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Abstract
Proton therapy and plaque-based brachytherapy are considered efficient radiotherapy modalities for
intraocular tumor irradiation. The current study aims to measure and compare the dosimetric features of
these methods through a film dosimetry approach inside an eyeball phantom.

A 3D-printed PLA (polylactic acid)-based eyeball phantom was applied for phantom irradiation. For
brachytherapy, COMS and CGD plaques respectively containing the 125I and 106Ru radioactive sources
were employed. Proton irradiation was performed using the clinical beamline of the CNAO oncological
hadron therapy center. PDD (percentage depth dose), transverse dose profile, 2D and 3D dose distribution,
as well as DVH (dose volume histogram) data relevant to the tumor volume and surrounding healthy
tissues were measured for applied treatment techniques using Gafchromic EBT3 film dosimetry approach
and compared together.

A more uniform dose distribution inside the tumor volume was found in the case of the proton beam
concerning two other techniques. Furthermore, a proton beam can better spare healthy organs distributed
around the tumor region. Besides, COMS plaque can lead to better clinical outcomes concerning CGD
plaque.

Viewpoint to the dose uniformity inside the target volume as well as sparing the healthy tissues, proton
therapy would be the optimal choice. On the other hand, the photon beam can be preferred to the electron
beam if proton therapy facilities are not available. Nevertheless, based on the importance of the healthy
organ which should be spared, the COMS or CGD plaque can be selected for radiotherapy.

1. Introduction
Uveal melanoma is considered as one of the malignant intraocular tumors with an annual occurrence
rate of one per 100000 people each year [1, 2]. Regarding the invasive and life-threatening nature of this
malignant tumor type, effective treatment modalities should be applied when the treatment team decides
to conserve the patient’s eyeball. Radiotherapy can serve as an effective method for irradiation and local
control of intraocular tumors, especially in the case of uveal melanoma [3, 4].

One of the main limitations during the radiotherapy of intraocular tumors is the presence of sensitive
organs and healthy tissues such as optic nerve, optic disc, eye lens, retina, etc. which can be distributed at
close distances to the intraocular tumor [4–6]. As a result, conventional radiotherapy techniques such as
external photon and electron radiotherapy techniques cannot be effectively employed for intraocular
tumor irradiation due to the overexposure of such healthy tissues and organs at risk (OARs) [7, 8]. In
return, more advanced radiotherapy modalities such as brachytherapy or hadron therapy are better suited
for intraocular tumor irradiation, because these techniques can better localize the radiation field to the
treatment volume as well as more efficiently spare the surrounding healthy tissues from overexposure [8,
9].
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Brachytherapy can be implemented through three different techniques including surface, interstitial, and
intra-cavitary ones [10, 11]. For intraocular brachytherapy purposes, the well-adopted technique is surface
brachytherapy [10]. The most comment radioactive sources which are used with this technique for
intraocular tumor irradiation are Iodine-125 (125I), Palladium-103 (103Pd), and Ruthenium-106 (106Ru) [12,
13]. 106Ru is a beta-emitting radiation source, while 125I and 103Pd are considered gamma-emitter
sources. Due to the more limited range of the beta radiation with respect to the gamma one, employing
the 106Ru source can reduce the received dose by surrounding and underlying healthy tissues during the
brachytherapy of the intraocular tumors [14, 15]. In addition, the treatment staff is also less exposed to
radiation when the 106Ru radioactive source is employed for brachytherapy [16, 17]. On the other hand,
employing the 106Ru source for deeply distributed intraocular tumors is not appropriate because the
limited range of beta particles may cause inadequate coverage of the tumor volume by the intended
isodose level. In such situations, the gamma sources such as 125I and 103Pd are preferred due to the more
range of photon beam with respect to the beta particles. Therefore, using each type of brachytherapy
source (beta or gamma emitter) has its advantages and limitations.

For radiation source holding, positioning, and manipulation during the patient treatment, each of the
above-mentioned radioactive sources should be kept within an appropriate applicator which is known as
the eye plaque. In the case of 106Ru, the radiation source is not available in the seed form. On the other
hand, it would be coated over the inner plaque surface to form a very thin radioactive layer [18, 19].
Although the 125I radioactive material is prepared in the seed form for brachytherapy purposes, it should
be also located inside a dedicated eye plaque for intraocular tumor irradiation [15, 16]. One of the most
popular plaques for this purpose is the COMS one which 125I seeds are arranged on the inner surface of
this plaque based on the size and extension of the tumor which should be irradiated [2, 12, 20].

