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A B S T R A C T   

Background and purpose: Whole bladder radiotherapy is challenging due to inter- and intrafraction size and shape 
changes. To account for these changes, currently a Library of Plans (LoP) technique is often applied, but daily 
adaptive radiotherapy is also increasingly becoming available. The aim of this study was to compare LoP with 
two magnetic resonance imaging guided radiotherapy (MRgRT) strategies by comparing target coverage and 
volume of healthy tissue inside the planning target volume (PTV) for whole bladder treatments. 
Methods and materials: Data from 25 MRgRT lymph node oligometastases treatments (125 fractions) were used, 
with three MRI scans acquired at each fraction at 0, 15 and 30 min. Bladders were delineated and used to 
evaluate three strategies: 1) LoP with two plans for a 15 min fraction, 2) MRgRT15min for a 15 min fraction and 3) 
MRgRT30min for a 30 min fraction. The volumes of healthy tissue inside and bladder outside the PTV were 
analyzed on the simulated post-treatment images. 
Results: MRgRT30min had 120% and 121% more healthy tissue inside the PTV than LoP and MRgRT15min. For LoP 
slightly more target outside the PTV was found than for MRgRT30min and MRgRT15min, with median 0% (range 
0–23%) compared to 0% (0–20%) and 0% (0–10%), respectively. 
Conclusions: Taking into account both target coverage and volume of healthy tissue inside the PTV, MRgRT15min 
performed better than LoP and MRgRT30min for whole bladder treatments. A 15 min daily adaptive radiotherapy 
workflow is needed to potentially benefit from replanning compared to LoP.   

1. Introduction 

Patients with muscle invasive bladder cancer typically have a five- 
year survival prognosis of about 50% [1]. Cystectomy has been the 
golden standard of treatment, but bladder sparing treatments involving 
radiotherapy have shown similar outcomes [1]. Bladder sparing treat-
ments have the advantage of lower complication rates and improved 
quality of life by preserving normal bladder and sexual functions. 

The wide variations in bladder size, shape and position have tradi-
tionally made it a challenging site for radiotherapy [2]. A commonly 
used bladder treatment strategy is the Library of Plans (LoP) strategy. 
Here, a “library” of planning target volumes (PTVs) and corresponding 
treatment plans is generated prior to treatment and the best fitting PTV 

is selected daily, typically based on an onboard conebeam CT (CBCT) 
[3–12]. For this approach it was shown that irradiated normal tissue 
volume and treatment margins could be reduced. 

Another recent development in the field is the clinical availability of 
daily adaptive radiotherapy systems, CBCT-guided [13,14] as well as 
MR-guided systems [15–18]. These have already been shown suitable to 
deal with interfraction changes through daily adaptation of the treat-
ment plan for several treatment sites and are therefore promising for 
bladder treatments. Vestergaard et al. have illustrated that MR-guided 
radiotherapy (MRgRT) has the potential to reduce irradiated normal 
tissue volume for bladder treatment [19] and both CBCT-guided [14] 
and MRgRT [20] have recently been demonstrated to be a feasible 
treatment modality for this tumor site. However, these studies were 
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done with a low number of bladder patients (three [14] and five [20]) 
and results were not compared to the current clinical practice, i.e. LoP. 

Both strategies, LoP and daily adaptive radiotherapy, have their own 
advantages and disadvantages. A disadvantage of LoP is the chance that 
none of the PTVs generated prior to treatment is suitable for a specific 
daily situation. For daily adaptive RT the PTV is generated from the 
bladder of the day and the daily shape and volume can be taken into 
account. However, the treatment time with the presently available 
MRgRT systems from imaging to end of treatment delivery is typically a 
factor of two to three longer than the treatment time for a CBCT-based 
LoP strategy [5,16,20,21]. Consequently, relatively large PTV margins 
are needed to take into account the intrafraction filling of the bladder. 
Current margins reported for intrafraction changes of the bladder are 
typically for shorter time intervals (8–18 min) [8,11,18,21]. To speed up 
the daily MRgRT workflow technical developments are expected in the 
near future. Examples of these developments include faster auto- 
contouring [22] and Artificial Intelligence-assisted treatment planning 
reoptimization [23]. For daily adaptive CBCT-guided radiotherapy sys-
tems, times of 18 min from acceptance of first CBCT to start of irradia-
tion have been reported for tumor sites in the pelvic region [14]. 

