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Abstract

Background This study reports the single-institution clinical experience of multifield pencil beam scanning (PBS)
intensity-modulated proton therapy (IMPT) and dosimetric comparison to proton arc for uveal melanoma (UM) in a
regular PBS gantry room.

Methods Eleven consecutive UM patients were treated with IMPT to 50 Gy in 5 fractions. A customized gaze-fixation
device attached to the thermoplastic mask was used to reproduce the globe position for each patient. IMPT plans
were robustly optimized with perturbations of 3 mm setup and 3.5% range uncertainties using 3-4 fields without
apertures. Each plan was robustly reoptimized (using the same perturbation parameters) using two non-coplanar arc
fields in the RayStation treatment planning system. Treatment quality for both plans was evaluated daily using CBCT-
generated synthetic CT. Target coverage, conformity, and mean/maximum doses to adjacent organs were assessed.

Results Proton arc plans provided comparable plan quality compared to IMPT plans. Similar target coverage was
achieved, with an average GTV D95% equal to 101.1% + 1.0% and 101.4% =+ 0.4% for IMPT and proton arc plans,
respectively. Proton arc improves the conformity index (RTOG) compared to IMPT plans (average 0.96 + 0.23 vs. 0.88
+ 0.18,p=0.11). Both modalities met all the clinical goals for organs-at-risk (OARs), while proton arc significantly
reduced the maximum dose for the retina from, on average, 54.5 £ 0.7to 532 + 0.3 Gy (p< 0.01). Treatment
evaluation on synthetic CT showed that the doses received by patients were highly consistent with the planned
doses, with a relative target coverage (D95%) difference within 3.5% for IMPT and 3.1% for proton arc, and the D95%
of actual delivery exceeding 98.7% and 98.2%, respectively. The doses delivered to OARs did not exceed clinical
constraints.

Conclusions This is a novel report on proton arc for ocular tumors and gantry-based multifield PBS proton treatment
for these tumors. This study demonstrated that both modalities can meet the clinical goals. The IMPT is currently
clinically implanted, and 2-field non-coplanar proton arc plans can achieve comparable dosimetric metrics to those of
IMPT plans when the deliver technique is matured.

*Correspondence:
Haibo Lin
hlin@nyproton.com

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13014-025-02621-y&domain=pdf&date_stamp=2025-4-1

Qi et al. Radiation Oncology (2025) 20:48

Page 2 of 11

[Keywords Uveal melanoma, Pencil beam scanning, Intensity modulated proton therapy, Proton arc therapy j

Background

Uveal melanoma is the most common primary intra-
ocular cancer in adults and is associated with significant
morbidity and mortality [1, 2]. Earlier treatment meth-
ods relied on surgical removal of the eye (enucleation),
accomplished at the cost of vision and quality of life.
Other treatment modalities include eye-preserving ther-
apies, such as radiotherapy. According to Collaborative
Ocular Melanoma Studies (COMS), plaque brachyther-
apy can achieve excellent rates of preservation of vision
without compromising survival rates [3, 4]. This advan-
tage caused an increasing tendency for eye-preserving
radiotherapy [5]. The limitations of plaque brachytherapy
include a higher risk of recurrence, especially for larger
tumors and those close to the optic disc [6, 7]. Proton
beam therapy, however, is feasible for large tumors with
challenging locations and/or shapes [8—12]. In practice,
proton beam therapy can reduce the risks of retinopathy,
local recurrence, and cataract formation [13].

The first application of proton beam therapy for uveal
melanoma was in 1975 [14], and it is now used as a stan-
dard modality [11, 15, 16]. The vast majority of ocular
proton therapy treatments to date have used passive
scattering proton beams relying on a specific ocular
treatment planning system, as well as a dedicated treat-
ment room equipped with a fixed horizontal beamline
and patient-specific aperture [17-19], thus contributing
to the geospatial disparities in access to ocular proton
therapy [20]. At the same time, the delivery technique
of proton therapy has evolved significantly from pas-
sive scattering to pencil-beam scanning (PBS). PBS has
demonstrated its universality and good performance in
various disease sites with high precision and 3D dose
conformity, which has led to an increasing number of
proton centers worldwide equipped with PBS technology.
Considering its potential improvements in plan quality
and wider availability, it is promising to explore the feasi-
bility of treating uveal melanoma using gantry-based PBS
proton therapy.