The alternative option for intraocular tumor irradiation is hadron therapy. This technique is considered a
newer modality for uveal melanoma treatment in comparison with the brachytherapy technique. In this
regard, a proton beam, Helium ion, or Carbon ion can be applied for tumor irradiation [21–23]. Due to the
specific behavior of these charged particle energy loss along the depth, known as the Bragg curve and
Bragg peak, one can form a wide homogeneous absorbed dose plateau by combining the relevant Bragg
curves to the different beam weights and energies which is known as as the spread-out Bragg peak
(SOBP). Formation of the SOBP can effectively help to localize the radiation field inside the treatment
volume and extract the OARs from the treatment field [24, 25]. Currently, the proton beam is the most
commonly charged particle that is employed for intraocular hadron therapy. In this regard, proton
energies which range from 60 MeV to 250 MeV can be used for radiotherapy purposes [6, 22, 26].

Although both techniques, brachytherapy and proton therapy, are well adapted for intraocular tumor
treatment, it would be valuable to quantitatively compare the treatment outcomes in terms of 3D dose
distribution, dose uniformity inside the target volume, as well as the received dose by the surrounding
healthy tissues for both candidate treatment modalities. Accordingly, the current study aims to measure
and compare the relevant dose distribution to the 125I and 106Ru-based eye brachytherapy plaques as well
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as the proton beam inside an eyeball phantom at the same clinical conditions (tumor size and position
inside the eyeball) through the Gafchromic film dosimetry approach and finally demonstrate that
employing which technique can lead to more desirable treatment outcomes viewpoint to the clinical
radiation oncology physics.

2. Materials And Methods

2.1. Eyeball phantom
A PLA (Polylactic Acid)-based plastic phantom which mimics the geometry of the eyeball was used in the
current study. The choice of the PLA as the constructing material was its desirable water equivalency [27,
28], the reference medium for radiation dosimetry purposes. This phantom is composed of two separate
parts including a semispherical part that simulates the curvature of the eyeball and a cubic part that
comprises the underlying eyeball tissues. The semispherical part is a section of a sphere with a 13 mm
radius and its height is equal to 5.1 mm. The aperture of this semispherical part is also equal to 22.3 mm.
The cubic part of the phantom has dimensions of 40×40×0.9 mm3. It should be mentioned that the
employed phantom was developed and constructed through a 3D printing procedure. A schematic view of
the designed eyeball phantom has been shown in Fig. 1.

Figure 1.

2.2. Film dosimetry
Film dosimetry is one of the most appropriate approaches for radiation dosimetry in clinical practice [29,
30]. In this regard, several films such as radiographic and radiochromic ones have been introduced for
film dosimetry purposes. Due to the high dose delivery during the intraocular radiotherapy, the
radiochromic films are better suited for such dosimetry purposes, because they would not be saturated up
to high doses of as much as 100 Gy [31, 32]. Consequently, the Gafchromic EBT3 film (ISP), a type of
radiochromic film, was applied for dosimetry of both proton, 125I, and 106Ru brachytherapy plaques. This
film has a symmetric structure which respectively includes 125 µm thickness Mate polyester over-layer,
28 µm thickness active layer, and 125 µm thickness Mate polyester substrate [5, 33]. One of the main
features of this Gafchromic film is its very near tissue equivalency which allows the user to measure the
absorbed dose with good accuracy. For 125I and 106Ru plaque dose measurements, the Gafchromic EBT3
films were calibrated using a Co-60 machine at the dose range of 0.5–55 Gy. On the other hand, the
conducted studies by Vadrucci et al., Sorriaux et al., and Gambarini et al. show that the extracted
calibration curves for EBT3 film in the Co-60 beam and proton beam are remarkably different [34–36].
Consequently, the employed EBT3 films for proton dose measurements were calibrated by a 60 MeV
proton beam at the dose range of 0.5–15 Gy.

All of the irradiated films were stored for 24 hours and then were read using a Microtek 9800XL flatbed
scanner (Microtek Inc., CA, USA) and stored in the tagged image file format (Tiff) image files. This
scanner is equipped with a transparent media adopter (TMA) which enables the film scanning in
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transmission mode [37, 38]. All of the films were scanned in 48-bit RGB mode (16 bits per channel) and
the scanning resolution was adjusted to 72 dpi (dot per inch) to maximize the SNR (signal-to-noise ratio)
of the film response. It should be mentioned that all image filters and enhancement options were turned
off during the film scanning. [32, 38]. All of the scanned films were analyzed in the green channel using
an in-house image processing program developed by MATLAB programming software. Due to the high
levels of administered doses to the employed EBT3 films, the film response was saturated in the red
channel, a fact which forced us to use the green channel during the film dosimetry procedure.

