Physics and Imaging in Radiation Oncology 34 (2025) 100755

Contents lists available at ScienceDirect ph | Ro

Physics and/Imaging in
Radiation Oncology

Physics and Imaging in Radiation Oncology

3 ESTRO
ELSEVIER journal homepage: www.sciencedirect.com/journal/physics-and-imaging-in-radiation-oncology

Original Research Article ' :.) ‘
Partial adaptation for online-adaptive proton therapy triggered by

during-delivery treatment verification: Feasibility study on prostate
cancer treatments™

Virginia Gambetta *"”*">", Victoria Pieta™'-®, Jonathan Berthold ““*, Tobias Holscher *-°,
Albin Fredriksson ', Christian Richter %2, Kristin Stiitzer >*"*>

@ OncoRay — National Center for Radiation Research in Oncology, Faculty of Medicine and University Hospital Carl Gustav Carus, TUD Dresden University of Technology,
Helmholtz-Zentrum Dresden-Rossendorf, Fetscherstr. 74, PF 41, 01307 Dresden, Germany

Y Helmholtz-Zentrum Dresden-Rossendorf, Institute of Radiooncology — OncoRay, Bautzner Landstr. 400, 01328 Dresden, Germany

€ CASUS - Center for Advanced Systems Understanding, Helmholtz-Zentrum Dresden-Rossendorf, Untermarkt 20, 02826 Gorlitz, Germany

4 Helmbholtz-Zentrum Dresden-Rossendorf, CASUS - Center for Advanced Systems Understanding, Bautzner Landstr. 400, 01328 Dresden, Germany

¢ Department of Radiotherapy and Radiation Oncology, Faculty of Medicine and University Hospital Carl Gustav Carus, TUD Dresden University of Technology,
Fetscherstr. 74, PF 50, 01307 Dresden, Germany

fRaySearch Laboratories AB, Box 45169, SE-104 30 Stockholm, Sweden

& German Cancer Consortium (DKTK), Partner Site Dresden, and German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, 69192 Heidelberg, Germany

ARTICLE INFO ABSTRACT
Keywords: Background and Purpose: Online treatment verification during proton therapy delivery may detect deviations due
Online-adaptive proton therapy to anatomical changes occurring along the treatment course and trigger immediate intervention, if necessary. We
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investigated the potential of partial plan adaptation in two-field prostate cancer treatments as a solution for
online-adaptive proton therapy (OAPT) after the detection of relevant treatment deviations during the first field
delivery.

Materials and Methods: In a retrospective study, ten fractions from eight prostate cancer patients with prompt
gamma imaging (PGI) detected treatment deviations, which were confirmed on respective in-room control
computed tomography (cCT) scans, were considered. For each cCT, a dose-mimicking-based robust partial
adaptation reoptimized the second field by considering the suboptimal dose delivery of the first non-adapted,
PGI-monitored field. The results were compared to the non-adapted scenario and upfront full adaptation (both
fields) in terms of achievable target coverage (prescription: 48 Gy/60 Gy to low-risk/high-risk target) and organ-
at-risk (OAR) sparing.

Results: Partially adapted plans showed comparable target coverage (median Dggy,: 99.9%,/98.0% for low-/high-
risk target) to fully adapted plans (100.3%/98.7%) and were superior to non-adapted plans (98.7%/,/94.5%).
Achievable OAR sparing was patient-specific depending on the proximity to the target region, but within clinical
goals for the partially and fully adapted plans.

