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A B S T R A C T   

Background and purpose: Studies have demonstrated the potential of online adaptive radiotherapy (oART). 
However, routine use has been limited due to resource demanding solutions. This study reports on experiences 
with oART in the pelvic region using a novel cone-beam computed tomography (CBCT)-based, artificial intel-
ligence (AI)-driven solution. 
Material and methods: Automated pre-treatment planning for thirty-nine pelvic cases (bladder, rectum, anal, and 
prostate), and one hundred oART simulations were conducted in a pre-clinical release of Ethos (Varian Medical 
Systems, Palo Alto, CA). Plan quality, AI-segmentation accuracy, oART feasibility and an integrated calculation- 
based quality assurance solution were evaluated. Experiences from the first five clinical oART patients (three 
bladder, one rectum and one sarcoma) are reported. 
Results: Auto-generated pre-treatment plans demonstrated similar planning target volume (PTV) coverage and 
organs at risk doses, compared to institution reference. More than 75% of AI-segmentations during simulated 
oART required none or minor editing and the adapted plan was superior in 88% of cases. Limitations in AI- 
segmentation correlated to cases where AI model training was lacking. The five first treated patients complied 
well with the median adaptive procedure duration of 17.6 min (from CBCT acceptance to treatment delivery 
start). The treated bladder patients demonstrated a 42% median primary PTV reduction, indicating a 24%-30% 
reduction in V45Gy to the bowel cavity, compared to non-ART. 
Conclusions: A novel commercial oART solution was demonstrated feasible for various pelvic sites. Clinically 
acceptable AI-segmentation and auto-planning enabled adaptation within reasonable timeslots. Possibilities for 
reduced PTVs observed for bladder cancer indicated potential for toxicity reductions.   

1. Introduction 

While offline adaptive radiotherapy (ART) is sufficient for a range of 
disease sites, inter-fractional anatomical variations in the pelvic area are 
not always predictable, indicating the need for online ART (oART) [1,2]. 
Several oART approaches have previously been investigated, including 
selection from a library of plans based on cone-beam computed to-
mography (CBCT) scans [3–8]. Such strategies all support the sparing of 
organs at risk (OAR) compared to non-ART strategies. Conducting full 
re-optimization on the anatomy of the day has furthermore been 
demonstrated superior to plan selection [9,10]. However, the clinical 

use of online re-optimization has been limited due to the cumbersome 
re-delineation and treatment planning required within a short time 
frame. Therefore, improvements in deformable image registration, auto- 
segmentation, auto-planning, and quality assurance (QA) procedures 
are required. Commercially available oART solutions with full re- 
optimization, previously demonstrated to be feasible within a clinical 
setting, have mainly consisted of magnetic resonance (MR) guided oART 
approaches [11–13]. These systems have benefits of superior soft tissue 
contrast and real-time image guidance, but also typically require addi-
tional time and resources. Therefore, a fast CBCT-based approach would 
be interesting for routine practice, especially in anatomical sites with 
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expected inter- and intra-fractional variations and with targets visible on 
CBCT (e.g. bladder). 

One major contributor to the rapid development of oART has been 
the increased use of artificial intelligence (AI) [14]. Applications of AI in 
this field include automated organ segmentation [15–17], the use of 
synthetic image data [18,19] as well as automated treatment planning 
[20–22]. The purpose of this project was to describe the clinical 
implementation of a commercial solution for CBCT-guided and AI- 
driven oART. The aim was to evaluate the feasibility, time-efficiency, 
and potential clinical impact of the solution for a range of common 
disease sites in the pelvic area, and to report on the first five patients 
treated with oART using this system. 

2. Material and methods 

The Ethos therapy solution for AI-driven CBCT-based daily oART 
(Varian Medical Systems, Palo Alto, CA) was installed in our department 
in August 2019. This system applies an AI-algorithm based on con-
volutional neural networks for the detection of daily anatomy. A tech-
nical description of the system has been provided elsewhere [23] and an 
additional brief explanation is provided in Appendix A. Supplementary 
material. Prior to clinical implementation, staff was trained on a pre- 
clinical release, equipped with an emulator for simulated oART. 
Training was focused on patients with targets in the pelvic and 
abdominal region. Pre-treatment planning procedures, online plan re- 
optimization and the treatment workflow were evaluated and opti-
mized. Furthermore, an integrated solution for calculation-based plan 
QA was assessed. Experiences from the first five patients treated after 
clinical implementation were reported on. All patients provided 
informed written consent and treatments were delivered under institu-
tional approval. 

