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Background and purpose: Scenario-based robust optimization and evaluation are commonly used in pro-
ton therapy (PT) with pencil beam scanning (PBS) to ensure adequate dose to the clinical target volume
(CTV). However, a statistically accurate assessment of the clinical application of this approach is lacking.
In this study, we assess target dose in a clinical cohort of neuro-oncological patients, planned according to
the DUPROTON robustness evaluation consensus, using polynomial chaos expansion (PCE).
Materials and methods: A cohort of the first 27 neuro-oncological patients treated at HollandPTC was
used, including realistic error distributions derived from geometrical and stopping-power prediction
(SPP) errors. After validating the model, PCE-based robustness evaluations were performed by simulating
100.000 complete fractionated treatments per patient to obtain accurate statistics on clinically relevant
dosimetric parameters and population-dose histograms.
Results: Treatment plans that were robust according to clinical protocol and treatment plansin which
robustness was sacrificed are easily identified. For robust treatment plans on average, a CTV dose of 3 per-
centage points (p.p.) more than prescribed was realized (range +2.7 p.p. to +3.5 p.p.) for 98% of the sam-
pled fractionated treatments. For the entire patient cohort on average, a CTV dose of 0.1 p.p. less than
prescribed was achieved (range �2.4 p.p. to +0.5 p.p.). For the 6 treatment plans in which robustness
was clinically sacrificed, normalized CTV doses of 0.98, 0.94(7)1, 0.94, 0.91, 0.90 and 0.89 were realized.
The first of these was clinically borderline non-robust.
Conclusion: The clinical robustness evaluation protocol is safe in terms of CTV dose as all plans that ful-
filled the clinical robustness criteria were also robust in the PCE evaluation. Moreover, for plans that were
non-robust in the PCE-based evaluation, CTV dose was also lower than prescribed in the clinical
evaluation.
� 2021 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 163 (2021) 121–127 This is an

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
The fundamental assumption underlying the planning target
volume (PTV) concept in radiotherapy is the static dose cloud
approximation [1], i.e., the invariance of dose under small shifts.
However, it does not apply to proton therapy (PT) with pencil
beam scanning (PBS) and cannot be extended to include proton
stopping-power prediction (SPP, range) uncertainty either [2,3].
With the wide clinical introduction of PT with PBS in recent years,
scenario-based mini-max robust optimization [4–7] is increasingly
used to ensure adequate dose of the clinical target volume (CTV) in
the presence of geometrical uncertainties, e.g., patient setup and
alignment errors, and SPP errors. In mini-max robustness opti-
mization, robustness settings might still be based on conventional
CTV-PTVmargin recipes [8,9], although the issue of finding optimal
settings has been addressed [10–12].

Since the PTV is also used to evaluate the CTV dose in conven-
tional radiotherapy, scenario-based robust optimization requires
novel robustness evaluation strategies [13]. Various approaches
have been proposed [2,14–16]. The HollandPTC clinical robustness
evaluation protocol is based on consensus within the Dutch Proton
Therapy (DUPROTON) group [17]: CTV dose is prescribed to the
voxel-wise minimum (VWmin) dose [18] based on 28 evaluation
scenarios and taking into account different combinations of geo-
metrical and range errors in line with the clinically used robust
optimization settings. In reference [17], this approach is validated
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and compared to a PTV-based approach in conventional radiother-
apy. It has, however, two limitations: (i) the error scenarios are
fixed and limited in their number while the actual errors follow
continuous distributions and (ii) it does not address systematic
and random geometrical errors separately, which are different for
each treatment and for each fraction. A priori, it remains uncertain
how the clinical robustness settings relate to the actual patient
errors, and it is not guaranteed that this approach leads to ade-
quate robustness in treatment planning [19–21]. Furthermore, it
is unclear what is the impact of a VWmin CTV underdose with
the current clinical protocol.

The aim of this study is to assess the performance of the clinical
robustness evaluation protocol in a clinical cohort of neuro
patients, using comprehensive patient- and treatment plan-
specific modelling of the dose. This cohort includes not only treat-
ment plans that meet clinical robustness evaluation constraints
(clinically robust plans) but also plans in which robustness had
to be compromised to meet the organs-at-risk (OAR) constraints
(clinically non-robust plans).

