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TECHNICAL NOTE
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Abstract
Purpose: To evaluate the impact of beam quality in terms of distal fall-off (DFO,
90%–10%) and lateral penumbra (LP, 80%–20%) of single beam ocular proton
therapy (OPT) and to derive resulting ideal requirements for future systems.
Methods: Nine different beam models with DFO varying between 1 and 4 mm
and LP between 1 and 4 mm were created. Beam models were incorporated
into the RayStation with RayOcular treatment planning system version 10 B
(RaySearch Laboratories, Stockholm, Sweden). Each beam model was applied
for eight typical clinical cases, covering different sizes and locations of uveal
melanoma. Plans with and without an additional wedge were created, resulting
in 117 plans with a total prescribed median dose of 60 Gy(RBE) to the clinical
target volume. Treatment plans were analyzed in terms of V20–V80 penumbra
volume, D1 (dose to 1% of the volume) for optic disc and macula, optic nerve
V30 (volume receiving 30 Gy(RBE), i.e.,50% of prescription),as well as average
dose to lens and ciliary body. An LP-dependent aperture margin was based on
estimated uncertainties, ranging from 1.7 to 4.0 mm.
Results: V20–V80 showed a strong influence by LP, while DFO was less rel-
evant. The optic disc D1 reached an extra dose of up to 3000 cGy(RBE),
comparing the defined technical limit of DFO = LP = 1 mm with
DFO = 3 mm/LP = 4 mm. The latter may result from a pencil-beam scanning
(PBS) system with static apertures. Plans employing a wedge showed an
improvement for organs at risk sparing.
Conclusion: Plan quality is strongly influenced by initial beam parameters. The
impact of LP is more pronounced when compared to DFO. The latter becomes
important in the treatment of posterior tumors near the macula, optic disc or
optic nerve. The plan quality achieved by dedicated OPT nozzles in single- or
double-scattering design might not be achievable with modified PBS systems.
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1 INTRODUCTION

Proton therapy (PT) has been used for treatment of
uveal melanoma for decades dating back to the 1970s
when Massachusetts General Hospital started its first
experiments.1 About 30 000 patients have been treated
with tumor control rates of 95% or above.2–5 The effi-
cacy of PT for uveal melanoma is now widely accepted
making it attractive for larger multi-room PT centers to
establish specific eye treatment programs. The quality
of the proton treatment, specifically in terms of spar-
ing organs at risk (OARs), is directly depending on the
beam properties. The dose distribution of a laterally col-
limated broad beam spread-out Bragg-peak (SOBP) is
typically characterized in terms of lateral penumbra (LP)
and distal fall-off (DFO). Those two parameters depend
on the accelerator and beam delivery technique used
and may both vary between 1 and 3 mm for dedicated
eye treatment nozzles.6–8 The lateral spreading of the
proton beam is typically achieved by a single- or double-
scattering systems. The pencil-beam scanning (PBS)
technique with apertures can in principle be applied as
well.9–11

The DFO of a generated SOBP is impacted by the
energy spread at the treatment nozzle exit. Here a
balance between high dose rate, maximum field size,
and energy spread needs to be defined. The pioneer-
ing research centers offering PT were mainly equipped
with cyclotrons providing energies of about 60–75 MeV
(i.e., water-equivalent ranges of 30–40 mm), requiring
only little degradation to adjust range to target depth.
Additionally, these machines provide a sufficiently high
dose rate.8,12 In contrast, multi-room facilities equipped
with high-energy cyclotrons, need a substantially larger
energy degradation, which affects the treatment beam
energy spread and thus the DFO. A too strict energy fil-
tering directly behind the energy degrader in an energy
selection system results in low transmission, that is,high
dose rate losses.Generally,a higher energy allows beam
transport to the nozzle with a higher dose rate. It then
however requires further energy degradation within the
nozzle by means of a degrader/energy absorber, which
introduces an energy spread. No further energy filtering
in the nozzle is possible, leading to a higher DFO than
in case of energy reduction behind the cyclotron.6

Centers equipped with a synchrotron have an intrin-
sically narrow energy band for selected energies with
a corresponding small DFO and LP, though lower dose
rates as compared to the cyclotron-based systems.11

