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 Abstract 
 Clinical implementation of adaptive radiotherapy strategies could benefi t from extended tools for plan evaluation and 
selection. For this purpose we investigated the feasibility of image-based tumour control probability (TCP) modelling 
using the bladder as example of a tumour site with potential benefi t from adaptive strategies.  Material and methods.  Two 
bladder cancer patients that underwent planning CT and daily cone beam CT (CBCT) imaging during the treatment 
course were included. The bladder was outlined in every image series. Following a previously published procedure, vari-
ous adaptive planning target volumes (PTVs) were generated from the inter-fractional bladder variation observed during 
the fi rst four CBCT sessions. Intensity modulated treatment plans delivering 60 Gy to a given PTV were generated. In 
addition, simultaneous integrated boost (SIB) plans giving a 10 Gy boost to the tumour were created. Using the daily 
CBCT images and polynomial warping, the dose in each bladder volume element was tracked fraction by fraction. TCP 
calculations employing the tracked accumulated dose distributions, together with radiosensitivity parameters estimated 
from published data on local control of bladder cancer were performed. The dependence of TCP on the simulated clo-
nogenic cell distribution was also explored.  Results.  For a uniform clonogenic cell density in the whole bladder, TCP 
varied between 53% and 58% for the 60 Gy plans, while it was between 51% and 64% for the SIB plans. The lowest 
values were found when using the smallest PTVs, as they did not geometrically enclose the clinical target volume in all 
fractions. When increasing the clonogenic cell density in the tumour relative to that in the remaining bladder, the TCP 
saturated at approximately 75% for the SIB plans.  Conclusion.  Dose tracking and TCP calculation provided additional 
information to standard criteria such as geometrical coverage for the selected cases. TCP modelling may be a useful tool 
in plan evaluation and for selection between multiple plans.   
 Recent in-room imaging techniques, such as cone 
beam computed tomography (CBCT), have allowed 
for the use of new strategies in radiotherapy both in 
terms of patient positioning and treatment adapta-
tion. Adaptive strategies may include soft tissue reg-
istration, individualised or multiple treatment plans 
and inter-fraction dose accumulation [1 – 9]. Indi-
vidualised planning target volumes (PTVs) may be 
generated to match the clinical target volume (CTV) 
for various shapes or sizes during the whole treat-
ment course [2,4,7]. 

 The selection of a treatment plan of the day from 
multiple alternatives may not be straightforward. Inter-
fraction variations in patient anatomy can cause changes 
in the positions of the CTV and normal tissues relative 
to the high dose volume. Three-dimensional imaging 
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prior to treatment allows for selection of the most 
 suitable plan on a daily basis, based on geometrical 
criteria. On the other hand, conventional treatment 
plans are usually based on dose volume histograms for 
the diseased volume and organs at risk outlined in a 
pre-treatment CT. Following daily imaging, doses to 
each volume element can be tracked using rigid or 
non-rigid registration and accumulated dose-volume 
histograms can be used to evaluate and re-plan the 
treatment if necessary [8,10]. However, neither geo-
metrical, nor dose-volume criteria provide information 
on biological effects such as normal tissue complication 
probabilities (NTCP) or tumour control probability 
(TCP). Implementation of novel strategies, such as 
simultaneous integrated tumour boosts (SIBs), cannot 
fully be based on previous methods due to the lack of 
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empirical data. Mathematical modelling of normal and 
tumour tissue responses may then help selecting the 
appropriate adaptive treatment plan or strategy. 

 This study investigated the use of TCP modelling 
used as a tool for evaluation and selection between 
adaptive intensity modulated radiotherapy (IMRT) 
plans, created based on volumetric criteria. Besides 
whole bladder irradiation plans, SIB plans delivering 
an additional 10 Gy dose to the tumour were inves-
tigated. The density of clonogenic cells in the bladder 
wall and tumour was varied in order to evaluate 
potential clinical advantages of the SIB.  

