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Abstract
Background: Proton arc technology has recently shown dosimetric gains for
various treatment indications. The increased number of beams and energy
layers (ELs) in proton arc plans, increases the degrees of freedom in plan
optimization and thereby flexibility to spare dose in organs at risk (OARs).A rela-
tionship exists between dosimetric plan quality, delivery efficiency, the number
of ELs -and beams in a proton arc plan.
Purpose: This work aims to investigate the effect of the number of beams and
ELs in a proton arc plan, on toxicity and delivery time for oropharyngeal cancer
patients (OPC) selected for intensity modulated proton therapy (IMPT) based
on the Dutch model-based approach.
Methods: The EL reduction algorithm iteratively selects ELs from beams
equidistantly spaced over a 360◦ arc. The beams in the final plan may contain
multiple ELs, making them suited for static delivery on the studied treatment
machine. The produced plans can therefore be called “step and shoot” pro-
ton arc plans. The number of beams and ELs were varied to determine the
relationship with the planning cost function value, normal tissue complication
probability (NTCP) and delivery time. Proton arc plans with robust target cov-
erage and optimal energy layer reduction (ELR) settings to reduce NTCP, were
generated for 10 OPC patients.Proton arc plans were compared to clinical volu-
metric modulated arc therapy (VMAT) and IMPT plans in terms of integral dose,
OAR dose,NTCP for xerostomia and dysphagia and delivery time.Furthermore,
dose-weighted average linear energy transfer (LETd) distributions were com-
pared between the IMPT and proton arc plans. A dry run delivery of a plan
containing 20 beams and 360 ELs was performed to evaluate delivery time
and accuracy.
Results: We found 360 ELs distributed over 30 beams generated proton arc
plans with near minimal expected plan toxicity. Relative to corresponding IMPT
and VMAT plans, an average reduction of 21 ± 3% and 58 ± 10% in integral
dose was observed. Dmean was reduced most in the pharyngeal constrictor
muscle (PCM) medius structure, with on average 9.0 ± 4.2 Gy(RBE) (p =

0.0002) compared to the clinical IMPT plans. The average NTCP for grade≥2
and grade≥3 xerostomia at 6 months after treatment significantly decreased
with 4.7 ± 1.8% (p = 0.002) and 1.7 ± 0.8% (p = 0.002), respectively, while the
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2 EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION

average NTCP for grade≥2 and grade≥3 dysphagia decreased with 4.4 ± 2.9%
(p = 0.002) and 0.9 ± 0.4% (p = 0.002), respectively, increasing the benefit of
protons relative to VMAT. For a “step and shoot” proton arc delivery with auto
beam sequencing the estimated delivery time is 11 min, similar to the delivery
time of a 6-field IMPT treatment. Gamma analysis between the planned and
delivered dose distribution resulted in a 99.99% pass rate using 1mm/1% dose
difference/distance to agreement criteria.
Conclusions: “Step and shoot” proton arc demonstrates potential to further
reduce toxicity compared to IMPT and VMAT in OPC treatment. By employing
360 ELs and 30 beams in the proposed ELR method, delivery time can reach
clinically acceptable levels without compromising plan toxicity when automatic
beam sequencing is available.

KEYWORDS
energy layer reduction strategy,head and neck cancer,normal tissue complication probability,proton
arc therapy, treatment planning algorithm

1 INTRODUCTION

Approximately 550.000 patients are diagnosed with
head and neck cancer (HNC) causing 300.000 deaths
annually worldwide.1 In recent years, the number of
HNC patients treated with proton therapy has increased,
because of its higher availability and its potential
for decreased toxicity.2 Oropharyngeal cancer (OPC)
patients make up about one third of the HNC patients
in the Netherlands. Dose deposited in healthy tis-
sues surrounding the clinical target volume (CTV) can
cause long-term side effects such as xerostomia (dry
mouth) and dysphagia (swallowing difficulty), negatively
impacting the quality of life of the patients.3–5 In the
Netherlands patients can qualify for reimbursed pro-
ton therapy when the expected reduction in toxicity
compared with conventional photon therapy is larger
than an agreed upon threshold, based on the Dutch
model-based approach (MBA).6–8

Proton therapy technology has evolved from passive
scattering to pencil beam scanning delivery methods.9 A
proposed next technological step in pencil beam scan-
ning delivery is to move from intensity modulated proton
therapy (IMPT), in which generally less than 10 beam
angles are used, to proton arc therapy, in which the
patient is irradiated from a large number of beam angles.

