Gy vs. 28.80 Gy), and time as independent variables. All analyses on erectile 

dysfunction were performed on those patients who reported to have erections prior to 

start of therapy.

In the models with time as a continuous variable a linear relationship is assumed with 

the dependent variable. Because the existence of a linear relationship is not certain, also 

models with time in categories were investigated. At later time-points there were few 
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table 1. Patient characteristics.

median age 64 years (53-77)

median pretreatment iPss1 7 (0-23)

mean qmax2 19.3 ml/s (8.0-49.2)

mean PVR3 53 ml (0-380)

mean prostate volume 34.4 ml (13.9-61.4)

Voiding frequency Every 1 hour 3 2.7%

Every 2 hours 19 17.3%

Every 3 hours 33 30.0%

Every 4 hours or more 49 44.5%

Unknown 6 5.5%

nocturia 0 30 27.2%

1 52 47.3%

2 21 19.1%

3 3 2.7%

4 or more 2 1.8%

Unknown 2 1.8%

use of selective a1-rb4 Yes 12 10.9%

No 97 88.2%

Unknown 1 0.9%

erection Yes 96 87.3%

No 9 8.2%

Unknown 5 4.5%

use of hormonal therapy Yes 19 17.3%

No 91 82.7%

mean Psa5 9.9 ng/ml (1.3-25.3)

Gleason score ≤ 6 74 67.3%

7 32 29.1%

≥ 8 3 2.7%

Unknown 1 0.9%

clinical t-classification T1c 4 3.6%

T2a 8 7.3%

T2b 9 8.2%

T2c 21 19.1%

T3a 67 60.9%

T3b 1 0.9%

median number of catheters 12 (8-14)

Brachytherapy dose ≤ 24.96 Gy 48 43.6%

26.40 Gy 23 20.9%

28.80 Gy 39 35.5%

Number in parenthesis is the range.
1IPSS = International Prostate Symptom Score.
2Qmax = maximum urinary flow.
3PVR = post voiding residual bladder volume
4Selective a1-rb = selective a1-receptor blocker
5PSA = Prostate Specific Antigen.
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observations in the category grade > 0 (CTCAE). For that reason the time-points 37-48, 

49-60, and 61-84 months were grouped together in 3 time categories.

Within one individual repeated observations are assumed to be correlated with each 

other, and therefore a correction has to be made for these within-subject correlations. An 

exchangeable working correlation structure was assumed within the GEE analysis.

Associations were expressed as odds ratio (OR) or regression coefficients (RC) with 

the 95% confidence intervals (95% CI). P-values ≤ 0.05 were considered statistically 

significant.

Statistical analysis was performed with Statistical Package for the Social Sciences, 

version 16.0 for Mac OS X (SPSS, Chicago, IL, USA).

Results

Patient characteristics are presented in Table 1. Median age was 64 years, the mean 

prostate volume was 34.4 ml, the median IPSS before treatment was 7, and the mean 

Qmax was 19.3 ml/s. The majority of the patients were implanted with 12 catheters.

Three patients used hormonal therapy for less than 3 months, 5 patients between 3 

and 6 months, 10 patients for longer than 6 months and 1 patient for unknown duration.

Forty-two patients were treated to 24.96 Gy with brachytherapy, 23 patients to 26.40 

Gy, and 39 patients to 28.80 Gy. Six patients did not complete brachytherapy due to 

conduct problems with the catheters. The remaining dose was completed by external 

beam radiotherapy (EBRT).

Median follow-up time was 31.9 months (range 6.9-79.7).

Figure 1. Prevalence (%) of GI-toxicity (A), GU-
toxicity (B), and erectile dysfunction (C), graded 
0-3 at different time-points.
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The prevalence of toxicity at the several time-points is illustrated in Figure 1. The 

majority of patients had no GI-toxicity at several time-points with an increase of grade 1 

GI-toxicity at the later time-points.

Grade 0 GU-toxicity remained stable over the years with an increase of 

grade 1 GU-toxicity at the later time-points. No grade 3 or higher GU-toxicity 

was seen after 36 months. Of the 5 patients with a grade 3 GU-toxicity,  

2 underwent a bladder neck incision or transurethral resection of the prostate, 1 

discontinued catheterization,  

1 patient with incontinence died of 

gastric cancer, and the patient with 

cystitis did not reach 36 months 

follow-up.

An increase of grade 3 erectile 

dysfunction was seen over the years.

No statistically significant 

association was observed between 

time and the development of GI-, 

GU-toxicity, erectile dysfunction, or 

IPSS (Table 2).

With backward regression 

analysis GU-toxicity was  significantly 

associated with the resolution of 

table 2. Association between time and four different independent variables. The effect size for the 
ordinal variables GI-toxicity, GU-toxicity, and erectile dysfunction is expressed as an odds ratio (OR). 
The effect size for the numerical variable IPSS is expressed as a regression coefficient (RC). 

effect size 95% ci P

Time as continuous variable

GI-toxicity OR 0.97 0.89 to 1.06 0.53

GU-toxicity OR 0.97 0.91 to 1.03 0.33

Erectile dysfunction OR 1.06 0.99 to 1.11 0.06

IPSS RC -0.11 -0.41 to 0.20 0.49

Time as categorical variable

GI-toxicity 0.86

GU-toxicity 0.76

Erectile dysfunction 0.25

IPSS 0.91

The OR with time as categorical variable is calculated for the variables at each time category with 
the situation at time-point 6-12 months as the reference. These OR’s are not shown in this table.

Figure 2. IPSS resolution separated for patients with 
pretreatment IPSS ≤ 6 and > 6.
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IPSS (OR 1.16, 95% CI: 1.09 to 1.24) and the posttreatment IPSS was associated with 

pretreatment IPSS (RC 0.52, 95% CI: 0.25 to 0.79) (Figure 2). The OR and the RC values can 

be interpreted as a within-subject as well as a between-subject relationship.  That means 

that if the IPSS within a subject increases by 1 point the odds to progress to a higher toxicity 

score increases by 16%. Also, the odds of being in a higher GU-toxicity group is 16% 

higher for a person with a 1 point higher IPSS than the other person. The interpretation of 

a 0.52 RC for IPSS is that if two persons differ by 1 point pretreatment IPSS their IPSS will 

differ by 0.52 points after treatment at the several time-points. 

No factor was found to predict the development of erectile dysfunction.

discussion

Longitudinal data analyses are characterized by the fact that outcome variables are 

repeatedly measured over time within a subject. For the assessment of late toxicity a 

new dimension is introduced compared to survival analyses. In survival analyses after 

the occurrence of an event, the outcome variable is an irreversible endpoint. However, 

during longer observation, symptoms can still develop to a higher grade, or can improve 

spontaneously or after medical treatment. In longitudinal data analyses this development 

of symptoms after therapy can be followed and evaluated.

GI-toxicity

We found in this study no association between time and GI-toxicity. In fact no higher than 

grade 2 GI-toxicity was observed and the highest proportion of grade 2 GI-toxicity was 

4.2% at 30-36 months posttreatment.

Merrick et al. analyzed rectal function after permanent interstitial implantation with or 

without EBRT for prostate cancer [13]. In their study analysis was done at three time points 

and a median follow-up of 9 years. Assessment was done with the Schiffler Cancer Center 

Rectal Function Assessment Score. Comparable to our study they found no change in 

global rectal function with time.  Of all the investigated items only frequency of defecation 

and stool consistency improved with time. No patient developed ulcerations or fistulas.

Kälkner et al. reported on a cohort of prostate cancer patients treated with EBRT 

combined with HDR brachytherapy and neo-adjuvant hormonal treatment [6]. In their 

study an increase of RTOG grade 1-3 GI-toxicity was observed at 6 months post-therapy. 

Symptoms improved during the years that followed.

We have observed no grade 3 GI-toxicity that is in concordance to other HDR and low-

dose rate (LDR) series. Yamada et al. found only 1 grade 3 rectal toxicity after EBRT with 

HDR brachytherapy [14]. In a similar treatment setting Åström et al. observed no severe 

rectal complications [15]. Phan et al. had 1 patient with a grade 4 rectal toxicity resulting 

in a colostomy [3]. In a large joint publication from the William Beaumont Hospital and 

the California Endocurietherapy Center almost no grade 3 GI-toxicity was reported for 



6 

d
eV

elo
Pm

en
t o

F la
te to

x
ic

ity
 a

n
d

 iPss R
eso

lu
tio

n

85

monotherapy HDR [16]. Gelblum and Potters reported from a large series of 825 patients 

only 4 patients with a grade 3 rectal toxicity after a permanent implant [17]. With a 

median follow-up of 7 years Stone and Stock observed no ulcerations or fistulas and only 

2.8% long-term rectal bleeding [18]. All these studies show the great ability to spare 

rectal mucosa with brachytherapy.

