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Abstract

Although rare cancers, ocular tumors are a threat to vision, quality of life, and potentially life expectancy of a
patient. Ocular proton therapy (OPT) is a powerful tool for successfully treating this disease. The Particle Therapy
Co-Operative Ocular Group) formulated an Evidence and Expert-Based Executive Summary of Current Practices
and Future Developments in OPT: comparative dosimetric and clinical analysis with the different OPT systems is
essential to set up planning guidelines, implement best practices, and establish benchmarks for eye preservation,
vision, and quality of life measures. Contemporary prospective trials in select subsets of patients (eg, tumors near
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the optic disc and/or macula) may allow for dosimetric and clinical analysis between different radiation modalities
and beamline systems to evaluate differences in radiation delivery and penumbra, and resultant tumor control, nor-
mal tissue complication rates, and overall clinical cost-effectiveness. To date, the combination of multimodal imag-
ing (fundus photography, ultrasound, etc), ophthalmologist assessment, and clip surgery with radiation planning
have been keys to successful treatment. Increased use of three-dimensional imaging (computed tomography/mag-
netic resonance imaging) is anticipated although its spatial resolution might be a limiting factor (eg, detection of
flat diffuse tumor parts). Commercially produced ocular treatment-planning systems are under development and
their future use is expected to expand across OPT centers. Future continuity of OPT will depend on the following:
(1) maintaining and upgrading existing older dedicated low-energy facilities, (2) maintaining shared, degraded
beamlines at large proton therapy centers, and (3) developing adapted gantry beams of sufficient quality to maintain
the clinical benefits of sharp beam conformity. Option (1) potentially offers the sharpest beams, minimizing impact
on healthy tissues, whereas (2) and (3) potentially offer the advantage of substantial long-term technical support
and development as well as the introduction of new approaches. Significant patient throughputs and close coopera-
tion between medical physics, ophthalmology, and radiation therapy, underpinned by mutual understanding, is cru-
cial for a successful OPT service. © 2024 The Author(s). Published by Elsevier Inc. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/)

Introduction

Ocular tumors are rare cancers that can threaten vision,
quality of life, and potentially life expectancy. Overall, pro-
ton radiation therapy (RT) is associated with excellent local
tumor control and eye preservation rates for malignant and
benign ocular conditions.

The Particle Therapy Co-Operative Ocular Group
(PTCOG Ocular) is the international consortium of proton
and particle beam therapy institutions treating patients with
ocular tumors." Given the rarity of this ocular disease and the
significant growth of proton centers over the past decade,
clinical practice statements derived from the evidence and
expert consensus are particularly critical to ensure high qual-
ity and appropriate care. The current report highlights the
current practice and results of the second global multi-institu-
tional survey, as detailed at the inaugural PTCOG Interna-
tional Ocular Proton Therapy Symposium.”’

Summarizing the current state and areas of future devel-
opment in proton ocular treatment provides the necessary
benchmarks to maintain patient-centered care and maxi-
mize local control, vision, and quality of life. This executive
summary of established literature, complemented with
expert opinion and selected survey results, sets the ground-
work for assessing subtle and significant variation in practi-
ces now and in the future. Ultimately, the goal of the
research and development in the ocular community with
established and new beamlines is to focus on the patient
outcomes and experience, to ensure an appropriate and
high standard of excellence in care.

Clinical Indications for Ocular Proton
Therapy

Proton therapy is a well-established and accepted modality
for the treatment of uveal melanoma (UM) and other ocular

tumors, as supported by a large body of peer-reviewed liter-
ature.*”' In total, approximately 47,000 ocular patients
have been treated with particle beams worldwide (since
1975) for UM, conjunctival tumors, choroidal metastases,
hemangiomas, other vascular tumors, macular degenera-
tion, and retinoblastomas, as primary, salvage, or adjuvant
treatment with combined modality therapy.

Studies show UM tumor local control to be approxi-
mately 96% at 5 years and maintained at 10 and 15-year
follow-up.'*'*!??>** Eye preservation rates are approxi-
mately 90% at 5 years.'”'”**** Importantly, depending
on tumor dimensions and distance to the optic disc and
macula, as well as the proton beam penumbra, vision
preservation is achievable in specific cases through careful
planning of gaze angles, margin selection, and postirradi-
ation ophthalmic interventions. Metastatic disease
remains an issue for high-risk patients, with immuno-
therapy options and continued therapeutic target study
on the horizon.”®*® Recurrences are rare after ocular pro-
ton therapy (OPT) and may be due to a marginal or geo-
graphic miss or in-field failure for potential radioresistant
tumors.”>*”*" A second course of OPT has been shown
to provide acceptable local control and eye
preservation.”**”***

Target Volume Definition: Imaging and
Surgical Best Practices

Target volume definition for OPT generally includes a com-
bined clinical evaluation with ophthalmic imaging techni-
ques (Fig. la, b, g) complemented with surgical placement
of tantalum markers at the tumor border. More recently,
three-dimensional (3D) radiologic imaging, in particular
magnetic resonance imaging (MRI; Figs. 1c and 2),”" has
been introduced in OPT planning as a complementary
source of information.


http://creativecommons.org/licenses/by/4.0/

Volume 00 ® Number 00 ® 2024 PTCOG ocular statement 3

Fig. 1. Different imaging modalities in OPT: fundus composite (a), wide-angle fundus (b), transversal MRI slice (c) of the
same tumor; transversal CT slice of a different eye with tumor (d), infrared fundus showing macula and optic disc (e). The
green line indicates the direction of the OCT slice through the macula and optic disc to determine their distance (f). Ultrasound
image of tumor (g) with measurements of height (ex-/including sclera: blue/green line) and base width (yellow line). Abbrevia-
tions: CT = computed tomography; MRI = magnetic resonance imaging; OCT = ocular coherence tomography; OPT = ocular
proton therapy.

Fig. 2. MR-images and ray-tracing model of an eye with an uveal melanoma: 3D T1 weighted contrast enhanced weighted
images in the sagittal (a), transversal (b), and coronal (c) plane showing the 3D morphology and location of the tumor; corre-
sponding sagittal slices on T2 (d) and T1 (e) weighted images without contrast enhancement; optical ray-tracing simulation of
the same patient (f), showing how the incoming light rays (yellow) are blocked by the tumor.”" Thus, a shadow (black) is cre-
ated by the tumor on the retina. Abbreviations: 3D = three-dimensional; MR = magnetic resonance.

