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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 

Pre-treatment 
imaging

Treatment 
planning

Treatment 
delivery

Delineating

for n
fractions

Plan 
selection

Pre-treatment 
imaging

Treatment 
planning

Treatment 
deliveryDelineating

for n
fractions

Observation of 
anatomical changeA

B

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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1
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 



Chapter 122

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. 
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Abstract
Purpose: For elderly or medically unfit patients with muscle-invasive bladder cancer, 
cystectomy or chemotherapy are contraindicated. This leaves radical radiotherapy 
as the only treatment option. It was the aim of this study to retrospectively analyze 
the treatment outcome and associated toxicity of either conformal versus intensity-
modulated radiotherapy (IMRT) using a focal simultaneous tumor boost for muscle-
invasive bladder cancer in patients not suitable for cystectomy. 

Methods: 118 patients with T2-4 N0-1 M0 bladder cancer were analyzed retrospectively. 
Median age was 80 years. Treatment consisted of either a conformal box technique or 
IMRT and included a simultaneous boost to the tumor. To enable an accurate boost 
delivery, fiducial markers were placed around the tumor. Patients were treated with 
40 Gy in 20 fractions to the elective treatment volumes, and a daily tumor boost up 
to 55-60 Gy.  

Results: Clinical complete response was seen in 87% of patients. Three-year overall 
survival was 44%, with a locoregional control rate of 73% at three years. Toxicity was 
low, with late urinary and intestinal toxicity rates grade ≥ 2 of 14% and 5%, respectively. 
The use of IMRT reduced late intestinal toxicity, whereas fiducial markers reduced 
acute urinary toxicity. 

Conclusions: Radical radiotherapy using a focal boost is feasible and effective for 
elderly or unfit patients, with a three-year locoregional control of 73%. Toxicity rates 
were low, and were reduced by the use of IMRT and fiducial markers.  

Keywords: Radical radiotherapy; Focal boost; Bladder cancer; Intensity-modulated 
radiotherapy; Toxicity
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Introduction
Standard therapy for muscle-invasive bladder cancer is radical cystectomy with bilateral 
lymph node dissection [88], providing three-year recurrence-free survival rates of 60-
68% [21–24]. Bladder-preserving strategies, such as trimodality treatments combining 
radiochemotherapy with a transurethral resection of the bladder tumor (TUR-B) are 
usually only offered to patients who refuse cystectomy or who are considered inoperable 
[19, 89, 90]. The superiority of surgery over a bladder-preserving strategy has not been 
proven in a randomized trial, although long-term data shows that overall survival for 
both strategies is comparable [25, 88, 91, 92]. It has been shown that a combination 
of radiotherapy and chemotherapy results in a higher locoregional control and overall 
survival compared to radiotherapy alone [89, 93, 94], resulting in radiochemotherapy 
being the preferred bladder-sparing treatment option. However, patients who are 
referred for bladder-sparing approaches are mostly elderly or unfit, which regularly also 
contraindicates chemotherapy [95]. This leaves the combination of TUR-B and radical 
radiotherapy as the only treatment option. 

Radiotherapy techniques have improved over the past years, from box techniques 
incorporating the entire pelvis, to adaptive strategies combined with rotational delivery 
reducing normal tissue doses [9, 42, 96–100]. For radical radiotherapy delivered with 
large, non-modulated treatment fields for both the bladder and the tumor boost area, 
without using daily image-guidance, three-year local control rates of 53 - 56% have been 
reported [33, 86, 87]. For these radiotherapy treatments, with tumor doses between 55 
and 70 Gy, overall survival rates were relatively low, ranging from 36% to 57% [33, 86, 
87, 101]. Acute and late toxicity rates grade ≥ 2 ranged between 20 – 67%, and 7-17%, 
respectively [29, 33, 86, 102–104]. More conformal treatment plans have shown to result 
in reduced toxicity [29], and seem promising in terms of local control when combined 
with daily image-guidance [105–107]. However, these studies consist of small patient 
numbers, and frequently have a short follow-up. 

The aim of the present retrospective study was to analyze the treatment outcome 
and associated toxicity of conformal versus intensity-modulated radiotherapy using 
a focal simultaneous boost for muscle-invasive bladder cancer in patients considered 
medically or technically inoperable. 
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Methods
From 2003 to 2013, 132 patients with a muscle-invasive urothelial cell carcinoma of the 
bladder were treated with radical radiotherapy at the Academic Medical Center, The 
Netherlands. Of these, 18 patients were also included in a previous analysis [87]. Patients 
with multiple tumors were excluded, resulting in 118 patients available for analysis. The 
results were evaluated retrospectively. Patient and tumor characteristics are shown 
in table 1. Median age at start of radiotherapy was 80 years (range: 41 – 95 years). All 
patients had a histologically diagnosed solitary T2-4 N0-1 M0 bladder tumor, and were 
inoperable, refused surgery or were medically unfit for radical surgery due to age or 
comorbidities. Staging procedures included clinical and digital rectal examination, chest 
X-ray, a pelvic and abdominal CT scan and cystoscopy. All patients underwent TUR-B 
prior to radiotherapy. Tumors were scored as T3 when a mass was palpated after the 
TUR-B, or when the CT scan revealed tumor extension in the perivesical fatty tissue. 
When muscle infiltration depth was unknown, the tumor was scored as T2.

Radiotherapy

Patients were treated in 20 daily fractions, over a period of four weeks. The prescription 
dose to the elective area, i.e. bladder, prostate and pelvic lymph nodes, was 40 Gy. Lymph 
nodes were excluded from the elective field in case of comorbidities that required a 
target volume reduction. The tumor received a simultaneous boost of 0.75 Gy, delivered 
either concomitantly or simultaneously integrated with the elective dose. Before 2006, 
a total prescription dose of 55 Gy to the tumor was used. After 2006, a dose of 60 Gy was 
chosen, unless this would result in a too high small bowel dose (bowel volume receiving 
60 Gy > 3 cm3). It was chosen to increase the tumor dose, since a previously conducted 
study at our institute showed a low toxicity profile for the 55 Gy schedule, leaving room 
for dose escalation [87]. The additional 5 Gy dose was delivered in two fractions of 2.5 Gy 
at the end of treatment. 

A CT scan with contrast filling for the bowel was acquired prior to treatment and 
used for planning purposes. Patients were instructed to have a full bladder during 
CT scanning and during treatment, by drinking 250 ml of fluid 1.5 hours prior to treatment, 
and refrain from voiding in order to minimize the volume of non-involved bladder tissue 
receiving the boost dose. The bladder and gross tumor volume (GTV) were delineated 
on the planning CT scan. From 2004 onwards, GTV delineation was often aided by the 
cystoscopic placement of fiducial markers (used in 64% of patients). At first, titanium 
clips were used [34], which were replaced by lipiodol in 2006 [38]. At the introduction 
of intensity-modulated radiotherapy (IMRT), the pelvic lymph nodes, prostate, rectum, 
small bowel cavity and femoral heads were also delineated on the planning CT scan. 
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Table 1: Patient and treatment characteristics.

Patient characteristics Patients Treatment characteristics Patients

n (%) n (%)

Sex Planned radiotherapy dose

Female 29 (25) 55 Gy 61 (52)

Male 89 (75) 60 Gy 57 (48)

WHO performance status Radiotherapy technique

0 13 (11) 3D-conformal 67 (57)

1 67 (57) IMRT 43 (36)

2 35 (30) VMAT 8 (7)

3 3 (2) Focal simultaneous boost

Tumor stage* Concomitant 101 (86)

2 37 (31) Simultaneously integrated 17 (14)

3 71 (60) Treated with image-guidance

4 10 (9) No 42 (36)

Histological grade Yes 76 (64)

2 11 (9)

3 107 (91)

Clinical lymph node involvement**

No 109 (92)

Yes 9 (8)

Hydronephrosis

No 97 (82)

Yes 21 (18)

Tumor size

2-4 cm 37 (31)

4-6 cm 58 (49)

≥ 6 cm 22 (19)

Unknown 1 (1)

Tumor resection status

Not resected 2 (2)

Complete resection 13 (11)

Incomplete resection 49 (41)

Unknown 54 (46)

* According to UICC (TNM) classification.

** Patients with positive lymph nodes were not referred for radical radiotherapy. However, patients with 

one clinically dubious but not pathologically proven local node were included.
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Three different planning techniques have been used between 2003 and 2013, which are 
described below. Table 1 lists the number of patients treated with each radiotherapy 
planning technique. Table 2 provides an overview of the used techniques. 

Before 2009, a conformal four-field box was used for the elective field, and the 
concomitant boost was delivered using two to four conformal beams. The cranial limit 
of the elective field was the L5-S1 interspace and the caudal limit was 5 mm caudal of 
the symphysis. Lateral margins were 10 mm beyond the maximal width of the bony 
pelvis, whereas the anteroposterior margins on the lateral fields were 15 mm beyond 
the bladder. The planning target volume (PTV) for the tumor, i.e. PTVboost, was obtained 
by expanding the GTV with a 15-20 mm margin in case no fiducial markers were present, 
as opposed to 10 mm in case of markers. When markers were not present, an adaptive 
margin strategy for PTVboost was used, for which the GTV was redelineated on daily repeat 
CT scans acquired during the first week [98]. A summation of all GTV delineations was 

Table 2: Treatment planning and delivery methods. 

Elective Boost*

Dose Target organs PTV Dose† Delivery

3D-CRT 40 Gy Bladder, prostate, and 
pelvic lymph nodes‡

Box technique, 
based on anatomical 
landmarks.

55 Gy Concomitant

60 Gy Concomitant and 
sequential

IMRT 40 Gy Bladder, prostate, and 
pelvic lymph nodes‡

Cranially and 
anteriorly: 15 mm. 
Other directions: 
8 mm. 

55 Gy Concomitant

60 Gy Concomitant and 

sequential

55-60 Gy Simultaneously 

integrated§

VMAT 40 Gy Bladder, and pelvic 
lymph nodes‡

Cranially and 
anteriorly: 13 mm. 
Other directions: 
7 mm.

55-60 Gy Simultaneously 
integrated

* In case fiducial markers were present, a uniform boost margin of 10 mm was used. Otherwise, an adaptive 

margin strategy was employed.
† A dose of 60 Gy was standard after 2006. 55 Gy was chosen only when a dose of 60 Gy would result in a too 

high small bowel dose. 
‡ Lymph nodes were excluded from the elective field in case of comorbidities that required a target volume 

reduction.
§ Simultaneous integration of the boost plan with the elective plan was implemented after October 2011. 
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then expanded with 10 mm to create a second PTVboost, which was used from the second 
week onwards. Weekly offline position verification was performed using electronic portal 
images, which was replaced by cone beam CT (CBCT) in 2007. 

From 2009 onwards, patients were treated with an IMRT technique. For this, a 
PTVelective was created by expanding the combined bladder, prostate and lymph node 
delineations with 15 mm in cranial and anterior directions, and 8 mm in all other 
directions. PTVboost was created as described before. 

Before October 2011, patients were treated with two separate IMRT-plans with five 
or seven beams, for both the PTVelective and the concomitant PTVboost [96]. After October 
2011, the boost dose was delivered simultaneously integrated with the elective dose. 
Standard planning objectives were used to obtain a target coverage of 95% of the 
prescribed dose to 99% of the PTV, while keeping dose to the organs at risk as low as 
possible. The introduction of IMRT was accompanied by the introduction of daily image-
guidance using CBCT scans. 

In 2012, rotational delivery of IMRT, i.e. volumetric modulated arc therapy (VMAT), 
was implemented at our department. Margins to create PTVelective were reduced to 13 mm 
cranially and anteriorly, and 7 mm in all other directions, and the prostate was removed 
from the elective target volume for tumors not located in the bladder neck or prostatic 
urethra. The previously described adaptive margin strategy was used for PTVboost in 
case no markers were present, otherwise a uniform margin of 9 mm was used. A daily 
simultaneously integrated dose of 0.75-1 Gy was delivered to PTVboost. Dual arc VMAT 
plans were created, and the same planning objectives were used as for IMRT. 

Follow-up

All patients that started treatment were included in the analysis of overall survival. 
Six patients who did not complete treatment were excluded from locoregional control 
analysis. Patients were seen by their radiation oncologist every week during the treatment 
course, one month after treatment, every three months thereafter for the first year, every 
six months thereafter up to three years, and once yearly up to five years. A cystoscopy 
was performed at two months after treatment and thereafter every six months. In case of 
locoregional symptoms or when endoscopically a non-complete response was observed, 
an additional cystoscopy or CT scan was performed. Complete response was defined as 
endoscopically no signs of vital tumor, whereas a partial response was defined as a tumor 
mass reduction > 50%. All invasive and non-invasive recurrences in the bladder were 
scored as local progression. Urinary and intestinal toxicity were scored according to the 
Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. Acute toxicity was 
scored as the maximum toxicity during treatment or the first three months thereafter, 
whereas late toxicity was the maximum toxicity occurring after three months. Bladder 



Chapter 234

capacity was estimated by the patient, both before treatment and during follow-up. To 
this end, patients were asked to measure their maximum voiding volume at home, by 
voiding in a urinal or cup with volumetric indications. In addition, patients were asked 
during follow-up if their voiding capacity was improved or worsened compared to the 
initial capacity before treatment. 

Statistical analysis

All time intervals were calculated from the start of radiotherapy treatment. Locoregional 
control was defined as no histological proven nodal or bladder recurrence, whereas 
distant control was defined as no evidence of distant metastasis. Bladder-intact survival 
was defined as the survival without a muscle-invasive recurrence (either no recurrence 
or a successfully treated superficial recurrence) and without a salvage cystectomy. The 
Kaplan-Meier method was used to estimate survival. Possible predictors for survival and 
locoregional recurrence were examined in univariate cox proportional hazard regression 
analyses. Hazard ratios (HR) were calculated, with associated 95% confidence intervals 
(CI) and p-values. For predictors with continuous values both a linear and non-linear (i.e. 
cubic spline) association with the specific outcome were tested. The toxicity scores were 
dichotomized into grade ≥ 1, grade ≥ 2 and grade ≥ 3. Possible predictors for toxicity were 
analyzed using logistic regression in case of predictors with continuous values, or the 
χ2 test for dichotomous predictors. The difference in pre- and posttreatment functional 
bladder capacity was tested using a paired t-test. A p-value < 0.05 was considered 
statistically significant, and statistical analysis was performed using R (version 3.1.0, The 
R Foundation for Statistical Computing, Vienna, Austria).  

Results
The median time of follow up was 23.7 months. First response measurements (n=106) 
showed a complete response in 92 patients (87%), and a partial response in 11 patients 
(10%). One patient had stable disease, and two patients showed progression. Out of all 
118 patients, 20 patients (17%) developed a recurrence in the bladder during follow-
up, of which three patients had a nodal recurrence. Four patients (3%) developed a 
nodal recurrence without bladder recurrence, and 27 patients (23%) developed a distal 
recurrence. Of the local recurring patients, nine patients (45%) experienced both a 
locoregional and distal recurrence. Six bladder recurrences were superficial and were 
treated with TUR-B and mitomycin C installations, whereas in the remaining 14 patients, 
local recurrences were muscle-invasive. 
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The overall survival after three years was 44% (95% CI 36% – 55%; figure 1). Thirty-
seven patients died with bladder carcinoma, whereas 24 patients died from intercurrent 
disease. Two patients died from treatment complications. Bladder-intact survival after 
three years was 84% (95% CI 75% - 92%). The three-year locoregional and distant control 
rates were 73% (95% CI 64% - 84%; figure 2) and 74% (95% CI 65% - 84%), respectively.

On univariate analysis, a significant difference in overall survival or locoregional 
disease recurrence was not found for patients treated with either 3D-CRT or IMRT/VMAT. 
The only significant predictors for survival were age and not completing treatment (table 
3 and table 4). For locoregional disease recurrence, only the presence of hydronephrosis 
was a statistically significant predictive factor (table 3). Locoregional control after 
three years was similar for patients receiving either 55 Gy or 60 Gy, with 72% and 74%, 
respectively (p = 0.55). The prognostic value for none of the predictors improved by 
assuming a non-linear relationship.  

Acute intestinal and urinary toxicity was scored in 72 patients. Of these, 19% 
experienced grade 2 or higher intestinal toxicity, compared to 26% for urinary toxicity 
(see figure 3a). Late toxicity was scored in 100 patients. Late intestinal and urinary toxicity 
grade ≥ 2 was seen in 5% and 14% of these patients, respectively (see figure 3b). Grade 3 
intestinal toxicity was seen in one patient, and grade 4 in two patients. In one patient, 
grade 4 urinary toxicity was observed.  

Univariate analysis revealed that the use of IMRT, combined with daily image-
guidance, reduced late intestinal toxicity from 20% for the conformal box technique, 
to 5% for the intensity-modulated techniques (p = 0.05). In addition, the introduction 
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Figure 1: Overall survival (95% confidence intervals depicted in grey dashed lines).
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of IMRT also influenced acute urinary toxicity (grade ≥ 3 toxicity reduced from 22% to 
2%, p = 0.02). Acute urinary toxicity was furthermore influenced by the use of fiducial 
markers, with a reduction in grade ≥ 2 toxicity from 53% without markers, to 17% with 
markers (p < 0.01). Logistic regression revealed a relationship between tumor size and 
acute intestinal and urinary toxicity, with tumor sizes of 2, 4, and 6 cm corresponding to 
risks of grade ≥ 1 acute intestinal toxicity of 45%, 79%, and 94%, respectively (p < 0.01), 
and risks of grade ≥ 3 urinary toxicity of 1%, 4% and 18%, respectively (p = 0.04). Other 
characteristics were not predictive for either late intestinal or urinary toxicity (see 
supplementary tables). 

Of the 96 patients for which information about bladder function is available, 92% 
reported a stable or improved bladder function. Functional bladder capacity increased 
significantly, from a median of 200 ml before, to 250 ml after treatment (p = 0.004). 

Discussion
In the present study, we found a three-year overall survival of 44% for patients treated 
with TUR-B and radiotherapy with a focal simultaneous boost for bladder cancer, with 
a three-year locoregional control of 73%. Of the patients that were still alive after three 
years, 83% had an intact bladder. We found acute urinary and intestinal toxicity rates 
grade ≥ 2 of 26% and 19%, respectively, whereas late urinary and intestinal toxicity 
grade ≥ 2 was 14% and 5%, respectively. Toxicity rates were lower for patients treated 
with IMRT or fiducial markers around the tumor. 
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Our results are similar compared to a multicenter phase III trial by James et al., in which 
360 patients were randomly assigned to undergo radiotherapy either with or without 
synchronous chemotherapy [89]. When comparing the radiotherapy-only results from 
their study with the current study, similar three-year overall survival rates were found 
(figure 1) [89]. However, the results from chemoradiation as reported by James et al. 
compare favorably to our results, with a three-year overall survival for chemoradiation 
of 57%, compared to 44% for the present study (figure 1). Our low survival rate probably 
reflects the selection of elderly or medically frail patients, who are likely to have a 
shorter survival independent of their bladder cancer or treatment. The three-year 
locoregional control of 73% found in the current study, compares favorably with other 
studies reporting on patients treated with radiotherapy only, which present rates of 53-
64% [33, 86, 102, 103]. The exclusion of patients that did not complete radiotherapy, and 
patients with multifocal tumors, will partly account for this effect. The higher accuracy 
of dose delivery, by means of fiducial markers and position verification with daily CBCT, 

Table 3: Prognostic value for overall survival and locoregional recurrence of patient and tumor characteristics.

Prognostic factors Overall survival Locoregional recurrence

n HR 95% CI p n HR 95% CI p

Age 118 1.0 (1.0;1.1) 0.02 112 1.0 (0.95;1.0) 0.89

Tumor size 117 1.0 (0.90;1.2) 0.62 111 1.0 (0.76;1.3) 0.99
Residual mass after resection*

Yes 57 52
Possibly 27 0.81 (0.45;1.5) 0.49 27 0.83 (0.29;2.4) 0.73
No 16 0.47 (0.20;1.1) 0.09 15 0.80 (0.22;2.9) 0.73

Tumor location
Not mobile part 27 25
Mobile part 91 1.05 (0.61;1.8) 0.85 87 0.85 (0.34;2.1) 0.73

Clinical lymph node involvement
No 109 103
Yes 9 0.52 (0.19;1.4) 0.20 9 1.5 (0.44;5.0) 0.53

Hydronephrosis
No 97 92
Yes 21 1.29 (0.73;2.3) 0.38 20 2.9 (1.2;6.8) 0.01

Tumor stage
T2-T3 108 103
T4 10 1.05 (0.45;2.4) 0.91 9 0.52 (0.07;3.8) 0.23

NB. Due to exclusion of patients receiving less than their prescribed dose for the analysis on local 

recurrence, total amount of patients in this analysis is 112, which is different from the analysis on overall 

survival. In addition, residual mass after resection and tumor size were not known for all patients. 

* As assessed on the CT scan made for planning purposes.
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Table 4: Prognostic value for overall survival and locoregional recurrence of treatment characteristics.

Prognostic factors Overall survival Locoregional recurrence

n HR 95% CI p n HR 95% CI p

Received radiotherapy dose

55 Gy 57 57
60 Gy 55 0.70 (0.44;1.1) 0.15 55 0.81 (0.36;1.8) 0.61
< prescribed dose 6 5.3 (2.1;13.0) <0.001

Radiotherapy technique
3D-conformal 67 63
IMRT/VMAT 51 1.05 (0.66;1.7) 0.83 49 0.97 (0.43;2.2) 0.95

Treated with image-guidance
No 42 40
Yes 76 1.43 (0.88;2.3) 0.15 72 1.0 (0.45;2.4) 0.93

Elective lymph node irradiation
No 24 23
Yes 94 0.60 (0.36;1.0) 0.06 89 1.1 (0.37;3.1) 0.90

Use of fiducial markers
No 43 40
Yes 75 0.93 (0.59;1.46) 0.75 72 0.83 (0.37;1.9) 0.66
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39Clinical results of radiotherapy for bladder cancer

2

may also contribute to the high locoregional control rate. Locoregional control was not 
influenced significantly by the tumor dose (55 Gy versus 60 Gy), but tumor dose also did 
not influence toxicity. A tumor dose of 60 Gy is therefore still advocated, except when 
small bowel dose constraints are exceeded, in which case a dose of 55 Gy can be applied. 

Other studies report late urinary and intestinal toxicity rates grade ≥ 2 of 10-17%, 
and 7-10% [86, 102–104], respectively. This is comparable to our results, with rates of 
14% and 5%, respectively. Since the risk of global bladder injury increases for doses over 
50 Gy [108], the volume receiving the boost dose of 55 Gy should be as small as possible. 
This is reflected in our finding that the use of fiducial markers resulted in lower rates 
of acute urinary toxicity; when markers were used, the margins around the tumor were 
smaller, and a smaller volume of the non-involved bladder received 55 Gy. In addition, 
studies based on high-dose whole bladder irradiation as opposed to a tumor boost, 
report higher rates of late urinary toxicity grade ≥ 1: rates of 36-62% have been reported, 
compared to 27% we found [86, 103]. Regarding IMRT, we found a trend towards lower 
rates of grade ≥ 2 acute intestinal toxicity compared to a box technique (decrease from 
33% to 12%, p = 0.06), which confirms the results of Søndergaard et al. [29]. This finding 
is in line with the lower bowel dose resulting from both the more conformal treatment 
technique, as well as the use of smaller margins [96, 97, 109]. The overall rates of toxicity 
in the present series were lower than the series by Søndergaard et al. which could be 
explained by a lower dose to the bladder and lymph nodes (40 Gy versus 48-60 Gy). Since 
the volume of bowel receiving at least 45 Gy is most predictive for intestinal toxicity [29, 
110], a dose prescription ≥ 40 Gy is expected to result in more intestinal toxicity. 

The significant reduction found in both acute urinary and intestinal toxicity can 
be attributed to the introduction of fiducial markers, IMRT and daily image-guidance. 
Further increasing treatment accuracy, with the inherent reduction in margin size, could 
therefore further decrease toxicity. Adaptive strategies are vital in increasing treatment 
accuracy, since the interfractional movement of the bladder is a very large source of 
uncertainty. It has been shown that with an adaptive strategy, the dose to the bowel 
can be reduced while maintaining or improving target coverage [42, 100]. Further studies 
regarding outcome will determine whether this also results in a lower toxicity and a 
possibly higher local control. 