Conclusions: Partial adaptation triggered mid-delivery of a fraction can still generate plans of comparable con-
formity to full adaptation, even in the case of plans with only two, opposing fields. A verification-triggered OAPT
may therefore become an alternative to upfront OAPT, saving time and imaging dose in fractions without
relevant anatomy changes.
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1. Introduction

Intensity modulated proton therapy (IMPT) is affected by anatomical
variations occurring during the treatment course [1-4], impacting pro-
ton range and overall treatment quality. Several in vivo treatment veri-
fication techniques have been proposed to monitor the compliance of
the delivered dose distribution with the planned one. An online detected
treatment deviation might serve as a trigger for stopping the current
delivery and starting an adaptive workflow on demand. Timely response
and online adaptation while the patient is on the treatment couch would
be especially important for tumors in the thoracic, abdominal, or pelvic
regions. These areas can exhibit considerable daily anatomical varia-
tions due to factors such as fluctuations in gastro-intestinal tract con-
tents, bladder and rectum filling, breathing depth, or peritoneal fluid
levels. In such cases, even fast offline adaptation would not be viable, as
the anatomy might differ significantly at the next fraction [5]. An
online-adaptive proton therapy (OAPT) workflow [6-9] triggered mid-
delivery by treatment verification would aim to (1) assess dose de-
viations for the delivered first part of the scheduled plan and (2) adapt
the remaining non-delivered part by considering and compensating the
sub-optimally delivered dose up to the trigger point (background dose).
In such verification-triggered OAPT workflow, it is essential to rely on an
adaptive planning strategy that performs “partial” adaptation. A strat-
egy for partial adaptation has already been investigated for head-and-
neck cancer patients in the context of OAPT, with the goal of sparing
in-room time during an online-adaptive workflow by performing par-
allel in-room and off-room tasks [10]. There, partial adaptation was
applied to 3-field plans after the first field was delivered, with two
remaining fields available for adaptation. Whether this type of triggered
partial online adaptation can generate satisfactory fraction doses by
compensating the suboptimal dose delivered before the intervention of a
treatment verification system (e.g., by the first field) remains uncertain.
This is especially challenging when only one treatment field is available
for compensation, as for prostate cancer, typically treated with two-field
plans.

Prompt-gamma based in vivo treatment verification (PGTV) offers
both a safety net functionality, especially for standard OAPT based on
pre-delivery in-room imaging, and the ability to detect anatomical
changes during delivery [11-13], enabling a triggered OAPT workflow.
The most advanced PGTV towards clinical translation is Prompt Gamma
Imaging (PGI) [14-18], which maps the spatial distribution of prompt-
gamma ray emission. At OncoRay, PGI is in clinical application in an
observational study since 2015 and more than 450 clinical treatment
fields have been monitored. Besides systematic assessment of PGI
functionality [19-22], retrospective analysis of the real-world clinical
data has proven its capability to detect anatomical changes in proton
therapy treatments [23], in addition to verify proton range prediction in
patients [24].

In this in silico study, we investigated the feasibility of partial
adaptation to recover the total fraction dose distribution after the
detection of relevant treatment deviations in the first field (i.e., after half
of the plan delivery) for selected prostate cancer patients whose two-
field proton therapy treatment was monitored by PGI. Ten fractions
were selected where PGI analyses [23] had detected relevant treatment
deviations, confirmed by the presence of anatomical changes in the
corresponding in-room control computed tomography (cCT) scan. The
conformity of the partially adapted fraction dose distributions was
evaluated and compared to the initial, the fully re-optimized (assuming
upfront imaging and plan adaptation at the beginning of each fraction)
and the non-adapted dose distributions. A robustness evaluation was
also performed.
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2. Material and methods
2.1. Patient data

Treatment planning data and cCTs from ten fractions of eight pros-
tate cancer patients were selected from a cohort treated at the University
Proton Therapy Dresden (UPTD) within the PRompt-gamma-IMAging
(PRIMA) study (PRIMA: DRKS00009224, ethics approval:
EK181042015). In the PRIMA study, treatments are monitored regularly
by PGI and an in-room cCT scan in treatment position was acquired for
all monitored fractions. In the selected ten fractions, retrospectively
analysed PGI data revealed relevant treatment deviations in at least one
of the two horizontal opposing treatment fields, which were confirmed
by anatomical variations in the c¢CT (Fig. 1). The field-wise PGI-based
detection of relevant treatment deviations, as described in [23], served
as the hypothetic trigger for the subsequent partial adaptation. This
automatic field-wise identification of relevant or non-relevant treatment
deviations applied the relative cumulative weight of spots with absolute

Zn Irg =5mm) "1

Wi
range shifts |r| above 5 mm (W, = ' where i represents the

number of spots in the field and w; their weights in terms of monitor
units) as a binary classification parameter with a 6% threshold. The
retrospectively identified anatomical variations included rectum filling
changes (6x), femoral head offsets from leg rotations (6x) and subcu-
taneous tissue changes (10x) [23]. The retrospective use of cCTs from
patients treated at UPTD for investigating online-adaptive planning
strategies is approved by the local ethics committee (REACTION: BO-EK-
347082023, PRIMA: EK181042015).

