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Simple Summary: While the dosimetric advantages of proton therapy over conventional treatment
for CSI are typically emphasized for spine fields, only lens dose reduction has been reported for brain
fields. In this retrospective in silico planning study, the aim is to assess the potential gains of proton
CSI for organs at risk in the whole-brain part of CSI. Different optimization techniques and beam
arrangements as well as pencil beam spot editing were employed to determine the potential gains.
The study shows that: (1) cochlear sparing is impractical, (2) improving the lens dose is possible
mainly by adding a posterior field direction, and (3) an incremental scalp dose reduction is possible,
particularly in adult patients.

Abstract: Proton therapy is a promising modality for craniospinal irradiation (CSI), offering dosi-
metric advantages over conventional treatments. While significant attention has been paid to spine
fields, for the brain fields, only dose reduction to the lens of the eye has been reported. Hence,
the objective of this study is to assess the potential gains and feasibility of adopting different treat-
ment planning techniques for the entire brain within the CSI target. To this end, eight previously
treated CSI patients underwent retrospective replanning using various techniques: (1) intensity
modulated proton therapy (IMPT) optimization, (2) the modification/addition of field directions, and
(3) the pre-optimization removal of superficially placed spots. The target coverage robustness was
evaluated and dose comparisons for lenses, cochleae, and scalp were conducted, considering potential
biological dose increases. The target coverage robustness was maintained across all plans, with minor
reductions when superficial spot removal was utilized. Single- and multifield optimization showed
comparable target coverage robustness and organ-at-risk sparing. A significant scalp sparing was
achieved in adults but only limited in pediatric cases. Superficial spot removal contributed to scalp
V30 Gy reduction at the expense of lower coverage robustness in specific cases. Lens sparing benefits
from multiple field directions, while cochlear sparing remains impractical. Based on the results, all
investigated plan types are deemed clinically adoptable.

Keywords: proton therapy; craniospinal irradiation; treatment planning

1. Introduction

Craniospinal axis irradiation is characterized by high toxicity, predominantly associ-
ated with the young age of the patients, the dose to the whole brain, large target volume,
and the delivery technique. Some toxicity types, for instance, those related to endocrine
and neurocognitive functions, are unavoidable in the CSI phase of the treatment since
the pituitary gland and brain are integral parts of the CTV. Consequently, sparing is only
possible in the boost phase, although innovative ideas, such as hippocampal sparing CSI,
have been investigated [1-3]. Due to its physical characteristics, the traditionally used
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megavoltage photon beam allows for only limited improvements in CSI-related toxicity
reduction, even considering the high-technology advances in photon radiotherapy in recent
decades [4]. The physical characteristics of protons (i.e., their finite range), on the other
hand, allow for the complete exclusion of the oral cavity, dentition, and parotid glands
from the radiation field. While CSI implementation for the passive scattering technique
mostly focused on target coverage with only limited possibilities of geometrical sparing,
PBS optimization techniques enable a better control of the proximal dose, at the same time
making it possible to spare organs at risk, such as the scalp, cochleae, and the lenses of
the eyes. Due to the proximity of the target, the cochleae are typically included in the
PTV; so, a reduction in dose is possible only by jeopardizing the target dose coverage [5,6].
In the robust planning method, however, the target is the CTV, which may allow for an
incremental lowering of the cochlea dose while maintaining the clinical target coverage
criteria (CTV covered by 95% voxmin IDL), which is possible with a sufficiently steep dose
gradient that may be achieved by combining the IMPT type of optimization with more beam
directions. The literature reports a threshold scalp dose for radiation-induced alopecia of
approximately 21 Gy following proton CSI with high-dose chemotherapy and 30 Gy with
conventional chemotherapy [7,8]. Nonetheless, the reduction in the scalp dose is difficult
to achieve due to physical properties of proton radiation, i.e., the lack of a skin-sparing
effect characteristic for megavoltage beams. Therefore, distributing the entrance dose over
more beam directions combined with per-beam dose modulation and the pre-optimization
editing of superficial spots may offer a means of incremental reduction in alopecia risk.
Compared to the conventional technique, proton CSI can offer dose reduction to the lens of
the eye, and the dosimetric benefit may also depend on the choice of beam directions and
optimization method [9].

Data on the clinical toxicity outcome comparing protons and photon CSI are scarce.
Nonetheless, the recent literature reports on acute toxicity reduction, a better preservation
of neurocognitive function, reduced ototoxicity, and a reduced risk of some radiation-
induced endocrine abnormalities [10-17]. However, target coverage robustness in proton
therapy has been the subject of a longstanding debate, which originates in the observation
that, whereas for photons the dose distribution remains fairly invariant to patient anatomy
changes and setup errors [18-20], for protons, this assumption is no longer valid [21]. As a
consequence, the CTV to PTV expansion margins, that for photons provide a buffer zone for
these uncertainties, cannot be applied to protons without losing coverage due to the range
uncertainty. Therefore, in our clinic, robust treatment plan optimization and evaluation
based on the setup and range uncertainties have been clinically adopted.

In this work, we evaluated the potential benefits of (1) the IMPT type of optimization,
(2) alternative beam configurations consisting of two and three field directions, as well as
(3) the pre-optimization removal of superficial Bragg peaks, against our current clinical
practice, which consists of two posterior oblique SFUD-optimized fields and no spot
editing. We achieved this by retrospectively generating treatment plans that incorporate a
combination of the above techniques, extracting target coverage robustness metrics and
OAR doses for RBE = 1.1 as well as for an arbitrary variable RBE model, and comparing
them against our current practice. The aim of the study was to determine if any of the
techniques are suitable for routine clinical adoption.

2. Materials and Methods

This paper is organized in the following way. First, we present our current practice,
and then we provide details of the methods and justify the choices we made to arrive at our
results by means of comparisons between the different planning options. Section 3 presents
the results divided into the discussion of the target coverage robustness and organs-at-risk
sparing. These results are further discussed in Section 4.
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2.1. Cases Included in the Study

Eight consecutive patients, two adults (ages 19 and 65 years) and six pediatric patients
(median age of 9 years, ranging from 4 to 14 years), who had previously received cran-
iospinal irradiation at our center and started radiotherapy between the arbitrary dates of
15th May and 4th November 2019, were included in this retrospective study. Five pediatric
patients were treated under general anesthesia. The exclusion criteria for the study were
the following: (1) the presence of an implanted foreign material in the path of the proton
beam (valves, shunts, artificial bone reconstruction materials, and surgical clips; we ex-
cluded 3 cases) and (2) an unstable outer contour due to, e.g., seromas or subcutaneous CSF
collections (we excluded 5 cases). For the clarity of comparison, all dose statistics presented
in this work are normalized to the prescription dose and presented as a fraction thereof.

2.2. Definitions of Target and Organs at Risk

CTV-brain, lenses, and cochleas were delineated on a 2 mm CT scan in the bone setting
according to the SIOP brain tumor group consensus guidelines [22]. The scalp structure
was segmented by creating a 5 mm inner wall from the skin surface covered by hair, and
named “Scalp5”.

2.3. Optimization and Robustness Evaluation Technique

In our clinical practice, we employ robust optimization and target coverage evaluation
features implemented in RayStation ver. 11B (RaySearch Laboratories AB, Stockholm,
Sweden). For the whole-brain CTV part of the CSI treatment, we apply a range uncertainty
of 3% and an isotropic setup uncertainty of 3 mm.

The robustness of the target coverage against the range uncertainty and translational
patient setup errors was evaluated using the method proposed by Korevaar et al. [23]:
The voxelwise minimum and voxelwise maximum (voxmax) dose distributions were first
created by combining isotropic shifts with proton range uncertainty. Next, to account for
the aforementioned perturbations, the voxmin composite dose distribution was reviewed
to determine if the target coverage was adequate. Similarly, the voxmax was inspected
to ensure that the clinical goals for OARs as well as for the target were met. Our target
coverage criterion requires that at least 98% of the CTV volume is covered by the voxmin
94% IDL, while a voxmax hotspot of D2% < 107% is deemed acceptable.

Since the CSI plans consisted of more than a single isocenter, we adopted a position
verification protocol in which only 3D table corrections were applied to minimize the mis-
alignment of the patient with respect to the reference scan. As a consequence, our position
verification protocol permitted the residual rotational and translational misalignment of
maximum values of 2° and 3 mm, respectively, for isocenter 1 (CTV-brain). While tools
exist in the TPS to evaluate the robustness of dose distribution against translations, such an
evaluation against rotations is not trivial and is not routinely conducted for clinical plans.
However, for the purpose of comparing the different plans in this work, an evaluation
against rotations was found informative; so, the following methodology was adopted. First,
six copies of the planning CT were made with identical structure sets. Next, each copy
was rigidly registered to the planning CT with +2° rotation perturbations along the three
cardinal axes and with the pivot point at the 1st treatment isocenter. The arbitrarily chosen
£2° rotations correspond to the tolerance level specified in our position verification proto-
col. In the following step, a robustness evaluation was performed (i.e., voxmin and voxmax
doses were computed) on the planning CT as well as on each of the 6 rotated planning CT
sets separately, thus resulting in 7 voxmin and voxmax dose distributions: 1 incorporating
the translations and range uncertainty only (the planning set) and 6 additionally including
the uncorrelated rotations.

