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14 Chapter 1

GENERAL INTRODUCTION 

Prostate cancer: treatment options and outcome
Prostate cancer (PCa) is the most common cancer among males in the Western world, with more 
than 1.62 million new cases diagnosed in 2015, and 366,000 deaths worldwide [1,2,3] (Figure 1 
and 2). The lifetime risk of developing PCa is 1 in 8 in the Western world [4]. Treatment options for 
localized PCa include active surveillance, radical prostatectomy (RP), and definitive radiotherapy 
(RT). The outcomes of RP and RT are similar according a recently published phase III randomized 
trial, but they differ significantly in terms of the side effects [5]. All these treatments provide a high 
cure rate: chances of surviving 5 years after diagnosis are good (98.9% based on data from 
2004–10) [6], while 84% men diagnosed with PCa in the UK survived their disease for ten years 
or more [4]. Nevertheless, it is estimated that 92,300 European men died from prostate cancer 
in 2012 [4], most of them several years (>5) after initial treatment. Although PCa is associated 
with a reduced life expectancy after several years (5 to 10 years), the quality of life decreasing 
may occur prior to treatment and/or worsen after treatment, due to a lower sexual functioning, 
increased urinary incontinence, and changes in bowel function [7,8]. 

 

FIGURE 1: Incidence of the most common cancer types in 2016 in the Netherlands. Male cancers are presented 

on the left, female cancers on the right. Prostate cancer is the most common male cancer, with an incidence of 

19.5% of all types of cancer. (Reprinted from www.iknl.nl).
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FIGURE 2: The 10 most common causes of cancer death worldwide in 2012. (Reprinted from Cancer UK 2012).

Patient empowerment by shared decision-making using multiple decision support systems
In an era of individualized cancer treatment, patients should be empowered to balance the 
benefits and risks of informed treatment choices [9-11]. Paternalistic care needs to be replaced 
by a shared decision-making approach, where clinicians and patients make treatment decisions 
together, based on the patient’s individual values, personal (risk-taking) preferences and disease 
characteristics. Stacey and colleagues recently published a systematic review based on 105 
published randomized controlled trials, involving more than 31,000 participants, comparing 
decision aids to usual care. They concluded that decision aids significantly increase decision 
quality, improving decision-making processes and patients’ knowledge of treatment options 
and outcomes, with lower decisional conflicts [10]. Hence, there is a need to develop decision 
aids that provide patients with balanced information on individual disease stage and associated 
treatment options, helping them to comprehend and clarify their personal treatment preferences 
[11]. Lack of awareness about all treatment options can result in decisions which are not in 
line with the individual values, resulting in decisional regret [12,13]. A recently published study 
demonstrated that one third of Dutch PCa patients were dissatisfied with the information 
provided, which affected their post-treatment quality of life [14]. 
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FIGURE 3: Overview of the multifactorial clinical decision support systems integrating all available patient data, 

comparing the best outcomes of different treatment modalities personalized in terms of toxicity, cure rates, 

quality of life, and cost-effectiveness. DSS can be integrated in the multidisciplinary tumor board, and one step 

further at the level of the specialists. (Reprinted with permission from https://vimeo.com/241154708).
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Furthermore, a randomized controlled trial of usual care versus decision aid in men eligible for 
both RP and RT showed that the treatment choice was influenced by the hospital they visited 
[15]. However, in curative PCa RT, physicians have problems predicting the preferences of 
patients empowered with a decision aid [16]. They tend to underestimate both the patient’s 
decision-making preferences, as well as the patient’s preference for less toxic treatments. 
Therefore, patients should be informed first – possibly by a decision aid – before discussing 
patient preferences.

We envision a paradigm shift from current population-based medicine to personalized and 
participative medicine. This transition will be supported by the development of multifactorial 
clinical decision support systems (DSS) (Figure 3). DSS are continuously updated software tools, 
integrating all available patient data (clinical, imaging, biological, genetic, and cost-effectiveness 
data), based on validated prediction models of treatment outcome. A DSS is constantly re-
evaluated in different patient datasets in order to refine and re-optimize the models, ensuring the 
continuous utility of the models (Figure 3). DSS compare the best outcome of different personalized 
treatment modalities, in terms of toxicity, cure rates, quality of life, and cost-effectiveness. DSS 
can be integrated in the clinical workflow in two ways: in the multidisciplinary tumor board to 
support different treatment choices (e.g., radical prostatectomy versus radiotherapy), and at the 
level of the specialist (i.e., a radiation oncologist can evaluate whether an IRS would be beneficial 
or not).

External beam radiation therapy for PCa: advances in technology and outcome
RT can be administered using radiation sources that are either applied internally or externally. 
In the former case (brachytherapy), radioactive sealed sources are permanently or temporarily 
placed in proximity to the tumor. In the latter case (teletherapy), a linear accelerator device 
generates high-energy X-rays that are collimated to produce an external beam of ionising 
radiation, which is directed onto the tumor by means of a gantry that rotates around the patient. 
For PCa RT, brachytherapy and teletherapy are exploited clinically both separately as well as in 
combination, depending on the clinical staging, age, and performance (associated comorbidity, 
life expectancy, uroflowmetry) of the patient to be treated. The work described in this thesis is 
strictly limited to external beam RT with high-energy X-rays (EBRT); teletherapy using protons or 
carbon ions (particle therapy) is beyond the scope of this thesis. 

An EBRT procedure consists of 2 consecutive parts (Figure 4). Firstly, in the preparatory “RT 
planning” phase, an optimal dose distribution needs to be designed for every individual patient 
being treated. Here, sophisticated computer-based treatment planning systems are used to 
optimize the design parameters (number of beams, beam angles, energy, and collimation, as well 
as the calculated monitor units) and simulate the three-dimensional dose distribution that will be 
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delivered to the patient. The dosimetric quality of the dose distribution is evaluated against pre-
set dose-volume histogram objectives and constraints for both the tumor and organs at risk.

 

FIGURE 4: Diagram of an EBRT procedure (Reprinted with permission from [17]).

Once an optimal trade-off between (the often contradictory) objectives and constraints has been 
reached, the settings of the design parameters define what is referred to as the “treatment plan.” 
Secondly, in the “dose delivery” phase, a linear accelerator employs the treatment plan to deposit 
an energy distribution in the patient that mimics the planned dose distribution. EBRT is usually 
administered using multiple treatment fractions, delivered over several weeks (typically 4–8 weeks), 
depending on the dose-per-fraction and the total dose. Typically for PCa, a normofractionated 
treatment schedule is used, administering a curative dose of 78 Gy in 39 fractions of 2 Gy (once 
daily during weekdays over the course of 8 weeks). The nearly 2 months such a treatment 
course is inconvenient for patients. It is also costly for healthcare providers; especially for patients 
living at long distances from a treatment centre, or for those who have a poor support system, 
shortening the treatment course would be beneficial [18,19]. In a hypofractionated treatment 
regime substantially fewer fractions of a larger dose per fraction are used, usually given over a 
shorter total treatment time and with a lower total treatment dose. However, due to the larger 
fraction size, the biological effect is comparable to that of the normofractionated treatment [20]. 
For a moderately hypofractionated schedule, 19 to 28 fractions of 2.5 Gy to 3.4 Gy per fraction 
is traditionally performed. Several randomized phase III trials have revealed a slight increase in 
toxicity rates when compared to conventional schedules with comparable outcomes [21-23]. 
In extreme hypofractionation, which is also called stereotactic ablative radiotherapy (SABR), a 
small number of fractions of 6.5 to 10 Gy are administered. So far, for SABR for PCa only 
preliminary outcome data from non-randomized studies have been published [24-26]. Therefore, 
prospective randomized phase III trials with additional follow-up are required to further clarify the 
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benefits of SABR.

In multi-fraction EBRT for PCa, both inter- and intrafractional variations occur, due to patient 
setup inaccuracies and organ (i.e., rectum and bladder) filling dynamics that induce prostate 
motion relative to the bony anatomy. To compensate for such variations, safety margins are used 
around the prostate, generating a planning target volume (PTV) [27]. Application of these safety 
margins leads to a larger volume of surrounding healthy tissues and critical organ structures being 
irradiated, with consequently an increased risk of gastrointestinal (GI) toxicities. The probability of 
developing this injury is related to the volume of rectum irradiated, total RT dose, RT technique, 
and dose per fraction [28]. Individual patient factors can also influence the susceptibility to GI 
toxicities: comorbidity of vascular disease, diabetes, connective tissue disease or inflammatory 
bowel disease, specific conditions such as smoking, and concomitant chemotherapy [29]. 
RT side effects are divided in early (acute) and chronic (late) side effects. Acute side effects, 
by definition, occur up to 3 months after RT, and are usually self-limiting. Chronic side effects 
typically occur 3–6 months after RT, or even years later. Symptoms include bleeding, diarrhea, 
mucus discharge, urgency, and tenesmus [29].

Technological advances in EBRT for PCa have improved the accuracy and precision 
of dose delivery techniques over the last two decades, and facilitate dose escalation and 
hypofractionation, without compromising the organs at risk (rectum, bladder). Examples of 
improved RT techniques are 3D-conformal RT (3D-CRT), intensity-modulated RT (IMRT), 
volumetric modulated arc therapy (VMAT), and stereotactic ablative RT. Image-guided 
radiotherapy (IGRT) is used to accurately position the patient and localize the tumor prior 
to each treatment fraction. This allows the setup uncertainties and treatment margins to 
be reduced, which results in an improved sparing of surrounding healthy tissues without 
compromising dose coverage of the target volume. IGRT for PCa, based on intraprostatic 
implanted fiducial markers [30-31] and daily orthogonal kV imaging or cone-beam computed 
tomography (CBCT), has been shown to significantly reduce the setup error as compared to 
bony alignment [32-35]. These techniques allow for more conformal dose distributions to the 
target volume, and hence an improved sparing of surrounding healthy tissues (Figure 5). 
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FIGURE 5: Examples of color wash representation of a calculated dose distribution of a 3DCRT, an IMRT, and 

a VMAT treatment plan superimposed onto a transversal computed tomography slice of the same patient. The 

red line represents the PTV volume (prostate + margin). Spatial differences in high-dose (red), intermediate-

dose (yellow), and low-dose (dark blue) regions are evident. Diagram of an EBRT procedure (Reprinted with 

permission from [17]).

Abbreviations: 3DCRT: 3-dimensional conformal radiotherapy; IMRT: intensity modulated radiotherapy; VMAT: 

volumetric modulated arc therapy.

EBRT for PCa: effectiveness, toxicity reduction, quality of life improvement
Several studies have shown that escalating the prescribed dose up to and beyond 78 Gy leads 
to improved loco-regional control, biochemical disease-free survival, distant metastasis-free 
survival, PCa specific mortality, and even overall survival in intermediate and high-risk PCa [36-
42]. Despite significant technical advances to improve treatment precision and accuracy, there is 
still a potential risk of patients developing severe gastrointestinal (GI) toxicity. Dose escalation to 
78 Gy in comparison with 68 Gy has raised the rates of acute and chronic Grade ≥2 rectal toxicity 
from 3% to 20%, and 5% to 21%, respectively [43-45]. This makes the rectum the dominant 
dose-limiting organ at risk in prostate EBRT. All side effects of the treatment can have a huge 
impact on the quality of life of the patient. To improve the quality of life in these patients, the side 
effects should be diminished [46-47]. 

Implantable rectum spacers
Since the ano-rectal complex is closely located to the prostatic gland, the PTV margin (at least) 
partially overlaps with the anterior ano-rectal wall (ARW), such that the latter is included in the high-
dose volume. Several investigators have demonstrated that minimizing the radiation dose to this 
volume of the ano-rectal structure reduces the risk for late rectal bleeding. More precisely, when 
20% and 15% of the ano-rectal volume receives a dose of at least 70 and 75 Gy (in 2 Gy fractions), 
the risk of developing Grade 2 and Grade 3 late rectal bleeding is <15% and <10%, respectively 
[48,49]. Despite the ability of modern dose delivery techniques to administer highly conformal dose 
distributions with very steep dose gradients at the rim of the PTV, this still remains a significant risk. 
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The PTV margin is required to account for setup inaccuracies and intra- and interfractional prostate 
motion (due to rectal and bladder filling dynamics). The inherent problem is that the high-dose 
volume of the PTV partially overlaps with the ano-rectum, no matter how steep the dose gradient 
is. Therefore, the only option to prevent rectal volumes from being exposed to high radiation doses 
is to artificially increase the distance between the prostate and the ano-rectal complex. Several 
devices have been developed to achieve improved sparing of the rectal structures. These devices 
can be divided into endo-rectal balloons (ERB) and relatively novel implantable rectum spacers 
(IRS) (Figure 6). The ERB increases the distance from the dorsal and lateral rectal wall (yellow arrow 
in Figure 6) to the PTV, whereas the anterior rectal wall is pushed towards the PTV. The IRS pushes 
the total rectal wall away from the PTV by increasing the total prostate-rectum distance (yellow 
arrow in Figure 6, Figure 7).

DEVICES TO SPARE RECTAL STRUCTURES:

ERB              IRS

FIGURE 6: Transversal T2-weighted magnetic resonance images of a prostate (between 2 green arrows) cancer 

patient with an endo-rectal balloon (ERB) and an implantable rectum spacer (IRS) in blue. The PTV margin (red) 

around the prostate and rectal wall (brown) are schematically depicted. 

Abbreviations: PTV= planning target volume.
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FIGURE 7: Color-wash representation of calculated dose distributions superimposed onto an axial computed 

tomography slice before (a) and after (b) IRS gel injection in the same patient. Prostate is illustrated in yellow 

contour, with in red contour the PTV margin. Without IRS, the high-dose region >75% (purple) overlaps with 

the anterior part of the rectum (brown contour), while with IRS in situ the high-dose region spans the IRS (black 

contour), and not the rectum. The 40% isodose contour (purple) overlaps the entire rectum in (a), whereas it 

overlaps the rectum partially in (b). (Reprinted with permission from [50])

Abbreviations: IRS = implantable rectum spacer.

 FIGURE 8: Schematic illustration of prostate irradiation without (a) and with (b) implanted rectum spacer.

An ERB is inserted into the rectum before each treatment fraction to increase the distance from 
the dorsal and lateral rectal wall to the prostate. Although the anterior ARW is pushed towards 
the prostate (Figure 5), the overall net effect proved to be beneficial in 3D-CRT and IMRT [51]. 
Smeenk and colleagues showed an absolute reduction in the mean dose to the anus of 12 Gy 
and 7.5 Gy, for 3D-CRT and IMRT, respectively [52]. However, patients can experience discomfort 
due to daily insertion of the ERB. 
An IRS is implanted as a biodegradable tissue filler between the prostate and the rectum to 
increase the distance from the anterior rectal wall to the prostate. In contrast to an ERB, where 
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the anterior part of the rectal wall is pushed into the high-dose region of the PTV while pushing 
the dorsal and lateral rectal wall away from the prostate, the IRS pushes the complete rectal 
structure away from the PTV (figures 7 and 8). Different types of IRS are available and have been 
applied clinically for EBRT for PCa: an absorbable hydrogel [53], a hyaluronic acid [54], a saline-
filled rectal balloon implant (RBI) [55], or a collagen implant [56]. All types of IRS are implanted 
using a transperineal approach, which is usually guided by transrectal ultrasound. The main 
difference between these types of IRS is their chemical composition and their ability to allow for 
post-implant correction. 
Hydrogels are injected as polyethylene liquids and polymerize in situ within a few seconds, 
following the mixture of two liquid hydrogel precursors [53]. This hydrogel is similar to products 
used in brain surgery, cardiology, and ophthalmology [57-59]. In 2011, Pinkawa and colleagues 
described a relative rectum dose reduction within the 76 Gy isodose of 67% in 3D-CRT, and 89% 
in IMRT dose distributions, respectively.

•	 Hyaluronic acid is a natural polysaccharide compound found in human tissues as 
connective and extracellular matrix [54]. Prada and colleagues (2007) reported on the use 
of this IRS in combination with brachytherapy. They showed a relative reduction of 28% in 
the maximum rectum dose, averaged over all patients in the cohort [54].

•	 An inflatable rectal balloon implant is made of poly(L-lactide-co-caprolactone). This is a 
co-polymer of polylactide acid and epsilon caprolactone, in a ratio of 70:30. It is a widely 
used, medically biodegradable material, and was specifically developed to be used as 
a tissue spacer [60]. Levy and colleagues demonstrated the proper functionality of the 
RBI capability to retain its inflated form during a certain period (e.g., patients’ radiation 
session) from in vitro and in vivo studies in dogs, guinea pigs, and rabbits [60,61]. In 2013, 
the first clinical results showed a relative reduction by 82% of the rectal volume receiving 
74 Gy [55]. 

•	 Human collagen is well known from injections into the perineum for treatment of urinary 
incontinence [62]. Noyes and colleagues (2012) reported a mean reduction in the rectal 
wall of 50% with an IRS.

The RBI is supposed to have some potential advantages over the other types of IRS. First of all, 
post-implant correction of the RBI position is possible; if the RBI is mispositioned, it can be easily 
deflated and replaced, whereas liquid spacers (hydrogels, hyaluronic acid, human collagen) do 
not permit any correction once injected. If a liquid spacer is accidentally implanted in the rectal 
wall, a chronic wound could form. As it takes 3 to 9 months for the spacer to dissolve, the start 
of radiation treatment needs to be delayed, since an immediate start of RT could increase the risk 
of fistula development. In case the RBI is mispositioned, it is possible to deflate it and stitch any 
wound that might have been created. In addition, a chemical reaction is required in hydrogels, 
which limits the implantation time. Furthermore, since the RBI inflates to a predetermined and 

General introduction



24

predictable shape, the learning curve involved to obtain an adequate implant is steeper than 
for hydrogels. In addition, an amount of iodine contrast medium can be added to the saline to 
enhance the visualization of the RBI on CT and CBCT scans. Moreover, because the RBI is a 
closed system, there is no risk of air or hydrogel injection into blood vessels (although incidences 
of these side effects have not yet been described).
The role of spacers in locally advanced prostate cancers or extended extra-prostatic disease 
extension (T3a/4) is unclear [63]. The possible negative influence of a spacer in cases with a 
dorsal prostate capsule infiltration is unknown, as tumor cells could be displaced from the high-
dose region by the spacer [64]. More studies are therefore needed to evaluate the advantages 
and possible disadvantages of spacers in these patients.

Study rationale
In literature, there is general consensus that an IRS reduces ano-rectal doses due to the 
increased distance between the prostate and the anterior rectal wall. However, IRS implantation 
is a costly and invasive procedure. So far, no data on the cost-effectiveness of this innovative 
device exist. As the cost-effectiveness of newly introduced techniques and interventions has 
become increasingly important in an era of ever-rising healthcare expenses, there is an urgent 
need to investigate this topic for PCa patients undergoing EBRT. 
Furthermore, the still significant risk for irradiated patients of developing Grade 2 or Grade 3 late 
rectal bleeding (<15% and <10%, respectively) requires a careful selection of those individuals 
who are at high risk for developing these GI toxicities. A second topic that needs to be studied is 
treatment individualization to avoid unbeneficial implantations, involving selecting those patients 
who are expected to benefit most from an IRS implantation.

Another issue is that the identification of patients who have the highest risk of developing rectal 
toxicity is based solely on clinical factors. This is insufficient since genetic and dosimetric factors 
also determine the risk for developing rectal toxicity. Therefore, there is a need for a decision 
support system that integrates these multivariable predictive factors to be able to select these 
high-risk patients for IRS implantation with the greatest possible accuracy.

Further, most clinical studies investigating the effect of IRS have focused on hydrogel and 
hyaluronic based spacers in small patient cohorts. For the RBI, clinical data is even scarcer. A 
method to implant an RBI has not been described. Clearly, there is a need to identify potential 
hazards during implantation and to formulate recommendations to optimize the implantation 
procedure, in order to guarantee a stable and well-positioned RBI over the whole treatment 
course of EBRT. A thorough assessment of the RBI’s volume stability and potential dosimetric 
consequences of RBI deflation is required to quantify its rectum sparing effect. 
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Goals, objectives, and hypotheses of the thesis
In this thesis the following goals and objectives are addressed:

1. To motivate the need for an individualized approach in the treatment of PCa, a general 
overview of and comparison between different treatment modalities (e.g., surgery 
and radiation therapy) is given. The choice for a particular treatment modality mainly 
depends on a patient’s individual preferences when weighing the risk of treatment-
related toxicities. Here, a shared decision-making approach can facilitate the decision-
making process. The aim of this thesis is to develop a patient decision aid that supports 
the treatment decision process and empowers patients to take a proactive role in their 
treatment pathway. The tool has been deployed to provide patients insight into their 
own preferences regarding the various treatment options, and to help them weigh the 
risks of treatment-related toxicities.

2. Radiation therapy for PCa is associated with a 15–20% risk of late Grade 2 or more 
chronic radiation proctitis (CRP). The optimal management of CRP has not been 
defined. The objective was to provide an overview of means and measures to prevent 
CRP, and to develop an algorithm for the treatment of CRP. The IRS will be introduced 
as a means for the prevention of CRP.

3. An IRS is not beneficial for all PCa patients undergoing EBRT. Methods are needed to 
identify those patients that are expected to benefit most from an IRS implantation. The 
aim was to develop methods to explore the benefit of an IRS prior to implantation using a 
model-based approach. In a first approach, decision rules based on clinical risk factors were 
used to select patients for IRS implantation. In a second approach, an IRS was simulated 
through the use of deformation fields to predict the geometric changes on computed 
tomography (CT) images prior to treatment planning. This “virtual IRS,” in combination with 
a normal-tissue complication probability (NTCP) model and a cost–effectiveness analysis, 
can serve as the basis for a decision support system for the IRS implantation.

4. An implanted IRS changes the shape and location of ano-rectal wall dose distributions. 
Such spatial information is currently disregarded in the assessment of treatment-related 
toxicity and for the optimization of treatment planning. The goal was to demonstrate 
significant differences in shape-based measures of rectal-wall dose surface maps 
between patients receiving IMRT with and without IRS, and to relate these differences 
to previously published NTCP models based on spatio-dosimetric information. 

5. To facilitate a safe and easy clinical introduction of the RBI, potential pitfalls and 
hazards need to be identified. The goal was to report on the peri-operative side effects 
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experienced by the first patients to receive implants in our institution.

6. PCa patients with active inflammatory bowel disease (IBD) have an increased risk of 
developing severe GI toxicities following EBRT. The objective was to show that an RBI is 
a feasible and practical workaround to protect the rectum against high-dose exposure 
in a patient with active Crohn’s disease undergoing EBRT of the prostate. 

The following four hypotheses are tested in this thesis:
1. An IRS is a cost-effective tool in prostate cancer EBRT: it significantly reduces the risk 
of severe GI toxicity and the treatment costs associated with these side effects.
2. Prostate cancer patients who are expected to benefit most from IRS implantation can 
be identified prior to EBRT through decision rules based on clinical risk factors. 
3. An RBI induced prostate-rectum separation of at least 1 cm throughout the whole 
course of image-guided, moderately hypofractionated VMAT reduces the risk of 
developing Grade 2 or higher GI toxicity.
4. The construction of a virtual IRS, in combination with a toxicity prediction model 
and a cost-effectiveness analysis, provides the basis for the development of a decision 
support tool for the implantation an IRS prior to EBRT for PCa.

Outline of the thesis
This thesis focuses on the reduction of GI toxicity in patients with PCa undergoing EBRT by 
means of an IRS, and on the identification of individual patients who are expected to benefit 
most from an IRS. 
It consists of a general introduction (Chapter 1), which includes the clinical background for 
state-of-the-art prostate radiation therapy (Chapter 2), and an overview of the measures used 
to treat and prevent chronic radiation proctitis (Chapter 3). The rest of this thesis comprises 
three parts (Figure 9): I) modeling studies for treatment outcome prediction and assessment of 
cost-effectiveness; II) clinical implementation of the RBI; and III) development of a virtual IRS as a 
basis for a multifactorial decision support system for pre-implantation assessment of the effects 
on dosimetry, toxicity reduction, and cost-effectiveness of an IRS. 

In Part I, hypotheses 1 and 2 are addressed by modeling studies investigating the clinical benefit 
of an IRS. In Chapter 4, the cost-effectiveness of toxicity reduction by an IRS is assessed for 
prostate IMRT. In Chapter 5, decision rules based on clinical risk factors are developed to select 
those patients who are expected to benefit most from an IRS. In Chapter 6, shape-based 
dosimetric information is used to quantify the reduction in the extent of high-dose areas on the 
ano-rectal wall by an IRS in PCa patients scheduled for IMRT. 
Part II relates to the clinical implementation of the RBI. In Chapter 7, the potential hazards 
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for optimizing the procedure of the RBI are described, with the report of the perioperative 
complications of the first 15 patients to receive an implant at our institute. In Chapter 8, 
hypothesis 3 is tested. In Chapter 9, an RBI-based workaround for a patient with active IBD in 
need of PCa radiation treatment is presented. 
In Part III, hypothesis 4 is addressed. To identify patients with a high risk of developing radiation-
induced rectal toxicity prior to implantation of an IRS, in Chapter 10 a multifactorial decision 
support system is developed based on the virtual implantation of an IRS in combination with an 
NTCP model and cost-effectiveness analysis. In Chapter 11, a proof-of-concept is presented 
for an iso-toxic virtual IRS model integrating validated genetic biomarkers of toxicity and 
previously published tumor control probabilities as a multifactorial decision support system for 
the implantation of an IRS.
In Chapter 12, a critical recapitulation of the advances in knowledge this work has produced is 
presented, as well a reflection on aspects that need further research efforts to integrate the IRS 
as a tool for future individualized radiation treatment of patients with prostate cancer. 

FIGURE 9: Schematic overview of the outline of this thesis.
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ABSTRACT

Radiotherapy (RT) for prostate cancer (PCa) has steadily evolved over the last decades, with 
improving biochemical disease-free survival. Recently population based research also revealed 
an association between overall survival and doses ≥ 75.6 Gray (Gy) in men with intermediate- 
and high-risk PCa. Examples of improved RT techniques are image-guided RT, intensity-
modulated RT, volumetric modulated arc therapy, and stereotactic ablative body RT, which could 
facilitate further dose escalation. Brachytherapy is an internal form of RT that also developed 
substantially. New devices such as rectum spacers and balloons have been developed to spare 
rectal structures. Newer techniques like protons and carbon ions have the intrinsic characteristics 
maximising the dose on the tumour while minimising the effect on the surrounding healthy tissue, 
but clinical data are needed for confirmation in randomised phase III trials. Furthermore, it provides 
an overview of an important discussion issue in PCa treatment between urologists and radiation 
oncologists: the comparison between radical prostatectomy and RT. Current literature reveals 
that all possible treatment modalities have the same cure rate, but a different toxicity pattern. We 
recommend proposing the possible different treatment modalities with their own advantages and 
side-effects to the individual patient. Clinicians and patients should make treatment decisions 
together (shared decision-making) while using patient decision aids.
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1. INTRODUCTION

Prostate cancer (PCa) is the most common cancer among males in the Western world, with 
more than 1.11 million new cases diagnosed in 2012 and 307,000 deaths [1, 2]. The lifetime 
risk of developing PCa is 1 in 8 [3]. It is expected that the incidence will substantially increase in 
the coming decades due to the aging population, which makes it a huge health care problem. 
The total economic costs of PCa in Europe are estimated to exceed 8.43 billion [4]. One of 
the biggest challenges in the 21st century will be to offer the best individualised treatment at 
reasonable costs.

External-beam radiotherapy (EBRT) and brachytherapy (BT) are potentially curative therapies 
for PCa. RT has undergone tremendous improvements in the last decades. Dose escalation in 
prostate EBRT leads to improved locoregional control, biochemical disease-free survival (bDFS), 
distant metastasis-free survival, PCa specific mortality, and even overall survival in intermediate- 
and high-risk PCa [5–11]. However, dose escalation is limited by toxicity of surrounding healthy 
tissues, and therefore improved tumour control is expected to come at the cost of higher toxicity, 
greatly impacting patients’ quality of life [12–14]. However, dose escalation is possible due to 
advances in different RT techniques, sophisticated computer-based treatment planning, and/
or development of extra devices, avoiding increased dose delivery to the surrounding healthy 
tissue. The purpose of this article is to provide insight into the enormous improvements in RT 
techniques to practicing clinicians and primary care doctors and to develop a greater comfort 
level when referring patients to a radiation oncologist. Furthermore, it provides an overview of 
an important discussion issue concerning RT from a clinician’s perspective: the comparison 
between operation and RT.
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2. OVERVIEW OF EXTERNAL BEAM RADIATION TREATMENTS

In EBRT a dose of ionising radiation is generated by an external X-ray source. In the past this was 
a cobalt-60 source machine, but nowadays a high-tech tele-therapy unit is used for this purpose 
[15, 16]. Linear accelerators are the source of electronic induced irradiation. The radiation beam 
leaves the linear accelerator by a gantry. Different options of machines are commercially available: 
a traditional linear accelerator where the gantry can rotate around the patient (Arc therapy). 
Other possibilities are tomotherapy (=helical therapy) where the radiation dose is delivered slice-
by-slice [17], or cyberknife (=a robotic radiosurgery system) where the location of the prostate 
is identified during treatment and active corrections are made for movements of the prostate 
during treatment delivery [18]. Evolving radiation techniques as protons and carbon ions are also 
introduced and are discussed below. Over the last 20 years the methods of delivering a dose of 
ionising radiation to a target area have changed incrementally.
An EBRT procedure consists of 2 main parts (Figure 1).

FIGURE 1: Overview of an EBRT procedure.

First, in a preparatory phase an RT plan needs to be created. This process is referred to as 
RT planning. Secondly, the linear accelerator requires delivering this plan to a patient in an 
appropriate fashion: the RT dose delivery.

In the preparatory phase, images of the patient are acquired. On these scans the clinical target area 
is delineated to which the radiotherapy dose is prescribed. In the 90s this area was delineated on 
conventional planar 2D X-rays, on which the target area (the prostate and seminal vesicles) could 
only be assumed. Later, CT based planning was introduced [19]. On the latter the target areas are 
visualised and can be delineated directly leading to up to one-third less geographical miss of the 

Chapter 2



39

target [20]. Another advantage of CT based planning was that also critical structures like rectal 
wall and bladder around the target could be visualised and subsequently spared from radiation, by 
avoiding the X-ray beams to pass through them. Currently an MRI is being integrated more broadly 
into the planning process. MRI allows us to delineate the prostate more precisely from the pelvic 
diaphragm, and the base of the prostate can be differentiated more precisely from the seminal 
vesicles [21, 22]. An additional MRI changes the delineation of the clinical target volume in 18% to 
20% of cases compared to CT based planning [23, 24]. Moreover, tumour extension in and outside 
of the prostate and invasion in the seminal vesicles are better visible on MRI and therefore more 
often included in the target volumes [24, 25]. Chang and colleagues reported significant volume 
changes with MRI delineation: extracapsular extension was significantly more incorporated into 
target volumes with the addition of MRI (40%) in comparison with CT (32%). The seminal vesicles 
are also more often included: 18% versus 3%, respectively. In addition, CT scans overestimate 
prostate volume by 10% to 45% [21, 22, 26–32]. Furthermore, an MRI revealed an important 
decrease of the interobserver delineation variation, especially at the prostatic apex [33]. We expect 
that a correct delineation of the target volume will result in better treatment outcome, with less 
toxicity, but until now this is not proven yet.

In addition to improved radiotherapy planning, developments were introduced to verify correct 
dose delivery during the whole course of RT over the several fractions delivered according to 
the radiotherapy plan. In earlier times patients were positioned on a linear accelerator using 
surrogate reference points: external reference points like skin lines or tattoo points or using bony 
landmarks visualised by conventional plain X-ray photographs taken on the linear accelerator. 
However, as it is known that the prostate and the seminal vesicles can move independently from 
these reference points this can be problematic because it could lead to off-target dose delivery, 
which in turn compromises tumour cure [34, 35]. In earlier times this problem was compensated 
by expanding the margins of the RT field to minimise the chance of a geographical miss. The 
downside of this approach was however that this approach leads to a higher volume of irradiation 
to the surrounding healthy tissues and critical structures. More recently, this problem is tackled 
by the placement of fiducials (markers) into the prostate before the RT treatment [36–38]. In this 
way the movement of the prostate can be monitored during treatment, and field setups can be 
adjusted in case of movement of the prostate ensuring correct dose delivery, even with small 
safety margins. A comparable methodology is implantation of electromagnetic transponders 
(Calypso®) [39]. Other image guidance strategies are used but are focused on visualisation of 
the prostate itself instead of a surrogate (marker): cone-beam computed tomography [40], MRI 
[41], and ultrasound imaging [42]. The most popular strategy is the use of fiducials because 
of the easy and quick performance. Disadvantages of the image guidance strategy directly 
focused on the organ are poor image quality (cone-beam computed tomography, ultrasound) 
and high costs (MRI). All this leads to the development of dose volume constraints to diminish the 

Prostate Cancer Radiation Therapy



40

chance on rectal and urinary toxicity [13, 43]. As delineation became more accurate and precise, 
consequently the necessity emerged for better shaping the dose around the target and avoiding 
the critical structures. In earlier techniques, like 3D-conformal RT, beams were shaped around 
the tumour contours with a collimator blocking gamma rays out of unwanted areas (i.e., healthy 
organs). The tumour was irradiated mostly using 4 fields opposed to each other (anteroposterior 
and lateral opposing fields). The result was a high-dose “box” in the overlap zone of the four 
bundles. Later, intensity-modulated radiotherapy (IMRT) techniques were introduced. Here the 
tumour was approached from additional angles, using mobile computer-controlled collimators, 
creating additional degrees of freedom to shape the high-dose region around the target.

Volumetric modulated arc therapy (VMAT) or rapid arc therapy is a relatively novel radiation 
technique. It is an advanced form of IMRT that delivers a 3D-dose distribution with a 360-degree 
rotation of the gantry in a single or multiarc treatment. This results in an improved target volume 
coverage and sparing of normal tissues compared with less modern techniques (Figure 2). VMAT 
has the advantage of favourable dose distributions. Furthermore, it reduced the monitor units 
required compared with IMRT and reduced treatment delivery time [44, 45].

FIGURE 2: Examples of dose distribution of a 3DCRT, IMRT-5, VMAT, PSPT, IMPT, and a BT treatment 

plan calculated on the same patient. The red surface represents the high-dose regions, the yellow surface 

the intermediate-high-dose regions, the dark blue surface the low-dose regions, and the azure blue surface 

the intermediate-dose regions. 3D-CRT: 3-dimensional conformal radiotherapy; IMRT: intensity modulated 

radiotherapy; VMAT: volumetric modulated arc therapy; PSPT: passively scattered proton therapy; IMPT: 

intensity modulated proton therapy; BT: brachytherapy.
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These improvements in delineation and more conformal RT technique but also treatment delivery 
verifications allowed for further dose escalation resulting in higher cure rates with similar or slightly 
higher toxicity [8, 46–53]. Standard RT uses a daily dose of 1.8 to 2.0 Gy for 39–45 fractions. 
The updated published randomised phase III trials of dose escalation are summarised in Table 1. 
The dose escalations revealed a 10 to 20% increase of bDFS. This advantage, however, did not 
translate into an improvement of overall survival. Besides, Kalbasi and colleagues demonstrated 
in a huge cohort of patients (42,481) of the National Cancer Data base that dose escalation up 
to ≥75.6 Gy is associated with improved overall survival in men with intermediate- and high-risk 
prostate cancer [11].

TABLE 1: Updated phase III randomised trials on dose escalation for prostate cancer. All results are statistically 

significant, except those marked with n.s.

N Median 
FU(yrs)

Dose
(Gy)

Benefit bDFS 
(%)

Toxicity
Gr2 GI (%)

Toxicity
Gr2 GU (%)

MD Anderson:

Kuban et al. 
2008

301 8.7 70 vs 78 59 vs 78 13 vs 26 13 vs 8 n.s

MGH:

Michalski et al. 
2015

1499 7 70.2 vs 79.2 57 vs 74 16 vs 22 10 vs 15

Dutch Trial:

Heemsbergen 
et al. 2014

669 9.1 68 vs 78 61 vs 69 25 vs 35 40 vs 41 n.s

Royal Masden:

Dearnaley et 
al. 2014

843 10 64 vs 74 43 vs 55 24 vs 33 8 vs 11 n.s

GETUG:

Beckendorf et 
al.2011

306 5.1 70 vs 80 68 vs 76.5 14 vs 19.5 10 vs 17.5

Abbreviations: bDFS = biochemical Disease-Free Survival. n.s. = not significant

2.1. Hypofractionation
A total dose cannot be delivered in one fraction, since this would produce serious adverse 
reactions. Therefore, the total dose needs to be split into fractions. Healthy cells can recover 
themselves from the RT during the interfraction periods, whereas tumour cells are damaged. 
Hypofractionated (HF) EBRT means a larger dose per fraction with less fractionations, mainly 
given over a shorter time period, with a lower total dose. This lower total dose has a comparable 
effect with a higher standard dose in fractions of 2 Gy [54]. The damage is greater in larger 
fractionations and the total dose is lower for the same effect. To easily compare the different 
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RT schemas all RT schedules are recalculated in standard 2 Gy fractions. Several tools are 
available to calculate different RT schedules with each other, for example, http://rotoolbox.com/
calculators/eqd2/.

HF for PCa is traditionally performed in 19 to 28 fractions of 2.5 Gy to 3.4 Gy per fraction. HF has 
earned increasing attention as it has a higher therapeutic ratio (=the difference between treatment 
benefits and morbidity) than standard fractionated IMRT, which may theoretically lead to greater 
local cancer control [55, 56]. Furthermore, HF EBRT ameliorates logistical inconveniences for 
both patients and their providers. It is particularly useful for patients who benefit logistically from 
a shortened HF course like patients living at long distance from an RT centre or who have a poor 
support system [57, 58]. The results of three recently published phase III trials are summarised 
in Table 2 [59–61]. These trials revealed that HF is well tolerated, albeit with a slight increase in 
toxicity rates when compared to conventional schedules. No improvement on bDFS has been 
noticed; however, the follow-up period is possibly insufficient. Further evaluations and reports are 
expected in the coming years.

Table 2: Updated phase III randomised trials on hypofractionation for prostate cancer. All results are statistically 

significant, except those marked with n.s.

N Median 
FU (yrs)

Dose (Gy)
Per fraction

Benefit bDFS (%) Toxicity
Gr2 GI (%)

Toxicity
Gr2 GU (%)

Dutch Trial:

Aluwini et al. 2015 820 5 39 x 2 vs 19 x 3.4 77 vs 80 n.s. Equal; 13 22 vs 23

RTOG 0415:

Lee et al. 2016 1092 5.8 41 x 1.8 vs 28 x 2.5 85.3 vs 86.3 11.4 vs 18.3 20.5 vs 26.2

CHHiP:

Dearnaley et al. 2016 3163 5.1 37 x 2 vs 20 x 3 vs 19 x 3 88.3 vs 90.6 vs 85.9 Equal; 2 n.s. 11 vs 13 n.s.