In addition, with the development and increasing avail-
ability of proton PBS, proton arc therapy using the PBS
technique is under investigation [21-25]. During pro-
ton arc therapy, the gantry rotates automatically around
the patient within the start and stop angle. At the same
time, an intensity-modulated proton beam is delivered
to a series of optimized spot lists at different energy
layers for each beam angle. With more degrees of free-
dom in this technique, proton arc therapy is expected to
offer improved dose conformity. Previous studies have
explored the clinical benefits of proton arc therapy for
various disease sites [26—29]. Proton arc therapy can

achieve comparable or better plan quality with respect
to plan robustness, target conformity, organs-at-risk
(OARs) sparing, and lower integral dose. It is highly
desired to test PBS-based proton arc therapy for uveal
melanoma, where the tumor is small and surrounded by
various critical OARs such as the retina, optic nerve, cor-
nea, lens, conjunctiva, eyebrow, and lacrimal gland.

This study demonstrates the treatment of uveal mela-
noma with proton PBS in a regular treatment room at
our institute. The delivered doses to patients were evalu-
ated by forwardly calculating each plan on synthetic CT
of daily CBCT. We also explored the feasibility of proton
arc therapy in the treatment of uveal melanoma.

Methods

Patient characteristics

With approval from the institutional review board,
a cohort of 11 consecutive uveal melanoma patients
treated with multiple-field PBS proton therapy using
the ProBeam (Varian Medical Systems, Palo Alto, USA;
arc delivery is currently not available) system in our
institute was included in this study [30]. Table 1 shows
the patients’ characteristics, tumor dimensions, and the
key planning parameters. All patients had a peripapil-
lary/foveal tumor, adjacent to or overlapping with the
optic nerve head/macula/fovea. The tumor size varied
from 0.24 to 2.98 cc, with a median of 0.42 cc. Patients
2 and 3 received plaque brachytherapy (Pd-103) for the
same disease site before the proton treatment. Radiation
oncologists, ophthalmologists, medical dosimetrists, and
physicists were involved in the institutional review of the
treatment plan and included in the author list.

Intensity-modulated proton therapy

With diagnostic evaluation and confirmation from
the ophthalmic oncology team and radiation oncology
team, conventional intensity-modulated proton therapy
(IMPT) prescribed to 50 Gy (relative biological effective-
ness of 1.1) in 5 fractions was planned for each patient.
Firstly, patients underwent surgical placement of tanta-
lum fiducial markers on the sclera, and the marker posi-
tions were chosen to avoid potential proton trajectories
and dose shadow effect [31]. The number of markers for
each patient was 2-3. During CT simulation, a patient-
specific thermoplastic head mask (Qfix, Avondale, PA,
USA) attached with a customized gaze-fixation device
was made to define the globe gazing position and repro-
duce the position for each treatment (Fig. 1 (A)). CT sim-
ulations (1.0 mm slice thickness was verified to achieve
same dose calculation accuracy versus smaller thickness)
were performed once the patients and ocular positions
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Table 1 Characteristics of ocular patients and their treatment plans