The film response in terms of pixel value (PV) was converted to the net optical density (netOD) by
applying the bellow expression [40]:

Where PVbefore and PVafter are the pixel values (PV) of the EBT3 film before and after the exposure,
respectively. It is worth mentioning that film handling and maintenance were according to the
manufacturer’s recommendations as well as the relevant film dosimetry protocol [39].

2.3. Proton beam irradiation
As mentioned previously, to compare the clinical efficacy of proton therapy and brachytherapy using 125I
and 106Ru plaques in the treatment of intraocular tumors, the same tumor size and geometry were
considered for all three considered treatment modalities. In this regard, an intraocular tumor with a
diameter of 12 mm, including a 3 mm margin, was supposed its apex had been located at a 6 mm
distance from the eyeball surface. The dimensions and position of the considered tumor inside the
eyeball have been illustrated in Fig. 2. Considered OARs have been also indicated in this Figure.

Figure 2.

The proton beam irradiations were performed at CNAO oncological hadron therapy center in Italy. A
circular field size with a diameter of 12 mm was used for tumor irradiation with 3 mm lateral margins.
The SOBP was created through proton energy modulation between 75.74, 76.63, 77.51, 78.39, 79.26,
80.12, and 80.98 MeV. In addition, an RW3 range shifter with a thickness of 36.1 mm (equivalent to 38
mm thickness of water) was also employed. With this configuration, the plateau region of the SOBP
would be equal to 6 mm which is started from the phantom surface. Proton beam delivery was performed
using the active beam scanning technique. The tumor region (6 mm depth and 15 mm diameter including
lateral margins) was painted by seven successive slices with 10×10 scan spot size in X and Y directions.
A 10 Gy proton dose was administered to the tumor (the plateau region of the SOBP) during the
irradiation.

For proton beam dosimetry, four film pieces were employed. The first one was aligned along the beam
central axis (Z-axis) to measure the percentage depth dose (PDD) distribution and 2D isodose distribution
in the X-Z plane. Three remaining film pieces were perpendicular to the central beam axis and were

NetOD = log10( ) (1)
P Vbefore

P Vafter
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respectively located at 6, 7, 8, 9, and 10 mm distances from the phantom surface to obtain the relevant
transverse dose profiles and 2D isodose distributions in the X-Y plane. Finally, the 3D dose distribution
inside the tumor volume was obtained by interpolating/extrapolating the dose values at different points
from the measured dose values by all of the employed films (both vertically and horizontally located
EBT3 films). Subsequently, the dose-volume histogram (DVH) for both the tumor and surrounding healthy
tissues were extracted from the measured dose values.

2.4. 106Ru-based plaque brachytherapy
The size, dimensions, and location of the considered tumor during the 106Ru-based plaque brachytherapy
were identical to those taken during the proton irradiation. Given that the proton beam is generally used
for the treatment of large intraocular tumors [4, 7], the CGD plaque was selected during the 106Ru-based
intraocular brachytherapy because it is more suited for irradiation of large tumor sizes in comparison
with commercially available 106Ru plaque types [40].

The CGD plaque has been introduced by Eckert and Ziegler BEBIG GmBH Company. This plaque is made
from pure Silver (Ag) and the 106Ru is coated on the inner plaque surface. A 0.1 mm thick Silver-made exit
window is located over the radioactive layer, while a 0.7 mm backing material (made from Silver) is also
provided for the 106Ru radioactive layer [20, 41]. The available CGD plaque at NOOR Eye hospital in Iran
was used for plaque-based brachytherapy.

The CGD plaque is a section of a sphere with a radius of 13 mm. The aperture and height of the plaque
are equal to 22.3 mm and 6.1 mm (it should be noted that these dimensions are identical to those of the
semispherical part of the employed eyeball phantom). A schematic view of the CGD plaque has been
shown in Fig. 3.

Figure 3.

