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Purpose: To investigate the potential clinical benefit of a two-beam arrangement technique using three-
dimensional (3D) imaging of uveal melanoma (UM) patients treated with proton therapy and a dedicated
eyeline.
Material/Methods: Retrospective CT-based treatment plans of 39 UM patients performed using a single
beam (SB) were compared to plans with two beams (TB) optimized for better trade-offs in organs-at-
risk sparing. The RBE-weighted prescribed dose was 60 Gy (DRBE, GTV = 60 Gy) in four fractions, assuming
an RBE of 1.1. Dosimetric findings were analyzed for three patient groups based on tumor-optic nerve dis-
tance and UM staging (group GrA: �3 mm, T1 T2 UM; GrB: �3 mm, T3 UM; GrC: >3 mm, T1 T2 T3 UM).
Finally, two schedules were compared on biologically effective dose (BED): both beams being delivered
either the same day (TB), or on alternate days (TBalter).
Results: All strategies resulted in dosimetrically acceptable plans. A dose reduction to the anterior struc-
tures was achieved in 23/39 cases with the two-beam plans. D25% was significantly lowered compared to
SB plans by 12.4 and 15.4 Gy RBE-weighted median dose in GrA and GrB, respectively. D2% was reduced
by 18.6 and 6.0 Gy RBE-weighted median dose in GrA and GrB, respectively. A cost to the optic nerve was
observed with a median difference up to 3.8 Gy RBE-weighted dose in GrB. BED differences were statis-
tically significant for all considered parameters in favor of two beams delivered the same day.
Conclusion: A two-beam strategy appears beneficial for posterior tumors abutting the optic nerve. This
strategy might have a positive impact on the risk of ocular complications.
� 2022 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology 171 (2022) 173–181 This is

an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Since the first uveal melanoma (UM) treatment around 1975 at
the Harvard Cyclotron [1], ocular proton therapy (OPT) has
remained largely unchanged in the twenty centers all over the
world [2], using a single horizontal anterior beam arrangement.
After several decades of clinical experience, the outcomes of proton
therapy for ocular melanomas are excellent with a remarkably
high five-year local tumor control rate over 95% associated with
an eye retention rate of 90% [3–7]. To account for tumor geome-
tries and localization, the patient is asked to maintain an optimal
gazing angle during the 1-minute irradiation per fraction [8]. The
beam and gazing angle must remain identical from one fraction
to another throughout the entire treatment. The use of multiple
proton beams has been limited by existence of the horizontal beam
and the current limitations in treatment planning.

A generic geometrical model is used in the OPT treatment plan-
ning process [1], whose complexity and accuracy have substan-
tially been increasing over the years [9–12]. In line with the
emergence of computed tomography [13] (CT) and Magnetic Reso-
nance Imaging [14–19] (MRI) in ocular oncology, there has been a
growing interest to move towards three-dimensional (3D) treat-
ment planning for OPT. As described in our previous work [14],
3D imaging enables proton dose calculation, optimization, and
evaluation using the real eye anatomy. Thus, the integration of
3D imaging-based planning might positively improve outcomes
compared to the standard model-based reducing dose to critical
eye structures. This enables a more accurate evaluation of
organs-at-risk (OAR) sparing compared to the generic eye model,
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Table 1
Patients and tumor characteristics. Abbreviations: [20] AJCC = American Joint Committee on Cancer; GrA = Group A; GrB = Group B; GrC = Group C; LBD = Largest Basal Diameter;
GTV = Gross Tumor Volume.

Eye (n = 39)
Left 21 (54%)
Right 18 (46%)

AJCC staging
T1 7 (18%)
T2 17 (44%)
T3 15 (38%)

Tumor size mean ±SD [range]
Thicknessa 5.9 mm ±2.9 [1.8; 12.8]
LBDa 11.4 mm ±2.7 [6.3; 16.8]
Volumeb 0.5 cc ±0.4 [0.1; 1.6]

Distances
Minimum tumor edge-optic nerve b 2.5 mm ±2.4 [0; 10.1]
Minimum tumor edge-macula

on fundus photography 3.4 mm ±3.3 [0; 12.0]
on planning CT 2.8 mm ±3.3 [0; 11.2]

Minimum tumor edge-anterior segmentb 6.6 mm ±3.8 [0.2; 14.0]

a : Thickness and LBD retrieved from B-scan ultrasound images.
b : Planning CT-based measurements.
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and hence, exploring novel beam arrangement strategies becomes
possible.