Ophthalmic imaging

As part of the standard of care clinical assessment, fundus
imaging (FI) is one of the main tools for diagnosis and target
delineation in OPT. There are different systems available
ranging from composite images consisting of relatively small
images to 200-degree ultra-wide-angle false color systems.
All these systems can be used in OPT to provide indirect
information about the shape of the tumor and its location in
relation to other anatomic structures (Fig. 1a, b),”>”* but if

they are to be used for geometrically accurate tumor delin-
eation, their registration on the eye model must take into
account the characteristics of the camera used. One limita-
tion of FI is in prominent lateral or anterior tumors, where
the posterior part of the tumor base is occluded by the
tumor apex (Figs. la-c and 2d, e).””’° Another limitation is
the optical distortion of FI, which can lead to geometric dis-
crepancies due to a simple 2-point registration typically
used in treatment-planning systems (TPS; Fig. 3c). A more
sophisticated method, based on registration of FI with a
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Fig. 3. Treatment planning in EYEPLAN (top row): fundus photograph clip assessment by the ophthalmologist (a); beams-
eye-view (b) of treatment plan showing eye model with tumor (red), clip positions (1-4) and collimator outline (black); corre-
sponding dose distribution (shown isodoses: 90%—dark red, 50%—blue, and 10%—green) on the coregistered fundus (c) —
the tumor base is surrounded by the 4 tantalum clips (1-4) and marked as clinical target volume (red). OCTOPUS (middle
row): Sagittal T2 weighted MRI slice with fundus based contour for marking flat tumor extensions not visible in MRI (green)
and MRI-based contour (red; d); transversal T1 weighted MRI slice with both contour sets (red, green; e); lateral view of 3D
eye model with dose distribution on CT slice (f). For this anterior ciliary body melanoma, the sharp distal fall-off allows dose
sparing of the posterior risk structures: macula, optic disc, and nerve (f). RayOcular (bottom row): Beams-eye-view of treat-
ment plan with wedge (g) and transversal CT-slice with isodose and corresponding color map (h). The wedge reduces the dose
to optic disc, nerve, and macula (h). The integrated pencil beam algorithm models the additional lateral scattering of the pro-
tons introduced by the wedge on the left part of the treatment field (h). Abbreviations: 3D = three-dimensional;
CT = computed tomography; MRI = magnetic resonance imaging.

digitally reconstructed fundus from MRI, has been recently hemangioma, or metastasis.”***"* In addition, ocular coherence
described by Via et al.”” tomography can be used in diagnosis’*"’ and to provide the

Other optical-based imaging techniques such as fundus macular position with respect to the optic disc (Fig. 1e, £), help-
autofluorescence, fluorescein angiography, and indocyanine ing to register the FI to the eye model.*"** For posterior-located
green angiography are primarily used as differential diagnostic tumors, one can measure the distance between the tumor mar-

tools to distinguish between choroidal nevus, melanoma, gin and optic disc and/or macula with high precision.
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Ultrasound is often decisive for the diagnosis of small
melanomas, showing an increase in the size of the tumor on
2 successive examinations. It is the standard tool for charac-
terizing the dimensions of the tumor, eg, base, height
(Fig. 1g), and the distance to optic disc (Table 1). For many
OPT centers, ultrasound measurements, FI, and intraopera-
tive caliper measurements represent the primary data ele-
ments for treatment planning.43

Tantalum marker placement and planning target
volume definition

Tantalum marker (clips) ocular surgery and caliper measure-
ments provide crucial information to the treatment planning
in OPT (Table 1) and image-guided treatment delivery.” Sur-
gical/clinical assessment for OPT can include fundus or iris
drawing with markers/tumor, intraoperative photograph of
markers, interclip and measurements to limbus/tumor, tumor
distances to disc/macula, tumor base/height, clock hours of
tumor extension, and eye axial length. Surgical marker-to-lim-
bus, marker-to-marker, and marker-to-tumor measurements
are recorded for the purpose of planning,

Additional surgical communication can assist in treat-
ment optimization, including potential areas of extension,
diffuse flat or extraocular spread, variable pigmentation
causing difficulty with transillumination (eg, nevus of Ota
and ocular melanocytosis), intraoperative procedures or

complications (eg, silicone oil tamponade,** vitreous hemor-
rhage, and exudative retinal detachment). These factors may
affect treatment planning, tumor delineation, distal and lat-
eral margins, critical structure analysis, gaze angle options,
etc. The experience of the ophthalmologist is essential for
precise and optimal clip placement, for localizing the tumor
boundaries and avoiding potential surgical pitfalls.

Clips play a key role in patient positioning and appropriate
planning target volume margin with an advantage when
placed in the vicinity of a tumor, allowing for submillimeter
alignment of a target with respect to the beam. Typical plan-
ning target volume margins are 2 to 3 mm. Complete obvia-
tion of fiducial clips, ie, clipless treatment, would mean a
significant improvement in patient comfort, reduce the cost
of treatment, and eliminate potential risks associated with the
surgery. Clinically, tantalum marker surgery may not be
advised for a limited cohort of OPT patients due to comor-
bidities, extremely thin sclera, or rarely by patient preference.
In these instances, clinical alignment with landmarks and a
“light field” replicating the radiation beam entrance field is
used, eg, for iris and small ciliary body melanomas with visi-
ble anterior chamber extension.”” Larger margins (eg, an
additional 1 mm circumferentially) for set-up uncertainty can
be added at the treatment team’s discretion. Some centers
have already adopted clipless treatment for specific anterior
tumors, eg, treatment of iris melanoma using a light field or a
beam’s eye view camera for positioning.”*’ The clipless
treatment of posterior intraocular tumors is more challenging

Table 1  Overview of possible intraocular measurements using different modalities

Parameter\modality Clip surgery Biometry Ultrasound Fundus OCT CT MRI
Eye length X X X
Eye width X X
Limbus diameter X X
Cornea radius X
Lens thickness/width X) X X
Lens position X X X
Macula position X) X
Tumor thickness X X) X
Tumor base X X X) X
Tumor position X X) X) X
Distance: tumor to clip X X X) X
Distance: tumor to optic disc X X X) X
Distance: tumor to macula (X) X
Distance: clip to optic disc (X) X X
Distance: macula to optic disc X) X
Distance: limbus to clip X

Possible measurements are marked with X. The usage of modalities marked with (X) is limited and depends on the individual case or measuring device.
Reasons for the limitations could be clip artifacts in CT, retinal detachment, or mechanical limitations for measurements during clip surgery (eg, tiny
orljiz)éreviations: CT = computed tomography; MRI = magnetic resonance imaging; OCT = ocular coherence tomography.




6 Hrbacek et al.

International Journal of Radiation Oncology ® Biology ® Physics

as the submillimeter accuracy provided by the clips is not eas-
ily achieved. Although substantial effort has been invested to
develop a noninvasive system for eye localization, based on
video surveillance of the anterior segment,"*” the x-ray
imaging of clips remains the most accurate and reliable posi-
tioning method. Iris pattern morphology analysis is a promis-
ing approach to assess eye torsion noninvasively.”'

Three-dimensional imaging

The role of 3D imaging in treatment planning for OPT is
increasing. Some TPS such as OCTOPUS >’ or the RayOc-
ular module from RayStation (RaySearch Laboratories)*'
allow the use of computed tomography (CT) and/or MRI
for eye modeling or definition of the clinical target volume.

