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Prostate Cancer

Prostate cancer is a major health problem worldwide, with 217730 newly diagnosed 
prostate cancer patients in the Unites States in 2010 and 10166 men with newly 
diagnosed prostate cancer in the Netherlands in 2009 (Dutch Comprehensive Cancer 
Centres; Jemal et al., 2010). Despite improved treatment outcome and the advances in 
early detection of prostate cancer, prostate cancer still is a common cause of cancer 
death in the western world. In 2010, 32050 men died from prostate cancer in the 
United States and 2421 men in the Netherlands died from prostate cancer in 2008 
(Dutch Comprehensive Cancer Centres; Jemal et al., 2010). Prostate cancer most often 
affects elderly men with most cases occurring in men between 65 and 74 year old 
(Crawford et al., 2009).

The clinical behavior of prostate cancer differs between biologically indolent 
microscopic tumors to highly aggressive cancer with a poor prognosis. Based on the 
initial prostate-specific antigen level (iPSA), Gleason score and tumor stage patients 
can be classified as having low-risk, intermediate-risk or high-risk disease (Heidenreich 
et al., 2011). The currently internationally accepted criteria from Ash et al. (2000) 
stated low-risk as patients having T1c-T2a, Gleason score <7 and iPSA <10ng/mL. 
Intermediate-risk is defined as having one factor of T2b-c, or Gleason score = 7, or 
iPSA 10-20 ng/mL; in case of two of these factors a patient is classified as high-risk. 
Furthermore, high-risk includes patients with one or more factors of T3, or Gleason 
score >7, or iPSA> 20 ng/mL. 
Different treatment strategies are available for prostate cancer. Common treatment 
options include watchful waiting, radical prostatectomy, external beam radiotherapy 
and brachytherapy. For low-risk tumors the results of external beam radiotherapy 
are comparable to radical prostatectomy and brachytherapy with freedom from 
biochemical failure rates approximating 95% after 5- to 10-year follow-up (Lu-Yao et al., 
1997). For high-risk patients external beam radiotherapy is preferred in combination 
with hormonal therapy (D’Amico et al., 2008). The outcome for intermediate- and 
high- risk patients is worse with freedom from biochemical failure ranging between 
60% and 75% after 5- to 10 years follow-up (Peeters et al., 2006; Pollack et al., 2002; 
Widmark et al., 2009). 

Toxicity

Because the outcome after different treatment methods, concerning freedom from 
biochemical failure, shows only small variation, the toxicity patterns and the quality 
of life (QoL) after each treatment have a great influence on the treatment choice. 
In general, irritative and obstructive urinary symptoms are more common after 
brachytherapy, urinary incontinence and erectile impotence is more frequent after 
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radical prostatectomy and external beam radiotherapy is associated with bowel 
symptoms.
For external beam radiotherapy the entire toxicity pattern consists of gastrointestinal, 
genitourinary side effects and erectile dysfunction. The acute gastrointestinal 
symptoms caused by radiation proctitis include abdominal cramping, flatulence, 
urgency, increased stool frequency, flatulence and proctalgia. Late gastrointestinal 
toxicity compromises persistent diarrhea, rectal urgency, rectal bleeding, rectal or anal 
stricture, ulcers and perforation. 
Urinary toxicity during external beam radiotherapy is due to cystitis or urethritis. 
Possible adverse events include dysuria, urgency, urinary incontinence, increased 
frequency, hematuria, urinary retention and bladder spasms. Long-term genitourinary 
complaints manifest as urinary incontinence, urethral strictures, hemorrhage and 
bladder contracture (Hamilton et al., 2001). Another side effect after external beam 
radiotherapy is erectile dysfunction. The reported percentage of patients that preserve 
their erectile ability is approximately 70% (Pinkawa et al., 2009; van der Wielen et al., 
2007). The incidence of erectile dysfunction progressively increases during follow-up 
time after radiotherapy. Radiotherapy associated erectile dysfunction is influenced by 
the use of neoadjuvant androgen deprivation therapy, patient age and comorbidities 
such as cardiovascular diseases and diabetes (Pinkawa et al., 2009; van der Wielen et 
al., 2007).
Acute and late toxicity after external beam radiotherapy can be influenced by 
several factors. The severity of complaints is related to the irradiation dose to the 
organ at risk and the volume of the organ included (Gulliford et al., 2010; Vargas et 
al., 2005; Karlsdottir et al., 2008; Heemsbergen et al., 2010). A transurethral resection 
of the prostate (TURP) prior to radiotherapy is associated with significantly more 
late genitourinary toxicity (Heemsbergen et al., 2010; Peeters et al., 2005a; Sandhu 
et al., 2000). The likely mechanism of increased late toxicity is related to the relative 
devascularisation of the urethra after TURP and the decreased capability of the 
mucosa to repair sublethal damage after radiotherapy (Sandhu et al., 2000). Hormonal 
treatment is a prognostic unfavorable factor for late genitourinary side effects (Peeters 
et al., 2005a; Schultheiss et al., 1997), for acute genitourinary toxicity (Valicenti et al., 
2003) and for erectile impotence (van der Wielen et al., 2007; Zelefsky et al., 1999; 
Turner et al., 1999). Furthermore, a protective effect for hormonal treatment is 
reported for acute gastrointestinal side effects (Peeters et al., 2005a; Christie et al., 
2005; Vavassori et al., 2007). Both gastrointestinal and genitourinary adverse events 
are increased in patients with diabetes (Schultheiss et al., 1997; Vavassori et al., 2007; 
Giordano et al., 2006). The likely mechanism of an increase in toxicity is related to 
impaired repair of radiation-damaged tissue (Herold et al., 1999). Furthermore, late 
toxicity seems to be correlated with acute toxicity (Karlsdottir et al., 2008; Schultheiss 
et al., 1997; Heemsbergen et al., 2006) which is referred to as consequential late effect. 
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Acute radiation response causes tissue damage, which eventually leads to late effects 
after a latent symptom-free interval. 
The acute gastrointestinal and genitourinary symptoms usually resolve within several 
weeks after treatment. Acute toxicity is defined as symptoms occurring within 
90 days after the start of treatment (Trotti et al., 2000). The majority of long-term 
gastrointestinal toxicity after external beam radiotherapy manifests itself within 
three years of follow-up time (Pollack et al., 2002; Karlsdottir et al., 2008; Schultheiss 
et al., 1997; Zietman et al., 2005). Late genitourinary complaints have been reported 
to develop even after three years (Karlsdottir et al., 2008; Schultheiss et al., 1997). 
For measurement of both acute and late toxicity after treatment the Common 
Terminology Criteria for Adverse Events (CTCAE) version 3.0 (Trotti et al., 2003) can 
be used. This grading system is generally organized by organ system categories and 
defines grade 1 as minimal, usually asymptomatic and not interfering with functional 
endpoints. Grade 2 adverse effects are considered moderate, usually symptomatic 
and interventions such as local treatment or medications may be indicated. Grade 
3 effects are considered severe and very undesirable and include more serious 
interventions such as surgery or hospitalization. Grade 4 effects are potentially life 
threatening, catastrophic or disabling. There are no guidelines to define an acceptable 
toxicity profile after a certain treatment, but in general the most important adverse 
events, that needed to be limited, are the serious and life-threatening adverse events 
(grade 3 and 4). 

Quality of life

For evaluation of treatment not only toxicity is important but also impact on QoL 
(Litwin et al., 1999). The satisfaction with treatment outcomes among patients and 
their spouses or partners is influenced by the treatment-related change in QoL (Sanda 
et al., 2008). Especially for patients with prostate cancer, who may live for years after 
the initial diagnosis, QoL after treatment is of major importance. Health-related 
QoL involves patient’s own perceptions of their health and ability to function in life. 
Quality of life represents not only physical function as a representation of treatment-
related side effects, but also domains like role function, vitality, mental health and 
social interactions to evaluate the impact on normal functions or social roles (Litwin 
et al., 1999). To measure health-related QoL, validated QoL questionnaires should be 
used including a disease-specific and organ-specific module. General QoL domains 
address the components of overall well being, while the disease-specific domains 
focus on the impact of particular organs dysfunctions that affect QoL. Quality of life 
measurements should be patient assessed because it is know that the assessment 
of patient’s symptoms by the physician underestimates the morbidity reported by 
patients (Litwin et al., 1998; Goldner et al., 2003). Especially for the older prostate cancer 
patients a longitudinal study design including baseline scores is essential (Osoba et al., 
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2005; Chen et al., 2009). For the interpretation of QoL results, a statistically significant 
difference is only interesting if it is also clinically relevant for the patients. A change of 
10% (or in general, 0.5 standard deviation) of the scale width is perceptible to patients 
as a meaningful change (Osoba et al., 2005). 

Dose escalation

Several trials have proven that dose escalation in external beam radiotherapy improves 
the biochemical free survival (Peeters et al., 2006; Pollack et al., 2002; Zietman et al., 
2005; Kupelian et al., 2005; Dearnaley et al., 2007) . Pollack et al. (2002) compared the 
efficacy of 70 Gy versus 78 Gy on 305 patients with stage T1-3 prostate cancer in a 
randomized controlled trial. For patients with a pre-treatment PSA > 10 ng/mL the 
freedom from biochemical failure rate at five year was 43% versus 62% respectively, 
in favor of the higher dose group. The randomized controlled trial from Peeters et al. 
(2006) compared 68 Gy versus 78 Gy on 669 patients with stage T1-4 prostate cancer. 
Five-year freedom from failure rate was significantly improved from 54% to 64%.  
To improve the poor treatment results in intermediate- and high-risk prostate cancer 
patient, further increase in dose is considered to be needed (Peeters et al., 2006; Pollack 
et al., 2002; Zelefsky et al., 2002; Morgan et al., 2007). The tumor control probability 
(TCP) volume effect implies that a higher dose is needed at the primary tumor (Goitein 
et al., 1985). Furthermore, dose response models suggest that the overall cure rate in 
high-risk prostate cancer patients is limited due to radioresistent hypoxic tumors and 
that the areas with severe hypoxia will need very high (ablative) doses (Nahum et 
al., 2003). This hypothesis is strengthened by the finding that local recurrences often 
originate in the primary tumor rather than in focal prostatic intraepithelial neoplasia 
(Pucar et al., 2007; Cellini et al., 2002). Dose escalation to the entire prostate is not 
considered achievable by reason of unacceptable toxicity risks. This problem can be 
overcome by partial boosting strategies. Planning studies showed that an ablative 
microboost to the macroscopic intraprostatic tumor area while the dose constraints 
to the rectum and bladder can be maintained is theoretically feasible (van Lin et al., 
2006; Pickett et al., 1999; Xia et al., 2001). The macroscopic tumor area within the 
prostate can be defined using a combination of anatomical and functional imaging. 
In addition to anatomic T2 weighted sequence, a combination of different functional 
imaging modalities can be used (Groenendaal et al., 2010; van der Heide et al., 2011). 
Dynamic contrast-enhanced (DCE)-magnetic resonance imaging (MRI) gives a 
characterization of the tissue vasculature (Padhani et al., 2002). With this technique 
it is possible to detect the tumor, because tumors tend to contain higher density of 
leaky blood vessels. With diffusion weighted imaging (DWI)-MRI the mobility of water 
molecules is measured (Hosseinzadeh et al., 2004). Tumor tissue can be identified on 
DWI-MRI, because in tumor the extracellular volume is reduced, leading to reduced 
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water diffusion in tumor tissue.  MR spectroscopic imaging (MRS) provides metabolic 
information in which regions of cancer show higher choline and lower citrate levels 
(Scheidler et al., 1999).
Boosting the radiation dose within the primary tumor might increase the local control. 
By reducing local failure, a reduction of distant metastases and improvement in survival 
can be expected, due to the relationship between these treatment outcomes (Coen 
et al., 2002; Kupelian et al., 2008; Jacob et al., 2004). However, before a randomized 
clinical trial can be performed to investigate whether an ablative microboost to the 
macroscopic tumor within the prostate, is indeed effective in improving treatment 
outcome, one needs to be sure that this approach is feasible and safe. 

Developments in external beam radiotherapy

To be able to deliver an ablative microboost while severe toxicity remains limited 
all treatment uncertainties need to be minimized. Several developments in external 
beam radiotherapy have increased the accuracy of the treatment and created 
the ability to minimize the dose to the normal tissue. The conformal radiotherapy 
planning techniques consisting of large irradiation fields are replaced by intensity-
modulated radiotherapy (IMRT) in which the fluency profiles of the radiation beams 
are no longer homogenous (Figure 1). With the use of IMRT sharp dose gradients and 
very inhomogeneous dose distributions can be obtained, leading to less irradiation to 
the organs at risk while the dose to the prostate can be escalated. Intensity-modulated 
radiotherapy provides the possibility for dose painting, in which the delivered dose 
distribution is being adapted based on functional and biological imaging information 
(Bentzen et al., 2005; Ling et al., 2000).

Figure 1. Transversal image of a dose distribution of an IMRT radiotherapy plan. 
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To ensure accurate target coverage with the prescribed dose, a margin is created 
expanding the clinical target volume (CTV) to the planning target volume (PTV), to 
account for geometric uncertainties (Figure 2).

Figure 2. Delineation of the clinical 
target volume (yellow), planning target 
volume (green) and the rectum (blue) 
on a transversal T2-weighted magnetic 
resonance image. 

These uncertainties include systematic and random errors (van Herk et al., 2004). By 
minimizing these errors, the margin to account for these errors can be reduced. A 
smaller margin decreases the dose that is delivered to the organs at risk adjacent to 
the target volume. To localize the prostate during treatment and secure its position 
relative to the irradiation beam, image guided radiotherapy has been introduced 
(Smitsmans et al., 2004; Nederveen et al., 2003). At first alignment of the patient to 
markers on the skin was replaced by position verification based on internal bony 
structures (Hurkmans et al., 2001). However, variation in bladder and rectal filling 
causes internal motion of the prostate relative to the bony anatomy (Nederveen et al., 
2003; Schallenkamp et al., 2005), which can only be corrected for when the prostate 
itself is being located during treatment. The location of the prostate can be identified 
with the use of conebeam imaging (Smitsmans et al., 2004) or by visualizing fiducial 
gold markers implanted in the prostate as a surrogate for the prostate itself (Moman 
et al., 2010) (Figure 3). 
The positioning uncertainties between treatment fractions are called interfraction 
motion. To correct for the interfraction prostate motion, various position verification 
correction protocols can be used. The prostate location can be identified during each 
fraction or less frequent during the treatment period. The correction of the variation 
can be done on-line by determining the location of the prostate before each fraction 
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and perform corrections directly after imaging before irradiation takes place. Because 
systematic errors have the largest influence on the position uncertainty during 
treatment compared to the random errors, also an off-line protocol can be used. 
Off-line protocols aim to reduce the average position deviation during treatment 
(van Herk et al., 2004; van der Heide et al., 2007). The conventional off-line protocols 
estimate the systematic deviation in the first fractions of the treatment, making the 
assumption that this estimate is representative for the entire treatment. With a no-
action-level protocol, the average position deviation after the first fractions is used 
as a correction for the set-up in all following fractions. A shrinking-action-level (SAL) 
protocol, immediately corrects large deviations, because they are considered clinically 
relevant and smaller deviations are only corrected if they persist over some fractions. 
Such an approach attempts to estimate the systematic positioning error early in 
treatment. A regular SAL protocol stops when no correction is needed for the average 
position deviations over a predefined number of fractions. An adapted SAL protocol 
continues the measurements after the regular procedure, which can be done weekly 
of daily during the rest of the treatment. A running average is determined over the 
past predefined number of fractions and compared to the action level. 
The intrafraction prostate motion is the movement of the prostate during the actual 
irradiation on any given day. An important cause of intrafraction motion is thought to 
be moving gas pockets inside the rectum (Nichol et al., 2010; Nederveen et al., 2002). 
By minimizing the interfraction position uncertainties, the intrafraction motions will 
have greater impact. In an attempt to tackle the problem of prostate motion, several 
methods have been introduced such as dietary guidelines, medicines like laxatives 

Figure 3. (a) Example of a fiducial gold marker.  (b) Electronic portal image taken from the first segment of 
the irradiation beam. The actual location of the three fiducial markers can be seen as three dark spots and 
the location of the three markers based on the planning CT-scan are projected by blue circles.

a b
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(magnesium oxide), deflatulences (simethicon) and antiperistaltics (glucagon), fixed 
treatment times (after 10 AM), rectal gas removal by insertion of a finger or the use of 
a rectal balloon (Wu et al., 2001; Smitsmans et al., 2008; Madsen et al., 2003; Ogino et 
al., 2008; Padhani et al., 1999; van Lin et al., 2005). 

Outline of this thesis

The question is whether the improvements in external beam radiotherapy for prostate 
cancer provide the possibility to accurately deliver an ablative microboost to the 
intraprostatic tumor while avoiding an increase in treatment-related toxicity and a 
clinically relevant deterioration in QoL. Therefore, the uncertainties in delivery and 
the expected clinical outcome have to be looked at. 
The influence of the interfraction position uncertainties for inhomogeneous IMRT dose 
distributions with an integrated microboost to the tumor is unknown. At the UMC 
Utrecht a daily off-line position verification protocol in combination with implanted 
fiducial gold markers is used in clinical practice, which supplies the daily location 
of the prostate. This information provides the possibility to investigate the effect of 
translation and rotational interfraction errors for complex dose distributions with 
estimated individual position data. The influence of two different position verification 
strategies on IMRT dose distributions with a microboost to the intraprostatic tumor 
areas could therefore be studied and the required margins to account for the remaining 
setup errors considered (chapter 2). 
Chapter 3 and 4 address the problem of intrafraction prostate motion. Several groups 
prescribe magnesium oxide and a diet during the course of radiotherapy, in an attempt 
to reduce this geometric uncertainty. However, there is no clear evidence that these 
interventions are indeed effective in reducing the amount of intrafraction motion 
during radiotherapy. For all patients treated at our department between 2002 and 
2009, the intrafraction prostate motion is determined. The influence of an antiflatulent 
diet, which was introduced at our department in 2008, on the intrafraction motion 
is evaluated (chapter 3). The effect of magnesium oxide on intrafraction motion is 
investigated in a double-blind placebo-controlled randomized clinical trial (chapter 4). 
Previous dose escalation trials reported statistically significant higher incidences of 
acute and late gastrointestinal and genitourinary toxicity for patients treated with 
higher dose levels (Peeters et al., 2005a, Zietman et al., 2005; Dearnaley et al., 2007; 
Kuban et al., 2008; Syndikus et al., 2010; Al-Mamgani et al., 2008; Beckendorf et al., 
2010; Beckendorf et al., 2004). The hypothesis is that with the use of more accurate 
position verification and improved planning techniques, the organs at risk will be 
better spared leading to less treatment-related toxicity. However, whether the use of 
advanced radiotherapy techniques indeed provides the possibility to treat the prostate 
with a high dose while the organs at risk can be spared, needs to be confirmed. At our 
institute the use of IMRT in combination with marker-based position verification was 
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already introduction in 2001, which offers the possibility to evaluate the treatment-
related toxicity with a long follow-up period. Chapter 5 describes the acute and late 
toxicity after high dose IMRT with fiducial marker-based position verification. In 
chapter 6 a comparison is made between the short-term QoL after 70 Gy conformal 
radiotherapy with position verification based on bony anatomy and 76 Gy IMRT in 
combination with fiducial markers for position verification. The evaluation of the late 
QoL after high-dose external beam radiotherapy is the topic of chapter 7. 
To investigate whether an ablative microboost to the macroscopic tumor within the 
prostate is indeed beneficial, a randomized clinical trail needs to be performed. The 
study design for such a trial is presented in chapter 8. 
Finally, chapter 9 gives a summary of the most important results and discusses 
whether it is feasible and safe to deliver an ablative microboost to the macroscopic 
tumor within the prostate. 







Interfraction motion

Chapter 2

This chapter has been published as:

I.M. Lips, U.A. van der Heide, A.N.T.J. Kotte, M. van Vulpen and A. Bel.

Effect of translational and rotational errors on complex dose distributions 
with off-line and on-line position verification.

International Journal of Radiation Oncology, Biology, and Physics 2009; 74: 1600-8.
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Abstract

Purpose

To investigate the influence of translational and rotational errors on prostate 
intensity-modulated radiotherapy (IMRT) with an integrated boost to the tumor and 
to evaluate the effect of the use of an on-line correction protocol.

Methods and Materials

For 19 patients, who had been treated with prostate IMRT and fiducial marker-based 
position verification, highly inhomogeneous IMRT plans, including an integrated 
tumor boost, were made using varying margins (2, 4, 6, and 8 mm). The measured 
translational and rotational errors were used to calculate the dose using two 
positioning strategies: an off-line and an on-line protocol to correct the translational 
shifts. The estimated dose to the targets and the organs at risk was compared with the 
intended dose.

Results

Residual deviations after off-line correction led to statistically significant, but very 
small, reductions in dose coverage. Even when a 2-mm margin was used, the average 
reduction in dose to 99% of the volume was 1.4 ± 1.9 Gy for the tumor, 1.5 ± 1.5 Gy 
for the prostate without seminal vesicles (boost volume), and 4.3 ± 4.6 Gy, including 
the seminal vesicles (clinical target volume). Patients with large systematic rotational 
errors demonstrated a substantial decrease in dose, especially for the clinical target 
volume. If an on-line correction protocol was used, the average mean dose and dose 
to 99% of the volume of the targets improved. However, the extensive dose reduction 
for patients with large rotational errors barely recovered with on-line correction. 

Conclusion

For complex prostate IMRT with an integrated tumor boost, the use of an on-line 
correction protocol yields little improvement without the correction of rotational 
errors.
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Introduction

Escalation of the radiation dose for prostate cancer from 68 Gy to 78 Gy resulted in a 
significant improvement in biochemical relapse-free treatment outcome (Peeters et 
al., 2006; Pollack et al., 2002; Zietman et al., 2005). An additional increase in radiation 
dose is suggested to improve the treatment outcome (Eade et al., 2007). However, 
the bladder and rectum are dose-limiting organs, and additional dose escalation will 
increase the risk of developing complications. To improve local control while keeping 
the toxicity risk acceptable, conventional homogeneous dose distributions have been 
replaced by integrated partial boost strategies (Nedervan et al., 2001; Bos et al., 2005). 
Most local recurrence seems to originate in the primary tumor location (Cellini et 
al., 2002; Pucar et al., 2007); therefore, irradiation of a dominant intraprostatic lesion 
(DIL) might improve the local control rates. These high-dose intraprostatic boosting 
strategies have been proved to be feasible (Pickett et al., 1999; De Meerleer et al., 2005; 
van Lin et al., 2006; Singh et al., 2007).
To ensure accurate target coverage with the prescribed dose, a margin is created, 
expanding the clinical target volume (CTV) to the planning target volume (PTV), 
to account for geometric uncertainties. These uncertainties include systematic and 
random errors. Van Herk et al. (2000) and Stroom et al. (1999) developed margin 
recipes to account for the translational deviations during treatment. These margin 
rules were derived for homogeneous, three-dimensional conformal radiotherapy (RT). 
The use of intensity-modulated RT (IMRT) leads to inhomogeneous dose distributions, 
nonspherical and small target shapes, and less steep penumbras. Therefore, the effect 
of geometric deviations for IMRT is different from those predicted using the margin 
recipe (Gordon et al., 2008; Siebers et al., 2005). Several investigators have investigated 
the consequences of on-line and off-line correction strategies for prostate IMRT (Bos 
et al., 2005; Beaulieu et al., 2004; Cheung et al., 2005; Meijer et al., 2008). However, in 
those studies, the effect of different setup strategies on an IMRT plan with a high dose 
to a DIL was not studied.
At our institute, the daily prostate position is determined using gold fiducial markers. 
The fiducial marker configuration serves as a surrogate for the position and orientation 
of the prostate itself. Combined with our off-line shrinking-action-level (SAL) 
positioning protocol, we were able to reduce the systematic error in clinical practice 
to < 0.8mm in all directions (van der Heide et al., 2007). Kotte et al. (2007) evaluated 
the intrafraction motion of our patient group and concluded that a 2-mm margin 
is sufficient to account for intrafraction motion. In the present study, we wanted 
to determine the effect of the rotational and residual translational errors, obtained 
with our off-line adapted SAL correction protocol (van der Heide et al., 2007), for 
highly inhomogeneous IMRT plans including a boost to the DIL. We also investigated 
the benefit of removing the random translational errors using an on-line correction 
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protocol.
Therefore, we investigated the influence of two different position verification strategies 
on the IMRT dose distributions with a boost to the DIL, when the margins were being 
reduced. We created IMRT plans with an integrated boost to the DIL using various 
margins for patients, who had previously undergone IMRT with daily portal imaging 
of fiducial markers. Subsequently, we recalculated the new dose distributions with 
inclusion of the setup errors for the two positioning strategies, using the estimated 
individual position data. For the ‘estimated off-line’ dose distribution, we simulated the 
rotations and residual translations after off-line position correction. For the ‘estimated 
on-line’ dose distribution, we simulated the rotational errors and correction of all 
translational errors to assess the sole influence of the rotational errors. We evaluated 
these ‘estimated’ dose distributions and considered the required margins to account 
for the remaining setup errors for prostate IMRT with an integrated boost to the DIL.

Methods and materials

Patients

Nineteen patients with Stage T1-T3N0M0 prostate cancer were used for this planning 
study. All patients had undergone five-field IMRT of 76 Gy in 35 fractions combined 
with fiducial marker-based position verification. Portal images of the three implanted 
gold markers were made of the first segments of all beam directions using an iView-GT 
amorphous silicon flat-panel detector (Elekta, Crawley, UK) (Kotte et al., 2007). The 
daily registration of the fiducial gold markers resulted in deviations, which were fed 
into our adapted SAL correction protocol (van der Heide et al., 2007). The adapted 
SAL protocol was applied, and the necessary table shifts were executed the next 
treatment fraction. For this planning study, the clinical positioning data were used to 
reconstruct the remaining setup errors after applying different correction protocols. 
The rotations were determined using the method of Horn et al. (1988).
During treatment, the patients had not received any instruction for emptying the 
rectum before the RT session, and no specific diet was prescribed. Fifteen minutes 
before computed tomography (CT)/ magnetic resonance imaging (MRI) and the RT 
sessions, the patients were instructed to void the bladder. The patients were treated in 
the supine position, and a knee cushion for alignment of the legs was used to prevent 
any rotation of the hip.

Imaging and delineation 

The prostate, seminal vesicles and organs at risk were delineated using a CT scan with 
3-mm slices combined with registered MRI scans. The MRI scans were made with a 3 
Tesla MRI system (Gyroscan NT Intera, Philips Medical Systems, Best, The Netherlands). 
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Axial T1-weighted (repetition time, 570 ms; excitation time, 30 ms; 25 slices of 4 
mm; fi eld of view, 20 x 20 cm; reconstruction matrix, 256 x 256) and T2-weighted 
(repetition time, 8,400; excitation time, 120 ms; 25 slices of 4 mm; fi eld of view, 20 x 
20 cm; reconstruction matrix, 256 x 256) were obtained using a spin echo sequence. 
A three-dimensional balanced steady-state free precession image (repetition time, 5.2 
ms; excitation time, 2.5 ms; fl ip angle, 21º; 90 slices of 1 mm, fi eld of view, 25 x 25 
cm; reconstruction matrix, 512 x 512) was particularly useful for delineation of the 
prostate gland.
Th e CTV included the entire prostate and the seminal vesicles. Th e PTV was created 
by expanding the CTV with a margin in all directions. Th e boost volume (BV) was 
defi ned as the CTV without the mobile, cranial parts of the seminal vesicles (Figure 1 
a,b). A DIL, within the prostate, was identifi ed on diff usion-weighted MRI and defi ned 
as the gross tumor volume (GTV). Th e median volume of the 19 GTVs was 2.1 cm3 
(interquartile range, 1.1–2.6). Table 1 lists the locations of the DIL inside the prostate. 
Th e rectum was contoured from the anus or ischial tuberosities to the rectosigmoid 
fl exure or sacroiliac joints. Th e bladder was completely outlined from the bladder 
neck to the dome. 

a

c

b

Figure 1. Delineated contours in (a) transverse 
plane and (b) sagittal plane and (c) dose 
prescription in transverse plane.
PTV = planning target volume; CTV = clinical 
target volume; BV = boost volume; GTV = gross 
tumor volume 
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Dose prescription

The CT images of these patients were transferred to our planning system (PLATO, 
Nucletron BV, Veenendaal, The Netherlands). For each patient, seven-beam step-
and-shoot IMRT plans were made using the inverse treatment planning module. To 
investigate the effect of geometric uncertainties on the highly inhomogeneous dose 
distributions and the coverage of a boost to the DIL, the dose prescription was 70 
Gy to the PTV, 76 Gy to BV, and 84 Gy to the GTV (Figure 1c). The dose to the BV 
was prescribed to the part of the PTV where dose escalation was possible without 
exceeding the dose constraints for the organs at risk (Nederveen et al., 2001). The 
maximal dose to the GTV was limited to 107% of the prescribed dose (90 Gy). For 
each patient, four plans were created using varying PTV margins (2, 4, and 6 mm and 
the clinically used 8 mm). A margin of 2 mm was not sufficient to account for all other 
uncertainties during treatment.
The rectum dose-limiting constraints were < 5% of the rectal volume could receive a 
dose > 72 Gy; < 25% could receive > 70 Gy; and < 60% could receive > 50 Gy. For the 
bladder, the constraint was that < 10% of the volume could receive a dose > 72 Gy. The 
defined constraints for the organs at risk were achieved in all plans. 
The planning goal was to give a mean dose, equivalent to 100% of the prescription 
dose, and that ≥ 99% of the volume should receive > 95% of the prescription dose 
(D99% > 95%). Thus, the planning goals were a mean dose of 70 Gy to the PTV, 76 
Gy to the BV, and 84 Gy to the GTV; a D99% of 66.5 Gy to the PTV, 72.2 Gy to the BV, 
and 80 Gy to the GTV. Dependent on the position of the GTV and the anatomy of the 

Table 1. Locations of 19 dominant intraprostatic lesions by zone.

