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Dose distribution effects of spot-scanning proton beam therapy
equipped with a multi-leaf collimator for pediatric brain tumors
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Abstract. The present study simulated the effect of spot-scan-
ning proton beam therapy (PBT) performed using a device
equipped with a multi-leaf collimator (MLC) to calculate the
dose distribution. Simulation studies using 18 pediatric patients
with brain tumors in the posterior fossa were performed.
Treatment plans were created for the MLC at different stages:
Fully open (initial plan), fully closed to allow an irradiated area
extending to 15 mm from the clinical target volume (CTV)
(15-mm plan), or closing only the leaves where an organ at risk
(OAR) overlapped with a border at 10 or 5 mm from the CTV
(10- and 5-mm plans, respectively). The mean dose values for
the brainstem, cervical cord, brain and cochlea in all MLC
closure plans decreased as the MLC was closed (P=9.9x107°,
P=1.3x10"", P=2.1x10"'° and P=2.0x10", respectively). The
maximum dose (D,,,,) values of the cervical cord and cochlea
in all MLC closure plans were also decreased as the MLC was
closed (P=3.0x10"* and P=1.1x107, respectively). The dose to
the CTV was almost unchanged. In 10 patients, the D,,,, of
the brain in all MLC-closure plans was higher than that of
the initial plan, but the maximum increase was only 0.8 gray
relative biological effectiveness [Gy(RBE)]. In conclusion, the
existing MLC installed in the treatment device can be used to
decrease the OAR dose significantly using spot-scanning PBT
without a large capital investment. The dose from the scattered
particles was small.

Introduction
Proton beam therapy (PBT) is associated with the emission

of high radiation energy after penetration up to a certain
depth (1,2) and is widely used for the treatment of various
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cancer types (3), such as head and neck (4), prostate (5),
pediatric brain (6), liver (7) and esophageal (8) cancer. PBT
techniques have advanced over the last few decades. One of
the most representative advances is the development of the
spot-scanning technique using pencil beams (9). Spot-scanning
features several dosimetric traits that, depending on the
circumstances, can further improve upon conventional
passive-scattered broad-beam irradiation; it provides a smaller
entrance dose and allows for intensity-modulated treatments
that enable dose painting to further spare normal tissue in
the vicinity of complex tumor structures. A decrease in the
cost of the manufacturing of patient-specific devices, such
as compensators, and shorter device adjustment times are
other advantages (10-12). The major disadvantage of PBT
scanning is the larger lateral penumbra compared with that
of passive-scattered beams (13,14). Nevertheless, the number
of facilities offering spot-scanning PBT is rapidly increasing
worldwide.

Several studies have investigated how to improve the plan
quality of spot-scanning PBT using hardware or software
systems. Techniques to improve the optimization method and
to decrease the size of the penumbra are the main topics of
focus. Regarding the development of optimization technology,
pencil beam selection (resampling) (15-17) and modified
pencil beam positioning, such as contour scanning (18),
have been developed. Regarding technology to decrease the
penumbra, collimator (19,20) or aperture (21-23) systems have
been utilized at some facilities. In addition, a system with
four moveable trimmer plates, enabling energy layer-specific
collimation [dynamic multi-leaf collimator (MLC)], has been
developed (24,25). Furthermore, the combination of using an
MLC and contour scanning can reportedly decrease the dose
to the organ at risk (OAR) (26).

In contrast to the aforementioned benefits, devices such as
collimation systems have the disadvantage of generating scat-
tered particles when interacting with proton beams (27,28).
MELTHEA V (Hitachi, Ltd,) is the first commercially
available PBT system equipped with a synchrotron that
allows switching between a passive-scattered broad-beam
and a spot-scanning pencil-beam using the same nozzle. The
MLC, which can potentially be used for passive-scattered
broad-beam irradiation, can also be used for spot-scanning
beam irradiation.
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Kobe Proton Center (Kobe, Japan) has a treatment nozzle
that can deliver spot-scanning beams and is equipped with an
MLC. Dose calculation using the Monte Carlo (MC) method
is also available for PBT (29,30). A relatively large number of
pediatric patients with cancer are treated at the facility, and
necrosis or severe dysfunction of the nervous system are often
mentioned as adverse events that should be avoided particularly
when treating such patients. The present study investigated
the dose distribution benefits and caveats of spot-scanning
PBT performed using a device equipped with an MLC by
simulating pediatric brain tumors in the posterior fossa.