Realistic distributions for the systematic and random geometri-
cal errors are derived from quality assurance (QA) and patient data,
while the distribution of proton range errors is based on literature
[22–24]. Our method involves polynomial chaos expansion (PCE),
which is first validated for realistic error distributions and then
applied to simulate 100.000 complete fractionated treatments for
each patient, thus providing an accurate calculation of the deliv-
ered dose; the probability of achieving adequate CTV dose, both
at the level of an individual patient and the patient population;
as well as comprehensive probabilistic metrics of the current clin-
ical robustness evaluation protocol. Hence, this population-based
analysis allows to improve current clinical treatment planning
and can be extended to future neuro-oncological treatments.
Methods and materials

Patient data

The first 27 patients treated at HollandPTC for meningioma,
grade-I glioma, grade II-III oligodendroglioma with 1p/19q co-
deletion and grade-II astrocytoma with isocitrate dehydrogenase
(IDH) mutation [25] between September 2018 and September
2019 were included. One patient was treated for two targets in
one plan and was therefore excluded. Prescribed doses (Dpres) were
45 Gy(RBE) (1 case), 50.4 Gy(RBE) (15 cases), 54 Gy(RBE) (2 cases),
59.4 Gy(RBE) (7 cases), in 1.8 Gy(RBE) fractions and 60 Gy(RBE) (1
case) in 2 Gy(RBE) fractions, using a constant relative biological
effectiveness (RBE) of 1.1. Dose was prescribed to the VWmin
near-minimum CTV dose, i.e., VWmin- D98%,CTV � 95% Dpres. A clin-
ical constraint was also put on the VWmax near-maximum CTV
dose [17]: VWmax-D2%,CTV � 107% Dpres, in line with widely used
ICRU recommendations [26,27].

T1 (Gadolinium-enhanced), T2 and FLAIR sequences of mag-
netic resonance imaging (MRI) were acquired for each patient. A
rigid registration of MRI and a single-energy planning computed
tomography (SECT) scan, with 0.68 � 0.68 � 1 mm CT resolution,
Table 1
Patient characteristics per subgroup, showing the median and the range (between bracke
(nominal) and from the clinical robustness evaluation.

Patient group CTV (cc) D2%,CTV Gy(RBE) VWma

45.0 Gy(RBE) 27.9 46.8 47.9
50.4 Gy(RBE) 96.0 (39.7-340.1) 52.1 (51.7-52.9) 52.9 (
54.0 Gy(RBE) 182.3 (92.6-364.3) 55.7 (55.3-56.1) 56.6 (
59.4 Gy(RBE) 14.2 (14.0-14.4) 61.1 (60.4-61.7) 62.0 (6
60.0 Gy(RBE) 47.2 63.5 65.6
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in head first supine position was used to facilitate gross tumor vol-
ume (GTV) definition and OARs delineation. The median GTV was
101.5 cc (range 14.0–364.3 cc). OARs, i.e., brainstem, spinal cord,
optic chiasm, optic nerves, cochleas, retinae, lenses, pituitary, lacri-
mal glands and the hippocampi were delineated in line with the
European Particle Therapy Network (EPTN) delineation atlas for
neuro-oncology [28,29].
Treatment planning

Clinical PT treatment plans in RayStation (version 7, RaySearch
Labs, Sweden) treatment planning software (TPS) with patient-
specific non-coplanar arrangements of two or three beams were
available for all patients. 7 patients with Titatinum surgical clips
were planned with a single-field uniform dose (SFUD) approach,
while multi-field optimization (MFO) was used for all other cases.
An isotropic 3 mm setup robustness setting was used, i.e., the vec-
tor length of the isocenter shifts of the optimization scenarios was
3 mm, based on 98% population coverage robustness recipes [30].
Prior to the first patient treatment (with no clinical patient setup
data available yet), systematic and random geometrical errors of
1 mm each, which are slightly larger than the actual clinical setup
errors (cf., section 2.3), were assumed. For the relative SPP error, a
range robustness setting of 3% was used in line with literature
[11,12].