All planning CTs (pCTs) and in-room c¢CTs were acquired at SOMA-
TOM Definition AS CT scanners (Siemens Healthineers, Forchheim) with
the same dual-energy CT scan protocol (80/140 kVp) using single-source
acquisition [25]. The cCTs were taken before the delivery, but assumed
to be acquired after the delivery of the first field for which PGI detected
the treatment deviation (Fig. 2A). Such first “delivered” field was chosen
based on the PGI-detected deviations for each fraction, thus it does not
necessarily correspond to the field actually delivered first. Considered
regions-of-interest (ROIs) on the pCTs included a high-risk and a low-
risk clinical target volume (CTVyjg, and CTVi,y) and the organs-at-
risk (OARs) bladder, rectum, penile bulb and femoral heads. The
manual pCT-cCT registrations were reviewed by an experienced radia-
tion therapist. OARs were recontoured on the cCTs for this study in
RayStation v12.0.100 (RaySearch Laboratories AB, Stockholm) using
deformable registration for penile bulb, femoral heads and seminal
vesicles, and deep learning segmentation (RSL DLS Pelvic CT v.1.0.0) for
prostate, bladder and rectum. Target contours were derived on the cCTs
via margins and ROI algebra considering prostate, seminal vesicles,
bladder and rectum contours, following the same approach as used for
initial pCTs (Supplement 1). Final contours were reviewed and, if
necessary, corrected by an experienced radiation oncologist.

The available clinical plans met the clinical goals according to in-
house guidelines for prostate cancer treatments (Supplement 1,
Table S1), considering a constant relative biological effectiveness (RBE)
for protons of 1.1. The RBE-weighted doses are reported in Gy. The
clinical robustly optimized IMPT plans delivered a simultaneous inte-
grated boost of 60 Gy to CTVyjgh and 48 Gy to CTVL,y in 20 fractions
with two opposing horizontal fields. Patient-specific range uncertainties
of (2.7-4.3)%, corresponding to 2.0% uncertainty plus 2 mm [26], and
setup uncertainties of (2.5-3.0) mm were considered for targets and
selected OARs (rectum in all patients, bladder in half of the patients) in
these “initial plans”.

2.2. OAPT workflow triggered by online treatment verification
A PGI-triggered OAPT workflow was considered for the prostate

cancer patients treated with 2-field plans (Fig. 2A). It was assumed that
PGI detected the relevant treatment deviation during the delivery of the
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Fig. 1. Anatomical changes between planning (orange) and control CT (blue)
visualized in a transversal slice for the ten selected treatment fractions (Fx)
from eight patients (P1-P8). The overall identified anatomical changes were
classified as rectum filling changes (yellow), femoral head rotations (cyan) and
subcutaneous fat tissue changes (green), respectively. They are indicated by
colored blocks at the bottom of each fusion image per fraction and, if visible in
the presented slice, also by arrows in the respective color. Boost and elective
clinical target volumes and the rectum are delineated in light pink, red and
magenta, respectively. The value of the relative cumulative weight of spots with
absolute range shifts >5 mm (W,) is also indicated for each investi-
gated fraction.

first field, which would have triggered the stop of treatment after that
field and the acquisition of a cCT. A partial plan adaptation of the
remaining field was applied, considering the delivered first field dose
distribution recalculated on the cCT as background dose. The objective
was to demonstrate that partial adaptation can recover dose conformity
for the whole fraction following the online detection of a treatment
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deviation.
2.3. Adaptive treatment planning

