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ABSTRACT

Objective: This study aimed to develop a fully-automated patient tailored beam-angle optimisation approach for intensity-modulated proton therapy (IMPT). For
oropharynx cancer patients, the dosimetric impact of increasing the number of fields from 4 to 12 was systematically assessed.

Approach: A total-beam-space heuristic was developed to simultaneously select optimal patient specific candidate beam directions, according to a cost-function that
penalises dose to OARs involved in clinically used NTCPs. The method was dosimetrically validated by comparisons with fixed 4- and 6-field clinical beam-angle
templates and equiangular configurations, including 72-field equiangular. The latter served as dosimetric ‘Utopia’ benchmark for the other evaluated beam
configurations.

Main result: Using 4 optimised patient-specific fields instead of the clinical 4-field beam-angle template resulted in (xerostomia NTCP + dysphagia NTCP)-reductions
for all patients, with averages of 3.0 %-point (range: 1.1-5.8) for grade 2 toxicity and 1.2 %-point (range: 0.3-2.8) for grade 3. For 6 fields these reductions were 2.4
%-point (range: 0.0-5.0) and 0.8 %-point (range: —0.1-2.1). Xerostomia NTCPs significantly reduced with increasing numbers of patient-specific fields with a
levelling off at 10-12 fields with NTCP values that closely approached those for Utopia 72-field equiangular plans. Beam angle optimisation took 52 min.
Conclusion: Automated, patient-tailored beam-angle optimisation could enhance IMPT plans at acceptable optimisation times. Improvements compared to the clinical

beam-angle templates were highly patient-specific.

Introduction

Patient-specific beam-angle optimisation in proton therapy (proton
BAO, ‘pBAQO’) is a combinatorial problem with complex relationships
between selected angles and optimal fluence profiles and resulting total
doses. Manual iterative planning to establish optimal patient-specific
angles can be a lengthy process with no guarantee of optimality in pa-
tient dose.

Clinical intensity modulated proton therapy (IMPT) practice often
relies on predefined beam-angle templates for patient groups, estab-
lished through manual planning for a small set of test patients. Per pa-
tient, small adjustments may be made to account for patient-specific
anatomy (e.g., to avoid direct irradiation of part of an OAR). Unlike
photon-based therapy, beam angles in IMPT are typically few [1],
highlighting the significance of their selection. In principle, allowing
more fields should result in plan improvements, but this may increase
treatment time. Therefore, an increase in the number of applied fields
must be justified by a clinically relevant increase in plan quality.

In both photon and proton therapy, performing an exhaustive beam-
angle search for each patient is practically infeasible due to calculation
times. For photon therapy, many alternative computerised BAO strate-
gies have been suggested in the literature [2-19], whereas only a few
studies have investigated pBAO. Gu et al.[20,21] used group sparsity
regularisation, selecting only three to four fields. Results for two skull
base tumour patients (4-field) and two bilateral head-and-neck patients
(3-field) showed comparable plan robustness and better OAR sparing for
PBAO compared to manual angles. Cao et al [22,23] proposed a local
neighbourhood search algorithm in which each beam was exchanged
with one of its neighbours to find the optimal configuration. Their
method was applied to three prostate patients and two cases of skull-
base chordoma. Two- to four-beam plans were optimised for prostate
cases, and 2- and 3-field plans were optimised for skull base cases. For all
plans with optimised angles, they observed improved target coverage
and improved OAR sparing compared to a conventional two parallel-
opposed fields plan [22]. For prostate cancer, optimised 3-field plans
further improved rectum sparing over 2-field plans, while 4-field plans
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showed no advantage over 3-field [23]. Taasti et al.[24] proposed a
Bayesian beam selection approach, using Bayesian optimisation to pre-
dict the treatment score for candidate beam angles not yet evaluated.
Compared to the 2-field configurations for head-and-neck cancer (HN)
patients chosen by the planner, the optimal 2-field configurations
showed reductions in the mandible bone Dmax and in high doses in
unspecified normal tissues [24]. Shen et al. [25] proposed an angle
generation method to optimise IMPT plans with 24 fields. Their local
search method iteratively optimised the angular set, performing group
sparsity regularisation for the pivoting angle until the planning objective
did not decrease further. For a candidate set of 24 beam angles, the al-
gorithm provided nearly-exact solutions as an exhaustive search in a 2-
and 4-field brain case, and a 3-field lung case [25].

