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Abstract
Purpose: The integration of auto- segmentation and automated treatment plan-
ning methods on a fast- rotating O- ring linac may improve the time efficiency of 
online adaptive radiotherapy workflows. This study investigates whether auto-
mated treatment planning of prostate SBRT with focal boosting on the O- ring 
linac could generate plans that are of similar quality as those obtained through 
manual planning on clinical C- arm linacs.
Methods: For 20 men with prostate cancer, reference treatment plans were 
generated on a TrueBeam STx C- arm linac with HD120 MLC and a TrueBeam 
C- arm linac with Millennium 120 MLC using 6 MV flattened dual arc VMAT. 
Manual planning on the Halcyon fast- rotating O- ring linac was performed using 
6 MV FFF dual arc VMAT (HA2- DL10) and triple arc VMAT (HA3- DL10) to in-
vestigate the performance of the dual- layer MLC system. Automated planning 
was performed for triple arc VMAT on the Halcyon linac (ET3- DL10) using the 
automated planning algorithms of Ethos Treatment Planning. The prescribed 
dose was 35 Gy to the prostate and 30 Gy to the seminal vesicles in five frac-
tions. The iso- toxic focal boost to the intraprostatic tumor nodule(s) was aimed 
to receive up to 50 Gy. Plan deliverability was verified using portal image do-
simetry measurements.
Results: Compared to the C- arm linacs, ET3- DL10 shows increased seminal ves-
icles PTV coverage (D99%) and reduced high- dose spillage to the bladder (V37Gy) 
and urethra (D0.035cc) but this came at the cost of increased high- dose spillage to 
the rectum (V38Gy) and a higher intermediate dose spillage (D2cm). No statistically 
significant differences were found when benchmarking HA2- DL10 and HA3- DL10 
with the C- arm linacs. All plans passed the patient- specific QA tolerance limit.
Conclusions: Automated planning of prostate SBRT with focal boosting on the 
fast- rotating O- ring linac is feasible and achieves similar plan quality as those 
obtained on clinical C- arm linacs using manual planning.
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1 |  INTRODUCTION

External beam radiotherapy (EBRT) is one of the stan-
dard treatment options for men with localized prostate 
cancer (PCa).1 Continuous improvement and devel-
opment of radiotherapy (RT) techniques allowed for 
the physical dose escalation of the target volume, im-
proving biochemical disease- free, distant metastases- 
free, and even overall survival in patients with high- risk 
PCa.2- 4 However, by escalating the dose to the entire 
prostate gland these positive results come at the ex-
pense of increased toxicity. Since most local recur-
rences occur at the location of the primary tumor,5 
adding a precise focal boost to the intraprostatic le-
sions may improve disease control while obtaining a 
more favorable toxicity profile compared to whole- 
gland dose- escalation.6,7 The benefit of focal boost-
ing has recently been demonstrated by the primary 
endpoint analysis of the phase III FLAME trial, which 
showed improved biochemical disease- free survival at 
5- year follow- up when adding a focal boost.8 Today, 
this focal boosting strategy is also under investigation 
in multiple phase I/II trials using stereotactic body ra-
diotherapy (SBRT), such as the phase II hypo- FLAME 
study.9 These ultra- hypofractionated treatments have 
been demonstrated to provide good disease control 
with minimal toxicity and are more convenient for the 
patient.10- 14 The combination of SBRT with a simul-
taneous integrated focal boost, however, results in a 
complex heterogeneous dose distribution with steep 
dose gradients both inside and outside the prostate. 
Given the low number of treatment fractions (≤7 frac-
tions) to deliver this complex dose distribution, accu-
rate treatment delivery is crucial.

The current standard practice in image- guided ra-
diotherapy (IGRT) is to perform daily target position 
verification and online repositioning to account for 
the interfractional prostate movement.15,16 However, 
most online repositioning methods can only partially 
correct for rotation shifts, as the magnitude of lat-
eral rotations often exceeds the maximum possible 
pitch correction of the treatment couch.17,18 Moreover, 
these methods generally ignore prostate deforma-
tions and the independent movement of the prostate 
and its surrounding organs at risk (OAR). The signifi-
cance of these residual prostate rotations and defor-
mations increases within the context of SBRT with 
focal boosting due to the localized dose escalation 
and the tighter than conventional margins that are 
used.19- 21 In addition, parts of the rectum and bladder 
could move into the high dose region potentially in-
creasing treatment- related toxicity. Online treatment 
plan adaptation could account for these interfrac-
tional anatomy variations but is challenging since all 

of the treatment planning steps (i.e., contouring, plan 
optimization, and quality assurance) must be reper-
formed while the patient is lying on the treatment 
couch.22,23 It is, therefore, important that the entire 
adaptation procedure does not prolong the treatment 
fraction considerably as this might increase the risk 
of intrafraction motion and can become uncomfort-
able for the patient.24

The integration and automation of the different 
steps in the adaptation process may improve the time 
efficiency of online adaptive radiotherapy (ART). The 
present work is a pilot study in the preparation of the 
implementation of a new treatment platform, Ethos 
Therapy (Varian Medical Systems, Palo Alto, CA), 
which integrates an artificial intelligence- driven auto-
mated adaptive workflow on a fast- rotating O- ring linac 
system, to perform an online treatment plan adaptation 
for prostate SBRT with focal boosting. Briefly, this treat-
ment platform uses iterative cone- beam computed to-
mography (iCBCT) imaging25,26 and auto- segmentation 
algorithms to visualize and delineate the anatomy of the 
day. Based on these contours, a new plan of the day is 
optimized for today's anatomy and compared with the 
recalculated dose distribution of the original treatment 
plan to evaluate which plan is most suitable. Treatment 
delivery is performed using either sliding- window 
intensity- modulated radiotherapy (IMRT) or volumetric 
modulated arc therapy (VMAT) on a fast- rotating O- ring 
linac system, Halcyon (Varian Medical Systems). This 
linac system combines a 6 MV flattening filter- free (FFF) 
beam with a dual- layer multi- leaf collimator (MLC) sys-
tem mounted on an O- ring gantry. All MLC leaves have 
a leaf width of 10 mm and the upper leaves are offset by 
5 mm with respect to the lower leaves.27

