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A B S T R A C T

Purpose: In scanned proton therapy, the current consensus is that the effective range of the collimator’s contri
bution to lateral penumbra improvement is up to approximately 150 mm depth. We characterized the penumbra 
variations for scanned proton beams with or without a new type of multileaf collimator (MLC) under various air 
gaps, depth, and with or without range shifter (RS).
Methods: Eighty-six uniform dose plans were created (38 RS-negative and 48 RS-positive plans) for nine box 
targets of 60 × 60 × 54 mm3 at 0–280 mm depths in water. They were created with or without MLC, with 
50–300 mm air gaps. The penumbra and average doses of MLC-positive and MLC-negative plans at the organs at 
risk (OAR) region of each box plan were compared. Besides, several plan doses were validated by measurements 
with penumbra (with an average of 80–20 % dose point widths for both side profiles) differences and 2D gamma 
analysis.
Results: The MLC-positive plans reduced the penumbra and mean OAR doses by 1.0–5.1 mm and 3.3–13.5 %, 
respectively, compared to MLC-negative plans even at >150 mm depths. The penumbra differences in mea
surements were <±1.5 mm for all plans. The mean gamma scores at 2 %/2 mm were 97.9 ± 2.3 % and 
97.4 ± 3.1 % for the MLC-negative and MLC-positive plans, respectively.
Conclusions: The MLC-positive beams improved the penumbra and reduced the OAR dose in every depth region 
and air gap. We have shown that PBS with MLCs can be useful at more than 150 mm regions, depending on the 
machine.

1. Introduction

Proton pencil beam scanning (PBS) could irradiate the intensity- 
modulated beam by controlling several thousands of pencil beam 
spots, monitor units, and multiple energies [1,2]. PBS has better target 
conformity and better sparing of surrounding organs at risk (OAR) than 

photon therapy or passive scattering proton therapy (PSPT) [1,3]. 
However, the proton beam has a larger lateral penumbra than the 
photon beam, while the PBS plans may increase the dose to surrounding 
organs, as in PSPT plans, especially in shallow regions, due to the use of 
range shifters (RSs) [4–7]. Since there are more OARs in shallow treat
ment areas, such as the head and neck, than in deep treatment areas, a 
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clinical demand arises for treatment with the lowest possible lateral dose 
spread [8–10]. Several techniques have been proposed to improve 
lateral penumbra, including patient-specific aperture, dynamic colli
mation systems, and contour scanning [11–14].

Tominaga et al. reported new PBS beam commissioning results using 
a multileaf collimator (MLC), which is a collimation technique used in 
proton therapy [15]. The results of this validation were limited to one 
condition of air gap for several target sizes. In clinical practice, larger air 
gaps often occur due to arranged treatment angles and patient posi
tioning [16]. In general, the agreement between measurements and 
Monte Carlo calculations does not deteriorate even for plans with large 
air gaps [17,18]. However, there are slight differences in the agreement 
between measurements and calculations for different air gaps [18]. 
These studies also did not include collimators, and measurement vali
dation of different air gaps using our MLC was not reported.

Furthermore, no quantitative evaluation of penumbra improvement 
due to beams with MLC compared to without MLC was performed in this 
paper [15]. The penumbra widths deteriorate as the air gap increased for 
beams using RSs [18]. As such, the beam with an RS will increase the 
dose to the surrounding OARs more than a beam without an RS [19]. 
Although MLC should be used for a variety of diseases to reduce doses to 
the surrounding OARs as much as possible, the current consensus is that 
the limit of penumbra improvement by collimation for PBS devices with 
an MLC is up to 150 mm depth in water [20,21]. Although prior research 
results exist, proton beam machines with collimators have not yet been 
standardized, and different specifications may lead to different results 
[12,20,21]. Factors affecting the penumbra include spot size, source-to- 
axis distance (SAD), and nozzle structure, including collimators, and 
different results may be observed if the specifications are significantly 
different [12].

