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Abstract
Purpose  The aim was to study the potential for an online fully automated daily adaptive radiotherapy (RT) workflow 
for bladder cancer, employing a focal boost and fiducial markers. The study focused on comparing the geometric 
and dosimetric aspects between the simulated automated online adaptive RT (oART) workflow and the clinically 
performed workflow.

Methods  Seventeen patients with muscle-invasive bladder cancer were treated with daily Cone Beam CT (CBCT)-
guided oART. The bladder and pelvic lymph nodes (CTVelective) received a total dose of 40 Gy in 20 fractions and the 
tumor bed received an additional simultaneously integrated boost (SIB) of 15 Gy (CTVboost). During the online sessions 
a CBCT was acquired and used as input for the AI-network to automatically delineate the bladder and rectum, i.e. 
influencers. These influencers were employed to guide the algorithm utilized in the delineation process of the target. 
Manual adjustments to the generated contours are common during this clinical workflow prior to plan reoptimization 
and RT delivery. To study the potential for an online fully automated workflow, the oART workflow was repeated in a 
simulation environment without manual adjustments. A comparison was made between the clinical and automatic 
contours and between the treatment plans optimized on these clinical (Dclin) and automatic contours (Dauto).

Results  The bladder and rectum delineated by the AI-network differed from the clinical contours with a median 
Dice Similarity Coefficient of 0.99 and 0.92, a Mean Distance to Agreement of 1.9 mm and 1.3 mm and a relative 
volume of 100% and 95%, respectively. For the CTVboost these differences were larger, namely 0.71, 7 mm and 78%. 
For the CTVboost the median target coverage was 0.42% lower for Dauto compared to Dclin. For CTVelective this difference 
was 0.03%. The target coverage of Dauto met the clinical requirement of the CTV-coverage in 65% of the sessions for 
CTVboost and 95% of the sessions for the CTVelective.

Conclusions  While an online fully automated daily adaptive RT workflow shows promise for bladder treatment, its 
complexity becomes apparent when incorporating a focal boost, necessitating manual checks to prevent potential 
underdosage of the target.
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Background
Bladder cancer is among the 10 most diagnosed cancers 
worldwide [1]. One out of five patients develops muscle-
invasive bladder cancer which is known for its poor prog-
nosis with a 5-year survival rate of 50% [2]. These patients 
can be treated either by radical cystectomy or by combin-
ing radiotherapy (RT) with chemotherapy and transure-
thral resection of the bladder tumor (TURBT).

Image-guided RT aims to deliver the planned dose 
in the right location. For bladder cancer this is compli-
cated, however, as several organs in the pelvic region, 
for example the bladder and rectum, show daily varia-
tions in size, position and shape. To ensure target cover-
age in the presence of these variations larger margins are 
needed, resulting in a relatively large volume of irradi-
ated surrounding healthy tissue [3, 4]. By treating with a 
focal boost, a higher dose is given to the tumor bed and a 
somewhat lower dose to the bladder (and elective pelvic 
lymph nodes) allowing for reduced toxicity [3, 4]. Fidu-
cial markers have been shown to improve visibility of the 
tumor bed on CT and Cone Beam CT (CBCT) and guide 
the delivery of such an additional boost dose [5, 6].

Another method to obtain toxicity reduction while 
retaining target coverage, is online adaptive radiotherapy 
(oART). By acquiring an image at the start of every treat-
ment session, either by CBCT or MRI, the treatment plan 
can be reoptimized while taking into account the daily, 
interfraction anatomical variations. Both CBCT- and 
MR-guided oART have been reported to be feasible for 
the treatment of patients with bladder cancer [6–10]. 
However, studies on CBCT-guided oART [6, 7] reported 
more conformity and a lower on-couch time compared to 
studies on MR-guided oART [8, 9].

To deal with the intrafraction variations a short on-
couch time (duration of the patient lying on the table) is 
important as this leads to less bladder filling and smaller 
corresponding planning target volume (PTV) margins. 
Average filling rates between 1 and 4 ml/min have been 
reported [11]. A shorter on-couch time also increases 
patient comfort by decreasing the time the patients have 
to lie still and retain urine in their bladder.

Delineation of the daily anatomy can be labor intensive 
and time consuming. Automating this process could alle-
viate both of these challenges. The image quality of CBCT 
has shown to be sufficient to apply automatic bladder 
segmentation [12, 13]. Accurate automatic delineations 
can be expected to be consistent, leading to a situation 
where the treatment quality would be less dependent on 
staff experience and human interobserver variations [14].

