Time is NTCP: should we maximize patient throughput or perform online
adaptation on proton therapy systems?
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Abstract

Background: Compared to conventional radiotherapy (XT), proton therapy (PT) may
improve normal tissue complication probabilities (NTCP). However, PT typically requires
higher adaptation rates due to an increased sensitivity to anatomical changes. Systematic
online adaptation may address this issue, but it requires additional replanning time,
decreasing patient throughput. Therefore, less patients would benefit in such case from
PT for a given machine capacity, with results in worse NTCP

Aim: To investigate the trade-off between PT patient throughput and NTCP gain as a
function of the time needed for adaptation.

Methods: A retrospective database of 14 lung patients with two repeated 4DCTs was
used to compare NTCP values between XT and PT for NTCPym (2-year mortality),
NTCPaysphagia @nd NTCPpneumonitis . FOur scenarios were considered for PT: no adaptation
using clinical robustness parameters (4D robust optimization, 3% range error and PTV-
equivalent setup errors), systematic online adaptation with clinical robustness
parameters; setup errors reduced to 4 mm and to 2 mm. Dose was accumulated on the
planning CT. The number of patients treated with PT depended on the extra time needed
for adaptation, assuming an 8-hours capacity (assuming 14 patients a day; thus minimum
34.2 minutes per treatment session if there is no or instantaneous adaptation).

Results:

Baseline NTCP gains (PT against XT without adaptation) equaled 6.9%, 6.1%, and 7.7% for
NTCP2ym, NTCPaysphagia and NTCPpneumonitis, respectively. Using instantaneous online
adaptation and setup errors of 2 mm, the overall gains were then 10.7%, 13.6% and
12.4%. Taking into account loss of capacity, 13.7 min was the maximum extra-time
allowed to complete adaptation and maintain an advantage on all three metrics for the
2-mm setup error scenario.

Conclusion: This study highlights the critical importance of keeping short online
adaptation times when using systems with limited capacity like PT.



1. Introduction

Daily online adaptive radiation therapy (OART) has become a reality in recent years with
the arrival of MR-Linacs [1] and the Ethos Varian System [2]. OART offers the possibility
of accounting for changes in patient anatomy and tumor geometry that otherwise can
compromise the desired target coverage and organs-at-risk (OARs) sparing. OART has
demonstrated a greater ability to spare OARs and ensure target coverage for head and
neck [3], gastrointestinal [4], pelvic [2,5,6], and finally ultracentral [7] and locally advanced
lung cancers [8]

The potential of daily online adaptation could be even greater when applied in proton
therapy due to its higher adaptation rate [9]. Safety margins and (anatomical) robust
optimization, are typically used to mitigate the impact of treatment uncertainties and
reduce the need for adaptation due to the inter-fractional anatomic variation [10].
However, both strategies come at the cost of normal tissue irradiation and even though,
for some cases, adaptation is still necessary to ensure target coverage [11,12]. As
reported in a recent survey of practice patterns for adaptive particle therapy, from 68
clinically operational centers consulted worldwide, 84% had implemented offline
adaptation strategies, while none of them relied on daily online re-planning [9].
Nevertheless, daily online re-planning was determined to be the method of choice at the
10-year horizon, requiring automated and quick workflows to compensate for inter-
fractional variations in a realistic online setting.

With current technology, all strategies for online adaptive proton therapy (OAPT)
proposed in the literature require additional time compared to non-adaptive treatments.
For OAPT strategies not relying on contour re-delineation (i.e. dose restoration [13,14]),
this additional time comes from re-optimization and quality assurance (QA) of the
adapted treatment plan. For alternative OAPT strategies based on automatic contouring,
the time for contour verification (and/or correction) by the physician should be also
summed up. For OART in the pelvic region, McComas et al. showed that around 16
additional minutes were required for each adaptive fraction, with an average minimum
cost of $103.58 [15]. This study also pointed out that approximately 3 patients could be
treated with image-guided radiation therapy (IGRT) for every 1 OART treatment. It also
concludes that each adapted fraction requires more staffing while it also delays the
completion of other tasks and increases resource utilization. Therefore, before the
progressive implementation of OAPT technologies, it urges quantifying the clinical gain of
adaptation while considering the cost of time and human resource requirements.