Abbreviations: bDFS = biochemical Disease-Free Survival; CHHiP = Conventional or Hypofractionated High Dose 

Intensity Modulated Radiotherapy in Prostate Cancer; n.s. = not significant; Gr2 = Grade 2 or more toxicity

2.2. Stereotactic Body Radiotherapy
Stereotactic body radiotherapy (SBRT) is an extreme form of HF. Stereotaxy refers to a precise 
method of target localisation using three-dimensional coordinates derived from medical imaging. 
SBRT for PCa is traditionally performed in 3–7 fractions of 6 Gy to 10 Gy per fraction. SBRT is 
delivered with even higher than standard precision procedures, for example, a customised body 
pillow formed by vacuum suction [62]. Just like in conventional EBRT there is an evolution with 
more dose guidance and higher precision (see above). The available literature consists mainly of 
several nonrandomised phase II trials. Recently, a large multi-institutional trial of 1100 patients 
was reported. Separate prospective phase 2 protocols of localised PCa patients from different 
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institutes treated between 2003 and 2011 were pooled for analysis [63]. With a median follow-
up of 36 months, the five-year bDFS rate was 93%. As this series mostly consisted of low- and 
intermediate-risk patients and follow-up is still limited, this treatment is only recommended for 
selected low- and intermediate-risk patients with localised PCa. That the acute urogenital toxicity 
seemed higher than conventional EBRT [64] might pose a disadvantage. On the other hand, low 
late urinary and rectal toxicities after median follow-up of three years were reported [65]. Data 
from published prostate SBRT trials have shown late grade 3 GI and GU toxicities within the 
3%. However, this data is preliminary and prospective randomised phase III trials and additional 
follow-up are required to further clarify the relative differences between both treatment modalities.
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3. BRACHYTHERAPY

BT is an internal RT, where radiation comes from an implanted source, such as seeds or capsules. 
BT permits an extreme dose escalation far exceeding other RT modalities. Furthermore, no extra 
treatment margin is necessary for set-up errors. In general, two types of BT are clinically used: 
low-dose rate (LDR) and high-dose rate (HDR). In LDR radioactive sources are permanently 
implanted in the prostate, whereas at HDR temporary needles are placed in the prostate in 
which a radioactive source irradiates the prostate temporarily. Both modalities can be used either 
as a monotherapy or as a boost with EBRT. Monotherapies are generally used for low- and 
intermediate-risk PCa, whereas combined therapy usually is used for intermediate- and high-risk 
PCa [66]. The logistics are the main advantage of LDR: you can implant it with small shields, 
whereas HDR is applied in a specialised shielded room for radioprotection issue. LDR has the 
disadvantage that some extensions are difficult to cover, for example, seminal vesicle extension 
and extra capsular extension, which can be adequately covered by HDR.

3.1. Low-Dose Rate
Permanent seed implantation involves injecting approximately 50–125 radioactive seeds into 
the prostate depending on the volume [67]. General or spinal anaesthesia is required. The seed 
implantation is performed under TRUS guidance via the transperineal approach, with the patient 
placed in dorsal lithotomy position. LDR is accomplished in an outpatient single visit setting. 
Individual (loose) seeds or stranded seeds (seeds linked together in dissolvable suture material) 
are used in LDR [66]. Stranded seeds minimise seed migration and improve dose delivery [68, 
69]. The planned RT dose is emitted over several months with an average dose rate of 0.1 Gy/h, 
depending on the specific isotope [70]. Iodine-125 (I-125) and palladium-103 (Pd-103) are mostly 
used. Pd-103 has a higher dose rate and is more frequently used in the United States. The 
prescription dose varies from 145 Gy for I-125 to 120 Gy for Pd-103. The BT alone is an option 
for patients with low- and intermediate-risk disease when there are only limited features, such as 
a serum PSA between 10 and 20 ng/mL or small volume Gleason score 7 [68, 70].

Grimm et al. conducted a comprehensive literature review to identify over 18,000 papers 
involving treatment of localised PCa published during 2000–2010 [71]. Selection criteria were 
made based on the following criteria: median follow-up of at least five years (which is still short for 
PCa); patient stratification into pretreatment risk; both clinical and pathological staging; accepted 
standard definitions for PSA failure; minimum patients number for each risk group which was 
accepted as 100 for low- and intermediate- and 50 for high-risk group; and results published 
in peer-review journals only. All the study outcomes were calculated for each risk group and 
suggested that BT alone, particularly seed implant, provides superior bDFS in low-risk patients. 
For the intermediate-risk group, combination RT (EBRT + BT) seems to be equal to BT alone. 
For high-risk patients combination RT with or without androgen deprivation therapy seems to be 
superior. Furthermore, in a recently reported randomised trial (ASCENDE-RT, NCT00175396), 
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a LDR boost was demonstrated to be much more effective than an EBRT boost in high-risk 
prostate cancer patients: a 9-year BRFS of 83% versus 63% [72]. However, these results should 
be interpreted with some caution because this is only published in an abstract form: no mention 
of image guidance or quality assurance is made, yet. Toxicity rates are also not clearly mentioned 
in this abstract. Although these results encourage choosing BT as an element of management, 
it should be remembered that selection bias may play a main role.

3.2. High-Dose Rate
With HDR BT, transperineal catheters are first inserted in the prostate under general or spinal 
anaesthesia. The hollow catheters are connected to an HDR “afterloader” with an isotope, 
mostly iridium-192 (Ir-192). The dose rate is at least 12 Gy/h. The afterloader machine loads the 
hollow catheters while the BT team is outside the shielded room for radioprotection issues. This 
machine pushes a wire connected to the radioactive source into each of the different catheters, 
one by one under computer-control, utilising stop positions and dwell times according to the 
plan. After treatment, the afterloader withdraws the sources. After the BT treatment the catheters 
are removed. No radioactive seeds are left in the body.

HDR is often used in a combination therapy with EBRT. Outcomes are superior to those achieved 
with EBRT alone [73–77]. One phase III trial is reported by Mount Vernon Hospital where they 
compared EBRT (55 Gy, 20x) with EBRT (37.5 Gy, 13x) and HDR boost (17 Gy, 2x) [73]. Hoskin et al. 
demonstrated a 7-year BRFS rate of 75% compared with 61%, respectively, with similar incidence 
of severe late urinary and rectal morbidity. An ongoing randomised trial (PROBACH, NTR3897) will 
further evaluate the value of HDR as a boost therapy in intermediate- and high-risk PCa.

Another older phase III trial is reported by Sathya and colleagues [78]. They proved that the 
combination of HDR plus EBRT was superior to EBRT alone for a 5 years BRFS of 71% 
compared with 39%. This is logic when comparing the total dose schedules to the prostate: 
the combination therapy was superior with 75 to 80 Gy (comparable with nowadays EBRT 
schedules) in comparison with EBRT only where the given dose was inferior with 66 Gy and with 
2 cm safety margins.

Although the interest in monotherapy HDR is growing, no phase III trials are conducted. Several 
nonrandomised series are reported on the results of monotherapy HDR in multiple and in single 
fractions, which are promising.
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4. NEW TECHNIQUES: PROTON THERAPY, CARBON ION

Newer RT techniques which utilise heavy particles such as protons and carbon ions have a 
potential dosimetric benefit of the so-called “Bragg” peak (Figure 3). This means that the 
maximum dose delivery occurs immediately before the particles come to rest. This means 
that the maximum effect on the tumour can be determined while minimising the impact on the 
surrounding healthy tissue. These approaches are currently in development [79–81].

FIGURE 3: The Bragg peak demonstrating the plots energy loss of ionising radiation during its travel through 

the body. Maximum energy deposition at the target area (tumour) without energy loss after the target (healthy 

organs).

Zietman et al. published the only randomised series currently available, comparing a high- to a 
low-proton boost, resulting in a significant increase in bDFS in the high-dose arm [8].
Carbon ions seem more efficient than protons which can be explained by the fact that carbon 
ion beams are twice to three times more effective than protons or photons [82, 83]. Habl and 
colleagues published an HF schedule using either carbon ions or protons resulting in comparable 
acute toxicities [84]. Long-term outcome data on these treatments are not yet available. However, 
until now, no evidence is shown to support the use of protons in preference to conventional RT 
for patients with prostate cancer; neither technique had been shown to give improved results 
over the others with respect to disease control or toxicity [85].
An ongoing multi-institutional phase III-randomised trial (PARTIQoL, NCT01617161) evaluates the 
value of protons in low- and intermediate-risk PCa in comparison with IMRT. This trial will probably 
shed light on the additional value of protons in comparison with conventional IMRT for PCa. In 
any event, we believe the future lies in multifactorial decision support systems calculating for each 
individual patient the outcome and the cost-effectiveness of the various treatments [86, 87].
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5. NEW DEVICES: BALLOON/SPACER

Another way to reduce toxicity is to physically create some space between the healthy organ 
(rectum) and the targeted area (prostate). As ionising radiation decreases by the inverse square 
law, even a few millimetres of increased separation can lead to sparing the healthy organ for high 
doses of radiation.
To spare rectal structures several spacer devices are developed [88]. These can be divided into 
endorectal balloons and relatively novel rectum spacers. Endorectal balloons are placed into 
the rectum for each daily treatment. Although the ventral anorectal wall is pushed towards the 
prostate, the distance from the posterior rectal wall to the prostate is increased with an overall 
effect proved to be beneficial in RT [89].

Rectum spacers are implanted as a tissue filler into the anterior perirectal fat to separate the 
rectum from the prostate (Figure 4). Increasing the prostate-rectum distance displaces the rectal 
wall away from the prostate and out of the high-dose RT regions. The overall effect is a reduction 
in the total volume of irradiated rectum and the maximum dose to the rectum. The implantation of 
such rectum spacers is performed transperineally under real-time TRUS guidance. The insertion 
procedure can be performed under local, spinal, or general anaesthesia [90]. The implanted 
rectum spacer remains in place over the course of the RT treatment and the spacer biodegrades 
naturally within six months after implantation [91]. Different types of rectum spacers have been 
developed: an absorbable hydrogel, a hyaluronic acid, a collagen, and a saline-filled balloon 
[91, 92]. Although several studies are available on the acute outcome, dosimetry, and cost-
effectiveness of a rectum spacer, the long-term outcomes are not yet clear [93–103]. If the 
spacer is combined with HF, BT, SBRT, or proton therapy, the reduction of toxicity could be even 
more expected. Very recently, decision rules based on clinical risk factors solely are identified 
for which patients a spacer implantation is predicted to be beneficial [104]. However, further 
research is needed to assess the predictive performance of these decision rules and to generate 
adequate decision support systems. The available results are encouraging for the design of 
further clinical trials.

   (a)   (b)
FIGURE 4: Axial T2-weighted magnetic resonance images of a patient with a hydrogel spacer before injection 

(a) and after injection (b).
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6. RT COMPARED TO SURGERY

The results of a well-balanced randomised phase III trial comparing RT with RP and active 
monitoring are very recently reported (PROTECT, NCT02044172) [105, 106]. Hamdy and 
colleagues compared all those treatments for low-risk localised prostate cancer with a median 
follow-up of 10 years (1643 patients). Only 17 prostate-cancer-specific mortalities were observed: 
8 patients in the active-monitoring group, 5 men in the RP group, and 4 patients in the EBRT 
group. The differences among the groups were not significant. RP and EBRT were associated 
with lower incidences of disease progression than active monitoring, respectively, 46 incidences 
for active therapies compared with 112 man for active-monitoring (𝑝 < 0.001). Also metastases 
rates developed more in the active-monitoring group: 33 men in comparison with 13 and 16 for 
RP and EBRT, respectively (𝑝 = 0.004). Patient-reported outcomes are also reported: RP had 
the greatest negative effect on sexual function and urinary continence. EBRT had little effect on 
urinary continence (urinary voiding and nocturia); however, bowel function was worse. In the 
active-monitoring group sexual and urinary function declined gradually over years.

All treatments provide an extremely high cure rate. Recently, Lennernäs et al. published the 
first randomised trial comparing RP with EBRT + HDR [107]. Due to insufficient power and 
small series (89 patients) no conclusion could be drawn about the efficacy. Nonetheless, some 
observational data suggest that outcomes with RP lead to better overall and cancer-specific 
survival than RT [108–112]. Wallis and colleagues recently published a meta-analysis comparing 
RP with EBRT or BT [108]. They pooled 118,830 patients from 19 studies and concluded that 
overall and prostate cancer-specific mortality were higher for patients treated with RT compared 
with RP. Subgroup analyses by risk group, radiation regimen, time period, and follow-up length 
did not alter the results.

However, all those comparison trials have several limitations. First, patients with greater 
comorbidity tend to be treated with RT [113]. In addition, comorbidities that have been shown a 
major impact on survival are not always mentioned [114]. Further, some RT schedules in those 
trials are using inferior low-dose [115]. Also, a potential bias exists for unaccounted differences 
between risk groups [116]. Next, baseline characteristics are often different and have a profound 
impact as differences in the percentage of positive biopsies or Gleason 4 + 3 versus 3 + 4 tumours 
[116–118]. Furthermore, big meta-analyses are being criticised as the studies synthesised in 
such analyses do not all pose level 3 evidence [119, 120].

Other data suggest that even either EBRT or BT using adequate dosing schedules and conformal 
techniques are similar to RP when men with clinically localised PCa are stratified based upon 
clinical tumour stage, pretreatment serum Prostate Specific Antigen, and Gleason score [121, 
122]. Kim et al. concluded that outcomes are not inferior to those of RP despite the fact that the 
EBRT group included more high-risk patients [122]. Grimm et al. conducted a comprehensive 
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literature review to identify all studies involving treatment of localised PCa. They even concluded 
that BT provides superior outcome in patients with low-risk and intermediate-risk disease. High-
risk disease revealed the best outcome with combination therapy of EBRT and BT [71]. However, 
like all comparison trials those have several limitations [123]. First, the endpoint of bDFS is not 
fair because the definition is different for RP and RT. Further, it is difficult to determine bDFS as a 
surrogate of cancer-specific survival. Moreover, in the comprehensive literature review of Grimm 
many RP studies are excluded because they are based on pathology report after RP, which is 
not possible with RT. Next, many surgical factors can influence oncological outcome and are not 
reported as innovations in RP (robotic-assisted RP) and caseload volume per institute. Finally, 
the risk stratification (intermediate-risk group) was more varied amongst articles, thus reflected in 
significant differences in baseline risk for PSA failure between the treatment methods.

To conclude, one well-controlled randomised phase III trial (PROTECT) randomly assigned men 
with localised PCa to active monitoring, RT, or RP. This trial revealed comparable outcomes for 
each treatment, but with a different toxicity pattern.

Our belief is that a paradigm shift from current population-based medicine to personalised and 
participative medicine is underway. This transition is being supported by the development of 
multifactorial clinical decision support systems based on prediction models of treatment outcome 
and constantly reevaluated in different patient datasets in order to refine and reoptimise the 
models, ensuring the continuous utility of the models.

Nowadays, decisions on the most appropriate treatment for each patient are dependent on unique 
personal patient characteristics and preferences, clinician judgment, and resource availability. 
Therefore, to achieve the right treatment for each individual, we believe patients and clinicians 
should make decisions together: shared decision-making (SDM) [124, 125] to embrace truly 
participative medicine. SDM is an interactive process in which patients and clinicians collaborate 
in choosing health care, based upon the best available evidence [126–128]. Several studies have 
reported that patients involved in SDM experience less decisional conflict, improved compliance 
with treatment, and a greater quality of life with less comorbidities such as anxiety, fatigue, and 
depression [129]. This has been confirmed in a Cochrane study by Stacey and colleagues 
[130]. The health care system benefits, also in terms of reduced costs and fewer unnecessary/
unwanted procedures [131]. However, the implementation of SDM remains a challenge in health 
care systems due to numerous barriers [132–134]. These barriers can be divided into patient, 
clinician, and organisational barriers. Patient barriers include age and attitudes. Older patients 
tend to prefer a paternalistic model in which treatment decisions are made by the doctor [132]. 
Of course, a significant part of patients opt for this model while the doctor chooses the ideal 
treatment for the particular patient. There are also barriers from the health care provider side, 
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such as the perception that SDM is too time-consuming or complicated to pursue [133, 134]. 
Furthermore, clinicians often unintentionally use jargon. Finally, organisational factors such as a 
lack of support, time, and resources are also commonly described barriers [133].

Patient decision aids (PDAs) have been developed to overcome these challenges [135]. PDAs 
supply patients with treatment options, treatment-specific information, and treatment comparison 
to help patients discover their personal preferences [136] (Figure 5, http://www.treatmentchoice.
info/decision-aid-tools.html). PDAs are not developed to promote one option over another or to 
replace clinician consultation. Instead, they prepare patients to make informed, values-based 
individual decisions with clinicians (http://ipdas.ohri.ca/) [130, 137].

FIGURE 5: A summary of some screen shots of an interactive PDA for PCa (http://www.treatmentchoice.info/). 

The PDA provides information to the patient of the characteristics of his disease, the available treatments for his 

own situation, his individual preferences, and a comparison of the possible treatments. It offers a summarised 

advice based upon the information provided by the patient. The purpose of this is to inform the patient; a final 

decision is always taken together with the clinician.
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7. CONCLUSION

During the past 20 years, RT in PCa has improved significantly in all areas, including treatment 
technique, planning, and quality control. Examples of improved RT techniques are image-guided 
RT, IMRT, VMAT, SBRT, LDR-HDR BT, and protons. Rectum spacers and balloons have been 
developed to diminish rectal toxicities. Further research is needed to define the value of all 
these promising new techniques. With those technical implementations the long-term bDFS are 
improved. We recommend dose escalation up to ≥75.6 Gy (calculated as standard fractionations 
of 2 Gy). Doses up to 75.6 Gy is associated with improved overall survival in men with intermediate- 
and high-risk prostate cancer. HF is an attractive therapeutic option, and the randomised phase 
III trials revealed a slight increase of toxicity rates in comparison to conventional schedules.
An important discussion issue between urologists and radiation oncologists is summarised: 
the comparison between RP and RT. The results of a well-balanced randomised phase III trial 
comparing RT with RP and active monitoring are very recently reported. The outcomes of RP and 
RT are similar, but they differ significantly in terms of the side-effects. We recommend proposing 
different treatment modalities to the individual patient characteristics and preferences. For each 
individual, we recommend that clinicians and patients should make decisions together, shared 
decision-making, while using patient decision aids.
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ABSTRACT

Objective
The purpose of this study was to give an overview of the measures used to prevent chronic 
radiation proctitis (CRP) and to provide an algorithm for the treatment of CRP.

Methods
Medical literature databases including PubMed and Medline were screened and critically analyzed 
for relevance in the scope of our purpose.

Results
CRP is a relatively frequent late side effect (5–20%) and mainly dependent on the dose and 
volume of irradiated rectum. Radiation treatment (RT) techniques to prevent CRP are constantly 
improving thanks to image-guided RT and intensity-modulated RT. Also, newer techniques like 
protons and new devices such as rectum spacers and balloons have been developed to spare 
rectal structures. Biopsies do not contribute to diagnosing CRP and should be avoided because 
of the risk of severe rectal wall damage, such as necrosis and fistulas. There is no consensus on 
the optimal treatment of CRP. A variety of possibilities is available and includes topical and oral 
agents, hyperbaric oxygen therapy, and endoscopic interventions.

Conclusions
CRP has a natural history of improving over time, even without treatment. This is important to 
take into account when considering these treatments: first be conservative (topical and oral 
agents) and be aware that invasive treatments can be very toxic.

Keywords
Radiotherapy, Radiation proctitis, Prevention, Treatment
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INTRODUCTION

Radiation injury to the rectum represents a feared complication of radiotherapy (RT) in urological, 
gynecological, and gastrointestinal malignancies (prostate, urinary bladder, cervix, uterus, and 
anus). Chronic radiation proctitis (CRP) is a relatively frequent late (after 3–6 months) side effect 
that affects 5–20 % of cancer patients [1–3]. The probability of developing the injury is related 
to the volume of rectum irradiated, total RT dose, RT technique, and dose per fraction [4]. Also, 
individual patient factors can influence the susceptibility to CRP: comorbidity of vascular disease, 
diabetes, connective tissue disease or inflammatory bowel disease, specific conditions such as 
smoking, and concomitant chemotherapy [5, 6]. Published nomograms based on patient risk 
factors (use of anti-coagulants, hormonal therapy, or anti-hypertensives; presence of diabetes 
or hemorrhoids, and a history of pre-RT abdominal surgery) have been predictive for CRP in 
prostate cancer [7, 8].

Until now, no optimal management has been defined for CRP. A variety of therapeutic modalities 
is available ranging from oral agents to endoscopic interventions. The aim of this article is to 
summarize the measures being developed for the prevention of CRP and to present a practical 
algorithm for the treatment of CRP based on a review of the literature.
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SYMPTOMS

RT can cause both early (acute) and late (chronic) side effects [9]. Acute side effects by definition 
occur up to 3 months after RT and are usually self-limiting. Chronic side effects occur 3–6 months 
after RT or even years later. The side effects of RT are scored in five groups (see Table 1) according 
to the National Cancer Institute Common Terminology Criteria for Adverse Events 4.0 (CTCAE) 
[10]. Acute side effects include diarrhea, mucus discharge, urgency, tenesmus, and uncommonly 
bleeding [5]. Similar symptoms are seen in patients with chronic CRP, but bleeding is the most 
common symptom, with potential iron-deficiency anemia that requires blood transfusions. In 
addition, patients may have symptoms of obstructed defecation due to strictures with symptoms 
of constipation, rectal pain, urgency, and, rarely, fecal incontinence due to overflow [5]. In a series 
of studies, Andreyev et al. identified 23 different symptoms that develop after pelvic RT [11–13].

TABLE 1: Radiation proctitis according to the ‘common toxicity criteria’, version 4

Grade CRP Symptoms

1 Rectal discomfort;
intervention not indicated

2 Symptoms (rectal discomfort, passing blood or mucus); 
medical intervention indicated;
limiting instrumental ADL

3 Severe symptoms; 
fecal urgency or stool incontinence;
limiting self-care ADL

4 Life-threatening consequences;
urgent intervention indicated.

5 Death 
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PATHOGENESIS

CRP results from progressive epithelial atrophy and fibrosis associated with obliterative 
endarteritis, chronic mucosal ischemia, submucosal fibrosis, and new vessel formation, which 
have been shown to lead to clinical symptoms [14]. This is not further discussed here because 
they go beyond the scope of this article and can be found elsewhere [14, 15].

Chronic radiation proctitis
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DIAGNOSIS

CRP should be suspected in any patient who has had pelvic RT and presents with the symptoms 
mentioned above, even if the radiotherapy took place years ago. Diagnosis by endoscopy is 
important to exclude other causes of proctitis (infectious colitis, inflammatory bowel disease, 
diversion colitis, ischemic colitis, diverticular colitis) and a second malignancy [15].

Endoscopy is also important to determine the extent and severity of CRP. There are three main 
forms of endoscopic findings in CRP: inflammation predominant form (I-CRP) (edema, mucosal 
pallor, and ulcer), bleeding predominant form (B-CRP) (friability, spontaneous hemorrhage, and 
telangiectasia), and a mixed form (with features from both I-CRP and B-CRP) (Figure 1a–d) [15–
17]. The endoscopic classification of CRP is usually analyzed by the Vienna Rectoscopy Score 
(VRS) to describe rectal mucosa [18]. The VRS divides the inner rectal mucosa into 12 mucosal 
areas. Furthermore, each area is scored on the presence and grading of telangiectasia (Grade 
0–3), congested mucosa (Grade 0–3), ulceration (Grade 0–4), stricture (Grade 0–4), and necrosis 
(Grade 0–1). However, other scoring systems also exist [19].

FIGURE 1: Endoscopic features illustrating the different grades of CRP at the anterior rectum wall. a shows CRP 

with edematous and multiple non-confluent telangiectatic lesions, b demonstrates a predominantly bleeding 

form of CRP, c illustrates necrosis with multiple confluent telangiectatic lesions, and d shows an ulcer
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Rectal wall biopsies should be avoided as they may initiate chronic, poorly healing wounds. A 
number of studies have also described fistula formation over the prostate following rectal biopsies 
[20–22]. Therefore, a biopsy is only justified if a malignancy is suspected or in case of important 
therapeutic consequences. In these cases, biopsies should be taken from the posterior and 
lateral rectal walls to avoid the anterior irradiated high-dose areas [20]. In conclusion, biopsies do 
not really contribute to the diagnosis of CRP and should be avoided.

Chronic radiation proctitis
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PREVENTION

Excluding the rectum from the irradiation fields to prevent CRP has a high priority in RT. 
Optimizing the RT planning by using planning constraints reduces the irradiated rectal volume 
and consequently decreases the risk of rectal toxicity [23].

There is increasing evidence supporting the role of genetic variants in the development of RT-
induced toxicity [24]. Recently, the first replicated genetic associations for adverse reactions to RT 
were reported [25]. Active research to identify high-risk patients is based on genetic biomarkers 
[26] that could allow radiotherapists to select patients for which extra care should be taken to 
decrease the dose to the rectum.

Different RT techniques
The use of modern RT techniques (intensity-modulated RT) and the use of implanted fiducial 
markers into the prostate (image-guided RT) minimize the dose of radiation to the rectum while 
maximizing the dose to the prostate [27–29].

Newer RT techniques which utilize heavy particles such as protons and carbon ions are currently 
being developed and tested to improve outcomes with reduced toxicity [30, 31]. Carbon ions 
seem to be better protective than protons which can be explained by the steeper dose gradients 
achieved by heavier particles [32]. Although these methods have the potential to deliver optimal 
doses of radiation to the tumor with only minimal exposure to the surrounding normal tissues, the 
long-term outcomes are not yet clear.

Medication
The use of medical therapy (amifostine, sucralfate, 5-aminosalicylic acid, or sulphasalazine) to 
prevent the development of CRP has only a minimal effect and is not widely used [33–36]. 
Placebo-controlled phase III trials have shown no benefit from either topical or oral sucralfate 
[37]. However, higher doses of amifostine are described as tolerable and as having a better 
protective effect against the early and late short-term effects of RT [38].

Newer insights have revealed that synbiotics and microbiotics can be used to manipulate the 
intestinal flora to prevent and treat CRP [39, 40]. Further research is needed to confirm those 
preliminary data.

Rectum spacer
Devices have been developed to spare rectal structures [41]. These can be divided into endorectal 
balloons and relatively novel rectum spacers. Endorectal balloons are inserted into the rectum for 
each daily treatment fraction to increase the distance from the dorsal rectal wall to the prostate. 
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Although the anterior anorectal wall is pushed towards the prostate, the overall effect proved to 
be beneficial in 3D-conformal RT and intensity-modulated RT [42]. Rectum spacers are implanted 
as a tissue filler into the anterior perirectal fat to separate the rectum from the prostate (Figure 2). 
Increasing the prostate-rectum distance displaces the rectal wall away from the prostate and 
out of the regions of high-dose RT. The overall effect is a reduction in the maximum dose to the 
rectum and the total volume of irradiated rectum. The implantation of such rectum spacers is 
typically performed transperineally under real-time transrectal ultrasound guidance. The insertion 
procedure can be performed under local (with or without sedation), spinal, or general anesthesia 
[43]. The implanted rectum spacer remains in place over the course of the RT treatment, and the 
spacer biodegrades naturally within 6 months after implantation [44]. Different types of rectum 
spacers have been developed: an absorbable hydrogel, a hyaluronic acid, a collagen, and a 
saline-filled balloon [44–46]. Several studies are available on the dosimetry, acute outcome, and 
cost-effectiveness of a rectum spacer; however, no long-term results are available yet [47–56].

   (a)      (b)
FIGURE 2: Axial T2-weighted magnetic resonance images of a patient with a hydrogel spacer before injection 

(a) and after injection (b)
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TREATMENT

A wide variety of interventions have been tried for treating CRP. There have been no large 
controlled randomized trials to evaluate the treatment of CRP. Also, several studies have resulted in 
ambiguous outcome measurements, showing no structured outcome measurement to describe 
and compare the findings from different trials. Some studies used the VRS scoring system to 
evaluate treatments; others used different clinical outcomes. Thus, experience is derived mostly 
from small clinical trials, expert opinions, and case reports [57, 58]. Interventions can broadly be 
categorized into medical therapies, endoscopic therapies, and surgical interventions. Medical 
therapy is the main stay of treatment for I-CRP. Endoscopy is the main treatment modality for 
B-CRP if the bleeding is affecting quality of life [15]. It is very important to realize, when considering 
invasive treatments, that CRP can improve over time without any active treatment [59].

In patients with CRP, treatment should be based upon the pattern and severity of symptoms 
and experience at the treatment center. A treatment algorithm is presented in Figure 3 for this 
purpose. For patients with minor symptoms that do not affect their quality of life, no treatment 
may be indicated because CRP has a natural history of improving over time without treatment. For 
patients with I-CRP, Andreyev et al. published a treatment guide that recommends loperamide, 
fibers, stool-bulking agents, and corticosteroids [13]. Patients with B-CRP and physical 
complaints of anemia (dyspnoe d’effort, palpitations, fatigue) should be monitored for anemia 
and where appropriate given iron supplements or blood transfusion. If necessary, endoscopic 
treatment is also indicated [60]. B-CRP is the most common form, and therefore, most studies 
have concentrated and published on B-CRP.

Medical treatment of B-CRP
Medical treatments with level I evidence of benefits in small randomized trials are listed here: 
sucralfate enema [61, 62], metronidazole [63], vitamin A [64], and hyperbaric oxygen therapy 
(HOT) [65].

Sucralfate enema 
Sucralfate is an aluminum salt that adheres to mucosal cells and stimulates prostaglandin 
production, producing cytoprotective effects. It has been used in the treatment of peptic ulcers 
[66]. In a prospective randomized trial, Kochhar et al. reported 37 patients with RT-induced CRP 
who were assigned to a 4-week course of sulfasalazine (3 g/day) plus prednisolone enemas 
(20 mg 2×/day) or sucralfate enemas (2 g 2×/day) [61].

Kochhar et al. subsequently reported in a prospective study on 26 patients with moderate to severe 
CRP who were treated with 20-ml sucralfate enemas twice daily until bleeding stopped or failure 
of therapy was acknowledged. Response to the therapy was considered good when the severity 
of bleeding improved by two grades. This was observed in 77 % of patients [62]. Kochhar et al. 
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concluded that sucralfate enemas give a better clinical response and are better tolerated.
Although placebo-controlled randomized trials are needed to fully assess efficacy, sucralfate is 
recommended as the preferred mode of short-term treatment.

FIGURE 3: Algorithm for treatment of CRP

Clinical suspicion CRP:

Symptoms start 3 months to years after RT

Examinations:

Fleixible endoscopy to determine the cause.
Laboratoy: hemaglobin-iron state

If bleeding is affecting quality of life, 
- Stop/reduce anticoagulants if possible
- Start sucralfate enemas.

Argon plasma coagulation Formalin therapy If accessible
–> Hyperbaric oxygen therapy

If fistulas/strictures not healing
–> Surgery

Discuss definitive treatment to ablate the telangiectasia 
with the patient.
Be aware of iatrogenic problems!

If bleeding is not affecting quality of life, 
- Reassure
- Do nothing further

Treatment:

Loperamide, fibers, stool bulking agents, corticosteriods

Treatment:

Optimize bowel function and stool consistency to reduce 
the amount of bleeding.
Start eventually antioxidantia (Vit. A,E,C) / 
Antibiotics (Metronidazole)

Bleeding - predominant form of CRP Inflammation - predominant form of CRP
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Metronidazole 
Anti-microbial agents could be effective in CRP because of their immune-modulatory effects [67] 
and selective toxicity to microorganisms that contribute to the pathogenesis of CRP [68].
Cavcic et al. reported on 60 patients with CRP who received mesalazine (1 g 3×/day) and a 
betamethasone enema (1/day during 4 weeks) with or without oral metronidazole (400 mg 3×/day) 
[63]. The addition of metronidazole was associated with a reduction in rectal bleeding, diarrhea, 
and ulcers at 4 weeks, 3 months, and 12 months. This trial suggested that metronidazole can 
improve symptoms and mucosal healing in combination with anti-inflammatory treatments.

Vitamin A/E/C 
Antioxidants were suggested to have cytoprotective effects by reducing cellular oxidative stress 
following radiation injury to intestinal tissue [69].
Ehrenpreis et al. reported on a prospective double-blind trial including 19 patients with CRP 
6 months after RT who were randomized to receive oral vitamin A (10,000 IU 2×/day, during 
90 days) or a placebo. Vitamin A significantly reduced rectal symptoms of CRP [64].
Kennedy et al. reported on 20 patients treated for symptomatic CRP with oral vitamin E (400 IU 
3×/day) and vitamin C (500 mg 3×/day). Bleeding resolved in 4 of 11 patients, and diarrhea 
resolved in 50 % of patients [70].

Hyperbaric oxygen therapy 
HOT involves patients breathing pure oxygen in a pressurized room or tube. In a HOT chamber, 
the air pressure is increased to three times higher than normal air pressure [71]. Under these 
conditions, the lungs can gather more oxygen than at normal air pressure. This higher oxygenated 
blood may be beneficial because it inhibits bacterial growth and stimulates the release of growth 
factors and stem cells, which promotes wound healing. It may even reverse progressive changes 
caused by RT and may improve other symptoms such as urinary problems [72, 73].
Clarke [65] performed a controlled randomized trial with groups that were randomized to HOT 
at 2.0 atm absolute or air at 1.1 atm absolute. HOT significantly improved the healing responses 
in patients with refractory CRP, generating an absolute risk reduction of 32 % (number needed 
to treat, 3) [65]. A Cochrane review revealed a significantly increased chance of improvement or 
cure following HOT for CRP (RR 1.72; 95 % CI 1.0 to 2.9, p 0.04) [74].
Unfortunately, hyperbaric oxygen facilities are not always available, so patients may need to travel 
long distances to their nearest unit, and treatments are time-consuming (60–120 min for 30–70 
sessions) and expensive [75].

Endoscopic treatment
A variety of endoscopic therapies is available for rectal bleeding caused by CRP including 
argon plasma coagulation (APC), topical formalin, laser, heater, and bipolar probes. There is no 
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level I evidence of benefit in randomized trials. The goal of endoscopic treatments of CRP is to 
control bleeding. Endoscopic treatments may require multiple procedures and can have very 
significant adverse effects [60]. Due to a known high-potential risk of fistulas and ulcerations 
in the first 2 years after RT, we advise that all endoscopic treatments should be performed by 
an experienced gastroenterologist with particular awareness of post-RT rectal injury in close 
collaboration with a pelvic radiation oncologist [76].

Argon plasma coagulation 
APC is a form of electrocautery, in which a monopolar diathermy is transmitted to the target 
tissue through an ionized gas in a non-contact fashion (0.8–3.0 mm from the target) [77]. APC is 
considered by many gastroenterologists as the treatment of choice for CRP [78–81]. However, 
it should be used with caution in this patient group. Complications such as bowel explosions 
following the use of APC in inadequately prepared bowels have been described but are 
preventable [82]. Other severe side effects, such as the occurrence of deep ulceration [83, 84], 
fistulation [85], stricture formation [86–88], bleeding [83, 84, 89], perforation [83], and severe and 
sometimes chronic pain [80, 89, 90], reflect the risk of any therapy in chronically ischemic tissues. 
Rectal ulcers after APC when used for CRP are observed in approximately 26 % of patients, in 
one series, even up to 52 % [91–93]. Together with restricting argon flow rates and wattage, a 
very precise and brief application of the argon catheter could potentially reduce complication 
rates [94]. In specialist centers, serious complications of previous APC treatment in this patient 
group continue to be seen regularly [60].

Swan et al. presented a complete resolution of bleeding in 72 % of 50 patients who had bleeding 
CRP [79]. Thirty-four percent of the patients experienced short-term, self-limiting complications; 
2 % experienced a long-term complication. The setting was a tertiary referral hospital, where only 
dedicated and experienced gastroenterologists were involved in post-RT rectal injury.

Topical formalin 
Formalin seals fragile neovasculature in radiation-damaged tissues to prevent further bleeding 
through chemical cauterization [95, 96]. This treatment is simple to perform, but a severe 
disadvantage is a chemical burn to the skin if there is spillage [60].
There are several small retrospective studies on the use of formalin. These studies used a variety of 
formalin application techniques, from irrigation to direct application, and formalin concentrations, 
from 3.6 to 10 % [97]. The short-term success rate of this technique ranged from 60 to 100 % 
[98–109]. However, the procedure is not risk free and may induce major complications such as 
acute colitis [110].
Yeoh et al. showed that APC and topical formalin had comparable efficacy in the durable control 
of rectal bleeding associated with CRP but had no beneficial effect on anorectal dysfunction 
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[111]. However, more authors reported that APC may be more effective in treating CRP as 
compared with formalin therapy [58, 89, 112].

Laser 
The argon and neodymium/yttrium aluminum garnet (Nd:YAG) laser has been used to coagulate 
bleeding vessels throughout the gastrointestinal tract [113]. A study that included 65 patients 
treated with an Nd:YAG laser found an improvement in symptoms in 78 % of patients (range, 58 
to 87 %) [114]. However, the laser is expensive and not widely available.
Assessing the effectiveness of these interventions is complicated by the small number of patients 
included in many trials, the lack of a control arm, and the fact that the natural history of CRP is to 
improve over time without treatment.

Surgery
Surgery is considered as a last resort for patients with CRP and should be reserved for those who 
are found to have a stricture, permanent bleeding, perforation, or a fistula that is not responsive 
to the medical and endoscopic approaches [15, 115]. Surgical treatment options include 
excision, urinary and fecal diversion (diverting stoma), and reconstruction of a coloanal J reservoir 
[116]. Severe postoperative complications can occur such as sepsis, wound dehiscence, bowel 
obstruction, and de novo rectal fistula [76]. Yegappan et al. reported a 3 % postoperative 
mortality rate [117].

Fischer et al. concluded that 51 % of their participants had a fair outcome, 34 % had slight 
or moderate symptoms, and 14 % had disabling symptoms [118]. Lane et al. revealed that 
good outcomes can be expected in properly selected patients [119]. Turina et al. determined 
that the best results were found in patients presenting with colorectal anastomotic and primary 
bowel strictures as their main complication, while most patients with severe CRP and very distal 
strictures required permanent diversion [120].
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CONCLUSION

CRP is a commonly observed late side effect of pelvic RT and can occur even years after treatment. 
First of all, care should be taken to minimize the risk of CRP by improving RT techniques (IMRT, 
IGRT) or to implement new devices to spare the rectum (spacers, balloons). On the basis of the 
available knowledge, we constructed a practical management algorithm (Figure 3). The literature 
generally recommends a flexible endoscopy to determine the cause. Biopsy, and especially 
anterior rectal biopsy, within the first years of RT should be avoided, because this augments the 
risk of a fistula and is not likely to provide any relevant information.

There are three main forms of CRP: I-CRP, B-CRP, and a mixed form. I-CRP responds well 
to loperamide, fibers, stool-bulking agents, and corticosteroids. B-CRP is often self-limiting 
and responds well to conservative management; it is advisable to stop anti-coagulants, if 
possible, and start with antioxidants (vitamin A, E, C) and/or antibiotics (metronidazole). If no 
response is observed, patients should be started on sucralfate enemas. In severe cases, with 
persistent bleeding, chemical (formalin) or thermal (coagulation) treatments are successful. 
If HOT is available, it may also be a good option. Surgery should be considered as the last 
resort and is only indicated if fistulas and strictures are not healing. Although surgery can lead 
to significant improvements, it also bears an increased risk of postsurgical complications. Based 
on the frequency of CRP, prospective controlled and larger studies are advised to increase our 
knowledge about both the prevention and treatment of CRP.
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ABSTRACT

Background and purpose
To compare the cost-effectiveness of treating prostate cancer patients with intensity-modulated 
radiation therapy and a spacer (IMRT+S) versus IMRT-only without a spacer (IMRT-O).

Materials and methods
A decision-analytic Markov model was constructed to examine the effect of late rectal toxicity 
and compare the costs and quality-adjusted Life Years (QALYs) of IMRT-O and IMRT+S. The 
main assumption of this modeling study was that disease progression, genito-urinary toxicity and 
survival were equal for both comparators.

Results
For all patients, IMRT+S revealed a lower toxicity than IMRT-O. Treatment follow-up and toxicity 
costs for IMRT-O and IMRT+S amounted to €1604 and €1444, respectively, thus saving €160 on 
the complication costs at an extra charge of €1700 for the spacer in IMRT+S. The QALYs yielded 
for IMRT-O and IMRT+S were 3.542 and 3.570, respectively. This results in an incremental cost-
effectiveness ratio (ICER) of €55,880 per QALY gained. For a ceiling ratio of €80,000, IMRT+S 
had a 77% probability of being cost-effective.

Conclusion
IMRT+S is cost-effective compared to IMRT-O based on its potential to reduce radiotherapy-
related toxicity.