Materials and methods

Treatment planning system. The treatment planning system
consisted of RayStation ver. 9A (Ray Search Laboratories
AB), which has a pencil beam dose engine and its own MC
dose engine; it transports primary protons and secondary ions
(up to a), but does not transport secondary neutral particles,
and does not generate d-ray electrons. MC dose engine starts
the transportation upstream of the patient transport grid or the
most upstream beam modifier (MLC or range shifter) when
used, thus the edge scatter on MLC is included in the calcula-
tion. The MC dose engine is described in further detail in the
studies by Saini et al (29) and Maes et al (30). The RayStation
uses 1.06 times the projected spot size as the spot distance by
default, and this size was not changed for the present study. The
optimization algorithm was a sequential quadratic program-
ming method that uses Broyden-Fletcher-Goldfarb-Shanno
updates of the quasi-Newton approximation of the Hessian of
the Lagrangian (31).

Virtual target study. Three rectangular virtual targets were
created with the following dimensions: 4x4x4, 6x6x4 and
8x8x4 cm. The MLC was set at fully open (initial plan) or
closed to create irradiation areas with a border at 15, 10 or
5 mm from the target (15, 10- and 5-mm plans, respectively).
The beam direction was frontal, and the resulting dose distri-
butions were calculated. Next, the dose distributions were
scaled so that the dose received by 50% of the volume (Ds) of
the targets matched the prescription dose. To assess the benefit
of using MLC, lateral penumbras, defined as 80 to 20% of
the prescription dose at the target center for each field, were
compared for different MLC openings. Also, the maximum
dose (D,,.,), which could be increased by scattered particles
from the MLC, was compared. In a preliminary study, it was
confirmed that spots with an energy deposit located >15 mm
away from the target were relatively sparse and had a minimal
effect on the dose distribution of the target in this system
[number of spots: -5.9%; D;s of the target: +0.11 Gy(RBE);
D, of the target: -0.17 Gy(RBE)]. Thus, the present study was
started with the MLC closed to create a border at 15 mm from
the target.

Analyzing clinical data. Clinical data for a total of 18 pediatric
patients with brain tumors in the posterior fossa treated at Kobe
Proton Center were studied (age range, 8 months-12 years;
mean, 5.8 years; 9 males and 9 females). The primary diseases
were medulloblastoma (n=10), ependymoma (n=5) and
atypical teratoid/rhabdoid tumor (AT/RT; n=3). The tumors

Table I. Beam parameters.

Beam parameters Value
Energy, MeV 70.7-235
Energy steps, n 92
Pulse frequency, Hz 1/2.8
Field size, cm 20x15
Source-axis distance (X, Y), m 2.696, 3.029
Scanning speed (X, Y), mm/msec 60, 120
Spot size at isocenter in air, mm (one sigma) 3.3-12
Dose rate, Gy/min 1

Repeated measures single-factor ANOVA was used to compare the
dose to the target and organ at risk among the 15-, 10- and 5-mm and
initial plans.

had already been resected, and the post-operative cavities
were the targets. The beam directions were left, right and top.
Closing the MLC to shield the brainstem impairs the dose
of the area on the distant side of the brainstem in the CTV.
To minimize the volume of the low-dose area in the CTV,
the angle of the top beam was arranged so as to run parallel
to the brainstem. The prescription doses [measured in gray
relative biological effectiveness: Gy(RBE)] were the same
as those used in clinical practice: 27 Gy(RBE) for medul-
loblastoma, 59.4 Gy(RBE) for ependymoma and 54 Gy(RBE)
for AT/RT. For patients with medulloblastoma, brain radio-
therapy is usually performed in combination with whole
craniospinal irradiation (CSI). Thus, by adding a dose of CSI
[23.4 Gy(RBE)] to make a total dose of 50.4 Gy(RBE), the
dose difference was decreased among the 3 diseases, making
it easier to review and compare.

