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Introduction

Ocular tumors are overall rare malignancies that can 
threaten vision, quality of life, and life expectancy. Radiation 
therapy (RT) with external beam radiation, plaques, 
stereotactic techniques and charged particles, including 
proton beam radiation therapy (PBRT), helium and 
carbon ion therapy, have been used in treatment. Proton 
beam radiation is well established as the “gold standard” 
treatment for ocular melanomas (OMs), the most common 
primary adult tumor of the eye (1-15). PBRT results in high 
local control (LC) and relatively high eye preservation rates 
with long follow-up in multiple international studies. PBRT 
has also been used in the context of other ocular conditions 
including conjunctival melanomas, choroidal metastases, 
retinoblastomas, angiomas, circumscribed and diffuse 
hemangiomas, and macular degeneration (10).

OM is the most common worldwide indication for 
proton beam therapy for ocular tumors. Also referred to as 

uveal melanoma, it includes choroidal, ciliary body and iris 
melanomas. Primary RT has been the standard of care for 
decades, and the potential benefits of PBRT include improved 
tumor dose delivery and decreased collateral damage due to 
its uniform dose distribution throughout the tumor volume, 
minimal scatter, significant dose rate, linear energy transfer, 
and sharp dose falloff outside the target region (9-13).

LC is a primary endpoint in evaluating the utility of 
radiation practices for OM. Retrospective data, prospective 
randomized studies, and meta-analyses have shown 
consistently high LC after proton treatment, on the order 
of 95% or greater (1-15). Furthermore, since the physical 
quality of a proton beam allows for reduced peripheral doses 
on critical structures, this can result in improved clinical 
outcomes in terms of eye retention and functional vision 
preservation. Proton treatment has developed tremendously 
over the past decades in terms of treatment planning, dose 
delivery, and post-RT care to maintain a high level of tumor 
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control while reducing the incidence and/or severity of 
side effects. Pioneering work by dedicated ocular oncology 
particle centers worldwide has led to excellent results with 
PBRT for OM patients (1-15).

PBRT for ocular tumors can be difficult to access due 
to limited centers with the required capital equipment and 
clinical and physics/treatment planning expertise. In the 
future PBRT may be more accessible to patients as centers 
are being developed and as with all available radiation 
techniques, appropriate patient selection and education 
regarding the most effective treatments is crucial.

Epidemiology of OM

Among eye tumors, OM is the most common primary 
intraocular malignancy of adults and occurs in the uveal tract 
or vascular support layer of the eye. It includes tumors of the 
choroid most commonly, as well as the iris and ciliary body. 
The annual incidence is estimated to be between four and 
seven cases per million people in the United States, Canada, 
and Europe. OMs in the U.S. represent approximately 3–5% 
of all melanomas. Uveal melanoma occurs more frequently 
in light-skinned people with light eyes. A steady increase 
in incidence with age is seen, with peak incidence between 
60–79 years of age, while less than 2% are younger than  
20 years old at the time of diagnosis (16-18).

The etiology of uveal melanoma is largely unknown, 
and there is mixed evidence regarding genetic susceptibility 
and host factor patterns along with environmental factors 
such as exposure to sunlight, welding flashburns, and other 
factors. More recently, gene expression profiling data shows 
that a more accurate assessment of prognosis is possible 
with a transcriptomic classification of uveal melanomas 

based on RNA analysis of the primary tumor. A “class 1a” 
signature is associated with an excellent prognosis, whereas 
a “class 1b” and “class 2” signature portends higher risk of 
metastatic death respectively (19,20).

Diagnosis and work-up for ocular proton radiation

The evaluation of patients with possible ocular tumors 
may include clinical examination, fundus/iris photography, 
ocular ultrasonography, as well as other diagnostic tests 
such as visual field testing, indocyanine green angiography, 
optical coherence tomography, and CT/MRI. Fine needle 
aspiration and gene profiling of tumor samples can be used 
for diagnostic and prognostic purpose. Metastatic work-up 
may include laboratory testing such as liver function tests 
and liver imaging with CT, PET-CT, MRI, or ultrasound 
and may include chest imaging. 

