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ARTICLE INFO ABSTRACT
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Background and purpose: In online-adaptive proton therapy planning based on cone beam computed tomography
(CBCT), CT number errors can pose challenges. We propose an approach for coping with CT number un-
certainties by increasing range robustness settings (RRS) in online-adaptive planning. This was compared to our
trigger-based offline (TB-Offline) adaptive approach, and to daily replanning using in-room CT-on-rails (CTOR).
Material and methods: For 23 head-and-neck cancer patients, a CTOR and CBCT were acquired in a single fraction.
CTOR contours were copied rigidly onto the CBCT. CBCT-based plans were generated with 3, 6, 8, 10, and 12 %
RRS, each with 1 mm setup-RS, followed by a forward dose calculation on the reference CTOR. This was
compared to dose distributions from our TB-Offline approach (3 mm/3% SRS/RRS), also recomputed on the
CTOR. Coverage (voxelwise-minimum) of the primary clinical target volume (CTV7qq0) and elective lymph nodes
(CTVs425) and grade > II normal tissue complication probabilities were compared between strategies.

Results: When going from RRS = 3 % to RRS = 10 %, the population 90th percentiles of CTVs425 Vo49, improved
from 89.6 % to 96.4 %, and CTV7po0 Voae, from 92.8 % to 96.4 %. Substantial coverage loss (Vg40,<95 %) with
CBCT-based online adaptive and RRS = 10 % was observed in 1/23 evaluated patients for CTVyqqo and 2/23 for
CTVs42s. This was an improvement compared to 3/23 and 4/23 with TB-Offline. Moreover, for RRS = 10 % the
average risk of xerostomia improved by 2.4 percentage point compared to TB-Offline.

Conclusions: Robust optimization with increased range robustness settings effectively mitigated dose degradation
from CT number errors in CBCT-based online-adaptive proton therapy.

1. Introduction

By daily adaptation of the treatment plan to the patient anatomy in
treatment position, online re-optimization has the potential to improve
target coverage and reduce the required margins or setup robustness
settings (SRS), thereby reducing organ-at-risk (OAR) doses [1-5]. This is
particularly relevant for intensity modulated proton therapy (IMPT),
where the delivered dose is substantially more sensitive to variations in
patient anatomy compared to photon therapy. Daily imaging is required
for online adaptations. The use of cone beam computed tomography

(CBCT) imaging for online-adaptive IMPT is favored primarily for its
practicality over diagnostic CTs, for example in-room CT-on-rails
(CTOR) or a near-room CT with a shuttle system. This is mostly due to its
efficiency and availability as part of the standard daily clinical image-
guided workflow. However, the lower CT number accuracy of CBCTs
poses challenges for IMPT treatment planning [6,7].

Recent advancements have improved CBCT-based dose computation
accuracy for proton therapy. Methods using deformable image regis-
tration (DIR) of the planning-CT on the CBCT [8-10], scatter-correction
of the CBCT raw projections using the deformed planning-CT [11,12], a
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combined DIR and CT number artifact correction approach [13,14], and
methods using deep learning [15-19] have shown improved CT number
accuracy. However, residual CT number errors in CBCT can still have a
clinically relevant dosimetric impact for use in online-adaptive proton
therapy, since even small variations in the CT numbers can result in
substantial deviations in proton dose distributions [20-22].

Rather than focusing on enhancing CBCT quality, we propose an
approach that integrates the residual CT number uncertainties in daily
CBCT-based treatment planning via already applied robust IMPT opti-
mization. In diagnostic CT-based treatment planning, robust optimiza-
tion can account for uncertainties in relative stopping power (RSP)
predictions using a range robustness setting (RRS) [23,24]. Using
increased RRSs in daily CBCT-based planning could possibly also
compensate for RSP uncertainties caused by errors in CT numbers.

The aim of this study was to investigate whether the dosimetric
impact of uncertainties in CT numbers of CBCTs can be mitigated by
strongly increasing RRS, while still preserving a dosimetric benefit from
online treatment plan adaptation to the daily anatomy, thereby allowing
for a reduced SRS. The CBCT-based online adaptive strategy was
compared to our clinical offline adaptive reference and to CT-on-rails-
based online adaptive IMPT, representing the maximal dosimetric po-
tential of online adaptations.

2. Materials and methods
2.1. Patient data and contours

Data from 23 head-and-neck cancer patients treated at Holland
Proton Therapy Center (HollandPTC) in 2022 and 2023 who consented
were included. A local Institutional medical review board waived the
need to assess the protocol of the research database (approval number
P18 053). Inclusion criteria were: 1) Raw CBCT data available and ac-
quired correctly, 2) Complete clinical target volume (CTV) visible on the
CBCT. For each patient, a single CTOR-CBCT pair was available.

