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1.1 Radiotherapy 

 

In the Netherlands 91.400 new cases of cancer were diagnosed in 2009 and 41.500 

persons died of this disease (www.ikcnet.nl). Radiotherapy is an important treatment 

modality in the management of cancer, either as a single therapy, or in combination with 

chemotherapy, surgery or hyperthermia. 

 

The probability of achieving a successful treatment with radiotherapy is related to the 

dose received by the tumor, as described by the linear-quadratic model [1]. However, the 

dose that can be delivered to the tumor is limited by the surrounding healthy tissue, in 

which a higher dose results in a higher risk of complications. 

 

The most common machine for external beam radiotherapy is the linear accelerator 

(linac). The development of the linac occurred parallel on both sides of the Atlantic Ocean. 

Henry Kaplan en Edward Ginzton are considered to be the inventors of the linear 

accelerator [2]. They developed their accelerator at the Stanford University in California. 

The first actual treatment with a linac took place in the Hammersmith Hospital in London 

[3]. Figure 1.1a shows a model of this first linac in the Hammersmith Hospital, whereas 

figure 1.1b shows a modern linac, as currently installed in the Academic Medical Center in 

Amsterdam. 

 

 

Figure 1.1 a: A model of the first linear accelerator at Hammersmith Hospital in London 

[3]. b: A modern linac.    

 

The techniques of radiotherapy have greatly improved since the introduction of the first 

linac. An important development in radiotherapy was the development of the multi-leaf 

collimator (MLC), a device that was first described by Takahashi, who called it a sectional 

diaphragm in 1965[4]. The device consisted of tungsten plates in nine pairs opposite to 

each other. By moving these plates, which are now called leaves, the desired field shape 

(a) (b) 
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can be created (figure 1.2a). Nowadays the MLCs consist of more leaf pairs and the leaves 

are smaller, but the principle is still the same (figure 1.2b).  

The introduction of the MLC was a great improvement compared to the use of square 

shaped fields, or handmade blocks, which was common practice before. The treatment 

with field shapes that are adapted to the shape of the target is called three dimensional 

conformal radiotherapy (3D-CRT).  

 

The introduction of the computed tomography (CT) scanner in the field of radiotherapy 

led to more accurate treatment planning options. The CT-scan renders a 3D image of the 

patient, which shows an accurate view of the shape of the tumor and the anatomy of the 

patient. The grey values of the CT-scan (Hounsfield units, HUs) are directly related to the 

relative electron density of the tissue. Using this, the given dose to the tumor and the 

healthy tissue can be accurately calculated.    

 

Alongside the ‘regular’ linac, some new concepts were developed: Tomotherapy and 

Cyberknife. The Tomotherapy treatment machine was developed for dynamic conformal 

radiotherapy [5]. A linear accelerator is mounted on a CT-like ring. The radiation is 

delivered using a rotating fan beam, which is modulated by an MLC, while the patient 

moves through the ring. Cyberknife is developed for radiosurgery [6]. Cyberknife consists 

of a lightweight linear accelerator, which is mounted on a highly maneuverable industrial 

robot. The system also acquires radiographs during treatment. When the target moves, 

the coordinates are sent to the robot, which corrects the beam direction.  

 

Figure 1.2 a: The first MLC as described by Takahashi [4]. b: A modern MLC as currently 

produced by Elekta. 

(a) (b) 
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The radiotherapy department in the AMC Amsterdam has currently no access to dedicated 

machines like Tomotherapy and Cyberknife and therefore all the work in this thesis is 

based on a conventional linac. 

 

1.2 The radiotherapy treatment chain 

 

The radiotherapy treatment chain consists of several steps. As a first step the patient is 

scanned to determine the target area. Usually this is done with a CT scan, but nowadays it 

is more often combined with positron emission tomography (PET) or magnetic resonance 

imaging (MRI). The radiation oncologist determines the target area and the organs at risk 

(OARs) using these images. 

 

The next step is the creation of a treatment plan. In this step the optimal beam angles, 

field shapes and weight per beam are determined in order to irradiate the tumor 

sufficiently, while avoiding the OARs. In the next paragraph treatment planning will be 

discussed in more detail. 

 

The final step before the actual irradiation is the positioning of the patient on the 

treatment couch. The patient is positioned based on the laser system in the treatment 

room and marks that are applied on the skin. However, the internal anatomy of the 

patient can change with respect to the skin marks. The introduction of portal imaging and 

the cone beam CT (CBCT) presented the possibility to determine the actual location of the 

tumor and to correct the position of the patient, if necessary.   

 

1.2.1 Treatment planning 

 

The advances in treatment planning in the last few decades have been largely driven by 

developments in computer hardware and software. The first paper about the use of 

computers for the calculation of the treatment plan was published in 1955 [7]. The first 3D 

treatment planning system for clinical use was developed in 1988 [8].  

 

The standard approach of treatment planning is what is called forward treatment 

planning. The CT scan of the patient is used to determine how many beams should be 

used and from which angles. Then, the shape of each beam is created, using the MLC and 

blocks. Next, the weights of all beams are varied in order to create the optimal dose 
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distribution. If the produced dose distribution is not satisfactory, one should go back to a 

previous step.  

 

The beams used for radiotherapy treatment have a uniform intensity. A gradient in the 

intensity of the beam can be created by placing a wedge in the beam, for example to 

compensate for missing tissue or to spare healthy tissue. In 1959 the first compensator 

that creates a patient-specific non-uniform intensity was described [9]. This compensator 

was handmade based on the patient’s anatomy. An example of such a compensator is 

shown in figure 1.3. However, because this compensator had to be constructed by hand 

for each beam for each patient, this technique could not be used on a large scale. 

 

 

Figure 1.3: Compensator for creating non-uniform intensities [7]. 

 

In 1982 Brahme et al. published the first paper about the inverse planning problem [10]. 

This was a mathematical paper that described the calculation of the ideal intensity profile 

of the beam in order to create a dose distribution of a certain shape. He showed that a 

highly non-uniform intensity profile was needed to create a dose distribution for a 

doughnut-shaped target with an organ at risk in the center. This paper is now recognized 

as the first paper about intensity modulated radiotherapy (IMRT), although that term had 

not been invented yet. Figure 1.4 shows the principle of IMRT as proposed by Brahme[11]. 
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Figure 1.4: The principle of IMRT [11]. 

 

In 1989 Webb formulated the inverse planning as an objective function, or cost function, 

that can be optimized by minimizing the equation [12]. Nowadays, this approach is still 

used for planning IMRT in many commercial treatment planning systems. However, at that 

time non-uniform beam intensities only existed in theory and there was no practical way 

to actually execute them. In 1992 Convery and Rosenbloom published a procedure to 

create non-uniform beam intensities, which is by moving the leaves of the MLC during the 

irradiation of each static beam [13]. In 1994 the first IMRT plan was irradiated on a 

phantom [14]. This treatment took three hours, which made it unsuitable for treating 

patients at that time.  

 

 

Nowadays, the treatment time of IMRT has greatly improved compared to the three hours 

in 1994 and it is now widely used in the radiotherapy clinics worldwide.  Because concave 

dose distributions can be created, the organs at risk (OARs) can be spared better with 

IMRT. Many studies have compared dose distributions using IMRT with those using 

conventional treatment plans or 3D-CRT. Because of the better sparing of healthy tissue, 

Figure 1.5: Comparison of a dose distribution using 3D-CRT (a) and IMRT (b) [15]. 
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IMRT is either used to decrease the risk of complications, or to increase the dose to the 

tumor while maintaining the same risk of complications. Examples of dose distributions 

using 3D-CRT and IMRT are shown in figure 1.5 [15]. 

 

1.2.2 Position verification 

 

Before the irradiation starts, the patient is positioned on the treatment table. It is 

important that the patient’s position is exactly the same during treatment as during the 

planning CT, on which the treatment plan is based. In order to do this, laser systems are 

used. Laser systems are installed in the room of the CT scanner and in the treatment 

rooms. When the patient is scanned on the CT, marks are applied on the skin at the 

position where the laser coincides with the skin. Before each treatment, those marks are 

used to position the patient based on the laser system in the treatment room.   

 

The marks on the skin are a reasonable indication of the location of the tumor. However, 

the skin is not fixed rigidly to other structures. When the patient’s position changes 

slightly, either due to being more relaxed or tenser than during the planning CT, or if the 

patient has lost weight, the position of the skin marks might not represent the location of 

the tumor anymore. The position of the tumor itself might also vary from day to day, 

depending on the region of the tumor. Tumors in organs that are rigid or experience no 

movement, like the bones or the brain, will show little movement. On the other hand, 

tumors in flexible structures, like the bladder wall or the cervix, can move up to a few 

centimeters. In order to be sure to capture the complete tumor, a large area around the 

tumor should be included in the treatment field in such cases. Increasing the amount of 

surrounding healthy tissue in the field of irradiation leads to a higher number of 

complications. This demands a solution for determining the position of the tumor at the 

moment of treatment more accurately. Immobilization devices counter only a part of the 

problem, because even if the patient is in exactly the same position as during the 

planning, most internal organs cannot be fixed. 

 

The first study in which the position of the target area during treatment was determined 

used a radiographic film behind the patient [16]. Radiographic films were mainly used for 

comparison of immobilization devices. Because of the time it took to develop the films, 

this could not be used to determine the position of the patient instantly before treatment. 

This changed when electronic portal imaging was developed [17]. It was not until eight 

years later that the first results appeared of the use of an on-line portal imager for on-line 

evaluation and immediate adjustments on a daily basis [18].  
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A major drawback of portal imaging, for which the high energetic treatment beam was 

used, was the lack of soft tissue contrast. By 2002 the cone-beam CT had been developed 

[19]. Instead of using the treatment beam to make a radiograph of the patient, an x-ray 

tube is mounted on the gantry, with an accompanying detector. By rotating the gantry 

while the x-ray beam is on, a 3D image comparable to a CT image can be reconstructed. 

Because of the increased image quality and the increased availability of software for 

automatic registration, the use of image-guided radiotherapy (IGRT), has greatly increased 

in the last decade. 

 

Because it is not effective to use a high precision technique like IMRT when the position of 

the target is unsure, the use of IMRT increased when IGRT became available on a large 

scale. The use of IGRT decreases the positional uncertainties and therefore the margin 

around the target can be decreased. This reduces the risk of complications and enables 

dose escalation. 

 

Despite the improved soft tissue contrast of CBCT compared to other IGRT modalities, 

such as electronic portal imaging, some structures are still hard to discriminate. For an 

efficient workflow you need some clear landmarks to base the registration on, preferably 

clear enough to do the registration automatically. When such landmarks are not present 

in the human anatomy markers are inserted, if possible, to function as a surrogate for the 

tumor position. The use of markers to determine the position of the prostate on either 

CBCT or portal images is widely implemented in the radiotherapy clinics [20].  

 

1.3 Applications 

 

In principle the techniques described in the previous paragraphs can be applied for every 

target. However, every target has its own difficulties and therefore specific solutions have 

to be found for each target. The next paragraphs will describe two targets into more 

detail: the bladder tumor and the lung tumor.  

 

1.3.1  Bladder cancer 

 

In the year 2008, 2839 cases of bladder cancer were diagnosed in the Netherlands and 

1169 persons died from this type of cancer (www.ikcnet.nl). In about 40% of the cases the 

disease is still in an early stage at diagnosis. When the tumor is muscle-invasive, radical 
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cystectomy is the treatment of choice. During this type of surgery, the whole bladder is 

removed. This prodedure is associated with a high morbidity (15-40%) and mortality (1-

4%) [21]. If the patient is unfit or unwilling to undergo this treatment, he or she is referred 

for radiotherapy. 

 

Until recently it was common practice to irradiate the whole bladder when the patient 

was referred for radiotherapy. In order to keep the irradiated volume as small as possible, 

the patients were asked to empty their bladder before treatment. However, large day-to-

day differences in bladder volume occurred, so large margins were required to irradiate 

the bladder adequately [22]. However, the survival rates were still low (14-45%) at 5 years 

[23].  

 

Radiotherapy for bladder cancer was always the second choice after surgery, because of 

the poorer treatment outcome. However, a randomized trial has never been performed. It 

is hard to make an appropriate comparison between surgery and radiotherapy, because 

the patients selected for radiotherapy usually had more advanced tumors at diagnosis, 

were older and in worse condition than the patients selected for surgery. Besides, until 

recently, hardly any studies have been done on implementation of more advanced 

treatment techniques for bladder cancer. This might have been caused by the poor 

reputation of radiotherapy for bladder cancer, or by the small patient population. 

 

In 2003 the first study describing a concomitant boost technique for bladder cancer was 

published [24]. Instead of irradiating the whole bladder to a dose of 60 Gy in fractions of 2 

Gy, the small pelvis was irradiated with a dose of 40 Gy in 20 fractions and the tumor 

received a concomitant boost of 15 Gy. In this case the patient was asked to have a full 

bladder during treatment, in order to keep the healthy part of the bladder out of the high-

dose area. Because of the large day-to-day variation of the bladder volume, the position of 

the tumor could be displaced with respect to the planning situation, so a margin of 1.5 – 2 

cm had to be used around the tumor. 

 

In order to decrease the high-dose area, an adaptive margin strategy was studied [25]. 

During the first five treatment days a CT was made right before or after treatment. A new 

summated gross tumor volume (GTVSUM) was constructed that encompassed the GTVs of 

all five repeat CTs and the planning CT. The margin from the GTV to the planning target 

volume (PTV) was 1 cm. This resulted in a PTV that was on average 40% smaller than when 

a margin of 2 cm was used around the GTV of the planning CT and it resulted in less target 

misses.    
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In theory, the use of IGRT can be very beneficial for bladder cancer patients, because the 

tumor is very mobile and the margins are large. By determining the position of the tumor 

and adapting the position of the patient to it, the tumor can be irradiated more 

accurately. This means that the margins can be reduced and the amount of irradiated 

healthy tissue can be decreased. However, bladder tumors are hardly visible on CT and 

CBCT, because the bulk of the tumor is already removed with transurethral resection. 

Previous studies show that markers can be inserted around the tumor during cystoscopy, 

in order to determine the position of the tumor more accurately on CT [26,27]. These 

markers are also visible on CBCT. A major drawback of these markers is that most of them 

are lost in the first weeks after placement. A more recent development is the injection of 

small amounts of a contrast fluid, lipiodol, around the tumor [28]. There is some washout, 

but all spots remain visible throughout the whole radiotherapy treatment course. Lipiodol 

is visible on CBCT, which makes it suitable for on-line position verification and correction. 

 

1.3.2 Lung cancer 

 

In the year 2008, 10776 cases of lung cancer were diagnosed in the Netherlands 

(www.ikcnet.nl). Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all 

lung tumors. Less than 20% of the patients present with stage I disease (www.ikcnet.nl). 

 

Surgery is the standard treatment for stage I NSCLC tumors, with a 5-year overall survival 

of approximately 70%. The surgical treatment causes a high morbidity and mortality. In a 

recent clinical trial 1.4% of the patients died during surgery and 38% of the patients 

presented with one or more complications [29].  

 

For patients who are unfit or unwilling to undergo surgery, radiotherapy is the alternative 

treatment. With conventional radiotherapy, the 3-year and 5-year overall survival are only 

34% and 21%, respectively [30]. However, the technical developments of the last years 

have led to the introduction of stereotactic body radiotherapy (SBRT) for stage I NSCLC 

tumors. Stereotactic radiotherapy was developed in the 1950’s for intracranial tumors 

[31]. It is a high precision technique that is characterized by a high biological dose in a 

small number of fractions. To prevent healthy tissue from receiving this high dose, a very 

tight dose distribution is planned. Good reproducible patient set-up and position 

verification techniques are essential for preventing target miss. For intracranial tumors the 

reproducibility of the patient set-up was guaranteed by fixing the skull in a stereotactic 

frame. This frame was fixed to the treatment table.  
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The introduction of SBRT for stage I NSCLC tumors was driven by the development of the 

CBCT. Because lung tumors are very well visible on CBCT, they are suitable for on-line 

position verification and correction (figure 1.5). Therefore, they can be irradiated very 

precisely. The first studies that used SBRT for lung tumors yielded a local control as high as 

85-90% [32,33]. Most of the patients selected for these studies were patients who were 

unfit for surgery, which causes a selection bias. A sub-analysis of 100 patients who had 

declined surgery yielded a 5-year overall survival of 70.8% [33]. This is comparable to 

surgery.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5:  A coronal view of the CBCT of a lung cancer patient. 

 

A problem of SBRT for NSCLC patients is the day-to-day variation of the time-averaged 

position of the tumor with respect to the bony anatomy. This is called the baseline shift 

[34,35]. CBCT is used to correct the position of the patient in order to position the tumor 

in the center of the beams. A consequence of the baseline shift may be that the tumor has 

moved towards an organ at risk, which can cause a higher dose in the OAR than planned. 

Because of the high fraction dose, this might lead to serious complications, even if it 

happens only in a single fraction. Underberg has shown that an isocenter shift of more 

than 5 mm occurs in around 25% of the patients in the first two treatment weeks [36]. An 

isocenter shift of more than 1 cm occurred in 2 out of 36 patients in this study.  

 

1.4 Outline of this thesis 

 

The goal of this thesis is to apply the newly developed IMRT and IGRT techniques 

described in paragraph 1.2 to improve radiotherapy. This thesis will describe multiple 

studies. The first part is dedicated to the application of advanced techniques for bladder 
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cancer patients who receive radiotherapy. The first aim of this part was to use IMRT to 

decrease the dose in the OARs, while maintaining the dose in the target. The second aim 

of this part was to find the effect of on-line position correction on the dose distribution for 

bladder cancer patients. The aim of the second part of this thesis is to make on-line dose 

recalculation possible and to determine the potential benefits.   

 

In chapter 2 the difference between IMRT and the standard planning technique at the 

time of this study, a concomitant boost technique, was investigated. At that time IMRT 

was already in use for several target areas, but for bladder irradiation the conventional 

approach was still used. The goal of this study was to reduce the dose to the organs at risk 

while maintaining the target dose.  

 

As described earlier, the day-to-day variation of the position of bladder tumors is up to 

several centimeters. Chapter 3 describes a study that determines the effect of on-line 

position correction on the dose distribution. This study investigates how this effect can be 

predicted and handled. 

 

In the Academic Medical Center, bladder cancer patients are treated with a dose of 40 Gy 

to the pelvic lymph nodes and the whole bladder, while an additional boost is given to the 

tumor. The movement of the lymph nodes is not related to the displacement of the 

tumor, so position correction based on the tumor position might result in missing a part of 

the lymph nodes. In chapter 4 the effects of separate position correction for the elective 

plan and the boost plan are studied.  

 

In image-guided radiotherapy the set-up errors of the patient are determined and 

corrected, but this gives no information about changes in the dose distribution due to a 

change in the patient’s geometry. In principle, this could be calculated on the CBCT. 

Because of the poor image quality of CBCT, the grey values cannot be directly related to 

relative electron density. In chapter 5 we perform a validation study on the use of CBCT 

for dose calculation for lung tumors.  

 

In order to perform a dose calculation on CBCT a body contour is necessary. The standard 

algorithms for segmentation of body contours on CT fail for the CBCT, while manual 

delineation is too time consuming. In chapter 6 we present a method for automatic 

segmentation of body contours on CBCT.  

 

An extensive position verification protocol using CBCT is performed for patients with 

NSCLC who are treated with a stereotactic treatment. In chapter 7 the potential benefit of 
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on-line dose calculation on CBCT was investigated by retrospectively analyzing the dose 

distribution before and after position correction on the CBCT scans of the first ten patients 

that were treated with stereotactic irradiation.   

 

In chapter 8 the results are discussed and some directions for future research are given. 

Chapter 9 is a summary of this thesis.  
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2.1 Abstract  

 
Introduction:The aim of this study is to investigate to what extent IMRT can decrease the 

dose to the organs at risk in bladder cancer treatment compared to conformal treatment, 

while making separate treatment plans for the elective field and the boost. Special 

attention is paid to sparing small intestines. 

Methods: Twenty patients who were treated with the field-in-field technique (FiF) were 

replanned with intensity modulated radiotherapy (IMRT) using 5 and 7 beams 

respectively. Separate treatment plans were made for the elective field (including the 

pelvic lymph nodes) and the boost, which enables position correction for bone and tumor 

separately. The prescribed dose was 40 Gy to the elective field and 55 or 60 Gy to the PTV. 

For bladder and rectum V45Gy and V55Gy were compared and for small intestines V25Gy and 

V40Gy.  

Results: The dose distribution with IMRT conformed better to the shape of the target. 

There was no significant difference between the techniques in dose to the healthy 

bladder. The median V40Gy of the small intestines decreased from 114 cc to 66 cc (p = 

0.001) with 5 beam IMRT and to 55 cc (p = 0.001) with 7 beam IMRT compared to FiF. 

V45Gy for rectum decreased from 34.2% to 17.5% (p = 0.004) for both 5 and 7 beam plans, 

while V55Gy for rectum remained the same. 

Conclusions: With IMRT a statistically significant dose decrease to the small intestines can 

be achieved, while covering both tumor and elective PTV adequately.  
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2.2 Introduction 

 

Radiotherapy is a common treatment in the management of bladder cancer, particularly 

when surgery is not an option. A major problem in focal bladder cancer irradiation is the 

large day-to-day variation of the position of the tumor [22,37-41]. The position of the 

bladder wall depends on bladder filling and the position of the bladder as a whole 

depends on bowel and rectum filling. Large planning target volume (PTV) margins are 

required to compensate for this uncertainty. Because of these large margins, a 

considerable amount of healthy tissue is irradiated. Small intestines, rectum and the 

healthy part of the bladder are the organs at risk.  

  

At the Department of Radiation Oncology of the Academic Medical Center in Amsterdam, 

in bladder cancer irradiation, the small pelvis is irradiated with an elective field, to include 

the pelvic lymph nodes and the whole bladder. A concomitant boost is given to the tumor. 