Proton arc therapy has shown potential to further
decrease toxicity for various indications.10 The number
of energy layers (ELs) and beam angles used in a pro-
ton arc plan has an impact on delivery time.A method of
optimizing delivery-efficient proton arc treatment plans
was proposed by Ding et al., 11 in which the 1253 ELs
of a 36 beam proton arc plan were reduced to 249 ELs
distributed over 84 beams for an oropharyngeal can-
cer patient. This method was further extended with EL
sequencing,which reduces the number of ascending EL
switches resulting in a reduction in delivery time with
respect to proton arc plans without EL sequencing.12

Another method of optimizing proton arc plans was

proposed by Gu et al., where energy layer reduction
(ELR) and sequencing are performed in an integrated
framework with increased computational speed.13

Furthermore, Bertolet et al. performed a feasibility
study with proton monoenergetic arc therapy (PMAT)
in which monoenergetic partial arcs are selected to
place spots at the middle of a target, to improve deliv-
ery efficiency and dose-weighted average linear energy
transfer (LETd) distributions.14 The study showed it is
possible to generate PMAT plans with reduced LETd in
organs at risk (OARs) and increased LETd in the target
relative to clinical IMPT plans for brain cancer patients.
However RBE-weighted mean doses in OARs increased
and the applicability of PMAT planning for more com-
plex target geometries like those found in head and neck
patients and the robustness against density uncertainty
and setup errors remain to be shown.

In this work we investigate the optimal ELR algorithm
settings for “step and shoot”proton arc plans employing
a novel ELR algorithm15 in terms of potential dosimetric
and toxicity gains and delivery time relative to clinical
IMPT plans for oropharyngeal cancer patients treated
in accordance with the MBA.

2 MATERIALS AND METHODS

2.1 Patient cohort and treatment
planning

A retrospective study was performed on a group of
10 consecutively treated oropharyngeal cancer patients,
selected by means of MBA for proton therapy.7 The
patients were treated with a simultaneous integrated
boost IMPT technique, with a prescribed dose of 70
Gy(RBE) and 54.25 Gy(RBE) in 35 fractions to the high
risk and prophylactic lymph nodal regions, respectively
and dose constraints based on our institutional protocol
shown in Online Appendix A. Volumes of the targets are
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EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION 3

TABLE 1 Volumes of target structures of the 10 oropharyngeal
cancer patients in the study

Patient CTV 7000 CTV 5425

[cm3] [cm3]

1 36 203

2 131 431

3 39 387

4 76 352

5 60 256

6 106 438

7 98 347

8 90 297

9 136 390

10 47 457

shown in Table 1. In the clinical IMPT plans, in general
four beam angles at 40,160,200,and 320 degrees were
used. The beam angles and number of beams were
varied slightly during planning dependent on patient
geometry. At each beam angle, a field with range shifter
was used. Two extra fields without range shifter were
used at the posterior left and right oblique angles to
reduce lateral penumbra.16

All proton treatment plans in this study were robustly
optimized for 3% range and 3 mm setup uncertainties17

employing scenario-based worst-case optimization over
21 scenarios.18 Monte Carlo dose calculations were
used both in final dose and in the initial spot dose com-
putation in optimization for which a constant RBE = 1.1
was assumed. The dose grid was set to 3 mm and the
minimum monitor unit (MU) per spot to 0.02. Robust
“step and shoot” proton arc plans with ELR algorithm
settings to minimize toxicity were produced for all 10
patients in a research version of the treatment planning
system (TPS) RayStation version 10A-DTK (RaySearch
Laboratories, Stockholm, Sweden). We did not iden-
tify the need to use range shifters in the proton arc
plans. Ding et al.19 showed that plan quality could suf-
fer from the use of range shifters in proton treatment
when a larger number of beam angles is used, due to
an increase in the penumbra width.

VMAT plans of clinical quality were produced for the
purpose of plan comparison in the MBA. The VMAT
plans consisted of 6 MV energy, dual arcs, and the final
photon dose was calculated using a collapsed cone
dose engine with 3 mm dose grid resolution.

Target coverage in both proton and photon plans was
assessed using the voxel-wise minimum robustness
(multi-scenario) evaluation approach outlined in a recent
publication describing the Dutch consensus for proton
plan evaluation.20 In robustness evaluation eight differ-
ent isocenter shifts (i.e.,a positive or negative shift along
each diagonal of the cube defined by the setup uncer-
tainty) and two density shits were considered resulting
in a total of 16 scenarios. To assess robust target cov-

erage a criterion for V95 of at least 98% in a voxel-wise
minimum dose distribution (V95, voxmin) for both high risk
and prophylactic lymph nodal regions was used.

2.2 ELR algorithm

The employed ELR algorithm is a heuristic which con-
structs the solution by iteratively selecting the ELs to be
used in the treatment plan.15 The heuristic is applied to a
minimization problem where the planning cost function
is a function of the spot weights, thus of the dose, and it
is subject to the above-mentioned dose constraints.