This study is a sequel to a previous study [15], and we specifically 
focused on the following issues in the above context. This study is a more 
detailed investigation of the characteristics of penumbra at various 
depths (including depths more than 150 mm) of the plans using the MLC 
and to validate the accuracy of the calculations for clinical use. Our 
unique machine has a very different specification from those of previous 
reports, and its validation will help to examine this issue from a more 
multifaceted perspective [12,15].

In this study, we first characterized the penumbra width variations 
with or without the MLC for all relevant parameters affecting the lateral 
penumbra: the energy range used, air gap, and presence or absence of 
RS. Furthermore, we also validated the dose calculation accuracy for 
these plans, which were improved with the lateral penumbra by modi
fying various parameters.

2. Methods

2.1. Proton therapy system

Our PBS machine was the MELTHEA V (Hitachi, Tokyo, Japan), 
equipped with a rotated gantry and a synchrotron that has a raster 
scanning method at the Medical Corporation, Hakuhokai, Osaka Proton 
Therapy Center (OPTC) [22]. The PBS system has 92 energy ranges 
(70.7–235.0 MeV), and the available water equivalent depth is 
40–340 mm. The measured spot sizes (one sigma) in the air were 
3.0–9.5 mm and 3.2–9.5 mm for the cross-line and in-line planes, 
respectively. To treat areas shallower than 40 mm, our machine used the 
RS with a water-equivalent length of at least 60 mm (minimum thickness 
of thick RS) [22]. Beam selection could be done both with- and without 
the MLC of PBS beams in the planning phase (Fig. 1). The MLC consisted 
of 54 pairs of collimators downstream of the treatment nozzle, which 
was made of iron with a thickness of 140 mm and leaf width of 3.75 mm 
(actual leaf width of the machine). MLC use in our system does not 
restrict the maximum field size compared to the beams without the MLC. 
The leaf width is determined by the maximum irradiation field. The 
distance between the isocenter and the MLC varies based on the position 
of the treatment nozzle, which ranges from 250 to 560 mm [22].

MLC is known to cause inter-leaf, intra-leaf, and leaf-end trans
missions in both photon and proton therapy [23–25]. We also measured 
inter-leaf and leaf-end transmission based on the previous paper [24]. 
We created plans to irradiate a single spot of 235 MeV (maximum en
ergy) at a depth of 20 mm. A plan was measured without MLC and with 
MLC fully closed at the isocenter plane (leaf-end transmission, Fig. 2a). 
Then, we measured a plan with the MLC closed using the ionization 
chamber (PinPoint 3D ion chamber, Type 31022; PTW) and the spot 
position was shifted 20 mm to the left (inter-leaf transmission, Fig. 2b). 
Measurements were taken at five points each for the open field and for 
the measurements in Figs. 2a and 2b, and were calculated based on the 
measured dose ratio of the two leaf transmissions to the open field.

2.2. Verification plans

Uniform dose plans were created using the RayStation 10A treatment 
planning system (TPS, RaySearch Laboratories, Stockholm, Sweden). 
Nine different targets in the 0–280 mm depth range (Fig. 3) were set up. 
The irradiation fields were 60 mm × 60 mm in size, and the target 
thickness in the depth direction (spread-out Bragg peak width) was 
54 mm for all targets located at nine depths. Plans with the isocenter 
depths of 25 mm and 53 mm could only be created with RS because they 
included areas <40 mm (Table 1). The other seven depth plans were 

Fig. 1. Screenshots of the beam’s eye view between the (a) collimated and (b) uncollimated fields with the same target volume (red contour). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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created both with- and without RS (RS-positive and RS-negative). In this 
study, RS was used even in areas deeper than 40 mm, where RS is usually 
not necessary. The reasons for this were based on studies that inten
tionally used a large spot size to reduce the interplay effect and also 
because we anticipated cases in which the isocenter would be deepened 
by a large target size placed on the surface [26]. Additionally, the use of 
RS has been reported to reduce irradiation time by reducing the number 

of spots and layers [27]. We investigated RS beams at all depths with the 
possibility of using such beams in clinical practice in the future. All plans 
were calculated using the same optimization conditions with air gap 
ranges of 50–300 mm at 50 mm intervals. However, some plans had 
limited air gaps because the treatment nozzle could only be set in the 
250–560 mm range (Table 1). The reason for considering an air gap of 
up to 300 mm is that a treatment beam with such a large air gap might be 

Fig. 2. Illustration of measurement conditions for (a) leaf-end transmission and (b) inter-leaf transmission.