Limitations of the present study are the retrospective nature of the data, and patient 
inclusion from a single institute. Our sample size was large compared to similar studies 
[33, 86, 87, 103], but was still relatively small concerning the univariate analyses on 
predictors for survival, recurrence and toxicity. For instance for survival, we only found 
age as predictor, whereas previously also tumor grade, tumor stage, performance status, 
complete resection and lymphatic invasion have been reported as predictors [92, 93, 
104, 111]. In agreement with previous studies, we found hydronephrosis as a significant 
predictor for locoregional recurrence [86, 91, 103, 112]. It is possible that certain variables 
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will prove to be predictors for several outcomes when a larger patient group is analyzed. 
Another limitation was the incomplete toxicity data, but this occurred randomly due to 
differences between physicians in the scoring of toxicity. A final limitation is the fact that 
patients treated with IMRT and VMAT were grouped together for univariate analyses. 
The PTV volume for VMAT is smaller due to exclusion of the prostate from the target 
volume, as well as a minor margin reduction, and this could have influenced the results. 
However, due to the small number of patients treated with VMAT, and the relatively small 
expected improvement in dose distribution [97], the effect on the analysis is assumed to 
be negligible. 

Conclusion
We found a three-year overall survival of 44% for patients treated with TUR-B and 
curative radiotherapy for bladder cancer. Three-year locoregional control was 73%, with 
low rates of acute and late urinary and intestinal toxicity. Toxicity rates were reduced 
when using IMRT and fiducial markers. Radical radiotherapy using a focal simultaneous 
boost is therefore a feasible and effective treatment option for elderly or unfit patients 
with muscle-invasive bladder carcinoma, with a high change of preservation of bladder 
function. 
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Supplementary material
Supplementary table 1: Prognostic factors for toxicity grade ≥ 1.

Prognostic factors Late toxicity Acute toxicity

Urinary Intestinal Urinary Intestinal

n
Tox. 
(%)

p
Tox. 
(%)

p n
Tox. 
(%)

p
Tox. 
(%)

p

Tumor size 100 0.72 0.78 72 0.80 <0.01

Received 
radiotherapy dose

55 Gy 44 32 16 29 48 79 1

60 Gy 51 24 0.50 10 0.53 38 66 0.23 77

Elective lymph 
node irradiation

No 17 35 19 21 52 86

Yes 83 25 0.59 12 0.76 52 60 0.76 76 0.52

Use of fiducial 
markers

No 34 38 12 19 68 90

Yes 66 21 0.11 14 1 54 54 0.40 74 0.25

Radiotherapy 
technique

3D-conformal 55 31 20 23 57 92

IMRT/VMAT 45 22 0.46 5 0.05 50 58 1 72 0.11

Tox. = Toxicity.
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Supplementary table 2: Prognostic factors for toxicity grade ≥ 2.

Prognostic factors Late toxicity Acute toxicity

Urinary Intestinal Urinary Intestinal

n
Tox. 
(%)

p
Tox. 
(%)

p n
Tox. 
(%)

p
Tox. 
(%)

p

Tumor size 100 0.72 0.40 72 0.60 0.78

Received 
radiotherapy dose

55 Gy 44 16 7 29 24 14

60 Gy 51 12 0.77 4 0.84 38 26 1 23 0.52

Elective lymph 
node irradiation

No 17 18 13 21 24 24

Yes 83 13 0.93 4 0.40 52 27 1 17 0.73

Use of fiducial 
markers

No 34 18 6 19 53 25

Yes 66 12 0.65 5 1 54 17 0.006 17 0.63

Radiotherapy 
technique

3D-conformal 55 15 7 23 30 33

IMRT/VMAT 45 13 1 2 0.52 50 24 0.77 12 0.06

Tox. = Toxicity.
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Supplementary table 3: Prognostic factors for toxicity grade ≥ 3.

Prognostic factors Late toxicity Acute toxicity

Urinary Intestinal Urinary Intestinal

n
Tox. 
(%)

p
Tox. 
(%)

p n
Tox. 
(%)

p
Tox. 
(%)

p

Tumor size 100 0.62 0.38 72 0.04 0.34

Received 
radiotherapy dose

55 Gy 44 2 2 29 14 3

60 Gy 51 0 0.94 4 1 38 3 0.21 5 1

Elective lymph 
node irradiation

No 17 6 6 21 14 14

Yes 83 0 0.38 2 0.99 52 6 0.47 2 0.12

Use of fiducial 
markers

No 34 0 6 19 26 10

Yes 66 2 1 2 0.57 54 2 0.004 4 0.63

Radiotherapy 
technique

3D-conformal 55 0 5 23 22 8

IMRT/VMAT 45 2 0.92 0 0.34 50 2 0.02 4 0.82

Tox. = Toxicity.
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Abstract
Purpose: To account for variable bladder size during bladder cancer radiotherapy, a 
daily plan selection strategy was implemented. The aim of this study was to calculate 
the actually delivered dose using an adaptive strategy, compared to a non-adaptive 
approach. 

Methods: Ten patients were treated to the bladder and lymph nodes with an adaptive 
full bladder strategy. Interpolated delineations of bladder and tumor on a full and 
empty bladder CT scan resulted in five PTVs for which VMAT plans were created. Daily 
cone beam CT (CBCT) scans were used for plan selection. Bowel, rectum and target 
volumes were delineated on these CBCTs, and delivered dose for these was calculated 
using both the adaptive plan, and a non-adaptive plan. 

Results: Target coverage for lymph nodes improved using an adaptive strategy. The 
full bladder strategy spared the healthy part of the bladder from a high dose. Average 
bowel cavity V30Gy and V40Gy significantly reduced with 60 and 69 ml, respectively 
(p < 0.01). Other parameters for bowel and rectum remained unchanged.  

Conclusions: Daily plan selection compared to a non-adaptive strategy yielded 
similar bladder coverage and improved coverage for lymph nodes, with a significant 
reduction in bowel cavity V30Gy and V40Gy only, while other sparing was limited. 

Keywords: Adaptive radiotherapy; Bladder cancer; Plan of the day; Plan selection; 
Normal tissue sparing
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Introduction
As a bladder-conserving alternative to cystectomy, external beam radiotherapy provides 
an effective treatment option for muscle-invasive bladder cancer [91]. For focal tumors, 
combining whole bladder irradiation with a tumor boost and chemotherapy, local control 
rates of 67% were achieved [89]. In our department, when such a tumor boost is given, 
patients are treated with a full bladder which is expected to spare more of the healthy 
bladder from the boost dose [33]. To compensate for variations between fractions in 
bladder filling, size and position, large target volume margins are required to ensure 
target coverage, even with the use of a strict drinking protocol [31, 32]. These margins 
result in a high dose to the organs at risk (OARs). 

The introduction of pre-treatment cone beam CT (CBCT) for daily patient set-up, has 
enabled soft-tissue visualization during the treatment course. This allows adapting the 
radiation delivery according to anatomical changes during the treatment course, which 
is known as adaptive radiotherapy (ART). Multiple ART strategies for bladder cancer have 
been described, based on daily plan selection, which comprises the creation of multiple 
treatment plans for different bladder volumes, and daily selection of the plan best fitting 
the bladder volume as seen on the CBCT [40, 42, 44, 113–116]. To obtain target volumes for 
the multiple plans, variable target margins, multiple CT scans or the CBCT scans acquired 
during the first week can be used [40, 42, 113–116]. Interpolating a registration between 
a full and an empty bladder delineation to generate intermediate bladder volumes, for 
the creation of multiple treatment plans, was also described previously [44]. This method 
was implemented in 2013 at our institute. 

The dosimetric analyses for these adaptive strategies imply that target coverage is 
maintained or improved, while reducing dose to the organs at risk [40, 42, 44, 113–116]. 
These dosimetric analyses are usually performed by summating the weighted dose 
calculations of the used plans during treatment. In this case, the changed anatomy of 
the organs of interest, i.e. bladder, rectum and bowel, are not taken into account. To 
understand the value of an adaptive strategy and investigate the areas of improvement, 
dose delivery to the target and separate OARs should be evaluated. Even though this 
has been investigated earlier, either for specific organs [10,11], or for the normal tissue 
as a whole [15], it is currently unknown whether OAR sparing is also seen in patients 
treated with a full bladder including pelvic lymph nodes in the target, and whether target 
coverage of bladder and lymph nodes is not compromised using an adaptive strategy, 
taking daily anatomical changes into account. 

The aim of this study was therefore to calculate the actually delivered dose to the 
target and OARs when patients are irradiated with a full bladder, using a daily plan 
selection strategy for bladder cancer radiotherapy, and to compare this to the dose that 
would have been delivered with a non-adaptive approach.
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Methods

Patients and imaging

Between March 2013 and September 2014, 11 of the 16 consecutive patients with muscle-
invasive bladder cancer were treated with an adaptive strategy, of which 10 were included 
in this study. Patients with multiple tumors or carcinoma in situ were excluded, as well 
as patients with two metal hip prostheses. Patient characteristics are presented in table 
1. Patients were treated in 20 fractions to the bladder and pelvic lymph nodes, combined 
with a simultaneously integrated boost to the tumor. 

Prior to treatment, two planning CT scans with a full and empty bladder were 
acquired in supine position. Patients were eligible for our plan selection approach if the 
full bladder volume on the planning CT scan was at least twice the empty bladder volume. 
On both scans, the radiation oncologist contoured the bladder and GTV, which was aided 
by cystoscopically placed fiducial markers. On the full bladder scan, the draining pelvic 
lymph nodes, rectum, bowel cavity and both femur heads were delineated.

Creation of library of structures

The bladder and GTV structures as delineated on the full bladder CT were registered 
to the bladder and GTV structures from the empty bladder CT, using a structure-based 
deformable registration algorithm as implemented in Erasmus RTStudio (part of Erasmus 
MatterhornRT, software platform for radiotherapy research and advanced treatment). This 
algorithm was described previously [117]. In short, the algorithm found corresponding 
points between two structures. By connecting these pairs of corresponding points, 
deformation vectors were obtained. Linear scaling of these deformation vectors resulted 
in a library of structures. To represent different filling states, the following scale factors 
were used: 0%, 33%, 67%, 100% and 133%, with 0% and 100% structures corresponding 
to the empty and full bladder, respectively. 

Treatment planning and delivery

The full bladder CT scan and bladder and GTV structures were imported in Oncentra 
treatment planning system (version 4.3, Elekta, Stockholm, Sweden). For each filling 
state two planning target volume (PTV) structures were created: PTVelective, consisting of 
the lymph nodes and one of the five bladder volumes, with a uniform margin of 7 mm, 
and PTVboost, consisting of one of the five GTV volumes and a 9 mm uniform margin 
(figure 1). The margins are applied to account for residual errors, such as shape changes, 
delineation errors and intrafraction motion. The PTVboost margin is larger than the PTVelective 
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margin, due to larger delineation uncertainties for the tumor. Five dual arc VMAT plans 
were created on the full bladder CT, with a separate optimization for each combination of 
PTVs. Standard planning objectives were used to aim for a homogeneous fractional dose 
of 2 Gy in PTVelective (i.e. 40 Gy in 20 fractions), and 2.75 or 3 Gy in PTVboost (i.e. 55-60 Gy in 
20 fractions), while keeping dose to the OARs as low as possible. A prescription of 3 Gy to 
PTVboost is preferable, but for ventrally and caudally located tumors 2.75 Gy is chosen, to 
spare the bowel cavity from a 3 Gy fraction dose.

Before each fraction, patients were asked to drink 0.5 liter of water 1.5 hours prior 
to treatment, and refrain from voiding. A CBCT scan was acquired daily, and registered 
to the pelvic bony anatomy (XVI, Elekta). Subsequently, the five bladder contours were 
projected on the CBCT scan, and the smallest bladder contour encompassing the entire 
bladder on CBCT was selected. The plan corresponding to the chosen bladder contour was 

Table 1: Patient characteristics.

Pt Age Sex Tumor stage
Pre-RT 
treatment

Cx GTV location Markers ART

1 91 M cT2 N0 M0 TURT None Dorsal wall Lipiodol No

2 84 M cT3 N0 M0
Partial 
bladder 
resection

None Ventral wall and dome
Surgical 
clips

Yes

3 71 M T4b N0 M0 TURT Cisplatin Right wall Lipiodol Yes

4 66 M T2 N0 M0 TURT Cisplatin Left wall and dome Lipiodol Yes

5 84 M T2 N0-1 M0 Unknown Cisplatin Right wall Lipiodol No

6 79 M T2-3 N0 M0 TURT Cisplatin Right wall Lipiodol Yes

7 66 M T2-3 N0 M0 TURT Cisplatin Dorsal wall, dome None No

8 71 M T2 N0 M0 TURT None Dome None Yes

9 79 F T2 N0 M0 TURT Cisplatin Lower wall Lipiodol Yes

10 76 M T2 N0 M0 TURT None Prostatic urethra
Gold 
markers

Yes

11 84 M T4a N0 M0 TURT Cisplatin Prostatic urethra Hydrogel Yes

12 86 M cT3 N0 M0 TURT None Right and dorsal wall Hydrogel Yes

13 84 M T2 N0 M0 TURT Carboplatin Prostatic urethra
Gold 
markers

No

14 81 M T2 N0 M0 TURT Cisplatin Right wall Hydrogel No

15 81 M T2 N0 M0 TURT Carboplatin Right and dorsal wall Hydrogel Yes

16 84 M T2 N0 M0 TURT None Left wall Hydrogel Yes

Pt = patient. Cx = chemotherapy. TURT = transurethral resection of the tumor. Chemotherapy regimen: 

weekly administration of cisplatin or carboplatin. Lipiodol and hydrogel: fluid contrast agents, injected 

during cystoscopy procedure prior to planning CT scans, to indicate border of the tumor [37,38]. Patient 12 

was excluded from analysis, since quality of CBCT scans was not sufficient.
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selected for treatment. The corresponding PTVelective and PTVboost contours were projected 
on the CBCT. If needed, these contours were shifted manually, until maximum tumor 
coverage was obtained, based on the location of the tumor markers relative to PTVboost, 

ensuring that the bladder was still located inside PTVelective (summarized data regarding 
these shifts in supplementary table). The resulting setup correction was applied before 
starting treatment. Irradiation time per fraction was 140-160 sec.

Simulation of non-adaptive procedure

To compare the dose delivered with the daily plan selection protocol to a non-adaptive 
approach, a non-adaptive PTVelective was created. This consisted of the full bladder and 
lymph node delineations, with 13 mm margin ventrally and cranially to the bladder, and 
7 mm margin in all other directions. To obtain a non-adaptive VMAT plan, a separate 
optimization was performed for this PTV and the full bladder PTVboost (i.e. GTV from the 
full bladder CT with a 9 mm uniform margin). This plan was not used clinically. 

Using this non-adaptive plan, a second treatment regimen was simulated according 
to our non-adaptive clinical protocol. Using XVI software, each CBCT was registered to 
the full bladder CT based on tumor markers to ensure maximum tumor coverage, and 
setup correction was recorded. The non-adaptive VMAT plan was selected for every 
fraction. 

PTVelective

PTVboost133%
100%

67%
33%
0%

Figure 1: Target delineations and interpolations. Left: sagittal view of CT scan of full bladder, with projections 

of bladder and tumor for all interpolations, i.e. 0%, 33%, 67%, 100% and 133%. The tumor volume stays stable, 

but appears to decrease for larger bladder volumes. This is caused by stretching and moving of the tumor 

due to bladder filling, resulting in sampling of different cross sections of the tumor in the same image. Right: 

transversal view of CT scan of full bladder with PTVs, i.e. PTVboost and PTVelective, for all interpolations.
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Dose calculation and comparison to non-adaptive strategy

Each CBCT was imported in either Oncentra (first eight patients) or VelocityAI (version 
3.1.0, Velocity Medical Solutions, Atlanta, USA).  The bladder, rectum and bowel cavity 
were delineated by a single observer, using RTOG delineation guidelines [118]. Due to 
limited visibility of lymph nodes on CBCT, the lymph node delineations were copied 
from the full bladder CT scan, using a bony anatomy registration including translations 
and rotations [119]. To minimize variability, delineations were performed by a single 
observer. Intraobserver variation was assessed by re-delineation of three CBCT scans 
for four patients, at least one month after initial delineation. Volume variation between 
every contour combination was < 5% in all cases, mean overlap was 96% for bladder 
and bowel cavity, and 90% for rectum. This is higher than the previously reported 
interobserver delineation variability (i.e. overlap values of 75-81%), which was assessed 
to be sufficiently small for use in adaptive strategies [120, 121]. 

Dose calculation on CBCT requires calibration of CBCT voxel values, which is subject 
to uncertainties [122]. Therefore, the dose distribution calculated on the full bladder CT 
during treatment planning was used for calculation of the DVHs. For each day, the dose 
distribution corresponding to the delivered plan was selected. Daily delineated structures 
were propagated to the full bladder CT using a translation vector which is determined by 
the isocenter position of the selected plan and the setup correction applied that day. This 
enabled calculation of the daily DVH for each structure, using Matlab (version R2012a, 
MathWorks, Natick).  For the bowel cavity, an absolute volume scale was used since the 
CBCTs did not include the entire organ. 

Dose calculation and DVH creation was repeated for the non-adaptive approach, 
using the same CBCTs and delineations, but applying the non-adaptive plan and the 
setup correction based on marker position. 

Evaluation of irradiated volumes and statistical analysis

Bladder and lymph node coverage was assessed by calculating the daily V95%, i.e. the 
volume receiving at least 95% of the prescribed daily dose. The relative bladder volume 
receiving more than the elective dose, but less than the boost dose, i.e. V2.25Gy - V2.75Gy, 
was calculated for each fraction. The irradiated volume of rectum and bowel cavity was 
calculated for each separate fraction. Low, intermediate and high dose levels were 
assessed by extracting the V0.5Gy, V1.5Gy and V2Gy from the daily DVHs for rectum and 
bowel cavity. These correspond to dose levels of 10 Gy, 30 Gy and 40 Gy for the entire 
treatment course, and will therefore be referred to as their fractionated substitutes, i.e. 
V10Gy-fx, V30Gy-fx and V40Gy-fx.   
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Differences in target coverage between the adaptive versus the non-adaptive strategy 
were tested using the McNemar chi-square test, and for OAR dose with the Wilcoxon 
signed-rank test. The daily difference in irradiated volume for the three dose levels was 
calculated by subtracting the irradiated volumes for the non-adaptive from those of 
the adaptive strategy. Statistical analysis was performed using R version 3.1.0 (The R 
Foundation for Statistical Computing, Vienna, Austria).

Results 
Of the 16 patients treated with radiotherapy, 10 were eligible for inclusion. Four patients 
did not have a large enough difference between full and empty bladder on planning CTs. 
One patient could not enter the ART-protocol due to logistic reasons. For one patient, 
CBCT quality was not suitable for analysis.  

Most often a 67% or 100% plan was chosen, in 47% and 22% of the cases, respectively. 
During treatment, in 85% of fractions the bladder was at least 10% smaller than on 
full bladder planning CT, and at least 10% larger in 6% of fractions. Patients complied 
with drinking instructions in a majority of cases, although actual fluid intake was not 
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Figure 2: Bladder volume change during treatment. Left: Selected plans per week, for all patients. Right: Relative 

bladder volume, i.e. the bladder volume on CBCT divided by full bladder volume on CT, for each treatment week. 

The horizontal line represents the median, the box represents the first and third quartile. Whiskers extend to 1.5 

times the interquartile range from the box and the dots represent outliers.
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monitored. The full bladder protocol was well tolerated, although in one fraction the 
patient voided during treatment. 

The bladder volume decreased significantly during treatment, with a median bladder 
volume of 228 ml during the first week, and a median volume of 175 ml during the fourth 
week (p < 0.01). This is reflected in the selected plans during the course of treatment 
(figure 2).

Figure 3 shows that for smaller bladder volumes, a larger part of the bladder receives 
a dose between 2.25 and 2.75 Gy. Therefore, our full bladder approach is beneficial for the 
healthy part of the bladder. 

Target coverage

Adequate target coverage, as expressed in percentage of all fractions where V95% was 
larger than 99%, was 98% for bladder for both strategies. For lymph nodes, a difference 
was found, with 93% of the cases with adequate coverage for the adaptive strategy, 
versus 80% for the non-adaptive strategy (p < 0.01). 
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Figure 3: Bladder volume receiving a dose between 2.25 and 2.75 Gy (denoted: V[2.25-2.75Gy]), as a function of 

relative bladder volume (as percentage of the full bladder on CT), for each daily fraction, for all ten patients. The 

V[2.25-2.75Gy] is normalized to the V[2.25-2.75Gy] on the full bladder CT scan with the 100% plan, to account 

for inherent differences in tumor volume. The reference line indicates a value of 1 (i.e.  the daily V[2.25-2.75Gy] 

equals the V[2.25-2.75Gy] on the full bladder CT with the 100% plan). A value > 1 represents a larger area of the 

bladder receiving a dose between 2.25 and 2.75 Gy than on planning CT.  
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OAR sparing

Figure 4 illustrates the difference in daily DVHs for the adaptive and non-adaptive 
strategies. Figure 5 shows the fractionated substitutes of the median V10Gy, V30Gy and 
V40Gy, for all fractions of all patients, for both bowel cavity and rectum. The differences 
in V30Gy-fx and V40Gy-fx for bowel cavity were significant. The median V30Gy was 572 
ml for the adaptive strategy, and 632 ml for the non-adaptive strategy (p < 0.01). For the 
V40Gy, these values were 246 ml and 315 ml, respectively (p < 0.01). In general, sparing 
of the OARs is larger when smaller plans are chosen (supplementary figure 1). Using 
ART, sparing of bowel volume from the elective dose of 40 Gy appeared to be larger for 
patients with a dorsally located tumor (supplementary figure 2), but this difference was 
not statistically significant, probably due to the small sample size.

Discussion
In this first full dosimetric analysis for ten patients treated with a daily plan selection 
strategy based on full bladder irradiation for bladder cancer, we evaluated the actually 
delivered dose while taking into account the day-to-day anatomical variations. Compared 
to a non-adaptive strategy, we found a similar to improved coverage for bladder and 
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lymph nodes, but OAR sparing was limited, with a significant reduction in bowel cavity 
V30Gy and V40Gy only. 

Previously conducted dosimetric studies report either bowel cavity or normal tissue 
sparing when an adaptive strategy is used [40, 42, 44, 113, 115, 116]. Most studies employ 
an empty bladder protocol. Only Meijer et al. use a full bladder protocol, however, no 
dosimetric data is reported [44]. The sparing we found is relatively small, due to the 
smaller margins for our non-adaptive strategy compared to others, and due to the 
inclusion of the lymph nodes in the treatment volume. Previous studies report that 
when only bladder is considered as target volume, the reduction in irradiated normal 
tissue volume receiving the prescribed elective dose, ranges from 155-219 ml [40, 116]. 
However, when the pelvic lymph nodes are included in the target, the sparing reduces to 
65-100 ml [40, 42]. This is in line with our results, since with taking anatomical changes 
into account, we found a mean reduction in bowel cavity V40Gy of 69 ml. Selecting a 
plan for a smaller bladder does not yield a smaller treatment volume around the lymph 
nodes, which are in close proximity to the bowel cavity. A minimum bowel cavity dose 
will therefore always be present. Reducing target margins for the lymph nodes could 
lower this, but since lymph node coverage does not improve drastically with our ART 
strategy, this does not seem appropriate. To facilitate the clinical workflow, a single 
margin size was used for bladder and lymph nodes. Possible intrafraction movement is 
mainly caused by bladder filling between acquisition of CBCT and irradiation. For a full 
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bladder this might be a smaller issue than for an empty bladder, since shape change for a 
certain volume of urinary inflow is less dramatic. However, an optimal margin size for the 
ART procedure still has to be determined.

Even though the margins used in our clinic are relatively small, our results regarding 
bladder coverage are in line with Foroudi et al., who reported a non-significant difference 
in coverage between their adaptive strategy and a non-adaptive strategy for bladder 
cancer [115]. To our knowledge, this is the first study to report that coverage of the lymph 
nodes improved using an adaptive strategy. This improvement occurred in cases where 
the bladder was on average 50% smaller compared to the planning CT. This smaller 
bladder volume required large setup corrections for the non-adaptive strategy, due to the 
match on tumor markers, which impaired lymph node coverage. The adaptive strategy 
allows for the use of a match on bony anatomy, since for each level of bladder filling, a 
fitting boost PTV is available. 

Assessment of tumor coverage is difficult since the tumor cannot be seen on the 
CBCT. However, both assessed strategies are based on either a marker match, or a 
sufficient coverage of the markers by PTVboost, so differences in tumor coverage are not 
expected. 