Previous studies have shown that the local control rate was 56% in 3 years [24,42].  

 

Intensity modulated radiotherapy (IMRT) has several advantages compared to conformal 

treatment planning. IMRT is capable of handling concave-shaped targets and creates 

relatively steep dose gradients [43]. Sondergaard et al. recently showed that IMRT has a 

normal tissue sparing effect in comparison to a 3-field box technique [44]. They showed 

that IMRT decreases the dose to the bowel, bowel cavity, rectum and femoral heads. In 

their study, the healthy part of the bladder and the pelvic lymph nodes were irradiated 

too.  

 

However, the steep dose gradients that are used in IMRT are a potential risk for mobile 

targets such as the bladder tumor. Without on-line position verification the target can be 

missed. Since 2004, markers are used in our department to guide the delineation of the 

bladder tumor. These markers are also visible on CBCT. The markers are placed around the 

tumor and can, therefore, be used as a surrogate for the tumor position. This enables 

image-guided radiotherapy (IGRT) for bladder tumors. However, the movement of the 

pelvic lymph nodes with respect to the bony anatomy is relatively small and independent 

of the movement of the bladder [45]. That means the implementation of on-line position 

correction might introduce the risk of underdosing the pelvic lymph nodes. In this study 

we have therefore made two separate IMRT plans, an elective plan and a boost plan, 

affording us the opportunity to adjust the patient position in between the application of 

both plans.   
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The aim of this study is to separate the elective field and the boost in individual IMRT 

plans and still profit from the benefits of IMRT for the dose in the organs at risk (OARs).    

2.3 Methods 

 

2.3.1 Patients 

Twenty patients with histologically proven bladder cancer were included in this modeling 

study: median age: 81.5, range: 66-88 years. All patients were treated with the field-in-

field-technique (FiF) in the period 2003-2007 [24]. Starting in November 2004, titanium 

clips were implanted around the tumor under cystoscopic guidance to serve as reference 

points for gross tumor volume (GTV) delineation [26]. Contrary to, for instance, prostate 

markers these titanium clips were implanted around the tumor, to indicate the border 

between tumor tissue and the healthy bladder wall. One patient had undergone rectum 

resection in the past, so the results for rectum are for 19 patients. 

 

2.3.2 Delineation 

For all patients a planning CT scan with 3 mm slices was acquired while the patient was in 

supine position. An experienced radiation oncologist (MH) delineated GTV and the 

unaffected part of the bladder (healthy bladder) on the planning CT. During five 

consecutive days a repeat CT scan was made of each patient to be able to apply the 

adaptive margin strategy. The physician delineated the GTV in each repeat CT. The GTVs of 

all CTs of a patient were summed up to form the GTVSUM. The PTV was constructed with 

Figure 2.1:  a: The GTV is delineated on the first CT-scan. b: The delineations of 

the GTVs of five repeat CTs are projected on the first CT and a summated GTV is 

drawn, surrounding all GTVs: GTVSUM. The PTV is defined as a 1.0 cm margin 

around GTVSUM. c: The sagittal point of view.  

 

(c) (b) (a) 
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GTVSUM-PTV margin of 10 mm. This is illustrated in figure 2.1. From now on, this PTV will 

be called PTVtumor. For more details regarding this technique see Pos et al [25]. 

 

For IMRT planning a number of additional structures were delineated: pelvic lymph nodes, 

rectum, small intestines and a PTV for the 40 Gy field (PTV40). The PTV40 included the 

PTVtumor, a margin of 5 mm around the lymph nodes and an anisotropic margin around the 

bladder. The margins around the bladder were 20 mm in the cranial and anterior direction 

and 10 mm in posterior, lateral and caudal direction. The rectum was delineated from the 

first slice above the anal verge to the slice below the recto-sigmoid flexure. The small 

intestines were delineated up to 5 slices above the upper slice where PTV40 appears. All 

delineations were checked by the same experienced physician . 

 

2.3.3 Conformal treatment planning and field set-up  

All treatment plans were made with the planning system PLATO (Nucletron BV, 

Veenendaal, The Netherlands) using an energy of 10 MV. A conformal four-field technique 

was used for the elective field and the conformal concomitant boost was delivered by 2-4 

beams [24]. A requirement of the plans was that 99% of the volume of the PTVtumor 

received ≥ 95% of the prescription dose.  

 

The prescribed dose to the elective field was 40 Gy. The elective field included the whole 

bladder and the pelvic lymph nodes. The cranial limit was the L5-S1 inter space, the caudal 

limit was 5 mm caudal of the symphysis, the anterior and posterior limits were 15 mm 

beyond the bladder or tumor and the lateral margins were 10 mm beyond the maximum 

width of the bony pelvis. The field set-up is shown in figure 2.2. The prescribed dose to the 

PTVtumor was 55 Gy or 60 Gy. Before the year 2006, 55 Gy was the standard treatment. 

From then on and up to the present, 60 Gy is the standard treatment. However, 55 Gy is 

prescribed if small intestines are in the boost field, because small intestines are the first 

organs at risk of severe complications. Ten patients in this study were treated with 55 Gy 

and ten patients were treated with 60 Gy. 

 

If a dose of 55 Gy was prescribed, the patient received twenty fractions of 2.75 Gy: 2 Gy 

on the elective field and a concomitant boost of 0.75 Gy to the PTVtumor. If a dose of 60 Gy 

was prescribed, the patient also received 2.75 Gy in the first twenty fractions as well as 

two additional fractions of 2.5 Gy to the PTVtumor. A separate treatment plan was made for 

the last two fractions. 
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The dose was normalized in a point conform ICRU 62 in all plans [46]. For patients with an 

additional boost plan, the total dose was evaluated in PLATO's evaluation tool EVAL. 

   

2.3.4 IMRT treatment planning 

For the IMRT plans, the same fractionation schedule was maintained as in the original 

plans. All treatment plans were made with the same treatment planning system, with an 

energy of 10 MV.  

 

For every patient, one IMRT plan was made with five beam angles (40
o
, 110

o
, 180

o
, 250

o
 

and 320
o
) and one was made with seven beam angles (30

o
, 80

o
, 130

o
, 180

o
, 230

o
, 280

o
 and 

330
o
). A requirement of the plans was that 99% of the volume of the PTVtumor received ≥ 

95% of the prescription dose. Since the PTV40 had been delineated for IMRT, an additional 

requirement for the IMRT plans was that 99% of the volume of PTV40 received ≥ 95% of 40 

Gy.  

 

IMRT was separated in two plans: a boost plan and a plan for the elective field. Both plans 

will be given each fraction, with the option to adjust the patient position between 

Figure 2.2: a: The beams of the elective part of the conformal treatment. b: The 

beams-eye-view of the AP beam. c: The beams of the boost part of the conformal 

treatment. d: The beams-eye-biew of one beam. 

 

(c) (d) 

(b) (a) 
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irradiation of both plans. We used the same gantry angles for both plans. First we planned 

the boost field. While planning the elective field, the dose received due to the boost field 

was taken into account. 

 

2.3.5 Analysis 

For the small intestines, the volumes that received at least 25 Gy (V25Gy), and 40 Gy (V40Gy) 

were compared. For rectum and bladder, V45Gy and V55Gy were compared. For PTV40, V38Gy 

was compared, because the requirement is that 99% of the volume receives 95% of the 

prescribed dose. Because IMRT usually creates a large area with a low dose, we also 

compared V5Gy of the body. We used the relative volume for the bladder, rectum and 

PTV40. For small intestines the absolute volume was used, since that structure is only 

delineated in the area that receives dose. For the body, we also used the absolute volume. 

The results are displayed as: median (interquartile range (IQR) 25% - 75%) 

 

Because the results did not have a normal distribution, they were compared with a 

Wilcoxon signed rank test. This paired test compares the IMRT results of a patient with the 

result of the original plan of that same patient. This way, the statistics are not influenced 

by the two different prescription doses. Bonferroni correction was applied, because eight 

variables were tested (V25Gy and V40Gy for small intestines, V45Gy and V55Gy for bladder and 

rectum, V38Gy for PTV40 and V5Gy for the body). To test with α = 0.05, p-value after 

Bonferroni correction was 0.006. For the analysis, we have not made a distinction 

between the groups that were treated with 55 Gy and 60 Gy. The dose per fraction is the 

same in both situations. Therefore, the dose that is representative for complications is 

also the same for both groups.  

 

The correlation between underdosage of PTV40 in the original treatment plan and the 

benefit that small intestines have with IMRT compared to the FiF technique, was 

calculated with Kendall's tau. For the statistical analysis, SPSS release 12.0.1 (SPSS Inc., 

Chicago, USA) was used. 

2.4 Results  

 

IMRT results in a different dose distribution than FiF. Compared to IMRT, FiF leads to a 

relatively rectangular dose distribution, for both boost field and elective field, see figures 

2.3 a-d. The dose distribution of IMRT conforms more to the shape of the target, and 

because of that the small intestines, in particular, are spared. Note that PTV40, pelvic 
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lymph nodes, small intestines and rectum were not delineated at the moment the FiF 

treatment planning was made. 

 

 

Comparing dose-volume histograms (DVHs) for all patients for both the 5- and 7-beam 

IMRT plans shows that there is hardly any gain using seven over five beams. Figures 2.4 a-

d show the DVHs of a typical patient with a prescribed dose of 60 Gy. They show that the 

DVHs of IMRT using five beams and IMRT using seven beams almost overlap. Furthermore, 

this example clearly shows that the dose in small intestines is lower with IMRT than with 

FiF. For the rectum and the bladder, the situation was slightly more complicated since the 

lines cross at 55 Gy and 59 Gy respectively.  This means that for doses higher than 55 Gy 

for the rectum and 59 Gy for the bladder the conformal plan outperforms the IMRT plan. 

However, for lower doses it is the other way around. Also note that in this example the 

PTV40 is underdosed with the FiF-technique. 

 

For the healthy bladder, there was no statistically significant difference between FiF and 

the IMRT plans, as can be seen in tables 2.1a and 2.1b. V40Gy of the small intestines and 

V45Gy of the rectum showed a significant decrease with IMRT. PTV40 is underdosed in 

almost all FiF plans. V5Gy of the body did not show a statistical difference. 

Figure 2.3: Dose distributions. Figure a shows the dose distribution of the boost 

with the FiF-technique and figure b with IMRT for a patient with a prescription dose 

of 55 Gy. Figure c shows the dose distribution of the elective field with the FiF-

technique and figure d with IMRT.  

  

(a) 

(d) (c) 

(b) 
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Figure 2.4:  Cumulative dose-volume histograms from a patient with a prescribed dose 

of 60 Gy. a: The dose to the bladder is almost equal in all techniques. b: FiF gives a 

higher dose to more volume of the small intestines compared with IMRT. c: For the 

rectum, the lines cross at 35 Gy and 55 Gy. d: PTV40 is underdosed with FiF.  

 

Underdosing PTV40 might spare small intestines in FiF plans. We therefore calculated the  

correlation between the underdosage of PTV40 and the benefits that small intestines have 

from IMRT. Kendall's tau = -0.40 (p = 0.008), indicating that underdosage of PTV40 with the 

FiF technique underestimates the improvement in dose reduction gained by IMRT. The 

correlation between underdosage of PTV40 and small intestines is shown in figure 2.5. 
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Figure 2.5: Relation between the underdosage of PTV40 in the FiF plan and the difference 

in volume of small intestines that receives 40 Gy or more between FiF and 5-beam IMRT. 

 

Table 2.1a: Results of the comparison of FiF with IMRT using five beams 

 FiF  

Median (25%-75% 

quartile) 

IMRT 5 beams 

Median (25%-75% 

Quartile) 

p-value 

Bladder V45Gy 71.9 % (60.1 – 80.5) 75.3 % (46.8 – 83.6) 0.131 

Bladder V55Gy 30.2 % (3.4 – 52.7) 30.5 % (17.3 – 48.6) 0.104 

Small intestines V25Gy 252 cc (87 – 335) 221 cc (77 – 333) 0.052 

Small intestines V40Gy 114 cc (40-188) 66 cc (17 – 153) 0.001* 

Rectum V45Gy 34.2 % (20.7 – 51.9) 17.5 % (6.9 – 29.3) 0.004* 

Rectum V55Gy 3.7 % (0.0 – 8.5) 4.7 % (0.2 – 9.5) 0.932 

PTV40 V38Gy 93.3 % (87.4 - 96.5) 99.6 % (99.4 – 99.7) < 0.001* 

Body V5Gy 8520 cc (6934 – 9344) 8257 cc (7483 – 10640) 0.057 

 

*statistical significant p-values with Bonferroni correction.  

 

Table 2.1b: Results of the comparison of FiF with IMRT using seven beams 

 FiF  

Median (25%-75% 

quartile) 

IMRT 7 beams 

Median (25%-75% 

Quartile) 

p-value 

Bladder V45Gy 71.9 % (60.1 – 80.5) 72.5 % (51.2 – 78.1) 0.779 

Bladder V55Gy 30.2 % (3.4 – 52.7) 32.8 % (16.9 – 42.4) 0.370 

Small intestines V25Gy 252 cc (87 – 335) 211 cc (77 – 333) 0.033 

Small intestines V40Gy 114 cc (40-188) 55 cc (14 – 140) 0.001* 

Rectum V45Gy 34.2 % (20.7 – 51.9) 15.0 % (5.2 – 27.7) 0.003* 

Rectum V55Gy 3.7 % (0.0 – 8.5) 3.1 % (0.0 – 9.0) 0.816 

PTV40 V38Gy 93.3 % (87.4 - 96.5) 99.6 % (99.5 – 99.8) < 0.001* 

Body V5Gy 8520 cc (6934 – 9344) 8311 cc (7365 – 10807) 0.048 

 

*statistical significant p-values with Bonferroni correction.  
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2.5 Discussion  

 

This study shows that the dose in small intestines can be decreased significantly with 

IMRT, while PTVtumor meets the prescription dose in all IMRT and FiF plans. Reducing the 

dose in small intestines is very important, because of their sensitivity to radiation and the 

fact that they cause the majority of serious complications in the treatment of bladder 

cancer using irradiation. The risk of complications is related to the volume of small 

intestines that receives more than 45 Gy in 2 Gy fractions, which corresponds to 41 Gy in 

2.75 Gy fractions, using biological modeling with L-Q modeling parameter α/β = 6 Gy [47].   

 

The healthy part of the bladder did not receive a lower dose with IMRT compared to the 

FiF technique, because, contrary to the other organs at risk, a minimum dose of 40 Gy is 

prescribed to the bladder. Also, there is always a part overlapping with PTVtumor, which has 

a prescription dose of 55 Gy or 60 Gy. 

 

V45Gy for rectum is significantly smaller with both IMRT plans than with FiF, but V55Gy is the 

same in both techniques. This is because the volume that receives 55 Gy or more is the 

volume that overlaps with PTVtumor, and that volume is not reduced. However, the mean 

volume that receives more than 55 Gy is relatively small in all treatment planning 

techniques (see table 2.1a and 2.1b).  

 

This study is partially biased because the small intestines and rectum were not delineated 

at the moment the original planning was made. The dose in these structures was 

determined retrospectively. If they would have been delineated and the DVHs were 

available, the planning could have been different. So a part of what is considered as 

benefits of IMRT may be benefits of delineating all these organs as well. 

 

IMRT is usually associated with irradiation of a larger volume of the body to a low dose 

and with increased treatment time. In this study we found no significant difference in V5Gy 

for the body between FiF and the IMRT plans. The FiF technique uses 6 – 8 beams and 

usually some of them have wedges. Therefore, no large benefits or disadvantages were 

expected from IMRT on this point. The number of monitor units in the IMRT plan is on 

average 1.4 times higher than in the FiF plan (data not shown). Newer techniques such as 

VMAT and RAPID ARC might benefit on this point. Reducing the treatment time would be 

beneficial in the case of a bladder tumor, because the target is mobile and a shorter 

treatment time would also reduce the intrafraction motion. These techniques are still very 

new and they are not clinically available in our department. 
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The difference between IMRT plans with 5 and 7 beams is very small and is probably not 

clinically relevant. As IMRT with 5 beams is easier to implement clinically, we suggest using 

IMRT with 5 beams. 

 

A number of additional structures had to be delineated for the IMRT plan that were not 

delineated for the original plan: the lymph nodes, PTV40, rectum and small intestines. This 

was necessary to be able to steer the dose during IMRT optimization. We chose to 

delineate only the rectum and small intestines as additional OARs. The rectum is very 

close to the bladder and it overlaps with the PTV in a number of cases and the small 

intestines are the most radiosensitive structure in the pelvic area. Femoral heads and the 

colon were not delineated; they received a low dose in this treatment, typically below 30 

Gy. The plans were visually checked for hotspots in these organs.  

  

PTV40 was significantly underdosed in the conformal treatment plan. This is mainly due to 

the fact that PTV40 was not delineated for the original treatment plans. Wang-Chesebro et 

al. also found that a significant percentage (25%) of the lymph nodes will be missed if the 

elective field is based on bony landmarks [48]. The negative correlation between the 

underdosage of PTV40 in the conformal treatment plan and the reduction in V40Gy of the 

small intestines with IMRT suggests that if the PTV40 would have been covered adequately 

in the conformal treatment plan, the difference in small bowel irradiation might have 

been in favor of IMRT even more.  

 

When we compare our results to those of Sondergaard et al., we notice that they find a 

statistically significant advantage of IMRT on more DVH-points than we do [44]. They 

showed that IMRT is better on V10Gy
 
, V20Gy, V30Gy, V40Gy and V50Gy for the bowel, while we 

only found a difference on V40Gy, but not on V25Gy. A major difference is that they 

compared IMRT to a 3-field box technique. We used four beams for the elective field and 

chose the angles of the beams for the boost in such a way that the OARs were mostly 

spared. Therefore, the technique we compared IMRT with, might already give a lower 

dose in the OARs than their conventional technique.   

 

Some other studies comparing IMRT with conformal RT including pelvic lymph nodes 

consider prostate cancer [49,50]. In the study of Ashman et al., 3D conformal radiotherapy 

(3D-CRT) was compared with IMRT using five beams in prostate cancer patients with 

pelvic lymph node irradiation of 45 Gy. V40Gy in small intestines decreased from 29.1% (± 

15.1) with 3D-CRT to 21.4% (± 11.1) using IMRT and V25Gy is the same in both techniques 

(59.1%). V45Gy of the rectum decreased from 40.5% (± 9.7) using 3D-CRT to 2.8% (± 2.4) 

with IMRT, which is a larger decrease than what we have shown. This is probably due to 

the fact that only the elective phase of the treatment was taken into account in Ashman's 

study, whereas we considered the dose distribution as a whole. Muren et al. also 
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compared 3D-CRT to IMRT, using IMRT with 7 beams. The mean V40Gy of the small 

intestines decreased from 139 cc with CRT to 89 cc with IMRT, but V20Gy increased from 

264 cc to 281 cc and they found no significant difference in V30Gy. For rectum V40Gy, V50Gy 

and V60Gy decreased statistically significant with IMRT compared to CRT. We cannot 

compare the decrease in dose to the bladder in both studies with our study, because the 

patients in those studies were prostate cancer patients. 

 

In our department it is standard practice to include the pelvic lymph nodes in the 40 Gy 

elective field. The reason for this, is that pathology studies have shown that about 25% of 

the patients have lymph node metastases at the time of cystectomy and several radical 

cystectomy studies have shown that treatment outcome is positively correlated with the 

number of lymph nodes removed during the surgery [51-53]. Unfortunately, there has 

never been a randomized trial to study the effect of elective treatment of the lymph 

nodes with radiotherapy. For that reason, the indication for lymph node treatment is still a 

matter of debate. A negative side effect of irradiating the pelvic lymph nodes, is the 

increased risk of bowel complications, which we hope to reduce by implementing IMRT for 

this treatment. The results of this study are promising, but only a clinical study can show 

the real effects of introducing IMRT.  

 

In general, IMRT with its steep dose gradients is beneficial for the OARs. However, the 

steep dose gradients also induce an increased risk of target miss. Therefore, we can't 

stress enough that the introduction of IMRT for irradiation of bladder tumors should be 

accompanied by IGRT. Considering the intrafraction motion for this organ, we should be 

careful with reducing the margin even when daily on-line position correction is being 

applied.  

 

2.6 Conclusion  

 

We have shown that IMRT improves the dose distribution in small intestines. A smaller 

part of the volume is in the high dose region, which reduces the risk of complications. This 

enables future dose escalation and, with that, hopefully an improved treatment outcome. 

We have also shown that we can separate the elective field and the boost in two separate 

IMRT plans without creating additional high dose regions. This enables on-line position 

correction of both plans separately and as a next step it might enable us to reduce 

margins, which will result in an even lower dose in the OARs. 
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3.1 Abstract  

Introduction:The purpose of this study was to determine the dosimetric effect of on-line 

position correction for bladder tumor irradiation and to find methods to predict and 

handle this effect. 

Methods: For 25 patients with unifocal bladder cancer intensity modulated radiotherapy 

(IMRT) with 5 beams was planned. The requirement for each plan was that 99% of the 

target volume received 95% of the prescribed dose. Tumor displacements from -2.0 cm to 

2.0 cm in each dimension were simulated, using 0.5 cm increments, resulting in 729 

simulations per patient. We assumed that on-line correction for the tumor was applied 

perfectly. We determined the correlation between the change in D99% and the change in 

path length, which is defined here as the distance from the skin to the isocenter for each 

beam. In addition the margin needed to avoid underdosage was determined and the 

probability that an underdosage occurs in a real treatment was calculated.  

Results: Adjustments for tumor displacement with perfect on-line position correction 

resulted in an altered dose distribution. The altered fraction dose to the target varied from 

91.9% to 100.4% of the prescribed dose. The mean D99% (± SD) was 95.8% ± 1.0%. There 

was a modest linear correlation between the difference in D99% and the change in path 

length of the beams after correction (R
2
 = 0.590). The median probability that a systematic 

underdosage occurs in a real treatment was 0.23% (range: 0 - 24.5%). A margin of 2 mm 

reduced that probability to < 0.001% in all patients. 