 Material and methods  

 Patient material 

 Two bladder cancer patients who underwent a 
planning CT (Phillips Mx8000 and BB16) and 27 
and 21 daily CBCT (Varian OBI 1.4) scans were 
selected for the study. The in-plane resolution of all 
images was 1�1 mm and the slice thickness 3 mm. 
All CTVs, or bladders, were outlined by a single 
observer. The CBCTs were registered to the plan-
ning CT by overlapping the geometrical centres of 
the CTVs. Patient characteristics have been described 
previously [7].   

 PTV generation 

 The adaptive strategies used for the study were based 
on a previously published method [7]. Initially three 
PTVs for whole bladder irradiation were created: a 
standard plan and two adaptive plans. The standard 
plan was based on the ITV used at Aarhus University 
Hospital (AUH) which is generated by expanding 
the CTV as seen in the planning CT by margins 
of 1.0 cm inferior and lateral, 1.5 cm posterior and 
2.0 cm anterior and superior. Since the additional 
ITV-to-PTV margin assumes set-up based on skin 
markers and not on bony structures the ITV (and 
not the PTV) was used. The fi rst adaptive plan, A I  
with PTV AI , was based on the total volume occupied 
by (i.e. the union of) the CTV in the planning CT 
and the CTVs in the fi rst four CBCT image series. 
The second adaptive plan, A II  with PTV AII , was also 
based on this union, but with regions covered by the 
CTV only once excluded. 

 Resulting volumes of the standard PTV, PTV AI  
and PTV AII  were 445 cm 3 , 160 cm 3  and 136 cm 3  for 
patient 1 and 438 cm 3 , 155 cm 3  and 129 cm 3  for 
patient 2. The standard PTV had for both patients 
full geometric coverage of the CTV on all the remain-
ing daily CBCTs not used in planning. In all frac-
tions, PTV AI  geometrically covered 95% of the repeat 
scan CTV for both patients. It also covered 99% of 
the CTV in 16 of 23 repeat CBCTs for patient 1 and 
15 of 16 for patient 2. Furthermore, for patient 1, 
PTV AII  geometrically covered all 23 repeat scan CTVs 
to 90%, 18 scans of them to 95% and 12 scans to 
99%. Correspondingly, for patient 2 PTV AII  geomet-
rically covered 95% of the repeat scan CTV in all 16 
fractions and covered 13 of them to 99%. In a clinical 
day-to-day adaptive strategy the three different PTVs 
should be used in parallel, selecting the smallest PTV 
that covers the CTV seen on the image of the day. 

 For the SIB, boost volumes were created by 5 mm 
isotropic expansion of the tumour as contoured on 
the CT. This resulted in boost volumes of 25 cm 3  
and 45 cm 3  for the patients 1 and 2 respectively. To 
obtain SIB PTVs, the boost volumes were added to 
the standard PTV and PTV AII .   

 IMRT plans and adaptive strategies 

 A total of fi ve IMRT plans for each patient were gen-
erated as follows: The standard and the adaptive uni-
form dose A I  and A II  plans (all three for 60 Gy whole 
bladder irradiation) and the A II  and standard SIB 
plans with an additional 10 Gy tumour boost. All 
treatment plans were created in Varian Eclipse Aria 
(Varian Medical Systems, Palo Alto, CA, USA) and 
planned for delivery over 30 fractions. Constraints on 
the 60 Gy plans used were minimum and maximum 
doses of 59 Gy and 63 Gy, respectively, to the whole 
PTV with the mean dose constrained to 60 Gy. The 
dose gradient was allowed to decrease freely within a 
5 mm isotropic margin around the PTV, whereafter 
it was forced as low as possible without compromising 
target dose following standard AUH/ICRU criteria. 
No other normal tissue constraints were used. Doses 
to the 70 Gy SIB volumes were constrained similarly 
to the doses to the 60 Gy volumes, but without the 
additional isotropic 5 mm margin. 