The aim of this study was to examine whether there is a dosi-
metric advantage of implementing a two-beam over a single-
beam arrangement technique. Patients were preclassified on the
tumor edge to optic nerve distance, and on tumor staging. A dosi-
metric comparison was performed to select which patients might
benefit the most from each approach. Finally, for the patients with
a clear benefit with the two-beam strategy, two types of delivery
schedules were explored: delivering both beams on the same
day, or on alternate days.
Methods and materials

Patient cohort and UM characteristics

A retrospective cohort of UM patients who had previously
received robotic fractionated stereotactic radiotherapy treatment
(fSRT) was used for the present study. The study was conducted
accordingly to the Declaration of Helsinki and was approved by
the Medical Ethics Committee of our institutional review board
(MEC-2021-0454). Ophthalmologic work-up included eye fundus
photographs and B-scan ultrasounds for all patients. Clinical UM
staging at diagnosis followed the American Joint Committee on
Cancer (AJCC) Tumor-Node-Metastases (TNM) classification, Eight
Edition [20]. Tumor thickness and largest basal diameter were
retrieved from B-scan ultrasound images. Patients characteristics
and tumor data are presented in Table 1.

We further classified patients according to the Gross Tumor
Volume (GTV) eye location and the AJCC staging. Three groups
were defined: Group A (GrA) included UM patients with T1 and
T2 tumors and a minimum tumor edge to optic nerve distance
�3 mm; Group B (GrB) included T3 tumors with also a tumor edge
to optic nerve distance �3 mm; and Group C (GrC) included UM
tumors with a tumor edge to optic nerve distance >3 mm. This
classification aims to account for the AJCC No.8 classification [20]
which includes tumor thickness and largest basal diameter, and a
physical distance to a critical structure with a 3-mm cut-off to
reflect most lateral and distal penumbrae of worldwide dedicated
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ocular beamlines [8,21,22]. The distance to the optic nerve was
chosen since the macula is not easily identified on CT.
Treatment planning and individualized multiple gazing angle selection

Details on the planning CT delineation protocol and the plan-
ning procedure are provided in Appendix A1. An in-house devel-
oped dose calculation algorithm for OPT was used for 3D
imaging-based planning as reported elsewhere [14]. In brief,
patients were asked to maintain a straight gazing angle for fSRT
planning CT. Imaging was performed with an eye fixation system
on which a blinking light and a camera were attached to a stereo-
tactic frame [23,24]. Then several gazing angles were virtually
tested, including an independent dose calculation [14]. Eventually,
both gazing angle-specific structure set and dose distribution were
rigidly registered onto the original fSRT planning CT.

For each patient, three treatment plans were generated. The
first single-beam plan (referred to as SB1 hereafter) represented
the gold standard of OPT clinical practice. A second single-beam
plan (referred to as SB2 hereafter) aimed at the best compromise
between sparing the anterior segment group and the lacrimal
gland. Finally, a two-beam plan was generated weighting equally
SB1 and SB2. Eventually, the dose distributions were summed up
onto the planning CT. Rigid registration was performed using four
landmark pairs between the simulated gazing angle and the plan-
ning CT delineations, including the centers-of-mass of the tumor,
eye globe, lens, and optic nerve.

For each plan, dose-volume histogram (DVH) parameter values
were calculated as predictors of radiation-induced toxicity [25]
and were compared between all planning strategies (Appendix A1).
Beam delivery strategies

Four delivery strategies were compared including the gold stan-
dard SB1 delivered over four fractions of 15 Gy RBE-weighted dose;
SB2 delivered over four fractions; SB1 and SB2 equi-weighted and
delivered in four fractions (7.5 Gy RBE-weighted dose per beam per
fraction, referred to as TB); and a mix of SB1 for two fractions, fol-
lowed by SB2 for two fractions (referred to as TBalter). To account



Fig. 1. For each group (A: GrA, B: GrB, C: GrC): (Top row) Boxplots of the observed absolute differences (RBE-weighted dose in Gy or %-point) between TB - SB1, and TB - SB2.
Negative values indicate a dosimetric advantage for the two-beam planning strategy over the one-beam planning strategies. (Bottom row): Boxplots depicting distributions of
dosimetric parameter values (RBE-weighted dose in Gy or %-point), evaluated for each single-beam strategy (SB1, SB2), and the two-beam strategy TB. The OAR parameters
(x-axis) are arranged in descending order of priority from left to right.
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for the biological response, the RBE-weighted dose to the GTV was
60 Gy assuming a constant RBE of 1.1 [26]. The given dose was pre-
scribed at the 90% isodose in four daily fractions.

