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CHAPTER 1

Introduction
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Radiotherapy is one of the most common types of cancer treatment, together with 
surgery and chemotherapy. Each year, over 100 000 new cases of cancer occur in the 
Netherlands, of which 50% receives radiotherapy in some form [1, 2]. With the current 
treatment approaches, the five-year overall survival for all cancer types combined has 
increased from 47% in 1993, to 62% in 2012 [1], at the cost of long periods of intensive 
treatments.

Radiotherapy is applied locally aiming at increasing locoregional control by 
irradiating tumor cells with a lethal dose using beams of ionizing radiation directed at 
the tumor. For external beam radiotherapy (EBRT), the beam traverses through the body, 
which inevitably leads to normal tissue also receiving dose to a certain extent, depending 
on the type and amount of radiation. The radiation beams can consist of for instance 
electrons, protons or photons. EBRT with photons has been improved majorly in the 
last decades. Technological advances resulted in a better accuracy of tumor irradiation, 
which can lead to a lower dose to normal tissue or the possibility to increase dose to the 
tumor itself. Improvements range from advances in hardware of the treatment machines, 
to major developments in software possibilities. The improvements culminated in 
the introduction of adaptive radiotherapy. The development and benefit of adaptive 
radiotherapy will be the topic of this thesis. 

Prescription and fractionation
Doses lethal to macroscopic tumor are usually in the range of 40 – 70 Gy, with a lower 
lethal dose threshold for microscopic tumor [3]. Curative treatment is commonly 
fractionated, meaning that the total dose to the tumor is delivered in smaller fractions 
of 1.8 – 2 Gy. This fractionation provides normal tissue with time to heal, which reduces 
the toxic effect of radiotherapy. Larger doses per fraction can be used as well, so-called 
hypofractionation. This results in less fractions required to deliver a certain dose, thereby 
decreasing overall treatment time. Hypofractionation is only achievable when the normal 
tissue recovers considerably better from radiation than the tumor it surrounds, or when 
the normal surrounding tissue can be kept out of the high dose area, such as in bladder 
and prostate tumors. Conversely, with hyperfractionation smaller doses per fraction are 
employed, and usually multiple fractions per day are delivered. This is beneficial when 
dose per fraction does not influence tumor control to a great extent, considering that 
smaller fraction doses will reduce the healthy tissue radiation damage. Both strategies 
can be used to improve tumor control [3]. 
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Treatment chain
Radiotherapy is a highly sophisticated technique, with a complicated treatment chain 
focused on delivering radiation with a high treatment accuracy while keeping dose to 
the normal tissue, or organs at risk (OARs), as low as possible (figure 1). First, the patient 
will have a scan on which the tumor, other target volumes and OARs are delineated. 
Using this, a treatment plan is created which defines the radiation technique and 
direction, intensity and shape of the radiation beams. This treatment plan is then used 
during the treatment delivery, for each of the treatment fractions. Treatment delivery is 
performed under image-guidance, to verify and adjust the daily situation maximizing its 
resemblance to the situation during treatment planning. 

Pre-treatment imaging and delineating

The first step in the EBRT treatment chain is acquisition of an anatomical scan for radiation 
planning purposes. In the planning process, the tissue characteristics with respect to 
absorption, attenuation and scattering of photons should be known. This information 
is present in CT scans, since these are acquired by using the same ionizing radiation, 
although with a lower energy. However, CT scans suffer from a low soft tissue resolution, 
which can be challenging regarding delineation of the tumor as well as certain normal 
tissue structures. This has warranted the introduction of both PET-CT and MRI scans; 
anatomical MRI provides superior contrast resolution, whereas information regarding 
tissue metabolism or function can be derived from functional MRI or PET-CT [4, 5]. Both 
can be used as delineating aids, and have been implemented for some target areas such 
as rectum or brain [4]. MRI or PET-scans are registered to the planning CT scan after 
delineation, since the actual radiation planning is currently still performed using the 
CT scan.  