Conclusions: On-line position correction does result in an altered target coverage, due to 

changes in average path length after position correction. An extra margin can be added to 

prevent underdosage. 
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3.2 Introduction  

External beam radiotherapy is a common treatment for muscle-invasive bladder cancer 

for patients unfit or unwilling to undergo a radical cystectomy. Unifocality of the tumor 

allows irradiation of only the tumor and to spare the healthy part of the bladder, or to give 

the tumor a high dose with a concomittant boost technique while giving the healthy 

bladder a prophylactic dose [24,42]. However, the position of a bladder tumor varies 

markedly day-to-day, up to several centimeters, due to bladder and bowel movements 

and bladder filling [22,37-41]. For radiotherapy, large margins are necessary to 

compensate for this uncertainty, resulting in a high dose to the surrounding healthy tissue. 

The probability of serious complications in the healthy tissue limits the dose that can be 

administered to the tumor. Since bladder tumors move independently of the bones, a 

portal image of the pelvic bones is not suitable for determining the current position of a 

bladder tumor [39].  

 

Fortunately, the possibilities for image guided radiotherapy (IGRT) have increased 

substantially in the last decade and a megavoltage image of the bony anatomy is no longer 

the only option. The recent development of a cone-beam CT (CBCT) mounted on the linear 

accelerator enables in-room soft-tissue visualization [19]. However, the soft-tissue 

contrast is poor and to visualize the bladder tumor effectively markers have to be inserted 

around the tumor. The combination of CBCT and implanted markers opens up the way for 

on-line position correction of bladder tumors [26,27]. This technique enables margin 

reduction, leading to a decreased risk of healthy tissue complications and it might enable 

dose escalation.   

 

Applying on-line position correction causes beams to pass through a different amount of 

tissue and through different tissue types compared to the treatment plan, resulting in an 

altered attenuation for these beams (figure 3.1). The question arises: how is the target 

dose distribution affected by these differences in attenuation with respect to the 

treatment plan?  

 

Similarly, an effect of on-line position correction on the target dose for the prostate has 

been reported [54-56]. Several authors studied the target coverage of the prostate after 

applying translational position correction. They concluded that on average the target dose 

after position correction is higher than without correction, but lower than in the 

treatment plan. All studies explained the remaining underdosage by rotations that were 

not included in the correction and by deformations. Van Herten et al. have shown that 

when there is no correction for rotations, the target coverage of the prostate is still 98.7% 



Chapter 3 

 
42

and for the seminal vesicles 95.7%, even though the planning was done without PTV 

margin [57]. Orton and Tomé neglected rotations of the prostate and they found that the 

dose distribution after applying position correction was nearly identical to the treatment 

plan [58].   

 

However, the prostate is located relatively central with respect to the body contour, while 

bladder tumors can also be present on the ventral side of the bladder. This might have a 

considerable effect on the dose distribution when the tumor moves. In addition, the 

typical day-to-day variation in the position of a bladder tumor is larger than that of the 

prostate. Therefore the above mentioned results do not automatically apply for on-line 

position correction for bladder cancer.  

 

In this study we investigated the effect of on-line position correction for bladder tumors 

on the dose distribution. The goal of this study was to determine what the effect of on-

line position correction of bladder tumors is on the dose distribution, how it can be 

predicted and how it can be handled. In order to put the results into perspective, we 

added the results of the analysis of tumor movement in recently treated bladder cancer 

patients in our department.  

3.3 Methods 

3.3.1 Patients 

This study included 25 patients with a histologically proven bladder tumor who were 

previously treated in our department. For all patients a planning CT with 3 mm slices was 

acquired with the patient in the supine position. The tumor was delineated by an 

experienced radiation oncologist. The average tumor volume was 48.8 cc (range: 7.4 – 

116.0 cc). The delineated tumor volume was used as the clinical target volume (CTV) [25]. 

Bladder and rectum were also delineated. Because we wanted to investigate the effect of 

on-line position correction only and were not interested in all other uncertainties and 

errors, we did not use a CTV-PTV margin in this simulation study. 

3.3.2 Treatment planning 

IMRT plans with five beams were generated for each patient: 40
o
, 110

o
, 180

o
, 250

o
 and 

320
o
. We used PLATO (Nucletron BV, Veenendaal, the Netherlands) for treatment 

planning. The dose calculation was based on Bortfeld's pencil beam algorithm [59] and we 

corrected for inhomogeneities, using an improved version of the equivalent tissue-air ratio 

(ETAR) correction [60]. The requirement of the plans was that 99% of the volume of the 

CTV was covered by the 95% isodose. This plan was only generated for study purposes. 
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The patients were actually treated with our current technique and a CTV-PTV margin 

[24,25]. 

3.3.3 Simulation 

The treatment plan was made with the tumor in the original position as outlined on the 

planning CT. In the simulation the tumor was shifted to another position and perfect 

position correction was applied, i.e. the beam positions were kept constant with respect 

to the target. This is schematically represented in figure 3.1. All other parameters, for 

example the beam geometry and the number of monitor units, were kept constant. We 

simulated shifts from -2.0 to 2.0 cm in 0.5 cm increments in the left-right, cranial-caudal 

and dorsal-ventral direction and all combinations, yielding 9
3
 = 729 shifts. The dose 

distribution was calculated for each shift. A stand-alone version of PLATO's dose engine 

was used for these computations. This PC version of PLATO was highly optimized for fast 

dose calculations on a graphical card [61].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic representation of a simulation. The black target and beam axes 

represent the treatment plan. Grey represents the situation on a particular treatment 

day. The tumor has moved within the body and position correction is applied to ensure 

that the beams are at the same location with respect to the target. 

 

3.3.4 Analysis 

The dose at least received by 99% of the volume (D99%) of the CTV was evaluated. If the 

D99% was lower than 95%, it was considered an underdosage. Differences in the dose 

distribution are caused by changes in path length and to a lesser degree by changes in 

tissue type. The SSD of beams might change, as can be seen in figure 3.1, and the beams 

may pass through bone which they did not in the treatment plan, or vice versa. We 
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investigated the correlation between the dose and the average path length of the five 

beams, using SPSS 16.0.2. (SPSS Inc., Chicago, USA). Both the dose and the path length 

were calculated relative to the treatment plan in order to evaluate the results for all 

patients at once. We calculated the linear regression of dose versus path length for the 

results of all patients.  

  

A distinction was made between the physical path length (PPL) and the radiological path 

length (RPL). By physical path length we mean the path length from the skin to the 

isocenter for the central beam axis in centimeters. The radiological path length is this 

length corrected for the relative electron density and it represents the equivalent path 

length in water.  

 

Besides calculating the average path length of the five beams of each simulation, the 

physical path length weighted over the number of monitor units of each beam (PPLMU) 

was also determined: 

( )
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==
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MU

MU

MU*PPL

PPL  ,     (3.1) 

where PPLi is the physical path length of beam i and MUi is the number of MUs of beam i 

and n is the number of beams. The radiological path length weighted over the number of 

MUs per beam (RPLMU) was calculated by substituting RPL for PPL in equation 3.1. The 

correlation coefficient was used to determine which of the four predictors (PPL, RPL, 

PPLMU or RPLMU) was the best predictor of the dose change at the target.  

3.3.5 Margin 

We investigated what margin was needed to have avoided underdosage despite perfect 

position correction in the two 'worst case' patients from our data analysis, i.e. the two 

patients with the lowest D99% in a single fraction. An isotropic CTV-PTV margin of 2 mm 

was used. New IMRT plans were made with this margin and the full simulation was 

repeated for these patients. If this margin was not sufficient, the margin was increased by 

1 mm increments and the planning and simulation were repeated until a satisfactory 

margin was obtained. 

3.3.6 Analysis of tumor movement and probability of underdosage 

In order to calculate the probabilities of each shift to occur in an actual treatment, the 

movement of the bladder tumor in recently treated bladder cancer patients in our 
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department was determined. The displacement of the tumor with respect to the bones 

was analyzed in patients with implanted markers from whom at least 6 CBCTs were 

available. These data were supplemented with the data of patients without markers, but 

with at least 6 repeat CTs. For the latter group the tumor was delineated in each repeat CT 

and the displacement of the center of gravity (CoG) of the tumor with respect to the bony 

anatomy was analyzed. Because the image quality of the CBCT is not sufficient for 

delineation, we could only use patients with enough (at least 6) regular CTs for the group 

without markers. We determined the systematic and random component of the tumor 

movement with respect to the bones. For that purpose, we first determined the individual 

mean and standard deviation for each patient, using translations only, with XVI release 3.5 

(Elekta, Crawley, UK). The systematic component of the tumor movement in all patients is 

the SD of the individual means and the random component is the root mean square of the 

individual SDs.  

  

Based on these tumor displacement data, the probability that a systematic underdosage 

occurred was calculated for each patient. First, the probability that a simulated shift could 

be the systematic displacement of a real treatment was calculated. Next we determined 

for each patient which shifts resulted in an underdosage. The probabilities of all shifts that 

led to an underdosage were summed for each patient, which gave the probability that a 

systematic underdosage occurred. Note that we did only simulate the effect of systematic 

errors, not that of additional random errors. 

  

From the tumor displacement data the margin that would be necessary if no position 

correction was applied can also be determined, using Van Herk's margin recipe [62]: 

 

mPTV = 2.5Σ + 0.7σ,       (3.2) 

 

where m is the margin, Σ the systematic tumor displacement and σ the random tumor 

displacement. This margin was compared to the margin that was needed when on-line 

position correction was applied. 

 

3.4 Results  

3.4.1 Dose 

When the tumor was displaced with respect to the body contour and position correction 

was applied perfectly, the dose distribution changed with respect to the treatment plan. 

These changes showed up both in the magnitude of D99%  as well as in the shape of the 
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95% isodose. Note that this could also imply a dose increase. Figure 3.2 shows an example 

of the dose distribution in a treatment plan and the dose distribution when the tumor has 

moved 2.0 cm in the dorsal direction. In general, the dose increased when the tumor 

moved in the caudal and ventral directions and the dose decreased when the tumor 

moved in the cranial and dorsal directions (figure 3.3). The result of displacement in the 

left-right direction was patient-dependent, probably dependent on the location of the 

tumor on the bladder wall. 

 

 

 

 

 

 

 

 

Figure 3.2:  Dose distribution at the target. (a) Planning situation. (b) Situation when the 

tumor moved 2 cm dorsal and the patient position was corrected. After position 

correction the resulting dose is lower and shaped differently compared to the treatment 

plan of this scenario.  
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Figure 3.3:  D99% over the dorsal and ventral axes. Values of D99% for all shifts over the 

dorsal-ventral and cranial-caudal axes averaged over all patients. The X-axis represents 

tumor displacement in the dorsal-ventral direction and the Y-axis the cranial-caudal 

direction. There is no shift in the left-right axis in this case.  
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The D99% was at least 95% of the prescribed dose in 75.5% of all the simulated situations 

and at least 94% of the prescribed dose in 95.2% of the simulations (figure 3.4). The 

lowest D99% observed in all simulations was 91.9%, the highest was 100.4% and the mean 

D99% (± SD) was 95.8% ± 1.0%.  
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Figure 3.4:  Distribution of  D99% for all simulations. The X-axis represents ranges of D99% 

and the Y-axis the percentage of simulations that are in each range. Only 0.4% of all 

simulations had a D99% below 93%, with a minimum of 91.9%.  

3.4.2 Correlation between dose and path length 

The correlation coefficient R
2
 was 0.51 (p < 0.001), 0.25 (p<0.001), 0.59 (p < 0.001) and 

0.25 (p < 0.001) for the correlation for all patients between dose and PPL, RPL, PPLMU and 

RPLMU, respectively.  Figure 3.5a shows the result of the relative dose difference and PPLMU 

for all patients. One patient, denoted patient P, had aberrant results; the slope of the 

regression curve was 1.22, whereas the mean slope (± SD) of the other individual 

regression curves was -2.39 ± 1.53. When patient P was excluded from the analysis, R
2
 = 

0.67 (p < 0.001) for the correlation between dose and PPLMU (figure 3.5b). 

3.4.3 Margin 

Additional treatment plans with small margins were made for the two worst case patients 

and the simulation was repeated. The result of replanning with an increased margin was 

an increase of the minimum dose to the tumor, also in the treatment plan. For the worst 

patient a margin of 3 mm was necessary to avoid underdosage and for the other patient a 

margin of 2 mm was sufficient.   
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Figure 3.5:  Correlation difference D99% and path length change. a: The results of all 

simulations of all 25 patients with respect to the treatment plan. On the X-axis is the 

difference in path length weighted with MUs (PPLMU) with respect to the treatment 

planning and on the Y-axis is the difference in dose with respect to the treatment plan. 

b: The results when patient P  is excluded. 

 

3.4.4 Analysis of tumor movement and probability of underdosage  

We determined the systematic and random components of the tumor movement with 

respect to the bony anatomy in each direction. For five patients the CBCTs were analyzed, 

with an average of 7.8 scans per patient. For 16 patients the regular CTs were analyzed, 

with an average of 8.6 repeat CTs per patient. Systematic displacement ΣLR (left-right), ΣDV 

(dorsal-ventral) and ΣCC (cranial-caudal) were 1.8 mm, 4.7 mm and 4.1 mm, respectively. 

Random displacement σLR, σDV and σCC were 1.7 mm, 3.4 mm and 3.5mm, respectively. If 

no position correction would be applied a margin of 5.7 mm, 14.2 mm and 12.7 mm in the 

left-right, dorsal-ventral and cranial-caudal direction, respectively, would be needed to 

compensate for tumor displacement, using Van Herk's margin recipe [62].  

 

With the above SDs of systematic tumor displacement, we calculated the probability of a 

systematic underdosage (i.e., a D99% lower than 95% of the prescribed dose) if no margin 

was applied for each patient. When no margin was applied, the median of this probability 

was only 0.23%. For 16 out of the 25 patients this probability was below 1%, for 8 patients 

the probability was between 1% and 14% and one patient had a probability of 24.5%. The 

probability of a D99% below 94% was 0.07% in the worst case patient and smaller than 

0.01% in all other cases. When a margin of 2 mm was applied, the probability of a D99% 

lower than 95% was smaller than 0.001% in the one patient for whom 2 mm was not 

sufficient for all simulated shifts. 
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3.5 Discussion  

 

The goal of this study was to investigate whether underdosage still occurs with perfect on-

line position correction and if so, under what conditions it occurs and how it can be dealt 

with. We have shown that even if on-line position correction is applied perfectly, 

underdosage can still occur. There was a linear correlation between the dose difference 

and the change in averaged path length of the beams. A margin can be added to prevent 

this underdosage.  

  

Although the tumor is underdosed in some situations, the lowest D99% that occurred in this 

study was still 91.9%. This represents the worst case of all 18225 simulations and was 

calculated for a shift of 2 cm cranially, 2 cm dorsally and 2 cm to the left. However, this 

result is much better than not applying position correction at all. With the systematic 

displacement of the tumor that we found in our patients, it is highly unlikely that this will 

be the systematic error of a treatment.  

  

For every patient we calculated what the probability was that a systematic underdosage 

occurred in a real treatment. The range of probabilities that were found is large, 0-24.5%, 

but in most cases that probability is small and the median is 0.23%. The probability that 

the dose is systematically below 94% is 0.07% in the worst case and smaller than 0.01% in 

all other cases. 

  

In this study we focused on D99% and every result below 95% was considered an 

underdosage, but for the clinical outcome the degree of underdosage is more relevant. 

Tomé and Fowler found in a modelling study that an underdosage in a subvolume as small 

as 1% of the volume of the tumor can already decrease the tumor control probability 

(TCP) [63]. However, this TCP decrease was apparent only if the dose in that subvolume 

was more than 10% lower than the prescribed dose. With a minimal D99% of 91.9% a 

decrease in TCP is not likely in our study. 

  

Overdosage, on the other hand, might be a risk too, because constraints for organs at risk 

(OARs) can be violated. However, the dose increases when the tumor moves in the ventral 

and caudal direction, while the OARs - the rectum and small intestines - are located on the 

dorsal and cranial side of the bladder, respectively.  

  

The change in dose with respect to the treatment plan can be predicted using the number 

of MUs per beam and the change in physical path length. Considering the radiological path 

length of the central axis only is apparently not the best predictor for dose differences, 
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although this might seem counterintuitive. A likely explanation is that the central axis ray 

of each beam is not representative of the change in radiological path length of the entire 

beam. The correlation between weighted path length and dose did not hold for one of the 

25 patients: patient P. A more detailed analysis of patient P showed that the tumor was 

highly elongated. When the dose in one part of the tumor increased as expected, the dose 

in another part of the tumor decreased, causing an overall decrease in D99%. In general the 

change in path length is a good predictor for the change in dose, but in practice its 

applicability will be limited. 

 

It would be interesting to perform a similar study with daily CBCTs and investigate how 

large the dose difference over the whole treatment is with the real body contour and 

tumor position. Presently, not enough daily CBCTs are available in our institution to 

perform such an analysis. Furthermore, we cannot delineate the tumor on the CBCT, 

because of the poor image quality caused by scatter. The position of the tumor can be 

found using the markers, but in the case of deformation the shape cannot be determined. 

Another problem related to the scatter is that we cannot rely on the CBCT for dose 

calculation, because the grey values of the CBCT do not correspond to those of the CT. 

Moreover, the grey values are also related to the size of the patient and therefore it is 

hard to assign correct electron densities to the hounsfield units. Recent studies have 

shown that the errors in dose calculation for CBCT decrease from 10-20% to 1-2% when 

correction techniques are applied, which is very promising for future dose calculation for 

CBCT [64,65].  

  

Without on-line position correction a margin of 5.7 mm left-right, 14.2 mm dorsal-ventral 

and 12.7 mm in the cranial-caudal direction would be needed to compensate for tumor 

displacement. This is sufficient to ensure that 90% of the patient population receives a 

dose of 95% or higher in the CTV. When on-line position correction is used, a margin of 2 

mm would be sufficient in more than 99.99% of the patients. However, margins are not 

only meant for compensation of target translations, but they are also needed for 

uncertainties that cannot be corrected by on-line position correction for translations, such 

as deformations, rotations, intrafraction motion and delineation uncertainties. Because 

we only wanted to study the effect of on-line position correction all these errors were 

ignored, but they should not be forgotten in clinical practice. Engels et al. have already 

shown a reduced treatment outcome for patients with implanted markers and daily 

positioning and they also warn not to reduce margins too much [66].  

  

The minimal D99% in this study was 91.9%, which is not that much lower than the required 

95%. Furthermore, it is highly unlikely that the lowest D99% of this study will occur in a real 
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patient. The modelling study of Tomé and Fowler suggests that our minimal D99% will not 

reduce the TCP [63]. We therefore recommend not to increase the margins to compensate 

for underdosage due to path length changes. Note that all other uncertainties should be 

adequately covered. 

3.6 Conclusions  

 

The purpose of this study was to investigate the dosimetric effect of on-line position 

correction. The conclusion is that the dose distribution changes with respect to the 

treatment plan, even if the target is not deformed and does not rotate. However, the 

occurring underdosage is small, D99% is 91.9% in the worst case. The probability that an 

underdosage occurs in an actual treatment is small for most patients, but with a large 

spread: median 0.23%, range 0-24.5%. With a margin of 2 mm, the probability of 

underdosage is < 0.001% for all patients.  
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4.1 Abstract  

 
Introduction: The application of lipiodol injections as markers around bladder tumors 

combined with the use of CBCT for image guidance enables daily on-line position 

correction based on the position of the bladder tumor. However, this might introduce the 

risk of underdosing the pelvic lymph nodes. In this study several correction strategies were 

compared. 

Methods: For this study set-up errors and tumor displacements for ten complete 

treatments were generated; both were based on the data of 10 bladder cancer patients. 

Besides, two IMRT plans were made for 20 patients, one for the elective field and a boost 

plan for the tumor. For each patient 10 complete treatments were simulated. For each 

treatment the dose was calculated without position correction (option 1), correction on 

bony anatomy (option 2), on tumor only (option 3) and separately on bone for the elective 

field (option 4). For each method we analyzed the D99% for the tumor, bladder and lymph 

nodes and the V95% for the small intestines, rectum, healthy part of the bladder and 

femoral heads.  

Results: CTV coverage was significantly lower with options 1 and 2. With option 3 the 

tumor coverage was not significantly different from the treatment plan. The ΔD99% 

(D99%,option n – D99%,treatment plan) for option 4 was small, but significant. For the lymph nodes 

the results from option 1 differed not significantly from the treatment plan. The median 

ΔD99% of the other options were small, but significant. ΔD99% for PTVbladder was small for 

options 1, 2 and 4, but decreased up to -8.5 Gy when option 3 was applied. Option 4 is the 

only method where the difference with the treatment plan never exceeds 2 Gy. The V95% 

for the rectum, femoral heads and small intestines was small in the treatment plan and 

this remained so after applying the correction options, indicating that no additional hot 

spots occurred.  

Conclusions: Applying independent position correction on bone for the elective field and 

on tumor for the boost separately gives on average the best target coverage, without 

introducing additional hot spots in the healthy tissue. 
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4.2 Background  

 
External beam radiotherapy is the treatment of choice for bladder cancer patients unfit 

for a radical cystectomy or willing to preserve their bladder function. Conventional 

radiotherapy generally consists of irradiation of the entire bladder. However, when the 

tumor is unifocal, a focal tumor boost has been shown to provide a high local control rate 

with acceptable toxicity [24,42]. In focal bladder cancer irradiation, however, the large 

day-to-day variation of the tumor position causes a major problem [22,37-41]. The 

implementation of image-guided radiotherapy (IGRT) and daily on-line position correction 

for unifocal bladder tumors will reduce the positional uncertainty and could enable margin 

reduction. 

