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Background and purpose: In the Netherlands, 2 protocols have been standardized for PT among the 3 proton
centers: a robustness evaluation (RE) to ensure adequate CTV dose and a model-based selection (MBS) approach
for IMPT patient-selection. This multi-institutional study investigates (i) inter-patient and inter-center variation
of target dose from the RE protocol and (ii) the robustness of the MBS protocol against treatment errors for a
cohort of head-and-neck cancer (HNC) patients treated in the 3 Dutch proton centers.

Materials and methods: Clinical treatment plans of 100 HNC patients were evaluated. Polynomial Chaos Expan-
sion (PCE) was used to perform a comprehensive robustness evaluation per plan, enabling the probabilistic
evaluation of 100,000 complete fractionated treatments. PCE allowed to derive scenario distributions of clini-
cally relevant dosimetric parameters to assess CTV dose (Dgg g9,/Do.2%, based on a prior photon plan calibration)
and tumour control probabilities (TCP) as well as the evaluation of the dose to OARs and normal tissue
complication probabilities (NTCP) per center.

Results: For the CTVy oo, doses from the RE protocol were consistent with the clinical plan evaluation metrics
used in the 3 centers. For the CTVs4 25, Dog g9, Were consistent with the clinical plan evaluation metrics at center
1 and 2 while, for center 3, a reduction of 1 GyRBE was found on average. This difference did not impact
modelled TCP at center 3. Differences between expected and nominal NTCP were below 0.3 percentage point for
most patients.

Conclusion: The standardization of the RE and MBS protocol lead to comparable results in terms of TCP and the
NTCPs. Still, significant inter-patient and inter-center variation in dosimetric parameters remained due to clinical
practice differences at each institution. The MBS approach is a robust protocol to qualify patients for PT.

Around 500,000 patients are annually diagnosed with Head-and-
Neck Cancer (HNC) worldwide, resulting in approximately 270.000
deaths per year [1]. In developed countries, a standard-of-care treat-
ment for HNC patients is the combination of radiation therapy (RT), as
intensity-modulated radiation therapy (IMRT), with chemotherapy [2].
To reduce toxicity, intensity-modulated proton therapy (IMPT) has also
been clinically introduced as an alternative RT technique. IMPT allows
to achieve iso-effective target dose with an improvement in healthy
tissue sparing compared to conventional RT [3,4]. The reduction of dose
to healthy tissue has been demonstrated to improve the quality of life

specially for HNC patients [5]. For these patients, an adequate balance
between tumour control probability and organs-at-risk (OARs) toxicity
is challenging, while a dose reduction could minimize the development
of long-term side effects e.g., xerostomia (dry mouth) and dysphagia
(swallowing problems) [6-8]. However, IMPT dose delivery: (1) is more
expensive and capacity is limited compared to conventional RT [9] and
(2) is subject to stopping-power prediction (SPP: range) errors and more
sensitive to beam- and patient-alignment (geometrical) inaccuracies
[10,11].

In the Netherlands, two protocols have been standardized clinically
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among the three proton centers: First, a robustness evaluation (RE)
protocol that, in combination with robust optimization, ensures
adequate target dose against treatment uncertainties. In this RE protocol
the collaboration of the Dutch proton therapy centers (DUPROTON) has
established a dose prescription for the clinical target volume (CTV) to
the voxel-wise minimum (VWmin) dose of a standardized set of 28
evaluation scenarios, assuming different combinations of rigid geomet-
rical and range errors [12]. Second, a model-based selection (MBS)
protocol was established to select patients for IMPT. The MBS approach
consists on an IMRT-IMPT plan comparison to select patient for PT in
terms of target and OARs dose and normal tissue complication proba-
bilities (NTCPs) [13-15]. The two protocols have been put in clinical
practice before the first patients were treated with IMPT at each center.
However, they have some limitations: (i) the calibration of the MBS and
RE protocols was photon-based; (ii) the MBS protocol, as derived from
clinical NTCP outcome data, depend on delivered dose rather than
nominal planned dose; (iii) the RE protocol is limited to a fixed small
sample of error scenarios, while actual errors follow continuous distri-
butions and vary from day-to-day. In earlier work [16-18], we evaluated
and determined metrics to probabilistically assess the consistency of
these protocols at one of the centers. However, their consistency on a
multi-institutional level has never been performed. The impact of

Table 1
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differences in dose prescription and in treatment planning due to clinical
practice variations and adaptations to each treatment delivery system
per center (IBA: Louvain-La-Neuve Belgium, Varian: Palo Alto United
States of America and Mevion: Littleton United States of America), is
unclear.