GU-toxicity and IPSS resolution

As in our analysis, Gutman et al. analyzed the resolution of IPSS in a cohort of patients 

treated with a permanent interstitial implant with or without EBRT [19]. Predictors of 

IPSS resolution were pretreatment IPSS, prostate volume, and catheter dependency. 

In contrast to our observation they found that patients with higher pretreatment IPSS 

showed a greater decline of IPSS after treatment. It should be mentioned that all patients 

in Gutman’s study were prophylactically treated with a selective a1-receptor blocker. In 

less than 6 months IPSS returned to baseline levels and no obvious further change in IPSS 

course was noticed afterwards, as was the case in our study. In this study no analysis was 

performed on GU-toxicity categories other than IPSS. We found a significant association 

between GU-toxicity and IPSS. The IPSS can be used as a fast screening tool in the follow-

up of patients. If IPSS increases by 3 points, meaning a 56% increase in odds for a higher 

GU-toxicity category, special attention should be given if necessary with medical treatment 

for amelioration of symptoms. Niehaus et al. found in multivariate analysis preimplant 

IPSS, the addition of EBRT, and any need for catheterization after brachytherapy predictive 

for IPSS resolution in permanent prostate brachytherapy [20].

In the study of Van Gellekom et al. a slight decrease of IPSS was noted from 6 months 

to 2-years after permanent interstitial implantation (mean IPSS 15.2 to 10.4) [21]. This 

slight decrease of IPSS was in conjunction with a slight decrease of urinary problems 

according to the American Urological Association symptom index. We did not notice any 

decrease in IPSS or GU-toxicity with time, but the mean IPSS in our cohort was much lower 

than in Van Gellekom’s study.

Kälkner et al. investigated RTOG-GU toxicity resolution in a cohort of patients treated 

with external beam radiotherapy combined with HDR brachytherapy and it was found that 

all grade toxicities decreased with time [6]. As in our observation the more severe toxicities 

(grade 3-4) were more often from the GU-tract than from the GI-tract.

With monotherapy HDR the most common GU-toxicity was due to increased voiding 

frequency and urgency that was usually graded as 1-2 [16]. We also observed the same 

predominance for increased voiding frequency [9]. Two patients in our cohort developed 

a urethra stricture which is relatively low compared to others [3, 15]. However, we have 

a limited follow-up and we have to pay special attention to the eventual development of 

this kind of complication.

Like the experience of others we found a low incidence of severe GU toxicity and 

no tendency for increase with time. Recently Keyes et al. reported the results on urinary 
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morbidity for one of the largest cohorts on permanent implants [7]. Five-year grade 2, 3, 

and 4 RTOG (Radiation Therapy Oncology Group) urinary toxicity was 24%, 6.2%, and 

0.1%, respectively. They also reported the prevalence at 7 years, which was 7.4% and 

0% for grade 2 and 3, respectively. In this study a decrease of grade ≥ 2 toxicity was seen 

after 6 months and stabilized after 12 months. As in our study there is no clear evidence 

of accumulation of severe toxicity over the years. Crook et al. found in their study on 

permanent prostate implants 6.4% of any urinary urgency or urge incontinence. These 

complaints resolved for the majority of patients after a median duration of 12 months [2]. 

In a large cohort of 351 patients Anderson et al. distinguished acute urinary side effects 

from late urinary effects. They found that short-term side effects were in general resolved 

by 8 months. The majority of late urinary effects were grade 1 and 2 and occurred within 

3 years of the implantation [22].

Sexual functionality

We found no association between erectile dysfunction and time. When time was used as 

a continuous variable the association nearly reached significance (P = 0.06), but a non-

significant association (P = 0.25) with time as categorical variable. In Figure 1 there is an 

impression for increase of grade 3 erectile dysfunction with time, which is partly explained 

by drop-outs. A second explanation for the variation in prevalence of erectile dysfunction 

is the inconsistent use of phosphodiesterase type 5 inhibitors. It cannot, however, be 

excluded that with longer follow-up or larger sample-size the increase in impotency rate 

would reach significance. Talcott et al. found an increase in sexual dysfunction after 

permanent interstitial implantation at 3-months post-therapy and little change afterwards 

[23]. Van Gellekom et al. found no change in sexual functioning, but a decrease in sexual 

activity most evident in the first four weeks after therapy [21].

Comparison of brachytherapy, external beam only and prostatectomy series by 

longitudinal data analysis shows that with prostatectomy the probability for incontinence 

and sexual dysfunction is greater. Radiotherapy more often leads to irritative urinary and 

bowel symptoms [23-26]. The majority of symptoms occurs in the first three months after 

treatment, with little change afterwards [23].

In this overview of published studies on the development of prostate brachytherapy 

related symptoms it is obvious that different patterns are observed. In general, the 

greatest changes are seen directly after treatment with little changes after 6 months to 

1 year. In our study, the first to report on treatment related symptom development after 

PDR brachytherapy for prostate cancer, no changes in GI-toxicity, GU-toxicity, erectile 

dysfunction, and IPSS resolution are seen after 6 months in a selected group of patients 

with low pretreatment urinary or gastrointestinal problems. Pre-treatment IPSS is a strong 

predictor for post-treatment IPSS; however, the differences in post-treatment IPSS between 

patients are smaller than the pre-treatment values. The outcome of this study could have 

been different if patients with more pretreatment morbidity were allowed this treatment. 
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The selection was according to accepted guidelines for brachytherapy and our results 

confirm the recommendations of these guidelines [27]. A comparable comment can be 

placed on the results of erectile function, because the cohort was at a relative young age. 

The results of this study were adjusted for age. However, a trend to impaired erectile 

function was observed, which could be more obvious in an older cohort of patients.

conclusion

The probability for severe late grade 3-4 toxicity after PDR brachytherapy combined with 

external beam radiotherapy in a selected group of patients with no or few symptoms at 

start of treatment is low. There is no evidence for an increase of late toxicity with time 

after 6 months post treatment. This observation is supported by the experience of others 

after permanent interstitial implantation or HDR brachytherapy for prostate cancer.
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aBstRact

Backgroud and Purpose. To investigate the possibility for localization of intraprostatic 
lesions (IL) with contrast-enhanced ultrasound (CEUS) to support the brachytherapy 
treatment planning of temporary implants.
material and methods. Two brachytherapy treatment plans were generated for 8 
patients treated with external beam radiotherapy and pulsed-dose rate brachytherapy 
boost for prostate cancer. The first and second brachytherapy treatment plan was without 
and with knowledge of the localization of the ILs, respectively. Pairwise comparison was 
performed on prostate, rectum, and urethra dose-volume parameters and total reference 
air kerma (TRAK)-values.
Results. Coverage of the ILs by the 140% isodose was increased from mean 66.0%-
67.7% for the standard plan to mean 92.5%-95.7% for the adapted plan. The mean 
D90 of the ILs increased from 1.49-1.57 Gy/pulse to 1.76-1.81 Gy/pulse. Dose-volume 
parameters for the prostate, rectum, and urethra and the TRAK did not change.
conclusion. CEUS technique is a promising method for IL localization to aid in 
brachytherapy treatment planning. Dose coverage on the IL could be improved without 
increase of dose in organs at risk. 
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intRoduction

Histologic examination of the prostate harboring a malignancy often reveals multiple 

areas with malignant lesions. [1].  These malignant lesions differ in size and morphologic 

appearance and can be divided in dominant lesions and smaller insignificant lesions [2, 3].

If radiotherapy is used for treatment it is common practice to treat the whole prostate. 

In general the dose to the prostate is evenly distributed with the same dose applied to 

malignant lesions as healthy prostate areas. Van Lin et al. proposed to better identify 

dominant intraprostatic lesions (DILs) in order to treat the entire prostate to a moderate 

dose and giving a boost on these DILs [4].

To apply a boost dose to DILs imaging techniques are needed to identify these areas. 

Several techniques are reported able to identify tumor lesions within the prostate [5, 6]. 

One of these techniques is Magnetic Resonance Imaging (MRI). T2-weighted imaging 

(T2-WI) provides a morphological localization of tumor lesions. T2-WI can be combined 

with functional imaging for additional information on tumor presence. For the purpose 

of functional imaging dynamic contrast-enhanced MRI (DCE-MRI), diffusion-weighted 

imaging (DWI), and magnetic spectroscopic imaging (MRSI) can be used. 

Positron emission tomography (PET) lack the high spatial resolution MRI has. 

Combination of PET with computer tomography (CT) offers better depiction of tumor areas 

within the prostate. Promising radiotracers are carbon-11 (11C-choline and 11C-acetate) 

and fluoro-18 (18F-fluorocholine and 18F-fluoroacetate).