Pre-treatment 
imaging

Treatment 
planning

Treatment 
deliveryDelineating

for n
fractions

Figure 1: Radiotherapy treatment chain.
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Volumes on the planning CT scan that should be treated with radiation, and volumes 
or organs that should be avoided, are delineated using dedicated delineation software. 
Generally, the target consists of the visible tumor, the gross tumor volume (GTV), and 
the clinical target volume (CTV). The latter accounts for suspected microscopic tumor 
extension, by either extending the GTV, or separately delineating another target volume 
such as regional lymph nodes. These delineations suffer from uncertainties, caused by 
a limited image resolution and quality, and variation between observers creating these 
delineations. In the following process of treatment more uncertainties will arise, such as 
positioning uncertainties and anatomical variations. To ensure that the GTV and CTV will 
still receive their prescribed doses, a margin is added to these structures, resulting in the 
planning target volume (PTV).  

Treatment planning

In the treatment planning phase, a plan is created which aims to deliver at least 95% of the 
prescribed dose to 99% of the PTV, while keeping the dose to the OARs as low as possible. 
The plan describes the beam setup, shape and intensity for each patient. In the early 
days of radiotherapy, beam setups with opposing beams from two or four directions were 
used, resulting in a box-shaped volume of high dose around the target. However, this box 
commonly contains a large volume of normal tissue as well. By adjusting the shape of the 
beam to assume the shape of the tumor, a high dose area more conform to the PTV can 
be obtained, which is known as three-dimensional conformal radiotherapy, or 3D-CRT. 
The introduction of the multi-leaf collimator (MLC), a device which can change the shape 
of the beam by adjusting the position of small leafs of high density material, facilitated 
the implementation of 3D-CRT for a range of target areas. The MLC also enabled the 
introduction of intensity-modulated radiotherapy (IMRT), with the result that not only 
the shape of the beam but also its intensity could be adjusted, increasing the conformity 
even further. For IMRT, usually five or seven beams are used, culminating into the 
introduction of rotational delivery of IMRT (intensity-modulated arc therapy, or IMAT) in 

A B C

Figure 2: Examples of dose distributions for a) 3D-CRT, b) IMRT and c) IMAT. The high dose area is depicted in 

red, whereas lower doses are depicted in yellow, green and blue.
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which the beam is rotated around the patient, while simultaneously adjusting its shape 
and intensity to result in a very conform high dose area covering the PTV (figure 2). IMRT 
or IMAT-plans are created by means of inverse planning, which entails that the treatment 
planning system will calculate the optimal plan based on a list of requirements, such as 
the dose objective for the PTV and dose limits for organs at risk. The resulting treatment 
plan will be used for each treatment fraction. 

Treatment delivery

The radiation is created in and delivered by a linear accelerator. The patient is placed on a 
flat table in the same position as during the planning CT scan, and during treatment the 
gantry of the linear accelerator will rotate around the patient and deliver the radiation 
from the planned angles and with the planned intensity (figure 3). 

Since the high dose area in the treatment plan is highly conformal, errors in the 
position of the patient with respect to the situation during planning can result in a 
suboptimal coverage of the PTV, and therefore suboptimal treatment. To minimize these 
errors, image-guidance is widely used. The most sophisticated commonly used form of 
image-guidance is daily cone beam CT (CBCT) imaging. After positioning the patient on 
the table, this imaging device rotates around the patient acquiring projection images, 
which are reconstructed into a three-dimensional image volume which is subsequently 
registered to the CT scan (figure 4). Ideally, this registration is performed based on tumor 

Figure 3: Schematic of linear accelerator and patient during treatment. The gantry rotates around the patient 

and delivers radiation.

Gantry

Rotate
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position, but due to inferior image quality of the CBCT compared to CT, soft tissue contrast, 
i.e. tumor visibility, is very poor. Registration is therefore often performed based on bony 
anatomy. The implantation of markers into or close to the tumor prior to treatment 
can enable a more accurate registration based on actual tumor position, since fiducial 
markers can easily be seen on the CBCT scan and are representative for the position of 
the tumor. The translations and rotations resulting from registration are translated into 
a shift of the patient table, ensuring that the daily patient position closely resembles the 
position during radiation planning. This increased position accuracy results in smaller 
geometrical uncertainties, which eventually translates into smaller target margins.