Patient Diseased eye Tumor Gantry angle-Couch angle-Range
/Prior RT shifter (cm)
Volume [cc] Diameter/Thickness IMPT Arc
[cm]
1 Left/No 1.09 16/06 G325COR0 Arc
G115CORO plan
G135C0R0O pa-
2 Right/Right 0.71 15/0.5 G30COR0 ram-
G270CORO eters
G270C90R0 are
G240COR0 valid
3 Right/Right 077 15/02 G280COR2 forall
G270C30R2 pa-
G260COR2 tients
G240COR2 and
4 Left/No 030 1.0/03 G9OCOR2 32‘}’
G125C0R2
G90C335R2 pend
on the
5 Right/No 0.34 0.8/0.1 G300COR3 dis-
G270COR3 case
G240COR3 side
6 Right/No 298 2.5/04 G270COR0 (left/
G250COR0 right).
G230COR0 Left
G230C40R0 eve:
7 Left/No 0.30 0.8/0.5 G120COR2 G:
G90C330R2 85-135
G85COR2 C
8 Left/No 0.24 0.5/04 G120COR2 30/330
G90COR2 R0
G90C330R2 Right
9 Right/No 042 1.0/06 G270C30R2 eye:
G265COR2 G
G240COR2 225-
10 Left/No 147 20/04 G125C0R2 275
G100C330R2 .
G250C90R0 ;_083 30
11 Right/No 0.38 10/04 G260COR2 )
G250C0R2
G235COR0

Fig.1 (A) Patient-specific thermoplastic head mask attached with a customized gazing device. (B) CBCT and (C) kV images acquired for IGRT purpose, as
well as the aligned contours of target, tantalum markers, gazing device and gazing point on them



Qi et al. Radiation Oncology (2025) 20:48

were defined by the mentioned immobilization devices
with eyes staring at the gaze point. Following CT simula-
tion, and with the fundus mapping provided by ophthal-
mologist, the gross/clinical target volume (GTV/CTV)
and OARs were contoured for plan optimization and
evaluation. The tantalum markers and gazing device were
also contoured, together with the 20% isodose volume,
lens and optical nerves structures, as reference structures
for image-guidance of daily treatment. Figure 1 shows
the photos of the patient-specific head mask, the CBCT
and kV images with aligned contours of target, tantalum
markers, gazing device and gazing point on it.

The treatment plan was robustly optimized consider-
ing 3 mm setup and 3.5% range uncertainties [16] using
the analytical algorithm in Eclipse V16.1 treatment plan-
ning system (TPS; Varian Medical Systems, Palo Alto,
USA) to ensure that 95% of the GTV or CTV received
at least 100% of the prescription dose and the maximum
dose was within 110% of the prescription dose. Figure 2;
Table 1 show the couch angle and gantry angle of the
planned fields for each patient. Single-field optimization
(each field provides uniform target coverage) with 3 fields
was applied for most cases. Multifield optimization (flex-
ible field dose, but the sum dose provides uniform target
coverage) and/or 4 fields were used for patients 1 and 6,
whose tumors had a relatively large size or concave shape,
and patients 2 and 3 due to their cases being reirradiation
and a need to achieve higher conformity and OAR spar-
ing [32]. A gantry-mounted range shifter with 2-3 cm
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water-equivalent-thickness was used for fields with a
shallow tumor depth in the plan optimization [33] (no
range shifter was used for patients 1, 2, and 6). The dose
calculation was independently verified using AcurosPT
V16.1, which is a Monte Carlo algorithm in Eclipse TPS
[34], with a dose grid of 1 mm.