Optimization was performed using a pencil beam dose
engine. After optimization, the dose distribution was calcu-
lated using the MC dose engine for later evaluations. Each
beam included a range shifter of 0-6 mm water equivalent
thickness made up of polyethylene. Robust optimization with
a 4-mm setup and 3.5% range of uncertainty were used. The
maximum number of iterations was 40. The main parameters
of the beam delivery system are shown in Table I. The clinical
goal was to cover the CTV (uniform prescription dose), brain-
stem [<52 Gy(RBE) for <8 years; 54 Gy(RBE) for =8 years),
cervical cord [=40 Gy(RBE) for <8 years; 43 Gy(RBE) for
=8 years], brain [<60 Gy(RBE)] and cochlea [<43 Gy(RBE)],
all converted with an equivalent dose of 2 Gy(RBE).

The first treatment plan was created with the MLC fully
open (initial plan). Next, the initial plan was modified by
closing the MLC to create an irradiation area with a border at
15 mm from the CTV (15-mm plan); then, only the leaves of
the MLC for which the OAR region overlapped with the border
at 10 or 5 mm from the CTV were closed (10- and 5-mm plans,
respectively). Fig. 1 illustrates these four treatment plans. The
dose distribution was calculated for each plan in the same way
as that used for the virtual target study.

All the study procedures involving human participants
were conducted in accordance with the ethical standards of
the institutional research committee (approval no. 30-7), were



ONCOLOGY LETTERS 22: 635, 2021 3

Figure 1. Schema of MLC openings. (A) Initial plan: All leaves of the MLC are fully open. (B) 15-mm plan: All leaves of the MLC are closed to allow a border
at 15 mm from the CTV. (C) 10-mm plan: Only the specific leaves of the MLC for which the OAR region overlapped with the border at 10 mm from the CTV
are closed. (D) 5-mm plan: Only the specific leaves of the MLC for which the OAR region overlapped with the border at 5 mm from the CTV are closed.

MLC, multi-leaf collimator; OAR, organ at risk; CTV, clinical target volume.

in compliance with the Declaration of Helsinki, and were
approved by the Institutional Review Board of Kobe Proton
Center (Kobe, Japan).

Statistical analysis. Repeated measures single-factor ANOVA
followed by Bonferroni's post hoc test, analyzed using Statcel 4
software (OMS Publishing Inc.), was used to compare the dose
to the target and OAR among the 15-, 10- and 5-mm and initial
plans, and P<0.05 was considered to indicate a statistically
significant difference.

Results

Virtual target study. The lateral penumbra sharpened as the
MLC was closed: From 8.9 to 6.6 mm for a 4x4x4-cm target,
from 8.3 t0 6.7 mm for a 6x6x4-cm target and from 8.2to 6.6 mm
for an 8x8x4-cm target. For the 10-mm plan, the 95% dose line
encompassed the target. For the 5-mm plan, the 95% dose line
did not cover the entire target completely. The point of D,
was located 1-3 mm upstream of the target close to the beam
edge, and the D, tended to increase as the MLC was closed:
From 104 to 107% for a 4x4x4-cm target, from 105 to 108% for
a 6x6x4-cm target and from 105 to 109% for an 8x8x4-cm
target. The dose in the proximal region along the beam edge
increased concomitantly as the MLC was closed. All the data
are shown in Fig. 2.

Analyzing clinical data. The difference in D,,, values of
the brainstem, cervical cord, brain and cochlea among the
initial, 15-, 10- and 5-mm plan showed significant changes
(P=9.9x10", 1.3x10°", 2.1x107'¢ and 2.0x10°", respectively).
The values showed a decreasing trend as the MLC was
closed. The D,,,, of the cervical cord and cochlea also showed