Our dosimetric analysis is based solely on daily DVHs, from which we extracted the 
median irradiated volumes.  To summate the dose for all fractions, a method taking the 
dose distribution within the delineated organs into account, i.e. dose warping based on 
deformable image registration, would be preferable. This is difficult in the pelvic area, 
since it exhibits large local deformations in combination with static bony anatomy. 
Currently available algorithms therefore generally perform poorly in terms of anatomical 
correctness leading to incorrect dose distributions [123, 124]. Therefore we decided to 
evaluate the daily DVHs separately, but statistical tests were applied pairwise, so the 
reported difference for both strategies is consistently valid. 

Analysis was limited by our small patient population. Dose to the OARs could not 
reliably be correlated to tumor location. In addition, a wider range of bladder volumes 
could have provided more insight into the maximum achievable OAR sparing or coverage 
improvement. 

Many daily plan selection strategies employ CBCTs acquired in the first week 
to obtain multiple bladder volumes to create the additional plans [42, 113, 115]. The 
advantage of our method is having the plans ready before the start of the treatment, 
which is convenient in terms of workflow, but is also a dosimetric advantage. In the 
first week, in 29% of fractions a plan other than 67% or 100% was used, indicating the 
need for adaptive plans from the first fraction onwards. Our strategy, however, does 
not take into account the other anatomical changes that occur between fractions, such 
as differences in rectal and bowel filling, whereas a strategy based on CBCT does have 
this potential. Our strategy also requires a substantial difference between a full and an 
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empty bladder. When such a difference is not present, an adaptive strategy based on the 
first CBCTs could be beneficial. In addition, the workflow before treatment is currently 
quite elaborate and takes 5 hours additional treatment planning compared to the non-
adaptive procedure. 

Considering the minor differences found, and the increase in workflow for our daily 
plan selection strategy, an adjustment to the strategy could be proposed by using fewer 
plans, for example by combining the 0% and 33% plans. This will reduce the workload, 
render plan selection during treatment easier, and is likely to yield similar dosimetric 
results.

Our adaptive strategy employs a full bladder protocol with a tumor boost. Using a 
partial bladder boost reduces morbidity related to irradiation of the uninvolved bladder 
[125]. To also limit the risk of focal bladder toxicity, the area receiving the boost dose 
should be as small as possible. We showed that irradiating with a full bladder will spare 
the healthy bladder. However, compared to an empty bladder protocol, the dose to the 
bowel cavity will increase due to the larger treatment volume [32], which will mainly 
affect V2Gy. We showed that V2Gy decreases using ART, therefore the need for an 
adaptive strategy increases when a full bladder protocol is chosen. 

Conclusion
Irradiating with a full bladder spares the healthy bladder from the boost dose, and by 
using an adaptive strategy the increased dose to the bowel cavity can be counteracted. 
Compared to a non-adaptive strategy, we found a similar coverage for bladder and an 
improved coverage for lymph nodes, but OAR sparing was limited, with a significant 
reduction in bowel cavity V30Gy and V40Gy only.
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Supplementary materials
Supplementary table: Magnitude and direction of additional isocenter shifts performed after registration 

on bony anatomy for the plan selection. Shifts were performed in 74 of 196 evaluated fractions (37.8% of 

fractions), to obtain maximum tumor coverage.

Direction Median shift (mm) Interquartile range (mm)

Lateral 0.6 0.2 – 1.6

Craniocaudal 1.1 0.2 – 3.0

Anteroposterior 2.3 1.1 – 3.8
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Supplementary figure 1: OAR analysis of all separate fractions from all patients. Differences in volumes 

receiving the fractionated substitutes of 10, 30 or 40 Gy for small bowel and rectum. A difference smaller than 

zero (reference line) indicates that more volume is spared for the ART strategy. The rectum is spared most when 

the 0% and 33% plans are selected. For small bowel, the intermediate and high dose areas decrease most when 

the 0% and 33% plans are chosen. The low dose area, however, increases when smaller plans are chosen. For 

the non-adaptive strategy, in case of empty bladder volumes, the plan is often shifted inferiorly to match the 

tumor markers (data not shown). This shifts the low dose area outside of the small bowel volume, resulting in 

more low dose bowel sparing for the non-adaptive strategy.



Chapter 360

-2
00

-1
00

0
10

0
20

0

Dorsal Cranial Other
Tumor location

Vo
lu

m
e 

di
ffe

re
nc

e 
(m

l)

Supplementary figure 2: Tumor locations were divided into mostly dorsally located, mostly cranially located 

and other locations. It was analyzed whether the sparing from the elective dose (40 Gy, i.e. 2 Gy per fraction) in 

the small bowel and rectum was different for these different locations, using a Wilcoxon signed-rank test. We 

only found differences for the small bowel, as depicted in this figure. It shows the difference in volume receiving 

2 Gy for the adaptive, minus the non-adaptive strategy. The horizontal line represents the median, the box 

represents the first and third quartile. Whiskers extend to 1.5 times the interquartile range from the box and 

the dots represent outliers. Significant differences (p < 0.05) are indicated with an asterisk, however, these are 

based on a small sample size. Nevertheless, it does indicate that sparing from the elective dose is different for 

more dorsally located tumors, which implies that tumors located dorsally have the potential to benefit more 

from ART.
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Abstract 
Purpose: Adaptive radiotherapy is introduced in the management of urinary bladder 
cancer to account for day-to-day anatomical changes. The purpose of this study was 
to determine whether an adaptive plan selection strategy using either the first four 
cone beam CT scans (CBCT-based strategy) for plan creation, or the interpolation of 
bladder volumes on pretreatment CT scans (CT-based strategy), is better in terms of 
tumor control probability (TCP) and normal tissue sparing while taking the clinically 
applied fractionation schedules also into account.  

Methods: With the CT-based strategy, a library of five plans was created. Patients 
received 55 Gy to the bladder tumor and 40 Gy to the non-involved bladder and lymph 
nodes, in 20 fractions. With the CBCT-based strategy, a library of three plans was 
created, and patients received 70 Gy to the tumor, 60 Gy to the bladder and 48 Gy to 
the lymph nodes, in 30-35 fractions. Ten patients were analyzed for each adaptive 
plan selection strategy. TCP was calculated applying the clinically used fractionation 
schedules, as well as a rescaling of the dose from 55 to 70 Gy for the CT-based strategy. 
For rectum and bowel, equivalent doses in 2 Gy fractions (EQD2) were calculated. 

Results: The CBCT-based strategy resulted in a median TCP of 75%, compared to 49% 
for the CT-based strategy, the latter improving to 72% upon rescaling the dose to 
70 Gy. A median rectum V30Gy (EQD2) of 26% (interquartile range (IQR): 8-52%) was 
found for the CT-based strategy, compared to 58% (IQR: 55-73%) for the CBCT-based 
strategy. Also the bowel doses were lower with the CT-based strategy.

Conclusions: Whereas the higher total bladder TCP for the CBCT-based strategy is 
due to prescription differences, the adaptive strategy based on CT scans results in the 
lowest rectum and bowel cavity doses.  

Keywords: Adaptive radiotherapy; Bladder cancer; Plan selection; Tumor control 
probability; Normal tissue sparing
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Introduction
External beam radiotherapy provides an effective organ-preserving treatment option 
for muscle-invasive bladder cancer [91]. However, due to substantial interfractional 
changes in bladder shape and size, large margins are required to ensure target coverage 
throughout the course of radiotherapy.  These result in a higher dose to the normal tissue, 
which in turn leads to bowel and rectum morbidity [126]. Recently, it has been shown 
that adaptive radiotherapy (ART) may reduce normal tissue dose by selecting an optimal 
plan from a patient-specific plan library, according to daily patient anatomy [40, 42, 100, 
113, 115]. Several plan selection strategies have been proposed, all of which are based 
on creating multiple treatment plans prior to or during treatment, by imaging multiple 
anatomical variations [40, 42, 100, 113, 115]. For every treatment fraction, the plan best 
fitting the daily bladder volume as assessed on cone beam CT (CBCT) is selected. 

In general, two ART strategies are currently applied to obtain target volumes for the 
multiple plans: using multiple planning CT scans [40, 100, 113], or using the CBCT scans 
acquired during the first week of treatment [42, 113, 115]. Currently, no consensus 
exists regarding the best adaptive strategy. Furthermore, two groups of fractionation 
schedules are commonly used for bladder cancer: a conventional schedule of 60-64 Gy 
in 30-32 fractions, or a moderate hypofractionation schedule with 50-57.5 Gy delivered 
in 20 fractions. Each fractionation schedule is inherently associated with a different 
adaptive strategy, due to differences between the strategies. Any comparison of these 
strategies therefore necessarily includes a comparison between fractionation schedules 
as well. Radiotherapy dose response models, i.e. so-called biological models, provide 
estimates of clinical outcomes and therefore enable comparison between different 
fractionation schedules and treatment strategies. This may be performed by calculating 
the tumor control probability (TCP) [127] or recalculating the delivered dose to a biological 
equivalent dose to obtain comparable dose-volume parameters [128]. 

The aim of this study was therefore to compare two ART strategies that represent 
the currently used main approaches to adaptive plan selection for bladder cancer: a CT- 
and CBCT-based strategy, along with their clinically used fractionation schedules, in 
terms of TCP and normal tissue sparing. Additionally, the influence of fractionation on 
the resulting TCP for bladder cancer was investigated.
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Methods

Patient and image data

Ten patients treated for muscle-invasive bladder cancer from each of the two participating 
institutes (Academic Medical Center (AMC), Amsterdam, the Netherlands, and Aarhus 
University Hospital (AUH), Aarhus, Denmark) were used in this study. Patient and 
treatment characteristics are detailed in table 1. All patients had cystoscopically placed 
fiducial markers [37, 39]. Ten consecutive patients were selected from the AMC, who were 
treated between 2013 and 2014, with plan selection ART based on the CT-based strategy. 
For each of these patients, two planning CT scans and 20 CBCT scans were available. For 
the CBCT-based strategy, we selected ten patients from the AUH, previously included 
in a feasibility study on fiducial marker based image-guided radiotherapy [39]. These 
patients were treated between 2008 and 2013 with a non-adaptive treatment strategy. 
The adaptive strategy for the present study was simulated using the two planning 
CT scans and 35 CBCT scans that were available per patient. For both strategies, patients 
were selected based on the presence of at least one cystoscopically placed fiducial marker 
around the tumor, and availability of two planning CT scans and all daily CBCT scans. 
Since both strategies were designed to deliver a boost to a solitary tumor, patients 
with multiple tumors or carcinoma in situ were excluded. Patients with two metal hip 

Table 1: Patient characteristics.

Characteristics AMC cohort AUH cohort

Strategy CT strategy CBCT strategy
Age (yr) Median 79 76

IQR 71 - 84 68 - 78
Sex Female 1 0

Male 9 10
GTV volume (cm³) Median 21.5 10.9

IQR 11.8 – 35.8 7.1 – 27.5
Actual treatment

Fractionation 
scheme

Tumor 55 Gy in 20 fractions 70 Gy in 35 fractions
High-risk 
PTVelective

40 Gy in 20 fractions 60 Gy in 30 fractions 

Low-risk 
PTVelective

40 Gy in 20 fractions 48 Gy in 30 fractions

ART
Adaptive plan selection, 
CT strategy

Non-adaptive treatment

Treatment period
March 2013 – 
September 2014

May 2008 – 
August 2013

IQR = interquartile range. GTV = gross tumor volume.
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replacements were excluded as well, since for these patients a different method of 
planning was used.

Plan selection strategies and fractionation

A schematic representation of the two plan selection strategies is shown in figure 1. 
Simulating the CT-based strategy, patients were treated with a full bladder and received 
40 Gy to the bladder and lymph nodes, and an additional 15 Gy tumor boost. In addition, 
for the adaptive strategy two planning CT scans were acquired [100]. The first CT scan 
was acquired with a full bladder, after which the patient voided, and a second CT scan was 
acquired immediately afterwards. These planning CT scans were used to generate the 
additional contours (using Erasmus RTStudio, part of Erasmus MatterhornRT, software 
platform for radiotherapy research and advanced treatment) [117], resulting in five target 
volumes for the plan selection library (figure 1). This is in contrast to simulation of the 
CBCT-based strategy, in which the first five fractions were used to deliver the separate 
sequential boost to the tumor. The CBCT scans acquired during the first four fractions 
could then be used to generate the contours needed to create the adaptive plans [42] 
(figure 1), which were used from the second week onwards. Patients were treated with 
an empty bladder for all fractions, and received 48 Gy to the lymph nodes, 60 Gy to the 
bladder and an additional 10 Gy tumor boost dose. Both strategies have been described 
in further detail previously [39, 42, 100]; the CBCT-strategy was a combination of the 
strategy as described by Vestergaard et al. [42], and an unpublished dose escalation 
study.  

Treatment planning

For both strategies, a PTVelective and a PTVboost were generated, with different dose 
prescriptions. The PTVelective was split into a high-risk and low-risk PTVelective, consisting 
of the bladder and the lymph nodes, respectively. Table 2 shows the different margins 
applied to the contours that were created for each strategy. In addition to the PTVs, the 
rectum and bowel cavity were delineated for both strategies on the planning CT scan 
according to RTOG delineation guidelines [118]. For each set of PTVs, a dual arc intensity-
modulated arc therapy (IMAT) plan was created, with standard planning objectives to aim 
for homogenous doses to the PTVs, while keeping dose to the organs at risk (OARs) as 
low as possible. Treatment constraints for the OARs can be found in supplementary table 
1. For the CT-based strategy, plans were created using the treatment planning system 
Oncentra v.4.3 (Elekta AB, Stockholm, Sweden), whereas the CBCT-based strategy plans 
were generated using Eclipse v.11 (Varian Medical Systems, Palo Alto, CA, USA). 
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Figure 1: Schematic representation for the two adaptive strategies. The left panel shows the CBCT-based 

strategy [42] and the right panel shows the CT-based strategy [100]. Margins to create the PTV volumes from 

the library of structures are listed in table 2. 
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Simulation of adaptive plan selection

The best fitting plan was selected using the daily acquired CBCT for both strategies, 
which was matched to the planning CT based on bony anatomy. For the CT-based 
strategy, prior to treatment the smallest PTVelective still encompassing the entire bladder 
was selected. Minor adaptations (< 7 mm) to the bony anatomy match were allowed to 
ensure coverage of the tumor markers on CBCT by the PTVboost. For the CBCT-strategy, 
the created bladder target volumes were used for plan selection purposes (Bladdersmall, 

Bladdermedium and Bladderlarge, see figure 1). Plan selection was simulated for each CBCT by 
selecting the smallest bladder target volume still encompassing the bladder. 

Dose summation

All CT scans with corresponding structure sets, plans and dose files, along with all 
CBCT scans, were imported into MIM Maestro v.6.4.4 (MIM Software Inc., Cleveland, OH, 
USA). On each daily CBCT scan the bladder was delineated. To evaluate the total dose 
to the GTV, bladder, bowel cavity and rectum, three different summed dose distributions 
were calculated as follows (later referred to as dose distributions A, B and C, respectively):
A. GTV: Since the tumor was not visible on CBCT, and the boost dose was delivered 

using a match on tumor markers, it was assumed that the tumor received the planned 
dose. For the CBCT-based strategy, the planned dose was calculated by summating 
the dose distribution of the five boost fractions, with the dose distribution of the 
large backup plan. For the CT-based strategy, the dose distribution for the full 

Table 2: Margins to create PTVboost and PTVelective from bladder, lymph node and GTV delineations.

CBCT strategy CT strategy

Small Medium Large All plans

High risk 
PTVelective

Bladdersmall + 5 mm Bladdermedium + 5mm
Bladderlarge + 8 mm 
CC + 5 mm in other 
directions 

Interpolated bladder 
+ 7 mm

Low risk 
PTVelective

Lymph nodes + 
8 mm CC + 5 mm in 
other directions 

Lymph nodes + 
8 mm CC + 5 mm in 
other directions

Lymph nodes + 
8 mm CC + 5 mm in 
other directions 

Lymph nodes + 7 mm

PTVboost

Union of GTV on two empty bladder CT scans (at t = 0 and t = 15 
min) + 6 mm

Interpolated tumor 
+ 9 mm

CC = craniocaudal. Bladdersmall, Bladdermedium and Bladderlarge are defined in figure 1.
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bladder plan (100% plan) was chosen, since analysis was performed on the full 
bladder CT scan. 

B. Non-involved bladder: For each day, the dose distribution corresponding to the 
chosen plan was scaled to a single fraction and translated to the frame of reference of 
the daily CBCT, using the clinically used daily rigid registration between the planning 
CT and CBCT scan. A deformable registration was then performed between the CBCT 
and CT to account for bladder deformations, using the bladder delineations available 
from the planning CT. This registration was performed using the contour-based 
deformable registration option in MIM. Comparing each deformed bladder with the 
respective bladder from the planning CT, resulted in a median Dice similarity index 
of 0.91 (interquartile range (IQR): 0.89-0.94).  Subsequently, this registration was 
applied to the dose distribution, thereby transferring the deformed dose to the CT. 
Finally, all daily dose distributions were accumulated in the CT frame of reference. 
The dose was evaluated in the non-involved bladder wall; this structure was created 
by subtracting the GTV from a 3 mm thick bladder wall. 

C. Rectum and bowel cavity: Deformation algorithms do not perform sufficiently for 
the rectum and the bowel cavity [123]. Consequently, accumulation of un-deformed 
doses may be more accurate than summation based on deformation. Therefore, 
for both strategies, dose distributions for all plans were summed on the planning 
CT scan, taking into account the number of times each plan was selected for the 
individual patients. Couch shifts with respect to the bony anatomy registration were 
also taken into account, by translating the isocenter of the dose distribution when 
required. The dose was assessed on the bowel cavity and rectum delineations on 
the planning CT. 

Tumor control probability

The TCP was calculated according to the method presented by Wright et al. [127]. In short, 
this method assumed a fixed clonogenic cell density in the tumor, i.e. 107 cells/cm3, and 
simulated a varying cell density in the non-involved bladder wall, i.e. 103 – 107 cells/cm3, 
to account for microscopic tumor spread. To account for variations in radiosensitivity 
between patients, the linear radiosensitivity parameter α was assumed to be normally 
distributed with a mean of 0.29 Gy-1, and a standard deviation of 0.08 Gy-1. An α/β ratio of 
13 Gy was chosen [127]. TCP was calculated for the GTV and for the non-involved bladder 
wall separately, as well as a combined TCP, using the equations and parameters of the 
Linear-Quadratic model described by Wright et al. [127] (supplementary table 2). The 
bladder wall itself was not always well defined on CBCT, and therefore a fixed bladder wall 
thickness of 3 mm was assumed when creating each non-involved bladder wall structure 
on CBCT. Since the CT-based strategy is designed to treat patients with a full bladder, the 
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volume of the bladder wall was generally larger for the CT-based strategy compared to 
the CBCT-based strategy. For a given tumor cell density, this would result in an unequal 
number of tumor cells for both strategies, leading to an unfair comparison in terms of 
TCP. Therefore, the method of Wright et al. was adapted slightly: instead of varying the 
cell density (from 103-107 cells/cm3), the total number of tumor cells in the bladder wall 
was varied (from 7 × 104 – 7 × 108 cells). In this way, for a typical bladder wall volume of 
70 cm3, the same cell density range is covered. For the TCP calculation, dose distributions 
A and B were used for GTV and non-involved bladder wall, respectively. To investigate 
the effect of the different dose prescriptions on the TCP, the CT-based strategy dose was 
scaled to 70 Gy in 35 fractions, and TCP for the GTV was recalculated. 

Normal tissue sparing

Normal tissue complication probability (NTCP) models may be beneficial for  comparison 
of normal tissue sparing between several radiation treatment strategies [128]. However, 
NTCP models for bowel, bladder and rectum toxicity are either not very well established, 
or only apply to complications that occur at higher OAR doses than are present in bladder 
radiotherapy [128–130]. The use of DVH parameters is a better established method 
concerning normal tissue constraints, and these parameters can be compared when they 
are based on equivalent dose in 2 Gy fractions (EQD2). We therefore calculated the EQD2 
for each voxel of the dose distribution, using MIM. For bowel cavity and rectum, dose 
distribution C was used, and α/β values of 8 and 5 Gy [131] were chosen, respectively. 
For the non-involved bladder wall, an α/β value of 5 Gy was chosen [131] and dose 
distribution B was used. Dose volume histograms (DVHs) were calculated using the 
2 Gy equivalent dose distributions. From this, the V45Gy for bowel cavity was extracted, 
i.e. the bowel volume receiving at least 45 Gy. In addition, the V30Gy for the rectum and 
D99% for the non-involved bladder wall, i.e. the dose delivered to at least 99% of the 
volume, were extracted.

To further understand the normal tissue sparing potential of both adaptive 
strategies, the average volume of the PTVelective over the course of treatment was compared 
to a single, non-adaptive PTVelective. For the CT-based strategy, this non-adaptive PTVelective 

consisted of the full bladder and lymph node delineations with 13 mm margin ventrally 
and cranially to the bladder, and 7 mm margin in all other directions. This is comparable to 
the non-adaptive bladder treatment at the AMC before implementation of ART [100]. For 
the CBCT-based strategy, the non-adaptive PTVelective was similar to the PTVelective from the 
large plan. To calculate the average volume of PTVelective over the course of treatment, later 
referred to as the course-averaged PTVelective, all daily PTVelective volumes were summed and 
divided by the number of days. This was subtracted from the non-adaptive PTVelective, to 
compensate for inherent volume differences based on the full or empty bladder protocol. 
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Statistical analysis

Differences between both strategies were tested using the Mann-Whitney U-test 
for the following parameters: median TCP for the GTV, V45Gy for bowel cavity, V30Gy 
for the rectum, D99% for the non-involved bladder wall, and difference in PTVelective. A 
p-value < 0.05 was considered significant. Statistical analysis was performed using R 
v.3.1.0 (The R Foundation for Statistical Computing, Vienna, Austria).  

Results
The median TCP for GTV alone was 49% for patients treated with the CT-based strategy, 
and 75% for the CBCT-based strategy (p < 0.01). The combined TCP was higher for all 
patients treated with the CBCT-based strategy compared to the CT-based strategy, 
regardless of the number of tumor cells in the bladder wall (figure 2). With lower density 
of tumor cells in the non-involved bladder wall, the difference in TCP between both 
strategies decreased, but remained in favor of the CBCT-based strategy. Scaling the dose 
from the CT-based strategy to 70 Gy to the tumor in 35 fractions, increased the median 
TCP for the GTV alone to 72% (rescaled DVHs are depicted in supplementary figure 1). 

Using the 2 Gy equivalent dose distributions, the median bowel cavity V45Gy was 
26 cm3 (IQR: 0-34 cm3) for the CT-based strategy compared to 409 cm3 (IQR: 330-593 cm3) 
for the CBCT-based strategy (figure 3). For rectum, a median V30Gy of 26% (IQR: 8-52%) 
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Figure 2: TCP for a varying tumor cell count in the bladder wall, for both strategies, for all patients. For a low 

tumor cell count in the bladder wall, the TCP approaches the TCP predicted for the GTV alone.
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was found for the CT-based strategy, as opposed to 58% (IQR: 55-73%) for the CBCT-
based strategy. For the non-involved bladder wall, the median D99% for the CT and CBCT 
strategies were 39.9 Gy (IQR: 39.3 – 40.3 Gy) and 62.8 Gy (IQR: 59.3 – 65.1 Gy), respectively.  
All differences were statistically significant. 

Both strategies showed a decrease in the average volume of PTVelective (figure 4). 
The CT-based strategy resulted in the largest median PTVelective reduction, however, the 
difference between the strategies was not significant. For the CT-based strategy, sparing 
was always present, as opposed to the CBCT-based strategy. This is caused by the fact 
that the CT-based strategy resulted in PTVelective volumes that, on average, matched the 
daily bladder volumes better compared to the CBCT-based strategy (further elucidated 
in supplementary figure 2). However, sparing for the CT-based strategy was not always 
as large as for the CBCT-based strategy, due to the smaller PTV margins for the latter. 

Discussion
Previous treatment planning studies have compared different techniques to create 
PTVs in adaptive plan selection radiotherapy [113, 132]. This study is the first to 
compare two clinically implemented ART-strategies for bladder cancer directly, using 
both TCP modeling and calculation of normal tissue parameters from 2 Gy equivalent 
dose distributions. We found a higher total bladder TCP for the CBCT-based strategy 
compared to the CT-based strategy, as opposed to a lower dose to the OARs for the 
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with an asterisk: * = p < 0.05, ** = p < 0.01. Parameters were obtained from 2 Gy equivalent dose distributions.
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CT-based strategy. The different fractionation schedules have a strong influence on the 
TCP, since a rescaling of doses resulted in similar TCP values. 