Proton arc therapy

As Eclipse TPS doesn’t provide a proton arc planning
function, treatment plans were reoptimized on the plan-
ning CT using two non-coplanar arc fields in the research
version of the RayStation 2023B TPS (RaySearch Labora-
tories AB, Stockholm, Sweden), which has been validated
against measurements and Eclipse TPS during commis-
sioning. Since the dose calculation and treatment does
not involve an aperture or low-density tissue such as
lung, deviations between calculation algorithms should
not impact the results. The ELSA (Early Layer and Spot
Assignment) algorithm was used in arc plan optimiza-
tion [21]. The algorithm assigns spots to a single energy
layer per discretized direction before spot weight opti-
mization and reduces the number of initial spots consid-
erably compared to conventional methods. The clinical
goals, prescribed target dose, dose grid, and robust opti-
mization parameters were the same as the IMPT plan.
In addition, anterior beams were avoided to minimize
the dose to the anterior segment of the eye, eliminate
the use of an eye retractor, and reduce potential range
uncertainty induced by the eyelid. Posterior and vertex
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Fig. 2 Couch angle and gantry angle of the planned fields for each patient. Dotted lines represent the arc fields in the proton arc plan. Gray shadows
represent the favorable zone of field angles, i.e. lateral and lateral posterior oblique on the target side
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beams, which may raise the radiation risk for the brain
due to the entrance dose, were also avoided. The use of
a range shifter was avoided to maintain the spot size and
reduce the penumbra. The gantry rotation starts from
85° to 135° (225° to 275°) for the left (right) diseased
eye, and the number of directions for each beam was 30.
For each plan, the couch angle was 30° (330°) for the
first (second) arc field. The arc fields avoided tantalum
markers. The plans were optimized and calculated using
RayStation’s Monte Carlo algorithm, which uses 30,000
particles and has a statistical uncertainty of 1.0%.

Plan evaluation

Plan evaluation was performed with the following dosi-
metric metrics: the dose that covers 95% of the target
volume (D95%), the conformity index as proposed by
the Radiation Therapy Oncology Group (RTOG) i.e.
Clrrog = V95%/TV, where V95% represents 95% of the
prescribed isodose volume, TV represents the volume
of the target with 3 mm isometric expansion [35], R50%
= V50%/TV and R10% = V10%/TV, mean/maximum
doses to critical OARs (D can/Dmax)» including the ret-
ina, optic nerve, cornea, lens, conjunctiva, eyebrow, and
lacrimal gland. Considering these are all peripapillary/
foveal tumors, other organs are not involved due to their
overlapping with the tumor or OARs. The proton arc
plan was normalized to match the target coverage with
IMPT plan based on metrics of D95%. The numbers of
spots and energy layers were also compared. To evalu-
ate the plan’s robustness against the uncertainties in daily
treatment, synthetic CTs generated with daily CBCTs as
well as the corresponding image registrations between
planning CT during treatment were used for plan for-
ward calculation to estimate the dose delivered to the
patient [36]. Dosimetric comparison was performed in
two aspects: inter-plan comparison between proton arc
and IMPT plans, and intra-plan comparison between
planned dose and dose delivered to patient. A paired
2-tailed t-test using the SciPy package in Python was per-
formed [37]. A p-value less than 0.05 was considered sta-
tistically significant.

Results

Inter-plan comparison

The total number of energy layers for all fields for pro-
ton arc plan was significantly higher than for IMPT plan
(average 470+120 vs. 51+20, p<0.01), and the total
number of spots was comparable (average 1822+ 1928 vs.
225841302, p=0.51). Figure 3 shows the comparison of
dose distributions and dose-volume histograms (DVHs)
for a representative patient (patient 5). For this patient,
the gantry angles of 300°, 270° and 240° were used
for the IMPT plan with a couch angle of 0°, and gan-
try angles from 225° to 275° were used for the arc plan
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with couch angles of + 30° . Across the cohort, based on
DVHs comparison, the target coverage was comparable
between two modalities, and the proton arc plan trended
toward a better conformity to the GTV. Proton arc plans
maintained the dose constraints to OARs.

Figure 4 shows a box plot of maximum (A) and mean
(B) doses to OARs for the IMPT and proton arc plans of
all patients in this study. As shown in Fig. 4 (A), the upper
limits of the maximum dose from proton arc plans were
lower than IMPT plans for most of the OARs. This was
particularly notable for the maximum dose to the retina
for patient 1, which was 56.0 Gy, exceeding the clinical
constraint of 55 Gy, whereas the goal was achieved by the
proton arc plan (53.3 Gy).