The increased time per fraction experienced by OAPT could lead to a reduction in the
treatment capacity of proton therapy facilities, which are limited due to the upfront and
running costs associated to that technology. Therefore it becomes imperative to justify
the clinical gains achieved through OAPT relative to the resulting capacity loss as it could
result in patients delaying their treatment or receiving photon radiation therapy instead.

To estimate real costs (e.g. in, euros or dollars), an assessment must be made of (1) the
actual cost of each modality and (2) the societal gains linked to treatment outcome
improvements, possibly quantified via Quality-Adjusted Life Years (QALY). Both aspects,
fixed and variable costs, pose challenges for accurate quantification [16,17]. Alternatively,
health economics considerations based on normal tissue complication probabilities
(NTCP) can be considered to study cost-effectiveness. For instance, thresholds for ANTCP
between two modalities (protons and photons) are used for patient referral [18,19], as it
is the case for the Dutch national protocol.

Following this idea, we present a novel approach to compare the merits of treatment
adaptation on a proton therapy machine with maximizing its capacity. Unlike traditional
cost-based estimations, our method relies on quantifying variations on NTCP to bypass
the estimation of actual costs. The objective of this study is therefore to quantify the
impact of increased time per fraction on the NTCP for a dataset of 14 lung cancer patients
undergoing OAPT. By quantifying the ANTCP as a function of the time needed to perform
an adaptation, we aim to provide insights on how to optimize lung cancer patient
outcomes treated with proton therapy, effectively balancing the benefits of OAPT against
the constraints of treatment capacity.

2. Material and methods

2.1. Patient database

This study included a cohort of fourteen lung cancer patients previously treated with
tomotherapy (XT) that were retrospectively re-planned with intensity-modulated proton
therapy (IMPT) strategies. The dataset comprised a 4D-planning-CT scan and two
subsequent repeated 4D-CT scans (rCT1 and rCT2), acquired at regular intervals of 2 and
4 weeks during the course of radiotherapy. Exceptionally, for patient 9, rCT2 was not
available, so a total of 27 rCTs were available. All rCTs contained manually delineated
contours. The patient cohort represented various tumor sizes (79-433 cm3), motion
amplitudes (1.1-11.1 mm), tumor locations, and an average tumor shrinkage of the CTV
volume of 16.7% for rCT1 and 19.1% for rCT2, with only patients 1 and 7 experiencing
tumor growth in rCT1 (see supplementary material SM1). The retrospective data




collection was approved by the ethical committee of Cliniques Universitaires St. Luc and
UCLouvain.

2.2. Initial treatment planning on planning-CTs

The XT plans were optimized with the TomoTherapy treatment planning system using a
safety planning target volume (PTV) margin derived from Van Herk's margin recipe
(Mpry = 2.5%;pta1 + 0.7010:1) a@ccounting for total systematic (X) and random (o)
uncertainties [20,21]. On the other hand, IMPT plans were generated using worst-case 4D
robust optimization [22] because of their sensitivity to the uncertainties of the position of
the Bragg peak and the failure of the static-dose cloud approximation [23]. The
magnitude of range and setup robustness parameters can be approximated as a function
of systematic and random uncertainties to ensure adequate CTV coverage [24,25].
Therefore, to generate an IMPT equivalent to the XT plans, the value of the PTV margin in
each direction was translated into a non-isotropic setup error for robust optimization. For
cases including treated lymph nodes, the calculated setup errors were 7.71 mm (left-
right), 8.25 mm (anterior-posterior) and 9.73 mm (inferior-superior) (see supplementary
material SM2). To speed up the optimization of the IMPT plan, with setup errors higher
than 5 mm, the optimization trick described by Badiu et al. was implemented [26]. The
full non-isotropic setup error was divided into two components: 5 mm were included on

the RayStation robust optimization while the rest of the setup error was accounted for
with a CTV expansion. For instance, for a setup error of 7.71 mm in the sagittal direction,
a CTV expansion of 2.71 mm was robustly optimized with a setup error of 5 mm (7.71 mm
=2.71 mm in the margin + 5 mm setup error in the robust optimization).