Fig. 3. Screenshots of the nine target definitions (upper row) and representative OAR definition (lower row) in the TPS. The large outer contour (brown) is the 
virtual water phantom with a volume of 400 × 400 × 400 mm3, and the red and orange contours are the target contours with centers of gravity at various depths. 
Since the two contours with dose distributions inserted in the upper figure were located <40 mm regions, only plans with RS were created. OAR, Organ at risk; TPS, 
Treatment planning system; RS, Range shifters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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utilized when a clinical beam is assumed. For example, an air gap of 
about 300 mm can occur in situations where the patient’s arm is raised 
above the torso while the treatment beam must be delivered from that 
direction. These consisted of 86 plans (38 and 48 patterns for the RS- 
negative and RS-positive plans, respectively), none of which used MLC 
(called uncollimated plans). Additionally, for all 86 plans, a plan with 
MLC was created with a 7.0 mm leaf margin in the isocenter plane 
(called collimated plans). This 7.0 mm leaf margin is clinically used by 
OPTC and was set as a leaf margin sufficient for all plans to achieve the 
target coverage. In the TPS, the collimator position is set first during 
optimization, and the spots are optimized while checking the collimator 
position. If the distance between the target and the MLC is close, the spot 
is placed so that the dose enters as evenly as possible within the limited 
irradiation field in the MLC to achieve coverage of the target limb in 
optimization. Therefore, the final spot position is determined by opti
mization, but in all layers, some of the spots outside of the irradiation 
field overlap with the MLC (Fig. 1a). When the MLC is used for PBS, the 
locations for spot placement in the optimization are strictly limited by 
the MLC. Spots can be positioned within a one sigma margin in air 
outside of the MLC’s irradiation field. Consequently, spot placement 
may vary if the MLC margin is narrowed. With the 7.0 mm margin used 
in this study, most plans were developed without different spot 
placements.

The prescribed dose was 1.0 Gy at 98 % of the volume of each target 
for all plans. The calculation algorithm was a commercial Monte Carlo 
dose engine used in the TPS. Plan optimization and final dose calculation 
involved a particle number of 10,000 ions/spot and 0.5 % statistical 
uncertainty [22]. We defined penumbra widths as the 80–20 % dose 
points of the isocenter dose. In this study, the penumbra width was 
represented by the average of the widths on both sides.

The dose statistics from the dose-volume histograms (DVHs) for all 
box plans were compared between the collimated and uncollimated 
plans. Dummy OARs were created for all the plans. The dummy OARs 
were expanded by 30 mm in the lateral direction from the target and 
defined at a distance of 3 mm to avoid overlapping with the target 
(Fig. 3). The OAR dose statistics were compared between the mean 
(Dmean) and near-maximum (D2) doses for the defined OARs at each 
isocenter depth, with the target coverage being identical at D98. The Dx% 
is indicated as the dose to x% volume of each structure.

We performed a statistical analysis on the improvement of penumbra 
width and OAR doses Dmean and D2 at different air gaps. The statistical 
analysis was performed with a two-tailed Mann–Whitney U test using 
the Scipy package in Python. Comparisons were performed between 
collimated and uncollimated plans for different depth targets and with 

and without RS. We considered a p-value < 0.05 as statistically 
significant.