The automation of the treatment planning pro-
cess, however, changes some of the typical steps in 
the conventional treatment planning workflow. Most 
importantly, the actual optimization process is com-
pletely handled by an automated planning algorithm 
that initiates, controls, and monitors the optimiza-
tion process. Once the inputs have been provided, 
the entire optimization process is fixed and it is no 
longer possible for the planner to intervene nor to 
monitor this process. This input is provided in terms 
of a prioritized list of clinical goals that describe the 
planning objectives and their trade- offs. When the 
plan generation is initiated, these clinical goals will 
be converted into a set of optimization objectives 
that drive the optimization process. The relative pri-
ority of the clinical goals also determines the order 
in which the optimization objectives are manipulated 
by the automated planning algorithm, with objectives 
being modified such that failures in higher- priority 
goals are worked on before lower- priority goals. This 
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approach differs distinctively from conventional man-
ual treatment planning in which the planner deter-
mines the optimization objectives and their weights 
explicitly and is able to monitor and modify these 
throughout the optimization process to obtain a dose 
distribution that meets the clinical expectations. As 
a consequence, the main focus in automated treat-
ment planning is shifted toward the initial translation 
of the planning objectives into a prioritized list of 
clinical goals as this directs the remaining steps in 
the process. Moreover, during treatment plan adap-
tation the same prioritized list will be used together 
with the automated planning algorithm to optimize 
the plan for the anatomy of the day.

As a first step in the implementation of this treatment 
platform, this study investigates whether automated 
treatment planning of prostate SBRT with focal boost-
ing on the fast- rotating O- ring linac is able to generate 
treatment plans of similar quality as those obtained on 
standard clinical C- arm linacs. To this end, reference 
treatment plans were generated on a C- arm linac with 
high- resolution MLC (2.5 mm leaf width) and a C- arm 
linac with standard resolution MLC (5 mm leaf width). 
Next, treatment plans were generated on the fast- 
rotating O- ring linac using manual treatment planning 
to investigate the influence of the dual- layer MLC sys-
tem on the achievable plan quality. Finally, treatment 
plans were generated on the fast- rotating O- ring linac 
using the automated treatment planning algorithms of 
Ethos Treatment Planning and the obtained plan quality 
was benchmarked with those achieved through manual 
planning on the investigated linac systems.

2 |  MATERIALS AND METHODS

2.1 | Patient population

Computed tomography (CT) with registered multipara-
metric magnetic resonance imaging (mpMRI) (includ-
ing T2 weighted (T2w), diffusion- weighted imaging 
(DWI), and dynamic contrast- enhanced (DCE) se-
quences) data of 20 men with intermediate or high- risk 
PCa were used for this treatment planning study. All 
these patients were previously treated on the FLAME 
trial (NCT01168479) (4 out of 20 patients) or the hypo- 
FLAME trial (NCT02853110) (16 out of 20 patients) in 
a single institution and at least one tumor needed to 
be visible on mpMRI for study inclusion. Patient and 
tumor characteristics are presented in Table 1. Patients 
were planned and treated in the supine position using a 
knee wedge and foot block to assist patient positioning. 
Patients were asked to have a comfortably full blad-
der and empty their bowel or use micro enema prior 
to simulation. The imaging procedures and scanning 
parameters are presented in Supplemental Table S1. 
The whole prostate gland was delineated according 

to the ESTRO ACROP consensus guideline.28 The 
intraprostatic lesion(s) (GTVboost) were delineated on 
mpMRI.29,30 The prostate CTV (CTVprostate) included 
the whole prostate gland and a 4 mm isotropic margin 
around the GTVboost, excluding organs at risk (OAR). In 
four patients, two separate GTVs were contoured. One 
patient had three separate GTVs contoured. In total, 26 
separate GTVs were contoured with volumes ranging 
from 0.10 to 6.21 cc. According to the discretion of the 
treating physician, for all patients, a second seminal 
vesicle CTV (CTVSV) was created.31 OARs were de-
lineated based on the RTOG consensus guideline.32 
All delineations were performed by a trained radiation 

TA B L E  1  Patient and tumor characteristics

Characteristic
Number or median 
(range)

Age [year] 76 (67, 80)

Initial PSA [ng/mL] 10.18 (1.79, 21.46)

EAU risk group

Low risk 0

Intermediate risk 7

High risk 13

Clinical tumor stage

cT2a 7

cT2b 2

cT3a 11

Nodal stage

cNx 18

pN0 (<10 LN removed) 0

pN0 (≥10 LN removed) 2

ISUP grade group

1 0

2 4

3 10

4 2

5 4

Number of lesions

1 15

2 4

3 1

Volume [cc]

GTVboost 0.69 (0.10, 6.21)

Prostate 30.83 (17.85, 73.15)

Seminal vesicles 8.92 (2.36, 18.83)

PTVprostate 62.38 (38.98, 134.48)

PTVSV 26.00 (7.69, 45.66)

Rectum 45.51 (34.96, 119.07)

Bladder 98.79 (38.79, 198.12)

Note: The number or median and range (min, max) over all 20 patients are 
given for each characteristic.
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oncologist and contouring of the focal boost region on 
mpMRI was supervised by a radiologist experienced in 
uro- oncology. Planning target volumes (PTV) were cre-
ated by expanding the CTVs using an isotropic 4 mm 
margin. The target and OAR volumes are presented in 
Table 1. The isocenter was positioned at the prostate 
PTV centroid.

2.2 | Planning objectives

Target volume dose prescriptions and OAR dose con-
straints were based on the hypo- FLAME trial,16 and are 
depicted in Table 2. The prescribed dose was 35 Gy to 
the PTVprostate and 30 Gy to the PTVSV in five fractions. 
PTV objectives were such that the PTVprostate V33.25 Gy 
≥99% and the PTVSV V30 Gy ≥99%. The objectives for 
GTVboost aimed to deliver a minimum total dose of 40 Gy 
on at least 99% of the volume and up to 50 Gy as long as 
the OAR sparing was not at risk, that is, iso- toxic boost-
ing. An isotropic planning organ at risk volume (PRV) 
margin of 2 mm surrounding the rectum (PRVrectum) and 
urethra (PRVurethra) were used as a high- dose avoidance 
zone with a maximum dose constraint of 42 Gy.