The total number of optimization scenarios was 84: 7 (+ variable setup error (mm)in x,y,z
directions, and the nominal scenario) x 3 (range error: £3%, 0%) x 4 (breathing phases
mid-position-CT (MidP-CT) used as planning CT [27], together with end-inhale, end-exhale
and mid-ventilation breathing phases).

The higher the robustness parameters, the less adaptation required. However, the
implementation of an OAPT workflow opens the possibility to reduce margins or, as an
equivalent, decreasing robustness parameters (i.e. setup error) compared to non-
adaptive workflows. Therefore, we investigate the NTCP-time correlation for two
additional plans with reduced setup errors of 4 and 2 mm. The 4 mm setup error,
reflecting an intermediate approach, considers both inter- and intra-fraction
uncertainties, particularly important for mobile targets, while acknowledging the ongoing
research to validate margin or setup error reduction without compromising tumor
control [28,29]. Even in optimistic scenarios, with daily imaging and high-speed
optimization, a 2 mm setup error should be considered to offset residual uncertainties



related to isocenter position, delineation errors and limited intra-fraction uncertainties
[30].

After the planning stage on pCT, 4 radiation therapy plans (one XT and three IMPT) were

available:

1. XTper: The clinical tomotherapy plan, using the previously detailed CTV-to-PTV non-
isotropic margins between 7 and 9 mm.

2. IMPT-Clinicycr: A clinical IMPT plan robustly optimized using a non-isotropic setup
error to generate a “PTV-like” equivalence to the XT plan (1).

3. IMPT-4mmycr: An IMPT plan accounting for a reduced setup error of 4 mm

4. IMPT-2mmypcr: An IMPT plan with a residual setup error of 2mm

2.3. Adaptation on repeated-CTs, dose mapping and accumulation

The objective is to assess whether the ANTCP in several OAPT settings (considering
increased time per fraction and therefore the potential loss proton treatment capacity) is
bigger than the ANTCP gained from passing from a XT to an IMPT treatment plan without
considering adaptation. This will be accomplished without setup error modifications to
the clinical plan (OAPT-Clinic) but also when applying two levels (2 and 4 mm) of setup
error reduction. To do so, a total of 5 different workflows had to be simulated: (1) the XT
workflow (represented by the reference XT dose), (2) the not-adapted workflow and the
(3) OAPT-Clinic, (4) OAPT-4mm and (5) OAPT-2mm workflows (see Figure 1).

For the XT plans, we assumed that the planned XT doses on the pCT were representative
of the actual dose delivered to the patient. To simulate the not adapted plans straight
dose calculation of the IMPT-Clinic plans was performed on all rCTs (Not-Adapted,crs and
Not-Adapted:crz, red boxes in Figure 1).

For the three OAPT workflows (OAPT-Clinic, OAPT-4mm and OAPT-2mm), adapted
versions of the IMPT plans (Adaptedcri) IMPT-Clinic, Adaptedicrie IMPT-4mm and
Adapted:criz IMPT-2mm) were generated. As our objective was to simulate a high-quality
OAPT workflow, the re-planning was done offline to avoid uncertainties introduced by the
OAPT workflow itself. The same objectives used for initial treatment planning on pCT were
used for re-planning on rCTs and fine-tuning was applied when necessary to ensure
target coverage and avoid hot spots.

Eventually, a total of 12 dose distributions were available for each patient: 4 doses on the
pCT (XTpcr, IMPT-Clinicper, IMPT-4mmper and IMPT-2mmgcr), 2 not adapted doses
(rCT1,rCT2) and 6 adapted doses, corresponding to OAPT-Clinic, OAPT-4mm and OAPT-



2mm in rCT1 and rCT2. These doses were used to simulate the 5 workflows described in
Figure 1.