In general, the DFO and LP vary considerably between
ocular PT centers.6

Although the benefit of a sharp LP/DFO is obvious
in order to protect neighboring OARs, it is not clear
how this exactly translates into plan quality. In a recent
interinstitutional comparison it was concluded that clini-
cal outcomes are highly dependent on the centers’beam
properties.7 Weber et al.13 compared different radio-

therapy modalities and showed the general benefit of
ocular PT with a dedicated scattering nozzle. However,
the modeling accuracy of the Paul-Scherrer Institute
(PSI) OPTIS system in this planning study was limited
as the beam model was simplified by neglecting col-
limation. There is a general lack of systematic com-
parison in terms of treatment quality for different com-
binations of LP and DFO as they result from techni-
cal implementation of PT. It is thus per se not clear
which parameter has a larger clinical relevance and
thus could be a clinical requirement driving future pro-
ton system designs, such as combinations of PBS with
aperture.

The impact of beam properties depends on the tar-
get margin applied in planning. The distal/proximal mar-
gin is commonly applied in proton ocular treatments
with 2.5 mm and considers uncertainties in absolute
range accuracy and reproducibility, setup uncertainties
and uncertainties in the assignment of densities/relative
stopping powers in the eye model. The commonly
applied lateral aperture margin is 2.0–2.5 mm, mostly
irrespective of the LP. It represents uncertainties in the
patient setup, eye model as well as delivery uncertain-
ties and a possible microscopic tumor spread.4,6,8,14–18

The exact construction of those margins is not always
clearly described, but is directly linked to the expected
uncertainties.

The present study aimed at a systematic in silico
plan comparison using clinical uveal melanoma cases
treated prior to this study with protons by testing different
combinations of LP and DFO. In this way it was possible
to investigate the relevance of LP and/or DFO on plan
quality in terms of dose to OARs. Treatment plans were
created within the RayStation (RaySearch Laboratories,
Stockholm, Sweden) module RayOcular. Lateral target
margins were deduced for the different combinations of
LP and DFO,following an analysis of involved uncertain-
ties.

2 METHODS

2.1 RayOcular

The RayStation 10B treatment planning system (TPS)
was used for a plan intercomparison. RayOcular is a
module within the RayStation system, which allows a
model-based approach comparable to the EYEPLAN
and OCTOPUS planning systems.1,8,19,20 The eye and
tumor models in RayOcular can be based on fundus-
copy images and other ophthalmological data, as well
as on volumetric computed tomography (CT) and mag-
netic resonance imaging (MRI) information. The gen-
eral workflow of clip-based, variable eye gaze angle
planning1 is supported. All calculations were performed
with the currently available pencil-beam algorithm on a
0.2 mm dose-grid.
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2.2 In silico modeling of proton
distributions using RayOcular

To study the effect of the magnitude of LP (80%–20%)
and DFO (90%–10%) on plan quality (defined in Sec-
tion 2.5), nine beam models with different combinations
of LP and DFO were prepared. The models were cre-
ated to give a nearly constant LP and DFO for various
ranges (R) and modulation widths (M) of the fields.Note,
variations with depth are caused by physical process of
scattering modeled by the pencil-beam algorithm. The
LP was defined at a depth corresponding to the mid-
dle of the SOBPs, with the phantom surface positioned
2 cm upstream of the isocenter and with a 5 cm air-
gap between phantom and aperture. Thus, a system
with 7 cm distance between aperture and isocenter was
modeled, representing a typical Ocular PT fixed beam
nozzle design.6,7 The positioning of the phantom sur-
face 2 cm upstream of isocenter was chosen to mimic
a typical depth of an ocular melanoma in the posterior
part of the eye. The Rs of the models can be selected
continuously, while Ms are supported in steps of 3 mm,
reflecting commonly available systems.7 Table 1 sum-
marizes the models used in this study.

The values in Table 1 were chosen to represent pos-
sible beam qualities used in ocular PT6–9,21,22 with DFO
and LPs ranging from 1 to 4 mm. Model #1 was con-
sidered as the technical lower limit, while model #9 on
the other hand represents a combination, that may result
from a cyclotron-based PBS system with a static aper-
ture.