max

significant changes (P=3.0x10"*and P=1.1x107, respectively).
The D,,,, decrease in the cervical cord was 8.3, followed
by 5.6 Gy(RBE) in medulloblastoma. Meanwhile, the
maximal D, decrease in the cochlea was 8.9, followed by
5 Gy(RBE) in AT/RT and ependymoma. None of the D, .,,,
Dys; or D, values of the CTV were changed, and only the
conformality index of the planning target volume (PTV)
(CTV + 5 mm) showed a significant increase (P=1.7x107). The
D,..« of the skin exhibited no change (Table II and Fig. 3). In
10 patients, the D,,,, of the brain in all MLC-closure plans had
a higher value relative to that of the initial plan. The maximum
increase was 0.8 Gy(RBE) [from 51.2 to 52 Gy(RBE)] in a
patient with medulloblastoma. Fig. 4 shows an example of a
patient with AT/RT (8 months old, female). The prescription
dose in the initial plan was 27 Gy(RBE) for the post-operative
cavity +15 mm and 54 Gy(RBE) for the post-operative cavity
+10 mm, but excluding the brainstem. The doses at the brain-
stem and cochlea were prominently decreased as the MLC was
closed, while the dose to the CTV remained almost the same.

Discussion

As the MLC closure increased, from the 15-mm plan to the
5-mm plan, the dose-volume histogram (DVH) curve of the
OAR decreased. In particular, when the OAR was shielded
to within 10 mm from the CTV (10-mm plan), noticeable
decreases were observed in the DVH curves for the brainstem,
cervical cord and cochlea. The degree of the volume decrease
was more prominent for the low to middle dose level. This
can be seen from the fact that the D,,.,, was significantly
decreased in most organs in all MLC-closure plans; however,
a decrease in D,,,, or D, was only observed in the cervical
cord and cochlea. This trend is consistent with the study by
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Figure 2. Virtual target study. The target size is 4x4x4 cm (top), 6x6x4 cm (middle) and 8x8x4 cm (bottom). (A) From left to right, the MLC is fully open,
and closed 15, 10 and 5 mm to the target. Numbers in the top right of each image are lateral penumbras, defined as 80 to 20% of the prescription dose and
maximal doses. (B) The mean vertical and axial images for which the maximal dose site is expressed (target size, 8 cm; MLC margin, S mm). (C) The positional
relationship between the virtual target, spots and maximal dose site. The red circle indicates the maximal dose site. MLC, multi-leaf collimator.
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Figure 3. Dose-volume histogram. The type and color of each line are shown in the key. The type classifies the CTV and critical organs, and the color classifies
the plan name. CTV, clinical target volume; Gy(RBE), gray relative biological effectiveness.

Sugiyama et al (20), in which the use of an MLC decreased  present study, it was predicted that the D,,,, of the brainstem
the dose mainly in the low-dose area of the lacrimal gland  would also decrease with MLC closure; however, no signifi-
during the treatment of maxillary sinus cancer. Prior to the  cant changes in the high-dose parameters were observed in the
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Table II. Comparison of dose parameters for each plan.

Parameter Initial plan 15-mm plan 10-mm plan 5-mm plan P-value
CTV

D, can 532 532 532 532 0.68

Dy 494 494 49.5 49.5 0.10

Dax 55.5 555 555 55.5 0.09
PTV

Conformity index 0.4 0.4 0.4 0.39 1.7x107%
Brainstem

D, ean 46.0 46.0 454 424 9.9x10°1

Dy 50.3 50.3 504 50.3 0.06

D, 50.7 50.8 50.8 50.8 0.08

D 51.0 510 51.1 51.0 0.11
Cervical cord

D, can 19.7 19.5 19.0 18.3 1.3x10°'7

Dy 38.6 38.6 38.2 345 6.8x10*

D? 40.8 40.9 40.6 390 9.9x10™

D, 41.7 41.7 414 400 3.0x10™*
Brain

D, can 222 22.1 22.0 21.6 2.1x10°"%

D; 51.7 51.7 51.6 51.5 0.3

D, 54.1 542 54.1 54.1 0.34

D, 54.6 54.7 54.6 54.6 0.35
Cochlea

D,can 27.8 27.6 272 263 2.0x10

D, 320 319 314 30.6 4.9x10*

D, 332 331 327 31.7 1.0x10

Dax 33.7 33.7 333 323 1.1x10
Skin

D 258 25.7 25.7 257 041

max

“P<0.05. All data represent gray relative biological effectiveness. D,..,,, mean dose; D,,,, maximum dose; D95, dose received by 95% of the

volume. CTYV, clinical target volume; PTV, planning target volume.