Keywords
Prostate cancer, Radiotherapy, Toxicity-reduction, Spacer, Cost-effectiveness
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INTRODUCTION

In the past decade, intensity-modulated radiation therapy (IMRT) has become a widely used 
treatment for localized prostate cancer. Although IMRT enables highly conformal dose distributions, 
there is still a potential risk of patients developing severe gastro-intestinal (GI) toxicity [1]. Various 
devices have been developed to spare rectal structures [2]. These can be divided into endo-rectal 
balloons (ERBs) that increase the distance from the dorsal rectal wall to the prostate and relatively 
novel spacers that separate the anterior rectal wall from the prostate by injecting an absorbable 
hydrogel or saline-filled balloon that naturally biodegrades within 6 months after implantation (Figure 
1). Several studies have confirmed both a decrease in calculated rectal dose and a decrease in 
clinically observed rectal toxicity [3–8] when using a spacer.

    (a)      (b)
FIGURE 1: Axial T2 magnetic resonance images of a patient with a spacer before injection (a) and after injection 

(b).

Although pilot studies and clinical studies are available on the dosimetric and outcome effects 
of a spacer, no cost-effectiveness analyses have been conducted so far. Due to ever-expanding 
health care expenses, knowledge about the cost of treatments is continuously gaining 
importance. Particularly knowledge on how extra costs are related to the additional gain in health 
related outcome of treatments, which might be either a gain in overall survival, or a benefit in 
quality of life. This study aims to provide insight into the cost-effectiveness of a spacer, relating 
the extra costs to the gain in quality of life through reduction in rectal side effects in patients with 
prostate cancer.
The objective of this modeling study is to look at the cost-effectiveness of a toxicity-reducing 
spacer for prostate cancer patients by comparing IMRT therapy with a spacer (IMRT+S) versus 
IMRT-only without a spacer (IMRT-O). It gives an overview of the economic consequences before 
introducing this new approach into standard practice.
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MATERIALS AND METHODS

Decision-model: Markov model
To assess whether the additional spacer costs are justified given the expected reduction in 
toxicity, a decision-analytic Markov model was constructed to compare the expected costs 
and effects of IMRT-O with IMRT+S. Toxicity (i.e., grade ⩾2 late rectal bleeding) and associated 
costs were modeled over a 5 year time horizon, because the incidence of events occurring after 
5 years is small. In this model, a hypothetical cohort of prostate cancer patients moves between 
mutually exclusive health states according to a set of transition probabilities. The cycle length of 
the model was set to one year.

Markov model input
The inputs for the Markov model are based on a published nomogram that relates dose–volume 
histogram to the risk of rectal bleeding [9] and studies published on complications-related costs 
and quality of life [10] (Table 1). Health states were based on whether patients were alive and had 
mild or no side-effects and whether they had grade ⩾2 late rectal bleeding (Figure 2). Adverse 
events were graded according to the National Cancer Institute Common Terminology Criteria for 
Adverse Events 4.0 (CTCAE) [11]. The final absorbing state was ‘death’, either due to cancer or 
other causes. The Markov model was built and analyzed in Microsoft Office Excel 2007.

FIGURE 2: Diagrammatic representation of the Markov model

Transition probabilities
Transition probabilities were derived from the literature for each cycle; the input parameters are 
listed in Table 1. Considering that the percentage volume of rectum receiving >75 Gy (V75rectum) 
is one of the inputs in the nomogram for predicting radiation-induced toxicity in prostate cancer 
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patients, we used the Valdagni nomogram to estimate the risk of late rectal bleeding [9]. The 
prediction model of Valdagni is based on patients enrolled in 2002–2004. The mean percentages 
of 5.5% and 1.2% for V75rectum after IMRT-O and IMRT+S were derived from the literature [12].

TABLE 1: Input parameters for base case Markov model

IMRT+S IMRT-O Source

Effectiveness

Rectum V75% 1.2% 5.5% [12]

Total probability at 5 years of GI grade 2 or higher 6% 10% [9]

Utilities

Prostate cancer without treatment-related toxicity 0.9 [14]

Prostate cancer with severe late GI toxicity (grade ⩾2) 0.727 [10]

Costs (in euros)

Cost follow-up prostate cancer without treatment-related 
toxicity

€323
See details in Supplementary 
Table 1 (2010)

Cost late grade 2 GI toxicity €478
See details in Supplementary 
Table 1 (2010)

Cost late grade 3 GI toxicity €4104
See details in Supplementary 
Table 1 (2010)

Proportion grade 2 (of all grade 2 and 3) 0.75 [19]

Spacer treatment (material and implantation) €1700 – See details in Table 2

Effects and costs
Quality of life
The use of utility scores allows for the calculation of Quality Adjusted Life Years (QALYs) and cost 
per QALY ratios. The model uses health-related quality of life in terms of utility scores as an outcome 
measure. Utility scores provide a single index value for health status, ranging from 0 (representing 
death) to 1 (representing perfect health) [13]. Utility scores were derived from the literature and are 
listed in Table 1. The utility for prostate cancer patients was derived by using the EuroQol (EQ-
5D) instrument before and 6 months after completion of radiation [14]. The future effects were 
discounted to their present value by a rate of 1.5%, according to Dutch guidelines [15].

Costs
As there is no standard treatment for late GI toxicity, the following assumptions were based 
on expert opinion. Grade 2 is mostly treated with low cost items such as diets or medication. 
Patients with grade 3 toxicity have on average 2 flexible sigmoidoscopies and blood transfusions. 
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Some patients with more severe cases of GI toxicity may need more procedures such as laser 
treatment: it was assumed that patients with grade 3 toxicity would have on average 2 laser 
therapy sessions. The average monitoring and treatment costs for the treatment of all late GI 
toxic effects was calculated using the proportions of patients with grade 2 and 3 toxic effects. 
The proportion of grade 3 toxicity of all grade 2 and 3 effects was 25%. All costs were reported in 
euros (€) and are listed in detail in Table 2. Price indices were used to convert costs to the 2012 
price level. Where possible, unit costs were based on the Dutch manual for cost research [16]. 
Since the costs of IMRT in both treatment strategies are similar, once-only treatment costs solely 
consisted of spacer costs (i.e., the application of the spacer plus the cost of the spacer itself). In 
addition, the calculation took into account the cost of standard follow-up and treatment-related 
complications over the modeled period (Supplementary Table 1). Future costs were discounted 
to their present value by a rate of 4% [15].

TABLE 2: Cost-effectiveness analyses results

IMRT+S IMRT-O Incremental

Life years gained 
(95% CI)

4.189 
(4.187–4.191)

4.189 
(4.187–4.191) 0.000

QALY gained 
(95% CI)

3.570 
(3.126–3.855)

3.542 
(3.119–3.817)

0.028 
(0.006–0.05)

Spacer treatment costs* €1700 €0 €1700

Radiotherapy follow-up and toxicity costs (95% CI) €1444 

(€1032–€1853)

€1604 

(€1290–€1947)

−€160

Total cost (95% CI) €3144 €1604 €1540 

(€1239–€1838)

Incremental cost per QALY gained (95% CI) €55,880 

(€27,796–€212,895)

Abbreviations: CI = confidence interval; LY = life year; QALY = quality-adjusted life year.

Compromises the cost of the spacer itself: €1300. The rest is an estimation of the use of an ultrasound and template, the 

collaboration with an urologist, materials, care on department, eventually extra imaging. Minimum €1300, maximum €2100.

Comprises the cost components: follow-up (€323 annually), late grade 2 GI toxicity (€478 annually) and late grade 3 GI 

toxicity (€4104 annually) assuming a proportion grade 2 (of all grade 2 and 3) of 0.75.

Markov model analysis
Over a 5 year time horizon, the expected mean costs, occurrence of toxicity, and QALYs were 
estimated for all comparators. Subsequently, the incremental cost-effectiveness ratio (ICER) was 
calculated by dividing the incremental costs by the incremental QALYs. The ICER represents 
the costs of an additional QALY gained when comparing two strategies. Whether a treatment 
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strategy is considered cost-effective depends on how much society is willing to pay per gained 
QALY, which is referred to as the ceiling ratio. We adopted a ceiling ratio of €80,000, which is the 
informal ceiling ratio for a high burden of disease in the Netherlands [17].

To illustrate the results of the simulation, a cost-effectiveness acceptability curve (CEAC) was 
calculated [18]. A CEAC shows the probability that a treatment has the highest net monetary 
benefit, and thus is cost-effective, given different ceiling ratios. It simultaneously shows the 
probability that the ‘wrong’ decision will be made by implementing the treatment that, based on 
the currently available evidence, appears to be the most cost-effective.

Markov model assumptions
The main assumption was that the disease progression and survival rates were equal for the two 
treatments. A conservative assumption was made that the utility decrement related to severe late 
GI toxicity (grade ⩾2) was independent on other toxicities (genito-urinary (GU) toxicity (all grades), 
GI grade 1 toxicity and erectile dysfunction) and progression. No PSA survival difference was 
assumed because it was considered that in both arms the received radiotherapy dose was similar 
and equivalent to 78 Gy. The late GI toxicity was modeled as irreversible, which implied that some 
form of post-treatment intervention is necessary. Since the occurrence of complications due to 
the spacer is expected to be very low and data were lacking on this parameter, complications 
were ignored in the base case (the reference case).

IMRT techniques for both treatment strategies were assumed to be ‘equal’ in terms of costs, 
that is, to have the same fractionation schedule, dose delivery and treatment planning technique. 
Finally, we assumed that 75% of the total rectal toxicity (grade 2 and 3) would be grade 2 [19].

Sensitivity analyses
Sensitivity analyses were performed to handle the uncertainty around the economic analysis 
[20]. One-way sensitivity analyses were conducted to determine the parameters to which 
the ICER is most sensitive. One-way sensitivity analyses were performed by varying selected 
model parameters based on the 95% confidence interval (CI) of the base-case estimate, where 
available, while keeping all other parameters constant. Results are shown in tornado diagrams, 
illustrating the impact of the range of each variable on the model’s outcome. The variables are 
ordered with those with the broadest range of impact on the top. Variables with progressively 
narrower ranges of impact are placed below, giving an appearance similar to that of a tornado. 
CIs were not available for the costs used in the model. Hence, all other costs were modeled using 
the minimum and maximum values specified in Supplementary Table 1.
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RESULTS

Cost-effectiveness of IMRT+S versus IMRT-O
The combined follow-up and toxicity costs were estimated at €1444 and €1604 for IMRT+S and 
IMRT-O, respectively, thus saving €160 on the complication costs in favor of IMRT+S. Adding the 
spacer costs of €1700 resulted in a total cost of €3144 for IMRT+S.
The QALYs yielded were 3.542 and 3.570 for IMRT-O and IMRT+S, respectively. IMRT+S thus 
produces 0.028 QALYs more than IMRT-O. When all costs and effects are discounted by 4% 
and 1.5% respectively, IMRT+S costs an additional €1540 per patient. Hence, IMRT+S is more 
expensive than IMRT-O, but the former produces 0.028 additional QALYs.
This results in an ICER of €55,880 per QALY gained. For the ceiling ratio of €80,000, IMRT+S 
had a high probability of being cost-effective (77%). The cost-effectiveness acceptability curve is 
presented in Figure 3.

FIGURE 3: Cost-effectiveness acceptability curve (CEAC) for IMRT with and without a spacer, showing that the 

probability of a spacer being cost-effective based on a willingness to pay of €80,000 per QALY is 77%. The 

vertical line represents the ceiling ratio that was adopted in our analyses (€80,000/QALY).

Sensitivity analyses
The one-way sensitivity analyses are presented using a Tornado diagram (Figure 4). The results 
revealed that IMRT+S remained cost-effective in most scenarios, given a ceiling ratio of €80,000 
is adopted. Further analyses found IMRT+S to be cost-effective if the utility of healthy patients 
was more than 0.845 and if the GI toxicity utility was less than 0.78. The model was most 
sensitive to variations in the healthy utility, with no GI toxicity; the net benefit varied from €35.414 
to €127.963. The model was the least sensitive to variations in overall survival, in which the net 
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benefit ranged from €55.444 to €55.507. The model stayed cost-effective to variations of cost of 
spacer and implementation procedure (range from €1300 to €2100).

FIGURE 4: A Tornado diagram showing the sensitivity analysis, using the 95% CI of all the input factors of the 

model. Each bar depicts the overall effect on net benefits as that input is varied across the indicated range of 

values, while other input variables are held constant. The vertical line indicates the base case. ∗Range is used 

instead of 95%CI.
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DISCUSSION

To our knowledge, this is the first study to examine the cost-effectiveness of spacers for a GI 
toxicity-reducing strategy in IMRT therapy for prostate cancer.

The external beam RT for localized prostate cancer has evolved as a result of the introduction of 
IMRT. Still, GI toxicity does occur and its resulting reduction of quality of life cannot be ignored. 
Dose-escalated IMRT beyond 78 Gy prescription dose has raised the rates of acute and chronic 
grade ⩾2 rectal toxicity from 3% to 20% and 5% to 21%, respectively [21–23]. The risk of rectal 
toxicity depends on the volume of the rectum that receives a high radiation dose [24]. In a large 
prospective series, the percentage volume of rectum receiving >70 Gy (V70rectum) correlated 
with the occurrence of chronic rectal toxicity. Grade ⩾2 chronic rectal toxicity occurred in 54% 
and 13% of patients in whom the V70rectum was >26.2% and ⩽26.2%, respectively [25]. It is 
therefore important to implement techniques that prevent these high rectal volume doses. As the 
prostate is directly adjacent to the rectal wall, the anterior rectal wall cannot be spared completely 
from the high dose region irrespective of the radiation technique.

In the past decade several research groups have investigated physically separating the rectum 
from the prostate (e.g., by injecting a hydrogel) to reduce the rectal dose and improve quality 
of life after treatment. Tests have previously been carried out in which the space between the 
prostate and rectum was injected with hyaluronic acid, human collagen or PEG-based hydrogel 
[3–8]. All studies confirmed a decrease of the rectal dose when using an absorbable spacer: 
Prada et al. and Wilder et al. [3,4] reported no rectal bleeding with the use of spacers versus no 
spacers. Noyes et al. and Uhl et al. [5,6] showed a 50% and 60.3% dose reduction of the rectal 
wall, respectively. Pinkawa et al. [7] found a 59% decrease in rectal V70. A multi institutional trial 
resulted in ⩾7.5-mm prostate-rectal separation in 95.8% of patients; 95.7% had decreased 
rectal V70 of ⩾25%, with a mean reduction of 8.0 Gy [12].

No side effects were described due to the application. Results from a simulation study with 
IMRT planning of cadaveric specimens showed that a prostate-rectum separation of 10 mm 
was sufficient to reduce the mean rectal V70 by 83.1% (p < 0.05) [26]. These results confirm a 
decrease of rectal dose when using an absorbable spacer and a decrease of rectal toxicity. The 
results presented in this paper are valuable for decision-making in terms of policy making and 
future research. If all the assumptions are correct, IMRT+S is less toxic and more effective than 
IMRT-O for all prostate cancer patients. Sensitivity analysis revealed that the model was robust to 
changes in individual parameters and IMRT+S remained cost-effective in most scenarios given a 
ceiling ratio of €80,000 is adopted.

The main research implication is that the applied study method is a feasible and informative 
method to explore the potential cost-effectiveness of the spacer in individual patients and 
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different RT techniques, such as stereotactic body RT (SBRT).
If we acknowledge patient heterogeneity and we can select a population of patients with a high 
risk of late rectal complications (e.g., re-irradiation, inflammatory bowel disease, diabetes mellitus 
[27] or anticoagulantia [28]), the cost-effectiveness of the spacer will most likely improve because 
those patients will benefit even more from the use of a spacer.

This study has several limitations, inherent to its design, worth mentioning. As all early economic 
studies of new techniques, including this one, it is limited by clinical data comparing those two 
treatment modes. The procedures for placing the spacer could have some disadvantages. 
Potential side effects could occur such as pain, rectal perforation and abscess, although not 
reported so far. These risk factors are not yet fully described and are estimated to be very low 
(<5%) [4]. The costs incurred with these risk factors have not been included. As discussed by 
Vordermark et al. [29], the side effects of the injection must be followed prospectively.
A longer follow-up is needed to obtain a larger patient cohort to assess how a rectal dose 
reduction will impact on late rectal toxicity in patients undergoing spacer insertion. Next, it is 
important to note that the available prediction model developed by Valdagni et al. [9] was used 
to predict the occurrence of toxicity. As with all prediction models, these models can possibly be 
optimized to achieve more accurate predictions. The prediction model of Valdagni is based on 
patients enrolled in 2002–2004, using an older technique. Newer radiation techniques, as image-
guided radiation therapy or volumetric arc therapy, enable dose painting around the prostate with 
a consequent enhancement of non-dosimetric predictors of rectal toxicity.
The ceiling of €80,000 per QALY is a basis for debate: willingness-to-pay values per QALY 
gained differ across countries. In the UK £20,000–£30,000 per QALY has been accepted as the 
threshold to decide whether or not the National Institute for Health and Clinical Excellence (NICE) 
should recommend use of a new healthcare technology [30].
In the US, the threshold of $50,000–$100,000 per QALY often is mentioned in medical literature. 
The Australian Pharmaceutical Benefits Advisory Committee was unlikely to recommend a drug 
or treatment for listing if the ICER exceeded AU $76,000. This uncertainty of threshold levels has 
an impact on the implications of cost-effectiveness results.
Finally, GU toxicity and erectile dysfunction were not modeled. Weber et al. [31] have shown that 
administrating a spacer may increase the delivered dose to the bladder by displacing the prostate 
gland anteriorly. However this increase in dose–volume metrics is non-significant in a majority of 
cases. Also, given the lack of dose–volume data, it is doubtful that the modified dosimetry after 
spacer injection could lead to an increase in GU toxicity. This is confirmed by Song et al. [12], who 
showed that the V70 of the bladder is lower with the use of a spacer than without.

In conclusion, the current paper demonstrates that, according to the Dutch health costs and 
based on the applied assumptions are correct, the spacer can be cost-effective for prostate 
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cancer patients due to less severe toxicity and a reduction in treatment costs associated with 
these side effects. The incremental cost-effectiveness ratio of IMRT+S versus IMRT-O was 
€55.880 per QALY gained. IMRT+S has a 77% probability of being cost effective at a willingness-
to-pay value of €80,000 per QALY gained. The cost-effectiveness of the spacer is expected to 
increase if patient heterogeneity is acknowledged.
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SUPPLEMENTARY TABLE 1: Detailed follow-up cost after treatment

Cost Health States Cost (2012) Volume/y Range 
(min-

 
max)

Mean Source

No/mild toxicity

Consultation Radiotherapist  €97.17 2-4/y  €194.34  €388.69  €291.52 Hakkaart-van Roijen 
L, et al. 2010

PSA measurement  €10.36 2-4/y  €20.72  €41.44  €31.08 Hakkaart-van Roijen 
L, et al. 2010

Total healthy:    €215.06  €430.13  €322.60  

Grade 2 late GI

Medication for diarrhea 
(fe. Salofalk/Arestal) 

 €15.65 4-6 
weeks/y

 €62.60  €93.90  €234.75 Health Care 
Insurance Board 
2012

 

Consultation Radiotherapist  €97.17 1-4x/y  €97.17  €388.69  €242.93 Hakkaart-van Roijen 
L, et al. 2010

Total grade 2:    €159.77  €482.59  €477.68  

Grade ≥ 3 late GI

Medication for diarrhea
(fe. Salofalk/Arestal)

 €15.65 4-12 
weeks/y

 €62.60  €187.80  €375.60 Health Care 
Insurance Board 
2012

Argon plasma coagulation  €501.53 1-3x/y  €501.53 €1,504.58  €1,003.05 Hakkaart-van Roijen 
L, et al. 2010

Blood transfusion  €749.53 1-3x/y  €749.53 €2,248.60  €1,499.07 Hakkaart-van Roijen 
L, et al. 2010

Consultation specialist 
(Gastroenterologist)/ 
academic hospital

 €203.13 1-4x/y  €203.13  €812.52  €507.82 Hakkaart-van Roijen 
L, et al. 2010

Sigmoidoscopy  €359.42 1-3x/y  €359.42 €1,078.26  €718.84 Hakkaart-van Roijen 
L, et al. 2010

Total grade ≥ 3:    €1,876.21 €5,831.75 €4,104.38  
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ABSTRACT

Background and purpose
Previous studies confirmed that implantable rectum spacers (IRS) decreased acute gastro-
intestinal (GI) toxicity in a significant percentage of prostate cancer patients undergoing intensity 
modulated radiation therapy (IMRT). We developed decision rules based on clinical risk factors 
(CRFs) to select those patients who are expected to benefit most from IRS implantation.

Materials and methods
For 26 patients dose distributions with (IMRT + IRS) and without (IMRT − IRS) IRS were calculated. 
Validated nomograms based on CRFs and dosimetric criteria (anorectal V40Gy and V75Gy) were used 
to predict probabilities for grade 2–3 (G2–3) acute GI toxicity, G2–3 late rectal bleeding (LRB), G3 
LRB, and G2–3 faecal incontinence (FI) for IMRT + IRS and IMRT − IRS. All permutations of CRFs 
were generated to identify most benefit scenarios (MBS) in which a predicted toxicity reduction of 
⩾5% points in ⩾25% of the cohort was present due to IRS implantation.

Results
IMRT + IRS revealed a significant reduction in V40Gy (p = 0.0357) and V75Gy (p < 0.0001) relative 
to IMRT − IRS. For G2-3 acute GI toxicity and G2–3 LRB, the predicted toxicity rates decreased 
in 17/26 (65%) and 20/26 (77%) patients, and decision rules were derived for 22/32 (69%) and 
12/64 (19%) MBS, respectively. From the decision rules, it follows that diabetes status has no 
impact on G2–3 acute toxicity, and in absence of pre-RT abdominal surgery, the implantation of 
an IRS is predicted to show no clinically relevant benefit for G2–3 LRB.

Conclusions
Prostate cancer patients who are expected to benefit most from IRS implantation can be identified 
prior to IMRT based on their CRFs profile.

Keywords
Prostate cancer, Radiotherapy, Rectum spacer, Patient selection, Toxicity prediction.
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INTRODUCTION

Despite recent improvements, image-guided radiotherapy and highly-conformal dose delivery 
techniques for prostate cancer are still associated with severe gastro-intestinal (GI) toxicity. As 
a result, a significant percentage of patients suffer from a negative impact on their quality of 
life [1–3]. Various temporary or long-term implantable medical devices have been developed 
to spare rectal structures by excluding them from high-dose radiation exposure. Endo-rectal 
balloons are used to increase the distance from the dorsal rectal wall to the prostate [4]. 
Implanted rectum spacers (IRS) are used to separate the anterior rectal wall from the prostate 
by injecting an absorbable hydrogel or hyaluronic acid, or by placing a saline-filled balloon or 
collagen implant [5–8].

Several studies have confirmed that an IRS decreases the rectal dose and consequently also the 
acute rectal toxicity to such an extent that the costs of IRS placement are justified [5–14]. A better 
selection of patients with a decision support system to implant an IRS would further enhance 
cost-effectiveness, an issue that is becoming increasingly important due to ever-expanding 
expenses in health care [14,15]. Since the follow-up interval of the studies conducted is still too 
short, no long-term late toxicity scores have been reported yet. Instead, validated multifactorial 
nomograms based on clinical risk factors and dosimetric data can be exploited to predict toxicity 
scores [16,17].

In the current study, we used such nomograms to test the hypothesis that implanting a hydrogel 
IRS in patients with prostate cancer undergoing intensity modulated radiation therapy (IMRT + IRS) 
reduces the predicted grade 2–3 (G2–3) acute and late rectal toxicities in comparison to patients 
undergoing IMRT without IRS (IMRT − IRS). Furthermore, we identified scenarios of clinical risk 
factors for which implantation of an IRS is predicted to significantly reduce G2–3 acute and late 
rectal toxicity rates in a sufficiently large proportion of patients. Finally, we generate decision rules 
for the toxicity end-points covering these sets of scenarios, making it possible to select those 
patients who are expected to benefit most from an IRS implantation prior to treatment planning 
for IMRT.
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MATERIALS AND METHODS

Patient characteristics
This study included 26 patients with localized prostate cancer who had signed an informed 
consent form, after approval by the ethics committee of the University Hospital RWTH Aachen, 
where these patients were treated. Patients for this study were consecutively selected in 2011 
[5,18]. The patient and tumour characteristics are summarized in Table 1. Prognostic risk-group 
stratification of the patients was defined according to the D’Amico classification [19].

TABLE 1: Patient (N = 26) and tumour characteristics.

Age (years; median [range]) 73 [56–82]

Prognostic risk group*: (No. of patients)

 1. Low-risk 8 (31%)

 2. Intermediate-risk 11 (42%)

 3. High-risk 7 (27%)

Prostate volume: (cm3; median [range])

 PTV 50 [25–130]

Clinical risk factors for nomograms: (No. of patients)

 Diabetes 4

 Haemorrhoids 2

 Previous abdominal surgery 2

 Anticoagulant drugs 7

 Hormonal therapy 7

 Anti-hypertensives 11

Abbreviation: PTV = planning target volume.

* Low-risk: no risk factors: PSA < 10 ng/ml; Gleason score < 7; cT-stage < 2b; Intermediate-risk: one risk factor: PSA 

10–20 ng/ml or Gleason score = 7 or cT-stage = 2b/c; High-risk: two risk factors or PSA > 20 ng/ml or Gleason score > 7 

or cT-stage > 2b/c.

Rectum spacer implantation
In these patients, a 10 cm3 IRS gel (SpaceOAR™ System, Augmenix Inc., Waltham, MA) 
was injected in the recto-prostatic space prior to IMRT planning and dose delivery. This IRS 
implantation technique has been described previously by Pinkawa et al. [5].

Image acquisition and organ delineation
Every patient underwent two computed tomography (CT) scans in supine position with a slice 
thickness of 5 mm: one CT scan prior to IRS implantation and one 3–5 days after IRS implantation. 
In total, 52 CT scans were imported into the Pinnacle3 radiation treatment planning system 
(Version 8.0 m, Philips Medical Systems, Fitchburg, WI) to calculate clinically acceptable dose 
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distributions for IMRT − IRS and IMRT + IRS (Figure 1). For accurate target volume delineation, 
T2-weighted magnetic resonance imaging (MRI) scans were additionally performed after IRS 
implantation. After registration with the corresponding CT scans the prostate, the adjacent rectal 
wall, and the IRS gel (for volumetric analysis) were contoured.

   (a)      (b)
FIGURE 1: Color-wash dose distribution in an axial plane before (a) and after (b) IRS gel injection in the same 

patient, with prostate (yellow) and PTV (red). Without IRS, the high-dose region > 75% (red) overlaps with the 

anterior part of the rectum (brown), while with IRS in situ the high-dose region spans the IRS (black), and not 

the rectum. The 40% isodose contour (purple) overlaps the entire rectum in (a), whereas it overlaps the rectum 

partially in (b). Abbreviation: IRS = implantable rectum spacer.

Depending on the prognostic risk group, the clinical target volume (CTV) was defined as the 
prostate only (CTV1), the prostate including the proximal 2–4 slices of the seminal vesicles 
depicted on CT (CTV2), or the prostate with the entire seminal vesicles (CTV3) [20]. To generate 
the planning target volume (PTV), the CTV was expanded by 8 mm in lateral–anterior, 5 mm 
in superior–inferior and 4 mm in posterior direction, as described in an earlier study [5,12]. 
Moreover, the bladder, femoral heads, anus, rectum and the outer anorectal wall contour (anal 
canal up to the recto-sigmoid flexure) were contoured as organs at risk on the CT scans. To 
allow for intercomparison between IMRT − IRS and IMRT + IRS planned dose distributions, 
the delineated cranio-caudal distance was chosen to be identical for each patient and for every 
pre- and post- IRS-implant CT scan, resulting in the same anal and rectal length per patient. Two 
independent observers (MP and BV) performed the delineations.

Treatment planning technique
All IMRT − IRS and IMRT + IRS treatment plans were designed by inverse planning using a direct 
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machine parameter optimization (DMPO) algorithm for step-and-shoot IMRT with 5 coplanar 15 
MV photon beams (gantry angles: 45°, 105°, 180°, 255°, 315°) [21]. The dose grid included the 
PTV, organs at risk, and an additional 4–5 cm of tissue in both the cranial and caudal directions. 
The prescribed dose to the PTV was 78 Gy in 2 Gy fractions, requiring at least 99% of the volume 
to receive 95% of the prescribed dose within the −5% to +7% ICRU uniformity criteria [22]. The 
same dosimetric constraints were used for both IMRT − IRS and IMRT + IRS treatment planning, 
based on the relevant maximum tolerance doses (indicated as Dmax) and the maximum allowed 
relative volumes to be exposed to a certain dose level (indicated as VxxGy), as published by the 
Radiation Therapy Oncology Group (RTOG) for rectum and bladder [23]: V50Gy(rectum) ⩽ 50%, 
V70Gy(rectum) ⩽ 20%, Dmax(rectum) ⩽ 76 Gy, V55Gy(bladder) ⩽ 50%, and V70Gy(bladder) ⩽ 30%. 
The mean anorectal dose (MARD), mean anal dose (MAD), and mean rectal dose (MRD) were 
evaluated for statistical analysis.

Multifactorial nomograms for NTCP prediction
Validated nomograms based on clinical risk factors (use of anticoagulants, hormonal therapy, or 
anti-hypertensives; pelvic node irradiation; presence of diabetes or haemorrhoids; and a history 
of pre-RT abdominal surgery) and dosimetric parameters of the anorectum (V40Gy and V75Gy) were 
used to predict for each individual patient the normal tissue complication probability (NTCP) for 
G2–3 acute GI toxicity, G2–3 late rectal bleeding (LRB), G3 LRB, and G2–3 faecal incontinence 
(FI) for both the IMRT − IRS and IMRT + IRS treatment plans [16,17].

Identification of beneficent scenarios
To identify scenarios of clinical risk factors predicting a significant reduction in GI toxicity scores 
for a sufficiently large proportion of patients, we first considered the most favourable and the most 
unfavourable scenarios, being defined as the binary permutation of clinical risk factors producing 
the most positive and the most negative predicted NTCPs, respectively. From the regression 
coefficients of the nomograms it appeared that ‘use of anticoagulants’ and ‘hormonal therapy’ 
positively affected the predicted NTCPs. On the other hand ‘presence of diabetes’, ‘presence 
of haemorrhoids’, ‘pelvic node irradiation’, and ‘previous abdominal surgery’ negatively affected 
the predicted NTCPs. Consequently, the most unfavourable scenario represents the combination 
of ‘presence of diabetes’, ‘presence of haemorrhoids’, ‘pelvic node irradiation’, and ‘previous 
abdominal surgery’ in absence of ‘use of anticoagulants’ and ‘hormonal therapy’. The most 
favourable scenario represents the combination of ‘use of anticoagulants’ and ‘hormonal therapy’ 
in absence of ‘presence of diabetes’, ‘presence of haemorrhoids’, ‘pelvic node irradiation’, and 
‘previous abdominal surgery’. To assess the decrease in predicted NTCPs between IMRT + IRS 
and IMRT − IRS for both scenarios, the corresponding permutations of risk factors were applied to 
all individual patients in the cohort, while leaving the variation in dosimetric risk factors unchanged. 
From the resulting distribution of predicted changes in NTCPs, the proportion having an NTCP 
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reduction of at least 5% and 10% points was assessed for both scenarios. Furthermore, we 
considered all possible scenarios by generating the remaining binary permutations of clinical risk 
factors (in total: 32 for G2–3 acute toxicity, 64 for G2–3 LRB, Gr3 LRB, and G2–3 FI) to identify 
the set of scenarios yielding a predicted NTCP reduction of at least 5% points in at least 25% of 
the patients. Finally, a Boolean expression2 for this set of scenarios was generated to establish a 
decision rule per toxicity end-point.

Statistical analysis
The statistical analyses were performed using the Statistics and Machine Learning Toolbox™ 
from MATLAB-software (Version 10.0, MathWorks, Inc., Natick, MA). The Wilcoxon’s signed rank 
test was applied to test for a significant decrease in predicted toxicity rates between IMRT + IRS 
and IMRT − IRS. All statistical tests were one-sided, with p < 0.05 considered to be statistically 
significant.
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RESULTS

Dosimetric plan performance with and without IRS
The median implanted IRS volume was 10.6 cc [range: 8.3–20.4 cc]. No statistically significant 
difference was observed between the prostate (CTV) and the PTV volumes in IMRT + IRS and 
IMRT − IRS (p = 0.269 and p = 0.603, respectively). The median anorectum V40Gy was reduced 
from 53.4% for IMRT − IRS to 47.6% for IMRT + IRS (p = 0.0357). The median V75Gy was 
significantly reduced from 3.9% for IMRT − IRS to 0.4% for IMRT + IRS (p < 0.0001). The 
median MARD for IMRT − IRS and IMRT + IRS was 38.7 Gy and 34.9 Gy, respectively, yielding 
a significant reduction (p < 0.001). A significant reduction in the median MAD from 34.3 Gy 
for IMRT − IRS to 24.8 Gy for IMRT + IRS (p < 0.001) was observed. The median MRD was 
significantly reduced from 39.0 Gy for IMRT − IRS to 35.5 Gy for IMRT + IRS (p = 0.009).

Predicted NTCP reduction
First, NTCP estimates were calculated for IMRT + IRS and IMRT − IRS based on the clinical 
risk factors as given for the individual patients. The pair-wise comparison of predicted NTCPs 
revealed significantly lower predicted G2–3 acute and late rectal toxicity rates for IMRT + IRS 
than for IMRT − IRS; the decrease was not significant for FI (Table 2). For G2–3 acute toxicity 
and for G3 LRB, a decrease in predicted toxicity for both endpoints was present in 17/26 (65%) 
patients. For G2–3 LRB, a decrease in predicted NTCP was expected in 20/26 (77%) patients. 
For 23/26 patients (88%) no decrease in G2–3 FI was revealed.

TABLE 2: Median [range] predicted acute and late toxicity rates in the entire cohort (N = 26)

NTCPIMRT+IRS (%) NTCPIMRT−IRS (%) ΔNTCP (%) p value

Nomacu 20 [8–33] 22 [11–32] 3 [−3 to 15] <0.001

3 yr G2–3 LRB 5 [4–11] 6 [4–13] 1 [−1 to 5] <0.0001

3 yr G3 LRB 3 [3–10] 4 [4–11] 1 [−1 to 2] <0.002

G2–3 LFI 1 [0–5] 2 [0–6] 1n.s. [0–2] 0.006n.s.

Abbreviations: Nomacu = acute RTOG Grade 2 to Grade 3 lower gastro-intestinal toxicity; 3 yr G2–3 LRB = 3 years of Grade 

2 to Grade 3 late rectal bleeding; 3 yr G3 LRB = 3 years of Grade 3 late rectal bleeding; G2–3 LFI = chronic Grade 2 to Grade 

3 late faecal incontinence; IRS = implantable rectum spacer. n.s.Not significant.

In Table 3, the statistics of the predicted NTCPs for both the most unfavourable and most 
favourable scenarios are presented. For the most unfavourable scenario, the G2–3 acute toxicity 
rate decreased in 17/26 (65%) patients. For G2–3 LRB, G3 LRB, and G2–3 FI a decrease in 
predicted toxicity was present in 22/26 (85%) patients, 21/26 (81%) patients, and in 13/26 (50%) 
patients, respectively. For the most favourable scenario, the G2–3 acute toxicity rate decreased in 
17/26 (65%) patients. For G2–3 LRB, G3 LRB, and G2–3 FI a decrease in predicted toxicity was 
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present in 17/26 (65%) patients, 13/26 (50%) patients, and in 1/26 (4%) patients, respectively.

TABLE 3: Median [range] predicted acute and late toxicity rates stratified by scenario

Scenario NTCPIMRT+IRS (%) NTCPIMRT−IRS (%) ΔNTCP 
(%) p value ΔNTCP 

⩾ 5% (%)
ΔNTCP 

⩾ 10% (%)

Nomacu MU 45 [33–54] 48 [39–59] 5 [−4 to 20] <0.001 50 12

MF 10 [6–14] 11 [8–16] 2 [−2 to 8] <0.001 4 0

3yr G2–3 
LRB MU 17 [13–21] 22 [15–30] 5 [−4 to 16] <0.0001 50 12

MF 4 [3–4] 5 [4–6] 1 [−1 to 3] <0.0001 0 0

3yr G3 
LRB MU 13 [11–16] 17 [12–22] 3 [−2 to 10] <0.0001 19 0

MF 3 [2–3] 3 [3–4] 1 [0–2] 0.02 0 0

G2–3 LFI MU 12 [7–17] 13 [9–19] 1 [−3 to 12] 0.03 12 4

MF 0 [0–1] 1 [0–1] 0 [0–1] 0.06n.s. 0 0
Abbreviations: MU = most unfavourable scenario; MF = most favourable scenario; NTCPIMRT+IRS = normal-tissue complication 

probability for IMRT plans with IRS gel; NTCPIMRT−IRS = normal-tissue complication probability for IMRT plans without IRS gel; 

ΔNTCP ⩾ x% = percentage of patients in study cohort having an NTCP decrease of at least x% points; IRS = implantable 

rectal spacer; Nomacu = acute RTOG Grade 2 to Grade 3 lower gastro-intestinal toxicity; 3 yr G2–3 LRB = 3 years of Grade 

2 to Grade 3 late rectal bleeding; 3 yr G3 LRB = 3 years of Grade 3 late rectal bleeding; G2–3 LFI = chronic Grade 2 to Grade 

3 late faecal incontinence; IRS = implantable rectum spacer. n.s.Not significant.

Decision rules
Regarding G2–3 acute toxicity, in 22/32 (69%) scenarios an NTCP-decrease of at least 5% 
points was predicted to occur in at least 25% of the patients (Table S1, Supplementary Data). 
The Boolean decision rule that describes these 22 scenarios was found to be:

NOT (A OR E) OR (C AND D) OR (AX OR E) AND (CX OR D) 
where A = use of anticoagulants; B = diabetes; C = presence of haemorrhoids; D = pelvic node 
irradiation; E = hormonal therapy, F = previous abdominal surgery.
Among these 22 scenarios, the most unfavourable scenario and 5/31 additional scenarios had a 
median NTCP-reduction of at least 5%.

For G2–3 LRB, in 12/64 (19%) scenarios an NTCP-decrease of at least 5% points was predicted 
to occur in at least 25% of the patients (Table S2, Supplementary Data). The Boolean decision 
rule that describes these 12 scenarios was found to be:

F AND (NOT (A) AND ((B OR C) AND (D AND E) OR NOT (D OR E))) OR (NOT (C)AND D AND 
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NOT (E)) OR (C AND D AND NOT (E)) 
where A = use of anticoagulants; B = diabetes; C = presence of haemorrhoids; D = pelvic node 
irradiation; E = hormonal therapy, F = previous abdominal surgery.
For G3 LRB and G2–3 FI an NTCP-decrease of at least 5% points was not predicted to occur in 
at least 25% of the patients.
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DISCUSSION

This is the first study to assess the benefits of an IRS for reducing GI toxicity in prostate cancer 
patients scheduled for IMRT prior to implantation of such a device. We identified combinations 
of clinical risk factors for which IRS implantation is predicted to be beneficial. For two clinically 
relevant toxicity end-points, we generated decision rules to identify patients who are expected 
to benefit most from the implantation of an IRS, based solely on their clinical risk profiles and not 
on dosimetric or genetic factors. The probability of developing GI toxicity is not only related to 
the dose and the volume of the anorectum receiving a high radiation dose, but also depends on 
clinical risk factors and genetic profiles. GI toxicity is a concern in EBRT of prostate cancer and 
its adverse effect on the quality of life cannot be ignored. Dose-escalated IMRT up to a dose of 
78 Gy has raised the rates of acute and chronic Grade ⩾ 2 rectal toxicity compared with lower 
doses (e.g., 68 Gy) from 3% to 20% and 5% to 21%, respectively [24–28]. Keeping the volume 
fraction of the anorectum receiving more than 75 Gy (V75Gy) below 5% has been demonstrated to 
be predictive of late rectal bleeding [29]. Therefore, it is important to use techniques that prevent 
rectal volumes from being exposed to high doses. Implantation of an absorbable IRS between 
the prostate and the anterior rectal wall artificially increases the distance between the prostate 
and the anterior rectal wall, and hence reduces the dose delivered to the anorectum [30,31]. 
Besides dosimetric factors, several clinical risk factors have been shown to predict for radiation-
induced GI toxicity in prostate cancer patients. Based on combinations of scenarios of clinical 
risk factors, we developed the first set of decision rules to predict the estimated toxicity reduction 
of an IRS prior to implantation. This introduces the opportunity to better select patients for IRS 
implantation, avoid unbeneficial implantations and possible complications, enhance quality of life, 
and consequently improve the cost-effectiveness of the treatment. In addition to dosimetric and 
clinical factors, the prediction could possibly be further improved by including genetic biomarkers 
to select those patients having increased risk factors for increased rectal toxicity [32–34]. Recently 
the first replicated genetic associations were reported for adverse reactions to EBRT [35]. A next 
step could therefore be to incorporate genetic risk in those models [34].