DVHs were analyzed using dose-based parameters, for example
the sclera D20% as a surrogate for the risk of maculopathy as
reported elsewhere [25], or the optic nerve D2% which is routinely
used to evaluate fractionated stereotactic treatments.

The results are presented for a total RBE-weighted dose deliv-
ered over the four treatment days as well as in terms of biologically
effective dose (BED) to include fractionation effects in OAR-
sparing. The following formula was used:
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BED = D � (1 + d
a=b) with D = total dose and d = dose per fraction.

An a/b-ratio of 2 Gy RBE-weighted dose was taken for the optic
nerve, macula, sclera and the anterior segment group, and of
3 Gy RBE-weighted dose for the lacrimal gland. Those are the a/
b-ratios clinically used at HollandPTC, The Netherlands. These val-
ues are based on a multidisciplinary local consensus and rely
mainly on values published by Joiner et al. [27].

Two-sided Wilcoxon signed-rank tests were used to assess the
statistical significance of observed differences between a single-
beam vs. a two-beam strategy, and between the two beams in four
fractions versus SB1 followed by SB2. Statistical analyses were per-



Fig. 2. Population-averaged DVH of each single-beam strategy (SB1 in dotted line,
SB2 in dashed line) and the two-beam strategy (TB in solid line) for each tumor
group A (GrA - left), B (GrB - middle) and C (GrC - right).

Two-beam strategy in ocular proton therapy
formed using Python3.7.4 with the integrated sciPy package. Sig-
nificance was defined as p < 0.05.
Results

A total of 39 UM patients treated with a CyberKnife� system
(Accuray Inc., Sunnyvale, CA) between 2016 and 2020 were
included in the study. The complete dosimetric results are pro-
vided in Appendix A2. Figs. 1 and 2 show that all generated treat-
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ment plans were clinically acceptable from a dosimetrical point of
view, assuming the patient would be able to sustain the gazing
angle, and achieved adequate GTV coverage as per current OPT
clinical practice. This means that in each case 90% of the GTV plus
margins received 90% of the prescribed dose. Across all tumor
groups, median GTV Dmean was within 2.5% from the prescribed
dose for both single-beam and two-beam strategies.

Fig. 3 shows examples of eye fundus photographs, B-scan ultra-
sounds, and CT-based dose distributions for single-beam and two-
beam planning strategies for each patient group. Fig. 1 shows box-
plots distributions of absolute parameter values and differences for
SB1, SB2, and the equi-weighted two-beams. Fig. 2 shows
population-averaged DVHs for GTV and OARs for SB1, SB2, and
the equi-weighted two-beams. Albeit with notable variation in
the three tumor groups, isodose curves (Fig. 3) and population-
averaged DVHs (Fig. 2) demonstrated dosimetric advantages to
the anterior segment and sclera when using with a two-beam plan
compared to single-beam plans. For the three patients highlighted
in Fig. 3, patient-specific DVHs are reported in Appendix A3.

Regarding group A, the optic nerve D2% was significantly lower
with SB1 (median DRBE = 17.5 Gy, Interquartile Range
(IQR) = [0.1, 53.2]) compared to SB2 and the two-beam strategy
(p = 0.010 and p = 0.011, respectively). This was expected since
the gazing angle selection traditionally prioritizes optic nerve spar-
ing. Similarly, the median absolute differences of V30Gy, and V50Gy

between SB1, SB2 and the two-beam approach were statistically
significant (p = 0.003, p = 0.006, respectively). Due to its proximity
to the tumor edge, the lowest D2% received by the macula was
achieved with SB1 compared to SB2 and the two-beam strategy.
The most noticeable impact of a two-beam strategy was a lower
dose to the anterior segment achieved for 11/16 UM patients.
The anterior segment D25% was significantly reduced compared to
SB1 (median reduction of DRBE = 12.4 Gy, p = 0.026), while the
D2% showed a trend of substantial reduction (median difference
reduction of DRBE = 18.6 Gy, p = 0.056). Overall, the sclera D20%

was lower with the two-beam strategy compared to SB1, with a
median difference of DRBE = 6.3 Gy (p = 0.278), and to SB2 with a
median difference of DRBE = 8.8 Gy (p = 0.005). In this group A,
the equi-weighted two-beam strategy enabled better sclera spar-
ing for 10/16 SB1 and 14/16 SB2 patients (Appendix A2.1). Further-
more, in 11/16 cases, the lacrimal gland was entirely spared with
the single-beam and two-beam strategies.