brainstem. We hypothesize that the robustness of the CTV in
the treatment planning strongly influenced this result. Since
the robustness of the CTV is prioritized in the treatment plan-
ning, this method appears to be limited to decreasing the D,.,,
of the brainstem, which is in full contact with the CTV, and
this method might not be sufficiently effective to decrease the
D,..x- Regarding the target, the D,,.,, and Dys change remained
within 1% of the value of the initial plan. Only the conformity
index showed a significant difference, but when comparing
the individual values, there was no tendency to match the
opening and closing of the MLC. Partial permanent hair loss
is a serious problem after PBT, especially for female patients.
The technique used in the present study is not useful for skin
protection as the distance between the skin and CTV is >15 mm
in numerous cases. In summary, this OAR shielding technique
using an MLC is effective for lowering the OAR dose without
affecting the target dose. In particular, in the cervical cord and
cochlea, tightening the shielding has the effect of decreasing
not only the D, ,,,, but also the D, ..

A total of 10 patients were found to have an elevated D, ,,
in the brain. This circumstance can also be inferred from the
results of the virtual target study. In Fig. 2, an increased dose
was observed in the proximal region along the beam edge. In
situations where the MLC was closed, the dose at the beam
edge increased in a manner that pulled the distribution toward
the proximal side, as represented by the bimodal peak of the
80% dose line. As the target size increased, this tendency
became stronger, and the two peaks became clearer. This can
be interpreted as each peak being generated at the edge of the
beam and being released from fusion as the peaks separate
from each other. This phenomenon can be considered an effect
of the scattering produced by the MLC. Hyer et al (32) reported
a 2-peak dose profile in a simulation study using the MC
method when the collimation system was set to within 1 cm
of the target, which is similar to the present data. The clinical
impact of an increased dose caused by scattered radiation is
important, but the maximum increase was only 0.8 Gy(RBE)
in a patient with medulloblastoma. This degree of dose
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Figure 4. Dose-distribution image and dose-volume histogram of a patient with an atypical teratoid/rhabdoid tumor. CTV, clinical target volume; Gy(RBE), gray

relative biological effectiveness.

escalation is usually not clinically important. Therefore, MLC
can be considered to have a strong effect, suppressing the dose
delivered to the area surrounding the target, such as the OAR,
and the dose increase arising from scattered radiation is likely
to have little clinical significance.

Several studies attempting to improve the plan quality for
spot-scanning PBT using collimation and aperture systems
have been performed. Wang et al (22) performed a virtual
target study and reported that the target dose homogeneity
with a 5-mm aperture margin plan was equivalent to the
plan without an aperture, but the normal tissue dose was
decreased. Dowdell et al (21) performed a simulation study
using a patient-specific aperture and observed a decrease in
the out-of-field dose. Hyer ef al (10) performed a simulation
study using a novel dynamic collimator system. The study
reported that it was possible to decrease the OAR dose
without changing the target dose, and the dose decrease
effect became more marked as the complexity of the target
shape increased. In clinical studies, Yasui ef al (23) reported
that a dose decrease in the OAR was obtained in 10 patients
with head and neck cancer with no decrease in the CTV
dose using an aperture system, and Sugiyama et al (20)
reported that D,.,, and D, values of the OAR, including the
optic nerve and chiasm, were successfully decreased for
26 patients with maxillary cancer using an MLC system.
Winterhalter et al (26) reported that energy-specific collima-
tion decreased the volume receiving >30% of the prescription
dose (V;) outside the PTV by 19.8% in 4 patients with brain
and skull base cancer. Regarding pediatric brain tumors,
researchers at the University of Iowa and Pennsylvania