2.3. Measurements of 2D dose distributions

The 2D dose distributions in the isocenter plane were validated using 
a cross-calibrated OCTAVIUS Detector 729 (2D-array, PTW, Freiburg, 
Germany) and a solid water phantom (Tough Water; Kyoto Kagaku, 
Kyoto, Japan). The 2D array has 729 ionization chambers in a plane at 
10 mm intervals, and the measurement procedure was the same as that 
in a previous study [15]. The plans with 50–107.1 mm (smallest), 
150 mm, and 193.1–300 mm (largest) air gaps (three measurements per 
plan) of all air gap patterns were selected for our measurements, as 
highlighted (underlined) in Table 1. The measured doses were analyzed 
using gamma index analysis with an in-house analysis software based on 
the Pymedphys library [28]. The gamma criterion was set at 2 %/2 mm 
with a threshold of 90 % for the maximum dose. The purpose of this 
threshold analysis was to verify the dose distribution in uniform areas.

To validate the lateral penumbra widths with a higher resolution for 
both the collimated and uncollimated plans, additional measurements 
using a Gafchromic film (EBT4, Ashland Inc., Wayne, NJ, USA) were 
performed. Only the minimum and maximum air–gap plans for each 
target in both the RS-negative and RS-positive plans were measured 
(Table 1). The films were scanned with a scanner (EPSON DS-G20000, 
Seiko Epson Corp., Japan) at a resolution of 150 dots per inch (dpi). 
The lateral penumbra widths in the cross-line and in-line directions at 
the isocenter planes were compared between the measured and calcu
lated 2D dose distributions using an in-house analysis software.

3. Results

3.1. Leaf transmission measurements

The average leakage doses from the two measurements were 
0.21 ± 0.30 % and 0.07 ± 0.13 % for the leaf-end and inter-leaf trans
missions, respectively. These leakage doses are lower than the results 
reported by Kang et al. [25]. Based on these results, the leakage dose 
generated by our MLC is as close to zero as possible.

3.2. Penumbra evaluations and 2D dose distribution validations

Fig. 4 and Table 2 show comparisons of the penumbra widths for the 
nine depth patterns between the collimated and uncollimated plans. 
Table 2 also shows the statistical analysis results. The penumbra widths 

Table 1 
Plan summary for 86 verification plans.

Isocenter depth 
(mm)

Target depth ranges 
(mm)

No range shifter plans Range shifter plans

Air gaps (mm) Energies 
(MeV)

Number of 
plans

Air gaps (mm) Energies 
(MeV)

Number of 
plans

25 0–54 − − − 107.1*, 150, 200, 250, 
300*

89.8–128.7 5

53 26–80 − − − 100*, 150, 200, 250, 300* 109.8–145.0 5
81 54–108 51.1*, 100, 150, 200, 250, 

300*
86.4–126.5 6 51.1*, 100, 150, 200, 250, 

300*
126.5–161.9 6

109 82–136 50*, 100, 150, 200, 250, 
300*

106.6–143.1 6 50*, 100, 150, 200, 250, 
300*

143.1–174.9 6

137 110–164 50*, 100, 150, 200, 250, 
300*

124.5–157.6 6 50*, 100, 150, 200, 250, 
300*

157.6–189.4 6

165 138–192 50*, 100, 150, 200, 250, 
277.1*

141.2–172.6 6 50*, 100, 150, 200, 250, 
277.1*

172.6–201.4 6

193 166–220 50*, 100, 150, 200, 
249.1*

157.6–186.8 5 50*, 100, 150, 200, 249.1* 186.8–214.1 5

221 194–248 50*, 100, 150, 200, 
222.1*

170.4–198.9 5 50*, 100, 150, 200, 222.1* 198.9–224.7 5

249 222–276 50*, 100, 150, 193.1* 184.4–201.4 4 50*, 100, 150, 193.1* 211.5–235.0 4