Just as the same as the proton irradiation, four pieces of Gafchromic EBT3 films were also used for CGD
plaque dosimetry. The first one was employed for PDD and 2D isodose distribution in the X-Z plane, while
the rest films were positioned at 6, 7, 8, 9, and 10 mm distances from the eyeball surface (perpendicular
to Z-axis) for measuring the transverse dose profiles, 2D isodose distributions in the X-Y plane, as well as
the 3D dose distribution and subsequent DVH data. It should be mentioned that the real prescribed dose
to the tumor apex in clinical practice is usually equal to 100 Gy [12, 18, 42].

Nevertheless, it was not possible to administer such large radiation doses to the employed films because
of both time limitation and saturation of the film response at very high doses of radiation which occurred
at distances close to the eyeball surface. As a result, the radiation dose of 30 Gy was considered at the
eyeball surface for this treatment modality to avoid the saturation of the film response.

2.5. 125I-based plaque brachytherapy
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Irseed-125 125I brachytherapy seeds were employed for gamma-based brachytherapy [43, 44]. The irseed-
125 model is similar to the 6711 seed model except for the physical and active lengths with are
respectively equal to 4.7 mm and 3.2 mm in the case of the irseed-125 model, while these values are
equal to 4.6 mm and 3 mm for 6711 125I brachytherapy seed model [43, 45] The irradiation setup and
tumor location were the same as considered for proton therapy and 106Ru-based plaque brachytherapy.
The eye plaque of COMS (collaborative ocular melanoma study) design was used for holding and
arrangement of employed seed during the eyeball irradiation. This plaque is manufactured with different
apertures of 12 to 20 mm with 2 mm steps [46, 47]. The COMS plaque with a 20 mm aperture was
employed in the current study. The plaque body is made of a gold alloy with a density of 15.8 g/cm3. The
contributing constituents in gold alloy include Au, Ag, Cu, and Pd with a mass percent of 77%, 14%, 8%,
and 1%, respectively. COMS 20-mm has 24 locations for seed insertion and arrangement. According to
the Knutsen et al. study [2, 47, 48], the three central locations of the COMS plaque were activated during
the intraocular tumor irradiation and other locations were left empty (without seed insertion). The same
film dosimetry procedure as followed in the case of the proton beam and 106Ru CGD plaque was
considered during the dosimetric measurements in the case of 125I COMS plaque and relevant dosimetric
data including PDD data, transverse dose profiles, 2D and 3D dose distributions, as well as the DVH
diagram were accordingly extracted from the measured dose values. The schematic diagram of seed
arrangement inside the employed COMS plaque from the concave view has been illustrated in Fig. 4.

Figure 4.

3. Results
The PDD data relevant to the proton beam, COMS, and CGD brachytherapy plaques have been shown in
Fig. 5. It should be noted that the presented PDD values have been normalized to the received dose by the
6 mm depth from the eyeball surface.

Figure 5.

The measured 2D isodose distributions in the X-Z plane for the proton beam, COMS plaque, as well as
CGD plaque have been shown in Fig. 6. For more clarification about how the isodose distribution will
cover the target volume and surrounding healthy tissues inside the eyeball, the actual anatomy of the
eyeball has been also appended to Fig. 6.

Figure 6.

The transverse dose profiles (perpendicular to the clinical axis) related to the proton beam, COMS plaque,
and CGD plaque have been depicted in Fig. 7. Due to the desirable symmetry of the proton radiation field,
the transverse dose profiles for the proton beam have been only reported on Y-axis, while the obtained
data along both X-axis and Y-axis has been presented for COMS and CGD plaques. As mentioned
previously, the reported dose profiles have been measured at the depths of 6, 7, 8, 9, and 10 mm from the
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eyeball surface. Here, the relative doses which have been normalized to the tumor apex (6 mm actual
tumor) dose are also reported for proton beam, COMS, and CGD plaques.

Figure 7.

The measured 2D isodose distributions in the X-Y plane for proton beam, COMS, and CGD plaques have
been illustrated in Fig. 8. The reported data belongs to the depth of 6 mm from the eyeball surface.

Figure 8.

The obtained 3D isodose distributions inside the tumor volume for each considered radiotherapy
technique have been shown in Fig. 9. It should be mentioned again that the 3D dose data were acquired
through interpolating/extrapolating the measured dose values by the transversely and vertically located
EBT3 films.

Figure 9.