A fast workflow for the treatment of bladder cancer 
would combine CBCT-guided oART with automatic seg-
mentation. Such a workflow, employing artificial intel-
ligence (AI) to automatically delineate the bladder and 
rectum has been demonstrated to be feasible for bladder 

cancer treatment [6, 7]. The bladder and rectum delin-
eations have a large influence on the shape and position 
of the targets and are referred to as “influencers”. These 
influencers are used to guide the propagation of the tar-
get and organs-at-risk (OARs). However, in previous 
work we showed that for the case of bladder cancer, most 
of the sessions currently include manual corrections to 
the target delineations leading to an increased on-couch 
time of 5  min [6]. These 5  min correspond to an addi-
tional necessary margin up to 3 mm [15, 16].

Our aim was to study the potential of a fully automated 
AI-driven CBCT-guided oART workflow, without online 
manual corrections, for bladder cancer employing a focal 
boost. The evaluation was done by a geometric and dosi-
metric comparison between the simulated automated 
oART workflow and the clinically performed oART 
workflow.

Methods
Patient characteristics and the clinical workflow
Between April 2021 and August 2023, 17 patients with 
muscle-invasive bladder cancer (see also Additional 
file 1) were treated with AI-driven CBCT-guided oART 
(Ethos Therapy™, version 1.1, Varian a Siemens Health-
ineers Company, USA). Within 6 weeks after TURBT 
the patients underwent chemotherapy (Mitomycin-c/ 
Capecitabine) starting on the first day of RT treatment.

RT was given over a period of 4 weeks with a total of 
20 fractions. The clinical target volume (CTVelective) was 
defined as the pelvic lymph nodes (internal iliac, obtura-
tor, hypogastric and perivesical until lower part of sacro-
iliac joint), urethra (men: 2  cm proximal, women: 1  cm 
proximal) and whole bladder. This CTVelective received a 
total dose of 40 Gy (including positive lymph nodes when 
present). The (remnant) tumor or resection scar, which 
for simplicity both will be referred to as gross tumor vol-
ume (GTV), received an additional boost dose of 15 Gy 
given as a simultaneous integrated boost (SIB). All struc-
tures were manually delineated on a reference CT. CTV-
boost was defined as the GTV with an isotropic 5  mm 
margin. The PTV margin for the CTVboost was also 5 mm 
and a minimum of 7 mm was used for the PTV margin of 
the bladder based on the bladder filling observed during 
pretreatment (using 2 planning CTs). More details about 
the pretreatment (including placement of fiducial mark-
ers, treatment planning constraints, margins and delinea-
tion of target and OARs) were previously reported and 
are available online [6].

The online adaptive session started by acquiring a 
CBCT at the start of the daily anatomy. The AI network 
(vendor supplied) used this CBCT as input to automati-
cally delineate the bladder and rectum (for more details 
on the AI network and automatic segmentation see [17]). 
In the clinical workflow, manual adjustments to these 
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delineations were allowed (3 physicians and 9 radia-
tion therapists were involved). Subsequently, a deform-
able registration was performed from the reference CT 
to the CBCT, used to generate a synthetic CT for dose 
calculation. The bladder and rectum influence the posi-
tion and shape of the GTV, therefore the software used 
these to guide the deformable registration to come to a 
GTV delineation for a manual check. OARs (small bowel, 
bowel bag, sigmoid, left and right femur head) were 
propagated using deformable registration from the refer-
ence CT to the daily image. An adaptive plan was gener-
ated taking into account the daily anatomy (see also [6] 
for more details of the oART workflow).

Simulation of an automated oART workflow
To study the potential of an oART workflow that would 
be fully automated during the online sessions, two data 
sets were compared (see Fig. 1). The first data set consists 
of 340 online reoptimized treatment plans from the 17 
patients (20 fractions per patient) treated in the clinic as 
described in the previous paragraph (Evaluationclin). Eval-
uationclin consists of the structure set (Contourclin) and 
the dose distribution (Dclin) extracted from the online 
fractions that included manual adjustments to the delin-
eations if deemed necessary. The second data set was 
obtained by first simulating the oART workflow steps 

on the same daily CBCTs (Ethos test environment, ver-
sion 1.1, Varian a Siemens Healthineers Company, USA). 
In contrast to the clinical workflow, no manual adjust-
ments were made to the structure set, including influenc-
ers and target, automatically proposed by the software 
(Contourauto). A geometric evaluation was done by com-
paring Contourclin with Contourauto as described in the 
next paragraph. To also evaluate the dosimetric effects, a 
dose distribution was generated by performing a reopti-
mization based on Contourauto (Dauto). To evaluate if the 
simulated dose distribution would have led to acceptable 
treatments, the dose-volume histogram of Contourclin 
was calculated using Dauto (Evaluationauto), where Con-
tourclin was used as the ground truth. For this evaluation, 
the clinical requirements (for details see previous work) 
were assessed [6].