In our clinical practice, isocenter 1 is typically located at the level of the atlas. This
determination comes from the available field size considerations; this location allows for
covering a long target with a smaller number of isocenters. However, because of the pivot
point location, an example 2° yaw or pitch results in a higher misalignment of the CTV
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than a 2° roll, for which the pivot point is located centrally in the target (see Figure 1). It is
then expected that, when 2° rotations are applied, yaw and pitch rotations might result in
more dramatic coverage losses than a roll.

Yaw Pitch Roll

ield size ,

£

., Available

Figure 1. Visualization of the rotations along the cardinal axes when the isocenter (depicted by the
® sign) is placed at the level of the atlas.

2.4. Current Practice

In our current technique, we typically use two coplanar, evenly weighted, uniform, lat-
eral oblique fields (typical beam directions are 110° and 250°) to cover the CTV-brain. This
technique was adopted on the basis of the following considerations: (1) fields with couch
rotations are not preferred due to additional complexity that they introduce to the position
verification protocol as well as concerns of reduced robustness of the cervical gradient
junction; (2) anteriorly inclined or straight lateral fields do not allow for the geometrical
sparing of lenses of the eyes; and (3) posteriorly inclined fields raise concerns of proton
end-of-range effects in the optic system. We employed an SFUD type of optimization, which
was implemented in the TPS as an optimization parameter requiring that the maximum
dose from any field direction must not exceed (107% PD)/(number-of-field-directions).
The initial spot placement was determined by the internal TPS algorithm, which considers
the desired spot (in-layer) and energy (between layers) spacing as well as the robustness
settings. In our practice, we do not edit the initial locations of these spots.

All beams in all investigated plan types used the 4.0 cm WET range shifter, which
makes it possible to deliver dose also superficially. Given that the spot size (o) at the
isocenter in air of our delivery system ranged from 6 mm (lowest energy) to 3 mm (highest
energy), the use of the range shifter combined with the drift distance necessary to provide
safe clearance from the patient and support equipment resulted in approximately double
the spot size in air. Finally, for the optimization and final dose calculation, the Monte Carlo
algorithm was used.

2.5. Candidate Techniques
2.5.1. IMPT vs. SFUD Types of Optimization

While the SFUD optimization is perceived as providing a better target robustness
coverage than IMPT, its application limits the use of the physical properties of protons
(i.e., the Bragg peak) for the improved sparing of the organs at risk. In this work, both
optimization techniques were employed and evaluated against each other in combination
with different beam arrangements and the use of superficial spot filtering, with respect to
the target robustness coverage and organs-at-risk sparing.

2.5.2. The Number and Directions of Fields

In our current practice, we commonly use the LPO-RPO directions (See Figure 2, left)
with the typical gantry directions of 110° and 250°. The posterior oblique directions were
selected to provide a balance between the geometrical sparing of the lenses of the eyes
while allowing for the adequate coverage of the cribriform plate and avoiding concerns of
an end-of-range RBE increase in the brain and optic system. In addition, the wide angle
between the fields allows for spreading the entrance dose throughout a larger surface
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of the scalp, thus helping to reduce the overlap between the entrance doses from both
beams. Finally, the use of only two field directions provides a reasonable balance between
the plan complexity and the delivery time. The addition of the third (PA) field direction
(Figure 2, middle) may be considered with only a small delivery time penalty required for
loading and delivering the field, because the required gantry direction is already utilized
for the treatment of CTV spine. The 3-field configuration has the potential to further
decrease the high scalp dose by reducing the areas where the incident field enters the
skin tangentially as well as geometrically helps by sparing the lenses. Furthermore, the
robustness of the cervical junction can be improved by modifying the planning technique
to transform the cervical junction into a pseudo-junction [24]. The third, non-symmetrical
arrangement (Figure 2, right) consists of two field directions only, PA and LPO (or RPO),
and can be considered to reduce the delivery time by shortening the time needed to rotate
the gantry comparing to the LPO-RPO field arrangement. However, close attention has to
be paid to the skin dose, robustness, and the end-of-range effects in the optic system.

LPO-RPO LPO-PA-RPO LPO-PA
A A A
Figure 2. Field arrangements evaluated in this study.

2.5.3. Superficial Spot Removal (SR)

The internal algorithm of the robust Bragg peak placement in RayStation does not
allow for regions of interest to be strictly used as exclusion zones from spot placement.
Instead, such “Avoidance ROIs” also prevent the algorithm from placing the spots down-
stream of the RO, effectively serving also as “Blocking ROIs”. In addition, the optimization
robustness settings are also taken into account by the algorithm, which results in also
placing the spots inside of the avoidance ROIs. To circumvent these issues, an algorithm
was created by Hedrick et al. [25] that allows for spot editing after the initial spot placement
is conducted by RayStation. In this work, the algorithm was used to remove spots placed
less deep than 5 mm from the skin surface (see Figure 3), which follows the clinical practice
at the Provision clinic (S. Hedrick, Provision CARES Proton Therapy Center, Knoxville, TN,
USA, personal communication). By removing the spots placed superficially, it might be
possible to reduce the dose to the skin. However, one also has to ensure that the target can
be still adequately covered with an acceptable dose uniformity under uncertainties despite
the removal of these spots.

Original robust Spot placement
spot placement after scripted
spot removal

Figure 3. Illustration of the superficial spot removal action. Locations of Bragg peaks (green crosses)
originally placed by the TPS to cover CTV-brain (red) by the RPO field. By the action of the superficial
spot removal, the Bragg peaks located less deep than 5 mm from the skin surface (blue) were deleted.
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2.6. Comparison of the Current Practice with the Proposed Techniques
2.6.1. Ensuring a Fair Comparison between the Different Plan Types

When comparing the different PBS plan types, it is crucial to ensure that the plans are
optimized consistently so that the differences can be attributed to the known factors, such
as, in this study, the beam arrangement, single- or multifield optimization, and spot editing.
For PBS optimization, this is a challenging task, because the optimization problem has a
large number of degrees of freedom so that many solutions that satisfy clinical goals are
possible and depend on the choice of optimization parameters, their weights, and the path
that the optimizer takes to arrive at the solution. The additional difficulty arises when the
voxmin composite dose distribution is used as the coverage criterion, because it is only
known after the robustness evaluation is completed (i.e., in a separate step following the
optimization process). In this work, a method based on the optimization function template
was adopted to reduce the variability between the plans that originates in such factors as
the selection of the optimization strategy, dosimetrist experience, and the available time for
the task. The use of the template helped to highlight the factors that are different between
the plans. However, the disadvantage of this approach is that each plan might not be
fully optimal and that customization of the optimization parameters could possibly further
improve the clinical goals. The template of optimization functions was first created and
tested on the available cases so as to ensure that (1) the near maximum dose clinical goals
are met, (2) the target coverage is satisfied, and (3) OARs are spared. To achieve the optimal
sparing of OARs in different patient geometries, the dose fall-off function implemented
in RayStation was used, which effectively acts as a maximum dose objective that linearly
changes with the distance between the target and the OAR. To make the distinction between
the IMPT and SFUD types of optimization in the optimization template, the uniform dose
optimization parameter was applied for the whole plan dose in the IMPT plans, while the
per-beam uniform dose optimization parameters with the same weights were requested in
SFUD plans.

2.6.2. Target Coverage Robustness Evaluation against Range Uncertainty, Translations,
and Rotations

The position verification procedure of craniospinal irradiation adopted at our insti-
tution allows for disregarding residual translations as long as the misalignment values
are within the tolerance of the position verification protocol. Rotation corrections are
not applied, but instead, the patient is re-positioned on the couch—a practice that has
limited accuracy.

Although the evaluation of the target coverage robustness against rotations is not
routinely conducted in our clinic, it may be used as a tool to compare the robustness of
the different plan types. We selected a value of 2° rotations regarding isocenter 1 in each
cardinal plane, in addition to the range and patient setup uncertainty (3% and 3 mm,
respectively), which are the maximum accepted values in our position verification protocol.