Toxicity
As stated previously, since the beams travel through the patient’s body, normal tissue 
will receive dose as well. When this dose is larger than a certain threshold, the probability 
of developing adverse effects will increase. The treatment-related acute toxicity occurs 
during or within three months after treatment, and can be transient or change into late 
toxicity. Late toxicity can also present itself more than three months after treatment, 
without prior acute toxicity. The type of toxicity naturally depends on the tumor location; 
pelvic tumors for instance will mostly lead to intestinal or urinary toxicity, presenting 
as diarrhea, bleeding or urge incontinence, whereas thoracic tumors usually lead to 
pulmonary or cardiac toxicity, or problems regarding food intake. The underlying dose-
effect relationships are usually translated to dose-volume thresholds, expressed as the 
probability for a complication to occur in normal tissue, i.e. normal tissue complication 
probability (NTCP), or as a volume threshold receiving a certain dose. For example: for 
lung toxicity, a dose of 10 Gy or more can be delivered to at most a relative lung volume of 
40% [6], for which the short notation is: V5Gy < 40%. These values can be obtained from 
dose-volume histograms (DVHs) (figure 5).  

Figure 4: Match of CBCT on planning CT scan using bony anatomy. Left: planning CT scan in green. Middle: 

daily CBCT scan in purple. Right: both scans are matched based on the bony anatomy (the image is white for 

matched structures).
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Figure 5: Example of a dose-volume histogram (DVH) for both a target and an organ at risk. For the target, the 

entire volume should receive the prescribed dose, but not more than this dose, resulting in the steep decline in 

the graph. For the organ at risk, it is aimed to keep the dose, and therefore the DVH, as low as possible.

Further dose escalation to the target area and general treatment tolerance are 
both limited by high rates of toxicity. Efforts to reduce toxicity are therefore a prime 
radiotherapy research area, and are mostly related to improving the geometric accuracy of 
treatment. This can be done in each step of the treatment chain, ranging from decreasing 
delineation uncertainty to reduce margins, to introducing more conformal methods of 
treatment planning and delivery. A more extensive way to change the treatment chain 
can be done by adapting the treatment plan to the daily change in anatomy, creating 
a feedback loop between treatment delivery and scanning [7]. This is called adaptive 
radiotherapy  radiotherapy (ART). 

Adaptive radiotherapy
One of the main limitations in the radiotherapy treatment chain is the way that 
anatomical changes are dealt with. Daily CBCT scans enable correcting for positional 
shifts of the target volume, but large CTV to PTV margins are still required to deal with 
shape changes. Large margins will result in a high dose to the normal tissue since the 
PTV will contain normal tissue as well. To safely reduce the PTV margins, the anatomical 
variations should be accounted for, which can only be done by adapting the treatment 
plan during the course of the treatment. Adapting the plan is also necessary in case 
the margins are not sufficient to deal with the sometimes large and unexpected shape 
changes. 
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ART has been described first by Yan et al., who illustrated a new concept to monitor 
treatment variations and incorporating those into re-optimization of the treatment 
plan [7]. After the introduction of CBCT, actual implementation of adaptive strategies 
took a great leap. Albeit on a modest scale, strategies for bladder cancer and prostate 
cancer were implemented first, since challenges for these tumors are substantial due 
to the large daily target volume variations [8, 9]. This was followed by implementation 
of strategies for lung and head and neck cancer, which suffer from systematic changes 
during the course of treatment [10, 11]. In more recent years, adaptive strategies have 
been implemented for a number of other target areas, including breast, cervix and rectum 
[12–14]. 