2.3 Clinical cases

Eight clinical cases were investigated with vary-
ing tumor size and location. The clinical cases

TABLE 1 Overview of the nine beam-model properties used
within the plan comparison

Model ID #

DFO
(90%–10%)
(mm)

LP
(80%–20%)
(mm)

1 1 1

2 2 1

3 3 1

4 4 1

5 1 2

6 2 2

7 3 2

8 4 2

9 3 4

Note: The lateral penumbra is defined at middle of all available spread-out
Bragg-peaks (SOBPs) (in total 45 per model) with the phantom surface 2 cm
upstream of the isocenter and with a 5 cm airgap between phantom and aper-
ture.
Abbreviations: DFO, distal fall-off; LP, lateral penumbra.

were based on data from patients of the Charité—
Universitätsmedizin Berlin previously treated with pro-
tons at the Helmholtz-Zentrum Berlin für Materialien
und Energie (HZB). Eye and tumor modeling was
performed on CT and MRI information and/or fun-
dus imaging. Optical coherence tomography, ultrasound
imaging, and ocular biometry served as additional
source of information for defining tumor size, distance
between tumor and optic disc/macula, and eye lengths,
respectively.

For OARs the default dimensions of the RayOcu-
lar model were used. The macula was considered as
a cylinder within the sclera with 1.5 mm diameter and
0.4 mm height and being attached to the outer surface
of the retina. The optic disc was modeled as a cylin-
der within the retina with 1.5 mm diameter and 0.4 mm
height.The optic nerve was modeled as a cylinder start-
ing within the sclera with 1.5 mm diameter and length
of 10 mm and being attached to the optic disc. The
pitch/yaw angle of the optic nerve relative to the surface
of the eye model was adjusted, based on the CT/MRI
information. The skin plane position, that is, the dis-
tance between the most anterior part of the cornea and
the plane defining the surrounding of the eye model,
was taken from the clinical measurements and varied
between 3 mm and 10 mm,depending on the tumor loca-
tion and fixation angle.

In all cases a gross tumor volume (GTV)23 was
defined based on the available data and ranged
between 51.6 and 657.4 mm3.The possible microscopic
extension was not considered in a separate clinical tar-
get volume (CTV), that is, CTV was set equal to GTV,
which is a common approach in ocular proton therapy
(OPTs).

Figure 1 exemplarily displays dose planes for all treat-
ment plans using model DFO = 1 mm/LP = 1 mm. The
dose distributions were normalized to a median dose of
60 Gy(RBE) as prescribed in four fractions. Note, the
dose volume in the selected slice may appear larger
than necessary, caused by the fact that the distal range
was adapted to sufficiently cover the most distal part of
the CTV along the beam direction. Figure 1 also illus-
trates the 50% isodose from model #9 exemplarily for
case #1.

A wedge made of polymethylmethacrylat (PMMA)
with angles between 30◦ and 60◦ was employed in plans
except #1, 2, 5 to limit the dose to the optic disc/macula
by reducing the distal range locally.

2.4 Margin concept and planning
strategy

In total 117 treatment plans were optimized for the beam
models listed in Table 1. The common objective in OPT
is a coverage of the target plus margin with the 90%
isodose. For each plan, a beam-specific target volume
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F IGURE 1 Overview of treatment plans (based on beam model distal fall-off (DFO) = 1 mm/lateral penumbra (LP) = 1 mm) for the
investigated cases. The light red contour is the delineated target volume. The broken line for case #1 indicates the 50% isodose resulting from
model #9. The posterior yellow structure is the optic disc/optic nerve, the magenta colored structure represents the macula in the model

with margins described below was constructed and a
conformal coverage with the 90% isodose was realized.

The lateral aperture margin to CTV contour was
defined depending on the model LP. In order to consider
the variable LP of the models, first a constant contri-
bution to lateral margin was deduced from several type
B uncertainties as summarized in Table 2, following the
concepts of the “Guide to the Expression of Uncertainty
in Measurement.”24

The uncertainties were assumed as rectangular prob-
ability distributions converted to a standard deviation
by applying a coverage factor of k = 1∕