 To simulate a  ‘ plan of the day ’  treatment course 
the 60 Gy plans were combined by choosing the 
smallest PTV for each fraction fulfi lling the geomet-
ric selection criteria. The two geometrical criteria 
applied were a minimum of 95% and 99% coverage 
of each individual fraction CTV. After exclusion of 
the four CBCTs used in planning, 23 and 16 CBCTs 
for each patient respectively remained for evaluation. 
To simulate treatment based on 30 fractions, the 
remaining 7 and 14 fraction dose distributions were 
generated based on the voxel mean doses in the exist-
ing fractions.   

 Dose tracking 

 Fraction-by-fraction dose tracking was done using 
polynomial warping following Arnesen et al. [11] and 
is only briefl y described here. First, the geometrical 
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centre of the bladder was identifi ed. Second, radial 
lines from the centre to the bladder wall were 
extended, resulting in 7 000 control points on each 
CTV surface. For a uniform sphere the generated 
intersection points would be isotropically distributed. 
The set of points defi ning the bladder wall at treat-
ment fraction n, (X n , Y n , Z n ) was fi tted to the set of 
points for the reference bladder in the planning CT, 
(X 0 , Y 0 , Z 0 ). Coeffi cients for transformation between 
the repeat and planning structure could thus be 
derived. Using the polynomial warping procedure, 
the bladder wall is assumed to be stretched or shrunk 
along the radial lines extending from the centre, 
where the degree of stretching/shrinking is contained 
in the polynomial coeffi cients. The tumour, only 
visible on the CT, was assumed to be transformed 
according to the whole bladder deformation. 

 Accumulated doses were obtained by extracting 
the IMRT dose distribution in the CTV in a given 
treatment fraction, and allocating doses to the refer-
ence (CT) CTV according to the polynomial trans-
formations. Tracked doses to a 3 mm thick bladder 
wall and the tumour were then extracted. After con-
version of the Eclipse dose matrices in Ruby Dicom 
(open source software; http://dicom.rubyforge.org/), 
dose tracking and further simulations were done in 
the interactive data language (IDL, Research Systems, 
Inc., Boulder, USA).   

 Tumour control probability modelling 

 Assuming no cell repopulation during the therapy 
course, the surviving fraction of clonogenic cells in 
voxel  i  after 30 fractions is given by 
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 where d i,j  is the voxel dose in fraction  j , while   α   and 
  β   are the radiosensitivity parameters describing the 
LQ-survival curve [12,13]. Assuming Poisson statis-
tics, the probability of fi nding no surviving clono-
genic cells within a voxel is: 
 VCP ei
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 where V vox  is the voxel volume and   ρ   i  the density of 
clonogenic cells in the voxel. The product of all voxel 
control probabilities, VCPs, gives the overall tumour 
control probability, TCP: 
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 TCP according to Equation 2 does not take vari-
ations in radiosensitivity across a patient population 
into account. To include inter-patient variations, the 
linear radiosensitivity parameter  α  was assumed to 
be normally distributed with a standard deviation  σ   α   
(references in [13]). Convolving Equation 3 with a 
Gaussian distribution g( α ) for  α  thus gives the more 
realistic expression for TCP: 
 For bladder cancer, the target volume consists of 
the primary tumour and the bladder wall. It is likely 
that the density of clonogenic cells in the tumour is 
higher than in the wall, that is,  ρ  tumour   �   ρ  wall . There-
fore the TCP for the entire target volume becomes: 
 In the current work, the clonogenic cell density 
was assumed to be constant within the tumour and 
the wall, respectively. In the simulations, variations 
in relative clonogenic cell density between the tumour 
and the wall was incorporated using  ρ  rel  �  ρ  tumour / ρ  wall . 
For a constant total number of clonogenic cells in 
the whole target volume consisting of the bladder 
wall and tumour, increasing  ρ  rel  shifts clonogenic 
cells from the wall into the tumour by decreasing and 
increasing the numbers of clonogenic cells in respec-
tive sub-volumes. 