Workflow comparison
We first monitored the number of manual corrections 
that were applied to the influencers (i.e. bladder and rec-
tum) and GTV in the clinical workflow. To compare the 
online fully automated workflow with the clinical work-
flow, all 20 sessions from each of the 17 patients were 
included for evaluation. The evaluation consisted of a 
geometric contour comparison between Contourauto and 
Contourclin, a dosimetric comparison between Dauto and 

Fig. 1  Evaluation of the treatment plan from the online fully automated daily adaptive workflow as compared to the clinically used treatment plan
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Dclin and an analysis of what might influence the accuracy 
of the online fully automated workflow. All metrics were 
extracted using home built software (Matlab R2021a, 
Mathworks).

Geometric contour comparison
To analyze the geometric differences between Con-
tourauto and Contourclin, the Dice Similarity Coefficient 
(DSC), the relative volume, the 95-percentile Hausdorff 
Distance (95%HD) and the Mean Distance to Agreement 
(MDA) were extracted from each of the 340 session for 
the influencers and the CTVboost [18–20]. The relative 
volume was defined as Vauto/Vclin, where Vauto repre-
sents the volume of Contourauto and Vclin the volume of 
Contourclin.

Dosimetric and statistical analysis
A dosimetric evaluation of the online fully automated 
workflow was done by evaluating Contourclin of the GTV, 
CTVboost, CTVelective, the planning target volume (PTV) 
surrounding CTVboost (PTVboost) and the PTV surround-
ing CTVelective (PTVelective) in dose distributions Dclin and 
Dauto. The target coverage of these clinical contours was 
determined for the two dose distributions by extracting 
the volume of these structures receiving a minimum of 
95% of the prescribed dose (V95%). The clinical require-
ment for the V95% was a minimum of 98% [6]. To get an 
indication of the healthy tissue sparing, the V95% outside 
the previously mentioned target structures (V95%,out) was 
obtained by:

	 V95%, out = V95%, body − V95%,

where V95%,body represents the total volume of the body 
receiving a minimum of 95% of the prescribed dose per 
fraction [6]. To compare the difference between Dauto and 
Dclin using these metrics, a statistical analysis was done 
by a paired Wilcoxon signed-rank test. A Bonferroni 
corrected significance level of 0.5% was used. Besides 
performing a dosimetric comparison between Dauto and 
Dclin, we also tested whether the target coverage achieved 
with Dauto would have met the clinical requirements.

Volume differences and delineation accuracy
To get an insight of what might influence the software 
delineation accuracy, the variations in bladder and rec-
tum volume were analyzed. Since the influencers guide 
the online GTV delineation, the volume difference 
between these influencers on the reference CT and the 
online CBCT was extracted to determine its effect on the 
CTVboost coverage (V95%). The number of sessions meet-
ing the clinical requirement for the target coverage was 
evaluated by using volume ranges of 50 cm3 and 25 cm3 
for the volume differences of the bladder and rectum, 

respectively. To complete the evaluation, the effect of this 
volume difference on the target coverage of CTVelective 
was also analyzed.

Results
In the clinical workflow, the delineations proposed by the 
AI network were manually corrected for the bladder and 
rectum, in 91% and 13% of the sessions, respectively. The 
proposed GTV delineation was corrected in 68% of the 
sessions. In only 4% of the sessions no manual adjust-
ments were made to any of the delineations.

Geometric contour comparison
For all sessions of the complete patient group, the median 
DSC between Contourauto and Contourclin was 0.71 [0.19-
1], 0.99 [0.26-1] and 0.92 [0.67-1] for the CTVboost, rec-
tum and bladder, respectively (Fig. 2). These two contours 
differed with a median 95%HD of 7 [0–19] mm for the 
CTVboost, 4 [0–22] mm for the rectum and 5 [0–28] mm 
for bladder. The median relative volume (Vauto/Vclin) was 
78% [19-220%] for the CTVboost, 100% [54-152%] for the 
rectum and 92% [64-150%] for the bladder. The MDA of 
the AI network was given by 1.9 [0-5.8] mm for the blad-
der and 1.3 [0-7.8] mm for the rectum. For the CTVboost 
the MDA was given by a median of 2.3 [0-8.7] mm.