 

At our department, bladder tumor irradiation involves additional pelvic lymph node 

irradiation by an elective field. The movement of the lymph nodes with respect to the 

bony anatomy is relatively small [45] and is independent of the movement of the bladder. 

Therefore the implementation of on-line position correction for the bladder tumor might 

introduce the risk of underdosing the pelvic lymph nodes. A couple of studies have 

addressed this problem for the prostate and two possible correction methods are 

proposed. 

 

Ludlum et al. have developed an algorithm that adjusts the position of the MLC leaves 

conformal to the prostate, while keeping the other leaves unchanged [67]. The rationale 

behind this correction method is that the table position correction does not have to be 

applied for the tumor and bone separately. Unfortunately, it is currently not possible to 

adjust the leaves during treatment. 

 

Rossi et al. show that a considerable degradation of the delivered dose to the pelvic lymph 

nodes might occur when on-line position correction is applied based on the prostate 

position [68]. They propose to start the treatment with the execution of the boost plan. 

After a number of fractions, the uncertainty of the prostate position can be estimated and 

with that the PTV margin for the lymph nodes can be determined. For the bladder 

treatment used at our department this method is not an option, because the lymph nodes 

are being irradiated in almost all fractions. Hence, the uncertainty of the tumor position 

cannot be estimated before the treatment of the lymph nodes starts. 

 

Our proposal is to make two treatment plans and correct them separately, despite the 

overhead of additional image analysis and possible couch correction. The purpose of this 
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study is to investigate if the plans can be separated and moved without losing either 

tumor or bladder and lymph node coverage. This correction strategy is compared with 

correction on bony anatomy, correction on tumor position and no position correction. 

 

4.3 Methods 

 

4.3.1 Patients and prescribed dose 

This simulation study included 20 patients with a histologically proven bladder tumor who 

received a treatment at our department. Our current department policy is to prescribe 55 

Gy if the tumor is close to the small intestines and 60 Gy if the small intestines are not at 

risk. Ten patients were given a prescribed dose of 55 Gy on the tumor and ten patients 

were given a prescribed dose of 60 Gy. For all patients an elective dose of 40 Gy was 

prescribed to the lymph nodes and healthy part of the bladder. The patients were treated 

with a full bladder. They were instructed to void the bladder and drink 250 cc of water one 

hour before the treatment. 

  

All patients were actually treated with our current technique [24]. The patients who were 

treated with 55 Gy, received 20 fractions of 2 Gy to the elective field and a concomitant 

boost of 0.75 Gy to the tumor. The patients who were treated with 60 Gy, received the 

same schedule as the 55 Gy patients in the first 20 fractions, with two subsequent 

fractions of 2.5 Gy to the tumor.   

 

4.3.2 Delineation and treatment planning 

For all patients a planning CT with 3 mm slices was acquired with the patient in supine 

position. Before the planning CT was acquired lipiodol was injected under cystoscopic 

guidance on 3 to 5 locations, thereby indicating the border of the tumor [28]. Lipiodol is a 

contrast medium that is visible on CT as well as on CBCT. The lipiodol guided the GTV 

delineation and it enabled on-line position verification. More details regarding the clinical 

application of the lipiodol injections were given by Pos et al. [28]. The lipiodol spots 

remained visible throughout the entire course of radiotherapy. The tumor was delineated 

by an experienced radiation oncologist. The delineated tumor volume was defined as CTV 

[25]. The bladder, rectum, pelvic lymph nodes, femoral heads and small bowel were 

delineated as well.  
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In consideration of daily on-line position correction, a CTV - PTVtumor margin of 5 mm and a 

lymph node (ln) – PTVln margin of 5 mm were chosen [69]. Because the bladder volume 

has a substantial day-to-day variation we opted for a bladder – PTVbladder margin of 20 mm 

in the cranial and anterior direction and 10 mm in the posterior, lateral and caudal 

direction. 

 

Intensity modulated radiotherapy (IMRT) plans were made with the planning system 

PLATO (Nucletron BV, Veenendaal, The Netherlands), using an energy of 10 MV. The 

following beam angles were used for each plan: 40
o
, 110

o
, 180

o
, 250

o
 and 320

o
. Two 

separate IMRT plans were made. The first plan was the boost of 15 Gy to the tumor in 20 

fractions and the second plan was 40 Gy to the elective field in 20 fractions. Both plans 

were administered in each fraction, with the option to adjust the patient position in 

between the execution of both plans. After 20 fractions, the patients with a prescribed 

dose of 60 Gy received an additional boost of 5 Gy on the tumor in 2 fractions. To prevent 

overdosage and hotspots, the dose of the boost plans was taken into account while 

making the elective plan. Figure 4.1 shows an example of  the dose distribution of a boost 

plan, an elective plan and the composite dose distribution. 

Figure 4.1: An example of the dose distribution in Gy of a boost plan (a), an elective plan 

(b) and the composite plan (c) for one patient.  

 

The requirement of the plans was that 99% of the volume of the target received 95% of 

the prescribed dose, which is 52.25 Gy or 57 Gy for the PTVtumor and 38 Gy for the PTV and 

PTVln.  

 

4.3.3 Simulation of tumor displacement and correction 

The lipiodol that was injected to guide the delineation of the tumor can also be used as 

marker for on-line position verification [70]. The set-up error and tumor displacement of 

ten bladder cancer patients with 5 to 9 CBCT scans were determined using XVI release 3.5 

(Elekta, Crawley, UK) for the registration. The set-up error was the result of the match on 

the bony anatomy and the tumor displacement was the displacement of the tumor with 

respect to the bony anatomy. For each of the ten patients the mean set-up error (± sd) 

(c) (b) (a) 
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and the mean tumor displacement (± sd) were determined in each direction. From this, 

set-up errors and tumor displacements of ten complete treatments were generated using 

a Monte Carlo generator, assuming a Gaussian distribution. The generated distributions of 

deviations were applied for all 20 patients for whom IMRT plans were made, resulting in 

200 simulated treatments. For the dose calculation the body was displaced with respect to 

the beams to simulate set-up errors. In addition, the delineated tumor was moved with 

respect to the bony anatomy to simulate tumor movement (figure 4.2). A full dose 

calculation was done for every fraction and afterwards the dose was summated for each 

organ separately. All reported results are therefore the results of a complete treatment. 

For each treatment, the dose distribution was calculated for the following four situations:  

1. No position correction 

2. Daily position correction based on the bone match for both plans 

3. Daily position correction based on the tumor match for both plans 

4. Daily position correction based on the bone match for the elective plan and 

based on the tumor match for the boost plan 

 

Figure 4.2 shows an example of a simulated fraction. The position of the tumor has 

changed and position correction has been applied based on the tumor match (option 3). 

The dose distribution in this new situation was calculated. This was done for every 

treatment fraction. 

 

Figure 4.2: Schematic representation of simulation. The black lines represent a CT slice 

of the patient in the treatment planning situation. The red tumor represents the tumor 

after internal displacement. For analyzing the hot spots in the bladder, the bladder 

moves with the tumor. The red lines represent the treatment beams when position 

correction based on tumor position (option 3) is applied.  

 

A stand-alone version of PLATO's dose engine was used for the dose calculations [71]. This 

PC version of PLATO was highly optimized for fast dose calculations on a graphical card 

[61]. 
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4.3.4 Data analysis 

For the bladder, it was less obvious to determine how the dose was affected by the four 

correction options. The bladder volume changes substantially, but these volume changes 

were not simulated. Figure 4.2 shows schematically what was simulated. To determine the 

hot spots in the bladder, the bladder was shifted with the tumor in the simulation. The 

rationale behind this was that the hot spots were expected to be near the tumor. In the 

case that the bladder was considered as a target, we analyzed the PTVbladder, because the 

PTV is supposed to cover the whole bladder and possible volume changes were 

incorporated in the margin.  

 

4.4 Results  

 

4.4.1 Tumor displacement data 

For ten patients, the mean set-up error (± sd) and the mean tumor displacement (± sd) 

were determined for each main direction. The tumor displacement was determined with 

respect to the bony anatomy. The results for all patients are shown in table 4.1. Most of 

the systematic set-up errors were within 2 mm, with one exception of 4.4 mm. The results 

of the tumor registration showed more variation. The systematic tumor displacement 

ranged from 0.3 mm to 7.4 mm in a single direction. All simulations in this study were 

based on these displacement data.  

4.4.2 Targets 

Because ΔD99% was not normally distributed we report the median ΔD99% (range) and the 

data were tested with the Wilcoxon signed rank test. For the CTV the correction based on 

tumor match (option 3) was the only strategy in which the D99% of the tumor was not 

statistically significant lower than in the treatment plan (p = 0.33). The median ΔD99% of 

this option was 0.01 Gy (range: -0.44 to 0.46). The D99% of all other treatment options was 

significantly lower (p < 0.001) than in the treatment plan (table 4.2). However, figure 4.3 

shows that for option 4 most simulations resulted in a ΔD99% of less than 1.0 Gy, where for 

option 1 and 2 the ΔD99% exceeds 2.0 Gy in a number of simulations.  
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Table 4.1. The match results of ten bladder cancer patients. The upper half of the table 

shows the results of the tumor registration. The lower half shows the results of the 

registration on bony anatomy. MLR is the mean in the left-right direction; MCC is the 

mean in the craniocaudal direction and MDV is the mean in the dorsoventral direction. 

The vector length V is the absolute tumor displacement and is defined as: 
2

DV
2

CC
2

LR MMMV ++=  
 

Tumor MLR (mm ± sd) MCC (mm ± sd) MDV (mm ± sd) Vector length V 

(mm) 

Patient 1 1.4 (± 1.1) -1.4 (± 1.1) -4.4 (± 1.6) 4.8 

Patient 2 0.4 (± 0.7) 1.3 (± 2.6) -7.4 (± 1.3) 7.5 

Patient 3 -0.9 (± 1.4) 2.3 (± 1.9) 4.2 (± 4.5) 4.9 

Patient 4 2.7 (± 1.0) -5.9 (± 4.1) 0.5 (± 3.8) 6.5 

Patient 5 0.3 (± 0.8) -1.9 (± 1.8) 0.7 (± 1.8) 2.1 

Patient 6 -0.4 (± 1.1) -4.7 (± 3.3) -1.5 (± 1.8) 4.9 

Patient 7 2.4 (± 1.6) 5.0 (± 2.1) 3.5 (± 3.0) 6.6 

Patient 8 2.4 (± 1.6) -2.8 (± 4.6) 1.0 (± 3.3) 3.8 

Patient 9 0.4 (± 2.5) -6.0 (± 4.6) -3.6 (± 2.4) 7.0 

Patient 10 1.0 (± 0.9) -1.6 (± 3.1) 6.5 (± 4.5) 6.8 

Set-up     

Patient 1 0.6 (± 1.2) 1.0 (± 2.3) 1.6 (± 1.4)  

Patient 2 -0.9 (± 4.6) -1.0 (± 2.2) 0.2 (± 3.4)  

Patient 3 -1.9 (± 2.0) 0.0 (± 0.9) -2.5 (± 3.7)  

Patient 4 -0.8 (± 6.0) 0.6 (± 2.1) -0.2 (± 2.3)  

Patient 5 2.1 (± 2.8) -1.1 (± 1.8) 0.0 (± 2.1)  

Patient 6 -1.7 (± 3.9) 1.8 (± 1.1) -1.3 (± 2.9)  

Patient 7 -2.7 (± 2.4) -0.4 (± 1.0) 2.3 (± 1.4)  

Patient 8 -1.4 (± 3.5) 1.2 (± 4.6) -2.3 (± 2.1)  

Patient 9 -1.4 (± 0.9) -0.3 (± 1.3) -4.4 (± 0.7)  

Patient 10 -2.1 (± 2.7) 0.8 (± 0.7) -1.1 (± 0.7)  

 

Table 4.2: The ΔD99% (D99%,option n – D99%,treatment plan) of the targets with the four correction 

options. The results are displayed as: median (range) 

 

 Option 1 Option 2 Option 3 Option 4 

GTV -0.41 Gy * 

(-2.44 – 0.51) 

-0.45 Gy * 

(-2.32 – 0.39) 

0.02 Gy 

(-0.44 – 0.46) 

-0.06 Gy * 

(-1.27 – 0.48) 

Lymph nodes 0.01 Gy 

(-1.09 – 0.91) 

0.01 Gy * 

(-0.11 – 0.36) 

-0.09 Gy * 

(-4.21 – 1.65) 

0.08 Gy * 

(-1.77 – 1.60) 

PTVbladder -0.05 Gy * 

(-3.32 – 0.7) 

0.01 Gy  

(-0.2 – 0.17) 

-0.99 Gy * 

(-8.45 – 0.95) 

-0.07 Gy * 

(-1.21 – 1.34) 

* P-value significant 
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Figure 4.3: These figures show the ΔD99% of the CTV versus the tumor displacement 

vector for the four correction strategies. Note that some of the tumor displacement 

vector lengths overlap (see table 4.1) 
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Figure 4.4: These figures show the ΔD99% of the lymph nodes versus the tumor 

displacement vector for the four correction strategies. Note that some of the tumor 

displacement vector lengths overlap (see table 1)   
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For the lymph nodes option 1 (no correction) was not statistically significant different 

from the treatment plan (table 4.2). When option 2 was applied (correction on bony 

anatomy), the median ΔD99% was 0.01 Gy (range -0.11 to 0.36). This small difference was 

significant (p < 0.001), because the data were not normally distributed and the positive 

values were larger than the negative values. Correction based on tumor coverage (option 

3) gives the lowest target coverage for the lymph nodes (figure 4.4). 

 

For the bladder as target we analyzed the PTVbladder, because the possible volume change 

is incorporated in the CTV-PTV margin. When option 3 was applied underdosages up to 

8.5 Gy can occur (figure 4.5).  

 

Option 4 is the method that gives the highest coverage in all targets. The difference with 

the treatment plan never exceeded 2 Gy in all 200 simulations. 
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Figure 4.5: These figures show the ΔD99% of the PTVbladder versus the tumor displacement 

vector for the four correction strategies. Note that some of the tumor displacement 

vector lengths overlap (see table 4.1) 
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4.4.3 Hot spots 

The V95% of the small intestines in the treatment plan was very small, the median was 0.0 

cc (range 0 – 28.9 cc) and remained small after application of any of the four options 

(figure 4.6a). The V95% of the rectum in the treatment plan was also small, the median was 

0.6% (range 0-18.7) and remained small after application of any of the four options (figure 

4.6b). One patient had undergone rectum resection in the past, so the results for rectum 

are for 19 patients. The V95% of the femoral heads was zero for all options in all patients.  

For the bladder as OAR, we determined the hot spots in the same way as for the small 

intestines and the rectum, except that movement was simulated for the bladder. The V95% 

for the bladder was much larger than that of the other OARs (figure 4.6c). This was 

expected because the tumor is a part of the bladder wall. Hence, the PTV overlaps with 

the bladder. The bladder itself is also a target.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: Hot spots (volume that receives more than 95% of the prescription dose) of 

the small intestines, rectum and bladder. 
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4.5 Discussion  

 
The goal of this study was to investigate the possibilities to separate the treatment plans 

for the boost and the elective field and move them independently without adverse 

effects. We found that the dose in all targets (tumor, bladder and lymph nodes) is 

adequate when position correction was applied separately for tumor and bony anatomy 

(option 4). This method offers several benefits. First, the table can be corrected with 

millimeter accuracy. In addition, the margins on both tumor and lymph nodes can be 

minimized. Moreover, the technique is instantly available for clinical practice. 

  

When the median ΔD99% of each treatment option is considered, the difference between 

all four correction strategies is relatively small (table 4.2) and the question arises whether 

position correction is necessary for this patient group. However, it is clear that patients 

with a large systematic tumor displacement benefit from the application of position 

correction while position correction for patients with a small systematic tumor 

displacement does not seem necessary (figures 4.3 to 4.5). Unfortunately it cannot be 

predicted in which patients large systematic tumor displacement will occur. Five out of the 

ten patients that were used to determine the systematic and random displacement have a 

tumor displacement vector length of more than 6 mm and those patients will have 

decreased tumor coverage when no position correction or position correction based on 

bony anatomy was applied.   

  

The hot spots in the OARs do not significantly change when position correction is applied, 

indicating that it is a safe procedure.  

  

Hsu et al. found that in case of prostate and lymph node treatment, the dose in the lymph 

nodes decreased with less than 1% when position correction based on the prostate 

position was applied [45]. However, they have simulated random displacements only of 

which the effect will probably cancel out in a treatment of more than 20 fractions. They 

also show that large dose decreases occur in individual fractions, indicating that the nodal 

coverage can decrease when large systematic displacements occur. Ludlum et al. and 

Rossi et al. also conclude that the dose in the lymph nodes decreases if there is a large 

systematic error in the prostate position [67,68].  

 

Theoretically, the dose in the lymph nodes in option 2 (correction on bony anatomy) and 

the treatment plan should be exactly the same, because no movement of the lymph nodes 

was simulated and perfect position correction was applied (figure 4.4). The minor 
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difference, 0.01 Gy (± 0.03) on average, is caused by the algorithm used for the dose-

volume histogram (DVH) calculation. The dose in 10,000 random points in each organ was 

determined for the DVH of the treatment plan. During the dose calculation of each 

simulated treatment new random points were generated.  

  

This study only considered translations. Rotations and deformations were neglected. The 

main goal of this study was to investigate whether the lymph nodes are being irradiated 

sufficiently when IGRT is applied on the bladder tumor. Translations are the only 

uncertainties that we can currently correct for in our department. However, we also 

determined the CTV coverage in this study, without simulating rotations and 

deformations. Rotations are rather small, as demonstrated by Lotz et al [38]. Present 

literature on bladder tumor deformation is not unequivocal. Lotz et al. found that bladder 

tumor tissue is very rigid and that only small deformations occur [38]. However, Chai et al. 

found that deformations are small when the tumor is small, but significant deformation 

was found for tumors with an elongated shape [70]. The possible impact of these 

deformations on the dose will need to be investigated.  

  

A drawback of daily on-line position verification and correction is an increase in treatment 

time. During the period required for the image acquisition and evaluation the bladder 

volume can increase and the tumor might move again. This additional uncertainty should 

be incorporated in the applied margin, but is expected to be compensated by the 

increased accuracy. In this study, every simulated tumor displacement and set-up error 

was corrected for, without applying a threshold. We expect a minimal effect on the dose 

when displacements of a few millimeters are not corrected, considering the standard 

applied safety margins. When a robotic couch can be used on a large scale and the 

radiotherapy technologists do not have to enter the treatment room anymore to correct 

the table position, carrying out small corrections on a daily basis will become clinically 

applicable.   

 

4.6 Conclusions  

Based on this study we conclude that applying independent position correction on bone 

for the elective field and on tumor for the boost gives on average the best target 

coverage, without introducing additional hot spots in the healthy tissue.
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5.1 Abstract  

 

The aim of this study is to determine whether Elekta’s cone-beam CT (CBCT) system XVI (x-

ray volume imaging) is suitable for dose calculation for lung cancer irradiation. A thorax 

phantom and the data of two lung cancer patients treated with stereotactic body 

radiotherapy (SBRT) were used for this comparison. DICOM export parameters were 

changed such that the grey values resembled CT-Hounsfield units. In order to verify this 

correction method dose calculations on CBCT were compared to dose calculations on the 

planning CT. On the phantom 4 beam configurations were studied (with 1, 2 and 3 beams 

and a stereotactic plan). For the patients, the clinical stereotactic plans were studied with 

14 and 15 6MV coplanar beams. 

 

For the phantom beams and the stereotactic plans the percentage of voxels that failed the 

γ-analysis with a 3%/3mm criterion was around 1%. The mean doses of GTV, lung and 

spinal cord were within 1% in most cases and within 1.5 % in all cases. For the patients the 

errors were slightly larger, which is probably due to anatomical variation. This 

demonstrates that XVI CBCT is suitable for clinically reliable dose calculations for lung 

irradiation provided a proper scaling of the grey-values. 
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5.2 Introduction 

 

Several years ago the kilovoltage cone-beam CT  (CBCT) integrated with a linear 

accelerator became widely available in the radiotherapy clinic [19]. The CBCT is very 

suitable for position verification of stereotactic body radiation therapy (SBRT) for stage I/II 

non-small cell lung cancer patients, because of the good target visibility. A major risk in 

SBRT for lung tumors is the interfraction variation in the time-averaged tumor position 

relative to the bony anatomy: the baseline shift [34,35]. In case of a substantial shift of the 

tumor towards an organ at risk (OAR) an estimate has to be made of the effect on the 

dose in that OAR. As the change in geometry in such cases is significant, there may also be 

a relevant change in the local dose distribution. To facilitate an objective decision the 

actual (recalculated) dose distribution in that situation should be available. 

 

When the patient geometry during treatment is known, using CBCT, the actual dose 

distribution could in principle be calculated. In cases with inhomogeneities, like lung, the 

resulting dose distribution depends strongly on Hounsfield units (HUs) which are 

converted to relative electron densities. Several studies have been dedicated to dose 

calculation on CBCT [65,72-77]. These studies have demonstrated a discrepancy between 

the CBCT systems OBI (on-board imager) from Varian and XVI (x-ray volume imaging) from 

Elekta. The HUs of OBI CBCT are close to that of a CT. On OBI CBCT, the difference in the 

calculated dose distributions using datasets of CBCT and CT is small, in the order of 1-3% 

[74,77].  The difference of the uncorrected HUs of XVI CBCT with respect to CT is reported 

to be large, yielding dose errors of 10-20% [65,76]. These studies corrected the HU values 

by choosing corresponding tissue regions on CBCT and CT by manual selection of 

corresponding regions [65] or by deformation [76]. After the correction, errors reduced to 

less than 2%. What has not been explored yet is a straightforward scaling of the grey 

values. For clinical use, such procedure would be much less tedious than the proposed 

methods.  