The integral DVH data relevant to the proton beam, COMS, and CGD brachytherapy plaques have been
shown in Fig. 10. It should be noted that the reported data has been extracted from the measured 3D
isodose distributions in Fig. 9. The illustrated DVH results are relevant to both tumor volume as well as
the surrounding healthy tissues including the sclera, choroid, retina, ciliary body, eye lens, vitreous humor,
iris, optic nerve, optic disc, macula, and cornea which have been schematically illustrated in Fig. 2.

Figure 10.

The ordinate in Fig. 10 shows the relative volume (%), while the abscissa indicates the percentage dose
with respect to the received dose by the tumor apex. For example, V60 shows the volume percentage
which receives at least 60% of the delivered dose to the tumor apex. It should be noted that the abscissa
for COMS and CGD plaques has been extended to much greater values than the proton beam. This issue
is due to the large received dose to the regions which are proximal to the plaque surface. Therefore, to
provide a better comparison between the obtained DVH data for the three techniques understudy,
especially for the healthy organs which receive lower dose values, the DVH data have been also reported
up to 100% relative dose value on the horizontal axis.

4. Discussion
Comparing the drawn PDD data in Fig. 5 reveals that a steep dose gradient along the central axis would
be observed in the case of 125I and 106Ru brachytherapy plaques, while a rather uniform dose distribution
would be found along the Z-axis (along the tumor depth) in the case of the proton beam. For example, by
increasing the distance from the surface to 6 mm away (the spatial range at which the tumor is deeply
distributed), the PDD value will respectively reduce by about 78%, 76%, and 7% for COMS plaque, CGD
plaque, and proton beam. The main reason for the observed steep dose gradient for COMS and CGD
plaques is the relatively low energy nature of the emitted radiations from 125I and 106Ru radioactive
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sources. In this regard, the maximum electron energy which is emitted during the different beta-minus
decay channels of 106Ru is about 3.5 MeV [49]. The mean emitted photon energy from 125I radioactive
material is also about 28.37 keV [50]. This finding explicitly indicates that a more uniform dose
distribution inside the target volume and along the Z-axis would be obtained when the proton beam is
employed for irradiation of the intraocular malignancies in comparison with both photon and electron
beam (125I and 106Ru brachytherapy plaques, respectively). On the other hand, for regions that are located
behind the tumor volume (depths beyond 6 mm in the current study), the dose fall-off along the central
axis for the proton beam is more appreciable in comparison with both CGD plaque and COMS plaque. For
example, with moving from 6 mm to 10 mm depth, the PDD data decrements by about 95%, 90%, and
59% for proton beam, CGD plaque, and COMS plaque, respectively). Although the mean energy of the
emitted photons from 125I is quite low, some numbers of photons will always pass the tumor and can
consequently increase the received dose along the central axis at the regions which are located behind
the tumor volume.

For regions before the tumor volume (such as sclera, as shown in Fig. 2), the dose during the plaque-
based brachytherapy would be several times higher than the administered dose by the proton beam. In
this regard, the COMS plaque would deliver the maximum dose to the overlaying regions (i.e., the
presented PDD data in Fig. 5 indicates that the PDD value at the surface would be about 462%, 419%, and
108% for COMS plaque, CGD plaque, and proton beam, correspondingly).

As illustrated by Fig. 6, the lateral spreading of the isodose curves is more obvious in the case of the CGD
brachytherapy plaque with respect to other studied modalities. The main reason for this issue is the
multiple electrons scattering into the lateral regions, especially at lower energies, which can finally lead to
the spreading of the isodose lines to the lateral regions. The special design of the CGD plaque which
contains a large radioactive aperture with a 20.3 mm diameter can also contribute to this finding. This
lateral spreading in isodose lines may lead to the overexposure of the laterally distributed OARs which are
located in close vicinity of the tumor volume such as the ciliary body. On the other hand, the less lateral
spreading of the isodose curve is found in the case of 125I COMS plaque, according to Fig. 6, which can
reduce the administered dose to the lateral region adjacent to the tumor volume. The minimum lateral
spreading was found for the proton beam, as demonstrated in Fig. 6. Because of high mass, the proton
beam will experience small deviations from its original direction and accordingly, it can be expected that
a negligible lateral spreading would be observed for the relevant isodose curve to the proton beam.
Therefore, the proton beam can minimize the received dose by laterally-distributed healthy tissues among
the treatment modalities understudy and consequently more efficiently spare such OARs.