Existing pBAO studies have involved limited numbers of patients
(1-5) and fields (2-4). However, there is growing interest in exploring
larger numbers of fields [26,27]. Currently, most HN cases in the
Netherlands are treated with a 6-field class solution, and the DAHANCA
35 trial reported using 5 fields [28].

This study aimed to develop a fully-automated pBAO approach
called ‘iCycle-pBAO’ for creating patient-specific coplanar multiple-
beam configurations for oropharyngeal cancer patients. iCycle-pBAO
starts with a total-beam-space plan [2], from which important beams
are preselected to pick the requested number of beams. The method was
dosimetrically validated by comparisons with clinical beam-angle tem-
plates and a ‘best’ equiangular configuration. The impact of increasing
the number of fields from 4 to 12 was systematically investigated, with
comparisons with 72-field equiangular IMPT as a Utopian dosimetric
benchmark.

Methods and materials

This study was set up and executed following the RATING guidelines
for treatment planning studies [29] and attained a score of 92 %
(RATING score sheet in the supplementary material).

Patient data

Planning CT scans and delineations of ten randomly selected
oropharynx cancer patients, previously treated with IMPT on a Varian
ProBeam system (Varian, a Siemens Healthineers Company), were used.
The data originate from the research database of the Holland Proton
Therapy Centre. This database consists of data from all consenting pa-
tients treated at HollandPTC. The local Institutional Review Board
waived the need to assess the protocol of the research database.

All patients were treated with a simultaneous integrated boost
scheme, with 70 Gyggg prescribed to the primary tumour (CTV70) and
54.25 Gygpg to bilateral neck volumes and positive lymph nodes
(CTV54.25), in accordance with our clinical practice.

Step 1: select
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Beam configuration selection and automated final plan generation — An
overview

All plans in this study were generated through a two-step process: (1)
selection of a co-planar beam configuration (patient-specific with
iCycle-pBAO, equiangular or clinical template) and (2) automated
generation of the final plan for the selected beam configuration (Fig. 1).
Patient-specific coplanar beam configurations were selected using the
proposed iCycle-pBAO. For validation of this approach, either an equi-
angular coplanar beam configuration or a clinical beam-angle template
was selected in step 1.

In step 2, all final plans were generated using fully-automated multi-
criteria plan generation as implemented in SISS-MCO [30], which has
previously been validated against manual clinical planning [31]. SISS-
MCO first establishes an optimal spot distribution for the pre-selected
beam angles using Sparsity-Induced Spot Selection (SISS). The final
dose is then optimised with automated Multi-Criteria Optimisation
(MCO) as implemented in Erasmus-iCycle [3]. By design, final plans are
Pareto-optimal regarding spot intensities.

Both SISS and MCO are wish-list driven. A wish-list defines a rule-
based optimisation protocol with hard constraints and prioritised ob-
jectives. The same wish-list, aligned with clinical practice in our insti-
tution, was used for all patients and beam configurations, minimising
bias in dosimetric comparisons. In line with clinical practice, both in
iCycle-pBAO (Section 2.3) and in final plan optimisation (SISS-MCO
[30]), beamlets that traversed the maxillary sinuses, shoulders and
metal dental fillings were removed from the candidate spot sets and dose
contributions per field were constrained to 47 Gy. All isocentres were
placed at the centre of mass of CTV54.25. All plans had 3.5 mm energy
layer spacing and 1 mm spot spacing in the candidate set.

iCycle-pBAO: Automated patient-specific beam configuration selection

iCycle-pBAO features a total-beam-space [2] optimisation approach
for generating optimal patient-specific N-field beam-angle configura-
tions in IMPT. First, a total-beam-space plan is optimised with all Nio¢
(72 in this study) candidate coplanar beam directions using a dedicated
PBAO cost-function. Beams are then ranked by their target dose
contribution. Next, beam angles for the final N-field plan are selected
based on the highest target dose contributions and field separation
(details below). Finally, the N-field plans are generated using the pre-
viously proposed SISS-MCO (Section 2.2).