 For patients 1 and 2, the tumour volumes as con-
toured on the CT scans, were 7 cm 3  and 14 cm 3 . 
Normally, bladder cancer radiotherapy is preceded 
by tumour resection, and a volume of  ∼ 10 cm 3  for 
the remaining tumour tissue is therefore considered 
realistic. With a uniform clonogenic cell density of 
10 7  cm �3 , as suggested by Webb and Nahum [12], 
the total number of clonogenic cells is thus 
10 � 10 7  � 10 8 . Pos with colleagues estimated the 
 α / β  ratio of bladder cancer to be 13 Gy [14], which 
was adopted in the current study. To estimate  α  and 
 σ   α   a restricted non-linear least squares fi t of the TCP 
model in Equation 4 to the local control data 
reviewed by Pos et al. [14], was performed. Fitting 
constraints were 10 8  clonogenic cells and 95% and 
0% local control for total doses of 100 Gy and 30 
Gy, respectively. The resulting curve fi t is shown in 
Figure 1. Estimated parameter values were  α   �  0.29 
Gy �1  and σ   α    �  0.08 Gy �1  with a corresponding 
Pearson ’ s correlation coeffi cient of R  �  0.7.    

 Results  

 Doses and tracking 

 Dose distributions for two of the plans, A II  and A II  
with SIB, together with variations in the bladder 
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contour in one axial slice for patient 1 are shown in 
Figure 2. Corresponding tracked dose volume his-
tograms for the mean bladder dose and fraction 
doses for the bladders contoured in the 23 CBCT 
scans in question are presented in Figure 3. The 
inhomogeneity is due to the lack of geometrical cov-
erage for some fractions. For all investigated treat-
ment plans minimum, maximum and average doses 
following tracking over 30 fractions are displayed in 
Table I. When used over the 23 fractions available 
the standard plan with the largest margin showed 
least dose variation.   
 TCP calculations 

 With a homogeneous distribution of clonogenic cells 
in the tumour and the bladder wall the TCPs varied 
between 53% and 58% when using each of the 60 Gy 
plans (Table I). The highest TCPs, 62% and 64% 
respectively, were obtained for the standard SIB plans 
for both patients. The lowest TCP, 51%, was obtained 
for the A II  SIB plan for patient 2, which also had the 
lowest minimum dose to the bladder wall (43.8 Gy). 
For each fraction, choosing the smallest of the three 
plans that geometrically covered the repeat CTV to a 
minimum of 95% resulted in TCPs of 56% and 53% 
for patients 1 and 2 respectively. Correspondingly, 
with a geometrical coverage of 99% the TCP obtained 
was 58% for patient 1, which is equivalent to that 
obtained using the standard plan on all fractions. In 
contrast, for patient 2 the estimated TCP was 55%, 
which is a few percentage points lower than that 
achieved by use of the standard or A I  plans only. 
Figure 3. Tracked dose volume histograms for patient 1 for the AII 
plan without (upper) and with a 10 Gy SIB (lower). Black lines 
display the DVHs for each of the 23 CBCTs used in evaluation, 
while the red lines are the averages over all scans.
Figure 2. Dose distributions and bladder contour variation for 
patient 1, A) for the AII and B) for the AII SIB plan. The white 
lines show the bladder contour on the same CT-plane in each of 
the 23 repeat CBCT scans used for evaluation.
Figure 1.     Local control (LC) for bladder cancer following radiotherapy. 
The dose is given as the equivalent dose in 2 Gy fractions, assuming 
?/?=13 [14]. Points correspond to clinical data (references in [14]) 
and the solid line to the TCP model prediction (Equation 4).  
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 Increasing the relative density of the clonogenic 
cells between the wall and tumour with the param-
eter  ρ  rel , resulted in the TCPs shown in Figure 4. 
For the 60 Gy standard plans, the TCP is nearly 
constant, which refl ects the dose homogeneity of 
the plans. As  ρ  rel  was increased, the number of clo-
nogenic cells in the 70 Gy volume was increased, 
while correspondingly fewer remained in the blad-
der wall which is now irradiated to 60 Gy. There-
fore, with a constant number of 10 8  clonogenic 
cells the TCP values for both patients and SIB 
plans reached a plateau at approximately 75%, for 
 ρ  rel   �  1000.    