Air gaps, highlighted with an underline, and * mark are measured with a 2D array and film, respectively.
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of collimated plans were improved at least by − 1.2 ± 0.1 mm (p < 0.05 
at 221 mm isocenter depth) and − 1.0 ± 0.4 mm (p = 0.20 at 249 mm 
isocenter depth) on average for RS-negative and RS-positive plans, 
respectively, compared to those of uncollimated plans. Further, the most 
improved average penumbra widths were − 5.1 ± 0.1 mm (p < 0.05 at 
81 mm isocenter depth) and − 2.9 ± 0.4 mm (p < 0.05 at 25 mm iso
center depth) for RS-negative and RS-positive plans, respectively, both 

of which had the shallowest isocenter depths.
Table 3 compares the Dmean and D2 OAR doses between the colli

mated and uncollimated plans. Table 3 also shows the statistical analysis 
results of both Dmean and D2 OAR doses. The collimated plans could 
reduce Dmean on average by at least − 3.3 ± 0.6 % (p < 0.05 at 193 mm 
isocenter depth) and − 4.9 ± 0.7 % (p = 0.151 at 221 mm isocenter 
depth) for RS-negative and RS-positive plans, respectively, compared to 

Fig. 4. Lateral penumbra width comparisons for (a) RS-negative plans and (b) RS-positive plans between the collimated and uncollimated plans, respectively. The (c) 
indicates the penumbra differences between the RS-negative (red color) and RS-positive (blue color) plans. The error bars in the Figures indicate the ranges of 
penumbra or penumbra differences from evaluated air gaps. RS, Range shifters; RS+, RS-positive; RS-, RS-negative. The * marks in the Fig. 4c mean statistically 
significant of p-value <0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 
Comparisons of penumbra widths for nine depth patterns between the collimated and uncollimated plans.

Isocenter depth (mm) RS-negative plans (mm) RS-positive plans (mm)

Collimated 
Av. ± SD

Uncollimated 
Av. ± SD

Difference 
Av. ± SD

p value Collimated 
Av. ± SD

Uncollimated 
Av. ± SD

Difference 
Av. ± SD

p value

25 − − − − 10.2 ± 2.0 13.1 ± 1.6 − 2.9 ± 0.4 0.095
53 − − − − 9.5 ± 1.6 12.0 ± 1.3 − 2.5 ± 0.3 0.056
81 4.6 ± 0.1 9.7 ± 0.0 − 5.1 ± 0.1 0.003 * 8.9 ± 1.5 11.0 ± 1.3 − 2.1 ± 0.4 0.093
109 5.8 ± 0.2 8.6 ± 0.0 − 2.9 ± 0.2 0.003 * 9.1 ± 1.4 11.0 ± 1.2 − 1.9 ± 0.2 0.065
137 6.1 ± 0.1 8.7 ± 0.0 − 2.7 ± 0.1 0.003 * 9.4 ± 1.2 10.8 ± 1.0 − 1.4 ± 0.3 0.093
165 6.7 ± 0.1 8.9 ± 0.0 − 2.2 ± 0.1 0.003 * 9.4 ± 0.9 11.0 ± 0.9 − 1.6 ± 0.1 0.041 *
193 7.3 ± 0.1 8.5 ± 0.0 − 1.2 ± 0.1 0.007 * 9.9 ± 0.8 11.2 ± 0.8 − 1.3 ± 0.4 0.056
221 8.0 ± 0.1 9.2 ± 0.0 − 1.2 ± 0.1 0.010 * 10.2 ± 0.5 11.5 ± 0.6 − 1.3 ± 0.2 0.008 *
249 8.5 ± 0.1 9.8 ± 0.0 − 1.3 ± 0.1 0.021 * 10.8 ± 0.5 11.8 ± 0.8 − 1.0 ± 0.4 0.200

RS, Range shifters; Av. Average; SD, Standard deviation. The * marks in the table mean statistically significant of p-value < 0.05.

Table 3 
Comparisons of mean and near-maximum OAR doses between the collimated and uncollimated plans.