The cost-function used to generate the total-beam-space plan (Eq. (1)
was similar to the one used for beam spot selection with SISS (Kong et.
al. [30]), with two key differences. Firstly, only a subset of OARs from
the wish-list was considered. Secondly, the sparsity inducement con-
sisted of a group sparsity norm ||x||1,2 to encourage grouping of spot
weights for a field, while L; sparsity minimised the number of fields.

The cost-function comprised quadratic under- and overdose objec-
tives (Q;) for targets, overdose objectives for target shells, weighted

beam configuration Step 2: plan optimisation Final plan
iCycle-pBAO IMPT plan with
beam-angles iCycle-pBAO beam-angles
Equiangular General wish-list Erasmus-iCycle IMPT plan with

beam-angles for all plans

Clinical template
beam-angles

SISS-MCO equiangular beam-angles

IMPT plan with clinical
template beam-angles

Fig. 1. Diagram showing the two-step plan generation process for all evaluated beam-angle configurations. See text for details.
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mean dose functions for all considered OAR objectives, an L; for each
beam direction b (41 |xp||,), and a group sparsity inducement norm (L; 2
norm: ﬁszHLz).

Nq Na Np
minixmise Z Qi(x) + ZWM o DMean;(x) + Z M [lcs|l; 4 Aallx]]; o
i=1 b=1

j=1
(€Y
subject tox > 0 2)
where
x = spot weight vector
Xp = spot weight vector belonging to beam direction b (zeros except for
the indices of b)
Nq = number of quadratic objectives
N = number of mean dose objectives
N = number of candidate beam directions
Qi = quadratic objectives Eq. (3)
Wn = weighting coefficients for the mean dose objective Eq. (4)
DMean; = mean dose objectives
M = coefficient of the vector norm =10~°
A2 = coefficient of the group sparsity norm =103

Quadratic penalties are defined in Eq. (3) where the value of M was
chosen heuristically, based on experiments for three patients that were
not used for validation. The values for D, were chosen in accordance
with the prescription dose.

Ni
Qi(x) = %Qi (Ai,x,Dre, M) = % Z max (0, M(Ayx — Dref))2 3)
t k=1

i

where
N; = number of voxels in structure i
Dret = reference dose value
A; = dose deposition matrix for quadratic objectives i
A = row k of dose deposition matrix A;

M = —10, target underdose constraint
10, target overdose constraint
1, target overdose objective
0.1, target shell overdose objective

{ 1, target constraint

Wq
0.5, target objective
0.1, target shell objective

Mean dose objectives were minimised for the subset of OARs that are
related to NTCPs for xerostomia and dysphagia, in accordance with the
Dutch National Protocol for Model-Based Selection for Proton Therapy
in Head and Neck Cancer [32]. The relevant OARs for xerostomia were
the left and right parotids, and the left and right submandibular glands.
For dysphagia these were the oral cavity, and the inferior, middle, and
superior pharyngeal constrictor muscles (PCM). The weighting co-
efficients for the OARs were determined using Eq. (4), which penalises
an OAR objective inversely proportional to the volume V of overlap
between the OAR in the nominal robustness scenario and the composite
high-dose target in all 21 robustness scenarios (details on robustness
scenarios in Section 2.4) to encourage OAR sparing where possible.

wm:100.<1,M> )
Voar

Target dose contributions were used for ranking of beams in the
total-beam-space plan, using Eq. (5).