The purpose of this study was to assess the performance of these
protocols for cohorts of head-and-neck cancer (HNC) patients treated in
the three Dutch proton centers. Polynomial Chaos Expansion (PCE) was
applied to fast and accurately model the dependence of the delivered
dose on geometrical and range errors [19,20]. PCE enabled the simu-
lation of 100,000 complete fractionated treatments per plan, to derive
probabilistic distributions of dose-volume histogram (DVH) parameters
for the primary and elective CTVs and the NTCPs for xerostomia and
dysphagia. Subsequently, in a multi-institutional setting, we assessed: (i)
inter-patient variation of the CTV dose and tumour control probability
(TCP) against geometrical and range errors; and (ii) robustness of the
NTCP-based MBS protocol against geometrical and range errors as a
referral tool for patients for IMPT.

Results of clinical voxel-wise and PCE-based dose parameters for the CTV between the 3 institutions. The table includes the results for the SR=3 mm and 5 mm plans.
Clinical VWmin/VWmax Dogy, cTv/D2s,crv Values are compared with PCE-based Dgg go,/Do 206, metrics evaluated at a 90 % population probability, in line with van
Herk. Each of the values reports the patient average value and the inter-patient variation as 5th/95th percentiles in brackets. PCE-based Dggos, D294, Voso, Values are also

reported.
SR Target Dose Metric Institution
3 mm (60/100) Structure Clinical Center 1 (20/100) Center 2 (20/100) Center 3 (20/100)
CTV70.00
Prescribed
VWmin-Dogy, (GyRBE) 0.94 Dpres (65.8) 0.95 Dpres (66.5) 0.94 Dpres (65.8)
VWmin-Dggo, (GyRBE) 66.8 (66.2-67.7) 67.2 (66.7-68.2) 65.6 (65.1-66.3)
Prescribed
VWmax-Day, (GYRBE) 1.07 Dyres (74.9) 1.07 Dpres (74.9) 1.09 Dyres (76.3)
VWmax-Dyo, (GYRBE) 73.7 (72.7-75.0) 73.7 (72.9-74.3) 75.3 (74.4-76.0)
PCE Metric: 90 % population probability Center 1 Center 2 Center 3
Dogg g9 (GYRBE) 67.3 (66.9-68.4) 67.4 (66.5-68.4) 65.6 (64.0-66.9)
Dogy, (GYRBE) 68.8 (68.4-69.2) 69.0 (68.7-69.5) 68.0 (67.3-68.6)
Voso, (%) 99.93 (99.88-99.98) 99.93 (99.81-99.99) 99.52 (98.86-99.89)
Do.20 (GYRBE) 73.1 (72.3-74.1) 73.7 (72.9-74.6) 75.1 (74.2-75.8)
Dy, (GYRBE) 72.1 (71.6-72.8) 72.7 (72.0-73.3) 74.1 (73.7-74.7)
CTVs4.25
Prescribed 0.94 Dypres (51.0) 0.95 Dypres (51.5) 0.93 Dpres (50.5)
VWmin-Dggo, (GyRBE)
VWmin-Dggo, (GyRBE) 51.7 (51.3-52.2) 52.2 (51.2-52.7) 50.3 (49.6-52.2)
PCE Metric: 90 % population probability Center 1 Center 2 Center 3
Dog g0, (GYRBE) 52.2 (51.7-52.6) 52.3 (51.2-52.8) 49.3 (47.7-51.4)
Dogy, (GYRBE) 53.4 (53.2-53.8) 53.8 (53.5-54.1) 53.2 (52.2-54.8)
Vosu, (%) 99.91 (99.83-99.96) 99.89 (99.75-99.96) 99.30 (98.78-99.75)
5 mm (40/100) Structure Clinical Center 1 (20/100) Center 2 (20/100)
CTV70.00
Prescribed 0.94 Dyres (65.8) 0.95 Dyres (66.5)
VWmin-Dogy, (GyRBE)
VWmin-Dogy, (GYRBE) 67.0 (65.3-68.2) 67.0 (65.7-68.0)
Prescribed
VWmax-Day, (GYRBE) 1.07 Dpres (74.9) 1.07 Dpres (74.9)
VWmax-Day, (GyRBE) 74.6 (73.2-75.7) 73.7 (72.8-74.8)
PCE Metric: 90 % population probability Center 1 Center 2
Dogg g9 (GYRBE) 67.6 (65.7-68.5) 67.6 (66.3-68.5)
Dogo, (GYRBE) 69.0 (68.4-69.5) 69.1 (68.4-69.6)
Voso, (%) 99.93 (99.64-99.99) 99.92 (99.71-99.99)
Do.20 (GYRBE) 73.9 (72.8-74.9) 73.3 (72.5-74.4)
Day, (GYRBE) 72.2 (71.8-73.3) 72.4 (71.7-73.2)
CTVs4.25