Another modality to visualize tumor lesions is with ultrasound (US) imaging. Particularly 

contrast-enhanced ultrasound (CEUS) imaging has the ability to detect these lesions [7]. 

This technique visualizes perfusion within the prostate. Because of increased microvessel 

density in tumor areas discrimination with healthy prostate tissue is obtained. US contrast 

is provided by small encapsulated intravenously injected gas bubbles, which behave 

as additional reflectors in the blood stream. In a correlation study with prostatectomy 

specimens Sedelaar et al. found contrast-enhanced power Doppler ultrasonography able 

to find up to 79% of lesions larger than 5-mm [8]. Modern contrast imaging technique 

uses the non-linear behavior of the microbubbles to increase selective imaging of the 

bubbles for tumor detection [9].

Modern transperineal prostate brachytherapy is in general performed with US 

guidance. Brachytherapy is characterized by a heterogeneous dose distribution and it 

should be possible to treat the whole prostate gland to an elective dose with a boost on 

macroscopic tumor areas. The aim of this study was to investigate if CEUS techniques can 

support in brachytherapy treatment planning.

methods and mateRials

Ten patients with prostate cancer who underwent external beam radiotherapy with pulsed- 

dose rate (PDR) brachytherapy were entered in this study. The study is registered with www.
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trialregister.nl (number NTR1168). Details of the treatment were previously reported [10, 

11]. In brief patients were treated on the prostate and base of the seminal vesicles with 

3-dimensional conformal external beam radiotherapy to deliver a dose of 46 Gy in daily 2 

Gy fractions. Subsequently within 1 week a transperineal implantation was performed with 

flexible catheters for PDR brachytherapy. The Oncentra Prostate planning system (Nucletron 

B.V., Veenendaal, The Netherlands), was used for intra-operative treatment planning. 

Catheter positions were determined for a provisional treatment planning. Definitive treatment 

planning was done with CT-scan without the rectal US probe to equal at best the treatment 

situation. The brachytherapy prescribed dose on the planning target volume (PTV) was  

28.8 Gy in 1.2 Gy pulses and a period time of 2.0 hours between pulses. The PTV was 

defined as the prostate gland without margin. 

CEUS image processing and identification of intraprostatic lesions

Prior to start of treatment the patients underwent an examination with CEUS. The sulphur 

hexafluoride microbubbles (SonovueTM from Bracco, Milan, Italy) were intravenously 

injected via the antecubital fossa.

US imaging was performed using an iU22 US scanner (Philips Healthcare, Bothel, 

USA) and a C8-4v probe. The power modulation technique was used for CEUS imaging. 

All imaging sequences were stored in the DICOM format, and transferred to a personal 

computer for further analysis. Off-line, the intraprostatic lesions in the CEUS sequences 

were delineated. The lesions were identified in the peripheral zone only, by vision 

inspection of fast and/or increased enhancement. In total 2 boluses of 2.4 ml contrast 

were injected, and the inflow of contrast was judged. During up to 4 minutes after the 

injection additional planes were examined using the destruction-replenishment technique. 

In this manner, the whole prostate was examined for suspected lesions.

Imaging was performed and stored in the transverse orientation with a continue grayscale 

sweep from base to apex, together with one longitudinal maximum cross-section. Using 

correlation techniques, we were able to correlate each plane in the transverse sweep to one 

location in the longitudinal sweep and a 3-dimensional (3-D) reconstruction of the prostate 

was made. Each CEUS recording in a transverse plane was search for in the recorded sweep, 

and therefore the location of each CEUS recording could be reconstructed into the 3-D data-

set. The delineated lesions were drawn in this 3-D data-set, and the result was used for the 

fusion with the planning system imaging data-set. 

Image fusion

The US images used for brachytherapy planning were acquired using a 2-D side viewing 

US probe which position was controlled by a stepper. The images have a resolution of  

0.4 x 0.4 mm2 in-plane with 1 mm slice separation.

The brachytherapy planning images were combined into a 3-D volume and registered 

to the 3D reconstructed  US scan as described above. This data-set has 0.17 x 0.17 x 
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0.17 mm3 voxels. Besides the reconstructed US scan, a corresponding 3-D data-set 

was available in which the CEUS detected IL is indicated as binary mask. All 3 data-sets 

were loaded into a in-house software system for image registration and fusion [12]. The 

software was extended with a rigid registration method suitable for US-US registration 

similar to the method proposed by Roche et al [13]. First, both US images were manually 

aligned for translation and rotation in 3-D (6 degrees of freedom). During this step both 

US data-sets were visualized in 3 orientations (transverse, sagital and coronal) and overlaid 

in a green-purple color wash or as an interactive cut display. Then, the US volumes were 

processed by an unsharp mask filter to extract gradient information. The final registration 

is performed by optimizing the correlation ratio metric between both processed US data-

sets. Both for visualization and registration the US scans were resampled using trilinear 

interpolation. The registration accuracy was mainly limited by differences in deformation 

between both US data-sets because of difference in applied probe pressure. From the 

visual verification the registration accuracy is estimated to be better than 2 mm. After 

approval of the registration, the binary volume was overlaid on the brachytherapy US 

using the 3-D translation and rotation obtained from the US registration. 

A new treatment plan was created on the fused images. Treatment planning was 

performed with the Oncentra Prostate planning system. For each patient two plans were 

generated. The first plan without and the second plan with the intraprostatic lesions (IL) 

visualized.

Dose constraints were formulated for the first treatment plan. The prostate volume 

covered by the reference dose (RD) should be 95% or more (V100-p ≥ 95%), the minimal 

dose to the 2 ml rectal volume receiving the highest dose should be 0.97 Gy/pulse or less 

(D2ml-r ≤ 0.97 Gy/pulse), the maximum urethral dose (Dmax-u) should be 140% RD (1.68 

Gy/pulse).

The second treatment plan was created with the above-mentioned constraints and an 

additional constraint prescribing at least 95% of the IL volume covered by the 140% RD 

(V140-il ≥ 95%).

The brachytherapy treatment plans with and without US contrast were compared to 

each other. Cumulative dose-volume histograms (DVH) were calculated and compared. 

DVH-parameters used for comparison were V100-p, V150-p, D90-p, D2ml-r, Dmax-u, and 

total reference air kerma at 1 m (TRAK).

Statistics

Pairwise comparison of the means of the DVH-parameters was done by the Wilcoxon 

signed rank sum test. All tests were two-sided, and P-values <0.05 were considered 

significant. Statistical analysis was performed with the Predictive Analytics SoftWare 

Statistics, version 18.0 for Mac OS X (PASW 18.0, Chicago, IL, USA).
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Results

One patient did not show ILs on CEUS and for another patient fusion of CEUS-images 

on the brachytherapy treatment planning images was not possible due to large variation 

in prostate shape of the two studies. These two patients were excluded from further 

analysis. The median prostate volume was 35.90 ml (range 16.80-50.20). Four patients 

had only 1 IL and the other 4 had 2 ILs at both sides of the prostate. The largest of both 

IL within a prostate was coded as IL1 and the smallest was IL2. Six of these ILs showed 

extracapsular extension (Table 1).

In Table 2 it is shown that the mean V140 of the ILs was increased from 66.0%-67.7% 

to 92.5%-95.7%. Also, the mean D90 on the ILs was increased from 1.49-1.57 Gy/pulse to  

1.76-1.81 Gy/pulse (Fig. 1). In 6 cases the first treatment planning was performed with 12 

catheters and in the other 2 cases 14 catheters were used. In all cases the same number of 

catheters was used by repositioning the catheters corresponding to the location of the ILs.

The adapted treatment plan did not lead to an alteration of the DVH-parameters of 

the prostate, rectum, and urethra (Table 3). Also, a statistically non-significant increase of 

the TRAK was observed.

table 1. Intraprostatic lesions (IL) characteristics.

Prostate volume Median 35.90 ml Range 16.80-50.20

number of il’s 1 4

2 4

extraprostatic extension Yes 6

No 6

Volume il1 Median 0.25 ml Range 0.04-0.53

Volume il2 Median 0.09 ml Range 0.03-0.18

size il1 Median 12.90 mm Range 6.00-18.10

size il2 Median 8.50 mm Range 5.90-11.00

table 2. Intraprostatic lesions (IL) mean dose-volume parameters for a non-adapted and 
an adapted treatment plan

non-adapted adapted

V140 IL1 (%) 67.70 92.70

D90 IL1 (Gy/pulse) 1.57 1.81

V140 IL2 (%) 66.00 95.70

D90 IL2 (Gy/pulse) 1.49 1.76
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discussion

In this pilot study we have investigated the possibility of introducing CEUS data for prostate 

brachytherapy treatment planning. To our knowledge this is the first study investigating 

this technique for brachytherapy. It appeared that with knowledge of the position of ILs 

a better treatment plan could be generated with improved coverage of the ILs in the high 

dose regions. Better coverage of ILs was achieved by including the intraprostatic part as 

well as the extraprostatic extension into the high-dose region. The better coverage of the 

ILs resulted also in a higher dose (D90) in the ILs. In this small study we could not find an 

alteration in DVH-parameters of the prostate. More important the adapted plans did not 

lead to higher doses in the rectum and urethra. We have succeeded by just repositioning 

the catheters to improve the adapted plan. We have not encountered a need for adding 

more catheters in our study, but that may be necessary in certain situations.