2.1. Pre-treatment plan generation 

Retrospective pre-treatment data was collected for thirty-nine pelvic 
patients with included pelvic lymph nodes (eight bladder, eight prostate, 
nine rectum, and fourteen anus cancer), selected from the most recent 
clinical cases at our institution between January 2018 and July 2019. All 
patients had CT simulations using a 2 mm slice thickness (16 slice Philips 
Brilliance CT Big Bore scanner, Philips Medical Systems, Cleveland, OH) 
with contouring and treatment planning in accordance with local clin-
ical protocols (Appendix A. Table S 1) in Eclipse (v.15.6, Varian Medial 
systems) treatment planning system (TPS), using the Anisotropic- 
Analytical-Algorithm (AAA) for dose calculation. Automated pre- 
treatment planning for non-ART was retrospectively conducted in a 
pre-clinical release of the Ethos TPS. For each patient, three intensity- 
modulated radiotherapy (IMRT) plans (seven, nine, and twelve fields 
at system-defined beam angles), two volumetric modulated arc therapy 
(VMAT) plans (two and three arcs), as well as one re-calculated and one 
re-optimized plan, using the beam configuration of the original clinical 
plan, were generated. Dose-to-medium was calculated using the Acur-
osXB algorithm with 2.5 mm resolution and an angular resolution 
determined from control points (2 degrees for a full arc). Thus, eight 
plans per patient and a total of 312 plans were generated for compari-
son. Plans were normalized to achieve a mean dose of the high-dose 
planning target volume (PTV) equal to the prescribed dose. Plan eval-
uation was based on fulfillment of standard constraints on clinical target 
volume (CTV) and PTV coverage, and dose to OAR (Appendix A. Table S 
1). Furthermore, an overall modulation factor (MU/Gy), the high-dose 
PTV conformity index (CI) and homogeneity index (HI) were evalu-
ated. The CI was derived as the ratio between the volume receiving at 
least 98% (V98%) of the prescribed dose and the total high-dose PTV 
(VPTV), according to CI = V98%/VPTV [24]. The HI was derived as HI=
(D2%-D98%)/D50%, where D2%, D98% and D50%, were the doses received 
by 2%, 98% and 50% of the high-dose PTV, respectively [25]. 

2.2. Simulated online adaptive radiotherapy 

Twenty-six patients (eight bladder, eight prostate, six rectum, four 
anus) were selected for simulated oART, from top-to-bottom in the list of 
patients included in the pre-treatment plan evaluation. The number of 
patients for each disease site were decided based on training needs 
before clinical implementation. A total of one hundred (forty-seven 
bladder, thirty-six prostate, thirteen rectum, four anus) adaptive ses-
sions were simulated, using an emulator of the oART module. Reduced 
margins were applied in nineteen simulated oART sessions for bladder 
cancer patients, while standard non-ART margins were used for the 
remaining fractions and disease sites (Appendix A. Table S 1). The 
simulated oART sessions were based on retrospectively collected CBCT 
images (from the first fraction and, for patients with more than one 
simulation, every fifth clinical treatment fraction). The AI-segmented 
influencers (system-defined organs adjacent to and with high impact 
on the deformation of CTVs and OAR from the CT to the CBCT geometry) 
were reviewed and the amount of editing required for clinically 
acceptable delineations was qualitatively scored. Edits were classified as 
minor if adjustments were required on few CT slices (approximately <
10% of slices with organ present), intermediate if many slices required 
adjustments or if few slices required larger edits, and major if many 
slices required larger edits or if the structure needed to be cleared and 
manually delineated. Similarly, the propagated CTVs were reviewed and 
scored. Finally, the adapted plan (re-optimization of the pre-treatment 
plan on the anatomy of the day), was evaluated and compared to the 
scheduled plan (re-calculation of the pre-treatment plan on the anatomy 
of the day with isocenter optimization based on maximized PTV 
coverage). Plan comparisons were carried out by a single medical 
physicist (LMA) and was based on the fulfillment of clinical goals (CTV/ 
PTV coverage and dose to OAR) and plan complexity (MU/Gy). 