2.6.3. Organs-at-Risk Doses and Variable RBE Evaluations

In this work, we investigated if alternative beam arrangements to our clinical standard,
the use of multifield optimization, and the superficial spot filtering provided sufficiently
robust target coverage when the uncertainties of the proton range in patient as well as
the patient setup (translations and rotations) were taken into account, while offering a
better sparing of OARs. To this end, we looked at the CTV voxmin near minimum (D98%)
and voxmax near maximum (D2%) DVH parameters [26]. In addition, we designated
the maximum point dose parameter (D0.03cc) in the optical structures (chiasm and optic
nerves), as a surrogate for dose non-uniformity. The rationale for the choice of these
structures is such that the adequate coverage of the neighboring cribriform plate is typically
challenging due to the presence of tissue inhomogeneities (air cavities and bony structures
of the paranasal sinuses) and competes with sparing the lenses of the eyes [27]. For
this reason, hotspots may easily arise in this part of the target when setup and range
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uncertainties are considered, especially when the dose per beam is not uniform. In order
to improve the sensitivity of the analysis, we recomputed the plan dose using a variable
RBE model that takes into account the LET dependence of the deposited dose on RBE.
We arbitrarily chose to use the McNamara variable RBE model [28] with o/ =2 Gy
for this task.

3. Results
3.1. Robustness of the Target Coverage

Figure 4a shows the near minimum (D98%) voxmin dose values for CTV-brain with
only range and translational setup uncertainties accounted for. In all cases, the voxmin
94% isodose line covers at least 98% of the CTV-brain volume, which is our clinical target
coverage acceptance criterion. Note that, for all plans where the superficial spot removal
was applied, the common template that was used to optimize all cases resulted in a
consistently lower target coverage by a median of 0.6% PD. When £2° rotations about
the three cardinal axes were considered in addition to translations and range uncertainty
(Figure 4b), the coverage was further impacted and, in a few instances, reduced to below
the acceptance level. Notably, for cases 3 and 5, the median coverage for the two plan types
SFUD-(LPO-PA)-[SR] and IMPT-(LPO-PA)-[SR] approached the threshold. In both of these
cases, the CTV was located in a shallow position below the skin because of thin cranial
bones and, as a result, the 5 mm structure used to remove spots was partially overlapped
with CTV-brain, thereby removing the spots located on its peripheries. Both plans used
the superficial spot removal as well as two field directions, which included one straight
posterior field. When examining the individual dose distributions, we noticed that the
most significant loss of coverage occurs under +2° yaw rotations and was caused by the
use of the posterior field (see Figure 1, which shows the effects of rotations). We conclude
that the use of superficial spot removal with a low separation distance between the scalp
and CTV-brain in combination with the LPO-PA field arrangement are the main factors
contributing to the reduced coverage.

The CTV-brain D2% metric was designated as a measure of the dose homogeneity. As
presented in Figure 5, all plans met the near maximum dose criterion of voxmax 107% PD.
The results show only small variations in D2% between the plans as well as a consistent
difference between voxmax and the nominal doses of approximately 1.7% PD. When
accounting for 2° rotations in addition to translations and range uncertainty, the D2%
metric showed only small variations; see Figures A2 and A3.

In addition to CTV-brain D2%, the maximum dose to the optic structures was des-
ignated as a surrogate for coverage uniformity under setup and range uncertainties in
the region where extreme density inhomogeneities are present (cortical bone and sinus
cavities) as well as where competing objectives are requested: the adequate coverage of
the cribriform plate and the sparing of the lenses. The same methodology was applied
for the analysis of the near maximum dose, but in addition to the RBE = 1.1 model, the
variable RBE model of McNamara was used. Figure 6 presents the McNamara D0.03cc dose
to the optic structures for all cases and plan types but excluding the setup uncertainties.
The D0.03cc evaluated on RBE = 1.1 dose distribution as well as the effect of rotations are
presented in the Appendix A in graphical and tabular forms (Figure A4). Based on this
analysis, we conclude that, while the point doses for the different plans vary from the
reference plan, the variations are small even when considering the variable RBE due to
the proton end-of-range. In addition, the maximum dose to the optic structures does not
considerably change when the rotations are accounted for.



Cancers 2024, 16, 892 8 of 22

I SFUD- (LPO----RPO) -——--
100% [ ]SFUD- (LPO----RPO) - [SR]
[ SFUD- (LPO-PA----) —===~
SFUD- (LPO-PA----) - [SR]
99 I SFUD- (LPO-PA-RPO) -—---
i [___] SFUD- (LPO-PA-RPO) - [SR]
I IMPT- (LPO-PA----) —————
[ ]IMPT-(LPO-PA----)-[SR]
98% IMPT- (LPO-PA-RPO) ----~-
IMPT- (LPO-PA-RPO) - [SR]
e 97%
w 11
o
o 96% [ i
95%

Acceptance
oas — — JERN . BRAR L) N | o 1] | | level
93% - L AR — o — o

~ 9 ” > o © A ?
(4 (4 4 4 90 4 4 90
& (o4 [vi4 o4 o4 (4 & &
(a)
100%
99% -
98% -
a 97| :Q k 1 !
m w ! -T‘ % .I LN} q
W . - +
) L F iy
¢ | i % i
%o 96% | )
§ | *
95% + + I
+
[ 4 Acceptance
| level
94— — — — — — — F——————— — ——— — ——— — — —
+
933 . . . . | L | L
y v > 3 ) © A ?
(4 (4 (4 (4 (4 (4 (4 4
d e e d e v & e
(b)

Figure 4. D98% voxmin CTV-brain coverage for the 8 cases and 10 plan types. The legend provides the
color code for the different plan types in the format: Optimization Type-(Field Arrangement)-[SpotRemoval].
Panel (a): only 3% range and 3 mm translational setup uncertainties included. Panel (b): 2° rotations
independently evaluated about each cardinal axis in addition to range and translational uncertainties. Boxes:
the bottom and top edges of the box indicate 25th and 75th percentiles, respectively; the whiskers show the
minimum and maximum values that are not considered outliers; and the ‘+* signs show the outliers (i.e.,
data points located more than 1.5 x interquartile range below the first or above the third quartile).
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Figure 5. CTV-brain D2% per case and plan type: bars represent nominal doses and dots represent

voxmax values.
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Figure 6. McNamara D0.03cc dose to the optic structures for the different cases and plan types. See
the Appendix A for numerical data.

3.2. Organs-at-Risk Sparing
3.2.1. Lens of the Eye

All alternative beam arrangements showed statistically significant mean dose reduc-
tions to the lens of the eyes by 2% to 7% PD with respect to the reference plan type (Figure 7).
For most plan types and cases, this difference was also carried over when considering
voxmax mean doses, except for a few notable exceptions, namely, the dose to the right lens
in the LPO-PA field arrangement increased considerably between the nominal and voxmax
doses. This can be explained by the high dose gradient that is created by the distal fall-off
of the LPO field to spare the lens in the nominal plan.

I SFUD- (LPO----RPO) —----
[ ]sFUD- (LPO----RPO) - [SR]

0
) . [ SFUD- (LPO-PA----) ——-——
|| > [ | 0 H o SFUD- (LPO-PA----) - [SR]
‘ ‘ II I | | | I SFUD- (LPO-PA-RPO) —--—-
I [ |SFUD- (LPO-PA-RPO) - [SR]
I 1MPT- (LPO-PA---=) —==-—
| | L [ |IMPT- (LPO-PA----) - [SR]
B » o © A ®
096 'Dez Oez 096 'D‘ae 'Dez

IMPT- (LPO-PA-RPO) ----—
IMPT- (LPO-PA-RPO) - [SR]

% % & < % <

Figure 7. Mean dose to the right lens for the different cases and plan types. See Figures A6 and A7
for the graph showing the left lens and numerical data for both lenses.

3.2.2. Cochleae

As expected, only small differences between cochlear doses for the different plans
and cases were present, and the differences between the voxmax value and nominal doses
were consistent (2% to 3% PD) (Figure 8). Furthermore, the size of the spot, presence of
inhomogeneities (bone, soft tissue, and air), and the proximity of the target to the CTV did
not allow for creating a dose gradient that allows sparing. As a result, regardless of the
plan type, the differences in cochlea doses were very small. The lack of a significant dose
gradient means also that sparing the cochlea does not depend on the optimization type
(e.g., PTV-based or CTV-based robustness).

I SFUD- (LPO----RPO) ==~

[ ]SFUD- (LPO----RPO) - [SR]
( 1. e ' 0 SFUD- (LPO-PA----) -—=-—
|| 1 | I [TTIAL [ o e \ | SFUD- (LPO-PA----) - [SR]
\ | I | I [ II [ I SFUD- (LPO-PA-RPO) - ---
[ ] SFUD- (LPO-PA-RPO) - [SR]
I 1MPT- (LPO-PA----) —————
: | L [ ]IMPT-(LPO-PA----) - [SR]

) S ° © a .