√
3 and

added in quadrature. This leads to a total systematic
and random contribution of 0.24 and 0.29 mm, respec-
tively. Following the van Herk recipe25 a margin of
(2.5 × 0.24 + 0.7 × 0.29) mm = 0.81 mm results, con-
sidering the translational and rotational setup uncertain-
ties as a random contribution, which may persist after
online-correction prior treatment.However,given the lim-
ited number of fractions all contributions in Table 2 were
conservatively considered systematic, leading to a mar-
gin of 2.5 × 0.38 mm = 0.95 mm. RayStation allows the

TABLE 2 Quantities influencing the lateral margin

Influence quantity
Uncertainty
(mm) Type

Geometric eye model 0.2 Systematic

Clip location within model 0.3 Systematic

Position
(translation/rotation)

0.5 Random

Aperture manufacturing 0.1 Systematic

Co-incidence proton
versus X-ray

0.2 Systematic

Note: The underlying distribution is considered rectangular for all quantities. The
type is either systematic or random, depending on its contribution for a fraction-
ated treatment.

user to define the lateral aperture margin based on the
beams eye view projection for a defined target structure.
This needs to consider the above margin and the nomi-
nal LP of each model (see Table 1) for a coverage with
the 90% isodose. A simple analytical extrapolation, with
the LP represented as error-functions, yields LP(90%–
50%) = 0.76 × LP(80%–20%). A total aperture margin
contour was set as 1.7, 2.5, and 4.0 mm for LP = 1, 2,
and 4 mm as a starting point.

This margin concept only holds if the LP was con-
stant. Depending on the localization and shape of the
target, different depths are associated with different LP
due to scatter in tissue. In turn, during manual opti-
mization of the individual treatment plans, slight adjust-
ments of a few tenth of a millimeter were necessary
to ensure sufficient coverage at all depths. A manual
adjustment was also necessary for plans with a wedge,
specifically for the portion of the aperture covered by
it. This is due to the increased lateral scatter within the
wedge and thus larger LP in this part of the field. In
those cases an extra margin of ∼1 mm was added as
a starting point by extending the aperture margin in the
beam eye view to the target volume projection below the
wedge.26

The distal/proximal margin was constantly defined
as +2.5 mm from CTV as defined in the RayOcular
beam parameters. Range and modulation were further
adjusted in each plan to ensure a coverage of the beam-
specific target volume with the 90% isodose, especially
in the case of using wedges. All adjustments were addi-
tionally guided by the fundus projection.

2.5 Evaluation of plans

The dose distribution of all created treatment plans
was analyzed by different dose–volume histogram
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F IGURE 2 (a) Box–Whisker plot showing the distribution of the V20–V80 volume ratios of the plans for each beam model, grouped by
distal fall-off (DFO) and lateral penumbra (LP). The underlying results (per case) were calculated as ratio to results for beam model with
DFO = LP = 1 mm. (b) Box-chart comparing the different beam models for optic disc D1. All results are given as difference to the results of
each plan for model DFO = LP = 1 mm

metrics. Results were calculated as absolute dif-
ference or ratio to the reference plan with beam
model DFO = LP = 1 mm. Results were extracted from
the treatment plans using the RayStation scripting inter-
face and further analyzed in MATLAB R2020a (Math-
Works Inc.). The criteria for evaluation were the D1
(dose to 1% of the volume) for macula and optic disc,
V30 of optic nerve as well as mean dose Dmean for
lens and ciliary body. Historically, the length of the optic
nerve is used in EYEPLAN for the evaluation of a treat-
ment plan. RayOcular like OCTOPUS currently does
not provide the quantity dose–length histogram though.
The V30 (the volume receiving at least 30 Gy(RBE))
was selected as representative for the 50% isodose
covering the optic nerve. For instance, with the default
model of the optic nerve with 1.5 mm diameter and a
length of 10 mm, a V30 = 33% would be equivalent
of 3.3 mm length. Additionally the V20–V80 penum-
bra volume, that is, the difference of volumes encom-
passed by 20% and 80% of the prescription dose, was
calculated.

3 RESULTS

3.1 Impact of beam models on plan
quality

The DFO and the LP naturally influence the irradi-
ated volume of the eye. This is reflected by the V20–
V80 penumbra volume. In Figure 2a, the V20–V80 vol-
ume for each beam model is shown as a ratio to the
DFO = LP = 1 mm beam model. Figure 2a demon-
strates that the V20–V80 penumbra volume is mainly
impacted by the LP of the beam model. V20–V80 is
more than doubled per millimeter change in LP.The DFO
has a considerably smaller impact. The beam model
with DFO = 3 mm and LP = 4 mm may result from

a PBS system with aperture, increases the penumbra
volume by almost up to a factor of 6 compared to the
LP = DFO = 1 mm beam model.

