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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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Delivery of 5 fractions to PTVboost, 
to a dose of 10 Gy.
- Online match on tumor   

markers

Imaging

Sequential 
boost

Create 
library of 
structures

Planning

Treatment

Delineate bladders on CT and 
CBCTs
Boolean operations on bladder 
delineations:

Bladdersmall : volume 
contained in ≥ 2 bladder 
delineations
Bladdermedium: union of all 
bladder delineations
Bladderlarge: CT bladder 
+ 20 mm superior/anterior 
+ 15 mm posterior 
+ 10 mm in other directions

-

-

*

*

*

CT scan:
- empty bladder
- rescan after 15 min

Use first 
4 CBCTs

CT scan:
- empty bladder
- full bladder

Delineate bladders on both CT 
scans
Delineate GTVs
Deformable registration 
between both bladders and both 
GTVs
Scale resulting deformation 
vector field with 5 factors:

-

-
-

-

* 0% (empty bladder)
* 33%
* 67%
* 100% (full bladder)
* 133%

PTVboost:                 

PTVelective:

     Bladder:             
     Lymph nodes:  

Number of fractions: 30

60 Gy
48 Gy

PTVboost:                 
PTVelective:
     Bladder:             
     Lymph nodes:  

Number of fractions: 20

40 Gy
40 Gy

1. Empty bladder
2. Daily CBCT
3. Match on bony anatomy
4. 

Full bladder
Daily CBCT
Match on bony anatomy
Plan selection: bladder should 
fit in one of interpolated 
bladder structures
Manual adaptation of bone 
match to ensure coverage of 
tumor markers by PTVboost

1.
2.
3.
4.

5.

Plan selection: bladder should 
fit in Bladdersmall  + 3 mm, or 
Bladdermedium+ 3 mm, 
otherwise Bladderlarge is chosen

70 Gy (in 35 
fractions)

55 Gy

CBCT-based strategy CT-based strategy

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. 



69Comparison of two adaptive strategies for bladder cancer radiotherapy

4
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%) 

7 x 108 7 x 107 7 x 106 7 x 105 7 x 104 7 x 103

0
20

40
60

80
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0
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P 
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)

Tumor cell count

Strategy
CBCT-based
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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 

CBCT CT

0
20

0
40

0
60

0

Vo
lu

m
e 

(c
m

3 )

Bowel cavity V45Gy

CBCT CT

0
20

40
60

80
10

0
Vo

lu
m

e 
(%

)

Strategy

Rectum V30Gy

CBCT CT

0
20

40
60

80

Non-involved bladder D99%

D
os

e 
(G

y)

Figure 3: Dose and irradiated volume for the OARs, for both strategies. Significant differences are indicated 

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.



75Comparison of two adaptive strategies for bladder cancer radiotherapy

4

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. 