 Discussion 

 In this work an image-based model for estimating 
the local control following radiotherapy of bladder 
cancer was developed. The model was applied to 
evaluate the clinical effect of several volume-based 
adaptive strategies. Clinically feasible treatment plans 
covering the CTV on all fractions compared with 
plans not fully covering the CTV on every fraction 
revealed differences in local control of approximately 
5%. For patient 2, selecting the smallest plan on 
each fraction that covered the CTV to 99% resulted 
in a TCP of 55%, which is lower than the TCP 
obtained using either the standard plan or the AI 
plan (57%). The AII SIB plan gave a lower TCP than 
the AII plan for patient 2, due to the low dose min-
imum for the SIB plan. Therefore differences in 
TCP could not fully be explained by geometrical 
coverage, and this study has thus illustrated the use-
fulness of TCP modelling as a tool in adaptive plan 
evaluation and selection.” 

 The potential benefi t of SIB was illustrated by 
varying the difference in clonogenic cell density 
between the bladder wall and the tumour. The 
improvement in TCP for the SIB plans is partly due 
to the 5 mm margin around the tumours. However, 
as  ρ  rel  is increased fewer clonogenic cells in the wall 
remain. Thus the contribution to the TCP value for 
the bladder is less from both high and low dose 
voxels of the bladder wall. This applies also for the 
Figure 4. TCP for a varying clonogenic cell density between the 
bladder wall and tumour for patients 1 (upper) and 2 (lower), 
obtained by varying ρrel  �  ρtumour/ρwall for different strategies.
Table I. Dose characteristics and TCP estimates for the fi ve plans 
considered for patient 1 and patient 2. All values are calculated as 
if each of the plans was used over 30 fractions. Std – standard 
plan, AI and AII the two adaptive plans investigated.

AII AI Std AII SIB Std SIB

Patient 1
Bladder wall 

min (Gy)
51.43 56.59 59.14 51.80 58.92

Bladder wall 
max (Gy)

61.01 61.01 60.78 71.47 71.26

Bladder wall 
mean (Gy)

59.00 59.98 60.18 60.71 61.89

Stddev  1.63 0.69 0.34 3.36 2.59
Tumour min 

(Gy)
56.27 59.50 59.52 67.33 67.88

Tumour max 
(Gy)

60.55 60.44 60.42 71.44 71.26

Tumour mean 
(Gy)

59.82 60.07 59.81 70.27 70.51

Stddev 0.57 0.16 0.18 0.80 0.57
TCP (%) 54 57 58 57 62

Patient 2
Bladder wall 

min (Gy)
46.30 52.71 58.84 43.77 58.85

Bladder wall 
max (Gy)

61.05 60.92 60.99 71.80 71.70

Bladder wall 
mean (Gy)

58.89 59.63 60.08 60.67 62.62

Stddev  2.25 1.10 0.40 5.39 3.72
Tumour min 

(Gy)
59.57 59.57 59.23 66.44 66.84

Tumour max 
(Gy)

60.88 60.77 60.54 71.72 71.65

Tumour mean 
(Gy)

60.23 60.25 59.79 69.52 69.73

Stddev  0.27 0.25 0.32 0.94 0.86
TCP (%) 53 57 57 51 64
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A II  SIB plan ’ s underdosage of the bladder wall for 
some fractions, and therefore the TCP estimates for 
both plans become similar. As the graphs in Figure 
4 reach a plateau, it can be concluded that whole 
bladder irradiation to 70 Gy would also result in a 
TCP of 75%. The further usefulness of treatment 
outcome modelling in adaptive radiotherapy is 
demonstrated by the strategy of combining the 
three 60 Gy plans, where the estimated differences 
would have been hard to predict based on only 
minimum and maximum dose and geometrical 
coverage. 

