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Purpose: To quantify the difference in accuracy of adapt-to-position (ATP), adapt-to-rotation (ATR) and
adapt-to-shape (ATS) workflows used in MRI-guided online adaptive radiotherapy for prostate carcinoma
(PCa) by evaluating the margins required to accommodate intra-fraction motion of the clinical target vol-
umes for prostate (CTVpros), prostate including seminal vesicles (CTVpros + sv) and gross tumor volume
(GTV).
Materials and methods: Clinical delineations of the CTVpros, CTVpros + sv and GTV of 24 patients with
intermediate- and high-risk PCa, treated using ATS on a 1.5 T MR-Linac, were used for analysis.
Delineations were available pre- and during beam-on. To simulate ATP and ATR workflows, we automat-
ically generated the structures associated with these workflows using rigid transformations from the
planning-MRI to the daily online MRIs. Clinical GTVs were analyzed as ATR GTVs and only ATP GTVs were
simulated. Planning target volumes (PTVs) were generated with isotropic margins ranging 0.0–5.0 mm.
The volumetric overlap was calculated between these PTVs and their corresponding clinical delineation
on the MRI acquired during beam-on and averaged over all treatment fractions.
Results: The PTV margin required to cover > 95% of the CTVpros was equal (2.5 mm) for all workflows. For
the CTVpros + sv, this margin increased to 5.0, 4.0 and 3.5 mm in the ATP, ATR and ATS workflow, respec-
tively. GTV coverage improved from ATP to ATR for margins up to 4.0 mm.
Conclusion: ATP, ATR and ATS workflows ensure equal coverage of the CTVpros for the current clinical
margins. For the CTVpros + sv, ATS showed optimal performance. GTV coverage improves by additional
adaptations to prostate rotations.
� 2023 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 186 (2023) 109761 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
In online adaptive radiotherapy for treatment of prostate carci-
noma (PCa) either cone-beam computed tomography (CBCT) or
magnetic resonance imaging (MRI) can be used for daily plan adap-
tation to account for inter-fractional variations in anatomy over
the course of treatment [1–4]. The most important benefits offered
by MRI-guided systems are its superior soft tissue contrast and the
possibility to obtain images during treatment delivery. As a result,
MRI-guided radiotherapy minimizes errors in inter-fraction set-up
and potentially allows for intra-fraction motion correction using
continuous MRI acquisition, thereby reducing planning target vol-
ume (PTV) margins used to ensure target dose delivery [5–10].
In MRI-guided online adaptive radiotherapy for PCa different
workflows are available and used for online plan adaptation. The
options range from a workflow where the daily plan is adapted
by a rigid shift based on the online patient position, known as
the adapt-to-position (ATP) workflow, to a workflow in which
the daily plan is fully re-optimized with manually updated delin-
eations on daily imaging, known as the adapt-to-shape (ATS) work-
flow [11]. The time-interval between daily imaging and treatment
delivery in the ATS workflow is prolonged, which may negatively
affect the accuracy of the improved delineation during irradiation
due to any occurred intra-fraction motion [12–15]. As an interme-
diate between the ATP and ATS workflow the adapt-to-rotation
(ATR) workflow was introduced, to balance speed and accuracy,
which corrects for translations and rotations of the targets.

Next to intra-fraction motion, the accuracy of the delineations
in each workflow during irradiation is also affected by prostate
and seminal vesicles inter-fraction motion. While the prostate vol-
ume is known to increase in volume along the course of treatment,
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Adaptation strategies in MRI-guided online adaptive radiotherapy for prostate cancer
the seminal vesicles may show considerable rotations and defor-
mations between fractions [16,17]. For this reason, the PTV mar-
gins required to cover for both these inter- and intra-fractional
geometrical uncertainties may be different among the different
workflows and depend on the specific motion patterns of the
defined target volume. The potential benefit of full online re-
contouring, as performed in the ATS workflow, is that it should
allow for smaller PTV margins compared to ATP or ATR workflows
and as such warrants this more time-consuming workflow. Since
the PTV generally overlaps with rectum and bladder volumes,
ATS should also reduce dose to these healthy tissue structures. In
addition, it has recently been demonstrated that focal boosting
treatment regimens improve outcome in patients treated for local-
ized PCa [18]. Focal dose-escalation may also increase the need for
a highly accurate adaptation strategy to ensure GTV coverage of
the boosted dose area. However, the benefit of the ATS workflow
compared to the ATP or ATR workflow in terms of PTV margins
in MRI-guided online adaptive radiotherapy for PCa still needs to
be established.