An advantage of MRgRT is the potential improvement of visualiza-
tion of the soft tissues which can be taken into account with daily 
replanning to reduce the dose to the organs at risk (OAR). The possibility 
of intrafraction target monitoring and gating is also a reason to apply 
MRgRT [24]. 

The purpose of this study was to compare LoP with two daily 
adaptive MRgRT workflows with a total treatment time of 15 and 30 min 
per fraction, using clinically obtained MRgRT data. A retrospective 
analysis was performed to validate which strategy performs better in 
sparing healthy tissue and achieving target coverage. While our work 
focused on MRgRT, the conclusions are also relevant for CBCT-guided 
daily online adaptive radiotherapy. 

2. Methods and materials 

2.1. Patients 

For the retrospective simulation, data from twenty-five lymph node 
metastases patients treated on a 1.5 T MR-linac (Unity, Elekta AB, 
Stockholm, Sweden) were used. This unique cohort was selected since 
bladder patients had not yet been treated with MRgRT in our institute. 
The included patients received clinical treatment with five fractions 
between August 2018 and August 2019. They provided written informed 
consent for use of their data as part of an ethics review board approved 
observational study. No specific drinking instructions were provided. 

2.2. Imaging data and delineation 

For each patient a pre-treatment planning CT (0.9 × 0.9 × 2.0 mm3; 
Brilliance CT big bore, Philips Medical Systems, Best, NL) was used. 
Additionally, three MRI scans were acquired during each fraction on the 
MRgRT system, MRI1, MRI2 and MRI3 respectively (total N = 15 for each 
patient) [16]. MRI image acquisition time was median two minutes. For 
each patient a T1 or T2 sequence was selected for the MRgRT workflow 
by the radiation oncologist, based on tumor visibility assessed during a 
pre-treatment MRI session on a 1.5 T Philips Ingenia MRI scanner 
(Philips Medical Systems, Best, NL). For 19/25 treatments a 3D T1- 
weighted scan (reconstructed voxel size 0.8 × 0.8 × 1.0 mm3; FOV 
400 × 400 × 300 mm3) was selected and for 6/25 treatments a 3D T2- 
weighted scan (reconstructed voxel size 0.6 × 0.6 × 2.0 mm3; FOV 400 
× 400 × 300 mm3). The geometrical inaccuracy in and closely around 
the bladder is expected to be <0.7 mm for a 1.5 T MR-linac system [25]. 
Bladders were manually and retrospectively delineated on all CT and 
MRI images leading to BladderCT, Bladder1, Bladder2 and Bladder3. 

2.3. Clinical MRgRT workflow 

For each treatment fraction of the patient group mentioned above, 
daily online replanning was performed following the Adapt to Shape 
workflow of the Elekta Unity as described previously by Werensteijn- 
Honingh et al. [16]. Each fraction, contours from the pre-treatment 
planning CT were propagated on the daily MRI using rigid and 
deformable registration. 

Electron density was based on assignment to structures. If necessary, 
contours of GTV and OARs were manually adapted. The treatment plan, 
consisting of seven IMRT beams, was reoptimized for each fraction. A 
secondary dose calculation was performed with a separate treatment 
planning system, Oncentra version 4.5.2 (Elekta AB, Stockholm, Swe-
den). Irradiation was done with 7MV FFF. In the manuscript we will 
refer to this workflow as the “current” MRgRT workflow, illustrating the 
current capabilities of the MRgRT commercial system. The steps in this 
workflow are expected to take the same time for this patient group as for 
bladder patients [17,18]. As only a small part of the time is spent on 
irradiation [16], this time is not expected to change drastically when a 
different dose per fraction is given. 