The user input to the algorithm consists of two param-
eters: the number of beams B, which were equidistantly
distributed over a full 360◦ arc;and the number of ELs K
in the final treatment plan distributed over all the beams.
For each beam, the ELs were initialized so that each
Bragg peak intersects the following adjacent Bragg peak
at 80% of the maximum dose, effectively covering the
whole target. The union of the ELs of all beams is the
candidate EL set, denoted by .

The algorithm consists of two steps: an additive
greedy step where ELs were iteratively added to a solu-
tion EL set () from the candidate EL set , followed by
a subtracting greedy step where the ELs were iteratively
removed from the solution EL set . If solely the additive
step is used, the process would be faster but the opti-
mization quality worse. On the other hand if solely the
subtractive step is used, the process would be slower
but the optimization quality potentially higher. Thus, the
combination offers a suitable compromise.The workflow
of the ELR algorithm is depicted in Figure 1.

2.2.1 Additive greedy step

In the additive greedy step, the initially empty set  is
progressively filled with 2K ELs selected from set . A
score 𝛾A

i was used to rank the ELs from set  that can
potentially be included into set  defined by:

𝛾A
i =

√√√√∑
s

(
min

[
0,

𝜕f
𝜕xs

])2

(1)

where f is the planning cost function and xs the spot
weights of EL i. Only negative gradient contributions of
the planning cost function dependent on spot weights
were considered, because the aim was to minimize the
planning cost function value and reductions are to be
found along descent directions of the gradient.

2.2.2 Subtracting greedy step

The subtracting greedy step reduces the number of
ELs in  from 2K to K by iteratively removing the least
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4 EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION

F IGURE 1 Flowchart of the energy layer reduction algorithm.
The steps in the green box belong to the additive greedy step, while
the ones in the orange box belong to the subtracting greedy step

weighted ELs from it. The score 𝛾S
i to rank ELs in the

subtracting step was defined by:

𝛾S
i =

∑
s

xs (2)

which is the sum of the spot weights xs of EL i. The
employment of a different score for the additive and sub-
tracting step ensures that the last K added ELs in the

additive step are not necessarily the same K ELs that
are removed in the subtracting greedy step.

2.2.3 ELR algorithm settings (B and K)

Proton arc plans for three oropharyngeal cancer
patients generated as described above were produced
to study the relationship among planning cost value
defined by the treatment planning objectives, NTCP,
delivery time and ELR algorithm settings. The impact of
various EL reduction algorithm settings on the proton arc
plans was studied for the following settings:

1. B = 30 beams and K = 120, 240, 360, 480, and
maximum number of ELs

2. K = 360 ELs and B = 10, 20, 30, and 40 beams.

The relation between ELR algorithm settings (B and
K) and NTCP reduction was assessed by comparing
proton arc plans with the clinical IMPT plans, while
similar robust target coverage was ensured.

2.3 Tumor control, toxicity, and dose
metrics

Tumor control probability (TCP) was estimated using the
TCP model for spatially in-homogeneous risk of failure,
developed by Lühr et al.21 shown in Online Appendix B.
The following model parameters were used: dose that
yields a TCP of 50% (D50) = 70 Gy(RBE), the normal-
ized steepness of the TCP curve at D50 (𝛾50) = 1.5 and
the relative failure proportions for gross target volume
(fGTV ) = 82%, 70 Gy(RBE) clinical target volume minus
gross target volume (fCTV−GTV ) = 16% and prophylac-
tic lymph nodal region (fCTVE) = 2%, identical to the
parameters used in the original paper, based on empiri-
cal data from the study of Due et al.22 The value for D50
has a large impact on the accuracy of the calculated
TCP,which does not reflect our clinical performance and
should only be used to compare the effectiveness for
disease control between the treatment plans.

Clinically relevant dose statistics were compared
between VMAT, proton arc and IMPT plans in the nom-
inal dose distribution. Mean DVH plots were generated
for the clinical target volumes, body structure and OARs
in the normal tissue complication probability (NTCP)
models used in the MBA. Average dose (Dave) for OARs
in the NTCP models used in the MBA,8 maximum dose
(D1,max dose covering 1% volume of structure) in spinal
cord and brain stem and max point dose (D0.1CC, max
dose covering 0.1 CC within external) were evaluated.
Integral dose was calculated as:

ID = D̄ ⋅ V (3)
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EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION 5

where D̄ is the average dose in the body, and V the
volume of the body structure. The volume within the
3 Gy(RBE), 2 Gy(RBE), and 1 Gy(RBE) isodose lines
(V3Gy(RBE), V2Gy(RBE) and V1Gy(RBE)) within the body
structure was compared to evaluate the extension of the
low dose bath.The conformity index (CI) was defined as:

CI = TVDp∕VDp (4)

where TVDp and VDp are the clinical target volume and
total volume covered by the prescribed isodose. The
homogeneity index (HI) was defined as:

HI = D95∕D5 (5)

where Dx is the minimum dose at x% volume of a target.
The CI and HI were evaluated for both the high risk and
prophylactic lymph nodal targets.