To approximate the total dose delivered over 30 fractions for the not adapted and the
OAPT workflows, dose mapping and accumulation (DMA) was applied. The dose mapping
from rCTs to the pCT was done using the deformable image registration (DIR) algorithm
of RayStation 12B (RaySearch Laboratories, Sweden). As shown in Figure 1, the total
accumulated doses for four different plans - the not adapted IMPT-Clinic (NA-Clinic),
adapted IMPT-Clinic (OAPT-Clinic), the adapted IMPT-4mm (OAPT-4mm) and the adapted
IMPT-2mm (OAPT-2mm) - were calculated as follows:

Total dosepc’r =10- deT +10- d(TCT7,pCT) +10- d(TCTZ,pCT)

where, dpcris the planned fraction dose on the pCT, dicmpcn is the backpropagated fraction
dose from the rCTn to the pCT (n taking values of 1 or 2), and Total doseycr is the
accumulated dose over all 30 fractions on the pCT.
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Figure 1. The total accumulated doses over all 30 fractions for 4 different plans: (1) the not adapted
IMPT-Clinic (NA-Clinic) in red, adapted IMPT-Clinic (OAPT-Clinic) in blue, the adapted IMPT-4mm
(OAPT-4mm) in orange and the adapted IMPT-2mm (OAPT-2mm) in green. Doses were back
propagated using the deformable image registration between pCT and the corresponding rCT. The
accumulated dose on the pCT (Total dose,cr) was calculated through a weighted dose summation,
accounting for 10 fractions for each the available CTs: 10 fractions for the pCT (1 to 10), 10 fractions
for the rCT7 (11 to 20) and 10 for the rC72 (21 to 30).



2.4. Normal Tissue Complication Probability (NTCP) metrics

NTCPs were calculated as described in the National Indication Protocol of Proton Therapy
for Lung Carcinoma from The Netherlands for grade > 2 radiation pneumonitis
(NTCPpneumonitis), grade > 2 acute esophageal toxicity (NTCPaysphagia) and 2 years mortality
(NTCP2ym) [31]. The detailed NTCP formulas and the clinical parameters involved, such as
pulmonary co-morbidity, age, or gross tumor volume (GTV) size, can be found in the
supplementary material SM3. The mean heart dose (MHD), mean lung dose (MLD), and
mean esophageal dose (MED) were the dose metrics involved for NTCP2ym, NTCPpneumonitis,
NTCPaysphagia @nd , respectively.

2.5. Evaluated scenarios

We consider for our calculations a simple but realistic setting of a single-room proton
center with an 8-hour daily treatment capacity. For each NTCP model (NTCPpneumonitis,
NTCP2ym and NTCPgysphagia), the NTCP values of the XT plans are considered as the
reference. We investigate the variations on NTCP (ANTCP respect to the XT reference) in
the following scenarios, also visually described in Figure 2:

e Swa:the no-adaptation (NA) scenario, where none of the patients are adapted and
all of them undergo NA-Clinic. Therefore, if 14 patients are treated without plan
adaptation in 8 hours (480 minutes), the base-line (BL) time per fraction per

patient is 480/14 = 34.2 minutes.
p=14 p=14
ANTCPSNA = ( NTCPXT - Z NTCPNA—Clinic )/74
p=1 p=1

e Sideas : the ideal scenario, where all patients are adapted following different OAPT,
adaptation strategies: OAPT-Clinic (without setup error reduction), OAPT-4mm
and OAPT-2mm. In this ideal scenario, the OAPT pipelines is considered
instantaneous, no extra time per fraction is required with respect to no
adaptation.

p=14 p=14
ANTCPs,,, oapr, = ( NTCPyr — Z NTCPoapr,)/ 14
p=1 p=1
where OAPTYy, corresponds to OAPT-Clinic, OAPT-4mm and OAPT-2mm.
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patient experienced by a subset of OAPT-treated patients, not all the patients can
be treated with protons. The remaining patients (from /i = 1 to 6 patients) have to
receive photon radiation therapy instead. In the scenario S, if the OAPT pipeline
increases the time per fraction by 2.4 min (BL+2.4 = 36.9 min), only 13 patients

6. A set of 6 scenarios in which, due to the increased time per fraction per

could be treated with OAPT in the time span of 8h (13*36.9=480 min).