The aim of this study was to quantify the difference in accuracy
of online adaptive workflows used in MRI-guided adaptive radio-
therapy for PCa by evaluating the margins required to accommo-
date intra-fraction motion of the GTV, prostate and prostate
including seminal vesicles in ATP, ATR and ATS workflows. In addi-
tion, PTV-overlap with rectum and bladder volumes was analyzed
in order to evaluate the impact of each of these workflows on the
OARs.
Materials and methods

Patient data

In this study the clinical delineations of 26 patients with
intermediate- and high-risk PCa were included. No patients with
seminal vesicle invasion were included. The patients were treated
between March 2021 and December 2021 at the Radboud Univer-
sity Medical Center (Radboud UMC, Nijmegen, The Netherlands) on
a 1.5 T Unity MR-Linac (Elekta AB, Stockholm, Sweden) in 5 frac-
tions within the hypoFLAME 2.0 trial (NCT04045717) [19]. All
patients provided written informed consent.
Analyzed online adaptive workflows: ATP, ATR, ATS

In MRI-guided online adaptive radiotherapy for PCa various
workflows for daily plan adaptation are in clinical use with small
variations in clinical practice. Here we define the workflows men-
tioned in the introduction such as we analyzed them in the current
work. In the ATP workflow, the daily MRI is used to update the
isocenter position of the reference plan to the daily patient position
(a.k.a. a virtual couch shift) using a translations-only registration,
followed by a re-optimization of the plan. In the ATR workflow,
the target contours are adjusted using rigid translations and rota-
tions to align with the daily MRI after which the daily plan is re-
optimized. In both these workflows, delineations are rigidly prop-
agated from reference to daily images. In the ATS workflow all con-
tours are inspected and where necessary corrected slice by slice
after being propagated to the daily MRI.
Clinical ATS workflow

Patients underwent a computed tomography (CT) for dose cal-
culation only and a 3 T simulation MRI (planning-MRI, 3D T2w,
1.0x1.0x2.0 mm3) prior to the first fraction of radiation delivery
for delineation of target volumes and organs at risk (OARs). All tar-
gets were delineated on the planning-MRI by a radiation oncologist
in Mirada (version 1.4.0, Mirada Medical Ltd, Oxford, United King-
2

dom). Multi-parametric MRI including ADC was available for all
patients. Gross tumor volume (GTV) was defined as the visible
tumor nodule(s) on multi-parametric MRI. The clinical target vol-
ume (CTVpros) included the whole prostate gland and
GTV + 4 mm margin to cover for any microscopic extensions,
excluding OARs. Seminal vesicles were contoured up to 2 cm prox-
imal to the CTVpros and were defined as a second CTV (CTVsv).

At each fraction of treatment, a daily 3D T2w MRI (adaptation-
MRI) was acquired, with a field-of-view (FOV) of 400x400x300
mm3 and a voxel spacing of 0.83x0.83x1.0 mm3. All contours of
the planning-MRI were rigidly propagated to the adaptation-MRI
by Monaco (version 5.40.1, Elekta AB, Stockholm, Sweden) and
subsequently together manually shifted and rotated to get the best
alignment with the daily scan. The CTVs were then manually
adjusted by a radiation oncologist and the GTV was only adjusted
if visible on the adaptation-MRI or in case the GTV extended out-
side the CTV after re-delineation. In addition, OARs were adjusted
within the first 2 cm around the clinical CTV-PTV margin (5.0 mm),
after which full plan re-optimization was performed in Monaco.