In small, indeterminate, pigmented tumors (<3 mm thick 
and <10 mm in diameter) without associated risk factors, 
serial observation of these lesions may be considered unless 
growth, development of associated risk factors or clinical 
changes is documented. Approximately two thirds of these 
lesions may not grow and many such patients are allowed 
to maintain good vision in an eye that otherwise would 
have had marked treatment effects (21,22). For medium 
and large-sized OM tumors, various surgical and radiation-
based therapeutic alternatives are reported in the literature. 
Surgical intervention includes local resection with or without 
adjuvant radiation, enucleation, or exenteration. Radiation 
modalities include plaque brachytherapy, charged particles 
(i.e., protons, helium, or carbon), and radiosurgery. Both 
prospective Collaborative Ocular Melanoma Study (COMS) 
and retrospective studies demonstrate comparable survival 
rates between enucleation and irradiation. Selecting the 
optimal radiation modality is dependent on tumor and patient 
parameters as well as accessibility to specialized treatment 
facilities. Proton beam radiation is considered the “gold 
standard” of care for OM treatment due to the high level of 
tumor control and eye preservation achieved (10-15,23-25).

Proton beam radiation technique

In preparation for proton beam treatment, patients 
undergo a thorough work-up as described above with their 
ocular oncology and radiation oncology team. Following 
diagnostic work-up and confirmation of planned proton 
treatment, the patient will undergo surgical placement of 
tantalum marker rings (Figure 1). These rings are placed at 

Figure 1 Tantalum marker ring insertion at time of surgery in 
preparation for proton beam radiation.
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the tumor border on the sclera and serve as radiographic 
markers of the tumor edge for treatment planning and daily 
image guidance. Following surgery, the patient undergoes 
a radiation simulation in which an immobilization device 
is prepared and the markers are imaged on X-ray for 
confirmation of their three dimensional positioning in the 
eye. Thereafter the treatment planning can be completed in 
anticipation of treatment.

The EYEPLAN software used for treatment planning 
was developed by Goitein and Miller at MGH and 
has since been modified (26,27). The input data to the 

planning program includes (I) the spatial coordinates of 
the rings relative to the axis of the eye, obtained from 
orthogonal X-ray films; (II) the axial length and tumor 
height as measured on ultrasound; and (III) the shape of 
the tumor as drawn manually on the computer screen. The 
tumor relation to the rings is obtained from the surgeon’s 
mapping, fundus drawing, fundus photography, as well 
as three-dimensional (3D) MRI images. The program 
schematically displays a line drawing of the patient’s eye, 
including such anatomic structures as the globe, lens, optic 
nerve and macula. 

The optimal gaze direction is established which 
minimizes the dose to critical structures including optic 
nerve, macula, lens and cornea. An aperture is designed to 
define the shape of the field, generally with a 2 to 3 mm 
margin around the projection of the tumor in the beam’s-
eye-view, which allows for possible microscopic extension 
of the tumor, small errors in patient setup, movement of the 
eye during treatment and beam penumbra (Figure 2A,B). 
The appropriate depth of beam penetration and width of 
the spread-out-Bragg peak (SOBP) necessary to encompass 
the target volume is determined. Dose-volume-histograms 
are produced for each structure and the dose distribution 
is assessed in different planes (Figure 3). The relationship 
of the rings to the beam and collimator are projected to 
ensure proper planned tumor coverage and daily treatment 
alignment. On treatment days, desired patient position, 
gaze angle, and possible eyelid retraction from the field are 
appropriately set and treatment position is verified usually 

A B

Figure 2 EYEPLAN treatment plan example. (A) Beam’s eye view of eye model, marker rings, optic disc, macula, lens, limbus, and tumor depiction 

with marginal treatment aperture; (B) lateral view with marker rings, normal eye structures including optic nerve, and tumor depicted.

Figure 3 Dose distribution on fundus photo superimposition.
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with flat panel digital images (Figure 4). The radiation is 
generally delivered over 4 to 5 days and the dose across 
worlwide institutions for choroidal melanoma is generally 
56–60 GyE in 4 daily fractions up to 70 GyE in 5 fractions. 
Small posterior macular tumors have been given 50 GyE in 
5 fractions at one institution (10).