All cCT-based plans were generated in RayStation v12.0.100, with
the clinical UPTD beam model and Monte Carlo dose engine v5.3 (0.3%
uncertainty). Three delivery scenarios (Fig. 2B) were investigated: a
non-adapted, a partially adapted and a fully adapted plan. To retrieve
the non-adapted dose distributions, initial (clinical) plans were re-
calculated on the cCTs. The optimal (fully adapted) fraction dose dis-
tributions were obtained by re-optimizing the initial plans on the cCTs
while maintaining field angles, robustness settings and ROI-specific
optimization objectives as in the initial plans. Partially adapted frac-
tion doses were obtained via a script-based robust mimicking of a
“reference dose”, calculated as the fully adapted dose minus the back-
ground dose of the first non-adapted field. Such robust dose mimicking
was performed via ROI-specific objective functions, known as “reference
optimization” functions, which enforce a dose-volume-histogram-based
or a voxel-wise mimicking of the dose in the respective ROI [10,27,28].
The resulting partial dose distribution was summed with the background
dose to obtain the partially adapted fraction dose including both fields
(non-adapted plus adapted). A timing evaluation of the proposed partial
adaptation strategy with all subtasks is included in the Supplements
(Supplement 2, Table S2).

2.4. Dosimetric analysis

The initial plans on the pCTs and the non-, fully and partially
adapted ones on the cCTs were evaluated for target coverage and OAR
sparing, according to the list of clinical goals. Selected dose-volume-
histogram (DVH) parameters representing coverage of both CTVgjgn
and CTVyew (Dogy,>95%), hotspot dose of CT Vg (D20,<107%), sparing
of rectum (Vs76y<5% as soft clinical goal and Vs76y<10%), bladder
(Veogy<3% as soft clinical goal and Vegogy<5%) and penile bulb
(V496y<20% as soft clinical goal) were considered. An evaluation of
additional DVH parameters for OAR sparing is available in Supplement 3
(Fig. S1 and Table S3).

A robustness evaluation of partially and fully adapted plans was
performed for targets (CTVyigh and CTViow) and robustly optimized
OARs (rectum and bladder). In total, 24 uncertainty scenarios were
simulated per plan: eight setup shifts along the diagonal axes, combined
with three density shifts, using the patient-specific robustness settings
[29]. For each OAR, two different clinical goals (hard and soft) were
evaluated. Results for worst-case scenarios were considered.

3. Results
3.1. Target coverage

In all ten fractions (Fig. 3A), partial and full adaptation led similarly
to sufficient target coverages (Dogy;): the median results for CTVyoy/
CTVhigh were 99.9%/98.0% for partial adaptation and 100.3%/98.7%
for full adaptation. In contrast, non-adapted plans exhibited lower me-
dian values (98.7% and 94.5% for CTViey and CT Vg, respectively)
and failed the clinical goals for two (CTV,w) and four (CTVg;gp) frac-
tions. Median Dggy, values for the initial plans were 99.4%/98.6%
(CTVy0ow/CTVHigh). Hotspot dose Dag, to the CTVyjgn was always below
clinical goals with median values of 101.3%, 101.5%, 102.2% and
101.6% for the initial plan, no, partial and full adaptation, respectively.

3.2. OAR sparing

Dose values in OARs (Fig. 3B) were case-dependent for the initial
plans, due to the different target vicinity to/overlap with OARs and
patient characteristics. Dosimetric changes in rectum (Vs7gy) and penile
bulb (V49gy) were similarly smaller for both partial and full adaptation
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A) Verification-triggered partial adaptation workflow
for 2-field prostate cancer treatments
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Fig. 2. A) Envisioned OAPT workflow for partial adaptation triggered by PGI, exemplary for a prostate cancer patient. B) Investigated delivery scenarios for one
exemplary fraction: non-adapted, fully adapted and partially adapted (from top to bottom). For each scenario, the two fields (lighter outline) and the total dose
distributions (darker outline) are shown, overlaid on the cCT for a selected slice. Clinical target volumes, rectum and bladder are delineated in black, fuchsia, and
yellow, respectively. In this exemplary case, the non-adapted plan led to a drop in target coverage (white arrow), that was recovered by both the partially and fully

adapted plans.

compared to no adaptation, which led more often to DVH-parameters
above the clinical thresholds. For OARs closer to the CTVs, like the
bladder, an increase in the investigated dosimetric parameter (Vsogy)
was observed for partial adaptation in comparison to other plans.
However, all results were within the clinical goal.