Location      n (%)

Zone

   Peripheral zone
   Central zone

14 (74)
  5 (26)

Craniocaudal direction

   Cranial
   Middle
   Caudal

  3 (16)
12 (63)
  4 (21)

Left-right direction

   Left
   Medial
   Right

  4 (21)
  5 (26)
10 (53)

Ventrodorsal direction

   Dorsal
   Middle 
   Ventral

11 (58)
  8 (42)
  0 (  0)  
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prostate in relation to the rectum, the dose to the bladder and rectum was limiting for 
dose escalation to the GTV or the BV. Because of the overlap of the target volumes, 
the mean dose for the PTV and BV was greater than prescribed.

Table 2. Rotations errors and residual translation errors with off-line correction protocol.
Variable Left-right Ventrodorsal Craniocaudal

Rotation axis

   m (°)   0.2   0.02 - 0.6

   ∑ (°)   6.3   2.0   2.8

   o (°)   4.9   1.0   1.4

   Range (°) - 12.1  to  9.1 - 2.6  to  5.2 - 6.9  to  7.1

Translation axis

   m (°) 0.2   0.2   0.04

   ∑ (°) 0.8    0.8   0.5

   o  (°) 2.5   3.8   2.5

m = mean systematic errors; ∑ = standard deviation of systematic rotation errors; and o = random rotation 
error. Range numbers indicate the range of the systemic errors.

Dose calculation

For each patient, four plans were created. These plans represented the ‘intended’ 
dose distributions. To investigate the influence of the positioning errors on the dose 
distributions, we simulated the effect of the daily setup errors established with two 
different position correction strategies. Table 2 lists the magnitudes of the translations 
for the off-line data set for the 19 patients. For the daily off-line adapted SAL protocol, 
the setup rotations and residual translations were simulated using the individual 
displacements/rotations in all three directions. For simulation of the on-line strategy, 
the rotational errors remained, and all translational errors were corrected. It was 
assumed that no intrafractional movements of the prostate, delineation errors, or 
deformation of the prostate or the organs at risk had occurred. A research module 
of PLATO recalculated the dose for each setup deviation and summed the dose 
distribution of the 35 fractions (van Herten et al., 2008), resulting in the ‘estimated 
off-line’ and ‘estimated on-line’ dose distribution (Figure 2). The translational errors 
were included by shifting the isocenter, and for simulation of the rotations, we rotated 
the whole patient (van Herten et al., 2008). These dose calculations are more accurate 
than a dose matrix blurring method because the changes in the equivalent path length 
for beams were taken into account in the calculations. Nevertheless, this recalculation 
method neglected the possible effect of anatomic changes outside the prostate. The 
order of including the rotations was craniocaudal axis, ventrodorsal axis, and, finally, 
the left–right axis.
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Figure 2. Flowchart of simulation process. 
CT = computed tomography; IMRT = intensity-modulated radiotherapy.

Evaluation

For evaluation of the ‘estimated’ plans, we focused on the dose to the targets (CTV, BV, 
and GTV). Th e rectum and bladder constraints concerning the V72Gy was most often 
the limiting factor; therefore, we chose to evaluate the eff ect of the position deviations 
to the organs at risk by comparing the V72Gy of the ‘estimated’ and ‘intended’ plans.
Th e ‘intended,’ ‘estimated off -line’, and ‘estimated on-line’ dose distributions were 
compared using paired t tests performed with the Statistical Package for Social 
Sciences, version 16.0 (SPSS, Chicago, IL). A p value of <.05 was considered statistically 
signifi cant. To analyze the diff erence between the four margins in the ‘intended’ dose 
distributions, one-way analysis of variance was performed, for which the independent 
variable was margins and the dependent variable was the intended dose. A Bonferonni 
post-hoc analysis was performed when an eff ect with p <.05 was seen.

Results

‘Intended’ dose distributions 

For all plans, the dose to the PTV achieved the prescribed 70 Gy (data not shown). 
Th e rectum and bladder constraints limited the dose escalation to the BV when a 
margin of 8 mm was applied. Th ree patients had a D99% for the BV of 71 Gy, instead of 
the prescribed 72 Gy (95% of the prescription dose of 76 Gy) for plans with an 8-mm 
margin. Th e mean dose to the GTV increased signifi cantly (p = .03) as the BV and CTV 
margins decreased (Table 3 and Figure 3). For 3 patients, the prescribed mean dose 
of 84 Gy for the GTV was not reached when an 8-mm margin was used. Th e use of a 
6-mm margin led to an underdosage of the GTV for 1 patient. Figure 4a shows that 
for 2 of these patients, the location of the GTV was close to the rectum, which could 
explain the diffi  culties in tumor coverage. Figure 5 shows that the rectum and bladder 
volume receiving a dose >72 Gy decreased when smaller margins were used (p ≤.0001 
and p = .002, respectively).

dose calculation 

35 setup errors 
using an 

off-line protocol 

estimated
off-line plan 

CT data intended  plan new  
IMRT plans  

estimated 
 on-line plan 

35 setup errors 
using an 

on-line protocol 
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Table 3. Average mean dose to clinical target volume, boost volume, and gross tumor volume without 
(‘intended’) and with (‘estimated off-line’ and ‘estimated on-line’) inclusion of position uncertainties.

Mean dose (Gy)

Target Margin (mm) ‘intended’ ‘estimated off-line’ ‘estimated on-line’

CTV 2 78.3 (76.2-80.4) 77.9 (76.2-79.8) * 78.2 (76.2-80.3) #

4 78.3 (75.9-80.9) 78.1 (76.3-80.2) 78.1 (76.0-80.0)
6 78.1 (76.5-80.5) 78.0 (76.6-80.4) 78.1 (76.3-80.4)
8 77.7 (75.4-79.3) 77.6 (75.9-79.7) 77.6 (75.7-79.2)

BV 2 79.4 (77.4-82.3) 79.1 (76.6-81.9) * 79.4 (76.6-82.3) #

4 79.2 (77.5-82.0) 79.1 (77.7-81.6) 79.2 (77.2-81.6)
6 79.0 (77.1-82.0) 78.9 (77.0-82.0) 79.0 (76.6-82.0)
8 78.5 (76.7-81.2) 78.5 (76.7-81.3) 78.5 (76.4-81.2)

GTV 2 85.5 (83.8-87.0) 84.5 (81.4-86.8) * 85.4 (82.0-87.0) #

4 85.2 (83.8-87.3) 84.3 (80.4-87.8) * 85.0 (81.8-87.9) #

6 84.9 (82.7-86.6) 84.1 (81.4-87.6) * 84.8 (81.4-87.2) #

8 84.5 (82.5-87.8) 83.7 (80.3-87.7) * 84.4 (81.1-87.7) #

CTV = clinical target volume; BV = boost volume; GTV = gross tumor volume. Data in parentheses are 
ranges. * Statistically significant difference between ‘estimated off-line’ and ‘intended’ mean dose (p <.05);
# Statistically significant difference between ‘estimated off-line’ and ‘estimated on-line’ mean dose (p 
<.05).
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Figure 3. Average and range of ≥ 99% of volume receiving dose to gross tumor volume (GTV), boost volume 
(BV), and clinical target volume (CTV) without (‘intended’) and with (‘estimated off-line’ and ‘estimated 
on-line’) inclusion of position uncertainties.
* statistically significant difference between ‘intended’ and ‘estimated’ dose (p <.05); 
# statistically significant difference between ‘estimated off-line’ and ‘estimated on-line’ dose (p <0.05). 
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‘Estimated off-line’ dose distributions

The ‘estimated off-line’ mean dose to the CTV exhibited a small, but statistically 
significant, decrease compared with the ‘intended’ mean dose when a 2-mm margin 
was used (p = .001). All plans demonstrated adequate ‘estimated off-line’ mean doses 
of > 70 Gy to the CTV, even when a 2-mm margin was used. The maximal decrease in 
the mean dose to the CTV using a 2-, 4-, 6-, and 8-mm margin was 1.4, 1.5, 1.2, and 1.0 
Gy, respectively. The ‘estimated off-line’ D99% of the CTV was significantly reduced 
compared with the ‘intended’ D99% for plans with a 2-, 4-, or 6-mm margin, leading 
to an underdosage for 3 patients when a 2-mm margin was used. Of these 3 patients, 
1 had a systematic rotational error described by a backward tilt of 12.1º. This patient 
demonstrated an ‘estimated off-line’ D99% of 51.0 Gy when a 2-mm margin was used, 
and greater margins led to a D99% > 66.5Gy. With the use of 4- and 6-mm margins, 
only 1 patient had an ‘estimated off-line’ D99% less than the prescription dose (both 
64.5 Gy). This patient had a systematic rotational error of 9.1º around the left–right 
axis (Table 3 and Figure 3).
The 2-mm margin plans demonstrated, after inclusion of the off-line setup errors, a 
small, but statistically significant, dose decrease to the BV. Leading to a D99% of < 95% 
of the prescription dose to the BV for 5 patients, however, the minimal D99% was still 
68.4 Gy. With the use of a 2-, 4-, 6-, and 8-mm margin, the average reduction in D99% 
for the BV was 1.5, 0.7, 0.4, and 0.1 Gy, respectively.
Inclusion of the off-line setup uncertainties caused a significant dose decrease to the 
GTV. Table 4 lists the average and maximal decrease in the mean dose and D99% for 
each margin. No difference was found between the use of a 2-, 4-, 6-, or 8-mm margin 
in the dose reduction between the ‘intended’ and ‘estimated off-line’ plans for the 
GTV. The maximal decrease from the ‘intended’ to ‘estimated off-line’ mean GTV dose 
for a 2-, 4-, 6-, and 8-mm margin was 4.8, 4.1, 2.7, and 4.4 Gy, respectively. These large 
decreases were all seen in 1 patient. The GTV of this patient was located at the apex 
of the prostate (Figure 4b).

Table 4. Average dose decrease in mean dose and D99% between ‘intended’ and ‘estimated’ dose 
distributions for dominant intraprostatic lesion.

‘estimated off-line’ ‘estimated on-line’

Margin (mm) Mean (Gy)       D99% (Gy)       Mean (Gy)      D99% (Gy)

2 1.0 (4.8) 1.4 (6.6) 0.1 (2.7) 0.3 (3.9)
4 0.9 (4.1) 1.1 (4.5) 0.2 (2.7) 0.3 (3.1)
6 0.8 (2.7) 0.9 (3.6) 0.1 (1.5) 0.1 (2.3)
8 0.8 (4.4) 1.0 (5.1) 0.2 (2.9) 0.2 (3.4)

D99% = ≥ 99% of volume receiving dose. Data in parentheses are maximal dose decrease.
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a b

Figure 4. Location of dominant intraprostatic lesion (DIL) (black area) inside prostate (black line). The gray 
line indicates the location of the rectum. (a) Two patients with DIL location close to rectum (transverse 
plane). (b) One patient with DIL located at apex (sagittal plane).

‘Estimated on-line’ dose distributions

If on-line correction were performed, all setup translations would be corrected. Thus, 
for the ‘estimated on-line’ dose distributions, only the effect of rotational errors 
remained. Table 3 and Figure 3 show that the ‘estimated on-line’ coverage of the 
GTV differed significantly from the ‘estimated off-line’ coverage, with no significant 
difference present between the ‘estimated on-line’ and ‘intended’ GTV coverage. 
With the use of a 2-, 4-, 6-, or 8-mm margin, the number of patients for whom the 
prescribed dose to the GTV was not reached decreased from 5, 5, 6, and 8 for the 
‘estimated off-line’ dose distribution to 2, 3, 3, and 4 patients for the ‘estimated on-
line’ dose distribution, respectively. The maximal decrease from the ‘intended’ to 
‘estimated on-line’ mean GTV dose for a 2-, 4-, 6-, and 8-mm margin was 2.7, 2.7, 1.5, 
and 2.9 Gy, respectively (Table 4). The patient with these large decreases in GTV dose 
with both the off-line and the on-line protocol had a GTV located at the apex. This 
location, combined with a systematic backward tilt of 7.2º, caused the reduction in 
GTV coverage after inclusion of the remaining setup errors. No significant reduction 
in the mean dose to the BV or CTV was seen after inclusion of the on-line setup 
uncertainties. The D99% of the BV showed a decrease in the ‘estimated on-line’ D99% 
compared with the ‘intended’ D99% when a 2-mm margin was used, and the CTV 
demonstrated a significant reduction in the D99% for the plans with a 2- and 4-mm 
margin.
Thus, the inclusion of setup errors using the on-line protocol resulted in less dose 
decrease compared with the off-line protocol. However, although the average dose 
reductions for these 19 patients between the ‘estimated on-line,’ ‘estimated off-line’, 
and ‘intended’ dose distributions were statistically significant, the magnitude of these 
average reductions were very small (Table 3 and Figure 3). This average dose decrease 
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probably would not be clinically relevant. Although the average D99% of the 19 
patients changed little after including the setup uncertainties, some of the patients 
had a large reduction in D99% with the use of the off-line protocol. The use of the 
on-line protocol hardly influenced the clinically relevant dose reduction for these 
patients. In particular, the D99% of the CTV decreased considerably for patients with 
large systematic rotational errors around the left–right axis, independent of the two 
correction strategies.

Organs at risk

Figure 5 shows the rectum and bladder V72Gy resulting from simulation of the off-line 
and on-line setup uncertainties. The V72Gy established with the on-line protocol was 
significantly greater statistically than the V72Gy resulting from the off-line correction 
because of blurring. The use of the off-line protocol led to violation of the dose 
constraints for the bladder for 2 patients when an 8-mm margin was used, and for 1 of 
these patients, the violation also occurred with a 4- and 6-mm margin. A 2-, 4-, 6-, and 
8-mm margin resulted in overdosage to the rectum in 1, 2, 3, and 2 plans, respectively. 
The on-line protocol resulted in an even greater increase in the rectum V72Gy for 
these patients. All patients with the V72Gy constraints greatly exceeded after the 
inclusion of the setup uncertainties demonstrated systematic rotational errors around 
the left–right axis of 8º – 12 º.

Figure 5. Average and range of percentage of volume receiving dose >72 Gy (V72Gy) for rectum and 
bladder without (‘intended’) and with (‘estimated off-line’ and ‘estimated on-line’) inclusion of position 
uncertainties.
* = statistically significant difference between ‘estimated off-line’ and ‘estimated on-line’ V72Gy (p <.05) 
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Discussion

The purpose of the present study was to investigate the effect of off-line and on-
line correction protocols for highly inhomogeneous prostate IMRT plans with an 
integrated boost to a DIL, when the margins are being reduced. 

‘Estimated off-line’ dose distribution 

The effect of the geometric errors with the off-line adapted SAL protocol was 
simulated to investigate the effect of these uncertainties for an individual patient. 
The ‘estimated off-line’ dose delivered to the targets was less than the dose calculated 
for the ‘intended’ plan. However, the changes between the ‘intended’ and ‘estimated’ 
plans were very small, even when the margins were reduced to 2 mm. In the published 
data, the minimal margins using various off-line correction strategies have been 
greater (range, 5–12 mm) (Bos et al., 2005; Craig et al., 2005; Gordon et al., 2007; Nuver 
et al., 2007).
The simplified recipe such as was proposed by van Herk et al. (2000) and Stroom et al. 
(1999) for a margin between the CTV and PTV is that 2.0–2.5 times the total standard 
deviation (SD) of systematic errors (∑) plus 0.7 times the total SD of the random errors 
(s’) is required to ensure that for 90% of the patients, 99% of the CTV receives 95% 
of the prescribed dose. Applying that to our clinical IMRT cases (∑ = 0.7 and s’ = 4.0 
(Beaulieu et al., 2007)) implies that a margin of 4 mm would be inadequate. However, 
our results indicated that for the BV and CTV, a 4-mm margin was sufficient to account 
for the positioning errors.
The margin recipe, developed for homogeneous RT plans, does not take into 
account multiple target volumes. Also, the variable position of the target inside an 
inhomogeneous dose distribution can result in under- and overdosage of the target. 
Over 35 fractions, the overdosage will compensate the underdosage, leading to little 
influence of the random errors on the dose to the target. The dose to the GTV was 
more sensitive for random errors, because no overdosage for this target could occur.
Gordon et al. (2008) proposed that the relative shallow dose gradient of the IMRT 
technique at the rectum–prostate interface compared with the steep dose gradients 
at this site established with the three-dimensional conformal technique is another 
explanation for why most plans had an adequate dose distribution after including the 
setup deviations. The simplified margin recipe, 2.5 times ∑ plus 0.7 times the combined 
SD of random variation, excluding the penumbra (s’), overestimated the required PTV 
margin in the present study. However, the precise margin recipe reads: 2.5 ∑ + 1.64 (s 
– sp), where s is the quadratic sum of the SD of all random variations, including the SD 
describing the penumbra (sp). The simplified recipe for random variations is only valid 
for a sp of 3.2 mm, and for our complex IMRT, the dose gradients at the border of the 
volumes were much broader than 3.2 mm. When a very shallow dose gradient is used 
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in the formula, this leads to a smaller required margin. In conclusion, dose gradients 
have a large influence on the margin calculation and should not be excluded in the 
margin recipe for complex IMRT.

‘Estimated on-line’ dose distribution

The random errors remaining after application of the off-line protocol can be reduced 
with daily on-line correction of the prostate position (Beaulieu et al., 2004; Alonso-
Arrizabalaga et al., 2007). Our study has demonstrated that the benefit of an on-
line strategy for complex inhomogeneous prostate IMRT plans is small. The on-line 
protocol corrected the detected translational errors, but the rotational errors were 
ignored. In our study, patients with large rotational errors had a substantial change 
in the dose. The effect of rotation was largest for the CTV, which can be explained by 
the elongated shape of the seminal vesicles and because the seminal vesicles have a 
greater distance to the rotation point. The rotation data of the 19 patients are listed in 
Table 2 and agree well with previously published findings (Aubry et al., 2004; van der 
Heide et al., 2007). Important dosimetric implications, due to rotations, have also been 
described by Cranmer-Sargison (2008) for three-dimensional conformal RT and by van 
Herten et al. (2008) for IMRT plans. The small estimated dose difference between the 
use of the off-line adapted SAL and the on-line correction protocol was less important 
than the dose changes caused by the rotational errors. Therefore, the benefit of on-
line correction relative to the use of off-line correction was very small.
For correction of the rotational errors, the possibilities are several. First, the tabletop 
can be rotated in three directions using robotic couches. For patient safety, most 
robotic couches have a restricted rotation angle of ≤ 3º. Therefore, problematic 
large rotations cannot be corrected for, and the target coverage will only slightly 
improve using a robotic couch (van Herten et al., 2008). Second, in published reports, 
a correction strategy has been proposed that applies gantry and collimator angle 
adjustments, making it possible to correct almost every prostate rotation (Yue et al., 
2006; Rijkhorst et al., 2007; van der Heide et al., 2005). Rotations can also be corrected 
using adaptive RT techniques (Court et al., 2005). Another solution would be to create 
a new treatment plan by performing a new CT scan. A new treatment plan could be 
useful for patients with large systematic rotational errors or if the seminal vesicles were 
systematically located at a different position relative to the planning CT scan.

Dominant intraprostatic lesion

New imaging modalities, such as magnetic resonance spectroscopy, dynamic contrast-
enhanced MRI, and diffusion-weighted MRI, provide the possibility of determining a 
DIL inside the prostate. By increasing the radiation dose only to this region, tumor 
control can be improved, while still sparing the surrounding tissues. The present 
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planning study showed that smaller margins around the prostate resulted in greater 
‘intended’ radiation doses to the DIL. Thus, a reduction of margin sizes through 
accurate position verification results in the possibility of boosting the DIL further.
No margin was applied around the DIL, because the DIL was located inside the 
CTV, to which a dose of 76 Gy was applied. Thus, the dose gradients around the DIL 
started at 76 Gy instead of 0 Gy. This dose gradient from 76 Gy to 84 Gy, instead 
of from 0 Gy to 84 Gy, justifies the absence of a margin. De Meerleer et al. (2005) 
created no margin around the DIL as well, because they reported that the DIL does 
not move independently of the CTV. The effect of the setup errors on DIL coverage 
was independent of the various margins used for the CTV and BV. This implies that 
the dose gradients close to the DIL did not differ much among the four margins used, 
probably because the dose build-up for the DIL was similar for the plans with different 
margins. The largest decrease in DIL coverage was seen in 1 patient with a DIL located 
close to the apex and a systematic rotational error of 7.2º around the left–right axis. 
This implies that when the DIL is located far from the rotation point (e.g., at the apex) 
correction of rotational errors is important to ensure coverage of the DIL.

Study limitations

In the present study, we approximated the rectum as though it moved rigidly with the 
prostate, ignoring that the shape and size vary throughout treatment (Hoogeman et 
al., 2004). However, the high dose to the rectum was located close to the prostate in the 
anterior part of the rectum. The motion of this important side of the rectum correlates 
with the motion and volume changes of the prostate (Padhan et al., 1999; Frank et al., 
2008); thus, it was reasonable to assume that the rectal motion and variation in shape 
and size during treatment would have little influence on the dose to the anterior part 
of the rectum. Furthermore, we neglected possible prostate movement resulting from 
gas in the rectum. Gas pockets cause a changed scatter contribution from the rectum, 
which can lead to a small dose reduction inside the peripheral zone of the prostate.
The prostate was also approximated as a rigid body, ignoring possible deformations. 
However, the deformation of the prostate during the treatment course is small, relative 
to the organ motion, and most of the shape variations occur for the seminal vesicles 
(Deurloo et al., 2005).
Another limitation was that the setup errors were assessed only by the position of the 
fiducial markers. Thus, the movement of the prostate relative to the bony anatomy 
was not taken into account, ignoring the potential effect of differences in the external 
contours. However, this effect on the dose distribution is within 2% (Chen et al., 
2004) and was minimized because the beam directions were chosen such that they 
were not passing through the femoral heads. In the present study, we simulated the 
translational and rotational errors using an off-line and on-line correction protocol. 
For clinical practice, our results represent the minimal required margins, because the 
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margins should also account for other uncertainties, such as intrafraction prostate 
motion, prostate deformations, reliability of the repositioning systems, inaccuracy of 
marker detection, uncertainty in determination of the center of gravity of the seeds 
within the CT scan, and uncertainty in the delineation of the target volumes. The 
magnitudes of these uncertainties are different for each institute; therefore, general 
recommendations for the required margin in clinical practice could not be given. 
The results of the present study have demonstrated that a 2- mm margin would be 
sufficient to account for the geometric errors if the rotational errors were corrected 
during treatment. The required margin should be extended by approximately a few 
millimeters to account for the remaining uncertainties. When such small margins are 
introduced in clinical practice, one should consider adding an extra margin around 
the DIL to account for possible extracapsular extension, especially in patients with a 
high prostate-specific antigen level and biopsy Gleason score (Chao et al., 2006).

Conclusion

For complex prostate IMRT with an integrated boost to the DIL, the influence of the 
geometric errors, not corrected for by our off-line adapted SAL correction protocol, 
was small. The residual setup motion caused only modest changes in dose, even when 
the clinically used 8-mm margins were reduced to 6, 4, or 2 mm. Patients with large 
systematic rotational errors did have a substantial decrease in dose, particularly for the 
seminal vesicles. Also, the coverage of the DIL when the location was close to the apex 
diminished owing to large systematic rotational errors. This dose decrease did not 
recover when an on-line correction protocol for translations only was used. Therefore, 
for complex prostate IMRT with an integrated boost, solving the rotations off-line 
is expected to improve the treatment more than it would using an on-line protocol 
without rotation correction.
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Abstract 

Purpose

To investigate whether magnesium oxide during external beam radiotherapy for 
prostate cancer reduces intrafraction prostate motion in a double-blind, placebo-
controlled randomized trial.

Methods and Materials

At the Department of Radiotherapy, prostate cancer patients scheduled for intensity-
modulated radiotherapy (77 Gy in 35 fractions) using fiducial marker-based position 
verification were randomly assigned to receive magnesium oxide (500 mg twice a day) 
or placebo during radiotherapy. The primary outcome was the proportion of patients 
with clinically relevant intrafraction prostate motion, defined as the proportion of 
patients who demonstrated in ≥ 50% of the fractions an intrafraction motion outside 
a range of 2 mm. Secondary outcome measures included quality of life and acute 
toxicity.

Results

In total, 46 patients per treatment arm were enrolled. The primary endpoint did not 
show a statistically significant difference between the treatment arms with a percentage 
of patients with clinically relevant intrafraction motion of 83% in the magnesium oxide 
arm as compared with 80% in the placebo arm (p = 1.00). Concerning the secondary 
endpoints, exploratory analyses demonstrated a trend towards worsened QoL and 
slightly more toxicity in the magnesium oxide arm compared to the placebo arm, 
however these differences were not statistically significant. 

Conclusions

Magnesium oxide is not effective in reducing the intrafraction prostate motion during 
external beam radiotherapy and therefore there is no indication to use it in clinical 
practice for this purpose.
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Introduction 

Because the external beam radiotherapy treatment of prostate cancer typically is 
delivered in up to 40 treatment fractions, the reproducible positioning of the target 
for irradiation is a major source of concern. Image-guided radiotherapy (IGRT) uses 
imaging in the radiotherapy treatment room to localize the prostate and secure its 
correct position relative to the irradiation beams (Smitsmans et al., 2004; Nederveen 
et al., 2003). As a result, the exposure of normal tissues is minimized. This increased 
accuracy has been exploited to escalate the radiation dose to the prostate for 
improving tumor control, without increasing the toxicity of the treatment (Lips et al., 
2008).
While the positioning uncertainties between treatment fractions are minimized, the 
movement of the prostate during the actual irradiation on any given day (intrafraction 
motion) still is a problem. For prostate, as for other organs in the pelvic region, an 
important cause of intrafraction motion is thought to be moving gas pockets inside 
the rectum (Nichol et al., 2010; Nederveen et al., 2002). 
In an attempt to reduce the intrafraction motion of the prostate, several groups started 
to prescribe a daily use of magnesium oxide laxative during the course of radiotherapy 
(Nichol et al., 2010; Wu et al., 2001; Smitsmans et al., 2008). The rationale behind this 
approach lies in the hypothesis that magnesium oxide diminishes the amount of 
gas pockets and causes a more stable rectal filling. Currently this medication is also 
being used in the clinical practice of cervical cancer irradiation (Chan et al., 2008). 
Surprisingly, however, no clear evidence exists that magnesium oxide is effective in 
reducing the amount of intrafraction motion during treatment. In addition, it has 
not been established whether a potential advantage of magnesium oxide in reducing 
prostate motion would counterbalance the negative aspect of magnesium oxide 
such as physical discomfort consisting of diarrhea and the burden of daily intake of 
medication (Xing et al., 2001).
The purpose of this study is to investigate whether the ubiquitous use of magnesium 
oxide during external beam radiotherapy has indeed the intended effect of reducing 
organ motion during treatment. To this end, we carried out a double-blind, placebo-
controlled randomized trial in patients treated with intensity-modulated radiotherapy 
(IMRT) for prostate cancer. The patients were randomized between the intake of 
magnesium oxide and placebo. We evaluated not only the effect on intrafraction 
prostate motion, but also on the toxicity and quality of life (QoL). 