The multifactorial nomograms by Valdagni et al. were used in our study to predict acute and late 
toxicity rates [16,17]. In our patient group, these nomograms revealed a significant decrease 
in G2–3 acute and late GI toxicity. When we compared the most unfavourable with the most 
favourable scenario, a most unfavourable scenario was predicted to be beneficial with IMRT + IRS, 
while the benefit in the most favourable scenario was minimal. Between those two extreme 
scenarios, multiple other scenarios were identified yielding a predicted NTCP reduction of at 
least 5% points in at least 25% of patients. To select patients for IRS implantation, the concept 
of late rectal toxicity as a consequential late effect arising from acute RT injury is important [36]. 
This implies that the decision rule we developed to predict a clinically relevant reduction of acute 
toxicity in a sufficiently large proportion of patients after implantation of an IRS, could be used to 
select optimal candidates for implantation of an IRS, and hence reduce acute and consequently 
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late toxicities. Regarding G2–3 acute toxicity, in 22 scenarios an NTCP-decrease of at least 5% 
points was predicted to occur in at least 25% of the patients (Table S1). The interpretation of 
the corresponding decision rule covering these scenarios is as follows: first, the conjunction of 
absence of ‘use of anticoagulants’ and absence of ‘hormonal therapy’ represents 8 scenarios that 
correspond to the Boolean expression NOT (A OR E) (Table S1). Secondly, 6 additional scenarios 
are provided by the conjunction of both ‘presence of haemorrhoids’ and ‘pelvic node irradiation’. 
This corresponds to the Boolean expression (C AND D). The remaining 8 scenarios are described 
by the presence of either ‘use of anticoagulants’ or ‘hormonal therapy’, in conjunction with either 
‘presence of haemorrhoids’ or ‘pelvic node irradiation’. This corresponds to (A XOR E) AND (C 
XOR D). These 3 expressions are combined in a disjunctive way to establish the full decision rule. 
From this decision rule, it follows that diabetes status has no impact on the decision rule. For 
G2–3 LRB, in 12 scenarios an NTCP-decrease of at least 5% points was predicted to occur in 
at least 25% of the patients. From the corresponding rule, it follows that in absence of pre-RT 
abdominal surgery, the implantation of an IRS is predicted to show no clinically relevant benefit 
for G2–3 LRB.

The present study has several limitations. First, the confidence intervals of the regression 
coefficients in the logistic regression model of the nomograms were not incorporated in our 
analysis. Hence, confidence intervals for the predicted NTCPs have not been computed, possibly 
leading to an over- or underestimation. Furthermore, the nomograms used were gathered from 
clinical data acquired between 2002 and 2004, an era of less conformal dose delivery techniques 
compared to modern IMRT. Nowadays, IMRT with daily image-guided set-up correction enables 
accurate dose delivery, thus possibly enhancing the non-dosimetric predictors of rectal toxicity. 
Moreover, the two decision rules we developed are based on different clinical risk factors, and 
not on dosimetric factors. Further, the nomograms used are only internally validated, and stand 
in need of external clinical prospective validation. Next, as far as the predictive performance of 
the decision rules is concerned, their sensitivity, specificity, and calibration have to be assessed 
in an independent test-population. Finally, other prediction models exist with other clinical factors 
that might influence acute and late GI toxicity [37,38]. Hamstra et al. reported that patient age, a 
history of myocardial infarction, and congestive heart failure are predictors for G3 GI toxicity [37]. 
However, they concluded that the use of anticoagulants increased toxicity independent of age 
and comorbidity. The use of anticoagulants is already included in the nomograms of Valdagni et 
al. Tucker et al. also reported that patients with cardiovascular disease had a significantly higher 
incidence of late rectal toxicity [38]. Those risk factors have not been included in the nomogram 
of Valdagni et al. This is therefore a limitation of their prediction model.

In the present study, we evaluated differences in predicted NTCP due to the implantation of an 
absorbable hydrogel spacer. We investigated combinations of clinical risk factors to generate 
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decision rules in order to predict clinical scenarios in which patients are expected to benefit 
most from spacer implantation. Wolf et al. recently published a study comparing the dosimetric 
differences between various spacing methods, showing that balloon spacers had a more 
pronounced effects than hydrogel spacers [39]. At the time of planning, balloon spacers revealed 
a 63% reduction of the rectum surface encompassed by the 95% isodose-line, in comparison to 
38% for the hydrogel. However, they were unable to demonstrate any clinically relevant difference 
in acute GI toxicity. The relevant scenarios of clinical risk factors that were identified in our study 
are based on treatment plans with and without an implanted hydrogel. Our method could also 
be applied to patients with an implanted balloon spacer. According to the nomograms, balloon 
spacers would probably not decrease acute toxicity more than hydrogel spacers, because of 
similar mean rectal dose. However late toxicity is expected to decrease with balloon spacers 
due to a lower V75Gy in comparison to hydrogel spacers. Further research is needed to test this 
hypothesis.

The results presented in this paper are also valuable for policy making by health care insurance 
companies. Currently, there is no reimbursement for IRS implantation in the Netherlands. Only new 
treatment modalities with level I–II scientific evidence are approved for reimbursement. A reliable 
patient-selection tool may fundamentally change this procedure. A model-based approach could 
possibly be instrumental for this, since such an approach was also employed for the introduction 
of proton therapy in the Netherlands. According to guidelines of the Dutch National Society of 
Radiotherapy Oncology, a predicted reduction of 10% of grade 2, 5% of grade 3 and 2% of grade 
4–5 complications would be required to justify the increased costs for such treatment [40]. If we 
apply these thresholds, we estimate that approximately 20% of the localized prostate cancer 
patients would benefit from an IRS, and consequently should have its placement reimbursed. If 
the IRS is combined with brachytherapy, proton therapy, or stereotactic radiotherapy, the toxicity 
reduction may even be more pronounced due to the steep dose gradients of these techniques. 
However, this hypothesis needs to be clinically validated.
The next step will be to implement the cost-effectiveness model to obtain a four-level decision 
support system with complete integration of dose, toxicity, cost-effectiveness, and genetic input 
[41,42].

In conclusion, the implantation of an IRS is predicted to reduce the G2–3 acute and late rectal 
toxicity rates in prostate cancer patients undergoing IMRT. Scenarios of clinical risk factors were 
identified for which implantation of an IRS is predicted to significantly reduce G2–3 acute and late 
rectal toxicity rates with IMRT prior to implantation of the IRS. Decision rules were developed to 
support the physician in selecting those patients who will benefit most from IRS implantation prior 
to IMRT planning. A prospective follow-up study in an independent patient cohort is needed to 
assess the predictive performance of the decision rules.
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SUPPLEMENTARY FILES

TABLE S1: All 32 binary permutations of clinical risk factors for G2-3 acute toxicity. Permutations 1−10 define 

the set of scenarios yielding a predicted toxicity reduction of at least 5% points in less than 25% of patients. 

Permutations 11−32 define the set of scenarios yielding a predicted toxicity reduction of at least 5% points in 

at least 25% of patients. For the latter set the Boolean decision rule was derived: the conjunction of absence 

of ‘use of anticoagulants’ and absence of ‘hormonal therapy’ represents 8 scenarios (marked in yellow). 

Furthermore, 6 additional scenarios are provided by conjunction of both ‘presence of haemorrhoids’ and ‘pelvic 

node irradiation’ (marked in green). The remaining 8 scenarios are described by the presence of either ‘use of 

anticoagulants’ or ‘hormonal therapy’ in conjunction with either ‘presence of haemorrhoids’ or ‘pelvic node 

irradiation’ (marked in blue).

Use of 
anticoagulants

Diabetes Presence of 
haemorrhoids

Pelvic node 
irradiation

Hormonal 
therapy

ΔNTCP ≥5%
[%]

1* 1 0 0 0 1 4

2 0 0 0 0 1 12

3 1 0 0 0 0 12

4 1 0 0 1 1 12

5 1 0 1 0 1 12

6 1 1 0 0 1 12

7 1 1 0 0 0 15

8 1 1 1 0 1 15

9 1 1 0 1 1 19

10 0 1 0 0 1 23

11 0 0 0 0 0 27

12 0 0 0 1 1 27

13 0 0 1 0 1 27

14 1 0 0 1 0 27

15 1 0 1 0 0 27

16 1 0 1 1 1 27

17 1 1 1 0 0 38

18 0 0 1 0 0 42

19 0 1 0 0 0
42

20 0 1 0 1 1 42

21 0 1 1 0 1 42

22 1 0 1 1 0 42

23 1 1 0 1 0 42

24 1 1 1 1 1 42

25 0 0 0 1 0 46

26 0 0 1 1 1 46
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TABLE S1 CONTINUED:

Use of 
anticoagulants

Diabetes Presence of 
haemorrhoids

Pelvic node 
irradiation

Hormonal 
therapy

ΔNTCP ≥5%
[%]

27 0 0 1 1 0 50

28 0 1 0 1 0 50

29 0 1 1 0 0 50

30** 0 1 1 1 0 50

31 0 1 1 1 1 50

32 1 1 1 1 0 50

Abbreviations: ΔNTCP ≥5% = percentage of patients in study cohort having a predicted normal-tissue complication 

probability decrease of at least 5% points; * = most favourable scenario; ** = most unfavourable scenario.

TABLE S2: The 12 binary permutations of clinical risk factors defining the set of scenarios yielding a predicted 

G2-3 LRB toxicity reduction of at least 5% points in at least 25% of patients

Use of 
anticoagulants

Diabetes Presence of 
haemorrhoids

Pelvic node 
irradiation

Hormonal 
therapy

Previous 
abdominal 

surgery

ΔNTCP 
≥5%

[%]

1 0 1 0 0 0 1 27

2 0 0 1 0 0 1 31

3 0 0 1 1 1 1 31

4 0 1 0 1 1 1 31

5 1 0 1 1 0 1 31

6 0 0 0 1 0 1 35

7 0 1 0 1 0 1 42

8 0 1 1 0 0 1 42

9 0 1 1 1 1 1 42

10 1 1 1 1 0 1 42

11 0 0 1 1 0 1 45

12* 0 1 1 1 0 1 50

Abbreviations: ΔNTCP ≥5% = percentage of patients in study cohort having a predicted normal-tissue complication 

probability decrease of at least 5% points; * = most unfavourable scenario.
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ABSTRACT

Background and Purpose 
To evaluate spatial differences in dose distributions of the ano-rectal wall (ARW) using dose-
surface maps (DSMs) between prostate cancer patients receiving intensity-modulated radiation 
therapy with and without implantable rectum spacer (IMRT+IRS; IMRT-IRS, respectively), and 
to correlate this with late gastro-intestinal (GI) toxicities using validated spatial and non-spatial 
normal-tissue complication probability (NTCP) models.

Materials and Methods
For 26 patients DSMs of the ARW were generated. From the DSMs various shape-based 
dose measures were calculated at different dose levels: lateral extent, longitudinal extent, and 
eccentricity. The contiguity of the ARW dose distribution was assessed by the contiguous-DSH 
(cDSH). Predicted complication rates between IMRT+IRS and IMRT-IRS plans were assessed 
using a spatial NTCP model and compared against a non-spatial NTCP model.
 
Results 
Lateral extent, longitudinal extent and cDSH were significantly lower in IMRT+IRS than for IMRT-
IRS at high-dose levels. Largest significant differences were observed for cDSH at dose levels 
>50Gy, followed by lateral extent at doses >57Gy, and longitudinal extent. Significant decreases 
(p = 0.01) in median rectal and anal NTCPs were predicted when using an IRS. 

Conclusions
Dose surface maps are generated for prostate radiotherapy using an IRS. The IRS reduces 
the lateral and longitudinal extent of high-dose areas (>50 Gy) in anterior and superior-inferior 
directions. The spatial NTCP model predicts a significant decrease in Gr 2 late rectal bleeding 
and subjective sphincter control. Differences in predicted GI toxicity rates between spatial and 
non-spatial NTCP models needs further investigation. In future, these spatial dose distribution 
information with the predicted toxicities can be explored to create decision support models that 
may select patients for IRS implantation, or not.
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INTRODUCTION

Gastro-intestinal (GI) toxicity is a common side-effect of external beam radiation therapy (EBRT) 
for prostate cancer and has a negative impact on the quality of life even many years after the 
EBRT [1-3]. Various devices have been introduced to spare ano-rectal structures [4]. Endo-rectal 
balloons are being used to increase the distance from the dorsal and lateral rectal wall to the 
prostate, whereas implantable rectum spacers (IRS) separate the anterior rectal wall from the 
prostate by injection of an absorbable hydrogel [5], a hyaluronic acid [6], a saline-filled balloon [7], 
or a collagen implant [8]. Several studies have confirmed that an IRS decreases the rectal dose 
and consequently the acute rectal toxicity rate [9-14]. Furthermore, it has been established that 
an IRS decreases the late rectal toxicity rates [15, 16], leading to an increased cost-effectiveness 
[17]. Until now, the dosimetric impact of an IRS has been assessed quantitatively by dose-
volume histograms (DVHs) obtained from the planned 3D dose distributions. From these studies, 
consensus exits that an IRS significantly reduces the dose exposure to the ano-rectal wall (ARW). 
However, spatial dosimetric information of the 3D dose distribution is lost by analysing DVHs or 
dose-surface histograms (DSHs), and therefore hampers to investigate the correlation between 
the shape and location of the ARW dose distribution with clinical outcome measures. Extraction 
of shape-based dose measures such as spatially correlated DSHs or contiguous-dose surface 
histograms (cDSHs) from dose-surface maps (DSMs) has been suggested as a valuable tool for 
advanced dose-response studies and to support a better selection of patients likely to benefit 
from the IRS [18-22]. Buettner et al. [23] quantified correlations between measures describing 
the shape and location of the dose distribution and different outcomes. Furthermore, inclusion 
of such spatio-dosimetric features into normal-tissue complication probability (NTCP) models 
has been shown to increase the predictive power over models based on DVH parameters solely 
[24,25]. Hence better insights into the relationship between the ano-rectal dose distribution and 
(late) GI toxicity in EBRT of prostate cancer can be obtained.

The primary aim of the current study was to test the hypothesis that shape-based measures 
of the ARW surface dose distribution reveal a significant change in size, shape and location of 
the local surface dose distribution in patients undergoing intensity modulated radiation therapy 
with an IRS (IMRT+IRS) and without IRS (IMRT-IRS). To this end, spatial features from ARW 
DSMs and cDSHs were compared between these two groups. Furthermore, shape-based DSM 
parameters were used in combination with previously published spatial NTCP models to test 
the hypothesis that predicted complication rates for Grade 2 GI toxicity decrease for IMRT+IRS 
relative to IMRT-IRS. Finally, these results were compared with Grade 2 GI toxicity decrease 
derived from validated NTCP models based on DVH data solely.
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MATERIALS AND METHODS

Patient selection and rectum spacer implantation
After approval by the local ethics committee, 26 consecutive patients with localized prostate 
cancer treated between January 2011 and June 2011 were included in this study. All patients 
had signed an informed consent. The patient and tumour characteristics are summarized in 
Table 1. Prognostic risk-group stratification of the patients was defined according to the D’Amico 
classification [26].

An IRS gel (SpaceOAR™ System, Augmenix Inc., Waltham, MA) was injected in these patients 
between the prostate and the rectum prior to EBRT. The injection method has been described 
previously [5]. The amount of injected hydrogel was limited to 10 cm3 in all patients (only the first 
patient received 15 cm3). It maintains space for approximately 3 months and is compression 
resistant. The hydrogel is cleared in approximately 6 months via renal filtration [5]. 

TABLE 1: Patient (N = 26) and tumour characteristics.

Age (years; median [range])
Prognostic risk group*: (no. of patients)

1- Low-risk
2- Intermediate-risk
3- High-risk

73 [56−82]

8 (31%)
11 (42%)
7 (27%)

Prostate volume: (cm3; median [range])
PTV 50 [25−130]

Abbreviations: PTV = planning target volume.

* Low-risk: no risk factors: PSA <10 ng/ml; Gleason score <7; cT-stage <2b; Intermediate-risk: one risk factor: PSA 10–20 

ng/ml or Gleason score =7 or cT-stage = 2b/c; High-risk: two risk factors or PSA >20 ng/ml or Gleason score >7 or cT-stage 

>2b/c.

Target volume definition and organ at risk delineation
Each patient underwent two computed tomography (CT) scans in supine position with a slice 
thickness of 5 mm; one prior to IRS implantation and one 3-5 days after IRS implantation. 
The resulting 52 CT scans were imported into the Pinnacle3 treatment planning system (Version 
8.0m, Philips Medical Systems, Fitchburg, USA) to design dose distributions for IMRT-IRS and 
IMRT+IRS (Figure 1). Additionally, a T2-weighted transversal magnetic resonance imaging (MRI) 
scan was acquired after implantation for image registration with the post-implant CT-scan to 
enable soft tissue delineation of the prostate, the adjacent rectal wall and the IRS. The CT images 
were rigidly registered with the T2-weighted MRI scans by auto matching based on soft tissue 
landmarks A knee and ankle rest was used to create a reproducible setup of the leg position 
both for the CT and the MRI scans. Patients were asked to have a fully bladder for both the 
planning CT scan and MRI scan. Treatment plans for IMRT-IRS and IMRT+IRS were planned on 
the respective CT scans to allow for dosimetric comparison.
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Depending on the prognostic risk group the clinical target volume (CTV) was defined as the 
prostate only (CTV1), the prostate with the base of the seminal vesicles (CTV2) corresponding 
to the proximal 2-4 seminal vesicle slices, or the prostate with the whole seminal vesicles 
(CTV3) [27].

For the planning target volume (PTV), 8 mm lateral-anterior, 5 mm superior-inferior and 4 mm 
posterior margins were added to the CTV, as described in an earlier study [5]. On relevant CT 
image slices, the bladder, femoral heads, rectum and anal-canal were delineated. The ano-
rectum structure consists of the rectum and the anal-canal. The rectum was delineated from the 
top of the anal-canal up to the recto-sigmoid flexure. The anal-canal was considered as the distal 
3 cm of the ano-rectum [28]. Only when the last 3 cm was obviously in the lumen of the rectum, 
the cranial boundary was adapted as the section below the lowest section with a visible rectum 
lumen [29]. In order to facilitate intra-patient comparison, the contours in the treatment plans for 
IMRT+IRS and IMRT-IRS were delineated over the same length in superior-inferior direction. Two 
independent observers performed the delineations (MP and BV).

  (a)     (b)
FIGURE 1: Color-wash dose distribution in an axial plane before (a) and after (b) IRS gel injection in the same 

patient, with prostate (yellow) and PTV (red). Without IRS, the high-dose region >75% (yellow) overlaps with the 

anterior part of the rectum (brown), while with IRS in situ the high-dose region spans the IRS (black), and not 

the rectum. The 40% isodose contour (purple) overlaps the entire rectum in (a), whereas it overlaps the rectum 

partially in (b). 

Abbreviations: PTV = planning target volume; IRS = implantable rectum spacer.
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Treatment planning technique
All IMRT-IRS and IMRT+IRS plans were designed by inverse treatment planning using a direct 
machine parameter optimization (DMPO) algorithm for step-and-shoot IMRT with 5 coplanar 
15 MV photon beams (gantry angles: 45°, 105°, 180°, 255°, 315°) [30]. The treatment planning 
technique has been described previously [5]. The prescribed dose to the PTV was 78 Gy in 2 
Gy fractions [30], requiring at least 99% of the volume to receive 95% of the prescribed dose. 
The same dosimetric constraints were used for IMRT-IRS and IMRT+IRS plans, based on the 
relevant maximum tolerance dose (indicated as Dmax) and the maximum allowed relative volume 
receiving a certain dose level of xx Gy (indicated as VxxGy), as published by the Radiation Therapy 
Oncology Group (RTOG) for rectum and bladder [32]: V40Gy(rectum) ≤ 60%, V75Gy(rectum) ≤ 5%, 
Dmax(rectum) ≤ 76 Gy, V55Gy(bladder) ≤ 50%, V70Gy(bladder) ≤ 30%, V50Gy(femoral heads) ≤ 5%. 
Since the V40Gy and V75Gy are well-known DVH parameters that are predictive for late rectal toxicity 
these measures were used to assess the plan quality [28,33,34].

Spatial analysis of the ano-rectal dose distribution
For each individual patient, DSMs for both the anal-canal wall and the rectum wall were generated 
from the 3D dose distributions of the IMRT-IRS and IMRT+IRS treatment plans by virtual unfolding 
of these structures, as previously described by Buettner and colleagues [23]. A DSM represents 
the 2D maps dose distribution over the surface of the ARW (Figure 2). In the current work, DSMs 
were produced by first extracting the dose to the surface of the ARW contour at 100 equiangular 
points on every CT slice of the surface of the ARW contour and subsequent virtually cutting of 
this contour at its most posterior location. This was implemented using an in-house developed 
MATLAB software tool (The MathWorks, Natick, MA, USA).
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   (c)      (d)
FIGURE 2: Dose-surface maps of rectal wall (a,b) and anal wall (c,d) (in Gy) without IRS (a,c) and with IRS (b,d) 

in the same patient. The vertical axis corresponds to the superior-inferior direction, whereas the horizontal axis 

represents circumferential the direction: P, R, A, L.

Abbreviations: IRS = implantable rectum spacer, P = posterior (P), right (R), anterior (A), left (L).

Shape-based dose measures were extracted from the DSMs following Buettner et al [23]. The 
algorithm first generated binary DSMs by thresholding the primary DSMs at 38 dose levels 
ranging from 5-79 Gy into dose clusters. At each dose level an ellipse was fitted to the largest 
dose cluster. Lateral (LAT) extent in posterior-anterior-posterior direction and longitudinal (LONG) 
extent in superior-inferior direction were quantified by projecting the major and minor axes of this 
ellipse to the main axes of the DSMs. The non-circularity of the dose clusters was described by 
the eccentricity (ECC) of the ellipse. Furthermore, the algorithm assessed the contiguity of the 
single largest ARW area of the cDSH, by determining the single largest contiguous area of the 
DSM, as function of the dose threshold at a given dose level of xx Gy (cDSHxxGy).

Differences in LAT extent, LONG extent, ECC and cDSHxxGy between DSMs and cDSHs from 
IMRT+IRS and IMRT-IRS plans were compared statistically with a one-sided paired Wilcoxon 
signed rank test. The statistical analyses were performed using the Statistics and Machine 
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Learning Toolbox from MATLAB software (Version 10.0, MathWorks, Inc., Natick, USA). LAT 
extent of 55 Gy, 67 Gy, and 71 Gy were compared because previous studies showed these 
parameters to be highly predictive for late rectal bleeding [24,25]. The significance levels were 
established using a permutation test accounting for multiple testing, as described in previous 
work [21,23-25]. Box plots were used to visualise the summary statistics as well as the individual 
and group differences. Each pair of dots linked by a dotted line represents a single patient from 
the study cohort, allowing for a two-level comparison of the differences in dosimetric measure. A 
p-value <0.05 was considered statistically significant. Shown p values were corrected for multiple 
testing.

In order to correct for multiple testing, a free step-down resampling algorithm was applied, taking 
advantage of the dependence structure between the cut-points [35]. The same framework 
was used in previously analysis, and further details on the method can be found in previously 
published work [23].

NTCP prediction
Previously published models to predict the NTCP based on shape-based features of the 3D dose 
distribution to the ARW were shown to have a higher predictive power for late GI toxicity than 
NTCP models based on DVHs [24,25]. From these studies it was found that the LAT extent at 
53 Gy and 55 Gy was one of the strongest predictor for subjective sphincter control and Grade 
2 (Gr 2) late rectal bleeding, respectively [24,25]. Furthermore LAT extent of 67 Gy and 71 Gy 
were compared because previous studies showed these parameters are highly predictive for 
late rectal bleeding [24,25]. In the present analysis, we exploited these spatial NTCP models 
to assess differences in predicted complication rates between IMRT+IRS and IMRT-IRS plans. 
These differences were compared against predictions based on the Lyman-Kutcher-Burman 
(LKB) NTCP model with parameters by Rancati et al. (n = 0.24, m = 0.14, TD50 = 75.7 Gy) taking 
solely the DVH data into account [40,41].

Observed Toxicity Assessment
The complications were recorded in terms of the Expanded Prostate Cancer Index Composite 
(EPIC) Questionnaire to analyze quality-of-life (QoL) changes. The questionnaire consists of 
50 items concerning urinary, bowel, sexual, and hormonal domains. The multi-item scale was 
transformed linearly to a 0 to 100 scale, with high scores representing better health-related QoL. 
They were scored at the end of EBRT, 2 months, 2 and – if possible – 6 years after treatment 
completion. In accordance with the literature, mean QoL changes below 5 points can be defined 
as clinically not significant, 5 to 10 as small changes, 10 to 20 as moderate changes, and > 20 
as large changes.
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RESULTS

Dosimetric plan evaluation with and without IRS
The median implanted IRS volume determined on the post-implant CT scan was 10.6 cc [range: 
8.3-20.4 cm3]. The median ano-rectum V40Gy and V75Gy significantly reduced between IMRT-IRS 
and IMRT+IRS from 53.4% to 47.6% (p = 0.036), and from 3.9% to 0.4% (p < 0.001), respectively. 

DSM analysis
For the rectal wall, LAT extent, LONG extent as well as cDSH areas were significantly lower in 
IMRT+IRS than in IMRT-IRS at high-dose levels (Figure 3a). The largest significant differences 
were observed for cDSH areas at dose levels >50 Gy, followed by LAT and LONG extent at 
doses >57 Gy. For these three features, no significant differences were observed for dose levels 
<50 Gy. For LONG extent no significant differences were found for some high dose levels (Figure 
3a). For ECC no significant differences were found over the whole dose range (Figure 3a). For 
the anal wall, LAT extent, ECC as well as cDSH areas were significantly lower in IMRT+IRS than 
in IMRT-IRS at high-dose levels (Figure 3b). The largest significant differences were observed for 
LAT extent at doses >60 Gy. The box plots shown in Figure 4 illustrate the summary statistics and 
density traces for LAT extent of 55 Gy, 67 Gy, and 71 Gy of the IMRT+IRS and IMRT-IRS plans. 
All box plots revealed a wide spectrum of values without apparent sub-group differentiation, but 
still a significantly lower LAT extent of 55 Gy, 67 Gy, and 71 Gy for IMRT+IRS than IMRT-IRS, 

respectively p = 0.046, p = 0.002, p < 0.001.
    (a)      (b)

FIGURE 3: Significance level of differences in geometrical measures between IMRT+IRS and IMRT-IRS plans as 

function of the dose threshold levels for the rectum (a) and the anal (b) wall. Statistically significant differences are 

shown in red, black points are not significant. The horizontal dotted line represents the significance level of 0.05.

Abbreviations: cDSH = contiguous-dose-surface histograms; Ecc = Eccentricity; Lat = Lateral (posterior-anterior-posterior) 
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extent; Long = longitudinal (superior-inferior) extents. 

FIGURE 4: Box plots comparing the relative lateral extent for dose levels of 55, 67 and 71 Gy for IMRT+IRS 

versus IMRT-IRS. The lines denote to paired observations between the same patient +/- IRS.

NTCP prediction
The box plots shown in Figure 5 illustrate the predicted spatial NTCP rates for Gr 2 anal and 
Gr 2 rectal toxicity of IMRT-IRS and IMRT+IRS. A significant decrease in median rectal NTCP 
and in median anal NTCP is observed from 12% to 8.5% (p = 0.01) and from 13% to 11% (p = 
0.01), respectively, when using an IRS. The median rectal NTCP for Gr 2 late rectal bleeding using 
the LKB-parameters were 2.9% (range: 0.3–10.1) versus 0.7% (range: 0–8.8) for IMRT-IRS and 

IMRT+IRS, respectively. 
     (a)           (b)

FIGURE 5: Box plot comparing the predicted Grade 2 or more rectal toxicity rates (a) and Grade 2 or more anal 

toxicity rates (b) for IMRT+IRS versus IMRT-IRS using spatial NTCP models.

Observed Toxicities
At the last day of EBRT uncontrolled leakage of feces, and more than once bloody stools during 
the last 4 weeks before the consult are observed in 12% and 19%, respectively. Two months after 
EBRT, these complaints are reported in 9% and 4%, respectively. Overall, after 2 and 6 years, no 
such problems are reported. The median scores of the bowel domain functions were 80, 96, 98, 
96 at the last day of EBRT, 2 months, 2 years, and 6 years after EBRT, respectively (minimal score 

Chapter 6



139

change of 2 points for late toxicities).DISCUSSION
In this study we showed that an IRS significantly changes the size, shape and location of the 
local surface dose distribution over ano-rectal structures in prostate cancer patients undergoing 
intensity modulated radiation therapy. We identified that an IRS particularly reduces the LAT and 
LONG extent of high-dose areas (>50 Gy) in anterior and superior-inferior directions. A correlation 
of these shape-based dose measures with predicted toxicity rates based on previously published 
NTCP models, showed that the IRS is expected to decrease the toxicity rates for Gr 2 late rectal 
bleeding and subjective sphincter control. 

Several investigators demonstrated that minimising the volume of the ano-rectum receiving more 
than 70 Gy below 20% to be predictive of a very low incidence of Gr 2 late rectal bleeding [33,40]. 
Therefore, it is useful to prevent rectal volumes from being exposed to high radiation doses. 
Implantation of an IRS increases the distance between the prostate and the anterior rectal wall, 
and hence reduces the dose delivered to the ano-rectum [42,43]. The current study is the first 
to systematically investigate shape-based differences in the ano-rectal wall dose distribution 
between prostate IMRT plans with and without IRS. Furthermore these spatial features were 
used to predict the expected NTCP reduction between IMRT+IRS and IMRT-IRS, and these were 
compared with the expected NTCP reduction based on DVH data solely. 
A recently published prospectively randomized trial demonstrated the safety and effectiveness 
of a hydrogel IRS implantation in 149 consecutive patients [14]. This study showed that patients 
experienced 10-point declines in bowel quality of life at 15 months 11.6% and 21.4% of spacer 
and control patients, respectively. In contrast to this, Habl et al. reported the occurrence of 2 
fistulas out of 91 patients [12]. However, there is a growing body of literature on prospective 
studies that supports the safety of IRSs in combination with EBRT, when practiced in experienced 
hands [13].

Previous studies investigated correlations between spatial 3D dose distributions to sub-regions of 
the ARW and (acute and late) GI toxicity [19-22]. However, so far no comparative study has been 
performed in patients with an implanted IRS. Heemsbergen et al. described clinical evidence 
for a dose–effect relationship for bleeding and mucus loss within the dose to the upper 70-80% 
part of the ARW [19]. For soiling and faecal incontinence, they found a strong association within 
the dose to the inferior 40-50% to the ARW. As demonstrated in this study, an IRS reduces 
the dose-volume in the anterior upper and anterior inferior region of the ARW, and reduces 
the predicted late Gr 2 GI toxicity rates. Furthermore, Buettner et al. reported the strongest 
correlations between rectal bleeding and LAT extent at doses between 50 Gy and 60 Gy [25]. 
This confirms the importance of an IRS to reduce the LAT extent in high-dose areas. In addition, 
Mumbodh et al. obtained a relation between late rectal toxicity and irradiation of the upper part 
of the rectum [20]. An IRS decreases anterior extents in superior-inferior directions. Furthermore, 
Wortel et al. recently demonstrated significant relationships between acute rectal toxicity and the 
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cranial-posterior rectal site [22], which, as we have shown in the current analysis, is decreased 
by an IRS. 

DSM analysis is a well-known tool for advanced dose-response studies in prostate radiotherapy, 
which has successfully been applied to analyse radiation-induced rectal toxicity [36-39]. Different 
algorithms exist to generate DSMs from the 3D dose distribution of the ARW. One of the 
restrictions of the used model is the fact that the DSM is constructed by cutting the rectum at 
the most posterior location point. However this most posterior rectum point could by chance 
be a long way to the left or the right of the centre of the contour, jumping between slices. 
This could give rise to discontinuities in the DSM. This could be corrected by using the cutting 
point as the point on the contour surface directly posterior to the centre of mass the centre of 
mass [45]. DSMs in general have some well-known limitations [23]. First, to unfold the ARW, 
different algorithms exist [37,38], so the same dose distribution can result in different DSMs. We 
used a slice-wise unfolding algorithm which has already been successfully used to examine the 
shape of the dose-distribution to the ARW [21,23,25]. Second, the DSMs were constructed on a 
single planning CT scan before treatment. This can lead to mismatch due to large inter-individual 
variations [45]. Motion of the ARW during treatment is a source of uncertainty that was not taken 
into account in the current study. However, we observed that in some patients a worsening of 
the rectal dosimetry occurred for IMRT+IRS, with consequently a worse NTCP prediction. It is 
well known that the rectum changes position, volume, and shape between treatment fractions. 
This is mainly caused by changes in rectal filling due to inclusion of gas bubbles and stool 
[48,49]. In this case the distance between the prostate and ano-rectum is still increased due to 
IRS implantation, but the distance between the more cranial part of the rectum (above the IRS) 
decreased incrementally, as a consequence of which the latter part received a higher dose than 
the former part. Fenwick et al. concluded that setup-errors and ARW movement have only a 
slight impact on fits of NTCP models for a whole treatment period [46]. Furthermore, Thor and 
colleagues revealed a strong association with rectal morbidity at high doses (>55 Gy), for the 
planned and the simulated dose distributions including in particular random rectal motion [47]. 
Next, concerning the treatment planning technique: it is possible to reduce intermediate dose 
levels (30−50 Gy) in the ARW-region by an arc-therapy with an avoidance-region near the rectum 
or by using strictly lateral beams to diminish the LAT and LONG extent, with consequently a 
decrease of Gr 2 late rectal bleeding [5]. Finally, the models used for the spatial and non-spatial 
NTCP differ: a fair comparison between them is hindered by the fact that their were not derived 
for the same patient cohort. Nevertheless, both models have been published earlier and are used 
for NTCP prediction in literature. Currently, there is not enough clinical outcome data to compare 
the predicted and observed toxicity rates and to calibrate the models for patients who received 
an IRS. It is a topic of further research to find out whether the NTCP parameters derived from a 
patient cohort without IRS can be used for a cohort with IRS. 
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By using spatial NTCP models (Buettner) that were previously shown to have a higher predictive 
power than NTCP models based on DVH data (LKB model) [24], the current study predicts a 
statistically significant gain in NTCP when using an IRS in prostate cancer patients receiving 
IMRT. Comparing the NTCP predictions based on shape-based dose measures against those 
based on DVH measures a less pronounced decrease in toxicity rate was observed for the 
latter. This may be due to the fact that the LKB-model is more sensitive for high-dose than for 
intermediate-dose levels, and the relative volume receiving a high dose is smaller for the volume 
of the solid ano-rectum than for the 2D shape-based dose measures of the ARW (Buettner). This 
could explain the difference between the both models. Follow-up data are needed to compare 
the predicted and observed toxicity rates to calibrate the NTCP models, which is beyond the 
scope of the current study. 

Recently, decision rules were generated to support the clinician in selecting patients who are 
expected to benefit most from IRS implantation prior to IMRT planning [50]. This can be helpful 
for selecting patients for an IRS. Further systematic evaluations of dose, clinical and even genetic 
parameters are needed to evaluate which features are predictive to improve the benefit of an 
IRS, such that future treatments can be individually tailored to patients who will benefit most 
from IRS implantation [34,50,51,52]. Spatial dose distributions in combination with the predicted 
GI toxicities can add extra information to be incorporated in more accurate decision support 
systems to further individualise prostate cancer radiotherapy treatment. Such investigations are 
mandatory to define the definitive role of an IRS in prostate cancer radiotherapy. Furthermore, 
patient decision aids can be developed with integration of the choice of an IRS to fulfil the 
complete personalized and participative medicine [52,53,54].

In conclusion, we demonstrated statistically significant shape-based differences in ARW DSMs 
between IMRT+IRS and IMRT-IRS. An IRS reduces the LAT and LONG extent of high-dose 
areas (>50 Gy) in anterior and superior-inferior directions in 78 Gy IMRT plans. An IRS decreases 
the predicted toxicity rates for Gr 2 late rectal bleeding and subjective sphincter control. The 
extra spatial information can be added in decision support systems to optimise the decision to 
implant an IRS or not. The predictive power of spatial and non-spatial NTCP models has yet to 
be completely established for patients receiving IMRT with an IRS.
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ABSTRACT

Introduction
A rectum balloon implant (RBI) is a new device to spare rectal structures during prostate cancer 
radiotherapy. The theoretical advantages of a RBI are to reduce the high radiation dose to the 
anterior rectum wall, the possibility of a post-implant correction, and their predetermined shape 
with consequent predictable position. 

Objective
To describe, step-by-step, our mini-invasive technique for hands-free transperineal implantation 
of a RBI before start of radiotherapy treatment.

Materials and Methods
We provide step-by-step instructions for optimization of the transperineal implantation procedure 
performed by urologists and/or radiation oncologists experienced with prostate brachytherapy 
and the use of the real-time bi-plane transrectal ultrasonography (TRUS) probe. A RBI was 
performed in 15 patients with localised prostate cancer. Perioperative side-effects were reported.

Results
We provide ‘tips and tricks’ for optimizing the procedure and proper positioning of the RBI. 
Please watch the animation, see video in https://vimeo. com/205852376/789df4fae4. 
The side-effects included mild discomfort to slight pain at the perineal region in 8 out of 15 
patients. Seven patients (47%) had no complaints at all. Two patients developed redness of the 
skin, where prompt antibiotic regimen was started with no further sequelae. One patient revealed 
a temporary urine retention, which resolved in a few hours following conservative treatment. 
Further no perioperative complications occurred.

Conclusion
This paper describes in detail the implantation procedure for an RBI. It is a feasible, safe and very 
well-tolerated procedure
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INTRODUCTION

Prostate cancer radiotherapy can develop limiting anorectal toxicity [1-3]. It is therefore important 
to implement techniques to spare rectal structures [3].
Several devices have been established to spare anorectal structures by excluding them from high 
radiation dose exposure. Endo-rectal balloons are used to increase the distance from the dorsal 
rectal wall to the prostate [3], and implanted rectum spacers (IRS) are designed to separate 
the anterior rectal wall from the prostate by injecting a biodegradable material. Four types of 
IRS have been developed: hyaluronic acid [4], absorbable hydrogel [5], collagen implants [6], 
or a saline-filled balloon [7]. In the past decade, research groups have investigated the use of a 
prostate IRS (Figure 1), with hyaluronic acid and poly-ethylene-glycol (PEG)-based hydrogel [4, 
5, 8-12]. All reported a decrease of the rectal dose (Figure 2).

