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Purpose: The advantages of ocular proton therapy are that it spares the optic nerve and delivers 
the minimal dose to normal surrounding tissues. In this study, it developed a solid eye phantom 
that enabled us to perform quality assurance (QA) to verify the dose and beam range for passive 
single scattering proton therapy using a single phantom. For this purpose, a new solid eye phantom 
with a polymethyl-methacrylate (PMMA) wedge was developed using film dosimetry and an 
ionization chamber.

Methods: The typical beam shape used for eye treatment is approximately 3 cm in diameter and 
the beam range is below 5 cm. Since proton therapy has a problem with beam range uncertainty 
due to differences in the stopping power of normal tissue, bone, air, etc, the beam range should be 
confirmed before treatment. A film can be placed on the slope of the phantom to evaluate the 
Spread-out Bragg Peak based on the water equivalent thickness value of PMMA on the film. In 
addition, an ionization chamber (Pin-point, PTW 31014) can be inserted into a hole in the phantom 
to measure the absolute dose.

Results: The eye phantom was used for independent patient-specific QA. The differences in the 
output and beam range between the measurement and the planned treatment were less than 1.5% 
and 0.1 cm, respectively.

Conclusions: An eye phantom was developed and the performance was successfully validated. 
The phantom can be employed to verify the output and beam range for ocular proton therapy.

Keywords: Proton therapy, Melanoma, Radiotherapy setup errors, Radiotherapy computer-
assisted, Film dosimetry
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Introduction

Proton therapy is significantly effective for treating ocular 

tumors because of the Bragg peak feature. The most com-

mon primary intraocular tumor is choroidal melanoma. 

Tumors arising in the choroid have a 30% chance of metas-

tasis at 5 years, whereas iris and conjunctival melanomas 

have a considerably lower risk. Tumor size is the most 

important prognostic factor. The proton radiotherapy of 

ocular melanoma results in overall satisfactory local control 

rates of 97% at 5 years, 96% at 10 years, and 94% at 15 years, 

with overall tumor specific survival rates of 91% at 5 years, 

83% at 10 years, and 79% at 15 years.1) Small melanomas are 

typically asymptomatic, and it can be difficult to differenti-

ate them from various benign conditions. Small tumors can 

be enucleated with indine-125 or ruthenium-106 plaque 

brachytherapy, protons, or other local treatment options.2) 

Eye treatment using proton therapy should be evalu-
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ated to determine the accuracy and quality of treatment, 

and ocular treatment validation is essential. Gradoudas 

et al.3) introduced proton therapy for patients with ocular 

melanoma in 1974. Subsequently, Goitein and Miller4) de-

veloped a computer-based treatment named EYEPLAN,5) 

which has been used to treat over 20,000 patients world-

wide. Reducing the risk of side effects requires more ac-

curate prediction of the dose to which critical organs and 

structures are exposed. To address this issue, Newhauser et 

al.6) proposed the use of Monte Carlo simulations with an 

analytical model for EYEPLAN measurements. 

Radiochromic film dosimetry is suitable for radiotherapy 

applications, particularly particle therapy.7,8) Radiochromic 

EBT3 films consist of two 0.125-mm-thick layers of polyes-

ter foils and a 0.030-mm active layer sandwiched between 

the polyester layers, resulting in a total thickness of 0.280 

mm.9) The films can perform dose characterization and 

verification and determine the quality of radiation beams. 

The technique provides several advantages. For example, 

other tools for the 2D measurements of dose distribution 

have limited resolution. However, films can provide ex-

tremely high resolution for optical density changes, which 

stabilize rapidly within 2 hours, even though the recom-

mended duration for measurement is 8 hours. Addition-

ally, dose to response uniformity is good at less than 1.5%.10) 

Finally, specific information such as reference values or an 

electrometer within ion chambers are not required. 

However, EBT3 films have disadvantages such as en-

ergy dependence and the requirement for a chemical 

response.11) Radiochromic EBT3 films show the same do-

simetry response to proton beams as their counterparts for 

protons in the proximity of the Bragg peak, specifically with 

regard to underestimating the dose in the peak region.10) 

This behavior must be understood to analyze the quench-

ing of the proton beam at the Bragg peak. The quenching 

effect is directly related to the linear energy transfer (LET) 

of radiation particles (Birks 196412), Torrisi 200013)). Infor-

mation about the LET distribution in a phantom is neces-

sary to account for this effect.14) 

The aim of this study was to create a method for the sim-

ple and accurate measurement of the proton depth profile. 