2.3 | Linac systems

The Halcyon system consists of a single- energy 6MV 
FFF straight- through linac mounted on an O- ring 
gantry. Its encapsulated O- ring design allows for a 
maximum gantry rotation speed of 4 rpm during im-
aging and 2 rpm during treatment delivery. The jaw-
less dual- layer MLC is composed of 29 proximal leaf 
pairs (upper bank) and 28 distal leaf pairs (lower bank). 
Two additional distal leaf pairs outline the maximum 
field size (28 × 28 cm² at isocenter). All MLC leaves 
have a projected leaf width of 10 mm at the isocenter 
and the proximal leaves are offset by 5 mm from the 
distal leaves. The maximum leaf speed is 5 cm/s and 
the maximum leaf span is 28 cm. The absolute dose 
output was calibrated as 1 cGy/MU delivered to water 
at 10 depth and 90 cm source- surface distance with a 
10 × 10 cm² field size.33

For plan quality comparison, a TrueBeam STx 
C- arm linac (Varian Medical Systems) with a high- 
resolution HD120 MLC and TrueBeam C- arm linac 
(Varian Medical Systems) with a standard resolution 
Millennium 120 MLC were used. The HD120 MLC 
consists of 32 central leaf pairs of 2.5 mm width 
and 28 outer leaf pairs of 5 mm width whereas the 
Millennium 120 MLC consists of 40 central leaf pairs 
of 5 mm width and 20 outer leaf pairs of 10 mm width. 
The leaves of both MLCs are mounted on opposing, 
movable carriages and have a maximum leaf span 
of 15 cm. Both MLCs have a maximum leaf speed of 
2.5 cm/s. The maximum gantry rotation speed of both 

C- arm linacs is 1 rpm. Dose output was calibrated as 
0.8 cGy/MU using identical reference conditions as 
the Halcyon linac.33

2.4 | Planning techniques

Reference treatment plans were generated on the 
TrueBeam STx with HD 120 MLC (TB2- SL2.5) and the 
TrueBeam ST with Millennium 120 MLC (TB2- SL5) using a 
6MV flattened dual arc VMAT planning technique accord-
ing to our clinical practice and following the multicenter 

TA B L E  2  Target volume dose prescriptions and organs at risk 
(OAR) dose constraints

Structure Volume Expected dose

Target coverage

GTVboost ≥99% 40 Gy; aimed up to 
50 Gy*

0.1 cc ≤52 Gy (if possible)

CTVprostate ≥99% 35 Gy

PTVprostate ≥99% 33.25 Gy

CTVSV ≥99% 30 Gy

PTVSV ≥99% 30 Gy

OAR constraints

Rectum 0.035 cc (=Dmax) 40 Gy

≤1 cc 38 Gy

≤2 cc (if possible 
<1 cc)

35 Gy

≤15% 32 Gy

≤20% 28 Gy

≤ 50% 23.5 Gy

≤70% 20.5 Gy

≤75% 17 Gy

PRVrectum 0.035 cc (=Dmax) ≤42 Gy

Bladder ≤1 cc 42 Gy

≤5 cc 37 Gy

≤15% 32 Gy

≤20% 28 Gy

Urethra 0.035 cc (=Dmax) ≤42 Gy

PRVurethra 0.035 cc (=Dmax) ≤ 2 Gy

Anal canal ≤1 cc 37.85 Gy

≤40% 21.4 Gy

≤60% 19.2 Gy

Penile bulb ≤90% 20 Gy

Femoral head 
and neck

≤5% 28 Gy

Note: Target volume dose prescriptions and OAR dose constraints are 
based on the hypo- FLAME clinical trial.16

CTV, clinical target volume; PTV, planning target volume; GTV, gross tumor 
volume; PRV, planning organ at risk volume; Dmax, maximum dose.
*GTVboost was aimed to receive up to 50 Gy, as long as the OAR dose 
constraints were not exceeded.
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consensus of the FLAME consortium.16 The collimator 
angles were set at 10° and 80°. An avoidance sector be-
tween 170° and 190° gantry angle was used for both arcs 
to limit entrance dose in the rectum. The maximum dose 
rate for 6 MV flattened was used, namely 4.8 Gy/min in 
reference conditions. Manual treatment planning was 
performed for both TB2- SL2.5 and TB2- SL5.

The planning technique studied on the fast- rotating 
O- ring linac consisted of 6MV FFF dual arc VMAT 
using the same field geometry as on the C- arm linacs, 
that is, collimator angles set at 10° and 80° and a rectal 
avoidance sector between 170° and 190° gantry angle. 
Given the maximum gantry rotation speed of 2 rpm 
during VMAT, it is hypothesized that an additional arc 
could be added to the planning technique without caus-
ing a major increase in treatment time. For this pur-
pose, a 6 MV FFF triple arc VMAT solution was studied 
as well. The collimator angles were 10°, 45°, and 80° 
and the 45° angle was added to give more degrees 
of freedom to the optimizer for potentially improved 
OAR sparing.34 The maximum dose rate for 6 MV FFF 
was used, namely 6.0 Gy/min in reference conditions. 
Manual treatment planning was performed for both dual 
arc VMAT (HA2- DL10) and triple arc VMAT (HA3- DL10) 
on the fast- rotating O- ring linac. Automated treatment 
planning was performed solely for triple arc VMAT 
(ET3- DL10) as it was not feasible to generate dual arc 
VMAT plans as the amount of MU that needed to be 
delivered per arc exceeded the machine tolerance limit 
(i.e., more than 1500 MU delivered per arc). This was 
due to the fact that it was not possible to constrain the 
amount of MU during automated plan optimization. In 
contrast, a maximum MU objective could be added 
for this purpose during manual treatment planning. An 

overview of the studied planning techniques is depicted 
in Figure 1.

2.5 | Manual treatment planning

Manual treatment planning was performed in the Eclipse 
version 15.6 TPS using the Photon Optimizer (PO) al-
gorithm version 15.6 with fine structure sampling reso-
lution (1.25 mm grid size). The SX2 implementation of 
the Halcyon's dual- layer MLC was used for HA2- DL10 
and HA3- DL10 as this allowed for the field shaping to 
be performed by both MLC layers independently.

Patient- specific sets of optimization weights for the 
different objectives were determined for TB2- SL2.5, 
which was the clinical planning technique used for 
the 16 patients treated on the hypo- FLAME trial. The 
same patient- specific set of optimization objectives 
and weights was used to generate the treatment plans 
for TB2- SL5, HA2- DL10, and HA3- DL10 to minimize 
optimization- based bias between the different manu-
ally optimized planning techniques. The patient- specific 
optimization objectives and weights for TB2- SL2.5 
were determined through an iterative procedure during 
the first step of the first multiresolution level (MR 1) 
(Figure 2). The initial optimization objectives were ob-
tained from an objective template (Supplemental Table 
S3) and were chosen to deliver a focal boost dose 
(D99%) to 40 Gy on GTVboost. The boost dose objective 
was then iteratively increased in steps of 1 up to 50 Gy. 
Sufficient time was left between subsequent iterations 
to allow for the cost function to flatten. All OAR dose 
constraints were verified and needed to be satisfied 
before further increasing the boost dose objective. The 