Neargets N

Importance beam direction b = Z ZA,—xb 5)

=1 i=1
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where
Ntargets = number of targets (2 in this study)
N; = number of voxels in structure i
A; = dose deposition matrix for target i
Xp = spot weight vector belonging to beam

direction b

The total-beam-space problem was solved using the L-BFGS-B
[33-35] solver with non-negativity constraints for the spot intensity.
The optimisations were performed on a computer node equipped with
an Intel Xeon Gold 6248R @3.00 GHz CPU and an NVIDIA A100 GPU.

Beams in the total-beam-space plan with contribution (Eq. (5)) less
than the median were removed from the ranked beam-angle set. For
generation of an N-field plan, the N beam angles with the highest target
dose contributions in the total-beam-space plan were selected, while
maintaining at least 180/N° spacing between all beam angles if possible,
to ensure sufficient separation between angles. For 6 fields, a minimum
of 30° separation was in line with our clinical practice. The minimum
requested spacing of 180/N° was reduced if the ranked set did not
contain a solution that satisfied this spacing. With this approach, the set
of angles selected for the N-field final plan did not necessarily contain
the angles for final plans with < N fields.

For the total-beam-space optimisation problem, dose deposition
matrices for 144.000 candidate spots in the Ny, = 72 candidate beams
(2000 spots per beam direction) were calculated for all structures using
the ASTROID dose engine [36]. Range shifters with 34 mm water-
equivalent thickness were included in all fields where the lowest en-
ergy could not cover the most proximal target voxels. All spots were
positioned in a volume consisting of the composite of the CTVs in all
robustness scenarios, enlarged by 5 mm. Inside this volume, for each
beam, energy layers were automatically selected considering the volume
and the pre-defined energy layer spacing (3.5 mm). Spots were laterally
sampled uniformly in all energy layers, where the lateral spacing within
an energy layer was equal to the setting in the final plan.

Details for final plan generations with SISS-MCO

Minimum and maximum doses for both targets, and maximum doses
for the brainstem, spinal cord, cochlea, optic nerves, optic chiasm, len-
ses, and mandible bone were optimised with scenario-based robust
optimisation [37] using the following 21 scenarios: the nominal scenario
(1 scenario), proton range undershoot and overshoot scenarios of 3 % in
the absence of setup errors (2 scenarios), setup errors of 3 mm in positive
and negative directions along three axes without range error (6 sce-
narios), and with undershoot (6 scenarios) and overshoot (6 scenarios)
of 3 %. Non-robust mean dose minimisation was used for the following
OARs: parotids, submandibular glands, inferior/middle/superior PCM,
larynx supraglottic, glottic area, esophagus, cricopharyngeus, brain-
stem, and spinal cord. Clinical minimum and maximum monitor unit
constraints were always adhered to.

Validation of iCycle-pBAO

Two approaches were used to validate iCycle-pBAO. First, 4-field and
6-field iCycle-pBAO plans were dosimetrically compared to corre-
sponding SISS-MCO plans for our previous (4-field) and current (6-field)
clinical beam-angle templates. These 4-field and 6-field templates con-
sisted of the following (gantry, couch) angles: {(150°, 0°), (60°, 0°),
(300°, 0°), (210°, 0°)} and {(200°, 0°), (260°, 20°), (310°, 0°), (50°, 0°),
(100°, 340°), (160°, 0°)}. Second, 6-field coplanar iCycle-pBAO plans
were compared to so called ‘best’ equiangular 6-field plans. For each
patient, this ‘best’ plan was established by generating six 6-field equi-
angular plans with 10° rotations as a naive approach to explore the beam
space. The configuration with the lowest sum of NTCPs for grade 2 and 3
xerostomia and dysphagia was defined as best-performing.
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As in clinical practice, a range shifter with 34 mm water-equivalent
thickness was inserted in all clinical template fields, except for the 160°
and 200° gantry angles in the 6-field template. For 6-field and 72field
equiangular configurations, range shifters were automatically inserted,
if needed to cover the most proximal target voxels, similar to the use of
range shifters in iCycle-pBAO plans, see Section 2.3.