The TRAK was calculated to investigate changes in exposure to radioactivity. A 

statistically non-significant increase in TRAK was observed in the adapted plans compared 

Fig 1. Brachytherapy isodose distribution without (a) and with (b) knowledge of the position of an 
intraprostatic lesion in the right peripheral zone. Note the coverage of the IL by the 140% isodose.

A B

table 3. Mean dose-volume parameters and TRAK for a non-adapted and an adapted 
treatement plan

non-adapted adapted P-value

V100 prostate (ml) 35.70 35.80 0.40

V150 prostate (ml) 13.70 14.20 0.61

D90 prostate (Gy/pulse) 1.36 1.37 0.61

D2ml rectum (Gy/pulse) 0.84 0.88 0.08

Dmax-u (Gy/pulse) 1.51 1.49 0.06

TRAK (mGy at 1 m) 459 473 0.09
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to the original plans. Careful attention should be paid in TRAK-values to be informed on 

exposure to radioactivity, which cannot be found in the prescribed dose or dose coverage 

to organs. Adaptation of treatment plans can easily lead to large differences in radiation 

exposure and should be considered in future studies.

The question still remains how accurate is the CEUS technique for identification 

of tumor lesions in order to introduce this concept with brachytherapy into the clinic. 

Halpern et al. compared the results of CEUS with 12 prostatectomy specimens [14]. In 

this small study they found a positive predictive value for tumor identification of 56% and 

a sensitivity of 42%. These numbers indicate a high false negative rate because tumor 

lesions are missed.

In a similar study Sedelaar et al. found CEUS investigation by an experienced 

investigator to have a detection rate of 61% for prostate tumor lesions [8]. However, they 

also found a detection rate of 79% for large sized (≥5-mm) lesions. The implication for 

brachytherapy is that at least the large sized tumor areas are identified that probably also 

need the highest dose.

Van Moerkerk et al. investigated the discriminative value of CEUS investigation for 

prostate tumor lesions with the Receiver Operator Characteristic [15]. They found an 

area under the curve of 0.65, meaning that in 65% of the cases the investigation could 

discriminate between malignant and benign lesions. The discriminative value for dorsal 

sided lesions was higher than for ventral sided lesions. 

In a recent study of Seitz et al. they found a sensitivity of 71.0%, a specificity of 

50.0%, a positive predictive value (PPV) of 91.7%, and a negative predictive value (NPV) 

of 18.2% for detecting prostate cancer on a per-patient basis with CEUS using cadence-

contrast pulse sequence technology [16]. With this low specificity and NPV one could 

question the utility for screening on prostate cancer. However, in the group of patients 

with demonstrated prostate cancer the CEUS technique has proven to be able to detect 

the present lesions in a high percentage of cases, especially large sized lesions.

Other means for detecting malignant prostatic lesions with high spatial resolution is 

with MRI. However, also with MRI tumor lesions can be missed or tumor extension can 

be misdiagnosed. In a systematic review with meta-analysis Engelbrecht et al. found with 

ROC-curves a test accuracy for discriminating T2 from T3 tumors of 71% [17]. In this 

study classification of T-stage was done on a per-prostate level and probably the accuracy 

on a per-lesion level would have been less. Because in general prostate brachytherapy 

implantations are performed under US guidance, identification of tumor lesions on US is 

more advantageous than on MRI. If MRI is used for tumor localization fusion of images 

must be used if the US technique is used for implantation bringing in another source of 

geometric uncertainties. New developments in MRI-based implantations may circumvent 

this problem [18-21].

In our study we used rigid matching for contrast-enhanced images and US images for 

treatment planning. Because of shape deformation we encountered some difficulties in 
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fusion of image studies. This uncertainty may question the reliability of this procedure in a 

clinical setting. For this reason patients were not actually treated with the adaptive plan. 

However, we have shown as a proof of principle that by identification of tumor lesions within 

the prostate brachytherapy treatment plans can be adapted for better lesion coverage and 

no increase of dose in the OAR. CEUS is a promising technique to aid in adaptation of 

brachytherapy treatment plans. Further developments in deformable image fusion will 

help in better localization of the ILs. Also, developments for a suitable side-viewing probe 

to be used for both contrast-enhanced images and transperineal implantations would 

make this method suitable for clinical usage in prostate brachytherapy.

conclusion

Identification of ILs in the prostate with CEUS can aid in adapting brachytherapy treatment 

planning for an improved coverage of the ILs without increasing the dose to the OARs. 

Further developments in image fusion and US hard- and software are needed before 

introduction into the clinic.
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GeneRal discussion and FutuRe diRections

The aims of this thesis were threefold. Firstly, to describe a method to perform pulsed-

dose rate (PDR) brachytherapy for prostate cancer. There is worldwide more experience 

with temporary implants for high-dose rate (HDR) prostate brachytherapy. However, the 

precision of dose delivery is negatively influenced by needle/catheter displacements. For 

this reason needle/catheter displacement must be corrected before each fraction. In the 

case of highly fractionated PDR brachytherapy a new technique had to be developed 

for fixation of needle positions because needle/catheter repositioning before each pulse 

would be too labor intensive and so impracticable.

Secondly, to investigate the feasibility and conditions to perform PDR brachytherapy 

for intermediate- and high-risk prostate cancer in addition to external beam radiotherapy 

(EBRT). The Academic Medical Center (AMC) in Amsterdam is the first center to perform 

PDR brachytherapy for prostate cancer. Studies were conducted to assess the feasibility of 

this novel treatment.

Thirdly, to investigate the results of this treatment modality. Patients were prospectively 

followed for biochemical tumor recurrence, survival, side effects and complications. These 

results were compared to the results of EBRT and EBRT combined with HDR brachytherapy 

from the literature.

For the future the addition of extra imaging techniques to gray scale ultrasound can 

help in optimizing brachytherapy treatment planning by defining tumor areas within the 

prostate. The addition of contrast-enhanced ultrasound was investigated.

choice FoR PdR

The department of Radiotherapy at the AMC has a longstanding tradition to perform 

brachytherapy at low-dose rate (LDR). Because in general tumor cells have a high a/b-

ratio (in the linear-quadratic formula to describe a cell survival curve to radiation) and 

normal tissue a low a/b-ratio, the therapeutic window is increased with continuous LDR 

brachytherapy compared to hypofractionated HDR brachytherapy [1]. PDR mimics the dose 

delivery of LDR because multiple small dose fractions are given separated by 1-2 hours. 

The advantage of PDR brachytherapy above LDR is that because PDR is given by one single 

stepping source the possibilities for dose distribution optimization are increased. Also, 

because between treatment fractions (pulses) the source is kept within a source container, 

radiation exposure to medical personnel and relatives is absent, making it a more patient-

friendly approach. Between pulses the patient can receive visits from relatives and friends 

and is not continuously locked in a room, as is the case with LDR. Also medical and 

nursing personnel can spend more time for the needed care. Because of the radiobiologic 

similarity of PDR to LDR and the physical advantages of PDR, introduction into the clinic 

began in 1995.
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For the treatment of prostate cancer the choice for PDR brachytherapy is questionable. 

Some investigators suggested a low a/b-ratio for prostate cancer cells, even lower than 

the a/b-ratio for normal tissue. If this hypothesis is true, the preferred method for 

radiotherapy to prostate cancer would be hypofractionation. HDR brachytherapy would 

be more advantageous than PDR. However, the true value of the a/b-ratio for prostate 

cancer is still under debate. Other investigators have argued that the a/b-ratio is not as low 

as 1.5 Gy, but probably in the range of 3-5 Gy, similar to normal tissue. The discriminative 

biologic effect of radiation schedules disappears when tumor cells and normal tissue a/b-

ratio values are close to each other.