Clinical robustness evaluation was based on 28 combined range
and geometrical error scenarios [17] in line with the clinically used
robust optimization settings (3 mm setup error and 3% range). The
VWmin-D98%,CTV constraint was met in 20 patients with an average
VWmin-D98%,CTV/Dpres value of 0.96 (range 0.95–0.97). However,
robust target dose was sacrificed in 6 cases to spare critical OARs,
in particular the brainstem and the optic nerves, specifically in the
one planned to 60 Gy(RBE), one planned to 50.4 Gy(RBE) and in 4 of
the 7 planned to 59.4 Gy(RBE). The normalized VWmin-D98%,CTV/
Dpres values for these patients (patient 21 to 26 in Fig. 3A) were
0.94(9)1, 0.92, 0.90, 0.89, 0.88 and 0.87 respectively. The
VWmax-D2%,CTV constraint was met in all cases. Relevant patient
characteristics, dosimetric parameters and planning constraints
are listed in Table 1 and Table 2.
Treatment uncertainties

Geometrical errors are primarily due to (i) variations in patient
setup and anatomy, and (ii) registration and isocenter misalign-
ment errors. In a fractionated treatment, they can be split into a
systematic and a random component, the former of which is fixed
during the complete treatment while the latter is different for each
treatment fraction [8].

Patient setup data was available for all 26 patients included in
the analysis. It was obtained from residual setup errors in pairs
of orthogonal planar kilovolt (kV) images, acquired in each fraction
after the last 6D correction of the robotic treatment couch, just
prior to the treatment delivery. Systematic components were
obtained as the standard deviation (1 SD) of the residual mean
setup errors, while the random errors are defined by the root-
ts) for the CTV volume, the D2%,CTV and D98%,CTV in the scenario with no uncertainties

x-D2%,CTV Gy(RBE) D98%,CTV Gy(RBE) VWmin-D98%,CTV Gy(RBE)

43.9 42.8
52.4-53.4) 49.5 (49.1-50.0) 48.5 (47.8-49.0)
56.2-57.1) 52.8 (52.2-53.4) 51.4
1.3-62.8) 57.8 (54.3-58.9) 54.6 (51.8-57.1)

58.0 53.6



Table 2
Clinical Goals on the CTV and OARs for the neuro patient cohort.

Structure Criterion

CTV VWmin-D98%,CTV � 95% Dpres Gy(RBE)
CTV VWmax-D2%,CTV � 107% Dpres Gy(RBE)

Brainstem Core VWmax-D0.03cc < 54 Gy(RBE)
Brainstem Surface VWmax-D0.03cc < 60 Gy(RBE)
Spinal Cord Core VWmax-D0.03cc < 54 Gy(RBE)
Spinal Cord Surface VWmax-D0.03cc < 60 Gy(RBE)
Optical Chiasma VWmax-D0.03cc < 55 Gy(RBE)
Cochlea (L+R) VWmax-Dmean < 45 Gy(RBE)
Optical Nerves (L+R) VWmax-D0.03cc < 55 Gy(RBE)
Retinae (L+R) VWmax-D0.03cc < 45 Gy(RBE)
Lenses (L+R) VWmax-D0.03cc < 10 Gy(RBE)
Pituitary VWmax-Dmean < 20 Gy(RBE)
Lacrimal Glands (L+R) VWmax-Dmean < 30 Gy(RBE)
Hippocampi VWmax-Dmean < 7.4 Gy(RBE)
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mean-square (RMS) value of the residual setup standard devia-
tions, for all the patients [8]. Machine specifications were deter-
mined during acceptance and commissioning of the treatment
chain, and are maintained through a regular QA program. This is
further discussed in the Results section.