 

The purpose of this study is to determine whether the XVI CBCT is suitable for dose 

calculation with a proper scaling of the grey values. 
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5.3 Materials and Methods 

 

5.3.1 Image acquisition 

The CBCT scans that were used in this study were acquired with the Elekta Synergy 

system, using XVI v3.5 (Elekta, Stockholm, Sweden). All CBCT scans were made using the 

same protocol: M20 collimator, 360
o
 scan, 120 kV, 25 mA/frame, 40 ms/frame and a bow-

tie filter. The resolution of the CBCT scans was 1 mm in all dimensions.  

 

The CT scans that were used in this study were acquired with a GE Lightspeed RT16 

scanner (General Electric Healthcare, Waukesha, WI, USA). The in-plane resolution was 1 

mm and the slice thickness was 2.5 mm.  

 

5.3.2 Phantom and patients 

We acquired scans of the CIRS dynamic thorax phantom (CIRS inc., Norfolk, VA, USA) 

(figure 5.1), without using the dynamic mode. In addition we used the clinical scans of two 

patients for verification (figure 5.2). These patients were chosen based on minimal 

discrepancies between the bone and tumor match (less than 1.5 mm in all directions). The 

similarity of the patient anatomy was studied by comparing the SSDs of the beams in the 

treatment plan. For patient 1 the average difference in SSD between CT and CBCT was 0.3 

mm and for patient 2 the difference was 2.0 mm. The CT-scans of the patients were made 

using a slow scan protocol, in order to capture the full breathing cycle.  

 

 

Figure 5.1: a: The CBCT scan of the CIRS phantom. b: The CT scan of the CIRS phantom. 

(a) 

 
(b) 
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Figure 5.2: Registration of the CT and CBCT for the two patients selected for this study. 

The CBCT scan is displayed in green and the CT scan is displayed in purple. a: Patient 1. 

b: Patient 2. 

5.3.3 Data export and Treatment plans 

In order to perform the dose calculation, the CBCT scans are exported in the DICOM 

format. The HUs in the treatment planning system are reconstructed using the DICOM 

parameters: 

 

HU = SV × RS + RI,     (5.1) 

 

Where SV is the stored value. RS (RescaleSlope) is 1 for both OBI and XVI. The value of RI is 

-1000 in OBI but the default value is -510 in XVI [78]. Following the DICOM standard for 

unsigned grey values, we set the value of RI to -1024 [79]. 

 

An example of the effect of changing the parameter RI to -1024 is shown in figure 5.3a-d. 

The grey values were similar to those of CT. However, streak artefacts on CBCT caused 

some local deviations. 

 

All treatment plans for this study were made using Oncentra v4.0 (Nucletron B.V. 

Veenendaal, The Netherlands), using a collapsed cone algorithm [80]. For the phantom we 

made three treatment plans with open fields of 8x8 cm: with one, two and three beams 

(figure 5.4). We also made a stereotactic plan consisting of 15 non-coplanar beams. Of 

each plan on the phantom a version was made with 6MV and with 10MV photon beams. 

For the patients we used their clinical treatment plans, with 15 and 14 non-coplanar 6MV 

photon beams, for patient 1 and 2, respectively.  

(a) 

 
(b) 
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Figure 5.3: Comparison of profiles through the phantom. a and b: A profile was taken 

along the left-right axis. In figure a the line is shown on the CBCT scan and figure b 

shows the corresponding profiles of the CT, CBCT with the default RescaleIntercept (RI-

510) and the CBCT with the adapted RescaleIntercept (RI-1024). c and d: A profile was 

taken along the anterior-posterior axis. In figure c the line is shown on the CBCT scan 

and figure d shows the corresponding profiles. 

 

 
 

Figure 5.4: The beam configurations of the treatment plans on the phantom. a: One 

beam. b: Two beams. c: Three beams. 

5.3.4 Analysis 

For the phantom plans the following parameters were analysed: the mean dose (Dmean) of 

the gross tumor volume (GTV) and the lung and the maximum dose (Dmax) in the spinal 

(a) 

 

(d) 

 

(b) 

 

(c) 

 

(c) 

 
(b) 

 
(a) 
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cord. For the patient plans we analysed Dmean of the internal target volume (ITV) and Dmax 

of the spinal cord. Dmean of the lung was not evaluated for the patient plans because the 

lung was incomplete on the CBCT due to the limited field of view in the longitudinal 

direction. The error in the calculation on the CBCT (ECBCT) was defined as: 













 −

prescr

CTCBCT
CBCT 100%

D

DD
=)(E ,    (5.2) 

where DCBCT was the dose as calculated on the CBCT, DCT was the dose as calculated on the 

planning CT and Dprescr was the prescription dose.   

 

To analyse the global dose distribution we also performed a 3D γ-analysis with a dose 

difference of 3% and a distance to agreement of 3 mm [81]. We scored the percentage of 

voxels with γ > 1. To focus on the clinically most relevant area, we only took the voxels 

into account that received at least 20% of the prescribed dose. 

 

5.4 Results 

 
The errors of the calculation of Dmean on the CBCT of the GTV for the phantom were within 

1% (figure 5.5a). The errors of Dmean of the lung were within 0.5%. The errors in the Dmax of 

the spinal cord were within 1.5%. For the stereotactic plan all errors were within 0.3%. The 

percentage of voxels with γ > 1 was below 1.5%, except for the plan with one beam (figure 

5.5b). In general, the ECBCT was smaller with the 10MV plans than with the 6MV plans. 

 

Figure 5.5: a:The results of the dose calculations in the pantom of several plans using 

two different energies. The results are presented as the error with respect to the dose 

calculation on CT (formula 5.2) b: The percentage of voxels in the phantom with γ > 1 

when a 3%/3mm criterion was used. 

 

The errors of Dmean of the ITV were 3.8% and 1.8% for patient 1 and 2, respectively. ECBCT of 

Dmax was 0.0% for patient 1 and -0.2% for patient 2. The percentages of voxels with γ 

higher than 1 were 1.2% and 0.1% for patient 1 and patient 2, respectively (table 5.1). 

(a) (b) 
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Table 5.1: The errors of the recalculation of SBRT plans on CBCT for two patients. 

 Patient 1 (CC) Patient 2 (CC) 

ECBCT Dmean ITV 3.8% 1.8% 

ECBCT Dmax spinal cord 0.0% -0.2% 

Voxels with γ > 1 1.2% 0.1% 

 

5.5 Discussion 

 
In this study we verified the suitability of XVI CBCT for dose calculations for lung SBRT. 

When the grey values of the CBCT are scaled properly such that they are in the range of 

corresponding CT HU the dose calculation on CBCT is clinically satisfactory.  

 

In case the system’s default settings for RI would have been used, our study would largely 

confirm earlier findings for Elekta’s CBCT regarding the erroneous dose calculations (figure 

5.3) [65,76]. After applying a proper RI some discrepancies between the CT and CBCT HU 

values remain present. These discrepancies, however, do not yield dramatic errors in the 

dose calculation. Especially with multiple beams from more directions the errors tend to 

cancel and the impact on the clinical plans are minor. 

 

In Patient 1, Dmean in the ITV was larger than deviations based on the phantom calculations 

(table 5.1, figure 5.5). However, the phantom has a fixed shape, whereas the patient’s 

shape is never exactly the same (figure 5.2). Although the CBCT scans were selected 

carefully for their resemblance with the planning CT, some changes in the patient 

anatomy between planning CT and CBCT are inevitable.   

 

All scans in this study were made using the same settings. Kamath et al. have shown that 

the grey values and the noise of a CBCT scan depend largely on the used protocol [78]. In 

our department scans of the thoracic region are made using the M20 collimator instead of 

the L20 collimator that is used in the default thorax protocol in XVI. By using the M20 

collimator, the field of view (FOV) is reduced from 52.4x52.4 cm to 42.6x42.6 cm. The 

length of the scan is 27.6 with both collimators. By using the M20 collimator the image 

quality increases, but because of the smaller FOV the image is often incomplete, as can be 

seen in figures 5.1 and 5.2.  For our application this is not a limitation, because beams 

entering the patient through the contralateral lung are usually avoided, so the missing 

part of the body does not influence the calculation of the dose. When a larger FOV is 
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necessary for other applications further study needs to be performed to check if an 

additional correction is necessary.  

 

5.6 Conclusion 

 
XVI CBCT is suitable for dose calculation of lung treatment plans provided a proper scaling 

of the grey values is applied.  
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6.1 Abstract 

 
In radiotherapy, cone-beam computerized tomography (CBCT) scans are used for position 

correction for various tumor sites. At the start of the treatment, a CT scan that serves as 

input for a treatment planning is acquired. At every fraction, a CBCT scan is made prior to 

the irradiation of the tumor. Because there might be significant interfractional tumor 

movement, on-line recalculation of the dose improves decision making on how to 

proceed.  

 

A prerequisite for such recalculation is an accurately delineated body contour. In this note, 

we present an automatic delineation method for the body contour in the unprocessed 

CBCT scans, that employs a novel delineation boosting technique. The main idea of this 

technique is to construct an accurate delineation by combining the strength of several 

established but less accurate edge detectors in an innovative way. Quantitative validation 

reveals that the algorithm performs comparable with the manual delineations of two 

trained observers. Furthermore, because of the generic nature of the delineation boosting 

procedure, the algorithm can easily be extended with additional edge detectors to even 

further increase accuracy. 
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6.2 Introduction 

 
Recently kilovoltage CBCT became widely available for routine clinical use in radiotherapy 

[19]. CBCT scans are used for position correction for various tumor sites, including the lung 

[35,82,83] and the pelvic area [69,72,84]. At the start of a treatment, a CT scan that serves 

as input for the treatment planning is acquired. Because of possible interfraction variation 

of the tumor position and set-up errors, a CBCT scan of the patient is made prior to the 

irradiation of the tumor. This provides a CT image with an image quality that is sufficient 

to verify the patient's position by bone or soft tissue matching, but is significantly worse 

than that of a regular CT image. The contrast is lower, hence soft tissue is poorly visible, 

and various reconstruction artifacts can deteriorate the image quality. 

 

In the case that the anatomy of the patient has changed significantly with respect to the 

planning CT, e.g., because the patient lost weight or because of tumor movement, on-line 

recalculation of the dose might improve decision making on how to proceed. Use of CBCT 

for radiotherapy dose calculation is a rather novel concept. The accuracy of dose 

calculation depends critically on the accuracy of the reconstructed patient geometry. 

Regarding the internal anatomy, several solutions are proposed to deal with the 

inaccurate conversion of CBCT grey values to relative electron densities [65,72,74,76]. 

However, no attention is paid yet to an accurate delineation of the body outline. Such 

outlining is a nearly trivial task on conventional CT images whereby a grey-value threshold 

suffices. CBCT images on the other hand often suffer from artifacts with a blurred body 

surface, hampering the automatic delineation (figure 6.1). Other problems with CBCT are 

its limited field of view (often, part of the body is missing), and a rim-artifact present at 

the edge of the reconstruction circle. 

 

Manual segmentation would allow a correction for these artifacts. In general, a human 

observer can easily distinguish the actual body contour. However, this task is labor 

intensive and too time-consuming for online dose recalculation. Presently there are no 

reports on automatic delineation of body contours on CBCT. 

 

In this study, we present an automatic delineation method for the body contour in the 

unprocessed CBCT scans that employs a novel delineation boosting technique. Our 

technique is inspired on the Adaptive Boost (AdaBoost) algorithm, originally developed in 

the context of machine learning for classification of objects [85]. With the AdaBoost 

approach subsequent application of a number of classifiers converges to the correct 

result. Application of this scheme, with edge detectors as classifiers, is not yet reported for 
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segmenting CBCT images. In our study, this technique is implemented by combining the 

strength of several established but less accurate edge detectors. We also present a novel 

way to deal with artifacts and missing patient information. 

 

The aim of this study is to find a robust algorithm for the delineation of body contours on 

CBCT images to enable radiotherapy dose calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Resulting contour with a standard contour tracking algorithm for regular CT 

images. 

6.3 Materials and Methods 

 

An overview of the entire algorithm is shown in figure 6.2. The algorithm consists of 4 

steps and 2 preprocessing steps. In the following paragraphs, each step is discussed in 

detail. In step 1 and 2 we construct an initial delineation with a threshold based algorithm. 

In step 3 and 4, we boost the accuracy of this delineation by iteratively fine-tuning it with 

the result of a different classical edge detector at each iteration step. 

 

6.3.1 Preprocessing steps 

As a first preprocessing step, we select the subset U of all the slices of the scan for which 

the reconstruction circle covers a substantial part of the image. Because of the geometry 

of the scanner, the first and last few slices of the scan contain only a small region of useful 

data suitable for automatic interpretation. Rather than checking the slice numbers, 

however, we selected slices by checking whether the first 15 rows contain a pixel with a 
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value higher than that of the background. Due to this procedure, all tissue that requires 

radiation treatment will mostly be located in subset U.  

 

 

 

Figure 6.2: Flow chart of the delineation boosting algorithm 

 

Secondly, we remove the region underneath the table by blackening out the rows below 

the average position of the treatment table top τtop  in all slices of U. This position is found 

by performing edge detection with a Sobel edge detector [86] on all usable slices resulting 

in a collection E of binary edge images with 1 at the positions where the original image has 

large pixel level transitions (i.e., at the positions where an edge is detected) and 0 

elsewhere. 

 

Let v = (v1,…,vN) be an N-dimensional vector with N the number of rows of the images in E. 

Now let vr be the frequency at which an edge is detected in the rth row of all images in E.  

The coefficient λ of the maximum element of v, i.e.,  

 

r
r

vmaxarg=λ        (6.1) 

indicates the row number in which an edge is detected in most images of E. Because the 

table top of the treatment table is a long horizontal edge at the same vertical position in 

almost all images of U, the position τtop  equals λ. Finally, we fill all the rows of all images 

in U with row number ≥ τtop with zeros. 

 

After these preprocessing steps, we process each image in U with the delineation boosting 

algorithm, as displayed in figure 6.2. 
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6.3.2 Step 1: Remove outliers 

We replace any extreme pixel values, due to artifacts or saturation, by a maximum value. 

This is necessary to be able to make a useful histogram, based on which we choose a 

threshold to create an initial delineation in step 2, and to ensure optimal performance of 

the edge detectors in step 3. An upper threshold ρ = µ + 2.5σ is defined, where µ is the 

average of the pixel values of the reconstruction circle in the original image Aorig and σ  

their standard deviation. 

 

We replace the pixel values higher than ρ by ρ and obtain the normalized image Anorm. The 

definition of ρ is in accordance with the general statistical definition of an outlier in a data 

set. 

 

6.3.3 Step 2: Construct an initial delineation 

We construct an initial delineation of the body in Anorm by first making a threshold-based 

segmentation. Segmentation based on the grey value histogram is intricate because the 

histogram can be multi-modal due to streak-artifacts. For this purpose, we need to find a 

proper threshold value Γ  and make a histogram H of 10 equally spaced bins of the pixel 

values of all pixels inside the reconstruction circle of Anorm. This number of bins ensures 

that H is nearly always bimodal, since the pixels in Anorm can be classified into two 

categories: the higher pixel values represent the various tissues, and the lower pixel values 

represent the air or low density tissue inside the body (e.g., lung) and outside the body. 

 

Let ν  be the average of the 10 centre values of all bins of H. Denote the pixel value 

corresponding to the centre of the bin of the highest peak of H which is greater than ν  by 

pbody and the pixel value corresponding to the highest peak of H which is less than ν  by 

pbackg. Then we choose as a threshold Γ the average: 

2
backgbody PP +

=Γ        (6.2) 

 

We threshold the image Anorm at the value Γ  and obtain the binary image Σ, containing 

one or more connected components (islands) among which the patient body. Because of 

the limited field of view, part of the body might fall outside the reconstruction circle. In 

this case it is not possible to outline the entire body contour and the delineating contour 

follows the edge of the reconstruction circle instead of the missing body contour. To 

facilitate this, we set the pixels of the background region outside the reconstruction circle 

in Σ  to 1. 
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We fill the top 15 and the bottom 15 rows of the resulting image with 0-s and determine 

the region Ω  utilizing a region growing procedure that starts at the pixels in the top left-

hand corner and the bottom right-hand corner of the image. After that, we take the 

complement of Ω. Finally, we set the pixels of the background region outside the 

reconstruction circle to 0 again and set all pixels of the resulting binary image at 0 except 

those of the largest connected component. The result is a binary image of the body of the 

patient with any cavities filled. The collection of the exterior pixels of this connected 

component forms the initial delineating contour  Λ0. 

 

6.3.4 Step 3: Apply the edge detectors 

We apply a collection of n simple edge detectors on the image Anorm  to obtain the n binary 

edge images B0,…,Bn-1. In our case, we used the Sobel (1), the Prewitt (2), the Roberts (3), 

the Laplacian (4), the zero-cross (5) and the Canny edge detectors (6), respectively (n=6, 

where we refer for brevity to the numbers in the remainder) [86]. For each detector the 

standard settings were applied. Each of these edge detectors finds some parts of the body 

contour and misses other parts (because, e.g., the image is blurred at some places). If we 

combine the various edge images in the correct way, as we do in step 4, and include for 

each binary edge image the edges of the body in the delineating contour, the edge 

detectors enhance each other. 

 

6.3.5 Step 4: Boost the delineation 

In this step, we fine-tune the contour Λ0 using B0 with the boosting procedure Φ described 

below and obtain Λ1. 

)( 001 BΛΦ=Λ        (6.3) 

 

Consider the binary edge image B0. For this step, we only consider edges in B0 that cross 

(i.e., have at least one pixel in common with) the contour Λ0 and contain pixels of the 

region inside Λ0. 

 

The endpoints of these edges in B0 are found by starting at a pixel p0 where an edge E0 

crosses Λ0 and scan its 8 adjacent pixels in clockwise order, starting at the top left pixel. If 

the pixel under consideration also belongs to B0, then we call this pixel p1. Subsequently, 

we scan p1’s 8 adjacent pixels, etc. Proceeding like this, we ‘walk’ along the edge E0. When 

we have arrived at pr and do not find any new adjacent pixels that belong to B0, we 
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identify pr as being a terminus and continue with the next edge E1 in B0. Once we are 

finished detecting all termini, we connect each terminus with a straight line to either 

another terminus or with a point of Λ0, whichever is closer. 

 

Finally, to regain one closed contour, we determine the central region  with a region 

growing procedure, starting from the central pixel of the slice. Now, we remove all pixels 

drawn so far except the ones that are adjacent to Θ. As a result, wherever B0 delineates 

the body more accurately than Λ0, the parts of Λ0 are replaced by edges in B0. 

 

We repeat Step 4 for all n edge images B0,…,Bn-1, thereby iteratively fine-tuning the 

delineating contour )(1 mmm BΛΦ=Λ + ,  where m = 0,…,n-1. In this way, we combined 

via an innovative boosting procedure the results of several simple edge detectors, to 

obtain an accurate delineation of the body. 

 

The main idea is that each subsequent application of the edge detectors improves the 

outcome and the algorithm can in principle be extended with any number of detectors. 

 

6.3.6  Performance analysis 

We used 48 CBCT scans of patients treated for tumors in lung and pelvis in our 

department; 38 scans were of the thorax and 10 were of the pelvic area. The CBCTs were 

acquired with the Synergy system and registered with XVI release 3.5 (Elekta,Stockholm, 

Sweden). The 38 thorax scans were acquired with an M20 collimator, 360
o
 scan, 120 kV 

and a bow-tie filter. Each of these scans consisted of 264 slices, slice thickness 1 mm. The 

10 pelvic scans were acquired with an M10 collimator, 360
o 

scan, 120 kV and a bow-tie 

filter. Each of these scans consisted of 120 slices, slice thickness 1 mm. The software that 

was used to write the algorithm to automatically produce the body contours was Matlab 

R2007b with the image processing toolbox extension (The Mathworks, Natick, MA, USA). 

The automatic delineations were performed on an Intel Dual Core CPU, E6850 @ 3.0 GHz 

and 1.96 GB of RAM (Intel, Santa Clara, CA, USA). The manual delineations that were used 

to evaluate the performance of the algorithm in terms of accuracy were made with the 

software package VolumeTool [87]. 

 

To evaluate the algorithm quantitatively, two trained observers delineated the body in our 

set of test scans. They only delineated the evenly numbered slices, since successive slices 

usually differ very little. One observer processed all 48 scans, the other 10 scans: 8 thorax 

scans en 2 pelvic scans. Moreover, we processed all scans automatically with our method 

and compared its results with the observer delineations using a method similar to the 
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method in Chai et al [88]: in every slice S, we calculated for each pixel p of the 

automatically generated contour the smallest distance kp to the manual contour. Then we 

calculated the average µS and the variance νS  of all kp of the slice S, after which we 

calculated per scan the average M of the µS and the average V of the νS of all slices that 

had been delineated. The value of M can be interpreted as the average automatic-manual 

contour distance in the scan, and the value of  V  as the average standard deviation of 

the automatic-manual contour distance. In a similar way the maximum deviations, 

averaged over all scans, were calculated. We calculated all this for the manual contours of 

both observers separately. 

 

To demonstrate the benefit of the boosting method, we applied our method on the test 

set six times: the first time with one edge detector, the second time with two edge 

detectors etc. Then we calculated the average automatic-manual contour distance and the 

average standard deviation for the automatic-manual contour distance for all scans and 

both observers in all six cases. By randomly reordering four times, the filters for the 

analysis of the maximum deviation the efficacy of each filter could be revealed as well as if 

particular orders had effects on the end results. 

 

Finally, we recorded the time it took the automatic method to delineate the scans and 

compared it with the time of the observers. 

 

6.4 Results and Discussion 

 

Figure 6.3 shows some examples of the resulting contour of applying 1 and 6 edge 

detectors. 