Prescribed

VWmin-Dogy, (GyRBE)

VWmin-Dggo, (GyRBE)

PCE Metric: 90 % population probability
Dogg g9 (GyRBE)

Dogo, (GYRBE)

Voso, (%)

0.94 Dyes (51.0)
52.0 (51.0-52.8)
Center 1

52.6 (51.9-53.1)
53.6 (53.2-54.2)
99.94 (99.84-99.99)

0.94 Dyes (51.5)
51.9 (50.6-52.8)
Center 2

52.3 (50.4-53.2)
54.0 (53.5-54.5)
99.88 (99.64-99.98)
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Methods and materials
Patient data

A total of 100 HNC patients with oral cavity, pharynx and larynx
tumours, treated with IMPT at the Holland Proton Therapy Center
(HollandPTC), at the UMC Groningen Proton Therapy Center (UMCG)
and at the Maastro Proton Therapy Center (MAASTRO) centers, were
included. Patients at HollandPTC were treated from January 2019 to
January 2022, while in UMCG were treated between February 2018 to
July 2021 and at Maastro patients were treated between April 2018 to
September 2021. The analysis of the patient cohorts was anonymized
per center, resulting in 40/100 plans for center 1, 40/100 for center 2
and 20/100 plans for center 3. Patients were referred for IMPT through
the MBS protocol, nationally known as the Dutch National Indication
Protocols for PT (NIPP) (v2.1 and v2.2) [12,13]. Patients were treated to
70 GyRBE for the primary CTV (CTVyq00) and 54.25 GyRBE to the
elective lymph nodes (CTVs4.25), both delivered in 35 fractions assuming
a constant relative biological effectiveness (RBE) of 1.1. According to the
RE protocol [12], dose was prescribed (Dpres) to the voxel-wise mini-
mum dose (VWmin) of 28 scenarios: VWmin-Dggo,>L(%), using different
prescription dose levels (PDL) per center (Table 1).

In all centers, a T2-weighted magnetic resonance imaging (MRI) scan
and a positron emission tomography (PET) were acquired for each pa-
tient to facilitate gross tumour volume (GTV) and OARs delineation.
They were rigidly registered to a single-energy computed tomography
(CT) scan for planning. Main relevant OARs involved in the clinically
used NTCP models i.e., the parotid and submandibular glands, oral
cavity and pharyngeal constrictor muscles (PCM), and additional
important OARs i.e., spinal cord and the brainstem, were delineated
based on international consensus guidelines for CT-based delineation of
OARs for HNC patients [21]. For each fraction, daily cone-beam CT
(CBCT) are used for pre-treatment position verification and triggering
plan adaptations (on repeat CT) if necessary.

Treatment planning

Clinical IMPT treatment plans were generated using the RayStation
treatment planning system and transferred to a research system for this
study (v11B: center 1, v10B: center 2 and v11A: center 3, RaySearch,
Sweden). Planning strategies and beam arrangements were different
between the institutions, adapted to each treatment delivery machine
and planning technique. Treatment plans from center 1 and center 2
were made using beam angle configurations of 2 anterior (40° and 320°)
and 2 posterior (160° and 200°) coplanar oblique beams, with subse-
quent manual finetuning of the beam angles per patient. Additionally,
posterior fields from center 1 plans were divided into range shifted and
non-range shifted beams to improve OAR sparing, resulting in 5 to 7
beams per plan. At center 3, plans were generated using beam config-
urations from 4 up to 11 beams, including field-in-field beams and when
needed multiple isocenters if the target exceeded the 20x20 cm field
size.

Robustly optimized treatment plans were created using objective-
wise worst-case robust optimization modules from RayStation (with
setup/range robustness settings SR/RR). 21 scenarios were included for
robust optimization, considering geometrical and range scenarios along
the three cardinal axes (+SR, 0, 0), (0, &SR, 0) and (0, 0, £SR) and the
nominal scenario (0, 0, 0) with three relative SPP errors (0, +RR and
—RR). At center 1 and center 2, the first chronological 20 patients of the
cohort were planned with a SR setting of 5 mm (40/100). Based on
retrospective evaluation of treatment accuracy at each of the centers
[22], beam quality assurance and pre-treatment position verification
carried out at each center, a SR setting of 3 mm was later applied for the
rest of patients (40/100). At center 3, a SR setting of 3 mm was used for
all plans (20/100). The range robustness (RR) setting was set to 3 % in
the 3 centers to handle the relative SPP, in line with [23] and clinically
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validated in-house in UMCG [24]. Finally, the standardized RE protocol
was applied following the DUPROTON consensus guidelines [12].
Adequate CTV and OARs doses were ensured using VWmin and VWmax
dose distributions from 28 scenarios based on combinations of
geometrical and range shifts according to the SR (+3 mm/+5 mm)
settings, and range RR (£+3%) settings clinically used, respectively.