In our center, the CT-value to proton SPP calibration of the SECT
acquisition and reconstruction protocol was based on measure-
ments with a Gammex 467 phantom. It is known from literature
[22–24] that in neuro-oncological treatments with SECT this leads
to a systematic underestimation of proton SPP of 1.2% ± 0.7% (1 SD)
[22], i.e., a range undershoot, as compared to the Dual-energy CT
(DECT). We assumed an additional uncorrelated SPP error in DECT
of 0.7% [23] and arrived at a total systematic SPP error of
1.2% ± 1.0% (1 SD).
Polynomial chaos expansion (PCE)

PCE, as implemented in Matlab (version R2017a [31]), provides
a computationally fast, patient- and plan-specific model of the
dependence of a 3D dose distribution on treatment uncertainties.
The dose Di to each voxel i, as affected by a geometrical shift

n
!¼ nx; ny; nz

� �
and a relative range error q, is approximated by

the analytical series expansion Di n
!
;q

� �
¼ PP

k¼0ai;kWk n
!
;q

� �
, with

expansion coefficients {ai;k} and multi-dimensional Hermite poly-

nomials Wk n
!
;q

� �
[19,32]. The expansion coefficients are approx-

imated by linear regression (i.e., linear in the coefficients (ai;k),
and the number of polynomial terms and regression points are
both chosen such that an optimum between model accuracy and
Table 3
Geometrical and range uncertainties taken into account for the PCE robustness evaluation

Range uncertainties (%)

Uncertainty Systematic ± 1 SD
SPP 1.2 ± 1.0
Geometrical uncertainties (mm)

Uncertainty Isocentric
inaccuracies

Left-right Systematic ± 1
Dorsoventral

SD Cra

CT isocenter ±0.5 ±0.5 ±0.5
Isocenter gantry
Couch
Online matching
MR registration ±0.5 ±0.5 ±0.5
Patient setup errors Left-right Dorsoventral Cranio
Residual setup 0.09 ± 0.11 �0.01 ± 0.15 0.02 ±
Total geometrical 0.09 ± 0.72 �0.01 ± 0.72 0.02 ±
Geometrical error 0.0 ± 0.7
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computational time is achieved. The PCE models used here are
based on 9 shifted scenarios (1 nominal scenario, 6 scenarios with
setup errors of ± SR mm, and 2 scenarios with range errors of ± RR
%) to select the voxels taken into account, and 208 scenarios to
construct the model, using the clinical RayStation dose engine with
a Monte Carlo (MC) uncertainty of 1%. For details we refer to the
supplementary information [SM] and references [10,19].

After initial validation and PCE parameter optimization in sev-
eral patients, more extensive and systematic validation of PCE for
the present application was performed for a robust and a more
challenging clinically non-robust plan from the cohort, including
absolute dose differences, dose-volume histograms (DVH) compar-
isons and dosimetric parameters dependencies [SM].
PCE-based robustness evaluation

A PCE model of the dose was constructed for the clinical treat-
ment plan for all 26 patients here. Using this model, 100.000 com-
plete fractionated treatments were simulated for each patient,
drawing (i) a fixed systematic setup and (ii) a fixed range error
for the complete treatment and (iii) a random setup error for each
treatment fraction, sampled from the Gaussian error distributions
corresponding to the uncertainties listed in Table 3.

As the primary goal of robust optimization and evaluation is to
ensure adequate target dose in the presence of errors, the resulting
100.000 dose distributions were evaluated to obtain probability
histograms and patient-specific distributions of D98%,CTV and
D2%,CTV [SM] across the sampled treatments courses (scenario dis-
tributions), normalized to the Dpres of each patient. Population-
dose histograms are calculated by averaging (over all patients from
the cohort) the patient-specific probabilities, as derived from the
D98%,CTV and D2%,CTV scenario distributions, using the patient-
population mean as a fair estimator of the actual population prob-
ability [SM].
Results

Results of residual patient setup data and machine specification
are listed in Table 3. Similar systematic and random geometrical
uncertainties were found for the lateral (patient left–right), the
dorsoventral and the craniocaudal directions (1 SD error of 0.11,
0.15 and 0.09 mm for the systematic error and 0.24, 0.22 and
0.19 mm for random uncertainties respectively). Since no signifi-
cant differences between the directions were found (p > 0.2), iso-
tropic systematic and random error distributions, based on the
RMS of the errors, were used. Geometrical systematic and random
error distributions were centered around 0, while no significant
. Uncertainties are split into a systematic and a random component.