 

The results for the averages of the mean shortest distances between the automatically 

delineated contours and the manual delineations of the observers are shown in figure 6.4. 

For all scans the average difference is smaller than 0.7 mm, and for almost all the scans 

the SD is smaller than 2 mm. Outliers with errors of 1.5 cm occurred in 1% of the slices; 

1.9% of the errors were greater than 1 cm. Relatively high values for the average distance 

can be found for scan 1 and scan 38, and relatively high values for the average standard 

deviation can be found for scan 10, scan 29 and scan 38. In scan 1, 29 and 38, the body 

supporting board between the body and the table is erroneously enclosed in the contour 

by the algorithm in a number of slices which causes these high values. Since a tumor is 

generally not irradiated from this side, this is no obstacle to make a correct dose 
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recalculation. In scan number 10 the algorithm produces a wrong delineation because of 

the rim artifact at the edge of the reconstruction circle. Including more edge detectors 

reduces this effect though (see also figure 6.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Two slices of a CBCT scan and the results of the delineation boosting 

algorithm using 1 edge detector (a and c) and 6 edge detectors (b and d).  

 

 
Figure 6.4: The average of the mean shortest distances between the automatically 

delineated contours and the manual delineations per scan for both observers. 

 

Analysis of the average maximum deviation (figure 6.5) reveals that the overall 

performance of the algorithm improves for every extra edge detector we include. 

Depending on the order of the detectors, some detectors have less (or no) effect, 

probably because they detect basically the same edge features. The order used in this 

paper (i.e. 123456) ends up with the lowest errors but that same result can be achieved by 

(a) (b) 

(d) (c) 

(a) (b) 
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leaving out detector 4 or 5. Future work can include optimization of the number and order 

of detectors.  

 

 
Figure 6.5: Average of the maximum deviations for various orders of the edge detectors 

(denoted by their numbers, see section 6.3.4). Note that the order 123456 is used 

throughout the paper. 

 

Accurate application for radiotherapy planning of the automatic delineation is possible for 

the vast majority of cases. Errors in skin delineation of 1 – 1.5 cm occurred in less than 1% 

of the cases and yield dose errors of about 2.5% - 3.5% when a beam enters through that 

area. However, these type of errors are mainly caused by inclusion of (pieces of) the 

treatment couch (figure 6.3d). Such errors are local i.e. they typically occur in only a few 

consecutive slices. With a density corrected dose calculation consequences are very 

limited with modern carbon fiber table tops. Moreover, with a beam number of 5-7 for a 

radiotherapy plan, the errors will tend to cancel out. Errors with clear outliers greater than 

1.5 cm are mostly due to the delineation ‘entering’ the body via an artifact (e.g., at the 

location of a metal artifact the delineating contour occasionally deviates from the outer 

surface of the body and delineates the inner lung contour instead). Such outliers deserve 

special attention. Pending a solution for these errors, human supervision of the results is 

mandatory. 

 

Our method is derived from the AdaBoost technique [85]. The principle of AdaBoost states 

that an increasing number of classifiers yields a better performance. We did not rigidly 

prove the validity of AdaBoost but we have shown that the principle works for the type of 

problem in the present study. Including more than 6 edge detectors might yield further 
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improvement although some detectors might increase the accuracy more than others 

(figure 6.5). 

 

Finally, the observers needed 41s on average to process one slice, while the algorithm 

needed 5.3s for it. Current investigation includes the conversion of the Matlab algorithm 

to C++. From this we expect further speedup of the process, allowing online computation. 

 

6.5 Conclusion 

 

We successfully developed a technique that uses an innovative delineation boosting 

procedure to automatically and accurately delineate the body contour in CBCT scans used 

in radiotherapy.  
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7.1 Abstract 

 

Purpose: To determine whether dose-guided radiotherapy (DGRT), i.e. on-line 

recalculation and evaluation of the actual dose distribution can improve the decision 

making for lung cancer patients treated with stereotactic body radiotherapy (SBRT). 

Methods and Materials: For this study 108 cone-beam CT (CBCT) scans of 10 non-small cell 

lung cancer (NSCLC) patients treated with SBRT were analyzed retrospectively. The 

treatment plans were recalculated on the CBCT scans. V100% of the internal target volume 

(ITV) and Dmax of the organs at risk (OARs) were analyzed. Results from the recalculated 

data are compared to dose estimates for target and OARs by superposition of the 

originally planned dose distribution on CBCT geometry: i.e. the original dose distribution is 

assumed to be spatially invariant. 

Results: Before position correction was applied V100% of the ITV was 100% in 65% of the 

cases when an ITV-PTV margin of 5mm was used and 52% of the cases when a margin of 

3mm was used. After position correction, the difference of Dmax in the OARs with respect 

to the treatment plan was within 5% in the majority of the cases. When the dose was not 

recalculated, but estimated based on assuming an invariant dose distribution, clinically 

relevant errors occurred both in the ITV and the OARs. 

Conclusion: DGRT can be used to determine the actual dose in OARs when the target has 

moved with respect to the OARs. When the workflow is optimized for speed, it can be 

used to prevent unnecessary position corrections. Estimating the dose by assuming an 

invariant dose instead of recalculation of the dose gives clinically relevant errors. 
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7.2 Introduction 

 
Stereotactic body radiotherapy (SBRT) aims at delivering a high biologically effective dose 

in a small number of treatment fractions. SBRT is often used in patients with stage I/II 

non-small cell lung cancer (NSCLC) who are unfit or unwilling to undergo surgery. Several 

studies have reported local control rates above 85% [89-91].  A major problem in SBRT for 

lung tumors is the interfraction variation in the time-averaged tumor position relative to 

the bony anatomy: the baseline shift [34] (figure 7.1a). The interfraction variation of the 

tumor position is corrected by adapting the patient position, but this may result in a 

higher dose in an organ at risk (OAR). To prevent overdosage to OARs, margins are drawn 

around the OARs to create a planning organ at risk volume (PRV).  

 

In some cases the displacement of the tumor with respect to an OAR exceeds the size of 

the safety margin. Currently there is no clear protocol for such cases. Moreover, weight 

loss or a change in patient position that cannot be corrected can affect the dose 

distribution as a whole (figure 7.1b). When the dose distribution in the current situation 

can be evaluated on-line, an objective and well-considered decision can be made about 

how to proceed.  

 

 

 

Figure 7.1: Two cases where an on-line dose calculation would be helpful. The purple 

scan represents the planning CT and the green scan represents the CBCT. (a) The tumor 

has moved with respect to the bony anatomy. When position correction is applied the 

dose in the OARs may be different from the treatment plan. (b) The shape of the patient 

has changed, which may cause a change in the dose distribution. 

 

The goal of this study is to investigate the potential benefits of dose-guided radiotherapy 

(DGRT), i.e. on-line recalculation and evaluation of the dose distribution using a (near) 

(a) (b) 



Chapter 7 

 
92

real-time image of the patient anatomy. This is done by retrospectively recalculating the 

dose distribution on the CBCT scans of ten NSCLC patients treated with SBRT . 

 

7.3 Methods and Materials 

 

7.3.1 Patients 

Ten patients treated in our department with SBRT in the period October 2009 – May 2010 

were included in this study.  Planning CTs were acquired with a GE Lightspeed RT16 

scanner (General Electric Healthcare, Waukesha, WI, USA) with the patient in supine 

position. The patients were lying on a polyurethane foam support cushion (Accessories 

RadioTherapy, Eindhoven, The Netherlands). The patient’s head and arms were positioned 

on a Posirest-2 (Civco, Kalona, IA, USA).  

 

7.3.2 Target definition and treatment planning 

The internal target volume (ITV) was delineated on a slow CT scan and a PET-CT was used 

to guide the delineation. An ITV-planning target volume (PTV) margin of 5 mm was used, 

according to our clinical protocol.  For comparison, a second plan was made using an ITV-

PTV margin of 3 mm, because Hurkmans et al. recommended using a margin of 3-5 mm 

[92]. The OARs (spinal cord, oesophagus, heart and the trachea) were also defined as 

recommended [92]. An OAR-PRV margin of 10 mm was used. Note that this PRV margin 

was not used in the traditional way, i.e. to compensate for movement of the OAR itself, 

but to compensate for a possible baseline shift of the target with respect to the OARs.  

 

The treatment plans and the recalculations on CBCT were made with Oncentra v4.0 

(Nucletron B.V., Veenendaal, The Netherlands), using the collapsed cone algorithm [80]. 

Each plan consisted of 12-15 beams of 6 MV, which were non-coplanar. The beam angles 

were optimized to avoid the critical structures as much as possible. The prescribed dose 

was either 3x18 Gy (three patients) or 5x11 Gy (seven patients). The requirements of the 

treatment plan were that 95% of the PTV received at least the prescribed dose and 100% 

of the ITV received 100% of the prescribed dose. The constraints for the OARs depended 

on the fractionation scheme, as described in the recommendations of Hurkmans et al [92]. 

For the 3x18 Gy scheme the maximum doses were: 18 Gy to the spinal cord, 24 Gy to the 

esophagus and the heart and 30 Gy to the trachea. For the 5x11 Gy scheme the maximum 

doses were: 25 Gy to the spinal cord, 27 Gy to the esophagus and the heart and 32 Gy to 

the trachea.  
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7.3.3 CBCT scans 

Before treatment a CBCT was made using the Synergy system (Elekta, Crawley, United 

Kingdom) and registered with XVI release 3.5 (Elekta, Crawley, United Kingdom). All CBCT 

scans were made using the same protocol: M20 collimator, 360
o
 scan, 120 kV and a bow-

tie filter [93]. The CBCT and planning CT scans were registered based on a grey value 

match of a volume that contained the tumor and a small part of the surrounding tissue. 

The rotations were converted into translations with the correction reference point in the 

center of the ITV.  

 

The match results of the first CBCT of each fraction were executed without a threshold. 

After execution of the required correction, a new CBCT was made for verification. If the 

vector length of the registration result was smaller than 3 mm in the verification scan, the 

radiation was started. Otherwise a second correction was executed and a new CBCT scan 

was made. When the treatment was halfway, another CBCT was made to check whether 

the patient had moved. If the registration result exceeded the threshold of 3 mm, the 

position of the patient was corrected and another CBCT scan was made to verify this 

correction.  

 

In this study only combinations of scans made before and after application of a correction 

were considered. Hence, the scans that were made halfway during treatment were only 

taken into account if the registration result exceeded the threshold. 108 CBCT scans were 

used for this study: 54 before and 54 after applying a position correction. 82 scans were 

taken at the start of the treatment and 26 halfway. 

 

The delineated structures were copied onto the CBCT scan from the planning CT scan with 

the target shifted according to the tumor registration and the OARs shifted according to a 

bone match. The body contour was not copied, but automatically delineated on the CBCT 

scans [94].   

 

Copying the OARs from the planning CT and shifting them with the bone match is an 

approximation of the position of those structures. For the spinal cord, this approximation 

is obviously accurate. For the esophagus and the trachea there might be a deviation with 

respect to the real position. However, delineation of the structures is time consuming and 

therefore unrealistic for the purpose of DGRT. Moreover, the poor soft-tissue contrast of 

the CBCT is likely to cause delineation errors. To give an indication of the uncertainty of 

the dose in those organs, we studied a worst-case scenario. We selected for each patient 

the scan of the first fraction, after correction. We moved the esophagus or the trachea, 
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whichever was closest to the target, 5 mm towards the target. The difference of the 

maximum dose of the moved and the original structure is reported.  

 

7.3.4 Dose calculation 

 The CBCTs were exported from XVI with adapted DICOM export settings, i.e. the export 

parameter RescaleIntercept in the configuration file sri.ini was changed to -1024 in order 

to give the grey values of the CBCT the same range as Hounsfield units. A preliminary 

study has  demonstrated that using these export settings and a standard CT HU-density 

table yielded a reliable dose distribution for CBCT scans made with the Elekta Synergy 

System. In this study dose distributions of several plans were calculated on the CBCT of a 

thorax phantom and this was compared to the dose distribution on CT. This study has 

shown that the number of voxels that fail the γ-analysis with a 3%/3mm criterion was less 

than 1% and the accuracy of the average dose in the target was also within 1%.  

 

Recalculation of the treatment plans on CBCT is compared to an estimation of the dose in 

the target and the OARs based on superposition of the original planned dose distribution 

on CBCT geometry. In this approximation the dose was assumed to be spatially invariant. 

  

7.3.5 Analysis 

We compared the volume of the ITV that received 100% of the prescribed dose (V100%) of 

the recalculated dose distribution with V100% of the original plan. In the original treatment 

plans this volume is 100%, i.e. 100% of the volume receives 100% of the prescribed dose.  

 

V100% was correlated with the vector of the match result Rmatch in order to determine the 

relation between the dose difference and the set-up error.  

2
DV

2
CC

2
LRmatch MMMR ++= ,     (7.1) 

where MLR , MCC and MDV were the match results in the left-right, craniocaudal and 

dorsoventral direction, respectively.  

 

For the OARs the difference of the maximum dose on the CBCT and on the planning CT 

was analysed. The reported difference is the relative error with respect to the prescribed 

dose. 
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Where ΔDmax is the relative difference of the maximum dose of the OAR, Dmax,CBCT is the 

maximum dose of that OAR on the CBCT, Dmax,plan is the maximum dose of the OAR in the 

treatment plan and PD is the prescribed dose. For the spinal cord Dmax is the maximum 

dose in any point, for other OARs it is the maximum dose in 1cc. The same formula is used 

for calculating the relative difference while assuming an invariant dose. In that case 

Dmax,plan is replaced by Dmax,invariant. 

 

7.4 Results 

 

7.4.1 ITV 

V100% was determined by a full dose recalculation using a PTV margin of both 5 mm and 3 

mm (figure 7.2a and 7.2b). Using the CBCT before position correction, V100% was 100% in 

65% of the cases when a 5 mm ITV-PTV margin was used and 52% when a 3 mm margin 

was used. After position correction this amount improved to 98% and 96%, respectively, 

when margins of 5 mm and 3 mm were used. V100% was expected to be lower before 

correction with a 3 mm margin, because with smaller margins, underdosage will occur 

with smaller set-up errors.  

 

There is no strong correlation between Rmatch and V100%. However, when the margin is used 

as a cut-off value, there is a significant difference in V100% between the groups. When a 

margin of 5 mm was used, the mean value of V100% was 99.8% (95% confidence interval 

(CI): 99.6-99.9) when Rmatch was smaller than 5 mm and 89.5% (95% CI: 82.2-96.7) when 

Rmatch was larger than 5 mm (p<0.001). When a margin of 3 mm was used, the mean values 

were 99.6% (95% CI: 99.4-99.8) and 91.2% (95% CI:86.4-96.0) (p<0.001). The means were 

compared using the Mann-Whitney U test. 

 

7.4.2 OARs 

The maximum dose of the OARs was determined in all fractions and compared to the 

maximum dose in the treatment plan with 5 mm ITV-PTV margins. ΔDmax was in the range 

of -15% - 10% before position correction (figure 7.3a) and after position correction the 

majority of the cases is within 5% (figure 7.3b). The effect of the position correction is also 

within 5% for most cases (figure 7.3c). A paired t-test showed that the effect of the 

position correction is statistically significant for the spinal cord and the trachea, p=0.045 

and p<0.001, respectively. 
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Figure 7.2: The target coverage before and after correction (a) when an ITV-PTV margin 

of 5mm is applied and (b) when a margin of 3mm is applied. V100% displayed as a 

function of Rmatch for (c) a 5mm margin and (d) a 3mm margin. 

 

 

 

Figure 7.3: ΔDmax in the OARs. (a) Before position correction. (b) After position 

correction. (c) The difference of ΔDmax after position correction with ΔDmax before 

position correction. A paired t-test shows a significant difference for the spinal cord and 

the trachea. The boundary of the box represents the 25
th

 and 75
th

 percentile, the line 

represents the median and the whiskers represent the 10
th

 and 90
th

 percentile.  

 

7.4.3 Estimation based on invariant dose 

 For 67% of the cases, there was no difference in V100% of the ITV between full 

recalculation and assuming an invariant dose distribution ΔV100% (figure 7.4a). No 

differences occurred mainly for small set-up errors, whereby the assumption of invariant 

(b) (c) (a) 

(d) 

(b) 

(c) 

(a) 
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dose was more likely to be correct. The errors increased with the set-up errors (figure 

7.4b) because with large set-up errors, the beams will pass through different body parts 

than planned. There was no clear relation between ΔV100% and Rmatch, because there were 

also other factors, for example a change in the shape of the patient, that influence ΔV100%. 

When the margin was used as cut-off value, the absolute value |ΔV100%| was significantly 

different between the groups. The mean value of |ΔV100%| was 0.3% (95% confidence 

interval (CI): 0.1-0.4) when Rmatch was smaller than 5mm and 3.3% (95%CI: 2.0-4.5) when 

Rmatch was larger than 5mm (p<0.001). The means were compared using the Mann-

Whitney U test. For the OARs the difference between full recalculation of the treatment 

plan on CBCT and assuming an invariant dose distribution was up to 8% (figure 7.5).  

 

Figure 7.4: (a) A histogram of the relative difference between recalculation of the 

treatment plan based on CBCT data and the dose based on the assumption of an 

invariant dose distribution for the ITV. (b) The relative difference between recalculation 

and assuming an invariant dose distribution for the ITV as a function of the match result.  

 

 

Figure 7.5: The relative difference between full recalculation of the treatment plan on 

CBCT and assuming an invariant dose distribution for the organs at risk. The boundary of 

the box represents the 25
th

 and 75
th

 percentile, the line represents the median and the 

whiskers represent the 10
th

 and 90
th

 percentile. 

 

(a) (b) 
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7.4.4 Errors due to moving OARs 

The effect of improper placement of contours of OARs on the CBCT set was estimated by 

moving the most critical OAR 5mm towards the target. The dose difference in this worst-

case scenario was up to 10%. The dose difference was higher when the ‘dose before shift’ 

was higher (figure 7.6). This was expected, because the regions with a higher dose were 

associated with a steeper dose gradient.  

 

Figure 7.6: The difference in maximum dose in the esophagus and trachea when a shift 

of 5 mm was applied in the direction of the target. ΔDmax is relative to the prescribed 

dose. 

 

7.5 Discussion 

 

The goal of this study was to determine the benefits of dose-guided radiotherapy (DGRT) 

with on-line dose recalculation for stereotactic lung irradiations. DGRT can be used for on-

line evaluation of the target coverage and the maximum dose in the OARs. This can be 

very helpful in the decision making process in cases of substantial changes in the patient’s 

geometry. 

 

Recalculation of the treatment plan on CBCT was compared to an estimation of the dose 

by superposition of the planned dose on the CBCT dataset. In cases where the set-up error 

is large, the estimation based on the planning CT can give wrong results. ΔDmax of the 

OARs is up to 8% when an invariant dose is used instead of a recalculation. This clinically 

relevant error is probably caused by a movement of the target with respect to the OARs. 

Another reason for these differences is that with an invariant dose changes in the patient 

shape are not taken into account. 

 

In the case of SBRT for lung tumors, the contralateral part of the body is often outside the 

reconstruction volume of the CBCT. Irradiation of the contralateral lung is usually avoided. 
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In this study none of the beams entered through the missing part of the body. However, 

this issue might be a limitation for applying DGRT for other treatment sites.  

 

For the purpose of DGRT it is unrealistic to delineate all structures manually. Therefore we 

copied the structures from the planning CT and shifted them according to the match 

result. This approximation might cause inaccuracies for the structures that are not fixed to 

the bony anatomy, in this case the esophagus and the trachea. Therefore we investigated 

a worst-case scenario on 10 scans to determine the error in the evaluated dose 

parameter, Dmax. The error that was introduced was up to 10%, which is a substantial 

error. This error increased when the maximum dose increased, resulting in a larger error 

in the structure that was already close to its critical dose. Note that in reality the error 

would probably be smaller. We advise that when the dose in an OAR is near the critical 

dose, to inspect if the match is correct and to adapt the delineation, when necessary. 

Based on this information a decision on how to proceed can be made.  

 

For the evaluation of the dose in the ITV, two treatment plans were made, one with an 

ITV-PTV margin of 5 mm and an additional plan with a margin of 3 mm. We chose these 

margins according to Hurkmans et al. who recommend 3-5 mm margin when the ITV 

concept is used [92]. In our study the ITV is based on a slow CT, combined with a PET-scan. 

The slow CT takes 4 seconds per cycle and therefore risks missing a part of the tumor 

when the patient’s breathing cycle is slower. The PET-scan on the other hand is truly a 

slow scan and will reveal possible underestimation of the ITV by the slow CT. Therefore 

our ITV volumes are expected to be comparable to an ITV volume based on a maximum 

intensity projection (MIP). Wang et al. recommend using a margin of 3 mm when a MIP 

was used for delineation, so the margin of 5 mm that we use clinically is on the safe side 

[95]. The acquisition time of a CBCT is 2 minutes, which covers 20-30 breathing cycles, so 

there is no risk of partial miss of tumor volume on CBCT scans. 

 

Galerani et al. also performed a retrospective dosimetric analysis of the actual dose 

delivered to early stage NSCLC patients who were treated with SBRT [96]. Their numbers 

are not directly comparable to ours, because they calculated the difference relative to the 

planned dose in that organ, whereas we calculated the difference relative to the 

prescribed dose (formula 7.2). However, they also found clinically relevant changes of the 

dose in the OARs. Therefore they advise to consider both the target and the OAR in the 

process of image guidance in cases where an OAR is close to the target. No PRV margins 

were included in this study to compensate for movement of OAR towards the target or 

vice versa.  
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Our advice would be to use a PRV margin around each OAR and make sure that the dose 

within that margin does not exceed the tolerance dose of that OAR. This study shows that 

when a PRV margin of 10mm is used, ΔDmax in the OARs after position correction is within 

5% for the majority of the cases. In accordance with Galerani et al., we advise that the 

relative movement of the target with respect to the OARs should be considered during the 

image guidance procedure. In case of doubts an on-line dose recalculation can be used to 

determine the dose in that specific structure.  