2.4. Simulated MRgRT approach 

Two MRgRT daily optimization strategies were simulated: 1) a 
workflow based on the median time between MRI1 and MRI3 of 30 min 
(range 21–57 min), MRgRT30min, illustrating the current capabilities of 
an MRgRT commercial system and 2) a workflow, based on the median 
time between MRI1 and MRI2 of 15 min (range 8–25 min), MRgRT15min, 
illustrating a hypothetical optimized workflow (Fig. 1). For MRgRT15min 
all online adaptive steps including radiation delivery were assumed 
between MRI1 and MRI2 and for MRgRT30min these steps were between 
MRI1 and MRI3 (with the online adaptive steps between MRI1 and MRI2 
and radiation delivery between MRI2 and MRI3 [16]). 

PTVs were constructed from Bladder1 on MRI1 by population-based 
margins for MRgRT15min and MRgRT30min. Published data on margins 
are typically not validated for 30 min, but for shorter time intervals 
[8,11,19,26]. Therefore the margins to account for the intra-fraction 
bladder changes (intra-fraction patient motion, centroid motion and 
bladder filling) were constructed from the MRgRT dataset. To determine 
appropriate margins the delineated bladders on the MRI1 were asym-
metrically expanded in six directions (left, right, anterior, posterior, 
inferior and superior) in steps of 1 mm until the delineated bladder on 
the MRI3 or MRI2 scan was completely encompassed for MRgRT30min 
and MRgRT15min strategy, respectively. Ten of the twenty-five patients 
were randomly selected. Population-based PTV margins were derived 
from these ten patients (N = 50 fractions). Margins were constructed for 
each direction by placing a 90% inclusion criterion on individual 
treatment fractions. The most commonly used margin recipe [27] uses 
90% of patients instead of fractions, but in our case a new treatment plan 
would be generated for each fraction. This random selection and sub-
sequent margin calculation was done to minimize bias and repeated 
1000 times. Finally, the mean values were used for the analysis in this 
manuscript (see Supplementary Material A for more details). 

2.5. Simulated LoP approach 

The bladder was contoured on the planning CT and expanded to 
create two PTVs to fill the library. The expansion for PTV LoP Tight was 
6/6 mm left/right, 10/10 mm ant/post and 6/10 mm inf/sup and for 
PTV LoP Wide: 10/10 mm left/right, 15/15 mm ant/post and 10/15 mm 
inf/sup. These values were based on literature [3,10] and clinical 
practice in our institute for CBCT-guided radiotherapy. The methodol-
ogy is a further adaptation of the work as described previously by Wil-
lems et al. [28]. Daily plan selection was based on the contoured bladder 
on MRI1, the smallest LoP PTV was selected that encompassed the 
complete bladder, named PTV LoP Selected. If the bladder on MRI1 did 
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not fit completely within either of the LoP PTVs or if the bladder was too 
empty (if there was more than one cm distance between the bladder and 
the PTV in all directions except caudal), the fraction was not included in 
the analysis in line with clinical practice. In these cases, the patient 
would be asked to void the bladder or to drink additional liquid. Plan 
selection and radiotherapy delivery were assumed between MRI1 and 
MRI2 with a time interval of about 15 min which corresponded well to 
reported CBCT LoP studies with time intervals between 9 and 19 min 
[12,29,30]. 

2.6. Treatment strategy evaluation and statistics 

To evaluate the efficacy of the LoP and MRgRT approaches, the 
volume of healthy tissue in the PTV and the relative volume of the 
bladder outside the PTV were analyzed on the simulated post-treatment 
MRI images: MRI2 for LoP and MRgRT15min, and MRI3 for MRgRT30min. 

Volumes were determined with an in-house developed software 
package, Volumetool [31]. Fractions were only included in the statisti-
cal comparison when an LoP PTV was selected. The analysis we present 
was by pooling over the different scans for the patients. The differences 
in volumes between the strategies were tested by the two-tailed Wil-
coxon matched-pairs signed-rank test; p < 0.05 was considered 
significant. 