Plan quality as a function of number of applied IMPT fields

For all study patients, iCycle-pBAO was used to select optimal con-
figurations with 4-, 6-, 7-, 8-, 10 and 12-fields, followed by final IMPT
plan generations with SISS-MCO. The latter plans were mutually
compared to assess dependence of dosimetric plan quality on field
number. For each N-field patient plan, the dosimetric metrics and NTCPs
were presented as differences with the corresponding 72-field equian-
gular benchmark. For each patient, the 72-field benchmark was gener-
ated without restrictions on the number of energy layers. Therefore,
while clinically infeasible to deliver due to the substantial number of
fields and energy layers, they demonstrate the Utopian dosimetric po-
tential for each patient.

Plan evaluations and comparisons

To ease the analyses, all generated plans were normalised such that
CTV70 Dggy, in the 21-scenario voxelwise minimum dose distribution
[38] (VWmin) was equal to 95 % of the prescription dose, as requested
clinically.

NTCPs for grade 2 (G2) and grade 3 (G3) xerostomia and dysphagia
were determined according to the Dutch National Protocol for Model-
Based Selection for Proton Therapy in Head and Neck Cancer.

Reported Dpean Were calculated in the nominal scenario, and near-
maximum doses were derived from voxel-wise maximum dose distri-
butions [38] in accordance with clinical practice. Differences were
tested for significance (p < 0.05) using two-sided Wilcoxon signed-rank
tests.

All presented box plots have boxes that represent interquartile
ranges (IQR) of dosimetric/NTCP differences with the horizontal bar
indicating the median. Whiskers include all differences except for out-
liers, defined as: outside Q1-1.5 - IQR and Q3 + 1.5 - IQR.

Results

iCycle-pBAO took on average 52 min per patient (range: 34-77 min),
excluding spot dose computations and data loading on GPU (see Dis-
cussion). The times for the subsequent generation of the final plan with
SISS-MCO were around 2-4 h using a GPU and 2x20 core CPU, where
about half of the computation time accounts for optimisation and the
other half for dose computations [39].

All generated plans (for iCycle-pBAO and all other fixed beam con-
figurations) met the clinical target and OAR hard constraints applied in
our institution. For all plans, CTV70 VWmin Dggy, was exactly 95.0 %,
due to applied normalisation (Section 2.7), but also for CTV54.25
requested coverage was always obtained (VWmin Dggy, > 95 %).

Fig. 2 shows for two selected patients the 4-field and 6-field iCycle-
PBAO (hereafter denoted as ‘pBAQ’) gantry angles, the clinical tem-
plates, and the corresponding dose distributions. For patient 1 (upper
panel), pBAO resulted in improved low-dose baths in the oral cavity and
mandible. Patient 2 (lower panel), benefited from improved dose gra-
dients in the left parotid gland, the mandible bone, and around
CTV54.25. Notably, pBAO and clinical angles differed significantly for
both patients.

Fig. 3 shows substantial interpatient differences between pBAO
selected beam-angle configurations for all patients. For comparison,
gantry angles for the clinical template, and for ‘best’ 6-field equiangular
configuration are also presented.