3.3. Robustness evaluation

Generally, robustness was similarly preserved in all evaluated sce-
narios in most of the fractions for coverage of both targets and OAR
sparing, with both adaptive strategies (Table 1). Full adaptation
returned slightly superior results for the targets and the rectum soft
constraint and comparable results for both the OARs hard goals in
comparison with partial adaptation. Partial adaptation outperformed
full adaptation for the bladder soft constraint.

4. Discussion

In this work, the planning strategy of partial adaptation was tested
for the first time with clinical treatment plans and in the context of OAPT

triggered by online treatment verification. Its feasibility in terms of
achieving robust fraction dose distributions comparable to those from
standard fully adapted plans has been proven for clinical two-field
prostate cancer plans and treatment fractions, where PGI monitoring
data from a clinical study indicated field-wise relevant treatment de-
viations. The strategy is a potential solution for future near real-time
adaptations that may be triggered during the delivery by online treat-
ment verification methods, and that may be applied only if necessary.
This would benefit the treatment of entities highly susceptible to
intrafractional variations and enhance the speed of overall OAPT
workflows, improving patient comfort, decreasing costs and daily
burden, and minimizing secondary cancer risks. Triggering online
adaptation by verification could grant more flexible workflow options
tailored to the specific situation, reduce the number of cCTs for certain
cases, increase the safety and thereby potentially enable a further
reduction of the uncertainty budget.

Current OAPT workflow developments mostly aim for an upfront
adaptation performed before the start of daily fraction delivery
[6,7,30,31], as exemplified by the first ever clinical OAPT imple-
mentation recently reported [32]. Integrating IMPT online treatment
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Fig. 3. Variation of DVH-parameters over the entire patient cohort for the four compared plans (initial and three adaptive strategies), representing CTV coverage and

hotspots (A) and DVH-parameters to selected OARs (B).

Table 1
Number of plans (out of 10) passing the selected clinical goals for the investi-
gated partial and full adaptations in the worst-case error scenario.

Region of interest  Clinical goal Number of adapted plans (out of 10)
passing clinical goal in the worst-case
perturbation scenario

Partial adaptation ~ Full adaptation

CTVhigh Dogo, > 95% 7 9
CTViow Dogy, > 95% 8 10
Rectum Vs7gy < 10% (hard) 10 10
Vsz6y < 5% (soft) 9 10
Bladder Vsogy < 5% (hard) 8 9
Veogy < 3% (soft) 7 6

verification would allow to detect treatment deviations mid-delivery,
offering an additional opportunity for adapting not only before but
also — or even exclusively — during treatment delivery. The information
from the online treatment verification system would trigger the stop of
the current treatment and the acquisition of a new image that is used for
an appropriate plan adaptation. If a pre-delivery adaptation workflow
were to be skipped, the online adaptation would then be “on demand”
and triggered by treatment verification. Such a workflow including
partial adaptation may only be deemed acceptable if the total delivered
fraction dose is comparable to that of an upfront online adaptation.
We have previously introduced partial adaptation as a strategy to
streamline upfront OAPT workflows for standardized 3-field IMPT plans
of head-and-neck cancer patients in a proof-of-concept study [10].
There, we assumed that the first field delivery started after daily imaging
while the adaption of the remaining two fields was ongoing. The partial
adaptation of two fields compensated for the suboptimal background
dose of the first non-adapted one. The study presented here investigated
the performance of a partial online adaptation that could have been
triggered by PGI after the first field delivery on 10 fractions (eight pa-
tients) of 2-field prostate cancer clinical plans. Having only one
opposing field available for recovering dose conformity in the total
fraction dose represents one of the most challenging settings for partial
adaptation, especially for fractions with relevant treatment deviations in
the background dose of the first field, as detected by PGI. Nevertheless,
our findings imply that, with available online treatment verification, it
would be possible to selectively initiate an online adaptation only for
those fractions where deemed necessary. Instead of daily upfront im-
aging and subsequent evaluation of the adaptation need, one could