 TCP modelling is sensitive to uncertainties in the 
radiobiological parameters. Since the local control 
data in Figure 1 all are within a rather narrow inter-
val, other values might have given a curve fi t with 
almost the same goodness. The estimated  α  of 0.29 
Gy �1  is somewhat lower than 0.35 Gy �1  as Deacon 
et al. calculated for bladder tumours in 1984 (refer-
ences in [12]). Mathematically the introduction of  σ   α   
takes variations in radiosensitivity among a popula-
tion into account, and therefore the observed differ-
ence in the parameter  α  has little impact on the 
resulting TCPs. The value of  σ   α    �  0.08 is identical 
to that estimated by Webb and Nahum for bladder 
cancer [12]. Due to development within both diag-
nostics and treatment delivery and planning, com-
parison of clinical studies performed over a long time 
interval is complicated. Together with differences 
among the populations studied, these factors may 
explain why the estimate of  α  by Deacon et al. is 
slightly different from ours. Furthermore, in the TCP 
model used repopulation has been omitted. Repopu-
lation would be expected to have most effect if the 
overall treatment time is changed. All treatment plans 
investigated had the same number of fractions, and 
repopulation would have about the same impact on 
all TCP estimates. Thus, since all presented TCP 
estimates are based on the same parameters using 
the same model, the internal plan ranking still 
applies. 

 Based on the two patients used in this study, 
escalation of the tumour dose seems promising for 
improving local control. In order to employ such an 
approach in clinical practice, visualisation of the 
tumour on daily images is important. For instance, 
Pos, Chai and S ø ndergaard with colleagues [15 – 17] 
have found lipiodol markers feasible for tumour 
visualisation on CBCT. In a modelling study where 
the tumour boost dose was limited by normal tissue 
complication probabilities (NTCPs) Partridge et al. 
[18] found a doubling of the estimated TCP for lung 
tumours. Based on simulations on 50 prostate can-
cer patients, Sanchez-Nieto found a 7 – 15% gain in 
TCP when individualising dose prescriptions based 
on a various NTCP criteria [19]. The data used by 
Sanchez-Nieto was based on dose volume histo-
grams gained form a planning CT scan only. Image-
based evaluation of treatment outcome has the 
benefi t of not only estimating effects on a single 
snapshot of the patient ’ s anatomy, but including 
patient specifi c anatomical variations. The use of 
multiple three-dimensional images in combination 
with dose tracking and treatment outcome model-
ling, could enable patients otherwise excluded from 
dose escalation to still receive an improved treat-
ment in terms of the same complication rate but 
improved local control. For example, a bladder can-
cer patient showing a large rectum at some fractions 
could both get reduced NTCP and improved local 
control. 

 Ideally a tool for daily adaptive plan evaluation 
would estimate a projected TCP day by day, based 
on the treatment already delivered and lead to the 
feasible alternatives for a given fraction. This could 
be possible by averaging the doses for the remain-
ing fractions based on the mean doses delivered. 
If only a few accumulated dose distributions are 
available, i.e. during the early phase of treatment, 
it should be assessed whether or not the obtained 
results were better than those obtained from a 
single planning scan. L ö f et al. developed a theo-
retical method to calculate the probability for 
uncomplicated tumour control as function of frac-
tion doses [20]. One shortcoming of the model 
used by L ö f is that it does not separate between 
normal tissue complications and local control. In 
addition, for the examples given by comparing 
alternative treatments it may be possible to distin-
guish between local control and different normal 
tissue complication probabilities. The examples 
given by L ö f were simplifi ed to one-dimensional 
treatment geometries, most likely limited by the 
computer power available more than ten years ago. 
The strength of monitoring image-based TCP is 
treatment outcome estimates based on accumu-
lated voxel doses. Thus, despite possible shortcom-
ings in parameter estimation, TCP modelling 
combined with daily imaging and geometrical cri-
teria could be a useful tool for plan evaluation and 
selection in adaptive radiotherapy.  
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