CT provides geometric information about the eye, the
tumor (Fig. 1d) and, when performed after clip surgery, the
position of the clips. This information can be used to set up
or improve a geometric eye model*>** or fit the eye model
to the CT scan.”””* Additionally, CT can be used to assess
the dosimetric effect of a silicone oil or gas tamponade on
the proton dose distribution.”

Three-Tesla MRI in combination with a surface coil is
recommended for imaging the eye,”® ™ as it offers the reso-
lution needed to visualize small invasions of the tumor into
adjacent structures, such as the optic nerve.”””” Volumetric
sequences with submillimeter resolution provide a 3D visu-
alization of the tumor, surrounding tissues, and the
clips.”>>>>" This allows a comparison of MR-based and
conventional ophthalmic measurements used for OPT
planning.®”°" However, as longer scanning times may result
in eye-motion-related artifacts,” a high-spatial resolution
alone is insufficient to define the tumor extent.

With the advent of more dedicated MRI techniques for
diagnosis,”**7** treatment planning,””°"°"** and follow-
up,”*** the optimal MRI protocol depends on the indica-
tion.”° Although for differential diagnosis, Diffusion and
Perfusion Weighted Imaging are of great value,””"**% for
most OPT planning purposes, 3D T1-weighted images after
contrast are preferred, because they provide the best dis-
crimination between tumor and retinal detachment (Fig. 2a-
¢).”>*" Gradient-echo sequences can aid in clip localization,
but are not suitable for accurate measurements due to sus-
ceptibility artifacts.””*® Generally, MRI and ultrasound
dimension measurements match.”” In a majority of cases,
the MRI and intraoperatively determined clip-tumor meas-
urements were in satisfactory agreement.”’ Flat tumor com-
ponents, however (Fig. 3d, e), can be difficult to delineate on
MRI and inclusion of intraoperative assessments and FI is
advised.”” MRI may be particularly valuable for anterior
tumors, as in these cases, ultrasound can provide inaccurate
measurements and the tumor extent may be overestimated
intraoperatively (Fig. 2f).”°" For mushroom-shaped
tumors, MRI provides a valuable 3D representation in con-
trast to the conventional 1D measurements. In this context,
MRI-based OPT planning shows promise.”**"%*"

Treatment Planning

Because of the small size of the eye, its nearly homogeneous
tissue composition and its movability, a dedicated TPS called
EYEPLAN was designed in the 1980s.”" Based on eye length
and limbus diameter, a geometric (spherical or ellipsoid) eye
model is created and fitted to the clip positions. The positions
are derived from orthogonal x-ray imaging. The tumor is
defined by drawing a base contour in the fundus or iris plane
and by defining the tumor apex, from which a 3D volume is
constructed. Modern versions of EYEPLAN (Fig. 3) allow the
coregistration of a FI with the eye model,”* whereas informa-
tion from other imaging modalities, including CT or MRI,
can only be indirectly incorporated.”*”* EYEPLAN uses a
ray-tracing model to calculate the dose distributions and
dose-volume histograms.

OCTOPUS, developed by the German Cancer Research
Center (DKFZ) in collaboration with the Helmholtz-Zen-
trum Berlin (HZB) and the Charité — Universitatsmedizin
Berlin,”* was the first TPS allowing the full incorporation of
3D imaging. Although preserving the conventional EYE-
PLAN approach, a predefined elliptical eye model can be
matched to CT/MRL For dose calculation, a fast ray-tracing
algorithm is used.”> XXX achieves the same tumor control
as plans from EYEPLAN.”” The image-based planning
approach requires more time, although the derived eye
models appear to be more realistic in certain patients.**

More than 90% of the OPT patients to date (~42,000
cases) have been planned with EYEPLAN. Two centers use
its commercial equivalent Eclipse Ocular Proton Planning
(EOPP, Varian Medical Systems).'***’*”> Additionally,
>3500 patients have been planned with OCTOPUS. Further
development of EYEPLAN, EOPP, and OCTOPUS has been
discontinued.

In 2021, the RayOcular module from RayStation became
clinically available and integrates features of EYEPLAN and
OCTOPUS into a modern treatment-planning environment
(Fig. 3g, h). For dose calculation a pencil beam algorithm is
used,""’® resulting in more accurate dose distributions.””

Although the majority of OPT patients have been treated
with beamlines specifically developed for eye treatments, gan-
try-based or scanning-based OPT systems are also being
used. These systems rely on commercially available TPS.”* ™
This allows CT/MRI-based planning, but they cannot use the
advantage of coregistered FI for tumor delineation. All oph-
thalmologic 2D imaging data have to be translated manually
for tumor contouring,”’ making OPT planning difficult.

Critical structure dose optimization/planning
best practices

The planning process for OPT prioritizes tumor coverage
and normal tissue dose optimization. The dose distribution
is calculated with a simple ray-tracing algorithm”' and can
be displayed on the fundus (Fig. 3c), in arbitrary planes, or
in risk structure related dose-volume histograms. The
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Fig. 4.

Examples of treatment planning with normal tissue sparing techniques: (a) eyelid retraction and field confirmation

(green contour); (b) macula notch (arrow) with local reduced aperture margin to spare dose on macula (purple cross); (c)
wedge (arrow) or compensator (not shown) for beam shaping to reduce dose to critical structure (compare to Fig. 5).

outputs of the planning process are the collimator shape
with wedge position (if needed), range and modulation of
the proton beam, eye gaze angle, and corresponding posi-
tions of the clips for x-ray verification.

Preservation of the eye and vision is optimized by adjust-
ments to lateral margin, aperture shape (Fig. 4b), distal
range (Fig. 3f), gaze angle, and compensators or wedges
(Figs. 3g, h and 4c). Critical structures should be systemati-
cally evaluated to minimize side effects, including the fol-
lowing: (1) posterior structures, ie, optic disc/nerve, macula,
and retina; (2) anterior structures such as the lens, ciliary
body, cornea, and the limbus/limbal stem cells; and (3) other
tissues, ie, lacrimal gland, tear ducts, upper eyelid and eye-
lashes, lower eyelid (Fig. 4a), and bony orbit.*’ Noteworthy
is the approach to automate the selection of gaze angle.*”

Dose volume histogram (DVH) parameters are impor-
tant for planning optimization and complication risk prog-
nostication for patients. Multiple reports identify the
volume of the macula and optic nerve length receiving 50%
of the total dose (“V50%” or ~28-30 Gray equivalent) as
independent predictors of post-OPT vision loss.””*” Impor-
tantly, if one of either the macula or optic disc can be rela-
tively spared, despite the other receiving a higher dose, there
may be a vision preservation advantage.”” Hence, the dosi-
metric benefits of tight penumbra and selection of planning/
delivery techniques are essential for vision preservation.
Notched aperture beams can reduce the dose to the optic
disc, macula, or nerve (Fig. 4b).