The patient was moved in treatment position from the CTOR
(SOMATOM Confidence CT, Siemens Healthineers, Erlangen, Germany)
to the gantry (Varian ProBeam 4.0, Varian Medical Systems, Palo Alto,
United States) equipped with a CBCT using a robotic couch. The CTOR
and CBCT were acquired 3.1 + 1.0 min apart while patients remained
immobilized on a robotic couch. CBCTs were acquired with 125 kV tube
voltage, and reconstructed with a grid size of 1.0x1.0x2.0 mm?, a field of
view (FOV) of 521x521 mmz, and 104 axial slices. Iterative recon-
struction [25] of CBCTs was performed using pre-clinical Varian soft-
ware, which was tuned on phantom data and measurements acquired at
our institute. CTORs were scheduled as standard part of treatment based
on the availability of additional time for the treatment fraction.
Depending on the protocol, one or multiple CTORs were acquired per
patient. Only the first CTOR-CBCT pair was used for this study.
Furthermore, for every patient, one out-of-room planning-CT and 0-3
regular repeat-CTs were available, out of which only one was used in this
study (see Section 2.4). Planning-CTs and regular repeat-CTs were ac-
quired with an out-of-room CT scanner (SOMATOM Definition Edge,
Siemens Healthineers). Both in-room and out-of-room CTs were ac-
quired with 120 kV tube voltage, and a resolution of 1.0x1.0x2.0 mm, a
FOV of 500x500 mm. Detailed patient information on tumor site, target
volumes, tumor stage, and baseline toxicities can be found in Supple-
mentary Data, Table S.1.

Before each treatment fraction, the CBCT acquired at the gantry was
registered to the CT used for planning, followed by a 6-D couch
correction (translational shifts, pitch, roll, and yaw). For the purpose of
this study, all CTORs and CBCTs were rigidly aligned to the out-of-room
CT used for offline treatment plan generation. For the CBCTs, the
registration acquired at the gantry was used. The clinically approved
planning-CT contours were propagated to the CTOR. The CTV7goo was
propagated rigidly, while the CTVs435 and OARs were propagated
deformably. For one patient (Patient 5), CTOR contours were manually
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adjusted because a re-plan was triggered on this CTOR, and the CTV
location changed. The contours of the CTOR were rigidly copied onto the
CBCT.

2.2. Treatment planning and robust optimization

Patients were treated with a biologically-weighted dose of 70 Gy to
the gross disease sites (CTV7p0p) and 54.25 Gy to the elective areas
(CTVs425, with the CTVy5ogp as part of the CTVs4p5) in 35 fractions,
assuming a constant relative biological effectiveness (RBE) of 1.1, with a
target dose constraint of Vgs0,>98 %. This had to be met in the voxel-
wise minimum dose distribution (VoxMin, the composite of minimum
dose values per voxel from the 29 scenarios) [26].

All treatment plans in this study, including the treatment plans on
the CBCT, were generated with the in-house developed Erasmus-iCycle
software for fully automated treatment planning [27-30]. The soft-
ware was tuned to generate treatment plans similar to clinical treatment
plans. For all patients, a 6-beam setup was used (50, 100, 160, 200, 260,
and 310 degrees angles). For the angles of 100 and 260 degrees, a couch
rotation of 20 degrees was applied. In case the energy range of a beam
was not sufficient to cover the superficial parts of the target, a range
shifter of 34 mm (water equivalent thickness) was used. Metal implants
and shoulders were delineated, and avoided during treatment planning
by removing spots traveling through these areas from the optimization.
Erasmus-iCycle used a wish-list to configure the multi-criterial optimi-
zation, which can be found in Supplementary Data, Table S.2.

Erasmus-iCycle used scenario-based mini-max robust optimization
[1,23,24]. During robust optimization, dose requirements had to be met
in each of the 29 optimized error scenarios: the nominal scenario, and 14
isocenter shifts combined with + a range error. For range errors, robust
optimization scenarios were generated by scaling the mass density
[23,24,31]. Employed scaling factors are denoted as RRS. The magni-
tude of the isocenter shifts in the optimization scenarios are denoted as
SRS. Only targets, ring structures around the targets and serial OARs
were robustly optimized due to calculation time and memory re-
strictions. Other structures were optimized in the nominal scenario only.

2.3. Daily CBCT-based adaptive IMPT with increased RRS

In CT-based planning, several factors contribute to uncertainty in
proton range, of which conversion of CT numbers into RSP is one of the
main contributors [32,33]. As commonly applied, we clinically use RRS
= 3 % [34-36]. In CBCT-based treatment planning, additional un-
certainties in CT numbers further contribute to RSP uncertainty.
Although the source of these uncertainties differs from those in CT-based
treatment planning, they also affect RSP uncertainty. In this study, we
investigated robust CBCT-based adaptive planning with increased RRS
(>3%) to both account for uncertainties in conversions of CT number to
RSP and for uncertainties in CT numbers. In CBCT-based planning, the
same CT-to-RSP curve was used as in CT-based planning.