Intuitively, the optimal form of adaptive radiotherapy is on-line adaptation of the 
treatment plan, based on a daily acquired scan. Even though a few studies already have 
been conducted in this area [15–18], current calculation speeds and CBCT scan quality 
are insufficient for daily routine practice. Therefore, currently implemented ART methods 
are based on off-line plan adaptations. In general, two strategies to implement off-line 
ART exist (figure 6):
A. Adaptation for anatomical changes: acquiring a new CT and making a new treatment 

plan after a change has occurred. This is done when anatomical changes alter 
the dose distribution to the extent that treatment planning criteria are no longer 
met, such as an underdosage of the target. The new treatment plan is used for the 
remainder of the fractions. This is mostly applied for systematic changes during the 
treatment period, such as tumor regression or weight loss. 

B. Adaptation for day-to-day variations: creating multiple plans in the treatment 
planning phase that fit multiple possible anatomic variations, by acquiring multiple 
CT scans, modeling the variations, or using CBCT scans acquired during treatment 
to obtain information about anatomical variations. This results in a library of plans. 
The daily CBCT scans are used to select the best fitting plan. This strategy is used for 
organs with random daily changes, such as stomach, bowel or bladder. 

Applications
Whether daily anatomic variations actually require an adaptive strategy, and whether 
such a strategy results in patient benefit in terms of dose reduction to normal tissue, is 
the topic of this thesis. Multiple tumor sites exist in which the daily anatomic variations 
require large margins and the use of an adaptive strategy can be potentially of benefit. 
For this thesis these sites are restricted to the bladder, the rectum and the esophagus, 
acknowledging that potential benefits of ART are not limited to these sites.
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Bladder cancer

Of the approximately 3 000 patients presenting with bladder cancer in the Netherlands 
each year, over 50% is older than 70 years [1]. It is a disease occurring mostly in men, 
with only 25% female patients (figure 7). The five-year cancer-specific survival in the 
Netherlands is 53% [1]. In the primary diagnostic assessment,  a transurethral resection 
of the bladder tumor (TURB) is performed [19]. Histology can assess whether the tumor 
is superficial or muscle-invasive. Superficial tumors account for about 40% of all bladder 
cancers [1]. For superficial tumors, intravesical therapy with a chemotherapeutic or 
immunotherapeutic agent is sufficient [20]. For muscle-invasive tumors, the curative 
standard treatment is radical cystectomy with bilateral removal of regional lymph nodes 
[19]. In this case, the bladder of the patient is removed after which a urinary diversion 
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Figure 6: Radiotherapy treatment chain with two different adaptive strategies.
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is created. With three-year recurrence-free survival rates of 60-68% [21–24], a radical 
cystectomy is the standardly advised treatment option. However, extensive surgery is 
mutilating due to the total bladder removal and urostoma, with impact on daily living 
and quality of life. A bladder-sparing approach is reserved for patients medically unfit for 
a radical cystectomy, bladder tumors too large for a radical resection or for patients who 
want to preserve their bladder function. Such a bladder-sparing alternative is trimodality 
treatment, combining TURB with radio(chemo)therapy, resulting in an overall survival 
comparable to radical cystectomy, although this has not been established in a randomized 
controlled trial yet [25, 26]. 

In trimodality treatment, chemotherapy is mostly administered by means of 
cisplatin-based agents, due to their role as radiosensitisers [19, 27]. Trimodality treatment 
is applied to a vulnerable patient group, consisting of mostly elderly or medically unfit 
patients, which renders reduction of radiotherapy toxicity even more important. For a 
substantial amount of patients, admission of cisplatin is even inhibited due to additional 
comorbidities [28]. This leaves radiotherapy as the only treatment option. The use of more 
conformal planning techniques such as IMRT results in a reduction of gastrointestinal 
toxicity [29] which might even further be reduced by using IMAT. However, more 
conformal irradiation only can lead to inadequate dose delivery in case of extensive 
shape and volume changes of the target volume during the treatment course. Volume 
changes can require large margins especially in the superior and anterior direction; sizes 
of 23-35 mm have been reported [30–32]. 