niocaudal Left-right Random ± 1 SD
Dorsoventral

Craniocaudal

±0.5 ±0.5 ±0.5
±0.2 ±0.2 ±0.2
±0.5 ±0.5 ±0.5

caudal Left-right Dorsoventral Craniocaudal
0.09 0.09 ± 0.24 �0.01 ± 0.22 0.02 ± 0.19
0.71 0.09 ± 0.77 �0.01 ± 0.77 0.02 ± 0.76

0.0 ± 0.8



Fig. 1. PCE validation results for a robust (patient 4) and a more challenging (clinically non-robust, patient 8) treatment plan from the patient cohort, treated to 54 Gy (RBE)
and 60 Gy (RBE) respectively, both in 30 fractions. From left to right, the panels show (i) an axial slice of the clinical RayStation TPS dose distribution, (ii) the PCE model of the
same slice and (iii) CTV and OAR DHVs of the TPS and PCE dose distribution. From top to bottom, the nominal scenario (free of geometrical errors and a fixed overall SPP error
of 1.2%) and a shift of 4.08 mm (3.58r scenario, corresponding to a 91% percentile shift from the error distribution) for the clinically robust plan (from A) to F)) and a non-
robust one (from G) to L)) respectively. All dose distributions were calculated for a fixed range undershoot of 1.2% [22–24]. The direction of the shifts is indicated by the white
arrows.
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deviations from 0 of the overall means (overall means < 1 SD) were
found.

Errors in the registrations of (i) the MRI to planning-CT (pCT)
and (ii) online orthogonal planar kV image pairs to digitally recon-
structed radiographs (DRRs), derived from the pCT, also contribute
to the total systematic and random geometrical error. Further-
more, isocenter alignment errors (i) at the pCT, (ii) of the treatment
couch and (iii) in the online imaging relative to proton beam also
led to systematic and random geometrical errors. We assumed that
these errors are normally distributed and use the tolerance levels
defined during acceptance as 1 SD errors. Total systematic and ran-
dom geometrical contributions were calculated as the RMS of the
errors per direction.

PCE validation results for a robust (from Fig. 1A to F) and a more
challenging (clinically non-robust) plan (from Fig. 1G to L) are dis-
played in Fig. 1. The panels show the clinical RayStation TPS dose
(left) and the PCE model dose (middle) in an axial slice through
the center of the CTV. Both CTV and OAR DVHs (right) are displayed
for the nominal scenario and for an isocenter shift of 4.08 mm, with
a range uncertainty of 1.2% for the two treatment plan validations.
For the nominal scenario, PCE agrees with the clinical TPS in less
than 0.4% for both of the treatment plans. For the shifted scenario,
PCE starts to show voxel dose differences of 1.1% and 2.3% for the
robust and challenging plan respectively, still accurately approxi-
mating the relevant clinical DVH parameters (D98%,CTV, D2%,CTV)
for the latter one. Additional PCE validation results are discussed
in the supplementary material [SM].

Scenario distributions for D98%,CTV, D50%,CTV and D2%,CTV were
derived for all the patients. Two typical examples are shown in
Fig. 2. For the treatment plans in which the clinical criteria were
met (clinically robust plans, cf., Fig. 2A), scenario D98%,CTV distribu-
tion is typically left-skewed, showing small differences in D98%,CTV

values. A mean D98%,CTV/Dpres value of 98.4% ± 0.6 % for the 98% of
the sampled treatment courses (98% percentiles of the D98%,CTV dis-
tributions) is found for this subgroup. On the other hand, treatment
plans in which robust target dose was sacrificed (clinically non-
robust plans, cf., Fig. 2B), showed a sizeable probability of not
achieving the planning constraint, obtaining wider scenario
D98%,CTV distributions with treatment courses extending below
the clinical criteria. No hot spots of dose were found for any treat-
ment plan, as it can be seen in the D2%,CTV scenario distribution in
both subgroups.