Polynomial Chaos Expansion (PCE): PCE-based robustness evaluation

Polynomial Chaos Expansion (PCE) was applied to generate a
computationally efficient patient- and treatment plan-specific model of
the dose on treatment errors. The dose D; in a voxel i as affected by a

geometrical shift ? = (gx,gy,gz) and a relative range error p was

approximated by the series expansion Di(?,p> = Zi:oai-,k\l’k<?’ p),
with expansion coefficients {a;x} and multi-dimensional Hermite poly-
nomials ¥y (?, p) [16-20]. For each patient and each treatment plan, a

PCE-model of the dose was constructed, allowing the probabilistic
robustness evaluation of 100,000 complete fractionated treatments
(PCE-based robustness evaluation). Thus, patient- and treatment plan-
specific probability distributions of relevant dosimetric parameters
(scenario distributions) across the sampled treatments were determined
for both CTVs (CTVyg.go and CTVs4.05) and the relevant OARs.

Complete fractionated IMPT treatments were simulated from
Gaussian error distributions by drawing a (i) a fixed systematic
geometrical (X) and a fixed systematic relative range error (p) for the
complete treatment and (ii) a different random error (o) for each frac-
tion. Gaussian geometrical systematic and random errors of ¥ = 0.92
mm/1.53 mm (1 SD) and ¢ = 1.00 mm/1.67 mm (1 SD) — consistent
with a M=2.5% + 0.76 = 3 mm/5 mm based on van Herk’s margin recipe
and clinical experience — were used for the error scenario sampling [25].
Earlier work [17] showed that different combinations X and ¢ errors that
justifies the same SR based on van Herk’s margin recipe did not impact
the PCE-based robustness evaluations. Range errors were assumed to be
purely systematic, with p = 1.5 % (1 SD) based on literature [26]. A
flowchart of the PCE-based robustness evaluation workflow is depicted
in Fig. 1.

Evaluation of the CTV dose and TCP between centers

To evaluate the impact of treatment errors, dose to both CTVs was
assessed using the probabilistic near minimum and near maximum CTV
dose metrics: Dgg gy, and Dg 29, These probabilistic metrics were based
on prior single-center cross-calibration of the volumes 99.8 % and 0.2 %
between protons and photons [18] and subsequently compared with the
clinical VWmin-Dggy, crv and VWmax-Day, values. Consistency of the
CTV dose robustness between centers was evaluated with a comparison
of population dose histograms for the Dgg gos, Vose, and Dy 29, between
the centers. Population dose histograms were determined as the average
of the patient-specific probabilities over all patients, derived from the
cumulative distributions of the scenario Dgg gy, Vosy, and Dg 29, distri-
butions (patient probability Dgg go, Vos0, and Dy 29, dose histograms), as
explained in the supplementary material [SM, section 1]. Inter-patient
variation was determined by calculating 5th and 95th percentiles
(5th/95th) in each point of the population Dgg gos, Voso, and Dg 29, dose
histograms. Thus, per center and per SR setting (3 mm/5 mm) popula-
tion dose histograms for the Dgg gy, Vos9, and Dy 20, were determined as
the patient average across the patient population. For reference, results
based on the Dogy, and Dag, — commonly used in dose-accumulation
studies, but not consistent between photon- and proton-based plan
evaluation metrics [18] — are included in the [SM, section 2 and 3]. Per
patient and per center evaluation of clinical VWmin-Dggo, cTv With sce-
nario Dgg gy, distributions in the CTV and of the probability of achieving
Vo950>99.8 % can be found in [SM, section 4].

Clinical tumour control was based on the TCP modelling developed
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Fig. 1. PCE-based robustness evaluation workflow. First of all, a patient- and treatment plan-specific PCE model of the dose was constructed. Secondly, 100,000
complete fractionated treatments were simulated. Scenario DVH distributions were then calculated according to the simulated treatments. For the CTV, population
Dgo g9, dose histograms were determined from the averaged cumulative Dgg go;, distributions between all patients. For the NTCPs, the 5th/95th percentiles and the

expected NTCP were plotted against the nominal NTCP.

by Luhr et al. [27]. The model considers different tumour response for
the GTV, CTVy 00 and CTVsy42s, in which the total TCP (TCPy) is
calculated as: TCPr=TCPgry X TCPcrv,70 X TCPcCrV,54.25, assuming in-
dependent TCP probabilities based on the DVH per target region [SM,
section 5 and 6]. For further details we refer to the SM from [18]. Two
sets of local recurrences probabilities for the different target subvolumes
were used for the TCP calculation: (i) 82 %, 16 % and 2 % considered in
[28] and (ii) 51.3 %, 29.4 % and 19.3 % considered in a recent study
[29], for the GTV, remainder of the CTVyg oo and remainder of the
CTVs4.25 respectively. Correlations between expected TCP and nominal
TCP were calculated. The robustness of TCP against geometrical and
range errors was evaluated via TCP spreads, as the difference between
the 95th (down bar) and 5th (upper bar) percentiles of the scenario TCP
distribution in [SM, section 6]. The GTV structure of one patient from
center 3 was surgically removed before the RT treatment and therefore
was excluded from the TCP modelling.