Before beam-on, another T2w MRI was acquired (position-
verification-MRI) to check for any intra-fraction motion during
re-delineation. This scan was compared to the adaptation-MRI
and in case of an observed shift of � 2.0 mm of the CTV a shift
was applied to the daily re-optimized plan [20]. Thereafter, treat-
ment delivery was started. At approximately half of the beam-on
time, an additional MRI was acquired (during-MRI). In between
fractions the treatment progress was evaluated by adapting the
contours from the adaptation-MRI to the during-MRI using an
ATS procedure performed by an RTT with visual inspection of a
radiation oncologist, which were used for recalculation of the dose
on the during-MRI. The delineations of rectum and bladder on the
during-MRI were included in this analysis. The adaptation-,
position-verification- and during-MRI were all acquired using the
same MRI sequence. Fig. 1 provides an overview of the time
required for all steps undertaken in the clinical workflow. These
timings were also used to estimate the time required for perform-
ing the ATP and ATR workflow.
Analyzed target contours

For the purpose of this study, all delineations of the CTVpros, the
CTV including both CTVpros and CTVsv (CTVprosþsv) and GTV were
extracted from the clinically available data. Since clinically ATS
was used (potentially with a shift based on the position-

verification-MRI), we will denote these as CTVATS
pros and likewise

for the other structures. Since the ATP and ATR workflows were
not clinically performed, we automatically generated the CTV

structures associated with these workflows. To create the CTVATP
pros,

we performed a translations-only registration of the mask of the

clinical planning delineation (CTVPlan
pros) to the re-delineated CTVATS

pros

on the daily adaptation-MRI (Fig. 2). For the CTVATR
pros, rigid registra-

tions using translations and rotations were performed, likewise.

Similarly, the CTVATP
prosþsv and CTVATR

prosþsv structures were created.
As a result, CTVpros and CTVprosþsv structures were available for all
investigated adaptation strategies. All registrations (binary maps,
correlation ratio) were performed automatically using an in-
house developed software package (Match42) and were visually
checked for clinical acceptability.

For the GTV, we only considered two workflows for analysis. In

the clinical workflow the GTVPlan was propagated alongside with

the CTVPlan
pros to the daily adaptation-MRI using rigid translations

and manual rotations (similar to the ATR workflow). Subsequently,

the GTVPlan was only adjusted if visible. Since this is generally chal-



Fig. 1. A timeline showing the mean time required for each step in the clinical ATS workflow (top) starting with the acquisition of the adaptation-MRI (dotted), followed by
the steps listed from left to right. The position-verification-MRI (dotted) was acquired towards the end of plan re-optimization and the during-MRI (dotted) was acquired
approximately half-way during treatment delivery, both with an acquisition time of 02:00 min. The mean total treatment time was 54.5 min (sd 8.8 min; range 36.8 –
94.6 min).The timeline of the ATP (bottom) and ATR (middle) workflow were estimated based on the time required for each step in the clinical workflow. The estimated total
treatment time was 25.1 min and 29.2 min for the ATP and ATR workflow, respectively.

Fig. 2. Schematic overview of the delineated and simulated CTV contours. The CTV of the planning-MRI (CTVPlan) and the re-delineated CTVs of the adaptation- and during-
MRI were extracted from the clinical data. The CTVATP and CTVATR were generated by either a rigid translations-only registration (ATP) or using both translations and rotations
(ATR). PTVs were created for each CTV for the range of margins up to 5.0 mm. Subsequently, the volumetric overlap of the PTV with its corresponding delineation on the
during-MRI (indicated by the yellow contour within the PTVs) was evaluated for each strategy.
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lenging on T2w MRIs, the GTVPlan was not adjusted in the majority
of patients (in one fraction of one patient the GTV extended outside
the prostate after re-delineation of the CTVpros, and was therefore
edited; in one other patient the GTV was edited on the first frac-
tion, after which this edit was rigidly propagated to the remaining
fractions). Therefore, we evaluated these clinical GTV delineations

as GTVATR structures and only created additional GTVATP structures.