DVH analysis and planning modifications for ciliary
body and optic disc/nerve dose can also be used to reduce
risk of neovascular glaucoma. Similarly, the lens dose is
modified to minimize cataract risk.*>*

It should be noted that the historical data combine
patient follow-up and DVH data coming from practically a
single planning system, which describes individual anatomic
structures using simple geometric representations. To what
extent these data are representative in the context of modern
3D planning systems where individual structures are seg-
mented based on 3D imaging is not clear.

Using a sharp distal beam fall-off, ciliary body and iris
tumors can be treated without dose to the optic disc/macula

(Fig. 3f). Wedge filters may be used to reduce the disc dose
or treatment dose volume (Fig. 3h). Dilating drops may be
used to reduce the target area for iris melanomas. Limbal
stem cell transplantation has been studied for whole anterior
segment irradiation when treating extensive iris seeding.*"’
The gaze angle selection and systematic eyelid retraction
techniques are critical to reducing long-term eyelid toxicity
and potential keratinization of the upper palpebral conjunc-
tiva (Fig. 4a). Transpalpebral treatment may also be used stra-
tegically.”® Gaze angle may be further optimized to reduce
dose to the lacrimal gland, tear duct, and other structures.

OPT Delivery

Dedicated low-energy, dedicated high-energy,
and nondedicated delivery systems

The vast majority of ocular treatments over the past 4 deca-
des have been performed by a small number of pioneering
OPT centers with accelerators and beamlines specifically
adapted for ocular therapy. These included dedicated high-
and low-energy proton machines, the latter providing the
sharpest physical dose characteristics due to minimal degra-
dation and personalized collimation, with sufficient beam
current for short treatment times of <1 minute.

Given the rarity of indications treated with OPT, the cost
of a fully dedicated solution, as well as the absence of ven-
dors of modern low-energy clinical machines and the depar-
ture of vendors of dedicated eyelines in high-energy proton
systems, has led to debate on the future of ocular beam pro-
vision, especially since several older treatment accelerators
are approaching obsolescence.

Newly emerging centers, when they decide to offer a
solution for OPT, either opt for a dedicated nozzle coupled
with the high-energy accelerator, or adapt ocular nozzles to
high-energy proton gantries, accompanied by couch or
inclined set-up, with on-board imaging®”®” to make their
delivery system more universal and suitable for performing
this specialized treatment.
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The use of high-energy proton beams for the treatment
of intraocular tumors requires the deceleration of the pro-
tons, resulting in an increased distal fall-off and lateral pen-
umbra (Table 2).”””" This results in reduced conformity,
which in turn leads to potentially increased collateral dam-
age and radiation side effects, as shown in silico.”

In our survey, we have collected information on the lateral
penumbra and the distal fall-off from 5 dedicated low-energy
systems and 14 high-energy systems (Table 2). The median
reported distal fall-off is 1.0 mm (0.9-1.2 mm) for the low-
energy systems and 2.8 mm (1.5-6.0 mm) for the high-energy
systems. The values in parentheses indicate the range of
reported values. Similarly, the median lateral penumbra is
1.4 mm (1.2-1.9 mm) and 1.6 mm (1.2-3.0 mm) for the low-
and high-energy systems, respectively. These figures indicate
that there are significant differences in the dosimetric charac-
teristics of the high-energy solutions, and at the same time
that the beam degradation of the high-energy systems can be
partially mitigated by careful design, as some of the high-
energy solutions achieve beam parameters that are not far
from those of the dedicated low-energy systems, although the
method of energy selection involves a significant loss of beam
fluence with a consequent increase in treatment times.

A critical aspect to be addressed in the future is how
changes in distal/lateral penumbra, dose inhomogeneity,
range uncertainty, choice of beam angle, and clip placement
may affect normal tissue dosing and resultant eye loss, vision
changes, retinopathy, glaucoma, eyelid effects, and other clin-
ical outcomes, since almost all of the clinical evidence is based
on follow-up of patients treated with the dedicated OPT sys-
tems. Therefore, beam parameters play a critical role in the
advancement of ocular treatments on universal beamlines.

Beam generation

The following types of accelerators can provide proton
beams for ocular therapy: (1) low-energy isochronous cyclo-
trons (60-74 MeV) formerly used for neutron therapy and
research, with dedicated eyelines developed in-house,
(2) high-energy isochronous cyclotrons (Varian ProBeam,
IBA Proteus 235), (3) high-energy synchrocyclotrons (eg,
IBA S2C2, Mevion S250i), and (4) synchrotrons, which pro-
vide selectable energies down to 70 MeV (eg, Hitachi-V Pro-
Beat 250, Optivus, Siemens). Synchrocyclotrons, however,
may provide reduced dose rates and prolong OPT treat-
ment. A proton linac, with selectable energies from 70 to
200 MeV, is in development and offers a small footprint
with narrow beam emittance (AVO-Light).

Most of OPT centers are currently located within hospi-
tal centers or clinical research institutes. Table 2 provides an
overview of different eye treatment room configurations.
These include the following: (1) a dedicated room solely for
eye treatment, eg, Charité-HZB (Fig. 5a), Clatterbridge Can-
cer Centre (CCC), University of California San Francisco
(UCSEF), and Paul Scherrer Institute (PSI); (2) a shared gan-
try room with a nozzle adapted for eye therapy, as in the

case of Seattle Cancer Care Alliance (SCCA) (Fig. 5b); and
(3) a shared room that accommodates another treatment
line, as illustrated in Figure 5c, at the West German Proton
Therapy Center Essen (WPE).

More than half of operational OPT systems have been
developed “in house,” eg, Massachusetts General Hospital
(MGH), UCSF and Institut Curie Proton Therapy Center
Orsay (ICPO), and a minority by commercial vendors eg, the
University of Florida Health Proton Therapy Institute
(UFHPTI) and WPE eye-line by IBA, HollandPTC in Delft by
Varian. Most ocular OPT systems use a spinning range-mod-
ulator wheel (propeller) to generate the spread-out-Bragg-peak
(SOBP) with the number in wheel libraries varying between
centers, eg, 12 at UFHPTIL, 40 at MGH, and >90 at CCC.
Alternative methods for SOBP generation include active
energy selection/energy stacking with an optional ridge filter
(SCCA, Centro Nazionale di Adroterapia Oncologica
(CNAO)). Final range adjustment is achieved by intercepting
the beam with a discrete range shifter (eg, plates of varying
thicknesses or rotating wheel with discrete steps) or continuous
range shifter, for example, a variable water column (at
UCSF'®), a selectable wedge, or smoothly varying thickness
wheel.

Experience has shown that the useful energy range for
OPT is from 65 to 75 MeV (from 36 to 46 mm in water),
which would encompass the deepest tumors, overlying tis-
sue, depth margins, and compensator thicknesses. Obtain-
ing ocular treatment energies with high-energy accelerators
is either by the absorber and slits of the energy selection sys-
tem (ESS) or by machine adjustment (eg, synchrotron or
proton linac). The latter systems still require the use of fine
range-shifters in the eyeline to achieve the prescribed range.
The resolution of energy adjustments depends on vendor or
in-house design, informed by local clinical preferences.