Clinical arguments to support a conventional or protracted treatment for prostate 

cancer are the good results reported so far with radioactive seeds implants. Radiation 

with radioactive seeds is characterized by a very LDR. The reported 8-10-year biochemical 

control for low risk prostate cancer is more than 90% [2-4]. Also, the reported grade 

3-4 toxicity is low [5-8]. Considering the acceptable clinical results for very LDR and the 

ongoing debate on the a/b-ratio for prostate cancer we found it challenging to start 

investigating the feasibility of PDR brachytherapy for prostate cancer.

technique PdR BRachytheRaPy FoR PRostate canceR

The common technique to perform a prostate implant is via the transperineal route. In case 

of a temporary implant needles or catheters are left in place. This technique was developed 

in the eighties of last century for HDR brachytherapy [9, 10]. For HDR brachytherapy 

several large dose fractions are applied either with multiple implants separated by several 

days or a single implant with multiple fractions. When one single implant is used, careful 

judgment of needle positioning is necessary before each treatment. Numerous studies have 

shown interfractional displacement of needles [11-15]. Displacement of up to 4 cm has 

been reported. Displacement of needles is caused by prostate edema and/or subcutaneous 

edema and/or skin retraction. For needle repositioning a Computed Tomography (CT)- 

or Magnetic Resonance Imaging (MRI)-scan of the prostate with needles in situ can be 

performed or repositioning of the needles relative to fiducial markers on fluoroscopy.

In case of PDR brachytherapy pulses are given every 1-2 hours. It is almost impracticable 

to assess needle positions at each pulse. Therefore, we preferred to develop such a system 

that flexible catheters were anchored into the prostate gland. At the tip of the catheter 

an “umbrella-like” mechanism can be unfolded to anchor the catheter. The catheter 

can be removed at the end of the treatment by folding the anchor in. By using this 

catheter frequent assessment of catheter position appeared unnecessary. The minimal 

displacement of few millimeters had little influence on dose-volume parameters [16]. This 

novel technique particularly suitable for PDR brachytherapy is described in chapter 4. The 

self-anchoring catheter is not only usable for PDR brachytherapy, but also for fractionated 

HDR brachytherapy.
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Besides developing a new catheter for PDR prostate brachytherapy we also developed 

an open template for needle/catheter guidance. In general prostate brachytherapy 

templates have a closed hole for needle guidance. Needles are brought in and out these 

holes. In case of a permanent implant the template is removed after the implantation. In 

case of a temporary implant the template is sutured on the skin with the needles inside. 

We preferred a system to remove the template immediately after the implantation for 

better patient comfort. More importantly, we feared frequent kinking of flexible catheters 

obstructing the passage of the iridium-192 source.

The removable template was designed in such a way that an adjustable arm could be 

positioned on every location for guidance of a needle/catheter. Because this guidance arm 

was not completely closed, it could be removed from the needles/catheters. Despite this 

technique without fixed template during treatment in bed we still observed disturbances 

during treatment in 12.1% of all pulses given [17]. In a cohort of 106 patients brachytherapy 

was abandoned in 6 cases and the treatment was continued with a supplemental external 

beam dose [18]. These problems were particularly observed in the early period. This had 

led to further improvement of the technique. At first the vendor of the catheters was 

asked to provide us with more rigid catheters less prone to kink. Also, the mattresses on 

which the patients lay were adapted with a hole caudal of the perineum resulting in more 

space for the catheters. The last precaution was to take extra care on placement of the 

catheters and the connecting transfer tubes to avoid high friction and resistance during 

passage of the (dummy) source wire. Since then the frequency of enduring errors were 

markedly reduced.

A drawback in prostate PDR brachytherapy treatment planning is the more or less 

unreliable plans based on ultrasound. After the pre- and intraoperative treatment 

planning with the following implantation, the ultrasound probe is removed. This will 

cause a modification of the shape of the prostate and the distance between prostate and 

rectum. For this reason a definitive treatment plan based on CT-scan or MRI should be 

done. For the future it can be considered to incorporate the information of the situation 

without a rectal probe in the pre- and intraoperative treatment planning. For this purpose 

techniques for preferably deformable fusion of ultrasound and MRI should be developed. 

By doing that the intraoperative treatment plan can be used as definitive plan for better 

accuracy and gain of time.

tReatment oF inteRmediate- and hiGh-Risk PRostate canceR 
with BRachytheRaPy.

The radiation treatment strategy differs according to the risk profile according to which a 

patient is classified in. This differentiation is also true for brachytherapy. Several risk profile 

classifications are in use [19-21],[www.nccn.org]. They have all in common a differentiation 

based on adverse prognostic factors, such as a high clinical T-stage, a Gleason score > 6, 
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and a PSA-value > 10 ng/ml. The so-called intermediate- and high-risk prostate cancers 

have a high probability of extracapsular extension. Treatment by brachytherapy alone 

can lead to geographical misses hampering local tumor control. Stone et al. found in a 

multicenter analysis that the addition of EBRT to a seed implant for Gleason score 7-10 

prostate tumors was associated with an improved biochemical control [22]. The addition 

of EBRT not only enlarged the treated volume, but also increased the dose on the target 

volume. From this study it is not very clear which factors (treated volume, dose, or both) 

had the greatest contribution to the good results on tumor control. Biochemical control 

at 5 years for an EQD2 of ≤ 100 Gy, 100-110 Gy, and > 110 Gy was 76.4%, 83.5%, and 

88.3%, respectively. The majority of patients receiving only brachytherapy fell in the low 

dose group (EQD2 ≤ 100 Gy). Even an impact on overall survival was noticed for patients 

with a Gleason score 8-10. Compared to the highest dose group of Stone’s study our 

patients were treated to a rather low dose. Along the years the total peripheral dose was 

increased from EQD2 68 Gy to 74 Gy (a/b-ratio = 2 Gy, T1/2 = 1 hour, according to Stock 

for comparison [23]). One should realize that the reported EQD2 of Stone et al. were 

derived from the D90s and no correction for tumor cell repopulation was included in the 

calculations. In the AMC we have chosen to start with a low dose, because there was no 

experience with PDR for prostate brachytherapy. Considering the acceptable results we 

have on tumor control and toxicity a further dose escalation is worthwhile investigating.

A point of ongoing discussion is the need to add EBRT to patients with an intermediate-

risk disease. Hinnen et al. found in one of the largest cohort of I-125 monotherapy a 

5-year and 10-year actuarial biochemical control for intermediate-risk prostate cancer of 

87% and 61%, respectively [3]. In our cohort with a much shorter follow-up the 3-year 

biochemical control rate was 96% for the intermediate-risk group (chapter 5) using the 

same risk profile classification as Hinnen et al. To have a better understanding of the need 

for supplemental EBRT in the intermediate-risk group, studies should be reported with 

uniform risk group classification and endpoint for biochemical recurrence.

We preferred the addition of EBRT to PDR brachytherapy because the majority of 

our patients (63%) had a T3-disease, corresponding to extraprostatic extension. If 

brachytherapy is part of the treatment we consider external beam radiation important 

for adequate disease coverage. Other means for improving tumor control is by adding 

hormonal therapy. In our cohort 18% (19 of 106) of patients used hormonal therapy of 

whom 8 for less than 6 months. We excluded patients with a very high-risk disease, such 

as a PSA-value > 20 ng/ml or a combination of T3 with Gleason score 8-10. Particularly for 

this category hormonal therapy can be of important value. Martinez et al. did not find any 

benefit of short-course hormonal therapy in addition to EBRT and HDR brachytherapy [24, 

25]. On the contrary Stone et al. found hormonal therapy to be an independent factor for 

biochemical control [22]. The value of hormonal therapy deserves further investigation, as 

does the length of hormonal treatment.
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comPaRison eBRt alone VeRsus comBined eBRt  
with BRachytheRaPy

Brachytherapy is characterized by a heterogeneous dose distribution. For that reason 

dose prescription without specification has little meaning. It is also possible that different 

implant geometries have identical target volume coverage (e.g. V100 and D90), but large 

differences in high-dose areas. We use a mean of 12 catheters for prostate PDR implants 

resulting in large areas receiving 20% to 40% more dose than prescribed on the periphery 

of the prostate [26]. Studies reporting on combined EBRT with brachytherapy are treating at 

a higher biologic dose than EBRT alone [27]. We have shown in chapter 3 with a systematic 

review the superiority of combined EBRT with HDR brachytherapy above dose-escalated 

EBRT alone [27]. The combination with HDR showed also better biochemical control and 

overall survival than the combination with radioactive seed implants. This study has of course 

its limitations, such as unknown confounding factors, non-uniform biochemical recurrence 

endpoints, and lack of long-term data. However, preliminary results of a randomized study 

has also shown the superiority of combined EBRT with HDR brachytherapy [28].