2.3. Patient-specific QA 

Thirty-two pre-treatment generated plans (nine and twelve-field 
IMRT, two and three-arc VMAT) for the first four bladder and four 
rectum patients from the pre-treatment plan generation investigation, 
were evaluated using an integrated independent dose calculation QA 
tool (M3D) (Mobius3D version 2.2, Varian Medical Systems). Corre-
sponding plans were measured using the Delta4+ (D4) phantom 
(ScandiDos AB, Uppsala, Sweden) as well as portal dosimetry (PD). 
Resulting local gamma passing rates were compared using institutional 
standard gamma criteria (M3D: 3%/3 mm, 10% threshold; D4: 3%/2 
mm, 10% threshold; PD: 3%/2 mm, 20% threshold). 

2.4. First clinical adaptive treatments 

The first five patients treated on the AI-driven and CBCT-based oART 
system consisted of three patients with bladder cancer, one with rectum 
cancer, and one with a gastro-intestinal stromal tumor (GIST) located 
between rectum and vagina. The twenty oART sessions conducted for 
these patients were evaluated in terms of treatment duration, structure 
editing, primary PTV volume changes, and fulfillment of dose 
constraints. 

2.5. Statistical analysis 

The extracted data parameters were evaluated in Matlab (R2019b, 
The MathWorks, Inc.). A median value together with the interquartile 
range (IQR) or a mean value together with one standard deviation (SD) 
were extracted for data samples not belonging to or belonging to a 
normal distribution (Lilliefors test), respectively. Wilcoxon rank sum 
tests were used to test whether two samples came from distributions 
with equal medians, at a statistical significance level of 5%. 

P. Sibolt et al.                                                                                                                                                                                                                                    



Physics and Imaging in Radiation Oncology 17 (2021) 1–7

3

3. Results 

3.1. Pre-treatment plan generation 

The automated TPS achieved PTV coverage, and doses to OAR, 
similar to the clinical plans (greater than95% VMAT) (Fig. 1). The me-
dian doses to 95% of the high-dose PTV (D95%) achieved with the 
automated TPS (all IMRT and VMAT plans) and the previous clinical 
standard TPS were 96.5% and 97.5%, respectively (p < 0.001). The plan 
quality indices were comparable between the two TPS, with the ex-
ceptions of an inferior HI for auto-generated VMAT plans and a superior 
CI for manually generated VMAT plans (Table 1). The higher MU/Gy for 
the auto-generated compared to the manually generated VMAT plans 
was an additional indication on the plan generation differences. For all 
cases in this study, the auto-generated IMRT plans (either nine or twelve 
fields) fulfilled more clinical goals than corresponding auto-generated 
VMAT plans and were therefore preferred as adaptive reference plans. 
The disease specific constraints on PTV coverage and doses to OAR were 
for these IMRT plans comparable to corresponding manually generated 
clinical VMAT plans (Table 2). 

The template-based automated treatment planning required one 
iteration of plan generation for cases with a single dose level to achieve 
clinically acceptable dose distributions with fulfillment of clinical goals, 
i.e. no additional revisions by adding or changing priorities of clinical 
goals followed by a new round of optimization were needed. However, 
cases with two dose levels delivered as simultaneously integrated boost 
required one to two additional revisions and the most complex cases, e. 
g. large anal cancer targets with two or more dose levels, required two to 
four revisions. 

3.2. Simulated online adaptive radiotherapy 

The AI-segmented influencers required none or minor editing in 76% 
out of the 259 influencers, while the corresponding value for the 100 
propagated CTVs (primary and elective combined) was 90% (Fig. 2). 
Limitations in AI-driven auto-segmentation were correlated to cases 
where the applied version of the system was not yet trained, e.g. bladder 
patients with urinary catheter. Spending additional time on ensuring 
optimal influencer delineations increased the clinical acceptability of all 
propagated CTVs and OAR (including but not limited to those already 
defined as influencers) (Fig. 2). 