Impact of treatment errors on the MBS protocol

The NTCP modelling from the MBS protocol is based on clinical
outcome data from the Dp,eqan to OARs, which are sensitive to geomet-
rical and range errors during treatment. Hence, the sensitivity of NTCP
was assessed with correlations of the nominal vs. the expected NTCP
values calculated from the scenario NTCP distributions on the planning
CT. In this study, NTCP models clinically used for two different toxicities
were used: risk of grade > II and grade > III (i) xerostomia and (ii)
dysphagia [13-15]. The xerostomia NTCP models are based on the Dyean
to the parotids and submandibular glands, while the dysphagia NTCP
models involved the Dpean Of the external oral cavity and the PCM.
Expected NTCP values were calculated as the average value of the sce-
nario NTCP distributions, calculated from the scenario Dyean distribu-
tions of the OARs involved in the NTCP models. The robustness of the
MBS protocol was evaluated with NTCP spreads (5th/95th percentile
range) of the scenario NTCP distribution.

Results

For all 3 centers, population average values of relevant dosimetric
parameters (Dgg gos,Dogus, D29, Do.295 and Vogse,) for the CTV derived with
PCE and evaluated at a 90 % population probability are reported and
compared with clinical VWmin-Dogo, cTv and VWmax-Day, crv in Table I.

Fig. 2 shows for each center the population Dgyg go, dose histograms
for both the CTVs4 25 and CTVyg go. For center 1 and 2, the population
Dogg gy dose histograms were above 0.95 Dpes for both patient cohorts
planned with a SR=3 mm and 5 mm. For the SR=3 mm cohort, the
population Dgg gy, for the CTVyg o9 and CTVs4 25 were 67.3 (5th/95th
percentiles: 66.9-68.4) GyRBE and 52.2 (51.7-52.6) GyRBE for center 1
(Fig. 2A) and 67.4 (66.5-68.4) GyRBE and 52.3 (51.2-52.8) GyRBE for
center 2 (Fig. 2B). For patients planned with a SR=5 mm, values of 67.6
(65.7-68.5) GyRBE and 52.6 (51.9-53.1) GyRBE for center 1 (Fig. 2D)
and values of 67.6 (67.3/68.5) GyRBE and 52.3 (50.4/53.2) GyRBE
(Fig. 2E) were found respectively. For center 3, the Dgg gy, values were
partly below the 95 % Dy in that center for both CTV7¢,0p and CTVs4.25
(Fig. 2C). At a 90 % population probability, the population Dgg gy, doses
for center 3 were 65.6 (65.1-66.3) GyRBE for the CT Vg oo, while for the
CTVs4.25, a lower population Dgg gy, of 49.3 (47.7-51.4) GyRBE was
found for the CTVs4 25 at a the same population probability, below the
planning constraint of 50.5 GyRBE. A more detailed analysis is showed
in the [SM, section 4.1 and 4.2]. Population Dogy;, Do.20 and Dag, dose
histograms and their comparison to the clinical voxel-wise metrics are
also displayed in the [SM, section 2 and 3].

These results are confirmed by the population Vgsy, histograms dis-
played in Fig. 3. For center 3, a lower mean population Vgs, value of
99.52 (98.86-99.89)% and 99.30 (5th/95th percentiles: 98.78-99.75)%
were found for the CTVyq g9 and CTVs4 25, respectively, lower than the
suggested CTV coverage constraint of 99.8 % from the photon plan
calibration [18]. A more detailed analysis is presented in the [SM, sec-
tion 4.3].

Despite this, patients from center 3 showed on average higher
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population DVH histograms for the GTV, for the remainder of the
CTVs4.05 and for the remainder of the CTVyq o (Fig S9, S10 and S11)
and, subsequently, this resulted into higher scenario TCP distributions
compared to center 1 and 2 (Fig S12 and S13). The comparison of ex-
pected vs. nominal TCP and the evaluation of TCP spreads can be found
in [SM, section 5 and 6].