Fig. 3A shows the PCE-based probability of achieving adequate
target dose (i.e., D98%,CTV � 95% Dpres) for all 26 patients, in decreas-
ing order. Within the clinically robust subgroup of 20 patients,
Fig. 2. D98%,CTV, D50%,CTV and D2%,CTV scenario distributions for a robust plan according cli
spare critical OARs (right, patient 22). The planning constraint and 98% percentile value
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indicated in blue, the average probability of achieving adequate
CTV dose is 100%, within 0.01%. For the clinically non-robust plans,
the probability of achieving adequate target dose was almost 0% in
3/6 SFUD plans, while values above 80% were realized in the other
3/6 cases (2 SFUD and 1 MFO plan). One case in which the clinical
robustness evaluation criterion was not met (VWmin-D98%,CTV/
Dpres = 0.94(9)1), did turn out to be robust in terms of the PCE-
based metric (PCE-D98%CTV/Dpres = 0.98).

The population-dose histogram (D98%,CTV) for the entire patient
cohort was also derived, based on the population mean probability
[SM] (Fig. 3B). The robustness constraint (D98%,CTV/Dpres = 0.95) was
met with a population probability of 97.7%, including clinically
robust and non-robust treatment plans. In the entire patient pop-
ulation, the realized CTV dose, evaluated at a population probabil-
ity of 98%, is on average 0.1 percentage points (p.p.) lower than
prescribed (range �2.4 p.p. to +0.5 p.p.). For the clinically robust
subgroup (20 out of 26 plans), the CTV dose is on average 3.0 p.
p. higher than prescribed (range +2.7 p.p. to +3.5 p.p.). However,
a lack of robustness (D98%,CTV/Dpres < 0.95) is revealed for the clini-
cally non-robust plans, with the exception of the borderline non-
robust treatment plan for patient 21, with a CTV dose of 0.98,
0.94(7)1, 0.94, 0.91, 0.90 and 0.89 for the patients 21 to 26 respec-
tively. Furthermore, population D2%,CTV dose histogram for this
patient cohort is also included in the SM.

Discussion

To our best knowledge, the results presented here constitute
the first clinical application of PCE, integrated with the MC dose
engine of a TPS to assess robustness in clinical PT treatment plans.
In comparison to other approaches [2,14–16], which are limited to
a few hundred evaluation scenarios, the major advantage of PCE is
that, using 208 scenario dose evaluations, it is feasible to simulate
100.000 complete fractionated treatments. This not only allows to
obtain accurate statistics on clinically relevant dosimetric parame-
ters, with a statistical error of about 0.3%, but also to obtain prob-
abilistic robustness metrics (e.g., D98%,CTV, D2%,CTV) and scenario
distributions. Depending on the target volume, the complete PCE
robustness evaluation was achieved in a few of hours per patient,
taking around 20% of the time to compute the 100.000 fully frac-
tionated treatments with PCE (corresponding to computing from
2.8 to 3.3 million separate fraction dose distributions with up to
7.000.000 voxels) and 80% to analyze all treatment doses (adding
up fraction doses, calculating DVHs, etc.). For a sample size of
1000 fractionated treatments, the robustness analysis would take
nical protocol (left, patient 3) and one in which robust target dose was sacrificed to
s of the D98%,CTV are also shown.
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only a couple of minutes. This could be further reduced assuming
infinitely fractionated treatments, sampling scenarios based on
the RMS value of systematic and random errors.

Our main finding is that the clinical robustness evaluation pro-
tocol is safe in terms of CTV dose for this patient group since all
plans that fulfill the clinical robustness criteria were found to be
robust also in the PCE evaluation. Moreover, for treatment plans
that were non-robust in the PCE-based evaluation, CTV dose was
also lower than prescribed in the clinical robustness evaluation
as CTV coverage was sacrificed to spare OARs. We found that the
clinical protocol, using 3 mm setup and 3% range relative SPP
robustness settings, is conservative for clinically robust treatment
plans considering the error distributions measured at our center
(Table 3). Based on 98% population coverage, CTV dose in these
plans was on average 3.0% higher than prescribed in terms of the
PCE-based D98%,CTV. The small variation (0.8 p.p in CTV dose at a
98% population probability) in the population-dose histogram for
the clinically robust subgroup (Fig. 3B) indicates that the clinical
robustness protocol, which uses 21 error scenarios for the opti-
mization and 28 for the evaluation, is sufficient to obtain consis-
tent results. We did not find any significant differences in
robustness between the 19 MFO and 7 SFUD treatment plans.
The clinical robustness protocol is conservative in terms of target
dose according to the robustness recipes in reference [30] and
the clinical patient setup data presented in Table 3, which would
justify a setup robustness setting of 2.7 mm. From this we conclude
there may be room for further optimization of the robustness set-
tings and at our center, a reduction of the setup robust optimiza-
tion setting might be appropriate for this patient group. To this
end, a PCE-based robustness evaluation with a set of treatment
plans with different robustness settings is required.