3. Results 

Margins (mean ± standard deviation) for the two MRgRT strategies 
were 11 ± 2/17 ± 2 mm left/right, 24 ± 6/13 ± 2 mm ant/post and 36 
± 5/5 ± 1 mm sup/inf for MRgRT30min and 8 ± 1/10 ± 1 mm left/right, 
12 ± 2/11 ± 1 mm ant/post and 18 ± 2/4 ± 1 mm sup/inf for 
MRgRT15min. The margins were asymmetric with the highest values for 
anterior and superior directions. 

For the comparison of LoP vs. MRgRT strategies 107/125 fractions 
were included. For 7/125 fractions the PTV LoP Wide did not completely 
encompass the delineated bladder on MRI1 and for 11/125 fractions the 
bladder was too empty. PTV LoP Tight and Wide were selected 73 and 34 
times. The median and range of the bladder volumes at CT, MRI1, MRI2 
and MRI3, as well as the PTVs for all three strategies are presented in 
Table 1. The median bladder filling speed was respectively 1.6 cm3/min 
(range 0.3–12.0 cm3/min) and 1.3 cm3/min (range 0.1–9.3 cm3/min) 
between MRI3 and MRI1, and MRI2 and MRI1. 

For the MRgRT30min workflow the volumes of the PTVs were up to 
75% larger than for the other two strategies, with a median value of 466 
cm3 compared to 270 cm3 for the selected LoP PTVs and 265 cm3 for the 
PTVs of MRgRT15min. 

The volumes of healthy tissue inside the PTV and target outside the 
PTV on the simulated post-treatment image are presented in Table 2. 
The median volume of healthy tissue inside the PTV was 332 cm3 for 
MRgRT30min and corresponded to 71% of the PTV. This volume was 
significantly larger (p < 0.01) than for MRgRT15min and LoP with values 
of 151 and 150 cm3 respectively (Fig. 2a). For MRgRT15min and LoP the 
volumes of healthy tissue inside the PTV did not significantly differ, p =
0.11. 

The median value of target volume, i.e. bladder volume, outside the 
PTV on the simulated post-treatment image was 0.0 cm3 for all three 
methods (Fig. 2b). The MRgRT15min strategy did not perform signifi-
cantly better than the MRgRT30min strategy, p = 0.39, however both 

Fig. 1. Illustration of the LoP strategy and the two MRgRT strategies (MRgRT30min and MRgRT15min). 1) illustrates the LoP strategy. a) The bladder was delineated on 
the planning CT and two PTVs were constructed (PTV LoP Tight and PTV LoP Wide). b) Based on Bladder1 the most suitable PTV was selected (in this case PTV LoP 
Wide). c) MRI2 was considered the simulated post-treatment image. Evaluation of PTV LoP Selected was done with Bladder2. 2) illustrates the MRgRT30min workflow. 
d) A PTV was constructed from Bladder1 with population-based margins. e) This PTV was evaluated with the MRI3 as simulated post-treatment image using Bladder3. 
3) illustrates the MRgRT15min workflow. f) Similar to the MRgRT30min, a PTV was constructed from Bladder1. g) Evaluation was now done with MRI2 as simulated 
post-treatment image using Bladder2. 

Table 1 
Median and range are shown for bladder volumes on simulated pre-treatment 
scan and on three time points during simulated whole bladder radiotherapy 
based on 125 fractions of 25 patients treated with MRgRT, as well as median and 
range of PTVs of the three investigated radiotherapy approaches: Library of 
Plans (LoP) with fraction time of 15 min, MRgRT15min with fraction time of 15 
min and MRgRT30min with fraction time of 30 min.  