Fig. 4 shows correlation plots of the nominal vs. expected NTCP and
their absolute difference (ANTCP) for the different toxicities, per center
and per SR setting clinically used. A moderate impact on ANTCP was
found for all 3 centers. For the SR=3 mm patients, ANTCP values of 0.03
(range: 0.0/0.1) percentage point (%-point) for center 1, 0.02 (0.0/0.2)
%-point for center 2 and 0.02 (0.0/1.4) %-point were found on average
for both grade II and III xerostomia and dysphagia complications. Only 1
patient from center 3 showed a maximum ANTCP of 0.7 %-point and
1.65 %-point for the xerostomia and dysphagia grade II complications
respectively. Slightly larger inter-patient variations in the ANTCP were
found for the SR=5 mm plans. For these patients, ANTCP values of 0.05
(0.0/0.2) %-point and 0.04 (0.0/0.2) %-point were found for center 1
and 2 respectively.

NTCP spreads for the 3 centers showed a moderate impact of
geometrical and range errors on NTCPs used for PT patient selection. For
the SR=3 mm patient cohort, median NTCP spreads of 3.4 (range:1.2/
4.5) %-point and 3.1 (1.0/5.8) %-point for center 1, 2.6 (1.7/3.8)
%-point and 3.8 (2.8/5.3) %-point for center 2 and 2.7 (1.1/3.7) %-point
and 4.0 (1.6/8.1) %-point for center 3 were found on average for grade II
xerostomia and dysphagia complications respectively. For grade III
toxicities, median values of 1.0 (0.4/1.3) %-point and 0.7 (0.0/3.0)
%-point for center 1, 0.9 (0.6/1.2) %-point and 0.7 (0.5/2.6) %-point for
center 2 and 0.9 (0.3/1.2) %-point and 1.1 (0.2/4.3) %-point for center 3

were found respectively. NTCP spreads were larger for the SR=5 mm
patients than for the SR=3 mm patients. Only the grade II xerostomia
NTCPs of center 1 showed similar differences between both SR settings.
For SR=5 mm patients, NTCP spreads of 2.9 (1.0/4.3) %-point and 4.3
(1.7/8.3) %-point for center 1 were found while, for center 2, values of
3.6 (2.5/5.3) %-point and 5.5 (1.4/9.1) %-point resulted respectively for
grade II xerostomia and dysphagia toxicity. For grade III toxicities,
median values of 1.0 (0.3/1.5) %-point and 1.1 (0.1/3.1) %-point for
center 1 and 1.3 (0.9/1.9) %-point and 1.9 (0.4/5.3) %-point were found
respectively.

Discussion

In this study, the performance of the Dutch RE and MBS protocols —
the first protocols nationally standardized for target dose evaluation and
patient selection, respectively, for PT — was evaluated in a multi-
institutional setting among the 3 Dutch proton centers. Our main
finding is that, after its standardization, their application led to com-
parable results in terms of TCP and NTCP between the centers, in which
a clinically acceptable degree of inter-patient and inter-center variation
in target dose and NTCP was observed (Figs. 2 and 4).

For photon treatments, van Herk’s margin recipe aimed, with a PTV-
D1oo% evaluation, for a coverage of 100 % of the CTV with 0.95 Dyyes
with a 90 % population probability. Subsequently, a PTV-Dggy, goal was
generally adopted by the RT community. Despite this consensus, dif-
ferences in treatment planning, delivery techniques and local clinical
preferences led to inter-institutional and inter-patient variation in target
coverage in clinical practice. The aim of the proton RE protocol was to
establish an equivalence in terms of CTV dose between PTV-based and
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Fig. 3. Population Vgse, histograms for the CTVy oo (blue) and the CTVs4 o5 (red) for the patients planned with a SR=3 mm (A, B and C) and SR=5 mm (D and E).
Inter-patient variations are shown as the 5th/95th percentiles bands. The red and blue dashed lines represent the probabilistic coverage constraint (Vgse,>99.8 %) on
the CTVs4.25 and CT Vg oo respectively, while the black dashed line corresponds to the 90 % population probability.

scenario robust optimization with historical photon treatment planning
within an institution, resulting in inter-center differences in the PDLs
used in each center.