& e c?ee i & &

IMPT- (LPO-PA-RPO) -----
IMPT- (LPO-PA-RPO) - [SR]

% % % & %

Figure 8. Mean dose to the right cochlea for the different cases and plan types. See Figures A8 and A9
for the graph showing the left cochlea and all numerical data for both cochleae.

3.2.3. Scalp

The optimization of the scalp dose made use of the generalized equivalent uniform
dose [29] with the value of the exponent of 10 as presented in the publication of Min et al. [7]
to preferentially reduce the high dose component. In accordance with the publication of
Min et al. [7], V21Gy and V30Gy were extracted and evaluated for the different plans and
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cases. This constitutes a deviation from presenting the data in this work as fractions of PD;
so, for this presentation, the PD was assumed to be 36 Gy.

Based on Figure 9, it is apparent that V30 Gy is much lower for cases 1 and 2 (adults)
than for the remaining cases (pediatric patients). Although less pronounced, this difference
is also present for V21 Gy (see Figure Al11: V21 Gy to Scalp5). The reason for this difference
is the presence of the larger separation between the CTV-brain and skin surface, which
in adults, is provided by thicker cranial bones and subcutaneous tissue, sufficient for the
distal fall-off dose gradient, while for pediatric patients, the separation is too small to allow
sparing while providing adequate CTV coverage (Figure 10).

I SFUD- (LPO----RPO) —-=-~-

1 ‘l '] | H 1 H | gl c | [ |SFUD- (LPO----RPO) - [SR]
I l [ SFUD- (LPO-PA----) —=—-~
SFUD- (LPO-PA----) - [SR]
I SFUD- (LPO-PA-RPO) ----~-
I [ |SFUD- (LPO-PA-RPO) - [SR]
I 1MPT- (LPO-PA----) —===—
| | 1N [ ]1MPT- (LPO-PA----) - [SR]
) » ° © A ®
’{’0 090 090 Qeo '&ee '&"0

IMPT- (LPO-PA-RPO) -----
IMPT- (LPO-PA-RPO) - [SR]

% %) %) %) % %

Figure 9. V30 Gy dose to scalp, assuming a prescription dose of 36 Gy. Bars show the nominal dose
and circles indicate the voxmax value. See Figures A10 and A11 for V21 Gy and data in tabular form.

% of 3600 cGy (RBE)
120.0
115.0
110.0
107.C

Figure 10. Illustration of the separation between the CTV-brain (red) and scalp (orange): adult
case (left) and pediatric case (right).

In the two adult cases, the larger distance between the CTV and skin also makes
the scalp sparing using superficial spot removal slightly more effective than in the pedi-
atric cases. When evaluating the DVHs of the scalp structure individually for all cases
(Figure A12), it is apparent that the superficial spot removal is the most effective mecha-
nism of scalp dose reduction (optimization method and beam arrangement are of lesser
importance). The other aspect is the difference between the nominal and voxmax doses:
Figures A10 and A11 show V30Gy and V21Gy, respectively, for Scalp5, which illustrates
that the difference between the two is higher for the SR plans than for the non-SR plan.
However, the dose reduction is still favorable for the SR plans.

From Figure 9, it is also clear that superficial spot removal is effective in reducing
V30 Gy to the scalp in both nominal as well as voxmax by a median of 9% PD and 3% PD,
respectively, although the difference between the voxmax and nominal doses is higher for
the plans that utilize superficial spot removal.

The reduction shown in the figures as well as the dose volume histograms can be also
illustrated by superimposing the isodoses onto the skin surface contour (Figure 11). The
differences in the level of scalp sparing between the adult and pediatric cases are apparent.
Furthermore, the effect of the superficial spot removal is visible in both cases. Finally, the
redistribution of the high dose area toward the posterior section is visible when the third
(posterior) field is added.
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SFUD-(LPO----RPO)-----

SFUD-(LPO----RPO)-[SR]

IMPT-(LPO-PA-RPO)-[SR]

Adult (Case 2) Pediatric (Case 7)

1151

110.0
107.0

Figure 11. Isodoses superimposed on the body contour for the adult case (left) and the pediatric
case (right) to qualitatively illustrate the differences in dose distribution between the 3 selected plan
types (ear lobe blurred to prevent patient identification).

The shape of the high dose region in the adult case (notice the 80% IDL in Figure 11,
two-field beam arrangements) follows the shape of the entrance dose, while for the pediatric
case (see the 90% IDL), it is more consistent with the exit dose. This observation illustrates
the contributions of entrance and exit doses to the total scalp dose. The addition of the
third field direction also redistributes the high dose region more uniformly to the dorsal
part of the scalp.

4. Discussion

The current study comprises of two parts: in the first one, we investigated the CTV-
brain coverage robustness resulting from all evaluated plan types, while the second part
constitutes an attempt to quantify the dosimetric sparing of lenses, cochleae, and the scalp.

As demonstrated in Figure 4a, all investigated plan types met the internally adopted
voxmin D98% > 94% target coverage criterion. After factoring in the £2° rotations about
the cardinal axes (Figure 4b), the target coverage was still acceptable for most plan types;
however, for some cases, the coverage deteriorated. Notably, for the LPO-PA beam arrange-
ment, it was reduced more significantly than for the other plan types. which is mostly a
consequence of a combination of two factors: the use of superficial spot removal and the
low separation between the CTV and the skin. In addition, the target coverage from the
posterior field is less robust against yaw rotations when the isocenter is placed not centrally
inside the CTV-brain. This shortcoming, however, can likely be helped by shifting the
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isocenter location to a more cranial position. It is also apparent that the use of superficial
spot removal results in a consistently lower coverage than for the corresponding plans that
do not use superficial spot removal. In addition to coverage degradation, the use of SR
results in higher near maximum voxmax values for CTV-brain (Figure 5), which indicates
that some spots removed by the script were necessary to achieve a more uniform target
coverage. The balance between the near minimum and near maximum doses is a result of
the arbitrary choice of functions that constitute the optimization function template, which
was applied to all cases and plan types to facilitate the comparison consistency of the differ-
ent plans. It is likely to expect an improved target coverage if a higher near maximum dose
is accepted. The near maximum CTV-brain dose was only weakly varying with rotations
in addition to translations and range uncertainty (Figures A2 and A3) for each plan type.
Therefore, in order to increase the sensitivity of the analysis, we also looked at the dose
to the optic structures, which might potentially be affected by proton end-of-range, and
used a smaller volume (0.03 cc) in combination with a biological dose model in which the
RBE depends on the LET distribution as well. The combination of these factors helped us
to highlight the differences between the different plan types. We chose the optic structures
because an increase in the biological dose might have clinical relevance. Figure 6 illustrates
the result of this investigation and Figures A4 and A5 provides a quantitative analysis:
while some plan types result in D0.03cc dose to the optic structures to be statistically higher
than the reference plan, the differences are small (the median increase is limited to approx.
3% of PD in the variable RBE evaluation).

It is apparent from the literature that, among the OARs located in the head, proton CSI
offers a considerable dose reduction mainly to the lens of the eye. The clinical significance
of the lens dose was reported in a study of childhood cancer survivors [30], in which a
linear dose-response for an increased risk of cataracts was found in individuals who were
exposed to 0.5 Gy or more to the lens of the eye. The odds ratio for developing cataracts was
found in that study to increase with the average dose to the lens at a rate of 1.53% per Gy.
Given that the typical dose to the lens of the eye is estimated at 15-35% of the PD [9], the
excess risk for developing cataracts following CSI treatment is considered high. In this
work, we demonstrated that the alternative beam arrangements evaluated in this study
resulted in lower doses to the lens by approximately 2% to 7% of the PD with respect to
the LPO-RPO arrangement. The most benefit to the lens dose is visible in plans that utilize
three field directions. The asymmetrical LPO-PA beam arrangement results in a left lens
dose that is consistent with that of the three-field plans, while the right lens dose is reduced
only moderately, showing that sparing the lens using the distal fall-off that is degraded
by passing through the inhomogeneous region of the paranasal cavities is less effective
than that provided by the lateral penumbra. This asymmetrical beam arrangement could
be partially symmetrized by alternating field directions every other day, i.e., LPO-PA and
RPO-PA. It is also worth noticing that the median difference between the voxmax value
and the nominal doses to the right lens dose (Figure A7) is higher for plan types using two
rather than three field directions.