Structure N [–] Volume [cm3] 

Bladder     
Planning CT 25 97 (37–239)  
MRI1 1071 83 (31–284)   

125 83 (31–593)  
MRI2 1071 103 (46–411)   

125 104 (46–680)  
MRI3 1071 136 (53–570)   

125 136 (53–703)  

PTV    
LoP Tight 25 245 (105–438)  
LoP Wide 25 348 (164–581)  
LoP Selected 1071 270 (105–546)  
MRgRT15min 1071 265 (134–620)   

125 261 (134–1127)  
MRgRT30min 1071 466 (263–970)   

125 462 (263–1646)  

1 Based on 107/125 fractions for which one of the two LoP plans was adequate 
for the observed bladder volume and patient would not be asked to void or drink. 
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performed better than the LoP strategy, p < 0.01 (Fig. 2b). The relative 
volume of bladder outside the PTV on the post-treatment MRI was lower 
for MRgRT15min than for LoP. The 75%–91% whisker in the boxplot, 

corresponding to 19 fractions was between 0.5 and 6.5% for LoP and 
0.0–0.3% for MRgRT15min (Fig. 2c). The LoP strategy also showed out-
liers up to 21–23% of missed target volume, whereas the highest value 
for MRgRT15min was 10%. Some practical examples of bladder outside 
the PTV (missed target) are given in Fig. 3, where 17–28 cm3 and 100 
cm3 of the target (bladder) were missed. 

4. Discussion 

To the best of our knowledge, this is the first study comparing LoP 
with MRgRT for whole bladder treatments using clinical MRgRT data. 
Two daily adaptive MRgRT strategies with a median time of 15 min, 
MRgRT15min, and 30 min, MRgRT30min, between first image and end of 
treatment were compared to our clinically used LoP strategy. The 
MRgRT30min workflow had more healthy tissue inside the PTV than the 
LoP strategy. The MRgRT15min workflow had a similar volume of healthy 
tissue inside the PTV as LoP and missed less target. 

Limitations of our study were the use of data of patients that did not 
have bladder cancer and the absence of a drinking protocol. The filling 
can be described as a “comfortably filled bladder”. However, the 
observed starting bladder volumes (median 97 cm3 at start of treatment) 
corresponded well with reported valued of bladder patients with 
drinking protocols, with a range of 100–130 cm3 [6,7,11,19,32]. The 
bladder filling speed of median 1.6 cm3/min between MRI1 and MRI3 
and 1.3 cm3/min between MRI1 and MRI2 were also in the range of 
reported values ranging from 0.8 to 2.1 cm3/min [26,32–35]. Even with 
a drinking protocol, large interpatient and interfraction variations 
typically still occur [33,34]. It has been shown that for empty and full 
bladder, the same values could be used in terms of margins [26,36]. 

The PTV margins found in this study for MRgRT15min strategy cor-
responded very well to margins reported in literature for studies with 
similar intrafraction time intervals [8,11,19,32], with values of 5–10/ 
5–10 mm left/right, 8–14/9–14 mm ant/post and 13–33/5–6 mm sup/ 
inf. The MRgRT15min margins fit well within the clinically used expan-
sions for generating the LoP PTVs. 

The PTV margins determined for the MRgRT30min workflow were 
relatively large, compared to other publications [6,8,11,19,20,26,36]. 
This was mostly due to the relatively long treatment time in comparison 
to the investigated time frames in other studies (8–18 min). In the study 
of Hunt et al. [20], the PTV margins (5/5 mm left/right, 15/10 mm ant/ 
post and 15/5 mm sup/inf) covered 90% of the bladder at the 30 min 
time point, instead of the 100% for MRgRT30min in our study. The 

Table 2 
Median and range of volumes for healthy tissue inside PTV and missed target on 
simulated post-treatment images for whole bladder radiotherapy simulated with 
125 fractions of 25 patients treated with MRgRT. Volumes are shown for three 
radiotherapy approaches: Library of Plans (LoP) with fraction time of 15 min, 
MRgRT15min with fraction time of 15 min and MRgRT30min with fraction time of 
30 min.  

Method N 
[–] 

Healthy tissue in PTV 
[cm3] 

Missed target 
[cm3] 

Missed target 
[%] 

LoP  
1071 150 (28–299) 0 (0–48) 0 (0–23)  

MRgRT15min  

1071 151 (59–260) 0 (0–28) 0 (0–10)  
125 151 (59–447) 0 (0–28) 0 (0–10)  

MRgRT30min  

1071 332 (136–537) 0 (0–100) 0 (0–20)  
125 315 (135–941) 0 (0–100) 0 (0–20)  

1 Based on 107/125 fractions for which one of the two LoP plans was adequate 
for the observed bladder volume and patient would not be asked to void or drink. 