Brachytherapy is also characterized by a sharp dose falloff. In general no treatment 

planning margins are taken beyond a clinical target volume because set-up and organ 

motion uncertainties play a limited role in brachytherapy. For these reasons the dose in 

adjacent organs at risk can be more limited than with EBRT. In chapter 2 it was illustrated 

that with intensity modulated radiotherapy (IMRT) combined with brachytherapy a 

substantial dose reduction could be achieved on rectum and bladder compared with IMRT 

only [29]. The reduction of the D2ml for the rectum and bladder were for both organs 

between 8 and 12 Gy EQD2. No obvious sparing of the urethra was noticed, but that 

could be improved with placement of more catheters. By placement of more catheters 

the isodose distribution can be optimized by reduction of the urethra dose without 

compromising the target volume coverage.

Clinical studies of dose-escalated EBRT have reported an increased risk for late 

gastrointestinal (GI) and genitourinary toxicity (GU). Reported grade ≥2 and grade ≥3 GI 

late toxicity for dose-escalated EBRT ranged between 17-35% and 1-6%, respectively 

[30-34]. In chapter 5 we found no grade 3 GI toxicity and a 5-year probability of grade 

2 GI toxicity of 12% [18]. These figures compare favorable to dose-escalated EBRT, with 

the remark that our study has a short follow-up. The low GI toxicity seen in our study is 

in concordance with the ability to reduce the dose on the rectal wall with brachytherapy. 

Longer follow-up is necessary to confirm these results.

The reported incidence of grade ≥2 and grade ≥3 GU late toxicity for dose-escalated 

EBRT was between 11-40% and 3-13% respectively [30-34]. Our results on GU toxicity 

were within the range of the results of dose-escalated EBRT studies. Five year grade ≥2 and 

grade ≥3 GU toxicity were 26.9% and 7.3% and described in chapter 5 [18]. The higher 

incidence of GU toxicity compared to GI toxicity is explained by the high dose on the urethra. 
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The urethra is located within the implant and usually received a dose between 120% to 

140% of the prescribed dose for brachytherapy. Fortunately, as described in chapters 5 

and 6 late toxicity was often self-limiting or could be resolved by medical therapy. We could 

not find an association of the development of late GI and GU toxicity with time. Although 

not statistically significant, we could not exclude a worsening of erectile function with time.

For the future, modern techniques in EBRT, such as IMRT, image guided radiotherapy, 

proton therapy, and stereotactic body radiotherapy will be in competition to brachytherapy 

concerning methods to limit toxicity [32, 35-42]. However, in the proximity of source dwell 

positions very high radiation dose is reached and the dose decreases rapidly outside the 

implant because of the physics inverse square law. This particular dose distribution can 

practicably not be simulated by external beam modalities. Randomized trials are necessary 

to prove the value of each of the modalities.

FutuRe diRections

One of the most striking developments in radiotherapy is the incorporation of improved 

spatial imaging techniques and functional imaging techniques for proper treatment 

planning, dose delivery, and dose reporting. Nowadays CT-, MRI-, and Positron emission 

tomography-scans are routinely used for target volume and organs at risk delineation 

and treatment planning. These imaging techniques can also be used for the verification 

of adequate dose delivery, such as cone-beam CT-scans in EBRT or repeated CT- and MRI-

scans in brachytherapy. Modern prostate brachytherapy is carried out with ultrasound 

guidance. New developments are underway for MRI-assisted implantations [43-46]. In 

chapter 7 we investigated a method to optimize brachytherapy with the aid of contrast-

enhanced ultrasound. With the evolving technology of imaging techniques better 

identification of tumor lesions in the prostate will be possible. This will give the possibility 

to indicate areas of high risk that probably need a higher dose than the areas without 

tumor. It would be even possible to de-escalate the dose in non-tumor bearing areas. We 

saw a marked improvement of the coverage of intraprostatic lesions by the 140% isodose 

(mean 66.0% to 92.5% and 67.7% to 95.7% for the largest and smallest intraprostatic 

lesions, respectively) without an increase in rectum and urethra dose. Adaptation of the 

geometry of an implant to risk areas within the prostate for improving local control and 

reducing toxicity can be one of the goals for the future. Other important question still is 

the eventual difference in outcome between EBRT and EBRT combined with brachytherapy, 

particularly for intermediate- and high-risk prostate cancer.  Does the higher dose on the 

prostate with brachytherapy translate into better local control? Does the limited dose on 

the rectum, bladder, neurovascular bundle, and penile bulb with brachytherapy translate 

into less late effects? These questions should be answered in randomized studies of 

modern EBRT techniques and brachytherapy for which techniques as radioactive seed 

implantations, HDR brachytherapy, and PDR brachytherapy are available.
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summaRy

In chapter 1 a description of the most common radiotherapeutic modalities for prostate 

cancer treatment is presented and the evolution of brachytherapy for prostate cancer 

is given. Several phase III randomized trials have shown better biochemical control for 

dose-escalated external beam radiotherapy (EBRT) in the treatment of prostate cancer. 

However, with higher doses late toxicity is also increased. With brachytherapy also high 

doses can be applied to the prostate, resulting in biochemical control figures equal to even 

better than those after dose-escalated EBRT. The advantage of brachytherapy is that the 

treated volume can be limited resulting in low dose to neighboring organs and structures. 

In case of intermediate- and high-risk prostate cancer addition of EBRT to brachytherapy 

is often recommended. Various techniques of brachytherapy are in use. At the Academic 

Medical Center pulsed-dose rate (PDR) brachytherapy is chosen in this regard. 

One of the aims of this thesis is to develop a technique for the treatment of prostate 

cancer with EBRT combined with PDR brachytherapy. A second aim is to explore the 

possibilities and conditions to deliver this treatment. The third aim is to investigate the 

results of this treatment.

In chapter 2 a planning study is described comparing intensity modulated radiotherapy 

(IMRT) alone to IMRT with a high-dose rate (HDR) boost and to IMRT with a PDR boost. This 

study shows that the minimal EQD2 to 90% of the prostate is equal for either modality. 

However, 50% of the prostate receives 7-13 Gy more dose with brachytherapy and can 

be a significant determinant in local control. Rectum and bladder doses are significantly 

higher for the IMRT-only plans. Urethra doses for the brachytherapy plans are higher than 

for the IMRT-only plans. The urethra dose for the IMRT-HDR plan will only be lower than 

the IMRT-only plan if an a/b-ratio of 1.5 Gy is assumed for prostate cancer cells, because a 

physical dose reduction is than possible. Dose escalation for prostate tumors is more easily 

achieved with brachytherapy than with IMRT alone. Therefore brachytherapy might be the 

preferred modality to achieve further dose escalation in certain situations.

In chapter 3 a systematic review is performed on all published studies of dose-escalated 

EBRT (≥ 75 Gy), EBRT with HDR boost, and EBRT with permanent radioactive seeds implants. 

Forty articles are used for this review. Comparison of survival curves is done by metaregression 

analysis. EBRT with HDR boost appeares to result in better biochemical control than EBRT-

only (HR 1.40) and better to EBRT with permanent implants (HR 1.37). The overall survival 

figures for EBRT with HDR are also better; HR 1.50 and 2.33, respectively. The combination 

of EBRT and HDR brachytherapy results in a superior biochemical control and overall survival 

found in a systematic review on radiotherapy for prostate cancer.

In chapter 4 a novel technique for PDR prostate brachytherapy is presented. A 

combination of self-anchoring catheters and an open template technique is described 

specially designed for this application. The self-anchoring catheters are introduced to 

prevent assessment of catheter position before each pulse. Mean absolute catheter 
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movement appeares to be 1.0-mm and 1.2-mm 24 and 48 hours after implantation, 

respectively. The displacements of catheters have a small influence on cumulative dose-

volume parameters and are of no clinical importance.

In chapter 5 the first clinical results of a cohort of 106 patients treated in the period 

2002-2007 with EBRT and PDR brachytherapy for intermediate- and high-risk prostate 

cancer are presented. The EBRT dose is 46 Gy and the PDR dose is in the mentioned period 

increased from 24 times 1.04 Gy (period time 2.2 hours) to 24 times 1.2 Gy (period time 

2.0 hours). The 3- and 5-year biochemical non-evidence of disease rates are 92.8% and 

89.5%, respectively. Overall survival at 3 and 5 years are 99% and 96%, respectively.

The 3- and 5-year grade 2 gastrointestinal (GI) toxicity are 5.3% and 12.0 %, 

respectively. No grade 3 or higher GI toxicity is observed. The 3- and 5-year grade 2 

or higher genitourinary (GU) toxicity are 18.7% and 26.9%, respectively. Results on 

tumor control and late toxicity of EBRT combined with PDR brachytherapy are good and 

comparable to results obtained with dose-escalated EBRT and EBRT combined with HDR 

brachytherapy for the treatment of prostate cancer.