As demonstrated in Fig. 6, the most desirable dose uniformity within the tumor region is relevant to the
proton beam. This fact is mainly linked to the much more uniform depth dose distribution of the proton
beam in comparison with the considered brachytherapy plaques of CGD and COMS. In this regard, the
tumor volume falls within the SOBP region for the proton beam, while in the case of COMS and CGD
plaques, the tumor region lies within a descending part of the PDD curve with a very steep dose gradient
(as shown in Fig. 5).
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Comparison among the obtained transverse dose profiles for the proton beam, COMS, and CGD plaque in
Fig. 7 clearly shows that the uniformity of the lateral dose distribution at all studied depths is more
remarkable for the proton beam. This fact is mainly linked to the uniform dose painting by applying the
active beam scanning technique for the proton dose delivery system.

On the other hand, a completely non-uniform lateral dose distribution would be observed for the COMS
and CGD plaques. In this regard, substantial horns are found at the filed edges in both X and Y
dimensions for the CGD plaque. Increasing the off-axis distance from the plaque central axis decreases
the distance between the intended dosimetry point and the inner plaque surface. Consequently, it can be
expected that a more radiation dose would be received at these laterally located points and therefore,
such horns will have appeared in the measured transverse dose profiles on both X-axis and Y-axis. The
other potential reasons for such horns can be the non-uniform coating of the 106Ru radioactive layer upon
the inner surface of the employed CGD plaque as well as the multiple electrons scattering into the lateral
regions. The presence of these horns can remarkably contribute to the overexposure of the laterally
distributed healthy tissues when the CGD plaque is applied for treatment. Besides, these lateral dose non-
uniformities can disrupt the homogeneity of the dose distribution within the target volume.

The measured transverse dose profiles for the COMS plaque show a peak at the mid-region in both X and
Y directions for all considered depths. Then, the dose value sharply reduces with moving away from the
central region. Such behavior can be justified by the arrangement of 125I brachytherapy seeds loaded
within the COMS plaque. As shown in Fig. 4, the radioactive 125I seeds are located at the central part of
the COMS plaque and therefore it can be expected that the corresponding regions inside the phantom will
absorb the maximum dose value. On the other hand, the peripheral regions of COMS plaque are empty.
Therefore, much lower dose values would be received to the corresponding lateral distances inside the
phantom.

More uniform dose distribution for the proton beam concerning that of the COMS and CGD plaque is also
obvious when the reader compares the relevant 2D isodose distributions to the considered intraocular
tumor treatment techniques in Fig. 8. Furthermore, the COMS plaque also shows better dose uniformity
with respect to the CGD plaque the in X-Y plane. The presence of the horns in measured dose profiles for
CGD plaque can affect the uniformity of the 2D isodose distributions in the X-Y plane. As indicated in
Fig. 8, some hot spots have been formed at the lateral regions which are associated with the presence of
the horns in measured transverse dose profiles for CGD plaque.

The more uniform coverage of the tumor volume by the proton beam with respect to the COMS plaque
and CGD plaque is evident from Fig. 9, a fact that was previously discussed in detail. Besides, the
remarkable lateral spreading of the relevant isodose curves to the CGD plaque with respect to the proton
beam and COMS plaque is also obvious from the illustrated results in Fig. 9. This issue was also fully
explained in previous sections.
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According to a more uniform dose distribution inside the tumor region during the proton beam irradiation,
it can be expected that the relevant DVH to the tumor volume shows a wide plateau region, as declared in
Fig. 10. On the other hand, non-uniform dose delivery to the tumor region through applying the COMS and
CGD plaque results in a descending DVH for tumor volume with a very short plateau region. The reported
DVH data in Fig. 10 also demonstrates that dose uniformity inside the tumor volume is superior in the
case of COMS plaque with respect to the CGD plaque. This fact was also confirmed by the obtained 3D
isodose distribution data in Fig. 9. Therefore, using the proton beam and electron beam respectively
results in the best and the worst performance viewpoint on the dose uniformity inside the target volume.

The demonstrated data in Fig. 10 indicates that the proton beam can more efficiently spare the
distributed OARs around the tumor volume in comparison with the COMS and CGD brachytherapy
plaques. This issue is mainly attributed to the minimum lateral spreading of the proton beam during the
passage from the eyeball which was discussed earlier.