As for group A, the optic nerve and macula D2% for group B
patients were lower for SB1 compared to the two-beam arrange-
ment. The benefit of a two-beam arrangement over SB1 is more
pronounced in the anterior segment, as shown in Fig. 1B and
Appendix A2.2. Compared to SB1, the two-beam approach has a
significantly lower D2% and D25% in 9/11 patients with a median
reduction of DRBE = 6.0 Gy (p = 0.013) and DRBE = 15.4 Gy
(p = 0.016), respectively. This reduction came at a cost to the optic
nerve, with a D2% and the V30Gy median increased by DRBE = 3.8 Gy,
and 1.3%-points compared to SB1. The sclera doses were slightly in
favor of the two-beam strategy, with D20% median differences of
DRBE = 0.5 Gy between the two-beam and SB1, and DRBE = 2.3 Gy
with SB2 (Appendix A2.2).

Group C included 12 patients. In this group, the two-beam strat-
egy was not significantly better in terms of OAR sparing compared
to SB1 and SB2 (Fig. 1C, Appendix A2.3). While the optic nerve was
fully spared with single-beam and two-beam arrangements, the
dose to the macula was the lowest with SB1. The benefit of a
two-beam arrangement was modest for this group on the anterior
segment and sclera.

Importantly, while there might be some overlap between the
groups, the purpose of this patient’s selection was to create a basis
to demonstrate which patients might benefit from a multi-beam
approach. Some trends could be found based on the different



Fig. 3. Example of fundus photographs, B-scan ultrasound images, and CT-based dose distributions on axial planes for an example patient of each tumor group (A: Left, B:
Middle, C: Right). Yellow lines displayed on B-scan ultrasound images show the points of the tumor measurements. Proton dose distributions are displayed for SB1 (gold
standard), SB2 plans, and the two-beam TB plans. The RBE-weighted treatment dose applied to the GTV with these plans was DRBE, GTV = 60 Gy in four daily fractions and
assuming an RBE of 1.1.
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tumor sizes and locations, with T1 and T2 posterior choroidal
tumors benefiting the most.

From the results above, the dose reduction was more pro-
nounced for the anterior region and the sclera with a two-beam
plan. Table 2 shows trends for both GrA and GrB, whereas GrC
has a more limited dosimetrical benefit. Across the three groups,
the anterior segment group D2% and D25% had on average a BED
reduction of DRBE = 90 (SD = 104) and 79 (SD = 106) Gy comparing
SB1 with a two-beam TB arrangement. The sclera D20% BED was
reduced on average by DRBE = 55 Gy (SD = 93) compared to SB1
and DRBE = 88 Gy (SD = 86) in GrA, 35 Gy (SD = 76) and 67 Gy
(SD = 68) in GrB, and 23 Gy (SD = 62) and 53 Gy (SD = 85) in GrC.

Regarding the delivery schedule, Table 2 shows that treating
each beam the same day resulted in a lower OAR biological dose
177
compared to beams treated on alternate days. The average BED dif-
ferences were statistically significant for all anterior segment and
sclera parameters. The only exception was the anterior segment
D25% in GrC which was not statistically significant (p = 0.139).

Overall, a dosimetrical benefit for the anterior structures was
found in 23/39 UM cases when using a two-beam approach. The
trade-off between the optic nerve D2% and the anterior segment
is displayed in Fig. 4 for all 11 GrA, 9 GrB, and 3 GrC patients. On
this figure, the green dot represents SB1, which is the standard
technique, and the yellow dot displays SB2 which is the gazing
angle minimizing the anterior segment dose. The red dot is the
physical dose weighting equally both beams (TB), and the blue
dot accounts for the BED delivering each beam alternatively (TBal-
ter). For most patients, there is a significant advantage delivering



Table 2
BED comparison of SB1, SB2, and TB vs. a TBalter plan for the three tumor groups (GrA, GrB, GrC). Negative mean differences hint at an advantage for a TB plan with respect to the
single-beam plans, or to TBalter.