Methods and materials

The study population consisted of patients with prostate cancer scheduled for IMRT 
using fiducial markers for position verification at the Department of Radiotherapy at 
the University Medical Center (UMC) Utrecht. Contraindications to participation in 
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the study included severe constipation; kidney stones; heart block; abdominal diseases 
(M. Crohn, colitis ulcerosa, diverticulitis); severe renal failure or creatinine clearance 
of < 50 ml/min/1.73 m2; or a history of extensive abdominal surgery. Furthermore, 
patients were not eligible for this study if they used laxatives, tetracyclines, digoxine, 
iron of ciprofloxacine. Patients were recruited during the intake consultation at 
the Department of Radiotherapy. Written informed consent was obtained from all 
patients and the study protocol was approved by the Medical Ethical Committee of 
the UMC Utrecht.
All patients received IMRT with a dose of 77 Gy in 35 fraction of 2.2 Gy to the prostate 
(Lips et al., 2008; Nederveen et al., 2001). For daily off-line position verification, three 
fiducial gold markers were implanted transperineally into the prostate (Moman et al., 
2010; Lips et al., 2009a; van der Heide et al., 2007). During treatment, patients did 
not receive any instruction for emptying the rectum before the radiotherapy session. 
One hour before the pre-treatment planning scans and the radiotherapy sessions, the 
patients were instructed to drink 500 ml to create a full bladder. An antiflatulent diet 
during treatment was prescribed to all patients (Smitsmans et al., 2008). The patients 
were treated in supine position. A knee cushion for alignment of the legs was used to 
prevent any rotation of the hip. 
Patients were randomized to receive two capsules of 250mg magnesium oxide twice 
a day (a total dose of 1000mg per day (Smitsmans et al., 2008)) or to receive two 
placebo capsules twice a day during treatment. All capsules were prepared, tested and 
packaged in individual boxes by the Department of Pharmacy of the UMC Utrecht. 
The placebo capsules were visually identical to the capsules of magnesium oxide and 
were filled with microcrystalline cellulose. The boxes with capsules were randomized 
using the DESIGN computer program (Dallal et al., 1988) after which the Department 
of Pharmacy delivered the boxes blinded to the Department of Radiotherapy. So the 
patient, the attending physician and the investigator were blinded to the patient’s 
treatment. Patients received the box from their attending physician during the 
gold marker implantation. Patients started taking the capsules two days before the 
pre-treatment planning scans after which intake was stopped. Two days before the 
first radiotherapy fraction, patients restarted and continued until the last fraction, 
including weekend days when no irradiation fractions were given. After treatment, 
patients were asked to return their boxes with the remaining capsules, to evaluate 
drug compliance.
The main study parameter was the intrafraction prostate motion. The treatment time 
during one fraction varied between 5 and 7 minutes. For position verification, three 
fiducial gold markers were implanted inside the prostate (Moman et al., 2010). Daily 
imaging of the fiducial markers was used for off-line position verification, using an 
adapted ‘shrinking action level’ protocol (van der Heide et al., 2007; Lips et al., 2009a). 
During treatment, the fiducial gold markers were visualized using portal images of 
the largest segment of all five beams (beam directions are 260º, 320º, 40º, 100º and 
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180º), using the iView-GT amorphous silicon flat-panel detector (Elekta Ltd, Crawley, 
UK). Analysis of images took place using in-house developed software, which allowed 
automatic detection of the fiducial gold markers (Nederveen et al., 2000). Each daily 
registration was visually inspected by two radiographers, and was manually adjusted 
as required. Within every treatment beam, the location of the gold markers could be 
established under the assumption of minimal marker movement during a fraction. 
With this method, described by Kotte et al. (2007; Adamson et al., 2009), the range of 
motion during each fraction is determined and used as the intrafraction motion. The 
range of motion is defined as the vector length of the (maximal – minimal) position 
in all three dimensions. A patient with clinically relevant intrafraction motion was 
defined as a patient who demonstrated in ≥ 50% of the fractions an intrafraction 
motion outside a range of 2 mm. 
Secondary study parameters were acute toxicity and QoL. Toxicity was measured by 
the Common Terminology Criteria for Adverse Events (CTCAE) version 3.0 (Trotti et al., 
2003). The physician in attendance scored the complaints before treatment (defined 
as pre-treatment complaints) and the acute toxicity weekly during treatment and 
four weeks after treatment (defined as acute toxicity). All symptoms were registered 
even if they occurred only on one single occasion. The highest toxicity score for each 
patient was used, to calculate an overall genitourinary (GU) and gastrointestinal 
(GI) score of the CTC items. Furthermore, the start of medicines during treatment, 
such as loperamide to treat diarrhea, was scored. General health-related QoL was 
measured using the RAND-36 generic health survey (Hornbrook et al., 1995), cancer-
specific QoL using the European Organization for Research and Treatment of Cancer 
(EORTC) core questionnaire (QLQ-C30) (Aaronson et al., 1993), and the prostate 
tumor specific QoL using the EORTC prostate cancer module (QLQ-PR25) (Borghede 
et al., 1996). The RAND-36 assesses physical and social functioning, physical and 
emotional role restriction, mental health, vitality, pain, general health and change in 
health. The EORTC QLQ-C30 contains five functional scales, three symptoms scales, 
a global QoL scale and six single-items. The EORTC QLQ-PR25 assesses urinary, bowel 
and sexual symptoms and functioning, and the side effects of hormonal treatment. 
The first questionnaire was handed over to the patient one week before treatment 
at the Department of Radiotherapy and the second one was sent to the patient one 
month after the completion of the treatment. Scales and items of these questionnaires 
range in score from 0 to 100. For RAND-36 and for the ‘global’ QoL and functional 
scales of the EORTC questionnaires, a high score represents a high level of QoL and 
better functioning. For the symptom/problem items of the EORTC questionnaires, 
higher scores represent a higher level of symptoms and consequently a worse QoL. A 
change of 10% (or in general, 0.5 standard deviation) of the scale width is perceptible 
to patients as a meaningful change, and a change in QoL of 10 points is therefore 
considered clinically relevant (Osoba et al., 2005). 
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The analysis of 427 patients treated at our department between August 2001 and 
December 2005 revealed a percentage of patients with clinically relevant intrafraction 
motion of approximately 80% (Kotte et al., 2007). To determine the sample size for this 
study, we used an expected difference in patients with clinically relevant intrafraction 
motion of 30% when radiotherapy treatment is given with daily magnesium oxide 
compared with no laxative medication. To detect a reduction in the proportion from 
80% to 56% with 80% power with a one-sided test at a 5% significance level, a total of 
46 patients in each group were sufficient. 
Patients were analyzed according to the intention-to-treat principle. The baseline 
characteristics included: age, tumor stage, tumor grade, current smoker (defined as 
at least 1 cigarette per day), current alcohol drinker (defined as at least 1 unit per 
week), pre-treatment use of medication (defined as the intake of at least one medicine 
at start of the RT), hormonal treatment (defined as the use of hormonal therapy at 
the start of RT), history of transurethral resection of the prostate (TURP) and time 
interval between TURP and start of the RT, initial prostate-specific antigen (iPSA) level 
and drug compliance of study medication (determined by the difference between the 
expected remaining capsules, based on the prescribed amount, and the actual returned 
amount of capsules). An insufficient intake was defined as an intake of at least 1 week 
short. The intrafraction motion per fraction was used to calculate the average and 
standard deviation (SD) of the intrafraction motion per patient. Because the average 
intrafraction motion was not normally distributed within the two groups, differences 
between the two groups were tested with the non-parametric Mann-Whitney U 
test. To determine the effect of magnesium oxide on the intrafraction motion, the 
percentage of patients in the placebo group and the magnesium oxide group with 
clinically relevant intrafraction motion were compared using the Fisher’s exact test. If 
the prescription of antidiarrheal medicines, such as loperamide, during radiotherapy 
shows large differences between the magnesium oxide and the placebo group, the 
potential impact on the intrafraction motion will be estimated by comparing the 
results with and without adjustment for the use of antidiarrheal medicines by using 
the Mantel-Haenszel method. 
Secondary analyses included Fisher’s exact tests for examination of differences in 
pre-treatment complaints and acute toxicity. To handle low cell count problems, the 
toxicity results were dichotomized in grade <2 and grade ≥ 2. To examine differences 
in QoL between the two groups, the proportion of patients with clinically meaningful 
changes in QoL between baseline and one month after treatment were calculated. 
Differences between the two treatment groups in the three categories of responses 
(worsened, stable or improved QoL) were tested with the Chi square test. In case of 
low cell count problems, the Fisher’s exact test using two categories (worsened versus 
stable/improved QoL) was used. Because of the multiple comparisons for the QoL 
items, the p value was set at a conservative .01 for determining statistical significance 
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(Movsas et al., 2009). For all other analyses, which did not include the QoL measures, 
a p value of <.05 was considered statistically signifi cant. All analyses were performed 
using Statistical Package for Social Sciences, version 16.0 (SPSS, Chigaco, IL).

Results 

Between December 2008 and February 2010, 92 patients were enrolled and randomly 
assigned on this trial. Patient participation and fl ow is depicted in a CONSORT 
diagram (Figure 1). Th e most common reasons for exclusion were; the use of digoxine 
or laxatives; or kidney stones.

Figure 1. CONSORT patient fl ow diagram

Assessed for eligibility (n = 174) 
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•  Not meeting inclusion criteria (n = 25) 

•  Refused to participate (n = 46) 

•  Other reasons (n = 11) 
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Completion of  radiotherapy (n = 46) 

•  Discontinued intervention (n = 1) 

•  Insufficient intake of capsules (n = 6)  

•  No information about drug compliance (n = 3) 

•  Lost to follow-up for QoL score (n = 2) 

Allocated to placebo (n = 46) 

•  Received allocated intervention (n = 46) 

Analyzed for primary outcome (n = 46) 
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Eleven patients were scheduled for additional lymph node irradiation which would 
result in more irradiation to the bowel and consequently affects the amount of side 
effects and were therefore excluded (‘excluded for other reasons’). Five patients 
discontinued the intake of capsules during treatment because of side effects 
consisting of diarrhea. One of these patients was randomized to the placebo arm 
en stopped 2 weeks after start of radiotherapy. The other patients were randomized 
to the magnesium oxide arm and stopped 1, 2, 2.5 and 3 weeks after start of the 
radiotherapy. Evaluation of the drug compliance revealed that the intake of 11 patients 
was insufficient. Baseline patient characteristics are provided in Table 1.

Table 1. Patient baseline characteristics.
Magnesium oxide Arm

(n = 46)

Placebo Arm 

(n = 46)

Characteristic
No. of 

Patients %

No. of 

Patients %

Age, years

      Median 
      Upper and lower quartile

70.5
65.0  –  73.3 

71.0
67.8  –  75.0

Tumor stage

     T1/2
     T3

  6
40

13
87

13
33

28
72

Tumor grade

     Gleason 4-6
     Gleason 7
     Gleason 8-10

12
20
14

26
44
30

12
20
14

26
44
30

Current smoker   5 11   6 13
Current alcohol drinker 23 50 18 39
Pre-treatment use of medication 37 80 42 91
Hormonal treatment 24 52 23 50
History of TURP 10 22 14 30
Time between TURP and start of RT, 

months

     Median 
     Upper and lower quartile

31.0 
3.8  –  138.5

12.5
4.0  –  128.0

iPSA, ng/mL

     Median 
     Upper and lower quartile

12.2
8.0  – 24.2

12.2
7.7  –  25.3

Drug compliance of study medication*

     Median
     Upper and lower quartile

0
-7  –  17

0
-8  –  8

Prescription of antidiarrheal medicine  

during radiotherapy
7 15 4 9

TURP = transurethral resection of the prostate; RT = radiotherapy; iPSA = initial prostate-specific antigen.
* Drug compliance of study medication is defined as the difference between the expected remaining 
capsules, based on the prescribed amount, and the actual returned amount of capsules.
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The pre-treatment use of medication included mainly cardiovascular medicines such as 
statins, antihypertensive drugs and anticoagulants; medicines for treatment of benign 
prostatic hyperplasia; anti-diabetic drugs; and hormonal treatment. The median time 
interval between TURP and start of radiotherapy was longer in the magnesium oxide 
group, however the distribution was very large in both groups and the minimum 
interval was 2 months in both groups. An interval of at least 6 weeks is required by the 
clinical radiotherapy protocol to keep the risk of increased genitourinary toxicity after 
a TURP acceptable. No statistically significant difference between the two study arms 
was seen in drug compliance. 
The primary endpoint of clinically relevant intrafraction prostate motion did not 
show a statistically significant difference between the magnesium oxide and the 
placebo arm (p = 1.00; Table 2). The magnesium oxide treatment arm demonstrated a 
percentage of 83% of patients with clinically relevant intrafraction motion compared 
to 80% for the placebo arm. The average and SD intrafraction motion per patient was 
not statistically significant different between the two groups either (p = .94 and .80, 
respectively). 

Table 2. Descriptive statistics for the intrafraction prostate motion.

Magnesium 

oxide Arm

(n = 46)

Placebo

Arm

(n = 46)

P Risk ratio 

(95% CI)

Risk difference 

(95% CI)

Average intrafraction motion 

per patient, mm

     Median 
     Upper and lower quartile 

2.7
2.2 - 3.5

2.7
2.2 - 3.4   .94*

SD intrafraction motion per 

patient, mm

     Median 
     Upper and lower quartile

1.0
0.7 - 1.3

0.9
0.7 - 1.3   .80*

Patients with clinically 

relevant intrafraction motion† 

     No.
     %

38
83

37
80 1.00‡

1.03
(0.85 to 1.25))

2.2
(-13.7 to 18.0)

SD = standard deviation.
* Mann-Whitney U test; † Clinically relevant intrafraction motion was defined as patients who demonstrated 
in ≥ 50% of the fractions an intrafraction motion outside a range of 2 mm; ‡ Fischer’s exact test.

During radiotherapy, antidiarrheal medicines were more often prescribed in the 
magnesium oxide group compared to the placebo group. The adjusted Mantel-
Haenszel relative risk for intrafraction motion was 1.02 (95% CI: 0.83 to 1.23) and did 
not differ more than 10% from the crude relative risk, so no adjustment for this factor 
was indicated.
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Figure 2 shows the overall GU and GI pre-treatment complaints and acute toxicity for 
the magnesium oxide and the placebo group. Adverse events relatively common in 
both groups included proctitis, diarrhea, rectal or perirectal pain, flatulence, dysuria 
and urinary frequency/urgency. The magnesium oxide treatment arm demonstrated 
more grade ≥ 2 overall GI toxicity (21.7% for placebo arm versus 37.0% for the 
magnesium oxide arm), which was not significantly different between the two arms 
(p = .17). The overall GU toxicity incidence demonstrated no statistically significant 
difference between the two study arms either. 

Figure 2. Pre-treatment complaints 
and acute toxicity, as measured 
by Common Toxicity Criteria for 
adverse events version 3.0 (CTCAE 
v.3). 
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The comparison of the magnesium oxide and placebo arm for the QoL items assessed 
in this study demonstrated no significant differences between the two groups in the 
change in any of the QoL items between baseline and one month. Figure 3 shows the 
proportions of patients per treatment groups with clinically meaningful changes in 
QoL scores between baseline and 1 month after treatment of six QoL items. These six 
QoL items revealed the largest differences in worsened QoL between the magnesium 
oxide and the placebo arm. Most QoL items demonstrated the highest proportion 
of patients with worsened QoL in the magnesium oxide arm, however, as mentioned 
above, these differences were not statistically significant. 

Figure 3. Proportions of patients per treatment group showing clinically meaningful changes in quality of life 
(QoL) scores between baseline and 1 month after treatment. Patients are classified as worsened QoL (>10% 
worsening in QoL scores), stable QoL (<10% change in QoL scores) or improved QoL (>10% improvement 
in QoL scores). Only the six QoL items with the largest differences in worsened QoL between the magnesium 
oxide and the placebo arm are shown.
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Discussion

The results of this trial did not show any benefit of magnesium oxide laxative compared 
with placebo for reducing the intrafraction prostate motion during radiotherapy. 
Concerning the secondary endpoints, exploratory analyses demonstrated a trend 
towards worsened QoL and slightly more toxicity in the magnesium oxide arm 
compared to the placebo arm, however these differences were not statistically 
significant. 
To improve the accuracy of the radiation field placement, several attempts have been 
made to tackle the problem of intrafraction motion during radiotherapy. To manage 
prostate motion, certain methods have been investigated aiming at the reduction of 
the amount of gas pockets inside the rectum, with varying success: dietary guidelines, 
medicines like laxatives (magnesium oxide), deflatulences (simethicon) and 
antiperistaltics (glucagon), fixed treatment times (after 10 AM), rectal gas removal 
by insertion of a finger or the use of a rectal balloon (Wu et al., 2001; Smitsmans et al., 
2008; Madsen et al., 2003; Ogino et al., 2008; Padhani et al., 1999; van Lin et al., 2005). 
Laxative use during radiotherapy was first described in literature by Wu et al. (2001), 
who reported small standard deviations for interfraction prostate motion in patients 
instructed regarding dietary management, fluid intake and laxative use in comparison 
to the interfraction prostate motion reported in other studies. Smitsmans et al. 
(2008) reported a significantly increased cone-beam computed tomography image 
quality, which was suggested as an indirect indicator for intrafraction motion, after 
introduction of a dietary protocol consisting of dietary guidelines, magnesium oxide 
tablets (1000 mg per day) and treatment time after 10 AM The effect of a dietary 
protocol, including milk of magnesia laxative, on the intrafraction motion was only 
directly investigated by Nichol et al. (2010) who reported no significantly reduced 
intrafraction prostate motion. Magnesium oxide promotes bowel evacuation by 
causing osmotic retention of fluid which distends the colon. Distention of the colon 
increases the peristaltic activity. Excess motility causes less absorption of water in the 
colon resulting in diarrhea or loose feces. This will result in more mass movements 
transporting feces from the colon to the rectum and therefore more rectal activity. 
This might explain the failure to reduce the prostate motion with magnesium oxide. 
The side effects due to the radiotherapy usually start 2 weeks after the initiation of 
treatment (Peeters et al., 2005b). This makes it difficult to distinguish whether they 
are the result of radiation alone or due to the combination with laxative use. This 
trial was not powered to reveal statistically significant differences in QoL and toxicity. 
Nevertheless, exploratory analyses did show a trend towards worsened QoL and the 
magnesium oxide arm demonstrated more GI adverse events, more loperamide was 
prescribed for severe diarrhea and more patients decided to stop de study medication 
because of side effects compared to the placebo group. Therefore, the use of 
magnesium oxide may be harmful for patients.
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A limitation of the study is that no information was obtained about the compliance to 
the antiflatulent diet in both treatment arms. The influence of the study medication on 
the bowel motion might have prompted the patients to change their food pattern. As 
a result, the compliance to the antiflatulent diet might be different between the two 
treatment arms, which could have influenced the intrafraction motion. Intrafraction 
motion could also have been influenced by a difference in drug compliance between 
both groups. An attempt was made to measure drug compliance by counting the 
remaining capsules. However, handing in the expected amount of remaining capsules 
is no guarantee for a correct intake of the capsules during treatment. Finally, the exact 
physiological mechanism causing the intrafraction prostate motion in both groups 
was not determined. Therefore, it was not possible to further explore the influence of 
magnesium oxide on for example rectal gas bubbles or peristaltic activity. 

Conclusion

The results of this trial demonstrate that magnesium oxide is not effective in reducing 
the intrafraction motion during external beam radiotherapy. Therefore, there is no 
indication to use it in clinical practice for this purpose.
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Abstract

Purpose

To evaluate the effect of an antiflatulent dietary advice on the intrafraction prostate 
motion in patients treated with intensity-modulated radiotherapy (IMRT) for prostate 
cancer. 

Methods and Materials

Between February 2002 and December 2009, 977 patients received five-beam IMRT 
for prostate cancer to a dose of 76 Gy in 35 fractions combined with fiducial markers 
for position verification. In July 2008, the diet, consisting of dietary guidelines to obtain 
regular bowel movements and to reduce intestinal gas by avoiding certain foods and 
air swallowing, was introduced to reduce the prostate motion. The intrafraction 
prostate movement was determined from the portal images of the first segment of 
all five beams. Clinically relevant intrafraction motion was defined as ≥ 50% of the 
fractions with an intrafraction motion outside a range of 3 mm. 

Results

A total of 739 patients were treated without the diet and 105 patients were treated 
with radiotherapy after introduction of the diet. The median and interquartile range 
of the average intrafraction motion per patient was 2.53 mm (interquartile range, 
2.2–3.0) without the diet and 3.00 mm (interquartile range, 2.4–3.5) with the diet 
(p < .0001). The percentage of patients with clinically relevant intrafraction motion 
increased statistically significant from 19.1% without diet to 42.9% with a diet (odds 
ratio, 3.18; 95% confidence interval, 2.07–4.88; p < .0001).

Conclusions

The results of the present study suggest that antiflatulent dietary advice for patients 
undergoing IMRT for prostate cancer does not reduce the intrafraction movement 
of the prostate. Therefore, antiflatulent dietary advice is not recommended in clinical 
practice for this purpose.
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Introduction

The biochemical relapse-free treatment outcome for prostate cancer is improved by 
escalation of the radiation dose to the prostate (Peeters et al., 2006; Zietman et al., 
2005; Pollack et al., 2002). Additional dose escalation is expected to lead to further 
improvement (Eade et al., 2007). However, by escalating the radiation dose, the risk of 
developing toxicity increases. To ensure adequate target coverage, the clinical target 
volume is expanded with a margin to the planning target volume (PTV). To keep 
the dose to the rectum and bladder within acceptable limits, this margin must be 
minimized as much as possible. In the past decades, several technical improvements 
have enabled a reduction of the treatment margin. The delineation of the prostate 
has become more precise, because the imaging quality improved and multimodality 
imaging began to be used (Villeirs et al., 2005). Furthermore, the accuracy of the 
position verification of the prostate during treatment has improved with the 
introduction of gold fiducial markers (Nederveen et al., 2003), cone-beam imaging 
(Smitsmans et al., 2004) and daily on-line or off-line positioning protocols (van der 
Heide et al., 2007). By minimizing the interfraction movement of the prostate and 
the delineation error, the remaining uncertainties, such as the intrafraction motion, 
will have a greater impact. According to the current data, the intrafraction motion 
is caused by rectum filling and, to a lesser degree, by bladder filling (Adamson et al., 
2009). Moving rectal gas was demonstrated to be the most important factor (Nichol 
et al., 2010). Several methods have been investigated to minimize prostate motion 
due to bowel distension, including dietary guidelines, medicines such as laxatives 
(magnesium oxide), deflatulences (simethicon), and antiperistaltics (glucagon), fixed 
treatment times (after 10 AM), rectal gas removal by insertion of a finger, and the use 
of a rectal balloon (Smitsmans et al., 2008; Nijkamp et al., 2008; Wu et al., 2001; Madsen 
et al., 2003; Ogino et al., 2008; Padhani et al., 1999; van Lin et al., 2005).
At our department, an antiflatulent diet was introduced to reduce the prostate motion 
for patients undergoing intensity-modulated radiotherapy (IMRT) for prostate cancer. 
To our knowledge, no investigation has been performed about the solitary effect of an 
antiflatulent diet on the intrafraction prostate motion. Therefore, the present study 
evaluated the influence of an antiflatulent diet on the intrafraction motion in patients 
undergoing IMRT for prostate cancer.

Methods and materials

Between February 2002 and December 2009, 977 consecutive prostate cancer patients 
were treated at our department to a dose of 76 Gy to the prostate (Lips et al., 2008). 
The prostate was initially delineated using computed tomography only and, since 
2004, using computed tomography combined with 3-T magnetic resonance imaging. 
A margin of 8 mm was applied to the prostate and seminal vesicles to create the PTV. 
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Patients underwent IMRT with a five-beam step-and-shoot technique and 10-MV 
photons. A mean dose of 76 Gy in 35 fractions of 2.17 Gy was prescribed to the PTV 
and 95% of the prescribed dose (72 Gy) was prescribed to 99% of the PTV. The dose in 
the part of the PTV overlapping the rectum and bladder was limited such that ≤ 5% 
of the rectum and ≤ 10% of the bladder would receive a dose of ≥ 72 Gy (Nederveen 
et al., 2001).
For position verification, three fiducial gold markers were implanted inside the 
prostate (Moman et al., 2010). Daily imaging of the fiducial markers was used for off-
line position verification, using an adapted ‘‘shrinking action level’’ protocol (van der 
Heide et al., 2007; Lips et al., 2009a). The main study parameter was the movement 
of the prostate during one radiation fraction. The irradiation time of the technique 
varied from 5 to 7 min. During treatment, the fiducial gold markers were visualized 
using portal images of the largest segment of all five beams (beam directions, 260°, 
320°, 40°, 100°, and 180°), using the iView-GT amorphous silicon flat-panel detector 
(Elekta, Crawley, UK). Image analysis occurred using in-house developed software, 
which allowed automatic detection of the fiducial gold markers (Nederveen et al., 
2000). For every treatment beam, the largest segment was used to take a portal image. 
On these portal images, the gold markers were detected and manually adjusted, if 
required, after visual inspection by 2 radiographers. Using the center of gravity of the 
two-dimensional marker locations on the five portal images, a three-dimensional 
path consisting of five points was derived that had a minimal overall length. The error 
in assuming the shortest path to localize the prostate was less than ~ 1.5 mm for 
95% of localizations (Adamson et al., 2009). With this method, described by Kotte 
et al. (2007), the range of motion during each fraction is determined and used as the 
intrafraction motion. The range of motion is defined as the vector length between the 
extreme positions in all three dimensions. Clinically relevant intrafraction motion was 
defined as ≥ 50% of the fractions with an intrafraction motion outside a range of 3 
mm. Because in the published data, a margin of 2 mm has been suggested to account 
for intrafraction motion, we also studied the intrafraction motion outside a range of 2 
mm (Nichol et al., 2010; Kotte et al., 2007).
In July 2008, an antiflatulent diet was introduced to reduce the prostate motion. 
The antiflatulent diet was based on the dietary guidelines described by Smitsmans 
et al. (2008) that are used nationwide. The diet aimed to minimize the rectal gas, 
because rectal gas is suggested to be the most important predictor for prostate 
movement (Nichol et al., 2010). Most rectal gas is caused by bacterial digestion of 
the oligosacharides, raffinose, stachyose, and verbascose in legumes and fruit (Di 
Stefano et al., 2007). The diet consisted of dietary guidelines to obtain regular bowel 
movements and to reduce intestinal gas by avoiding certain foods and air swallowing 
(Table 1).
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The patients received the dietary guidelines in a brochure during the intake 
consultation, together with an explanation from the attending physician concerning 
the diet. 
During treatment, the patients did not receive any instruction for emptying the 
rectum before the RT session. Concerning bladder filling, the patients were advised to 
empty their bladder before computed tomography/magnetic resonance imaging and 
the RT sessions. No laxatives or other medicines were prescribed during treatment. 
The patients were treated in the supine position, and a knee cushion was used to 
prevent any rotation of the hip. 
The baseline characteristics of the two groups were examined using the chi-square 
test for categorical variables and the independent two-sample t test for qualitative 
data. The range in intrafraction motion per fraction was used to calculate the 
average and standard deviation of the range in intrafraction motion for each patient. 
Because the average intrafraction motion was not normally distributed within the 
two groups, the data were examined using the nonparametric Mann-Whitney U test. 

Table 1. Contents of the diet.

Dietary advice

Start 5 days before planning CT/MRI scan and continue until the last radiotherapy fraction.

Suggestions for regular bowel motion:

Eat regularly by using three meals a day
Drink 2 liters of liquid per day and vary the type of liquids (tea, coffee, water, noncarbonated juice, 
milk, soup, broth)
Chew food well or cut your food into small pieces
Get sufficient physical exercise, if possible

Suggestions to avoid rectal gas and intestinal stimulation:

Avoid the following foods:
wholemeal bread with coarse seeds, rye bread, muesli, cruesli
citrus fruits, like orange/lemon/grapefruit(juice)
pineapple, dried fruits
leek, onions, garlic, cabbage, sprouts, peppers, mushrooms, corn, rhubarb
raw vegetables like tomato, lettuce, cucumber
dried pies and beans (kidney beans, navy beans, lentils, split peas) 
hot en spicy foods
nuts and peanuts, coconut
carbonated beverages including beer and soda pop
Coffee: avoid > 4 cups a day

Suggestions to reduce the amount of swallowing air:

Eat slowly
Don’t talk while eating
Avoid smoking
Avoid chewing gum 
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To determine the effect of the diet on the intrafraction motion, the percentage of 
patients with clinically relevant intrafraction motion within the two groups were 
compared using Fisher’s exact test. The clinically relevant intrafraction motion was 
defined as the percentage of fractions and not as a number of fractions. Thus, if a 
patient were missing some intrafraction motions, this patient did not have to be 
excluded.
To adjust for possible confounding factors, a logistic regression model was created 
with clinically relevant intrafraction motion as the dichotomous dependent variable. 
The confounding effect of the following variables was studied one by one: age, tumor 
stage, and tumor grade. The variables that changed the crude effect estimated by >10% 
were included in the final model. All analyses were performed using the Statistical 
Package for Social Sciences, version 16.0 (SPSS, Chicago, IL). A p value of < .05 was 
considered statistically significant.

Results

Of the 977 patients, 51 were excluded, because these patients had already been 
included in a different study that might have influenced the intrafraction motion. An 
additional 35 patients were excluded because they were treated in the transitional 
phase in which the diet was introduced. During these 3 months, we had no complete 
confidence whether the patients were treated with or without the use of the diet; 
therefore we decided to exclude these patients from the analysis. Finally, 47 patients 
were excluded because the intrafraction motion of fewer than one-half of the total 
35 fractions was available for these patients (for the no-diet and diet group, 5.0 % and 
7.1 %, respectively). The method of Kotte et al. (2007) to determine the intrafraction 
motion requires the location of the gold markers within all five treatment beams. 
Therefore, no intrafraction motion could be calculated when the marker position 
of one of the five beams was not available. In clinical practice, the detection of the 
marker position cannot be performed for a beam direction in the case of technical 
problems leading to poor image quality or failure to acquire images. For a total of 
24,776 treatment fractions, all five images were available. The missing fraction data 
were equally distributed between the two groups (average available fractions, 29 
fractions/patient for the no-diet group and 30/patient for the diet group).
Of the final 844 patients included in the analysis, 739 were treated before the 
introduction of the diet and 105 used the diet during their RT. The baseline 
characteristics of both groups are listed in Table 2. No significant differences between 
the two groups were found in terms of age (p = .7) or tumor grade (p = .1). A small, 
statistically significant, difference was found for the tumor stage, with relatively fewer 
patients with Stage T3 disease in the diet group than in the no-diet group (p = .02). 
This could be explained by changes in the treatment indications during the study 
period and the development in diagnostic methods. In both groups, most patients 
had locally advanced prostate cancer (Stage T3).
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The intrafraction motion in both groups is listed in Table 3. The median and interquartile 
range of the average intrafraction motion for each patient was 2.53 mm (interquartile 
range, 2.2–3.0) without the diet and 3.00 mm (interquartile range, 2.4–3.5) with 
the diet (p < .0001). We calculated the percentage of patients who demonstrated 
a clinically relevant intrafraction motion (defined as ≥ 50% of the fractions with an 
intrafraction motion outside a range of 3 mm). This percentage showed a statistically 
significant increase from 19.1% to 42.9% after introduction of the diet (p < .0001). 
The percentage of patients with ≥ 50% of the fractions with an intrafraction motion 
outside a range of 2 mm also increased after the introduction of the diet: from 77.5% 
without the diet to 86.7% with the diet (p = .031).

Table 2. Patient characteristics.
No diet 

(n = 739)

Diet 

(n = 105) p value

Age, years

      mean (range) 68 (46-82) 69 (55-81) 0.7
Tumor stage

      T1 79 (10.7) 18 (17.1) 0.02
      T2 83 (11.2) 18 (17.1)
      T3 575 (77.8) 69 (65.7)
      T4 2 (  0.3) 0 (  0.0)  
Tumor grade

      Gleason 4-6 195 (26.4) 29 (27.6) 0.1
      Gleason 7 377 (51.0) 45 (42.9)
      Gleason 8-10 166 (22.5) 30 (28.6)
      not available 1 (  0.1) 1 (  1.0)

Values are number (percentage), unless otherwise noted.

Table 3. Descriptive statistics of the range in intrafraction motion for patients treated without and with the 
use of the antiflatulent diet.