F I G U R E  1  Schematic overview of the 
studied planning techniques.
aManual treatment planning was first 
performed for TB2- SL2.5 to determine the 
optimal patient- specific set of optimization 
weights for the different objectives and 
the same patient- specific set was used 
without modification to perform manual 
planning for TB2- SL5, HA2- DL10, and 
HA3- DL10 (Figure 2).
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boost dose objective was reduced by 0.5 Gy if one of 
the OAR dose constraints was exceeded. The optimi-
zation was allowed to continue to higher multiresolution 
levels (MR 2– 5) once the boost dose objective that re-
sulted in the highest achievable focal boost dose was 
determined. In the case of multiple GTVs the optimal 
boost dose objective was determined for each GTV 
individually during the same optimization. During the 
remainder of the optimization, the other objectives in 
the objective template were to have a balanced compe-
tition between target coverage and the OAR objectives, 
especially the high- dose spillage to the rectum and ure-
thra. Once a clinically acceptable treatment plan was 
generated for TB2- SL2.5, treatment plans for TB2- SL5, 
HA2- DL10, and HA3- DL10 were generated using iden-
tical optimization objectives without any modifications 
during the optimization process.

A maximum monitor unit (MU) objective set to 
2800 MU was used for TB2- SL2.5, TB2- SL5, and 
HA2- DL10 in order for the treatment plans to be deliv-
erable (i.e., to have less than 1500 MU delivered per 
arc). Such an objective was not used for HA3- DL10 
due to the additional arc and subsequent redistribu-
tion of the monitor units. The Automatic Optimization 
Mode and Automatic Intermediate Dose options were 
enabled to minimize manual interventions in the 
optimization process. Intermediate and final dose 

calculation was performed using the anisotropic an-
alytical algorithm (AAA) version 15.6.03 with a 1 mm 
calculation grid size.

2.6 | Automated treatment planning

Automated treatment planning was performed in the 
Physicians Intent module of Ethos Treatment Planning 
version 1.0 (Varian Medical Systems) using the 
Intelligent Optimization Engine (IOE). Clinical goals 
were defined for the targets and the OARs using a 
planning directive template and their respective priori-
ties were specified on a scale from 1 (most important) 
to 4 (less important) (Supplemental Table S4). These 
clinical goals are converted by the IOE to optimization 
objectives for an Ethos- specific variant of the Photon 
Optimizer algorithm, which performs the actual opti-
mization. The IOE monitors this optimization process 
through a plan quality metric that is derived from the 
clinical goals and their relative priorities. During optimi-
zation, the IOE modifies the optimization objectives in 
order to maximize the plan quality metric while prioritiz-
ing failures in higher- priority clinical goals before lower- 
priority clinical goals.

Prior to automated planning, a fast fluence- map 
optimized dose distribution was generated for the 

F I G U R E  2  Schematic overview of the manual and automated treatment planning workflow.
After automated planning, approved treatment plans were exported from Ethos Treatment Planning to Eclipse for final dose recalculation 
using the AAA version 15.6.03 algorithm with 1 mm calculation grid size and subsequent plan renormalization. The recalculated and 
renormalized plans were used for plan quality evaluation and plan deliverability verification.
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initial prioritized list of clinical goals using the IOE 
with the Fourier Transform Dose Calculation algo-
rithm (FTDC) for dose calculation. This dose preview 
was used to evaluate potential clinical trade- offs and 
the clinical goals were subsequently modified, added 
or re- ordered to change their relative priority until a 
preview dose distribution was obtained that satisfied 
all the criteria of priority level 1 with only minor excep-
tions being allowed to the discretion of the planner 
(Figure 2). A strategy similar to the one performed 
during manual plan optimization was used to deter-
mine the optimal focal boost dose goal, that is, itera-
tive escalation and de- escalation of the GTVboost D99% 
clinical goal. Once the optimal clinical goals and their 
priorities were determined, the radiotherapy intent 
was approved and the IOE commenced with the auto-
mated planning.

The Ethos- specific variant of the PO algorithm used 
a 2.5 mm structure sampling resolution. Intermediate 
and final dose calculation was performed using an 
Ethos- specific variant of the Acuros XB algorithm with 
2.5 mm calculation grid size using dose- to- medium. 
After automated planning, the generated plan was eval-
uated in Ethos Treatment Planning to assess whether 
it satisfied the planning objectives or whether the plan 
should be regenerated using a modified prioritized list 
of clinical goals. If the planning objectives were satis-
fied, the treatment plan was then exported to Eclipse 
for comparison.

2.7 | Final dose 
recalculation and normalization for 
plan comparison
The dose distribution of the automatically generated 
treatment plans (ET3- DL10) in Ethos Treatment Planning 
was recalculated in Eclipse version 15.6 using the AAA 
version 15.6.03 algorithm with a 1 mm calculation grid 
size to minimize calculation- based bias in the com-
parison with the manually generated treatment plans in 
Eclipse (Figure 2). The dose distribution of all plans was 
normalized such that the prescribed dose of 35 Gy cov-
ers 95% of PTVprostate. These normalized dose distribu-
tions were used for the plan quality evaluation.

2.8 | Plan quality evaluation

Target coverage and OAR dose metrics specified in 
Table 2 were evaluated for all plans. Normal tissue 
complication probability (NTCP) for the rectum and 
the bladder were calculated using the Lyman- Kutcher- 
Burman model with Niemierko's equivalent uniform 
dose as described in the Supplemental Material.35- 37 
Rectum NTCP was calculated using the best estimate 
QUANTEC parameters for late grade ≥2 rectal toxic-
ity or bleeding.38 Bladder NTCP was calculated using 

the parameters derived by Kole et al. for late urinary 
symptom flare after prostate SBRT in five fractions.39 
The rectum DVH was corrected for the biologically ef-
fective dose using an α/β ratio of 3 Gy before calcu-
lating the rectum NTCP.38,40 The original bladder DVH 
could be used for the bladder NTCP calculation as the 
fractionation scheme of this study is identical to that of 
the model.

The target coverage, OAR dose metrics, and NTCP 
values obtained by the different planning techniques 
were compared using a Kruskal– Wallis omnibus test 
followed by two- sided Wilcoxon's matched- pairs 
signed- rank tests. Statistical significance was deter-
mined using the Benjamini- Hochberg procedure to cor-
rect for multiple comparisons by controlling the false 
discovery rate at significance level 0.05.41 All analy-
ses were performed in MATLAB R2017b (MathWorks, 
Natick, MA, USA).