This paper describes in detail the implantation procedure for a (saline-filled) rectum balloon implant 
(RBI) (Figure 3). It provides step-by-step instructions, identifying the potential hazards and ‘tips 
and tricks’ for optimising the procedure as well as proper positioning of the RBI. Furthermore, we 
report the perioperative complications of the first 15 patients implanted in our institute
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MATERIALS AND METHODS

After approval by the local ethics committee and institutional review board, 15 consecutive 
patients with localised prostate cancer (cT1-2 N0) treated between June 2015 and March 
2016 were included in this feasibility study. Gleason scores > 7 and high PSA-values were 
not exclusion criteria. Extended extra-prostatic disease extension (T3a/4) was an exclusion 
criterion, as were distant metastatic disease and previous pelvic EBRT. All patients signed an 
informed consent document. The RBI (BioProtect Ltd, Israel) implantation was demonstrated in 
a video review to illustrate a clinically useful stepby-step technique see video in https://vimeo. 
com/205852376/789df4fae4. All patients were assessed immediately post-injection, 4 to 7 days 
after implantation. The possible complications were recorded in terms of Common Terminology 
Criteria for Adverse Events (Version 4.0) [13]. Pain was scored 1 hour, 8 hours, and 24 hours after 
implantation using the visual analogue scale (VAS), ranging from 0 to 10.

     P                   RBI      R       P      RBI      R

      (a)       (b)

FIGURE 1: A schematic illustration (www.bioprotect.co.il) (a) and an MRI image (Balanced fast field Echo- 

sequence) (b) of a biodegradable rectum balloon implant (RBI) between the anterior rectum wall (R) and the 

prostate (P), creating space between the two organs.
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    (a)         (b)

FIGURE 2: Isodose distribution in an axial CT plane before (a) and after rectum balloon implant (RBI) 

implantation (b) in the same patient. The image on the left shows the high-dose region >80% (green) 

overlapping the entire part of the rectum (brown), whereas with the RBI in situ the high-dose region is not in 

the rectum. The 65% isodose contour (blue) overlaps the entire rectum in (a), whereas there is no overlap in 

the rectum in (b).

FIGURE 3: The RBI kit, with the needle with the dilatator (blue) and sheath (white) above, and the rectum 

balloon implant (rolled up) deployer (RBID) below. note the line on the RBID: when the RBID is inserted 

through the sheath up to this mark it means the tip of the deployer is at the end of the sheath. Retract the 

sheath while holding the RBID in place.
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RESULTS

Step-by-step description of application technique
Precautions - medications
Anticoagulation should be stopped before this minimally invasive procedure because bleeding 
can disturb transrectal ultrasound (TRUS) vision. The timing of therapy stop and re-initiation 
depends on the specific drug used. In contrast to transrectal biopsies, the transperineal RBI 
implantation yields a lower infection risk after careful skin preparation. Nevertheless, an antibiotic 
prophylaxis is recommended to reduce the risk of infection by the implant [12]. A rectal enema 
will empty the rectum and improve the conditions for TRUS [14]. We use oral ciprofloxacine (500 
mg, bid, for three days) and Colex Klysma (100mL, one hour before procedure).
 
Positioning - material
The RBI implantation is performed under TRUS guidance using the transperineal approach, 
with the patient placed in the dorsal lithotomy position (Figure 4). This setup is similar to the 
implantation procedure for prostate brachytherapy [9]. A brachytherapy stepper unit is used to 
stabilise the TRUS probe and allows the operator to use both hands for the implantation.
A bi-plane TRUS probe (Pro Focus 2202 - BK Medical; transducer type 8848) is used with a US 
contrast gel-filled condom to improve visibility of the prostate, the Denonvilliers’ fascia (DF) and 
the anterior rectal wall.

Anaesthesia
The implantation procedure can be performed under local, spinal or short general anaesthesia. 
A short general anaesthesia is preferred at the MAASTRO Clinic.
 
Procedure
First, a Foley balloon is inserted to empty the bladder so there is no resistance when the RBI is 
fully deployed, and to provide anatomical landmarks of the central plane, which consequently 
aids the central and effective positioning of the RBI.

Careful skin disinfection is performed with chlorhexidine solution (1%) 10mg/mL, and sterile 
drapes are used to cover the patient’s legs. 

Fiducial intraprostatic markers are implanted for image-guided external beam prostate irradiation. 
These gold markers could pierce and deflate the RBI; to avoid this, we implant the fiducials 
via the transperineal (instead of transrectal) route simultaneous with the RBI implantations, as 
described by Gez et al. [15]. We start implantation of the markers just before RBI implantation.
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FIGURE 4: The setup: patient is placed in dorsal lithotomy position, with brachytherapy stepper unit and TRus 

probe.

Hydrodissection
A hydrodissection using saline is performed to create tissue planes and facilitate correct 
placement of the RBI between the DF and the anterior rectal wall. A 20mL syringe is filled with 
saline. The needle is introduced through the perineum in the midline, ±1.5cm above the TRUS 
probe (little finger width) (Figure 5). This can easily be viewed on the axial TRUS view. Next, the 
needle must be introduced parallel to the probe (or slightly angled) into the prostate apex (switch 
to sagittal TRUS view). 

The hydrodissection is performed between the DF and the rectal fascia while advancing the 
needle within this space up to the prostate base. The DF is a fibromuscular structure, fused with 
the posterior prostate and seminal vesicles. Lowering the probe (dorsal) without pressure on the 
prostate (in contrast with brachytherapy procedure) before starting hydrodissection may help to 
open the space. The saline is injected slowly. As the space opens, the needle is advanced until 
it reaches mid-gland [4,6,7,14]. This manoeuvre must be monitored on axial and sagittal TRUS 
views. The three layers of the rectum (mucosa, muscle, fascia) must be visually inspected to 
ensure that no rectal fascia is caught by the needle (Figure 6).
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FIGURE 5: Transperineal insertion of the needle, with the dilatator (blue) and the sheath (white).

Balloon insertion
A 20 ml syringe is filled with warm (35-40°C), bubble-free saline to fill the RBI. The saline is 
combined with 1.5 cc contrast iodine to visualise the RBI on the planning CT and cone-beam 
CT scans. If the patient is allergic to contrast iodine, the RBI should be filled with saline only. The 
saline should be at body temperature to ensure adequate RBI expansion. Just superior of the 
needle, 1.5 cm above the anus, a longitudinal skin incision of the perineum is made that is 1 cm 
in width and 1.5 cm deep. The dilatator is advanced with a sheath to the tip of the needle. Axial 
view is used to check that the dilatator and the sheath are in the central plane (‘D-line’, or plane of 
the urethral catheter). A switch to sagittal view is then made to advance the dilatator and sheath 
over the needle. The needle is shifted to check that the rectum wall is free. If it is not clear, a 
palpation is performed to check and feel if the rectum wall is free. When the sheath has advanced 
to the prostate base, the needle and the dilatator are removed while the sheath is firmly held in 
place. The RBI deployer (RBID) is inserted through the sheath up to the line marked on the RBID: 
the tip of the RBID will now be at the end of the sheath.

The sheath is retracted while the RBID is held in place. The RBI is exposed and slowly inflated to 
the specified (15-20cc) volume, approximately 3ml every 3-5 seconds, while the inflation of the 
RBI is carefully checked on axial and sagittal views (Figures 6 and 7).
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FIGURE 6: A hydrodissection is performed to separate the tissue planes with saline, helping to create space 

for the RBI between the Denonvilliers’ fascia and the anterior rectal wall. Be mindful of the three layers of the 

rectum: fascia (f), muscle (Ms) and mucosa (Mc). The vertical white line is the base of the prostate. Most of the 

prostate is not clearly visible because of the acoustic shadow of the needle. note the foley balloon catheter (Bc) 

in the bladder and the catheter in the urethra, indicating that you are in the midline.

Lowering the probe (dorsal) without placing pressure on the prostate may help to open the 
space and easily fill the RBI. The RBI must be in the midline between the prostate and rectum 
from base to apex. The three layers of the rectum (mucosa, muscle, fascia) must be visually 
inspected to ensure that no rectal fascia is caught by the needle (Figures 6 and 7). The TRUS 
probe is progressively moved down as far as possible, and a check is performed to verify that the 
rectum wall is free, in order to avoid rectum perforation. The RBID is detached from the RBI and 
left sealed in situ [7,16]. Axial and sagittal TRUS views are used to verify that the RBI is properly 
positioned (Figure 8). The rectal integrity and RBI position inflation are checked using rectal 
palpation. The skin incision is sutured using dissolvable stitches. Finally, the catheter is removed.

Perioperative side-effects
No grade 3 or 4 toxicities were reported in the week after implantation. The implantation procedure 
revealed no thrombosis and no perforation of bladder or rectum, and no anti-allergic shock 
reaction occurred. No penile bleeding was observed. One patient experienced a temporary urine 
retention, which resolved within a few hours following conservative treatment.
There was a slight increase of redness of the skin in two patients, where a prompt antibiotic 
regimen was started with no subsequent episodes of infection.
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FIGURE 7: Axial ultrasound image: rectum balloon implant (RBI) being filled with saline between the prostate 

(p) and the rectum (R). note the urinary catheter (c) in the central plane, or ‘D-line’.

BC

RBI

C

P

R

FIGURE 8: sagittal ultrasound image of patient with a rectum balloon implant (RBI) in situ between the 

prostate (p) and the rectum (R). The view is in the central plane with the urinary catheter (c) and the foley 

balloon catheter (Bc) visible in the bladder.

The major side effect included pain in the perineal region (range from 1-3, according to VAS) 
in 5 out of 15 patients, which was easily addressed with paracetamol or nonsteroidal anti-
inflammatory drugs. Three additional patients felt slight discomfort. Dysuria occurred in five 
patients. Ecchymosis in the transperineal region and tenesmus occurred in two patients and one 
patient, respectively. Seven patients (47%) were free of complications.
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DISCUSSION

The RBI separates the anterior rectal wall from the prostate, facilitating reduction of the high 
radiation dose to the anterior rectum wall. The potential failure modes, possible complications or 
pitfalls and corrective actions for this implantation procedure are described in Table 1.
Several types of spacers are available: hyaluronic acid, PEG-based hydrogel, human collagen, 
and biodegradable balloon. The advantage of the inflatable RBI system is that it allows for post-
implant correction of the RBI position, whereas liquid spacers (hydrogels, hyaluronic acid, human 
collagen) do not permit any correction once injected [7]. Furthermore, if such a liquid spacer is 
injected in the rectum wall, a rectum fistula can occur; this was recently mentioned by Habl et 
al., whereby they stopped using this promising technique [17]. Next, the biodegradable RBI 
inflates to a predetermined and predictable shape, meaning a learning curve is probably less 
important. Pinkawa et al. reported a learning curve of 64 implantations to fully implement and 
optimise rectum hydrogel spacer placement [18]. Therefore, we choose to use the RBI. However, 
a possible disadvantage is early volume loss of the RBI before the end of the radiation treatment, 
as recently published by Wolf et al. [19]. Further research is needed to evaluate and quantify this 
volume loss.

The implantation of rectum spacers is well tolerated. No severe grade 3-4 complications occurred 
in our series. In the literature, severe complications have been documented, but in very low 
numbers [8, 9]. Perforation of the bladder or rectum are reported in 3 out of 23 cases (13%) in 
procedures performed without hands-free TRUS guidance [5,8]. According to the authors, these 
complications resolved with no further sequelae. After protocol modifications and introduction of 
TRUS guidance, no perforations or other severe complications have occurred, as in our series. 
We observed 1 out of 15 cases (7%) of temporary urinary retention, probably provoked by the 
use of general anaesthesia. The literature reported this in 1 out of 11 cases (9%) and 3 out of 26 
cases (12%), respectively [6, 15].
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160

TABLE 1: List of hazards adapted to RBI implantation and corrective actions.

Potential failure mode Corrective action

Bad TRus view:
Stool
Bubbles 
Prostate calcifications

Rectal cleansing
Wait a few minutes 
Not reliable

Hydrodissection: 
needle is not advanced:
in the midline

to the prostate base 
Not performed in the proper plane

Check relation on TRUS axial view and the D-line/central 
plane with the urinary catheter
Palpate with finger to check if rectum wall is free 
Check on TRUS axial view and perform again

Hydrodissection is not possible due to 
incorrect position of the needle, e.g. in the rectum 
wall or in the prostate
adhesions or patient anatomy

Reposition the needle

Lowering the probe before starting may help to open the 
space; if this is not possible, it is recommended to abort the 
procedure

Dilator:
is difficult to insert 
is not advanced to the prostate base

Make a deeper incision 
Check on TRUS and reposition

Balloon:
cannot be inflated

is partially inflated and accidentally sealed is inflated in 
a suboptimal position (wrong cleavage) is sealed and 
spontaneously deflates

Remove the sheath sufficiently
Push the balloon deeper, so it does not interfere with pelvic 
muscles 
Remove RBI or detach it
Deflate RBI (percutaneous)
Completely deflate RBI, be mindful of perforation

Post-procedure:
Infection

Bleeding
Urinary retention
Rectal perforation 
Balloon is deflated

Prophylactic antibiotic pre-procedure
Quick start of antibiotic regimen
Stop antiplatelet therapy in advance
Urinary catheter
Deflate RBI, suture, and post-operative antibiotics
Implant transperineal fiducial markers before RBI 
implantation

Most of the current literature is limited to spacer implantation in patients with low-risk localised 
(intra-capsular) prostate cancer. So far, the role of spacers in locally advanced and high-risk 
prostate cancers is unclear [8]. The possible negative influence of a spacer in cases with a dorsal 
prostate capsule rupture is yet unknown, as tumour cells could be displaced out of the high-dose 
region by the spacer [14]. Studies are therefore needed to evaluate the advantages and possible 
disadvantages of spacers in these patients.

Each RBI is handmade and has a variable maximum volume of 15-20cc (BioProtect Ltd, Israel). 
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The volume must not exceed the specific amount indicated on the individual balloon label in order 
to preserve RBI function and prevent bursting (with consequent loss of function). In practice, we 
correlate the volume of the RBI with the volume of the prostate: small prostates (<35cc) do not 
need not the maximum RBI volume for sufficient space (at least 1cm). According to Pinkawa et 
al., a volume of 10mL is enough to ensure a distance of around 1cm (20).

Further clinical studies are required to define the place of an RBI in the treatment of prostate 
cancer radiotherapy. We believe that in the future, RBI should be prescribed on the basis of an 
individualised risk assessment with a validated predictive model and a decision support system 
to identify a priori whether individual patients will benefit from an RBI [21, 22]. Prospective follow-
up studies in independent patient cohorts are needed to assess the benefits of such an RBI.
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CONCLUSIONS

This paper provides detailed step-by-step instructions for the safe implantation of an RBI. This 
procedure should be performed by urologists and/or radiation oncologists who are experienced 
in prostate brachytherapy and the use of TRUS. The RBI implantation is a safe and very well 
tolerated procedure with only slightly increased discomfort, and in some cases pain in the 
perineal region, which is easily addressed with mild pain medication. The theoretical advantages 
of RBI include reducing the high radiation dose to the anterior rectum wall, the possibility of a 
post-implant correction, and the implant’s predetermined shape with consequent predictable 
position, meaning a learning curve is probably less important.
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ABSTRACT

Purpose
To assess the effect of a shrinking rectal balloon implant (RBI) on the anorectal dose and 
complication risk during the course of moderately hypofractionated prostate radiotherapy.

Methods
In 15 patients with localized prostate cancer, an RBI was implanted. A weekly kilovolt cone-
beam computed tomography (CBCT) scan was acquired to measure the dynamics of RBI 
volume and prostate–rectum separation. The absolute anorectal volume encompassed by the 
2 Gy equieffective 75 Gy isodose (V75Gy) was recalculated as well as the mean anorectal dose. 
The increase in estimated risk of grade 2–3 late rectal bleeding (LRB) between the start and 
end of treatment was predicted using nomograms. The observed acute and late toxicities were 
evaluated.

Results
A significant shrinkage of RBI volumes was observed, with an average volume of 70.4% of 
baseline at the end of the treatment. Although the prostate–rectum separation significantly 
decreased over time, it remained at least 1 cm. No significant increase in V75Gy of the anorectum 
was observed, except in one patient whose RBI had completely deflated in the third week of 
treatment. No correlation between mean anorectal dose and balloon deflation was found. The 
increase in predicted LRB risk was not significant, except in the one patient whose RBI completely 
deflated. The observed toxicities confirmed these findings.

Conclusions
Despite significant decrease in RBI volume the high-dose rectal volume and the predicted LRB 
risk were unaffected due to a persistent spacing between the prostate and the anterior rectal 
wall.

Keywords
Volumetric, modulated arc therapy, Radiotherapy, Rectum, Volume stability, Toxicity 
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INTRODUCTION

External beam radiation therapy (EBRT) is an effective curative treatment option for patients 
with localized adenocarcinoma of the prostate compared to surgery [1]. Increasing radiation 
dose is associated by increased control; however, this is correlated with an increased potential 
risk of gastrointestinal (GI) toxicity, with possibly a decrease in the quality of life [2, 3, 4]. Despite 
the development of advanced treatment techniques like intensity-modulated radiation therapy, 
volumetric arc therapy, and image-guided radiotherapy, sparing of the rectal wall is a prerequisite 
for safe delivery of high doses to the prostate. This makes the rectum the dominant dose-limiting 
organ at risk in prostate EBRT. To spare the rectum, artificial spacing material has been used for 
insertion into the retroprostatic space. Implantable rectum spacers (IRS) separate the anterior 
rectal wall from the prostate by creating an artificial distance between these organs. As such they 
reduce the dose exposure to the rectum, consequently decreasing the risk of GI toxicity. Different 
types of IRS exist, all of which are implanted through a transperineal approach. Hyaluronic 
acid [5] and collagen implants [6] are physiological compounds made of substances that are 
naturally present in the human body. Potential side effects for transmission of infectious agents 
or immunological reactions have been reported [7]. Therefore, commercially available spacers 
based on polyethylene glycol (PEG) hydrogels [8] and biodegradable saline-filled rectal balloon 
implants (RBI) [9] have been developed. Recently Wolf et al. [10] compared PEG and RBI spacer 
technologies in 59 prostate cancer patients undergoing radiation treatment and concluded that 
the RBI was superior in reducing rectum dose, whereas the PEG hydrogel spacer had a better 
volume consistency with respect to the duration of treatment. They reported an early and sudden 
RBI volume decline in 4 out of 16 patients, and an average volume loss of >50% in the remaining 
12 patients during the full course of treatment over 8 weeks of a normofractionated radiotherapy 
regimen comprising 41 fractions.

The aim of our study was to evaluate the RBI volume stability and the dosimetric effect of RBI 
volume shrinkage on the anorectum and to estimate the 3-year risk of grade 2–3 late rectal 
bleeding (LRB) during the course of a moderately hypofractionated EBRT regimen comprising 
28 fractions. We tested the hypotheses that despite of an expected RBI volume decrease over 
time there is no significant increase in the absolute anorectal volume encompassed by the 
2 Gy equieffective dose of 75 Gy (V75Gy) and in the mean anorectal dose, both of which are 
considered relevant parameters for predicting LRB. We also tested the hypothesis that there is 
no correlation between RBI deflation and mean anorectal dose. In addition, we hypothesized that 
the predicted increase in risk of LRB resulting from the volume decrease of the RBI is insignificant. 
Furthermore, we postulated that this predicted status quo of LRB risk can be explained by 
a persistent prostate–rectum separation of at least 1 cm during the whole course of treatment. 
Finally, we reported the observed acute and—as far as possible—late toxicities.
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MATERIALS AND METHODS

Patient selection
After approval by the institutional review board (number 14-38-03/09-internal-6335), 
15 consecutive prostate cancer patients were prospectively included in this study between June 
2015 and March 2016. Patients with a histologically confirmed, localized adenocarcinoma of 
the prostate were enrolled in this study to receive an RBI (BioProtect Ltd, Israel). All patients 
had signed an informed consent form. The patient and tumor characteristics are summarized 
in Table 1. Patients who had been classified as intermediate risk were prescribed additional 
neoadjuvant hormonal therapy for 6 months [11]. The high-risk patients were offered an additional 
1.5 years hormonal therapy as an extension of the 6-month neoadjuvant therapy after EBRT. 
All patients underwent magnetic resonance imaging (MRI) to exclude extraprostatic spread. 
Dorsal extraprostatic disease extension (stage T3a/4) was an exclusion criteria, as well as distant 
metastatic disease, inflammatory bowel disease and previous pelvic EBRT.

TABLE 1: Patient (N = 15) and tumor characteristics

Age (years; median [range]) 72 [63–77]

Prognostic risk groups*: (no. of patients)

1 – Low risk 1 (7%)

2 – Intermediate risk 5 (33%)

3 – High risk 9 (60%)

*Low risk: no risk factors: PSA <10 ng/ml; Gleason score <7; cT stage <2b; Intermediate risk: PSA 10–20 ng/ml and/or 

Gleason score = 7 or cT stage = 2b/c; High risk: PSA >20 ng/ml or Gleason score >7 or cT stage >2b/c

RBI implantation procedure
An RBI was implanted in these patients between the prostate and the anterior rectal wall 7–10 days 
prior to the start of EBRT. The injection technique has been previously described in detail [12]. 
A short general anesthesia is preferred at our department. However, the implantation procedure 
can be also performed under local or spinal anesthesia. First, four fiducial markers (PolyMark™, 
CIVCO, Orange City, IA, USA) were implanted intraprostatically for daily position verification. 
The RBI was implanted transperineally under biplane transrectal ultrasonography guidance. 
A bubble-free (sterile) saline solution was used to fill and inflate the RBI. The saline solution was 
mixed with approximately 1.5 cm3 iodinated contrast medium to enhance the visualization of 
the RBI on computed tomography (CT) scans. The injected volume was varied, depending on 
the volume of the prostate. Because the RBI should not be filled to achieve a prostate–rectum 
separation larger than 30 mm, we adapted the volume of the RBI to the volume of the prostate: 
small prostates (<35 ml) do not need the maximum RBI volume to guarantee a prostate–rectum 
separation of at least 1 cm, which is considered as a conclusive spread [13].
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Target volume definition, dose prescription, and treatment planning
Each patient underwent a CT scan and MRI scan 5–7 days after RBI implantation in supine 
position with a slice thickness of 3 mm for treatment planning and target volume delineation 
purposes, respectively. One hour prior to image acquisition, patients were instructed to first 
empty their bladder, then drink 300 ml of water to have a full bladder, and empty their bowel. No 
use of laxative was recommended. The CT and MRI scans (balanced turbo field echo sequence 
with isotropic 0.5 mm in-plane resolution) were coregistered based on the fiducial markers.

Delineation of the prostate (CTV = clinical target volume) was performed on the T2-weighted MRI 
scan, while the RBI and the organs at risk were delineated on the CT scan (Figure 1). In case 
the CT and MR images showed different prostate shapes and volumes (e. g., due to differences 
in rectal filling), the MR imaging was repeated. The first planning target volume (PTV1) was 
constructed according to the institutional protocol by expanding the CTV with 10, 7 and 6 mm in 
cranial–caudal, anterior–posterior, and left–right direction, respectively. A second PTV (PTV2) was 
defined as a 5 mm isotropic expansion of the CTV, with exclusion of the anorectum and bladder. 
All treatment plans were designed for dose delivery with a volumetric modulated arc technique 
(VMAT) using 10 MV photon beams (Eclipse Version ICD-10, Varian Medical Systems Inc., Palo 
Alto, CA, USA). The prescribed dose to PTV1 and PTV2 was 65.8 and 70 Gy, in 28 fractions 
of 2.35 and 2.5 Gy, respectively [14]. With α/β = 3 Gy for late rectal toxicity, the maximum 2 Gy 
equieffective dose (EQD23) in the anorectum for this type of plan is 77 Gy [15]. No density override 
for the iodine-containing RBI was performed because it was assumed that the contrast medium 
that was present in the RBI at the time of CT scanning and treatment planning remained present 
during treatment delivery. The overall treatment time was 7 weeks, at 4 fractions a week. The 
dose–volume constraints fulfilled the institutional protocol, which is based on the QUANTEC 
guidelines [16]. All patients underwent daily X-ray based position verification and repositioning 
based on the intraprostatic fiducial markers.

Consequences of rectal balloon shrinkage
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FIGURE 1: Color-wash isodose distribution projected on an axial CT slice before (a) and after RBI implantation (b) 

in the same patient with the planning target volume in red. Without RBI (a), the high-dose region >80% (green 

isodose) overlaps with the entire ventral part of the rectum (black line), whereas with the RBI in situ (b) the 

rectum is exposed to a dose <65% (blue isodose)

RBI volume and distance dynamics
To assess the volume stability of the RBI over time, a weekly kilovolt cone beam computed 
tomography (CBCT) scan was acquired in treatment position prior to irradiation, respectively at 
fractions 1, 7, 11, 15, 19, 23, and 27. The resulting 105 CBCT scans were imported into the 
treatment planning system for delineation and subsequent 3D volumetry of the RBI. Furthermore, 
the minimum distance between the prostate and the anterior rectal wall was measured at 
midprostate level in anterior–posterior direction. Two observers independently delineated the RBI 
(RG and BV) and the anorectum (DH and BV). The anorectal structure consists of the rectum and 
the anal canal. The rectum was delineated from the top of the anal canal up to the rectosigmoid 
flexure. The anal canal was considered as the distal 3 cm of the anorectum. Six to nine months 
after RBI implantation, an MRI scan was acquired to evaluate the biodegradability of the RBI.

Anorectal dose estimation
To assess the dosimetric consequences of RBI shrinkage on the anorectum, the planned 
dose distribution of the three patients with the largest observed RBI volume reduction was 
recalculated on the weekly acquired CBCT images, while keeping all planning parameters 
(e. g., beam arrangement, field size, fluence maps, monitor units) the same as for the initial, CT-
based treatment plan. The dose–volume histogram (DVH) for the anorectum obtained from the 
treatment plan was converted into EQD23 using the Withers formula [17]:
EQD2 α/β =D⋅d+αβ 2+αβ, EQD2α/β=D⋅d+αβ2+αβ,
where α/β = 3 Gy for late rectal toxicity, D is the total dose, and d is the dose per fraction. All 
dose(–volume) parameters were obtained from the EQD23-converted DVH. The absolute V75Gy 
of the anorectum was compared between the CT and CBCT plans: in the 3 cases with the largest 
RBI volume decrease the weekly CBCT images were compared. For the remaining patients, only 
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the CBCT images of the last week (CBCT27) were used for comparison of the anorectal V75Gy 
against the CT-based plan. The EQD23-converted mean anorectal dose was calculated for the 
planning CT and the final CBCT for all patients.

Complication risk estimation
To assess the effect of the RBI volume decrease on the 3-year risk of grade 2–3 LRB, a set of 
previously published multifactorial nomograms were used [18]. These nomograms use clinical 
parameters (use of anticoagulants, hormonal therapy, or antihypertensives; pelvic node irradiation; 
presence of diabetes or hemorrhoids; and a history of pre-RT abdominal surgery), in addition to 
dosimetric parameters (mean rectal dose and the percentage of the anorectum volume receiving 
at least an EQD23 of 75 Gy) to predict the risk of late rectal bleeding. The nomograms were 
applied to the initial treatment plans and the plans performed on the final CBCT images for each 
patient. The results were used to estimate the largest change in predicted complication risk due 
to shrinkage of the RBI.

Observed toxicity assessment
The complications were recorded in terms of Common Terminology Criteria for Adverse Events 
(Version 4.03) [19]. Acute gastrointestinal (GI) and genitourinary (GU) toxicities were scored in the 
2nd, 4th, 6th week of treatment and 3 months after its completion. Late toxicities were scored in 
the 6th, 9th, and—in case if possible—12th, and 18th months after treatment completion.

Statistical analysis
The statistical analyses were carried out using the Statistics Toolbox of MATLAB (Version 10.2, 
The MathWorks, Natick, MA, USA) software. The paired-samples Wilcoxon signed rank test 
was applied to test for a significant decrease in volume of the RBI on weekly acquired CBCT 
scans, and for a significant decrease in distance between prostate and rectum. This test was 
also applied to test for a significant increase in predicted complication risk between the first 
and last fraction. All statistical tests were one-sided, with P < 0.05 considered to be statistically 
significant.
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RESULTS

RBI volume and distance stability
The median injected and delineated RBI volumes were 17.0 cm3 (range 9–17 cm3) and 20.0 cm3 

(range 12.9–22.6 cm3), respectively. Volume differences are explained by the fact that the 
delineated RBI structure comprises both the injected saline solution and the RBI envelope. Two 
patients were excluded from the stability analysis because in one patient CBCT scans were 
missing due to a protocol violation and in another patient the RBI had disappeared on CBCT 
in the third week of treatment as no contrast medium could be detected. For the remaining 
13 patients, the descriptive statistics of the RBI volume dynamics are summarized in Table 2 
and depicted in Figure 2. The median RBI volumes at fractions 1, 15, and 27 were 19.6 (range 
12.8–21.7), 15.6 (range 11.7–20.6), and 11.9 cm3 (range 6.3–19.8 cm3), respectively. The weekly 
decrease in absolute RBI volume was significant for all time points, with an average volume loss 
of 29.6% at fraction 27 relative to baseline. The largest relative volume decrease occurred during 
the first week (i. e., between fraction 1 and 7), and after fraction 19 (Figure 2). The median volume 
loss relative to baseline was 25% (range 5.7–54.9%). The descriptive statistics of the prostate–
rectum distance dynamics are also summarized in Table 2. Although the weekly decrease of 
minimum prostate–rectum distance was significant for all time points, this distance remained 
greater than 1 cm at all times.

TABLE 2: RBI volume and minimum prostate–rectum distance dynamics

 RBI volume
(cm3; median [range])

Prostate–rectum distance
(cm; median [range])

Planning CT 20.0 [12.9–22.6] 2.3 [1.9–2.9]

CBCT 1 19.6 [12.8–21.7] 2.2 [1.8–2.8]

CBCT 7 16.0 [12.8–20.7] 2.0 [1.7–2.5]

CBCT 11 15.8 [11.7–20.7] 1.9 [1.6–2.4]

CBCT 15 15.6 [11.7–20.6] 1.9 [1.5–2.4]

CBCT 19 14.5 [11.3–20.0] 1.9 [1.3–2.4]

CBCT 23 14.0 [9.6–19.8] 1.7 [1.1–2.3]

CBCT 27 11.9 [6.3–19.8] 1.4 [1.1–2.3]

RBI rectal balloon implant, CBCT cone-beam computed tomography
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FIGURE 2: A box and whisker plot of the delineated rectal balloon implant (RBI) volumes during a full treatment 

course of 28 fractions in 13 patients (grey dashed lines) observed by weekly cone-beam computed tomography 

(CT) images

RBI resorption
Six to nine months after completion of EBRT a residual rest of the RBI envelope was visible 
on T2-weighted MRI in only 1 out of 15 (7%) patients; no contrast medium or saline solution 
could be observed. Neither space-occupying effects nor complications (infections, perforations, 
fibrosis) were observed in any of the patients.

Anorectal dosimetry
In the patient whose RBI had disappeared on the CBCT scan in the third week of treatment, 
the V75Gy of the anorectum significantly increased from 0 to 4.3 and 5.9 cm3 at fraction 1, 11, 
and 27, respectively (patient 9, Figure 3.) In the other two patients (numbers 5 and 12) exhibiting 
the largest RBI volume decrease (45 and 52% of the original volume, respectively) a significant 
increase in absolute V75Gy of the anorectum was only observed in the CBCT scan of fraction 23 
(patients 5 and 12, Figure 3). Furthermore, the RBI deflation did not lead to significant increase 
in V75Gy (p = 0.577). Among the remaining patients there was only one patient who showed an 
increase of V75Gy from 0 cm3 on the CT plan to 3.6 cm3 on the CBCT27 plan (Table 3). In 2 out 
of 11 patients, the V75Gy remained 0 for both the CT and CBCT27 scans. In 6 patients, even 
a slight decrease of V75Gy was determined. The increase in V75Gy for all patients except the 
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one of whom the RBI disappeared was not significant (P = 0.57). The increase in mean anorectal 
dose was significant (P = 0.02); however, no correlation was found between the mean anorectal 
dose and the volume of the RBI (P = 0.3). The correlation between the anorectal volume and the 
anorectal mean dose was significant (P = 0.005).
 

FIGURE 3: Relative volume dynamics of rectal balloon implant during a full treatment course of 28 fractions in 

13 patients (grey dashed lines) observed by weekly cone-beam computed tomography (CT) images. The mean 

values (dark blue) with the standard deviations (light blue) are presented.

TABLE 3: Descriptive statistics for treatment plans based on the planning CT scan and the CBCT scan of 

fraction 27

 Planning CT
median [range]

CBCT27
median [range]

Rectal volume (cc) 88.7 [56.1–187.4] 68.65 [45.3–200.8]

Mean rectal dose (Gy) 26.2 [10.9–34.6] 33.9 [19.3–38.7]

V75Gy (cc) 0.1 [0.0–1.6] 0.7 [0.0–5.9]

Complication risk (%) 4.1 [3.8–11.9] 4.5 [3.9–11.6]

CT computed tomography, CBCT cone-beam computed tomography, V75Gy volume receiving 
at least a 2 Gy equieffective dose (EQD23) of 75 Gy, Mean rectal dose mean EQD23 dose in the 
anorectum
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Risk of late rectal bleeding
In the patient whose RBI had completely deflated in the third week of treatment (patient 9), the 
risk of LRB was predicted to increase from 4.0 to 9.8%. For the two patients with the largest 
observed RBI shrinkage (patients 5 and 12) the predicted increase in LRB risk was 0 and 0.2%, 
respectively (Figure 4). The largest increase in complication risk predicted for the remaining 
patients was 3.4%, resulting from a RBI volume decrease of 32%. The difference between the 
predicted risk of LRB at the start of treatment and the end of treatment, excluding the patient 
with the deflated RBI, was not significant (P = 0.07) (Figure 5).

FIGURE 4: Dynamics of estimated absolute anorectal volume encompassed by the biological equivalent 75 Gy 

isodose during a full treatment course of 3 patients (numbers 5, 9, 12) exhibiting the largest volume decrease 

of the implanted rectal balloon. Patient 9 had the complete rectal balloon implant (RBI) shrinkage on cone-

beam computed tomography (CBCT) of fraction 11: the V75Gy increased significantly. In the other two patients 

(5 and 12) a significant increase in absolute V75Gy of the anorectum was observed in only one CBCT scan 

(fraction 23) over the total treatment course.

Observed toxicities
No acute grade 3 or 4 toxicities were reported during treatment or 3 months after completion. 
Overall, 5 patients (33%) experienced no toxicity, 6 patients (40%) had grade 1 GU toxicities, 
and 4 patients (27%) had grade 2 GU toxicities. During the course of therapy, in 4 patients (27%) 
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grade 1 GI toxicity was observed, but no grade 2 or more acute GI toxicities.
No late grade 3 GI toxicity has been reported. Late grade 2 GI toxicity was observed in 1 patient: 
the rectal bleeding started at 9 months after radiation. This was the patient whose RBI had 
completely deflated in the third week of treatment. Grade 1 GI and GU late toxicities were 
reported in 2 patients.
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DISCUSSION

This study provides the first evaluation of RBI volume stability that is based on weekly CBCT 
measurements during the full course of EBRT. As previously reported in literature, an RBI 
volume decrease was expected over time. We analyzed the dosimetric consequences of this 
phenomenon and predicted the increase in risk of 3-years grade 2–3 late rectal bleeding resulting 
from a shrinking RBI to assess its potential clinical impact. Moreover, the observed acute and 
early late toxicities were adjusted.

GI toxicity is the major treatment-related side effect in prostate cancer radiotherapy: the rates 
of acute and chronic grade ≥2 rectal toxicity has increased by dose-escalated EBRT (up to 
a dose of 78 Gy) compared with lower doses (e. g., 68 Gy) from 3 to 20% and from 5 to 21%, 
respectively [20, 21, 22, 23, 24]. Therefore, it is advantageous to push the rectal wall out of high-
dose regions by implantation of an IRS device [25, 26]. So far, most studies in the literature have 
reported on the use of a PEG hydrogel as an IRS [27, 28, 29, 30, 31]. The RBI has some practical 
advantages [9]. First of all postimplant correction of the RBI position is possible; if the RBI is 
dispositioned, it can be easily deflated and replaced, whereas liquid spacers (PEG hydrogels, 
hyaluronic acid, human collagen) do not permit any correction once being injected [9, 12]. In 
addition, a chemical reaction is required to occur in PEG hydrogels, which limits the implantation 
time. Furthermore, since the RBI inflates to a predetermined and predictable shape, the learning 
curve to obtain an adequate implant is less steep than for PEG hydrogels. In addition, due to the 
defined shape and homogenous hypodense signal, the RBI has an excellent CT visibility, which 
is most advantageous for treatment planning and CBCT-based evaluations. Besides, some 
amount of iodine contrast can be added to the saline to enhance the visualization of the RBI on 
CT and CBCT scans (Figure 1). Moreover, because the RBI is a closed system, there is no risk of 
air or hydrogel injection into vessels.

Nevertheless, disadvantages of the RBI have also been reported. Recently Wolf et al. [10] 
described an early deflation effect. They reported an average volume loss of >50% during a full 
treatment course of 37–41 fractions (8 weeks). The volumes they estimated were mainly based 
on measurements of the diameters of the RBI on two orthogonal X-ray images and calculations 
by the volume formula for an ellipsoid cylinder. The measurements were only performed on CBCT 
scans of fractions 20 and 38. Data on the dynamics of the prostate–rectum separation over time 
are missing in their study. Wolf et al. only recalculated one treatment plan on a CBCT scan for 
a single patient whose RBI showed a significant volume loss of 58%, and reported an increase 
of 9.2 cm2 for the rectum volume encompassed by the 95% isodose. We measured 3D volume 
changes on weekly CBCT scans and observed that a prostate–rectum separation of at least 1 cm 
is maintained during the full treatment course, except in the patient where the RBI deflated. The 
persistent spread of at least 1 cm means that also for other RT techniques like 3D conventional 
EBRT, intensity-modulated radiotherapy, or proton therapy, the sustained spread is considered 
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as enough for protecting the anorectal structures [13].
By evaluating the dose on the anorectal structure, we observed that the V75Gy of the anorectum 
steadily increased only in one patient whose RBI disappeared completely in the third week 
of treatment. In the 2 remaining patients where the RBI shrank most, the V75Gy changed 
significantly in only two CBCT scans during the whole treatment course, but not in the last CBCT 
scan. This effect was caused by a difference in rectal filling (inclusion of gas bubbles and/or 
stool). The distance between the prostate and anorectum was still enlarged due to the presence 
of the RBI. However, the distance between the prostate and anorectum at the level of the cranial 
part of the rectum (above the RBI) could decrease incrementally. This is especially the case 
when the rectal filling is increased dramatically, and when seminal vesicles are irradiated. In this 
situation, the cranial part of the rectum above the RBI anorectum could receive a higher dose. 
Furthermore, the RBI could exert pressure on the rectum and thereby decrease the rectal volume 
being exposed to an intermediate and a high dose and increase the volume being exposed to 
low doses, with unknown clinical consequences. To reduce the low- and intermediate-dose 
levels, a different treatment planning technique using either an arc technique with an avoidance 
region near the rectum or using strictly anterior and lateral beams would be required.

By applying multifactorial nomograms on the initial treatment plan and on the final treatment 
plan, the predicted increase in risk of late rectal bleeding was analyzed. This showed that for 
the patient with the deflated RBI, the risk considerably increased, emphasizing the effect of the 
device. For the patient whose RBI had completely deflated, a significant increase in the risk of late 
rectal bleeding was predicted by the nomogram (Figure 5). This was confirmed by the late rectal 
bleeding event 9 months after treatment. For the remaining patients, there was no significant 
increase in predicted complication risk, suggesting that the decrease in RBI volume has little 
impact on the effectiveness of the RBI. Some fluctuations in predicted toxicity risk can be seen, 
but these are likely also due to the rectal filling. Indeed, besides the distance between the rectal 
wall and the prostate, the rectum size could be a possible predictor of GI toxicity [32, 33, 34, 35].
A previous study reported a sudden complete deflation of the RBI in 4 out of 16 patients three 
weeks after implantation [10]. In our series, one patient experienced such a sudden complete 
deflation three weeks after implantation. A possible explanation was a nonoptimal positioning: 
the RBI was positioned more caudally than the others, with the tip of the RBI in the pelvic muscle. 
Because of this positioning, an excessive force was required to inflate the RBI, which could have 
damaged the sealing mechanism. Another possible explanation of early deflation could be an 
excessive filling of the RBI (i. e., prostate–rectum separation larger than 30 mm) with bursting and 
consequent loss of function: each RBI is handmade, and one has to be sure not to exceed the 
maximum volume allowed that is indicated on the label of the product.