No diet

(n = 739)

Diet

(n = 105) p value

Mean intrafraction motion per patient (mm)                           
        Median (IQR) 2.53  (2.2-3.0) 3.00 (2.4-3.5) <0.0001 
Standard deviation of the intrafraction motion per patient (mm)

        Median (IQR) 0.90  (0.6-1.3) 0.82  (0.7-1.2)   0.363 
Patients with an intrafraction motion in ≥ 50% of the fractions of

        > 2 mm 573 (77.5) 91 (86.7)   0.031 
        > 3 mm 141 (19.1) 45 (42.9) <0.0001

IQR = interquartile range. Values are number (percentage), unless otherwise noted. 
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Figure 1 presents a scatter plot showing the individual percentage of fractions during 
treatment with an intrafraction motion outside a range of 2 mm (Figure 1a) or outside 
a range of 3 mm (Figure 1b) as the percentage of patients per group (diet vs. no diet).

Figure 1. Scatter plot showing the individual percentages of fractions with an intrafraction motion outside a 
range of more than 2 mm (a) and more than 3 mm (b) as the percentage of patients per group (diet versus 
no diet).

a

b
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The crude odds ratio for diet vs. no diet for clinically relevant intrafraction motion 
(intrafraction motion of >3 mm in ≥ 50% of all fractions) was 3.18 (95% confidence 
interval, 2.07–4.88). The variables of age, tumor stage, and tumor grade did not affect 
this relationship by >10%; thus, no inclusion of these variables in a multivariate model 
was required to adjust for possible confounding.

Discussion

To reduce the prostate motion during RT, an antiflatulent diet has been introduced 
in clinical practice. The evaluation of this intervention at our department has shown 
that after the start of the diet, the intrafraction motion did not decrease. In contrast, 
the amount of intrafraction motion was significantly larger in the patient group using 
the diet than in the group not using the diet. The percentage of patients with clinically 
relevant intrafraction motion increased from 19.1% without the diet to 42.9% with 
the diet (p < .0001).
Several nonrandomized studies have described the effect of a diet combined with 
other interventions, such as medicines and fixed treatment times. In combination 
with daily deflatulence medication (simethicon), an antiflatulance diet was suggested 
to provide a reduction of 30% of the interfraction prostate motion (Hentschel et al., 
2006). Wu et al. (2001) observed small standard deviations for interfraction prostate 
motion in a group of patients instructed regarding dietary management, fluid intake, 
and laxative use. The Antoni van Leeuwenhoek Hospital, Amsterdam, evaluated the 
influence of a dietary protocol (consisting of dietary guidelines, magnesium oxide 
tablets, and fixed treatment times) on the cone-beam computed tomography image 
quality, as an indirect indicator of intrafraction motion. A significant decrease in the 
incidence of feces and moving gas was seen, resulting in an increase in the image 
quality and therefore less intrafraction motion was inferred (Smitsmans et al., 2008). 
However, this conclusion of reduced intrafraction motion was not supported by 
Nichol et al. (2010), who investigated the effect from a bowel regimen, comprising an 
antiflatulent diet and daily magnesium hydroxide (Milk of Magnesia), on intrafraction 
motion directly. They concluded that no reduction of intrafraction prostate motion 
occurred with their bowel regimen. The inconsistency between our results and some 
of the other studies might have been because we investigated the solitary effect of the 
diet and others combined the diet with a laxative and/or fixed treatment times.
An explanation for the increased intrafraction motion with the use of an antiflatulent 
diet found in our study might be that a change in food pattern influences stool 
frequency and thereby abdominal gas production. Epidemiologic studies have 
demonstrated a high prevalence of constipation and laxative use in the elderly. 
Prevalence for constipation as great as 50% has been suggested (Higgins et al., 2004). 
Advancing age is associated with altered mechanical properties, altered macroscopic 
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structural changes, and altered control of the pelvic floor, which could affect bowel 
structure and function. However, the exact biologic basis of constipation in the elderly 
is not clear (Bouras et al., 2009). Because many elderly already have some difficulty 
with keeping a regular bowel movement, they often use a laxative or certain special 
food intake to keep the stool acceptable (Bouras et al., 2009). By altering their specific 
food pattern, their bowel movement might be stimulated, leading to the opposite 
effect of increased intrafraction motion instead of the intended decrease. Another 
possible explanation for the enlarged intrafraction motion with the diet might be 
increased bladder filling during RT. All patients were told to empty their bladder 
before treatment. However, patients using the diet might have faster bladder filling 
during RT because of the intake of 2 L of liquid daily.
No information is available about the compliance of our patients with the diet; 
thus, it is possible that our patients did not follow the dietary guidelines precisely. 
The specific dietary guidelines are difficult to manage and difficult to check. Patients 
received the dietary guidelines in a brochure without a diet-teaching session, which 
might have lessened the compliance to the diet. An abstract from Pettersson et al. 
(2007) suggested significantly reduced intake of certain foods after dietary counseling; 
however, no final results or conclusion has been presented in the published data. The 
insufficient compliance to the diet can explain the failure to result in a decrease in 
intrafraction motion; however, this cannot explain the increased intrafraction motion 
seen in our diet group.
The underlying mechanism of intestinal gas is a complex process and remains 
incompletely understood. Gas production results from swallowing, chemical 
reactions, and diffusion from the blood and bacterial fermentation. Gas disposal 
occurs through belching, diffusion into blood, bacterial consumption, and passage of 
flatus (Suarez et al., 2002). Colonic bacteria, both gas-producing and gas-consuming 
microorganisms, play a major role in gas metabolism. Gas-producing bacteria ferment 
various unabsorbed substrates, releasing hydrogen and carbon dioxide. The volume 
of gas evacuated is determined by the action of colonic microflora on unabsorbed 
fermentable food residues entering the colon. Excessive anal gas evacuation depends 
on both the composition of the colonic flora and the diet. The composition of 
intraluminal flora is highly individual, which explains the variation in gas production in 
different subjects (Furne et al., 1996). The intraluminal flora is difficult to modify, and 
no evidence exists that gas production can be reduced by manipulating the colonic 
flora. An antiflatulent diet is trying to reduce the arrival of undigested residues into 
the colon, where they serve as gas-producing substrates to colonic flora.
The amount of intrafraction motion described in our study underlines the importance 
of a margin of ≥ 2 mm to account for intrafraction motion suggested in the published 
data (Nichol et al., 2010; Kotte et al., 2007). It is difficult to determine whether the 
statistically significant increase of 0.47 mm in the median intrafraction motion caused 
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by the dietary advice is also clinically meaningful. During the treatment course of 
35 fractions, the intrafraction shifts tend to wash out (Li et al., 2008). In contrast, 
larger intrafraction motion might become of more importance in hypofractionated 
treatment regimens and with the minimization of other treatment-related inaccuracies, 
the margin accounting for the intrafraction motion becomes more critical. For the 
estimation of the clinical consequence of the increase in intrafraction motion by 
the use of a diet in our study, an evaluation of the treatment outcome should be 
performed. To investigate a difference between the two groups in treatment-related 
toxicity, quality of life, and tumor control, longer follow-up is needed.
Our study had an observational retrospective design, in which the extent of 
information concerning confounders, outcome, and determinant was limited. 
Because of the comparison, we made before and after the introduction of the diet, 
the treatment changes over time could have influenced our results. No adjustments 
in treatment, such as changes in the duration of the irradiation time or changes in the 
rectum and bladder instructions, were performed between 2002 and 2009. However, 
no information was available about other potential confounders, such as the use of 
laxatives on the patients’ own initiative, the interval from the last bowel movement, 
or comorbidities such as abdominal disease (Crohn’s disease, diverticulitis, lactose 
intolerance). Thus, possible confounding due to changes in time could not be excluded 
and whether the apparent worsening is a time era effect related to measurement is 
hard to rule out. Therefore, a randomized controlled trial would be appropriate to 
study the effect of the diet in further detail.
The problem of intrafraction motion can also be handled by improvement of 
the position verification. Real-time on-line position verification, correcting the 
intrafraction motion, can be established with the use of a Calypso monitoring system 
(Liu et al., 2010), with a intrafraction stereographic targeting method (van Os et al., 
2009) or using a magnetic resonance imaging accelerator, which is currently being 
developed (Lagendijk et al., 2008; Raaymakers et al., 2009).

Conclusion

The results of the present study suggest that antiflatulent dietary advice for patients 
undergoing IMRT for prostate cancer does not reduce the intrafraction movement of 
the prostate. Therefore, it is not recommended to provide antiflatulent dietary advice 
in the clinical practice for this purpose. Additional research should be performed 
to clear up the exact mechanism of intrafraction prostate motion and how this 
mechanism can be influenced to minimize the intrafraction positioning error.
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Abstract

Purpose

We evaluated the acute and late toxicity after high-dose intensity-modulated 
radiotherapy (IMRT) with fiducial marker-based position verification for prostate 
cancer.

Methods and Materials

Between 2001 and 2004, 331 patients with prostate cancer received 76 Gy in 35 
fractions using IMRT combined with fiducial marker-based position verification. The 
symptoms before treatment (pre-treatment) and weekly during treatment (acute 
toxicity) were scored using the Common Toxicity Criteria (CTC). The goal was to 
score late toxicity according to the Radiation Therapy Oncology Group/European 
Organization for Research and Treatment of Cancer (RTOG/EORTC) scale with a 
follow-up time of at least three years. Twenty-two percent of the patients experienced 
pre-treatment grade ≥ 2 genitourinary (GU) complaints and 2% experienced grade 2 
gastrointestinal (GI) complaints. 

Results

Acute grade 2 GU and GI toxicity occurred in 47% and 30%, respectively. Only 3% of 
the patients developed acute grade 3 GU and no grade ≥ 3 GI toxicity occurred. After 
a mean follow-up time of 47 months with a minimum of 31 months for all patients, 
the incidence of late grade 2 GU and GI toxicity was 21% and 9%, respectively. Grade ≥ 
3 GU and GI toxicity rates were 4% and 1%, respectively, including one patient with a 
rectal fistula and one patient with a severe hemorrhagic cystitis (both grade 4). 

Conclusion

High-dose intensity-modulated radiotherapy with fiducial marker-based position 
verification is well tolerated. The low grade ≥ 3 toxicity allows further dose escalation 
if the same dose constraints for the organs at risk will be used. 
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Introduction

Several randomized trials have demonstrated a significant benefit of an increased 
radiation dose for the treatment of prostate cancer (Peeters et al., 2006; Pollack et 
al., 2002; Zietman et al., 2005). Further dose escalation is expected to lead to further 
improvement (Eade et al., 2007). However, dose escalation is associated with an 
increased risk of acute and late toxicity (Peeters et al., 2006; Pollack et al., 2002; Zietman 
et al., 2005). 
Prostate tumor cells are predominantly located in the peripheral zone of the prostate 
situated at the dorsal site (Chen et al., 2000). Therefore, the challenge is to achieve 
a sufficiently high-dose to the peripheral zone of the prostate, while providing an 
adequate sparing of the rectum. Intensity-modulated radiotherapy (IMRT) is able to 
deliver such dose distributions and has therefore become the preferred treatment 
technique (Cahlon et al., 2008; De Meerleer et al., 2004; Zelefsky et al., 2002; Skala et al., 
2007; De Meerleer et al., 2007; Zelefsky et al., 2006).
Sharp dose gradients between the target volume and the organ at risk require reliable 
and accurate position verification to prevent decreased biochemical control and 
increased rectal toxicity (De Crevoisier et al., 2005). Fiducial gold markers implanted 
in the prostate have proved to be reliable markers of prostate position over the 
course of radiation treatment (Dehnad et al., 2003). Their position can be easily and 
automatically detected with electronic portal imaging devices, allowing for fast and 
accurate determination of the prostate position. Daily correction of the position of 
the prostate using fiducial markers minimizes the setup uncertainties (van der Heide 
et al., 2007).
Several prospective and randomized trials have accurately presented the incidences of 
their acute and late toxicity (Zietman et al., 2005; De Meerleer et al., 2004; Zelefsky et 
al., 2002; Skala et al., 2007; Beckendorf et al., 2004; Michalski et al., 2005; Peeters et al., 
2005a; Storey et al., 2000). Only Skala et al. (2007) reported toxicity rates after prostate 
cancer treatment with three-dimensional (3D) conformal/IMRT using fiducial marker-
based position verification. They collected patient-reported questionnaires of 365 
patients to determine the incidence of late toxicity. Until now, no longitudinal study 
of physician-reported toxicity including baseline measurements has been published 
for patients treated with IMRT using fiducial markers. Therefore, we describe in this 
study the complete pre-treatment symptoms and the acute and late toxicity of a large 
number of patients treated with high-dose IMRT using daily fiducial marker-based 
position verification. 
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Methods and materials

According to literature, a follow-up of three years is sufficient for the majority of late 
rectal morbidity to manifest itself (Pollack et al., 2002; Zietman et al., 2005). Therefore, 
we evaluated toxicity in the entire population of patients (n = 331) treated at our 
department from August 2001 until December 2004, which resulted in a minimum 
follow-up time of 31 months for all patients. The prostate was delineated on a CT-scan 
and a margin of 8 mm was applied to the prostate and seminal vesicles to create a 
planning target volume (PTV). Patients received an IMRT treatment using a five-beam 
step-and-shoot technique (van der Heide et al., 2007; Kotte et al., 2007). A mean dose 
of 76 Gy in 35 fractions was prescribed to the PTV and 95% of the prescription dose 
(= 72 Gy) was prescribed to 99% of the PTV. The dose to the overlapping region with 
rectum and bladder was limited so that no more than 5% of the rectum and 10% 
of the bladder would receive a dose of ≥ 72 Gy (Nederveen et al., 2001). No elective 
pelvic node irradiation was performed.
Fiducial markers for position verification were transrectally implanted with the use of 
antibiotic prophylaxis (Dehnad et al., 2003). Daily portal images of the fiducial markers 
were taken to determine the position variations during treatment. With the use of an 
off-line adapted shrinking action level (SAL) protocol the systematic errors were less 
than 0.8 mm in all directions (van der Heide et al., 2007).
Pre-treatment symptoms and acute toxicity were scored using the Common Toxicity 
Criteria (CTC) version 2.0 (Trotti et al., 2000). Acute toxicity was present when one 
of the symptoms occurred within 90 days after the start of treatment (Trotti et al., 
2000). Late toxicity was scored according to the Radiation Therapy Oncology Group/
European Organization for Research and Treatment of Cancer (RTOG/EORTC) 
morbidity scale version 9 (Cox et al., 1995), because the CTC version 2.0 only focuses 
on acute effects (Trotti et al., 2000). Follow-up took place 4 weeks after treatment, 
every 3 months in the first year and every 6 months thereafter at the Department 
of Radiotherapy. Every symptom was counted even if it occurred only on one single 
occasion.

Results

The patient characteristics of the 331 patients are presented in Table 1. The mean 
follow-up time was 47 months (range: 31–71 months). At the time of study entry, 
no national guidelines for hormonal treatment were available. Therefore, only 95 
patients received adjuvant hormonal treatment. Bone scan and/or pelvic lymph node 
dissection was performed in all patients with prostate-specific antigen levels above 20 
ng/ml to rule out M+ disease. Late side effects with a minimum follow-up time of 31 
months were available for 320 patients, because three patients died and eight patients 
were lost to follow-up during the first three years.
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In Table 2, the grades of pre-treatment symptoms and acute and late toxicity are shown. 
The highest toxicity score for each patient was used, to calculate an overall GU and 
GI score of the CTC items. Seventy-three patients (22%) showed pre-treatment GU 
symptoms of grade ≥ 2 and six patients (2%) experienced grade 2 proctitis complaints 
before radiotherapy.
Acute grade 2 GU and GI toxicity was found in 47% and 30% of our patient group. 
Ten patients (3%) developed grade 3 acute GU side effects with two patients having 
a urinary catheter before treatment (grade 3) and six patients having pre-treatment 
grade 2 GU symptoms. Acute grade 3 infections were seen in three patients: respectively 
a urinary tract infection, a pneumonitis and a prostatitis after marker implantation, 
that all needed intravenous antibiotic. No grade 4 acute toxicity was seen for both 
GU and GI. Ninety-nine percent of the patients with pre-treatment grade ≥ 2 GU 
symptoms demonstrated acute grade ≥ 2 toxicity, compared to 36% of the patients 
with pre-treatment GU complaints of < grade 2. As grade 3 toxicity seldom occurred, 
most patients with pre-treatment grade 2 complaints mainly continued having grade 
2 toxicity during treatment.
Eighty-two and 33 patients demonstrated late grade ≥ 2 GU and GI toxicity, respectively. 
Two patients experienced late grade 4 morbidities: one patient experienced a severe 
haemorrhagic cystitis and required a suprapubic catheter. Three months before the 
start of the radiotherapy, he underwent a transurethral resection of the prostate 

Table 1. Patient characteristics of the 331 patients.
Characteristic

Age at baseline, years

    Mean (range)
 

  68  (46 - 80)
Initial PSA value, ng/mL

    Mean (range)
 

  20  (0.5 - 175)

Biopsy Gleason score  
    ≤  4 
    5 - 7 
    ≥  8

 
  39  (12) 
228  (69) 
  64  (19)

Tumor stage  

    T1 
    T2 
    T3 
    T4

  37  (11)
  31    (9) 
262  (79)
    1    (1)

Hormonal treatment 

    None
    Short-term 
    Long-term

 
236  (71) 
  70  (21)
  25    (8)

TURP   40  (12)

TURP = transurethral resection of the prostate; PSA = prostate-specific 
antigen. Values are number (percentage), unless otherwise noted.
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(TURP) and he had pre-treatment grade 1 urinary frequency/urgency complaints 
and acute grade 1 dysuria and grade 2 hematuria and urinary frequency/urgency 
toxicity. Furthermore, this patient suffered from late grade 2 GI toxicity with frequent 
bleeding that required steroid enemas. The other patient developed a rectal fistula 
requiring surgery 18 months after radiotherapy. This patient had no pre-treatment 
GI complaints, but during radiotherapy he developed grade 2 perirectal pain and 
proctitis. For both patients the technical and dosimetric details of their radiotherapy 
treatment were evaluated and no abnormalities were found.

Table 2. Pre-treatment complaints and acute toxicity according to the Common Toxicity Criteria (CTC) and 
late toxicity according to the Radiation Therapy Oncology Group/European Organization for Research 
and Treatment of Cancer (RTOG/EORTC) scale.

Item Toxicity

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
Pre-treatment (n = 331)
   Genitourinary

       Urinary frequency/urgency 161 (49)   99 (30)   69 (21)     2 (1)   0 (0)
       Urinary retention 317 (96)   13   (4)     1   (0.3)     0 (0)   0 (0)
       Bladder spasms 328 (99)     3   (1)     0   (0)     0 (0)   0 (0)
       Urinary incontinence 318 (96)   13   (4)     0   (0)     0 (0)   0 (0)
       Hematuria 324 (98)     6   (2)     1   (0.3)     0 (0)   0 (0)
       Dysuria 318 (96)   13   (4)     0   (0)     0 (0)   0 (0)
       Overall 150 (45) 108 (33)   71 (22)     2 (1)   0 (0)
   Gastrointestinal

       Proctitis 306 (92)   19   (6)     6   (2)     0 (0)   0 (0)
       Rectal or perirectal pain 328 (99)     3   (1)     0   (0)     0 (0)   0 (0)
       Overall 305 (92)   20   (6)     6   (2)     0 (0)   0 (0)
Acute toxicity (n = 331)
   Genitourinary

       Urinary frequency/urgency   25   (8) 154 (47) 144 (44)     8 (2)   0 (0)
       Urinary retention 271 (82)   52 (16)     3   (1)     5 (2)   0 (0)
       Bladder spasms 309 (94)   18   (5)     4   (1)     0 (0)   0 (0)
       Urinary incontinence 305 (92)   23   (7)     3   (1)     0 (0)   0 (0)
       Hematuria 317 (96)     7   (2)     6   (2)     1 (0.3)   0 (0)
       Dysuria 165 (50) 139 (42)   26   (8)     1 (0.3)   0 (0)
       Overall   19   (6) 147 (44) 155 (47)   10 (3)   0 (0)
   Gastrointestinal

       Proctitis   71 (22) 168 (51)   92 (28)     0 (0)   0 (0)
       Rectal or perirectal pain 275 (83)   32 (10)   24   (7)     0 (0)   0 (0)
       Overall   63 (19) 169 (51)   99 (30)     0 (0)   0 (0)
   Infection 313 (95)     3   (1)   12   (4)     3 (1)   0 (0)
Late toxicity (n = 320)
   Genitourinary 152 (48)   86 (27)   68 (21)   13 (4)   1 (0.3)
   Gastrointestinal 193 (60)   94 (29)   30   (9)     2 (1)   1 (0.3)

Values are number (percentage).
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The incidence of late grade ≥ 2 GU toxicity for patients with pre-treatment grade ≥ 2 
GU complaints was 58%, compared to 17% for patients with grade < 2 GU symptoms 
before radiotherapy. Calculation of relative risks (RR) accompanying 95% confidence 
intervals (95%-CI) demonstrated for patients with acute grade ≥ 2 GU complaints 
a 5.2 fold (95%-CI: 3.0–9.1) increased risk for late grade ≥ 2 GU compared to those 
who had acute grade < 2 GU complaints. Additionally, the risk of late grade ≥ 2 GI 
toxicity was increased for patients with acute grade ≥ 2 GI complaints (RR: 2.2; 95%-
CI: 1.1–4.1).

Discussion

This data demonstrates that a dose of 76 Gy in 35 fractions, using IMRT and daily 
fiducial marker-based position verification, is well tolerated. Acute and late toxicity 
from different studies, when available, are presented in Table 3. The acute toxicity 
established in our patient group, in particular grade ≥ 3, was lower than reported 
in literature for 3D conformal radiotherapy (Zietman et al., 2005; Beckendorf et al., 
2004; Michalski et al., 2005; Peeters et al., 2005a; Storey et al., 2000). Although different 
toxicity scales and radiotherapy techniques make a comparison difficult. De Meerleer 
et al. (2004) treated 114 patients with high-dose IMRT with position verification by 
visualizing the bony anatomy and reported comparable acute GI toxicity rates and 
somewhat lower grade 2 and higher grade 3 acute GU toxicity rates. Zelefsky et al. 
(2002) reported lower acute toxicity rates after high-dose IMRT with lower fraction 
doses of only 1.8 Gy. As in most other toxicity reports acute GU toxicity was more 
pronounced than GI toxicity (De Meerleer et al., 2004; Zelefsky et al., 2002; Beckendorf 
et al., 2004; Peeters et al., 2005a; Storey et al., 2000).
The randomized dose-escalation trials reported more late GI and comparable late 
GU morbidities (Pollack et al., 2002; Zietman et al., 2005; Peeters et al., 2005a). One 
hundred sixteen patients, treated with IMRT using a rectal balloon for position 
verification, demonstrated comparable late GI toxicity (Teh et al., 2005). De Meerleer 
et al. (2007) reported slightly higher late GI toxicity and comparable GU toxicity rates 
for 133 patients treated with IMRT. Zelefsky et al. (2006) described lower incidences 
of late toxicity for IMRT after a median follow-up time of only 24 months. Skala et al. 
(2007) reported somewhat lower late GU and GI toxicity rates, however the cross-
sectional toxicity data was collected from patient-reported questionnaires.
Patients with pre-treatment grade 2 complaints mainly remained acute and late grade 
2 toxicity. The predictive value of pre-treatment symptoms has also been reported by 
others (Peeters et al., 2005a; Heemsbergen et al., 2006; Koper et al., 2004; Peeters et al., 
2005b).
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Although our patients had a median follow-up time of 47 months and all patients had a 
follow-up time of at least 31 months, continuing scoring of toxicity is needed, because 
an increase in GU complications has been reported after three years (Schultheiss et 
al., 1997).

Conclusion

In conclusion, a dose of 76 Gy in 35 fractions using IMRT and fiducial marker-based 
position verifications is well tolerated, because the low incidences of grade ≥ 3 acute 
and late GU and GI side effects. These results provide possibilities for further dose 
escalation, because acceptable toxicity is expected when the same dose constraints 
for the organs at risk and good quality external beam radiotherapy are being used.





Short-term quality of life

Chapter 6

This chapter has been published as:

I.M. Lips, H. Dehnad, A.E. Boeken Kruger, R.J.A. van Moorselaar,
U.A. van der Heide, J.J. Battermann and M. van Vulpen.

Health-related quality of life in patients with locally advanced 
prostate cancer after 76 Gy intensity-modulated radiotherapy vs. 70 Gy 

conformal radiotherapy in a prospective and longitudinal study.
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Abstract

Purpose

To compare quality of life (QoL) after 70 Gy conformal radiotherapy with QoL after 
76 Gy intensity-modulated radiotherapy (IMRT) in patients with locally advanced 
prostate carcinoma. 

Methods and Materials

Seventy-eight patients with locally advanced prostate cancer were treated with 70 
Gy three-field conformal radiotherapy, and 92 patients received 76 Gy IMRT with 
fiducial markers for position verification. Quality of life was measured by RAND-36, 
the European Organization for Research and Treatment of Cancer core questionnaire 
(EORTC QLQ-C30(+3)), and the prostate-specific EORTC QLQ-PR25, before 
radiotherapy (baseline) and 1 month and 6 months after treatment. Quality of life 
changes in time (baseline vs. 1 month and baseline vs. 6 months) of ≥ 10 points were 
considered clinically relevant. 

Results

Differences between the treatment groups for QoL changes over time occurred in 
several QoL domains. The 76-Gy group revealed no significant deterioration in 
QoL compared with the 70-Gy group. The IMRT 76-Gy group even demonstrated a 
significantly better change in QoL from baseline to 1 month in several domains. The 
conformal 70-Gy group revealed temporary deterioration in ‘pain’, ‘role functioning’, 
and ‘urinary symptoms’; for the IMRT 76-Gy group a better QoL in terms of ‘change 
in health’ existed after 1 month, which persisted after 6 months. For both treatment 
groups temporary deterioration in ‘physical role restriction’ occurred after 1 month, 
and an improvement in ‘emotional role restriction’ occurred after 6 months. ‘Sexual 
activity’ was reduced after treatment for both groups and remained decreased after 
6 months.

Conclusion

Intensity-modulated radiotherapy and accurate position verification seem to provide 
a possibility to increase the radiation dose for prostate cancer without deterioration 
in QoL. 
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Introduction

Several randomized trials showed a significant improvement in biochemical relapse-
free treatment outcome in prostate cancer with escalation of the radiation dose from 
68 Gy to 78 Gy (Peeters et al., 2006; Pollack et al., 2002; Zietman et al., 2005). Further 
dose increase is expected to lead to further improvement (Zelefsky et al., 2002). By 
increasing the radiation dose the risk of developing complications also increases, and 
therefore a decrease in quality of life (QoL) should be expected. Raising the dose from 
68 Gy to 78 Gy using conformal radiotherapy resulted in more late gastrointestinal 
and genitourinary toxicity (≥ 5% Grade 3) (Peeters et al., 2005a). However, advances in 
technology like intensity-modulated radiotherapy (IMRT) (Zelefsky et al., 2001) and 
improved position verification of the prostate (van der Heide et al., 2007; Dehnad 
et al., 2003) have enabled dose escalation while treatment-related complications are 
minimized. For evaluation of treatment, not only toxicity but also impact on QoL is 
increasingly important (Litwin et al., 1999).
At our department several QoL studies in patients with prostate cancer have been 
performed. For instance, QoL after permanent prostate brachytherapy in relation to 
dosimetry (van Gellekom et al., 2005) and the influence of adding hyperthermia to 
radiotherapy on QoL (van Vulpen et al., 2003) have been described. The purpose of 
this study was to investigate the QoL changes after dose-escalated radiotherapy. The 
few studies available concerning QoL after dose-escalated radiotherapy suggest that 
an increased radiation dose does not result in deterioration in QoL (Namiki et al., 
2006; Little et al., 2003; Kupelian et al., 2001). However, in these studies either a cross-
sectional design (rather than a more solid longitudinal design) was used, patient groups 
were small, or no baseline measurement of QoL was performed, which is essential in 
this older patient group. Validated QoL questionnaires, including a prostate-specific 
module, were occasionally missing. The vast majority of publications on health-related 
QoL in prostate cancer focus on men with localized disease. However, patients with an 
unfavorable prognosis (T >2a, prostate-specific antigen >10 ng/mL, or Gleason score 
>6) are expected to need an increased radiation dose as well as adjuvant hormonal 
treatment, resulting in higher incidences of toxicity and subsequently a decreased QoL 
(Pollack et al., 2002; Zelefsky et al., 2002).
In this study we used a prospective, longitudinal design, including baseline 
measurements and well-validated QoL questionnaires to investigate QoL changes in 
patients with locally advanced prostate cancer after conformal radiotherapy with a 
dose of 70 Gy, compared with IMRT with a dose of 76 Gy.
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Methods and materials

From December 1997 to October 2001, 99 patients with mostly locally advanced 
prostate cancer received three-field conformal external beam radiotherapy (70 Gy). 
From October 2003 to November 2004, 116 patients with mostly locally advanced 
prostate cancer were treated with IMRT (76 Gy). Toxicity of all patients was measured 
using the Common Toxicity Criteria (version 2.0) (Trotti et al., 2002). 
For the first group, a CT-planned three-dimensional conformal external beam 
technique was used to deliver a dose of 70 Gy at 2-Gy fractions (5 fractions per week). 
A conformal three-field isocentric technique was applied using 6- and 18-MV photons 
and a multileaf collimator (van Vulpen et al., 2003). Position verification was performed 
by visualizing the bony anatomy using portal imaging with electronic portal imaging 
devices. The accuracy of this method is limited because of the possible variation of the 
position of the prostate relative to the bony anatomy. 
All patients in the IMRT group received dose escalation to the prostate corpus, 
delineated on CT, of 76 Gy in 35 fractions of 2.17 Gy with a multileaf collimator and 
10-MV photons (van der Heide et al., 2007). In this group transrectally implanted 
gold markers were used for daily position verification, which provides more accurate 
positioning of the prostate, resulting in more precise delivery of the radiation dose to 
the prostate and the organs at risk (van der Heide et al., 2007; Dehnad et al., 2003).
General health-related QoL was measured by the RAND-36 generic health survey 
(16), cancer-specific QoL by the European Organization for Research and Treatment 
of Cancer (EORTC) core questionnaire (QLQ-C30(+3)) (Aaronson et al., 1993), and 
prostate tumor–specific QoL by the EORTC prostate cancer module (QLQ-PR25) 
(Borghede et al., 1996).All questionnaires are well validated and are widely used in 
oncology trials (Henderson et al., 2004). Scales and items of these questionnaires range 
in score from 0 to 100. For RAND-36 and for the global QoL and functional scales of 
the EORTC questionnaires, a high score value indicates better functioning and a high 
level of QoL. For the symptom/problem items of the EORTC questionnaires, higher 
scores represent a higher level of symptomatology and consequently a worse QoL.
For the EORTC questionnaires, changes in time of 10 points or more are considered 
clinically relevant (Osoba et al., 1998). Because RAND-36 applied the same score range, 
the same interpretation of a clinically relevant change has been used (van Vulpen et 
al., 2003).
The first questionnaire was presented to the patient at the Department of Radiation 
Oncology before treatment. One and 6 months after the completion of treatment, 
the measurements were repeated. Seventy-eight patients of the conformal treatment 
group and 92 patients of the IMRT group completed all questionnaires at the three 
measurement points and were, therefore, included for this study. All questionnaires 
demonstrated a high response rate except for the questions regarding sexual activity.
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Differences between the baseline characteristics of the two treatment groups were 
examined with the Chi-square or the Mann- Whitney U test. General linear model 
repeated-measures analyses of variance were performed with SPSS 10.0 (SPSS, Chicago, 
IL) to analyze the effect of radiotherapy treatment and time over all three time points. 
For the QoL changes without a significant difference between the two treatment 
groups, both treatment groups were analyzed together for QoL changes within time. 
Separately, two changes in QoL over time were analyzed (baseline vs. 1 month and 
baseline vs. 6 months) to evaluate the QoL changes between these measurement 
points. Test results with a p value of <.01 were considered statistically significant with 
Bonferroni correction. Cronbach’s coefficient a was calculated to determine internal 
consistency reliability.