Dosimetric analysis
For the online fully automated workflow, Dauto resulted 
in the same median V95% of the GTV as Dclin (see Addi-
tional file 2 for more details). For the CTVboost and PTV-
boost this median V95% differed with 0.42% and 17.38%, 
respectively, resulting in less target coverage with Dauto 
(Fig. 3). Considering the CTVelective, the V95% for Dauto and 
Dclin differed with a median of 0.03%, which was 2.44% 
for PTVelective. The target coverage, i.e. V95%, of Dauto was 
found to be statistically significantly different from Dclin 
for all of the previously mentioned target structures 
(boost and elective). This target coverage of Dauto met 
the clinical requirement of the CTV coverage in 65% 
of the sessions for CTVboost and 95% of the sessions for 
the CTVelective (Fig.  4). The remaining 5%, not meeting 
the CTVelective coverage, was observed in two patients of 
which one had a diverticulum (see also Additional file 4). 
For the sessions with exclusively manual adjustments to 
the GTV-delineation, a median difference in CTVboost 
coverage of 3% was observed between Dauto and Dclin 
(Additional file 3). For the PTVboost this difference in tar-
get coverage was 22%. In Fig. 5 we can see an example of 
a session in which the clinical requirement for the CTV-
boost coverage was not met.

The median volume outside the CTVboost receiv-
ing a minimum of 95% of the prescribed dose, was 7.8 
cm3 lower for Dauto compared to Dclin. For PTVboost, 
CTVelective and PTVelective this difference was 2.7 cm3, 3.1 
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cm3 and 9.8 cm3, respectively. V95%,out was for Dauto and 
Dclin always statistically significantly different except for 
the PTVelective.

Volume differences and delineation accuracy
In 17% of the sessions in which the difference in blad-
der volume on the reference CT and online CBCT was 
smaller than 50 cm3, the CTVboost coverage did not meet 
the clinical requirement (Fig. 4; see also Additional file 5 
for more details). This requirement was not met in 54% 
of the cases, for sessions in which the bladder volume 
difference was larger than 150 cm3. Regarding the rec-
tum, i.e. the other influencer, 23% of sessions failed to 
meet the clinical requirement for the CTVboost coverage 
when the volume difference was small (< 25 cm3) and this 

percentage increased to 60% for sessions with a large vol-
ume difference (> 75 cm3).

Discussion
In this study we investigated if an online fully automated 
daily adaptive RT workflow would meet the clinical 
requirements for bladder cancer patients treated with a 
SIB. Removing the need for manual contour adjustments 
would improve the efficiency of the oART workflow 
and potentially decrease the necessary margins to com-
pensate for intrafraction bladder filling, due to shorter 
on-couch time. Our results showed that the median dif-
ference in target coverage between the automated ses-
sions and clinical sessions was small (< 0.5%) and about 
two thirds of the sessions met the clinical requirements. 
Even though the median target coverage was similar, 

Fig. 2  Geometric comparison of Contourclin and Contourauto for the rectum, bladder and the CTVboost (n = 340 sessions). The boxplots of the Dice Simi-
larity Coefficient (A), relative volume (B), 95% Hausdorff Distance (C) and Mean Distance to Agreement (D) represent the 1st and 3rd quartile with the 
median indicated inside and the whiskers representing the range
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there is a large range for the coverage of the CTV with 
values as low as 70% for the CTVboost. These values are 
too low to be clinically acceptable.

The CTVboost is delineated by the software based on 
an influencer guided deformable registration between 
the reference CT and online CBCT. If these influencers 
showed a larger volume difference between the refer-
ence CT and online CBCT, less of the sessions met the 
clinical requirements. This emphasizes the importance 
of methods that aim for lower variations in these volume 
differences, e.g. drink instruction, even while applying 
daily oART. Performing a couch shift prior to RT would 
correct for software delineation inaccuracy related to 
CTVboost positioning, nevertheless, merely offering a 
partial solution given the automatic delineation volume 
being typically too small. To correct for this difference 
in size, the software might benefit from a marker guided 
delineation process. Fiducial markers are clearly visible 
on the CBCTs and are also used in clinical practice by 
the medical staff to localize the CTVboost [6]. Another 
interesting alternative might be to train an AI network 
to delineate the CTVboost. However, this would require 
a lot of data from bladder cancer patients with fiducial 
markers implanted. With respect to CTVelective, the previ-
ously mentioned volume effect of the influencers on the 
CTV coverage was not observed. This can be explained 
by the fact that the bladder is delineated by the AI net-
work using the online CBCT, without the reference CT 
as input. For one patient a diventriculum was present 
resulting in poor bladder delineations proposed by the AI 
network. Including more patients with a diventriculum 
in the training data set might increase the performance 
of the AI regarding this matter. More than 90% of the 
online fully automated daily adaptive RT sessions met the 
clinical requirements for CTVelective. This illustrates the 