2.4. Study design

In order to assess the effectiveness of robust CBCT-based online-
adaptive treatment planning with increased RRS, 5 different treatment
plans were generated per patient on the CBCT with RRS of 3 %, 6 %, 8 %,
10 %, and 12 %. From RRS = 6 %, we increased RRS in steps of 2 % until
no further benefit in target coverage was observed. All treatment plans
generated for the simulated online-adaptive strategies had 1 mm SRS, in
line with literature and expected errors [4,5,37]. CBCT-based online-
adaptive treatment planning was compared to two other treatment
planning strategies: 1) A clinical reference: a strategy that mimics our
current TB-Offline adaptive protocol. Robust treatment plans were
generated using out-of-room CTs using SRS/RRS of 3 mm/3%, in line
with our clinical settings. The out-of-room CT was either the planning-
CT, or a repeat-CT in case an offline adaptation was triggered in
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clinical practice. Decisions to generate a new plan in the clinic were
guided by visual inspection of sequential daily CBCTs and dose assess-
ments for repeat-CTs. In this study, we adapted if the original clinical
plan was adapted as well. 2) A reference for the full dosimetric potential
of online-adaptive treatment planning: CTOR-based online-adaptive
treatment planning, robustly optimized with 1 mm/3% SRS/RRS. For
each evaluated strategy, dosimetric evaluations were performed
through forward dose computations of the treatment plans on the
reference CTOR, which was considered the ground truth. Table S.3 in
the Supplementary Data summarizes the images and treatment plans
used in the study for the different evaluated treatment planning
strategies.

2.5. Evaluation

The mean absolute error (MAE) and mean errors (ME) in CT numbers
were compared between the CBCTs and corresponding reference CTOR
within the external (excluding air cavities with CT number < -960 HU).
The mean and standard deviation over the population was reported.
Coverage of the CTVs (Vg4,) was always evaluated in the VoxMin dose
distribution with 1 mm/3% SRS/RRS [26] on the CTOR. The median
and population 90th percentile were compared between strategies,
where the population 90th percentile was calculated by linear interpo-
lation between the 20th and 21st worst-performing patients out of 23.
Doses to the OARs (constrictor muscles, oral cavity, parotids, and sub-
mandibular glands) were evaluated in the nominal scenario [38] on the
CTOR, and converted to normal tissue complication probability (NTCP)
through the models employed in the Dutch National Indication Protocol
[39]. Statistical significance of dosimetric differences between treat-
ment strategies were assessed using the Wilcoxon Signed-Rank test (o <
0.05).

3. Results

Fig. 1 exemplifies for randomly selected patients the difference in CT
numbers of the CBCTs and reference CTOR. Relatively large differences
can be seen especially around the bone, air, and caudal areas of the
CBCTs. Moreover, differences also arose due to some intra-fraction
motion between CTOR and CBCT, resulting in significant local CT
number deviations. Additionally, for some patients, the CT numbers
were in general elevated in the CBCT. The resulting MAE and ME of the
CT numbers in the CBCTs compared to the CTOR were 145 + 27 HU and
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22 + 45 HU, respectively.

Fig. 2 shows that target coverage, as evaluated on the CTOR, in
CBCT-based plans increased with increasing RRS, especially for CTVs425.
For example, the population 90th percentile of CTVs425 Vo4, in the
VoxMin dose distribution improved from 89.6 % (RRS = 3 %), to 93.5 %
(RRS = 6 %), to 94.9 % (RRS = 8 %), to 96.4 % (RRS = 10 %), to 96.8 %
(RRS = 12 %). For CTVyqq0, the Vg49, mainly improved going from RRS
= 3 % to RRS = 6 %: 90th percentile improved 92.8 % to 96.3 %.

CBCT-based online-adaptive IMPT with RRS = 10 % resulted in
fewer negative outliers in target coverage than our current TB-offline
schedule: a coverage < 95 % was observed for 1/23 for CTVygoo and
2/23 CTVs425, while this was 3/23 and 4/23 with TB-offline. The me-
dian Vg4, was similar: 97.9 % vs 98.1 % for the CTVqqo in favor of TB-
offline (not significant), and 98.0 % for the CTVs425 for both strategies.

Fig. 3 shows the NTCP difference between TB-Offline and the CBCT-
based plans. Online CBCT plans had overall reduced xerostomia and
dysphagia NTCP compared to TB-Offline, but the gain decreased with
increasing RRS. For RRS = 10 %, mean improvement in the risk of
xerostomia was still 2.4 + 1.7 percentage point (pp) (mean =+ standard
deviation, p < 0.001), while differences in the risk of dysphagia were
non-significant. One patient (Patient 12) had a significant increase in
risk of dysphagia (7.0 pp with RRS = 10 %), but the target coverage was
strongly improved in CBCT-based online-adaptive approach with RRS =
10 % (Vog9 Of 96.2 % and 98.9 % for the CTVyg99o and CTVsyos,
compared to 74.6 % and 90.7 % for TB-Offline).

The reference CTOR-based treatment plans resulted in average re-
ductions of 3.6 + 1.8 pp for xerostomia and 3.5 + 3.9 pp for dysphagia
compared to TB-Offline. This means that with CBCT-based online-
adaptive planning using RRS = 10 %, (where xerostomia reduction was
2.4 pp) 67 % of the potential maximum xerostomia reduction was
achieved.

Compared to TB-Offline, mean doses across all investigated OARs
and RRS, except the oral cavity, were improved in the CBCT-based
treatment plans, with p-values below 0.004 across all OARs and treat-
ment plans (Supplementary Data, Fig. S.1).