Results

The patient characteristics of the IMRT 76-Gy and conformal 70-Gy radiotherapy 
groups are shown in Table 1. No significant differences between groups were found 
in terms of age (p = .8), tumor stage (p = .5), tumor grade (p = .9), and prostate-
specific antigen level (p= .5). Twenty patients of the conformal 70-Gy group received 
hyperthermia in addition to conformal radiotherapy. Because hyperthermia was 
shown not to affect QoL (van Vulpen et al., 2003), these patients were evaluated 
together with the patients who merely received conformal radiotherapy. At the 
time of study entry, no national guidelines for hormonal treatment were available. 
Therefore, only 9 patients of the conformal treatment group and 24 patients of the 
IMRT group received adjuvant androgen deprivation therapy (ADT). All patients had 
a World Health Organization performance score of <2.
For both treatment groups, no acute toxicities above Grade 2 were seen for any of 
the Common Toxicity Criteria categories (gastrointestinal, genitourinary, infection, 
and constitutional symptoms), except for one Grade 3 urinary tract infection with 
intravenous antibiotic indicated in the 76-Gy group.
In Table 2, the means and standard deviations of all variables of the QoL measures 
before treatment (baseline) and 1 month and 6 months after treatment are shown for 
the patient group receiving 70 Gy conformal radiotherapy (n = 78) and for the 76-Gy 
IMRT group (n = 92).
Repeated-measures analysis of QoL changes over all three time points between 
the patient groups resulted in statistically significant differences between the two 
treatment groups for several QoL items. For these QoL items the QoL changes over time 
were analyzed separately for the IMRT and the conformal groups (Table 3). The QoL 
items without significant differences between both treatment groups are presented in 
Table 4. To evaluate QoL changes over time for these items, the two treatment groups 
(n = 170) were described together to increase the number of patients in the analysis.
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Table 1. Patient characteristics.

Conformal (n = 78) IMRT (n = 92)

Age at baseline, years

    mean (range) 67 (47-78) 67 (49-79)

Tumor stage

    T1 4 (  5.1) 12 (13.0)

    T2 13 (16.7) 5 (  5.4)

    T3 60 (76.9) 75 (81.5)

    T4 1 (  1.3) -  

Tumor grade

    G1 10 (12.8) 11 (12.0)

    G2 54 (69.2) 62 (67.4)

    G3 14 (17.9) 19 (20.7)

PSA, ng/mL

    mean (range) 28 (0.2-400) 19 (2-90)

      0-20 50 (64.1) 65 (70.7)

    21-80 24 (30.8) 25 (27.2)

      > 81 4 (  5.1) 2 (  2.2)

Hyperthermia treatment

    number of patients 20 -

Hormonal treatment

    number of patients 9 24 

Radiotherapy dose, Gy

< 66 3 - 

   70 75 -

   76 - 92

IMRT = intensity-modulated radiotherapy; PSA = prostate-specific antigen.
Values are number (percentage), unless otherwise noted.
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Table 2. Means (± standard deviations) of scales and single items of each questionnaire for the conformal 
group and the IMRT group.

 Conformal 70Gy (n = 78)  IMRT 76Gy (n = 92)

Item  Baseline 1 month 6 months  Baseline 1 month 6 months

RAND-36

  Physical functioning 85 ± 21 81 ± 20 84 ± 21 86 ± 17 84 ± 17 85± 18
  Social functioning 80 ± 21 73 ± 28 84 ± 22 82 ± 18 86 ± 19 90± 16
  Physical role restriction 78 ± 37 55 ± 44 76 ± 36 78 ± 35 72 ± 41 82± 33
  Emotional role restriction 77 ± 36 75 ± 39 86 ± 30 78 ± 36 85 ± 31 91± 28
  Mental health 75 ± 16 77 ± 14 79 ± 15 76 ± 16 78 ± 16 80± 16
  Vitality 70 ± 19 64 ± 21 70 ± 18 69 ± 20 68 ± 19 69± 20
  Pain 90 ± 18 79 ± 25 86 ± 19 88 ± 19 87 ± 19 91± 17
  General health 68 ± 17 67 ± 17 70 ± 17 66 ± 16 66 ± 17 68± 19
  Change in health 50 ± 21 42 ± 19 56 ± 25 44 ± 14 54 ± 26 63± 25
EORTC QLQ-C30(+3)

  Physical functioning 91 ± 15 85 ± 18 89 ± 17 89 ± 14 88 ± 13 88± 15
  Role functioning 88 ± 20 75 ± 29 86 ± 22 87 ± 19 85 ± 20 89± 19
  Emotional functioning 75 ± 19 81 ± 17 82 ± 20 78 ± 16 87 ± 18 88± 18
  Cognitive functioning 86 ± 21 85 ± 21 84 ± 20 89 ± 16 86 ± 19 86± 20
  Social functioning 90 ± 16 84 ± 22 90 ± 20 90 ± 16 92 ± 15 94± 12
  Global health/QoL 79 ± 17 75 ± 18 79 ± 19 78 ± 15 78 ± 13 81± 13
  Fatigue 21 ± 21 30 ± 25 21 ± 23 20 ± 19 24 ± 20 20± 19
  Nausea and vomiting 1 ±   6 3 ± 11 3 ± 13 2 ±   8 2 ±   8 2 ±   5
  Pain 11 ± 19 16 ± 23 14 ± 19 12 ± 20 13 ± 22 9 ± 17
  Dyspnea 12 ± 25 12 ± 22 11 ± 21 9 ± 18 12 ± 21 15± 22
  Insomnia 24 ± 32 30 ± 28 19 ± 30 23 ± 26 26 ± 26 16± 24
  Appetite loss 2 ±   8 4 ± 15 3 ± 10 6 ± 14 2 ±   8 3 ± 10
  Constipation 2 ±   8 8 ± 18 4 ± 15 3 ±   9 6 ± 15 7 ± 18
  Diarrhea 6 ± 17 12 ± 20 8 ± 17 6 ± 16 13 ± 22 13± 24
  Financial difficulties 1 ±   5 4 ± 14 4 ± 13 3 ± 10 3 ± 10 2 ±   8
EORTC QLQ-PR25

  Urinary symptoms/problems 18 ± 17 34 ± 23 14 ± 12 19 ± 15 22 ± 18 17± 15
  Bowel symptoms/function 5 ± 12 11 ± 13 7 ± 11 5 ±   8 9 ± 11 8 ±   9
  Treatment-related symptoms 6 ±   8 9 ± 10 10 ± 11 9 ± 12 13 ± 13 12± 12
  Sexual functioning 26 ± 21 25 ± 20 28 ± 22 23 ± 20 24 ± 20 26± 22
  Sexual activity 69 ± 22 56 ± 25 57 ± 23 66 ± 22 60 ± 29 51± 25

* EORTC QLQ-C30(+3) = European Organization for Research and Treatment of Cancer core quality-of-
life questionnaire; EORTC QLQ-PR25 = EORTC prostate cancer module.
In RAND-36 a higher score reflects a better health. In EORTC QLQ-C30(+3) and QLQ-PR25 a high score 
reflects a high level of symptoms or functioning or quality of life.
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Table 3 shows significant differences between the two treatment groups for QoL 
changes for baseline vs. 1 month. The IMRT 76-Gy treatment group demonstrated less 
deterioration in QoL for all scales and items compared with the conformal 70-Gy group. 
For baseline vs. 6 months, no significant differences between the treatment groups 
were seen. Analyzed separately, the conformal 70-Gy group revealed a temporary 
significant and clinically relevant deterioration in ‘pain’, ‘role functioning’, and ‘urinary 
symptoms’. For the IMRT 76-Gy group only a clinically relevant improvement in the 
QoL item ‘change in health’ existed after 1 month, which was improved further at 6 
months after treatment.

Table 3. Quality of life items with significant differences over time between treatment groups.

QoL change over  time

Item

Conformal 70Gy without 

gold markers

(n = 78)

IMRT 76Gy with 

gold markers

(n = 92)

 Difference between 

groups

(p value)

Baseline versus 1 month

RAND-36

      Social functioning -  7.4  (ns)    3.5  (ns)   0.006
      Pain -10.3  (<0.0001)* -  1.0  (ns)   0.01
      Change in health -  8.7  (0.01)    9.9  (0.002)* <0.0001

EORTC QLQ-C30(+3)

      Physical functioning -  5.7  (0.002) -  0.3  (ns)   0.006
      Role functioning -12.2  (<0.0001)* -  1.8  (ns)   0.006

EORTC QLQ-PR25

      Urinary symptoms/function  16.4  (<0.0001)*    2.5  (ns) <0.0001
Baseline versus 6 months 

RAND-36

      Social functioning    4.3  (ns)    7.6  (<0.0001)   ns
      Pain -  4.2  (ns)    3.5  (ns)   ns
      Change in health    6.0  (ns)  18.7  (<0.0001)*   ns

EORTC QLQ-C30(+3)

      Physical functioning -  2.3  (ns) -  0.7  (ns)   ns
      Role functioning -  2.2  (ns)    1.5  (ns)   ns

EORTC QLQ-PR25

      Urinary symptoms/function -  4.0  (ns) -  2.3  (ns)   ns

ns = not significant. Other abbreviations as in Tables 1 and 2.
Values are change over time (p value). p ≤ .01 is considered significant. In RAND-36, a higher score eflects 
better health. In EORTC QLQ-C30(+3) and QLQ-PR25, a high score reflects a high level of symptoms or 
functioning or quality of life.
* Significant change in score of ≥ 10 points (clinically relevant). 
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For the QoL items without significant differences between the treatment groups, the 
QoL changes over time (baseline vs. 1 month and baseline vs. 6 months) for both 
treatment groups together are presented in Table 4. The comparison of health-related 
QoL at baseline with the measurement at 1 month revealed a significant decrease 
of ≥ 10 points in ‘physical role restriction’ and ‘sexual activity’. The clinically relevant 
deteriorated ‘sexual activity’ remained after 6 months, and, furthermore, a clinically 
relevant improvement in QoL concerning ‘emotional role restriction’ was seen 
comparing QoL scores at baseline with scores after 6 months.

Table 4. Change in time in quality of life items without significant between-group differences over time, 
for the 170 patients in de IMRT and conformal groups combined.

Item Baseline versus 1 month Baseline versus 6 months

RAND-36

   Physical functioning -  2.8  (ns) -  1.0  (ns)
   Physical role restriction -15.0  (<0.0001)*    1.3  (ns)
   Emotional role restriction    3.5  (ns)  10.6  (0.002)*
   Mental health    1.9  (ns)    3.8  (0.002)
   Vitality -  3.7  (0.01)    0.2  (ns)
   General health -  0.3  (ns)    0.7  (ns)
EORTC QLQ-C30(+3)

   Emotional functioning    7.6  (<0.0001)    8.5  (<0.0001)
   Cognitive functioning -  2.4  (ns) -  2.8  (ns)
   Social functioning -  2.3  (ns)    2.3  (ns)
   Global health/QoL -  1.7  (ns)    1.8  (ns)
   Fatigue    6.0  (<0.0001) -  0.4  (ns)
   Nausea and vomiting    1.3  (ns)    1.2  (ns)
   Pain    3.0  (ns)   -0.5  (ns)
   Dyspnea    1.3  (ns)    2.5  (ns)
   Insomnia -  1.1  (ns) -  6.2  (ns)
   Appetite loss -  0.8  (ns) -  1.3  (ns)
   Constipation    4.4  (0.002)    3.3  (ns)
   Diarrhea    6.8  (0.002)    4.1  (ns)
   Financial difficulties    2.1  (ns)    1.3  (ns)
EORTC QLQ-PR25  
   Bowel symptoms/function    5.1  (<0.0001)    2.1  (ns)
   Treatment-related symptoms    3.2  (<0.0001)    3.5  (<0.0001)
   Sexual functioning -  0.1  (ns)    2.7  (ns)
   Sexual activity -  9.8  (<0.0001)* -13.9  (<0.0001)*

Abbreviations as in Tables 1, 2, and 3.
Values are change over time (p value). p ≤ 0.01 is considered significant.
In EORTC QLQ-C30(+3) and QLQ-PR25, a high score reflects a high level of symptoms or functioning or 
quality of life. In RAND-36, a higher score reflects better health.
* Significant change in score of ≥ 10 points (clinically relevant).
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With regard to the small number of patients (n = 33) treated with adjuvant ADT in 
our study, analysis of variance for repeated measures showed no significant difference 
between patients treated with ADT compared with patients without ADT, except 
for ‘treatment-related symptoms’ and ‘change in health’ (p = .003 and p = .004, 
respectively). Patients treated with ADT demonstrated more ‘treatment-related 
symptoms’ after 1 month and a better ‘change in health’ after 6 months.
For a sufficient internal consistency, a Cronbach’s a coefficient of ≥ .70 is required. 
Reliability analysis resulted in a Cronbach’s a value of ≥ .70 for all scales, except 
‘cognitive’ and ‘social functioning’ in EORTC QLQ-C30(+3) (a between .58 and .76) 
and ‘bowel’ and ‘treatment-related symptoms/problems’, ‘sexual functioning’, and 
‘sexual activity’ in QLQ-PR25 (a between .52 and .74).

Discussion

A comparison between patients treated with 70 Gy conformal radiotherapy without 
position verification by fiducial markers and patients receiving 76 Gy IMRT with the 
use of fiducial markers revealed no significant decrease in QoL changes over time 
with increased radiation dose. Our study even demonstrated significantly improved 
QoL changes for the high-dose radiotherapy group between baseline and 1 month in 
several domains compared with the 70-Gy treatment group.
In the conformal 70-Gy group, a temporary worsening of QoL occurred in terms 
of ‘pain’ and ‘urinary symptoms’. The bladder and rectum of the 76-Gy treatment 
group might have received less radiation owing to the IMRT technique and improved 
position verification, resulting in less ‘pain’ and ‘urinary symptoms’ for the 76-Gy 
group compared with the conformal 70-Gy group. Because physical complaints 
limit the daily role activity, QoL concerning ‘role functioning’ showed a temporary 
decrease for the 70-Gy group as well. A significant decrease in QoL in terms of ‘change 
in health’ occurred for the 70-Gy group after 1 month, as opposed to a significant 
increase for the 76-Gy group. For the 70-Gy group the deterioration of this QoL item 
was restored after 6 months, and for the 76-Gy group the ‘change in health’ improved 
even further. Physical complaints explain the difference between the treatment 
groups. The ‘‘response shift’’ mechanism (referring to a changed internal standard on 
which patients base their perception, due to a life-threatening disease (Breetveld et al., 
1991)) may be involved in the improvement of ‘change in health’ over time.
The cross-sectional study by Little et al. (2003), without validated QoL questionnaires 
and baseline measurements, revealed no significant differences in QoL between 
patients receiving 78 vs. 70 Gy. Kupelian et al. (2001) made a cross-sectional 
comparison between hypofractionated IMRT (70 Gy in 2.5-Gy fractions) and conformal 
radiotherapy (78 Gy in 2-Gy fractions) and also reported no significant difference in 
QoL. In accordance with our results, Namiki et al. (2006) demonstrated better QoL 
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for only 30 patients treated with 76 Gy IMRT compared with 70 Gy conventional and 
conformal radiotherapy. The relative increase in QoL might be an effect of less radiation 
damage due to improved radiation techniques. Intensity-modulated radiotherapy 
improves dose conformality of the target and reduces unnecessary radiation to 
surrounding normal tissue. Furthermore, position verification by fiducial markers in 
the prostate minimizes patient setup errors during treatment and leads to less rectal 
and bladder irradiation (van der Heide et al., 2007). Our report shows that improved 
technical possibilities, regarding IMRT and accurate position verification, provide the 
possibility of dose escalation with comparable and sometimes even improved QoL 
results. Therefore, to minimize the risk of QoL deterioration, an accurate radiotherapy 
technique should be used when further increasing the radiation dose to the prostate.
The evaluation of QoL changes over time for items without a group difference (Table 
4) revealed a temporary worsening of QoL after 1 month in terms of ‘physical role 
restriction’, probably due to passing ‘‘mild’’ side effects. After 6 months, all patients 
showed a significant increase in ‘emotional role restriction’, which might be explained 
by (1) patients having time to adapt to the situation, (2) response shift mechanism, 
and (3) decreasing fear of recurrence and death over time (De Graeff et al., 2000).
For all patients a significantly worse QoL in terms of ‘sexual activity’ occurred after 1 
month and persisted after 6 months. For both treatment groups the radiation damage 
causing erection or ejaculation dysfunction seems to be permanent. Scores of ‘sexual 
activity’ were only available for 30 patients in the IMRT 76-Gy group and 28 patients in 
the conformal 70-Gy group. The Dutch translation of the EORTC QLQ-PR25 requests 
an answer to the questions concerning ‘sexual activity’ only when patients had been 
sexually active in the last 4 weeks, thus causing a low response rate for this scale and 
perhaps leading to under or overestimated QoL in terms of ‘sexual activity’. However, 
persistent reduction of ‘sexual activity’ after external beam radiotherapy has been 
extensively reported (Namiki et al., 2006; Little et al., 2003; Wahlgren et al., 2004; 
Korfage et al., 2005; Yoshimura et al., 2004; van Andel et al., 2004). The temporary 
significant worsening of QoL in terms of ‘vitality’, ‘fatigue’, ‘constipation’, ‘diarrhea’, and 
‘bowel symptoms’ with a mean score difference of <10 points is the result of the acute 
side effects of external beam radiotherapy treatment (e.g., bowel complaints, pain, 
and fatigue) (Peeters et al., 2005a; Little et al., 2003; Wahlgren et al., 2004; Bacon et al., 
2001).
Despite a prospective design including baseline measurements and using validated 
QoL questionnaires, the present study has some limitations. The study was not 
randomized, and patients were treated in a sequential fashion over different periods, 
which might have influenced the QoL changes over time. However, at baseline no 
significant differences between the two groups were present with regard to patient 
characteristics. Furthermore, at baseline the QoL measures did not differ significantly 
between groups. Late rectal and bladder toxicity usually occurs within 3 years of 
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completion of radiotherapy (2), and our short-term follow-up of 6 months may 
mask significant toxicity and consequently possible QoL changes. Longer follow-up 
is required to verify the comparable and perhaps even improved QoL after high dose 
vs. normal-dose external beam radiotherapy. In the future, it will be important for 
randomized studies of further dose escalation to measure QoL, as well as toxicity, with 
long-term follow-up. 

Conclusion

Compared with 70 Gy conformal radiotherapy, no deterioration in QoL occurred when 
increasing the radiation dose for locally advanced prostate cancer, probably owing to 
such improved technical possibilities as IMRT and more accurate position verification. 
For several QoL items the dose escalated IMRT group even showed statistically 
significant and clinically relevant improved QoL changes over time compared with 
the conformal 70-Gy treatment group. Therefore, this study suggests that IMRT and 
accurate position verification provide the possibility of increasing the radiation dose 
for prostate cancer without deterioration in QoL. Longer follow-up is necessary to 
investigate long-term QoL after an increased radiation dose.







Long-term quality of life 
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Abstract

Purpose

To evaluate the change in quality of life (QoL) 3 years after high-dose intensity-
modulated radiotherapy (IMRT) using gold fiducial marker-based position verification 
in patients with locally advanced prostate cancer.

Methods and Materials

Between October 2003 and November 2004, 95 patients with locally advanced 
prostate cancer were treated with 76 Gy IMRT with gold-fiducial marker-based 
position verification. Before treatment (baseline) and 1, 6 and 36 months after RT the 
QoL was measured using the RAND-36, the European Organization for Research and 
Treatment of Cancer (EORTC) core questionnaire (QLQC30( + 3)) and the prostate 
tumor-specific module (EORTC QLQ-PR25). Changes in QoL with time of ≥ 10 points 
were considered clinically relevant.

Results

After 3 years there was a statistically significant improvement in QoL for ‘emotional 
role restriction’ and ‘functioning’, ‘change in health’, ‘mental health’ and ‘insomnia’, 
compared with baseline. ‘Emotional role restriction’ increased by > 10 points and was 
therefore clinically relevant, while all other differences were of < 10 points. There was 
a statistically significant deterioration of QoL after 3 years in ‘physical’ and ‘cognitive 
functioning’, ‘bowel symptoms/function’ and ‘sexual activity’. Only the ‘sexual activity’ 
QoL score changed by 12 points and was therefore the only meaningful deterioration 
in QoL at 3 years after treatment.

Conclusion

IMRT and accurate position verification provide the possibility to deliver a high 
irradiation dose to the prostate without clinically relevant deterioration in long-term 
QoL, except for a persistent decrease in ‘sexual activity’ score.
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Introduction

External beam radiotherapy is one of the treatment options for localized and locally 
advanced prostate cancer. Several randomized trials showed an improvement in 
biochemical relapse-free survival rate with an increase in irradiation dose (Peeters 
et al., 2006; Pollack et al., 2002; Zietman et al., 2005). Further increases in dose are 
expected to lead to further improvement (Eade et al., 2007). Especially patients with an 
unfavorable prognosis might benefit from an increased radiation dose (Pollack et al., 
2002). By increasing the radiation dose, the risk of genitourinary and gastrointestinal 
toxicity also increases (Cheung et al., 2007). To evaluate treatment, not only toxicity 
but also the impact on quality of life (QoL) is important (Litwin et al., 1999). 
Intensity-modulated radiotherapy (IMRT) can be used to increase the dose to the 
prostate while the dose to the organs at risk remains acceptable, because this technique 
provides better coverage of the target and sparing of the organs at risk. Furthermore, 
daily verification of the position of the prostate, using fiducial gold markers, improves 
the precision of the treatment, and therefore the organs at risk might receive less 
radiation dose (van Vulpen et al., 2008). The theoretical advantages of IMRT dose 
distributions and the reduction of the positioning errors with fiducial markers has 
been established. However, not many clinical results of IMRT in combination with 
accurate position verification have been published (Veldeman et al., 2008). 
Previously, we reported that improved technical possibilities prevented a deterioration 
in QoL when the radiation dose was increased. Patients treated with 76 Gy IMRT with 
accurate position verification even had clinically relevant improvements in QoL over a 
period of 6 months, compared with a group treated with 70 Gy conformal RT (Lips et 
al., 2007). Yoshimura et al. (2007) described comparable QoL outcomes between IMRT 
and conformal RT. However, concerns have been raised about the short-term follow-
up of both studies, because late bladder and rectal toxicity can develop several years 
after completing RT (Gardner et al., 2002). Late rectal toxicity usually occurs within 
3 years of completing RT and bladder toxicity even continues to develop thereafter. 
Only one study reported the QoL scores at 3 years after IMRT, but this involved only 
six patients (Junius et al., 2007). A few studies described the QoL scores 2 years after 
IMRT (Namiki et al., 2006; Kupelian et al., 2001; Sanda et al., 2008). 
Good-quality QoL research has to meet certain conditions; not only are large groups 
of patients important, but it is also important  to measure the patients’ perception of 
their health and ability to function in life, because physician assessment of treatment-
induced complaints differs from morbidity reported by patients (Lilleby et al., 1999). 
Other conditions for good quality QoL research include validated QoL questionnaires 
including an organ-specific module, and a longitudinal study design including baseline 
scores, which is essential in this older patient group (Osoba et al., 2005). 
In this prospective and longitudinal study, we measured long-term QoL, using a 
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prostate-specific module, of patients treated with IMRT of 76 Gy, using fiducial marker-
based position verification. For this patient group we previously reported good QoL 
results at 1 and 6 months after RT, and in the present study we investigated the change 
in QoL between the measurement before RT (baseline) and 3 years afterward.

Methods and materials

Between October 2003 and November 2004, 116 patients with mainly locally 
advanced prostate cancer were treated with IMRT. The prostate was delineated on 
CT and a margin of 8 mm was applied to the prostate and seminal vesicles to create 
a planning target volume (PTV). Patients received IMRT with a five-beam ‘step-and-
shoot’ technique and 10-MV photons. A mean dose of 76 Gy in 35 fractions of 2.17 Gy 
was prescribed to the PTV and 95% of the prescribed dose (= 72 Gy) was prescribed to 
99% of the PTV. The dose in the part of the PTV overlapping the rectum and bladder 
was limited so that ≤ 5% of the rectum and 10% of the bladder would receive a dose 
of ≥ 72 Gy (Nederveen et al., 2001; van der Heide et al., 2007). For position verification, 
three fiducial gold markers were transrectally implanted inside the prostate, using 
antibiotic prophylaxis. During treatment the fiducial gold markers were visualized 
using portal images of the first fields of all five beam directions, using the iView-GT 
amorphous silicon flat-panel detector (Elekta Ltd, Crawley, UK). The position of the 
fiducial gold markers can be easily and reliable detected, allowing for fast and accurate 
determination of the position of the prostate. Daily imaging of the fiducial markers 
was used for off-line position verification, using an adapted ‘shrinking-action-level’ 
protocol (van der Heide et al., 2007). 
General health-related QoL was measured using the RAND-36 generic health survey 
(Hornbrook et al., 1995), cancer-specific QoL using the European Organization 
for Research and Treatment of Cancer (EORTC) core questionnaire (QLQC30( + 
3)) (Aaronson et al., 1993), and the prostate tumor-specific QoL using the EORTC 
prostate cancer module (QLQ-PR25) (Borghede et al., 1996). All questionnaires are 
well validated and widely used in oncology trials (Henderson et al., 2004). 
Scales and items of these questionnaires range in score from 0 to 100. For RAND-36 
and for the ‘global’ QoL and functional scales of the EORTC questionnaires, a high 
score represents a high level of QoL and better functioning. For the symptom/problem 
items of the EORTC questionnaires, higher scores represent a higher level of symptoms 
and consequently a worse QoL. A change of 10% (or in general, 0.5 standard deviation 
(SD)) of the scale breadth is perceptible to patients as a meaningful change, and a 
change in QoL of ≥ 10 points is therefore considered clinically relevant (Osoba et al., 
2005).
The first questionnaire was presented to the patient before treatment at the 
Department of Radiation Oncology; at 1, 6 and 36 months after completing the 
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treatment the measurements were repeated. For all patients treated between 2001 
and 2004 at our department with 76 Gy IMRT and fiducial marker-based position 
verification, the pre-treatment, acute and late toxicity was scored (Lips et al., 2008). 
Ninety-five patients were included in the study, because 15 were lost to follow-up and 
six died within the 3 years of follow-up. All questionnaires had a high response rate, 
except for questions about sexual activity.
Because the data were normally distributed a paired sample t-test was used to 
examine differences in QoL scores between the time points (baseline vs. 3 years). The 
QoL changes between baseline, 1 and 6 months were analyzed previously (Lips et al., 
2007). Test results with a p ≤ .01 were considered statistically significant, to account for 
multiple comparisons. Cronbach’s coefficient a was calculated to determine internal 
consistency and reliability of the questionnaires.

Results

The characteristics of the 95 patients included in the study are shown in Table 1; most 
had locally advanced prostate cancer (tumor stage T3).