potential for this workflow for whole bladder RT, when 
the focal boost is not applied [7].

Not requiring manual adjustments to the structure 
delineations would allow for a median time reduction of 
5 min, i.e. 23% of the total on-couch time [6]. Taking into 
account the bladder filling during this time frame would 
mean 5–20 mL less volume increase and might result in 
a smaller displacement of the bladder wall of about 3 mm 
[11, 15, 16]. These values illustrate how a quicker work-
flow can lead to smaller PTV margins.

Besides the bladder filling, human interobserver varia-
tion is another factor causing an inaccuracy for the 
treatment of bladder cancer. Meijer et al. reported an 
interobserver variation up to 3 mm for the bladder [21]. 
The MDA of the bladder delineated by the AI network 
was within this range for 75% of the sessions. The MDA 
of the rectum was within the range reported for human 
interobserver variation (up to 5 mm) for 92% of the cases 
[22]. A limitation of our study was that the reference plan 
was based on manual delineations on the reference CT 
due to limitations of the current version of the software 
not allowing for automatic delineations on the reference 
CT.

The sessions not meeting the requirements for 
CTVelective were concentrated within two patients, while 
in the other patients the CTVelective coverage was ade-
quate for all sessions. For the CTVboost these suboptimal 
sessions were spread out over all patients. For a whole 
bladder treatment, the results suggest that if one could 
predict which patients are the ones where the automatic 
delineations are adequate, these patients could benefit 
from this online fully automated workflow. This could 
open up a strategy in which the first treatment sessions 
might predict whether the patient could be treated with 
a fully automated oART workflow for whole bladder 

Fig. 3  Dosimetric comparison of the target coverage (A) and the dose outside the target (B) between Dauto and Dclin (n = 340 treatment sessions) on 
Contourclin. The boxplots represent the 1st and 3rd quartile with the median indicated inside and the whiskers representing the range
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Fig. 4  Percentage of sessions where Dauto would not have led to achievement of the clinical requirement for the target coverage (V95% ≥ 98%) of Con-
tourclin per patient. The evaluation is done on Contourclin for the CTVboost (A) and CTVelective (B). Insets: the percentage of sessions not meeting this clinical 
requirement per volume difference interval (see section “Volume differences and delineation accuracy” for more details). These volume differences were 
determined between the reference and online delineations of the influencers. The number above each bar represents the total number of sessions in-
cluded in that specific volume difference interval
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treatments or if more manual adaptations of the bladder 
structure would be expected.

A study of Shelley et al. showed the median geomet-
ric differences, between the automatic and manually 
adjusted delineation, to be small for the bladder which 
was in line with our study [23]. However, our study 
showed that these small geometric differences can trans-
late into clinically unacceptable dosimetric differences 
with respect to the CTVboost coverage. Geometric differ-
ences in the influencer delineation would not only affect 
the CTVelective delineation but also the CTVboost delinea-
tion due to the influencer guided deformable registration. 
A semi-automated workflow, in which the influenc-
ers were corrected but the GTV-delineations were not, 
showed an improvement of 2% more median target cov-
erage for the CTVboost compared to the fully automated 

workflow in this study [6]. This shows that with the cur-
rent technical capabilities, human interference and moni-
toring during the oART workflow for bladder cancer is 
still important in the case when a focal boost is included.

Conclusion
An online fully automated daily adaptive RT workflow 
is promising for bladder treatments. However, in more 
complex situations as with a focal boost, the current 
implementation is inadequate. Manual checks remain 
important to mitigate the risk of target underdosage.
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Fig. 5  Example of a session not meeting the clinical requirements for the target coverage. Dauto is shown with both the automatically proposed CTVboost 
delineation (Contourauto) and the manually adjusted CTVboost delineation (Contourclin). The region receiving at least 95% of the prescribed dose is indi-
cated (pink)
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