2.9 | Plan deliverability

The deliverability of all treatment plans was veri-
fied through pre- treatment patient- specific quality 
assurance (QA) using portal image dosimetry. The 
agreement between measured and calculated planar 
measurements was analyzed for each arc individu-
ally using a 2%(local)/2 mm gamma index (γ2%,2mm) 
analysis with an exclusion threshold set to 20% of 
the maximum value.42 The gamma index analysis 
was performed in Portal Dosimetry (Varian Medical 
Systems). Treatment plans passed the clinical toler-
ance limit and were deemed deliverable if the γ2%,2mm 
agreement score was ≥95% for each arc individually 
as recommended by the AAPM TG- 218 report.43 The 
time needed to deliver the dose was recorded for 
all plans during treatment plan verification using the 
auto- sequencing delivery mode.

3 |  RESULTS

3.1 | Target coverage and high and 
intermediate dose spillage

The PTVprostate was adequately covered in all patients 
for all plans whereas the PTVSV had a minor devia-
tion from its dose prescription in 24 of the 100 treat-
ment plans (mostly for TB2- SL5 with a violation in 
9/20 plans). A minimal focal boost to D99% ≥ 40.0 Gy 
on GTVboost was achieved for all treatment plans. The 
D99% to PTVprostate was similar for all planning tech-
niques (Figure 3). The D99% to PTVSV was statisti-
cally significant (p < 0.001) and consistently higher for 
ET3- DL10 compared to all other planning techniques 
(median increase ranging between 0.5 and 0.7 Gy). 
The D99% to GTVboost was slightly higher for ET3- 10mm 
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compared to the other planning techniques (median in-
crease ranging between 0.2 Gy and 0.3 Gy) but this 
increase was not statistically significant nor consistent 
for all patients. Comparable high dose spillage (CI) was 
observed for all planning techniques (Supplemental 
Figure 1). In contrast, ET3- DL10 had a statistically sig-
nificant (p < 0.001) and consistently higher intermedi-
ate dose spillage measured by D2cm compared to all 
other planning techniques (median increase ranging 
from 7.1% to 9.8%). A statistically significant (p < 0.001) 
albeit smaller increase in D2cm was found for TB2- SL5 
(median 1.2%), HA2- DL10 (2.5%), and HA3- DL10 
(1.4%) compared to TB2- SL2.5.

More details on the target coverage and high and 
intermediate dose spillage are presented in Table 3 and 
are visualized in Supplemental Figure S1. The pairwise 

dosimetric comparison and the corresponding p- values 
of the statistical analysis are presented in Supplemental 
Tables S4 and S5.

3.2 | Dose to OAR

The maximum dose D0.035cc ≤ 40 Gy constraint to 
the rectum was exceeded in three treatment plans 
(all ET3- DL10). Similarly, the rectum V35 Gy ex-
ceeded 2.0 cc in two ET3- DL10 plans (V35 Gy of 2.20 
and 2.69 cc). However, the second patient case for 
which the constraint was violated had a large over-
lap between the rectum and the PTVprostate (overlap 
of 3.71 cc) and all other planning techniques also just 
met the dose constraint (V35 Gy between 1.72 cc and 

F I G U R E  3  Target coverage and dose to selected organs at risks.
Results are shown as boxplots over all patients for TB2- SL2.5 (outer left), TB2- SL5 (middle left), HA2- DL10 (middle), HA3- DL10 (middle 
right) and ET3- DL10 (outer right). The dots represent individual patients. Target volume dose prescriptions and OAR dose constraints are 
indicated by a red solid line. The corresponding values are presented in Tables 3 and 4.
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1.98 cc) (Figure 3). Although the rectum V38 Gy dose 
constraint was satisfied for all patients, a statistically 
significant (p < 0.001) and the consistent increase was 
observed for ET3- DL10 compared to all other planning 
techniques (median increase of 0.02 cc). Comparable 
intermediate dose to the rectum (i.e., V32 Gy, V28 Gy, 
V23.5 Gy, and V17 Gy) was observed for all planning 
techniques (Supplemental Figure S2). The rectum 
NTCP for late grade ≥2 rectal complications showed 
a slight increase for ET3- DL10 compared to the other 
techniques (median increase ranging between 0.4% 
and 0.5%) but this difference was not statistically sig-
nificant nor consistent for all patients (Supplemental 
Figure S2).

The bladder V32 Gy ≤ 15% and V28 Gy ≤ 20% constraints 
were exceeded in one patient by all planning techniques 
(V32 Gy between 15.5% and 16.1% and V28 Gy between 
22.7% and 25.5%), which may be related to 13.2% of 
the bladder volume overlapping with the PTVprostate. 
ET3- DL10 had a statistically significant (p < 0.001) and 
consistent reduction in V37 Gy to the bladder (median 
decrease ranging between −0.69 cc and −0.57 cc). 
Comparable intermediate dose to the bladder (i.e., V32 Gy 
and V38 Gy) was observed for all planning techniques. 
ET3- DL10 showed a slight reduction in bladder NTCP 
for late urinary symptom flare (Supplemental Figure S3) 
but no statistically significant difference in NTCP was 
found between the different planning techniques.

The maximum dose of D0.035cc to the urethra was 
below 39.9 Gy for all treatment plans (Figure 3). A sta-
tistically significant (p < 0.001) and consistent reduc-
tion in urethra D0.035cc was observed for ET3- DL10 
compared to all other planning techniques (median de-
crease ranging between −1.1 and −0.9 Gy).

All plans satisfied the dose constraints to the anal 
canal and penile bulb (Supplemental Figure S4). There 

were no statistically significant differences between the 
different planning techniques.

More details on the dose to the OAR and NTCP 
are presented in Table 4 and are visualized in 
Supplemental Figures S2- S5. The pairwise dosim-
etric comparison and the corresponding p- values of 
the statistical analysis are presented in Supplemental 
Table S4 and S5.

3.3 | Beam delivery parameters and pre- 
treatment patient- specific QA

All plans passed the patient- specific QA tolerance limit 
with γ2%/2mm agreement scores (AS) above 95.0% and 
were deemed deliverable. In general, the dose delivery 
time of HA2- DL10 (median of 3 min 52 s) and HA3- DL10 
(4 min 6 s) was shorter than those of TB2- SL2.5 (4 min 
29 s) and TB2- SL5 (4 min 27 s). In contrast, ET3- DL10 
had the longest dose delivery time of all the planning 
techniques with a median of 5 min 2 s. More details 
on the beam delivery parameters and pre- treatment 
patient- specific QA are given in Table 5. The monitor 
units and beam- on time are visualized in Supplemental 
Figure S6.