4. Discussion

This study investigated robust optimization in daily CBCT-based
adaptive planning to mitigate dose degradation as a result of errors in
CT numbers. Increased RRS effectively mitigated dose degradation
resulting from CT number errors in CBCTs. When increasing from RRS =

l e & /», ",

Patient 4 Patient 6 Patient 9 Patient 12 ACT
number
(HU)
TR ) \;f% % ,ﬁ»‘ k “Thase ' ll 500
A ’&\ 5 / 3 /
gt S 3, 400
.0 ?_, _ /
o ~ 300
1 IS (

Patient 15 Patient 16

) \TE &)
- ']“l' “

f o

LA VN

| N ]
N\

Patient 18
| RS
71 i

F 1 NN

-100

i1 -200

-300

;"h >\/'_‘

-400

-500
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Fig. 2. The Vg4, in the voxelwise-minimum dose distribution (1 mm/3%, 29 scenarios, VoxMin) for the clinical target volumes (CTVs) CTVyqqo (left) and CTVs4os
(right), as calculated the computed tomography-on-rails (CTOR) for each of the 23 patients. Evaluated strategies were: our offline clinical trigger-based adaptation
schedule (TB-Offline) with 3 mm setup robustness settings (SRS) and 3 % range robustness settings (RRS), treatment plans generated on the cone beam CT (CBCT)
with 1 mm SRS and 3, 6, 8, 10, and 12 % RRS and reference treatment plans generated on the CTOR (1 mm/3% SRS/RRS). Every dot represents a patient, whiskers
extent to the population 90 %. The dotted line represents the evaluated dose for negative outliers in coverage (<95 %, see Results section).

3 % to RRS = 10 %, the population 90th percentiles of CTVs425 Vo4
improved from 89.6 % to 96.4 %, and CTV7ggg Vg49, from 92.8 % to 96.4
%. Compared to our clinical trigger-based offline adaptive approach
(TB-Offline) with unavoidably larger setup robustness settings to ac-
count for inter-fraction motion, the CBCT-based online-adaptive
approach with 10 % RRS largely reduced extreme target coverage losses,
achieved similar median target coverage, while also reducing the risk of
xerostomia significantly.

Even with a RRS as large as 10 %, the mean improvement in the risk
of xerostomia was 2.4 pp compared to TB-Offline, which was 67 % of the
total maximal potential NTCP reduction that could be achieved with
daily CTOR-based treatment planning. These positive NTCP results are a
consequence of the reduction in setup robustness settings allowed in
online-adaptive treatment planning. Even with 1 mm/12 % SRS/RRS,
the Viogy and the total number of monitor units of the CBCT-based plans
remained significantly lower compared to TB-Offline with 3 mm/3% RS.
This is probably a result of the fact that range robustness results in a 1D
expansion of the treated volume in the beam direction. This is feasible at
lower dosimetric costs compared to the gain resulting from lowering the
setup robustness setting, which is a 3D reduction of the treated volume.
This was also previously observed in Van de Water et al. [1], although
not for range robustness settings up to 12 %. Moreover, the expansion of
the volume in the beam direction and the multiple beam angles used
could possibly result in a redistributed dose in such a way that the
surplus was not delivered in critical OARs.

Previous studies reported improved dose metrics with CBCT-based
IMPT compared to non-adaptive approaches [12,14,40]. An advantage
of our study compared to these studies is the use of realistically lower
setup robustness settings for the online-adaptive approach, the use of a
reference CT acquired only minutes before the CBCT while patients
remained fixated on the couch, the robustness analyses on the reference

CT, and the comparison to our clinical offline adaptive schedule.

Compared to previous studies on the use of CBCTs for proton dose
computations, our work incorporates several differences. Only Xu et al.
[40] and Kaushik et al. [14] used robust treatment plan optimization in
this context. However, they only took regular CT-based uncertainties in
the conversion from CT numbers to RSP into account. Compared to other
studies, the MAE and ME of our CBCTs were found to be larger than in
other studies [11,15-19,21,41]. This difference could be caused by the
decision not to deform the CBCT to the CT, which we regarded as ground
truth. Some intra-fraction motion may have occurred resulting in
increased MAE and ME. Additionally, it can be caused by variation in CT
numbers between CBCT scanners. An advantage of the employed CBCTs
in this study is that the reconstruction software is expected to be clini-
cally available in the near future, and no artificially generated CT is
expected to be required. In the future, CT number accuracy of CBCTs is
expected to further improve. Therefore, it is likely that CBCTs will be
used for online-adaptive IMPT. Our approach will stay relevant to
mitigate the impact of remaining CT number uncertainties.

In this study, we used a CT-based calibration curve enabling us to
demonstrate the feasibility of our approach. In a clinical setting, our
approach should be accompanied by a CBCT-specific CT-to-RSP cali-
bration curve, generated based on phantoms with known tissue-
equivalent materials, directly relating CT-numbers of CBCTs to RSP.
Such a curve is challenging to acquire due to the CT-number errors in
CBCTs, but it is feasible to obtain an improved calibration curve. With a
CBCT-specific calibration curve, or in general improved CBCT quality,
the required RRS might be reduced.