Table 2 summarizes the averaged numerical result of
dosimetric metrics from all patients for the two modali-
ties. The plan quality of proton arc plans was consistent
with IMPT plans. Similar target coverage was achieved
by proton arc and IMPT plans with D95% equal to
101.4% =+ 0.4% and 101.1% =+ 1.0%, respectively. Pro-
ton arc plans trended toward better conformity index
compared to IMPT plans, with Clyo¢ equals to 0.96 +
0.23 and 0.88 £ 0.18 (p= 0.11), respectively, with com-
parable R50% (7.25 + 1.98 vs. 7.24 + 2.12, p= 0.97) and
significantly higher R10% (50.71 + 16.89 vs. 41.83 + 13.80,
p= 0.01). Proton arc and IMPT plans showed compa-
rable performance on OAR sparing with respect to the
dosimetric metrics of maximum/mean doses to most
OARs (Table 2). Proton arc plans, however, significantly
reduced the maximum dose for the retina, with the aver-
age value decreased from 54.5 + 0.7 to 53.2 + 0.3 Gy (p<
0.01). No significant differences were found for other
metrics and OARs.

Intra-plan comparison

The dosimetric difference between the planned dose and
the dose delivered to the patient was compared for both
modalities. Figure 4 shows the box plot of maximum (A)
and mean (B) doses to OARs from plan and delivery. In
general, the treatment delivery maintained the dosimet-
ric quality for both plans with respect to the clinical goals
for target coverage and OAR constraints. Both planning
and treatment evaluations resulted in GTV D95% higher
than 98.7% and 98.2% for IMPT and proton arc, respec-
tively. Figure 5 shows the box plot of the relative differ-
ences between dose metrics from delivery (Dg,,) and
plan (Dypy,,,) for these two modalities. For IMPT plans, the
relative differences on GTV D95% were within 3.5%, and
the worst case was patient 4 with GTV D95% decreasing
from 102.3% (plan) to 98.7% (delivery). For proton arc
plans, the relative differences were within 3.1%, and the
worst case was patient 7 with GTV D95% decreased from
101.3% (plan) to 98.2% (delivery). The relative differences
in the maximum dose of the retina were significantly
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Fig. 3 Comparison of dose distributions of the IMPT plan (A) and proton arc plan (B) for a representative patient (patient 5), as well as the corresponding
DVHs (C), in which solid lines represent proton arc plan and dashed lines represent IMPT plan. The red contour in CT (A, B) represents GTV
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Table 2 Comparison of the averaged numerical result of dosimetric metrics from all patients for target coverage and dose to oars

between IMPT and proton Arc plans

Clinical goal IMPT plan Arc plan p-value
GTV D95% [%] >100 101.1+1.0 101.4+04 0.29
Claros 1 0.88+0.18 096+0.23 0.11
R50% [%] 724212 7.25+1.98 0.97
R10% [%] 41.83+£13.80 50.71£16.89 0.01
Retina D,y [Gy] <55 545+07 532403 <001
Dynean [GY] 37.7+49 38052 066
Lens Dinax [GY] <30 224+92 234£80 042
Cornea Dinax [GY] <30 244+9.1 240+7.7 0.82
Do [GY] 107455 105454 081
Conjunctiva D, [Gy] <55 432479 440475 030
Dimean [GY] 136446 140457 077
Lacrimal Gland Dinax [GY] <55 418+86 419+73 092
Dpear [GY] 2554125 2464122 061
Optic Nerve Drnax [GY] <55 52.7+1.1 526+06 0.86
Dinean [GY] 19.6+4.0 21.0x£4.6 0.10
Eyebrow Dy [GY] <20 153+7.9 117458 0.13
larger for proton arc plans (0.7% + 0.6%) compared to  Discussion

IMPT plans (-0.2% + 0.6%). The doses received by OARs
from delivery met the requirements of the dose con-
straints. The evaluation results confirmed the robustness
of the IMPT and proton arc plans against the uncertain-
ties in daily treatment, as well as the reproducibility of
daily treatments with the presented treatment modality.