BED comparison (RBE-weighted, in Gy)

Planning strategy TB vs. TB vs. TBalter

SB1 SB2 TB TBalter SB1 SB2

Structure Parameter
DRBE (Gy)

Mean diff. ± SD Mean diff. ± SD Mean diff. ± SD p-value

Group A (n = 16)
Anterior segment (a/b = 2) D2% 222 ± 141 135 ± 145 110 ± 84 178 ± 100 �112 ± 110 �25 ± 120 �68 ± 54 0.001

D25% 129 ± 128 16 ± 36 45 ± 34 72 ± 58 �83 ± 96 29 ± 54 �27 ± 25 0.003
Sclera (a/b = 2) D20% 219 ± 135 251 ± 132 163 ± 124 235 ± 119 �55 ± 93 �88 ± 86 �71 ± 66 0.002

Group B (n = 11)

Anterior segment (a/b = 2) D2% 401 ± 105 282 ± 173 308 ± 121 342 ± 123 �92 ± 100 26 ± 65 �33 ± 42 0.026
D25% 278 ± 129 77 ± 135 138 ± 93 178 ± 107 �140 ± 114 61 ± 54 �39 ± 46 0.041

Sclera (a/b = 2) D20% 384 ± 52 416 ± 53 350 ± 112 400 ± 48 �35 ± 76 �67 ± 68 �51 ± 69 0.003

Group C (n = 12)

Anterior segment (a/b = 2) D2% 196 ± 192 176 ± 191 140 ± 174 186 ± 175 �55 ± 99 �35 ± 108 �45 ± 68 0.011
D25% 55 ± 129 48 ± 112 39 ± 86 52 ± 102 �16 ± 79 �9 ± 58 �12 ± 24 0.139

Sclera (a/b = 2) D20% 151 ± 138 180 ± 163 127 ± 122 165 ± 142 �23 ± 62 �53 ± 85 �38 ± 55 0.028

Abbreviations: Mean diff. = mean difference; SD = Standard Deviation; SB1 = first single-beam reflecting the clinical practice (gold standard); SB2 = second single-beam
selected; TB = an equi-weighted two-beam strategy combining SB1 and SB2; D2% = near-maximum RBE-weighted dose (Gy); D25% = RBE-weighted dose received by one-fourth
of the volume of the anterior segment (Gy); D20% = RBE-weighted dose received by 20% of the sclera volume (Gy).
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both beams every day. The patients used as example in Fig. 3 are
highlighted in red in Fig. 4. For these patients, a BED reduction of
respectively DRBE = 36, 26 and 1 Gy was observed for the optic
nerve D2%, and of DRBE = 82, 65 and 53 Gy for the anterior segment
D2%.
Discussion

This is to the best of our knowledge the first study evaluating
multi-beam arrangement strategies for ocular proton therapy with
a dedicated eyeline using a 3D imaging-based treatment planning
system with hence accurate representation of the OARs. There is a
dosimetrical benefit on the anterior segment and the sclera with a
two-beam strategy compared to the standard single-beam
approach. This comes at the cost of a small dose increase to the
optic nerve with a maximum D2% difference of up to a RBE-
weighted dose of 3.8 Gy (DRBE, IQR = [�0.6; 20.4 Gy]) observed in
GrB patients. The dose reduction was more pronounced for poste-
rior uveal melanomas located less than 3 mm from the optic nerve,
independently of the TNM tumor staging. The 3-mm cut-off was
chosen as it covers the lateral and distal penumbrae of most avail-
able eyelines [8,21,22]. Alternating the SB1 and SB2 beams over
four fractions improved OAR-sparing compared to the standard
SB1 approach (Fig. 4). Moreover, treating the SB1 and SB2 beams
at each of the four fractions led to a significantly improved BED
compared to a delivery on alternate day.