4 |  DISCUSSION

This study investigated the feasibility of automated 
treatment planning of prostate SBRT with focal boosting 
on the Halcyon fast- rotating O- ring linac as a first step 
in the implementation of online adaptive radiotherapy 
of this treatment on the Ethos therapy platform. For this 
purpose, automated treatment planning was performed 
for VMAT on the fast- rotating O- ring linac (ET3- DL10) 

TA B L E  3  Evaluation of target coverage and high and intermediate dose spillage

Constraint

TB2- 2.5 mm TB2- 5 mm HA2- 10 mm HA3- 10 mm ET3- 10 mm

Median 
(Range)

Median 
(Range) Median (Range)

Median 
(Range)

Median 
(Range)

Target coverage

GTVboost

D99% [Gy] >40 41.5 (40.1, 49.9) 41.2 (40.0, 49.8) 41.2 (40.1, 50.4) 41.2 (40.1, 50.0) 42.0 (40.0, 53.0)

D0.1cc [Gy] <52 47.8 (42.0, 51.4) 47.4 (42.5, 51.7) 47.0 (42.8, 52.5) 47.2 (43.0, 52.5) 45.1 (42.0, 55.3)

PTVprostate

D99% [Gy] >33.25 33.8 (33.2, 34.4) 33.7 (33.0, 34.4) 33.8 (33.3, 34.4) 33.8 (33.2, 34.4) 33.7 (33.4, 34.2)

PTVSV

D99% [Gy] >30 30.2 (29.3, 30.9) 30.1 (29.3, 30.9) 30.0 (29.4, 30.6) 30.2 (29.6, 30.8) 30.7 (30.3, 31.3)

Dose spillage

CI 1.13 (1.08, 1.24) 1.15 (1.08, 1.24) 1.16 (1.08, 1.27) 1.14 (1.08, 1.23) 1.18 (1.09, 1.43)

D2cm [%] 53.8 (51.7, 56.7) 54.8 (52.6, 58.2) 56.3 (52.4, 59.8) 55.4 (52.7, 58.2) 63.5 (61.3, 69.6)

Note: Median and range (min, max) over all 20 patients of each planning technique are given for all parameters. The conformity index (CI) and dose at 2 cm 
(D2cm) are calculated for PTVprostate and a prescribed dose of 35 Gy.
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and was compared to the manual treatment planning 
of VMAT on standard clinical C- arm linacs (TB2- SL2.5 
and TB2- SL5). This allowed to investigate whether sim-
ilar plan quality could be achieved on the system as 
those obtained by the planning techniques that were 
used to deliver the treatment on the hypo- FLAME trial.16 
It should be noted that the plan quality obtained by 
ET3- DL10 is determined by the combination of the per-
formance of the dual- layer MLC system and the auto-
mated planning algorithm of Ethos Treatment Planning. 
By also performing manual treatment planning on the 

fast- rotating O- ring linac (HA2- DL10 and HA3- DL10) it 
was possible to separate the influence of both factors 
from each other and evaluate them individually.

To minimize optimization- based bias during man-
ual treatment planning, identical patient- specific sets 
of optimization objectives were used for TB2- SL2.5, 
TB2- SL5, HA2- DL10, and HA3- DL10. In this way, the 
performance of each MLC system on the plan quality 
could be evaluated without it being distorted by differ-
ences in the optimization process. The optimization ob-
jectives and weights were determined for each patient 

TA B L E  4  Evaluation of dose to organs at risk (OAR). and normal tissue complication probability (NTCP)

Constraint

TB2- 2.5mm TB2- 5mm HA2- 10mm HA3- 10mm ET3- 10mm

Median (Range) Median (Range) Median (Range) Median (Range)
Median 
(Range)

Dose to OAR

Rectum

D0.035cc [Gy] ≤40 35.3 (34.8, 37.9) 35.6 (34.8, 38.4) 35.9 (34.9, 38.8) 36.0 (34.9, 38.9) 37.3 (35.0, 41.0)

V38 Gy [cc] ≤1 0.00 (0.00, 0.03) 0.00 (0.00, 0.06) 0.00 (0.00, 0.11) 0.00 (0.00, 0.10) 0.02 (0.00, 0.69)

V35 Gy [cc] ≤2 0.21 (0.01, 1.72) 0.32 (0.01, 1.98) 0.46 (0.02, 1.96) 0.52 (0.00, 1.84) 0.69 (0.00, 2.69)

V32 Gy [%] ≤15 7.9 (2.6, 13.8) 8.0 (2.5, 12.7) 7.8 (2.5, 13.2) 7.7 (2.5, 12.9) 8.5 (2.2, 17.5)

V28 Gy [%] ≤20 14.3 (6.3, 19.8) 14.2 (6.9, 19.1) 14.6 (7.2, 19.8) 14.7 (7.2, 19.7) 14.0 (7.0, 24.8)

V23.5 Gy [%] ≤50 20.2 (12.9, 25.3) 20.3 (13.4, 27.0) 21.0 (14.0, 26.7) 21.4 (14.0, 26.1) 21.1 (12.7, 30.7)

V20.5 Gy [%] ≤70 24.5 (17.9, 31.5) 24.6 (17.3, 31.0) 25.0 (17.5, 30.7) 25.3 (17.5, 30.0) 25.0 (16.6, 34.6)

V17 Gy [%] ≤75 28.8 (23.8, 34.5) 29.5 (22.7, 34.4) 29.8 (22.5, 35.3) 29.9 (22.3, 33.7) 29.9 (22.4, 40.0)

PRVrectum

D0.035cc [Gy] ≤42 39.9 (36.5, 41.8) 40.0 (36.3, 41.7) 40.1 (36.5, 42.6) 40.1 (36.4, 42.8) 40.4 (36.5, 42.2)

Bladder

V42 Gy [cc] ≤1 0.00 (0.00, 0.03) 0.00 (0.00, 0.04) 0.00 (0.00, 0.15) 0.00 (0.00, 0.07) 0.00 (0.00, 0.00)

V37 Gy [cc] ≤5 0.70 (0.00, 4.76) 0.97 (0.18, 4.80) 0.82 (0.20, 4.60) 0.68 (0.08, 4.20) 0.12 (0.00, 0.53)

V32 Gy [%] ≤15 7.2 (2.9, 15.8) 7.5 (3.1, 15.8) 6.9 (2.9, 15.9) 6.9 (2.8, 15.5) 7.6 (3.3, 16.1)

V28 Gy [%] ≤20 12.1 (5.2, 22.7) 12.7 (4.5, 23.0) 12.2 (5.4, 24.6) 12.2 (5.5, 23.8) 14.8 (6.4, 25.5)