Re-optimizing the treatment plan to the anatomy of the day resulted 
in the adapted plan being selected in 88% of the simulated treatment 
sessions (98%, 83%, 67% and 100% for bladder, prostate, rectum and 
anal cases, respectively). The main deciding factor for most cases was 
CTV and PTV coverage (60%) or a combination of target coverage and 
OAR sparing (30%), while solely OAR sparing was the driving factor in 

Fig. 1. Comparison of clinically relevant dose parameters for automatically generated treatments plans (9 and 12 field IMRT as well as 2 and 3 arc VMAT) and plans 
manually generated in the previous clinical TPS for anal cancer (n = 14), rectum cancer (n = 9), prostate cancer (n = 8), and bladder cancer (n = 7) patients. The 
inner line denotes the median value, the box the interquartile range, the whiskers the 9th and 91st percentile, with the outliers presented as single markers. 

Table 1 
Comparison of homogeneity index (HI), conformity index (CI), and the modu-
lation factor (MU/Gy) of IMRT and VMAT plans generated in automated TPS and 
the previous clinical standard TPS. Results presented as average values and 
corresponding standard deviation (k = 1).   

Automated TPS Standard TPS  

IMRT VMAT IMRT VMAT 

HI 0.08 ± 0.01 0.10 ± 0.05 0.06 ± 0.01 0.07 ± 0.03 
CI 0.83 ± 0.06 0.82 ± 0.04 0.83 ± 0.05 0.90 ± 0.03 
MU/Gy 1054 ± 320 365 ± 31 1068 ± 135 276 ± 23  
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only a few cases (3%). The remaining decisions were based on plan 
complexity, with e.g. one case with two times greater MU/Gy factor in 
the adapted compared to the scheduled plan. 

3.3. Patient-specific QA 

Overall, both calculation- and measurement-based QA demonstrated 
good agreements with dose calculations by the automated TPS, with all 
plans acceptable for treatment delivery independent of QA method. The 
M3D dose calculations resulted in local gamma passing rates above 97% 

for all cases, with a median of 99.2% (IQR = 1.2%). These results 
compared well with corresponding median passing rates of 98.4% (IQR 
= 1.4%) and 99.9% (IQR = 0.3%) for D4 and PD, respectively (Table 3). 

3.4. First clinical adaptive treatments 

All patients complied well with the online adaptive procedure, which 
took a median of 17.6 min (IQR = 4.0 min) (from acceptance of acquired 
CBCT to start of treatment delivery) for the twenty first delivered frac-
tions. The AI-driven influencer segmentation required approximately 
3–6 min and review of propagated CTVs was carried out within an 
additional 1–3 min. The remaining time was used for plan generation 
and review, plan QA, and occasional extra verifying CBCT acquisitions. 

Table 2 
Disease site specific relevant dose parameters for high-dose PTV coverage and 
doses to OAR, comparing the selected best auto-generated plan with corre-
sponding manually created clinical reference plan. Results are presented as the 
average value together with one standard deviation.  

Disease 
site 

Target / 
OAR 

Constraint Best auto-TPS 
plan 

Clinical reference 
plan 

Bladder PTV D99% [Gy] 61.2 ± 0.4 61.0 ± 2.1 
Rectum V50 Gy [%] 22.6 ± 14.3 28.4 ± 28.5 
Bowel 
cavity 

V30 Gy 

[cm3] 
731.0 ± 14.9 644.5 ± 22.0 

Prostate PTV D95% [Gy] 74.9 ± 0.9 75.3 ± 0.8 
Bladder Dmean [Gy] 43.0 ± 5.8 48.9 ± 4.4 
Rectum V70 Gy [%] 5.7 ± 3.3 5.8 ± 3.6 

Rectum PTV V95% [%] 98.6 ± 3.3 99.9 ± 0.1 
Bladder V35 Gy [%] 37.3 ± 17.5 43.7 ± 14.5 
Bowel 
cavity 

V30 Gy 

[cm3] 
513.7 ± 180.0 531.2 ± 176.0 

Anal PTV V95% [%] 99.7 ± 0.1 99.3 ± 0.6 
Bladder V35 Gy [%] 36.9 ± 19.7 43.0 ± 17.0 
Bowel 
cavity 

V30 Gy 

[cm3] 
344.9 ± 165.6 394.1 ± 207.7  

Fig. 2. Results of the qualitative assessment of AI-generated influencers (SV denotes the seminal vesicles) and subsequentially propagated clinical target volumes 
(Target) for 47, 36, 13 and 4 simulated adaptive sessions on 8 bladder, 8 prostate, 6 rectum and 4 anal cancer patients, respectively. Presented as a histogram over the 
extent of editing required to reach a clinically acceptable structure definition. 