Table 1. The characteristics of the 95 patients.
Characteristic

Age at baseline, years

    Mean (range) 68 (46-79)

PSA level, ng/mL

    ≤ 10 
    > 10-20 
    > 20

29 (31)
36 (38)
30 (32)

Gleason score  
    2-6 
    7 
    8-10

48 (51)
28 (30)
19 (20)

Tumor stage 
    T1 
    T2 
    T3 
    T4

  9 (10)
  4 (  4)
82 (86)
  0

Hormonal treatment 
    None
    Short-term( ≈   6 months) 
    Long-term( ≤ 36 months)

59 (62)
26 (27)
10 (11)

TURP before radiotherapy

    Yes
    No

  8 (  8)
87 (92)

TURP = transurethral resection of the prostate; PSA = prostate-specific antigen.
Values are number (percentage), unless otherwise noted
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At the time of the study entry, no national guidelines for hormonal treatment were 
available, and therefore, only 36 patients received adjuvant androgen-deprivation 
therapy (ADT), which was divided into short-term (≈ 6 months) and long-term 
hormonal treatment (≤ 36 months). All patients had a World Health Organization 
performance score of ≤ 2.
During RT four patients developed grade 3 genitourinary toxicity, consisting of urinary 
frequency/urgency, urinary retention, haematuria and dysuria. One of these patients 
already had grade 3 complaints of urinary frequency before RT. There was no acute 
grade ≥ 3 gastrointestinal toxicity. Furthermore, one patient developed a urinary tract 
infection during RT that required intravenous antibiotic (grade 3).
Within 3 years after RT two patients developed grade 3 genitourinary toxicity and 
one developed severe radiation proctitis requiring several argon-plasma coagulations 
(grade 3).
Table 2 shows the mean (SD) of all QoL items before treatment (baseline), and 1, 6 
and 36 months after treatment. Two-related samples tests between the QoL scores 
at baseline and after 3 years resulted in statistically significant differences between 
these time points for several QoL items. Figure 1 shows the course in QoL of the QoL 
items with a significant difference after 3 years, vs. baseline scores. The RAND-36 
questionnaire at 3 years showed a better QoL for ‘emotional role restriction’, ‘mental 
health’ and ‘change in health’, and worse ‘physical functioning’ than the baseline 
measurement. Only ‘emotional role restriction’ showed a change in QoL over time of 
> 10 points and was therefore considered as the only clinically meaningful change in 
QoL for this questionnaire (Figure 1a). The three statistically significant changes in QoL 
over time for the EORTC QLQ-C30 items were < 10 points and therefore not clinically 
relevant (Figure 1b). Figure 1c shows worse QoL for ‘bowel symptoms/function’ and 
‘sexual activity’. ‘Sexual activity’ showed a clinically relevant decrease of 12 points after 
3 years; this QoL item was worse at 1 month after treatment and that persisted after 
6 months and 3 years.
A subanalysis showed that there were no significant differences in QoL for ‘sexual 
activity’ between patients with and without ADT at baseline, with a mean (SD) QoL 
score of 54 (25) vs. 72 (22) at baseline and at 3 years after RT of 54 (32) vs. 56 (25). 
However, patients with no ADT had decreased ‘sexual activity’ scores between baseline 
and 3 years (p = .004), while patients with ADT had no deterioration in ‘sexual activity’ 
after 3 years compared with baseline. Unfortunately ‘sexual activity’ scores were only 
available for seven patients with ADT and 25 without.
We also compared the change in QoL for patients with and with no increase in toxicity 
between baseline and 3 years after RT. There were no clinically relevant and significant 
differences in the change in QoL for patients with an increase in gastrointestinal and 
genitourinary complaints compared with those with a decrease or no change in 
toxicity.
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Table 2. The mean (SD) scores for scales and single items of each questionnaire.  

Baseline 1 month 6 months 3 years

P for difference, 

baseline vs. 3 years

Item n = 95 n = 85 n = 85 n = 95

RAND-36

Physical functioning 87 ±14 85 ±17 86 ±16 83 ± 19 0.007
Social functioning 83 ±18 85 ±18 90 ±16 88 ± 18 ns
Physical role restriction 80 ±35 71 ±40 84 ±30 83 ± 32 ns
Emotional role restriction 79 ±35 87 ±30 92 ±25 90 ± 24 0.01*
Mental health 77 ±15 78 ±13 81 ±14 82 ± 15 0.001
Vitality 70 ±20 68 ±19 71 ±19 71 ± 22 ns
Pain 89 ±17 86 ±18 92 ±15 90 ± 19 ns
General health 68 ±16 67 ±16 70 ±18 66 ± 19 ns
Change in health 44 ±13 53 ±24 63 ±24 52 ± 16 0.002

EORTC QLQ-C30(+3)

Physical functioning 89 ±13 88 ±13 89 ±14 87 ± 16 ns
Role functioning 88 ±18 86 ±20 90 ±18 88 ± 22 ns
Emotional functioning 80 ±15 88 ±16 89 ±16 88 ± 16 <0.0001
Cognitive functioning 91 ±14 87 ±18 87 ±18 85 ± 18 <0.0001
Social functioning 90 ±14 92 ±14 95 ±12 93 ± 17 ns
Global health/quality of life 79 ±14 79 ±12 82 ±13 80 ± 15 ns
Fatigue 19 ±19 23 ±21 18 ±18 21 ± 20 ns
Nausea and vomiting   2 ±  8   2 ±  7   1 ±  5   1 ±   6 ns
Pain 11 ±18 12 ±20   8 ±16 13 ± 21 ns
Dyspnea   8 ±18 11 ±21 13 ±21 13 ± 21 ns
Insomnia 21 ±25 24 ±25 15 ±24 14 ± 22 0.01
Appetite loss   5 ±13   2 ±  8   2 ±  7   3 ±   9 ns
Constipation   3 ±11   5 ±14   6 ±17   6 ± 14 ns
Diarrhea   5 ±16 13 ±21 11 ±22   8 ± 18 ns
Financial difficulties   3 ±11   4 ±10   2 ±  7   2 ±   9 ns

EORTC QLQ-PR25

Urinary symptoms/problems 17 ±13 21 ±18 15 ±14 16 ± 13 ns
Bowel symptoms/function   5 ±  7   8 ±11   8 ±11   8 ± 12 0.004
Treatment-related symptoms   8 ±12 13 ±13 11 ±12 10 ± 10 ns
Sexual functioning 23 ±21 24 ±20 24 ±21 26 ± 21 ns
Sexual activity † 68 ±24 57 ±28 54 ±22 56 ± 26 0.01*

ns =  not significant. EORTC QLQ-C30(+3) = European Organization for Research and Treatment of Cancer 
core quality-of-life questionnaire; EORTC QLQ-PR25 = EORTC prostate cancer module.
*Statistically significant and clinically relevant change in score between baseline and 3 years of ≥ 10 points. 
P < .01 is considered significant. †Sexual activity scores were available for only 32 patients.
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Figure 1. Changes in QoL for the RAND-36 (a), the EORTC core QLQ-C30 (b), and the EORTC-QLQ-PR25 
(c) QoL items, with a significant difference between baseline and 3 years. Error bars represent the standard 
error. In the RAND-36, a higher score reflects better health. In EORTC QLQ-C30(+ 3) and QLQ-PR25, a 
higher score reflects a high level of symptoms or functioning or QoL.
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For sufficient internal consistency, a Cronbach’s a coefficient of ≥ .70 is required. 
Reliability analysis gave a Cronbach’s a of ≥ .70 for all scales, except ‘nausea’ (.31–.73) 
and ‘cognitive’ and ‘social functioning’ (.52–.84) in the EORTC QLQ-C30(+ 3), and 
‘bowel function’ (.33–.64), ‘treatment-related symptoms/problems’ (.50–.64) and 
‘sexual activity’ (.58–.77) in the QLQ-PR25.
The present study, including 95 patients, was well powered to detect QoL differences 
of 10 points. In 95% of the scales the SD was 14–19 (Table 2). The power to detect a 
difference of 10 points between baseline and 3 years as statistically significant with 95 
patients and a two-sided a of .01 is 100% (when using a SD of 14) and 99.7% (when 
using a SD of 19). 

Discussion

To our knowledge, this is the first study to evaluate the change in QoL for a large 
group of patients 3 years after 76 Gy IMRT using gold-fiducial marker-based position 
verification. Previously, we reported that, compared with 70-Gy conformal RT, there 
was no deterioration in QoL after 6 months. In the present study, there was no 
meaningful deterioration of QoL 3 years after completing RT from the QoL before RT, 
except for the QoL item ‘sexual activity’. Better planning of the target volumes and 
sparing of the organs at risk using IMRT and adequate position verification might have 
resulted in little radiation damage and consequently no clinically relevant effect of the 
side-effects on QoL.
The previous evaluation of the short-term QoL changes after 76 Gy IMRT (Lips et al., 
2007) showed a significant and meaningful increase in ‘emotional role restriction’ after 
6 months. This increase in QoL score remained after 3 years, with a difference of 11 
points from baseline. A decreasing fear of recurrence and death, and having a long 
time to adapt to the situation, might be involved in the persistent increase of this QoL 
item.
The short-term analysis also showed that after 6 months there was an increase in 
‘change in health’ score (Lips et al., 2007). The increase in QoL for ‘change in health’ 
between baseline and 3 years was significant (p = .002), but not clinically relevant 
(< 10 points). However, the change in QoL between 6 months and 3 years was 
significant, with a clinically relevant decrease of 11 points. The improvement in ‘change 
in health’ after 6 months was attributed to the ‘response shift’ mechanism (referring 
to a changed internal standard on which patients base their perception, due to a 
life-threatening disease (Breetvelt et al., 1991)). The worsening of ‘change in health’ 
thereafter might be due to ageing, as Aaronson et al. (1998) reported lower QoL scores 
for older respondents (> 70 years) than younger respondents in The Netherlands.
QoL for ‘sexual activity’ had already decreased by 1 month after RT. The persistent 
deterioration in QoL might be due to late radiation effects and has been reported 
previously (Namiki et al., 2006; Pinkawa et al., 2009; Little et al., 2003), but also the 
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patients’ age and comorbities might have influenced sexual activity (Lue et al., 2000). 
Previous reports suggest an arteriogenic pathology as the main cause for erectile 
dysfunction after RT (Incrocci et al., 2002). The Dutch translation of the EORTC QLQ-
PR25 requests patients to complete the questions about ‘sexual activity’ only when 
they were sexually active in the last 4 weeks. For that reason the ‘sexual activity’ scores 
were available for only 32 patients, which could have led to under- or overestimated 
QoL scores. 
Sanda et al. (2008) reported long-lasting symptoms involving sexuality due to 
androgen suppression of limited duration. In the present study, patients treated with 
ADT had no deterioration in ‘sexual activity’ between baseline and 3 years, but they 
seemed to have worse ‘sexual activity’ scores before RT. At 3 years after RT there was 
no difference in ‘sexual activity’ between patients with and without ADT. This might 
be due to the few patients treated with ADT in our study. However, Yoshimura et 
al. (2007) even reported an improvement in sexual function during the follow-up, 
probably resulting from reduced sexual function before the start of RT, as a result of 
neoadjuvant hormone therapy.
In the present study, the increase in gastrointestinal and genitourinary toxicity did not 
significantly affect the change in QoL. This could be because the incidence of severe 
toxicity was very low, but the absence of a correlation between QoL and toxicity was 
reported previously (Lilleby et al., 1999; Staff et al., 2003). The increase in toxicity might 
be too small to be detected by the QoL questionnaires, but another explanation might 
be that patients had time to adapt to the RT-induced complaints and developed 
coping skills (Breetvelt et al., 1991).
After a follow-up of 6 months, there were no differences in QoL scores between IMRT 
and conformal RT, or improved QoL scores in patients treated with IMRT (Lips et al., 
2007; Yoshimura et al., 2007). At ≈ 2 years after RT, Kupelian et al. (2001) reported 
no differences in QoL between a dose of 70 Gy in 2.5 Gy fractions using IMRT and 
conformal RT. However, a less solid cross-sectional design was used and only 24 
patients were included. In accordance with our findings, Namiki et al. (2006) reported, 
for 12 patients at 2 years after monotherapy with 76 Gy IMRT, no significant difference 
in QoL from the baseline level. Recently Sanda et al. (2008) reported worse bowel 
and sexual QoL scores 2 years after external beam RT (either IMRT or conformal RT) 
than baseline scores. Unfortunately no technical specifications and treatment dose 
were described. Only Junius et al. (2007) measured the long-term QoL after IMRT; at 3 
years after treatment with 66 Gy in 2.64 fractions there were no clinically relevant QoL 
changes for six patients, except an increase in ‘emotional’ and decrease in ‘cognitive 
functioning’, which was also seen in the present patients.
We used a high RT dose of 76 Gy because it is expected to lead to high biochemical 
control rates (Pollack et al., 2002; Peeters et al., 2006; Zietman et al., 2005). In the present 
study, we conclude that our treatment is well tolerated and causes no significant 
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clinical deterioration in QoL, but a longer follow-up is required to determine the 
biochemical or clinical failure in our patient group.

Conclusion

In conclusion, 3 years after IMRT with 76 Gy using fiducial gold marker-based position 
verification, all QoL items, except ‘sexual activity’, had no significant and clinically 
relevant deterioration compared with the QoL scores before the start of RT. The QoL 
for ‘emotional role restriction’ improved after 6 months and remained high 3 years 
after RT. The satisfactory QoL results 3 years after treatment might be a consequence 
of the few side-effects after treatment with IMRT and accurate position verification. 
IMRT is especially suitable for avoiding organs at risk, e.g. rectum and bladder, while a 
high dose of radiation is delivered to the prostate. In combination with daily position 
verification using fiducial markers, the organs at risk might have received little 
irradiation, leading to fewer complaints during and after treatment.





FLAME-trial

Chapter 8

This chapter has been submitted as:

I.M. Lips, U.A. van der Heide, K. Haustermans, F. Pos, E.N. van Lin, 
S.P.G. Franken, A.N.T.J. Kotte, C.H. van Gils and M. van Vulpen.

Single blind randomized Phase III trial to investigate the benefit of a
focal lesion ablative microboost in prostate cancer (FLAME-trial). 

Trials 2011



102

C
ha

pt
er

 8

Abstract 

Background

The treatment results of external beam radiotherapy for intermediate and high 
risk prostate cancer patients are poor with five-year biochemical relapse rates of 
approximately 35%. Several randomized trials have shown that dose escalation to 
the entire prostate improves biochemical disease free survival. However, further dose 
escalation to the whole gland is limited due to an unacceptable high risk of acute and 
late toxicity. Moreover, local recurrences often originate in the macroscopic tumor, 
so boosting the radiation dose at the macroscopic tumor within the prostate might 
increase local control. A reduction of distant metastases and improved survival can 
be expected by reducing local failure. The aim of this study is to investigate the benefit 
of an ablative microboost to the macroscopic tumor within the prostate in patients 
treated with external beam radiotherapy for prostate cancer. 

Methods/Design

The FLAME-trial (Focal Lesion Ablative Microboost in prostatE cancer) is a single 
blind randomized controlled phase III trial. We aim to include 566 patients (283 per 
treatment arm) with intermediate or high risk adenocarcinoma of the prostate who 
are scheduled for external beam radiotherapy using fiducial markers for position 
verification. With this number of patients, the expected increase in five-year freedom 
from biochemical failure rate of 10% can be detected with a power of 80%. Patients 
allocated to the standard arm receive a dose of 77 Gy in 35 fractions to the entire 
prostate and patients in the experimental arm receive 77 Gy to the entire prostate 
and an additional integrated microboost to the macroscopic tumor of 95 Gy in 35 
fractions. The secondary outcome measures include treatment-related toxicity, 
quality of life and disease-specific survival. Furthermore, by localizing the recurrent 
tumors within the prostate during follow-up and correlating this with the delivered 
dose, we can obtain accurate dose-effect information for both the macroscopic tumor 
and subclinical disease in prostate cancer. The rationale, study design and preliminary 
results of the first 50 patients included are described.

Trial registration

This study is registered at ClinicalTrials.gov: NCT01168479
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Introduction

Localised prostate cancer can be treated by radical prostatectomy, brachytherapy 
or external beam radiotherapy. For low risk tumors the results of external beam 
radiotherapy are comparable to radical prostatectomy and brachytherapy with 
freedom from biochemical failure rates approximating 95% after 5- to 10-year follow-
up (Lu-Yao et al., 1997). The outcome for intermediate and high risk patients is worse 
with freedom from biochemical failure ranging between 60% and 75% after 5- to 
10-years follow-up (Widmark et al., 2009; Peeters et al., 2006; Pollack et al., 2002). 
Several randomized trials have proven that dose escalation in external beam 
radiotherapy improves the biochemical disease free survival (Pollack et al., 2002; Peeters 
et al., 2006; Zietman et al., 2005; Dearnaley et al., 2007). Pollack et al. (2002) compared 
the efficacy of 70 Gy versus 78 Gy on 305 patients with stage T1-3 prostate cancer. 
For patients with a pre-treatment PSA > 10 ng/mL the freedom from biochemical 
failure rate at five year was 43% versus 62% respectively, in favor of the higher dose 
group. The randomized trial from Peeters et al. (2006) compared 68 Gy versus 78 Gy 
on 669 patients with stage T1-4 prostate cancer. Five-year freedom from failure rate 
was significantly improved from 54% to 64%. Further increase in dose is considered 
to improve the treatment results even further (Peeters et al., 2006; Pollack et al., 2002; 
Zelefsky et al., 2002). Moreover, local recurrences often occur at the site of the primary 
macroscopic tumor (Pucar et al., 2007; Cellini et al., 2002), so boosting the radiation 
dose to the macroscopic tumor might increase the local control. An improvement in 
distant metastases and survival can be expected by reducing local failure, due to the 
relationship between these treatment outcomes (Coen et al., 2002; Kupelian et al., 
2008; Jacob et al., 2004).
Dose escalation to the entire prostate is not considered feasible by reason of 
unacceptable toxicity risks. This problem can be overcome by partial boosting 
strategies. In this way, the macroscopic tumor can be irradiated to a very high dose, 
while the dose constraints to the rectum and bladder can be maintained (Lips et al., 
2009a; van Lin et al., 2006). This approach is being used to deliver a microboost to the 
dominant tumor region in a number of pilot studies (Miralbell et al., 2010; Gaudet et 
al., 2010; Fonteyne et al., 2008; De Meerleer et al., 2005). The dose to the macroscopic 
tumor is increasingly escalated. The highest dose was delivered in a feasibility study 
by Singh et al. (2007) who treated 3 patients with an ablative dose of 95 Gy to the 
macroscopic tumor within the prostate with no severe toxicity (≥ grade 3).
To investigate the benefit of an ablative microboost to the macroscopic tumor 
within the prostate, we started a randomized controlled trial (the FLAME-trial:  Focal 
Lesion Ablative Microboost in prostatE cancer, clinical trials: study protocol number 
NCT01168479). The purpose of this trial is to assess whether a dose escalation to the 
macroscopic tumor increases the five-year freedom from biochemical failure rate. 
Furthermore, we will assess the influence of this dose escalation on treatment-related 
toxicity, quality of life (QoL) and disease-specific survival. 
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Methods / design

Study design

The FLAME-trial is a multicenter randomized controlled trial. Patients are recruited 
during the intake consultation at the Department of Radiation Oncology in one of 
the participating centers. After giving informed consent, patients are randomized to 
either the standard arm or to the experimental arm. Patients in the standard arm 
receive radiotherapy according to the current gold standard, namely 77 Gy in 35 
fractions of 2.2 Gy to the whole prostate. Patients in the experimental arm receive an 
additional integrated microboost to the macroscopic tumor to a total dose of 95 Gy 
in 35 fractions. 
To ensure unbiased assessment of QoL measurements, the patients are blinded for 
the actual treatment given (receiving an ablative microboost or not). The treating 
physician needs to be informed about the actual treatment, to be able to judge the 
treatment plans. This is unlikely to influence the assessment of the objective primary 
endpoint of the trial.

Patients

Men with histological proven intermediate or high risk adenocarcinoma of the prostate, 
who will receive external beam radiotherapy using optimal position verification with 
implanted fiducial gold markers, are eligible for the study. Intermediate or high risk 
is defined according to the currently internationally accepted criteria from Ash et al. 
(2000) as patients having one (intermediate risk) or more (high risk) factor of T2b-c, 
or Gleason score = 7, or initial prostate-specific antigen (iPSA) 10-20 ng/mL, or having 
one or more (high risk) factors of: T3, or Gleason score >7, or iPSA> 20 ng/mL. Patients 
with low risk tumors are not included in this study, because the treatment outcome 
for this group is already excellent with a 10-year prostate cancer-specific survival 
approximating 95% (3). 
Exclusion criteria are: previous pelvic irradiation, previous prostatectomy, World 
Health Organization (WHO) score > 2, International Prostate Symptom Score (IPSS) ≥ 
20, transurethral resection of the prostate (TURP) within 3 months from start of the 
treatment, general contraindications for MRI (i.e. cardiac pacemaker, metal implants 
or history of severe allergic reaction after administration of contrast agent) or the use 
of anti-coagulants that cannot be discontinued for the gold markers implantation.
The study protocol is approved by the Medical Ethical Committees of the participating 
hospitals. Written informed consent will be obtained from all patients.
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Randomization

Randomization is performed by an independent trial center. If a patient meets the 
inclusion criteria and has provided informed consent, the physician contacts the trial 
center. To prevent randomly occurring differences in important prognostic factors 
across the two randomized groups, the randomization is stratified by TURP, hormonal 
treatment and by centre. A TURP prior to radiotherapy is associated with significantly 
more late genitourinary toxicity (Peeters et al., 2005a; Sandhu et al., 2000). The likely 
mechanism of increased late toxicity is related to the relative devascularisation of the 
urethra after TURP and the decreased capability of the mucosa to repair sublethal 
damage after radiotherapy (Sandhu et al., 2000). Hormonal treatment is a prognostic 
unfavorable factor for late genitourinary side effects (Peeters et al., 2005; Schultheiss et 
al., 1997) and erectile impotence (van der Wielen et al., 2007; Zelefsky et al., 1999; Turner 
et al., 1999). Furthermore, a protective effect for hormonal treatment is reported for 
acute gastrointestinal side effects (Peeters et al., 2005a; Christie et al., 2005; Vavassori 
et al., 2007). To prevent small numbers of patients in a particular hospital from all 
receiving, by chance, the same treatment, the hospital is chosen as one of the factors 
for stratified randomization as well. 

Time schedule

Between October 2009 and October 2010, 50 patients were included at the 
Department of Radiation Oncology of the University Medical Center Utrecht. Based 
on this accrual and the fact that patients will also be recruited at other participating 
centers, we expect that the accrual will be completed within 5 years from start. 

Radiotherapy 

To minimize the positioning errors during treatment all patients are treated with an 
on-line position verification protocol using implanted fiducial gold markers (Lips 
et al., 2009a; Moman et al., 2010; van der Heide et al., 2007). Radiotherapy will be 
delivered with advanced radiotherapy techniques to be able to create adequate dose 
distributions. 
A mean dose of 77 Gy in 35 fraction of 2.2 Gy is prescribed to the entire prostate gland 
(Nederveen et al., 2001; Lips et al., 2008). According to the current standard of care, the 
radiation margin around the prostate is 4 to 8 mm (van der Heide et al., 2007; Meijer 
et al., 2008). The dose in the part of the PTV overlapping the rectum and bladder is 
limited to keep the risk of severe gastrointestinal and genitourinary toxicity acceptable. 
To provide an accurate delineation of the prostate gland with respect to the 
surrounding tissues (Rasch et al., 1999; Usmani et al., 2010), the prostate is delineated 
on a computed tomography (CT) scan combined with a registered magnetic resonance 
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imaging (MRI) scan. The rectum is contoured from the anus or ischial tuberosities to 
the rectosigmoid flexure or sacroiliac joints. The bladder is completely outlined from 
the bladder neck to the dome. 

Intervention 

Patients randomized to the experimental arm are treated with the current gold 
standard of 77 Gy to the whole prostate and in addition receive an integrated 
microboost to the macroscopic tumor to reach a total dose of 95 Gy in 35 fractions of 
2.7 Gy. To delineate the macroscopic tumor within the prostate, different MR imaging 
techniques are used. In addition to an anatomic T2 weighted sequence, a combination 
of the following functional imaging modalities can be used (Groenendaal et al., 
2010; van der Heide et al., 2011). Dynamic contrast-enhanced (DCE)-MRI gives a 
characterization of the tissue vasculature (Padhani et al., 2002). With this technique it 
is possible to detect areas with macroscopic tumor, because tumors tend to contain 
higher density of leaky blood vessels. With diffusion-weighted imaging (DWI)-MRI the 
mobility of water molecules is measured (Hosseinzadeh et al., 2004). Tumor tissue 
can be identified on DWI-MRI, because in tumor the extracellular volume is reduced, 
leading to reduced water diffusion in tumor tissue. MR spectroscopic imaging (MRS) 
provides metabolic information with cancer regions showing higher choline and lower 
citrate levels (Scheidler et al., 1999). 

Primary endpoint 

To evaluate whether the addition of an ablative microboost to the macroscopic tumor 
within the prostate increases the five-year freedom from biochemical failure rate 
compared to the current standard of care. Biochemical failure is defined according to 
the Phoenix definition as a PSA rise of 2 ng/mL above the nadir PSA level (Roach et 
al., 2006). The PSA level is measured every six months until 10 years after treatment.

Secondary endpoints

Secondary endpoints are treatment-related toxicity, QoL and disease-specific survival. 
Treatment-related toxicity is measured by the Common Toxicity Criteria for adverse 
events version 3.0 (CTCAE) (Trotti et al., 2003). The following adverse events are scored: 
urinary frequency/urgency, urinary retention, bladder spasms, urinary incontinence, 
genitourinary hemorrhage, dysuria, rectal or perirectal pain, proctitis, diarrhea, 
flatulence hemorrhoids, anal incontinence, erectile dysfunction. The physician in 
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attendance scores the complaints before treatment, acute toxicity (weekly during 
treatment and 4 weeks after treatment) and late toxicity (every six months until 10 
years after treatment). All symptoms are registered even if they occur only on one 
single occasion. Grade > 2 is considered severe toxicity.
General health-related QoL is measured using the RAND-36 generic health survey 
(Hornbrook et al., 1995), cancer-specific QoL using the European Organization for 
Research and Treatment of Cancer (EORTC) core questionnaire (QLQ-C30)(Aaronson 
et al., 1993), and the prostate tumor-specific QoL using the EORTC prostate cancer 
module (QLQ-PR25) (Borghede et al., 1996). The RAND-36 assesses physical and 
social functioning, physical and emotional role restriction, mental health, vitality, pain, 
general health and change in health. The EORTC QLQ-C30 contains five functional 
scales, three symptoms scales, a global QoL scale and six single-items. The EORTC 
QLQ-PR25 assesses urinary, bowel and sexual symptoms and functioning, and the 
side effects of hormonal treatment. The first questionnaire is handed over to the 
patient one week before treatment at the Department of Radiation Oncology and the 
next questionnaires are sent to the patient every six months until 10 years after the 
completion of the treatment. 
For disease-specific survival, death with metastases is considered a death caused by 
the disease.

Safety

An independent data safety monitoring board (DSMB) will evaluate the toxicity 
and clinical outcome. The DSMB receives an update of the toxicity in total and per 
treatment arm every 3 months. Serious toxicity, defined as any acute or late toxicity 
requiring surgical intervention, any grade 4 toxicity, and any not-transient (duration 
>6 months) late toxicities grade 3, will immediately be reported to the DSMB. An 
overview of the percentage of biochemical recurrences per treatment arm together 
with the evaluated number of patients per arm will be sent to the DSMB yearly as 
well as a statistical comparison of the incidence of serious and less serious toxicities 
in the two arms. The DSMB decides on stopping or continuing the trial. Exact rules 
cannot be specified in advance, but an increase in the incidence of toxicity (grade 
3-4) with 5% or a smaller, but statistically significant increase, are among the reasons 
to consider stopping the trial. The DSMB can decide to prematurely stop the trial in 
case the improvement in outcome in the experimental aim is higher than anticipated 
in the trial design. 

Sample size considerations

The statistical power of the study was calculated for the primary endpoint (five-year 
freedom from biochemical failure). Based on data of two randomized clinical trials 
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(Peeters et al., 2006; Pollack et al., 2002) reporting the treatment results of patients 
treated with a radiation dose equal to the dose of the standard arm of our trial, we 
expect that the five-year freedom from biochemical failure of the standard arm will 
be approximately 64%. We expect that an additional ablative microboost to the 
macroscopic tumor will increase this number with at least 10%. With a statistical 
power of 80% to detect this increase from 64% to 74% (p <.05, one-sided), we require 
283 patients in the standard arm and 283 patients in the experimental arm. 

Data analysis

All analysis will be performed according to the intention-to-treat principle. Cox 
proportional hazards regression will be used to analyze differences in biochemical 
failure and disease-specific survival between the two treatment arms. Survival curves 
will be estimated by the Kaplan-Meier technique. Differences between both groups in 
the incidence of acute side-effects will be tested with the Chi square test. The incidence 
of late toxicity will be analyzed actuarially with the Kaplan-Meier method, the log 
rank test and Cox regression analysis. To examine differences in QoL between the 
two treatment groups, the proportion of patients with clinically meaningful changes 
in QoL (i.e. the proportions with improved, stable, and deteriorated scores) at the 
different time points will be calculated. A change of 10% (or in general, 0.5 standard 
deviation) of the scale width is perceptible to patients as a meaningful change (Osoba 
et al., 2005). Differences between the two treatment groups in the three categories of 
responses (improved, stable and deteriorated QoL) will be tested with the Chi square 
test. Because of the multiple comparisons for the QoL items, the p value is set at a 
conservative .01 for determining statistical significance (Movsas et al., 2009). For all 
other analyses, which do not include the QoL measures, a p value of <.05 is considered 
statistically significant. 