Fig. 4 shows that pBAO plans were dosimetrically superior compared

Radiotherapy and Oncology 206 (2025) 110799

to 4-field and 6-field clinical templates and the best 6-field equiangular.
While pBAO plans showed comparable target coverage as corresponding
clinical template plans, lower doses to NTCP-related OARs were
observed. For the fifteen OAR dose metrics presented in the upper panel
of Fig. 4, median dose differences >0.5 Gy in favour of pBAO when
compared to clinical templates, were observed for 11/15 OARs in 4-field
comparisons and for 12/15 OARs when comparing 6-field plans. For
only 3/15 and 1/15 OARs the clinical 4- and 6-field templates were
favourable. For several parameters, median advantages of pBAO were
modest, but whiskers and outliers pointed at larger advantages of pPBAO
for individual patients. A similar pattern was observed in the compari-
son of 6-field pBAO with best 6-field equiangular. Dosimetric advan-
tages of pBAO translated in NTCP advantages (lower panel Fig. 4) with
average improvements in (xerostomia G2 NTCP + dysphagia G2 NTCP),
abbreviated as ENTCPG2, of 3.0 %-point (range: 1.1-5.8, p = 0.002) and
2.4 %-point (range: 0.0-5.0, p = 0.004) compared to 4-field and 6-field
clinical templates, respectively. For ENTCPG3, these differences were
1.2 %-point (range: 0.3-2.8, p = 0.01) and 0.8 %-point (range: —0.1-2.1,
p =0.004). In terms of ENTCPG2, 4-field pBAO outperformed the 4-field
clinical template in 10/10 cases. When comparing 6-field plans, pBAO
compared favourably with both the clinical template and with best
equiangular in 9/10 cases. The NTCP data in the lower panel of Fig. 3
point at large advantages of pBAO for a subgroup of patients. Trend
analysis showed that pBAO had a larger benefit for patients with smaller
CTV volumes. No statistically significant differences between pBAO and
the clinical templates were observed in integral dose (data not shown).

Figs. 5 and 6 show the impact of increasing number of fields from 4 to
12 on pBAO plan quality. For most OAR dose metrics, the median value
decreased with an increasing number of fields (Fig. 5), with some
levelling off at 10 fields. In terms of NTCPs, the use of more fields, up to
and including 10 fields, significantly improved the treatment plan in
terms of xerostomia G2 and G3 (Fig. 6). Especially for 8-12 fields, dif-
ferences with 72-field Utopia plans were small.

Significant reductions in integral dose were observed for 6,/7/8/10/
12/72-field plans compared to 4field, with a mean relative reduction of
5.6 % (p = 0.03) compared to 4-field. Addition of fields to 7-12 fields did
not produce significant differences in the integral dose compared to 6-
field pBAO. For the 72field benchmark, the integral dose reduced by
11.1 % (p = 0.002) compared to 4-field and 5.5 % (p = 0.004) compared
to 6-field. For an example patient, Appendix A shows all chosen gantry
angles and the corresponding importance score.

Discussion

This study introduced a fully-automated beam-angle optimisation
approach for IMPT, called ‘iCycle-pBAO’. For each patient, beam-angle
optimisation starts with generating a total-beam-space plan [2], where
all 72 candidate beam directions are optimised simultaneously accord-
ing to a cost function that penalises dose to OARs involved in NTCPs,
inversely proportional to their overlapping volume with the high-dose
CTV. For a requested N-field plan, the best performing N fields, cho-
sen with sufficient spacing, are then used for final wish-list based multi-
criteria plan generation. The approach was demonstrated on ten patients
with oropharyngeal cancer. All final plans in this study, i.e. with iCycle-
PBAO based patient-specific beam angles or fixed angles, were auto-
matically generated with the same wish-list to ensure the same dosi-
metric trade-offs and to eliminate manual planning bias. This study
investigates beam-angle optimisation for up to 12-field treatments. To
our knowledge, this is more than presented in literature on compu-
terised BAO for IMPT, with a maximum of 4 fields. This is also the first
study with a consistent patient population (oropharynx) with 10 cases
included. Published studies have fewer cases and often more patient
groups included.

Plans based on iCycle-pBAO beam configurations significantly out-
performed plans based on clinical beam-angle templates in terms of
INTCPG2 and XNTCPG3. For 6-field treatments, *NTCPG2 and
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4-field clinical

4-field clinical

4-field pBAO

6-field clinical
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Patient 1

SpinalCord
Submandibular L

6-field clinical

Patient 2

Parotid L
Parotid R

6-field pBAO

Fig. 2. Dose distributions and gantry angles for 2 patients for 4-field and 6-field clinical templates and pBAO. Patient 1 (upper panel): the patient with CTV70 +
CTV54.25 vol closest to the mean, and patient 2 (lower panel): the patient with the smallest CTV70 volume.
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Fig. 3. Gantry angles for the 6-field clinical template (first column), pBAO plans for patients 1-10 (columns 2-11) and ‘best’ 6-field equiangular setup (last column).