As illustrated by Fig. 10, healthy organs such as the eye lens, optic disc, optic nerve, and macula can be
better spared using the CGD plaque rather than the COMS one. This finding can be well justified by the
presented results in Fig. 6. As shown in Fig. 6, the extension of isodose lines within the above-mentioned
OARs is lower in the case of CGD plaque with respect to the COMS one. Viewpoint to the fact that the eye
lens, optic disc, and optic nerve are sensitive organs, using the CGD plaque would be preferred to the
COMS plaque, provided that sparing other healthy organs during the radiotherapy is not to be considered.

On the other hand, healthy organs such as the sclera, choroid, retina, ciliary body, cornea, iris, and vitreous
humor are better spared using the COMS plaque in comparison with the CGD one. This finding can be
also justified by the presented results in Fig. 6. The spreading of the isodose lines within the above-
mentioned OARs is lower in the case of COMS plaque (refer to Fig. 6) and therefore, it can be deduced
that lower dose values would be received to these healthy organs when the CGD plaque is substituted by
the COMS plaque.

5. Conclusions
The clinical efficacy of the proton beam therapy and plaque-based brachytherapy using COMS and CGD
plaques in the treatment of the intraocular tumors were practically measured and compared through the
Gafchromic film dosimetry approach in terms of the received dose by the tumor volume as well as the
surrounding healthy tissues.

Our findings demonstrate that the proton beam irradiation can result in a more uniform dose distribution
inside the target volume, a fact that can lead to an improved tumor control probability (TCP) during the
treatment. Furthermore, the intraocular proton therapy can better spare the laterally distributed OARs with
respect to both 125I and 106Ru plaque-based brachytherapy techniques. Comparing the obtained DVH
data for COMS and CGD plaque also demonstrates that the COMS plaques generally show a better
performance regarding the dose uniformity inside the target volume as well as the received dose by the



Page 12/24

surrounding healthy tissues. Nevertheless, the eye lens, optic nerve, optic disc, and macula are better
saved when the CGD plaque is employed for brachytherapy. Therefore, based on the importance of the
OAR which should be spared, the COMS or CGD plaque can be selected for radiotherapy.

From the results, it can be finally concluded that using the proton beam would be preferred to the photon
and electron beam for eyeball irradiation, provided that the radiotherapy department is equipped with
hadron therapy technology. Otherwise, using the photon beam can lead to superior clinical efficacy
concerning the electron beam in the radiotherapy of intraocular tumors.
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Figure 1

Schematic view of the developed eyeball phantom for radiation dosimetry in the current study.
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Figure 2

The eyeball anatomy including the considered intraocular tumor as well as the surrounding healthy
tissues.
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Figure 3

Schematic diagram of the 106Ru CGD plaque for intraocular tumor irradiation. The height (right panel)
and diameter (left panel) of the plaque has been illustrated in this Figure.
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Figure 4

Schematic diagram of loading the COMS plaque with 125I brachytherapy seeds. As demonstrated only
three seed places have been activated by 125I seeds (insert numbers of 22, 23, and 24 in the central part
of the COMS plaque) and other places have left empty.
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Figure 5

The relative depth dose distribution along the Z-axis for CGD brachytherapy plaque (left panel), proton
beam (middle panel) and COMS plaque (right panel). The distribution of the tumor and underlying
healthy tissues along the Z-axis have been also illustrated by yellow and turquoise color, respectively.

Figure 6

The measured isodose distributions inside the X-Z plane for CGD plaque (left panel), proton beam (middle
panel), and COMS plaque (right panel). For more clarification, the eyeball geometry has been also
appended to each corresponding panel.
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Figure 7

The measured transverse dose profiles along X-axis and Y-axis for CGD plaque (upper panel), proton
beam (middle panel), and COMS plaque (lower panel) at different depths of 4, 6, and 8 mm from the
eyeball surface. Due to the symmetry in X and Y axes, the relevant transverse dose profiles related to the
proton beam have been only depicted along the X-axis.



Page 23/24

Figure 8

The measured isodose distribution inside the X-Y plane for CGD plaque (left panel), proton beam (middle
panel), and COMS plaque (right panel) at the depth of 6 mm from eyeball surface.

Figure 9

The measured 3D dose distribution for CGD plaque (left panel), proton beam (middle panel), and COMS
plaque (right panel).
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Figure 10

Extracted DVH data relevant to the tumor volume and surrounding healthy tissues for CGD plaque (left
panel), proton beam (middle panel), and COMS plaque (right panel). For better comparison, DVH data up
to 100% relative dose, on horizontal axis, have been also depicted below each corresponding DVH
diagram.