The impact of beam-model parameters for optic disc
D1 is shown in Figure 2b,presenting absolute difference
to results for beam model DFO = LP = 1 mm. Single
plans per beam model (with and without wedge) under-
lie each box. Some of the plans do not have any rele-
vant dose contribution to optic disc/optic nerve/macula
up to a certain DFO/LP and for the same case the
wedge plans may be affected more by the changes
of LP/DFO than the plans without wedge. The model
DFO = 3 mm/LP = 4 mm results in an increase of optic
disc D1 by more than 3000 cGy(RBE) for one of the
plans.

Figure 3 shows the results for macula D1, optic nerve
V30, ciliary body Dmean, and lens Dmean, respectively.
The relative reduction in macula D1 for the different
beam models is less than for the optic disc (Figure 3a).
This can be understood by the fact that in this patient
cohort the macula is typically closer to the lateral
tumor boundary and may already be exposed to a
high-dose level in the plans based on the reference
model (DFO = LP = 1 mm). Nevertheless, the gen-
eral trend of increased dose to the macula can be
observed.

The optic nerve volume receiving 30 Gy(RBE) is
gradually increasing with increased DFO/LP, with strong
dependence on DFO (Figure 3b). The relative increase
is much more pronounced than for D1 of the optic disc
(Figure 3b). The optic nerve extends from the posterior
part of the eye,that is,beyond the distal edge of the dose
distribution, where an increase in DFO increases the
irradiated volumes. As Figure 3b indicates, the increase
in V30 can reach 90%.Together with the aforementioned
increase of optic disc D1, such dose levels may result
in complete loss of visual capabilities for the treated
patient.
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F IGURE 3 F Box–Whisker plots comparing the different beam models for macula D1 (a), V30 for optic nerve (b), mean dose to ciliary body
(c), and mean dose to lens (d). All results are given as difference to the results of each plan for model distal fall-off (DFO) = lateral penumbra
(LP) = 1 mm

F IGURE 4 Median D1 to optic disc as a function of beam-model
parameters in terms of distal fall-off (DFO) and lateral penumbra
(LP), either for the five plans with a wedge or the eight plans without

The lens and ciliary body Dmean are more or less only
affected by the LP (Figure 3c,d).This can be understood
as both OARs are in the proximal region and only one
plan (#4) allowed to limit the modulation width to less
than the total range.

Figure 4 shows the median optic disc dose D1 for
plans with and without a wedge for the different beam
models. The wedge offers the possibility for a markedly
reduction in dose for the optic disc. Nevertheless, even

for an advanced planning technique employing a wedge,
an increased DFO/LP will reduce the plan quality in
terms of OAR sparing. On the other hand, the applica-
tion of a wedge can in some cases compensate for the
larger DFO/LP as can be concluded from Figure 4.

4 DISCUSSION

The results show the expected benefit of a small
LP/DFO in sparing OARs in the treatment of uveal
melanoma. The volume receiving penumbra dose, that
is, dose between 80% and 20%, is naturally affected by
the beam LP/DFO. Given rather small volume of the eye
this can be considered as an important parameter. The
LP showed a larger impact than DFO,except for the irra-
diated optic nerve volume,which is mainly located at the
posterior part of the eye, that is, at the distal end of the
dose distribution.

As was shown by the model representing a hypothet-
ical PBS + aperture system (DFO = 3 mm/LP = 4 mm)
the quality is always inferior to dedicated single/double-
scattering nozzle designs in terms of OAR sparing and
irradiated volume outside the target. On the other hand,
as recently reported by Ciocca et al.11, the combination
of a small energy entering the nozzle and an energy
absorber placed far upstream of the collimator,allows to
achieve an LP of 1.4–1.7 mm. It needs to be noted that
the flexibility which is offered by PBS in terms of dose
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modulation is limited due to the large underlying single
spot sizes of such a system ranging between 1.6 and
6 cm full-width half maximum (see Refs.11,21,27). In order
to take an advantage of the PBS technique for explicit
sparing of OARs, variable collimator systems would be
required such as described by Hyer et al.28 Such a con-
cept on the target size scale for uveal melanoma is how-
ever not yet clinically available.