Ocular tumors are mostly treated with eye-preserving
radiotherapy, such as plaque brachytherapy, which is
mostly used for tumors in the iris/ciliary body [8]. Pre-
vious studies show that, with a combination of dynamic
conformal arcs and intensity-modulated static fields, ste-
reotactic photon radiotherapy can achieve highly confor-
mal dose distribution and good OAR-sparing for ocular
patients [38]. For larger peripapillary/foveal tumors, pro-
ton beam therapy is preferred. Although proton therapy
has shown good outcomes in treating ocular cancers, the
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Fig. 5 Box plot of relative differences between dose metrics from delivery (D) and plan (Dp,,,) for proton arc (blue) and IMPT (yellow)

availability of dedicated eye beamlines is limited due to
the relatively low disease population [16]. In this case, a
regular proton PBS-gantry system could be an alternative
treatment option for ocular patients.

The PBS technique has developed rapidly in recent
years. It is an intricate, personalized proton beam deliv-
ery technology that can customize the dose distribution
to precisely conform to the target without the need for
a patient-specific aperture. Combining the IMPT plans
generated with 3D CT images and an advanced treat-
ment planning system with image-guided alignment, PBS
proton therapy has shown good performance and univer-
sality in the treatment of various disease sites [38].

Proton arc therapy is an advanced treatment technol-
ogy. Compared with conventional IMPT, which uses
multiple static fields, proton arc therapy is operated
by rotating the gantry continuously and delivering the
proton beams to the tumor simultaneously. With more
degrees of freedom, proton arc therapy has the potential
to compete with IMPT. Previous studies showed compa-
rable or better plan quality can be achieved with proton
arc, and dosimetric improvements include target cover-
age, plan robustness, lower integral dose and lower skin
or entrance dose. In addition, with the development of
a proton machine on the energy layer switch time and
gantry rotation time, less delivery time can potentially be
achieved with a proton arc compared to IMPT, especially
for an IMPT plan with more than two fields [39], addition
time is needed between field to adjust gantry angle and
request beam. Proton arc therapy can reduce pause time
during delivery and could take advantage of the gantry

rotation time to switch energy, which may significantly
reduce the treatment time.

In this study, we demonstrated that IMPT operated in
a regular gantry room for the treatment of uveal mela-
noma is feasible. We also demonstrated that proton arc
therapy based on the PBS technique can achieve a plan
quality that is comparable with or even improved rela-
tive to IMPT. According to previous experiences [17, 40,
41], hypo-fractionated proton therapy is preferred for
uveal melanoma but requires a high degree of setup accu-
racy. All patients in this study completed their treatment
in five separate days. Daily kV and CBCT images were
acquired for patient alignment, especially on the position
of the gaze point, bone anatomy, and tantalum marker
of the eye. Plan evaluation results showed that, with the
usage of immobilization devices and image-guided align-
ment, daily delivery quality and reproducibility can be
ensured.

The ocular region is a challenging disease site, with
many critical OARs and limited space between OARs
and tumor. OAR sparing with proton therapy can be
optimized in two ways: minimizing the proximal dose
and the lateral dose to OARs. In this study, the patients
are all with peripapillary/foveal tumors. The optic disc
and fovea/macula typically receive the full prescrip-
tion dose, therefore, the radiation oncologist didn't draw
those structures or add dose constraints. The ciliary body
is a small structure and closely approximated lens. In CT,
accurately delineating the ciliary body is a challenge. To
limit secondary glaucoma toxicities, dose constraints
to the lens are a good alternative way [42]. To minimize
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the proximal dose to OARs, favorable beam directions
are the lateral and lateral posterior oblique region of the
ipsilateral side. As shown in Fig. 2, to achieve the clinical
goals, this requirement was not successfully addressed
by several fields of IMPT plans for the following patients
(gantry angle, couch angle): patient 1 (325, 0), patient 2
(30, 0; 270, 90), and patient 10 (250, 90). They received
anterior or vertex fields, which raises the radiation risk
for the lens, cornea, conjunctiva, and brain, as well as
the uncertainty from the eyelid. On the other hand, all
proton arc plans had a universal field arrangement with
beam directions within the favorable regions. For the
IMPT plan, to reach the superficial region of the tumor, a
range shifter was needed for a portion of the fields, which
will widen the beam penumbra, thus increasing the lat-
eral dose of OARs. In proton arc plans, the range shifter
can be avoided, and the superficial spots can be reached
from other beam directions [26].