In this formula the summatory term from p=1 to p=i, corresponds to the patients

p=14

ANTCPsi=1,.6),0arTy = (
p=1

NTCPyr — (

p=i p=14
NTCPyr + Z NTCPoupr,))/ 14
p=1 p=i+1

receiving XT instead of OAPT (in orange in Figure 2), while the term from p=i+1 to p=14
correspond to subset of OAPT-treated patients (in blue in Figure 2). In each S;,..6 the
selected patients to receive XT instead of OAPT were those with a lower ANTCPota =
NTCPxr- NTCPoapt-ciinic, being the NTCPrwowr the probability of developping at least one of the
side effects (see supplementary material SM4).

Assuming a single-room proton center with a limited proton-machine time of 8h (480 min) per day
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Figure 2. Summary of the scenarios in which the variation in normal tissue complication
probabilities are evaluated. The no adaptation scenario (Sya ) corresponds to what would happen
if the clinical IMPT plan (IMPT-Clinic) was delivered to the patients without adaptation (8h=480
min, 480min/14 patients = 34.5 min per fraction per patient). In Siew, adaptation is considered
instantaneous. On the contrary, in the more realistic scenarios (Ss,..,s) due to the increased time
per fraction per patient experienced by a subset of OAPT-treated patients (blue patients) and the



limited proton-machine time of 480 min, not all the patients can be treated with protons. The
remaining patients (orange patients) have to receive photon radiation therapy instead. For
instance in Sy, only 13 patients can be treated with OAPT takes 2.4 min longer (*). Abbreviations:
BL - Baseline, fx - fraction, NA - No adaptation, OAPT - Online adaptive proton therapy.

3. Results

In Figure 3, the mean variations in NTCP over the 14 patients provided by the OAPT strategies
with respect to XT are represented for three possible treatment complications: (A) 2-year
mortality, (B) grade = 2 acute esophageal toxicity and (C) grade = 2 radiation pneumonitis. As
represented by the red dashed line in Figure 3., even if all patients are treated with the not
adapted IMPT clinical plan (NA-Clinic) instead of using XT, this change of modality improves
NTCP2ym, NTCPagysphagia and NTCPpneumonitis by 6.9%, 6.1%, and 7.7%, respectively.

In the case of the ideal scenario (Sicear) , in which all 14 patients can be instantaneously
adapted with OAPT, we observed an improvement in mean ANTCP which varies according
to the OAPT-strategy. For the 2-year-mortality side effect (NTCPm ), there is an
improvement of 7.8% with respect to XT with OAPT-Clinic. For OAPT-2mm the gain in
ANTCP2ym goes up to 10.7%. A similar tendency was observed for NTCPgysphagia and
NTCPpneumonitis iN Sideatr. COmpared to XT, NTCP improvements range from 6.1% to 13.6%
and from 7.7% to 12.4%, for NTCPgysphagia and NTCPpneumonitis, respectively.

When analyzing the intermediate scenarios (Ss,..6) in Figure 3, a noticeable trend emerges:
for all three adverse effects, the NTCP benefit relative to XT diminishes as the time
required per fraction for OAPT increases. For both NTCP2ym and NTCPpneumonitis and
without considering margin reduction (OAPT-Clinic), treatment fractions extended by
more than 6 minutes do not imply an overall benefit in NTCP (S»).

When applying setup error reduction, higher mean ANTCPs can be observed for longer
fractions. For instance, for NTCPzym , OAPT-4mm provides an improvement of 8.0%
respect to XT for S3(+9.3 min) which is still higher than the 6.9% provided by NA-Clinic.
However, for S4(+13.7 min) the dosimetric benefits of the setup error reduction get
diluted and only a slight benefit of 0.1% increase with respect to NA-Clinic (up to 7%) is
obtained. For the most important setup error reduction (OAPT-2mm), ANTCP2ym stops
being significant respect to NA-Clinc (Sna) when achieving scenario Ss(+19 min).