A limitation of this study is that two patients (Patient 10 and 18) in
the dataset were presumably repositioned after acquiring the CTOR and
CBCT because of poor alignment between CBCT and planning-CT.
Despite this, target coverage in the TB-Offline strategy remained
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Fig. 3. Differences in normal tissue complication probability (NTCP) for grade > II xerostomia and dysphagia compared to our offline clinical trigger-based

adaptation schedule (TB-Offline) for treatment plans generated online on cone beam computed tomography (CBCT) with 3, 6, 8, 10, and 12 % range robustness
settings (RRS) and 1 mm setup RS (SRS), and for plans generated online on the reference CT-on-rails (CTOR) with 1 mm/3% SRS/RRS. NTCPs were calculated in
percentage points (pp), and were based on the dose recalculated on the CTOR for each of the 23 patients. Negative values are in favor of the online adaptation

strategies. Whiskers extent to the population 90 %. Every dot represents a patient.

relatively high for these patients (Vgsy, > 97.7 % for both CTVs).
Furthermore, additional contouring uncertainties on CBCTs were not
taken into account. Additionally, motion between the CTOR and CBCT
occurred, despite the use of a robotic couch. This contributed to sig-
nificant deviations in local CT numbers, resulting in an overestimation
of actual CT number errors in the CBCTs. Another limitation is that we
only evaluated per-fraction doses instead of accumulated doses. Next,
we used full re-optimization instead of a fast online re-optimization al-
gorithm for treatment plan generation on the CBCTs and CTOR to avoid
any bias related to differences in optimization algorithms. However, our
online re-optimization algorithm has achieved comparable quality to
fully re-optimized treatment plans [42]. Furthermore, fast online
adaptation strategies are available [5,43-46]. For example, online re-
optimization times for head-and-neck cancer patients using our algo-
rithm were 3.4 min on average.

In conclusion, robust optimization in daily online CBCT-based
planning using increased range robustness settings can effectively
mitigate dose degradation resulting from CT number errors in CBCTs.
Even for the relatively large CT number errors in our CBCT dataset, the
online plans overall outperformed our current clinical offline adaptive
approach in terms of mitigation of extreme target coverage losses and
toxicity risks. With the expected introduction of CBCT-based online-
adaptive treatment planning for head-and-neck IMPT, this clinically
available method can ensure robustness against (residual) CT number
errors.
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org/10.1016/j.phro.2025.100752.

References

[1] Van De Water S, van Dam I, Schaart DR, Al-Mamgani A, Heijmen BJM,
Hoogeman MS. The price of robustness; impact of worst-case optimization on
organ-at-risk dose and complication probability in intensity-modulated proton
therapy for oropharyngeal cancer patients. Radiother Oncol 2016;120:56-62.
https://doi.org/10.1016/j.radonc.2016.04.038.

[2] Lalonde A, Bobi¢ M, Winey B, Verburg J, Sharp GC, Paganetti H. Anatomic changes
in head and neck intensity-modulated proton therapy: Comparison between robust
optimization and online adaptation. Radiother Oncol 2021;159:39-47. https://doi.
org/10.1016/j.radonc.2021.03.008.

[3] Nenoff L, Matter M, Charmillot M, Krier S, Uher K, Weber DC, et al. Experimental
validation of daily adaptive proton therapy. Phys Med Biol 2021;66:205010.
https://doi.org/10.1088/1361-6560/ac2b84.

[4] Bobi¢ M, Lalonde A, Nesteruk KP, Lee H, Nenoff L, Gorissen BL, et al. Large
anatomical changes in head-and-neck cancers—a dosimetric comparison of online
and offline adaptive proton therapy. Clin Transl Radiat Oncol 2023;40:100625.
https://doi.org/10.1016/j.ctro.2023.100625.

[5] Oud M, Breedveld S, Rojo-Santiago J, Gizyriska MK, Kroesen M, Habraken S, et al.
A fast and robust constraint-based online re-optimization approach for automated
online adaptive intensity modulated proton therapy in head and neck cancer. Phys
Med Biol 2024;69:075007. https://doi.org/10.1088/1361-6560/ad2a98.

[6] Fotina I, Hopfgartner J, Stock M, Steininger T, Liitgendorf-Caucig C, Georg D.
Feasibility of CBCT-based dose calculation: comparative analysis of HU adjustment
techniques. Radiother Oncol 2012;104:249-56. https://doi.org/10.1016/j.
radonc.2012.06.007.

[7] Stock M, Pasler M, Birkfellner W, Homolka P, Poetter R, Georg D. Image quality
and stability of image-guided radiotherapy (IGRT) devices: a comparative study.
Radiother Oncol 2009;93:1-7. https://doi.org/10.1016/j.radonc.2009.07.012.

[8] Kurz C, Dedes G, Resch A, Reiner M, Ganswindt U, Nijhuis R, et al. Comparing
cone-beam CT intensity correction methods for dose recalculation in adaptive
intensity-modulated photon and proton therapy for head and neck cancer. Acta
Oncol 2015;54:1651-7. https://doi.org/10.3109/0284186X.2015.1061206.


https://doi.org/10.1016/j.phro.2025.100752
https://doi.org/10.1016/j.phro.2025.100752
https://doi.org/10.1016/j.radonc.2016.04.038
https://doi.org/10.1016/j.radonc.2021.03.008
https://doi.org/10.1016/j.radonc.2021.03.008
https://doi.org/10.1088/1361-6560/ac2b84
https://doi.org/10.1016/j.ctro.2023.100625
https://doi.org/10.1088/1361-6560/ad2a98
https://doi.org/10.1016/j.radonc.2012.06.007
https://doi.org/10.1016/j.radonc.2012.06.007
https://doi.org/10.1016/j.radonc.2009.07.012
https://doi.org/10.3109/0284186X.2015.1061206

M. Oud et al.

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Landry G, Nijhuis R, Dedes G, Handrack J, Thieke C, Janssens G, et al. Investigating
CT to CBCT image registration for head and neck proton therapy as a tool for daily
dose recalculation. Med Phys 2015;42:1354-66. https://doi.org/10.1118/
1.4908223.