Increased beam ranges (>36 mm) are available from
degraded high-energy gantry beams and some fixed hori-
zontal lines, opening the possibility of using lateral beam
treatments through the zygomatic bone. Multiple anterior
fields are being planned to reduce anterior dose and
improve planning “robustness” but must be weighed against
longer treatment times and potential side effects from multi-
ple anterior and lateral beam entrance doses. Dose “shadow”
behind the clips anterior to the tumor volume should be
taken into consideration.”” Optimization of treatment iso-
doses by multiple gantry fields is being investigated at
NWMPC (Chicago)’® along with the use of anatomic land-
marks for set-up positioning. Tumor control, eye preserva-
tion, vision loss, and patient-centered functional and
aesthetic quality of life outcomes will need to be compared
across proton beamlines to fully understand the benefits
and costs of adapting different systems.

Beam shaping

Collimators and compensators are costly to produce as they
are patient-specific. Apertures of 30 to 35 mm maximum



Table 2  Ocular Proton and Carbon Therapy centers, with machine, beam, and treatment room characteristics (from Schalenbourg and Zografos,>” personal communica-
tions, OPTIC QA Survey)
Lateral
penumbra
Accelerator Room Distal fall-off at  at 80%-20%

Centers; first Accelerator energy energy Treatment 90%-10% (mm) (mm)* in

treatment year Vendor type (MeV) (MeV) Beam type room * in water water Room configuration

MGH (HCL/F HCL/IBA Isochronous 230 159 Degraded; continuous; ~Shared room 6.0 1.5 Horizontal fixed
Burr), Boston, cyclotron passive-scattering beam; chair
USA (1975/

2001)

PSI (OPTIS2), Accel-Varian Isochronous SC 250 70 Degraded; continuous; Dedicated room, 1.5 1.6 Horizontal fixed
Villigen, cyclotron passive-scattering shared beam beam; chair
Switzerland
(1984)

CCC, Wirral Scanditronix Isochronous 62.5 60.1  Continuous; passive-  Dedicated room, 1.0 1.3 Horizontal fixed
UK (1989) (MC62 P) cyclotron scattering dedicated beam; chair

beam

LLUMC, Loma  Optivus Proton  Synchrotron 250 100 Degraded; pulsed; Shared room, 2.6 1.6 Horizontal fixed
Linda, USA Therapy Inc passive-scattering shared beam beam; chair
(1990)

CAL, Nice, MEDICYC- Isochronous 65 62.5  Continuous; passive- Dedicated room, 1.0 1.4 Horizontal fixed
France (1991)  Consortium cyclotron scattering dedicated beam; chair

beam

ICPO-Curie, IBA; Proteus Isochronous 230 75 Degraded; continuous; ~ Shared room, 2.8 1.6 Horizontal fixed
Orsay France Plus cyclotron passive-scattering shared beam beam; chair
(1991)

UCSF, San Crocker Nuclear 76-inch, 4- 67.5 59.2  Continuous; passive Dedicated room, 1.2 1.5 Horizontal fixed
Francisco, Laboratory sector scattering dedicated beam; chair
USA (1994) cyclotron beam

HZB-Charité, Scanditronix; K- Isochronous, 4- 72 64.7  Continuous; passive Dedicated room 1.0 1.9 Horizontal fixed
Berlin, 130 sector scattering beam; chair
Germany cyclotron
(1998)

INFN-LNS, LASA, Milan; K- Isochronous, 3- 62 60 Continuous; passive Dedicated room; 0.9 1.2 Horizontal fixed
Catania, Italy 800 sector SC scattering shared beam beam; chair
(2001) cyclotron

NIRS, Chiba, HIMAC Synchrotron 140 or 170 - Shared room; 2.3 4.0 Fixed horizontal and
Japan (1986- MeV/u shared beam vertical beams,

(Continued)
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Table 2 (Continued)

Lateral
penumbra
Accelerator Room Distal fall-off at at 80%-20%
Centers; first Accelerator energy energy Treatment 90%-10% (mm) (mm)* in
treatment year Vendor type (MeV) (MeV) Beam type room * in water water Room configuration
2003 protons), Carbon beam; pulsed; ocular nozzle,
(2001 carbon passive scattering couch
ions only) with wobbling
NCC, Seoul, IBA: Proteus Isochronous 230 60 Continuous; degraded ~ Shared room, 4.4 1.7 Fixed beam and
Korea (2009) 235 cyclotron by ESS; passive- shared beam gantry with ocular
scattering nozzle; couch
NWPC, IBA; Proteus Isochronous 230 - Continuous; degraded ~ Shared room; 34 2.0 Fixed horizontal or
Chicago, USA  Plus cyclotron by ESS, uniform shared beam inclined line or
(2011) scanning gantry with ocular
nozzle
IFJ/BCC, IBA; Proteus Isochronous 235 70 Degraded by ESS; Dedicated room 1.6 1.2 Horizontal fixed
Krakow, Plus cyclotron continuous; passive- beam; chair
Poland (2011) scattering
SCCA, Seattle,  IBA; Proteus Isochronous 235 63-90  Degraded by ESS; Shared room; 3.0 3.0 Gantry beam with
USA (2016) Plus cyclotron pencil beam shared beam eye nozzle; couch
and chair
UEFEPTI, Florida, IBA;Proteus Isochronous 230 105 Degraded by ESS; Dedicated room; 3.0 1.2 Horizontal fixed
USA (2012) Plus cyclotron continuous; passive shared beam beam; chair
scattering
CNAO, Pavia, PIMMS Synchrotron 229 62-90" Degraded; Pulsed; Shared room 1.5 1.4 Horizontal beam;
Italy (2016) Consortium pencil beam scanning inclined couch and
chair
SPHIC Siemens: Iontris  Synchrotron 250 (p); 430 (C) 70 (p)'i; Machine adjustable; Shared room; 2.0 (p)"'; na. (C) 1.3 (p)i; n.a. (C) Horizontal and
Shanghai, (protons and 85 (C)  pulsed; pencil/raster shared beam vertical beams;
China (2018) C ions) beam; ridge filter chair
HollandPTC, Varian; Isochronous SC 250 75 Degraded; continuous; Dedicated room; 2.8 1.7-2.2 Horizontal beamline;
Delft, ProBeam cyclotron passive-scattering shared beam chair
Netherlands
(2020)
WPE, Essen, IBA; Proteus Isochronous 235 82.5  Degraded; continuous; Shared room 2.0 1.3-14 Horizontal beamline;
Germany Plus cyclotron pencil beam chair
(2021)
Synchrotron 228 71" Shared room - -