Fig. 2. Simulated volume of healthy tissue inside PTV and missed target vol-
ume in post-treatment image (MRI2 for LoP and MRgRT15min, MRI3 for 
MRgRT30min) for whole bladder treatment using three treatment strategies 
MRgRT30min, MRgRT15min and LoP based on 25 treatments of 5 fractions. Data 
shown for 107 fractions (18 were excluded due to too full or too empty bladder 
filling for LoP). ** indicates significance of p < 0.01, by two-tailed Wilcoxon 
matched-pairs signed-rank test a) The volume of healthy tissue inside the PTV 
in the post-treatment image. b) The volume of bladder outside the PTV in the 
post-treatment image. c) Relative volumes of the bladder (in %) outside the PTV 
in the post-treatment image. 

Fig. 3. Two examples shown in the sagittal plane, illustrating exceptions; one or more of the strategies led to part of the bladder being outside the PTV in the 
simulated post-treatment image. Time of the image indicated in top right corner. a–d) Example 1. Planning CT (a) and T1 weighted images (b–d). The selected LoP 
PTV (yellow) was sufficient in MRI1, but missed a part (29 cm3) of the bladder in MRI2 (indicated by the yellow arrow in c). (e–h) Example 2. Planning CT (a) and T2 
weighted images (f–h). The PTVs of all three strategies missed a part of the bladder in the simulated post-treatment MRI. For LoP and MRgRT15min: 17 cm3 and 28 cm3 

of the Bladder2 was outside the PTV respectively (indicated by the yellow arrow in g). For the MRgRT30min workflow: 100 cm3 of the Bladder3 was outside the PTV 
(indicated by the yellow arrow in h). 
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median intrafraction filling volume of the five patients studied in Hunt 
et al. [20], including one with a catheter, was 30 cm3 compared to 48 
cm3 in our study. 

The PTV margins of the MRgRT workflows were constructed from 
the same dataset as used for the comparison with LoP, this is a limitation 
of our study and could introduce bias for MRgRT30min and MRgRT15min. 
To mitigate this, margin construction was done with a repeated 
randomly selected subset of the patients and using the obtained mean 
values. 

The advantage of the daily reoptimization using the MRgRT30min 
workflow compared to the LoP strategy was canceled out due to the 
needed relatively large population-based margins. The use of patient- 
specific margins could lead to a reduction in PTV volume and radia-
tion exposure to healthy tissue. Published work showed promising re-
sults in this direction [8,37]. 

For the LoP strategy, fractions were excluded following the clinical 
workflow, when the patients bladder was too full or too empty and no 
appropriate LoP PTV was available. This occurred in 14% (18/125) of 
the treatment fractions. This shows an advantage of the MRgRT strate-
gies, where the treatment would have continued, as there is no de-
pendency on a predefined library. While this approach is in line with the 
clinical workflow, the fact that these fractions were excluded from the 
analysis could potentially introduce a bias for the LoP workflow. 

The differences between the LoP and MRgRT15min strategies in terms 
of target coverage and normal tissue in the PTV were small and bladder 
patients can be treated adequately with a CBCT-guided LoP strategy. 
However there are other advantages for using MRgRT. With the soft 
tissue contrast combined with daily adaptive radiotherapy, it has the 
potential to decrease toxicity of surrounding OARs [38]. In addition, the 
soft tissue contrast can visualize the tumor and allow a boost of this area 
without the need for implanted markers (which would be the case for 
CBCT-guided RT). MRgRT also allows for intrafraction monitoring and 
gating. 

In conclusion, MRgRT15min performed best, closely followed by LoP 
and then MRgRT30min for whole bladder treatments, taking into account 
the target coverage and the amount of healthy tissue inside the PTV. To 
be able to use MRgRT for whole bladder treatments including its func-
tionalities, it is necessary to further optimize and accelerate the MRgRT 
workflow. 
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