Accurate measurement requires a correction factor for the 

quenching effect, which depends on the energy used for 

ocular treatment. In this study, proton beam therapy was 

used for eye tumor treatment with low energy (approxi-

mately 60 MeV). Range checking was improved using EBT3 

films, and predicted dose was analyzed using output values 

with ionization chamber. The tool for particle simulation 

(TOPAS) was used for performing accurate simulation with 

the Monte Carlo wrap program. 

Materials and Methods

1. Patient delivery quality assurance

The monitor units (MUs) used for proton therapy treat-

ment are required during patient quality assurance (QA). 

Generally, patient delivery QA requires a water phantom, 

ion chambers, and a diode-type reference chamber. The 

resolution of the diode (SFD Stereotactic; IBA, Schwar-

zenbruck, Germany) should be less than 2 mm, and 

farmer-type chamber rolls should be used as reference ion 

chambers. In addition, reference chamber checks must be 

performed for the calibration of the output for calculat-

ing patents’ dose. In the diode-type chamber, the effective 

point for measurement which needs to obtain accurate 

value is less than 0.9 mm, the diameter of the active area is 

0.6 mm, and the thickness of the active volume is 0.06 mm. 

Additionally, the film range is measured after proton ir-

radiation. The depth profile can be measured to determine 

the proton beam range and spread-out Bragg peak (SOBP). 

This process identifies the matching parameters between 

planning using a treatment planning system and a conve-

nient algorithm from IBA (CONVALGO). This CONVALGO 

is a sort of simulation data which IBA supports. Eye treat-

ment is performed after patient QA, and the MU utilized 

for patient treatment with an ionization chamber at the 

middle of the SOBP is verified.

2. New designed phantom

A phantom was designed considering the water equiva-

lent value for PMMA, i.e., 1.16. The depth profile of the pro-

ton beam cannot measured using the EBT3 film because of 

the quenching effect of film; therefore, an entry’s slope is 

required for irradiation. In addition, the slope of the phan-
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tom provides an angle that does not require the correction 

of the proton beam depth measured in water. In this case, 

the new specifications for the phantom are as follows: a 

height of 6 cm, a width of 10.21 cm, and a length of 11.84 

cm (Fig. 1). This is because the range of the proton beam 

for ocular patients is less than 10 cm. A smaller phantom 

provides an accurate proton beam range and save time for 

the process of setup.

The PMMA phantom can be used for two types of mea-

surements: in vivo dosimetry with film QA and absolute 

dose measurement with a pinpoint chamber (PTW 31014). 

The new eye treatment phantom is separated into two 

parts. One part is used for measuring the range for placing 

an EBT3 film on PMMA, while the other part consists of a 

chamber hole inside which PMMA is placed. The two parts 

of the phantom are necessary because one measures the 

proton beam depth and energy and the other determines 

the dose for patient treatment. 

3. Radiochromic film measurement

Gafchromic EBT3 films were used to measure the proton 

beam depth. Calibration curves were created for an inci-

dent proton energy of 113.9 MeV (range at water depth is 

10 g/cm2) in the proximal region at a beam entry’s area; ap-

proximately 2 to 3 g/cm2; the closer to the bragg paek has 

been reaching the quenching effect. The films used to con-

struct the calibration curve were obtained from the same 

batch as that used for measurements and stabilized for 8 

hours between irradiation and scanning.9) The irradiated 

films were scanned in a consistent orientation using Epson 

10000XL and 11000XL (Epson, Long Beach, CA, USA) at a 

resolution of 75 dpi (0.3387 mm). The dose–response curve 

equation was obtained using 5th degree interpolation data, 

which were generated for doses ranging from 0 to 10 Gy in 

the red channel.

4. Setup for phantom

The fixed gantry for proton therapy with an eye snout 

consisted of a beam field with a diameter of 6 cm, which 

was set up as a circular area with a diameter of 4 cm. This 

proton beam was used in the single scatter mode with-

out an initial scatter at the location of phantom to open a 

brass block and installed at the end of the eye snout. The 

distance between the ends of the eye snout and the center 

Fig. 1. The scheme of fabricated polymethyl-methacrylate 
(PMMA) new phantom. a, a certain variable; L, length of PMMA 
phantom’s slope; H, height of PMMA phantom; W, width of 
PMMA phantom.