The separate adaptive strategies would be easier to compare directly if the same 
dose prescriptions were used for the different PTVs. Using the AUH dose schedule (70 
Gy to the tumor, 60 Gy to the bladder, and 48 Gy to the lymph nodes, in 35 fractions) for 
the CT-based strategy patients is not possible, since only 20 CBCT scans were available 
for these patients whereas 35 were required. Furthermore, for delivery of a high dose of 
60 Gy to the bladder, the treatment volume should be as small as possible. Therefore an 
empty bladder protocol is required. Using the AMC dose schedule (55 Gy to the tumor, 
40 Gy to the bladder and lymph nodes in 20 fractions) entails that the boost dose is 
delivered simultaneously and consists of a fraction dose of 2.75 Gy. Sparing the non-
involved bladder from this higher fraction dose is beneficial in terms of bladder morbidity 
[108], and is only possible using a full bladder approach [100]. Furthermore, when only 
20 fractions are delivered, the effect of ART diminishes when the first five fractions are 
needed for adaptive plan generation. Therefore, it was chosen to use the clinically applied 
dose schedules, since these are inherently connected to the adaptive strategies. 

For both strategies, it has been proven previously that CTV coverage is at least 
comparable to a non-adaptive approach [100, 132]. However, the differences between 
both strategies in terms of TCP were large. Median TCP for the GTV alone was 26% higher 
for the CBCT-based strategy, and also total bladder TCP was higher, independent of tumor 
cell count in the bladder wall. However, when the dose from the CT-based strategy was 
scaled to 70 Gy to the tumor in 35 fractions, the median TCP for the GTV alone increased 
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Figure 4: Volume of PTVelective for the non-adaptive strategy, minus the course-averaged volume of PTVelective for 

either adaptive strategy, representing the reduction in irradiated volume.
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to 72%, which is comparable to the median TCP of 75% of the CBCT-based strategy. 
The remaining difference could be caused by the fact that on average, the GTV volumes 
for the patients in the CT-based strategy are larger compared to the patients treated 
with the CBCT-strategy (table 1). In addition, two studies with fractionation schedules 
and dose prescriptions similar to what was used in the current study, apart from the 
additional boost in the CBCT-based strategy, report three-year local control rates of 55% 
and 64% [33, 103], for the CT-based strategy and CBCT-based strategy, respectively. This 
difference is not as large as the difference in TCP found in the present study (49% vs. 75%), 
which can be explained by the additional boost delivered for the CBCT-based strategy. 
In addition, the used TCP model as described by Wright et al. does not take into account 
repopulation. Repopulation is expected to have an effect on the TCP when the overall 
treatment time is changed. Since both schedules have a different overall treatment 
time, omitting repopulation in the TCP model could have a beneficial effect on the TCP 
for the CBCT-based strategy. Hence, taking into account that TCP models are subject 
to uncertainties in the parameters, it can be concluded that the previously mentioned 
local control rates are in agreement with the TCP values we found. We therefore suggest 
that differences in TCP are caused by a difference in dose prescription, and were not 
influenced by the choice of adaptive strategy.

The observed differences in DVH parameters for bowel cavity, rectum and non-
involved bladder depend partially on the dose prescription, since a higher prescribed 
dose to the target will inherently also result in a higher dose to the OARs. Muren et al. 
have shown that the NTCP predictions for small bowel and rectum are equally low for 
both schedules, independent of the dose prescriptions [133]. Figure 4 shows that for the 
CT-based strategy, the PTVelective is always smaller compared to a non-adaptive approach. 
Since the interpolation and extrapolation between a full and empty bladder captures 
almost all volume and shape changes of the bladder, a backup plan with large population-
based margins is not required. This is in contrast to the CBCT-based strategy, for which 
the large backup plan has to be selected for a larger bladder or shape changes. When the 
backup plan is selected often, sparing compared to a non-adaptive approach is limited, 
which is seen in approximately 50% of patients (figure 4). This is likely the cause for the 
large difference seen in rectal V30Gy and bowel cavity V45Gy between both strategies.

To minimize the risk of acute small bowel toxicity ≥ grade 2, the V45Gy for bowel 
cavity should be limited to 195 cm3 [110]. While this constraint is satisfied for all patients 
planned with the CT-based strategy, it is not achieved in any of the patients planned with 
the CBCT-based strategy. For rectal toxicity, DVH constraints are usually for dose values 
> 50 Gy [134]. The V50Gy should be smaller than 50%, which was the case for all patients 
from both strategies. For more differentiation, we therefore evaluated the V30Gy, which 
is reported to be mildly associated with overall rectal toxicity [135]. Moderate to severe 
toxicity is unlikely for a V30Gy < 60%, which was the case for eight patients treated with 
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the CT-based strategy, and six patients treated with the CBCT-based strategy. For either 
strategy, extensive rectal toxicity is not expected.  

Maximum doses to the bladder of 65 Gy have been proposed to minimize focal injury 
[108], as well as mean total bladder doses of 50-60 Gy to minimize global injury [108]. 
Due to the different dose prescriptions, the risk for both global and focal injury is higher 
for the CBCT-based strategy, which is reflected in morbidity data from literature. Bladder 
morbidity grade ≥ 2 for prescriptions similar to the CT and CBCT strategies, was reported 
in 13% and 63% of patients, respectively [29, 33]. 

Dose summation for the bladder wall was performed by employing a deformable 
registration between each CBCT scan and the planning CT scan. Depending on the 
anatomical accuracy of this registration, the voxel-based summation of dose will 
closely match the actually delivered dose [123]. For bladder, it has been evaluated that 
a structure-based algorithm is sufficient for dose accumulation [124]. This has not been 
established for rectum and bowel cavity yet. In addition, intensity-based deformation 
algorithms are currently not accurate enough for dose accumulation purposes [123, 124]. 

When implementing an adaptive plan selection strategy, workflow and possibilities 
at the clinical department are of great importance [136]. The CT-based strategy requires 
dedicated software for the interpolation of bladder and GTV contours, which is not widely 
available. On the other hand, the CBCT-based strategy requires a major adaptation 
of the workflow, due to the additional planning after start of treatment. In case of a 
hypofractionated schedule with a simultaneously integrated boost, the benefit of the 
CBCT-based adaptive strategy might be limited since the plan selection phase will not 
start before fraction six. 

In conclusion, for an adaptive plan selection strategy based on interpolation of 
bladder volumes on CT, we found a lower rectum V30Gy and bowel cavity V45Gy, compared 
to a strategy based on the use of the first four CBCTs for plan creation. Differences in dose 
prescription and fractionation resulted in a higher TCP and bladder D99% for the CBCT-
based strategy. The actual choice of adaptive strategy will depend on the preferred dose 
prescription and workflow, as well as software availability.  
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Supplementary material
Supplementary table 1: Used dose constraints for the organs at risk.

CBCT strategy CT strategy

Rectum V40Gy ≤ 50% V50Gy ≤ 50%

Bowel cavity V35Gy ≤ 40% V60Gy < 3 cm³

V44Gy < 5%

Femoral heads Dmax < 52 Gy Dmax < 52 Gy

Body contour Dmax < 107% of prescribed dose Dmax < 107% of prescribed dose

Dmax = Maximum dose.

Supplementary table 2: Equations for the calculation of TCPbladder. Linear-Quadratic model obtained from 

Wright et al. [127].

Survival fraction (SF):

SFi =

n∏

j=1

SFi,j = e
−

∑
n

j=1
(αdi,j+βdi,j

2
)

(1)

, where
i = voxel
j = fraction
n = total number of fractions
d = dose
α and β = radiosensitivity parameters

Voxel control probability (VCP):

V CPi = e
−Vvox ρi SFi (2)

, where
Vvox = voxel volume
ρi = clonogenic cell density in voxel

Tumor control probability (TCP):

TCP =

∏

i

V CPi = e
−Vvox

∑
i
ρi SFi (3)

Convolving Equation 3 with a Gaussian distribution for α to include interpatient variations in 
radiosensitivity:

TCP =

∫
∞

0

e−Vvox ρi
∑

i
SFi g(α) dα (4)

Incorporating a different clonogenic cell density for tumor and bladder wall:

TCPbladder =

(∫
∞

0

e−Vvox ρtumor

∑
i
SFi

× e−Vvox ρwall

∑
k �=i

SFk

)
g(α) dα (5)
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Supplementary figure 1: Dose volume histograms (DVHs) of GTV for each patient, derived from summed dose 

distributions. The black dotted lines show the DVHs for the CBCT-based strategy. The grey lines show the CT-

based strategy DVHs, rescaled to a dose of 70 Gy in 35 fractions. 
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Supplementary figure 2: Daily PTVelective volume (excluding the lymph nodes) divided by the daily bladder 

volume. Data is on all separate fractions. The PTV is on average 3.9 times larger than the daily bladder volume 

for the CBCT-based strategy, compared to 2.2 times for the CT-based strategy (p < 0.01, calculated using the 

t-test). This difference is caused by how well each strategy deals with shape changes and the distribution of 

target volumes between the different plans. For the CT-based strategy, due to the equal distribution of volumes 

between full and empty, a certain shape change will usually be matched by one of the target volumes. Therefore, 

generally, a well-fitting PTV for a certain bladder volume is found, reflected in the low values of PTV/bladder. 

For the CBCT-based strategy however, a small shape change can require the selection of the large plan, which 

is created using large PTV margins (see table 2). This results in PTV-volumes that do not fit the bladder volume 

well, which leads to limited sparing. 
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Abstract 
Purpose: In radiotherapy for rectal cancer, the target volume is highly deformable. 
An adaptive plan selection strategy can mitigate the effect of these variations. The 
purpose of this study was to evaluate the feasibility of an adaptive strategy by 
assessing the interobserver variation in CBCT-based plan selection.

Methods: Eleven patients with rectal cancer, treated with a non-adaptive strategy, 
were selected. Five CBCT scans were available per patient. To simulate the plan 
selection strategy, per patient three PTVs were created by varying the anterior upper 
mesorectum margin. For each CBCT scan, twenty observers selected the smallest 
PTV that encompassed the target volume. After this initial baseline measurement, 
the gold standard was determined during a consensus meeting, followed by a second 
measurement one month later. Differences between both measurements were 
assessed using the Wilcoxon signed-rank test. 

Results: In the baseline measurement, the accordance with the gold standard was 
69% (range: 51% - 82%), which improved to 75% (range: 60% - 87%) in the second 
measurement (p = 0.01). For the second measurement, 10% of plan selections were 
smaller than the gold standard. 

Conclusions: With a plan selection consistency between observers of 75%, a plan 
selection strategy for rectal cancer patients is feasible. 

Keywords: Adaptive radiotherapy; Rectal cancer; Plan selection; Interobserver 
variation
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Introduction
The standard of care for non-metastasized locally advanced rectal cancer is 
chemoradiotherapy combined with surgery [46, 47, 49]. In radiotherapy, sparing the 
organs at risk with the use of state-of-the-art planning techniques such as intensity-
modulated radiation therapy (IMRT) or volumetric modulated arc therapy (VMAT), is often 
compromised by the large population-based margins that are necessary to compensate 
for the large shape changes of the target volume over the time of treatment. In rectal 
cancer patients, like in most patients treated in the pelvic region, day-to-day variation 
in rectum and bladder filling often causes large deformation of the target volume, which 
cannot be corrected for with a treatment couch adjustment [62, 63, 137]. Minimizing 
shape changes of the mesorectum with the use of drinking protocols to manage bladder 
filling, or dietary instruction to manage bowel motion, have been limited in their success 
[138]. 

An adaptive strategy with multiple plans made prior to treatment and tailored to a 
range of possible shapes can mitigate the effects of these variations in target volume, by 
selecting the best-fitting plan based on daily cone beam CT (CBCT) scans. This strategy 
has been successfully applied for radiotherapy in bladder and cervical cancer, in which 
bladder filling is the predominant factor in the shape changes [14, 100, 139, 140]. To create 
multiple plans, often a full and empty bladder pretreatment CT scan are acquired from 
which a patient-specific motion model is derived, which is used to create intermediate 
target volume structures.

In rectal cancer, however, shape changes of the mesorectum are mostly driven by 
changes in rectum volume and shape, and to a much lesser extent by bladder filling [62, 
63, 137]. Because of this, creating multiple plans based on varying the bladder filling is 
not useful. However, by applying different PTV margins to the upper anterior side of the 
mesorectum, which is the part of the target volume showing the largest deformations 
[62, 63, 137], multiple PTVs can be created based on a single CT scan. This can also correct 
for the shape changes that are encountered. A similar plan selection strategy based 
on a variable margin has been investigated for cervical cancer and was proven to be 
dosimetrically beneficial compared to a single population-based margin [141].

Selecting the optimal plan entails daily selection of the smallest PTV encompassing 
the entire mesorectum on CBCT images. This requires adequate visibility of the regions of 
interest. In the pelvic region, CBCT image quality can be hampered by imaging artefacts 
caused by moving air or bowel [142]. Identifying the boundaries of a complex target 
volume like the mesorectum can therefore be challenging.

The purpose of this study was to evaluate the feasibility of an adaptive plan selection 
strategy for radiotherapy in rectal cancer patients by assessing the interobserver variation 
in CBCT-based plan selection. 



Chapter 584

Methods 

Patient data

Retrospectively, 11 consecutive patients with resectable rectal cancer, treated between 
December 2014 and August 2015 at our department, were selected. Patients were 
included if the target delineation was in accordance with delineation guidelines and 
when the total target volume was visible on the CBCT. Patients were treated with a 
standard, non-adaptive strategy. In our institution, prone position on a belly board was 
the first choice of patient orientation, as historically this was considered the optimal 
position to spare small bowel [143], but supine position was used when pain or presence 
of a stoma prohibited prone position. Therefore, six patients treated in supine position 
were included, as well as five patients treated in prone position. Three patients were 
treated with long-course radiotherapy, consisting of 28 fractions of 1.8 Gy, whereas eight 
patients were treated with short-course radiotherapy, in which five fractions of 5 Gy were 
delivered. Further patient details can be found in table 1. For the patients treated with 
short-course radiotherapy, all CBCT scans were included. For patients treated with long-
course radiotherapy, one randomly selected CBCT scan from each week was included, 
resulting in five available CBCT scans per patient. Both treatment schemes were included 
in this study as both were the intended patient groups for the plan selection strategy.

Imaging data

For the pretreatment CT scan, patients were instructed according to the clinical drinking 
protocol. They were therefore asked to drink 500 ml of water 1.5 hours prior to the CT scan 
after voiding the bladder, and refrain from voiding. This protocol was adopted to improve 
chances of a large bladder filling, as this is considered the optimal anatomy during 
treatment since it minimizes dose to the organs at risk, i.e. bladder and small bowel. For 
all patients, daily CBCT scans were acquired prior to treatment for online positioning and 
evaluation of target coverage. CBCT scans were acquired using XVI 4.5 (Elekta Oncology 
systems, Crawley) in full rotation scans with a field of view of 18x40 cm², or 25x40 cm² 
depending on the length of the target volume.

Target volume delineation and non-adaptive PTV margins

For each patient, the target volumes were delineated on the pretreatment CT scan 
according to delineation guidelines as proposed by Roels et al. [144]: the gross tumor 
volume (GTV), the mesorectum, suspected pathologic lymph nodes, presacral space, 
internal iliac lymph node regions and, when applicable, obturator lymph node region. 
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In addition, organs at risk such as the bladder, bowel cavity, and femur heads were 
delineated using RTOG guidelines [118].

The mesorectal fat was divided in a lower and upper mesorectum, as suggested by 
Nijkamp et al. [62, 63, 137]. The border between the two structures was located at the 
slice showing the base of the bladder. The clinical target volume (CTV) was created by 
combining the delineations of the mesorectum, presacral space, and lymph node regions. 
In the clinically used non-adaptive strategy, anterior margins of 20 mm and 15 mm were 
added to the upper and lower mesorectum, respectively, to create the PTV. The margin 
in the other directions was 10 mm whereas the pelvic lymph nodes were expanded 
uniformly with 9 mm, and the presacral space with 10 mm. 

Simulation of adaptive strategy

To simulate the adaptive plan selection strategy, three PTVs were created by varying 
the anterior margin for the upper mesorectum. Margins could either be -25 mm, 
-15 mm, 0 mm, +15 mm and +25 mm. These margins were chosen based on expected 
variations reported by Nijkamp et al. [62, 63, 137]. To minimize the additional workload 
at the treatment planning stage, three margins were used for each patient, based on the 
anatomy on the planning CT scan. For a full bladder and/or empty rectum anatomy on 
the CT scan, the 0 mm, 15 mm and 25 mm ventral margins were used. Conversely, for an 
empty bladder and/or full rectum, the 0 mm, -15 mm and -25 mm margins were used. 
For mixed situations, or for a bladder and rectum with intermediate filling, the 0 mm, 
-15 mm and 15 mm margin sizes were used. All other PTV margins were identical to the 

Table 1: Patient characteristics.

Patient Age Sex
Treatment 
position

Tumor stage GTV location
Further 
treatment

1 60 Female Supine T3 N0 M0 Distal APR

2 82 Female Supine T3 N2 M0 Distal LAR
3 73 Male Supine T3 N1 M0 Distal LAR
4 72 Female Supine T3 N2a M0 Proximal LAR
5 61 Male Supine T2/3 N1b M0 Proximal LAR
6 66 Male Supine T2/3 N2 M0 Distal APR
7 53 Female Supine T3 N1 M0 Distal APR
8 44 Male Prone T2 N2 M0 Proximal Chemotherapy
9 55 Female Prone T3 N1 M0 Proximal LAR
10 63 Male Prone T3 N1b M0 Distal LAR
11 55 Male Prone T2 N1b M0 Distal LAR
12 59 Female Prone T3 N1 M0 Proximal LAR

LAR: low anterior resection. APR: abdominoperineal resection
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non-adaptive treatment strategy, resulting in three PTVs per patient. An example for 
three typical patients is shown in figure 1. For this retrospective study, the associated 
treatment plans were not generated. 

Observers and design of the study

Twenty observers (16 radiation therapy technologists (RTTs), four physicists) were asked 
to perform plan selection for all available CBCTs. For each CBCT, the observers were 
asked to select the smallest PTV that encompassed the complete target volume. Seven 
RTTs already had experience with online plan selection based on CBCT, as this is routine 
for bladder and cervix cancer treatment in our department [100]. 

A baseline measurement was performed following a lecture on target definition by 
an expert radiation oncologist. The baseline measurement entailed plan selections by all 
observers individually, without the possibility of discussion between observers. After the 
baseline measurement, all observers and two expert radiation oncologists determined 
the gold standard during a consensus meeting. During this meeting, all CBCT scans of all 
patients were discussed, and for each CBCT the consensus for the best fitting PTV was 
determined. One month later, a second measurement was conducted, in which the same 
observers repeated plan selection for all CBCTs. Observers did not have the possibility to 

CA B
Figure 1: Examples of possible margins selections. A: for a patient with a full rectum and empty bladder on 

the planning CT scan, margins of -25 mm, -15 mm and 0 mm were used. C shows the opposite anatomy (full 

bladder and empty rectum) which warrants margins of 0 mm, 15 mm and 25 mm, and B shows a mixed situation 

for which margins of -15 mm, 0 mm and 15 mm were used.
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discuss with each other, and were blinded to both the gold standard as well as their own 
selections from the baseline measurement. 

Statistical analysis

Both the baseline and the second measurement were compared to the gold standard 
and analyzed in consistency and uniformity. Differences between both measurements 
were assessed using Wilcoxon signed-rank tests and a p-value < 0.05 was considered 
statistically significant.

Results
The anatomy on the planning CT scan for each patient and the resulting anterior margins 
that were chosen are detailed in table 2. During the consensus meeting, 55 CBCT scans 
were discussed.

The 0 mm plan was selected in 56% and 59% of cases for the baseline measurement 
and second measurement, respectively. The -25 mm plans were never selected (figure 
2 and supplementary table). The accordance with the gold standard was 69% (range: 
51% - 82%) in the baseline measurement, which improved to 75% (range: 60% - 87%) 
in the second measurement (p = 0.01) (figure 3). In the baseline measurement, 17% of 
selected plans were larger compared to the gold standard. After the consensus meeting, 
this decreased to 15% (p = 0.13). Conversely, 14% of all selected plans in the baseline 

Table 2: Bladder and rectum volume on the planning CT scan for each patient, and selected margins for the 

adaptive strategy.

Patient
Bladder 
volume (cm³)

Rectum 
volume (cm³)

Available margins (mm)

1 313 121 -15 mm 0 mm 15 mm
2 212 82 -15 mm 0 mm 15 mm
3 265 68 -15 mm 0 mm 15 mm
4 130 46 -25 mm -15 mm 0 mm
5 493 117 0 mm 15 mm 25 mm
6 399 79 -15 mm 0 mm 15 mm
7 120 67 -15 mm 0 mm 15 mm
8 637 76 0 mm 15 mm 25 mm
9 271 189 -15 mm 0 mm 15 mm
10 706 123 0 mm 15 mm 25 mm
11 378 56 -15 mm 0 mm 15 mm
12 282 54 0 mm 15 mm 25 mm
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measurement were smaller than the gold standard, which improved to 10% in the second 
measurement (p < 0.01). 

A non-significant trend towards more interobserver uniformity was seen for patients 
treated in the supine position compared to prone position. The agreement with the gold 
standard was 72% for the supine position and 62% for the prone position (p = 0.10) in the 
baseline measurement. In the second measurement, the agreement for supine and prone 
position was 79% and 70%, respectively (p = 0.13). 

Discussion
This observer study is the first to evaluate the feasibility of daily plan selection for rectal 
cancer patients. This plan selection strategy is based on a single pretreatment CT scan 
with variable PTV margins, for the upper anterior mesorectum. Shape changes are 
accounted for by selecting the smallest PTV encompassing the entire target volume on 
the daily CBCT scan. Despite a sometimes poor image quality of the CBCT scan due to 
artefacts caused by moving bowel or air and a complex target volume, uniformity and 
accordance to the gold standard amongst the observers were high. The agreement with 
the gold standard was initially 70%, and improved to 75% after a consensus meeting. 

In a similar study [145], for four patients with cervical carcinoma observers selected 
the best fitting CTV on daily CBCT scans from a library of five CTV structures per patient. 
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Figure 2: Results of plan selection by the observers in the baseline measurement and the second measurement: 

distribution of selected plans.
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Figure 3: Results of plan selection by the observers in the baseline measurement and the second measurement: 

concordance with gold standard. 

In the baseline measurement, 77% of selected plans were in accordance with the gold 
standard increasing to 84% after a consensus meeting. The larger accordance with the 
gold standard compared to our study can be explained by the more complex definition 
of the target volume in this study, i.e. the mesorectum, as compared to the cervix and 
uterus. Next to plan selection by human observers based on CBCT images, literature 
describes automatic or semiautomatic plan selection for bladder cancer radiotherapy, 
by segmentation of the bladder on CBCT [146, 147]. This method is similarly accurate, 
with minor manual interaction. However, its usefulness for rectal cancer is limited as the 
bladder itself is not a good surrogate for plan selection. Progress is made in the automatic 
segmentation of the rectum on CT images [148, 149], but the automatic segmentation of 
the mesorectum is highly challenging due to the lack of clear borders and is not described 
in literature.

Selection of plans with multiple margins is not the first proposed adaptive strategy 
for rectal cancer patients. Nijkamp et al. [64] investigated the impact of replanning 
strategies on the required margin size and therefore the dose to the organs at risk. Their 
strategy required the acquisition of multiple CT scans over the course of treatment, as 
well as delineation of these scans. Replanning was done after one week of treatment, 
based on an average CTV over the planning CT and one to five repeat CTs. Our plan 
selection strategy also requires the creation of multiple plans, but it is based on a single 
pretreatment CT scan and the delineation workload does not increase compared to a non-
adaptive strategy. Although our strategy has a smaller workload, is more patient-friendly 
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and is more straightforward compared to the strategy by Nijkamp et al, compensation 
for anatomical changes is limited to the upper mesorectum which impacts the potential 
sparing of organs at risk.  