Table 3 
Average gamma passing rates (±1 standard deviation) for plan-specific QA of 
auto-generated treatment plans (n = 12 per plan type) all evaluated using both 
Delta4 phantom (D4), portal dosimetry (PD), and Mobius3D (M3D).   

Bladder Rectum  

D4 PD M3D D4 PD M3D 

9 field 
IMRT 

98.3 ±
0.9 

99.9 ±
0.0 

99.5 ±
0.3 

96.9 ±
0.7 

100.0 ±
0.0 

98.8 ±
0.6 

12 field 
IMRT 

97.3 ±
1.2 

99.9 ±
0.1 

98.6 ±
1.0 

97.4 ±
1.0 

100.0 ±
0.0 

98.5 ±
0.8 

2 arc 
VMAT 

98.7 ±
0.4 

99.7 ±
0.1 

98.7 ±
0.9 

98.5 ±
0.5 

99.6 ±
0.2 

100.0 ±
0.0 

3 arc 
VMAT 

98.9 ±
0.6 

99.9 ±
0.1 

97.8 ±
1.4 

98.7 ±
0.3 

99.7 ±
0.2 

100.0 ±
0.0 

ALL 98.3 ±
1.0 

99.9 ±
0.1 

98.6 ±
1.1 

97.9 ±
1.0 

99.8 ±
0.2 

99.3 ±
0.8  
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The median ratio between the propagated high-dose CTV based on the 
anatomy of the day and the corresponding reference volume was 1.0 
(IQR = 0.3). For the bladder cases, margin reductions resulted in a 
statistically significant median reduction of the high-dose PTV by 42% 
(IQR = 19%) when moving from a non-ART to the studied oART 
approach (p < 0.001). The high-dose PTV V95% dose coverage was 
reduced to a median of 88.2% (IQR = 9.7%) for the scheduled plans, 
while regained at a median of 99.6% (IQR = 0.1) for the adapted plans 
(Fig. 3). The scheduled plans had a corresponding CTV V95% < 98% in 4 
out of 15 bladder treatments (minimum 94.1%), while kept at 100% for 
all adapted plans. The CI and HI provided additional indications of the 
superiority of the adapted plans (Fig. 3). In terms of potential clinical 
impact, high-dose PTV volume reductions for bladder cases e.g. indi-
cated a 24% − 30% reduction in V45 Gy to the bowel cavity, compared to 
non-ART. For the rectum and the GIST patients, the margins were not 
reduced and no significant changes in PTV volumes or OAR doses were 
observed. The adapted plans were selected in favor of the scheduled for 
15 out of 15, 1 out of 2, and 0 out of 3 oART sessions for the bladder, 
rectum, and GIST patients, respectively. 

4. Discussion 

This study aimed at describing the first clinical implementation of a 
novel commercial solution for AI-driven and CBCT-based oART in the 
pelvic region. Data from the use of a pre-clinical version demonstrated 
feasibility of re-optimization to the anatomy of the day, with deliverable 
plans of acceptable quality. The early clinical experiences treating the 
five first patients indicated potential for reduction of margins, and 
possibly toxicity related dose parameters, with patients complying well 
with the added time spent on the adaptive procedure. 