Other ocular conditions are treated with proton radiation 
for excellent LC and are dosed variably. A recent survey 
of dedicated ocular centers treating other malignant and 
benign conditions used the following schemas. Conjunctival 
melanomas may be treated to equivalent dose as choroidal 
melanomas, however are usually in the context of 
multimodality treatment including surgery, chemotherapy 
and adjuvant radiation. Hemangiomas have been treated 
with dosing between 15 to 20 GyE in 4–8 fractions with 
either marker ring delineation or clinical light field set-up.  
Macular degeneration has been treated to a total dose of 18 to  
24 GyE in 2–4 fractions with clinical light field alignment. 
Angiomas have been given 18 to 35 GyE in 4–8 fractions.  
Choroidal metastases area treated from 20 to 60 GyE in 
2–4 fractions generally depending on the histology and the 
estimated radiosensitivity. Retinoblastoma has been treated 
with protons to 31.6 GyE in 6 fractions (10).

The use of MRI technology is potentially of interest to 

ocular proton RT centers, however there are significant 
challenges to implementation into the major current 
model-based eye planning software (EYEPLAN® TPS). 
MRI offers (I) potential confirmation of surgical tantalum 
clip placement in relation to tumor and eye, appearing as 
voids post-operatively on MRI (versus CT in which metal 
artifact is present). MRI may be particularly significant 
for tumors that are more difficult to mark, or for newer 
surgeons as a benchmark for surgical ring assessment; (II) 
MRI serves as a 3D confirmation of the tumor and critical 
structure anatomy used in treatment planning model. For 
certain benign tumors or nonsurgical candidates, MRI 
assists in planning requiring clinical set up; (III) axial 
length can be confirmed on MRI, particularly if an eye is 
post-surgery, post-cataract and an axial length cannot be 
properly estimated with ultrasound; or as a reconfirmation 
of ultrasound measurement if a discrepancy is suspected (left 
to right eye axial length; very large or small axial length); 
(IV) also MRI can be used for additional visualization of 
hemorrhage and detachment. Dedicated proton ocular 
centers have developed an excellent approach over decades 
for ocular tumor treatment. The common practice uses 
fundus photography, clinical/surgical assessment, and 
ultrasound which can be incorporated well into the widely 

Figure 4 Daily electronic portal imaging overlays with treatment plan to determine required shifts in three-dimensional coordinates.
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utilized eye planning software EYEPLAN®. As imaging 
advances and new proton centers arise requiring surgical 
and planning expertise to develop, MRI incorporation 
into the current eye TPS may improve the accuracy, 
reproducibility, and quality of care.

Proton beam results for uveal melanoma

Numerous reports on proton beam therapy describe 
5-year LC for uveal melanomas, in the range of 95% or 
greater. With 15-year follow-up, authors report excellent 
sustained LC at ~95%. Five-year overall survival is 
approximately 80% across series (range, 70–88%), with 
small tumors ranging 95–98%, medium 80–86%, and 
large 60%. For class 1a tumors, overall survival is generally 
95%, class 1b is approximately 80%, and class 2 is 50% 
or lower. Enucleation rate after proton therapy at 5 years 
is approximately 10% (range, 0–25%) with small tumors 
ranging 2–3%, medium 7–8%, and large 22–25%. The 
overall enucleation rate at 15 years is approximately 15% 
(1-10,28-32).

More than 3,000 patients with uveal melanoma have been 
treated with protons at the Harvard cyclotron (28,29). The 
prescribed dose in their series is 70 cobalt gray equivalent 
(CGE) in 5 fractions, assuming CGE = proton Gy × RBE 
1.1. Reporting on more than 2,000 of their patients, their 
LC at 5 years was 97% and at 15 years was 95% (4).  The 
5-year actuarial survival for the patients treated with 
protons was 78.5% for the entire group with 98%, 86%, 
and 58% survival for patients with small, intermediate, and 
large melanomas, respectively. The 5-, 10-, and 15-year 
tumor-specific survival rates were 86%, 77%, and 73%, 
respectively. Factors that predict decreased survival include 
larger tumor diameter, ciliary body involvement, older age, 
and the presence of extrascleral tumor extension (30).

Egger et al. at the Paul Sherrer Institute confirmed these 
findings reporting on 2,435 patients treated between 1984 and 
1998 with 54.5 Gy in 4 fractions (corresponding to 60 CGE).  
The LC rate was 96% at 5 years and 95% at 10 years.  
A higher 5-year local failure rate of 29% was found in 
patients treated with a reduced safety margin due to proximity 
of the tumor to the fovea. The 10-year cause-specific  
survival (CSS) was 73% for patients with controlled tumors 
versus 48% for those with local recurrence, showing 
potentially a relationship between LC and CSS, different 
from other findings such as those of the COMS Group 
trials (9).