We posed a hypothesis that, by making use of the IMPT type of optimization, a
sufficiently steep dose gradient could be created between CTV and cochleae, which would
allow for an incremental reduction in the cochlear dose while still providing a robust
coverage of the CTV. However, the data analysis revealed no difference in the dose to
cochleae between the SFUD and IMPT type plans. The larger spot size, the presence
of density inhomogeneities, as well as the cochlea delineation directly adjacent to the
CTV-brain did not allow for creating a cochlea-sparing dose gradient.

Two main factors contribute to the reductions of V30 Gy and V21 Gy to the scalp: a
sufficient separation between the CTV and the skin as well as the use of superficial spot
removal. The former makes it possible to achieve a V30 Gy to the scalp of approx. 1/3 of
the volume in adults, while the latter makes it possible to reduce V30 Gy further by an
additional 10% in adults and 8% in pediatric patients (Figures 9 and A10). Although the
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quoted reductions for adult patients are not statistically significant because only two cases
were included in this study, they are consistent for all plan types.

Ensuring a fair comparison between PBS plans is a difficult task and the literature
does not provide a consistent methodology. The task is even more complex when the target
coverage is not a parameter that results directly from optimization but only follows the next
step, which is the robustness evaluation, where the voxmin composite dose distribution is
computed. In this work, we set out to ensure the consistency of the optimization process
by creating a universal template of optimization functions that was applied to all cases.
The limitations of this approach are that (1) the list of functions comprising the template is
arbitrary and (2) the final plans might not be fully optimal. So, while the consistency of the
optimization process highlights the differences between the plan types, the values of the
sparing potential for OARs should not be interpreted in the absolute sense but rather as
relative to the other plan types.

5. Conclusions

This study demonstrated that all investigated beam arrangements provide a similar
robustness of target coverage, although in patients with a low separation between the
CTV and the scalp, two factors reduce the coverage robustness: the use of LPO-PA field
arrangement as well as superficial spot removal. We also observed that the variable RBE
shows only a small and typically insignificant increase in D0.03 dose to the optic structures
when IMPT is used, the posterior field is added, or both. Sparing the lenses is effective with
the straight posterior field, while an insufficient gradient was created to even incrementally
spare the cochleae. Finally, a substantial scalp sparing (V30 Gy) is possible in cases with
sufficient separation between the CTV-brain and the scalp (i.e., adults), while a reduction
with superficial spot removal is effective in all patients.

Author Contributions: Conceptualization, WPM. and J.H.M.; methodology, J.A.L., S.B. and ] HM,;
software, M.C.L.; validation, A.B.; formal analysis, W.PM.; investigation, W.PM.; resources, WP.M.; data
curation, M.C.L. and C.L.B.; writing—original draft preparation, W.PM. and ].H.M.; writing—review and
editing, HL.v.d.W.,, AB., CL.B,, ]J.A.L.,, S.B. and ]. H.M,; visualization, W.P.M.; supervision, ] H.M.; project
administration, J.H.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The anonymized data used in this research consisted of data
gathered in the context of individual patient healthcare, which is considered in the Code of Conduct
for Health Research [31] as secondary use. Patients were informed about the use of anonymized
medical data and were provided the opportunity to opt-out.

Informed Consent Statement: All patients provided verbal consent before starting treatment and,
since no additional procedures were applied, there were no risks or consequences for the patients.
The data were anonymized and are non-traceable to individual patients, and therefore, no additional
consent was collected.

Data Availability Statement: The numerical data presented in this study are available upon request
from the corresponding author. Dose distributions in the volumetric images are not available due to
patient privacy concerns.

Acknowledgments: The authors would like to thank S. Hedrick for sharing the ROI-based spot
removal script as well as her experience in applying it in clinical practice at the Provision CARES
Proton Therapy Center.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

The figures below use the color code shown in Figure A1 for the different plan types,
which is also consistent with that used in the main text:
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Figure A1l. The common legend for the different plan types presented in this appendix.

A two-sided Wilcoxon signed-rank test for paired samples was used to determine
if a dose statistic for a given plan type was different from the same statistic in the refer-
ence plan. The reference plan is the plan that we currently use in our clinical practice;
so, SFUD was optimized with two posterior oblique fields and without superficial spot
removal (SFUD-(LPO--—-RPO)-----). In the tables below;, the statistical significance of the
difference (p) is mentioned if it is lower than 0.05, and ‘ns’ (not significant) if otherwise
(Appendix Data 1: D2% to CTV-brain).
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100% S
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A Dose)—
Nominal Dose Voxmax Dose ( oxm-a xlosz)
Plan T (Nominal Dose)
an c
yP Median Median Median
(% PD) i (% PD) P (% PD) P
SFUD-(LPO----RPO)----- 103.1% ’ 104.6% < 1.6% .
SFUD-(LPO----RPO)-[SR] 103.1% ns 104.7% ns 1.6% ns
SFUD-(LPO-PA----)--—-- 103.1% ns 104.9% <0.01 1.9% <0.01
SFUD-(LPO-PA----)-[SR] 1032%  <0.05 105.0% <0.01 1.8% <0.01
SFUD-(LPO-PA-RPO)----- 102.7%  <0.01 104.5% ns 1.8% <0.01
SFUD-(LPO-PA-RPO)-[SR] 102.8%  <0.01 104.4% <0.05 1.6% ns
IMPT-(LPO-PA----)----- 1032%  <0.01 105.0% <0.01 1.8% <0.01
IMPT-(LPO-PA----)-[SR] 103.4%  <0.01 105.3% <0.01 1.8% <0.01
IMPT-(LPO-PA-RPO)---—- 103.0% ns 104.7% <0.05 1.8% <0.01
IMPT-(LPO-PA-RPO)-[SR] 1033%  <0.01 104.9% <0.01 1.7% <0.01

Figure A2. D2% to the CTV-brain. Bars represent nominal doses and dots represent voxmax.
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Figure A3. D2% voxmax CTV-brain (Translations and Range Uncertainty + Rotations).
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Figure A4. Voxelwise maximum DO0.03 cc to the optic structures for 10 types of plans. The

£2° rotations are independently evaluated about each cardinal axis in addition to the range un-

certainty and translational setup uncertainties.
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Case number Case number Case number

Case Number

Plan Type P
1 2 3 4 5 6 7 8
SFUD-(LPO-—RPO)—— 113% 115% 111%  110%  110%  112%  114%  111% =
SFUD-(LPO-—RPO)-[SR] 113% 116% 112%  112%  111%  111%  114%  113% ns
SFUD-(LPO-PA-—)—— 114% 118% 12%  111%  111%  110%  111%  113% ns
¥ SFUD-(LPO-PA-—)-[SR] 114% 119% 112%  111%  111%  110%  111%  113% ns
E SFUD-(LPO-PA-RPO)-—- 115% 117% 113%  112%  112%  111%  114%  114% <0.05
E‘ SFUD-(LPO-PA-RPO)-[SR] 115% 117% 113%  111% 112% 111%  114%  114% <0.05
LY
~  IMPT-(LPO-PA—)—— 116% 116% 111%  111%  112% 111%  113%  113% ns
IMPT-(LPO-PA—)-[SR] 115% 115% 113%  111%  112%  110%  113%  113% ns
IMPT-(LPO-PA-RPO)-—— 116% 116% 112%  111%  112%  112%  113%  113% <0.05
IMPT-(LPO-PA-RPO)-[SR] 116% 118% 113%  111%  113%  112%  115%  114% <0.01
SFUD-(LPO-—RPO)-—— 108% 108% 107%  107%  107%  108%  107%  108% .
SFUD-(LPO-RPO)-[SR] 108% 108% 108%  107%  108%  108%  108%  109% ns
SFUD-(LPO-PA-——)—— 109% 109% 107%  107%  107%  108%  107%  108% <0.05
SFUD-(LPO-PA——)-[SR] 110% 109% 108%  108%  108%  108%  108%  108% <0.05
% SFUD-(LPO-PA-RPO)-—— 109% 108% 107%  107%  106%  108%  107%  108% ns
5 SFUD-(LPO-PA-RPO)-[SR] 109% 107% 107%  107%  107%  107%  108%  108% ns
IMPT-(LPO-PA-—)—— 110% 108% 108%  108%  108%  107%  107%  108% ns
IMPT-(LPO-PA——)-[SR] 111% 109% 109%  107%  109%  109%  108%  109% <0.01
IMPT-(LPO-PA-RPO)-—— 110% 109% 108%  108%  106%  107%  107%  108% ns
IMPT-(LPO-PA-RPO)-[SR] 109% 108% 110%  109%  109%  109%  109%  110% <0.01
SFUD-(LPO-—RPO)-——— 113% 116% 13%  112%  111%  111%  112%  115% -
SFUD-(LPO--RPO)-[SR] 111% 117% 13%  113%  112%  111%  112%  114% ns
SFUD-(LPO-PA-——)—— 118% 116% 114%  115%  110%  110%  110%  116% ns
% SFUD-(LPO-PA-——)-[SR] 119% 117% 114%  116%  110%  112%  110%  116% ns
; SFUD-(LPO-PA-RPO)--— 114% 116% 12%  113%  111%  111%  111%  115% ns
,:°: SFUD-(LPO-PA-RPO)-[SR] 115% 116% 114%  115%  110%  112%  112%  114% ns
& IMPT-(LPO-PA—)— 119% 117% 113%  113%  109%  111%  111%  113% ns
IMPT-(LPO-PA-—)-[SR] 117% 117% 116%  113%  111%  112%  111%  116% ns
IMPT-(LPO-PA-RPO)-—— 117% 117% 115%  110%  111%  110%  113%  114% ns
IMPT-(LPO-PA-RPO)-[SR] 117% 118% 115%  112%  112%  111%  113%  114% ns