Preliminary results

The first 50 patients included in the FLAME- trial, were treated between October 2009 
and October 2010 at the Department of Radiation Oncology of the UMC Utrecht. 
All patients received seven-beam intensity-modulated radiotherapy (IMRT). A mean 
dose of 77 Gy in 35 fraction of 2.2 Gy was prescribed to the planning target volume 
(PTV) and at least 70 Gy was prescribed to 99% of the PTV (Nederveen et al., 2001; 
Lips et al., 2008).  We aimed at limiting the dose to the rectum and bladder so that ≤ 
5% of the rectum and ≤ 10% of the bladder receives a dose of ≥ 72 Gy. Furthermore, a 
volume of 1 cc of the bladder and rectum receives a maximum dose of 80 Gy and 77 
Gy, respectively, and ≤ 50% of the rectum receives a dose of ≥ 50 Gy (Lips et al., 2008). 
All treatment plans were checked by two investigators (UAH and MV) before start 
of the treatment. The beam directions were 0º, 50º, 100º, 155º, 205º, 260º and 310º. 
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The location of the fiducial markers was determined by visualizing the markers using 
portal images of the first segment of the 0º beam and the 260º beam. A difference 
of more than 1 mm compared to the planning-CT was corrected on-line. After 5 
fractions the average rotation of the prostate was calculated. A rotation of 3º around 
the anterior-posterior or the left-right axis and a rotation of 6º around the cranio-
caudal axis was corrected by changing the gantry or table rotation or the collimator 
angle. The portal images of the first segment of the remaining beams were used to 
determine the average intrafraction prostate motion (Kotte et al., 2007). For each 
patient the individual intrafraction and remaining rotational errors were used to 
calculate the actual delivered doses to the target and the organs at risk. 
The patients were treated in supine position. One hour before the pre-treatment 
planning scans and the radiotherapy sessions, patients were instructed to drink 500 
ml to create a full bladder. A full bladder during radiotherapy results in a decreased 
amount of bladder volume in the high dose region and a lower dose to bowel loops 
compared to treatment with an empty bladder (Pinkawa et al., 2006). No antiflatulent 
diet or laxative was prescribed (Lips et al., 2011). When the rectum filling on CT and 
MRI differed considerably, a new CT or MRI scan was performed, to minimize the 
registration uncertainty between these two imaging modalities. 
For delineation of the macroscopic tumor within the prostate, defined as the gross 
tumor volume (GTV), anatomical and functional imaging was performed on a 3 Tesla 
MRI scanner (Achieva Philips Medical Systems, Best, the Netherlands). The exam 
included 3 anatomical scans: a multislice T2 weighted turbo spin echo (TSE) sequence 
(TR/TE 8400/120 ms), a T1 weighted sequence and a balanced turbo field echo (TFE) 
sequence (TR/TE 2.8/1.4 ms, FOV = 25 cm, slice thickness = 1 mm). The DCE-MRI 
protocol consists of a 3D spoiled gradient echo sequence (TR/TE 4.0/1.0 ms, flip angle 
6º). Scans were repeated 120 times at 2.4s interval. A single acquisition consisted of 
20 axial slices of 2.5 mm. The field of view is 40 x 40 cm2, the reconstruction matrix 
160x160. For contrast enhancement, 0.1 mg/kg body weight gadobutrol (1.0M 
(Gadovist, Schering) was injected intraveneously. Trace-kinetics modeling was done 
using the Tofts model (Tofts et al., 1999) resulting in 3D maps of the transfer constant 
Ktrans. Diffusion-weighted imaging scans were performed using a multislice single shot 
SE-EPI sequence (FOV = 38 cm, slice thickness = 3 mm, intersection gap = 1mm, TR/
TE = 5000/54ms, acquisition matrix = 152 x 107, b values = 0, 300, 5000, 100 s/mm2). 
The delineation of the GTV was done by the treating physician and checked by two 
investigators before start of the treatment. To account for possible extracapsular 
extension, the delineation of the macroscopic tumor was expanded with an extra 
margin of 4 mm (Chao et al., 2006). Figure 1 shows an example of the delineation 
of the GTV and the dose distribution for a patient in the experimental arm. Table 1 
shows the patient characteristics of the first 50 patients. Twenty-three patients were 
randomized into the experimental arm and 27 into the standard arm. 
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Figure 1. Example of the delineation of the macroscopic tumor area (GTV) on T2 weighted MRI (a), an 
apparent diff usion coeffi  cient map derived from diff usion-weighted MRI (b) and a Ktrans parameter map 
obtained from dynamic contrast-enhanced MRI (c) and the dose distribution (d). 

a

c

b

d

Discussion

Th e FLAME-trial is designed to investigate the eff ect of an ablative microboost to the 
macroscopic tumor for patients treated with external beam radiotherapy for prostate 
cancer. 
Previous studies demonstrated that the rate of toxicity after high dose external beam 
radiotherapy with the use of accurate position verifi cation is low and consequently 
high QoL is reported (Lips et al., 2008; Lips et al., 2007; Lips et al., 2009b; Marchand et 
al., 2010; Zelefsky et al., 2006). Planning studies showed that an ablative microboost 
to the macroscopic tumor is theoretically feasible within the currently used dose 
constraints for rectum and bladder (Pickett et al., 1999; Xia et al., 2001; van Lin et 
al., 2006). Furthermore, a feasibility study of Singh et al. (2007) reported excellent 
early toxicity after simultaneous integrated IMRT boost of 95 Gy to the intraprostatic 
lesions As a result, with the use of optimal position verifi cation combined with the 
currently used dose constraints, the toxicity in the experimental treatment arm with 
the ablative microboost of 95 Gy is expected to be acceptable. 
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Table 1. Patient characteristics.
Patients included in the FLAME-trial

(n = 50)

Characteristic No. %

Age, years

      Median 
      Upper and lower quartile

70.5
66.8  –  73.0

Tumor stage

     T1
     T2
     T3
     T4

3
8
38
1

6
16
76
2

Tumor grade

     Gleason score 4-6
     Gleason score 7
     Gleason score 8-10

14
17
19

28
34
38

iPSA, ng/mL

      Median 
      Upper and lower quartile

14.3 
9.9  –  21.0

Cardiovascular disease 33 66

Diabetes mellitus 5 10

Prescription of long term hormonal therapy 26 52

History of TURP 10 20

TURP = transurethral resection of the prostate; iPSA = initial prostate-specific antigen. 

Previous trials demonstrated a biochemical benefit of dose escalation. However, up to 
now none of the dose escalation trials were able to detect an improvement in disease 
specific or overall survival. However, all trials were designed for biochemical survival 
instead of overall or disease-specific survival due to the natural behavior of prostate 
cancer. For this reason the FLAME-trial is also powered for biochemical disease free 
survival. An improvement in local control without a proven benefit in overall survival 
is only acceptable when severe toxicity remains limited. Furthermore, to establish 
whether a benefit in biochemical failure free survival also counterbalances the 
negative aspects of dose escalation, such as a small increase in toxicity, it is important 
that QoL is taken into account. Therefore, repeated QoL measurements are performed 
in patients included in this trial.  
The precise delineation of the macroscopic tumor within the prostate is a topic of 
ongoing research (Groenendaal et al., 2010; van der Heide et al., 2011; Langer et al., 
2009). In the FLAME-trial the delineation of the macroscopic tumor is based on 
anatomical and functional imaging according to the current opinion. The different 
imaging techniques might show conflicting results about the boundaries of the 
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macroscopic tumor area, leading to difficult delineation decisions. Therefore, it is of 
major importance to investigate the precise location of a recurrence and to establish 
what dose was prescribed to that location. When a patient shows a rising PSA without 
distant metastases, DCE-MRI and MRS can be used to detect the location of recurrent 
prostate cancer (van Vulpen et al., 2009; De Visschere et al., 2010; Kim et al., 2010; 
Rouviere et al., 2007; Haider et al., 2008). By correlating the dose distribution of the 
initial radiotherapy with the location of a local recurrence, accurate dose-effect 
information can be obtained. The dose-effect data generated from this analysis will 
help us to evaluate the required dose for each cancer subunit and to provide a better 
understanding of the different imaging techniques. The dose distributions of the 
patients treated in the experimental arm, are inhomogeneous with very low and very 
high delivered doses, and for that reason provide important dose-effect information 
to create a reliable dose-effect curve. 
A randomized study design is indicated to resolve the problem of confounding 
effects. To our knowledge, no other randomized controlled trials are being performed 
to investigate the benefit of an ablative microboost to the macroscopic tumor in 
prostate cancer patients. Beside Singh et al. (2007), three other groups performed 
a pilot study in which a microboost to the dominant tumor region was delivered. 
Miralbell, et al. (2010) treated 50 patients, after 64-64.4 Gy in 1.8-2 Gy fractions to 
the whole prostate, with a hypofractionated boost of 2 fractions of 5 to 8 Gy to the 
dominant tumor region, delineated by anatomical imaging. After a median follow up 
time of 63 months, a 5-year biochemical disease-free and disease-specific survival of 
98%  and 100%, respectively, were reported with acceptable long-term toxicity. Gaudet 
et al. (2010) selectively delivered a brachytherapy hyperdosage of ≥ 216 Gy (150% 
of the prescribed dose) to the macroscopic tumor, defined according to positive 
areas on sextant biopsy, in 70 patients with localized prostate cancer treated with 
permanent seed prostate implant. No difference in acute or late toxicities compared 
to 120 patients with a standard plan were seen. Fonteyne et al. (2008) and De Meerleer 
et al. (2005) performed the largest trial in which 230 patients were treated with a 
mean dose of 81-82 Gy to a dominant lesion, defined by T2 weighted MRI or MRI plus 
spectroscopy. With the use of IMRT and daily ultra-sound based prostate positioning, 
the acute toxicity remained low with no grade 3 or 4 acute gastrointestinal toxicity 
and 7% grade 3 genitourinary toxicity.
Analyses of the actual delivered dose in the first 50 patients included in the FLAME-
trial, revealed that it is possible to deliver a high dose to the macroscopic tumor 
area without compromising the dose constraints for the nearby organs at risk. The 
influence of the remaining intrafraction and rotational errors using an on-line position 
verification protocol is minimal.
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Conclusion

The aim of the FLAME-trial is to assess in patients treated with external beam 
radiotherapy for prostate cancer, the potential benefit of an additional ablative 
microboost to the macroscopic tumor on biochemical control. In addition, the 
subgroup of patients that will develop a local recurrence within the prostate after 
treatment can be used to obtain accurate dose-effect information for both the 
dominant lesion and subclinical disease in prostate cancer.
The study protocol was approved by the Medical Ethical Committee. The trial is 
registered at ClinicalTrials.gov (Registration identification number: NCT01168479; 
URL: http://clinicaltrials.gov/ct2/show/NCT01168479)





Summary and general discussion 

Chapter 9
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This thesis addressed the potential for dose escalation in patients treated with external 
beam radiotherapy for prostate cancer. For low risk prostate cancer patients the 
treatment outcome is already excellent (Lu-Yao et al., 1997), however for intermediate 
and high risk patients outcome is insufficient and improvement is desired (Peeters 
et al., 2006; Pollack et al., 2002; Widmark et al., 2009). Previous dose escalation trials 
found that an increase in dose to the prostate resulted in an improved biochemical 
free survival (Peeters et al., 2006; Pollack et al., 2002; Zietman et al., 2005; Kupelian 
et al., 2005; Dearnaley et al., 2007). Further dose escalation is expected to lead to 
further improvement (Morgan et al., 2007; Zelefsky et al., 2002; Nahum et al., 2003). 
However dose escalation to the whole prostate is not considered achievable by reason 
of unacceptable toxicity risks. Recurrences often occur in the primary tumor (Pucar et 
al., 2007; Cellini et al., 2002), so therefore an ablative microboost to the primary tumor 
might be beneficial. To establish whether this approach is feasible and safe, several 
questions were answered. Firstly, the position uncertainties during treatment were 
investigated by exploring the effect of interfraction errors (chapter 2) on complex dose 
distributions with an integrated microboost to the macroscopic tumor and by looking 
at the intrafraction prostate motion and whether the use of a laxative (chapter 3) or 
a diet (chapter 4) could reduce this error. Secondly, the expected toxicity (chapter 5) 
and quality of life (QoL) (chapter 6 and 7) after treatment with an escalated dose to 
the tumor was explored. Finally, the design of the FLAME-trial, a randomized clinical 
trial to investigate the benefit of an ablative microboost to the macroscopic tumor 
within the prostate, was presented (chapter 8). 

Interfraction motion

To compensate for variations in treatment position and internal organ motion, a 
margin around the target is added. The treatment volume is thereby increased and an 
overlap with the organs at risk is created, which increases the risk of treatment-related 
toxicity. Thus for delivery of an ablative microboost within the prostate while the dose 
to the organs at risk remains acceptable, a small margin is desirable. The size of a margin 
is determined by the systematic and random errors and can be calculated with margin 
recipes (van Herk et al., 2000; Stroom et al., 1999). The margin rules were derived for 
homogenous, three-dimensional conformal radiotherapy, while the complex intensity-
modulated radiotherapy (IMRT) dose distributions with an ablative microboost to the 
macroscopic tumor are inhomogeneous, nonspherical and have small target shapes 
and less steep penumbras. In chapter 2 the dose distributions for prostate IMRT with 
an integrated boost to the macroscopic tumors for 19 patients were recalculated 
with the use of their individual translational and rotational errors measured during 
treatment. The use of an on-line protocol to correct the translational errors led to an 
improvement of the dose coverage in comparison to the use of an off-line protocol. 
However patients with large systematic rotational errors demonstrated a substantial 
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decrease in dose, irrespective of the use of an off-line or on-line correction protocol. 
Especially when the macroscopic tumor is located far from the rotation point, a 
correction of the rotational errors is necessary to establish a sufficient coverage of this 
volume. Rotation corrections can be done in clinical practice by several ways, such as 
rotation of the tabletop using robotic couches (van Herten et al., 2008), collimator 
and gantry angle adjustments (Yue et al., 2008; Rijkhorst et al., 2007; Yue et al., 2006), 
or using adaptive radiotherapy techniques (Court et al., 2005). However, correction 
of the rotations determined by implanted markers assumes the prostate, including 
the seminal vesicles, to be a rigid body. The seminal vesicles are flexible and have 
been demonstrated to move independently of the prostate and the markers (van der 
Wielen et al., 2008; Smitsmans et al., 2011; Liang et al., 2009). Marker-based rotation 
correction might therefore lead to an incorrect dose delivery at the location of the 
seminal vesicles (Mutanga et al., 2010). Consequently prudence is called for correction 
of rotational errors, determined with marker-based image guidance, when the 
seminal vesicles are part of the target volume. On the other hand the dose coverage 
of the macroscopic tumor might be more important than the dose to the seminal 
vesicles, which gives good reason for correction of marker-based rotational errors for 
inhomogeneous dose distributions with an ablative microboost to the tumor. 
The results described in chapter 2 revealed that the required margin to account for 
the geometric uncertainties was smaller than expected by the simple margin recipe. 
This can be explained by the very shallow dose gradients that are created in complex 
IMRT plans, which should not be excluded in the margin recipe for complex IMRT. 
Furthermore, the inhomogeneous dose distribution can cause a compensation of an 
underdosage by an overdosage of the target over the 35 fractions. So for complex 
IMRT dose distributions, the required margin to account for the random interfraction 
position errors becomes very small. Before the margins in clinical practice can be 
reduced, the magnitude of other uncertainties has to be determined. For example the 
intrafraction motion, prostate deformation, reliability of the repositioning systems, 
inaccuracy of marker detection, uncertainty on determination of the center of gravity 
of the seeds within the computer tomography (CT) scan and uncertainty in the 
delineation of the target, have to be taken into account. 
Another uncertainty that will become relevant when the margins become very small 
is the extracapsular extension of the macroscopic tumor within the prostate. In 
prostatectomy specimens with extracapsular extension, the median distance of the 
microscopic extension was 2.4 mm and 5% of the patients demonstrate an extension of  
> 4 to 5 mm beyond the capsule. In patients with a prostate-specific antigen (PSA) level 
of ≥ 10 ng/ml and Gleason score ≥ 7, this risk may exceed even 20%. The extracapsular 
extension occurred primarily posterolaterally (Chao et al., 2006). A target with a large 
extracapsular extension could potentially be missed during highly accurate radiation 
delivery using small treatment margins. To compensate for this uncertainty, adding an 
extra margin around the macroscopic tumor should be considered. 
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Intrafraction motion

Because the interfraction position uncertainties can be minimized with on-line 
position verification, the minimization of intrafraction motion gains interest. The 
hypothesis is that gas pockets and changing rectal filling are the major causes of 
intrafraction motion. Therefore several groups started to prescribe daily laxative and a 
diet to reduce the amount of gas pockets and create a more stable rectal filling. Other 
studies investigating the possibilities to reduce the intrafraction motion (Smitsmans 
et al., 2008; Wu et al., 2001; Madsen et al., 2003; Ogino et al., 2008; Padhani et al., 1999) 
often used a combination of interventions (such as a laxative in combination with a 
diet and fixed treatment times), which makes it impossible to determine the solitary 
effect of each intervention. To be able to distinguish the effect of a diet from the use 
of a laxative, two studies were performed to investigate the effect of each intervention 
separately. In chapter 3 the results of a double-blind, placebo-controlled randomized 
trial showed that magnesium oxide did not reduce the intrafraction motion during 
external beam radiotherapy for prostate cancer. Chapter 4 describes that after the 
introduction of a diet during radiotherapy in clinical practice the intrafraction 
prostate motion increased. 
The absent of a benefit from a diet or a laxative concerning the reduction of 
the intrafraction prostate motion might be explained by the age of our patient 
population. Epidemiologic studies demonstrated a high prevalence of constipation 
and laxative use in the elderly with a suggested prevalence for constipation as high 
as 50% (Higgins et al., 2004). The exact biologic mechanism is unclear, but advancing 
aged is associated with altered mechanical properties, structural changes and altered 
control of the pelvic floor (Bouras et al., 2009). To keep a regular bowel movement, 
many elderly have their specific food pattern (Bouras et al., 2009). A dietary advice or 
other interference with the rectal activity for example by a laxative, might disturb this 
precarious balance, leading to more variation in rectal filling instead of the intended 
stable rectal filling. This leads to the conclusion that manipulation of the rectal filling 
in the rather elder prostate cancer patients is problematic.
Another explanation for the failure in reducing the intrafraction prostate motion, 
could be that the hypothesis of intrafraction motion being caused by gas and rectal 
filling is not correct. Despite studies that suggest gas as a major source (Nederveen et 
al., 2002; Nichol et al., 2010; Ghilezan et al., 2005), the major source of intrafraction 
motion might be different, for example due to clenching of the pelvic muscle, bladder 
filling, leg motion or pelvic rotation (Padhani et al., 1999; Nederveen et al., 2002; 
O’Doherty et al., 2006; Mah et al., 2002). So therefore, the exact cause of intrafraction 
prostate movement needs to be investigated further. Once the mechanism is well 
understood, we might be able to come up with a theoretical new solution for the 
problem. Before such an attempt, to reduce the intrafraction motion, can be 
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introduced in clinical practice, the benefit should be proven first. The exploratory 
analyses in chapter 3 demonstrated a trend towards worsened QoL and slightly more 
toxicity in patients using magnesium oxide compared to the control group. So there 
can be harm in trying, due to the physical discomfort consisting of diarrhea and the 
burden of daily intake of medication. For that reason, the theoretical benefit of an 
intervention, without clinical evidence, is not sufficient for daily use in clinical practice. 
Furthermore, it has to be verified whether an advantage in reducing the intrafraction 
motion also counterbalances the negative aspect of a method. 
Because a reduction of the intrafraction motion with a diet or a laxative is not 
possible, an improvement of the position verification would be a way to handle the 
problem. Correcting of the intrafraction motion can be established with real-time on-
line position verification using for example a calypso monitoring system (Liu et al., 
2010; van Os et al., 2009),  an intrafraction stereographic targeting method (van Os 
et al., 2009) or a magnetic resonance imaging (MRI)-accelerator which is currently 
being developed (Raaymakers et al., 2009; Lagendijk et al., 2008). However, the 
question is whether these techniques are necessary and what the size of the problem 
is for radiotherapy treatments with an ablative microboost to the macroscopic lesion 
within the prostate? The effect of the random interfraction error was demonstrated to 
be small for inhomogeneous IMRT dose distributions with an integrated microboost 
to the tumor (chapter 2); therefore the influence of the random intrafraction motion 
is also expected to be minimal for these complex dose distributions. According to 
literature, the residual systematic and random error due to intrafraction prostate 
motion is small (Litzenberg et al., 2006; Su et al., 2010; Kotte et al., 2007) and a margin 
of at least 2 mm would be sufficient to account for the intrafraction prostate motion. 
In the future, when all other treatment uncertainties are being minimized and margins 
can therefore be reduced, the intrafraction motion might become a clinically relevant 
problem which should be dealt with. 

Other treatment uncertainties

Besides the interfraction and intrafraction errors, another important treatment 
uncertainty to consider is the delineation error. The variation in target delineation is 
a systematic error and consequently has a large impact on the accuracy of the dose 
delivery. Several studies reported both intra- and interobserver variability for the 
delineation of the prostate volume (Rasch et al., 1999; Fiorino et al., 1998; Steenbakkers 
et al., 2003; Parker et al., 2003). With the introduction of multimodality imaging, the 
delineation of the prostate has become more precise. Addition of magnetic MRI to 
CT for delineation of the prostate and the organs at risk, decreased the interobserver 
delineation variation and reduced the delineated prostate volume (Rasch et al., 
1999; Rasch et al., 2005; Villeirs et al., 2005; Usmani et al., 2010). The use of the lateral 
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projection in addition to the transversal planes has demonstrated to improve prostate 
contouring (McLaughlin et al., 2010) and the additional use of axial and coronal MR 
scans improves the localization accuracy of the prostatic apex and the anterior aspect 
of the rectum (Debois et al., 1999). The use of multiple image modalities does require 
adequate image registration. High quality image registration avoids loss of information 
and is able to keep high resolution in multiple planes, which makes it possible to 
delineate the target in three dimensions. Furthermore, the delineation of the prostate 
might further improve by, for example, teaching interventions (Szumacher et al., 
2010), the use of an atlas (Gregoire et al., 2003) and modification of the input user 
interface device (MITDOG, 2010).
The geometric variability from delineation is mainly caused by the fact that target 
volumes are manually defined by human users. Therefore, further improvement in the 
quality of target volume delineation can be expected from (semi)automatic delineation 
tools (Mahr et al., 1999; Bellon et al., 1997). Semi-automated methods have being 
suggested to reduce the intraobserver and interobserver variability in comparison 
with totally manual delineation (Bellon et al., 1997). An automatic delineation method 
using non-rigid registration of a set of prelabeled atlas images demonstrated that an 
automatic delineation of the prostate was possible in three-dimensional MR scan 
with a variation close to the manual interobserver variation (Klein et al., 2008). The 
use of automatic delineation tools can reduce the variability, but the interpretation 
of the images remains uncertain. Therefore, even if the delineation inaccuracies can 
be minimized, adding a margin to incorporate the effect of the delineation error is 
required.

Beside a minimization of the delineation uncertainty of the whole prostate, a 
dose escalation to the macroscopic tumor within the prostate requests a precise 
delineation of the macroscopic tumor lesions. Many studies focused on the sensitivity 
and specificity to detect prostate cancer with the use of functional imaging. The 
combination of different imaging techniques led to high accuracy for detecting and 
staging prostate cancer with specificity and sensitivity values up to 96% (Fütterer et 
al., 2006a; Fütterer et al., 2006b; Seitz et al., 2009; Kim et al., 2005; Hara et al., 2005). 
The imaging techniques showed their ability to accurate diagnose prostate cancer, 
however the potential of these new techniques for tumor delineation in radiotherapy 
still needs further exploration (Groenendaal et al., 2010; Langer et al., 2009; van der 
Heide et al., 2011). For delineation purposes, it is important to identify the boundaries 
of the macroscopic tumor. When delineation is done manually, the conflicting findings 
on the different imaging modalities (Groenendaal et al., 2010) might give difficult 
delineation decisions and lead to very large intra- and interobserver variations. Up to 
now, no quantification of the uncertainty from manual delineation of the macroscopic 
tumor within the prostate has been reported in literature. 



121

Su
m

m
ar

y 
an

d 
ge

ne
ra

l d
isc

us
sio

n

The observer variability can be removed and reproducible results can be obtained by 
automated analysis of the multiple images. Tumor prediction models can be created 
based on the combination of different imaging modalities by using for example voxel-
wise analyses (Langer et al., 2009) or supervised support vector machine methods 
(Ozer et al., 2010). In this way, areas with high tumor risk can be identified and being 
incorporated in the dose painting concept (Haie-Meder et al., 2005).   
In the FLAME-trial the delineation of the macroscopic tumor is based on anatomical 
and functional imaging according to the current opinion. Therefore, it is of major 
importance to investigate the precise location of a recurrence and to establish what 
dose was prescribed to that location. When a patient shows a rising PSA without 
distant metastases, DCE-MRI and MRS can be used to detect the location of a 
prostate cancer recurrence (van Vulpen et al., 2009; De Visschere et al., 2010; Kim et 
al., 2010; Rouviere et al., 2007; Haider et al., 2008). A suspected lesion needs to be 
histological proven by biopsy, which can be done with the use of MRI-guided biopsy 
techniques. By correlating the dose distribution of the initial radiotherapy with the 
location of a local recurrence, accurate dose-effect information can be obtained. The 
dose-effect data generated from this analysis will help us to evaluate the required dose 
for each cancer subunit and to provide a better understanding of the different imaging 
techniques. The dose distributions of the patients treated in the experimental arm of 
the FLAME-trial, are inhomogeneous with very low and very high delivered doses, and 
for that reason provide important dose-effect information to create a reliable dose-
effect curve. 

Toxicity

Especially for prostate cancer with in general good prognosis and small differences 
between the various treatment modalities, toxicity following treatment is of major 
importance. The previous dose escalation trials reported statistically significant higher 
incidences of acute and late gastrointestinal and genitourinary toxicity for patients 
treated with higher dose levels (Zietman et al., 2005; Dearnaley et al., 2007; Peeters et 
al., 2005a; Kuban et al., 2008; Syndikus et al., 2010; Al-Mamgani et al., 2008; Beckendorf 
et al., 2010; Beckendorf et al., 2004). Severe acute gastrointestinal complaints (grade 
≥ 3) were reported in up to 5% of the patients and for genitourinary side effects 
this number was 13% (Peeters et al., 2005a; Beckendorf et al., 2004). Late grade ≥ 3 
gastrointestinal toxicity occurred in approximately 6-8% of the patients treated in the 
high dose treatment arms and for genitourinary complaints percentages of grade ≥ 3 
toxicity up to 13% were reported (Kuban et al., 2008; Syndikus et al., 2010; Al-Mamgani 
et al., 2008; Beckendorf et al., 2010). 
Most patients included in these trials were treated using three-dimensional conformal 
radiotherapy and position verification based on the bony anatomy. Due to the 
influence of bladder and rectum changes, the prostate moves independently from the 
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bony anatomy. Therefore, alignment of the patient based on the bony anatomy, might 
lead to a deposition of the high irradiation dose to the organs at risk instead of the 
prostate. Furthermore, with three-dimensional technique less sharp dose gradients 
can be made, leading to less sparing of the surrounding normal tissue compared 
to more advanced IMRT technique. The hypothesis was that with the use of more 
accurate position verification and improved dose distributions using IMRT technique, 
the organs at risk will be better spared leading to less treatment-related toxicity. 
Chapter 5 describes the acute and late toxicity for 331 patients treated at our 
department with a high dose of 76 Gy to the whole prostate using IMRT in 
combination with gold fiducial marker-based position verification. The use of these 
advanced radiotherapy technique led to only 3% grade 3 genitourinary acute toxicity 
and no grade ≥ 3 gastrointestinal acute toxicity. The severe grade ≥ 3 genitourinary 
and gastrointestinal toxicity rates were 4% and 1% respectively, including one patient 
with a rectal fistula and one patient with a severe hemorrhagic cystitis (both grade 4). 
There is no clear consensus of what is acceptable versus unacceptable toxicity 
(Swanson et al., 2011) and a comparison with literature is difficult due to the use of 
different toxicity scales. Often the general toxicity scoring systems such as the RTOG/
EORTC are modified in one way or another (Swanson et al., 2011; Hanlon et al., 1997). 
To promote uniformly reporting of adverse events, the CTCAE version 3.0 have been 
developed (Trotti et al., 2003). This multimodality grading systems includes both acute 
and late effects and when using this grading system, a more reliable comparison of 
outcome between trails and institutions will become possible.
In general, the acute and late toxicity found in our study population was lower than 
described after conformal radiotherapy with position verification based on the bony 
anatomy (Zietman et al., 2005; Peeters et al., 2005a; Kuban et al., 2008; Syndikus et al., 
2010; Al-Mamgani et al., 2008; Beckendorf et al., 2004; Peeters et al., 2005b; Michalski et 
al., 2010; Storey et al., 2000). The results of our study were confirmed by other articles 
reporting excellent toxicity results after IMRT with accurate position verification 
(Zelefsky et al., 2002; Guckenberger et al., 2010; Zelefsky et al., 2006; De Meerleer et 
al., 2004; De Meerleer et al., 2007; Skala et al., 2007; Marchand et al., 2010; Ghadjar 
et al.,  2010; Ghadjar et al., 2008). Genitourinary side effects tend to accumulate and 
continue to emerge during the next 15 years after treatment (Schultheiss et al., 1997; 
Karlsdottir et al., 2008; Gardner et al., 2002); therefore a lengthened follow-up period 
might reveal an increase in the incidence of late toxicity.  However with advancing 
age, urinary symptoms increase, so therefore it is difficult to determine whether late 
urinary symptoms are due to late radiation effects of result from the aging process. No 
unacceptable rates of severe toxicity after IMRT are expected, because the majority of 
severe side effects have been reported to occur within 3 years of treatment (Pollack et 
al., 2002; Zietman et al., 2005; Karlsdottir et al., 2008) and due to the consequently late 
damage effect (Heemsbergen et al., 2006), the low rates of acute toxicity reported after 
IMRT are prognostic for low incidences of late toxicity.
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The ability to treat the whole prostate with a high dose while the organs at risk are 
adequately spared, demonstrated by acceptable treatment-related toxicity, provides 
the possibility to escalate the dose even further. When the dose to the macroscopic 
tumor area within the prostate is increased while the dose to the bladder and the 
rectum remains within the current used dose constraints, no unacceptable toxicity 
rates can be expected. 
In our study, the two patients with highly severe late toxicity (grade 4) did not show 
abnormalities in the dose delivered to the bladder and the rectum, leading to the 
hypothesis that these patients were more sensitive for radiation-induced toxicity and 
that other factors than dose-related factors play a major role. In our patients, pre-
treatment complaints seemed to be predictive for grade ≥ 2 toxicity, which has also 
been reported by others (Peeters et al., 2005b; Ghadjar et al., 2010; Ghadjar et al., 2008; 
Heemsbergen et al., 2006; Barnett et al., 2011; Koper et al., 2004). Other factors known 
to predispose patients to the development of toxicity include additional treatments, 
such as hormonal treatment and surgery (TURP, abdominal surgery), and patient 
characteristics such as age, smoking history, body mass index and comorbidities such 
as diabetes and hypertension. (Peeters et al., 2006; Schultheiss et al., 1997; Barnett et 
al., 2011; Huang et al., 2002; Cheung et al., 2004; Fiorino et al.,  2008; Hanks et al., 2003; 
Herold et al.,  1999; Al-Abany et al., 2005; Sanguineti et al.,  2002; Skwarchuk et al.,  
2000).
Knowledge about the patient-related factors, influencing the development of 
radiation-induced toxicity, is increasingly important. The delivery of radiation has 
become more accurate, which makes it possible to control the dosimetric variables. 
When individual pre-treatment toxicity risks can be predicted, this might offer the 
possibility to use individual dose constraints and in this way avoid severe side effects 
after treatment. Therefore, further research should focus on understanding the 
mechanism behind the radiation-induced toxicity and investigate the patient-related 
factors that influence the normal tissue toxicity after radiotherapy (Swanson et al., 
2011). In clinical practice, the pre-treatment toxicity risks could be incorporated in 
individual decision making using nomograms (Valdagni et al.,  2011). 