A limitation of this study is the small number of patients included. As this was a feasibility study, only 
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15 patients were included. Furthermore, there was no prior consensus on the level and window 
settings of the CBCT scans, which might have influenced the volumetric results. In addition, the 
CBCT scans were acquired at different time points and, hence, revealed different bladder and 
rectum filling, thus, adding extra uncertainty to the comparison performed. Furthermore, the 
nomograms used are not validated for patients treated with a RBI. More research is needed in 
larger patient cohorts to obtain more evidence. Finally, we evaluated weekly time points, and not 
daily, which later could be more representative for the whole treatment.

The RBI was successfully implanted in all 15 patients. The mean RBI volumes revealed an 
average volume of 70.4% of baseline at the end of treatment. Despite the weekly RBI shrinkage 
to be significant, neither significant increase in absolute V75Gy of the anorectum nor in predicted 
LRB risk were observed over the full treatment course of our moderately hypofractionated EBRT 
regimen. Although the minimum prostate–rectum distance showed a significant decrease, it was 
at least 1 cm during the full treatment course, indicating that such spacing is sufficient to reduce 
the anorectal V75Gy of a treatment plan delivered by a volumetric modulated arc technique. In 
patients experiencing a complete deflation of the RBI, the absolute V75Gy of the anorectum is 
expected to increase significantly, and so is the predicted risk of late rectal bleeding, and the 
observed toxicity. We advise to acquire imaging by CBCT scans at regular times during the 
course of treatment to assess deflation dynamics of the RBI. Only when the prostate–rectum 
distance decreases to less than 1 cm is a treatment plan adaptation recommended.

FIGURE 5: Increase in predicted probability (percentage points) of late rectal bleeding between the planning 

computed tomography (CT) and the last cone-beam CT (CBCT) scan (fraction 27) for each of the patients
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ABSTRACT

Background
Radiotherapy in patients with active inflammatory bowel disease (IBD) is usually considered an 
absolute exclusion criterion for prostate cancer radiotherapy treatment.
There are no reports available on the use of a biodegradable rectal balloon implantation (RBI) in 
patients with active IBD for prostate cancer radiotherapy. 

Case presentation
We report on a patient with high-risk prostate cancer with the comorbidity of an active IBD with 
pancolitis location. He was treated with neo-adjuvant hormonal therapy and high-dose external 
beam radiotherapy to the prostate and the seminal vesicles. Before radiotherapy treatment, a 
biodegradable RBI was implanted between the prostate and the anterior rectal wall to push the 
rectum outside of the high-dose area. This patient at high-risk for rectal toxicity was successfully 
irradiated to his prostate with only a grade I urinary toxicity, no acute rectal toxicity or toxicity flare 
of the IBD.

Conclusions
This case describes the use of a RBI implantation in patients with active IBD for prostate cancer 
radiotherapy. The use of a biodegradable RBI proved to be a promised solution for such patients, 
and have to be further investigated.

Keywords
Prostate cancer, Radiotherapy, Rectal Balloon Implant, Inflammatory Bowel Disease
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INTRODUCTION

Inflammatory bowel disease (IBD) is a chronic inflammation of the gastrointestinal (GI) tract in 
individuals with a genetic predisposition, who have been exposed to environmental risk factors, 
without an infectious cause [1]. IBD refers to a disease comprising two major disorders: ulcerative 
colitis and Crohn’s disease. Active and medically controlled IBD are generally considered to 
be absolute or relative contraindications for using ionising radiation because of the severely 
increased risk of GI toxicity, with reported grade ≥3 late GI complications attributable to external 
beam radiation therapy (EBRT), up to as much as 73% using conventional EBRT techniques 
[2,3]. 

The current standard of care for locally advanced prostate cancer is high-dose EBRT and/or 
brachytherapy or radical prostatectomy [4,5]. EBRT for prostate cancer may lead to GI toxicity 
as a common side-effect, which has a negative impact on the quality of life even many years 
after the EBRT [6,7]. Several devices have been developed to spare anorectal structures [8]. 
Implantable rectum spacers (IRS) push the anterior rectal wall away from the prostate by injection 
of an absorbable hydrogel [9], a hyaluronic acid [10], a saline-filled balloon [11], or a collagen 
implant [12]. Several studies have confirmed that an IRS decreases the rectal dose leading to 
decreasing acute and late rectal toxicity, and consequently increasing cost-effectiveness [13-15].

In this report, we present a patient with a high-risk cT2N0 Gleason 4+5 prostate cancer treated 
with neo-adjuvant hormonal therapy and concurrent EBRT using volumetric-modulated arc 
therapy (VMAT). A biodegradable rectal balloon implant (RBI) was applied before the start of 
EBRT to protect and push the anterior rectal wall out of the irradiation field. This case report 
illustrates a possible workaround for the problem of active IBD for a patient in need of prostate 
cancer radiotherapy.

Rectum spacer in Active Crohn patient
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CASE PRESENTATION

A 73-year-old man was diagnosed with a Gleason 4+5=9 adenocarcinoma of the prostate 
by a routine blood measurement (PSA 9.2 ng/ml). Transrectal ultrasound-guided biopsies of 
the prostate revealed a Gleason 4+5 prostate cancer, 6/6 in the right side in 30 to 80% of 
the biopsies. Left side was negative. The patient was in good condition, with a World Health 
Organization (WHO) performance status of 0, but with active IBD status (Crohn’s). Crohn’s-
associated ulcerative lesions were reported over the whole colon-rectum, with approximately 
monthly exacerbations. The patient reported more than four stools a day, with loss of mucus, and 
urgency. He was on sustained medical treatment (golimumab 100 mg), adjusted with prednisone 
15 mg for an exacerbation. Magnetic resonance imaging (MRI) revealed a tumour in the right side 
of the prostate with dubious extra-prostatic spread to the apex (Figure 1). No suspected lymph 
nodes or seminal vesicles invasion were observed. A bone scan revealed no metastases. Clinical 
staging was a high-risk cT2-3a (dubious MRI) N0 prostate cancer. 

  (a)        (b)

FIGURE 1: Axial T2-weighted MRI of a patient with an RBI before (a) and after implantation (b)

Abbreviation: MRI = Magnetic Resonance Image; RBI = Rectal Balloon Implant.

The patient was discussed at a multi-disciplinary tumour board. In light of the patient’s relatively 
young age and good life expectancy, a curative treatment was recommended. Brachytherapy 
as monotherapy was not considered because of the high Gleason score and the high-volume 
disease. Radical prostatectomy was not considered due to the high Gleason score, the dubious 
extra-prostatic spread to the apex, and the possible adhesions. The risk of a positive section 
margin was assumed to be very high, with consequentially the need for salvage EBRT with 
associated high rectal toxicity. Moreover, radical prostatectomy would preclude the implantation 
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of an RBI to decrease GI toxicity. Therefore, primary neo-adjuvant hormonal therapy for six 
months was suggested to attempt a possible downstage of the prostate cancer and to diminish 
the activity of the Crohn’s disease, followed with high-dose EBRT in combination with an RBI.

We started with neo-adjuvant hormonal therapy for six months to downstage [16]. After three 
months, the PSA had decreased to 0.4 ng/ml, with testosterone at castration level (<0.3 nmol/L). 
The IBD was relatively stable with one flare during these three months. After approximately six 
months the preparations for EBRT were started: First, fiducial markers were implanted intra-
prostatically. Secondly, an RBI was implanted between the prostate and the anterior rectal wall. 
The RBI was implanted transperineally under bi-plane transrectal ultrasonography guidance. The 
injection technique has been described previously [17]. A bubble-free (sterile) saline solution 
was used to fill and inflate the RBI. The saline solution was mixed with approximately 1.5 cm3 
iodinated contrast medium to enhance the visualisation of the RBI on computed tomography 
(CT) scans and cone-beam CT scans. The volume of the prostate was adequately decreased 
with hormonal therapy (<35 cm3), and therefore a 12 cm3 of saline liquid was as enough to 
guarantee a prostate-rectum separation of at least 1 cm [17]. 
The implantation procedure was tolerated well, without complications. No pain or discomfort in 
the perineal region (according to Visual Analogue Scale (VAS)) was reported in the week after the 
implantation. The perineal region showed no signs of infection.

A CT scan and an MRI scan (Figure 1) were performed 7 days after RBI implantation in supine 
position with a slice thickness of 3 mm for treatment planning and delineation purposes, 
respectively. A filled bladder was asked for the planning scans and every treatment fraction. The 
CT and MRI scans were co-registered on the fiducial markers.

Delineation of the prostate (: CTV = clinical target volume) was performed on the T2-weighted 
MRI scan, while the RBI, the base of the seminal vesicles (according to the prognostic Partin risk 
group) and the organs at risk were delineated on the CT scan [18]. The planning target volume 
(PTV1) was constructed according to the institutional protocol (CTV + 10 mm cranial - caudal, + 
7 mm anterior - posterior, + 6 mm left - right). 

This patient was treated using VMAT radiotherapy to a dose of 70 Gray (Gy) [19] (28 fractions 
of 2.5 Gy) with 10 MV photon beams (Eclipse Version ICD-10, Varian Medical Systems Inc., 
Palo Alto, USA) (Figure 2). The overall treatment time was 7 weeks, at 4 fractions a week. The 
irradiation plan revealed a V65 (relative volume of rectum receiving 65 Gy or more) of 0.2 %, a 
V54 of 8.4 % and a maximum point dose on the rectum of 66.5 Gy. 

The EBRT treatment was very well tolerated: the patient only had a slight difference in urinary 
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excretion reported as a grade I according to the Common Terminology Criteria for Adverse 
Events (Version 4.0) [20]. The acute urinary side effects consisted only of slightly raised frequency 
with nocturia 2 to 3 times a night. No acute rectal toxicity, pain or urgency were reported by the 
patient. No additional medication was prescribed. Three weeks after EBRT, the patient reported 
no complaints at all. The IBD was unremarkable, and no exacerbation was observed during and 
after the EBRT. Ten months after EBRT, the PSA had dropped to an undetectable level and the 
patient reported no complaints.

  (a)        (b)
FIGURE 2: Color-wash isodose distribution in an axial (a) and sagittal (b) CT plane after RBI (yellow) implantation, 

with prostate PTV1 (green), PTV2 (red). The prescribed dose to PTV1 and PTV2 was 65.8 and 70 Gy, in 28 

fractions of 2.35 and 2.5 Gy, respectively. Image (a) shows the high-dose region >70% (blue) with nearly no 

overlap in the rectum (brown). The high-dose region >85% (green) reveals no overlap at all within the rectum. In 

image (b) at the more cranial part there is minimal overlap observed.

Abbreviation: RBI = Rectal Balloon Implant; PTV = Planning Target Volume.
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DISCUSSION

In the literature, an (active) IBD has long been considered to be a relative (or even absolute) 
contraindication for the use of ionising radiation therapy to sites including bowel structures, 
because of the extremely increased risk of GI toxicity (grade 3 up to 73% using conventional 
EBRT techniques) [2,3]. A few papers have been published on the use of EBRT in IBD patients. 
Willett et al. found a 46% incidence of serious acute, and 21% incidence of late side effects [2]. 
They observed a five-year late toxicity of 73% with conventional EBRT techniques, compared to 
23% using specialised techniques (p=0.02).

In a review, Tolia et al. reported that the grade ≥3 acute and late GI complications attributable 
to EBRT ranged between 20 to 21%, and 8 to 29%, respectively [3]. They observed that the 
location and the activity status of the IBD in combination with the EBRT bowel dose and volume 
are related to the severity of post-irradiation morbidity.

Recently, Murphy et al. analysed the acute GI toxicity exacerbation in patients on concomitant 
medical therapy for IBD during an EBRT treatment: 57% with medication versus 8% without 
(absolute difference of 49%; 95% CI 10 to 89%, p=0.03) [21]. The five-year risk of late GI toxicity 
was relatively low with no significant differences. However, caution should be taken because of 
consequential late damage [22]. They concluded that EBRT should not be recommended for 
patients who are in an active flare of an IBD or had an acute flare in the year before treatment. 
Furthermore, White et al. evaluated the association of the use of modern radiation techniques 
in patients with decreased acute toxicity: acute grade ≥2 toxicity occurred in 28% of patients 
treated with intensity-modulated radiotherapy (IMRT) versus 100% of patients treated with 
3D-conventional RT (p=0.01). They concluded that modern EBRT techniques diminish the risk 
of GI toxicity in IBD patients [23].

Song et al. reported an 21% incidence of acute grade ≥3 toxicity effects. All patients who had 
grade ≥3 had received concurrent chemotherapy (p=0.04) [24].

The reported studies are difficult to interpret, because of the limited sample size with a very low 
number of events and the retrospective designs. Furthermore, wide confidence intervals are 
given, which indicates the need for careful selection to identify patients who are expected to face 
GI exacerbation from EBRT. 

Given the fact that IBD comprises GI mucosal inflammation, the concern for using irradiation 
therapy is reasonable [23]. Caution should be taken when exposing a considerable volume of 
bowel structures to significant doses of radiation, either through EBRT or brachytherapy. High-
dose ionising radiation (EBRT and/or brachytherapy) is therefore usually avoided for this patient 
population. As a result, the outcome and survival may be compromised for these patients. In 
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case of IBD, the risk of radiation-related bowel toxicity constitutes an enormous problem. To our 
knowledge, no radioprotective agents are available to circumvent this serious side effect and, 
consequently, excluding the sensitive structures from the high-dose region seems to be the only 
reasonable solution. This is the first case describing a successful RBI implantation for dose-
escalated EBRT in a patient with active IBD to decrease the radiation dose at the rectal wall. 

Some limitations of the proposed workaround are important to take into consideration.
First, the follow-up period (ten months) is relatively short to evaluate a complete late toxicity 
report. 

Secondly, an additional potential concern regarding the placement of an RBI in patients with 
Crohn’s disease could be submucosal inflammation and scarring, complicating the placement 
of such a device. To avoid this problem, a hydrodissection using saline is performed to create 
tissue planes and facilitate correct placement of the RBI between the Denonvilliers’ fascia and the 
anterior rectal wall. Susil et al. demonstrated on a histologic basis that Denonvilliers’ fascia could 
be accurately injected: a prostate-rectum separation of 10 mm was demonstrated as sufficient 
to reduce the mean rectal volume receiving 70 Gy by 83.1% (p <0.05) [25] .

Next, perforation in the rectal wall is earlier reported by Fisher-Valuck and colleagues in 9 out of 
149 cases (6%). However they observed no correlation between rectal wall infiltration and patient 
complications till now [26], the ramifications of rectum perforations are not yet described when a 
patient has active IBD. More clinical studies are needed to prove the safety of this procedure in 
this category of patients.

Finally, most research of the use of spacers is limited in patients with low-and intermediate-risk 
prostate cancer. The role of spacers in locally advanced and high-risk prostate cancers regarding 
potential rectal wall invasion is not yet clear. Villers and co-authors reported in their series of 243 
prostatectomy specimens that prostate cancer invaded the Denonvilliers’ fascia in 19% of cases 
[27]. They observed in no cases tumour invasion completely through the full thickness of this 
structure. The possible negative influence of a spacer in cases with a dorsal prostate capsule 
rupture (cT3a) is unclear, as tumour cells could be displaced out of the high-dose region by 
the spacer [28]. Future studies are therefore mandatory to evaluate the role of spacers in these 
patients.
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CONCLUSION

An active IBD under active medical therapy for IBD, would generally be regarded as an absolute 
contraindication for EBRT, based on the data from the literature discussed above. This case 
report illustrates a possible workaround for the problem of active IBD for a patient in need of 
prostate cancer radiotherapy. In our opinion, this treatment strategy using EBRT in combination 
with an IRS should be considered in this specified high-feature patient population to obtain the 
best outcome and survival. 
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ABSTRACT

Introduction
Previous studies have shown that the implantable rectum spacer (IRS) is not cost-effective for all 
patients. A virtual IRS (V-IRS) was constructed to help identify the patients for whom it is cost-
effective to implant an IRS, and its viability as a tool to tailor the decision of an IRS implantation 
to be beneficial for the specified patient was assessed. Please watch animation:
(https://www.youtube.com/watch?v=tDlagSXMKqw) 

Materials and Methods
The V-IRS was tested on 16 patients: 8 with a rectal balloon implant (RBI) and 8 with a hydrogel 
spacer. A V-IRS was developed using 7 computed tomography (CT) scans of patients with a RBI. 
To examine the V-IRS, CT scans before and after the implantation of an IRS were used. IMRT 
plans were made based on CT scans before the IRS, after IRS and with the V-IRS, prescribing 
70 Gray (Gy) in 28 fractions of 2.5 Gy to the planning target volume (biological dose of 80 Gy). 
Toxicity was accessed using externally validated normal tissue complication probability (NTCP) 
models, and the cost-effectiveness was analyzed using a published Markov model.

Results
The rectum volume receiving 75 Gy (V75) were improved by both the IRS and the V-IRS with on 
average 4.2% and 4.3% respectively. The largest NTCP reduction resulting from the IRS and the 
V-IRS was 4.0% and 3.9% respectively. The RBI was cost-effective for 1 out of 8 patient, and the 
hydrogel was cost-effective for 2 out of 8 patients, and close to effective for a third patient. The 
classification accuracy of the model, regarding cost-effectiveness, was 100%.

Conclusion
The V-IRS approach in combination with a toxicity prediction model and a cost-effectiveness 
analyses is a promising basis for a decision support tool for the implantation of either a hydrogel 
spacer or a rectum balloon implant.

Keywords
Prostate cancer, Radiotherapy, Implantable rectum spacer, NTCP models, Cost-effectiveness,
Decision support
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INTRODUCTION

For patients with prostate cancer, intensity modulated radiotherapy (IMRT) is one of the curative 
treatment options. Dose-escalation has revealed to improve tumor control and overall survival 
in intermediate and high-risk prostate cancer [1-3]. However, this also leads to increased risk of 
gastro-intestinal (GI) toxicity which negatively impacts the quality of life (QoL) [4, 5]. The proximity 
between the prostate and the anterior rectal wall causes part of the high radiation-dose region 
(>90%) to overlap with the rectum, the primary organ at risk (Figure 1A). 

FIGURE 1: A) The prostate (blue) and rectum (brown) before placement of an Internal Rectum Spacer and B) 

after the placement of the Spacer. The green contour is the iso-dose at 90% of the target dose.

To spare the rectum, two commercially available implantable rectum spacers (IRS) have been 
developed: one type based on polyethylene glycol hydrogels (SpaceOAR™ System, Augmenix 
Inc.)[6] and the other is a biodegradable saline-filled rectal balloon implant (BioProtect Ltd, Israel)
[7, 8]. These devices have been designed to increase the distance between the anterior rectal 
wall and the prostate, and pushing the rectal wall out of the high-dose region (Figure 1B). Several 
studies have shown that this technique results in lower dose within the rectum, resulting in lower 
toxicity levels [9, 10]. However, the IRS has not shown significant improvements for all patients, 
and is a costly and invasive procedure [11-13]. 

To identify the patients that are expected to benefit most from an IRS, we developed a novel 
method to explore a priori the benefit of the IRS. The method simulates an IRS through 
the use of deformation fields and predicts the geometric result of an IRS before the start of 
treatment: a so-called virtual implantable rectum spacer (V-IRS). This results in a comparison 
between computed tomography (CT) scans of the patient with a V-IRS (prior to the start of the 
treatment), and one without IRS. To this end, a comparison of dose gain distributions, predicted 
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normal tissue complication probabilities (NTCP) and a cost-effectiveness (CE) analysis between 
these two treatment plans can be performed (Figure 2). The developed method is based on 
the multifactorial decision support system developed in [14] and may be used to support the 
decision on the implantation of an IRS for individual patients [15, 16]. In this study, we evaluated 
the V-IRS’ performance in helping the decision support to implant an IRS or not for patients with 
prostate cancer. We did this by comparing the V-IRS to the real IRS on the three different levels: 
dose, NTCP, and CE. 

FIGURE 2: An overview of the decision support system for which the virtual internal rectum spacer (IRS) would 

be a basis. The image shows the input to be a treatment plan for a patient without the IRS, a treatment plan 

for a patient with the virtual IRS and relevant clinical information. The input data are then split into two different 

pipelines: one for without IRS and one for with IRS, and a three level analyses is performed. The two pipelines 

come together in a third pipeline, where comparison is made which can help support the decision to place a 

spacer or not. NTCP = normal tissue complication probability.
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MATERIAL AND METHODS

Patient characteristics
This study included 23 patients with localized prostate cancer who have signed informed 
consent. We placed a rectal balloon implant (RBI) in 15 of these patients and 8 patients had a 
hydrogel IRS implanted. All patients were included after approval by the local ethics committee.

Image acquisition and organ delineation
Each patient was scanned in supine position using standard CT imaging. The patients with a 
hydrogel IRS all underwent two CT scans: one prior to the IRS implantation, and one several 
days after implantation. The slice thickness of these scans was 5mm, with a pixel size of approx. 
1 mm. Of the 15 patients who received a RBI, 8 were scanned prior to implantation as well as 
several days after, and 7 only after implantation. The slice thickness for these scans was 3 mm 
with a pixel size of 1 mm. 

The clinical target volume (CTV) in the patients who received a RBI was defined as the prostate 
only, and for the patients with a hydrogel it was defined as the prostate with seminal vesicles, 
according the risk of involvement of the seminal vesicles.
The planning target volume (PTV) was obtained by expanding the CTV by 6 mm in all directions 
to account for geometrical uncertainties (daily setup variability and internal organ motion). 

V-IRS
To predict the geometrical changes which occur after implantation of an IRS, a virtual CT image 
was created using image deformation.
The precise shape of an IRS after implementation varied from patient to patient, which is why a 
model of an IRS was used as the basis for the deformation. The model of the RBI was obtained 
using the CT scans of 7 of the patients with RBI. The method used is visualized in Figure 3. 

The model IRS was inserted into the CT image by applying a deformation field, shown in Figure 
4, to a CT image of a patient prior to the implantation of an IRS. Several assumptions were made 
during the development of the deformation field. First, the deformation was assumed to only take 
place along the direction in which the IRS inflates. Though a small amount of deformation took 
place along the other axes, this effect was assumed minimal compared to the inflation direction. 
Second, the deformation was assumed to affect up to 2 cm of tissue. After this, the deformation 
fades due to compression. Last, due to the stiffness of the prostate and the rectum, the organs 
didn’t align perfectly around the IRS. This effect was simulated using a parabolic distribution. 
The field was applied to the CT image and contours using the “field_application” function from 
the REGGUI software for MATLAB® [17], placing the center of the field between the middle of 
the prostate and the rectum. A comparison between the shape of the real IRS and organs is 
compared to the shape of the V-IRS and organs in Figure 5 and Table 1.
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FIGURE 3: The implantable rectum spacer (IRS) model was developed using seven delineations of rectal balloon 

implants (RBI) and converting these into bit masks. These masks were overlapped,summed and normalized to 

obtain a probability map for the shape of the IRS. To obtain a mask of the model IRS, this probability map is 

converted to a binary image by thresholding it at 0.6. At value 1, all IRS’s overlap, at value 0, no delineations 

of IRS’s were found at all. This threshold was chosen so that the model IRS would have a volume similar to the 

average IRS (12 cm3).
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FIGURE 4: The deformation field assumed only deformation along the axis through both the prostate and the 

rectum. After 2 cm the deformation field is 0. The spacer is assumed to have deformation effect in a hyperbolic 

distribution along the other axes. The top left image shows the prostate and rectum before deformation. The top 

right shows the deformation field. The bottom image shows the result of the deformation field. 

Development of a virtual spacer for decision support



208

FIGURE 5: An overlap of the structures one of the images with the real implantable rectum spacer (IRS) and 

with the virtual IRS. On the left side the structures of the real image are that of a rectum balloon implant, on the 

right side the real structures are of a hydrogel spacer. 
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TABLE 1: Overview of the distances between the rectum and the prostate at mid-prostate level and the PTV 

overlap with the rectum after placement of an RBI or hydrogel spacer and after application of the V-IRS.

Property RBI V-IRS P-value

Median Distance (cm)
  [range]

1.37 *
[0.98-1.90]

1.50*
[0.72-1.82]

0.64

Minimum Distance (cm)
  [range]

0.56**
[0.0-1.14]

0.92**
[0.17-1.44]

0.1

PTV overlap with Rectum (cm3)
  [range]

0.05
[0.0-0.74]

0.0
[0.0-0.58]

1

Property Hydrogel V-IRS P-value

Median Distance (cm)
  [range]

0.93* 
[0.48-1.57]

1.83*
[1.54-2.18]

0.008

Minimum Distance (cm)
  [range]

0.31**
[0.1-0.49]

0.81**
[0.1-1.41]

0.30

PTV overlap with Rectum (cm3)
  [range]

0.16
[0.0-3.25]

0.0
[0.0-1.58]

1

RBI: rectum balloon implant, V-IRS: virtual implantable rectum spacer, CI: confidence interval, PTV: planning target volume

*The median of the median distance between the rectum and the prostate over all patients

** The median of the minimum distance between the rectum and the prostate over all patients

Dose distribution
A certified technician applied a treatment plan on the CT scan prior to IRS implementation, 
with IRS, and on the virtual image. All treatment plans were designed for dose delivery with a 
volumetric modulated arc technique with 10 MV photon beams (Eclipse Version ICD-10, Varian 
Medical Systems Inc., Palo Alto, USA). The treatment plans included 28 fractions of 2.5 Gray 
(Gy), resulting in a total dose of 70 Gy [18] (Table 2). The equivalent 2 Gy dose (EQD2) for this 
type of plan is 77 Gy [19] for an α/β ratio of 3 Gy for late rectal toxicity [20], and 80 Gy with an 
α/β ratio of 1.5 Gy for a prostate tumor. 

The Dose Volume Histogram (DVH) of the dose within the rectum was used for dose comparison 
between the plan without IRS to the plan with IRS. To test the V-IRS, three treatment plans were 
made for each patient; one on the scan before IRS insertion, one on the scan with the IRS, and 
one on the scan with the V-IRS. 

To check that all plans were comparable, the equivalent uniform dose (EUD) in the CTV was 
calculated for each plan. 
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TABLE 2: An overview of the constraints set during treatment planning (given dose)

Structures Constraints

Planning Target Volume V70 > 95% V77 < 3%

Rectum Volume V70 = 0%

Anal Canal Volume V74 = 0% Mean dose < 40 Gy

Anorectum Volume V54 < 50% V65 <20%

Bladder Volume V70 = 0%

Gy: Gray, Vxx: percentage of volume receiving more than xx Gy

Toxicity model
To indicate whether the IRS results in significant improvement in GI toxicity for a given patient, the 
DVH alone is not sufficient. Clinical differences between patients result in variations in predicted 
toxicity even when the dose distribution is similar. In order to predict the GI toxicity resulting 
from the treatment plan in combination with certain clinical parameters, a validated NTCP model 
was used (Table 3). The chosen model is a multivariate logistic regression model that uses the 
mean rectal dose, the percentage of the volume of the rectum receiving more than 75 Gy (V75) 
and several clinical parameters as predictors for late rectal bleeding [21, 22]. The concordance 
indices for this model were 0.62 and is the same NTCP model used in [11]. The IRS is expected 
to improve the NTCP predicted by this model, because the IRS increases the distance between 
the rectum and the prostate, thus reducing the V75 in the rectum. 

Cost-effectiveness model
The system is expanded with a published Markov model that analyses the CE of the implantation 
of the IRS by comparing the gain from the IRS in quality of life with the increased costs associated 
with the IRS [13]. The Markov model calculates the incremental net monetary benefit (iNMB) 
between the two treatment options: IMRT with IRS (IMRT+IRS) and IMRT without IRS (IMRT-
IRS). The NMB is obtained by multiplying the number of quality adjusted life years (QALY) with a 
willingness to pay (WTP) threshold and subtracting the treatment costs. The iNMB is obtained 
by subtracting the NMB of IMRT-IRS from the NMB of IMRT+IRS. If the iNMB is positive, the 
implantation of an IRS is considered cost-effective. In this study a WTP threshold of €80,000 
is used, which is the informal ceiling ratio for a high burden of disease in the Netherlands [23]. 
The WTP varies strongly per country (£20,000-£30,000 in the UK and $50,000-$100,000 in the 
USA), and is a variable input parameter in the model. The other parameters used in the Markov 
model are described in Table 4. Whether or not the IRS was effective or not in a given patient 
strongly depends on the decrease in NTCP resulting from the IRS. A reduced NTCP results in 
more QALY’s, but also lower follow-up costs resulting from toxicity. 
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Statistics
We used two-tailed Wilcoxon signed rank tests to determine whether the differences between 
the plans without IRS and the plans with IRS were significant. P-values of less than 0.05 were 
considered significant.

TABLE 3: Overview of the NTCP models used.

Probability G2-G3 acute rectal bleeding (N = 1132) Coefficient SE

Constant −2.489 0.5243

Use of anticoagulants (0/1) −0.4702 0.2034

Diabetes (0/1) 0.2445 0.2543

Hemorrhoids (0/1) 0.4066 0.1796

Irradiation of pelvic nodes (0/1) 0.4455 0.2821

Hormonal therapy (0/1) −0.4252 0.2079

Mean rectal dose (Gy) 0.0339 0.0096

Probability G2-G3 late rectal bleeding (N = 718) Coefficient SE

Constant −3.5082 0.7000

Prediction of acute G2-G3 late rectal bleeding (%) 0.0258 0.0173

Surgery prior to treatment 0.7465 0.4175

V75 in rectum (%) 0.0571 0.0215

G2-G3: grade 2-grade 3 standard RTOG/EORTC scores, RTOG: Radiation therapy oncology group, EORTC: European 

organization for research and treatment of cancer, Gy: Gray, V75: volume percentage receiving more than 75 Gy, SE: 

standard error.

 TABLE 4: An overview of the values used in the Markov CE model for the cost-effectiveness of the IRS

Utilities Value SE

Prostate cancer without treatment-related toxicity 0.9 
0.05

Prostate cancer with severe late GI toxicity (grade>=2) 0.727 0.04

Costs Value CI

Yearly costs prostate cancer without toxicity €323 €215-€430

Yearly costs late grade 2 GI toxicity €481 €160-€482

Yearly costs late grade 3 GI toxicity €4,051 €1,876-€5,832

Proportion grade 2 (of all grade>=2) 0.75 0.652-0.848

Cost IRS treatment €1,700 €1,300-€2,100

IRS: implantable rectum spacer, GI: gastro-intestinal, SE: standard error, CI: confidence interval
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RESULTS

Rectum Balloon Implant results
The implantation of a RBI resulted in a minor reduction of the mean rectal dose: 1.5 Gy [-14.9-
12.4] average (p = 0.383) for the RBI and 5 Gy [2.3-8.4] for the V-IRS (p = 0.008) (Table 5). Large 
differences were observed in rectal volumes in IMRT+IRS and IMRT+V-IRS: in one patient the 
rectal volume before RBI implantation was 215.5 cm3, and 33.1 cm3 after RBI implantation. The 
EUD in the CTV for all these plans was between 79 and 80.5 Gy. 

The mean reduction in V75 was 3.2% [0.4-8.6] (p = 0.008) resulting from the RBI and 3.2% [1.0-
7.8] from the V-IRS. The largest difference between the V75 of the plans on the CT’s after the 
implantation of an RBI and those with a V-IRS was 0.9%.

The NTCP reduction resulting from the RBI was on average 1.0% [-0.6-3.9], and 1.1% [0.3-
3.5] resulting from the V-IRS. The decrease in NTCP resulting from the RBI and from the V-IRS 
is shown in Figure 6A. Note that the NTCP for patient 7 was lower than before the IRS was 
implanted. This resulted in an average iNMB of -€1158 and -€1032 for the RBI and the V-IRS 
respectively, showing that the implantation of an IRS is not cost-effective when performed on all 
8 patients. The iNMB’s for each of the patients that received a RBI are shown in Figure 7A. For 
all these patients, the V-IRS predicts correctly whether or not the implantation of an IRS is cost-
effective. For one patient among these eight the implantation is expected to be cost-effective. 

TABLE 5: Overview of results for the Rectum Balloon implants (RBI) and the virtual implantable rectum spacer 

(V-IRS).

Before RBI After RBI V-IRS

Mean Rectal Dose (EQD2 Gy) 
[range]

20.8 
[10.5–39.9]

19.3 
[10.2–31.3]

15.8* 
[7.9–32.9]

V75 in Rectum (%) 
[range]

3.4 
[1.1–9.0]

0.2* 
[0–0.7]

0.2* 
[0–1.2]

NTCP (%) 
[range]

4.9 
[3.8–8.5]

3.9 
[3.5–4.8]

3.8 
[3.2–5.2]

iNMB 
[range]

-€1158 
[-€2049−€481]

-€1032 
[-€1497−€328]

Mean Rectal Dose (EQD2 Gy) 
[range]

31.9 
[25.2–41.0]

26.3 
[18.9–32.9]

25.6* 
[19.8–33.8]

V75 in Rectum (%) 
[range]

6.2 
[1.9–9.8]

1.0* 
[0–3.6]

0.8* 
[0–4.7]

NTCP (%) 
[range]

6.2 
[4.8–8.2]

4.4 
[3.6–5.8]

4.3 
[3.7–4.8]

iNMB 
(range)

-€669 
[-€2308−€526]

-€567 
[-€1525−€542]

RBI: rectal balloon implant, V-IRS: virtual implantable rectum spacer, EQD2: Equivalent 2 Gy Dose, V75: Volume percentage 

receiving at least 75 Gy, NTCP: Normal tissue complication probability, iNMB: incremental Net Monetary Benefit.

 *Two-tailed Wilcoxon signed rank test: significant difference in dose at 5% from the plan before hydrogel.
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FIGURE 6: The decrease in normal tissue complication probability (iNTCP) as a result of the implantable rectum 

spacer (IRS). The results for the rectum balloon implants (RBI) is shown in A, and those for the Hydrogel spacer 

in B. These decreases are compared to those caused by the virtual IRS (V-IRS). 

Hydrogel results
The mean rectal dose was reduced by 5.6 Gy [-7.8-7.0] after the implantation of a hydrogel IRS 
(p = 0.055), and by 6.3 Gy [1.8-4.0] with the V-IRS (p = 0.008) (Table 5). For this set of patients 
large differences in rectal volume were found as well, one with 263 cm3 before the implantation 
of the hydrogel IRS and 156 cm3 after. The implantation of the hydrogel IRS resulted in a mean 
V75 reduction of 5.2% [-1.7-9.8] (p = 0.0156), and the V-IRS predicted a reduction of 5.4% 
[0.9-9.8] (p = 0.008). The largest difference between the V75 of the plans on the CT’s after the 
implantation of a hydrogel and those with a V-IRS was 3.7%. The EUD in the CTV for all these 
plans was between 79.5 and 81 Gy.
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FIGURE 7: The incremental net monetary benefits for each of the patients with a Rectum balloon implant in A, 

and with a Hydrogel Spacer in B. If the iNMB is negative, the implantation of an IRS is not cost-effective. 

The NTCP was 1.8% [-1-3.8] lower, on average, after the implantation of a hydrogel IRS than 
before, and 1.9% [0.4-3.9] lower with V-IRS. The decrease in NTCP resulting from the Hydrogel 
and from the V-IRS is shown in Figure 6B. Note that the NTCP for patient 8 was lower than before 
the IRS was implanted. The resulting iNMB was -€669 and -€567 for the hydrogel IRS and the 
V-IRS, respectively, showing that the implantation of the hydrogel is also not cost-effective when 
applied to all patients. Figure 7B shows the iNMB’s for each of the patients with a hydrogel spacer. 
For this set of patients the V-IRS classifies the cost-effectiveness correctly when compared to the 
real IRS. Patient 4 and 5 appear to be cost-effective, though patient 4 with only a small gain, and 
patient 2 is close to cost-effective.
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DISCUSSION

In this study, we have developed a V-IRS which can be used to support the decision for the 
implantation of an IRS for a specified patient or not. 

Our method has two main strengths. The first is that a CT of a patient with an IRS can be 
generated and made available for treatment planning purposes without the real implantation of 
the IRS itself. This means that the benefit of the IRS for the specified patient can be estimated 
without having to put the patient through the discomfort of the operation, and without the 
additional costs of the placement of the IRS. The second is that instead of only looking at the 
improved dose reduction by implanting the IRS, the NTCP reduction and the CE are also taken 
into consideration. This allows for a decision based not only on dose reduction, but also on the 
health gain and the costs associated with the health gain. 

The V-IRS gives a good approximation of NTCP and of the cost-effectiveness when compared 
to an IRS for both commercial systems: the RBI and the hydrogel IRS. The differences between 
the health gain predicted by the V-IRS and achieved by the RBI were small for 7 of the 8 patients. 
For the hydrogel these differences were larger, especially when the NTCP was smaller than 
2.5%. However, at higher NTCP values, the V-IRS made more accurate predictions. On CE 
level, the V-IRS performed well: each time the real IRS was expected not to be cost-effective, 
the V-IRS had the same conclusion, and vice versa. The differences in iNMB between the V-IRS 
and the RBI were small, showing that the V-IRS is an excellent approximation of the RBI. The 
differences in iNMB between the hydrogel IRS and the V-IRS were larger, but not enough to 
cause a classification error. 

The V-IRS was based on the RBI, which, as a closed system, inflates to a predetermined shape, 
which is not the case for the hydrogel IRS. This could cause errors in the predicted iNMB for 
the hydrogel spacer, but due to the variability of the shape of the hydrogel, a V-IRS based on a 
hydrogel is not likely to be more predictive than the one used in this study (Figure 8). However, the 
volume of the hydrogel was often lower than the V-IRS, possibly overestimating its effectiveness. 
This could be solved by decreasing the V-IRS volume when applied to hydrogels. 

The results presented in this study showed that the patients who were to be implanted with 
a hydrogel spacer had higher NTCP’s than the patients to be implanted with a RBI. This was 
because all patients in the hydrogel spacer group had the seminal vesicles included in the CTV, 
while the patients with in the RBI group didn’t. This is kept consistent with the V-IRS, and did not 
visibly influence its performance.
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FIGURE 8: 18 delineations of gel spacers were used to create a probability map for the shape of the IRS. At 

value 18, all IRS’s overlap, at value 0, no delineations of IRS’s were found at all. There is very little overlap 

between the hydrogel spacers (less than 0,5 cm3 has overlap between 14 or more hydrogels).

One of the main limitations of the study was the small amount of patients included. Though they 
were sufficient for a first proof of concept, a more elaborate study including a larger amount of 
patients is required for validation of the method. 

Further, the deformation field used to create the images with the V-IRS was arbitrarily chosen. 
Though the field appeared to perform well, improvement is possible. Image registration could be 
used to develop a deformation field once a larger amount of patients becomes available which 
could be updated every time a new patient is treated. Other methods should be considered as 
well, such as a simple shift in the anterior rectal wall, rather than a deformation field around a 
model IRS. Additionally, options for directly shifting the dose map, and thus eliminating the need 
to perform treatment planning on the CT with the V-IRS should be explored. 