Urethra

D0.035cc [Gy] ≤42 38.8 (37.6, 39.8) 38.9 (37.6, 39.9) 39.0 (37.6, 39.8) 38.9 (37.7, 39.8) 37.8 (36.6, 39.7)

PRVurethra

D0.035cc [Gy] ≤42 39.7 (38.2, 41.1) 39.8 (38.4, 41.3) 40.0 (38.6, 41.2) 40.0 (38.6, 41.1) 40.4 (37.8, 42.0)

Anal canal

V37.85 Gy [cc] ≤1 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00) 0.00 (0.00, 0.00)

V21.4 Gy [%] ≤40 2.7 (0.0, 37.3) 2.7 (0.0, 37.2) 3.2 (0.0, 35.7) 3.6 (0.0, 37.7) 2.5 (0.0, 37.2)

V19.2 Gy [%] ≤60 3.7 (0.0, 38.9) 3.6 (0.0, 39.5) 4.2 (0.0, 37.6) 4.5 (0.0, 39.4) 3.2 (0.0, 40.9)

Penile bulb

V20 Gy [%] ≤90 0.0 (0.0, 24.9) 0.0 (0.0, 42.7) 0.0 (0.0, 64.2) 0.0 (0.0, 48.2) 0.0 (0.0, 42.2)

Femoral head & neck

V28 Gy [%] ≤5 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0)

NTCP
Rectuma  [%] 1.0 (0.2, 2.7) 1.0 (0.2, 2.9) 1.1 (0.2, 3.4) 1.2 (0.2, 3.2) 1.2 (0.2, 8.1)

Bladderb  [%] 4.2 (1.9, 10.6) 4.4 (1.9, 10.8) 4.2 (1.9, 11.0) 4.2 (1.8, 10.6) 4.3 (1.9, 8.8)

Note: Median and range (min, max) over all 20 patients of each planning technique are given for all parameters.
aGrade ≥2 late toxicity or rectal bleeding.38

bLate urinary flare.39
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during the plan optimization of TB2- SL2.5 following a 
predetermined iterative procedure as described in the 
methods (Figure 2). Since TB2- SL2.5 was the clinical 
planning technique for the 16 patients treated on the 
hypo- FLAME trial its plan quality should be represen-
tative of the plan quality obtained in clinical practice.16 
A potential limitation of this approach, however, is that 
the obtainable focal boost dose and OAR sparing of 
TB2- SL5, HA2- DL10, and HA3- DL10 will be limited by 
those achieved on TB2- SL2.5 as its optimization objec-
tives and weights were used to drive the optimization of 
the other planning techniques.

It should be noted, that automated treatment plan-
ning uses an Ethos- specific variant of the Acuros 
XB algorithm for the intermediate dose calculation in 
the Ethos Treatment Planning software whereas the 
plan quality evaluation and plans deliverability veri-
fication was performed using the recalculated and 
renormalized plans in Eclipse (Figure 2). As a conse-
quence, the evaluated dose distribution of ET3- DL10 
in Eclipse may differ from the optimized dose distri-
bution in Ethos Treatment Planning. However, this in-
fluence on the plan quality comparison was limited as 
the median voxel- wise dose error between both dose 
distributions was below 0.2 Gy for the dose points 
above 20% of the prescribed dose of 35 Gy. In addi-
tion, the dose rescaling factor needed to renormalize 
the recalculated dose distribution was below 2% for 
all plans.

All planning techniques on the fast- rotating O- ring linac 
were capable to generate clinically acceptable treatment 
plans (Tables 3 and 4). When comparing triple arc VMAT 
(HA3- DL10) to dual arc VMAT (HA2- DL10), no clinically 
significant differences were found in terms of target cov-
erage or OAR doses, indicating that adding a third arc 
does not improve plan quality in general (Supplemental 
Tables S4 and S5). As hypothesized, adding a third arc 
redistributed the amount of MU (median of 790 MU/arc 
for HA3- DL10 vs. 1111 MU/arc for HA2- DL10) and did not 

cause a major increase in dose delivery time (4 min 6 s 
vs. 3 min 52 s). This MU redistribution over the three arcs 
was, however, necessary to generate deliverable plans 
through automated planning as there was no way to con-
strain the amount of MU in Ethos Treatment Planning. 
This caused the dual arc VMAT field geometry to exceed 
the machine tolerance limit (>1500 MU delivered per arc) 
such that automated planning was only performed for tri-
ple arc VMAT (ET3- DL10). However, this issue may be 
resolved in an upcoming version of the Ethos Treatment 
Planning software.

Benchmarking ET3- DL10 with the plan quality ob-
tained by the C- arm linacs (TB2- SL2.5 and TB2- SL5) 
revealed an increase in dose coverage (D99%) to 
PTVSV, an increase in intermediate dose spillage 
(D2cm), an increase in high- dose spillage to the rec-
tum (V38 Gy) and a reduction in high- dose spillage to 
both the bladder (V37 Gy) and the urethra (D0.035cc) for 
ET3- DL10. Most importantly, these statistically sig-
nificant differences were not observed when bench-
marking HA2- DL10 and HA3- DL10 with the C- arm 
linacs as all these planning techniques demonstrated 
comparable plan quality (Figure 3). This latter ob-
servation is consistent with the results obtained by 
Pokhrel et al., which compared the plan quality of 
dual- arc VMAT on the fast- rotating O- ring linac with 
dual- arc VMAT on a conventional C- arm linac for 
whole- gland prostate SBRT and also found no statis-
tically significant differences.44

As such, the observed differences between 
ET3- DL10 and the other planning techniques are pre-
sumably the result of the difference in the actual op-
timization process between automated and manual 
plan optimization. The main difference between both 
optimization processes lies in the determination and 
adjustment of the optimization objectives during op-
timization. In manual treatment planning these were 
explicitly defined by the planner and were not manip-
ulated throughout the optimization process once the 

TA B L E  5  Beam delivery parameters and pre- treatment patient- specific quality assurance (QA)

TB2- 2.5mm TB2- 5mm HA2- 10mm HA3- 10mm ET3- 10mm

Median (Range) Median (Range) Median (Range) Median (Range) Median (Range)

Beam delivery parameters

Monitor Units [MU]a 2605 (2407, 2844) 2614 (2341, 2809) 2255 (1938, 2798) 2382 (2088, 2874) 2890 (2371, 
3380)

MU per arc [MU]a 1314 (1130, 1499) 1303 (1121, 1484) 1111 (952, 1445) 790 (628, 1107) 962 (684, 1362)

Beam- on time 
[min:sec]