Figure A5. McNamara model D0.03cc to the optic structures.
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SFUD-(LPO----RPO)----- 25% - 37% - 13% -
SFUD-(LPO----RPO)-[SR] 26% <0.05 39% <0.05 13% ns
SFUD-(LPO-PA----)----- 18% <0.05 31% <0.05 13% ns
SFUD-(LPO-PA----)-[SR] 19% <0.05 32% <0.05 13% ns
SFUD-(LPO-PA-RPO)----- 18% <0.05 31% <0.05 13% ns
SFUD-(LPO-PA-RPO)-[SR] 19% <0.05 32% <0.05 13% ns
IMPT-(LPO-PA----)----- 19% <0.05 33% <0.05 13% ns
IMPT-(LPO-PA----)-[SR] 19% <0.05 34% <0.05 14% ns
IMPT-(LPO-PA-RPO)----- 18% <0.05 32% <0.05 12% ns
IMPT-(LPO-PA-RPO)-[SR] 19% <0.05 34% <0.05 13% ns
Figure A6. Mean dose to the left lens. Bars represent nominal doses and dots represent voxmax.
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SFUD-(LPO----RPO)-[SR] 25% ns 38% ns 13% ns
SFUD-(LPO-PA----)----- 22% <0.05 38% <0.05 15% <0.05
SFUD-(LPO-PA----)-[SR] 23% <0.05 39% <0.05 16% <0.05
SFUD-(LPO-PA-RPO)----- 18% <0.05 32% <0.05 12% ns
SFUD-(LPO-PA-RPO)-[SR] 19% <0.05 33% <0.05 13% ns
IMPT-(LPO-PA----)----- 21% <0.05 37% <0.05 14% <0.05
IMPT-(LPO-PA----)-[SR] 22% <0.05 40% <0.05 15% <0.05
IMPT-(LPO-PA-RPO)----- 18% <0.05 30% <0.05 12% ns
IMPT-(LPO-PA-RPO)-[SR] 19% <0.05 33% <0.05 13% ns

Figure A7. Mean dose to the right lens. Bars represent nominal doses and dots represent voxmax.
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Nominal Dose Voxmax Dose (Vommax DDOZL)_ el
Elaui:Type Median Median Median
(% PD) P (% PD) R (% PD) P
SFUD-(LPO----RPO)----- 97% - 99% - 2% -
SFUD-(LPO----RPO)-[SR] 96% ns 99% ns 2% ns
SFUD-(LPO-PA----)----- 97% ns 99% ns 3% ns
SFUD-(LPO-PA----)-[SR] 96% ns 99% ns 2% ns
SFUD-(LPO-PA-RPO)----- 96% ns 99% ns 2% ns
SFUD-(LPO-PA-RPO)-[SR] 96% ns 98% ns 2% ns
IMPT-(LPO-PA----)----- 97% ns 99% ns 2% ns
IMPT-(LPO-PA----)-[SR] 96% ns 99% ns 3% ns
IMPT-(LPO-PA-RPO)----- 96% ns 99% ns 2% ns
IMPT-(LPO-PA-RPO)-[SR] 96% ns 98% ns 2% ns
Figure A8. Mean dose to the left cochlea. Bars represent nominal doses and dots represent voxmax.
105%
E 100%
“
o
® 95%
90%
Nominal Dose Voxmax Dose (Vormax Doss)—(Nominal
Plan Tvpe Dose)
yp Median Median Median
(% PD) P (% PD) P (% PD) P
SFUD-(LPO----RPO)----- 96.2% - 98.5% - 3% -
SFUD-(LPO----RPO)-[SR] 96.2% ns 98.7% ns 2% ns
SFUD-(LPO-PA----)----- 96.6% ns 99.3% ns 3% ns
SFUD-(LPO-PA----)-[SR] 96.7% <0.05 99.2% <0.05 2% ns
SFUD-(LPO-PA-RPO)----- 96.0% ns 98.4% ns 2% ns
SFUD-(LPO-PA-RPO)-[SR] 96.0% ns 98.6% ns 2% ns
IMPT-(LPO-PA----)----- 96.1% ns 99.2% ns 3% ns
IMPT-(LPO-PA----)-[SR] 97.2% ns 99.8% ns 3% ns
IMPT-(LPO-PA-RPO)----- 96.0% ns 98.5% ns 2% ns
IMPT-(LPO-PA-RPO)-[SR] 96.3% ns 98.8% ns 2% ns

Figure A9. Mean dose to the right cochlea. Bars represent nominal doses and dots represent voxmax.
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Nominal Dose

(Voxmax Dose) —(Nominal

Voxmax Dose

Dose)

Plan Type Median Median Median

(% Volume) P (% Volume) P (% Volume) P
SFUD-(LPO----RPO)-—- 44.6% - 74.5% - 29.9% -
SFUD- (LPO----RPO) [SR] 22.0% ns 48.4% ns 26.3% ns
SFUD-(LPO-P, 32.1% ns 61.0% ns 29.0% ns
SFUD-(LPO-PA-—)-[SR] 22.0% ns 44.5% ns 224% ns
SFUD-(LPO-PA-RPO)----- 32.0% ns 62.8% ns 30.8% ns
SFUD-(LPO-PA-RPO)-[SR] 21.1% ns 45.9% ns 24.9% ns
IMPT-(LPO-PA--- 33.8% ns 63.6% ns 29.7% ns
IMPT-(LPO-PA----)-[SR] 24.9% ns 48.6% ns 23.6% ns
IMPT-(LPO-PA-RPO)----- 33.5% ns 63.6% ns 30.1% ns
IMPT-(LPO-PA-RPO)-[SR] 21.1% ns 47.6% ns 26.5% ns

Pediatric patients only (Cases 3 to 8)
Nominal Dose Voxmax Dose (MoxmaxDose)(Nominal
Plan Type - - _Dose)
Median Median Median

(% Volume) I (% Volume) N (% Volume) P
SFUD-(LPO----RPO)----- 90.7% - 98.7% - 7.9% -
SFUD-(LPO----RPO)-[SR] 82.1% <0.05 96.1% <0.05 13.9% <0.05
SFUD-(LPO-PA----)----- 89.2% <0.05 98.1% ns 9.2% <0.05
SFUD-(LPO-P, -[SR] 81.1% <0.05 94.7% <0.05 13.5% <0.05
SFUD-(LPO-PA-RPO)----- 91.5% ns 98.9% ns 7.3% ns
SFUD-(LPO-PA-RPO)-[SR] 84.0% <0.05 96.0% <0.05 12.0% <0.05
IMPT-(LPO-PA----)-——- 89.4% <0.05 98.1% ns 8.8% <0.05
IMPT-(LPO-PA----)-[SR] 81.5% <0.05 94.8% <0.05 13.1% <0.05
IMPT-(LPO-PA-RPO)----- 91.3% ns 98.8% ns 7.4% ns
IMPT-(LPO-PA-RPO)-[SR] 83.5% <0.05 96.0% <0.05 11.7% <0.05