Veiga C, Alshaikhi J, Amos R, Lourengco AM, Modat M, Ourselin S, et al. Cone-beam
computed tomography and deformable registration-based “dose of the day”
calculations for adaptive proton therapy. Int J Part Ther 2015;2:404-14. https://
doi.org/10.14338/1JPT-14-00024.1.

Park YK, Sharp GC, Phillips J, Winey BA. Proton dose calculation on scatter-
corrected CBCT image: feasibility study for adaptive proton therapy. Med Phys
2015;42:4449-59. https://doi.org/10.1118/1.4923179.

Kurz C, Nijhuis R, Reiner M, Ganswindt U, Thieke C, Belka C, et al. Feasibility of
automated proton therapy plan adaptation for head and neck tumors using cone
beam CT images. Radiat Oncol 2016;11:1-9. https://doi.org/10.1186/s13014-
016-0641-7.

Chang CW, Nilsson R, Andersson S, Bohannon D, Patel SA, Patel PR, et al. An
optimized framework for cone-beam computed tomography-based online
evaluation for proton therapy. Med Phys 2023;50:5375-86. https://doi.org/
10.1002/mp.16625.

Kaushik S, Odén J, Sharma DS, Fredriksson A, Toma-Dasu I. Generation and
evaluation of anatomy-preserving virtual CT for online adaptive proton therapy.
Med Phys 2024;51:1536-46. https://doi.org/10.1002/mp.16941.

Hansen DC, Landry G, Kamp F, Li M, Belka C, Parodi K, et al. ScatterNet: a
convolutional neural network for cone-beam CT intensity correction. Med Phys
2018;45:4916-26. https://doi.org/10.1002/mp.13175.

Kurz C, Maspero M, Savenije MHF, Landry G, Kamp F, Pinto M, et al. CBCT
correction using a cycle-consistent generative adversarial network and unpaired
training to enable photon and proton dose calculation. Phys Med Biol 2019;64:
225004. https://doi.org/10.1088/1361-6560/ab4d8c.

Landry G, Hansen D, Kamp F, Li M, Hoyle B, Weller J, et al. Comparing Unet
training with three different datasets to correct CBCT images for prostate
radiotherapy dose calculations. Phys Med Biol 2019;64:035011. https://doi.org/
10.1088/1361-6560/aaf496.

Lalonde A, Winey B, Verburg J, Paganetti H, Sharp GC. Evaluation of CBCT scatter
correction using deep convolutional neural networks for head and neck adaptive
proton therapy. Phys Med Biol 2020;65:245022. https://doi.org/10.1088/1361-
6560/ab9fcb.

Thummerer A, Zaffino P, Meijers A, Marmitt GG, Seco J, Steenbakkers RJHM, et al.
Comparison of CBCT based synthetic CT methods suitable for proton dose
calculations in adaptive proton therapy. Phys Med Biol 2020;65:095002. https://
doi.org/10.1088/1361-6560/ab7d54.

Taasti VT, Baumer C, Dahlgren CV, Deisher AJ, Ellerbrock M, Free J, et al. Inter-
centre variability of CT-based stopping-power prediction in particle therapy:
survey-based evaluation. Phys Imaging Radiother Oncol 2018;6:25-30. https://
doi.org/10.1016/j.phro.2018.04.006.

Zhang Y, Yue N, Su MY, Liu B, Ding Y, Zhou Y, et al. Improving CBCT quality to CT
level using deep learning with generative adversarial network. Med Phys 2021;48:
2816-26. https://doi.org/10.1002/mp.14624.

Allen C, Yeo AU, Hardcastle N, Franich RD. Evaluating synthetic computed
tomography images for adaptive radiotherapy decision making in head and neck
cancer. Phys Imaging Radiother Oncol 2023;27:100478. https://doi.org/10.1016/
j.phro.2023.100478.

Fredriksson A, Forsgren A, Hardemark B. Minimax optimization for handling range
and setup uncertainties in proton therapy. Med Phys 2011;38:1672-84. https://
doi.org/10.1118/1.3556559.

Liu W, Frank SJ, Li X, Li Y, Park PC, Dong L, et al. Effectiveness of robust
optimization in intensity-modulated proton therapy planning for head and neck
cancers. Med Phys 2013;40:051711. https://doi.org/10.1118/1.4801899.

Sidky EY, Pan X. Image reconstruction in circular cone-beam computed
tomography by constrained, total-variation minimization. Phys Med Biol 2008;53:
4777. https://doi.org/10.1088/0031-9155/53/17/021.