Quality of life

The use of IMRT and accurate position verification using fiducial markers showed 
excellent toxicity results. However even more important to establish whether a high 
dose can be delivered without severe toxicity, is to determine the influence on the 
patients QoL. It was unknown whether a patient can be treated with a high dose to 
the prostate without compromising the patient’s QoL. Chapter 6 showed that patients 
treated with 76 Gy IMRT in combination with fiducial gold markers demonstrated no 
deterioration in QoL compared to a group of patients treated with 70 Gy conformal 
radiotherapy and position verification based on bony anatomy. The high dose group 
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even demonstrated clinically relevant improvements in QoL over a period of 6 months 
compared to the group treated with 70 Gy conformal radiotherapy. This suggests that 
less treatment-related toxicity was present in the 76 Gy group. So despite a high dose 
to the prostate, the dose to the organs at risk in this group might have been lower, 
owing to the IMRT technique and improved position verification. 
Unfortunately the patients in chapter 6 were treated in a sequential fashion over 
different periods, which might have influenced the QoL changes over time and caused 
confounding. To minimize the effect of potential confounders, the benefit of IMRT 
could be investigated in a randomized clinical trail. No randomized trails have been 
performed to investigate the benefit of IMRT for prostate cancer, however two other 
prospective and longitudinal studies reported the advantage concerning better QoL 
with the use of IMRT compared to conventional radiotherapy (Yoshimura et al.,  2007; 
Namiki et al., 2006). The benefit of IMRT compared to conventional radiotherapy for 
toxicity- related endpoints was proven in randomized controlled trials for head and 
neck and breast cancer (Staffurth et al., 2010). With this evidence and the excellent 
results after IMRT for prostate cancer, a randomized trial would not be ethical any 
more.  
The QoL in chapter 6 was only measured 6 months after treatment and treatment-
related toxicity continues to develop thereafter (Schultheiss et al., 1997; Karlsdottir 
et al.,  2008; Gardner et al., 2002). So to determine whether the excellent QoL results 
6 months after high dose IMRT in combination with fiducial marker-based position 
verification persisted when late toxicity occurred, the long-term QoL was measured 
and described in chapter 7. The comparison between baseline QoL and QoL 3 years 
after high dose 76 Gy IMRT revealed a clinically relevant increase in ‘emotional role 
restriction’ which was already present 6 months after treatment. This improvement 
in QoL after IMRT has been reported by others (Marchand et al., 2010; Junius et al., 
2007) and might be explained by (1) patients having time to adapt to the situation, 
(2) response shift mechanism (referring to a changed internal standard on which 
patients base their perception, due to a life-threatening disease) and (3) decreasing 
fear of recurrence and death over time (de Graeff et al., 2000; Korfage et al., 2007). 
Furthermore the only clinically relevant deterioration after 3 years was seen for ‘sexual 
activity’. This can be the results from radiation induced erectile dysfunction (van der 
Wielen et al., 2007), but also from the use of hormonal therapy, comorbidities and 
patients’ age (Zelefsky et al., 1999; Pinkawa et al., 2009). The persistent reduction 
of ‘sexual activity’ after external beam radiotherapy has been extensively reported 
(Yoshimura et al., 2007; Namiki et al., 2011; Litwin et al., 1999; Little et al., 2003; Korfage 
et al., 2005). The returning of most QoL items to baseline level after delivery of high 
radiation dose to the prostate with IMRT is confirmed by others up to 5 years after 
treatment (Marchand et al., 2010; Namiki et al., 2009). 
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The satisfactory QoL results after high dose radiotherapy for prostate cancer using 
IMRT and accurate position verification, suggests that further dose escalation is 
possible without a clinically relevant deterioration in QoL when the combination of 
accurate delivery and compliance to current dosimetric constraints for the organs at 
risk will be used. However a dose escalation will certainly not lead to lower treatment-
related toxicity. So, the toxicity risk will increase by delivering a higher dose to the 
target and the question is whether patients attach more weight to improving survival 
than to a reduced morbidity risk. For example older patients, patients with low risk 
localized prostate cancer, patients without hormone treatment and patients with a 
low anxiety or depression score are suggested to prefer a lower radiation dose (van Tol-
Geerdink et al., 2006). So with high dose radiotherapy compliance to the dosimetric 
constraints for the organs at risk to assure a low complication rate is very important 
to maintain satisfactory QoL results. Furthermore the patient’s preferences should be 
involved in radiotherapy decision making.

FLAME-trial

Chapter 8 presents the study design of the FLAME-trial. To our knowledge, no other 
randomized controlled trials are being performed to investigate the benefit of an 
ablative microboost to the macroscopic tumor area in prostate cancer patients. Beside 
Singh et al. (2007), three other groups performed a pilot study in which a microboost 
to the dominant tumor region was delivered. Miralbell et al. (2010) treated 50 patients, 
after 64-64.4 Gy in 1.8-2 Gy fractions to the whole prostate, with a hypofractionated 
boost of 2 fractions of 5 to 8 Gy to the dominant tumor region, delineated with the 
use of anatomical imaging. After a median follow-up time of 63 months, a 5-year 
biochemical disease-free and disease-specific survival of 98% and 100%, respectively, 
were reported with acceptable long-term toxicity. Gaudet et al. (2010) selectively 
delivered a brachytherapy hyperdosage of ≥ 216 Gy (150% of the prescribed dose) to 
the macroscopic tumor area, defined according to positive areas on sextant biopsy, 
in 70 patients with localized prostate cancer treated with permanent seed prostate 
implant. No difference in acute and late toxicities compared to 120 patients with a 
standard plan were seen. A group from Ghent University Hospital  (Fonteyne et al., 
2008; De Meerleer et al., 2005) performed the largest trial in which 230 patients were 
treated with a mean dose of 81-82 Gy to a dominant lesion, defined by T2 weighted 
MRI or MRI plus spectroscopy. With the use of IMRT and daily ultra-sound-based 
prostate positioning, the acute toxicity remained low with no grade 3 or 4 acute 
gastrointestinal toxicity and 7% grade 3 genitourinary toxicity.
This acceptable toxicity results from literature in combination with the findings 
presented in this thesis made it sensible to start the FLAME-trial. To prevent 
unacceptable toxicity rates in the experimental arm, the dose constraints for the 
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organs at risk may not be violated even if this results in a dose to the macroscopic 
tumor lower than the intended 95 Gy. For the FLAME-trial, it is of great importance 
to irradiate the part of the prostate, which is not included in the macroscopic tumor 
volume, with the current gold standard dose. Maybe in the future, the dose to the 
remaining parts of the prostate can be lowered and this can be used to redistribute 
the dose to increase the dose to the macroscopic tumor or achieve more sparing of 
the normal tissue. But with the current knowledge, the dose to the whole prostate can 
not be lowered to avoid the risk of lowering the doses in a part of the prostate were it 
is needed and hurt a patient by endangering a reduction in local tumor control. The 
complexity of IMRT and image guided radiotherapy in combination with the delivery 
of a very high radiation dose to the macroscopic tumor within the prostate, makes it 
important to evaluate the actual delivered dose distribution during treatment. 

Conclusion

The results of this thesis provide possibilities for further dose escalation in external 
beam radiotherapy for prostate cancer.  With the use of optimal position verification 
the influence of the geometric uncertainties for complex prostate IMRT with an 
integrated ablative boost to the macroscopic lesion appeared to be minimal and only 
small margins are necessary to account for the  remaining inter- and intrafraction 
motion. The intrafraction prostate motion can not be reduced with the use of a 
laxative or diet during treatment. When a high irradiation dose is delivered using 
advanced radiotherapy techniques including accurate position verification and the 
currently used dose constraints for the organs at risk, no severe toxicity is expected 
when an ablative boost is administered to the macroscopic tumor within the prostate. 
Furthermore, no deterioration of the health-related QoL is expected due to the 
improved technical possibilities, such as IMRT and the use of gold-fiducial markers.
Because of the findings described in this thesis, it was safe and feasible to start the 
FLAME-trial. The study design of the FLAME-trial is presented in chapter 8. This single-
blind multicenter randomized Phase III trial will investigate the benefit of an ablative 
microboost to the macroscopic tumor within the prostate. Hopefully, this will lead 
to an improved treatment outcome for patients with prostate cancer with regard 
to the tumor control and their QoL. By localizing the recurrent tumors within the 
prostate during follow-up and correlating this with the delivered dose, accurate dose-
effect information for both the macroscopic tumor and subclinical disease in prostate 
cancer can be obtained. 
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Uitwendige radiotherapie voor prostaatkanker: 
mogelijkheden voor dosis escalatie.

Ondanks verbetering in de diagnostiek en de behandeling is prostaatkanker een 
veel voorkomende doodsoorzaak in de westerse wereld. Prostaatkanker komt het 
meest voor bij mannen tussen de 65 en 74 jaar oud. Een van de behandelopties 
voor prostaatkanker is uitwendige bestraling (= externe radiotherapie). Bij de 
radiotherapeutische behandeling wordt de totale voorgeschreven bestralingdosis 
(met als eenheid gray (Gy)) opgesplitst en gedurende een aantal aaneengesloten 
weken wordt de patiënt iedere dag met een kleine dosis (= fractie) bestraald. Tijdens 
iedere fractie wordt de patiënt met meerdere stralingsbundels vanuit verschillende 
richtingen bestraald. Prostaatkanker is een multifocale ziekte, wat betekent dat op 
meerdere plekken binnen de prostaat kankercellen gevonden worden. Voor de 
genezing van prostaatkanker is het essentieel dat alle kankercellen vernietigd worden. 
Daarom is de gehele prostaat doelgebied van de bestraling. De uitdaging is om de 
prostaat met een hoge dosis te bestralen, terwijl het omliggende weefsel zoveel 
mogelijk gespaard blijft. De prostaat is gelegen tussen de blaas en de endeldarm. Hoe 
minder dosis op deze omliggende organen (= risico organen) komt, des te minder 
bijwerkingen (= toxiciteit) een patiënt heeft. De plaats van de prostaat kan tijdens 
de behandeling variëren. Dit is het gevolg van enerzijds de beweging van de patiënt 
zelf en anderzijds de invloed van de omliggende organen zoals een wisselende blaas 
en endeldarm vulling. De beweging van de prostaat tussen de verschillende fracties 
wordt de interfractie beweging genoemd. De intrafractie beweging is de beweging 
van de prostaat tijdens de duur van een fractie (ongeveer 5 tot 7 minuten). Om te 
waarborgen dat de prostaat de voorgeschreven bestralingsdosis krijgt wordt de 
prostaat plus een extra onzekerheidsmarge rondom de prostaat bestraald. Hierdoor 
zal er een overlap zijn van het hoge dosis gebied met een gedeelte van de blaas en 
de endeldarm. De grootte van de marge wordt bepaald door de nauwkeurigheid 
waarmee de positie van de prostaat tijdens de behandeling bepaald kan worden. In 
het UMC Utrecht wordt sinds 2001 voor de plaatsbepaling van de prostaat tijdens de 
behandeling (= de positie verificatie) gebruikt gemaakt van goudmarkers. Hiervoor 
worden voor de start van de radiotherapie 3 gouden staafjes (= goudmarkers) in de 
prostaat geplaatst. Tijdens de bestraling wordt de stralingsbundel gebruikt om een 
röntgenfoto te maken van deze 3 goudmarkers. Hierdoor kan de exacte positie van de 
prostaat worden bepaald en de radiotherapie beter gericht worden gegeven.
Om het gezonde weefsel nog beter te kunnen sparen is de techniek om de 
bestraling te plannen de afgelopen decennia aanzienlijk verbeterd. De rechthoekige 
stralingsbundels zijn vervangen door bundels met een onregelmatige vorm, waarmee 
de bestralingvelden aangepast kunnen worden aan de driedimensionale vorm van 
het doelgebied. In het UMC Utrecht wordt gebruik gemaakt van een IMRT (intensity 
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modulated radiotherapy) techniek. IMRT is een geavanceerde techniek waarbij 
de vorm en de intensiteit van de stralingsbundel aangepast kan worden aan het 
doelgebied. Hiermee is het mogelijk om in het doelgebied een hoge bestralingsdosis 
te geven en direct rondom dit gebied de dosis te laag te houden (= scherpe dosis 
gradiënten) in tegenstelling tot conformale radiotherapie technieken waarbij grotere 
bestralingsvelden worden gebruikt.
 
Verschillende studies hebben aangetoond dat een verhoging van de bestralingsdosis (= 
dosis escalatie) ervoor zorgt dat de prostaatkanker na de behandeling langer wegblijft. 
Er zijn aanwijzingen dat als de tumor terug komt in de prostaat, dit vaak gebeurt in 
het gebied waar voor de behandeling de tumor zichtbaar was op beeldvorming, zoals 
op een MRI-scan (= het macroscopische tumorgebied). Uit theoretische modellen 
blijkt dat het verhogen van de bestralingsdosis in het zichtbare tumorgebied binnen 
de prostaat ervoor kan zorgen dat het risico dat de tumor daar terug komt kleiner 
wordt. Het is niet mogelijk om de bestralingsdosis in de gehele prostaat verder te 
verhogen omdat dit een onacceptabel hoog risico op ernstige toxiciteit tot gevolg zou 
hebben. Uit planningsstudies is gebleken dat het wel mogelijk is om in een gedeelte 
van de prostaat de dosis te verhogen, zonder dat de dosis in de blaas en de endeldarm 
onacceptabel hoog wordt. 
Voordat onderzocht kan worden of het verhogen van de bestralingsdosis in het 
zichtbare  tumorgebied binnen de prostaat betere behandelresultaten geeft, moet 
worden gekeken of deze behandelmethode haalbaar is en veilig uitgevoerd kan 
worden. In dit proefschrift worden daarom de bewegingsonzekerheden voor deze 
behandelmethode onderzocht en een inschatting gemaakt van de toxiciteit en 
kwaliteit van leven na de behandeling. Tot slot wordt de opzet van de FLAME-trial 
gepresenteerd, waarin onderzocht zal worden of een aanvullende hoge dosis op het 
zichtbare tumorgebied binnen de prostaat effectief is. 

Interfractie beweging (= beweging van de prostaat tussen de fracties)

Na hoofdstuk 1, waarin een algemene inleiding voor dit proefschrift wordt gegeven, 
wordt in hoofdstuk 2 gekeken naar de invloed van de interfractie prostaatbeweging 
op dosisverdelingen met een geïntegreerde hoge dosis op het tumorgebied. Voor 
deze studie is gebruik gemaakt van de gegevens van 19 patiënten, die behandeld 
waren met uitwendige radiotherapie voor prostaatkanker. Tijdens de behandeling is 
gebruik gemaakt van positie verificatie door middel van het dagelijks afbeelden van 
de goudmarkers. Hierdoor zijn voor iedere patiënt op iedere behandeldag de exacte 
verplaatsingen en rotaties van de prostaat bekend. Voor iedere patiënt werden 4 
nieuwe bestralingsplannen gemaakt waarbij 4 verschillende marges (2, 4, 6 en 8 mm) 
rondom de prostaat werden gebruikt. Bij alle plannen werd naast de standaard dosis 
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op de gehele prostaat een hoge dosis op het tumorgebied gepland. Om het effect 
van de prostaatbeweging op deze nieuwe dosisverdelingen te bekijken, werden voor 
ieder plan de individuele verplaatsingen en rotaties van de prostaat gesimuleerd (ook 
wel ‘schudden’ genoemd). Op deze manier kon beoordeeld worden welke marge 
voldoende is om de bewegingsonzekerheden op te kunnen vangen. Tevens werd 
gekeken wat het effect is van het corrigeren van de prostaatverplaatsingen op de dag 
waarop de verplaatsing gemeten is (on-line) en wanneer dit pas de volgende dag bij 
het geven van een volgende fractie plaats vindt (off-line). Rotaties van de prostaat 
werden niet gecorrigeerd, wat ertoe leidde dat bij patiënten met een grote rotatie van 
de prostaat de uiteindelijke dosis op de prostaat duidelijk minder was dan gepland. 
Voor het zichtbare tumorgebied was het effect van een rotatie op de uiteindelijk 
gegeven dosis het grootst wanneer het tumorgebied zich in de rand van de prostaat, 
dus ver bij het rotatiepunt vandaan, bevond. Bij patiënten met een tumorgebied in de 
rand van de prostaat zou dus overwogen kunnen worden om grote rotaties tijdens de 
behandeling wel te corrigeren. 

Intrafractiebeweging (= beweging van de prostaat tijdens een fractie)

Door het gebruik van dagelijkse positie verificatie van de prostaat is de invloed van 
de interfractie beweging geminimaliseerd. Hierdoor gaan andere onzekerheden in de 
behandeling, zoals de beweging van de prostaat tijdens een fractie (= de intrafractie 
beweging), een belangrijkere rol spelen. De hypothese is dat de intrafractie beweging 
veroorzaakt wordt door passerende luchtbellen in de endeldarm of een verandering 
van de vorm van de endeldarm. Verschillende ziekenhuizen zijn daarom gestart 
met het voorschrijven een mild laxeermiddel, zoals magnesium oxide, of een dieet 
dat gasvorming tegengaat om hiermee een stabielere vulling van de endeldarm te 
bewerkstelligen en daardoor een vermindering van de intrafractie beweging.
In hoofdstuk 3 hebben wij onderzocht of magnesium oxide inderdaad effectief is in het 
verminderen van de intrafractie prostaatbeweging. Om deze vraag te beantwoorden 
werd een dubbel-blind gerandomiseerde studie uitgevoerd bij patiënten die behandeld 
werden met uitwendige radiotherapie voor prostaatkanker. De 92 patiënten die 
deelnamen aan deze studie werd op basis van loting (= randomisatie) in 2 groepen 
verdeeld. De ene groep kreeg tijdens de bestraling magnesium oxide voorgeschreven en 
de andere groep een placebo. De patiënt, de arts en de onderzoekers waren geblindeerd, 
dus zij wisten tijdens de behandeling niet tot welke groep een patiënt behoorde. 
Tijdens de behandeling werd bij alle patiënten tijdens alle 35 fracties de beweging van 
de prostaat gemeten. Bij iedere fractie wordt een patiënt achtereenvolgens vanuit 5 
verschillende richtingen bestraald. Door bij iedere richting vanuit de stralingsbundel 
een afbeelding van de goudmarkers te maken, is op 5 momenten tijdens een fractie 
de positie van de prostaat bekend. Hiermee kan de minimale weg die de prostaat 
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tijdens de fractie heeft afgelegd bepaald worden. Er werd geen verschil gevonden in de 
hoeveelheid intrafractie prostaatbeweging tussen de patiënten die magnesium oxide 
gebruikten en de patiënten die een placebo gebruikten, dus magnesium oxide was niet 
effectief in het verminderen van de prostaatbeweging. Er werd wel een trend gezien 
dat patiënten die magnesium oxide gebruikten een slechtere kwaliteit van leven 
hadden en meer bijwerkingen tijdens en na de behandeling. 
In 2008 werd op de afdeling Radiotherapie in het UMC Utrecht gestart met het 
voorschrijven van een dieet aan patiënten die voor prostaatkanker bestraald werden. 
Dit dieet bestond uit adviezen om gasbellen in de darmen te verminderen en om 
een stabiele darmvulling te creëren. Door het vermijden van bepaald voedsel en 
voorkomen van het inslikken van lucht, werd geprobeerd om de prostaatbeweging 
tijdens de behandeling te verminderen. In hoofdstuk 4 wordt het effect van dit 
dieet op de intrafractie prostaatbeweging geëvalueerd. Tussen 2002 en 2009 werden 
739 patiënten zonder het dieet bestraald en 105 patiënten met het dieet. Voor alle 
patiënten werden voor iedere fractie de intrafractie beweging gemeten zoals hierboven 
beschreven. Na invoering van het dieet werd, onverwacht, een klinisch relevante en 
statistische significante toename van de intrafractie beweging gezien. Dit zou mogelijk 
verklaard kunnen worden door het vaak voorkomen van obstipatie en gebruik van 
laxeermiddelen in deze oudere patiënten groep (gemiddelde leeftijd 68-69 jaar). Veel 
ouderen hebben een specifiek eetpatroon ontwikkeld om een regelmatige stoelgang 
te realiseren. Door het verstoren van dit evenwicht door middel van een dieet zou 
juist meer variatie in de darmvulling veroorzaakt kunnen worden en daardoor dus 
meer intrafractie prostaatbeweging. Een andere verklaring zou kunnen zijn dat de 
intrafractie beweging niet het gevolg is van variatie in de endeldarm, maar een andere 
oorzaak heeft zoals rotatie van het bekken, spierspanning van de bekkenbodem of de 
blaasvulling. 
Op basis van de resultaten van hoofdstuk 3 en 4 wordt geadviseerd om geen dieet of 
magnesium oxide voor te schrijven tijdens de bestraling van prostaatkanker. 

Toxiciteit 

De bijwerkingen (=toxiciteit) na de behandeling voor prostaatkanker zijn erg 
belangrijk, omdat de patiënten een goede levensverwachting hebben en het verschil 
in overleving met andere behandelingen, zoals chirurgische verwijdering van de 
prostaat of inwendige bestraling, klein is. Uit eerdere studies bleek dat het verhogen 
van de bestralingsdosis op de prostaat meer toxiciteit tot gevolg had. In deze studies 
werd gebruik gemaakt van conformale bestralingstechnieken en positie verificatie 
op basis van de botten. Voor het corrigeren van de positie van de patiënt tijdens 
de behandeling wordt hiervoor met de stralingsbundel een röntgenfoto gemaakt 
waarop de botten zichtbaar zijn. De prostaat beweegt echter onafhankelijk van de 
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botstructuren, omdat de plaats van de prostaat wordt beïnvloed door de vulling in de 
endeldarm en de blaas. Het corrigeren van de positie van de patiënt op basis van de 
botten kan er daardoor toe leiden dat de bestralingdosis in de blaas en de endeldarm 
terechtkomt in plaats van in de prostaat. Door een IMRT techniek te gebruiken in 
plaats van een conformale techniek, kan een hoge dosis in de prostaat worden 
gepland terwijl de dosis op de blaas en endeldarm laag wordt gehouden. In hoofdstuk 
5 is onderzocht wat de toxiciteit is na een dosis van 76 Gy met een IMRT techniek in 
combinatie met positie verificatie op basis van goudmarkers. Hiervoor werd de acute 
en late toxiciteit gemeten voor 331 patiënten die met deze techniek zijn behandeld 
voor prostaatkanker. Het gebruik van de nieuwere technieken had tot gevolg dat 
tijdens en direct na de behandeling (gedefinieerd als de acute toxiciteit) slechts bij 3% 
van de patiënten ernstige plasklachten optraden en geen ernstige darmklachten. Het 
percentage ernstige plas- en darmklachten 3 jaar na de behandeling (gedefinieerd als 
de late toxiciteit) was respectievelijk 4% en 1%. Hieruit kan geconcludeerd worden dat 
met IMRT en de op goudmarkers gebaseerde positie verificatie, een dosis van 76 Gy op 
de prostaat goed getolereerd wordt. Door gebruik te maken van deze techniek kunnen 
de blaas en endeldarm adequaat gespaard blijven. Indien de dosis voorschrift op deze 
organen niet wordt overschreden is er geen onacceptabele toxiciteit te verwachten 
wanneer de dosis in de prostaat verder verhoogd wordt.

Kwaliteit van leven

Misschien nog wel belangrijker dan de toxiciteit, is de invloed van een behandeling 
op de kwaliteit van leven van de patiënt. Voor het meten van de kwaliteit van leven 
wordt naast de bijwerkingen ook gekeken naar het lichamelijk, psychische en sociaal 
functioneren en het algehele gevoel van welbevinden. In hoofdstuk 6 wordt het verschil 
in kwaliteit van leven onderzocht tussen patiënten die voor prostaatkanker bestraald 
zijn met 70 Gy en met 76 Gy. De 70-Gy groep is behandeld met een conformale 
techniek in combinatie met positie verificatie op basis van de botten. In de 76-Gy 
groep werd gebruik gemaakt van IMRT en positie verificatie op basis van goudmarkers. 
De kwaliteit van leven van patiënten die met 76 Gy werden behandeld was niet 
slechter dan de patiënten die behandeld werden met 70 Gy. De 76-Gy groep had zelfs 
een verbeterde kwaliteit van leven na 6 maanden in vergelijking met de kwaliteit van 
leven van de 70-Gy groep. Dit suggereert dat door de nieuwere bestralingstechniek de 
dosis op de blaas en de endeldarm lager is geweest ondanks dat de dosis in de prostaat 
zelf hoger was. 
De late bijwerkingen na radiotherapie kunnen tot zeker 3 jaar na de behandeling 
optreden, daarom is in hoofdstuk 7 gekeken of bij de patiëntengroep die behandeld 
is met de hoge dosis (76 Gy) de kwaliteit van leven na 3 jaar nog steeds goed is. De 
kwaliteit van leven ten aanzien van de seksuele activiteit, die direct na de behandeling 
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verminderd was, is niet hersteld na 3 jaar. Dit werd ook in andere onderzoeken gezien. 
Alle andere kwaliteit van leven onderdelen waren 3 jaar na de behandeling weer op 
hetzelfde niveau als voor de behandeling. Het onderdeel ‘emotionele rolbeperking’ was 
na 3 jaar zelfs verbeterd ten opzichte van voor de behandeling, wat mogelijk verklaard 
kan worden doordat 1) patiënten tijd hebben gehad om aan de situatie te wennen, 
2) hun interne maatstaf hebben veranderd door een levensbedreigende ziekte en 3) 
de angst voor een recidief of de dood is in de loop van de tijd minder geworden. 
De goede kwaliteit van leven resultaten die beschreven worden in hoofdstuk 6 en 7 
suggereren dat, indien gebruik wordt gemaakt van nauwkeurige bestralingstechnieken 
en de dosisvoorschriften op de risico organen niet overschreden worden, een verdere 
dosis verhoging mogelijk is zonder een verslechtering van de kwaliteit van leven.

FLAME-trial

Op basis van de resultaten beschreven in dit proefschrift kan de dosis in het 
tumorgebied binnen de prostaat verhoogd worden zonder onacceptabele toxiciteit 
of een verslechtering van de kwaliteit van leven te verwachten. Hierdoor was het 
mogelijk om de FLAME (Focal Lesion Ablative Microboost for prostatE cancer)-
trial te starten. Deze multicenter trial, waarvan de studieopzet in hoofdstuk 8 wordt 
beschreven, onderzoekt of een aanvullende bestralingsdosis in het tumorgebied 
binnen de prostaat betere behandelresultaten geeft. Voor dit onderzoek worden 
patiënten met prostaatkanker op basis van loting (= randomisatie) verdeeld over 2 
groepen (= armen). De patiënten in de standaard arm worden behandeld volgens 
de huidige richtlijn met 77 Gy op de gehele prostaat. Patiënten die hebben geloot 
voor de experimentele arm worden naast de standaard dosis van 77 Gy op de 
gehele prostaat bestraald met een aanvullende dosis tot 95 Gy op het tumorgebied 
binnen de prostaat. Er moeten 566 patiënten deelnemen aan deze studie om 10% 
verlaging in het aantal patiënten waarbij de prostaatkanker terugkeert aan te kunnen 
tonen. De trial is in augustus 2009 gestart en de verwachting is dat binnen 5 jaar 
de benodigde 566 patiënten hebben meegedaan aan het onderzoek. Naast het 
terugkeren van prostaatkanker wordt tevens gekeken naar de toxiciteit, de kwaliteit 
van leven en de overleving na de behandeling. Indien patiënten na de behandeling een 
terugkeer van de tumor (= recidief) ontwikkelen, zal door middel van beeldvorming 
de locatie van het recidief in de prostaat bepaald worden. Door dit te combineren 
met de bestralingsdosis die op deze locatie gegeven is, zal het mogelijk zijn om een 
nauwkeurige dosis-effect curve te maken. Op deze manier kunnen we erachter komen 
hoeveel bestralingdosis precies nodig is in de verschillende gebieden van de prostaat. 
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Conclusie

Gezien de bevindingen in dit proefschrift kan geconcludeerd worden dat het haalbaar is 
om het zichtbare tumorgebied binnen de prostaat een aanvullende bestralingsdosis te 
geven. Indien deze aanvullende dosis op het tumorgebied wordt gegeven door middel 
van moderne planningstechnieken in combinatie met het nauwkeurige positioneren 
van de patiënt en als de dosis beperkingen voor de risico organen in acht worden 
genomen, zijn geen ernstige bijwerkingen of een verslechtering van de kwaliteit van 
leven van de patiënten te verwachten. Op basis van bovenstaande bevindingen was 
het mogelijk en veilig om de FLAME-trial te starten. In deze gerandomiseerde trial 
zal onderzocht wat het voordeel is van het geven van een aanvullende dosis op het 
zichtbare tumorgebied binnen de prostaat. Hopelijk zal dit leiden tot een verbeterde 
behandeling voor patiënten met prostaatkanker ten aanzien van de tumorcontrole en 
de kwaliteit van leven.
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