Our population-based error analysis and PCE methodology give
important insights in the performance of the Dutch consensus pro-
tocol for this treatment site, including a probabilistic interpretation
of the VWmin-D98%,CTV and VWmax-D2%,CTV values. As such, our
results are relevant to the entire patient population more than
dose accumulation for individual patients would be.

As PCE is an analytical approximation of the dose engine, its val-
idation is essential. By construction, it deviates from the clinical
TPS dose for sufficiently large errors. The PCE model parameters
and the TPS MC uncertainty used here were chosen such that, for
isocentric shifts up to 4 mm, the PCE dose distributions agree
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within 1% with the clinical TPS doses. For other treatment sites,
other dosimetric endpoints or in case of bigger uncertainties, a
higher PCE accuracy may be desirable. This could be achieved by
increasing the polynomial order of the expansion and/or the accu-
racy of the numerical integration or regression methods to deter-
mine the expansion coefficients [19], increasing the number of
TPS dose scenarios required to build the PCE and, hence, an
increased calculation time. In calculating the expansion coeffi-
cients, we used a regression approach [33], which minimizes the
impact of TPS MC uncertainty [SM]. To achieve a better model
accuracy, also a lower TPS MC uncertainty could be necessary,
leading to an increased computational time.

Our analysis is limited to isocentric errors, modelled as rigid
shifts, and relative SPP errors. In our center, patient rotations from
the treatment beam and the CT couch are corrected by a 6D robotic
treatment couch, but nonzero systematic and random residual
patient rotation errors of the order of 0.2� remain. They have the
biggest impact at the beam entrance, and for a typical distance of
4 cm between the center of CTV and the beam entrance, corre-
spond to a displacement on the order of 0.1 mm. This is considered
negligible in comparison to the errors taken into account here. The
analysis of post-fraction kV image pairs shows that intrafraction
motion [34] is small in most patients and does not correlate with
residual pre-treatment setup errors [SM]. It could be taken into
account as another, uncorrelated, random patient setup error but
would have little impact on the results. As post-fraction data is pol-
luted by some outliers, likely due to patients being aware of the
end of proton beam delivery, it was not taken into account here.

Another source of geometrical uncertainty not taken into
account here, are anatomical variations over the course of treat-
ment. In our center, these are mitigated by a plan adaptation pro-
tocol. Based on the evaluation of weekly cone-beam CT scans, a
new pCT and treatment plan is made when necessary. Significant
anatomical changes and, hence, plan adaptations are rare in
patients with neurological tumors.

Conclusion

We have performed an advanced analysis of the setup and
range (SPP) robustness in a cohort of 27 clinical neuro-
oncological PT treatment plans, 26 of which could be evaluated
by simulating realistic errors in 100.000 fractionated treatments
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for each patient. The clinical protocol, using 3 mm setup and 3%
SPP robustness settings in treatment planning, is safe in terms of
CTV dose for this patient group considering the error distributions
measured at our center. For the treatment plans that meet the clin-
ical robustness constraints, it is conservative in terms of CTV dose
and leads to little variation between patients. In view of the com-
putational advantage of PCE, as compared to repeated TPS MC sce-
nario dose calculations, it is feasible to perform an automated PCE
validation and a PCE-based robustness evaluation overnight. It
could complement, or, in the longer run, replace, the current clin-
ical robustness evaluation protocol.
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