For ANTCPpneumonistis, it is crucial to have a fast adaptation. At scenario S4(+13.7 min), at
approximately 15 extra minutes to perform adaptation, there is already almost no benefit
for OAPT-2mm (7.8%) compared to NA-Clinic (7.7%). For this same side effect, if the



adaptation strategy does not include setup error reduction and adaptation is performed
using the same setup errors as in the planning strategy (OAPT-Clinic), the benefit of OAPT
quickly vanishes. All scenarios taking more than 2 extra minutes (S23456) have a lower
average ANTCPpneumonistis than the no adaptation scenario (Sna).
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Figure 3. Variation in NTCP provided by three online adaptive proton therapy (OAPT) strategies for
three complications: (A) 2-year mortality, (B) grade > 2 acute esophageal toxicity, and (C) grade > 2
radiation pneumonitis. The red line corresponds to the NTCP gain obtained from passing from XT



to not adapted IMPT. The points above this limit represent the situations in which the
implementation of OAPT strategies provide a gain on mean NTCP considering all patients. For 2-
year-mortality, a maximum of 6 minutes extra per fraction per patient is allowed in order to
maintain an overall NTCP gain without setup error reduction (blue line). If setup error reductions
are applied, 13 and 19 minutes extra could still provide an overall NTCP gain (orange and green
lines).

4, Discussion

Our investigation sought to shed light on the balance between the clinical advantages of
OAPT and the constraints imposed by treatment capacity and time limitations. To do so,
we proposed an approach to quantitatively assess the impact of increased time per
fraction on three NTCPs for lung cancer patients undergoing OAPT.

In the ideal scenario with instantaneous adaptation for all patients, substantial reductions
in NTCP were achieved. Remarkably, the reductions in NTCP from transitioning from XT
to not adapted IMPT were equivalent to those to those obtained by reducing setup errors
to 2 mm. While clinical guidelines on setup error reduction in OAPT settings are yet to be
established, our study highlights a notable trend: the dual benefit of selecting IMPT over
XT and further gains from setup error reduction. Essentially, without setup error
reduction and(or) instantaneous adaptation, the benefits of OAPT are minimal compared
to the inherent advantages of IMPT. Our results align with the ones reported by Lalonde
et al. in a cohort of 10 head and neck cancer patients. They suggest that clinically
meaningful NTCP reductions were only achieved when combining setup uncertainty
reduction and adaptation to anatomical changes [32].

Of particular interest is the observation that our study appears to have identified a
threshold for the additional adaptation time that we can afford to keep an NTCP gain over
our 14 patients. For 2-year mortality and grade>2 pneumonitis NTCPs (Figures 3.A and
3.Q) this threshold was below 6 min (without setup error reduction) and between 13.7
and 19 minutes when applying setup error reduction. Feasibility within this time span
has been already demonstrated for photon therapy using the Ethos delivery system [33].
Although such fully integrated adaptive solutions are not available yet for OAPT, several
efforts are being made in that direction. However, it is important to highlight that
according to our study, an extra time per fraction of around 15 minutes would only be
worth it when OAPT comes together with a setup error reduction. Beyond these
thresholds, the overall benefit of OAPT in terms of reducing NTCP diminishes, highlighting
the importance of efficient and fast adaptation workflows.

Despite these insights, it is essential to acknowledge the study's limitations and the
underlying assumptions. Our study was conducted within the context of a single-room



proton center with an 8-hour daily treatment capacity assuming maximum 14 patients
treated (thus minimum 34.2 minutes per patient on average).These results may not be
fully generalizable to facilities with different resources or capabilities. Moreover, the
selection of patients to transition to XT in S;,..6 was based on minimizing NTCP but
different approaches, such as prediction of patients benefiting the most from OAPT, could
be used for decision-making. Additionally, our comparison considered the quality of
adapted plans in an online setting to be equivalent to those generated offline, an
assumption that requires further investigation due to the possible uncertainties related
to automatic re-contouring without manual correction or approximations in the
optimization algorithms in an online adaptive setting. Moreover, we operated under the
assumption that the planned XT dose distributions were representatives of the actual
delivered dose. However, it could be worth exploring the potential advantages of
integrating online adaptive in the XT branch as well. Finally, we have used setup errors in
robust optimisation according to the clinical margins used for the XT plans. Such
assumption may be challenged by the fact that state-of-the-art clinical practice includes
in general some form of offline adaptive procedure. The gain of using an online adaptive
procedure may then be somewhat diminished. However, the setup error reduction that
can be achieved in an offline adaptive procedure is not clear to us, as it will depend at
least on practical considerations about the adaptation rate. Additionally, offline adaptive
strategies will not be fully immunized against inter-fraction motion; therefore, substantial
margins will probably have to be used.