PTV margins should be calculated by incorporating all errors in the chain of 
radiation therapy. In this observer study, we selected the smallest PTV that fits the daily 
mesorectum shape, thereby disregarding all other errors, such as intrafraction motion 
or delineation uncertainty [137, 150]. Whereas this is theoretically incorrect, it matches 
current clinical practice. Currently, in our clinic, images for position verification are also 
used to evaluate changes in anatomy compared to the planning CT. If the target volume 
is encompassed completely by the PTV after setup correction, it is acceptable to start 
the daily irradiation. When the target volume is partially outside of the PTV, additional 
patient-specific actions will be discussed. In practice, this entails that action will depend 
on site-specific protocols and take into account the cause of the misalignment and/or 
the number of misalignments in the treatment, as well as its effects on the total dose 
to the CTV. Plan selection based on choosing the smallest PTV encompassing the entire 
mesorectum is therefore at least as accurate as current clinical practice. Furthermore, 
to minimize the influence of intrafraction motion as much as possible, the intention is 
to combine this adaptive strategy with VMAT. This would limit the time between end of 
acquisition of CBCT and end of treatment to a maximum of 10 minutes.

Limitations of this study are the inclusion of short and long fractionation schemes 
and different patient orientations, without sufficient patient numbers to analyze 
possible differences. For patient orientation, there was a trend in favor of supine position 
with respect to accordance to the gold standard but this was not statistically significant. 
A possible explanation could be a better image quality in supine position due to fewer 
streak artifacts caused by patients breathing and artifacts caused by the belly board. 
Current literature is inconclusive as to the clinical benefit of treating rectum in prone 
position with belly board for the dose to the organs at risk when treating with IMRT or 
VMAT [59, 151, 152]. However, all patient subgroups encounter large shape changes and 
could therefore benefit from a plan selection strategy. Therefore, even though patient 
position and fractionation scheme have an impact on target shape variation [62, 63, 137], 
impact of these variables on plan selection was limited and plan selection was proven to 
be feasible. A second limitation of the study is that it was not performed under clinical 
conditions where a plan needs to be selected in an online setting, with time pressure due 
to the patient on the table waiting for treatment. This could have resulted in a smaller 
interobserver variation, or better adherence to the gold standard, compared to what 
can be expected in a clinical setting. However, in a clinical setting, plan selection will 
be performed by two well-trained RTTs, which will improve consistency and uniformity. 
A concern is the fact that 10% of selected plans were smaller than the gold standard. 
Therefore, in clinical practice, an experienced RTT will retrospectively check all selected 



91Interobserver variation in plan selection for rectal cancer radiotherapy

5

plans once a week, as a safety net system. This will provide valuable feedback to the RTTs 
responsible for plan selection for the remainder of treatment.

Our observer study did not only provide the answer regarding the feasibility of a 
plan selection strategy for rectal cancer patients with an accordance of 75% to the 
gold standard, it also proved to be a valuable method in the implementation process. 
All of the observers reported that they have gained expertise and confidence to select 
the appropriate plan on CBCT images in clinical practice. This observer study, however, 
involves a heavy workload. Each observer spent one hour on a lecture on anatomy, 
six hours on plan selection for each measurement and five hours on the consensus 
meeting. Such an intense implementation strategy, in turn, will provide a competent 
multi-disciplinary well-trained group at the start of clinical routine. The observer study 
furthermore provided an image database for demonstration purposes to maintain 
expertise in the future [136, 153]. 

Conclusion
With a consistency of 75% in selecting the smallest PTV volume encompassing the entire 
mesorectum, despite the suboptimal image quality of the CBCT scan and the complex 
definition of the mesorectum, plan selection for rectal cancer patients has proven to be 
feasible. 
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Supplementary material
Supplementary table: Results of plan selection for all observers: accordance with gold standard.

Observer Baseline measurement Second measurement

-2 -1 0 1 2 -2 -1 0 1 2

1 0 21.8 67.3 10.9 0 1.8 10.9 74.5 12.7 0
2 0 9.1 74.5 14.5 1.8 1.8 14.5 78.2 5.5 0
3 0 0 67.3 32.7 0 0 7.3 74.5 18.2 0
4 0 14.5 63.3 21.8 0 0 14.5 76.4 9.1 0
5 0 3.6 50.9 45.5 0 0 5.5 60 34.5 0
6 0 21.8 74.5 3.6 0 0 9.1 72.7 18.2 0
7 1.8 30.9 67.3 0 0 0 14.5 83.6 1.8 0
8 0 7.3 80 12.7 0 0 7.3 87.3 5.5 0
9 3.6 9.1 70.9 16.4 0 0 10.9 83.6 5.5 0
10 1.8 12.7 72.7 11.7 0 0 1.8 61.8 36.4 0
11 0 20 69.1 10.9 0 0 3.6 83.6 12.7 0
12 0 14.5 63.6 21.8 0 0 10.9 76.4 12.7 0
13 1.8 9.1 78.2 10.9 0 1.8 9.1 78.2 10.9 0
14 0 5.5 61.8 32.7 0 0 9.1 69.1 21.8 0
15 1.8 10.9 65.5 20 1.8 1.8 5.5 67.3 25.5 0
16 0 7.3 67.3 21.8 3.6 0 14.5 65.5 18.2 1.8
17 0 10.9 76.4 12.7 0 0 5.5 69.1 25.5 0
18 0 21.8 70.9 7.3 0 0 18.2 78.2 3.6 0
19 1.8 18.2 81.8 7.3 0 0 10.9 81.8 7.3 0
20 0 18.2 70.9 10.9 0 1.8 12.7 72.7 12.7 0
Total 0.6 13.4 69.4 16.3 0.4 0.5 9.8 74.7 14.9 0.1

-2: two plans smaller than gold standard

-1: one plan smaller than gold standard

0: Identical to gold standard

1: one plan larger than gold standard

2: two plans larger than gold standard
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Abstract
Purpose: An adaptive plan selection strategy can account for daily target volume 
variations for radiotherapy in rectal cancer patients. The aim was to quantify the daily 
dosimetric consequences of plan selection compared to a non-adaptive approach.

Methods: Ten patients with rectal cancer, treated with 25 Gy in five fractions to 
the mesorectum and pelvic lymph nodes, were selected. The adaptive strategy 
was simulated by creating three plans per patient, with varying upper ventral PTV 
margins, and selecting the smallest PTV covering the entire mesorectum on every daily 
CBCT scan. Subsequently, mesorectum, bladder, and bowel cavity were delineated on 
these scans. Daily dose volume histograms were calculated for both the adaptive and 
non-adaptive plan, with a ventral PTV margin of 20 mm. Coverage of the mesorectum, 
defined as V95% > 99%, was calculated, as well as bladder and bowel cavity V95% and 
V15Gy.   

Results: In one patient, mesorectum coverage improved. A reduction in bladder V95% 
and bowel cavity V15Gy was found, of 6.9% and 18.4 cm3 (p < 0.01), respectively.  

Conclusions: Plan selection for radiotherapy in rectal cancer can improve coverage of 
the target volume. Overall dosimetric sparing of bladder and bowel cavity was limited 
but could be beneficial for individual patients. 

Keywords: Adaptive radiotherapy; Rectal cancer; Short-course treatment; Plan 
selection; Normal tissue sparing 
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Introduction
For patients with intermediate risk rectal cancer, preoperative short-course radiotherapy 
followed by immediate total mesorectal excision is the primary treatment option [46]. 
Short-course radiotherapy consists of five daily fractions of 5 Gy, resulting in a total dose 
to the mesorectum of 25 Gy. The addition of preoperative radiotherapy results in a high 
local control rate compared to surgery alone, but also leads to higher rates of toxicity 
[47–51]. It has been shown that toxicity reduces for smaller volumes of irradiated normal 
tissue [49, 50, 52, 53]. Several efforts to reduce the irradiated normal tissue volume have 
therefore been implemented, such as more conformal treatment techniques, or the use of 
a belly board when irradiating in prone position [54, 59, 60]. However, during the course 
of treatment substantial changes in bladder and rectum volume occur, requiring large 
margins to maintain coverage of the target [62, 63]. Further reducing these margins can 
only be achieved safely when the geometric uncertainties can be assessed and corrected 
for, by using daily image-guidance. This also enables the implementation of adaptive 
radiotherapy (ART).

Adaptive plan selection strategies have already successfully been implemented, 
for instance for bladder and cervical cancer [14, 100, 116, 154, 155]. For such strategies, 
multiple plans are created prior to treatment using CT scans with different bladder filling 
states. The daily acquired cone beam CT (CBCT) scans are used to select the best fitting 
plan, based on the bladder volume of that day. For rectal cancer, rectum volume is the 
main cause of target volume variation, which is more difficult to vary on the planning 
CT scan than bladder volume. An adaptive strategy based on a single plan adaptation 
during treatment, was described for long-course rectal cancer radiotherapy by Nijkamp 
et al [64], with 25 fractions of 2 Gy. This resulted in a significantly smaller planning target 
volume (PTV) and simultaneous reduction in dose to the organs at risk (OARs). However, 
since the benefit of ART was largest with plan adaptation after the fourth fraction, this 
strategy is not applicable for short-course radiotherapy. 

We therefore designed a novel adaptive plan selection strategy for short-course 
rectal cancer radiotherapy, for which multiple PTVs are created by using variable target 
margins for the upper-anterior side of the mesorectum, since maximum deformations 
are found for this part of the target volume [62, 156]. Subsequently, for each of these PTVs 
a treatment plan is created. By simulating this treatment strategy on patients treated 
previously for rectal cancer with a non-adaptive strategy, the potential dosimetric 
benefit of ART can be evaluated. The aim of this study was therefore to quantify the daily 
dosimetric consequences of an adaptive plan selection strategy compared to a non-
adaptive strategy, for short-course radiotherapy for rectal cancer.  
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Methods

Patients, planning CT and delineations

For this simulation study, patients treated between December 2014 and August 2015 
with short-course radiotherapy for rectal cancer were selected. Standard treatment 
position was prone on a belly board, but patients were treated in supine position when 
pain or presence of a stoma inhibited prone position. Only patients with CBCT scans 
available which imaged the entire target volume were included, resulting in the inclusion 
of 10 patients: five consecutive patients treated in prone position, and five consecutive 
patients treated in supine position. Eight patients had cT2-3N0-2M0 rectum carcinoma 
[46] and had surgery after radiotherapy, whereas two patients were staged as cT2-
3N2M1 and received palliative treatment. Further patient characteristics are presented 
in table 1. Patients were treated in five fractions of 5 Gy, receiving a total of 25 Gy to the 
mesorectum and lymph nodes. Prior to treatment, a CT scan was acquired for planning 
purposes for which patients were instructed to have a full bladder, by drinking 0.5 liter of 
water 1.5 hours prior to scanning and refraining from voiding. On the planning CT scan, 
the radiation oncologist contoured the mesorectum, presacral space, internal iliac lymph 
node regions and, when applicable, obturator lymph node region according to the rectal 
cancer delineation guidelines by Roels et al. [144]. The gross tumor volume (GTV), possible 
pathologic lymph nodes, bladder, bowel cavity, and both femur heads were delineated as 
well, using RTOG guidelines [118].  

Table 1: Patient characteristics.

Patient Age Sex Position Tumor stage GTV location Further treatment

1 35 Female Supine T3 N2a M1a Proximal Chemotherapy
2 67 Male Supine T3b N0 M0 Proximal LAR
3 61 Male Supine T2/3 N1b M0 Proximal LAR
4 73 Male Supine T3 N1 M0 Distal LAR
5 82 Female Supine T3 N2 M0 Distal LAR*
6 59 Female Prone T3 N1 M0 Proximal LAR
7 55 Male Prone T2 N1b M0 Distal LAR
8 55 Female Prone T3 N1 M0 Proximal LAR
9 63 Male Prone T3 N1b M0 Distal LAR
10 44 Male Prone T2 N2 M1 Proximal Chemotherapy

LAR: low anterior resection. * radiotherapy with down-staging purposes, therefore prolonged interval 

between radiotherapy and surgery.
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Treatment planning and delivery

The planning CT scan and all delineations were imported in the treatment planning system 
(Oncentra, version 4.5, Elekta AB, Stockholm, Sweden). For planning and evaluation 
purposes, the mesorectum was divided in an upper and a lower part, for which the border 
was located at the CT slice showing the base of the bladder. The clinical target volume 
(CTV) was created by combining the delineations of the mesorectum, presacral space, 
and lymph node regions. To obtain the PTV, anterior margins of 20 mm and 15 mm were 
added to the upper and lower mesorectum, respectively, while the margin in the other 
directions was 10 mm. The pelvic lymph nodes were expanded uniformly with 9 mm, and 
the presacral space with 10 mm. 

Patients were treated with a non-adaptive strategy. For this, a dual arc volumetric 
modulated arc therapy (VMAT) plan was created for each patient. Planning objectives 
were used to aim for a homogeneous fractional dose of 5 Gy in the PTV, while keeping 
dose to the OARs as low as possible. For each daily fraction, patients were given similar 
drinking instructions as for the planning CT scan. A CBCT scan was acquired daily, and 
registered to the pelvic bony anatomy (XVI, Elekta). The resulting setup correction was 
applied by shifting the treatment couch before starting treatment. 

Simulation of adaptive strategy

To obtain the PTVs for simulation of the adaptive plan selection strategy, the ventral 
margin for the upper mesorectum was varied to be either -25 mm, -15 mm, 0 mm, 
15 mm or 25 mm (figure 1). To reduce the treatment planning workload with regard 
to clinical implementation of this strategy, three margin sizes were chosen for each 
patient depending on bladder and rectum volume on the CT scan. The choice of plans 
was determined as follows: a margin of 0 mm was always selected, and it was assessed 
that a full bladder or empty rectum on the planning CT scan required target volumes 
tailored to either an emptier bladder or a more filled rectum, i.e. positive ventral margins. 
Conversely, negative ventral margins were required for either an empty bladder or full 
rectum on the planning CT scan. Therefore, when visual assessment of the planning 
CT scan showed a very full bladder or very empty rectum, the 0 mm, 15 mm and 25 mm 
ventral margins were selected. The 0 mm, -15 mm and -25 mm margins were selected 
in case of the opposite anatomy, and margins of 0 mm, -15 mm and 15 mm were chosen 
for mixed situations or a bladder and rectum with intermediate filling. All other CTV to 
PTV margins were identical to the non-adaptive treatment procedure. This resulted in 
three PTVs per patient, for which dual arc VMAT plans were created, similar to the non-
adaptive treatment procedure. These plans were not used clinically. Plan selection was 
simulated by selecting the smallest PTV covering the entire mesorectum on each CBCT. 
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Plan selections were obtained from an ongoing study regarding interobserver variability. 
In this study, plan selection for each CBCT was performed independently by a group 
of 20 observers consisting of physicians, radiation therapists and physicists. During a 
discussion session, visibility of the mesorectum on CBCT was evaluated to be sufficient 
for plan selection purposes and a consensus regarding the selected plan for each fraction 
was established.

Dose calculation and comparison

Each CBCT was resampled to the frame of reference of the CT, according to the clinically 
employed shift of the treatment couch, and subsequently imported in VelocityAI (version 
3.1.0, Velocity Medical Solutions, Atlanta, USA). The mesorectum, bladder and bowel 
cavity were delineated by a single observer. For the mesorectum, the target volume 
delineation guidelines by Roels et al. [144] were used, whereas for bladder and bowel 
cavity the RTOG guidelines were followed [118]. Each CBCT was in the same reference 
frame as the CT, therefore the dose distribution for each plan as calculated on the CT 
could be used to calculate the daily dose-volume histogram (DVH) for each structure, 
thereby disregarding possible changes in dose distribution due to anatomical variations. 
For each CBCT scan, daily DVHs were calculated for the non-adaptive, clinically used 

- 25 mm
- 15 mm
0 mm
15 mm
25 mm
non-ART

Figure 1: Different PTVs for the adaptive strategy (solid lines, representing CTV to PTV margins of -25 to 25 mm), 

as well as the non-adaptive strategy (dotted line) (CTV-PTV margin of 20 mm).
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treatment plan, as well as the selected adaptive plan, using Matlab (version R2015b, 
MathWorks, Natick). For the bowel cavity, an absolute volume scale was used since the 
CBCT scans did not include the entire cavity. 

Statistical analysis

For the upper mesorectum, bladder and mesorectum delineations, the absolute volume 
as well as the volume relative to the volume on the planning CT was calculated. To 
facilitate comparison between the adaptive and non-adaptive PTV volumes, all daily 
PTV volumes for the adaptive strategy were averaged for each patient. Coverage of the 
mesorectum was assessed by calculating the daily V95%, i.e. the volume receiving at 
least 95% of the prescribed daily dose. Dose to the bladder was assessed by calculating 
the V95% and mean dose (Dmean). For the bowel cavity, the V95% and V3Gy were assessed. 
The V3Gy corresponds to the V15Gy for 5 fractions, and will therefore be referred to as 
its fractionated substitute, i.e. V15Gy-fx. Similarly, the daily V95% and daily Dmean will be 
referred to as the V95%-fx and Dmean-fx, respectively. Since daily DVH parameters do not 
contain spatial information and can therefore not be directly summed, the differences 
in these dose parameters for the adaptive and non-adaptive strategies were calculated 
per fraction. Differences were tested using the Wilcoxon signed-rank test, which was 
also used to calculate 95% confidence intervals (CI). To summarize the findings, median 
dose parameter values over all fractions were calculated. A p-value < 0.05 was considered 
statistically significant. Statistical analysis was performed using R (version 3.1.0, The R 
Foundation for Statistical Computing, Vienna, Austria). 

Results

Plan selection

For the adaptive strategy, the selected plan increased with increasing relative volume of 
the upper mesorectum (figure 2). The -25 mm plan was never selected, whereas the 0 mm 
plan was selected most often (54% of fractions) (figure 2 and supplementary figure 1). In 
40% of all fractions, a plan with a positive margin was chosen, whereas in only 6% of all 
fractions a plan with a negative margin was selected. 

Of all plans with a positive margin, for 60% the rectum filling was larger than on 
the CT scan, and for 90% the bladder filling was less compared to the CT scan (figure 3). 
The three plans with a negative margin were only selected when the bladder filling was 
larger, and rectum filling was smaller, compared to the CT scan. 
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Figure 2: Left: frequency of plan selections. Right: the volume of the upper mesorectum relative to the volume 

on the planning CT, for each selected plan.
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Target coverage

For the non-adaptive strategy, a mesorectum coverage ≥ 99% was obtained in all but 
two fractions for two different patients. For one of these fractions, the adaptive plan 
improved coverage to at least 99% of the volume. For the other fraction, the suboptimal 
coverage of the non-adaptive plan (97.7%) could be increased to 98.1% using the 25 mm 
margin adaptive plan, but not to the desired 99%. 

Sparing of OARs

For both bladder and bowel cavity, the mean DVH-graph of the adaptive strategy lies 
below the graph of the non-adaptive strategy (figure 4). This illustrates that the bowel 
cavity V95%-fx and V15Gy-fx, as well as the bladder V95%-fx and Dmean-fx, were reduced 
significantly for ART, but the reductions were small (table 2). The median volume of the 
PTV for the non-adaptive strategy was 1 032 cm3, compared to 1 002 cm3 for the adaptive 
strategy, resulting in a small but significant median reduction in PTV volume of 30 cm3 
(95% CI: 22 – 69 cm3, p < 0.01) for ART. 
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Figure 4: Mean DVH for both the adaptive strategy (solid line) and non-adaptive strategy (dotted line), for 

bowel cavity (left) and bladder (right). Shaded areas indicate the standard deviation around the mean. Mean 

DVHs represent a worst case scenario for the high doses, and a best case scenario for the low doses, since it is 

implied that volumes with equal doses are located at the same position for each fraction, which is not the case 

in reality. 
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The DVH parameters for the adaptive strategy were different for patients treated in 
prone or supine position (supplementary table), and showed a larger difference between 
both strategies. However, patients treated in prone position had significantly larger 
bladder volumes during treatment compared to patients treated in supine position 
(supplementary figure 2), which is most likely the cause for the difference in dose 
parameters [59].  

Discussion
This study is the first to investigate the potential dosimetric benefit of an adaptive 
plan selection strategy using multiple target margins for short-course rectal cancer 
radiotherapy. This strategy improved coverage of the target volume, and yielded a minor 
sparing of the OARs. The dosimetric sparing of the bladder and bowel cavity was limited, 
since the median reduction in PTV volume was only 30 cm3. Both rectum and bladder 
volume influenced which plans were selected.

The only other adaptive strategy for the entire rectal cancer target volume has been 
described by Nijkamp et al. They used an adaptive CTV from fraction five onwards, created 
by averaging the CTV shape over the delineations from the first four fractions, rendering 
this strategy not applicable to short-course treatments. Since their strategy adapts the 
entire CTV instead of merely the upper ventral margin of the mesorectum, they find a 
reduction in average PTV of 162 cm3. With a median reduction in bowel cavity V15Gy of 
34 cm3 compared to 13.9 cm3 in the present study, and a median reduction in bladder Dmean 
of 2.5 Gy compared to 0.27 Gy, their strategy has a higher potential for sparing the OARs. 

For other target volumes such as bladder and cervix, plan selection strategies have 
proven to result in increased coverage and reduced normal tissue dose [14, 40, 42, 100, 
113, 115, 116, 141, 155, 157]. Strategies using variable margins for large parts of the target 

Table 2: Differences in dose parameters for bowel cavity and bladder.

ART non-ART
Median 
difference

95% CI

Bowel cavity 
V95%-fx (cm3) 184 191 8.10* 6.15 – 9.60
V15Gy-fx (cm3) 250 264 13.9* 13.1 – 23.1

Bladder 
V95%-fx (%) 6.77 15.7 6.70* 5.13 – 8.40

Dmean-fx (Gy) 2.92 3.23 0.27* 0.20 – 0.32

Median values (over all fractions of all patients) are reported. fx = fractionated substitute of dose parameter, 

e.g. V15Gy-fx equals the V3Gy per fraction. * p < 0.01
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volume to build a plan library result in PTV volume reductions ranging from approximately 
100 to 150 cm3 [113, 141], resulting in a higher sparing potential. 

The improvement we found in target coverage for two out of 50 fractions is clinically 
relevant for short-course radiotherapy, since target underdosage in even a minority of 
fractions is not permitted due to its hypofractionated nature. For a more conventional 
treatment schedule with 2 Gy fractions such as long-course radiotherapy, the clinical 
consequences of a minor coverage improvement will be less significant. However, the 
negative time trend regarding rectal and bladder volume during long-course treatment 
[137] could result in larger anatomical deviations from the planning CT than observed in 
the current study. The clinical benefit of our adaptive strategy regarding target coverage 
and OAR dose for long-course rectal cancer radiotherapy therefore remains unclear.   

Most toxicity after radiotherapy for rectal cancer originates from dose to the bowel 
cavity [48, 49, 53]. Banerjee et al. found that a bowel cavity V15Gy of less than 830 cm3 
would result in a less than 10% risk of grade ≥ 3 acute toxicity [158]. All values for V15Gy-
fx we found for both strategies were below this cutoff value. These results do not indicate 
a significant clinical advantage for ART regarding bowel toxicity. Whether late urinary 
toxicity such as urinary incontinence is caused by radiotherapy or surgery remains 
debatable [48, 49, 51]. However, since a high fraction dose can result in substantial injury 
to the bladder due to fibrosis in the bladder, the urethral sphincter or innervation of both 
[108], a reduction in V95%-fx will be beneficial. Therefore, even the minor reduction in 
V95%-fx we found, from 15.7% to 6.8%, could be clinically relevant. 

Despite the limited overall sparing of OARs in the current study, sparing for 
individual patients can still be substantial. The largest difference in PTV volume between 
both strategies found was 115 cm3, corresponding to a 13% reduction in bladder V95%-fx. 
For the patient with the largest reduction in dose to the bowel cavity, the PTV volume 
was only reduced by 23 cm3, but the V15Gy-fx reduced by 59 cm3, and the V95%-fx by 
11 cm3. This shows that the benefit of a plan selection strategy is patient dependent.

Limitations of the study include the small patient number, and inclusion of patients 
treated in different positions. This increases the variability in dose parameters, since the 
dose to OARs is different for treatment in prone or supine position (supplementary table), 
independent of strategy. In addition, a distinction was not made between male or female 
patients, even though shape variation is significantly different for each gender [62, 63]. 
However, this study showed that a plan selection protocol could be applied independent 
of the treatment position or patient sex. All CBCT scans were delineated by a single 
observer, which minimized interobserver variation but could also introduce a systematic 
error. Nevertheless, delineating was done using the planning CT scan and its delineations 
as a guide, thereby increasing the consistency of delineations. The PTV margin not only 
accounts for geometrical variations, but also delineation uncertainties, which renders 
plan selection based on coverage of the target volume by the PTV theoretically incorrect. 