(Continued)
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g diameter are common, which balance field uniformity with
2= § a sufficient dose rate. Patient-specific brass collimators are
:50 £ 3 universally employed but are labor-intensive and require
E % g special disposal procedures. Microleaf collimation, although
! . . . .
S '; § < technically possible, is not available at present. Mesh or
§ 2 9B microhole collimators for “spatially” fractionated proton ther-
T O «© . . .
&|O apy have been fabricated at Institute of Nuclear Physics of
Polish Academy of Sciences (IF] PAN) (Krakow) and aim to
- E g g reduce anterior dose and eyelid toxicity.” Three-dimensional
5§ g ;.‘, :E\ g printed collimators and compensators (polylactic acid) have
SERE* been developed at the Mayo Clinic PTC.” The gantry-adapted
- systems, using several individual pencil beams, offer wider
diameter fields of between 40 and 60 mm, which are suitable
-~
S8 for conjunctival tumors and avoid the need for field patching.
= g 2 Pencil beam scanning beams are employed at most high-
&5 z energy vendor systems, where a single beam covers or “scans”
—
§ &7 an aperture or if required, a larger field is obtained by scan-
S ning using several “adjacent” pencil beams. However, the
dose fall-off and penumbrae with pencil beam scanning
= beams for ocular tumors are generally wider than those pro-
g g duced by dedicated beamlines due to beam energy and flu-
g & ence degradation in the ESS, the size and proximity of the
= nozzle range absorbers (Table 2).”*”> Similarly, dose rate,
8 y
hence treatment time, is affected by the low efficiency of the
clotron ESS. Wedges are located on the patient collimators
= cy 8 p
. 2 g 2 and are made of polymethyl methacrylate (PMMA) or alumi-
& g3 :é‘; num (Fig. 4c). They are employed by a third of the centers, to
=] . .
g5 8 & spare posterior tissue and reduce the dose volume. These are
S| & A . . . .
2leg o particularly effective when used with sharply conformal iso-
< g 2 doses. Aperture fields may also have small “notches” that are
S = & created by small bulges on the collimator; these have been
. % o shown to offer very localized dose sparing at the optic disc
g 2% & & and macula (Fig. 4b)."
252 2%
& .
5 g8 Patient set-up
g B g &
g 5 s O
] % 2 fbg Most proton ocular centers at present use a similar planning
< £ 2 and beam delivery technique. The immobilization and
S5 ry q
—Fé 2 beamline system used an upright patient treatment configu-
=1 . . . .
. g s ration with a dedicated fixed proton beam line, although
= & g supine or inclined treatment couches are used at 3 centers
3 @ @ . .
8 & £ B (see Table 2). Chair and headframe movement adjustments
[ < . .
S 2 UE) % include standard orthogonal planes, pitch, and yaw correc-
< % 23 = tions. All centers use orthogonal digital panels for x-ray
Zcoi g imaging for simulation and patient positioning, although
S 2 3 . . . T .
28 SS configurations differ. Patient participation is fundamental in
— Q <
_§ o g e § % minimizing side effects from proton radiation by maintain-
§ p=) § g: 535 R ing a selected gaze direction, which has been optimized dur-
<
g £ T 88§ ing the planning process. If vision is impaired before
= IS = 5 .
< e = % g0 treatment, the contralateral eye can be used for gaze fixation,
§ - SEES with clinical assessment required to confirm positioning and
B < =] .
g 28 .3 S8 e & conjugate gaze.
S < g é % > § s 2 % Eyelid retraction (Fig. 4a) is clinically relevant to the short-
= : §0o 8 . .
3 S E 3 § g § E Ss38 and long-term effects of erythema, scarring, eyelash alopecia,
£ g 3
e 5 8 < & =8 |E=aS8 keratinization, aesthetics, and quality of life. For small and
e - medium tumors, most if not all the eyelids can be successfully
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Fig. 5.

Ocular Therapy facilities: (A) low-energy facility with dedicated treatment room at Charité-HZB; (B) adapted gantry

line SCCA; and (C) dedicated eye nozzle for a degraded beam in a shared room configuration at WPE.

retracted outside of the field by a combination of clinical exper-
tise, variable/multiple retractors, head tilt, and chair rotation
adjustment. For larger tumors, the upper eyelid is, by prefer-
ence, fully retracted to minimize lid keratinization, alternatively
a transpalpebral technique may be employed.*"**

Patient set-up, although an iterative and invasive process, is
extremely accurate, with submillimetric precision reported by
the OPT institutions. Eye motion monitoring during irradia-
tion is based on closed-circuit television camera viewing of the
treatment eye, with infrared lighting for improved contrast.
Proton therapy centers with established and dedicated eye
treatment programs have average annual throughputs from
100 to 300 patients (eg, CAL-Nice, Charité-HZB, CCC, Curie-
Orsay, MGH, PSI, UCSF). Gantry beamlines, adapted with
“eye” nozzles, are expected to have smaller patient throughput
but may increase treatment access due to the greater availabil-
ity of proton gantries with reduced travel time.

Dosimetry and quality assurance

The exceptionally sharp conformal beam characteristics of
ocular ion beams (Table 2), narrow fields, submillimetric
range prescription, as well as the linear energy transfer
quenching phenomenon at the Bragg peak, make significant
demands on quality assurance (QA) procedures.”’ An over-
view of the current QA and dose calibration practices was
obtained from a recent survey of current practices con-
ducted at 15 institutions, operating ocular particle therapy.’
The differences in proton therapy beamline design and
accelerator characteristics are reflected in the type and fre-
quency of adopted QA procedures (Table 3). Daily verifica-
tion of a machine’s beam output and beam range is
performed at most centers. SOBPs and lateral profiles are
verified daily by half of the centers, with the rest at weekly
or monthly intervals. The duration of daily QA at centers
varies from <15 minutes to more than an hour.

Five centers measure their proton depth doses (range and
SOBP) with a commercial phantom, for example, the QUBE
multilayer ionization chamber (DETECTOR) at the proton
therapy center in Orsay (ICPO), or an adapted commercial
device from RT. Ten of the centers use custom-made devices

Table 3 Summary of type and frequency of quality assur-
ance procedures in ocular proton therapy obtained from
the International Ocular Dosimetry Survey (2022)

Frequency (no. of centers)

Test Daily Weekly Monthly

Dose or output constancy  93% (14)  20% (3) 0% (0)

Range of energy constancy ~ 80% (12)  27% (4) 7% (1)

Shape of SOBP 47% (7) 27% (4) 13% (2)

Lateral profile (flatness 33% (5) 20% (3)  20% (3)
and symmetry)

Dose rate or treatment 36% (5) 21% (3) 0% (0)
time

Dose rate or MU 14% (2) 7% (1) 0% (0)
dependence

Coincidence of x-ray and 13% (2) 13% (2)  33% (5)
proton isocenter

Coincidence of light and 13% (2) 7% (1)  27% (4)
proton field

Laser alignment with 40% (6) 20% (3)  20% (3)
isocenter

Safety interlocks 71% (10) 7% (1) 7% (1)

Abbreviation: SOBP = spread-out-Bragg-peak.