YNTCPG3 reduced by on average 2.4 %-point and 0.8 %-point compared
to the clinical templates, with reductions up to 5.0 %-point and 2.1
%-point, indicating that gain of individualised beam angles may be
highly clinically relevant for individual patients. iCycle-pBAO could also
allow more patients to be eligible for proton therapy in the Netherlands
as the ANTCP thresholds are 15 %-point and 7.5 %-point for grade 2 and
3 toxicity.

In this study we found that plan quality of iCycle-pBAO plans went
gradually up with increasing numbers of beams up to around 10 fields.
An open question is the added-value of 10-field iCycle-pBAO compared
to 10-field equiangular. To investigate this, we generated for each of the
ten included study patients a 10-field equiangular plan with beam angles
{0°, 36°, 72°, 108°, 144°, 180°, 216°, 252°, 288°, 324°}. For 10-field
equiangular and iCycle-pBAO, improvements in NTCP were observed
in 9/10 and 10/10 cases respectively compared to the 6-field clinical

template configuration. The average difference between 10-field equi-
angular and iCycle-pBAO in XINTCPG2 was —0.52 %-point
(range:—3.7-1.15, p = 0.04) in favour of iCycle-pBAO. No significant
differences were observed for ENTCPG3.

The experiments using iCycle-pBAO to systematically investigate
plan quality as a function of the number of applied patient-specific IMPT
beam directions showed that xerostomia NTCPs reduced by adding more
fields, approaching the NTCP values for 72-field equiangular Utopia
plans with 10-12 fields (Fig. 6). For dysphagia, increasing the number of
fields did not result in systematic NTCP reductions (Fig. 6). In our clinic,
xerostomia reduction has highest priority. This is reflected in the applied
optimisation wish-list with highest priority for reduction of mean doses
in xerostomia related OARs (parotids and submandibular glands ac-
cording to the applied NTCP model [32]). Accordingly, the extra degrees
of freedom resulting from adding fields was primarily used to reduce
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mean doses in these OARs (Fig. 5). For dysphagia, calculated NTCPs
depended on oral cavity, and inferior (I), middle (M) and superior (S)
pharyngeal constrictor muscles (PCM) mean doses [32]. Fig. 5 shows
that with increasing numbers of fields, oral cavity mean dose was
practically constant, PCM S mean dose increased slightly and PCM M
and PCM I showed a trend towards slight mean dose reductions.
Apparently, this mix resulted in the observed independence of
dysphagia NTCP of field number.

Optimised beam configurations were derived through automated
optimisation without manual intervention or post-processing in on
average 52 min. However, this does not include dose calculation times.
In this study, we applied the ASTROID research dose engine [36] for this
purpose, which is relatively slow [30]. Application of fast GPU-based
[40-42] or deep learning-based [43] dose engines would further
enhance usability of iCycle-pBAO in clinical workflows.

Taasti et al. [24] reported for their BAO approach a mean dose
reduction of 2.3 Gy in the parotids for their five 2-field HN cases, while
other NTCP-involved OARs were not investigated. Gu et al. [20] re-
ported mean OAR dose differences between pBAO and manual beam
angles ranging from —10.5 to +11.48 Gy for two 3-field HN cases. In this
study, the added value of more fields was assessed as the majority of HN
patients who receive IMPT in the Netherlands are treated with 6 fields;
studies on low numbers of fields such as 2 or 3 would have had less
clinical relevance. On the other hand, we also compared 4-field

treatments (as clinically used up to a few years ago) with 6-field treat-
ments, confirming that the recent increase to 6-field indeed resulted in
improved NTCPs.