For radiotherapy, two groups of fractionation schedules are commonly used: a 
conventional schedule using 2 Gy fractions, delivering 60-64 Gy to the tumor, or a 
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Figure 7: Incidence and mortality of bladder cancer in the Netherlands [1].
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moderate hypofractionation schedule delivering 50-57.5 Gy in 20 fractions [27]. Within 
these fractionation schedules, further differentiation is possible regarding target volume: 
either the entire bladder can be treated with a high dose, or the entire bladder can be 
treated with a lower elective dose while giving a high dose boost to the tumor bearing 
area of the bladder [33]. In both situations, either the pelvic lymph nodes can be treated 
with the elective dose as well, or this treatment of the lymph nodes can be omitted. These 
different prescriptions require different bladder fillings during treatment. Irradiation of 
the entire bladder is done preferably when the bladder is empty, since this results in the 
smallest target volume and smallest volume change. Conversely, giving a boost dose to 
a small area can be done best with a full bladder, which reduces the volume of healthy 
bladder receiving this boost dose. Delivering the boost dose became a possibility when 
in 2007 the implantation of fiducial markers around the tumor was introduced [34, 35]. 
The bladder tumor is generally poor or invisible on CT, but by implanting markers around 
the tumor during a cystoscopic procedure, delineation of the tumor is achievable. Both 
clips and gold seeds have been used previously, but both rigid markers require more 
painful rigid cystoscopy for implantation and have resulted in loss of markers during 
the treatment period [34–36]. An alternative is the use of lipiodol, an oil-based contrast 
agent containing iodine. It can be injected in the bladder wall during flexible cystoscopy 
and remains visible during the entire treatment course [37–39]. 

The implementation of daily CBCT for position verification did not only enable 
visualization of the bladder volume and shape during the entire treatment course, but also 
the position of the tumor because of the fiducial markers. Due to this easy visualization, 
and the immediately apparent challenges regarding day-to-day anatomical variations, 
bladder cancer was among the first target volumes for which adaptive strategies were 
designed and implemented. The most implemented method for adaptive bladder 
cancer radiotherapy is a plan library strategy. For the creation of several PTVs, either 
pretreatment CT scans or CBCT scans from the first week of treatment are used [40–44]. 
These strategies generally result in a reduction in normal tissue dose, and have been 
implemented in several institutes as standard treatment for bladder cancer.  

Rectal cancer

With increasing incidence rates over the past 25 years, colorectal carcinoma currently 
has the largest incidence of all cancer types in the Netherlands, with 15 000 new cases 
yearly [1]. Of these, rectal cancer accounts for about 30%, which is defined as the tumor 
occurring in the last 15 cm of the large bowel. The five-year overall survival for rectal 
cancer is 65%, with a stabilizing mortality for the past five years of around 1000 cases 
per year (figure 8).
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Standard of care for rectal cancer is the total mesorectal excision. This entails the complete 
removal of the rectum with the surrounding fat and lymph nodes, i.e. the mesorectum. 
In about 15% of patients, this resection does not result in a complete removal of tumor 
tissue, leading to a five-year local recurrence rate of 22% [45]. Radiotherapy before 
surgery results in a substantial reduction of the risk of local recurrence to only 13%, as 
well as a moderate reduction in deaths from rectal cancer [45]. Adding chemotherapy to 
neoadjuvant treatment improves local control even further [46]. 

In general, two fractionation schedules for rectal cancer radiotherapy are used: a 
long-course schedule consisting of 25 fractions of 2 Gy, and a short-course schedule 
delivering 5 fractions of 5 Gy. The overall aim of treatment is to reduce the risk of local 
recurrence to below 5% [46]. Whether neoadjuvant radiotherapy or chemotherapy is 
applied, and which fractionation schedule is used, depends on the risk category that the 
patient belongs to. According to European guidelines, surgery alone is sufficient for early 
cancers [46]. For intermediate risk groups short-course radiotherapy followed by surgery 
is recommended, and for high risk cancers, neoadjuvant long-course radiotherapy 
combined with chemotherapy before surgery provides the best results [46]. The target 
volume for radiotherapy consists of the mesorectum and pelvic lymph nodes. 