In the treatment of small tumors with a high dose in
a few fractions, special attention should be paid to dosi-
metric accuracy and reproducibility. In this study, the
median tumor size was 0.42 cc. Small errors in dose dis-
tribution or patient alignment can induce a relatively
large influence on plan quality. To ensure dosimetric
accuracy, the treatment machine and dose delivery accu-
racy were validated for small field (D50% < 2.5 cm) irra-
diation. The spot size was measured at every 5-degree
gantry angle. The spot size variations were within 10%
for each energy at different gantry angles. Monte Carlo-
based treatment planning, as well as robust optimiza-
tion, is recommended to achieve a better estimation of
the dose delivery [43]. Quality assurance should consider
the relatively shallow tumor depth and the necessity of a
high spatial resolution detector [44]. During daily treat-
ment, customized immobilization devices and advanced
image-guidance techniques should be used for reproduc-
ibility. CBCT devices mounted on the gantry can provide
3D anatomic information for a patient in the treatment
position [45]. It can efficiently reconstruct the contours
of soft tissue, bone, and artificial marker with high reso-
lution and is widely used in image-guided radiotherapy
[46]. In addition, to further improve the dosimetric accu-
racy and reproducibility, potential solutions are the appli-
cation of a beam-specific aperture that can increase the
beam gradient [47], and an eye-tracking device that can
ensure the alignment during beam delivery (24 + 10
second duration) [48].

This study has limitations on field arrangement to
fully explore the potential of arc delivery. Previous stud-
ies have shown that superior dosimetric quality can be
achieved with more arc fields, and for the disease sites
that can be treated with a full arc field, dosimetric qual-
ity can be improved significantly compared to IMPT [21,
26, 29, 39, 49, 50, 51]. In addition, with more arc fields,
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proton arc therapy has the potential to optimize the dis-
tribution of dose-averaged linear energy transfer, result-
ing in higher radiobiological effectiveness inside of the
target and lower normal tissue toxicity [52, 53]. It should
be noted that, for the treatment of uveal melanoma, due
to the aforementioned requirements on field angle selec-
tion, it is hard to further explore the potential of proton
arc therapy with more arc fields based on the current
machine design. A potential solution would be to include
more couch angles or dynamic couch rotation during
the treatment delivery [54]. Currently, arc delivery is not
available for most proton machines. To establish pro-
ton arc treatment as a clinically viable option, further
advancements are required to improve the efficiency of
robust plan optimization. Additionally, developing a reli-
able delivery system capable of delivering precise beam
and highly reproducible dosimetry, combined with rapid
energy modulation and seamless dynamic gantry rota-
tion, is essential for successfully implementing proton arc
delivery. Nevertheless, proton arc therapy can simplify
manual intervention and advance radiotherapy further in
the direction of automation.

Conclusions

This study investigated the potential of using proton arc
treatment for ocular disease and compared it to the mul-
tiple-field IMPT treatment. An efficient worldwide avail-
able solution based on a regular proton PBS-gantry room
for the treatment of uveal melanoma was presented.
With the assistance of an immobilization device and pre-
cise image-guided patient alignment, IMPT delivered
with PBS for the treatment of uveal melanoma is feasible
with high reproducibility. This study also demonstrated,
for the first time, that two-field non-coplanar proton arc
therapy can achieve comparable dosimetric metrics to
those of IMPT plans for ocular tumors, reducing the reti-
na’s maximum dose.
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