The fact that the penumbra volume is more sensi-
tive to LP than DFO can be explained by the fact that
the average modulation width of all plans is ∼19 mm
with an average range of ∼20 mm. That means for most
plans the proximal dose is 100% and not affected by
any change in DFO. The larger impact of LP than DFO
with respect to the “penumbra volume” V20–V80 can
also be understood by a simple geometric considera-
tion of a cylinder’s surface. If the dose volume cover-
ing the target is approximated as a cylinder, the LP must
have a larger contribution than the DFO to a change in
cylinder’s surface S.The partial derivative of a cylinder’s
surface equation with radius r and height h results in
dS = dh × 2πr + dr × 2π(h + 2r). For example, the sur-
face change for a cylinder with h = 20 mm and r = 7 mm
is factor 4.8 larger for dr = 1 mm than for dh = 1 mm.

For posterior tumors a small DFO helps to reduce
dose to macula, optic disc, and optic nerve (see, e.g.,
Figure 4). This may be important for conservation of
vision by maintaining the high standard of tumor control
in ocular PT.18,29,30

In all cases the gaze angle was kept constant and
taken from the original clinical plans. Thus, the gaze
angle may have been further optimized when consid-
ering the dose distribution of each model.31 The num-
ber of patient plans investigated was limited,but consid-
ered representing typical cases found in ocular PT. The
patient mix that is treated by a facility certainly impacts
the findings.

In the present study, a margin only considered setup
and machine uncertainties from a CTV while institu-
tions may incorporate microscopic extension, etc., in the
lateral margins and thus other aperture margins may
result clinically. However, the resulting aperture margin
based on the selected uncertainties (Section 2.4) are
comparable to a universally applied 2.5 mm aperture
margin.4,6,8,14–17 Thus, the treatment plans analyzed are
considered as representable for clinical dose distribu-
tions that would result from the employed beam mod-
els. The result of the required margins and thus dose
to OARs strongly depends on the interpretation of the
involved uncertainties and each OPT center may have a
different understanding on each contribution. For exam-
ple, the underlying probability distribution of each deliv-
ery uncertainty may be interpreted as rectangular as
was done in the present study (see Section 2.4) but
could also be interpreted as a normal distribution with
direct impact on the margins.

The application of a wedge generally shows superior
dose distribution in terms of OAR sparing. The applica-
tion of a wedge can in some cases compensate for the
larger DFO/LP, that is, in terms of OAR dose plans with
a wedge may be comparable to a plan without a wedge
but smaller DFO/LP.

The dose calculation in the employed TPS RayOcu-
lar is based on a pencil-beam algorithm. This is in con-
trast to, for example EYEPLAN, where a simple look-up
table serves as algorithm. Given the small field sizes,
a validation of the RayOcular approach is warranted,
but a detailed investigation of the pencil-beam algo-
rithm accuracy is beyond the scope of this work. As the
present study directly compared different LP/DFO val-
ues, the accuracy itself is not expected to directly impact
the conclusions drawn.

5 CONCLUSION

The planning study with the RayOcular TPS demon-
strates the impact of beam properties in terms of LP
and DFO for proton treatment of uveal melanoma. The
LP shows to be of greater importance than the DFO.The
findings reported in this study suggest that a proper col-
limation design is a prerequisite for a clinical shift toward
PBS integrating an aperture system.DFO is more impor-
tant in posterior tumors than in anterior locations, which
is caused by locations of OARs in the posterior parts
of the eye. Without limiting indications, it is thus may be
required to limit the energy entering an eye treatment
nozzle.

The application of a wedge is generally beneficial in
all cases and should be considered when a sparing of
optic disc/nerve and macula is limited for systems with
large DFO/LP. Accurate modeling of the changes in the
dose distribution due to a wedge in a TPS is however
crucial.A thorough validation of RayOcular for modeling
wedges is currently being prepared.

In general, it should be the goal for future PBS-based
solutions to achieve the quality of dedicated nozzle
designs for ocular PT to maintain the existing high qual-
ity in ocular PT.
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