When correcting for the differences in the clinically accepted
VWmin-Dogy, cTy, an agreement between the probabilistic CTV dose
metric (Dgggy) and the clinical VWmin-Dogy, cv was found for the

CTV79.00 in all 3 institutions and for the CTVs4. 25 in center 1 and 2. The
inter-patient variation in robust CTV dose can be partially explained by
the clinically accepted variation found in the VWmin-Dogy, cry. How-
ever, still substantial variation remains, as found for the probabilistic
Vosy, metric [SM, section 4.3]. For center 3, target coverage is relatively
more sensitive to treatment errors than target dose for the CTVy( g9 and



J. Rojo-Santiago et al.

Radiotherapy and Oncology 199 (2024) 110441

Treatment plans with SR = 3mm

Center 1 Center 2 Center 3
A) NTCP Correlation B) NTCP Correlation C) NTCP Correlation
60 v 60 - 60 5
s L .
~ 50 S0 580 ¥ ~ 50f 4
s ~ < _ £ &t
& 40 i & 40 # & 40/ 7
= ?A = &g = i'
Z 30 ? Z 30 Z 30 7
kel ' o = gl
3 # g rd 8 ’
S ¥ 3 Q 207
® 20 y & o 20 2
i} i} 8o
Moo Ho 0,
.
e 0 0’
0 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Nominal NTCP (%) Nominal NTCP (%) Nominal NTCP (%)
Nominal vs Expected NTCP Nominal vs Expected NTCP Nominal vs Expected NTCP
= 02 = 02 = 02 1
= k= . £
o
g 01 S 01 2 0.1 T o
2 2 . 7 2 ¢ +
o 0 a0 4%—*—%? a o0
O O O -
zo1 b z 2 c
Z-01r + 5 -0.1 | 5-01 .
0.2 0.2 0.2 .
’ Xerll  DyslIl  Xerlll Dysll Xerll  Dysll  Xerlll Dysll ’ Xerll DyslIl Xerlll Dyslll
Treatment plans with SR = 5mm
Center 1 Center 2
D) NTCP Correlation E) NTCP Correlation
60 - 60 7
¥ .
5 507 A1 g% ,ﬁ +¢- Grade Il Xerostomia
= %ﬁ’ < ?’ +¢4 Grade Il Dysphagia
O 40+ 0. 40 T .
= ¥ e e ¢ Grade Il Xerostomia
Z 30 Y Z 30 {ﬁ' ¢+ Grade lll Dysphagia
: ¥ g ¥
O [ |53
g 20 e g 20 ﬂ,{
X X
w10 / %10 &
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Nominal NTCP (%) Nominal NTCP (%)
Nominal vs Expected NTCP Nominal vs Expected NTCP
= 02f = 027 e -
£ - £ ® | .
o1 2 01 § .
§: + X -+ ® ®
o 0 o 0
2 o e
P4 P4
5-0.1 g-o01r +
'Y e
0.2 3 02 B ¥
0.3
Xerll DyslIl Xerlll Dyslll XerIl  Dysll  Xerlll Dysll

Fig. 4. Expected vs. nominal NTCP correlations for risk of grade II and III xerostomia and dysphagia toxicities, including treatment plans with SR=3 mm (A, B and C)
and 5 mm (D, E). Below the correlations, boxplots of the absolute differences between the nominal and expected NTCP (ANTCP). The points correspond to the
nominal (no setup and range errors) and the expected NTCP values of the sampled treatments, with bars representing the 5th/95th percentiles. The black dashed line

corresponds to the identity line.

the CTVs4.95 compared to center 1 and 2. In particular for the CTVs4 25
for center 3, a lower agreement between the probabilistic and the clin-
ical metric was found, in which there was a 1 GyRBE reduction on
average between the clinical VWmin-Dogy, ctv and the population Dgg go,
metric. In this case for the CTVs4.25, the clinically accepted VWmin-
Dogy,cTv values did not ensure probabilistically 0.95 Dpes in 99.8 % of
the volume [SM, section 4.2]. As depicted in Fig. 3, the Dgg 3¢, could be
used as an alternative probabilistic metric to describe the clinical

practice at that center.

The lower target coverage in the CTVs4 25 resulted in a minor impact
in terms of modelled TCP, as the systematically higher doses given to the
GTV from the higher inhomogeneity dose constraints resulted then into
higher TCPy values compared to center 1 and 2 [SM, section 6].

A limitation of this study may be the lack of consensus of dose
metrics for probabilistic robustness evaluation. We chose the probabi-
listic Dgg gy, as a primary dosimetric endpoint based on a prior single-
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center calibration against PTV-based photon plans [18], following the
premises assumed by van Herk in his margin recipe. However, this
probabilistic goal was conservative to describe the clinical practice at
center 3 [Fig. 3]. If a relaxed probabilistic Dggy, or Dggy, metric is used
instead of Dgg gos, as is common in dose-accumulation studies [30,31], a
consistent dose to the CTV is achieved for both the CTVyg oo and
CTVs4.25 in all centers [SM, section 2]. For the probabilistic Dggy, metric,
a lower PDL of 92.7 % Dpyes in the VWmin dose distribution could be
used, in line with [17]. Robustness against treatment uncertainties was
similar for both SR=3 and 5 mm cohorts. This reflects that comparable
robustness in terms of CTV dose/coverage was maintained after the SR
reduction justified by the quality assurance and pretreatment patient
verification positioning analysis carried out in each center [18,22].
Additionally, similar inter-patient variation was found between the
SR=3 mm and 5 mm plans, underlining that robust optimization works
well for both SR robustness settings and that a probabilistic evaluation
with PCE could possibly justify margin reduction for these patients if the
magnitude of errors is reduced from improved patient-alignment and
quality assurance verification protocols, in line with [30].