Furthermore, a noteworthy aspect of this study is the use of dosimetric values from
accumulated dose distributions to compute NTCPs. The dose mapping using deformable
image registration might introduce uncertainties, especially in regions with a high dose
gradient and in the presence of volume changes, such as tumor shrinkage [34]. However,
the NTCP calculations are based on metrics of average doses to organs at risk that do not
present critical volume changes, such as the heart, the lungs, or the esophagus (see
supplementary material Table SM1.2). Therefore, although dose accumulation could
affect the accuracy of NTCP calculations we believe there is a limited impact, as also
demonstrated by Nennof et al. [35], and that this approach still provides valuable insights.

In conclusion, this study highlights the interplay between treatment adaptation and time
constraints in the context of online adaptive proton therapy. The discernible
improvements in NTCP underscore the potential clinical advantages of OAPT, particularly
in cases with heightened risks of treatment-related toxicities, such as 2-year mortality.
However, these benefits must be balanced against the practical limitations of treatment
capacity and the extra time per fraction required for adaptation. It is essential for the field
of proton therapy to recognize this balance and refine the adaptation process to optimize
patient outcomes effectively.
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Figure 1. The total accumulated doses over all 30 fractions for 4 different plans: (1) the not adapted
IMPT-Clinic (NA-Clinic) in red, adapted IMPT-Clinic (OAPT-Clinic) in blue, the adapted IMPT-4mm
(OAPT-4mm) in orange and the adapted IMPT-2mm (OAPT-2mm) in green. Doses were back
propagated using the deformable image registration between pCT and the corresponding rCT. The
accumulated dose on the pCT (Total dose,cr) was calculated through a weighted dose summation,
accounting for 10 fractions for each the available CTs: 10 fractions for the pCT (1 to 10), 10 fractions
for the rCT7 (11 to 20) and 10 for the rC72 (21 to 30).



Assuming a single-room proton center with a limited proton-machine time of 8h (480 min) per day
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Figure 2. Summary of the scenarios in which the variation in normal tissue complication
probabilities are evaluated. The no adaptation scenario (Sya ) corresponds to what would happen
if the clinical IMPT plan (IMPT-Clinic) was delivered to the patients without adaptation (8h=480
min, 480min/14 patients = 34.5 min per fraction per patient). In Siew, adaptation is considered
instantaneous. On the contrary, in the more realistic scenarios (Ss,..,s) due to the increased time
per fraction per patient experienced by a subset of OAPT-treated patients (blue patients) and the
limited proton-machine time of 480 min, not all the patients can be treated with protons. The
remaining patients (orange patients) have to receive photon radiation therapy instead. For
instance in Sy, only 13 patients can be treated with OAPT takes 2.4 min longer (*). Abbreviations:

BL - Baseline, fx - fraction, NA - No adaptation, OAPT - Online adaptive proton therapy.
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Figure 3. Variation in NTCP provided by three online adaptive proton therapy (OAPT) strategies for
three complications: (A) 2-year mortality, (B) grade > 2 acute esophageal toxicity, and (C) grade > 2
radiation pneumonitis. The red line corresponds to the NTCP gain obtained from passing from XT



to not adapted IMPT. The points above this limit represent the situations in which the
implementation of OAPT strategies provide a gain on mean NTCP considering all patients. For 2-
year-mortality, a maximum of 6 minutes extra per fraction per patient is allowed in order to
maintain an overall NTCP gain without setup error reduction (blue line). If setup error reductions
are applied, 13 and 19 minutes extra could still provide an overall NTCP gain (orange and green
lines).