Korevaar EW, Habraken SJM, Scandurra D, Kierkels RGJ, Unipan M, Eenink MGC,
et al. Practical robustness evaluation in radiotherapy-A photon and proton-proof
alternative to PTV-based plan evaluation. Radiother Oncol 2019;141:267-74.
https://doi.org/10.1016/j.radonc.2019.08.005.

Breedveld S, Storchi PRM, Voet PWJ, Heijmen BJM. iCycle: Integrated,
multicriterial beam angle, and profile optimization for generation of coplanar and
noncoplanar IMRT plans. Med Phys 2012;39:951-63. https://doi.org/10.1118/
1.3676689.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Physics and Imaging in Radiation Oncology 34 (2025) 100752

Heijmen B, Voet P, Fransen D, Penninkhof J, Milder M, Akhiat H, et al. Fully
automated, multi-criterial planning for Volumetric Modulated Arc Therapy-An
international multi-center validation for prostate cancer. Radiother Oncol 2018;
128:343-8. https://doi.org/10.1016/j.radonc.2018.06.023.

Huiskes M, Kong W, Oud M, Crama K, Rasch C, Breedveld S, et al. Validation of
Fully Automated Robust Multicriterial Treatment Planning for Head and Neck
Cancer IMPT. Int J Radiat Oncol Biol Phys 2024;119:968-77. https://doi.org/
10.1016/j.ijrobp.2023.12.034.

Kong W, Oud M, Habraken S, Huiskes M, Astreinidou E, Rasch C, et al. SISS-MCO:
large scale sparsity-induced spot selection for fast and fully-automated robust
multi-criteria optimisation of proton plans. Phys Med Biol 2024;69:055035.
https://doi.org/10.1088/1361-6560/ad1le7a.

Laboratories R. Robusty Optimization in Treatment Planning. Stockholm Sweden:
RaySearch Laboratories; 2019.

Yang M, Zhu XR, Park PC, Titt U, Mohan R, Virshup G, et al. Comprehensive
analysis of proton range uncertainties related to patient stopping-power-ratio
estimation using the stoichiometric calibration. Phys Med Biol 2012;57:4095.
https://doi.org/10.1088/0031-9155/57/13/4095.

Paganetti H. Range uncertainties in proton therapy and the role of Monte Carlo
simulations. Phys Med Biol 2012;57:R99. https://doi.org/10.1088/0031-9155/57/
11/R99.

Lomax AJ. Intensity modulated proton therapy and its sensitivity to treatment
uncertainties 1: the potential effects of calculational uncertainties. Phys Med Biol
2008;53:1027. https://doi.org/10.1088/0031-9155/53/4/015.

Meijers A, Free J, Wagenaar D, Deffet S, Knopf A-C, Langendijk JA, et al. Validation
of the proton range accuracy and optimization of CT calibration curves utilizing
range probing. Phys Med Biol 2020;65:03NT02. https://doi.org/10.1088/1361-
6560/ab66el.

Meijers A, Seller Oria C, Free J, Langendijk JA, Knopf AC, Both S. First report on an
in vivo range probing quality control procedure for scanned proton beam therapy
in head and neck cancer patients. Med Phys 2021;48:1372-80. https://doi.org/
10.1002/mp.14713.

Nenoff L, Matter M, Hedlund Lindmar J, Weber DC, Lomax AJ, Albertini F. Daily
adaptive proton therapy-the key to innovative planning approaches for paranasal
cancer treatments. Acta Oncol 2019;58:1423-8. https://doi.org/10.1080/
0284186X.2019.1641217.

Rojo-Santiago J, Habraken SJM, Romero AM, Lathouwers D, Wang Y, Perké Z,

et al. Robustness analysis of CTV and OAR dose in clinical PBS-PT of neuro-
oncological tumors: prescription-dose calibration and inter-patient variation with
the Dutch proton robustness evaluation protocol. Phys Med Biol 2023;68:175029.
https://doi.org/10.1088/1361-6560/acead1.

Landelijk Indicatie Protocol Protonen Therapie Hoofd-halstumoren 2019.
Retrieved from, https://nvro.nl/images/documenten/rapporten/2019-0
8-15_Landelijk Indicatieprotocol Protonentherapie Hoofdhals v2.2.pdf.

XuY, Jin W, Butkus M, De Ornelas M, Cyriac J, Studenski MT, et al. Cone beam CT-
based adaptive intensity modulated proton therapy assessment using automated
planning for head-and-neck cancer. Radiat Oncol 2024;19:13. https://doi.org/
10.1186/513014-024-02406-9.

Arai K, Kadoya N, Kato T, Endo H, Komori S, Abe Y, et al. Feasibility of CBCT-based
proton dose calculation using a histogram-matching algorithm in proton beam
therapy. Phys Med 2017;33:68-76. https://doi.org/10.1016/j.ejmp.2016.12.006.
Oud M, Breedveld S, Gizyriska M, Chen YH, Habraken S, Perké Z, et al. Dosimetric
advantages of adaptive IMPT vs. enhanced workload and treatment time — a need
for automation. Radiother Oncol 2024;201:110548. https://doi.org/10.1016/j.
radonc.2024.110548.