directly start the daily treatment as scheduled, since effective adaptive
workflows could be triggered later on if required. In this work, partial
adaptation was considered to be triggered by PGI-detection of a relevant
deviation, but in principle it would also work with other treatment
verification techniques capable of online decision-making [33-37].
Moreover, partial adaptation was here assumed to be applied following
the first field delivery, but could also be performed after the delivery of
only a few energy layers [37].

The superior sparing of the partially adapted plans in comparison
with non- and fully adapted ones for most investigated OARs aligned
with previous findings [10]. A notable exception was the bladder,
located very close to the target and even partially overlapping with it,
where partial adaptation compromised OAR sparing to maintain target
coverage robustness. However, all presented results (Veogy) for bladder
sparing obtained with partial adaptation remained within the clinical
goal, and for other DVH-parameters (Vsogy, Vaocy), @ trend towards
superior bladder sparing in comparison with no and full adaptation was
revealed (Supplement 3, Fig. S1). Conversely, the results of the robust-
ness evaluation for the rectum (Supplement 3, Table S3) favored full
optimization.

The reference dose generation for the mimicking is still a limitation,
relying on fully re-optimized plans, which would not necessarily be
available in a realistic OAPT scenario. Potential alternatives, like the
adoption of a predicted dose, are being investigated [38-40], as dis-
cussed in [10].

In a retrospective evaluation of clinically acquired PGI data, 44%
(88/201) of monitored fields for prostate cancer treatments exhibited a
relevant treatment deviation [23]. While this did not necessitate im-
mediate adaptation during treatment, given the large safety margins in
current clinical practice, it is a notable indicator of the potential appli-
cation of OAPT, particularly in light of reduced margins. In the clinical
study, the cCTs were acquired with the available in-room (fan-beam) CT
scanner. This has relevant implications for the clinical applicability of
the strategy, since the patient would be moved between fields in case
any relevant deviations were detected, that triggered the acquisition of a
new image. However, for future OAPT applications, the adoption of
integrated imaging systems, like cone-beam CT, is highly anticipated
and has the advantage to prevent unintended patient shifts as patient
imaging takes place in treatment position at isocentre location. In terms
of dealing with partial adaptation in a successive fraction, we expect
either a full offline replanning in the case of gradual changes such as
weight loss and external shrinkage, or possibly keeping the original plan
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for the next fraction in case of random changes such as different rectal
and bladder filling, or variations in positioning such as slight leg rotation
with an effect on the femoral head in the beam path.

We disregarded intrafractional changes, assuming that the cCTs were
representative of the anatomy after the first field delivery, even if they
were originally acquired before the start of treatment. Intrafractional
changes in prostate cancer depend mostly on variations of rectum and
bladder fillings and on patient’s movements and can have relevant
dosimetric impact [41]. It has been reported that, during a radiotherapy
fraction, the prostate can move more than 10 mm [42-44]. To minimize
the effect of such variations, all patients included in the study had fol-
lowed a drinking protocol before treatment and were treated with a
balloon spacer (BioProtect Spacer; Tzur Yigal, Israel) located between
prostate and rectum, with one patient (P7) receiving a water-filled
endorectal balloon (Qfix, Avondale PA).

In conclusion, rapid intervention measures are critical to effectively
address potential treatment deviations, like unanticipated inter-/intra-
fractional variations, and to streamline the online-adaptive process.
OAPT triggered by treatment verification represents a promising
approach, especially for entities (like prostate) highly prone to intra-
fractional variations. The presented retrospective evaluation of a PGI-
triggered partial adaptation strategy is an important first step towards
offering in-treatment adjustments through the development of near real-
time OAPT triggered by treatment verification.
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