In chapter 6 a further evaluation of late toxicity is described.  GI toxicity, GU toxicity, 

erectile dysfunction, and International Prostate Symptom Score (IPSS) are prospectively 

documented and analyzed. Association between time and the outcome variables is 

assessed using generalized linear models. No statistically significant association is found 

between time (continuous variable) and GI toxicity (OR 0.97), GU toxicity (OR 0.97), 

erectile dysfunction (OR 1.06), and IPSS (regression coefficient -0.11). Also, no statistically 

significant association is found between these variables and time as a categorical variable. 

No accumulation of high-grade late toxicity over time can be established for a group of 

patients treated with EBRT and PDR brachytherapy for prostate cancer, probably because 

high-grade late toxicity resolves with time.

In chapter 7 the usability of contrast-enhanced ultrasound (CEUS) techniques is 

investigated in conjunction with brachytherapy treatment planning. With CEUS a better 

identification and localization of tumor lesions are obtained than with conventional 

ultrasound. This information is used to adapt a brachytherapy treatment plan. The 

coverage of intraprostatic lesions (IL) by the 140% reference dose is increased from mean 

66.0%-67.7% for the standard plan to mean 92.5%-95.7% for the adapted plan. The 

mean D90 of the IL’s is increased from 1.49-1.57 Gy/pulse to 1.76-1.81 Gy/pulse. The 

dose-volume parameters for prostate, rectum, and urethra are not changed. Also the 

total reference air kerma at 1 m is not altered. Adaptation of brachytherapy treatment 

plans with the aid of CEUS results in better coverage of IL’s, without increasing the dose 

to organs at risk.

In chapter 8 a general discussion commenting the outcome of the studies is presented 

with consideration of other radiotherapeutic treatment modalities and a preview on future 

developments.
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In hoofdstuk 1 wordt een beschrijving gegeven van de meest voorkomende 

radiotherapeutische modaliteiten van prostaatkanker en een behandeling van de 

ontwikkeling van brachytherapie voor prostaatkanker. Verscheidene fase III gerandomiseerde 

studies hebben een betere biochemische controle voor dosis geëscaleerde uitwendige 

radiotherapie (EBRT) bij de behandeling van prostaatkanker aangetoond. Echter, bij hogere 

doses wordt meer late toxiciteit waargenomen. Met brachytherapie kunnen ook hoge 

doses op de prostaat gegeven worden met als resultaat biochemische controlecijfers gelijk 

aan of zelfs iets beter dan dosis geëscaleerde EBRT. Een voordeel van brachytherapie is 

dat het behandeld volume beperkt kan worden met als gevolg een lage dosis op naburige 

organen en structuren. In het geval van intermediair en hoog risico prostaatkanker wordt 

toevoeging van EBRT vaak aangeraden. Er zijn verschillende vormen van brachytherapie 

in gebruik. In het Academisch Medisch Centrum is in dit verband voor pulsed-dose rate 

(PDR) brachytherapie gekozen.

Eén van de doelen van dit proefschrift is om een systeem te ontwikkelen voor de 

behandeling van prostaatkanker met PDR brachytherapie gecombineerd met EBRT. Het 

tweede doel is de mogelijkheden en voorwaarden voor deze behandeling te onderzoeken. 

Het derde doel is de bestudering van de resultaten van deze behandeling.

In hoofdstuk 2 wordt een planningsstudie beschreven dat alleen intensity modulated 

radiotherapie (IMRT) vergelijkt met IMRT en high-dose rate (HDR) surdosage en met 

IMRT en PDR surdosage. Deze studie laat zien dat de minimale EQD2 op 90% van de 

prostaat gelijk is voor alle modaliteiten. Echter, 50% van de prostaat krijgt 7-13 Gy meer 

met brachytherapie, hetgeen een significante factor kan zijn voor lokale controle. De 

endeldarm- en blaasdosis zijn significant hoger in de IMRT-alleen plannen. De urethradosis 

in de brachytherapieplannen is hoger dan in de IMRT-alleen plannen. De urethradosis in 

de IMRT-HDR plan zal alleen lager zijn dan de IMRT-alleen plan indien een a/b-ratio van 

1,5 Gy aangenomen wordt voor prostaatkankercellen. Deze lagere urethradosis in de 

IMRT-HDR plan wordt veroorzaakt vanwege de dan toegepaste fysische dosisreductie. 

Dosisescalatie bij de behandeling van prostaattumoren is gemakkelijker te realiseren 

met brachytherapie dan met IMRT alleen. Daarom verdient brachytherapie in sommige 

situaties de voorkeur bij verdere dosisescalatie.

In hoofdstuk 3 wordt een systematische review gedaan van alle gepubliceerde 

studies aangaande dosisescalatie met EBRT (≥ 75 Gy), EBRT met HDR surdosage en 

EBRT met permanente implantatie met radioactieve zaadjes. Veertig artikelen zijn 

gebruikt voor deze review. Een vergelijking van de overlevingscurven is gedaan middels 

metaregressieanalyse. EBRT met HDR surdosage resulteert in een beter biochemische 

overleving dan EBRT alleen (HR 1,40) en beter dan EBRT met een permanente implantatie 

(HR 1,37). De totale overleving van EBRT met HDR is eveneens beter; HR respectievelijk 

1,50 en 2,33. In deze systematische review voor de behandeling van prostaatkanker 
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resulteert de combinatie van EBRT met HDR brachytherapie in een beter biochemische 

controle en totale overleving.

In hoofdstuk 4 wordt een nieuwe techniek voor PDR prostaat brachytherapie 

gepresenteerd. Een combinatie van zelfverankerde katheters en een open template, speciaal 

ontworpen voor deze toepassing, wordt beschreven. De zelfverankerde katheters worden 

geïntroduceerd om positieverificatie van de katheters voor iedere puls te voorkomen.  De 

gemiddelde absolute katheterverplaatsing blijkt 1,0 en 1,2 mm te zijn respectievelijk 24 

en 48 uur na de implantatie. De katheterverplaatsingen hebben een geringe invloed op de 

cumulatieve dosisvolumeparameters, welke klinisch niet belangrijk is .

In hoofdstuk 5 worden de eerste klinische resultaten van een cohort van 106 patiënten 

met intermediair en hoog risico prostaatkanker, behandeld in de periode 2002-2007, 

beschreven. De EBRT dosis bedraagt 46 Gy en de PDR dosis is tijdens genoemde periode 

verhoogd van 24 keer 1,04 Gy (intervaltijd 2,2 uur) naar 24 keer 1,2 Gy (intervaltijd 2,0 

uur). De 3- en 5-jaars biochemische ziektevrije overleving zijn respectievelijk 92,8% en 

89,5%. De totale overleving na 3 en 5 jaar waren respectievelijk 99% en 96%.

De 3- en 5-jaars graad 2 gastrointestinale (GI) toxiciteit zijn respectievelijk 5,3% en 

12,0%. Er is geen graad 3 of hoger GI toxiciteit waargenomen. De 3- en 5-jaars graad 2 

of hoger genitourinaire (GU) toxiciteit zijn respectievelijk 18,7% en 26,9%. De resultaten 

betreffende tumorcontrole en late toxiciteit voor EBRT met PDR brachytherapie zijn goed 

en vergelijkbaar met de resultaten bij dosisescalatie met EBRT en EBRT gecombineerd met 

HDR brachytherapie voor de behandeling van prostaatkanker.

In hoofdstuk 6 wordt een aanvullende evaluatie van de late toxiciteit beschreven. GI-

toxiciteit, GU-toxiciteit, erectiele disfunctie en International Prostate Symptom Score (IPSS) 

worden prospectief gedocumenteerd en geanalyseerd. De associatie tussen tijd en de 

uitkomstvariabelen zijn geanalyseerd met generalized linear models. Er zijn geen statistisch 

significante associaties gevonden tussen tijd (continue variabele) en GI-toxiciteit (OR 0,97), 

GU-toxiciteit (OR 0,97), erectiele disfunctie (OR 1,06) en IPSS (regressiecoëfficiënt -0,11). 

Tevens zijn er geen statistisch significante associaties gevonden tussen deze variabelen en 

tijd als categorale variabele. Er is geen accumulatie van ernstige late toxiciteit in de tijd 

waargenomen voor een groep patiënten die behandeld is met EBRT en PDR brachytherapie 

voor prostaatkanker. Een reden daarvan is dat ernstige late toxiciteit in de loop der tijd 

verdwijnt.

In hoofdstuk 7 wordt de bruikbaarheid van contrast verhogende echografische (CEUS) 

technieken in combinatie met brachytherapie behandelingsplannen onderzocht. Met 

CEUS worden tumor laesies beter geïdentificeerd en gelokaliseerd dan met conventionele 

echografie. Deze informatie wordt gebruikt om een brachytherapie behandelingsplan aan 

te passen. De omhulling van de intraprostatische laesies (IL) door de 140% referentiedosis 

neemt van gemiddeld 66,0%-67,7% voor het oorspronkelijke plan tot gemiddeld 92,5%-

95,7% toe voor het aangepast plan. De gemiddelde D90 neemt van 1,49-1,57 Gy/puls tot 
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1,76-1,81 Gy/puls toe. De dosis-volume parameters voor de prostaat, rectum en urethra 

veranderen niet. De totale referentie lucht kerma op 1 m (TRAK) verandert ook niet. 