A dose comparison study randomized 188 proton ocular 

patients to 50 vs. 70 CGE in 5 fractions and found no 
significant difference between dose regimens in terms of 
ocular toxicity or LC at 5 years (31). Presently 50 CGE in 
5 fractions is used at this one institution for small posterior 
macular tumors, and otherwise 70 CGE for most tumors. 
The vast majority of institutions currently treat with dosing 
of 56–60 GyE in 4 fractions for choroidal melanomas (10).

A comprehensive recent meta-analysis reviewed patients 
undergoing brachytherapy (n=3,868 patients) and particle 
(n=7,043 patients) treatment for OM (11). Weighted by 
study sample size and with an average of 5 years follow-up,  
brachytherapy studies showed a weighted average local 
failure rate of 9.5% vs. particle studies 4.2%. Of note, the 
particle studies had better results overall despite having 
somewhat larger tumors to treat on average. Likewise, 
the UCSF-LBNL randomized trial of helium vs. plaque 
treatment update showed improved results from helium 
particles with long-term higher LC, eye preservation and 
disease-free survival rates at 12 years follow-up (23).

In terms of enucleations post proton treatment averaging 
10%, approximately half are performed for complications 
related to neovascular glaucoma (NVG) (1-10). The 
remainder of enucleations is done for local salvage after 
recurrence, and treatment of other complications, including 
retinal detachment, severe inflammation, painful eye, and 
functional loss. The rates of NVG have lowered recently 
perhaps due to changes in treatment planning dose-
volume parameters, particularly in relation to anterior 
chamber dosing, as well as changes in early intervention 
and treatment of NVG with anti-VEGF therapy and other 
techniques (33). Enucleation rate is shown to vary based on 
risk factors including tumor height and diameter, volume 
of lens irradiated, tumor distance from optic disc/macula, 
retinal detachment, ciliary body involvement, patient 
gender, intraocular pressure, and baseline visual acuity. The 
majority of enucleations are done between 0–3 years after 
treatment, but can be required at longer follow-up as well. 
Useful vision preservation (>20/200) with proton irradiation 
is reported at 3-year to be variable in the range of 40–65%. 
Important factors include tumor height, distance from optic 
disc or fovea, retinal detachment, and initial visual acuity. 
A recent comparison of patients treated with stereotactic 
radiation versus proton beam showed improved visual 
outcomes in the proton cohort (1-10,34-36).

Recurrent tumor without signs of metastatic disease most 
often requires surgical salvage, though proton re-irradiation 
for local relapse has been described (37). A second course 
of proton therapy between 48–70 CGE (for a total lifetime 
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dose of 118–140 CGE) was delivered to 31 patients with 
resultant 5-year rates for LC of 69%, overall survival 64%, 
eye-retention 55%, and useful vision preservation in 27%.

Interestingly, a recent study of OM-specific treatment 
costs showed the relative cost-effectiveness of proton 
treatment compared with brachytherapy. Based on national 
inpatient and Medicare payments, the mean total treatment 
cost for plaque was found to be higher than proton 
beam and that both were higher than enucleation (38). 
Proton beam requires a single surgery and is given over 
4–5 fractions, whereas plaque requires two surgeries and 
additional inpatients costs which may account for some of 
the difference in cost overall found in the study.

Follow-up

After proton treatment for uveal melanoma is complete, 
patients should be followed closely for local recurrence 
as well as distant disease. Patients should undergo a 
thorough clinical examination, with ocular ultrasound every  
3–4 months for the first 2 years and then spaced to every  
6 months for an additional 2–3 years and then annually. Liver 
function tests and imaging are done according to tumor 
parameters, genetic classification, and patient/physician 
preferences.

During the first months after treatment, some tumors may 
continue to enlarge or there may be retinal detachment or 
bleeding present that cause the appearance of growth, before 
shrinking. Historically these tumors were often enucleated 
immediately. These tumors may instead be followed for 
a finite amount of time (i.e., 3 months) and enucleated if 
continuous growth is measured or if other high risk features 
are noted during the observation period (16). Other ocular 
conditions may vary in terms of follow-up based on benign or 
malignant condition and potential for disseminated disease. 

Conclusions

The treatment of uveal melanomas and other ocular tumors 
has been extensively evaluated for decades and proton beam 
therapy is considered the gold standard of care. PBRT 
approaches require specific expertise and great care in the 
application so that optimal LC, eye conservation, and long-
term visual preservation can be achieved. 
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