Dose statistics Isocenter depth (mm) RS-negative plans (%) RS-positive plans (%)

Collimated 
Av. ± SD

Uncollimated 
Av. ± SD

Difference 
Av. ± SD

p value Collimated 
Av. ± SD

Uncollimated 
Av. ± SD

Difference 
Av. ± SD

p value

Mean doses (Dmean) 25 − − − − 24.5 ± 4.8 38.0 ± 6.3 − 13.5 ± 1.8 0.016 *
53 − − − − 23.8 ± 4.1 35.3 ± 5.3 − 11.5 ± 1.5 0.016 *
81 17.0 ± 1.3 26.8 ± 0.0 − 9.8 ± 1.3 0.003 * 22.8 ± 3.8 31.4 ± 4.7 − 8.6 ± 1.4 0.015 *
109 16.3 ± 1.1 21.5 ± 0.0 − 5.2 ± 1.1 0.003 * 23.6 ± 4.0 31.3 ± 4.2 − 7.7 ± 0.8 0.026 *
137 17.1 ± 0.9 21.8 ± 0.0 − 4.7 ± 0.9 0.003 * 24.3 ± 3.8 30.6 ± 4.5 − 6.3 ± 1.4 0.093
165 17.6 ± 0.5 21.4 ± 0.0 − 3.8 ± 0.5 0.003 * 26.9 ± 4.1 32.6 ± 4.2 − 5.8 ± 1.0 0.132
193 18.9 ± 0.6 22.2 ± 0.0 − 3.3 ± 0.6 0.007 * 25.7 ± 2.4 32.0 ± 2.6 − 6.3 ± 0.6 0.016 *
221 21.0 ± 0.5 25.8 ± 0.2 − 4.8 ± 0.5 0.009 * 28.4 ± 3.1 33.3 ± 3.3 − 4.9 ± 0.7 0.151
249 22.8 ± 0.5 27.2 ± 0.0 − 4.5 ± 0.5 0.020 * 28.0 ± 1.6 33.6 ± 3.1 − 5.6 ± 1.6 0.029 *

Near-maximum doses (D2) 25 − − − − 89.3 ± 1.7 95.2 ± 1.5 − 5.9 ± 0.7 0.008 *
53 − − − − 90.7 ± 1.2 95.7 ± 1.2 − 4.9 ± 0.7 0.012 *
81 94.1 ± 0.4 95.0 ± 0.0 − 0.9 ± 0.4 0.003 * 91.3 ± 0.9 94.9 ± 0.8 − 3.7 ± 1.3 0.005 *
109 90.5 ± 0.4 91.7 ± 0.0 − 1.2 ± 0.4 0.003 * 91.8 ± 1.1 95.2 ± 0.9 − 3.5 ± 0.7 0.005 *
137 91.6 ± 0.5 92.9 ± 0.0 − 1.3 ± 0.5 0.003 * 92.0 ± 1.3 94.8 ± 1.6 − 2.8 ± 0.8 0.037 *
165 90.3 ± 0.5 90.8 ± 0.0 − 0.5 ± 0.5 0.003 * 95.1 ± 2.9 96.0 ± 0.9 − 0.9 ± 2.3 0.810
193 90.8 ± 0.4 92.2 ± 0.0 − 1.4 ± 0.4 0.007 * 92.2 ± 0.8 95.3 ± 0.4 − 3.2 ± 0.5 0.012 *
221 92.5 ± 0.3 94.9 ± 0.0 − 2.4 ± 0.3 0.009 * 95.1 ± 2.2 95.0 ± 1.1 0.0 ± 1.3 0.753
249 92.5 ± 0.5 94.8 ± 0.0 − 2.3 ± 0.5 0.020 * 92.9 ± 0.4 96.0 ± 1.4 − 3.1 ± 1.1 0.029 *

OAR, Organ at risk; RS, Range shifters; Av. Average; SD, Standard deviation. The percentage values in the table are defined as a percentage of the prescribed dose of 
1.0 Gy. The * marks in the table mean statistically significant of p-value < 0.05.
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uncollimated plans. Dose improvements were particularly pronounced 
for the 25 mm and 53 mm plans, both of which require the use of RS to 
achieve uniform irradiation. The Dmean and D2 of these plans reduced the 
dose by at least − 11.5 ± 1.5 % and − 4.9 ± 0.7 % (p < 0.05 for both 
scenario), respectively, for 53 mm isocenter depth on average.