Figure A10. V30 Gy to Scalp5. Bars represent nominal doses and dots represent voxmax.
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Adults only (Cases 1 and 2)
Nominal Dose Voxmax Dose (Voxmax Dose) —(Nominal
Plan Type Dose)
Median Median Median
(% Volume) r (% Volume) I (% Volume) P
93.7% - 98.4% - 4.7% -
85.1% ns 95.4% ns 10.3% ns
85.8% ns 94.7% ns 9.0% ns
75.8% ns 90.1% ns 14.3% ns
90.2% ns 97.3% ns 7.1% ns
80.2% ns 93.8% ns 13.6% ns
( 85.0% ns 94.0% ns 9.0% ns
PT-( 75.7% ns 89.5% ns 13.8% ns
(LPO PA-RPO)----- 89.2% ns 96.5% ns 7.4% ns
IMPT (LPO-PA-RPO)-[SR] 81.2% ns 93.3% ns 12.1% ns
Pediatric patients only (Cases 3 to 8)
Nominal Dose Voxmax Dose (Voxmiax DDOZZ)e)_ (Nowminal
FlanType Median Median Median
(% Volume) P (% Volume) P (% Volume) P
SFUD-(LPO----RPO)----- 100.0% - 100.0% - 0.1% -
SFUD-(LPO----RPO)-[SR] 99.8% ns 100.0% ns 0.2% ns
SFUD-(LPO-PA----)----- 100.0% ns 100.0% ns 0.0% ns
SFUD-(LPO-PA----)-[SR] 99.6% <0.05 99.9% ns 0.4% <0.05
SFUD-(LPO-PA-RPO)----- 100.0% ns 100.0% ns 0.0% ns
SFUD (LPO-PA-RPO)-[SR] 99.9% ns 100.0% ns 0.1% ns
PT-(LPO-PA----)----- 100.0% ns 100.0% ns 0.0% ns
(LPO PA--»-) [SR] 99.5% <0.05 99.9% ns 0.5% <0.05
PT-(L! 100.0% ns 100.0% ns 0.0% ns
(LPO -PA-RPO)-[SR] 99.9% ns 100.0% ns 0.1% ns

Figure A11. Appendix Data 2: V21 Gy to Scalp5.
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Figure A12. Scalp5 intermediate and high dose end dose volume histograms per case for the
adult (1 and 2) and pediatric (3 to 8) Cases.

References

1.

Padovani, L.; Chapon, F; André, N.; Boucekine, M.; Geoffray, A.; Bourdeau, F.; Masliah-Planchon, J.; Claude, L.; Huchet,
A.; Laprie, A; et al. Hippocampal Sparing During Craniospinal Irradiation: What Did We Learn About the Incidence of
Perihippocampus Metastases? Int. ]. Radiat. Oncol. Biol. Phys. 2018, 100, 980-986. [CrossRef]

Stoker, J.; Vora, S.; Patel, A.; Grosshans, D.; Brown, P.D.; Vern-Gross, T.; Bues, M.; Daniels, T.; Allred, B.; Uejo, A ; et al. Advantages
of Intensity Modulated Proton Therapy during Hippocampal Avoidance Whole Brain Radiation Therapy. Phys. Imaging Radiat.
Oncol. 2018, 8, 28-32. [CrossRef]

Baliga, S.; Adams, J.A.; Bajaj, B.V.M.; Van Benthuysen, L.; Daartz, J.; Gallotto, S.L.; Lewy, ].R.; DeNunzio, N.; Weyman, E.A;
Lawell, M.P; et al. Patterns of Failure in Pediatric Medulloblastoma and Implications for Hippocampal Sparing. Cancer 2023,
129, 764-770. [CrossRef]

Sharma, D.S.; Gupta, T.; Jalali, R.; Master, Z.; Phurailatpam, R.D.; Sarin, R. High-Precision Radiotherapy for Craniospinal
Irradiation: Evaluation of Three-Dimensional Conformal Radiotherapy, Intensity-Modulated Radiation Therapy and Helical
TomoTherapy. Br. . Radiol. 2009, 82, 1000-1009. [CrossRef]

Bass, ].K.; Hua, C.-H.; Huang, J.; Onar-Thomas, A.; Ness, K.K.; Jones, S.; White, S.; Bhagat, S.P.; Chang, K.W.; Merchant, T.E.
Hearing Loss in Patients Who Received Cranial Radiation Therapy for Childhood Cancer. J. Clin. Oncol. 2016, 34, 1248-1255.
[CrossRef] [PubMed]

Paulino, A.C.; Mahajan, A.; Ye, R.; Grosshans, D.R.; Fatih Okcu, M.; Su, J.; McAleer, M.F,; McGovern, S.; Mangona, V.A,;
Chintagumpala, M. Ototoxicity and Cochlear Sparing in Children with Medulloblastoma: Proton vs. Photon Radiotherapy.
Radiother. Oncol. 2018, 128, 128-132. [CrossRef]

Min, C.H.; Paganetti, H.; Winey, B.A.; Adams, J.; MacDonald, S.M.; Tarbell, N.J.; Yock, T.I. Evaluation of Permanent Alopecia in
Pediatric Medulloblastoma Patients Treated with Proton Radiation. Radiat. Oncol. 2014, 9, 220. [CrossRef] [PubMed]

Torizuka, D.; Uto, M.; Umeda, K.; Kamitori, T.; Iwai, A.; Saida, S.; Kato, I.; Mineharu, Y.; Arakawa, Y.; Takita, J.; et al. A Scalp
Dose Threshold for Preventing Permanent Alopecia in Scalp-Avoidance Whole-Brain Irradiation With Volumetric Modulated Arc
Radiation Therapy for Pediatric Patients With Medulloblastomas. Int. J. Radiat. Oncol. Biol. Phys. 2023, 116, 889-893. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.ijrobp.2017.12.265
https://doi.org/10.1016/j.phro.2018.11.001
https://doi.org/10.1002/cncr.34574
https://doi.org/10.1259/bjr/13776022
https://doi.org/10.1200/JCO.2015.63.6738
https://www.ncbi.nlm.nih.gov/pubmed/26811531
https://doi.org/10.1016/j.radonc.2018.01.002
https://doi.org/10.1186/s13014-014-0220-8
https://www.ncbi.nlm.nih.gov/pubmed/25403752
https://doi.org/10.1016/j.ijrobp.2023.01.027
https://www.ncbi.nlm.nih.gov/pubmed/36708786

Cancers 2024, 16, 892 21 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Seravalli, E.; Bosman, M.; Lassen-Ramshad, Y.; Vestergaard, A.; Oldenburger, F.; Visser, ].; Koutsouveli, E.; Paraskevopoulou,
C.; Horan, G.; Ajithkumar, T.; et al. Dosimetric Comparison of Five Different Techniques for Craniospinal Irradiation across
15 European Centers: Analysis on Behalf of the SIOP-E-BTG (Radiotherapy Working Group). Acta Oncol. 2018, 57, 1240-1249.
[CrossRef]

Mahajan, A. Proton Craniospinal Radiation Therapy: Rationale and Clinical Evidence. Int. ]. Part. Ther. 2014, 1, 399-407.
[CrossRef]

Weber, D.C.; Habrand, J.L.; Hoppe, B.S.; Hill Kayser, C.; Laack, N.N.; Langendijk, ].A.; MacDonald, S.M.; McGovern, S.L.; Pater,
L.; Perentesis, ].P; et al. Proton Therapy for Pediatric Malignancies: Fact, Figures and Costs. A Joint Consensus Statement from
the Pediatric Subcommittee of PTCOG, PROS and EPTN. Radiother. Oncol. 2018, 128, 44-55. [CrossRef]

Liu, K.X,; Ioakeim-Ioannidou, M.; Susko, M.S.; Rao, A.D.; Yeap, B.Y.; Snijders, A.M.; Ladra, M.M.; Vogel, ].; Zaslowe-Dude, C.;
Marcus, K.J.; et al. A Multi-Institutional Comparative Analysis of Proton and Photon Therapy-Induced Hematologic Toxicity in
Patients With Medulloblastoma. Int. J. Radiat. Oncol. Biol. Phys. 2021, 109, 726-735. [CrossRef]

Bielamowicz, K.; Okcu, M.E;; Sonabend, R.; Paulino, A.C.; Hilsenbeck, S.G.; Dreyer, Z.; Suzawa, H.; Bryant, R.; Adesina, A;
Dauser, R.; et al. Hypothyroidism after Craniospinal Irradiation with Proton or Photon Therapy in Patients with Medulloblastoma.
Pediatr. Hematol. Oncol. 2018, 35, 257-267. [CrossRef]

Eaton, B.R.; Esiashvili, N.; Kim, S.; Patterson, B.; Weyman, E.A.; Thornton, L.T.; Mazewski, C.; MacDonald, T.J.; Ebb, D;
MacDonald, SM.; et al. Endocrine Outcomes with Proton and Photon Radiotherapy for Standard Risk Medulloblastoma.
Neuro-Oncology 2016, 18, 881-887. [CrossRef]

Yock, T.I; Yeap, B.Y.; Ebb, D.H.; Weyman, E.; Eaton, B.R.; Sherry, N.A_; Jones, R.M.; MacDonald, S.M.; Pulsifer, M.B.; Lavally, B.;
et al. Long-Term Toxic Effects of Proton Radiotherapy for Paediatric Medulloblastoma: A Phase 2 Single-Arm Study. Lancet Oncol.
2016, 17, 287-298. [CrossRef]