Next, the mean rectal dose has been shown to be a predictor for acute rectal bleeding, which, on 
its turn, is a predictor for late rectal bleeding (consequential late effect). Although the mean rectal 
dose is dependent on the overlap between the rectal wall and the high-dose region, it is mainly 
affected by the rectum volume, which varies strongly [24, 25]. This change in rectal volume cannot 
be predicted by the model, and might influence the decision on whether or not to place an IRS. 
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For 2 patients, patient 7 with a RBI, and patient 8 with a hydrogel, this even led to an increase in 
predicted NTCP. Future works should include models that use the dose surface histogram (DSH), 
rather than the DVH in the rectum, as this is much less affected by the rectal volume [26]. 

During this study the only NTCP taken into account was for late rectal bleeding. Late fecal 
incontinence, erectile dysfunction, and urinary symptoms are not calculated, but do have an 
effect on the patients QoL. An appropriate expansion to the system would be to include NTCP 
models for these types of toxicities. The possible complications after placement of the IRS (pain, 
rectal perforation) were not taken into account, as the risk of these factors is low (<5%) [27], and 
are not yet fully described. 

Furthermore, the nomograms on which the NTCP model is based are from 2002-2004, where 
now outdated dose delivery techniques were conformal. The performance of a decision support 
system based on a V-IRS is partially dependent on the accuracy of the NTCP models. This must 
be taken into account during further development of the system, by using newer models when 
these become available. 

The current model is isodosimetric which shows the toxicity for both the CT images before the 
IRS and after the IRS assuming both receive the same dose within the target volume. However, 
some patients could have improved tumor control probability when treated with higher target 
dose, which would improve the cost-effectiveness of the IRS (Table 6). Future studies should 
include an analyses of an isotoxic version of the model, which would analyze how much dose 
escalation is possible while still maintaining low NTCP values for each of the different situations. 
Including genetic markers into the NTCP model would also improve the decision support on 
whether or not to place an IRS in a prostate cancer patient [28]. 

TABLE 6: An overview of the iNMB of the RBI and the hydrogel spacer after rescaling of the treatment plan to 

a target dose of 80 Gy in 32 fractions.

RBI V-IRS

iNMB original plan
   [range]

-€1158 
[-€2049−€481]

-€1032 
[-€1497− €328]

iNMB scaled plan
   [range]

-€442 
[-€1878−€3873]

-€379 
[-€1476−€3631]

Hydrogel Spacer Virtual IRS

iNMB original plan
   [range]

-€669 
[-€2308−€526]

-€567 
[-€1525−€542]

iNMB scaled plan
   [range]

€376 
[-€2769−€2057]

€619 
[-€1210−€2333]

RBI: Rectal Balloon implant, V-IRS: Virtual Implantable Rectum Spacer, iNMB: incremental Net Monetary Benefit.
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CONCLUSION

The implantation of an IRS is not cost-effective for all patients, so individual patient assessment is 
needed. The V-IRS approach in combination with a NTCP model and a CE analysis can serve as 
the basis for a decision support system for the implantation of either a hydrogel IRS or a rectum 
balloon implant.
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ABSTRACT

Introduction
Previous studies revealed that dose escalated radiotherapy for prostate cancer patients 
leads to higher tumour control probabilities (TCP) but also to higher rectal toxicities. An 
isotoxic model was developed to maximize the given dose while controlling the toxicity level. 
This was applied to analyse the effect of an implantable rectum spacer (IRS) and extended 
with a genetic test of normal tissue radio-sensitivity. A virtual IRS (V-IRS) was tested using 
this method. We hypothesized that the patients with increased risk of toxicity would benefit 
more from an IRS.

Materials and Methods
16 localised prostate cancer patients implanted with an IRS were included in the study. 
Treatment planning was performed on Computed Tomography (CT) images before and after 
the placement of the IRS and with a V-IRS. The normal tissue complication probability (NTCP) 
was calculated using a QUANTEC reviewed model for Grade>=2 late rectal bleeding and 
the number of fractions of the plans were adjusted until the NTCP value was under 5%. The 
resulting treatment plans were used to calculate the TCP before and after placement of an 
IRS. This was extended by adding the effect of two published genetic single nucleotide 
polymorphisms (SNP’s) for late rectal bleeding.

Results
The median TCP resulting from the optimized plans in patients before the IRS was 75.1% 
[32.6-90.5%]. With IRS, the median TCP is significantly higher: 98.9% [80.8-99.9%] (P<0.01). 
The difference in TCP between the V-IRS and the real IRS was 1.8% [0.0-18.0%]. Placing an 
IRS in the patients with SNP’s improved the TCP from 49.0% [16.1-80.8%] and 48.9% [16.0-
72.8%] to 96.3% [67.0-99.5%] and 90.1% [49.0-99.5%] (P<0.01) respectively for either SNP. 

Conclusion 
This study was a proof-of-concept for an isotoxic model with genetic biomarkers with a V-IRS 
as a multifactorial decision support system for the decision of a placement of an IRS.

Keywords
Prostate cancer radiotherapy, implantable rectum spacer, isotoxic model, NTCP and TCP 
models, multifactorial decision support
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INTRODUCTION

Intensity modulated radiotherapy (IMRT) is one of the primary curative treatments for patients 
with prostate cancer. Studies have revealed that dose escalation leads to better biochemical 
progression free survival [1,2]. However, the proximity between the anterior rectal wall and 
the prostate allows for limited dose escalation without resulting in severe gastro-intestinal 
(GI) toxicity [3,4,5]. 

The implantable rectum spacer (IRS) is a device developed to spare the rectum by 
increasing the distance between the anterior rectal wall and the prostate, thus reducing 
the overlap between the rectal wall and the high dose region [6,7,8,9]. Recent studies have 
shown that this device significantly reduces the dose in the rectum, thus reducing the risk of 
complications, for approximately 20% of the patients [5]. For these patients, the IRS would 
allow for same radiation dose and cure rate with decreased rectal toxicity rates. There is 
increasing evidence supporting the role of several genetic variants in the development of 
radiation-induced toxicity to distinguish the patients having increased risk factors for severe 
rectal and urinary toxicity [10,11]. We hypothesize that the patients with increased risk of 
radiation-induced rectal toxicity would benefit more from an IRS. Furthermore, the use of IRS 
in prostate cancer patients allows for more dose escalation, with consequently improving 
their prospective therapeutic ratio.

In this proof-of-concept study we developed a method to determine the amount of possible 
dose escalation with the resulting tumour control probability (TCP) without exceeding the set 
of boundaries for the complication risks: the so-called “isotoxic dose escalation” approach 
[12,13]. This method is applied to compare the possible dose escalation on patients with 
plans available before and after the placement of an IRS. This model is combined with a so-
called ‘virtual IRS’ (V-IRS) [14]. This method uses image deformation to obtain CT images 
of patients with a predicted IRS position without having to place one (watch the animation: 
https://www.youtube.com/watch?v=tDlagSXMKqw). Furthermore, this method helps identify 
the patients for whom significantly higher TCP is possible by placing an IRS. 

To further individualize the predictions done for patients, the patients radio-sensitivity needs 
to be taken into account. Studies have shown that the difference in radio-sensitivity between 
patients are likely due to common genetic variants, such as single nucleotide polymorphisms 
(SNPs). We applied the developed method to compare the results for patients using the 
model including and not including the genetic biomarker.
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MATERIAL AND METHODS

Patient characteristics
For this study, 16 patients with localized prostate cancer who had signed an informed consent 
were included. Two different commercial types of IRS’s are used: 8 had received a rectum 
balloon implant (RBI) (BioProtect Ltd, Israel) [9] and 8 had a hydrogel spacer (HGS) (SpaceO-
ARTM System, Augmenix Inc., Waltham, MA) placed [7]. Patient characteristics are projected 
in table 1. The hydrogel and RBI patients included in this study were consecutively selected 
in 2011 and 2015, respectively. Both studies were approved by their local ethics committees. 

Table 1: Patient characteristics

Characteristic Subgroup Number of patients (%)

Risk group Low 2 (12.5%)

Intermediate 7 (43.75%)

High 7 (43.75%)

IRS Balloon 8 (50%)

Hydrogel 8 (50%)

IRS: Implantable rectum Spacer
Risk group: Low-risk: no risk factors: PSA <10 ng/ml; Gleason score <7; cT-stage <2b; Intermediate-risk: one risk factor: PSA 10–20 ng/ml or 
Gleason score =7 or cT-stage = 2b/c; High-risk: two risk factors or PSA >20 ng/ml or Gleason score >7 or cT-stage >2b/c.

Imaging and treatment planning
Standard Computed tomography (CT) imaging was performed twice on all patients while 
they were in supine position: once before and once after placement of an IRS. These images 
had a slice thickness of 5 mm for the patients with a HGS, and 3 mm for those with a RBI. The 
pixel size was 1 mm for all images.

The clinical target volume (CTV) was defined as the prostate for 8 patients, and the prostate 
including seminal vesicles for the rest and the planning target volume (PTV) was obtained 
by extending the CTV with 6 mm in all directions to account for uncertainties in planning an 
treatment delivery. The rectum volumes were delineated as a solid organ, including the rectum 
as well as the anal canal. The same experienced radiation oncologist (BV) did all delineations.

Plans were performed by a certified technician on all CT images, yielding two treatment 
plans for each patient (one without IRS, one with IRS). The treatment plans were designed for 
dose delivery with a volumetric modulated arc technique with 10 MV photon beams (Eclipse 
Version ICD-10, Varian Medical Systems Inc., Palo Alto, USA). Dose delivery was planned 
to be done in 28 fractions of 2.5 Gray (Gy) [15]. Dose constraints held during treatment 
planning are shown in table 2.
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Table 2: An overview of the planning constraints set during treatment planning.

Structures Constraints

Planning Target Volume V70 > 95% V77 < 3%

Rectum Volume V70 = 0%

Anal Canal Volume V74 = 0% Mean dose < 40 Gy

Anorectum Volume V54 < 50% V65 <20%

Bladder Volume V70 = 0%

Gy: Gray, Vxx: percentage of volume receiving more than xx Gy

Isotoxic model
Dose calculations
Treatment planning was performed in fractions of 2.5 Gy instead of 2 Gy, which is the case 
for the treatment plans on which the NTCP model was based. For this reason, the equivalent 
2 Gy dose (EQD2) in the rectum resulting from the treatment plan is calculated and used as 
input for the model. This is done using the Withers equation [16]:

  .   

Here D is the total dose, d is the fraction dose and  represent the fractionation sensitivity 
of the organ. For late rectal toxicity, the  ratio has been estimated to be 3 Gy [17]. 

NTCP model
The NTCP model used is the Lyman-Kutcher-Burman (LKB) model [18] that was reviewed by 
the QUANTEC group (quantitative analysis of normal tissue effects in the clinic). This model 
is described by the equations shown below:

where gEUD stands for generalized equivalent uniform dose, is the number of the DVH binv, 
is the volume of the bin and is the dose. The LKB model is a dose response curve that uses 
the gEUD as a dose parameter, which is obtained using the DVH, and a parameter, which 
determines which part of the DVH is statistically most important. The curve is dependent on 
the dose required for an NTCP of 50% () and the steepness of the curve (). The QUANTEC-
recommended parameters are TD50 = 76.9, n = 0.09 and m = 0.13 for grade>=2 late rectal 
toxicity. 
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Single Nucleotide Polymorphisms 
This NTCP model was expanded as a proof-of-concept with genetic markers of rectal 
toxicity, for which we used published results of a meta-analysis of GWASs (Genome Wide 
Association Study) for genetic markers of late toxicity, in prostate cancer patients treated 
with radiotherapy [11]. The two SNPs most associated with rectal bleeding, that approach 
meta-analysis significance, were selected for the initial proof-of-concept: rs141044160 (SNP 
1) with an odds ratio of 2.68 (P = 2.26 × 10−6) and rs7432328 (SNP 2), with an odds ratio of 
3.36 (P = 3.32 × 10−6). The SNP’s were incorporated into the dose response curve using a 
published mathematical method [19]. 

In order to incorporate a SNP into the LKB model, the dose response curve was split into 
two different dose response curves: one for the population with the SNP and one without. 
The dosimetric factor used by the LKB is the gEUD, and the parameters which determine 
the shape of the dose response curve are the TD50, which is the gEUD needed for a 50% 
response, and m, which is inversely proportional to the gradient at TD50. In order to split the 
LKB curve into two, we need to determine the new TD50 and the new m for both curves. For 
this, we need to know the relationship of the response of the curve without SNP and with SNP, 
p0 and p1 respectively, to the original curve p.

The prevalence factor of the SNP can be calculated using the minor allele frequency (MAF)
as shown in equation:

Where s is the prevalence. Because the total probability of toxicity needs to remain the same 
over the whole populations, the relationship of the two new curves to the original can be 
described as shown in equation:

     
The odds ratio (OR) can be described as function of p0 and p1 as shown in equation:
       

Which allows us to describe equation  as follows 
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Since the OR of each SNP is reported, as well as the MAF, we can now use the method 
reported in Appelt & Vogelius [19] to find the correct values for TD50 and m corresponding 
to the low and high risk curves.

In this method, clinical parameters are incorporated into a dose response by separating 
the curve for the overall population into two curves: one for the population with the SNP risk 
allele and one for the population without. This is done using the odds ratio and the proportion 
between the population with and without the risk factor. The proportion of the population with 
the SNP risk allele can be calculated using the minor allele frequency. For this study, we 
demonstrated the effects of the SNPs on the NTCP model by applying it on the patient cohort, 
assuming they were carriers for either SNP risk allele were considered.

TCP model
The used TCP model [20] was built to predict the clinical response to external beam 
radiotherapy in patients with low, intermediate and high risk prostate cancer, and is available 
on http://predictcancer.org/Main.php?page=TCPprostateModel. This model utilizes realistic 
radio biologically input parameters and works for a wide range of treatment strategies [21]. 
The inputs to the TCP model are the number of fractions, the fraction dose, the treatment 
modality and the risk group of the patient [20]. The prostate-specific antigen (PSA), TNM 
and Gleason score are the input factors to the classification of the risk group: low, medium 
or high (table1).

The TCP model utilizes realistic radio biologically input parameters and works for a wide 
range of treatment strategies [19]. The model is described using equation:

   

where represents groups of patients with separate radiosensitivity, k is the initial clonogen 
sum and is the surviving fraction of a population of cells irradiated by a total uniform dose . 
To evaluate the result of dose escalation, only the fraction dose is varied in this study to test 
the amount of dose escalation possible without exceeding NTCP limits. 

Isotoxic method
The proposed model uses an optimized treatment plan for a patient, calculates the DVH in 
the organs at risk and scales this DVH by changing the fraction dose used during treatment 
planning. The fraction dose is varied in order to obtain a maximum TCP value without 
exceeding the cut-off value set for the NTCP value, which, for this paper, is arbitrarily chosen 
to be 5% (Figure 1). The fraction dose for a plan with 28 fractions advised by the model can 
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vary between 1.5 and 3.5 Gy. These limits are chosen because a plan with 28 fractions with 
less than 1.5 Gy, resulting TCP was modelled to always be lower than 25%, and more than 
3.5 fractions was to always result in a TCP higher than 95%. In reality 1.5 Gy in 28 fractions 
would not be for curative treatment, but in this study these plans are calculated for theoretical 
comparison. 

Figure 1. A flowchart of the isotoxic model. The model loads a treatment plan made by an expert and increases or 

decreases the fraction dose. Each time fraction dose is increased or decreased, the normal tissue complication 

probability (NTCP) is recalculated until a set cut-off value is reached. The tumour control probability (TCP) is 

hen calculated.

The method only takes into account rectal toxicity, but as the bladder is also an organ at 
risk, we added a constraint to the bladder dose [22], as is shown in figure 2. To prevent the 
dose from escalating too much in the bladder, we limited the bladder dose in agreement with 
published constraints [22]. The percentage of the volume receiving more than 80 Gy (V80%), 
should be no more than 15%, the V75% no more than 25%, the V70% no more than 35%, and 
the V65 no more than 50%.

To use the method to select patients for whom the placement of an IRS is beneficial, a 
minimum increase in TCP should be chosen. For this study, two cut-off values were used for 
the increase in TCP as a result of the placement of an IRS: 25% and 50%. 

Virtual Spacer
In order to use the isotoxic model to predict the improvement of the IRS in a specified patient, 
CT images of a patient are needed before the placement of the IRS. To this end, a previously 
developed V-IRS was used [14]. This V-IRS uses a model IRS derived from 7 delineations of 
a RBI and uses image deformation to insert the model into a CT image of a patient without 
an IRS, thus creating a virtual image of the patient with an IRS. This virtual image is then 
subjected to treatment planning, and the isotoxic model is used to calculate the highest 
possible TCP without exceeding the NTCP limit. In this study we test the V-IRS by comparing 
the results of the isotoxic model to those of the actual IRS.
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Figure 2: The V80%, V75%, V70% and V65% for each of the patients included in the study after the dose was 

optimised by the isotoxic model. It can be noted that the dose in the bladder is higher for the patients with 

implantable rectum spacer (IRS) and V-IRS, which is because the dose given to the planning target volume 

(PTV) can be increased more in patients with an IRS without exceeding the constraints on the rectum toxicity. It 

can also be noted that the bladder dose remains within the given limits.

Statistics
We used two-tailed Wilcoxon signed rank tests to determine whether the increase in optimal 
TCP for the plans without IRS and with IRS was significant. The test was also applied to 
test if the difference between the NTCP values before and after placement was significant. 
P-values of less than 0.05 were considered significant.
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RESULTS

Dose escalation
Giving more dose per fraction increases both the TCP and the NTCP predictions for a given 
patient (Figure 3). The original plans (before applying the isotoxic method) consisted of 28 
fractions of 2.5 Gy, which, for this set of patients corresponds to a median TCP of 80.8% with 
a range of [51.8-92.0%]. The median fraction dose allowed by the model without exceeding 
the NTCP constraint before the placement of an IRS was 2.5 Gy [2.4-2.7 Gy] (Table 3), and 
corresponds to 75.1% [32.6-90.5%] TCP. The TCP for the patients when given a conformal 
treatment plan of 2 Gy in 35 fractions corresponds to a TCP of 60.8% [26.3-80.9%]. Figure 3 
shows that to obtain a median TCP of at least 90%, the dose needs to be escalated further 
to 2.7 Gy per fraction for a treatment plan with 28 fractions, which was possible for 2 of the 
16 patients while holding to the pre-set accepted toxicity rates. For 5 of the patients 2.6 Gy 
per fraction could be given, and for the remaining patients, no dose escalation was possible.

Table 3: An overview of the fraction dose, the NTCP grade>=2 late rectal bleeding and the TCP results. All 

plans are calculated for 28 fractions.

Before IRS
Median [range]

After IRS
Median [range]

V-IRS
Median [range]

EUD (Gy) 58.5
[57.2−60.4] 

59.0
[57.6−60.3]

59.0
[57.5−60.2]

Fraction dose (Gy)  
 

2.5 
[2.4−2.7]

2.8 
[2.5−3.4]

3.1 
[2.5−3.9]

NTCP late rectal bleeding (%) 3.5 
[2.5−5.2]

3.7 
[2.7−5.1]

3.6 
[2.6−4.8]

TCP (%)  75.1 
[32.6−90.5]

98.9 
[80.8−99.9]

99.3 
[80.8−100.0]

IRS: Implantable Rectum Spacer, V-IRS: virtual IRS, EUD: equivalent uniform dose in rectum with n=0.09, TCP: Tumor 
Control Probability, NTCP: Normal Tissue Complication Probability

IRS gain 
The placement of an IRS resulted in an increase in advised fraction dose of 0.4 Gy [-0.1-0.9 
Gy] on average for all patients. Note that the minimum increase is negative, which means 
this is a decrease. This results in an absolute increase in TCP of 21.1% [-8.9-57.9%] which 
is statistically significant (P <0.01) (Figure 4). Patient specific outcomes have been plotted 
in a similar manner in Figure 5. In only one patient the TCP after the placement of an IRS is 
lower than before placement. For this patient, the rectum volume had decreased after the 
placement of an IRS (from 268.9 cm3 to 156.1 cm3). 
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Figure 3. The median tumour control probability (TCP) and the median normal tissue complication probability 

(NTCP) is plotted against the fraction dose for the patients without implantable rectum spacer (IRS) and with IRS.

Figure 4. The median tumour control probability (TCP) and range, as well as the median normal tissue compli-

cation probability (NTCP) and range, for the patients without implantable rectum spacer (IRS), with IRS and with 

the virtual IRS (V-IRS) is shown. 

The difference in the NTCP resulting from the optimized plan for the patients without IRS and 
with IRS is 0.15% and is not significant (P = 0.47). We performed an analyses for different 
NTCP limits in Figure 6. Per group, the NTCP limit of the iso-toxic model is set to be 2.5, 5 and 
10%. It can be observed that even when the NTCP limit is 2.5%, the patients with spacers 
perform well regarding the TCP, with median values of 95% and 99% for the actual IRS and 
the V-IRS respectively. When the NTCP limit is 10%, the improvement found by the IRS has 
less impact (90% to 99%). The V-IRS performs reasonably well for different ranges, though 
with the tight NTCP limit of 2.5%, the real IRS predicts a lower median TCP than the V-IRS 
(95% as opposed to 99%).

Iso-toxic decision support for rectum spacers



234

Figure 5. The normal tissue complication probability (NTCP) predictions as function of the fraction dose for 

each individual patient is projected before and after the placement of an implantable rectum spacer (IRS). The 

first 8 patients received a rectum balloon implant (RBI) and the second 8 received a hydrogel spacer.

Figure 6. The NTCP limit of the isotoxic model is changed to different numbers: 2.5, 5 and 10%. The median 

tumour control probability (TCP) and range, as well as the specific median normal tissue complication probability 

(NTCP) and range, for the patients without implantable rectum spacer (IRS), with IRS and with the virtual IRS 

(V-IRS). 
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If an increase in TCP of 25% is taken as a threshold for the decision to place an IRS, then 7 
of the 16 patients would be selected by the model for the placement of an IRS. Two patients 
even had an increased TCP of 50% resulting from the IRS.

Performance V-IRS
The difference in fractionation result between the V-IRS and the real IRS was a median of 
0.3 Gy [0-0.8 Gy], which translates to a median TCP difference of 1.8% [0.0-18.0%] (Figure 
4 and 6). The difference between the optimized TCP for the real IRS and the V-IRS was not 
significant (P = 0.2). There were two patients for whom the difference in TCP between the 
V-IRS plan and the IRS plan was 18%, and in both patients the rectum volume had changed 
significantly (57.9% and 58.1% volume decrease in the image after the IRS).

When considering a minimum increase in TCP of 25% for the placement of an IRS, then 6 of 
the 16 patients would be selected by the model using the V-IRS, in contrary to the 7 selected 
using the actual IRS. The increase predicted by the V-IRS was underestimated compared 
to the real IRS in one patient, with an increase of 13.7% versus 27.7%. The two patients who 
had an increased TCP of 50% resulting from the real IRS, had the same increase predicted 
by the V-IRS.

SNP results
Figure 7 shows the TCP and the NTCP as function of the fraction dose, and it can be observed 
that though the TCP is the same as for the patients without SNPs, the NTCP curve is much 
steeper for both SNPs. 

   (a)       (b)

Figure 7. The median tumour control probability (TCP) and the mean normal tissue complication probability 

(NTCP) is plotted against the fraction dose for the patients with SNP’s (a: rs141044160 and b: rs7432328) with-

out implantable rectum spacer (IRS) and with IRS.

The median NTCP for the original plan (28 fractions of 2.5 Gy) was 11.2% [2.2-19.6%] and 
13.1% [2.7-22.5%] for SNP 1 and SNP 2 respectively, which is reduced significantly (P<0.01) 
when using the isotoxic method. The results show (Table 4) that if the patients are carriers of 

Iso-toxic decision support for rectum spacers



236

the chosen SNPs, the TCP while restraining the NTCP would be 49.0% for SNP 1, and 48.9% 
for SNP 2. The placement of an IRS resulted in significantly better TCP values (P<0.01), with 
a median of 96.3% [67.0-99.5%] and 90.1% [49.0-99.5%] for SNP 1 and SNP 2 respectively, 
which was significantly higher than without IRS (P<0.01) for both SNP’s. Four other SNP’s 
were found to be near significant for late rectal bleeding; results for these SNP’s are shown in 
Figure 8. We performed a sensitivity analyses on a range of odds ratios to show the possible 
effects of different SNP’s for late rectal bleeding in Figure 9.

Table 4. An overview of the hypothetical fraction dose, the NTCP grade>=2 late rectal bleeding and the TCP 

results if the patients were carrier of the risk alleles for either of the selected SNP’s. All plans are calculated for 

28 fractions.

SNP 1 Before IRS
Median [range]

After IRS
Median [range]

V-IRS
Median [range]

EUD (Gy) 53.9
[52.1−55.1]

54.1
[52.7−55.2]

53.9
[53.0−54.9]

Fraction dose (Gy) 
  

2.4   
[2.2−2.6]

2.7 
[2.4−3.2]

2.9 
[2.3−3.7]

NTCP late rectal bleeding (%) 3.8  
[2.5−4.9]

3.9 
[2.8−4.9]

3.8 
[3.0−4.6]

TCP (%)  
   

49.0 
[16.1−80.8]

96.3 
[67.0−99.5]

96.4 
 [48.9−100.0]

SNP 2 Before IRS 
Median [range]

After IRS 
Median [range]

V-IRS
Median [range]

EUD (Gy) 53.2
[51.0−54.4]

52.9
[51.5−54.1]

53.3
[51.3−54.3]

Fraction dose (Gy) 
  

2.3 
[2.2−2.5]

2.6 
[2.3−3.2]

2.9 
[2.3−3.7]

NTCP late rectal bleeding (%) 3.8 
[2.3−5.0]

3.8 
[2.6−5.2]

4.1 
[2.5−5.2]

TCP (%)  
   

48.9  
[16.0−72.8]

90.1 
[49.0−99.5]

96.4 
[49.0−100.0]

IRS: Implantable Rectum Spacer, V-IRS: virtual IRS, EUD: equivalent uniform dose in rectum with n=0.09, TCP: Tumor 
Control Probability, NTCP: Normal Tissue Complication Probability, SNP: Single-Nucleotide Polymorphism,
SNP 1: rs141044160, SNP 2: rs7432328
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     (a)       (b)

Figure 8: The SNP’s shown in the paper are the two SNP’s that had the most effect on the NTCP, but six close 

to significant SNP’s for late rectal bleeding were found. The results from these others SNP’s without implantable 

rectum spacer (IRS) are shown in figure (a). In figure (b) the results are shown with IRS. Only the SNP’s with rsID 

rs141044160 and rs7432328 were used in the paper. Note that rs4804134 and rs12497518 had odds ratios of 

0.6, and thus lowered the risk of late rectal bleeding. Also note that though they had the same odds ratio, the 

curves differ. This is due to the difference in minor allele frequency (0.31 and 0.47 respectively).

    (a)       (b)

Figure 9: To demonstrate the effect of the odds ratios (ORs) single nucleotide polymorphisms (SNPs), the OR’s 

of the SNPs were artificially varied between 0.5 and 10, and the resulting normal tissue complication probability 

(NTCP) was calculated for the different fraction doses. Since the tumour control probability (TCP) is not effected 

by the SNPs, this remains the same. The figure (a) shows the results without implantable rectum spacer (IRS). 

The Minor Allele Frequency for all these ORs was assumed to be 0.05. The results are shown for the patients 

with IRS in figure (b). SNPs with an OR lower than 1 have a protective effect on the rectum. Patients with these 

SNPs have a lower risk of late rectal toxicity, and can safely be considered for more dose escalation. 
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DISCUSSION

In this study, we have developed an isotoxic method integrating genetic markers of rectal 
radio-sensitivity combined with a V-IRS which can be used to support the decision for the 
implantation of an IRS for a specified patient or not. The method applies image deformation 
to a CT image of a patient without IRS, and creates a virtual CT image with IRS. The method 
calculates the maximum dose per fraction that can be given without exceeding an upfront 
determined limit for the NTCP value for late rectal bleeding. 

The results show that a higher prescribed dose should be given to improve TCP, and can 
be safely given when combined with an IRS. This method can be used as the basis of a 
multifactorial DSS, which can be used as a meta-treatment planning system [23] to decide in 
which patients to place an IRS, as well as advise on how much dose escalation is possible 
to apply for a specified patient [24, 25]. This method also allows for shared decision making, 
taking into account the patients priorities, such as cure rate or risk of toxicity.

Our method has two main strengths. Firstly, the method uses NTCP prediction values to 
predict the amount of dose escalation possible while keeping rectal toxicities under control. 
Applying this method in the clinic would allow dose escalation to be used more safely and 
improve outcomes for patients [26]. Secondly, treatment planning with an IRS can be applied 
to a CT of a patient without the real implantation of the IRS itself. This means that the increase 
in TCP with the IRS for the specified patient can be estimated without having to put the 
patient through the discomfort of the implantation, and without the additional costs of the 
placement of the IRS, before it has been established that an IRS will be beneficial. 

The results showed that the system would advise further dose escalation even without the 
placement of an IRS, which would result in better outcomes for these patients. The system 
foresees a gain in TCP for 7 of the 16 patients, showing the model can be used as to identify 
patients for whom an IRS is beneficial. Using the V-IRS, 6 of the 7 patients for whom the 
spacer would be significantly effective could be identified. The patient not identified had 
very different rectal fillings before and after IRS placement. This demonstrates that this DSS 
has the potential to identify patients who benefit most from an IRS. This improves the cost-
effectiveness of the IRS by only placing it in patients who would benefit from it, while also 
improving their survival and quality of life. 

During this study, SNP’s were incorporated into the NTCP model and tested on the patient 
cohort, assuming all were heterogeneous for either SNP. Because the toxicity risk of a carrier 
is larger than for a non-carrier, these patients could normally be considered for alternative 
treatments, such as surgery. However, the method presented here has the potential to 
identify patients with this SNP who could be treated safely with radiotherapy after placement 

Chapter 11



239

of an IRS. This would be beneficial, since placing an IRS is less invasive and has a very low 
to no impact on the quality of life, especially in comparison with surgery [8]. This would also 
be beneficial for patients who don’t want an operation or who are not candidates for surgery.
One of the main limitations of the study was the small amount of patients included. Though 
they were sufficient for a first proof-of-concept, a more elaborate study including a larger 
amount of patients is required for internal validation of the method, and additional data sets 
are required for external validation.

Furthermore, the LKB model uses the entire DVH as a predictor for late rectal bleeding, 
which is partly effected by the rectal volume, a factor which varies strongly over time [27]. 
The model cannot predict these changes in rectal volume, and for some patients this may 
influence the outcome. For two patients, this difference in volume was as much as 150 cm3, 
and for one patient this resulted in a large overestimation of the NTCP by the V-IRS. For 
another patient the decrease in rectal volume even resulted in an increased NTCP after the 
placement of the IRS. A possible solution to this problem is to submit patients with very full 
rectums to rescanning, or for patients to be given a laxative prior to scanning. For future 
validation of the V-IRS, only CT scans with similar rectal filling before and after IRS placement 
should be used, as only then a fair comparison can be made. Finally, concerning optimising 
the treatment planning technique: it is possible to reduce intermediate dose levels (30−50 
Gy) in the rectum region by an arc-therapy with an avoidance-region near the rectum. 

Another possible error in both the TCP and the NTCP model is the α/β ratio, which varies 
between prostate, rectum and bladder. In order to fully understand the effect possible errors 
in the α/β ratio have on the calculated outcome, a sensitivity analyses should be done.

The V-IRS used in this study was based on a RBI, a closed system which has a predictable 
shape, while 8 of the patients were implanted with a HGS, which has a highly variable shape 
[28]. However, patients with a large increase in TCP resulting from a hydrogel spacer can 
still be identified using the V-IRS, and therefore it still has potential as the basis of the DSS, 
even for the hydrogel spacer. The V-IRS has been published in a proof-of-concept study and 
has not been validated yet. 

The integration of the SNPs is theoretical in this study, as none of the patients were sequenced 
and tested for the SNPs, and as the MAF is low (0.05 and 0.06), it is not likely any of them 
would be carriers. An improved method would be to build an NTCP model on a large patient 
cohort for whom sequencing has been done and for whom outcome data has been collected. 
Also, though SNPs have been identified that are significant for rectal toxicity in general, 
currently no SNPs have been found to be significant for late rectal bleeding specifically [11]. 
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To date, six SNPs have been associated with rectal bleeding (11), of which two were used 
in this study. These SNPs approaching statistical significance in a meta-analysis (P <5 x 10-
6). Further validation in larger studies are needed before incorporate these SNPs in NTCP 
models. Once significant SNPs are identified, these can be incorporated into NTCP models. 
The NTCP model is dependent on the DVH in the rectum; however, during treatment this 
DVH might vary depending on day-to-day variability of rectum filling. This could influence the 
accuracy of the NTCP model. In order to fully demonstrate the effect this has on the NTCP 
prediction, the real administered rectal dose should be computed. Also, the NTCP model 
used in this study only uses the DVH as a predictor for late rectal bleeding, however, studies 
have shown that several clinical parameters (diabetes, abdominal surgery, etc.) are also 
strong predictors. In future work, we intend to include NTCP models using clinical predictors 
into the model as well as fully integrate multiple SNPs. We also want to validate the method of 
combining published SNP’s with NTCP models on a dataset for which sequencing was done, 
and for which outcomes were known. 

Including different endpoints for the toxicity models, such as incontinence, erectile dysfunction 
and urinary toxicity would serve to further improve patient specific decision making. Another 
good expansion of the model would be to add a cost-effectiveness analyses, which would 
enhance the cost-effectiveness of the IRS, a topic that is becoming increasingly important 
due to ever-expanding expenses in health care [29, 30]. Another development would be 
to focus on hypofractionation as well. Possibilities for extreme hypofractionation, such as 
stereotactic radiotherapy, single fraction high dose rate brachytherapy or single shot proton 
therapy could be explored. This would serve to further increase patient prospects as well as 
cost-effectiveness. 

Analyses should be done on how easily prescription dose can be adjusted, and whether 
variation in fraction dose or number of fractions would be most effective. 
The isotoxic model integrating genetic markers for rectal toxicity developed in this study can 
be used to evaluate a treatment plan, and test how much dose can be given without causing 
excessive damage to the rectum. Thus sparing the organs at risk at a chosen described level 
while optimizing the TCP. In combination with the V-IRS, this method can serve as the basis 
for a DSS for the implantation of an IRS.
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES

Given the improvements in clinical outcome that image-guided external beam radiation therapy 
of prostate cancer (PCa) has achieved through dose escalation during the last decades, the 
quality of life of these patients is now gaining more attention. As gastrointestinal (GI) toxicity is 
nowadays considered to be the main limitation in EBRT for PCa, efforts have been undertaken 
to achieve improved sparing of the ano-rectal complex, and consequently decrease the risk 
of GI toxicity. One approach to prevent rectal volumes from being exposed to high doses is 
to artificially increase the distance between the prostate and the ano-rectal wall using a novel 
technique: with an implantable rectum spacer (IRS).

The aim of the research work presented here is to implement the IRS in prostate EBRT, and to 
determine under which conditions an IRS significantly reduces the risk of developing high-grade 
(i.e., Grade 2 or higher) GI toxicities.

The main hypotheses of this thesis are:
1. An IRS is a cost-effective tool in prostate cancer EBRT: it significantly reduces both the risk 

of severe GI toxicity, as well as the treatment costs associated with these side effects.
2. PCa patients who are expected to benefit most from IRS implantation can be identified 

through decision rules solely based on clinical risk factors, prior to EBRT and IRS implantation. 
3. An RBI induced prostate-rectum separation of at least 1 cm, throughout the whole course 

of image-guided, moderately hypofractionated VMAT, reduces the risk of developing Grade 
2 or higher GI toxicity.

4. The construction of a virtual IRS, in combination with a toxicity prediction model and a cost-
effectiveness analysis, provides the basis for developing a decision support tool regarding 
implanting an IRS prior to EBRT for PCa.

In this chapter, a motivated view of the methods, the advances in knowledge in the field, the 
implications for patient care, and a critical reflection of the results obtained will be presented. 
Furthermore, limitations of the research described in this thesis are discussed. 
 
With a shared decision-making approach towards personalized and participative medicine
Chapter 2 provides a general overview of prostate RT and describes the first objective of the 
thesis. As the clinical outcome of different treatment options for PCa (i.e., surgery, external beam 
radiation therapy, brachytherapy, active surveillance) is already at a very high level, quality of 
life plays a prominent role in the post-treatment period, which can be both functional (urinary, 
gastrointestinal, and erectile side effects) as well as psychological (post-treatment decisional 
regret). To optimize quality of life, a shared decision-making approach is presented, for which 
the author has developed and introduced a patient decision aid (PDA) in the clinic (http://www.
treatmentchoice.info/decision-aid-tools.html). A paradigm shift from the currently population-
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based medicine towards a participatory and less paternalistic approach is presented. Previously, 
several studies showed that approximately 70% of the patients want to be actively involved when 
an important medical decision has to be made [1,2]. Stacey and colleagues revealed Level I 
evidence that patients exposed to decision aids either during or in preparation for a consultation 
with a clinician feel more knowledgeable, better informed, and clearer about their values, as well 
as probably having a more active role in decision-making and more accurate risk perceptions. 
Nowadays, decisions on the most appropriate treatment for each patient are dependent on 
unique individual patient characteristics and preferences, clinician judgment, and resources 
availability. The PDA tool provides evidence-based information (updated with the recently 
published randomized phase III trial, PROTECT [3,4]) about the different treatment options. The 
pros and cons of treatment-specific complications and treatment comparison for the individual 
patient are set out in a clear and easily understandable way, without medical jargon. A knowledge 
test has also been included in the PDA to assess whether a patient has understood the impact 
of every treatment modality and its specific advantages and disadvantages. Furthermore, the 
individual preferences of a patient are included: they decide what is important for them, for 
example absolutely avoiding incontinence problems, or running absolutely no risk of rectal injury. 
Finally, a comparison of all the possible treatments is presented to patients, such that they can 
make the best individual decision that best complies with their preferences in balancing the 
risks and benefits. With this PDA, physicians can understand the needs of their patients better. 
The aim is to provide patients with objective, evidence-based information about the possible 
treatment options. Only in that way are patients able to participate in making decisions about 
their treatment. 

To fine-tune, implement, and evaluate the impact of the developed PDA, a prospective study 
(PRODECA, NCT03278197) has recently started at MAASTRO Clinic in cooperation with the 
Maastricht University Medical Center (MUMC) and the Zuyderland hospitals. This study comprises 
3 phases with the following aims.

Firstly, a development phase: to assess the decisional needs of both patients and clinicians. It 
will also test the patients’ and clinicians’ comprehension, and the acceptability and usability of 
the “alpha version” of the tool (first draft with treated patients and clinicians according to the 
IPDAS criteria (http://ipdas.ohri.ca; IPDAS: International Patient Decision Aids Standards). The 
development phase will continue with a value clarification: a Delphi study with former prostate 
cancer patients to determine the most important patient preferences and value clarification 
aspects the decision aid should include. 
Secondly, an implementation phase: to develop an implementation and dissemination plan for 
shared decision-making which is based on the evaluation of barriers and facilitators with regard 
to the use of patient decision aid tools in clinical practice.
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Thirdly, the evaluation phase: to establish the impact of the shared decision-making process. 
Here, the extent to which clinicians involve patients in the decision-making process will be 
evaluated. Furthermore, the decisional conflict will be assessed using the Decisional Conflict 
Scale (DCS), to measure personal perceptions of: a) uncertainty in choosing options; b) factors 
contributing to uncertainties, such as feeling uninformed, unclear about personal values, and 
unsupported in decision-making; and c) effective decision-making, such as feeling the choice is 
informed, values-based, and likely to be implemented, and expressing satisfaction with the choice 
[5,6]. The DCS comprises 16 statements related to feeling informed, decisional uncertainty, clear 
values, support, and quality of decisions. Each of these statements is scored on a five-point 
Likert scale, from 1 (strongly agree) to 5 (strongly disagree) [5,6]. 