The LETd was calculated in a development build of
RayStation based on v9R.23 The voxelwise product of
dose and LETd , the D∗LETd distribution,was calculated.
The D∗LETd is a physical parameter which indicates
areas at risk of having a higher biological dose due to
end-of -range effects.24

2.4 Delivered dose accuracy and time
evaluation

A “step and shoot” planning and delivery time model
was employed, in which gantry was stationary while
each beam was delivered. General machine parame-
ters for our IBA Proteus PLUS system (IBA Ltd,Belgium)
were used: 0.6 ◦∕s2 gantry acceleration, 2 ms spot scan
time (SST), 0.8 s descending EL switching time (ELST)
and 0.3 s spot tuning time. Ascending ELST does not
impact delivery time as it was smaller than the gantry
rotation time. Delivery time estimation was performed
with and without auto beam sequencing workflow.A the-
oretical auto beam sequencing workflow would allow
the sequential delivery of multiple beams without inter-
action of the user with the treatment machine. The
average delivery time of the IMPT treatment of one
patient was retrieved from the oncology information
system (OIS)(Mosaiq v2.64, IMPAC Medical Systems,
USA).

A dry run delivery of a proton arc plan with B = 20
beams and K = 360 ELs was performed, at our clin-
ical proton treatment facility. The delivery time model
was evaluated using timestamps for spots in machine
log files.

The delivered dose distribution was reconstructed
from machine log files, using the MC dose engine
of the TPS and compared to the planned dose dis-
tribution using a 3D gamma analysis with 1%/1mm
dose difference (DD) / distance to agreement (DTA)

criteria implemented in open source platform Plasti-
match (v1.9.0).25

2.5 Statistical analysis

Differences in evaluation metrics between proton arc
and clinical IMPT plans were assessed using a paired,
2-tailed non-parametric Wilcoxon sign-rank test imple-
mentation in python module SciPy (v1.5.0). Signifi-
cance was determined after accounting for multiple
testing using Bonferroni’s correction as having a p
value<0.008 (𝛼=0.05/6 parameters) for clinical target
dose, p value<0.005 (𝛼=0.05/10 parameters) for OAR
dose, p value<0.010 (𝛼=0.05/5 parameters) for dose
in the body, p value<0.013 (𝛼=0.05/4 parameters) for
NTCP and p value<0.050 (𝛼=0.05/1 parameter) for
TCP.26

3 RESULTS

3.1 Treatment planning

EL reduction with B = 30 beams and K = 360 ELs set-
tings took on average 470 ± 85 min to complete on a
workstation with dual Intel Xeon Gold 6248R CPU and
NVIDIA Quadro RTX 8000 GPU.

3.2 Optimal ELR settings

Figure 2 shows that plan cost value and plan toxic-
ity decreased, while delivery time increased, when the
number of beams and ELs employed in a proton arc
plan were increased. The average reduction in NTCP
compared with clinical IMPT plans (Δ NTCP) was found
to increase until B = 30 beams and K = 360 ELs
optimization settings were employed.

In the “currently available step and shoot” delivery
time (i.e.,without auto beam sequencing),an experimen-
tally determined delay of 26 s due to the needed user
interactions within the software and the communications
between OIS and the delivery software (AdaptDeliver),
was considered for each beam. The average “currently
available step and shoot”delivery time for the plans with
30 beams and 360 ELs was 26.3 min, while the average
delivery time for “auto beam sequencing step and shoot”
delivery was 11.3 min.

Figure 3 shows the number of ELs- and the proton
energies used at each gantry angle in a clinical IMPT
plan and a proton arc plan with B = 30 beams and max-
imum number of layers and K = 360 selected ELs for
an oropharyngeal patient. EL distributions for proton arc
plans for the other nine oropharyngeal cancer patients
are shown in Online Appendix D.
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6 EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION

(a) (b)

(c) (d)

(e) (f)

F IGURE 2 The dependence of planning cost value (a, b), average reduction in normal tissue complication probability (NTCP) with respect
to clinical plans (Δ NTCP) (c, d) and average “step and shoot” delivery time (e, f) on the number of beams B, in proton arc plans with K = 360
energy layers (ELs) (a, c, e) and on the number of ELs K, in proton arc plans with B = 30 beams (b, d, f) for three oropharyngeal patients. To
allow for inter-patient comparison, the planning cost function values for the plans with varying number of beams B and ELs K were normalized
to the values for plans with B = 10 beams and K = 120 ELs, respectively

3.3 Tumor control, toxicity and dose
metrics

Treatment plans with settings for minimal plan toxicity
that is B= 30 beams and K = 360 ELs were produced for
the 10 oropharyngeal cancer patients. In Figure 4 reduc-
tions in point dose of over 20 Gy(RBE) can be seen in
the left parotid gland and posterior from the CTV 5425
structure in the proton arc plan compared to the clini-
cal IMPT plan. Figure 5 shows averaged DVHs for the

clinical target volumes, body structure and OAR in the
NTCP models used in the MBA for the clinical VMAT
and IMPT and proton arc plans for the 10 oropharyngeal
cancer patients.