Kahalley, L.S.; Peterson, R.; Ris, M.D.; Janzen, L.; Okcu, M.E; Grosshans, D.R.; Ramaswamy, V.; Paulino, A.C.; Hodgson, D.;
Mahajan, A; et al. Superior Intellectual Outcomes After Proton Radiotherapy Compared with Photon Radiotherapy for Pediatric
Medulloblastoma. J. Clin. Oncol. 2020, 38, 454-461. [CrossRef]

Neth, B.J.; Raghunathan, A.; Kizilbash, S.H.; Uhm, ].H.; Breen, W.G.; Johnson, D.R.; Daniels, D.J.; Sener, U.; Carabenciov, I.D.;
Campian, J.L.; et al. Management and Long-Term Outcomes of Adults with Medulloblastoma: A Single-Center Experience.
Neurology 2023, 101, e1256—€1271. [CrossRef] [PubMed]

Outaggarts, Z.; Wegener, D.; Berger, B.; Zips, D.; Paulsen, F; Bleif, M.; Thorwarth, D.; Alber, M.; Dohm, O.; Miiller, A.-C. Target
Miss Using PTV-Based IMRT Compared to Robust Optimization via Coverage Probability Concept in Prostate Cancer. Acta Oncol.
2020, 59, 911-917. [CrossRef] [PubMed]

Li, W,; Gillan, C.; Carpino-Rocca, C.; Keller, H.; Laperriere, N.; Coolens, C. A Multidisciplinary Approach to Implement
Image-Guided Craniospinal Irradiation. J. Med. Imaging Radiat. Sci. 2020, 51, 317-323. [CrossRef] [PubMed]

Hu, Y.-H.; Harper, R.H,; Deiter, N.C.; Evans, ].D.; Mahajan, A.; Kruse, ].J.; Mundy, D.W. Analysis of the Rate of Re-Planning in
Spot-Scanning Proton Therapy. Int. J. Part. Ther. 2022, 9, 49-58. [CrossRef] [PubMed]

Unkelbach, J.; Alber, M.; Bangert, M.; Bokrantz, R.; Chan, T.C.Y.; Deasy, ].O.; Fredriksson, A.; Gorissen, B.L.; van Herk, M.; Liu,
W.; et al. Robust Radiotherapy Planning. Phys. Med. Biol. 2018, 63, 22TR02. [CrossRef] [PubMed]

Ajithkumar, T.; Horan, G.; Padovani, L.; Thorp, N.; Timmermann, B.; Alapetite, C.; Gandola, L.; Ramos, M.; Van Beek, K;
Christiaens, M.; et al. SIOPE-Brain Tumor Group Consensus Guideline on Craniospinal Target Volume Delineation for High-
Precision Radiotherapy. Radiother. Oncol. 2018, 128, 192-197. [CrossRef] [PubMed]

Korevaar, E.W.; Habraken, S.J.M.; Scandurra, D.; Kierkels, R.G.]J.; Unipan, M.; Eenink, M.G.C.; Steenbakkers, R.J.H.M.; Peeters,
S.G.; Zindler, ].D.; Hoogeman, M.; et al. Practical Robustness Evaluation in Radiotherapy—A Photon and Proton-Proof Alternative
to PTV-Based Plan Evaluation. Radiother. Oncol. 2019, 141, 267-274. [CrossRef] [PubMed]

Fellin, F.; Fracchiolla, F.; Rombi, B.; Lipparini, M.; Vennarini, S.; Farace, P. An Advanced Junction Concept in Pediatric Craniospinal
Irradiation by Proton Pencil Beam Scanning. Phys. Medica 2019, 60, 168-173. [CrossRef]

Hedrick, S.G.; Walker, B.; Morris, B.; Petro, S.; Blakey, M. Scripted Spot Removal in PBS Proton Therapy Planning. J. Appl. Clin.
Med. Phys. 2022, 23, €13491. [CrossRef]

Hodapp, N. ICRU Report 83: Prescribing, Recording, and Reporting Photon-Beam Intensity-Modulated Radiation Therapy
(IMRT). Strahlenther. Onkol. Organ Dtsch. Rontgenges. 2012, 188, 97-99. [CrossRef]

Cochran, D.M.; Yock, T.I.; Adams, J.A.; Tarbell, N.J. Radiation Dose to the Lens During Craniospinal Irradiation—An Improvement
in Proton Radiotherapy Technique. Int. ]. Radiat. Oncol. Biol. Phys. 2008, 70, 1336-1342. [CrossRef]

McNamara, A.L.; Schuemann, J.; Paganetti, H. A Phenomenological Relative Biological Effectiveness (RBE) Model for Proton
Therapy Based on All Published in Vitro Cell Survival Data. Phys. Med. Biol. 2015, 60, 8399-8416. [CrossRef]

Niemierko, A. Reporting and Analyzing Dose Distributions: A Concept of Equivalent Uniform Dose. Med. Phys. 1997, 24, 103-110.
[CrossRef]


https://doi.org/10.1080/0284186X.2018.1465588
https://doi.org/10.14338/IJPT.14.00005.1
https://doi.org/10.1016/j.radonc.2018.05.020
https://doi.org/10.1016/j.ijrobp.2020.09.049
https://doi.org/10.1080/08880018.2018.1471111
https://doi.org/10.1093/neuonc/nov302
https://doi.org/10.1016/S1470-2045(15)00167-9
https://doi.org/10.1200/JCO.19.01706
https://doi.org/10.1212/WNL.0000000000207631
https://www.ncbi.nlm.nih.gov/pubmed/37524533
https://doi.org/10.1080/0284186X.2020.1760349
https://www.ncbi.nlm.nih.gov/pubmed/32436467
https://doi.org/10.1016/j.jmir.2020.02.007
https://www.ncbi.nlm.nih.gov/pubmed/32245671
https://doi.org/10.14338/IJPT-21-00043.1
https://www.ncbi.nlm.nih.gov/pubmed/36060413
https://doi.org/10.1088/1361-6560/aae659
https://www.ncbi.nlm.nih.gov/pubmed/30418942
https://doi.org/10.1016/j.radonc.2018.04.016
https://www.ncbi.nlm.nih.gov/pubmed/29729847
https://doi.org/10.1016/j.radonc.2019.08.005
https://www.ncbi.nlm.nih.gov/pubmed/31492443
https://doi.org/10.1016/j.ejmp.2019.04.002
https://doi.org/10.1002/acm2.13491
https://doi.org/10.1007/s00066-011-0015-x
https://doi.org/10.1016/j.ijrobp.2007.08.027
https://doi.org/10.1088/0031-9155/60/21/8399
https://doi.org/10.1118/1.598063

Cancers 2024, 16, 892 22 of 22

30. Chodick, G.; Sigurdson, A.J.; Kleinerman, R.A; Sklar, C.A.; Leisenring, W.; Mertens, A.C.; Stovall, M.; Smith, S.A_; Rita, EW,;
Veiga, L.H.S,; et al. The Risk of Cataract among Survivors of Childhood and Adolescent Cancer: A Report from the Childhood
Cancer Survivor Study. Rare 2016, 185, 366-374. [CrossRef]

31. Committee on Regulation of Health Research. Code of Conduct for Health Research: Dealing Responsibly with (Personal) Data
and Human Tissue in Dutch Health Research. 2022. Available online: https://english.ccmo.nl/investigators/legal-framework-
for-medical-scientific-research /codes-of-conduct/code-of-conduct-for-health-research (accessed on 11 December 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1667/RR14276.1
https://english.ccmo.nl/investigators/legal-framework-for-medical-scientific-research/codes-of-conduct/code-of-conduct-for-health-research
https://english.ccmo.nl/investigators/legal-framework-for-medical-scientific-research/codes-of-conduct/code-of-conduct-for-health-research

	Introduction 
	Materials and Methods 
	Cases Included in the Study 
	Definitions of Target and Organs at Risk 
	Optimization and Robustness Evaluation Technique 
	Current Practice 
	Candidate Techniques 
	IMPT vs. SFUD Types of Optimization 
	The Number and Directions of Fields 
	Superficial Spot Removal (SR) 

	Comparison of the Current Practice with the Proposed Techniques 
	Ensuring a Fair Comparison between the Different Plan Types 
	Target Coverage Robustness Evaluation against Range Uncertainty, Translations, and Rotations 
	Organs-at-Risk Doses and Variable RBE Evaluations 


	Results 
	Robustness of the Target Coverage 
	Organs-at-Risk Sparing 
	Lens of the Eye 
	Cochleae 
	Scalp 


	Discussion 
	Conclusions 
	Appendix A
	References