Chapter 6106

However, this selection process is in agreement with our current clinical practice, where 
decisions regarding position verification also depend on coverage of the target on the 
CBCT by the PTV, without additional margins. Plan selection was not performed under 
clinical conditions, which entails time pressure to limit intrafraction motion [159], and 
plan selection by two specialized radiation therapists, supervised by a physician and 
medical physicist, instead of the 20 observers that were involved in the current study. 
Training of observers will therefore be essential. Finally, the set of five margin sizes for the 
adaptive plans was pragmatically chosen, but whether these sizes were optimal remains 
unknown. Further optimization could result in minor improvements of the dosimetric 
outcome. 

The sparing is mainly limited due to the minor reduction in average PTV volume 
over the course of treatment, since the upper mesorectum volume comprised less than 
half of the entire target volume (median: 43%, range: 38% - 56%). Currently no evidence 
exists that the other target margins, around the lower mesorectum, presacral space and 
lymph nodes, can be safely reduced or varied based on predictable anatomical variations. 
Therefore, further improvement of the dosimetric results of our adaptive strategy by 
varying and reducing other PTV margins does not seem achievable, but online replanning 
with the use of sophisticated daily imaging techniques and automated planning could 
lead to an additional reduction in margins and therefore result in more sparing of the 
OARs. 

Conclusion
For short-course rectal cancer radiotherapy, an adaptive plan selection strategy using 
multiple ventral margins for the upper mesorectum has the potential to improve coverage 
of the target volume. Overall dosimetric sparing of bladder and bowel cavity is limited, 
but can be clinically relevant for individual patients. 
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Supplementary material
Supplementary figure 1: Accessible through: http://www.sciencedirect.com/science/article/pii/

S0167814016310581

Supplementary table: Differences in dose parameters for bowel cavity and bladder, for patients treated in 

either supine or prone position.

Position ART non-ART
Median 
difference

95% CI

Bowel cavity
V95%-fx (cm3)

Supine 209 216 7.00* 4.00 – 9.40
Prone 146 156 9.90* 6.80 – 10.9

V15Gy-fx (cm3)
Supine 294 302 8.20* 4.85 – 23.1
Prone 191 202 25.2* 18.4 – 29.8

Bladder
V95%-fx (%)

Supine 3.63 6.43 2.11* 2.85 – 7.03
Prone 9.22 20.4 9.59* 6.36 – 11.1

Dmean-fx (Gy)
Supine 2.73 2.82 0.12* 0.11 – 0.23
Prone 3.08 3.43 0.32* 0.26 – 0.43

* p < 0.01. fx = fractionated substitute of dose parameter. Note that the bowel cavity parameters are lower 

for patients in prone position (for both the adaptive and non-adaptive strategy). The bladder parameters 

are higher for patients in prone position, also for both strategies. The estimated differences between 

parameters for both strategies, i.e. the sparing due to the adaptive strategy, appears to be larger for 

patients treated in prone position. This is most likely caused by the difference in bladder volumes between 

the patient groups (see supplementary figure 2), since plans with larger margins are selected for smaller 

bladder volumes.
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Supplementary figure 2: Bladder volumes as assessed on CBCT for all patients treated in either prone or 

supine position. Bladder volumes for patients treated in prone position were significantly larger compared 

to supine position, with median volumes of 373 cm3 and 162 cm3, respectively (p = 0.01, indicated by asterisk).
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Abstract
We investigated the change in cardiac volume over the course of chemoradiotherapy 
in 26 patients treated for esophageal cancer, using cone beam CT imaging. The cardiac 
volume reduced significantly, with a median reduction of 8%. A significant relationship 
with planned cardiac dose was not found. 

Keywords: Chemoradiotherapy; Esophageal cancer; Cardiac volume; Cone beam CT
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Introduction
With the introduction of chemoradiotherapy (CRT) as part of the standard treatment 
regimen for esophageal cancer, the overall survival increased, but toxicity increased as 
well [67]. Radiotherapy for esophageal cancer gives rise to late locoregional complications, 
such as esophageal, cardiac and pulmonary toxicity [160]. Reducing radiation dose to the 
organs at risk (OARs) can reduce these late complications. 

Inaccurate delivery of the planned dose is one of the causes of unnecessary dose to 
the OARs. In radiotherapy for esophageal cancer, various uncertainties limit the accuracy 
of the dose delivery. Such uncertainties include morphological changes over the course 
of treatment, for example tumor response or differences in stomach filling. These 
morphological changes have become apparent due to the increased implementation of 
image-guided radiotherapy [161].  

To compensate for morphological changes, the treatment plan can be adapted 
during the course of treatment. Adaptive radiotherapy (ART) has the ability to correct for 
underdosage of the target and to reduce the dose to the OARs [10, 11]. For esophageal 
cancer, ART strategies have been designed to account for patient-specific respiration-
induced motion [84, 162]. An ART strategy to account for morphological changes in 
esophageal cancer patients has not been described yet.

In identifying morphological changes over the course of CRT for esophageal cancer, 
we have recently observed a decrease in heart contour on weekly acquired cone beam CT 
(CBCT) scans, which reflects a reduction in volume (figure 1) [163]. A volume change can 
result in inaccurate dose delivery, for which implementation of ART could be beneficial. 
Therefore this volume change should be quantified.  

The aim of this retrospective study was to quantify the reduction in cardiac volume 
over the course of CRT for esophageal cancer. Additionally, we assessed the possible 
relationship between cardiac volume reduction and possibly relevant determinants such 
as planned cardiac dose.

Figure 1: Overlay of planning CT (outer contour) and final CBCT (inner contour). Images are matched on bony 

anatomy. The heart contour is clearly larger on the planning CT scan in both views.
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Methods

Patients

Between March 2012 and August 2012, 44 consecutive patients with potentially curable 
primary esophageal or esophagogastric junction carcinoma received preoperative or 
definitive CRT in our institute. Patients with a cervically located esophageal tumor 
were excluded from this retrospective study, since for these tumors the heart is not 
imaged during treatment. A total of 26 patients met criteria for inclusion. Histology was 
adenocarcinoma in all patients. Of the 26 patients, 12 received cardiac medication for 
either hypertension or previous unstable angina or myocardial infarction. Medication 
regimen remained unchanged for the duration of CRT. In total 110 CBCT scans were 
available for analysis. 

Chemoradiotherapy

Three-dimensional conformal irradiation plans were created using a four-field beam 
arrangement (6 and 10 MV photon beams), using Oncentra treatment planning system 
(Oncentra 4.1, Elekta, Uppsala, Sweden). For preoperative and definitive treatment, 
41.4 Gy and 50.4 Gy was prescribed, respectively, in 1.8 Gy dose per fraction. The gross 
tumor volume (GTV) was delineated on the free breathing planning CT scan. By extending 
the GTV up to 38 mm superiorly and inferiorly, the clinical target volume (CTV) was 
created. The planning target volume (PTV) was generated by expanding the CTV 10 mm 
in all directions. Delineations on the planning CT scan were used for treatment planning 
purposes only. 

Plans were designed with the 95% isodose surface covering the PTV. The main 
dose constraint was to limit dose to both lungs to a V20Gy (i.e., the percentage of total 
lung volume receiving 20 Gy or more) of less than 30%. Other constraints included a 
V50Gy ≤ 10% for the spinal cord and V45Gy ≤ 50% for the whole heart. All treatments 
were delivered on Elekta linear accelerators (Elekta, Stockholm, Sweden) in five daily 
fractions per week. In the first week, daily kilovoltage CBCT scans were acquired to 
enable repositioning for systematic errors in an off-line protocol [164]. After the first 
week, weekly CBCT images were acquired. 

Chemotherapy was administered intravenously on days 1, 8, 15, 22, and 29. 
Chemotherapy consisted of paclitaxel at a dose of 50 mg per square meter body surface, 
administered over one hour. This was followed by carboplatin, targeted to an area under 
the concentration-time curve of 2 mg per milliliter per minute, administered over 30 
minutes. Patients were intravenously premedicated with dexamethasone, clemastine 
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and ranitidine, and received antiemetic drugs. Chemotherapy was always administered 
after the radiotherapy fraction of that day. 

Data acquisition

The CBCT scans used for evaluation were acquired at the start of every treatment week 
(Elekta Synergy, 360° scan, 120 kV, 1 mm3 voxels). CBCT scans are acquired over a two-
minute period, thus averaging the scan over many cardiac contractions and breathing 
cycles. The treatment days on which the CBCTs were acquired could vary, but CBCTs 
were acquired at least one day after chemotherapy administration. Also, per patient, the 
time between CBCTs was kept constant. Subsequently, the images were imported in the 
treatment planning system with proper scaling of grey values such that they were in 
the range of CT Hounsfield Units (HU) [165]. On these image sets, heart contours were 
delineated according to guidelines developed by Feng et al. [166]. For optimal visualization 
of the heart, a level of -40 and a window of 1500 corresponding HU were chosen. Due 
to limited image quality of the CBCT scans, not all separate heart components were 
distinguishable. Delineation was therefore started superiorly at the bifurcation of the 
trachea, and the pericardium was used as a substitute for myocardium border. 

Delineations were performed by a single observer per patient to avoid inter-observer 
variations. To determine intra-observer variation, for three patients the heart volume 
was delineated a second time by the same observer for all fractions, at least one month 
after the initial delineation. Per patient, the volumes were normalized, with the initial 
volume as measured on the first CBCT set to 100%. Using a Wilcoxon signed-rank test, 
a significant difference was not found between the delineated volumes acquired on both 
time points. 

Data analysis

Volumes were normalized, with the initial cardiac volume as measured on the first 
CBCT set to 100%. Changes in cardiac volume were obtained by subtracting the weekly 
volumes from each other. The heart volume on the planning CT scan was not included in 
the evaluation, to prevent possible volume differences due to image modality. To enable 
comparability between patients, the measurement in week 5, available for only the 
minority of patients treated with the definitive protocol, was not taken into consideration.

To assess whether cardiac volume change can be predicted, planned heart dose, 
overall weight loss during CRT, and tumor location, according to the AJCC staging criteria 
[167], were recorded. Planned heart dose was quantified by assessing V20Gy, V30Gy and 
V40Gy, i.e. the heart volume receiving 20 Gy, 30 Gy or 40 Gy or more, respectively, as 
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well as the average heart dose. For comparability reasons, heart dose was assessed at a 
delivered tumor dose of 41.4 Gy. 

Statistical analysis 

The calculated cardiac volume changes were quantified as medians with interquartile 
ranges (IQR), since not all data were normally distributed. A Friedman test was performed 
to determine the difference in cardiac volume between the treatment weeks. Post-hoc 
analysis was performed using Wilcoxon signed-ranks tests. 

We examined the associations between the change in heart volume, i.e. the difference 
between the first and final week expressed as a percentage of the initial cardiac volume, 
and potential explanatory variables using Spearman’s correlation coefficient, Mann-
Whitney-U or Kruskal-Wallis tests as appropriate. Statistical analysis was performed 
with SPSS software, version 19.0 (IBM Corp., Armonk, NY). 

Results and discussion
The median volume reduction over all included patients was 8.0% (IQR 3.0% – 11.3%), 
between the initial measurement of cardiac volume in week 1 and the measurement in 
week 4. This is a statistically significant decrease (p < 0.001). Significant differences were 
observed between week 1 and 2 (reduction = 5.1%, p = 0.001), between week 2 and 3 
(reduction = 1.9%, p = 0.019), and week 1 and 3 (reduction = 7.0%, p < 0.001). The reduction 
between week 3 and 4 was not significant (p = 0.732). None of the potential explanatory 
variables were a significant predictor for change in cardiac volume (table 1). 

This study is the first to demonstrate a significant reduction of the cardiac volume 
(of 8%) over the course of chemoradiotherapy in patients treated for esophageal cancer. 
We did not find a significant relation between this reduction and cardiac dose, tumor 
characteristics or treatment intention.  

The cardiac volume during treatment was assessed by means of organ delineation 
on CBCT. Delineating soft tissue on CBCT is challenging due to poor image quality 
compared to CT. However, due to inherent high contrast between lungs and heart, the 
largest part of the heart is fairly straightforward to delineate, and reproducibility of the 
delineations was good. Delineation on CT scans could have provided more accurate heart 
volumes, but could not be performed without increasing total patient radiation dose. 

No relationship between the assessed potential explanatory variables and cardiac 
volume reduction was found. For example, a dose-effect relationship could have 
consequences for treatment planning, but the number of patients was too small to detect 
this. In addition, since all patients were treated with a conformal radiation technique, 
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Table 1: Potential explanatory variables for cardiac volume reduction. 

Explanatory variable Value p-value

Median age at diagnosis (range) (years) 68 (36-77) 0.372***
Gender (n) 0.707*

Male 19
Female 7

Treatment intention (n) 0.273*
Preoperative 20
Definitive 6

Tumor location (n)
Upper thoracic 0

Mid thoracic 3

Lower thoracic 23
Mean initial GTV volume (range) (ml) 59 (14-122) 0.175***
Mean initial CTV volume (range) (ml) 221 (94-562) 0.302***
Mandard score for tumor regression [171] (n) 0.255**

TRG 1 1
TRG 2 2
TRG 3 7
TRG 4 2
TRG 5 3
Not available 11

Weight loss (n) 0.123**
Mild (0-2 kg) 16
Moderate (2-5 kg) 4
Severe (>5 kg) 6

Median value for heart dose parameters (range) (%)
V20Gy 68 (22-93) 0.813***
V30Gy 46 (5-71) 0.257***
V40Gy 7 (2-25) 0.304***

Median average heart dose (range) (Gy) 25 (9-31) 0.424***

Abbreviations: n = number of patients, GTV = gross tumor volume, CTV = clinical target volume, 

TRG = tumor regression grade, V20Gy = volume receiving 20 Gy or more, V30Gy = volume receiving 

30 Gy or more, V40Gy = volume receiving 40 Gy or more. *Mann-Whitney U test; **Kruskal-Wallis test; 

***Spearman’s correlation coefficient test.

only a small range in cardiac doses was available for analysis. Including patients treated 
with a more sophisticated radiation technique such as IMRT into the analysis, could lead 
to a wider range in cardiac doses and provide a different result.

The described chemotherapy regimen is known for its short-term cardiotoxic 
effect. However, these effects include arrhythmias and conduction disorders [168], 
which are not likely to result in a reduction in cardiac volume. The possible effect 
of chemotherapy on cardiac volume should also be studied in other thoracic tumors, 
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treated without chemotherapy and with different chemotherapy regimens, to determine 
the generalizability of our findings. 

Short-term cardiac effects have been described, although they were less extensively 
studied compared to long-term effects. Tripp et al. have reported an absolute decrease 
in ejection fraction, six weeks after CRT for esophageal cancer, measured by means of 
multiple gated acquisition scans [169]. The median ejection fraction changed from 59% 
pretreatment, to 55% post-treatment, which was a significant, but clinically irrelevant 
decrease. Additionally, this change was not related to dose delivered to the heart, which 
is in line with the results from a previous study [170].  Acute cardiac impairment was also 
assessed by Hatakenaka et al. [172]. Based on MRI-assessment before, during and after 
CRT for esophageal cancer, they concluded that the left ventricle function is impaired from 
an early treatment-stage. They conclude that left ventricle ejection fraction decreases 
irrespective of left ventricle dose, and assume a relation with their chemotherapy 
regimen. Other parameters, such as end-diastolic index or stroke volume index, showed 
a difference in decrease for patients receiving a low dose to the left ventricle compared to 
those receiving a high dose. 

In contrast to considering cardiac toxicity as a late effect of radiotherapy, these 
studies show that it can be a short-term adverse event as well. It appears to be subclinical, 
since functional parameters have worsened during or shortly after radiotherapy, without 
reports of symptomatic cardiac toxicity within the first two months after treatment [173]. 
Additionally, in a recent study, no difference in cardiac complications was found between 
the patients receiving preoperative CRT, and patients receiving surgery alone [67]. 

The causes and clinical implications of the discovered significant reduction in cardiac 
volume are currently being studied in a prospective study. In addition, the morphological 
change resulting from the cardiac volume reduction could result in inaccurate dose 
delivery to the tumor and organs at risk. Most of the volume change occurred within the 
first two treatment weeks, indicating that plan adaptation at this time point could be 
beneficial. Whether the volumetric change actually results in a significantly altered dose 
distribution, justifying a plan adaptation after two weeks, has to be investigated further.  

Over the course of chemoradiotherapy for esophageal cancer, the cardiac volume 
reduced significantly. The reduction is largest during the first two treatment weeks. A 
correlation with a treatment or patient variable, such as planned cardiac dose, was not 
found. 
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Abstract
It was investigated whether the change in cardiac volume seen in esophageal cancer 
patients treated with chemoradiotherapy resulted in a clinically relevant change in 
the radiation dose distribution. For 13 patients with at least 55 ml reduction in cardiac 
volume, radiotherapy dose was calculated before and after the cardiac change. Dose 
to the target volume and to the heart did not show a clinically significant change, and 
adaptation of the treatment plan during the course of radiotherapy is therefore not 
advocated.

Keywords: Chemoradiotherapy; Esophageal cancer; Cardiac volume; Adaptive 
radiotherapy
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Introduction 
Adaptive radiotherapy can account for anatomical changes occurring during treatment. 
For day-to-day changes, such as bladder and rectal filling, multiple plans can be created 
prior to treatment from which an appropriate plan can be selected each day [14, 64, 
100]. However, for changes that have a systematic nature and occur during the course of 
radiotherapy, this strategy will not be valid. In this case, a strategy in which a repeat CT is 
acquired and a new treatment plan is created after a systematic anatomical change has 
occurred, i.e. replanning, will be more valuable [13, 82, 174, 175]. 

Recently, in a retrospective analysis (n = 26), we observed that during 4.5 weeks of 
pre-operative chemoradiotherapy for esophageal carcinoma the cardiac volume on cone 
beam CT (CBCT) decreased by approximately 65 ml; a mean volume decrease of 8% [176]. 
This observed change in heart volume could be of clinical importance as it could alter the 
dose distribution during treatment. If this leads to a change in dose delivery to the tumor 
and organs at risk, an adaptation of the treatment plan during the course of radiotherapy 
could be needed. It was therefore the aim of this study to assess whether a clinically 
relevant change in radiation dose distribution was observed due to the cardiac volume 
reduction. 

Methods
From April 2013 until December 2013, 23 patients were consecutively enrolled in this 
prospective study at the Academic Medical Center, Amsterdam, the Netherlands. 
Inclusion criteria were patients with resectable, histologically proven esophageal cancer 
requiring treatment with neoadjuvant chemoradiotherapy. Exclusion criteria were 
pre-existing cardiac disease or prior radiotherapy to the heart and/or esophagus. All 
patients provided written informed consent. Ethical committee approval was obtained 
on February 20, 2013. 

Cardiac volume was measured with two CT scans. The first CT scan was acquired 
within two weeks before start of radiotherapy, the second in the fifth and last week of 
radiotherapy. The cardiac volume was determined by delineating the heart contour 
according to previously published guidelines [166]. Delineations were performed by a 
single observer per patient to avoid inter-observer variations. 

To assess the effect of cardiac volume reduction on the dose distribution, the 
patients showing at least the median reduction in cardiac volume were selected. The 
cardiac contour reduction in the other patients was too small to expect a relevant effect 
on the dose distribution. To calculate the dose distribution after the reduction in cardiac 
volume, the post-treatment cardiac volume was projected on the pre-treatment CT scan 
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and dose was recalculated. To enable this, the pre-treatment CT scans were segmented 
in air, lung, tissue, and bone sections, and voxel values were replaced with -1000, 
-500, 0, and 700 Hounsfield Units, respectively. The cardiac delineation from the post-
treatment CT scan was then copied to the segmented CT scan, using the bony anatomy 
to reference the cardiac position (figure 1A). The difference between the pre-treatment 
and post-treatment heart contours was replaced with lung equivalent tissue during 
dose calculation using a density override, to simulate the volume reduction. Dose was 
calculated on the segmented scan with, and without the density override, using Oncentra 
treatment planning system (Oncentra 4.1, Elekta, Uppsala, Sweden) (figure 1 B+C). For 
both distributions, cardiac dose, i.e. average heart dose and V40Gy, was calculated. To 
assess the tumor coverage, i.e. the tumor receiving at least 95% of the prescribed dose, 
the V95% in the PTV was calculated.

Results
Heart volume decreased significantly by 55 ml (p < 0.001, 95% confidence interval: 37 
– 74 ml) between baseline and week 5. Table 1 shows the dosimetric results from both 
measurements, for the 13 patients with at least 55 ml reduction in cardiac volume. The 
heart V40Gy for the patient with the largest cardiac reduction increased from 5.8% to 
9.8% (table 1). Patient 13 showed the largest increase in average heart dose, which was 
2.8 Gy. This patient also showed the largest increase in tumor V95%, from 97.0% to 98.7%. 
For this patient, the largest reduction in cardiac volume took place in the path of the 
anterior beams. In the other patients the change in PTV V95% ranged from 0.7% to 0.45%, 
and the increase in average cardiac dose did not exceed 6.1 Gy. The observed changes 
never violated the clinically used dose constraints.

10 Gy
20 Gy
40 Gy

A B C

Figure 1: A: Pre-treatment CT scan. GTV is delineated in yellow, the PTV is delineated in red, the heart contour 

is delineated in green, and the post-treatment cardiac contour is projected in blue. B and C: Segmented pre-

treatment CT scan with dose distribution, without (B) and with (C) density override. Color overlays indicate 

PTV, and the respective cardiac contours. Isodose lines (pink and purple) indicate the areas receiving at least 

10, 20 or 40 Gy.
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Discussion
We did not find a relevant effect of the cardiac volume reduction on the radiation dose 
distribution. The reduction of the cardiac contour mainly took place in the low dose area, 
resulting in a relatively larger dose to the heart for an unchanged dose distribution. This 
explains the small, not clinically relevant increase in heart dose in some patients. Effects 
of cardiac volume reduction on tumor coverage were also limited, since the PTV coverage 
for most patients did not change more than 0.7%. This could be due to the fact that only 
a part of the radiation to the tumor is delivered through the heart. 

From this it can be concluded that the dose distribution does not change due to 
the cardiac volume reduction, therefore an adaptation of the treatment plan during the 
course of radiotherapy as suggested earlier [176] will not alter dose to the tumor and 
organs at risk. An adaptive strategy based on replanning is therefore not advocated.

Table 1: Dose parameters pre- and post-treatment.

Patient
Cardiac 
reduction (%)

Average heart dose 
(Gy)

Cardiac V40Gy (%) PTV V95% (%)

Pre-
treatment

Post-
treatment

Pre-
treatment

Post-
treatment

Pre-
treatment

Post-
treatment

1 18.1 24.7 26.1 5.8 9.8 97.1 96.4
2 15.5 23.9 23.8 5.9 8.1 99.4 99.5
3 7.71 21.9 22.7 5.5 7.1 99.7 99.6
4 11.1 20.1 21.3 3.4 5.5 97.1 97.1
5 7.44 20.6 20.3 4.8 4.0 99.5 99.5
6 7.41 20.2 19.7 6.4 6.0 99.4 99.4
7 7.41 17.7 17.6 1.3 1.5 92.2 92.5
8 7.98 22.3 23.6 3.9 6.7 96.9 96.9
9 8.19 26.7 27.3 3.6 5.2 84.8 85.2
10 6.41 21.5 21.6 6.5 7.0 97.5 97.6
11 11.6 19.4 19.4 1.8 1.2 89.4 89.8
12 9.79 22.9 22.8 6.0 6.0 97.8 97.9
13 11.9 23.9 26.6 4.0 10.0 97.0 98.7

Abbreviations: V40Gy: the heart volume receiving at least 40 Gy. V95%: the PTV volume receiving at least 

95% of the prescribed dose. In cases where the PTV V95% is lower than the clinically used dose objective, 

i.e. 99%, the PTV overlaps with air in the lungs, resulting in an apparent but clinically insignificant 

undercoverage. 
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The general aim of this thesis was to identify anatomical changes during a radiotherapy 
course requiring an adaptive strategy, and investigate the potential dosimetric benefits 
of such adaptive strategies. Three applications for adaptive radiotherapy were studied, 
exhibiting different challenges during treatment: bladder cancer, rectal cancer and 
esophageal cancer. For these, the need and possibility of implementation of an adaptive 
strategy was assessed, as well as the potential benefit. For bladder cancer, we showed 
that radiotherapy is a feasible and effective treatment option with low rates of toxicity, 
for which an adaptive strategy results in a clear dosimetrical advantage. For rectal cancer, 
an adaptive strategy was shown to have dosimetrical benefits for individual patients, 
whereas an adaptive strategy for the reduction in cardiac volume during radiotherapy for 
esophageal cancer was assessed not to be necessary. 