Table 2 shows that compared to VMAT and IMPT,
proton arc plans on average exhibited similar TCP,
while average NTCP values were significantly reduced.
Figure 6 shows NTCP values decreased for all the
10 patients in the proton arc plans compared to
their respective IMPT plans, enlarging the expected
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EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION 7
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F IGURE 3 Distribution of the number- (a, c) and proton energy (b, d) of energy layers (ELs) over the gantry angles in a clinical intensity
modulated proton therapy (IMPT) (a, b) and a proton arc plan containing 30 beams (c, d) with all ELs and with 360 selected ELs for patient 1

F IGURE 4 Dose distribution for (from left to right): volumetric modulated arc therapy (VMAT), intensity modulated proton therapy (IMPT),
proton arc plan with 30 beams and 360 energy layers and subtraction of VMAT and IMPT from proton arc plan for an example oropharyngeal
cancer patient
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8 EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION

F IGURE 5 Average percentage at dose levels in DVH plots for proton arc plans with B = 30 beams and K = 360 energy layers, clinical
intensity modulated proton therapy (IMPT) and volumetric modulated arc therapy (VMAT) plans for 10 patients, from top to bottom: targets and
body, organs at risk (OAR) in xerostomia normal tissue complication probability (NTCP) model and OAR in dysphagia NTCP model

toxicity reduction of proton treatment relative to
VMAT plans.

Furthermore, Table 2 shows that in the proton arc
plans compared with the IMPT and VMAT plans, robust
target coverage (V95, voxmin) was similar, while CI and HI
significantly improved. In the proton arc plans integral
dose was significantly reduced with an average relative
reduction compared to VMAT and IMPT of 57 ± 5%
and 21 ± 3% (p = 0.002), respectively. The low dose
bath in terms of V1Gy(RBE), V2Gy(RBE) and V3Gy(RBE)
was significantly reduced with respect to VMAT by 73
± 4%, 70 ± 5%, and 67 ± 6% and with respect to IMPT

by 13 ± 5% (p = 0.002), 15 ± 5% (p = 0.002), 17 ±

5% (p = 0.002), respectively. Relative to the IMPT plans,
D1 in the spinal cord and brain stem was significantly
reduced with 27 ± 3Gy(RBE) (p = 0.002) and 8.3
± 5.5Gy(RBE) (p = 0.002) on average. The largest
average reductions in Dmean for the OAR in the NTCP
models used in the MBA in the proton arc plans were
found in PMC inferior and medius structures with 7.0
± 3.2Gy(RBE) and 9.0 ± 4.2 Gy(RBE), representing
an average relative reduction compared to IMPT of
44 ± 17% (p = 0.002) and 30 ± 14% (p = 0.002),
respectively.
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EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION 9

TABLE 2 Average tumor control, toxicity and dose metrics with p value and relative reduction to intensity modulated proton therapy (IMPT)
for proton arc plans with B = 30 beams and K = 360 energy- layers, clinical IMPT and volumetric modulated arc therapy (VMAT) plans for 10
oropharyngeal cancer patients.∗: p value< 𝛼 after Bonferroni’s correction for multiple testing

Structure VMAT IMPT Proton arc Improvement w.r.t. IMPT

Metric AVG ± SD AVG ± SD AVG ± SD AVG ± SD [%] (p value)

TCP[%] 49.7 ± 0.7 50.6 ± 1.6 51.1 ± 0.5 (0.322)

NTCP grade≥2 Xer[%] 47.8 ± 7.0 43.2 ± 8.9 38.5 ± 9.1 11 ± 5 (0.002∗)

NTCP grade≥3 Xer[%] 14.0 ± 3.0 12.3 ± 3.4 10.0 ± 3.1 14 ± 5 (0.002∗)

NTCP grade≥2 Dys[%] 25.7 ± 9.4 15.1 ± 7.2 10.8 ± 5.7 30 ± 10 (0.002∗)

NTCP grade≥3 Dys[%] 4.9 ± 1.8 1.9 ± 1.1 1.1 ± 0.8 49 ± 13 (0.002∗)

CTV 7000

D1[Gy(RBE)] 73.1 ± 0.5 73.4 ± 0.8 72.8 ± 0.2 (0.010)

CI 0.64 ± 0.04 0.62 ± 0.05 0.67 ± 0.05 (0.002∗)