Fig. 2. The setup of fabricated new 
phantom for ocular treatment within 
2nd check ; depth and dose. (a) 
Measurement of range with EBT3 
film, (b) confirmation of dose using 
ionization chamber.

a b
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of the PMMA phantom was 20 cm (Fig. 2). Fig. 2 shows the 

schematic of the side view of the setup utilized to measure 

the beam range and dose for patients. There was an air 

gap between the ends of the water phantom on the beam 

path. The size of the eye beam field at the end of the beam 

pipe was approximately 2.5 cm. The proton beam field 

size was increased owing to interactions with the materi-

als in the beam delivery system, such as the ion chambers, 

single scatter, and range modulator. When the 2.5-cm-

diameter core of the eye treatment beam was injected from 

the nozzle beam pipe into the beam delivery system in the 

fixed-gantry room, the proton beam was spread out owing 

to scattering by the materials in the beam path. The pro-

ton beam range was defined as the depth from the water 

surface to 90% of the peak position proximal to 90% of the 

peak position in the distal falloff. 

5. TOPAS

TOPAS wraps and extends the Geant4 simulation toolkit 

to provide an easy-to-use application for medical physi-

cists. TOPAS serves as a parameter control system while 

Geant4 is a framework for simulating the fundamental 

physical process for the passage of particles through mat-

ter. The aim of TOPAS is to make proton simulation reliable 

and repeatable. It can improve accuracy and reduce the 

error caused by the setup. Additionally, TOPAS is an open 

access tool, and it can be easily used by beginners.15)

Fig. 3. The energy dependence results of depth dose profiles at Bragg peaks. (a) Bragg peak of 46.0 MeV, (b) Bragg peak of 32.0 MeV.
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Fig. 4. The Comparison depth dose profiles between EBT3 film and water. (a) Represents the same value of beam range and SOBP, full 
modulation case, (b) general case of proton therapy for ocular tumors. SOBP, spread-out Bragg peak. 
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Results

The beam conditions of the patient’s proton treatment 

plan were delivered to the EBT3 film on the new QA phan-

tom. A dose of 200 cGy was delivered to the films at the 

point depth of the Bragg peak. Fig. 3 shows the depth–dose 

curves for the two measured proton beams. The curves 

were compared to the dose–depth profile for the Bragg 

peak between water-based measurements and the EBT3 

films. The red line represents film data while the blue line 

represents the water phantom at the same energy: 46.0 

(Fig.3a) and 32.0 MeV (Fig.3b). The results exhibit good 

agreement with the profile at the proximal position of the 

beam range. The depth profile and energy have a linear re-

lationship in this low energy region. The quenching effect 

on the EBT3 films is observed around the peak position. 

The quenching effect is more apparent when energy is 

high, and it is less than 10% at the top of the Bragg peak at 

low energy. Previous studies have shown the 10% quench-

ing effect is observed at an energy of over 100 MeV. How-

Fig. 5. The EBT3 film analysis ocular tumor data which depend on proton energy. EBT3 film data (a) 57.7 MeV, (b) 46.0 MeV, and (c) 32.0 
MeV. Depth dose profiles (d) 57.7 MeV, (e) 46.0  MeV, and (f) 32.0 MeV, and lateral profilers from EBT3 film (g) 57.7 MeV, (h) 46.0 MeV, and 
(i) 32.0 MeV.
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ever, energy is less than 100 MeV in this work.16) Therefore, 

the depth–dose profile for the EBT3 films may not require 

other correction factors for the measurement of the beam 

range. 

Fig. 4 shows the comparison of the range and SOBP 

measurement using the water phantom and film dosimetry 

for the new QA phantom. The beam was formed for each 

patient using the scatter and range modulator, resulting 

in a flat depth–dose distribution. The final lateral shape of 

the proton beam was formed by a brass collimator, which 

was individually prepared for each patient according to 

tumor shape and position. The proton beam depth profiles 

observed with the water phantom and films were different. 

Fig. 4a presents the general case for a full modulation pro-

ton beam, and Fig. 4b presents the case for the same beam 

range and SOBP. Both images are in good agreement with 

the percent depth–dose profiles. The profile data matched 

the beam range at the entrance dose between measure-

ments with the phantom and in the water. This is because 

the proximal region is not affected by the quenching effect 

and the beam range corresponds with the distal falloff re-

gion. 