In this study, we did not use an inverse approach to select the
gazing angle, but rather we pre-selected the standard gazing angle
as well as another one optimized to spare the anterior segment and
the lacrimal gland. Selecting only two gazing angles was done out
of practicality as it is clinically doable on any fixed horizontal ocu-
lar beamline. We demonstrated that using and weighting both
beams and delivering each of them daily led to the best compro-
mise on a cohort of 39 patients, covering a broad spectrum of
tumor sizes and locations. The improved OAR-sparing with a
two-beam strategy is likely linked to the minimal overlap between
the beams reaching the anterior region and a distribution of the
low-dose volume within the eye. On the other hand, there may
be some patient discomfort maintaining two (or more) different
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gazing angles. This has to be considered and weighted against
the potential dosimetrical advantage before clinical
implementation.

Since advances in eye-model-based [9,11,17,18,28] and
imaging-based [14] treatment planning for ocular proton therapy
were only made recently, the published clinical experience has
exclusively been reported on the use of forward planned single
beams. However, a few studies have explored a multi-beam
arrangement with charged particles and non-dedicated eyelines.
For helium ions, Daftari et al. [29] suggested that a two-beam plan-
ning approach might reduce the risk of neovascular glaucoma com-
plications. For carbon ion therapy, Koyama-Ito et al. [30] and
Toyama et al. [31] demonstrated better sparing of the iris-ciliary
body region using a combination of vertical and horizontal beams.
Hartsell et al. [32] recently reported a CT-based non-coplanar
three-beam technique (if applicable) for ocular proton therapy, or
using one-beam instead. All treatments were performed either
using a gantry or a non-dedicated eye beamline. Early outcomes
included mild acute toxicity similar to those observed with dedi-
cated eyelines. However, they did not report a comparative dosi-
metric study including a passive scattering technique. Finally,
proton multi-beam arrangement is an area of active research for
retinoblastoma, aiming at preventing osteosarcoma. For pediatric
patients, multi-beam arrangements have been investigated in
methods such as lens-sparing, whole eye-sparing, orbit-sparing
[33], or D-shaped [34].

One drawback using a dedicated eyeline is the need of patient-
gaze-specific apertures which need to be manufactured for each
beam. Although the production of a specific collimator is not per
se technically challenging, using two beams requires a second col-
limator, which implies longer patient setup, and eventually longer
treatment times. As time is an important factor in multi-room
institutions, we investigated the delivery on alternate days. While
delivering the two beams on the same day achieved better results
in terms of BED, in some patients there is still an advantage treat-
ing beams on alternate days compared to the standard one-beam
technique.

Our study has some limitations. The limited number of patients
(n = 39) and bias in patient classification might have slightly influ-



Fig. 4. Comparison of BED D2% received by the optic nerve and the anterior segment in 23/39 patients for whom a two-beam planning strategy yielded better sparing for both
OARs. Each dot represents the D2% in the single-beam approaches (SB1 in green, SB2 in yellow) vs. the two-beam planning strategies (consecutive beams prescribed the same
day in red (TB), alternate beams on different days in blue (TBalter)). Highlighted in red: Patient 4 (Group A), Patient 7 (Group B) and Patient 2 (Group C), who were also used in
Fig. 3. Regarding the two-beam strategy, the dashed line and black arrows indicate the advantage of the fractionation effect by the dose over four fractions (TB) compared to
two fractions (TBalter).
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enced the results, but likely not significantly with a larger cohort of
patients. Also, it should be stressed that eyeline-specific beam
quality may moderate the findings of this research. Lateral and dis-
tal penumbrae are crucial factors to be considered to further eval-
uate the benefit of a multi-beam approach in one individual center
[22,35]. Furthermore, there is little published evidence about
tissue-specific radiobiologic parameters for hypofractionated
treatments with different high-dose fractionation schemes in pro-
ton therapy.