This chapter opens with a general discussion on the rationale and applications for 
adaptive radiotherapy, based on the studies presented in chapters 2 – 8. The second 
part of this discussion presents an outlook, by discussing the workload for ART, new 
technological developments, and the clinical value of ART in the future. 

Adaptive radiotherapy for bladder, rectum and 
esophagus

Rationale

Normal tissue dose is caused by two aspects inherent to external beam radiotherapy 
with photons: 1) the beam traverses the normal tissue to reach the tumor, and 2) margins 
are required to account for uncertainties in the tumor position. 

The first aspect can be altered by using different types of radiation, such as protons, 
or using different treatment techniques to distribute the resulting dose over a larger 
volume, such as intensity-modulated radiotherapy (IMRT) or intensity-modulated arc 
therapy (IMAT). The second aspect, reducing margin sizes, can dramatically reduce the 
amount of normal tissue receiving the treatment dose (illustrated in figure 1). 

Safely reducing margin sizes requires efforts in the entire radiotherapy treatment 
chain. Margins account for three main patient related uncertainties: delineation 
uncertainties, setup errors and anatomical changes. The delineation uncertainty can 
be changed by using different types of imaging for delineation purposes, such as the 
addition of MRI and PET to the planning CT scan [4, 5, 177]. The setup error can be 
lowered by efforts to improve the quality of the daily imaging modalities such as in-
room CT or CBCT, or even implement image-guidance based on MRI [178, 179]. Also the 
use of markers that do not deform or migrate during treatment can reduce the setup 



127Discussion

9

error, by aligning the patient using the markers as a surrogate for actual tumor position. 
This leaves a changing anatomy during treatment, such as variations in bladder or bowel 
filling, tumor volume reductions, weight loss, or breathing as the final component in the 
margin size. Compensating for breathing can be done by using breath hold or tracking 
methods, but other organ motion can only be compensated for using an adaptive strategy. 
A plan tailored to each daily anatomical variation will require only minimal margins. This 
will aid in achieving the maximum effect of treatment with minimal toxicity, which is the 
goal of adaptive radiotherapy.

Bladder

Radiochemotherapy is the primary bladder-sparing treatment option for bladder cancer. 
Radical radiotherapy as monotherapy is commonly associated with a poor local control [33, 
86, 87, 92, 102, 103], but this is based on studies using outdated radiotherapy techniques. 
In chapter 2, we showed that for the elderly or medically unfit patient group, radical 
radiotherapy without the addition of chemotherapy can still be considered curative 
treatment, with a three-year locoregional control of 73%. These promising results could 
be due to improved tumor irradiation resulting from developments in treatment accuracy, 
such as image-guidance during radiotherapy. Furthermore, the study showed that more 
advanced radiotherapy techniques aiming at increasing accuracy of dose delivery, such 
as IMRT and the use of fiducial markers, result in a reduction of toxicity. 
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Figure 1: The volume of planning target volume (PTV) not containing clinical target volume (CTV), calculated 

for a sphere-shaped CTV with a diameter of 10 cm. For a margin size of 0 mm, the entire PTV consists of CTV. 

For a margin of 10 mm, an additional tissue volume of almost 400 cm3 is irradiated with the treatment dose.
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In chapter 3 we showed that, using an adaptive strategy for bladder cancer radiotherapy, 
the bowel cavity volume receiving more than 40 Gy (V40Gy) was on average 69 cm3 
smaller, which equals a reduction of 22%. For individual patients, the actual reduction 
could be up to 35%, but also as small as 10%. Considering this spread in benefit, the 
reduction in bowel irradiation can be comparable to the reduction obtained by replacing 
3D-CRT planning with IMRT, for which reductions of 22% and 42% have been reported  
[96, 109]. A reduction in bowel irradiation suggests a reduction in toxicity, even though 
it is unsure whether the same bowel loops receive the same dose each day. Another 
important finding of this study was the improvement in dose coverage of the pelvic lymph 
nodes, which might improve treatment outcome. Even though these dosimetric results 
suggest a reduction in intestinal toxicity and an increase in locoregional control, further 
research regarding patient outcomes is needed to confirm this. The results from chapter 
2 will serve as a baseline measurement regarding toxicity and treatment outcome for 
bladder cancer radiotherapy, which can be used to measure the expected improvement. 

Many different adaptive plan selection strategies for bladder cancer have been 
described in the past years [40, 42, 44, 100, 113–115]. They can be subdivided into two 
general categories: CBCT-based, in which the CBCT scans from the first treatment week 
are used to create multiple plans, or CT-based, where pre-treatment CT scans with 
different bladder fillings are used for treatment planning. In chapter 4 we concluded that 
the actual choice of adaptive strategy will depend on the preferred dose prescription and 
fractionation. A small high-dose tumor boost should be given with a full bladder, which 
prevents the use of a CBCT-strategy due to the gradual decrease in bladder volume 
during the treatment course, as shown in chapter 3. When a high dose is delivered to the 
entire bladder, an empty bladder protocol should be chosen, for which both the CT- and 
CBCT-based strategies can be used. A direct comparison between two such strategies for 
an empty bladder protocol showed that the average PTV for the CT-based strategy was 
80 cm3 smaller [180]. This supports the conclusion in chapter 4 that the CT-based strategy 
results in a larger normal tissue sparing. However, this conclusion might be confounded 
by the used dose prescriptions. A lower elective dose schedule with a partial bladder 
tumor boost will inherently lead to less dose to the bowel and rectum compared to a 
high-dose schedule where the entire bladder is irradiated with a high dose. Biological 
modelling using these dose schedules suggested a large difference in tumor control 
probability (TCP), in favor of the high-dose schedule. The mean maximum TCP found 
for the low-dose schedule was 49%, whereas current results from patients actually 
treated with this schedule (chapter 2) show a complete response in 87% of patients and 
a three-year locoregional control of 73%. This indicates that the currently available TCP 
model parameters need updating, with data obtained from patients treated with modern 
techniques. A new TCP model is necessary to find a dose prescription and fractionation 
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schedule with the highest probability to control the disease, and find and optimize the 
best fitting adaptive strategy for this schedule. 

Despite the efforts in increasing radiotherapy treatment accuracy, extensive surgery 
is still the primary treatment option for bladder cancer. However, 30% of patients that 
undergo a radical cystectomy will experience peri-operative complications, and a 
significant group remains unsatisfied with urinary continence and overall quality of life 
after surgery [181]. Selecting a bladder-sparing approach as the primary treatment option 
should therefore be considered. To investigate whether bladder-sparing treatment with 
an adaptive strategy leads to local control and overall survival rates comparable to surgery, 
and is associated with less treatment toxicity and higher long-term patient satisfaction, 
a randomized controlled trial should be conducted comparing both treatment options. 

Rectum

In chapter 5 and 6 we showed the feasibility of a plan selection strategy based on variable 
PTV margins for rectal cancer. In chapter 5 and 6 we showed that creating multiple 
plans based on variable margins is straightforward to implement, but the dosimetric 
results are limited. Another strategy, such as a CT-based strategy similar to what is 
used for bladder cancer, is not feasible for rectal cancer since it would require multiple 
pre-treatment planning CT scans with different rectal fillings. A CBCT-based strategy 
would not be applicable for short-course treatment, i.e. 5 fractions of 5 Gy, but a previous 
study showed promising results for long-course treatments, i.e. 25 fractions of 2 Gy [64]. 
However, in chapter 6 we discussed the difficulty of visualizing the mesorectum on CBCT, 
which would limit the possibilities for a CBCT-based strategy for rectal cancer. 

The median reduction in PTV volume we found for our adaptive strategy was 30 cm3. 
This is only a small reduction compared with target volume reductions that have been 
accomplished previously, such as using stricter delineation guidelines or treating with 
daily image guidance [58, 137]. Our strategy showed a median reduction in V15Gy of 
14 cm3, which equals a relative reduction of approximately 7%. However, the variation 
in this reduction was large. For three patients, the V15Gy reduced with 12 – 13%. This 
is similar to the sparing that was achieved previously by progressing from a 3D-CRT 
planning technique to IMRT or from IMRT to IMAT [56]. Other sparing options, such as 
the use of a belly board or full bladder during irradiation, generally have a larger effect on 
the sparing, but these can suffer from poor reproducibility and induce patient discomfort 
[59, 61, 151, 182]. Considering all these efforts, it seems that an IMAT planning technique, 
combined with patient positioning on a belly board and a full bladder protocol yields the 
best results regarding small bowel sparing. An adaptive strategy based on variable target 
margins can improve sparing substantially for individual patients.  
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Our study showed that individual differences in sparing potential were influenced by 
patient anatomy. With only 10 patients, a statistically significant patient selection 
criterion could not be determined. However, it seems that the individual patients that 
benefit most from an adaptive strategy can be characterized by either having a relatively 
large volume of mesorectum, or by having a very empty bladder on the planning 
CT scan. The volume of mesorectum is influenced by the length of the upper part of the 
mesorectum, and this length drives the maximum reduction in PTV volume. An empty 
bladder on the planning CT scan results in an increased proportion of bowel included in 
the PTV. When for these patients the daily anatomy during treatment differs from the 
planning CT scan, and thus a plan with smaller margins may be selected, it is expected 
that these patients will benefit most from an adaptive strategy. 

Esophagus

In patients ineligible for surgery, treated with definitive chemoradiotherapy for esophageal 
cancer, a locoregional recurrence occurs in 41% of cases, of which 86% originates from 
the site of the primary tumor [183]. This warrants that either treatment accuracy should 
be improved, or a higher dose should be delivered to the tumor, which is limited by high 
rates of normal tissue toxicity. A more precise definition of the target volume could 
accomplish both: treatment accuracy increases and margins can possibly be reduced 
since uncertainties in the target definition are reduced as well. Better defining the target 
volume can be obtained by means of different imaging modalities, such as using PET 
combined with CT for visualization of tumor activity [5, 184, 185], or the addition of MRI 
for a better soft tissue contrast [185]. A standard three-dimensional fast CT scan provides 
a snapshot of the anatomy during a few phases of the breathing cycle. During treatment, 
this could result in suboptimal coverage of the tumor in certain phases of the breathing 
cycle [186]. Using four-dimensional CT scans instead will therefore improve coverage of 
the target volume [186]. Finally, the use of markers can improve target volume definition 
on the CT scan [85, 187]. 

A reduction of dose to the normal tissue can be accomplished when daily image-
guided radiotherapy is employed, since margins can be reduced and accuracy of dose 
delivery improves [80]. Using IMRT or IMAT instead of 3D-CRT will also result in a 
reduction of dose to the organs at risk [72–74, 78]. A combination of IMRT or IMAT and 
daily image-guidance can therefore provide a means to increase the dose to the target, 
without increasing the rates of toxicity. 

Regarding ART, a plan selection strategy similar to what we used for rectal cancer 
radiotherapy could be designed: using variable target margins to create multiple target 
volumes. This does require adequate visibility of the target volume, which could be aided 
by implantation of fiducial markers prior to treatment. In addition, the variation of the 
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target volume can occur over the entire length of the esophagus due to the elongated 
nature of the tumor, which will complicate the choice of optimal target margins. Therefore, 
creating a new plan after delivery of a few fractions, i.e. replanning, could be a more 
valuable adaptive strategy for esophageal cancer. In general, two replanning strategies 
exist: monitor changes throughout the treatment and schedule a replanning in case these 
changes have exceeded certain predefined thresholds [82], or acquire multiple CT scans 
in the first week on which CTVs are delineated, and combine these into an adaptive CTV 
[84]. The latter strategy will provide a new PTV from the second week onwards, with 
smaller PTV margins since it already compensates for some random errors. This can be 
beneficial in case of random variation, but the anatomical changes for the esophagus 
seem to be more systematic in nature; during the course of treatment, changes such 
as weight loss, stomach filling, or tumor regression can occur [81–83, 186], for which a 
strategy based on monitoring changes with clear thresholds for replanning might be of 
most value. Employing thresholds that are valid surrogates for requiring a replanning is 
crucial to obtain an adequate dose coverage without increasing the workload. The use of 
fiducial markers can be of added value in this, since systematic localization of the markers 
outside of the PTV is a clear indication for replanning. In addition, the assessment of 
whether an anatomical change would generally require a replanning is important as well. 
It was shown previously that a change in stomach filling does not require replanning 
[81]. In chapter 7 and 8 we showed that a reduction in cardiac volume also does not 
require replanning of treatment. The cardiac volume reduction we observed over the 
course of treatment, likely caused by dehydration due to concurrent administering of 
chemotherapy [188], did not result in a significant change in distribution of the dose. 
Therefore replanning is not warranted, even for patients showing a reduction in cardiac 
volume up to 120 ml. 

Other applications for adaptive radiotherapy
For the two major adaptive strategies, i.e. replanning during treatment or a plan selection 
strategy, several implementation methods and applications exist. 

Replanning 

A repeat CT and replanning can be scheduled at a certain point in treatment, for instance 
after a predefined number of fractions. Another approach to replanning is the use 
of a monitoring system: after certain anatomical changes seen on daily imaging have 
exceeded a predefined threshold, replanning of treatment is performed. This can be done 
when shrinking or deformation of the target is expected, such as in radiotherapy for lung 
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cancer [189, 190], cervical cancer [191], head and neck cancer [175, 192–197] and breast 
cancer [13, 198–201]. Other changes that can require replanning are changes in body 
weight or changes in normal tissue, which are both frequently seen in radiotherapy for 
thoracic cancers [174, 189, 190, 192, 202–205]. Since not all patients require replanning 
[13, 175, 194, 198], the workload reduces when a monitoring system is used instead of 
scheduled replanning. Replanning can increase treatment accuracy which has proven to 
result in improved locoregional control for some tumor sites [174, 175, 191]. In case of a 
reduction in PTV volume, replanning will spare the normal tissue as well [13, 174, 195, 196, 
198, 199, 204, 206]. For changes more transient in nature, such as normal tissue changes, 
monitoring should continue after replanning, with an additional replanning if necessary 
[202].

Plan selection

A plan selection strategy can be applied in case of day-to-day variations in target shape 
and position. For instance, the target in cervical and prostate cancer radiotherapy is 
influenced by bladder and rectal filling and would generally require large target margins 
[207, 208]. Plan selection strategies for cervical cancer use either variable CTV-to-PTV 
margins [141] or model-predicted CTVs with small PTV margins [14]. For prostate cancer 
treatment, scans acquired in the first week are used to obtain average CTV volumes for 
which one or more treatment plans for the remainder of treatment are created [8, 209–
211]. For both cervix and prostate, these strategies result in a reduction in dose to the 
normal tissue compared to the use of large population based CTV-to-PTV margins [8, 14, 
141, 209–211].

Outlook
The ultimate adaptive strategy is performing daily online replanning based on the actual 
anatomy during treatment. This is the final step in optimizing the delivery of external beam 
radiotherapy, in which margins are only required to compensate for the yet inevitable 
uncertainties in target definition and treatment setup. Daily online replanning requires 
fast daily imaging with superior soft tissue contrast, tools to automatically contour the 
target and organs at risk, software to quickly reoptimize the treatment plan, and smart 
algorithms that track the already delivered dose and use this in the reoptimization of the 
daily treatment plan. The main issues currently inhibiting the implementation of daily 
online replanning are image quality of the daily imaging device, and deformable image 
registration algorithms with acceptable outcomes. These are required for automatic 
contour propagation of delineations, and tracking of delivered dose. In addition, due to 
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intrafraction motion, the daily process should be as short as possible, so computational 
speed is essential as well. 

The following paragraphs will describe the challenges regarding workload for 
current and future adaptive strategies, the clinical value of adaptive radiotherapy and 
possibilities and challenges of some new developments.

Workload 

For individual patients, the benefit of an adaptive strategy can be substantial. However, 
adaptive strategies increase the workload, and workload is expected to increase even more 
upon the progression towards daily online replanning. This might stagnate the further 
development and implementation of ART. Therefore, in the current implementation of 
adaptive strategies, three areas of interest are always important: selection of anatomical 
changes that actually require an adaptive strategy, selection of patients that can 
potentially benefit, and the use of tools to reduce the workload. 

Analysis of anatomical changes and patient selection
Adequate selection of patients that have the potential to benefit from an adaptive 
strategy will improve the overall dosimetric results, with a limited effect on workload. 
Criteria for selection of patients can only be established by calculating the dosimetric 
results for a group of patients and assessing which characteristics define the patients 
that have the largest benefit. When these characteristics can be determined prior to 
treatment, the criterion can be used for selection of patients. For instance, for bladder 
cancer, the adaptive strategy as implemented in our institute is used only for patients 
with a substantial difference in pretreatment full and empty bladder volume. In 
addition, we found a non-significant trend that patients with dorsally located tumors 
will potentially benefit more from an adaptive strategy. For rectal cancer, more benefit 
was seen for patients with an empty bladder on the CT scan or a large volume of the 
upper mesorectum. Conversely, for esophageal cancer, we concluded that patients 
with a reduction in cardiac contour do not require an adaptive strategy for this. Similar 
criteria have been defined for other target sites: for breast, patients with an initially large 
resection cavity will benefit more from ART, whereas for head and neck cancer patients, 
nodal size and initial patient weight are relevant criteria [13, 205]. For cervix, only for 
patients with a large variation in uterus position on the CT scans an adaptive strategy 
is used. In case implementation of adaptive strategies is hampered by capacity issues, 
these criteria can be used to limit the workload increase. 
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Planning workload
The workload related to the planning phase, whether this is prior to treatment or during 
treatment in case of replanning, consists of acquisition and delineation of scans, and 
creating multiple treatment plans. Reducing the delineation workload can be obtained by 
using tools for automatic contouring. These tools are commonly based on a deformable 
registration between an already delineated scan and the scan that requires delineations. 
The already delineated scan can either be a previously acquired scan from the same 
patient [212], or it can be derived from a library of delineated scans, i.e. atlas-based 
segmentation [213, 214]. Both require manual editing, but have provided acceptable 
results for propagating contours between CT scans [212–214]. Even with manual editing, 
autocontouring is still faster than full manual contouring [213].  

An adaptive strategy always requires a single ‘base’ plan, which is to a certain extent 
comparable to the non-adaptive plan. When the base plan is a dual arc IMAT plan, it 
currently takes approximately 75 minutes to create, but with the current advances in 
soft- and hardware this is expected to quickly reduce to 45-60 minutes. The additional 
adaptive plans have features in common with the base plan, such as treatment site and 
part of the target volume. Therefore, they can be generated by reoptimizing the base plan, 
which takes approximately 20-45 minutes per plan. If reoptimization can be performed 
overnight, it will not exceedingly increase the workload of the department. However, this 
requires tools to reoptimize the base plan to fit the requirements of the adaptive plans, 
without user interaction. Ultimately, fully automated plan generation will result in the 
lowest possible planning workload [215].  

Workload during treatment
During treatment, assessing anatomical changes or selecting the appropriate plan 
should be performed quickly, to limit the time for intrafractional changes to occur. 
Both the assessment of anatomical changes and plan selection are within the scope of 
standard image-guided radiotherapy, which entails a registration between planning CT 
and daily CBCT, followed by assessing whether the PTV contour encompasses the target 
volume. Adaptive strategies will therefore not require significantly more time prior to 
daily treatment compared to standard online image-guided radiotherapy. 

New developments 

MR-guided radiotherapy
The combination of MRI with the treatment machine allows image-guidance with MRI. 
This solves one of the main issues for daily online replanning: image quality. A daily MRI is 
sufficient for accurate treatment adaptation. Integration of MRI with a linear accelerator, 
comparable to the currently integrated cone beam CT scan, is challenging due to the 
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physical design of both systems, and because the magnetic field interferes with the 
radiation beams [179]. A first and already clinically available solution is the integration 
of MRI with a Cobalt-60 radiotherapy system instead, but systems combining an MRI 
with a linear accelerator are also currently being built [179]. This enables an easier and 
more extensive implementation of adaptive strategies, since a good daily image quality 
eases plan selection and no longer hampers the delineation or evaluation of organs 
during treatment. MR-guided radiotherapy also enables intrafraction imaging without 
increasing the overall imaging dose. Upon advances in software tools and computational 
speed, real-time updating of the treatment plan, taking into account the already delivered 
dose, is a possibility [216, 217]. 

Proton therapy
One of the physical properties of proton therapy is the sharp dose gradient in the direction 
of the beam (figure 2). This inherently means a reduction in dose to the normal tissue, 
but it also requires a high precision. Therefore, ART might be especially beneficial in 
proton therapy. However, due to challenges regarding the size and cost of the accelerator, 
proton therapy is relatively new, and not widely implemented yet, which means that also 
methods to ensure a high tumor precision are currently not highly evolved. 

To ensure a good target coverage, adjusting the patient position using image-
guidance during treatment is a first step. However, this can lead to an altered dose 
distribution [218], because the range of the protons depends on the type and amount of 
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Figure 2: Dose profile of a photon (green) and a proton (pink) beam. Whereas the photon beam falls off 

exponentially with the depth, the proton beam shows a sharp peak in the region where the protons stop. This 

results in a dose sparing potential in the entrance and exit area of the beam.  
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tissue they traverse. These errors can be incorporated in the uncertainties that are taken 
into account during planning, which is called robust optimization, but this will increase 
the volume of tissue receiving the high dose. 

Current adaptive strategies that are used in photon radiotherapy, such as replanning 
or plan selection, can be a next step in ensuring a good target coverage for proton therapy 
[155, 196, 219]. To compensate for motion, tracking of the tumor or gating of the treatment 
can also increase accuracy [220]. To optimally benefit from the positive characteristics 
of proton therapy, online daily replanning would be the primary option. Daily online 
replanning for proton therapy encounters the same issues as for photon therapy, and is 
therefore currently difficult to implement clinically.

Clinical value of adaptive radiotherapy

With appropriate patient selection and sufficient tools to decrease necessary user 
interaction during the planning phase, the increase in workload can be kept to a 
minimum, with the exception of the implementation phase. If, however, patient selection 
is not possible and reoptimization or replanning tools are not available, the increase in 
workload can be substantial. In these situations, the cost of the increased workload 
should be weighed against the benefit in terms of treatment outcome and toxicity for 
the patients. 

Increased target coverage, which is expected for replanning in case of shrinking and 
deforming tumors [82, 141, 191, 202], should always be pursued if actual target coverage 
is significantly below the clinical evaluation parameters. Therefore, an adaptive strategy 
aimed at increasing target coverage can be implemented against a higher cost regarding 
workload and required effort compared to an adaptive strategy aimed at reducing dose 
to the normal tissue. The latter is the case for tumors with a large day-to-day variation 
requiring large target margins, for which the actual possible amount of sparing is a factor 
of interest. Since we have shown that the reduction in dose by using IMRT instead of 
3D-CRT results in a significant reduction in toxicity, it is reasonable to pursue dosimetric 
sparing in the same order of magnitude. We have also shown that such an amount of 
bowel sparing by using the adaptive strategies for bladder and rectum can be obtained, 
however, this was only achieved in individual patients, not for the entire group. The same 
effect is expected for daily online replanning, which requires an even higher workload. 
Patient selection therefore seems essential.

Finally, the clinical value of adaptive radiotherapy remains unknown until prospective 
studies or even randomized controlled trials have shown either the expected increase in 
locoregional control, or reduction in toxicity. These trials require large patient numbers, 
but patient’s informed consent might be hard to obtain after adequate explanation of 
the trial design. Even though some attempts to quantify the clinical value of adaptive 
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radiotherapy have already been made [174, 175], these studies should be the next step in 
the evaluation of current adaptive strategies.
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Summary
The success of radiotherapy is defined by how well we are able to treat the tumor, without 
overly damaging the healthy tissue. In radiotherapy, a CT scan acquired prior to treatment 
is used to create an irradiation plan, which is employed for each daily treatment fraction 
during the entire course of treatment. To ensure that the daily situation during treatment 
matches the situation during planning, image-guidance is used to verify and adjust the 
patient position, by means of daily acquired cone beam CT (CBCT) scans. Still, large safety 
margins around the target volume are required to compensate for uncertainties in the 
treatment chain, which inherently lead to a larger volume of irradiated healthy tissue, 
potentially resulting in treatment toxicity. A reduction of margins is therefore needed, but 
this is currently limited by, for instance, anatomical changes over the course of treatment 
and our ability to correct for these. The only approach to deal with day-to-day variations 
in anatomy, is by adaptation of the treatment plan and therefore using multiple plans 
instead of a single one. This is called adaptive radiotherapy, for which several strategies 
have been proposed. These strategies are tailored to the different patterns of anatomical 
changes. For systematic changes such as weight loss or tumor regression, the original 
plan can be adapted during the course of treatment, i.e. a replanning strategy. For more 
random variations, such as bladder or rectal filling, daily selection of the best fitting plan 
from a patient-specific ‘library’ of plans is a suitable strategy, i.e. a plan selection strategy. 
Whereas many organs that are subject to anatomical changes during treatment can be 
identified, the most suitable strategy and the actual added value of such a strategy need 
thorough investigation. 