HI 0.95 ± 0.01 0.95 ± 0.01 0.97 ± 0.001 (0.002∗)

V95, voxmin[%] 99.3 ± 0.5 97.7 ± 1.2 98.1 ± 0.1 (0.322)

CTV 5425

CI 0.53 ± 0.04 0.57 ± 0.06 0.66 ± 0.03 (0.002∗)

HI 0.748 ± 0.003 0.770 ± 0.059 0.779 ± 0.053 (0.004∗)

V95, voxmin[%] 99.3 ± 0.4 98.0 ± 0.8 98.16 ± 0.08 (0.695)

Body

ID [Gy(RBE)⋅L] 170.0 ± 32.3 91.6 ± 14.6 72.2 ± 10.8 21 ± 3 (0.002∗)

D0.1cc[Gy(RBE)] 79.3 ± 0.69 75.3 ± 0.8 74.0 ± 0.5 1.7 ± 0.8 (0.002∗)

V1Gy(RBE)[cc] 10390 ± 2000 3190 ± 481 2720 ± 302 14 ± 6 (0.002∗)

V2Gy(RBE)[cc] 8186 ± 1595 2906 ± 459 2423 ± 280 16 ± 6 (0.002∗)

V3Gy(RBE)[cc] 6990 ± 1397 2749 ± 443 2231 ± 268 18 ± 5 (0.002∗)

Metric VMAT IMPT Proton arc Improvement w.r.t. IMPT

Structure AVG ± SD AVG ± SD AVG ± SD AVG ± SD [%] (p value)

D1[Gy(RBE)]

Spinal cord 42.4 ± 2.5 34.5 ± 6.0 7.6 ± 5.8 80 ± 13 (0.002∗)

Brainstem 27.7 ± 8.2 10.3 ± 5.9 2.4 ± 4.3 79 ± 25 (0.002∗)

DMean[Gy(RBE)]

CL parotid 18.2 ± 5.9 12.4 ± 6.1 9.4 ± 4.6 23 ± 12 (0.004∗)

IL parotid 27.2 ± 12.7 22.9 ± 14.5 19.2 ± 15.1 20 ± 10 (0.004∗)

CL submandibular 49.2 ± 11.1 43.7 ± 16.1 36.9 ± 20.3 21 ± 18 (0.002∗)

IL Submandibular 57.8 ± 7.2 55.9 ± 9.0 50.1 ± 12.9 12 ± 11 (0.004∗)

Oral Cavity 43.4 ± 9.6 32.3 ± 11.8 28.7 ± 12.0 13 ± 7 (0.002∗)

PCM superior 55.8 ± 6.2 48.9 ± 8.4 43.5 ± 10.6 12 ± 7 (0.004∗)

PCM medius 41.9 ± 7.5 33.3 ± 9.7 24.3 ± 10.6 30 ± 14 (0.002∗)

PCM inferior 26.5 ± 3.5 15.8 ± 2.7 8.8 ± 3.3 44 ± 17 (0.002∗)

Tables C1 and C2 in Online Appendix C show mean
voxel-average LETd and D∗LETd values for the targets
and OAR in the NTCP models used in the MBA and max
LETd and D∗LETd in 1% of the spinal cord and brain-
stem for the proton arc and IMPT plans of ten OPC
patients. LETd values in the target were similar while
they were on average reduced in the salivary glands and
increased in the swallowing structures, spinal cord and
brainstem in the proton arc plans. However, D*LETd was

reduced for the majority of the OAR structures in the
proton arc plans.

3.4 Delivered dose accuracy and time
evaluation

In the dry run delivery of the plan with B = 20 beams
and K = 360 ELs a total delivery time of 20.6 min
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10 EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION

F IGURE 6 Normal tissue complication probability (NTCP) values for grade ≥ 2 toxicity (top) and grade ≥ 3 toxicity (bottom) for proton arc
plans employing B = 30 beams and K = 360 energy layers, clinical volumetric modulated arc therapy (VMAT) and intensity modulated proton
therapy (IMPT) plans for 10 oropharyngeal cancer patients

was measured, of which 3.8 min (where our model pre-
dicted 3.5 min) was spent rotating the gantry, delivery
of the fields took 6.8 min (where our model predicted
7.1 min), 0.85 min waiting on a gantry rotation warn-
ing and 8.7 min was spent with the treatment system
idle, due to the needed user interactions within the
software, communications between OIS and the deliv-
ery software and security checkouts. These pauses
happened before delivery of each field and before
each gantry rotation and took 13 ± 3 and 13 ± 2
s on average, adding 26 s to the delivery time per
beam.

The descending ELST and spot tuning time was found
to be on average 0.6 ± 0.4 and 0.17 ± 0.01 s per EL
switch, respectively. The average SST was found to be 9

± 7 ms per spot. Gamma analysis between the planned
and reconstructed dose distribution resulted in a 99.99%
pass rate using 1%/1 mm DD/DTA criteria.