Automated treatment planning is important for fast oART with full 
re-optimization to the anatomy of the day [14]. A range of pelvic disease 
sites were in this study included in a pre-clinical evaluation of the 
automated TPS, with emphasis on benchmarking the treatment plan 
quality to our previous standard practice. The system generated IMRT 
plans of clinically acceptable quality, comparable to our standard best 

practice for manual plan generation. The automated plan generation 
potentially minimizes inter-planner variability and reduce time spent on 
treatment planning for non-ART [20]. However, the current version of 
the automated TPS is limited by a fixed set of beam configurations and 
inferior VMAT plan quality. Adding user defined beam configurations 
would increase flexibility (e.g. to better avoid prothesis or to better 
optimize beam angles for unilateral treatments) and improved VMAT 
plan quality would enable faster treatment delivery. A stochastic 
behavior in the generation of plans was observed, with minor variations 
in dose distributions for identical settings and prioritization between 
clinical goals. For complex cases needing one or more revisions with 
repeated plan optimization, approximately ten to forty minutes was 
added to the offline pre-treatment plan generation process for each 
revision. 

CBCT-based oART has been demonstrated feasible within reasonable 
session durations and with clinically acceptable deformation of struc-
tures to the anatomy of the day for a range of pelvic cases. Clinical oART 
sessions from acceptance of acquired CBCT to start of treatment delivery 
were achievable within a median of 17.6 min, which is competitive to 
other solutions [26,27] and also corresponds well with recent findings 
for simulated use of the present oART system for head and neck cancer 
patients [28]. With the novel CBCT-guided approach there is a potential 
to enable oART also for standard-fractionated treatments that so far has 
not been extensively investigated [12,29,30]. However, oART still 
require solutions for logistical challenges, e.g. minimizing the required 
presence of physicist and radiation oncologists. Training of RTTs to 
manage influencer editing is thus crucial and has so far been successful 
at our institution. Further training of RTTs to manage also CTV and plan 
review is pending. 

Auto-generated organs were observed to require none or only minor 
editing in more than three out of four cases, with subsequent propaga-
tion of CTVs and OAR to a clinically acceptable accuracy. The version of 
the studied oART system had limitations defining influencers in situa-
tions where the AI models had not yet been trained, e.g. patients with 
urinary catheter or male patients after prostatectomy. The adaptive 
process for cases requiring manual re-delineation was still considered 

Fig. 3. The boxplots to the left present the high-dose CTV and PTV coverage as the volume receiving more than 95% of the prescribed dose (V95%) achieved by the 
adapted and scheduled plan during all 20 online treatment sessions for the five patients included in this study. Boxplots to the right presents corresponding quality 
indices as CI and HI values for adapted and scheduled plans. The inner line denotes the median value, the box the interquartile range, the whiskers the 9th and 91st 
percentile, with the outliers presented as single markers. 
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feasible within reasonable session durations. Despite high quality CBCT 
imaging, organ definition can be challenging due to the limited soft- 
tissue contrast, e.g. in the most caudal part of the bladder and pros-
tate. However, meticulous influencer definition minimizes the need to 
spend time on manual adjustments of propagated CTV. This corresponds 
well with observations in a recent study on a similar approach for head 
and neck cancer patients [28]. Editing propagated targets will break the 
automated treatment planning chain and increase the time spent on the 
adaptive procedure. This would imply a risk of larger intra-fractional 
variations invalidating the adaptive margins applied and adding the 
need for increased margins or additional verifying CBCT imaging prior 
to treatment delivery. The lack of more continuous intra-fraction 
monitoring, available with e.g. MR-guided oART systems, is currently 
a limitation of this CBCT-based approach, especially relevant also for e. 
g. hypo-fractionated prostate treatments. 

As observed in this study, online adaptation and full re-optimization 
to the anatomy of the day result in selecting the adapted plan over the 
scheduled in most cases. That is to a large extent due to daily adaptation 
enabling reduction of margins otherwise necessary to account for inter- 
fractional variations. For the bladder cases treated with oART in this 
study, high-dose PTV volumes were reduced with a median of 42% 
compared to non-ART, correlating well with previous observations for 
bladder cancer patients [5,10]. This study indicates that this will impact 
critical OAR dose parameters and could potentially reduce toxicity. 

In conclusion, a novel commercial oART solution was demonstrated 
feasible for use in the pelvic region. CBCT-based AI-segmentation and 
automated treatment planning of clinically acceptable quality enabled 
online adaptation within reasonable session durations. Possibilities for 
reduced treatment volumes were observed for bladder cancer patients, 
indicating a potential for toxicity reductions. 
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