Matter M, Nenoff L, Meier G, Weber DC, Lomax AJ, Albertini F. Intensity
modulated proton therapy plan generation in under ten seconds. Acta Oncol 2019;
58:1435-9. https://doi.org/10.1080/0284186X.2019.1630753.

Botas P, Kim J, Winey B, Paganetti H. Online adaption approaches for intensity
modulated proton therapy for head and neck patients based on cone beam CTs and
Monte Carlo simulations. Phys Med Biol 2018;64:015004. https://doi.org/
10.1088/1361-6560/aaf30b.

Jagt T, Breedveld S, Van Haveren R, Heijmen B, Hoogeman M. An automated
planning strategy for near real-time adaptive proton therapy in prostate cancer.
Phys Med Biol 2018;63:135017. https://doi.org/10.1088/1361-6560/aacaa?7.
Borderias Villarroel EL, Fredriksson A, Cvilic S, Di Perri D, Longton E, Pierrard J,
et al. Dose mimicking based strategies for online adaptive proton therapy of head
and neck cancer. Phys Med Biol 2023;68:105002. https://doi.org/10.1088/1361-
6560/accb38.


https://doi.org/10.1118/1.4908223
https://doi.org/10.1118/1.4908223
https://doi.org/10.14338/IJPT-14-00024.1
https://doi.org/10.14338/IJPT-14-00024.1
https://doi.org/10.1118/1.4923179
https://doi.org/10.1186/s13014-016-0641-7
https://doi.org/10.1186/s13014-016-0641-7
https://doi.org/10.1002/mp.16625
https://doi.org/10.1002/mp.16625
https://doi.org/10.1002/mp.16941
https://doi.org/10.1002/mp.13175
https://doi.org/10.1088/1361-6560/ab4d8c
https://doi.org/10.1088/1361-6560/aaf496
https://doi.org/10.1088/1361-6560/aaf496
https://doi.org/10.1088/1361-6560/ab9fcb
https://doi.org/10.1088/1361-6560/ab9fcb
https://doi.org/10.1088/1361-6560/ab7d54
https://doi.org/10.1088/1361-6560/ab7d54
https://doi.org/10.1016/j.phro.2018.04.006
https://doi.org/10.1016/j.phro.2018.04.006
https://doi.org/10.1002/mp.14624
https://doi.org/10.1016/j.phro.2023.100478
https://doi.org/10.1016/j.phro.2023.100478
https://doi.org/10.1118/1.3556559
https://doi.org/10.1118/1.3556559
https://doi.org/10.1118/1.4801899
https://doi.org/10.1088/0031-9155/53/17/021
https://doi.org/10.1016/j.radonc.2019.08.005
https://doi.org/10.1118/1.3676689
https://doi.org/10.1118/1.3676689
https://doi.org/10.1016/j.radonc.2018.06.023
https://doi.org/10.1016/j.ijrobp.2023.12.034
https://doi.org/10.1016/j.ijrobp.2023.12.034
https://doi.org/10.1088/1361-6560/ad1e7a
http://refhub.elsevier.com/S2405-6316(25)00057-0/h0155
http://refhub.elsevier.com/S2405-6316(25)00057-0/h0155
https://doi.org/10.1088/0031-9155/57/13/4095
https://doi.org/10.1088/0031-9155/57/11/R99
https://doi.org/10.1088/0031-9155/57/11/R99
https://doi.org/10.1088/0031-9155/53/4/015
https://doi.org/10.1088/1361-6560/ab66e1
https://doi.org/10.1088/1361-6560/ab66e1
https://doi.org/10.1002/mp.14713
https://doi.org/10.1002/mp.14713
https://doi.org/10.1080/0284186X.2019.1641217
https://doi.org/10.1080/0284186X.2019.1641217
https://doi.org/10.1088/1361-6560/acead1
https://nvro.nl/images/documenten/rapporten/2019-08-15__Landelijk_Indicatieprotocol_Protonentherapie_Hoofdhals_v2.2.pdf
https://nvro.nl/images/documenten/rapporten/2019-08-15__Landelijk_Indicatieprotocol_Protonentherapie_Hoofdhals_v2.2.pdf
https://doi.org/10.1186/s13014-024-02406-9
https://doi.org/10.1186/s13014-024-02406-9
https://doi.org/10.1016/j.ejmp.2016.12.006
https://doi.org/10.1016/j.radonc.2024.110548
https://doi.org/10.1016/j.radonc.2024.110548
https://doi.org/10.1080/0284186X.2019.1630753
https://doi.org/10.1088/1361-6560/aaf30b
https://doi.org/10.1088/1361-6560/aaf30b
https://doi.org/10.1088/1361-6560/aacaa7
https://doi.org/10.1088/1361-6560/accb38
https://doi.org/10.1088/1361-6560/accb38

	A planning approach for online adaptive proton therapy to cope with cone beam computed tomography inaccuracies
	1 Introduction
	2 Materials and methods
	2.1 Patient data and contours
	2.2 Treatment planning and robust optimization
	2.3 Daily CBCT-based adaptive IMPT with increased RRS
	2.4 Study design
	2.5 Evaluation

	3 Results
	4 Discussion
	Declaration of competing interest
	Appendix A Supplementary data
	References