4:29 (4:07, 4:52) 4:27 (4:01, 4:48) 3:52 (3:23, 4:51) 4:06 (3:24, 4:59) 5:02 (3:48, 5:49)

Beam- on time per 
arc [min:sec]

2:13 (1:55, 2:32) 2:12 (1:54, 2:30) 1:54 (1:38, 2:27) 1:18 (1:03, 1:54) 1:40 (1:11, 2:21)

γ2%/2mm agreement 
score [%]

99.2 (97.3, 100.0) 99.7 (97.8, 100.0) 99.7 (96.4, 100.0) 99.0 (95.0, 100.0) 99.8 (98.6, 100.0)

Note: Median and range (min, max) over all 20 plans of each planning technique are given for all parameters.
aDifferent absolute dose calibrations were used for the TrueBeam linacs and the Halcyon: 1 MU corresponds to 0.8 cGy for TrueBeam and 1.0 cGy for 
Halcyon, both for a 10 × 10 cm² field at 10 cm depth with an SSD of 90 cm.
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patient- specific set of optimization objectives was de-
termined (Figure 2). In contrast, in automated treatment 
planning, the optimization objectives are only implicitly 
defined through a prioritized list of clinical goals and it 
is the IOE that determines the optimization objectives 
based on this list. Moreover, objective manipulations 
were also performed by the IOE during optimization 
to maximize the plan quality metric and these manip-
ulations cannot be examined by the planner. Hence, 
there will undoubtedly be a difference in the optimi-
zation objectives used between both planning meth-
ods influencing the final plan. In addition, automated 
treatment planning uses a newer, specific version of 
the PO algorithm integrated into the IOE which differs 
from the PO version 15.6 algorithm used in Eclipse. For 
instance, a different multi- resolution schedule is used 
in this Ethos- specific variant compared to the standard 
Eclipse version. There was also a difference in the 
structure sampling resolution (2.5 vs. 1.25 mm) and the 
dose grid size (2.5 vs. 1 mm) of the intermediate dose 
calculation between automated and manual treatment 
planning.

It is important to note that despite certain increases 
in OAR dose, most OAR dose values were well below 
the dose constraints used in the hypo- FLAME trial.16 
This is reflected by the low NTCP values for late grade 
≥2 rectal toxicity or bleeding (≤4.0% when neglecting 
the patient with large rectum/PTVprostate overlap) and 
late urinary symptom flare (≤7.6% when neglecting 
the patient with large bladder/PTVprostate overlap) that 
were estimated in this study. To our knowledge, there 
is currently no rectal NTCP model available whose pa-
rameters are derived from an ultra- hypofractionated 
treatment schedule. For this reason, a well- established 
NTCP model in the conventionally fractionated setting, 
the best estimate QUANTEC parameters,38 was used 
to estimate the incidence of rectal toxicity. To correct 
for the difference in fractionation schemes, a radiobi-
ological effective dose correction was performed prior 
to NTCP calculation using an α/β ratio of 3 Gy as rec-
ommended by the QUANTEC study on rectal toxicity.38 
This estimate is supported by the late rectal toxicity 
endpoint analysis of the CHHiP trial40 and by the re-
sults from the HYPO- RT- PC trial, which assumed a 
late rectal α/β of 3 Gy and showed isoeffective cumu-
lative grade 2 or worse rectal toxicity in both arms.12 
Calculated NTCP values in our study were in line with 
the long- term outcomes of prospective clinical trials of 
prostate SBRT without focal boosting (weighted inci-
dence of 4.9%).10,11 To estimate the incidence of blad-
der toxicity, the parameters derived by Kole et al. for 
late urinary symptom flare after prostate SBRT in five 
fractions were used as this allows for a direct NTCP 
calculation without the need to correct for differences 
in fractionation schemes.39 Calculated NTCP values 
were similar to those previously reported in the liter-
ature (incidence of 13.4%).45 Most importantly, no 

statistically nor clinically significant differences were 
found when comparing the NTCP values of all planning 
techniques.

Plan deliverability was assessed through pre- treatment 
patient- specific QA using portal image dosimetry. All treat-
ment plans were found to be within the tolerance limits of 
the AAPM TG- 218 report for IMRT measurement- based 
verification QA as portal image dosimetry measurements 
had γ2%/2mm agreement scores above 95% (Table 5).43 
These patient-  specific QA results are consistent with pre-
vious reports on the treatment delivery quality of VMAT on 
the fast- rotating O- ring linac.44,46,47

This work constitutes a first step in the implemen-
tation of online treatment plan adaptation for prostate 
SBRT with focal boosting using the Ethos therapy treat-
ment platform. The impact of both the dual- layer MLC’s 
performance and the platform's automated planning 
algorithms on the plan quality of this treatment were 
investigated separately. It was found that the dual- layer 
MLC system with its 10 mm leaf width could achieve 
similar plan quality as those obtained by standard clin-
ical C- arm linacs with a single- layer MLC system with 
smaller leaf width. Moreover, automated treatment 
planning was feasible and resulted in similar plan qual-
ity as those obtained through manual treatment plan-
ning. Hence, automated planning on the fast- rotating 
O- ring linac generated treatment plans that are of sim-
ilar quality as those currently used in clinical practice. 
However, certain differences were present due to the 
inherent difference in which the optimization is per-
formed between both planning approaches. Further 
fine- tuning of the clinical goals may allow the optimiza-
tion of the automated planning process and could re-
duce the observed differences in plan quality between 
both approaches. Nonetheless, the findings presented 
in this work now make it possible to further explore the 
potential benefits of online adaptive radiotherapy on the 
Ethos system for prostate SBRT with focal boosting.

The RATING guidelines for treatment planning stud-
ies48 were used to revise the manuscript. The corre-
sponding author concluded that the RATING score was 
90% (RATING score sheet included in Supplemental 
Material).

5 |  CONCLUSION

Automated treatment planning of prostate SBRT with 
focal boosting on the fast- rotating O- ring linac is fea-
sible and achieves similar plan quality as those ob-
tained for standard clinical C- arm linacs using manual 
treatment planning. The observed differences in plan 
quality are mainly caused by the difference in translat-
ing the planning objectives into optimization objectives 
(manual planning) or clinical goals (automated plan-
ning) used to drive optimization, while the performance 
of the dual- layer MLC has only a moderate impact on 
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the plan quality. Adding a third arc does not improve 
plan quality in general but is currently necessary to 
generate clinically deliverable treatment plans with au-
tomated planning as dual arc VMAT plans generated 
this way exceeds the machine tolerance limit for the 
amount of MU that can be delivered per arc and are 
thus not deliverable.
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