For rectal cancer radiotherapy, both intestinal and urinary toxicity occur frequently 
[47–51], but toxicity will reduce when the volume of irradiated normal tissue is smaller 
[49, 50, 52, 53]. Therefore, several efforts have been made to reduce the irradiated volume. 
The use of IMRT results in a reduction of intestinal toxicity only, even though bladder and 
small bowel volume doses both reduce compared to 3D-CRT [54–58]. IMAT can reduce 
the dose to the bladder and small bowel even further [56, 57]. Irradiating the patient in 
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Figure 8: Incidence and mortality of rectal cancer in the Netherlands [1].
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prone position and using a belly board to push away the small bowel from the target, 
results in a lower small bowel dose as well [59–61]. 

However, the margins required to deal with interfractional rectal cancer motion 
are large, which limits the possibilities for dose reduction using the measures described 
previously. Even though margins can be reduced when daily image-guidance is used 
for position verification [58], especially the upper-anterior border still requires a large 
margin due to anatomical variations, with reported margin sizes ranging from 17 to 
24 mm [62, 63]. Target volume variation is mostly caused by differences in bladder and 
rectal filling, which are both difficult to control on a daily basis [62, 63], but could be 
taken into account by using an adaptive strategy. However, due to the challenging 
visualization of the mesorectum on daily CBCT scans, only a limited number of adaptive 
strategies has been designed. Two strategies have been described, but have both not 
been implemented widely yet despite their good results [12, 64]. The first strategy uses 
multiple repeat CT scans acquired in the first week to create a second PTV containing 
day-to-day anatomical variations, which is used from the second week onwards [64]. For 
the second strategy, a repeat CT scan is acquired halfway during treatment, which is used 
to create a new treatment plan containing an integrated tumor boost [12]. This plan is 
delivered during the final week of treatment when the tumor is smaller and the rectum 
is less mobile [65]. 

Esophageal cancer

With approximately 2 600 new cases in the Netherlands each year, and a five-year 
overall survival of only 19% [1], esophageal cancer ranks among one of the most lethal 
cancer types (figure 9). However, survival rates have increased due to the introduction 
of multimodal treatment regimens. The treatment of choice for (potentially) resectable 
tumors is neoadjuvant chemotherapy with concurrent radiotherapy, followed by surgery 
[66]. When tumors are technically irresectable or the patient is medically inoperable, 
definitive chemoradiotherapy is preferred [66]. The generally applied doses for esophageal 
cancer are 41.4-45 Gy in the preoperative setting and 50.4-59 Gy in the definitive setting, 
both yielding acceptable results [67].

The increase in survival due to chemoradiotherapy is accompanied by an increase 
in treatment toxicity [68]. Chemotherapy-induced toxicity is unavoidable due to the 
systemic nature of the therapy. In addition, radiation-induced esophageal toxicity such 
as dysphagia or mucositis is also difficult to reduce since the target volume comprises 
of the esophagus. This is in contrast to cardiac and pulmonary toxicity, which could 
be reduced by decreasing the dose to the heart and lungs [6, 69, 70]. Especially cardiac 
toxicity can occur a long time after radiotherapy, which increases the current and future 
impact of this type of toxicity due to the increasing survival rate [71]. Since the curative 
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dose threshold for esophageal cancer lies well above the different thresholds for late 
cardiac and pulmonary toxicity [6, 69, 70], the only approach to minimize toxicity is either 
by using treatment planning methods resulting in more conformal dose distributions, or 
to reduce the margins, especially in directions of the organs at risk, mostly perpendicular 
to the esophagus. 

Using IMRT instead of 3D-CRT, the overall grade 3 toxicity rate reduces, as well as the 
incidence of cardiac death, which is likely due to the concurrent reduction in cardiac dose 
[72–74]. IMAT can lower the dose to the heart even further [75]. However, both IMRT and 
IMAT are not capable of reducing the dose to the lungs [74, 75]. This can be accomplished 
by for instance proton therapy or irradiation during breath hold, but both are not widely 
researched or applied yet [76–78]. 