Aanpassing van brachytherapie behandelingsplannen met behulp van CEUS resulteert in 

beter omhulling van de ILs zonder toename van dosis in de kritische organen.

In hoofdstuk 8 wordt een algemene discussie over de resultaten van de studies 

beschreven met beschouwing van andere radiotherapiemodaliteiten en een vooruitblik op 

toekomstige ontwikkelingen.
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Resumen

Den kapítulo 1 ta diskribí e modalidatnan mas komun pa tratamentu di kanser di prostat 

i ta presentá e desaroyo di bragiterapia di kanser di prostat. Diferente estudio fase III a 

demonstrá un mihó kontròl biokímiko ku radioterapia eksterno (EBRT) ku dosis eskalá 

pa tratamentu di kanser di prostat. Pero, ku dosis haltu tin mas toksisidat tardá. Ku 

bragiterapia por duna un dosis haltu riba prostat ku resultado biokímiko igual, òf asta, 

mihó ku EBRT ku dosis eskalá. Un bentaha di bragiterapia ta ku por redusí volúmen di 

tratamentu, ku resultado di un dosis abou riba organonan i strukturanan serkano. Den 

kaso di kanser di prostat ku riesgo intermedio i haltu ta rekomendá agregashon di EBRT. 

Tin diferente manera pa bragiterapia di prostat. Na Sentro Akadémiko Médiko (AMC) ta 

skohe pulsed-dose rate (PDR)  bragiterapia en relashon ku esaki.

Un di e metanan di e tesis aki ta pa desaroyá un sistema pa tratamentu di kanser di 

prostat ku PDR bragiterapia kombiná ku EBRT. E di dos meta ta pa investigá posibilidatnan 

i kondishonan pa e tratamentu aki. E di tres meta ta pa analisá e resultado di e tratamentu.

Den kapítulo 2 ta deskribí un estudio di planifikashon pa kompará solamente 

radioterapia ku intensidat modulá (IMRT), ku IMRT i high-dose rate (HDR) bust, i ku IMRT 

i PDR bust. E estudio aki ta demonstrá ku e EQD2 minimal riba 90% di e prostat ta igual 

pa tur modalidat. Pero, 50% di  e prostat ta haña 7-13 Gy mas ku bragiterapia, lokual por 

ta un faktor signifikante pa kontròl lokal. E dosis di rekto i blas ta signifikantemente mas 

haltu den e plannan ku solamente IMRT. E dosis di uretra den e plannan di bragiterapia 

ta mas haltu ku e plannan di solamente IMRT. E dosis di uretra den e IMRT-HDR plan lo ta 

solamente menor ku e plan di solamente IMRT, si asumí un proposhon a/b di 1.5 Gy pa 

sélulanan di kanser di prostat. E dosis menor aki na uretra den kaso di e plan di solamente 

IMRT-HDR ta kousá pa e redukshon di e dosis físiko. Eskalashon di dosis pa tratamentu di 

kanser di prostat por realisá mas fasil ku bragiterapia kompará ku solamente IMRT. Pesei 

bragiterapia ta meresé den sierto situashon preferensha pa siguiente eskalahon di dosis.

Den kapítulo 3 ta hasí un reseña sistemátiko tokante tur estudionan publiká ku ta 

konserní eskalason di dosis ku EBRT (≥ 75 Gy), EBRT ku HDR bust i EBRT ku implantashon 

permanente ku simia radioaktivo. A usa kuarenta artíkulo pa e reseña aki. A usa análisis 

di metaregreshon pa kompará e kurvanan di sobrevivensia. EBRT ku HDR bust a resultá 

den un mihó sobrevivensia biokímiko kompará ku solamente IMRT (HR 1.40) i tambe mihó 

ku EBRT ku implantashon permanente (HR 1.37). E sobrevivensia total di EBRT ku HDR ta 

mihó tambe; HR 1.50 i 2.33 respektivamente. De e reseña sistemátiko aki pa tratamentu 

di kanser di prostat e kombinashon di EBRT ku HDR bragiterapia ta resultá den un mihó 

kontròl biokímiko i sobrevivesia total.

Den kapítulo 4 ta presentá un téknika nobo pa bragiterapia di prostat ku PDR. 

Ta deskribí un kombinashon di un kateter ku mekanismo pa keda wantá huntu ku un 

template habrí. Speshal pa e aplikashon aki ta diseñá e téknika. Ta introdusí e kateternan 

ku e mekanismo pa keda wantá pa prevení verifikashon di e posishon di e kateternan 
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promé ku kada puls. Bintikuater i 48 ora despues di implantashon e moveshon apsoluto 

promedio di e kateternan ta 1.0 i 1.2 mm, respektivamente. E moveshon di e kateternan 

tin poko influensha riba e parametronan di dosisvolumen i nò ta klínikamente importante.

Den kapítulo 5 ta presentá e promé resultadonan klíniko di un kohòrt di 106 pashènt 

ku kanser di prostat ku un riesgo intermédio i haltu, tratá den e periodo 2002-2007. E 

dosis di EBRT ta 46 Gy i den e periodo menshoná ta oumentá e dosis di PDR di 24 bes 1.04 

Gy (2.2 ora entre puls) pa 24 bes 1.2 Gy (2.0 ora entre puls). E sobrevivensia biokímiko 

liber di malesa na 3 i 5 aña ta respektivamente 92.8% i 89.5%. E sobrevivensia total na 3 

i 5 aña ta respektivamente 99% i 96%.

E toksisidat grado 2 gastrointestinal (GI) na 3 i 5 aña ta respektivamente 5.3% i 12.0%. 

No tin toksisidat GI grado 3 of mas opservá. E toksisidat grado 2 òf mas genitourinario (GU) 

na 3 i 5 aña ta respektivamente 18.7% i 26.9%. E resultadonan tokante kòntrol di tumor 

i toksisidat tardá pa EBRT ku PDR bragiterapia ta bon i komparabel ku e resultadonan 

di dosis eskalá ku EBRT i EBRT kombiná ku HDR bragiterapia pa tratamentu di kanser di 

prostat.

Den kapítulo 6 ta deskribrí un evaluashon adishonal di toksisidat tardá. Ta dokumentá 

i analisá prospektivamente toksisidat GI, toksisidat GU, disfunshon erektil i International 

Prostate Symptom Score (IPSS). Ta analisá ku generalized linear models e asosiashon entre 

tempu i variantenan. No ta haña ningun asosiashon estadístika signifikante entre tempu 

(variante kontinuo) i toksisidat GI (OR 0.97), toksisidat GU (OR 0.97), disfunshon erektil 

(OR 1.06) i IPSS (ko-efisiente di regreshon -0.11). Ademas no ta haña ningun asosiashon 

estadístika signifikante entre e variantenan aki i tempu komo un variante kategorial. No a 

opservá ningun akumulashon di toksisidat tardá grave den tempu despues ku a trata un 

grupo di pashènt ku EBRT ku bragiterapia PDR pa kanser di prostat. Un rason por ta ku 

toksisdat tardá grave ta desaparesé den kurso di tempu.

Den kapítulo 7 ta investigá e utilisashon di ekografia ku kontraste oumentá (CEUS) 

den kombinashon ku plannan di tratamentu di bragiterapia. Ku CEUS por identifiká i 

lokalisá leshonan tumoral mas mihó, ku ekografia konvenshonal. Ta usa e informashon 

aki pa adaptá plannan di tratamentu di bragiterapia. E 140% dosis referenshal ku ta 

kubri e lesionan intraprostatal (IL) ta oumentá di promedio 66.0%-67.7% den kaso di e 

plan original te ku promedio 92.5%-95.7% de kaso di e plan adaptá. E promedio D90 ta 

oumentá di 1.49-1.57 Gy/puls te ku 1.76-1.81 Gy/puls. E parametronan di dosisvolumen 

di prostat, rekto i uretra no ta kambia. E kerma total di referensha den airu na 1 m (TRAK) 

no ta kambia tampoko. Adaptashon di e plannan di tratamentu di bragiterapia ku CEUS ta 

resultá den mihó kubierta di e ILnan sin oumentá e dosis den e órganonan krítiko.

Den kapítulo 8 ta deskribí un diskusion general riba e resultadonan di e estudionan 

huntu ku konsiderashon di otro modalidatnan pa radioterapia  i un bista pa desaroyo 

den futuro.
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