For the reasons mentioned above, using PDAs can help increase a patient’s quality of life. 
However, its use can also entail possible restrictions. 
Firstly, patients can find it stressful and problematic to be empowered to decide about their 
treatment [7]. 
Secondly, a treatment choice should ideally be a reflection of a well-balanced evaluation of the 
side effects and the benefits of each treatment modality. However, in reality treatment decisions 
are indisputably very subjective, depending on the personal contact with the primary attending 
physician, and the knowledge of family or friends diagnosed with PCa and their relevant treatment 
[8]. Sommers and colleagues concluded that the strongest predictor of treatment choice remains 
the type of clinician seen at the first visit, mainly based on the preferences and expectations of the 
patients, rather than on the biases of the treating clinician [9]. In addition, van Tol and colleagues 
reported on the influence of the treatment choice by the hospital the patients visited [10]. 
Thirdly, the choice to become involved in the treatment decision process is of course an individual 
one, but is also culturally dependent [11,12]. Although scientific evidence is lacking, it is the 
author’s personal experience that men living in the northern Netherlands are more willing to 
be involved and to be in charge of their own treatment decision those living in the southern 
Netherlands. The latter seem to be more at home with the paternalistic model in which treatment 
decisions are solely made by the physician. 
Fourthly, several trials reported on the higher satisfaction level of patients, with a trend to less 
regret, and a higher quality of life of these individuals who are involved in their treatment process 
[13,14]. However, patients who – generally speaking – are prone to respond to surveys, are more 
likely to be well educated, affluent, motivated, and interested, and therefore these patients are 
biased, as opposed to a random selection taken from the entire population.

In the next step of our study, the shared decision-making process will be integrated in the clinical 
workup of PCa patients at the Department of Urology of MUMC and at MAASTRO Clinic. To 
maximize the integration and the benefit of the multi-disciplinary team, in future, joint consultations 
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by the urologist and radiation oncologist should be implemented for PCa patients who are to be 
treated in our institutions.

Prevention and treatment of anorectal toxicity
In Chapter 3, measures to reduce the risk of CRP by sophisticated RT techniques (intensity-
modulated RT, volumetric arc RT, image-guided RT) and the implementation of new rectum-
sparing devices have been determined. Since there is no consensus on the optimal treatment of 
CRP in the literature, we have developed a practical algorithm for the treatment of CRP, which 
is based on a review of the literature. This forms the basis for a short operating procedure that 
has been implemented for the treatment of CRP in the Department of Gastroenterology of the 
MUMC. However, the proposed treatments are neither based on a systematic literature review 
nor on a meta-analysis. Furthermore, the data were mostly acquired from small prospective 
phase II randomized trials. However, the series are small and no randomized phase III trials have 
been published. 
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PART I – MODELLING STUDIES 

The importance of cost-effectiveness analysis of IRS for healthcare providers
The first hypothesis of this thesis was that an IRS is a cost-effective tool in prostate EBRT related 
to less severe GI toxicity, with a reduction in treatment costs associated with these GI side effects. 
Worldwide, there is increasing concern about the growing costs of cancer care [15]. Medical 
scientists must explore the ”beneficial effects” of new therapies, devices, and technologies, and 
answer the question whether the extra costs are justified by the increased benefits. Due to ever-
expanding healthcare expenses, knowledge about the cost of treatments is continuously gaining 
importance, in particular knowledge on how extra costs are related to the additional gain in 
health-related outcome. An economic evaluation of the trade-off between these costs and side 
effects of new treatments is a very attractive approach to implement new modalities in the clinic. 

Chapter 4 demonstrates that the extra costs are cost-effective of the gain in quality of life 
obtained through a reduction in rectal side effects in patients with prostate cancer undergoing 
EBRT while using an IRS. Whether a new strategy is considered cost-effective depends on how 
much a society is willing to pay per gained Quality Adjusted Life Year (QALY). This is referred as 
the ceiling ratio. In the Netherlands, a ceiling ratio of EUR 80,000 per gained QALY is adopted 
as a cost-effective treatment. If the ceiling ratio is below EUR 80,000, the new treatment is 
deemed cost-effective and could be reimbursed for most patients based on this information. 
At the start of the study, there were intensive discussions with healthcare insurance companies 
about reimbursing the IRS in PCa radiotherapy, but without success for every patient. Instead, an 
agreement has been reached with some insurance companies to reimburse the IRS for patients 
who are at very high risk of developing rectal injuries. Additionally, internal and external funding 
was obtained to cover the expenses for the supplementary costs to implant an IRS in these 
high-risk patients.

Cost-effectiveness analyses are important examinations but have several limitations. Firstly, for 
the implementation of new therapies or devices such analyses are not based on data from phase 
III randomized clinical trials, but on small planning studies and expert opinions. This is inherent 
to cost-effective analysis of new innovations, because no”‘level one” evidence (i.e., evidence 
that is based on at least one randomized phase III trial) is available. However, recently a phase III 
randomized control trial has been performed by Hamstra and colleagues, who reported with a 
median of 3 year follow-up a decrease of Grade ≥2 GI toxicities of 5.7% and 0%, for the treatment 
without IRS and with IRS (IMRT-IRS and IMRT+IRS), respectively [16]. Grade ≥1 urinary toxicity 
was reduced from 15% for IMRT-IRS to 4% for IMRT+IRS (p=0.46). They concluded that men 
in the IMRT+IRS arm had less bowel toxicity with consequently fewer decreases in both urinary 
and bowel quality of life compared to the IMRT-IRS group. Based on these insights, performing a 
new analysis – one that includes the reported GI toxicities, the additional genitourinary toxicities, 
and the improvements in quality of life – is recommended, to be able to more accurately predict 
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the cost-effectiveness of the IRS.
Secondly, the ceiling ratio of EUR 80,000 per QALY is decisive for the analysis. However, the 
willingness-to-pay values per QALY gained differ across continents and countries; for example, 
in the UK the threshold of GBP 20,000–30,000 per QALY is accepted, whereas in the US the 
threshold of USD 50,000–100,000 per QALY or even more is mentioned, while in Australia 
AUD 76,000 is the recommended QALY. These differences in threshold levels have a huge 
impact on the implications of all cost-effectiveness results worldwide. It depends on what the 
society is willing to pay to be cost-effective. 
Thirdly, normal-tissue complication models are used as input factors for these analyses. However, 
these models are (mostly) based on dosimetric data only, and lack clinical, individual, and genetic 
information. Validated multivariable NTCP models integrating this information should therefore be 
used for future cost-effectiveness analyses.
Finally, normal-tissue complication models are known to be RT-technique dependent. Models 
that have been developed and validated for 3D-CRT cannot be applied to IMRT or even proton 
therapy, because the normal-tissue dose heterogeneity obtained by the latter techniques is 
usually much larger than for the former technique. Hence, judicious use and validation of the 
NTCP models for clinical decision-making is indicated for each technique.

Patient heterogeneity of PCa radiotherapy induced rectal toxicity
The second hypothesis of this thesis was that decision rules based on clinical risk factors can 
identify PCa patients with a high risk of developing radiation-induced rectal toxicity prior to IRS 
implantation. As an IRS is not even beneficial for all PCa patients undergoing EBRT, the implication 
of this hypothesis is that patients who are expected to benefit most from IRS implantation can be 
identified prior to implantation (Chapter 5). As a direct consequence, the cost-effectiveness of 
IRS implantation is expected to increase. 

To introduce new techniques in the Netherlands, the Royal Netherlands Academy of Arts and 
Sciences (KNAW) distributed a comprehensive foresight study of the methodology that should 
be applied to generate relevant evidence for implementing new technologies in health care [17]. 
An example of such a methodology is the model-based approach, which has been applied 
for the approval of proton therapy facilities, and consequently the introduction and validation 
of the clinical benefit of proton therapy in the Netherlands. Recently, the Health Council of the 
Netherlands (Gezondheidsraad) delivered a report directing that this model-based approach 
should adopt the use of a decision support system to be able to select patients for proton 
therapy when the reduction of toxicity forms the primary indication for using this technology [18-
20]. According to guidelines of the Dutch Society of for Radiotherapy and Oncology (NVRO), a 
predicted reduction of 10% of Grade 2 complications, 5% of Grade 3 complications, and 2% 
of Grade 4 and Grade 5 complications would be required to justify the increased costs for such 
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treatments. Dutch proton therapy centers are required to test the benefit of proton therapy in 
advance for individual patients using such decision rules. Only if the expected toxicity reduction 
exceeds the aforementioned thresholds, will treatments be reimbursed. Such a model-based 
approach should be also applied for the implementation and wide-spread use of an IRS. 

The two decision rules generated in Chapter 5 can be expanded to include patients who have 
a very high risk of developing rectal toxicity due to, for example, re-irradiation, inflammatory 
bowel disease, or dosimetric high burden. The cost-effectiveness of the IRS is expected to 
improve since those patients will benefit more from an IRS than others. If the national toxicity 
reduction guidelines of the NVRO are applied, it is estimated that approximately 15% of the 
localized prostate cancer patients would benefit from an IRS, and consequently should have its 
implantation reimbursed. Further discussions with health insurance companies are required to 
effectuate this. 

A model-based approach to select PCa patients who are expected to benefit most from IRS 
implantation prior to EBRT shows promise. However, conscientious and judicious use of this 
approach is needed, due to the fact that flaws in the models reported in Part I of this thesis exist 
(Chapter 5 and Chapter 6).

Firstly, how often the side effects predicted by dose–response models will occur is not completely 
understood. These models consider only severe complications, such as bleeding or fistulas. Yet 
more com mon complications, such as fecal incontinence and urgency, are not included in these 
models, and are known to also compromise the quality of life in PCa patients undergoing EBRT. 
Secondly, the NTCP models used in this work have been initially validated for cohorts of patients 
where no IRS had been implanted. 
Thirdly, the NTCP models by Valdagni and colleagues and Buettner and colleagues have only 
been internally validated. These models need external validation in an independent patient cohort. 
Fourthly, both the nomograms by Valdagni and colleagues and the dose-surface maps by 
Buettner and colleagues were based on data from dose distributions that are less conformal 
than those being delivered by modern IMRT techniques with daily image-guided setup correction 
methods having improved the precision of dose delivery. This possibly could enhance the non-
dosimetric predictors for rectal toxicity. 
Fifthly, statistical uncertainty in these models has not been taken into account, which could have 
lead to an over- or underestimation of the complication probabilities. 
Sixthly, other clinical factors than those which were included in the nomograms by Valdagni and 
colleagues might influence acute and late GI toxicity. Further research is required to investigate 
this. 
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PART II – CLINICAL IMPLEMENTATION OF IRS: THE RBI

A persistent prostate-rectum separation throughout the full treatment course provides 
sufficient rectal sparing 
We started to study the use of an RBI for PCa radiotherapy because of its potential advantages 
over other types of IRS, as was mentioned in the General introduction of this thesis. To test the 
alleged advantages of an RBI and to assess its potential disadvantages, 15 consecutive patients 
were prospectively implanted with an IRS between June 2015 and February 2016, as described 
in Chapter 7. The advances in knowledge obtained from this first patient series include a better 
insight into the potential hazards of RBI implantation and the corrective actions these require. 
Furthermore, the acute toxicities have been reported. In Chapter 9, a possible workaround is 
presented for IRS implantation in PCa patients with active inflammatory bowel diseases, where 
the risk of radiation-related bowel toxicity constitutes an enormous problem, with an up to nearly 
75% chance of Grade 3 GI toxicities. As a result, the outcome and survival may be compromised 
for these patients. The proposed workaround has an implication on clinical patient care, and 
could be a safe solution for such patients. Further research is needed to confirm these results.

The third hypothesis has been confirmed in Chapter 8. It was reported that the distance between 
the prostate and rectum decreased during a moderate hypofractionated EBRT regimen as a 
result of RBI deflation. However, the distance remained at least 1 cm throughout the full treatment 
course, indicating that such spacing is sufficient to reduce the ano-rectal volume receiving 75 
Gy or more. The results confirm an RBI-induced reduction of predicted and observed Grade 2 
or higher GI toxicity.

Wolff and colleagues also observed the phenomenon of an RBI deflating early on, at the beginning 
of a course of radiation therapy [21]. They reported an average volume loss of >50% during a 
full course of treatment of 37–40 fractions (8 weeks). In our series, the RBI volume changes 
were measured with weekly three-dimensional CBCT scans, instead of with a mathematical 
calculation using 2D images. A significant spread of at least 1 cm between prostate and rectum 
was observed. In one patient a sudden complete deflation of the RBI was observed, after 3 
weeks of implantation. This early deflation severely compromises the rectal sparing effect. 
Monitoring the RBI volume decrease during the course of treatment is therefore recommended, 
preferably using weekly CBCT scans. Adapting the treatment plan if the minimum prostate-
rectum separation becomes less than 1 cm is also recommended.
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PART III – MULTIFACTORIAL DECISION SUPPORT SYSTEM 
USING A VIRTUAL SPACER

The fourth hypothesis is tested in Chapter 10. A “virtual” IRS (useful for both RBI and hydrogel 
spacer) is generated using a model that is based on a CT scan without IRS. This model was used 
to create a deformation field (e.g., virtual IRS) on CT scans of patients without IRS. Predictions of 
the gain in dose and toxicity reduction can consequently predict if the IRS is cost-effective for the 
specified patient. This is a very attractive approach since the benefit for an individual patient can 
be estimated without implanting the IRS. This means no extra discomfort for the patient due to 
the operation, and no additional costs for IRS placement. However, caution should be exercised 
before such a decision support system is integrated into clinical practice, taking the following 
into consideration. 

Firstly, as this decision support system is a proof-of-concept, it has been based on a small 
patient cohort. To establish the internal validation, the system should be tested in a clinical trial on 
a larger cohort of patients. Furthermore, an external validation should be performed to assess its 
performance in an independent patient cohort and to adapt or re-calibrate the prediction model 
if required.

Secondly, irradiated rectal volumes are predictive for acute and late GI toxicity. However, 
volume changes due to rectal filling (e.g., stool and gas) cannot be predicted by this model. 
The predictions are based on dose-volume histogram data, where spatial information on the 3D 
dose distribution is lost. Dose surface maps (Chapter 6) provide information on the shape and 
location of the ano-rectal wall dose distribution, with consequently increased predictive power 
compared to models based solely on DVH parameters [22,23]. Recently, Shelly and colleagues 
reported that accumulated DSMs revealed stronger correlations with clinically observed rectal 
bleeding and proctitis than the DSMs obtained from the planned dose distribution [24]. Hence, it 
is expected that incorporation of daily DSM information will improve the performance of the DSS.
Thirdly, individual genetic factors were not included in the proof-of-concept version of the DSS. 
However, in Chapter 11, the first genetic factors were included in the system. In the future, more 
single nucleotide polymorphism is expected to be discovered, which can help to fine-tune the 
decision support system.

Fourthly, a DSS needs to meet the essential requirements of all relevant medical device 
directives: CE marking (CE: Conformité Européene) or FDA approval (FDA: U.S. Food and Drug 
Administration). Only then can it be implemented in clinical practice.
There are other possibilities to reach an “isotoxic” approach, that is, maximizing the gain in dose 
while maintaining the toxicity level; this can also be achieved with other techniques, such as 
simultaneous integrated boost techniques, using ERB, or different IRSs. 
Simultaneous integrated boost techniques are being investigated in the FLAME trial, where the 
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benefits of an ablative boost of a focal lesion are examined [25]. The dose to the dominant 
intraprostatic lesion is, however, limited to 95 Gy, which is lower than what can be achieved with 
an IRS. If this boost technique could be used in combination with an IRS, even higher doses 
could be approached.

The comparison of an IRS with an ERB showed that the spacer gel outperformed the ERB in 
the majority of the examined and relevant dosimetric rectal-sparing parameters in a stereotactic 
radiotherapy [26]. The ERB did not outperform the gel spacer in any measured rectal dose 
parameter. The ventral rectal wall is pushed into the high-dose using an ERB. Other IRSs 
have similar rectal dosimetric advantages. There are no significant differences in implantation 
procedures between the different compounds.
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FUTURE PERSPECTIVES

More clinical studies investigating the use of an IRS are needed. Based on the results from 
previous studies and from the studies mentioned in this thesis, the IRS is being deployed in 
our institution for those PCa patients who are expected to benefit most from its implantation. 
A prospective study is currently being conducted at MAASTRO Clinic, which is based on a 
combination of the clinical decision rules described in Chapter 5. The set of decision rules 
has been expanded to include patients who have a very high risk to develop rectal toxicity 
due to, for example, re-irradiation and inflammatory bowel disease. Furthermore, if the relevant 
dose-volume threshold of the rectal volume is exceeded (e.g., V65 Gy >15%), the patient is also 
considered to be a candidate for IRS implantation. Results of this study are pending.

The development of more sophisticated DSSs can help to improve the patient selection for 
IRS implantation. The proposed method for virtual spacer reconstruction will be examined in a 
prospective controlled trial to implement this cost-effectiveness model to obtain the three-level 
DSS with complete integration of dose, toxicity, and cost-effectiveness. To further optimize the 
DSS, the fourth-level with genetic input will be incorporated. A grant proposal has been submitted 
to realize this project in a proof-of-principle institutional stratified non-randomized observational 
study: RESPECT-1 (a prospective study of REctum Spacer for Prostate External beam Cancer 
Therapy). This will be a part of the European TAILORED-trial, which is a European consortium 
investigating a personalized risk-adapted approach for stratifying cancer patients. The goal is to 
tailor treatments to each patient’s unique biology.

The use of an IRS can be further explored in PCa patients in combination with other radiotherapy 
techniques, like brachytherapy, stereotactic radiotherapy, or particle therapy. As all of these 
techniques have the ability to deliver highly conformal dose distributions with a sharp dose fall-
off at the rim of the target volume in the proximity of the rectum, they could be of interest to 
better spare the rectal structures in PCa patients being irradiated. Only few studies have recently 
reported on the use of an IRS in combination with these techniques.

For brachytherapy in the primary setting, using an IRS is of relatively low importance since no 
additional PTV margins are necessary for setup uncertainties. However, in a re-irradiation setting, 
the additional doses are gaining importance, as discussed by Guimas and colleagues regarding 
a series of 18 patients: in 8 out of 10 patients who had whole gland salvage therapy a hyaluronic 
acid IRS was used, whereas 8 patients were treated with focal prostate salvage brachytherapy 
[27]. He reported that the median 0.1 cc dose delivered to the rectum was 83.9 Gy without IRS, 
in comparison to 63.3 Gy with IRS, respectively (p=0.04). No differences were observed between 
focal or whole-gland plans while using the IRS. In the meantime, comparing whole gland versus 
partial gland therapy revealed cumulative prostate and rectum biological effective doses higher 
in patients treated with whole-gland salvage therapy than in patients treated with focal salvage 
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therapy (258.1 Gy vs. 172.6 Gy; p < 0.01, respectively).
Mahal and colleagues also reported on a series of 11 patients in a re-irradiation setting using a 
hydrogel as IRS [28]. They concluded that implantation of an IRS was feasible in most patients 
with prior irradiation. In 3 patients, IRS implantation failed because of fibrosis and adhesions. For 
the 8 patients in whom spacing was accomplished, the median space between the prostate and 
rectum was 10.9 mm (patients with prior EBRT) vs. 7.7 mm (patients with prior brachytherapy), 
p=0.048.

For proton therapy, Chung and colleagues demonstrated a significant decrease in rectal dose 
and predicted Grade ≥2 rectal toxicity in PCa patients treated in silico with proton therapy [29]. 
They reported that at least 9 mm space between prostate and rectum resulted in a decrease for 
Grade ≥2 rectal toxicity from 13.5% without IRS, to 4.19% with IRS, respectively. Hedrick and 
colleagues recently demonstrated the consistency of rectal sparing of a hydrogel using three 
consecutive CT scans in PCa patients undergoing proton therapy [30]. For scanned carbon ion 
therapy for PCa, Rucinski and colleagues showed dosimetric benefit of an increased distance 
between prostate and rectum using a gel spacer [31,32]. However, a prospective randomized 
phase II trial investigating the safety and feasibility of proton therapy versus carbon ion therapy 
in hypofractionated treatment, reported that in 2 out of 92 patients the insertion of a gel spacer 
was stopped due to the occurrence of gel in the rectal wall and the consecutive occurrence of 
rectal fistulas [33].

For stereotactic radiotherapy for PCa, Jones and colleagues compared the rectal-sparing 
capabilities of ERBs versus injectable spacer gels in patient samples obtained from 2 multi-
institutional prospective trials using a schedule of 45 Gy in 5 fractions [26]. This study showed 
that the spacer gel outperformed the ERB in the majority of the examined and relevant dosimetric 
rectal-sparing parameters. The ERB did not outperform the gel spacer in any measured rectal 
dose parameter.

Extreme hypofraction schedules for prostate cancer are traditionally given in 3 to 5 fractions 
[34]. Ultra-extreme hypofractionation in theoretically 1 or 2 fractions could be very attractive and 
safely performed while using an IRS. Since no reports on this topic are currently available in the 
literature, this should be further investigated. In terms of cost-effectiveness, this could be a very 
attractive approach, comparing 1 or 2 fractions with a standard schedule of 39, or a moderate 
hypofractionation schedule of 28 fractions. For such extreme hypofractionation schedules 
geographical misses should be avoided, and hence it is of utmost importance to detect any 
volumetric changes in IRS prior to or during treatment. Image-guidance is therefore absolutely 
mandatory.
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Including the genetic signature of the tumor to identify who will benefit most from dose escalation 
will be interesting to investigate in the future. These patients are highly predictive for biochemical 
recurrence. Selecting these high-risk patients for the highest dose escalation in combination 
with an IRS, will be possible without exceeding the limits for complication risks. This additional 
information can be added in the multiple DSS to re-optimize the models, ensuring the continuous 
improvement of the utility of these models.
Since literature on the application of an IRS for the aforementioned RT techniques is still scarce, 
and the number of patients studied is small, future clinical studies are needed to determine 
the observed toxicity reduction and the cost-effectiveness for these forms of dose delivery 
techniques.

Besides being successfully used in PCa radiotherapy, the IRS also promises to be able to be 
incorporated in other pathologies where it is necessary to create distance between a target 
volume and abutting organs at risk, thus diminishing the risk of radiation-induced toxicities. This 
has recently been investigated in cadaveric models for head and neck, pancreas, and cervical 
cancers. Rao and colleagues demonstrated that spacing of the contralateral submandibular 
gland using a hydrogel spacer enables substantial reduction in both irradiated volume and dose 
delivered to the gland, thereby reducing the risk of xerostomia [35]. Furthermore, the same group 
showed the feasibility and theoretical advantages of an injectable hydrogel to increase the space 
between the head of the pancreas and the duodenum in a human cadaveric model [36]. For 
cervical brachytherapy, Damato and colleagues were able to realize a clinically meaningful rectal 
dose reduction, due to the injection of a hydrogel between the cervix, rectum, and bladder in 
human cadavers [37]. Future studies may provide additional supporting evidence and need to 
evaluate the safety, efficacy, and cost-effectiveness of IRS implantation for these indications, to 
reduce toxicity and improve the patients’ quality of life.

Concluding remarks 
The work described in this thesis has focused on prostate cancer external beam radiation 
therapy and the avoidance of the gastrointestinal side effects. The feasibility and benefit of an 
implantable rectum spacer application have been described as a clear and safe method, which 
has proven to be a cost-effective way of reducing the risk of gastrointestinal toxicity. However, 
to further increase the cost-effectiveness, the identification of patients who have the highest risk 
to develop rectal toxicity – and hence would benefit most from an implantable rectum spacer 
implantation – needs to be improved. The developed prediction models for patient selection have 
to be validated in clinical studies with larger patient populations.
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SUMMARY

This thesis focuses on gastrointestinal (GI) toxicity caused by prostate cancer external beam 
radiotherapy (RT), and gives an overview to introduce an implantable rectum spacer (IRS) 
implantation, and to improve patient selection for IRS implantation in order to reduce GI toxicity 
in those patients that are expected to benefit most from IRS implantation. 

In Chapter 2, the results of a literature overview on prostate cancer radiotherapy are presented. 
Overall, technical advances have led to maximizing the radiation dose to the tumor, while 
minimizing the dose to healthy tissues, with improved biochemical disease-free survival and 
overall survival. Current literature reveals that all possible treatment modalities have the same cure 
rate, but a different toxicity pattern. We recommend explaining the possible different treatment 
modalities, each with their own advantages and side effects, to the individual patients. Clinicians 
and patients should make treatment decisions together (shared decision-making) while using 
patient decision aids.

Chapter 3 describes the GI toxicity of prostate cancer RT. A well-known complication of RT is 
called chronic radiation proctitis (CRP). The chapter provides a literature review of the optimal 
prevention and treatment of CRP. This is a relatively frequent late (3–6 months after RT) side effect 
that affects 5–20% of RT treated cancer patients. Symptoms include diarrhea, constipation, 
mucus discharge, urgency, spasms, cramps, bleeding, and rectal pain. Bleeding can be so 
dominant that blood transfusions are required. CRP is mainly dependent on the dose and volume 
of irradiated rectum. RT techniques to prevent CRP are constantly improving, thanks to image-
guided RT and intensity-modulated RT. Also, newer techniques like protons and new devices 
such as implantable rectum spacers (IRS) and balloons have been developed to spare rectal 
structures. Biopsies do not contribute to diagnosing CRP and should be avoided because of 
the risk of severe rectal wall damage, such as necrosis and fistulas. Furthermore, an algorithm is 
provided for the treatment of CRP.

Chapter 4 is a cost-effectiveness analysis of an IRS. This investigation revealed how the costs of 
spacers are related to the reduction in rectal side effects in patients with prostate cancer. If all the 
assumptions of the used model are correct, IMRT+IRS is less toxic and more effective than IMRT-
IRS for all prostate cancer patients. The spacer is cost-effective for prostate cancer patients, due 
to less severe toxicity and a reduction in treatment costs associated with these side effects. If we 
acknowledge patient heterogeneity and we can select a population of patients with a high risk of 
late rectal complications, the cost-effectiveness of the spacer will most likely improve since those 
patients will benefit even more from the use of a spacer.

Chapter 5 is about discovering which patients are expected to benefit most from IRS 
implantation. Scenarios of clinical risk factors were identified for which implantation of an IRS is 
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predicted to significantly reduce Grade 2 and Grade 3 acute and late rectal toxicity rates with 
IMRT prior to implantation of the IRS. This introduces the opportunity to better select patients for 
IRS implantation, avoid unbeneficial implantations and possible complications, enhance quality 
of life, and consequently improve the cost-effectiveness of the treatment.

In Chapter 6, the results of a planning study revealed the most beneficial location of an IRS on 
the anal and rectal wall by spatially analyzing the 3D dose distributions dose surface maps. An 
IRS significantly reduces the lateral and longitudinal extent of high-dose areas (>50 Gy) in anterior 
and superior-inferior directions in high-dose IMRT, and consequently decreases the predicted 
NTCP for late rectal bleeding and sphincter control. 

Chapter 7 is a summary of an easy introduction of an IRS: step-by-step instructions for 
optimization of the transperineal implantation procedure. For a safe implantation of an RBI, such 
a procedure should be performed by urologists and/or radiation oncologists who are experienced 
with prostate brachytherapy and the use of TRUS. The theoretical advantages of rectal balloon 
implants are discussed. Perioperative side effects are reported as low to absent.

Chapter 8 is a feasibility trial of the rectal balloon implant. The maintenance of an RBI is proven 
with low acute toxicities, resolving 3 to 6 months after treatment.

Chapter 9 is an illustration of a possible workaround for the problem of active IBD for a patient 
in need of prostate cancer radiotherapy. We conclude that the treatment strategy of using EBRT 
in combination with an IRS should be considered in this specified high-feature patient population 
to obtain the best outcome and survival. 

In Chapter 10 and Chapter 11, two new decision support systems are developed: a novel 
method to predict the dose gain, toxicity reduction, and the cost-effectiveness of an IRS by 
implanting a “virtual” IRS based on a CT scan without an IRS. Further, an iso-toxic model with 
integrated genetic biomarkers is produced to predict the gain of an IRS in a certain patient before 
the real implantation of an IRS.
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SAMENVATTING (NEDERLANDS)

Prostaat kanker is in Nederland de meest gediagnosticeerde kanker bij mannen: meer dan 
11.000 nieuwe patiënten per jaar. Hoofdstuk 2 beschrijft de evolutie die radiotherapie de laatste 
20 jaar heeft doorgemaakt, meer toegespitst op de prostaat bestraling. Radiotherapie (inwendig 
en uitwendig) is één van de mogelijk genezende behandelingen voor lokaal prostaatkanker, 
naast een operatie en een actief volgen beleid. Alle behandelingen hebben dezelfde, heel hoge 
genezingskans (> 90%), echter de bijwerkingen zijn verschillend. Een bestralingsbehandeling 
wordt bijna altijd over een periode van verschillende dagen toegediend en elke toediening wordt 
een ‘fractie’ genoemd. Tijdens iedere behandelfractie kan de prostaat bewegen en ook tussen 
iedere fractie onderling kan de prostaat zich op een andere positie bevinden. Er worden daarom 
marges rond de prostaat ingecalculeerd om de prostaattumor voldoende goed te bestralen. 
Hierdoor kunnen echter ook omliggende organen bestraald worden, waardoor er bijwerkingen 
kunnen optreden: plasklachten, defecatie klachten en erectiestoornissen. Deze klachten zijn 
meestal van voorbijgaande aard, maar soms ook blijvend (5-20%), dewelke de kwaliteit van 
het leven erg negatief kunnen beïnvloeden. Verder wordt in hoofdstuk 2 verwezen naar een 
gezamenlijke therapie beslissing door middel van een patiënten keuzehulp, die mede ontwikkeld 
is door de auteur van dit proefschrift (http://www.treatmentchoice.info/decision-aid-tools.html). 
Gezamenlijke therapie beslissing is een manier van werken waarbij arts en patiënt samen tot een 
beleid komen dat het beste aanleunt bij de individuele keuzes en voorkeuren van een patiënt. 
Bij gezamenlijke besluitvorming wordt er expliciet rekening gehouden met de persoonlijke 
omstandigheden van de patiënt. Daardoor levert dit meer patiënttevredenheid op, minder co-
morbiditeit en draagt dit bij tot een betere arts-patiëntrelatie. 

Hoofdstuk 3 richt zich voornamelijk op de rectale (endeldarm) bijwerkingen van een radiotherapie 
behandeling: rectaal bloedverlies, diarree, constipatie, slijm afscheiding, krampen, rectale pijn, 
toegenomen frequentie, fecale urgentie (drang) en incontinentie (verlies van ontlasting). Het 
bloeden kan zo fulminant zijn dat bloedtransfusies noodzakelijk zijn. Biopsies dragen niet bij 
tot een diagnose en moeten absoluut vermeden worden vanwege het risico op initiatie van 
ernstige rectumwand schade, met desbetreffende iatrogene necrose (celdood) en fistelvorming 
(niet natuurlijk kanaal tussen 2 lichaamsholten) tot gevolg. Een overzicht van de mogelijkheden 
ter preventie en een behandeling algoritme voor die klachten zijn ontwikkeld, dewelke nu als 
standaard gehanteerd wordt. Eén van de preventie mogelijkheden is een implanteerbare rectum 
‘spacer’ (IRS). Met een IRS wordt de afstand tussen de prostaat en het rectum vergroot. Dit 
kan door een rectale ballon of een hydrogel ‘spacer’ te implanteren in het vetweefsel tussen 
de endeldarm en de prostaat. Ander beschreven producten zijn collageen en hyaluronzuur 
implantaten.

Deel II bestaat voornamelijk uit modellering en individualisering van de IRS. Hoofdstuk 4 
behandelt een kosten-batenanalyse van een IRS implantatie bij prostaat kanker over de gehele 
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populatie. Dit onderzoek toont aan hoe de kosten van een IRS zich verhouden tegenover de 
beperking van de kosten van de behandeling van deze darm bijwerkingen. Als alle aannames 
correct zijn is een radiotherapie behandeling met IRS minder toxisch en effectiever dan een 
radiotherapie behandeling zonder IRS. Een IRS heeft 77 % waarschijnlijkheid om kosteneffectief 
te zijn bij een grens van €80.000,- per gewonnen levensjaar in een perfecte gezondheid. Deze 
grens werd door de Gezondheidsraad in Nederland vastgelegd in 2006. Deze afkapwaarde 
wordt toegepast om een nieuw medicijn of behandeling te evalueren op zijn kosteneffectiviteit. 
Als we uit de patiëntenpopulatie een selectie kunnen maken van patiënten met een hoger 
risico op late rectale complicaties, zal de kosteneffectiviteit van de IRS nog verhogen. 

Hoofdstuk 5 onderzoekt welke patiënten het meest zouden profiteren van een IRS implantatie. 
Klinische risicofactoren zijn geïdentificeerd waarvoor een implantatie van een IRS de graad 
2-3 acute en late rectale bijwerkingen vermindert. Het gevolg hiervan is een betere selectie 
met desbetreffend het vermijden van onnodige implantaties en mogelijke complicaties. 

Hoofdstuk 6 stipuleert de resultaten van een planningsstudie, waaruit blijkt dat een 
bestraling met een IRS een lagere bestralingsdosis heeft op zowel het anale (kringspier) 
kanaal als de rectumwand tegenover een bestraling zonder IRS. Dit is bestudeerd door 
een ruimtelijke analyse van de 3D dosisverdelingen met zogenaamde dosis oppervlakte 
mappen. Een IRS vermindert de laterale en longitudinale hoge dosis gebieden (> 
50 Gy) in het anterieure deel van de endeldarm. Derhalve zijn de voorspelde late 
bijwerkingen voor rectaal bloedverlies minder, en verbetert de controle over de sluitspier. 

Deel III behandelt de klinische implementatie van een rectaal ballon implantaat (RBI). 
Hoofdstuk 7 is een samenvatting van een introductie van een RBI: het is een stap voor stap handleiding 
voor een optimale implantatieprocedure. Voor een veilige implantatie van een RBI, wordt geadviseerd 
dat een dergelijke procedure uitgevoerd wordt door urologen en / of radiotherapeut oncologen 
die ervaring hebben met prostaat brachytherapie en het gebruik van transrectale echografie. De 
theoretische voordelen van een RBI worden besproken. De perioperatieve bijwerkingen zijn laag. 
Hoofdstuk 8 is een haalbaarheidsstudie van RBI bij 15 patiënten die bestraald werden. Het 
behoud van het volume van een RBI is er toegelicht met een laag voorkomen van acute toxiciteit, 
en een lage predictieve en geobserveerde late toxiciteit.
Hoofdstuk 9 is een mogelijke oplossing voor een prostaatkanker patiënt met een actieve IBD. 
Een behandelstrategie van EBRT met een RBI wordt er beschreven. 

Deel IV is een blik naar de toekomst. In hoofdstuk 10 is een geïntegreerd systeem ontwikkeld 
(en gepatenteerd door de auteur) voor het ontwikkelen van een virtuele IRS: een CT-scan 
wordt voor de behandeling genomen. Een virtuele IRS wordt gereconstrueerd. Daarop kan een 
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kosteneffectiviteit en bijwerkingen voorspelling op uitgevoerd worden zonder dat de IRS effectief 
geïmplanteerd is. Hierdoor kan voorspeld worden of de IRS inderdaad kosten effectief zal zijn bij 
deze specifieke patiënt vooraleer de IRS geïmplanteerd is. Daarenboven wordt in hoofdstuk 11 
een proefconcept beschreven van zogenaamde iso-toxische behandeling: er wordt berekend 
hoeveel bestraling moet toegediend worden zonder het rectum overmatige schade toe te 
brengen.

Chapter 13



269

VALORIZATION

Prostate cancer is the most common type of cancer among males in the Western world, and 
the second deadliest cancer for men, with an estimated 1,620,000 new cases every year, and 
an expected 366,000 related deaths on an annual basis worldwide [1-3]. In the Netherlands, 
there were approximately 11,000 new cases in 2015 [4]. It is expected that the incidence will 
substantially increase in the coming decades, due to the growth of the aging population and 
screening, which makes it an enormous healthcare problem. Furthermore, some prostate cancers 
grow very slowly, so some elderly men die with – rather than of – their prostate cancer, even 
without treatment [5]. Therefore, treatment differentiation and individualization is becoming ever 
more important. The total economic costs of PCa in Europe is estimated to exceed EUR 8.43 
billion [6]. One of the biggest challenges in the 21st century will be to offer the best individualized 
treatment at reasonable costs to maintain our socioeconomic healthcare system.

EBRT is a well-known potentially curative therapy for PCa besides performing surgery [7]. RT has 
undergone huge improvements in the last decades, and is in no way comparable with the RT of 
the past. Dose escalation in prostate EBRT leads to improved loco-regional control and PCa-
specific mortality [8-14]. However, dose escalation is limited by toxicity for surrounding healthy 
tissues, and improved tumor control might come at the cost of higher toxicity, with great impact 
on patients’ quality of life. The Dutch healthcare system attaches great importance to improving 
quality of care (improved therapeutic results, and/or reduced toxicity), within a reasonable control 
of costs (ICER of EUR 80,000 per QALY), within a shared decision-making atmosphere [15,16]. 
All these subjects are part of the content in this thesis.

In this thesis a new technique – the implantable rectum spacer – is introduced, which causes less 
toxicity, at a reasonable cost, while improving quality of life. In the first part of the thesis, the cost-
effectiveness of an IRS is proven: due to less severe toxicity, with a reduction in the treatment 
costs associated with these side effects, the cost of an IRS itself was outweighed. Further 
studies presented in this thesis have proven that decision rules are reliable, and a reproducible 
method for selecting a population of patients with a high risk of late rectal complications. This will 
consequently increase the cost-effectiveness of the IRS, since those patients will benefit even 
more from the use of an IRS. Dose surface maps are generated to obtain more insight into the 
best location for an IRS on the ARW.

Furthermore, a detailed description is given of the implantation procedure for an RBI, which can 
be used to introduce this technique in every department. The procedure is described as safe and 
well tolerated. Moreover, a system has been developed to predict a priori the gain of such an IRS, 
which is the perfect base for tailoring and individualization of a PCa RT treatment. The principle 
of predicting the benefit of an IRS has been shown to be feasible. This model-based approach 
has very recently been adapted for the introduction of proton therapy in the Netherlands. Dutch 
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proton therapy centers must reveal the estimated benefit of a proton therapy in advance [17]. 
Only if the expected benefit exceeds a certain threshold, will treatments be reimbursed. We want 
to implement the IRS in prostate cancer EBRT in a similar way.

In the future, we postulate that IRS can become an important cornerstone of EBRT in certain 
specified prostate cancer patients. In future, we want to further explore the possibilities in clinical 
practice by using those differentiating prediction models in the clinic. There is an increasing 
amount of evidence to support the role of clinical and genetic variants in the development of 
radiation-induced GI toxicity. Further systematic evaluations of dose, clinical, and genetic 
parameters are warranted, in order to evaluate whether all those features could improve the 
predictive gain of an IRS. Developed models could give a more accurate NTCP prediction for 
each individual undergoing EBRT for prostate cancer. Radiation oncologists would consequently 
be better able to select those patients with potential high risk for rectal toxicity. We postulate that 
in the future this will lead to individualized treatment with a selective discrimination of only those 
patients for whom extra care should be taken to decrease the dose to the rectum. These are 
topics for future investigation to define the definitive role of the IRS. The use of such individualized 
risk assessment models allows us to focus only on those patients who have a high chance to 
benefit from it. This is important for healthcare providers’ ability to prioritize the available resources 
for the patients who need this. This is different from the “one size fits all” recommendations in 
most international guidelines. According to us, the next step will be to implement the cost-
effectiveness model to acquire a four-level decision support system with complete integration of 
dose, toxicity, cost-effectiveness, and genetic input. Prospective follow-up studies are therefore 
required. Identifying patients who are at high risk of GI toxicity may help restrict the implantation of 
an IRS to those most likely to benefit, and promote the personalized approach to prostate cancer 
radiotherapy. The multiple decision support systems needs to meet the essential requirements 
of all relevant medical device directives: a CE marking (Conformité Européene) or FDA (Food and 
Drug Administration) approval. Only then can DSS be implemented in clinical practice.
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