For this purpose, we applied the translation of the CTVPlan
pros to the

GTVPlan on the daily adaptation-MRI.
Analysis

The clinical and simulated CTV and GTV contours were used to
generate PTVs with isotropic margins ranging from 0.0 to 5.0 mm
in steps of 0.5 mm using a rolling-ball algorithm in Match42 [21].

We will use the following notation: CTVATS
pros !3mm

PTVATS;3mm
pros , to

denote a 3.0 mm expansion of the CTVpros. Subsequently, these
PTVs were compared to their corresponding clinical delineation
3

on the during-MRI (e.g. CTVDuring
pros Þ. Continuing our example, the vol-

umetric overlap between the PTV and its corresponding contour on
the during-MRI is then given by:
OverlapATS; 3mm
pros ð%Þ ¼ Vol ðPTVATS; 3mm

pros \ CTVDuring
pros Þ

Vol ðCTVDuring
pros Þ

� 100%

Coverage was calculated over the complete course of treatment
by calculating the mean volumetric overlap per patient over 5 frac-
tions. This calculation was performed for each target structure for
each PTV margin. For the CTVpros and CTVprosþsv, we determined the

PTV margin that showed > 95% coverage of the CTVDuring
pros in 90% of

the patients. In case of the GTV, this criterion was reduced to > 90%

coverage of the GTVDuring in 90% of the patients, because of a smal-
ler total volume of the GTV compared to the CTV [22]. Moreover, in
focal boosting, the dose to the GTV is escalated on top of the dose
to the CTV which results in a more gradual dose gradient outside



Fig. 3. Boxplots of the coverage of the A) CTVpros, B) CTVprosþsv and C) GTV for
margins up to 5.0 mm for ATP, ATR and ATS workflows. Boxes indicate the
interquartile range (IQR), median values are indicated in black. The whiskers
indicate the 10th-percentile and 90th-percentile interval. Coverage was defined as
the percentage of the CTV/GTV as defined on the during-MRI that was covered by its
corresponding PTV as defined on the adaptation- MRI.

Adaptation strategies in MRI-guided online adaptive radiotherapy for prostate cancer
the GTV and as such warrants this relaxed criterion. Robustness of
these criteria was assessed by analyzing the change in coverage in
case of analyzing 85% and 95% instead of 90% of the patients.

In addition to our analysis of PTV coverage of the CTVs and GTV,
we did also analyze the impact of each adaptation strategy on PTV-
overlap with the OARs. In this case, the volumetric overlap of the
PTVpros and PTVprosþsv as defined for each workflow and margin
were evaluated with respect to the rectum and bladder delin-
eations on the during-MRI. Similar to the analysis of target cover-
age, we calculated the mean volumetric overlap per patient over 5
fractions. Data analysis was performed in a commercial statistical
software package (SPSS, version 27, SPSS Inc.).

Results

Twenty-six patients were included for analysis. In two patients,
data was missing and these were therefore excluded. In these 24
patients, a total of 120 fractions were analyzed. The mean time-
interval between the adaptation-MRI and the during-MRI was
46.7 min (sd 8.7 min; range 27.9 – 85.4 min).

Fig. 3A and 3B show boxplots of the coverage of the CTVDuring
pros

and CTVDuring
prosþsv as defined for each adaptation strategy for PTV mar-

gins between 0.0 and 5.0 mm. The margin for the PTVpros that was

required to cover > 95% of the CTVDuring
pros in 90% of the patients (ex-

cluding 3 patients) was equal in each adaptive workflow. Based on
this criterion a PTV margin of 2.5 mm would be sufficient in each
workflow to cover for any intra-fraction motion of the prostate
during treatment delivery. In case the seminal vesicles are included
in the CTV (CTVprosþsv), the PTV margin that was required to

ensure > 95% coverage of the CTVDuring
prosþsv in 90% of the patients

increased to 5.0 mm for the PTVATP
prosþsv, whereas the PTV margin

for that same criterion was only 4.0 mm for the PTVATR
prosþsv and

3.5 mm for the PTVATS
prosþsv. In addition, Fig. 3C shows the boxplot

of the coverage of the GTVDuring for the GTVATP and GTVATR for the
same range of margins up to 5.0 mm. In this case, a 4.0 mm margin
was required to reach the coverage criterion of 90% in both the ATP
and ATR workflow. Results on the robustness of these criteria are
provided in Figure S1 (excluding 2 patients) and Figure S2 (exclud-
ing 4 patients) in the supplementary material.