Long-term clinical outcomes [25,36–39] reported in the litera-
ture are based on the existing geometrical eye model [1] available
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in EYEPLAN and EOPP (Varian Medical Systems Particle Therapy
GmbH & Co. KG, Troisdorf, Germany) software, which is less accu-
rate than 3D delineations based on CT or MRI [14,17,40]. A transla-
tion to an expected reduction in complications is therefore difficult
to make. Dosimetric constraint values used in the present work for
various toxicities including visual acuity deterioration, optic neu-
ropathy, radiation retinopathy, maculopathy, neovascular glau-
coma and dry-eye syndrome, are based on data published by
Espensen et al. [25] The potential clinical gain with a two-beam
arrangement is compared to the single-beam scenario for the three
subgroups in Fig. 1 in terms of RBE-weighted dose in Gy, or %-
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point, for every specific dosimetric predictor. For example, neovas-
cular glaucoma is often described as a late and severe side-effect
[25,37,41], potentially leading to secondary enucleation. It is hence
not possible to predict if the significant dose reductions to 25% of
the combined-anterior structures we found for posterior tumors
�3 mm from the optic nerve using a two-beam approach might
lead to significant outcomes improvement. However, using the
ALARA principle, it would be logical to recommend this approach.
The dosimetric advantage of the two-beam strategy compared to
the single-beam approach was also observed in the dose delivered
to 20% of the sclera volume which was considered as a surrogate
for the retina exposure as the latter cannot be differentiated on
CT-simulation. For the sclera, the D20% reduction was noticeable
in GrA but not statistically significant, which may be due to the
interpatient variability (Appendix A4). With the standard one-
beam approach, it is important to note that the irradiated volume
of the retina has been reported as a risk factor for retinal detach-
ment [25]. An increase in likelihood for radiation retinopathy has
also been observed in the treatment of choroidal hemangioma
even with low doses [42,43]. Finally, the two-beam strategy also
improved the lacrimal gland D2% in GrB patients, which might lead
to a reduced dry-eye syndrome incidence [44,45]. For posterior
tumors (GrA and GrB), the sparing of the anterior segment with a
two-beam arrangement comes at the cost of a small increased dose
to the optic nerve (Fig. 4). Even though the maximum dose of 54 Gy
has been suggested as planning constraint by Mayo et al. [46], clear
definition of the dose constraints on the optic nerve to limit the
risk of radiation-induced optic neuropathy is lacking in the litera-
ture for hypofractionated treatments. Therefore, the trade-off
between the potential benefit in the anterior region and adverse
effects from optic nerve damage is difficult to assess. Whereas
the irradiated length of the optic nerve has been clearly identified
as a risk factor for the development of radiation-induced optic neu-
ropathy by several groups (Nice [25,47], PSI [39], Berlin [48–50],
UCSF-LBNL [37]), it is unclear to what extent this factor still holds
if accurate imaging-based planning is used. Mishra et al. [37]
observed a significant correlation between neovascular glaucoma
and the length of optic nerve irradiated >1.00 mm. Thariat et al.
[47] reported a strong correlation between visual acuity loss and
length of optic nerve irradiated in a large cohort of parapapillary
melanoma patients. In the current commercial treatment planning
systems for ocular proton therapy, the optic nerve is tube-like
shaped, limiting a direct comparison with CT-based planning. Since
3D-imaging enables to have a more accurate representation of the
optic nerve volume, a DVH-based metric, the optic nerve D2%, has
been selected in this work to represent the highest dose received
by this critical serial structure. Importantly, shape and position of
the optic nerve are most likely prone to changes due to differences
in eye orientation and position between supinely acquired images
and sitting treatment position. A swift transition to imaging-based
planning using a multi-beam approach would therefore require
further investigation on these anatomical differences [51].

The full integration of 3D ocular imaging in proton therapy
planning enables novel beam setups. Since those approaches
enable more solutions for beam optimization, clinical outcomes
are needed to adequately validate normal structures toxicity pre-
dicted using dose-volume histograms. To enhance progress, it is
crucial that ocular proton therapy treatment planning systems
integrate a range of new features such as integration of multimodal
imaging data, gazing and beam angle optimization, beam weight
optimization, multi-criterial planning concepts, biomechanical
modeling to account for variability in shape and position of the
tumor and ocular organs between images and treatment, and cal-
culation of BED. Tissue response data for hypofractionated treat-
ments including different high-dose fractionation schemes
should also be examined carefully.
180
Conclusion

Using a CT-based forward planning, the two-beam arrangement
strategy we have designed appears doable for proton therapy of
choroidal melanomas. T1 and T2 posterior choroidal tumors would
benefit most from this strategy. Comparison showed that treating
the two beams on the same treatment day produced better BED
results compared to alternate days or to single-beam technique,
at a cost of a minimal increase of optic nerve dose. This strategy
might have a positive impact on the risk of ocular complications,
and therefore, collecting prospectively clinical outcomes data is
becoming critical to evaluate the potential benefit of a multi-
beam approach in proton therapy.
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