4 DISCUSSION

Proton arc plans produced with settings to minimize plan
toxicity (B = 30 beams and K = 360 ELs) for a new
ELR algorithm were studied for 10 oropharyngeal can-
cer patients previously treated with IMPT.The proton arc
plans showed great potential to further reduce NTCP
while similar TCP was achieved compared to clinical
IMPT and VMAT plans. The possibility to reduce NTCP
could be attributed to the larger number of beams and
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EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION 11

ELs available in the applied method to produce pro-
ton arc plans. The larger number of beams and ELs
cause the strategy to enjoy more degrees of freedom
and therefore flexibility in optimizing the proton arc treat-
ment plans compared with optimizing IMPT plans with a
limited number of gantry angles.The ELR algorithm was
used to reduce the total number of ELs in the treatment
plan, and thereby achieve a clinically acceptable treat-
ment time especially when automatic beam sequencing
is available.

Dosimetric plan quality depended on the number of
beams B and ELs K.For our three test cases, increasing
B beyond 30 beams or K beyond 360 ELs did not result
in an additional NTCP reduction.For all 10 patients plans
were generated with B = 30 beams and K = 360 ELs,
since those settings resulted in the lowest NTCP, while
having clinically acceptable delivery time for our three
test patients. Plans created with these settings can be
used to evaluate the value of proton arc for its poten-
tial to reduce NTCP compared with clinical IMPT plans
and could provide a benchmark for toxicity reduction
once dynamic proton arc technology will be ready for
clinical adoption.

In previous work, Lui et al.27 showed dose reduc-
tion in OARs while target coverage was equivalent or
better with their method of generating dynamic proton
arc plans compared with 3-field IMPT plans for bilat-
eral HNC patients. Lui et al. showed a relative reduction
in Dmean in the ipsilateral parotid, contralateral parotid
and oral cavity of 25.8%, 20.8%, and 20.3%. We found
similar relative reductions of 20% (p = 0.004), 23% (p
= 0.004) and 13% (p = 0.002) compared to our clin-
ical 6-field IMPT plans. In the work of Lui et al. ID
and V3Gy(RBE) was on average reduced with 17.2% and
8.3%, while V1Gy(RBE) increased with 6%. We observed
a reduction for al these metrics by 21 ± 3%, 18 ± 5%,
and 14 ± 6% for ID, V3Gy(RBE) and V1Gy(RBE), respec-
tively. In accordance with the work of Lui et al. we did
not identify the need of range shifters in the proton
arc plans, due to the added planning flexibility with pro-
ton arcs compared to IMPT. The use of range shifters
would increase penumbra width and make the treatment
process more involved.

Higher LETd values in the target and lower LETd val-
ues in OARs could in theory be beneficial for improving
tumor control and limiting toxicity of a treatment plan.28

Compared to the IMPT plans,we saw on average similar
mean LETd values in the target, we therefore expect no
additional benefit in tumor control from a favorable LETd
distribution. LETd was on average reduced in the sali-
vary glands, which could reduce toxicity. We observed
an increase in LETd in the swallowing structures, the
spinal cord and brainstem, which could be a disadvan-
tage. The higher LETd values in the proton arc plans
occurred simultaneously with a significant reduction in
dose, therefore D∗LETd values still decreased in the
swallowing structures, spinal cord and brainstem and

increased biological dose from the LETd distribution in
the proton arc plans is not expected. Li et al.29 showed
that LETd optimization for proton arc plans allows a
larger increase of LETd in the target and larger reduction
of LETd in OARs compared to 3-beam IMPT plans with
LETd optimization, although these results did not take
robust optimization into account. The LETd distribution
in our plans could potentially also be further improved
by integration of LETd optimization.

The largest reduction in Dmean relative to IMPT plans
was observed in the PCM medius structure of 9.0 ±

4.2 Gy(RBE) (p = 0.002) on average. The PCM medius
structure is often located in between two parts of the
elective target in the transverse view, which makes it
a complex geometry to reduce dose. With proton arc
treatment however, the additional optimization flexibil-
ity makes it possible to decrease dose in structures in
complex geometries. Furthermore, we observed com-
pared to IMPT planning,proton arc planning can achieve
robust target coverage with less dose to healthy tis-
sues as integral dose decreased by 21 ± 3%, and thus
decreasing the overall dose burden to the patient.