(eg, multilayer ionization chamber at MGH; “baby Blue”
phantom (IBA-Dosimetry) and a small “horizontal” water
phantom at UFHPTI, parallel-plate ion chamber or diode
with PMMA/Perspex wheel at most other centers. A novel
and rapid daily range-verification method (at UCSF’) uses a
3D printed cone phantom backed with radiochromic film,
which simultaneously indicates (in <5 minutes) proton range
and x-ray-to-beam coincidence, resolved to within 0.1 and
0.2 mm, respectively. These devices are described in PTCOG
OPTIC symposium YouTube channel” and website.”

By contrast, commercial devices are used for lateral beam
profiles at half of the centers, which include radiochromic
film, 3D water phantoms, and scanning diodes (eg, PTW
and IBA). The Lynx 2D scintillator detector (IBA-Dosime-
try) is used to verify profile flatness, symmetry, and proton
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light-field coincidence at ICPO. Devices developed in-house
have achieved high precision and were economical to
develop, but now need to match the compactness, ease-of-
use, fast acquisition, and data analysis available in commer-
cial systems.

The International Atomic Energy Agency TRS-398 Code
of Practice for Dosimetry” is followed by all but one of the
survey respondents, although the choice of ion chamber (par-
allel-plate, cylindrical ionization, or both) and measurement
medium (eg, water and plastic) is varied. There are differences
in the beam output (clinical monitor units (MU)) determina-
tion for each patient field. An ionization-chamber measure-
ment in a custom-made plastic phantom provides a quick
dose verification in a reference field, whereas some centers (5
of 15) measure in water or with patient aperture (3 of 15), or
determine MU using an analytical model, look-up table, data-
base or the TPS. Most centers (13 of 15) apply a constant rel-
ative biological effectiveness factor of 1.1 to convert the
physical dose to the prescription dose, and one carbon center
uses TPS-calculated relative biological effectiveness. Linear
energy transfer depth corrections were not employed at any
center.

American Association of Physicists in Medicine task
group (TG) reports do not specifically include OPT, but
their methodology has proved invaluable. The TG-100"*
offers a “Failure Mode and Effect Analysis” for continuous
QA improvement, such as identifying as high-risk, those
treatments that use light-fields instead of x-ray alignment,
necessitating the implementation of additional cross-checks.
The TG-224" report recommends the comprehensive pro-
ton therapy machine QA for both passive-scattering and
scanning beam systems, but the suggested tolerances (=+1
mm) are not suitable for the precision required in OPT. The
TG-275" establishes effective review procedures, including
checKklists for chart review by therapy staff, with automation
in plan checking. This has motivated some centers to
develop patient-specific QA application software which
selects the appropriate range-modulator wheel to match a
patient-prescribed range and modulation, handles file trans-
fer to the machine shop for aperture milling and predicts
the MUs for a planned field.”’

A large staff group ensures good service robustness and
continuity, but if only a small fraction of staff time is dedi-
cated to eye treatments, this may be a challenge to safer and
consistent QA practice. The large variation in QA techni-
ques makes the case for closer collaboration, standardiza-
tion, and the adoption of the most effective techniques. It is
hoped that the clarification of QA specifications will influ-
ence the equipment vendors to develop QA products that
are specific to OPT.

Post-OPT Care Best Practices

Although definitive OPT achieves high local control
rates, "4 16192223 there are numerous potential clinical
complications that can occur. These include inflammation

and irritation of the eyelid, permanent loss of eyelashes,
scleral telangiectasias, occlusion of the tear duct, dry eyes,
cataracts, pseudorecurrence (tumor  inflammatory
response), neovascular proliferation, secondary glaucoma,
retinopathy, maculopathy, and optic neuropathy.”"*">"" 1%
More severe toxicities from radiation treatment are gener-
ally rare, including corneal limbal stem cell failure, necrosis
of the eyelid or sclera,'’"'”* and exudative retinal detach-
ment. Short-term surgical complications include perfora-
tion, diplopia, and postoperative hemorrhage. Tantalum
markers can cause conjunctival granuloma.

Although most patients are adults, specific attention to
treatment toxicity is also given to adolescent and young
adult (AYA) patients to optimize the management of UM in
this subpopulation. Specific understanding of AYA experi-
ence is reported by PSI where between 1997 and 2007, a
total of 272 AYA (aged <40 years) patients were identified,
and an additional 1984 adult patients were also treated.'””
Despite the excellent local control of tumors, nontrivial
treatment complications included vision loss from neovas-
cular glaucoma, maculopathy, optic neuropathy, retinopa-
thy, cataracts, and dry eyes. Nearly 50% of AYA patients
have tumors that are either near the optic disc or macula.
Some of these patients retain vision despite the high-dose
RT. Select patients are eligible for anti-vascular endothelial
growth factor (anti-VEGF) therapy.

With the significant toxicity trade-offs of treatment, there
is motivation toward developing more personalized and
accurate eye and tumor models that integrate MRI and fun-
dus photography in hopes of delivering still more conformal
RT with fewer long-term side effects. Because toxicities of
RT are predictable based upon treatment plans,”'**'°® sev-
eral strategies as described above in the surgical procedures,
treatment planning, and delivery can be implemented to
reduce critical structure dose and sequelae.

Specifically, toxic tumor syndrome can be treated by laser
ablation or transscleral or transretinal ablation of the irradi-
ated tumor and prevented by antiangiogenic therapy. Many
of the severe inflammatory toxicities of RT can be success-
fully treated with steroids, anti-VEGF therapy,”® vitrectomy,
or endoresection'”’” as appropriate, but sometimes enucle-
ation is necessary. Some teams use prophylactic anti-VEGF
therapy, for example, 1x/2 months for 6 months then 1x/3
months to reduce neovascularization of the anterior seg-
ment.'”” Neovascular glaucoma treatments include anti-
VEGF and laser treatment once the ischemic retina is reat-
tached. For radiation maculopathy, anti-VEGF therapy can
be used to attempt to preserve vision and microcirculation.
Angio-ocular coherence tomography may improve delinea-
tion of the foveal avascular zone.'”” Conjunctival granulo-
mas are easily corrected by clip removal.

Local failures for UM and conjunctival tumors have been
(re)treated with proton therapy. The ocular preservation
rate after UM reirradiation is 40% at 5 years and visual acu-
ity preservation of >20/200 in 30% of patients,”*”*" which
offers an effective salvage as compared with enucleation.
Further studies are necessary and with increased awareness
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has come greater consideration of screening for early diag-
nosis, identifying unique populations such as young adults,
and exploring new modalities such as targeted therapies and
immunotherapies.

