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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 
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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 



135Discussion

9

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.