In this paper, we demonstrated that with the proposed pBAO
approach, current IMPT quality can be significantly increased without
additional cost. On the contrary: due to the automation, workload can be
reduced. Recently, discrete and dynamic proton arc therapy (PAT) have
obtained increasing attention in the literature [44-70]. Ding et al. [44]
reported mean dose reductions in the parotid and submandibular glands
using an 84-field dynamic arc strategy compared to 4-field IMPT for an
oropharyngeal case. Wuyckens et al. [66] reported reductions up to 7.5
and 5.0 Gy for a dynamic 340-field plan with a single energy layer per
field compared to 4-field IMPT. In our study, reductions of up to 5.7 and
11.3 Gy were observed between clinical 4-field and 72-field IMPT, while
the reductions were 5.0 and 9.4 Gy for 4-field clinical template
compared to 6-field pBAO. This may indicate that using only 6-8 well-
selected beam angles could enhance dosimetry to the level of full arc
therapy, while avoiding delivery issues in dynamic arc therapy. Further
research is needed before final conclusions on this can be drawn. De
Jong et al. [62] investigated 30-field step-and-shoot arc, where 360
energy layers were deployed. Again, comparisons were made only with
4-field clinical plans.

Discrete PAT has already been commissioned for clinical use [71].
The faster dynamic approach is not yet commercially available for
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clinical use, as there are still technical challenges to overcome [72]. For
both static and dynamic PAT, dosimetric gain is still a topic of active
research. We believe that the automatically generated iCycle-pBAO
plans with individualised 6-12 beam angles can serve as high-quality
benchmark to assess the dosimetric advantages of PAT, instead of the
currently much applied manually generated clinical template plans with

often 4 fields or less. As can be seen in Fig. 6, NTCPs for 8-12 field
iCycle-pBAO plans closely approached NTCPs for our 72-field equian-
gular benchmark plans. Dynamic PAT has no limitation in number of
gantry angles, but it needs restrictions in e.g. the number of energy
layers to keep delivery times acceptable. It is yet to be determined
whether, and then to what extent, dynamic PAT would be able to
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approach or even improve on the NTCPs of 72-field benchmark plans
that do not have such limitations. Another important parameter that has
to be considered in comparisons between iCycle-pBAO and PAT is the
delivery time.

Deep learning approaches relying on training data with manually
chosen beam angles have also been proposed for IMPT pBAO [73-75].
Often the aim of the deep learning approach is to be non-inferior to the
manually chosen beam configuration whereas in optimisation ap-
proaches, the aim is to outperform manual beam configurations.

This study has several limitations. One limitation is that we have
validated iCycle-pBAO exclusively in oropharyngeal cancer patients.
Investigation is needed for other treatment sites. In this work, iCycle-
PBAO was driven by OAR penalties that were inversely proportional
to their overlap with the high-dose CTV. For other treatment sites where
overlap never occurs, a different metric should be used to weigh the OAR
penalties. Distance metrics are among the logical candidates. Other
study limitations were that only coplanar beam configurations were
considered, and that it was for each included field upfront decided
whether or not to use a range shifter. The total-beam space approach in
iCycle-pBAO features many degrees of freedom by optimising all
candidate beams simultaneously, but is very memory intensive for the
same reason. Expansion of the candidate beam set by the addition of
non-coplanar fields and fields with and without range shifters was not
possible on the hardware used. Pencil beams that would cross the pa-
tient’s shoulders were excluded to allow for some inter-fraction uncer-
tainty, in line with clinical practice (Section 2.4). However, in our
institution, two fields in the 6-field clinical template are slightly non-
coplanar (20° coach rotation) to create extra safety for shoulder posi-
tioning. Possibly, clinical usage of our iCycle-pBAO plans would require
3D optical imaging to ensure proper positioning of shoulders. Future
research could incorporate non-coplanar fields.

In conclusion, a novel algorithm for automated patient-tailored
beam-angle optimisation in IMPT was presented. For oropharynx pa-
tients, plans with patient-specific, optimised beam angles were dosi-
metrically superior to plans with fixed clinical beam angles, with large
interpatient variations. Optimisation times allow application in clinical
routine. When increasing the number of optimised fields from 4 to 12,
dosimetric plan quality levelled off at around 10 fields, approaching
quality of 72-field equiangular Utopia plans.
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