Comparison with different radiation modalities

Comparative analyses between protons and other radiation
modalities are limited by selection bias. Meta-analyses and
systematic reviews show that plaques, as opposed to pro-
tons, are generally used for tumors with smaller base and/or
height and tumors away from the optic disc/macula.”'"’
Short- and long-term local control rates are generally higher
for charged particles when compared with plaque
brachytherapy.“>'"" In these studies, proton treatment out-
comes are represented by follow-up of patients treated
exclusively with the dedicated low-energy systems.

Although the “least often used” form of treatment, ° ste-
reotactic RT is provided in regions where established techni-
ques are lacking and/or due to patient circumstances. Normal
tissue dosing and vision outcomes have been noted to be
favorable after OPT versus other RT modalities for compara-
ble tumors.'”""” Proton therapy has been shown to result in
lower radiation retinopathy rates, most likely due to a more
uniform dose distribution and lower doses to smaller retinal
volumes overall.''” Reported short- and long-term local con-
trol rates for these techniques are more variable.''*''® Table 4
gives an overview of tumor control and eye preservation after
5 years in UM for different irradiation modalities.

Anterior eye complications are more common with pro-
ton beam delivery than other radiation modalities. These
are decreasing with contemporary OPT techniques in plan-
ning, dosing, delivery, and advances in expert ophthalmo-
lOgiC Care.24,1()6,1 19

Of note, a cost-analysis study in the United States
showed that short course OPT (4-5 fractions) may be more
cost-effective than plaque brachytherapy based on the

112

Table 4 Overview of tumor control and eye preservation
after 5 years of different irradiation modalities: proton ther-
apy (protons), brachytherapy using ruthenium-106 (Ru-106)
or iodine-125 (I-125) plaques, fractionated stereotactic radi-
ation therapy (LINAC [SRT]) and single fraction radiosurgery
(CyberKnife [SRS])

Tumor Eye

Irradiation control preservation
modality (after 5y) (after 5y) References
Protons 90%-99% >90% Hl23.42
Ru-106 80%-98% >90% w43
1-125 82%-99% ~90% s
LINAC (SRT) 85%-96% ~78% Ll
CyberKnife (SRS) ~ 71%-84% ~81% 3940

Abbreviation: ~ SRT =  stereotactic  radiation  therapy;
SRS = stereotactic radiosurgery.

current insurance schema.''® This is not representative
globally as the costs of treatment and its reimbursement
seem to depend strongly on national health priorities and
availability of plaques. Relative costs, with plaques or pho-
ton-based stereotactic radiation therapies, due to retinopa-
thy, clinic visits, vision loss, and other adverse effects are
under study and may also impact cost-effectiveness.''’

In clinical practice, however, the choice of treatment
modality is also dependent on the patient’s preferences,
with the local availability of the modality often playing a sig-
nificant role.

Future Directions and Conclusions

In continuing to pioneer excellence in care for ocular patients,
the most important developments require improved imaging
modalities, TPS, QA techniques, and vendor options for low
and high-energy beamlines, minimizing parameters such as
lateral penumbra and distal fall-off and improving dose
homogeneity and dose-rate. The 2022 Second International
Survey of ocular proton centers provided a consensus on the
most critical aspects of ongoing development and future
research, which are as follows (Table 5):

(1) Development of a commercially available and sustainable
TPS;

(2) Development of MRI imaging and fusion for target and
normal tissue delineation in treatment planning;

(3) Development of improved QA devices and standardiza-
tion of practice;

(4) Increased access to OPT.

In addition, eye tracking and gating during irradiation,
multi-institutional outcomes studies, clipless technique, bio-
logic treatment planning, multibeam and gantry-based
options, ultrahigh dose rate (FLASH irradiations), and other
particles (helium and carbon) were also noted to be impor-
tant for future study.

Because of the relatively low demand and the specific
technical requirements that need to be met, there is a limited
availability of dedicated ophthalmic proton therapy systems
in the industrial market. Therefore, advancements in this
field require finding a compromise between optimizing
parameters, ensuring availability, and managing costs within
commercial systems. This approach aims to provide an
effective solution for treating ocular diseases using proton
therapy while considering the limitations and constraints of
the current market. However, the excellent results achieved
in the past with protons at dedicated irradiation facilities
should not be uncritically transferred to facilities with other
proton qualities and it should be evaluated whether the new
solutions can confirm the excellent results achieved with the
dedicated systems.

Higher linear energy transfer particles, such as helium
and carbon, have shown similar local control rates to OPT’
but their sharper physical characteristics suggest clinical
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Table 5 Survey results on future outlook: “How do you rank the importance of the following developments to improve ocu-
lar particle therapy? (1-5)”
Most Very Not very Not
important important Important important important Weighted
1) ¢)] 3) (4) at all (5) average
TPS development 8 6 3 0 0 1.7
MRI imaging for target delineation 5 7 4 1 0 2.1
Development of QA devices/methods 2 9 6 0 0 22
Increased access to ocular proton therapy 4 4 7 2 0 2.4
Eye tracking/gating during irradiation 1 8 7 1 0 2.5
Multi-institutional outcome studies 3 5 7 2 0 25
Other development (1)* 1 1 1 1 0 2.5
Clipless treatments 1 3 9 4 0 2.9
Biological treatment planning (RBE/LET) 1 4 6 5 1 3.1
Multibeam/gantry-based treatments 1 4 5 5 2 3.2
FLASH (ultrahigh dose rate) 0 2 6 9 0 34
New particles (He, C, etc) 0 4 3 8 2 35
Grid therapy 0 1 5 9 2 37
Abbreviations: LET = linear energy transfer; MRI = magnetic resonance imaging; QA = quality assurance; TPS = treatment planning system.

advantage by offering decreasing integral and normal tissue
doses, which will mitigate late effects.

Advancements in imaging integration may improve the
quality and accuracy of derived eye models and eventually
completely obviate the role of the fiducial clips in the defini-
tion of the target volume and potentially image-guided
treatment. Although the high tumor control rates reported
by the established centers indicate that there is little room
for improvement in terms of tumor control, accurate models
in combination with “sharp” beams and optimization of the
full process can arguably play a positive role in reducing
side effects associated with treatment.

The treatment of ocular tumors with protons and
heavier charged particle techniques has been extensively
and rigorously evaluated over decades of scientific work.
This approach requires specific clinical and physics exper-
tise and great care in the application, so that optimal local
control and long-term eye preservation can be achieved.
Acute and late ocular morbidity are dependent on patient,
tumor and treatment parameters, thus, further clinical
exploration of techniques and a combination of clinical
modalities to maximize functional outcomes remain essen-
tial. Using a thoughtful approach, proton and other parti-
cle beam radiation can achieve high tumor control rates
with the potential of preserving the eye and useful vision,
optimizing the cost-benefit on the treatment of ocular
tumors and maximizing patient quality of life. Substantial
patient throughput and close cooperation between oph-
thalmology, RT, and medical physics are crucial for a suc-
cessful OPT service.
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