Fig. 4 shows boxplots of the volumetric overlap of the PTVpros

with rectum (Fig. 4A) and bladder (Fig. 4C) and similarly for the
PTVprosþsv (Fig. 4B and 4D) as defined for each adaptive workflow
for the range of PTV margins between 0.0 and 5.0 mm. No differ-
ence in volumetric overlap was observed between the workflows
for both the PTVpros and PTVprosþsv for any PTV margin.

Discussion

The aim of this study was to quantify the relative benefit of dif-
ferent online adaptive workflows in MRI-guided online adaptive
radiotherapy for PCa. Our results show that in case the CTV only
encompasses the prostate volume, both the ATR and ATS workflow
did not reduce the required PTV margin compared to the ATP
workflow. Especially for the typical margins used in current clinical
practice, which are between 3.0 and 5.0 mm, the difference in tar-
get coverage between the workflows is negligible [19,23,24]. In
case the CTV also includes, (a part of) the seminal vesicles, how-
ever, the ATS workflow would allow for a margin reduction of
0.5 mm and 1.5 mm compared to the ATR and ATP workflow,
respectively.

For the GTV, the ATR workflow did improve GTV coverage com-
pared to the ATP workflow in case of margins up to 4.0 mm. How-
ever, the margin that could ensure GTV coverage of > 90% in 90% of
4

the population was 4.0 mm in both the ATP and ATR workflow. In
the FLAME trial, however, no margins were applied to the GTV to
ensure GTV planned boost dose delivery. Moreover, Van Schie
et al. showed that due to a strict adherence to dose constraints
to the OARs the median planned D98% to the GTV in the FLAME
trial was 84.7 Gy instead of the aimed prescribed dose of 95 Gy
and similar results were presented for the hypo-FLAME trial
[19,25]. Consequently, when adding a margin to the GTV, the max-
imum feasible D98% for the GTV plus margin would likely be lower
compared to the GTV without margin in order to satisfy organ at
risk constraints.

PTV-overlap of both the PTVpros and PTVprosþsv with rectum and
bladder volumes did not show any differences between ATP, ATR
and ATS workflows. Both inter- and intra-fraction geometric varia-
tions of the prostate and seminal vesicles are correlated with vari-
ations in bladder and rectal filling [26,27]. As a result, the choice
for any adaptation strategy does not influence the dose to adjacent
OARs other than via the necessary treatment margins in case of a
homogeneous CTV dose. In case of dose differentiation within the
CTV (e.g. focal boosting), however, this analysis would require
evaluation of accumulated dose.

In addition to accounting for target motion, the PTV margin
should also consider other uncertainties such as uncertainties in
gantry positioning, image alignment and delineation uncertainty,
which were not incorporated in the margins presented in this



Fig. 4. Boxplots of the volumetric overlap of the A) PTVpros with rectum, B)
PTVprosþsv with rectum, C) PTVpros with bladder and D) PTVprosþsv with bladder for
PTV margins up to 5.0 mm for ATP, ATR and ATS workflows. Boxes indicate the IQR,
median values are indicated in black. The whiskers indicate the 10th-percentile and
90th-percentile interval. Volumetric overlap was defined as the percentage of the
OAR as defined on the during-MRI that overlapped with each PTV as defined on the
adaptation-MRI.
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study. It could be argued that in the ATS workflow the delineation
uncertainty acquires a random component due to re-delineation,
which is not present in the ATP and ATR workflow. The other fac-
tors would similarly affect the clinical PTV margin in each work-
flow. We therefore argue that our results do reflect the actual
differences in the PTV margins needed in each of the evaluated
workflows.