The RIT 113 film dosimetry system software (V.5.2.; RIT 

Inc., Denver, CO, USA) was used to measure the range, 

symmetry, and flatness of the beam, as shown in Fig. 5. 

Irradiated and exposed films were scanned, and lateral 

profiles were extracted from perpendicular and parallel 

films. The beam range used for eye tumors was small, with 

a diameter of approximately 2.5 to 3 cm. The final lateral 

shape of the proton beam was formed by a brass collima-

tor, which was individually prepared for each patient ac-

cording to tumor shape and position. The lateral profile of 

the proton beam was measured with the EBT3 film in the 

fully modulated SOBP. 

Fig. 5 shows the analysis results for the EBT3 films for an 

ocular patient plan. The RIT 113 software was employed for 

film evaluation during dose field mapping. Fig. 5a–c show 

the dose distribution according to the dose, Fig. 5d–f show 

the depth–dose profile obtained using the EBT3 films, and 

Fig. 5g–i show the lateral profile of the proton beam. The 

symmetry, flatness, and quality of the beam were deter-

mined using the RIT 113 software (Table 1). The lateral 

profiles were measured from the films irradiated parallel 

to the beam axis.17) The main characteristics of the lateral 

distribution are shown in Table 1. The clinical tolerances 

adopted for the treatments were symmetrical around 3%, 

and the penumbra was less than 1.5 mm. 

Table 1. The properties of different proton beam energies with 
EBT3 films

Variable
Proton beam energy (MeV)

57.7 46.0 32.0

Range (g/cm2) 3.08 2.04 1.06

SOBP (g/cm2) 2.95 2.04 1.06

Symmetry (%) 1.98 3.39 3.77

Flatness (%) 2.40 3.08 3.40

Penumbra (mm) 1.41 1.41 1.41

SOBP, spread-out Bragg peak. 
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TOPAS, tool for particle simulation; MLIC, multilayer ionization 
chamber. 

Table 2. Comparison of depth and dose data obtained from 
single passive mode proton therapy performed using water and 
fabricated phantoms

Range with water 
phantom (cm)

Range with 
EBT3 film (cm)

Differences of 
range (cm)

Error (%)

2.64 2.57 0.07 1.27

3.16 3.07 0.09 −0.30

1.06 1.16 −0.10 −1.52

2.06 2.08 −0.02 −1.46

2.60 2.48 0.12 −1.23

2.70 2.57 0.13 −0.70

2.61 2.62 −0.01 −0.07

2.2 2.17 0.03 1.40

1.8 1.78 0.02 −0.76

1.62 1.58 0.04 0.0
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Discussion

Ocular proton therapy requires high accuracy and reso-

lution; therefore, quality control using a 3D water phantom 

is recommended for every treatment. However, there is 

no second check of patient delivery data or a simple pro-

cess for quality control. To solve this problem, a simple 

phantom was developed in this study for measurements 

using TOPAS. Fig. 6 shows the depth–dose profile results 

obtained from TOPAS, the EBT3 films, and the multilayer 

ion chamber. The new phantom can measure the beam 

depth profile and current value for patient dose. Table 2 

shows the beam depth profiles obtained using the water 

phantom and new PMMA phantom. The data for the depth 

range and output factor for ocular therapy are provided for 

10 patients. The differences of proton beam measurement 

from most patients’ plans between water and EBT3 film 

were smaller than 1.2 mm and less than 4% of the treat-

ment range. In addition, the output for which calculated 

patients’ dose were less than 1.5%. These data were quite 

sensitive since this case had the shortest range with a mod-

ulated beam. 

Conclusions

The preliminary results show the depth–dose profiles ob-

tained using the EBT3 films. The proton therapy has origi-

nally uncertainty, but the lower energy has less quenching 

effect on the EBT3 films promising candidate for dosimetry 

in various applications.11) High energy causes quenching 

at the EBT3 films. However, the proposed method uses 

relatively low energy below 60 MeV for ocular tumors. We 

obtained the beam range from the EBT3 films using an ex-

tremely simple and useful technique to check the proton 

beam range. Proton therapy for eye treatment provides the 

advantages of precise target conformity and a low integral 

dose with negligible secondary neutron doses.18) A new eye 

phantom was developed, and its performance was evalu-

ated successfully. The phantom was useful for verifying the 

output and beam range for ocular proton therapy.
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