When using MBA for OPC patient selection to receive
either proton or photon therapy, proton arc therapy may
lead to an increase in the number of patients with
an indication for proton therapy due to the gains in
the NTCP reduction relative to the VMAT plans. In the
Netherlands,patients qualify for reimbursed proton ther-
apy based on the national indication protocol when the
reduction in NTCP of proton plans compared with pho-
ton plans exceed 10% or 5% thresholds for grade≥2 or
grade≥3 toxicity, respectively. With these selection crite-
ria,currently over 60% of oropharyngeal cancer patients
are selected for proton therapy after photon to proton
plan comparison in our center. Patients for whom the
reduction in NTCP does not pass the thresholds and
are therefore currently treated with VMAT, may get a
change in indication from photons to protons, if proton
arc plans instead of IMPT plans are used in the patient
selection process.

The increased plan optimization- and delivery time of
the “step and shoot proton arc plans” pose challenges
in clinical adoption of the presented methodology. EL
reduction took 470 ± 85 min on average, which was
much longer compared with the typical < 15 min opti-
mization time for clinical IMPT plans. Possible ways to
reduce the EL reduction time would be to: perform less
spot weight optimization iterations in the EL reduction
process with the risk of reducing dosimetric plan quality.
In this work 650 spot weight optimization iterations
were used in the EL reduction process. An alternative
approach could be to decrease the size of the optimiza-
tion problem by reducing B below 30 or decreasing the
redundancy of spots in the candidate set , as every
position in the target is covered by spots from all beams
in . Decreasing the size of the optimization problem
also decreases the degrees of freedom within the
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12 EXPECTED TOXICITY REDUCTION WITH PROTON ARC PLAN OPTIMIZATION

optimization and consequently may reduce dosimetric
plan quality.

The measured delivery time (without auto beam
sequencing) for a “currently available step and shoot”
proton arc plan with 20 beams and 360 ELs was
20.6 min, which is almost double the 11 min delivery
time for a clinical IMPT treatment. A trade-off can be
made by reducing the number of beams used in a
step and shoot proton arc plan to 15 or less beams to
reduce delivery time, with the drawback of sacrificing
some dosimetric plan quality. In the future, auto beam
sequencing could potentially reduce the delivery time
of step and shoot proton arc plans to about 11 min, by
eliminating the pauses due to needed user interactions
and communication between the OIS and the delivery
software, during which the delivery system sits idle.The
gamma analysis showed that treatments could be deliv-
ered in close agreement with the planned irradiation.
Analyzed log file data included spot energy, spot posi-
tion on IEC x and y axis at isocenter plane, delivered
monitor units per spot and absolute time point of spot
delivery.30 Limitations of the log-file analysis is the accu-
racy of parameter assessment, and these inaccuracies
result in disagreements between actual delivered dose
and what is reconstructed from log-files.

Li et al. showed the feasibility of dynamic proton arc
plan delivery.31 In dynamic delivery the gantry is con-
tinuously rotated while delivering the fields within a 1◦

window. They showed dynamic proton arc plan delivery
could reduce the expected delivery time below clinical
IMPT delivery times for a brain cancer patient. Similar
to the trade-offs in step and shoot proton arc plans, in
dynamic arc plans, it is important to determine the rela-
tion among the number of- ELs, arcs and proton energy
switches and resulting plan toxicity and delivery time.
This can help to make an informed decision on what
settings to use to ensure minimal toxicity and sufficient
delivery efficiency.

Limitations of our work are, among others, the use of
static beams in our proton arc plans. In dynamic arc ther-
apy the gantry will be continuously moving while fields
are delivered, this difference could limit the translation of
our results to dynamic arc treatment.Furthermore,block
structures were used in the IMPT plans to limit poste-
rior beams planned trough the shoulders and beams
planned trough alien objects like dental fillings, poten-
tially limiting the freedom of the optimizer. In the proton
arc plans no block structures were used,appropriate use
of block structures in proton arc plans should be studied.
Another limitation is the low number of patients used to
determine the optimal ELR settings, as optimal settings
could depend on patient geometry. Nonetheless, our
results represent a good starting point.Furthermore, the
potential increase in patients selected for proton therapy
according to MBA cannot be studied in our cohort, as
the 10 patients were already selected for proton therapy
after expected plan toxicity comparison between VMAT

and IMPT plans. In future work, a cohort of patients
selected for photon therapy after plan comparison with
IMPT could be used to study the potential impact of pro-
ton arc VS IMPT treatment planning on patient selection
according to MBA.

5 CONCLUSIONS

The ELR algorithm was able to produce proton arc plans
with reduced integral dose, OAR dose and plan toxic-
ity when compared to clinical IMPT and VMAT plans
for OPC patients. Employing 30 beams and 360 ELs in
our methodology resulted in near minimum NTCP, while
maintaining clinically acceptable delivery times espe-
cially when automatic beam sequencing is available. No
benefit in tumor control caused by a favorable LETd
distribution is expected in the proton arc plans com-
pared to IMPT plans without LETd optimization. Step
and shoot proton arc plans generated with optimal ELR
settings can provide a benchmark for attainable toxicity
reduction and aid in the development of dynamic proton
arc technology.
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