Reducing margins for IMRT and IMAT could reduce the dose to the normal tissue 
further. Radial margins around the CTV are usually in the range of 10 mm, which is 
necessary to compensate for tumor motion and set-up variations [79–81]. Even with 
these margins, anatomical variations can result in undercoverage of the CTV [81, 82] or  a 
larger cardiac dose than originally planned [82]. Adaptive strategies have been proposed 
to deal with this, by for instance rescanning and replanning at a certain point during 
the treatment period [82, 83], or by creating a new PTV with smaller margins based on 
the CBCT scans acquired in the first week [84]. For more possibilities regarding adaptive 
strategies, implantation of markers around the tumor has shown to aid in visualizing 
the target volume on CBCT [85] and is likely to reduce the interobserver delineation 
variations [unpublished data]. 
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Figure 9: Incidence and mortality of esophageal cancer in the Netherlands [1].
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General objectives and outline of this thesis
This thesis addresses a range of aspects concerning adaptive radiotherapy: from 
assessing the rationale, to designing new strategies and analyzing the actual patient 
benefit regarding dose to targets and normal tissue. The goal of this thesis is therefore 
to identify anatomical changes that require an adaptive strategy, and to investigate the 
potential dosimetric benefits of such adaptive strategies compared to a non-adaptive 
approach. This thesis describes multiple studies. The first part of this thesis is dedicated 
to bladder cancer radiotherapy, whereas the second and third part concern rectum and  
esophageal cancer, respectively. 

Bladder cancer (chapter 2, 3 and 4)

For elderly patients with bladder cancer who are not fit for surgery or chemotherapy, 
radiotherapy is the only curative treatment option left. Radiotherapy as monotherapy 
has shown suboptimal local control and survival rates in the past [33, 86, 87]. However, 
these studies are mostly based on patients treated with large fields and without image-
guidance. In chapter 2 we therefore retrospectively analyze the treatment outcome and 
toxicity of patients treated with radiotherapy for bladder cancer using a focal boost, and 
we compare the results for patients treated either with or without fiducial markers, and 
patients treated with IMRT or 3D-CRT. These results provide a baseline for treatment 
results of radiotherapy, which can be improved using an adaptive strategy. 

In chapter 3 we introduce such an adaptive strategy for bladder cancer, and calculate 
the actually delivered dose using this strategy for ten patients. This is compared to the 
dose that would have been delivered with a non-adaptive approach. 

In addition to the strategy described in chapter 3, other institutes have 
simultaneously implemented other adaptive strategies for bladder cancer. Dosimetric 
results from different strategies are difficult to compare, due to inherent differences in 
fractionation schedules. Therefore, the purpose of chapter 4 is to compare two adaptive 
strategies for bladder cancer using biological modeling. 

Rectal cancer (chapter 5 and 6)

The successfully implemented adaptive strategies for bladder cancer can also be 
translated to other target areas. It has been previously established that daily anatomical 
variations in the target volume for rectal cancer radiotherapy can be substantial and 
requires large target margins. The goal of chapter 5 is to evaluate the feasibility of an 
adaptive strategy based on a plan library, compensating for anatomical variations 
with variable PTV margins. In this chapter, we describe a novel adaptive strategy for 
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rectal cancer radiotherapy, and assess whether this strategy yields an acceptably small 
interobserver variation in plan selection. In chapter 6, the potential dosimetric benefits 
of this strategy are compared to the currently used non-adaptive approach. 

Esophageal cancer (chapter 7 and 8)

Even though toxicity of radiation treatment can be substantial, not every anatomical 
variation during treatment requires an adaptive strategy in order to reduce part of 
this toxicity. Changes in cardiac contour and volume have been described during 
radiochemotherapy of esophageal cancer, which could influence the position and shape 
of the target volume. The goal of chapter 7 is to quantify the change in cardiac volume 
observed during radiotherapy for esophageal cancer. In chapter 8, it is evaluated whether 
this change requires adaptation of the treatment plan during the course of treatment. 