In this thesis, a range of aspects concerning adaptive radiotherapy are addressed: 
from identifying anatomical changes that require an adaptive strategy, to designing new 
strategies and analyzing the actual patient benefit regarding dose to targets and healthy 
tissue. Three applications for adaptive radiotherapy are therefore studied: radiotherapy 
for bladder cancer, rectal cancer and esophageal cancer. 

For bladder cancer, radical radiotherapy is the only remaining treatment option 
in patients unfit for surgery or chemotherapy. However, radiotherapy is considered a 
suboptimal treatment with high rates of tumor recurrence and low survival, based on 
studies in which patients were treated with older treatment techniques. Over the past 
fifteen years, the treatment of bladder cancer with radiotherapy has been improved 
greatly. The implementation of a tumor boost enabled dose escalation, and implantation 
of tumor markers has improved image-guidance. Furthermore, the use of intensity-
modulated radiotherapy (IMRT) produced a tighter sculpting of the irradiation dose 
around the target volume, resulting in a higher treatment accuracy. In chapter 2 we 
investigate the outcome of these efforts: in 73% of the 118 patients treated for bladder 
cancer with radiotherapy, the tumor did not recur within three years, from which we 
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concluded that radical radiotherapy is feasible and effective in medically unfit patients. 
Fifty-one of these patients were treated with IMRT, of which 5% showed late intestinal 
toxicity, compared to 20% for the 67 patients treated with an older technique. When tumor 
markers were implanted, the target margins were smaller, which reduced the rate of acute 
urinary toxicity. These results show that efforts to reduce the dose to the healthy tissue 
actually reduce the rates of toxicity. In chapter 3, we analyze whether an adaptive plan 
selection strategy can reduce the dose to the healthy tissue even further. Our adaptive 
strategy consisted of the creation of a patient-specific library of five different treatment 
plans for five different bladder fillings. These bladder fillings were obtained by inter- and 
extrapolation between a full and empty bladder planning CT scan. Each bladder filling 
was expanded with a small margin to obtain the planning target volume (PTV), which 
were used to create five different irradiation plans. Daily selection of the best fitting PTV 
was performed using daily acquired CBCT scans. Using these CBCT scans, we calculated 
the actually delivered dose. We concluded that our adaptive strategy improved target 
volume irradiation compared to our non-adaptive approach, and significantly reduced 
bowel cavity dose. Other plan selection strategies for bladder cancer treatment have 
been implemented at other institutions, but it is unknown which strategy is favorable in 
terms of accuracy of treatment. In chapter 4, we therefore directly compare our strategy 
with another commonly used strategy as implemented in another institution. This other 
strategy used the first four CBCT scans to create three different planning target volumes. 
We found a higher probability for tumor control for this CBCT-based strategy, but this 
was caused by the difference in dose prescription between both institutions. The lower 
healthy tissue dose we found for our strategy was reflected in the finding that the PTV 
from the CBCT-based strategy was on average 3.9 times larger than the daily bladder 
volume, compared to 2.2 times for our strategy. 

In chapter 5, the feasibility of an adaptive plan selection strategy for radiotherapy of 
rectal cancer is assessed. Similar to the bladder, the rectum is a highly deforming organ. 
Large target margins are therefore used, which result in a high dose to the bowel cavity 
and bladder. We designed a plan selection strategy with variable target margins, resulting 
in three PTVs available for daily plan selection using CBCT scans. We found that this 
strategy is feasible, and in chapter 6 we compare this strategy to our currently used non-
adaptive approach. By calculating the dose on each daily CBCT scan, we found a small 
improvement in target volume irradiation, as well as minor sparing of the bladder and 
bowel. However, the sparing was substantial for individual patients, due to variations in 
patient anatomy. 

In chapter 7 we describe the decrease in heart volume over the course of treatment 
for esophageal cancer, which was revealed upon the introduction of image-guidance for 
radiotherapy. Quantification of this reduction in 26 patients showed a median significant 
reduction of 8%, which was not related to the planned cardiac dose. It was shown in a 
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later study that the reduction in cardiac volume is related to dehydration. Nevertheless, 
an anatomical change can result in a clinically relevant change in the radiation dose 
distribution, which could warrant an adaptive replanning strategy. In chapter 8, we 
calculate the radiotherapy dose before and after the cardiac volume change for 13 
patients, but we did not see a clinically significant change in dose to the target volume 
and to the heart. We therefore concluded that adaptation of the treatment plan during 
the course of radiotherapy is not advocated. 

For individual patients, the benefit of an adaptive strategy can be substantial. 
However, adaptive radiotherapy inherently increases the workload, which will increase 
even more upon the progression towards strategies in which replanning is performed 
on a daily basis. To prevent stagnation of further development of adaptive radiotherapy 
due to an excessive workload, it is important to find criteria to select patients that are 
most likely to benefit from an adaptive strategy, and to develop soft- or hardware tools 
to reduce the workload. Studies that assess the potential dosimetric sparing of healthy 
tissue or improved treatment accuracy can aid in finding criteria for patient selection, 
and help in deciding which strategies are worth the increased workload. However, the 
actual value of adaptive radiotherapy remains unknown until prospective studies have 
shown either the expected reduction in tumor recurrence or treatment toxicity resulting 
from an implemented adaptive strategy.
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Samenvatting voor niet-ingewijden

Mogelijke winst en klinische implementatie van adaptieve radiotherapie

Bij uitwendige bestraling worden van buiten de patiënt bundels met röntgenstraling op 
het te behandelen gebied gericht. De straling dringt door de huid heen en beschadigt de 
cellen, zodat deze afsterven. Het succes van een behandeling met radiotherapie wordt 
bepaald door het vermogen om de complete tumor goed te bestralen, zonder daarbij 
het gezonde weefsel teveel schade toe te brengen. Om vast te stellen waar de tumor 
zich precies bevindt, wordt eerst een CT-scan gemaakt. Deze wordt gebruikt om een 
bestralingsplan te maken waarin vaststaat vanuit welke richtingen de stralingsbundels 
moeten komen om de hele tumor te bestralen, en hoe lang die bestraling per richting 
moet duren. De totale stralingsdosis wordt over meerdere dagen verdeeld, en voor elke 
dag wordt hetzelfde bestralingsplan gebruikt. Om ervoor te zorgen dat de patiënt tijdens 
elke bestraling zoveel mogelijk op dezelfde positie ligt als tijdens de CT-scan, wordt er 
dagelijks een conebeam CT (CBCT)-scan van de patiënt gemaakt. De CBCT-scan wordt 
over de CT-scan heen gelegd, en wordt verschoven zodat bijvoorbeeld het skelet op beide 
scans precies over elkaar heen ligt. Op basis van deze verschuiving wordt de tafel waarop 
de patiënt ligt ook verschoven. Desondanks is het nog altijd nodig om ook een marge 
rondom de tumor te bestralen, om te compenseren voor onzekerheden in de behandeling. 
Met grote veiligheidsmarges wordt er meer gezond weefsel bestraald, wat vervolgens tot 
bijwerkingen kan leiden. Nieuwe en innovatieve technieken kunnen de onzekerheden in 
de behandeling verminderen. Hierdoor kunnen de marges worden verkleind en kan de 
nauwkeurigheid van de bestraling worden vergroot. 

Een voorbeeld van een onzekerheid tijdens de behandeling zijn anatomische 
veranderingen die optreden gedurende het gehele behandeltraject, zoals gewichtsverlies, 
verkleining van de tumor en blaas- of darmvulling. Om het verschil in anatomie op te 
vangen moet het behandelplan worden aangepast, waardoor er meerdere plannen 
tijdens de behandeling nodig zijn. Dit heet adaptieve radiotherapie, en hiervoor zijn 
meerdere strategieën mogelijk. Deze strategieën zijn afgestemd op het type anatomische 
veranderingen: systematische of dagelijkse veranderingen. Voor systematische 
veranderingen die in de loop van de behandeling optreden, zoals gewichtsverlies 
of tumorafname, kan het originele plan worden aangepast gedurende de loop van de 
behandeling. Dit heet her-plannen. Voor dagelijkse variaties, zoals door blaas- of 
rectumvulling, kan op basis van de CT-scan een verzameling plannen worden gemaakt, 
waaruit elke dag het best passende plan wordt gekozen aan de hand van de CBCT-scan. 
Er zijn veel verschillende tumorsoorten waarin anatomische variaties een uitdaging 
vormen. Het is noodzakelijk om grondig te onderzoeken wat de best passende adaptieve 
strategie en de bijbehorende toegevoegde waarde ervan is.   
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In dit proefschrift komen verschillende aspecten rondom adaptieve radiotherapie aan 
bod: van het identificeren van anatomische veranderingen waar een adaptieve strategie 
voor nodig is, tot het ontwerpen van nieuwe strategieën en het analyseren van het 
voordeel voor de patiënt. Dit proefschrift behandelt adaptieve radiotherapie voor drie 
verschillende soorten kanker: blaas-, rectum- en slokdarmkanker. 

Voor blaaskanker is radicale radiotherapie de enige overgebleven behandelmethode 
voor patiënten die door hun slechte conditie niet geschikt zijn voor een operatie of voor 
chemotherapie. Radiotherapie wordt gezien als een suboptimale behandeling, waarbij de 
tumor vaak terugkeert na de behandeling en de overlevingsduur kort is. Dit is gebleken 
uit studies waarin patiënten met oudere bestralingstechnieken werden behandeld, 
terwijl gedurende de afgelopen vijftien jaar de bestraling van blaaskanker juist sterk 
is verbeterd. De toepassing van een tumorboost zorgde er bijvoorbeeld voor dat er een 
extra hoge stralingsdosis aan de tumor kan worden gegeven. Ook is het positioneren 
van de patiënt verbeterd door het markeren van de tumor met een vloeistof die op CT- 
en CBCT-scan zichtbaar is. Verder kan er door intensity-modulated radiotherapy (IMRT) 
veel gerichter bestraald worden, waardoor de behandeling nauwkeuriger is geworden. 
In hoofdstuk 2 onderzoeken we de resultaten van deze nieuwe technieken: in 73% van 
de 118 patiënten die bestraald zijn voor blaaskanker, kwam de tumor niet terug binnen 
drie jaar. Hieruit concludeerden we dat radicale radiotherapie haalbaar en effectief is 
voor patiënten in een medisch slechte conditie. Van de patiënten die met IMRT werden 
bestraald kreeg 5% darmbijwerkingen, terwijl dit voor de patiënten die met een oudere 
techniek werden bestraald 20% was. Verder zagen we dat het markeren van de tumor tot 
een kleiner aantal blaasbijwerkingen heeft geleid. Dit komt doordat de marges kleiner 
zijn bij gebruik van tumormarkeringen, waardoor het totale bestraalde gebied kleiner is. 
Deze resultaten laten zien dat technieken om de bestraling van het gezonde weefsel te 
verminderen ook daadwerkelijk tot minder bijwerkingen leiden. 

In hoofdstuk 3 wordt onderzocht of een adaptieve strategie voor blaaskanker de 
stralingsdosis in het gezonde weefsel nog verder kan verminderen. Onze adaptieve 
strategie bestond per patiënt uit het maken van een serie van vijf verschillende 
bestralingsplannen voor vijf verschillende blaasvullingen. Hiervoor werden voorafgaand 
aan de bestraling twee CT-scans gemaakt: een met een volle en een met een lege blaas. 
Op basis hiervan werden vijf plannen gemaakt voor verschillende stadia van blaasvulling: 
van een lege blaas tot een volle, en drie stadia ertussenin. Dagelijkse selectie van het best 
passende plan werd gedaan op de dagelijkse CBCT-scans. Door de gegeven stralingsdosis 
per dag uit te rekenen konden we concluderen dat onze adaptieve strategie de bestraling 
van het tumorgebied verbetert in vergelijking tot onze oude, niet-adaptieve strategie. 
Verder kwam er met deze adaptieve strategie minder straling in de darmen. 

In andere ziekenhuizen worden ook planselectiestrategieën toegepast, maar deze 
verschillen onderling. Het is nog onduidelijk welke strategie tot een betere nauwkeurigheid 
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van de bestraling leidt. In hoofdstuk 4 vergelijken we daarom onze strategie met de 
strategie van een ander instituut. Bij de andere strategie waren pas na vijf bestralingen 
de plannen voor planselectie beschikbaar; de blaasvullingen op de CBCT-scans van de 
eerste vier bestralingen werden gebruikt voor het maken van de verschillende plannen. 
Het belangrijkste resultaat van de vergelijking was een verschil in stralingsdosis in het 
gezonde weefsel, in het voordeel van onze strategie. Dit kon deels verklaard worden door 
verschillen in de hoeveelheid voorgeschreven stralingsdosis, maar ook doordat de stadia 
van blaasvulling waarop de plannen zijn gebaseerd anders waren. Bij onze strategie was 
het gekozen plan gemiddeld 2,2 keer groter dan het dagelijkse blaasvolume, terwijl bij de 
andere strategie het plan gemiddeld 3,9 keer groter was. 

In hoofdstuk 5 wordt de haalbaarheid van een adaptieve strategie op basis van 
planselectie voor de bestraling van rectumkanker geanalyseerd. Het rectum is, net als de 
blaas, een orgaan dat sterk van vorm en grootte kan veranderen. Er worden daarom grote 
marges rondom de tumor gebruikt, maar dit resulteert in veel straling in de darmen en 
in de blaas. We hebben een planselectiestrategie ontworpen waarbij gebruik gemaakt 
wordt van verschillende marges, resulterend in drie verschillende plannen per patiënt. 
Uit deze verzameling plannen kon vervolgens het best passende plan worden gekozen 
op de dagelijkse CBCT-scan. Deze strategie bleek haalbaar, en in hoofdstuk 6 wordt 
de strategie vergeleken met de standaard, niet-adaptieve strategie. We vonden een 
kleine verbetering in de nauwkeurigheid van de bestraling van de tumor, en een kleine 
vermindering van straling in darmen en blaas. Wel bleek deze vermindering sterk te 
verschillen tussen patiënten: gemiddeld is de vermindering in bestraling van gezond 
weefsel matig, maar door verschillen in anatomie was voor een aantal patiënten het 
voordeel van een adaptieve strategie aanzienlijk. 

In hoofdstuk 7 beschrijven we de verkleining van het hartvolume tijdens de bestraling 
van slokdarmkanker. Dit fenomeen werd ontdekt toen regelmatig een CBCT-scan tijdens 
de behandeling werd gemaakt. In de 26 onderzochte patiënten bleek het hartvolume 
gemiddeld 8% af te nemen gedurende de behandeling, en we konden niet aantonen dat 
deze afname werd veroorzaakt door de hoeveelheid straling die in het hart terechtkomt. 
Inmiddels is gebleken dat de afname in hartvolume door uitdroging als bijwerking bij 
chemotherapie wordt veroorzaakt. Omdat een dergelijke anatomische verandering 
tot een klinisch relevante verandering van de hoeveelheid straling kan leiden, is een 
adaptieve her-planningsstrategie wellicht nodig. In hoofdstuk 8 onderzoeken we voor 
13 patiënten wat de stralingsdosis is voor en na de afname van het hartvolume. We zagen 
geen klinisch significant verschil in bestraling van de tumor en de hoeveelheid straling in 
het hart. We concludeerden daarom dat een adaptieve strategie voor de hartafname bij 
slokdarmkanker niet nodig is. 

Voor individuele patiënten kan het voordeel van een adaptieve strategie aanzienlijk 
zijn. Adaptieve radiotherapie zorgt niettemin voor een aanzienlijke verhoging van de 
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werklast, die nog verder verhoogd zal worden wanneer de ontwikkeling van adaptieve 
strategieën zich verder doorzet. Om stagnatie van de ontwikkeling vanwege een te hoge 
werklast te voorkomen, is het belangrijk om patiënten te kunnen selecteren waarbij het 
grootste effect verwacht wordt. Verder moet soft- en hardware worden ontwikkeld die tot 
doel heeft de werklast te verminderen. Het analyseren van de mogelijke vermindering van 
straling in gezond weefsel, en de mogelijke verbetering van de behandelnauwkeurigheid, 
kan helpen in het vinden van selectiecriteria voor geschikte patiënten, en kan een 
beslissende factor zijn bij het bepalen of een adaptieve strategie de verhoogde werkdruk 
waard is. Desondanks kan de werkelijke waarde van adaptieve radiotherapie pas worden 
bepaald wanneer wordt aangetoond dat de tumorvrije overleving inderdaad wordt 
verhoogd, en of de bijwerkingen inderdaad afnemen wanneer er adaptieve radiotherapie 
wordt toegepast.  
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Dankwoord
Eindeloos heb ik het proberen uit te stellen, maar het moet toch echt: het dankwoord 
schrijven. Het is het meest gelezen onderdeel van het proefschrift, dus je wilt er wel 
een boeiend stukje van maken (maar ik heb ook m’n best gedaan op de Nederlandse 
samenvatting, dus probeer die toch eens door te worstelen). Je promotieonderzoek is in 
de eerste plaats een opleidingstraject, waarin je leert een goede onderzoeker te zijn. Ik 
heb alleen zo ontzettend veel meer geleerd, en daar ben ik een heleboel mensen heel erg 
dankbaar voor. Hoe bedank je mensen die zoveel meer hebben betekend? Bij deze mijn 
poging.  

Coen,  na elke bespreking was ik, naast een beetje overdonderd, altijd extra gemotiveerd 
om het onderste uit de kan te halen. Je kritische blik en goede ideeën hebben het 
onderzoek richting en vorm gegeven. Je hield het overzicht, en hebt geholpen om een 
geheel van de verschillende studies te maken. Dank daarvoor. 

Arjan, tijdens mijn promotie heb ik zo vaak gedacht: had iedereen maar zo’n 
begeleider. Je deur staat (bijna) altijd open, van de wekelijkse afspraak wordt (bijna) 
niet afgeweken, en je vindt het winnen van een sportpooltje (bijna) net zo belangrijk als 
het binnenhalen van een beurs. Je hebt oog voor meer dan alleen de wetenschappelijke 
output van je studenten, en daar ben ik heel dankbaar voor. Pas bij het herlezen van 
alle artikelen voor dit boekje realiseerde ik me dat ik de afgelopen jaren aardig wat heb 
bijgeleerd wat schrijven betreft. Dank voor je geduld. 

Maarten, ondanks dat je het altijd veel te druk hebt, heb je toch vaak en grondig 
commentaar op mijn stukken geleverd, die daar altijd beter van werden. Ik heb inhoudelijk 
ontzettend veel van je geleerd, met name van de continue vertaalslag die je maakt tussen 
kliniek en onderzoek. Je gaf altijd onomwonden je mening, en ondanks dat ik daardoor 
soms met knikkende knieeën naar onze besprekingen toeging (dat kan ik nu wel eerlijk 
toegeven), heeft het me altijd weer vooruitgeholpen. Bedankt daarvoor.  

Als je als beginnende PhD-student geen flauw benul hebt waar je mee bezig bent, is het 
heel fijn als je op een afdeling zit waar iedereen elkaar graag wil helpen en interesse in 
elkaar toont. Ook als je wel weet waar je mee bezig bent, is het fijn dat deuren altijd open 
staan en mensen hun best doen om de boel een beetje gezellig te houden. Ik wil daarom 
alle collega’s van de afdeling ontzettend bedanken voor de hulp, de fijne samenwerking, 
de gezelligheid (tijdens borrels, maar ook tijdens de lunch en koffie- en fruitpauzes), en 
de interesse in elkaar. Zonder iemand tekort te willen doen, noem ik graag nog een paar 
mensen die ik in het bijzonder wil bedanken. 

Astrid, ondanks dat we niet op hetzelfde project werkzaam waren, heb je me altijd 
van hulp en advies voorzien als ik als nieuweling in de wetenschap weer eens ergens 
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tegenaanliep. Maar belangrijker: er loopt in het leven en in een promotie wel eens iets 
anders dan de bedoeling was, en ik mocht altijd bij je aankloppen als dat weer het geval 
bleek. Bij gebrek aan een minder cheesy woord: dank voor al je levenswijsheden. 

Eelco en Stijn, we moeten toch al gauw in totaal een paar honderd kopjes koffie 
hebben gehaald, ‘s ochtends om negen uur. Altijd alleen voor onszelf, want aan koffie 
halen voor een ander kunnen we toch niet beginnen. Omdat onze projecten ongeveer 
gelijktijdig liepen, konden we ook ongeveer tegelijkertijd successen vieren of elkaars 
problemen aanhoren. Ik kon ook altijd naar jullie toerollen om iets inhoudelijks te 
bespreken, of om hulp te vragen als ik me teveel had blindgestaard op een probleem. 
Ontzettend bedankt voor de fijne tijd. 

Anna en Sophie, onze onderzoeken hebben maar weinig raakvlakken met elkaar 
gehad. Toch hebben jullie me soms erg vooruitgeholpen, omdat jullie er juist vanuit 
een andere hoek naar keken. Anna, ik moet heel wat uren op de extra stoel in je kamer 
hebben doorgebracht, en wat heb ik dat gemist toen je eenmaal weg was. Sophie, ik denk 
dat ons leven een nieuwe dimensie kreeg toen de Starbucks in het AMC opende. Ik ben 
ontzettend blij dat jullie mijn collega’s waren de afgelopen jaren, bedankt dat jullie mijn 
paranimfen willen zijn!

Verder: Jorrit, je tooltjes hebben me het leven veel makkelijker gemaakt, en ik heb 
ontzettend veel geleerd van je praktische kijk op de dagelijkse ART-praktijk. Rianne,  
naast de fijne samenwerking was je laborantenblik af en toe ook van onschatbare 
waarde om te begrijpen waar ik ook alweer mee bezig was. Datzelfde geldt voor Martijn, 
Lisette en Koen: dank voor de hulp en de samenwerking bij de verschillende studies, ook 
al waren het soms echte rotklussen. Peng, je weet het vast zelf niet meer, maar jouw 
Matlab-code heeft me een half jaar werk gescheeld, dank! Dank ook aan de studenten 
die ik de afgelopen jaren heb begeleid; jullie hebben me werk uit handen genomen, en 
jullie feedback was erg waardevol.

Karel en Yvonne, bedankt voor jullie geduldige uitleg over jullie meetwerk en 
Oncentra de afgelopen jaren. Caspar en Gerben, dank dat jullie trouwe borrelbezoekers 
zijn geweest, en dat ik dankzij jullie nu van alles weet over niet-radiotherapie gerelateerde 
zaken, van het instellen van je wifi-modem tot de prijs van een gemiddeld kasteel in 
Drente. Alle kamergenoten de afgelopen jaren: dank voor de gezelligheid, en de kaartjes 
die we elkaar vanuit de hele wereld hebben gestuurd. Alle onderzoekers wil ik graag 
bedanken voor de onderlinge hulp, de interessante presentaties, en de leuke discussies 
die naar aanleiding daarvan ontstonden. 

I would like to thank Elekta for the opportunity to conduct this project. I would furthermore 
like to thank the Advanced Development team of Oncentra, especially David and Camilla, 
for hosting me in Uppsala, and for all the fruitfull discussions in the first period of my 
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PhD-project. My short-term colleagues of Aarhus University Hospital, thank you for 
having me in Aarhus! Ludvig, thank you for inviting me into your group as well as your 
help in improving the manuscript, and Anne, you made my time in Denmark truly great. 

Familie, bedankt voor jullie interesse de afgelopen jaren, en het warme nest waar ik 
altijd weer naar terug kan keren. Vrienden, al dan niet promoverend, bedankt voor de 
afleiding, goede raad, luisterende oren, schouders om op uit te huilen, wandeltochtjes, 
bioscoopavonden, vakanties en weekendjes weg, kopjes thee, wijntjes op dakterassen en 
biertjes in de kroeg, verhuishulp, en de gezelligheid. Jullie waren er altijd, of er nou iets 
te vieren viel of niet. Bedankt. 

Abel, je hebt alles zoveel leuker gemaakt. Roel en Sanne (en aanhang), bedankt voor 
alles, en ondanks dat ik het als Tukker bijna m’n strot niet uitkrijg: ik ben trots op jullie. 
Lieve papa en mama, het gaat te ver om hier op te sommen wat jullie voor me hebben 
betekend en waar ik jullie daarom voor wil bedanken. Dus: bedankt voor alles. 
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