Our study did have other limitations. Firstly, the ATP and ATR
workflow were simulated by rigid registrations of the planning
contours to the re-delineated ATS contours on the daily
adaptation-MRI used for the irradiated plan. As a consequence of
this methodology, the time-interval between plan adaptation and
5

treatment delivery in the simulated ATP and ATR workflows was
equal to the clinical ATS workflow. Whereas this time-interval
may be larger than clinical practice, it is unclear whether this
may have led to an over- or underestimation of target coverage
in both these simulated workflows. A study by Ballhausen et al.
demonstrated that during fractions the prostate tends to show a
drift with increasing variance over time, therefore suggesting to
opt for a shorter total time per fraction in order to reduce the
impact of intra-fraction motion [28]. Secondly, the during-MRI,
acquired at approximately half of the beam-on time, was used as
a surrogate for any intra-fraction displacements of the CTV during
treatment delivery [29]. Alternatively, cine-MRI imaging acquired
during the total beam-on phase could potentially improve evalua-
tion of target coverage [30]. Lastly, in clinical practice the PTV mar-
gin may occasionally be reduced posteriorly towards 3.0 mm in
order to reduce dose towards rectum [31]. In addition, a different
PTV margin may be applied to the prostate compared to the sem-
inal vesicles. However, in our clinical practice we only use isotropic
margins and therefore we did only analyze margins as such and we
did not analyze the seminal vesicles as a separate CTV.

This study showed that for the CTV including only prostate
equal PTV margins can be applied in ATP, ATR and ATS workflows.
Using the ATP or ATR workflow instead of ATS would remove the
need for online re-delineation and will therefore reduce the total
time per fraction by approximately 20 minutes based on our data.
De Muinck Keizer et al. also reported on the time required for
online re-delineation, which was performed in approximately 10
minutes in their clinical practice [12]. Because of a shorter time-
interval between daily imaging and irradiation in these workflows,
correction for any intra-fraction shift may also no longer be neces-
sary which would allow for an additional reduction of approxi-
mately 10 minutes. Consequently, this would result in less
burden to the patient and allow for an improved utilization of
the treatment machine.

In addition, our study showed that for the CTV including pros-
tate and seminal vesicles the ATS workflow allows for a margin
reduction of 0.5 mm – 1.5 mm. Although in general smaller mar-
gins lead to a lower toxicity burden, as demonstrated for example
by Kishan et al. for a 2 mm reduction leading to a decrease both GI
and GU toxicity rates [10], evidence is currently lacking to deter-
mine the clinical benefit of reducing the PTV margin by 0.5 mm.
One approach is to accept the additional time and resources of
the ATS workflow aiming to minimize the risk of toxicity. Alterna-
tively, one could also argue that a reduction of 0.5 mm does not
outweigh these efforts. At this point, it becomes a cost-
effectiveness issue in which institutes can define their preferences
based on their resources and availability.

Methods for intra-fraction motion management on MRI-guided
systems, such as gating and real-time tracking, would potentially
allow for a further reduction of the PTV margins. Currently, MRI-
guided beam-gated radiotherapy is available on the MRIdian MR-
linac (ViewRay Inc, Cleveland, USA), whereas MRI-guided tracking
methods still face some technical hurdles before clinical introduc-
tion [30,32]. Alternatively, Willigenburg et al. recently presented
an adaptive workflow in which the fractional dose is divided into
sub-fractions, thereby allowing for a reduction of the PTV margin
to 2.0 mm (LR and CC) and 3.0 mm (AP) in case of dividing into
two sub-fractions [33,34]. Our study showed that in case of an
increased reduction of the PTV margin, re-contouring on daily
imaging also becomes increasingly important to ensure target cov-
erage during treatment.

In conclusion, this study showed that ATP, ATR and ATS work-
flows, used in MRI-guided online adaptive radiotherapy for PCa,
can ensure equal coverage of the CTV including prostate only for
the margins currently used in clinical practice. In case (a part of)
the seminal vesicles are also included in the CTV the ATS workflow
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showed optimal performance. GTV coverage improves by addi-
tional adaptation of the GTV to any prostate rotations for margins
up to 4.0 mm, which could be of relevance for focal dose-
escalation.
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