 

DGRT can also be used to determine whether position correction is necessary or not. Our 

results imply that with a 5 mm ITV-PTV margin 65% of our position corrections would not 

have been necessary and with a 3 mm ITV-PTV margin this would be 52%. A position 

correction in our current SBRT protocol takes approximately 5-6 minutes, because after 

the table correction another CBCT scan is made and analyzed for verification before the 

actual treatment is started. A prerequisite to actually save time is that DGRT is 

considerably faster than that. The calculation time in Oncentra for the collapsed cone 

algorithm when GPU enhancement is used takes approximately 40-50 seconds. The body 

contour was delineated automatically, but this still took a couple of minutes. The other 

structures were copied from the planning CT. This makes sense, because no large shape 

changes for the OARs are expected and tumor regression does not occur until the fourth 

week of treatment [36], whereas our SBRT schedule for lung tumors takes two weeks at 

the most. The workflow has to be optimized before the procedure of dose-guided 

radiotherapy will be an alternative for IGRT.  

 

7.6 Conclusion 

DGRT can be a valuable addition to IGRT since it enables evaluation of the dose in the 

target and the OARs in cases of changes in the patient anatomy. The use of DGRT is 

recommended in case of large anatomical changes or a set-up error larger than the 

margin.  
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The general aim of this thesis was to apply intensity modulated radiotherapy (IMRT) and 

image-guided radiotherapy (IGRT) techniques in order to improve the treatment of 

specific tumors.  The first part of this thesis was dedicated to using IMRT to decrease the 

dose in the organs at risk while maintaining the dose in the target areas for bladder cancer 

patients and to finding the effect of on-line position correction on the dose distribution. 

The second part was dedicated to enabling dose calculation on cone-beam CT (CBCT) for 

early-stage non-small cell lung cancer (NSCLC) patients who were treated with a 

stereotactic treatment and evaluation of the results. In this chapter the results and the 

recent developments that may lead to future improvements will be discussed. 

8.1 IMRT for bladder cancer 

 

The organs at risk for radiotherapy treatment of bladder cancer are the small bowel, the 

rectum and the healthy part of the bladder. We succeeded in reducing the dose in the 

small bowel and the rectum by using IMRT (chapter 2). The largest benefit was seen in the 

small bowel, which is the organ in the pelvis that is most sensitive to radiation damage. 

Another result was that the pelvic lymph nodes had a statistically significant better 

coverage with IMRT than with the field-in-field (FiF) technique. The lymph nodes were 

underdosed in all patients when planned with FiF technique. However, the improved 

coverage of the lymph nodes is not directly a result of IMRT, but of the necessity to 

delineate the structure for the inverse planning procedure. With the FiF technique the 

pelvic lymph nodes were irradiated with a four-field box technique. The sizes of those 

fields were determined by landmarks of the bony anatomy. Apparently, this induces target 

miss.  

 

The use of elective fields for pelvic lymph nodes is still a matter of debate. There are no 

reports on randomised trials that have studied the effect of irradiating the lymph nodes of 

bladder cancer patients. However, several cystectomy studies have shown that the 

treatment outcome is positively correlated with the number of lymph nodes removed 

during surgery [51-53]. A reason not to include the pelvic lymph nodes in the radiation 

field is the increased field size and with that an increased risk of complications, mainly for 

the small bowel. The target miss when the radiation field is based on the bony landmarks 

might explain why a benefit of the pelvic lymph nodes has never been proven. This 

statement would be very hard to prove, because the population of patients with bladder 

cancer treated with radiotherapy is rather small for a randomized trial. However, we 

would recommend following the patients who are treated with IMRT for the pelvic lymph 

nodes carefully. For the prostate was shown that irradiation of the pelvic lymph nodes 
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improves progression free survival [97]. Analysis of a subgroup has shown that larger field 

sizes yield a higher survival rate, but also increased toxicity [98]. 

 

Many studies about the clinical effects of IMRT have been published, both randomized 

trials as well as retrospective analyses. In 2010 Staffurth has published a review that 

provides an overview of these studies [99]. The studies included in this review showed, 

without exception, that the risk of complications after radiotherapy reduces when 

patients are treated with IMRT. For irradiation of bladder tumors the clinical benefit of 

IMRT has not been shown so far. However, for prostate treatment that included the pelvic 

lymph nodes it was proven that IMRT led to a reduced risk of complications [100]. In this 

study a correlation was shown between the volume of the small intestines that received 

20-50 Gy and the risk of complications. Other studies, all concerning prostate cancer 

patients, have also shown that the risk on complications of the small intestines decreased 

when IMRT was used to irradiate the pelvic lymph nodes [50,101-103]. Because our 

dosimetrical comparison shows that the dose in the small intestines decreases when IMRT 

is used, it is reasonable to assume that the risk of complications will also decrease. In this 

case it might be unethical to perform a clinical randomized trial, which involves patients 

being treated with the old technique instead of treating all patients with IMRT. A 

retrospective analysis would still be interesting.  

 

Instead of using IMRT to reduce the risk of complications, IMRT can also be used for 

increasing the dose in the target, without increasing the risk on complications. For the 

prostate this has already been applied [104,105]. Both studies show that a high dose, 

above 80 Gy, is very well tolerated when IMRT is used. Alicikus et al. show excellent long-

term tumor control, with a 10 year cause-specific mortality rate of 0%, 3% and 14% for the 

low-, intermediate- and high-risk group, respectively [104]. Dolezel et al. do not report 

survival rates, probably because their follow-up is not long enough [105]. For bladder 

cancer it has not yet been shown that a higher dose would lead to better treatment 

outcome in terms of a higher survival rate. The current survival rate of 14-45% at 5 years 

suggests that there is room for improvement [23].   

 

8.2 Position variation of bladder tumors and dose 

 

The day-to-day variation of the position of a bladder tumor can be as large as 2 cm. When 

the tumor is repositioned in the center of the beams, by applying on-line position 

correction, some beams pass more tissue and experience more attenuation than planned 

and others less. The effect on the dose distribution of this changed attenuation was 
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studied in this thesis. When only the boost was considered, the dose in the target would 

still be 91.9% in the worst case scenario. However, this was with a treatment plan without 

a margin and based on the population statistics the probability that this scenario would 

actually occur is very small (chapter 3). When a CTV-PTV margin of 2 mm was added, the 

probability of an underdosage was reduced to < 0.001%. Tomé and Fowler found in a 

modelling study that an underdosage in a subvolume as small as 1% of the volume of the 

tumor can already decrease the tumor control probability (TCP) [63]. However, this TCP 

decrease was apparent only if the dose in that subvolume was more than 10% lower than 

the prescribed dose. With a minimal D99% of 91.9% a decrease in TCP is not likely in our 

study and therefore we do not recommend increase of the margin because of this effect. 

  

When the pelvic lymph nodes are irradiated as well, two target volumes have to be 

considered, each with its own prescription dose: the tumor and the elective volume. The 

position of the tumor can move with respect to the elective volume. To cope with this one 

should either increase the CTV-PTV margins or one should apply position correction for 

each target individually. The latter solution requires that separate treatment plans are 

created for both target areas. The effect of independently shifting the two plans on the 

cumulative dose distribution was studied in this thesis. An advantage of making two plans 

and applying both position corrections separately is that the margin for each target can be 

minimized individually. A disadvantage is that the treatment time increases when two 

separate registrations and two table corrections have to be executed. However, when 

automatic registration algorithms and a robotic couch are used, this increase in treatment 

time will be minimal. When such technologies are not available one has to keep in mind 

that during the position verification procedure the bladder keeps filling, causing internal 

displacements. This additional uncertainty, however, might be compensated by the 

increase in accuracy of the treatment.   

 

Based on the target coverages that are shown in the simulations in the chapters 3 and 4 of 

this thesis, the margin could be greatly reduced when on-line position correction is 

applied. However, the margins are not only meant for covering set-up errors and 

interfraction movement, but also for all other uncertainties that occur in the radiotherapy 

treatment chain that were not included in the simulation, for example the delineation 

uncertainty and intrafraction motion. Engels et al. have already shown an increased 

biochemical failure in patients treated for prostate cancer who had a distended rectum, 

even with on-line position verification and correction [66]. They state that the use of IGRT 

gave them a false confidence. Afterwards they calculated that the margin, based on the 

intrafraction motion of the prostate, should have been larger. Before the IGRT era, set-up 

errors and interfraction motion were the dominant sources of uncertainties. Now that 
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they are reduced by the implementation of IGRT, it is important to pay attention to the 

remaining uncertainties. 

 

8.3 Dose recalculation on CBCT for lung tumors 

The CBCT is very suitable for position verification during  stereotactic body radiotherapy 

(SBRT) for stage I/II lung cancer patients, because of the good target visibility. A major 

problem in SBRT for lung tumors is the potential interfraction variation in the time-

averaged tumor position relative to the bony anatomy: the baseline shift [34,35]. When a 

baseline shift of the tumor occurs in the direction of the organs at risk, it is hard to 

determine whether the tolerance dose of that organ is exceeded. Therefore, it would be 

convenient to be able to perform an on-line recalculation of the dose using CBCT. In this 

thesis we have shown how the grey values of the CBCT can be correlated to the relative 

electron density (chapter 5). We also developed a method for automatic segmentation of 

the body contour on CBCT, by combining several existing methods in a novel way (chapter 

6). Finally, the dose distribution was calculated retrospectively on CBCT scans of 10 NSCLC 

patients who were treated with a stereotactic treatment, in order to determine whether 

on-line recalculation and evaluation of the actual dose distribution can improve decision 

making (chapter 7). We found that recalculation of the dose is the preferred method over 

estimating the dose by assuming invariant dose distribution. Especially when the set-up 

error is larger than the ITV-PTV margin or when the shape of the patient has changed. 

 

With on-line dose recalculation and evaluation it is easy to determine whether an organ is 

at risk or not. When an overdosage does occur one has to decide how to cope with the 

situation. Currently it is not possible to adapt the treatment plan on-line. An alternative 

would be to perform the desired position correction partially. Chapter 7 shows that with a 

set-up error up to 5 mm, which is equal to the ITV-PTV margin we applied, the target is 

still sufficiently covered and this might be just enough to prevent an overdosage to an 

OAR. If a partial position correction does not solve the problem, the patient can be asked 

to stand up and to be repositioned again. There is still little knowledge about how and 

why the baseline shift occurs, so it is unsure whether this will help. In case this does not 

help the decision can be made to have the patient come back on another day for the 

treatment. Ultimately, one can decide to acquire a new planning CT and to create a new 

plan. 

 

The baseline shift is not the only change that can occur. During the course of the 

treatment, atelectasis can develop, or atelectasis that is already present can decrease. 
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With on-line dose evaluation the impact on the dose in the target can be evaluated and 

one can decide whether replanning is necessary. 

 

8.4 Future directions 

8.4.1 Adaptive radiotherapy and on-line plan adaptation 

Adaptive radiotherapy (ART) is currently a hot topic. ART usually includes multiple imaging 

sessions in order to make a patient specific margin and treatment plan, instead of a plan 

and margins based on the population. The concept of ART was introduced by Yan et al. in 

1997 [106]. They defined the goal of ART as ‘to incorporate the position variation of the 

individual patient into the treatment optimization process during the course of 

radiotherapy’. In practice this means that the variation in tumor position, orientation or 

shape detected during the first treatment fractions by EPID or CT is used to optimize the 

treatment for the remaining fractions.  

 

Currently, ART is applied broader than for determining patient specific margins. Another 

application that is also called ART is the creation of multiple treatment plans: a plan 

library. Based on the imaging at the start of each treatment fraction is decided which 

treatment plan to use. This is, among others, applied for the bladder. Foroudi et al. 

describe a procedure that uses the CBCTs of the first five treatments to create three PTVs: 

small, medium and large [107]. These PTVs are used to create three new adaptive 

treatment plans. On the remaining treatment days the most suitable of the four plans (the 

three adaptive plans and the initial plan) is chosen, based on the CBCT of that day. They 

showed that the target coverage was similar as with conventional planning, but the 

amount of irradiated healthy tissue was smaller, because the treatment margin with the 

conventional plan was larger. Lalondrelle et al. presented a similar procedure [108]. They 

created the small, medium and large PTVs based on CT scans made 0, 15 and 30 minutes 

after voiding the bladder, so they don’t have to wait for five treatment fractions before 

the adaptive treatment can be started. In 51% of the treatment fractions presented in this 

study, the target coverage was below 95% without adaptive plans, which means that the 

smallest PTV was used. However, 73% of the fractions would be sufficiently covered with 

one of the adaptive plans, but the remaining 27% would still be covered insufficiently. This 

implies that the plan library should consist of more than three plans.  

 

In the studies described above, the whole bladder is the target. A plan library and on-line 

plan selection can be very beneficial for a target that might change in volume. For a 

relatively rigid target on-line position correction should be sufficient. In our situation we 
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could use on-line position correction for the boost, but we would have to create a plan 

library for the elective field, which contains the remaining part of the bladder.  

 

The method of ART with a plan library has a few drawbacks. The first is the increased 

workload. All steps of the preparation phase of the treatment have to be done multiple 

times: acquisition of the scan, delineation of the structures and creation of a treatment 

plan. Also, it requires some training to pick the correct plan from the plan library. Taylor et 

al. have shown that the concordance with the ‘golden standard’, i.e. the selection of the 

physician, is 76 % without training, while the concordance is 92% after training [109]. 

Most drawbacks can be overcome when parts of the process can be automated. This 

makes implementation of using a plan library on a larger scale feasible.  

 

When a plan library is created, it is always uncertain whether these extra plans are 

necessary. Lalondrelle et al. have shown that the additional plans were not used in 5 out 

of 15 patients [108]. They also showed that in 27% of the cases where an adaptive plan 

was required, none of the plans was sufficient. With a dose calculation on CBCT as 

described in chapter 5 it becomes possible to recalculate the plan on-line and adapt it 

when necessary. One possibility would be to adapt the position of the MLCs, so that the 

leaves enclose the target again. Other options would be to change beam angles or beam 

weights.  However, this option would only work for relatively simple treatment plans, but 

not for a complicated technique such as IMRT.  

 

In two studies the feasibility of on-line plan adaptation is investigated [101,110]. Ahunbay 

et al.  show a procedure making an adapted plan in ten minutes, including the delineating 

[101]. However, the time span of ten minutes is probably too long to ensure that the 

patient position has not changed within that time. Mestrovic et al. use a completely 

different approach [110]. They reconstruct partial CBCTs, using only the projections 

between two successive treatment angles and based on that they adapt the treatment 

plan before each beam. However, this proof of principle was based on a digital phantom. 

For most targets it is not realistic that the quality of a CBCT that is reconstructed only from 

the projections between two treatment angles is sufficient for automatic target 

delineation. Even when these concerns are solved, there are some other obstacles. In the 

normal workflow, there are a number of quality assurance procedures to detect possible 

errors before a plan is actually irradiated. If the treatment plan is adapted on-line, there is 

no time to go through these procedures. Hence, new quality assurance procedures and 

tools have to be developed to ensure the quality of the procedure and to prevent human 

errors. 
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An adaptive strategy is probably not beneficial for early stage NSCLC patients who are 

treated with a stereotactic treatment. The treatment consists of a small number of 

fractions and therefore it is not feasible to make a patient-specific margin. Because of the 

short treatment time it is unlikely that tumor regression occurs between the first and last 

fraction. When a large change in lung tissue is seen, for example development of 

atelectasis, it is mandatory to take action. This happens in only a small fraction of the 

patients and therefore this can be an ad-hoc decision.  

 

8.4.2 Dose evaluations, accumulations and complications 

For patients who survive cancer the quality of life after treatment is a very important 

aspect. Quality of life is highly correlated to complications as a result of toxicity of the 

treatment. Toxicity is discriminated in two categories: acute and late toxicity. Acute 

toxicity occurs right after or during treatment and is reversible in most occasions. Late 

toxicity occurs later and is usually more permanent. The late toxicity affects quality of life 

most. 

 

The risk on complications can be estimated based on the DVH using the normal tissue 

complication probability (NTCP) [111]. Parameters that are used to describe the risk of 

complications are the tolerance dose (TD) TD5/5 (5% complication risk within 5 years after 

radiotherapy) or TD50/5 (50% complication risk within 5 years after radiotherapy). The 

normal tissue tolerance doses are defined for organs uniformly irradiated for 1/3 and 2/3 

of the volume and the whole volume. Known data are in general based on conventional 

fractionation schedules of 1.8 – 2.0 Gy/fraction and five fractions a week. In 2005 Kehwar 

made an overview of all published data on NTCP [47]. Most data are obtained by Emami et 

al. in 1991 [112] and it was supplemented with results of other studies. Kehwar states that 

‘survey of the literature reveals that there is a wide scattering in the normal tissue 

tolerance doses and no consensus on the issue among the radiation oncology community’ 

[47].  

 

Most data considering normal tissue tolerance doses were collected before the IGRT and 

IMRT era and some data are based on 2D dose calculations [112]. Because the human 

body is very dynamic, which was not corrected for at the time, the DVHs that were 

planned were probably quite different from the dose actually delivered in the healthy 

tissue. Besides, TD5/5 and TD50/5 are defined in uniformly irradiated volumes, while the 

dose outside the target is not uniform with modern irradiation techniques. Nevertheless, 

the 20-year-old data from Emami are still used as a guideline. 
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With the current position verification and correction techniques the actually delivered 

dose shall be much closer to the planned dose than 20 years ago. Moreover, the same 

position verification tools can be used to determine the deviations with respect to the 

treatment planning situation. The dose of the day can be calculated on the CBCT (chapter 

5 and 7). Deformable image registration can be used to determine the corresponding 

points on the CBCTs and the planning CT and this information can be used to accumulate 

the dose. When the actually received dose is known and the patients are followed for 

several years, new models can be made that are probably more accurate.    

 

8.4.3 Reducing treatment time using VMAT 

Volumetric modulated arc therapy (VMAT) is a new delivery technique that has gained 

popularity in the last couple of years. VMAT is an arc technique, which means that the 

patient is not irradiated with a predetermined number of static beams, but that the gantry 

rotates with the beam on. With VMAT, the field shape, dose rate and gantry speed can be 

varied during this rotation [113]. The dose distribution produced with VMAT is 

comparable, or sometimes better, than with IMRT. The main advantage compared to 

IMRT is the gain in speed of the treatment. IMRT usually includes a number of small fields 

and is therefore associated with a high number of monitor units. Moreover, with a 

conventional or IMRT treatment, the gantry also has to rotate between the different 

treatment angles. With VMAT, the beam is on during the rotation. These two effects 

together accomplish a large reduction in treatment time. Several studies have compared 

VMAT with IMRT. The treatment time for targets in the pelvic area (prostate, anus, rectum 

and cervix) when VMAT is used is on average 20-40% of the treatment time of an IMRT 

plan [114]. The reduction in treatment time depends both on the number of beams of the 

IMRT plans and on the number of arcs in the VMAT plans that are compared. McGrath et 

al. show that VMAT reduces the treatment time for SBRT for NSCLC patients by 37-63% 

compared with 3DCRT [115]. 

 

The gain of several minutes per patient is not only beneficial from an economic point of 

view, but it also increases the accuracy of the treatment. Because of the high fraction 

dose, the irradiation time of a stereotactic treatment for NSCLC patients is relatively long. 

Because of this long treatment time, the protocol in our department is to acquire a CBCT 

halfway during treatment, in order to check whether the patient has not moved. When 

the treatment time is approximately halved by introducing VMAT, the scan halfway during 

treatment is unnecessary, saving even more time. In bladder cancer patients one of the 

uncertainties of the treatment is the bladder filling that occurs during treatment. With a 

reduced treatment time, this uncertainty will also be reduced. However, the increased 
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complexity of the treatment plan results in a higher calculation time, when calculating the 

dose distribution. With current computer speed, the dose calculation of a VMAT plan is 

too time-consuming for on-line recalculation of the dose distribution.    

 

8.4.4 Improving treatment using pre-treatment imaging  

Daily position verification solves a large part of the uncertainty of the tumor position. 

Together with an improved dose distribution this improves the treatment, i.e. the survival 

probability increases and the complication rate decreases. However, delineation 

uncertainty is one of the uncertainties that remains to be solved. On CT it is often hard to 

discriminate between the tumor and the healthy tissue and it is impossible to determine 

the microscopic extension. The margin that is used for microscopic extension is based on 

pathological studies and statistics, which results in a margin that is too small for some 

patients and too large for others.  The interobserver variation between the radiation 

oncologists, when asked to define the same target on the same scan, is large. When 

magnetic resonance imaging (MRI) is used for delineation of the prostate, the 

interobserver variation is reduced significantly [116,117]. Compared to CT, MRI has a 

superior soft tissue contrast and therefore the use of MRI has increased over the last 

years. A combination of MRI with a linear accelerator is currently under development 

[118]. This leads to new applications for radiotherapy [119].  

 

Positron emission tomography (PET) is a well known example of molecular imaging. The 

tracer that is most commonly used for PET scans for oncological purposes is glucose which 

is labelled with a radioactive isotope: [
18

F]-fluorodeoxyglucose (FDG). Tumor cells have a 

high glucose metabolism and therefore the FDG will accumulate in the tumor. The PET 

scanner detects the gamma rays that are emitted by the FDG. When the information of 

PET imaging is combined with the CT information, the delineation variation between 

observers decreases compared to delineation based on CT alone [120]. A disadvantage of 

FDG is that it is not tumor specific. All cells in the body use glucose and an area with a high 

glucose concentration can also indicate an inflammation. Besides FDG there are quite a lot 

of other tracers that are potentially suitable for oncological imaging [121]. There are 

tracers to detect different processes, for example DNA synthesis, lipid synthesis, hypoxia 

and angiogenesis.  