developed a dynamic collimation and a fixed aperture system,
and reported a clear trimming effect, decreasing the OAR
dose and increasing the conformity index of the target in
5 patients with brain tumors (24,25). Smith ef al (24) reported
decreases in the D, of normal tissue adjacent to the target of
13.65 and 5.18% for a dynamic collimation and a fixed aper-
ture system, respectively, and the conformity index improved
by 21.35 and 8.38%, respectively. Moignier et al (25) reported
that the average decrease in the D,,,, of the brain was 25.1%,
and they concluded that a 24.8% decrease in brain necrosis
and a 25.1% decrease in the risk of secondary cancer could be
expected. Moteabbed et al (33) performed a simulation study
using a custom-fabricated beam-shaping aperture and range
compensator for 14 patients with brain tumor and sarcoma.
It was revealed that the device contributed to a decreased
OAR dose and that a smaller spot size could further improve
the plan quality. Comparing past studies, it is common not
only to decrease the dose delivered to the OAR, but also to
maintain the dose to the target within the range of a 5- to
10-mm aperture and collimation system. The novelty of the
present study is as follows. First, the dose trimming effect
and scattered radiation dose derived from the MLC was
evaluated while maintaining the target dose for spot-scanning
PBT equipped with MLC, which is a relatively new technique,
and support for the effect was further verified in a virtual
target study. Second, the method can be implemented with
existing equipment. This technique does not require a large
capital investment, such as a dynamic collimation system,
and the irradiation field can be trimmed easily and arbitrarily
according to the shape of the lesions and organs, rather than
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using a custom-fabricated aperture system. Third, it is note-
worthy that the usefulness of the technique was verified in
pediatric patients with brain tumors. Based on data reported
by Moignier et al (25), spot-scanning PBT with MLC can
greatly decrease the risk of necrosis or secondary cancer. As
pediatric tumors are rare diseases, it is difficult to accumulate
and analyze multiple cases. In fact, very few studies applying
similar techniques have dealt with pediatric brain tumors.
Since Kobe Proton Center is adjacent to one of the largest
pediatric hospitals in Japan, it is possible to study numerous
cases of pediatric cancer and to obtain data on therapeutic
efficacy and safety. We consider it meaningful and novel to
examine the dose distribution effect in the largest number of
cases so far and to examine the possibility of applying this
method to decrease future risks.

As the present study was a simulation study, the various
beam parameters were unified. In clinical practice, a total
of 12 patients were treated using broad beams before the
scanning system was installed, and 3 patients were treated
using scanning beams without MLC before the collimation
system was equipped with the scanning beam irradiation
system; the remaining 3 patients were treated using scanning
beams with MLC. In total, 17 of the 18 patients are still alive
as of April 2021. The follow-up period was 0.4-2.9 years
(median, 1.6 years). Local recurrences occurred in 2 patients.
Neurological disorders associated with radiation, such as
necrosis, paralysis, audiovisual impairment or abnormal MRI
findings, have not been observed.

Although the treatment system used in this study is
commercially available, most PBT facilities can use either a
scattered broad beam with MLC or a scanning beam without
MLC. The development of a collimator system and its external
attachment are both expensive and laborious. The develop-
ment of systems that will allow MLC to be applied to scanning
beam irradiation is widely anticipated. The present study
investigated the utility of spot scanning using a MLC system
for the treatment of brain tumors located in the posterior
fossa, assuming the brainstem, cervical cord, brain, cochlea,
and skin as OARs. Other organs, such as the optic nerve and
the gastrointestinal tract, are also clinically important, and
radiotherapy can cause serious adverse events, potentially
complicating treatment. Examining the effects at different
sites and for different diseases will be a clinically important
future prospect.

In conclusion, the present study investigated the effect of
spot-scanning PBT combined with MLC using a commercially
available system to calculate the dose distribution in pediatric
cases with brain tumors located in the posterior fossa. The
D,.... Was decreased in the brainstem, cervical cord, brain and
cochlea, and the D,,,, was decreased in the cervical cord and
cochlea in the MLC-closure plan, while the dose distribution
of the target was maintained. Dose elevation in the brain, prob-
ably caused by the scattered beams, was 0.8 Gy(RBE) at most;
this value was determined to be small enough not to have a
significant clinical impact. Ideally, the leaf margin should
be determined by maintaining the target dose, decreasing
the OAR dose and minimizing the dose increase to the
surrounding organs caused by scattered radiation. The settings
differ depending on the system, but in the present system, a
setting between 5 and 15 mm was considered ideal.
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