The RE protocol has 4 limitations. First, it is limited to a fixed small
sample of error scenarios. Second, it introduced inter-center variation in
PDLs from local PTV-based photon plan calibrations. As a result, these
differences have been calibrated into PT clinical practice. Third, simi-
larly to PTV-based evaluations in photon planning, VWmin metrics lack
probabilities of CTV dose/coverage for patients in which underdoses of
the CTV occurred due to clinical decisions, for instance, to spare OARs.
Additionally, for these patients, the robustness of the plan cannot be
interpreted, as showed in [32]. Finally, PTV-based and voxel-wise
metrics are often used to trigger plan adaptations over the course of
the treatment. As found for the CTVs4 55 in center 3 (Fig S6C), the impact
of anatomical variations can compromise clinical VWmin metrics and
may not correctly suggest a plan adaptation for a patient that actually
qualifies for a plan adaptation, in line with [33].

Probabilistic evaluations could help to solve these limitations. They
enable accurate comparisons of robustness across institutions, which
could aid in the harmonization and consensus of robustness evaluation
protocols, not only at a national, but also at an international level [34].
As a possible next step, dose prescription based on probabilistic CTV
dose metrics could reduce the remaining inter-center variations for both
photon and proton planning. Additionally, PCE has proven to be an
effective and reliable robustness tool as it allowed a more comprehen-
sive understanding of the clinical RE and MBS protocols, enabling to
analyze the impact of using different PDLs on CTV dose/coverage and
the impact of geometrical and range errors respectively. The combina-
tion of PCE-based robustness evaluations with offline and online adap-
tive radiotherapy strategies could potentially improve current plan
adaptation protocols, in which more comprehensive robustness metrics
on the CTV need to be determined to assess the suitability of the plans on
the patient anatomy of the day.

Another limitation lies in potentially systematic differences between
HNC population in the 3 centers, leading to very heterogeneous patient
cohorts. As our main goal was to assess the performance of the RE and
MBS protocols in different clinical settings, we used clinical IMPT plans
of HNC patients treated at these institutions.

We only considered isocentric errors, modelled as rigid shifts and
SPP errors. As IMPT dose delivery is local, geometrical shifts, rotations
and deformations are approximated to local shifts. Anatomical varia-
tions were not included in this analysis, although this analysis could also
be performed on verification CTs during the course of the treatment.

For the MBS approach, the small variations found in the ANTCP
showed that the protocol, which uses the nominal NTCP to qualify pa-
tients for PT, is robust and a good proxy of the expected NTCP during
treatment. Thus, nominal NTCP could be used to select patients for PT,
as it showed ANTCP<0.3 %-point and moderate impact of geometrical
and range errors. This also demonstrates that the MBS is a flexible and a
versatile tool that can be robustly adopted clinically at different PT
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centers with different planning strategies and different delivery systems.
However, NTCP models depend on Dpean doses, which are inherently
more robust metrics against errors and the impact of anatomical varia-
tions was not evaluated. Different results might be expected for NTCP
models based on near-maximum dose metrics and if evaluated in repeat
CT during the course of a treatment. Similarly, the TCP models and
ATCP also showed a good correlation between expected and nominal
TCP and good robustness against treatment errors (below 0.2 %-point).
The NTCP models from the MBS protocol and the TCP models were
defined based on correlations between nominal dose to OARs and GTV,
CTVs4.25 and CTVyg o, respectively, and clinical toxicity outcomes,
which included delivery uncertainties.

Conclusion

After national standardization of the RE and MBS protocol, current
clinical practice in the three Dutch proton centers is comparable in
modelled clinical endpoints: TCP and NTCP. However, substantial inter-
patient and inter-center variation remains in the dosimetric parameters,
which can be partially explained by variations in photon and proton
clinical practice at each of the centers and by the local calibration of
clinical goals recommended in the Dutch protocol for robust target dose
evaluation. The MBS approach was moderately impacted by geometrical
and range errors and its application in a multi-institutional setting was
robust, thus improving the reliability of the Dutch NTCP-based protocols
as a referral of patients for PT. Finally, probabilistic robustness evalu-
ations could further lead to: (i) a reduction of inter-center variation in
proton and photon planning; (ii) an indication to evaluate a possible
margin reduction with organ sparing and (iii) to a better comprehension
of treatment plan robustness in clinical practice.
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