 

The developments in the field of PET tracers are beyond the scope of this thesis. However, 

when the development of these tracers improves tumor definition or even determination 

of the activity in different parts of the tumor, this will trigger a new range of 
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developments in radiotherapy, for example dose painting, which is defined as the 

prescription of a non-uniform radiation dose distribution to the target [122].  

 

8.5 Conclusion 

 

In this thesis we have applied IMRT and IGRT in order to improve radiotherapy for bladder 

tumors and lung tumors. The application of IMRT for bladder cancer reduces the dose in 

the organs at risk, especially the small intestines (chapter 2). Simulations have shown that 

it is safe to implement on-line position verification, even when set-up errors as large as 2 

cm occur, and that it is possible to apply separate correction protocols for the tumor and 

for the elective volume (chapters 3 and 4). We have also shown that it is possible to 

calculate a dose distribution for NSCLC patients on CBCT (chapters 5, 6 and 7). This 

technology can be used for on-line recalculation of the dose distribution. Recent and 

future developments, such as VMAT and improved target definition, can improve the 

radiotherapy treatment even further.    
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Since the introduction of the linear accelerator in the clinic, there have been many 

developments in the field of radiotherapy. The introduction of CT provided us with a 

three-dimensional view of the patient, both of the tumor and the surrounding healthy 

tissue. The development of the high precision technique intensity modulated radiotherapy 

(IMRT) enabled more precise shaping of the dose distribution and a steeper dose gradient. 

Because of this, more healthy tissue can be spared while the same dose is delivered to the 

tumor as before. Alternatively the dose in the tumor can be increased while the same 

dose is given to the organs at risk. Since the rise of image-guided radiotherapy (IGRT) set-

up errors can be reduced and interfraction variation can be corrected. In this thesis the 

recent developments of IMRT and IGRT are applied to improve the treatment of two 

targets: bladder carcinoma and non-small cell lung carcinoma.  

 

The variation of the volume of the bladder results in a large day-to-day variation for the 

position of the tumor, because it is located on the bladder wall. Because of the 

uncertainty of the position of the tumor, bladder tumors were irradiated with a large 

margin, which resulted in a large volume of healthy tissue receiving a high dose. The 

introduction of the cone-beam CT (CBCT) and the injection of the contrast fluid lipiodol 

around the tumor led to accurate determination and, if necessary, correction of the 

position of the tumor at the start of the irradiation. By combining this with IMRT, the 

healthy tissue will profit even more.  

 

For the bladder cancer patients we chose to create two IMRT plans for each patient: one 

plan for the boost on the tumor and one plan for the elective field on the whole bladder 

with pelvic lymph nodes (chapter 2). This solution was chosen because the tumor and the 

lymph nodes move independently of each other and with two separate plans position 

correction can be applied independently as well. The IMRT plans were compared with 

plans that were created using the field-in-field (FiF) technique, which was the planning 

technique in our department up till then. The benefit of IMRT with respect to the FiF 

technique is largest for the small bowel. The volume of the small bowel that receives more 

than 40 Gy reduces with almost 50%. Of the organs in proximity of the bladder, the small 

bowel is the one that is most sensitive for irradiation and therefore it got priority during 

treatment planning. The volume of rectum that receives more than 45 Gy also reduces 

with almost 50%. Another remarkable difference between IMRT and the FiF technique was 

that a part of the lymph nodes was missed with the FiF technique, which did not occur in 

the IMRT plans. This is most likely caused by the fact that the lymph nodes were not yet 

delineated during the period that the FiF plans were made. The elective field in de FiF plan 

was based on the bony anatomy.  
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If during treatment the position of the bladder tumor has moved compared to the 

moment that the treatment plan was made, position correction should be applied to 

correct for this. When the displacement is large it may occur that beams pass through 

more or less tissue than planned, or through a different tissue type. This causes a changed 

attenuation of the beam compared to the moment that the treatment plan was made. In 

this thesis a simulation was done to study the effects of the changed path lengths on the 

dose distribution (chapter 3). After position correction the dose in the target varied from 

91.9% to 100.4% of the prescribed dose, while the goal was 95%. The probability that a 

systematic underdosage occurs is small. Besides, the amount of underdosage was small, 

and therefore the tumor control probability will not decrease. A margin component of 2 

mm is sufficient to completely rule out underdosage due to this effect. 

 

As described before, two treatment plans were made for each bladder cancer patient: one 

for the boost field and one for the elective field. The tumor moved with respect to the 

pelvic lymph nodes and therefore we wanted to apply position correction for both targets 

separately. To prevent overdosage, the dose that the lymph nodes receive from the boost 

plan is taken into account. In this thesis, the effect of four different scenarios on the dose 

distribution is investigated: 1: No position correction is applied. 2: The correction of both 

plans is based on the bone match. 3: The correction of both plans is based on the tumor 

match. 4: The correction of the elective plan is based on the bone match and the 

correction of the boost plan is based on the tumor match (chapter 4). Options 1 and 2 

resulted in a reduced tumor coverage as compared to the treatment plan, with option 3 

there was no difference and with option 4 the difference was small. For the pelvic lymph 

nodes the difference was largest for option 3. No additional hot spots occurred in the 

organs at risk. Therefore we conclude that irradiation and position correction with two 

separate plans is safe and on average gives the best coverage for both targets.  

 

Lung tumors are very well visible on CBCT. This enables stereotactic treatment for early-

stage lung tumors. A stereotactic treatment is a treatment with a small number of 

fractions, with a very high dose per fraction. Because of this high fraction dose it is 

important that the tolerance dose of the organs at risk is not exceeded. The good visibility 

of lung tumors on CBCT enables accurate positioning of the patient and therefore the 

margin around the tumor to compensate for uncertainties can be small. Sometimes 

however,  the tumor moves with respect to an organ at risk and in such cases it is hard to 

estimate whether the tolerance dose of an organ will be exceeded.  

 

In order to make a right decision when the tumor moves towards an organ at risk in case 

of a stereotactic treatment of a lung tumor, it would be convenient to know the actual 
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dose distribution. The CBCT that was made for position verification purposes provides the 

geometry of the patient at the moment of treatment. We investigated whether this data 

set is also suitable for calculation of the actual dose distribution (chapter 5). For this study 

the grey values of the CBCT data were rescaled (rescaling the DICOM export parameter 

RescaleIntercept ) to resemble CT Hounsfield units. We found that after this rescaling, the 

dose distribution on the CBCT was acceptable for calculation of a dose distribution.  

 

For dose calculation on CBCT it is necessary to have the body contour available. Manual 

delineation of the body contour is too time-consuming and the conventional methods for 

automatic segmentation of the body contour on CT fail on CBCT. The combination of 

applying a threshold for segmentation and applying several edge detectors in a novel way, 

results in a body contour that is very suitable for dose calculation (chapter 6).  

 

In order to study whether dose-guided radiotherapy (DGRT) can improve decision making 

for lung cancer patients treated with SBRT, we evaluated the CBCTs of ten patients 

(chapter 7). In total, 54 position corrections were executed for these ten patients. The 

dose was calculated on both the CBCT that was made before correction and the CBCT scan 

that was made after the correction and both dose distributions were compared with the 

original treatment plan. In the majority of the cases the coverage of the target was already 

sufficient before position correction was applied. An important predictor for target 

coverage was the magnitude of the set-up error. When the set-up error was smaller than 

the margin, the target coverage was likely to be adequate. After position correction the 

difference of the maximum dose in the OARs was within 5% compared to the treatment 

plan, in the majority of the cases. Before correction the range of differences was larger. 

When the dose was not recalculated, but estimated based on assuming an invariant dose 

distribution, clinically relevant errors occurred both in the ITV and the OARs. 

 

The developments in the field of radiotherapy of the last years have decreased the set-up 

errors and uncertainties due to interfraction motion significantly. The irradiation 

technique volumetric modulated arc therapy (VMAT), which was developed recently, 

yields a dose distribution that is comparable to IMRT. However, the treatment time for a 

treatment with VMAT is shorter. This reduces the uncertainties due to intrafraction 

motion. By using the options that are provided by the fields of radiology and nuclear 

medicine, we can determine our target area with increasing accuracy. Developments in 

those fields can provide us with an even more accurate tumor definition, with which we 

can further improve radiotherapy.   
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Sinds de introductie van de lineaire versneller in de kliniek zijn er veel ontwikkelingen 

geweest in de radiotherapie. De introductie van de CT heeft ervoor gezorgd dat we een 3-

dimensionaal beeld hebben van de patiënt, zowel van de tumor als van het omliggende 

gezonde weefsel. Met de ontwikkeling van de hoge precisie bestralingstechniek intensity 

modulated radiotherapy (IMRT) kan er veel gerichter bestraald worden. Hierdoor kan het 

gezonde weefsel gespaard worden wanneer de tumor met dezelfde dosis wordt bestraald 

als voorheen, of de tumor kan met een hogere dosis bestraald worden met gelijkblijvende 

dosis in de risico organen. Door de opkomst van image-guided radiotherapy (IGRT) 

worden set-up fouten verkleind en de interfractie variatie wordt gecorrigeerd. In dit 

proefschrift zijn de ontwikkelingen op het gebied van IMRT en IGRT toegepast op twee 

doelgebieden: het blaas carcinoom en het niet-kleincellig long carcinoom.  

 

De variatie in blaasvolume veroorzaakt een grote dag-tot-dag variatie voor tumoren die 

zich op de blaaswand bevinden. Vanwege deze onzekerheid werd er met een grote marge 

bestraald, waardoor ook veel gezond weefsel belast werd. Dankzij de introductie van de 

cone-beam CT (CBCT) en het aanbrengen van het contrastmiddel lipiodol rond de tumor, 

kan de positie van de tumor voor aanvang van de bestraling worden bepaald en, indien 

nodig, worden aangepast. Dit leidt tot een veel nauwkeurigere bestraling van 

blaastumoren en hierdoor wordt het ook interessant om IMRT toe te passen.  

 

Voor de patiënten met een blaastumor is ervoor gekozen om per patiënt twee IMRT 

plannen te maken: een plan voor de boost op de tumor en een apart plan voor het 

electieve veld (hoofdstuk 2). De tumor beweegt namelijk onafhankelijk van de 

lymfeklieren. Het voordeel van IMRT ten opzichte van de field-in-field (FiF) 

planningstechniek, die tot dat moment werd gebruikt, is het grootst voor de dunne darm. 

Het volume dat 40 Gy of meer ontvangt, neemt af met bijna 50%. De dunne darm is ook 

het meest gevoelige risico-orgaan in de omgeving van de blaas, daarom heeft deze tijdens 

het plannen prioriteit gekregen. Het volume van het rectum dat meer dan 45 Gy krijgt 

neemt ook met bijna 50% af. Een ander opvallend verschil tussen IMRT en de FiF techniek 

is dat een deel van de lymfeklieren gemist werd met de FiF techniek, terwijl dat niet 

gebeurt bij IMRT. Dat komt zeer waarschijnlijk doordat de klierketens pas zijn ingetekend 

ten behoeve van de IMRT planning, terwijl de velden in de FiF planning gebaseerd waren 

op de botstructuren.  

 

Wanneer de positie van de blaastumor enkele centimeters verplaatst ten opzichte van de 

positie op het moment van planning moet er positie correctie toegepast worden om 

hiervoor te corrigeren. Met een grote verplaatsing kan het voorkomen dat er bundels 

door meer, of juist minder, weefsel gaan dan gepland, of door een ander type weefsel, 
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waardoor er een andere verzwakking van de bundel optreedt dan op het moment van 

plannen. In dit proefschrift is er door middel van een simulatie studie onderzocht wat het 

effect hiervan is op de dosisverdeling (hoofdstuk 3). Na set-up correctie varieerde de dosis 

in het doelgebied van 91.9% tot 100.4% van de voorgeschreven dosis, terwijl 95% het doel 

was. De kans dat een systematische onderdosering optreedt is klein. Daarnaast is ook de 

onderdosering klein, waardoor er geen afname in de kans op tumorcontrole op zal treden. 

Om onderdosering vanwege dit effect helemaal uit te sluiten is een extra marge van 2 mm 

voldoende. 

 

Zoals hierboven al is vermeld, zijn er per patiënt 2 IMRT plannen gemaakt. Een voor de 

boost en een voor het electieve veld dat de gehele blaas en de pelviene klieren omvat. 

Hier is voor gekozen omdat de tumor beweegt ten opzichte van de lymfeklieren, dus voor 

beide doelgebieden zou er aparte positie correctie toegepast moeten worden. Om 

overdosering te voorkomen, is er bij het maken van het electieve plan wel rekening 

gehouden met de dosis die het doelgebied al krijgt vanwege het boost plan. In dit 

proefschrift is onderzocht wat het effect is op de dosisverdeling bij vier verschillende 

scenario’s. 1: Er wordt helemaal geen positie correctie toegepast. 2: De correctie voor 

beide plannen wordt gebaseerd op de botmatch. 3: De correctie voor beide plannen 

wordt gebaseerd op de tumor match. 4: De correctie van het electieve plan wordt 

gebaseerd op de botmatch en de correctie van het boost plan wordt gebaseerd op de 

tumor match (hoofdstuk 4). Met de eerste 2 opties is de dekking van de tumor slechter 

dan in het oorspronkelijke plan, met optie 3 was er geen verschil en met de vierde optie 

was er een klein verschil. Voor de lymfeklieren was het verschil met het plan voor alle 

opties, behalve optie 1, klein. In de risico-organen treden er geen extra hot spots op. 

Hieruit kunnen we concluderen dat het bestralen met 2 aparte plannen veilig is en 

gemiddeld voor beide doegebieden de beste dekking geeft. 

 

Longtumoren zijn zeer goed zichtbaar op de CBCT. Mede hierdoor werd het mogelijk om 

kleine longtumoren die zich in een vroeg stadium bevinden een stereotactische 

behandeling te geven. Een stereotactische behandeling houdt in dat de behandeling 

wordt uitgevoerd in een klein aantal fracties, met een zeer hoge dosis per fractie. Door 

deze hoge fractiedosis is het belangrijk dat de tolerantiedosis in de risico-organen niet 

wordt overschreden. Door de uitstekende zichtbaarheid van longtumoren op CBCT kan de 

patiënt zeer nauwkeurig gepositioneerd worden, waardoor de marge voor onzekerheid 

rondom de tumor klein gehouden kan worden. Het kan echter voorkomen dat de tumor 

zich verplaatst ten opzichte van de risico-organen. Het is dan lastig om in te schatten of de 

tolerantie dosis van een orgaan wordt overschreden. 
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Om in het geval van een stereotactische bestraling voor een longtumor een goede 

beslissing te kunnen maken wanneer de tumor richting een risico-orgaan verplaatst is het 

handig om de feitelijke dosisverdeling beschikbaar te hebben. Daarvoor zou het beste de 

CBCT gebruikt kunnen worden die voor de positie verificatie is gemaakt. We hebben 

onderzocht of deze data ook geschikt is om te gebruiken voor het berekenen van de dosis 

verdeling (hoofdstuk 5). Voor deze studie is de schaling van de grijswaarden aangepast 

(door aanpassing van de DICOM export parameter RescaleIntercept), zodanig dat de 

grijswaarden van de CBCT vergelijkbaar werden met CT Hounsfield Units. Nadat deze 

parameter was aangepast was de CBCT zeer geschikt voor berekening van een 

dosisverdeling.  

 

Voor de dosisberekening op CBCT is het noodzakelijk dat er ook een bodycontour 

ingetekend is. Het kost te veel tijd om dit met de hand in te tekenen en de methodes voor 

automatische segmentatie van de bodycontour op CT falen voor de CBCT. De combinatie 

van het toepassen van een drempelwaarde voor segmentatie en het op een nieuwe wijze 

toepassen van verschillende edge detectoren resulteert in een body contour die zeer 

geschikt is voor dosisberekening (hoofdstuk 6).  

 

Om te bestuderen of dose-guided radiotherapy (DGRT) betere beslissingen kan opleveren 

voor longkanker patiënten die met stereotaxie worden behandeld hebben we de CBCT’s 

van tien patiënten geëvalueerd. In totaal zijn er 54 positie correcties uitgevoerd voor deze 

tien patiënten (hoofdstuk 7). De dosisverdeling is berekend op zowel de CBCT die gemaakt 

is voor het uitvoeren van de correctie, als op de CBCT die gemaakt is na het uitvoeren van 

de correctie. Beide dosisverdelingen zijn vergeleken met het originele behandel plan. In de 

meerderheid van de gevallen was de dosis in het doelgebied al voldoende voordat positie 

correctie was toegepast. Een belangrijke voorspellende factor voor de dosis in het 

doelgebied is de grootte van de set-up fout. Wanneer de set-up fout kleiner is dan de ITV-

PTV marge, dan is het zeer waarschijnlijk dat de dosis in het doelgebied voldoende is. Na 

positie correctie is in bijna alle gevallen het verschil in de maximale dosis in de risico-

organen in vergelijking met het plan kleiner dan 5%. Voor de positie correctie kwamen er 

grotere afwijkingen voor. Wanneer de dosis geschat wordt op basis van de aanname van 

een invariante dosisverdeling, in plaats van herberekening, treden er zowel in het 

doelgebied alsook in de risico-organen klinisch relevante verschillen op. 

 

Met de ontwikkelingen van de laatste jaren zijn de set-up fouten en onzekerheden 

vanwege dag-tot-dag variatie sterk afgenomen. De bestralingstechniek volumetric 

modulated arc therapy (VMAT), die in de laatste jaren is ontwikkeld, geeft een 

dosisverdeling die vergelijkbaar is met IMRT, maar de behandeling met VMAT gaat veel 
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sneller. Hierdoor wordt ook de onzekerheid door intrafractie beweging kleiner. Door 

gebruik te maken van de mogelijkheden die radiologie en nucleaire geneeskunde ons 

geven kunnen we ons doelgebied steeds beter vaststellen. Ontwikkelingen in deze 

vakgebieden kunnen zorgen voor een betrouwbaardere tumordefinitie, waarmee de 

behandeling nog verder verbeterd kan worden.  
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plannen. Gelukkig kon Maarten vaak wel even vrijmaken ‘om weer 500 slices dunne 

darmen te bekijken’.   

 

Niek van Wieringen en Jeroen van de Kamer, als begeleiders hebben jullie me allebei veel 

geleerd. Jeroen de eerste jaren en Niek nadat Jeroen naar het NKI-AvL was vertrokken. 

Bedankt voor het veelvuldig nakijken van mijn artikelen en natuurlijk de input die jullie 

altijd hebben gegeven tijdens de besprekingen en daarbuiten.  

 

Ook alle collega’s van de fysica-groep en de ICT-ers zijn erg belangrijk voor me geweest. 

Jullie hebben positief bijgedragen aan mijn werk door de goede ideeën en kritische vragen 

bij mijn presentaties, maar ook, zeker in het begin, door me de weg te wijzen in 

verschillende computersystemen en me te helpen met het oplossen van de problemen die 

ik daarbij tegenkwam. Daarnaast wil ik jullie bedanken voor de gezelligheid die jullie me 

hebben gegeven, wat voor mij een belangrijke factor is geweest in de prettige tijd die ik in 

het AMC heb gehad. 

 

Ik wil ook graag alle kamergenoten die ik de afgelopen jaren heb gehad bedanken, het zijn 

er wat veel om allemaal bij naam te noemen. Er is altijd een goede werksfeer geweest, 
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wat toch knap is als je met 6, en later 7, personen op een kamer zit. De samenstelling van 

onze kamer is de afgelopen jaren vaak veranderd, met eerst de PA’s en later de 

projectmedewerkers die kwamen en gingen. Toch is de sfeer altijd hetzelfde gebleven. Een 

rustige werksfeer in de kamer en gezellige gesprekken vooral daarbuiten, bij de koffie 

automaat en tijdens de lunchpauze.  

 

Anna en Silvia, jullie hebben mijn laatste jaren in het AMC extra gezellig gemaakt. Ik ben 

blij dat jullie mijn paranimfen willen zijn. Ik hoop dat we ook buiten het AMC contact 

zullen houden.   

 

Mijn vrienden, die ik ook niet allemaal bij naam ga noemen, zijn ook erg belangrijk voor 

me geweest om mijn tijd buiten het werk erg aangenaam te maken. Ik geniet erg van de 

weekendjes weg, DnD-sessies, spelletjesavonden, jamsessies, feestjes en andere 

gelegenheden waarbij we elkaar zien.  

 

Mijn schoonfamilie heeft de laatste jaren ook een belangrijke plaats in mijn leven 

ingenomen. Frans en Ginie, jullie hebben me vanaf de eerste kennismaking altijd 

behandeld als een eigen dochter en jullie leven altijd zeer mee met waar ik mee bezig ben. 

Ik ben erg blij dat ik jullie getroffen heb als schoonouders. Peter, Manja, Krisnie en Jeroen, 

ik ben blij dat ik jullie er als familie bij heb gekregen.  

 

Mijn ouders en mijn zusje wil ik graag bedanken. Jullie zijn er altijd voor me geweest, zo 

lang al als ik leef. Papa en mama, zonder jullie zou mijn leven niet zo zorgeloos zijn 

geweest en zou ik hier waarschijnlijk niet hebben gestaan. Marjolein, jij bent naast mijn 

zusje ook mijn beste vriendin. Ik hoop dat we nog vaak samen, en met Stephan en Walter, 

op vakantie zullen gaan, zullen genieten van musicals en nog veel andere leuke dingen 

zullen doen.  

 

Walter, jij bent de liefde van mijn leven. Weten dat jij me onvoorwaardelijk steunt, wat ik 

ook doe, betekent alles voor me. Jij kan me altijd alles goed in perspectief laten zien. We 

hebben een fantastisch leven samen. We hebben mooie reizen gemaakt, waarvan ik hoop 

dat er nog veel mogen volgen, maar ook gewoon samen thuis zijn is nooit saai met jou. Ik 

hoop dat we nog lang gelukkig blijven samen.  

 



 

 

 



 

 

 