In the 2D-array measurements, the average gamma scores at 2 %/2 
mm with a 90 % threshold (absolute dose evaluations) were 
97.9 ± 2.3 % (90.6–100 %) and 97.4 ± 3.1 % (87.3–100 %) for the 
uncollimated and collimated plans, respectively. The gamma scores 
exceeded 90 % at 2 %/2 mm in all except five conditions for the colli
mated plans with the maximum air gap (Fig. 5).

Fig. 6 presents the representative film measurement results between 
the uncollimated and collimated plans. This plan has an isocenter depth 
of 137 mm, which is intermediate to the plan used in this study. The air 
gaps used for this measurement were 50 mm and 300 mm. The average 
(minimum/maximum) penumbra differences at the isocenter plane of 
all uncollimated plans were 0.44 ± 0.64 mm (− 1.23/1.36 mm) and 
0.82 ± 0.62 mm (− 1.22/1.49 mm) for the cross-line and in-line profiles, 
respectively. The average (minimum/maximum) penumbra differences 
of all collimated plans were 0.23 ± 0.46 mm (− 0.71/1.26 mm) and 
0.34 ± 0.65 mm (− 1.19/1.41 mm) for the cross-line and in-line profiles, 
respectively. All 72 penumbra widths (36 cross-line profiles and 36 in- 
line profiles) were within 1.5 mm. The results of our measurements 
showed agreement with the calculations regardless of the size of the air 
gap and whether collimators were used or not.

4. Discussions

In this study, the 2D dose distributions and penumbra widths be
tween plans with- and those without MLC, as well as with or without RS 
for various air gaps, were evaluated and validated. To our knowledge, 
there is currently no other report on the evaluation of penumbra char
acteristics of MLC supported by MELTHEA V; hence, it is essential to 
investigate whether it shows a penumbra improvement trend similar to 
that in previous studies. The most important finding of this study is that 
the beam with MLC improved the penumbra even at depths more than 
150 mm.

Our PBS beams with MLC improved the penumbra at depths up to 
276 mm in water; this is deeper than the region where collimated beams 
generally improve the penumbra compared to beams without MLC 
[21,24]. Bues et al. found that with nickel’s thin MLC, the boundary 
where the penumbra widths with- and that without the MLC coincide 
was 159 MeV (175 mm depth in water) [24]. Winterhalter et al. reported 
no improvement in the penumbra, even when collimators were placed in 
beams larger than 150 mm [21]. A similar consensus was observed for 
collimated PSPT beams and uncollimated PBS beams, as noted in the 
paper by Safai et al. [20]. Maes et al. reported that a PBS beam with a 
65 mm brass aperture resulted in a penumbra reduction of <1 mm over 
an area >200 mm, which reduced the benefit of collimator use [29]. 

Additionally, the patient-specific aperture at the Nagoya Proton Therapy 
Center was designed initially to verify penumbra improvement only at 
depths up to 150 mm [11,30]. This is because the aperture was not 
designed to improve the penumbra in areas deeper than 150 mm (only a 
30 mm thick brass aperture was supported) when the device was orig
inally designed at this facility.

The possible reasons why our machine improved the collimator 
beam penumbra in deeper regions compared with those in previous 
studies are explained as follows. The first reason is the size of the beam 
spot in the air. Our machine had a beam size range of 3.0–9.5 mm. This 
is an intermediate beam size range compared to other treatment systems 
using collimators [12]. However, the one-sigma beam size of the device 
used in Winterhalter’s paper [21], which showed no penumbra 
improvement over a 150 mm area, was approximately 2.3–5.0 mm in 
the 70–230 MeV range, significantly smaller than the size of the smaller 
machine used in this study [31]. If the original beam size is smaller, the 
collimated beam in air will enter a medium, such as water, with less 
improvement in the penumbra than the uncut beam. Since the lateral 
spread of the beam is mostly composed of a component due to its spread 
in water rather than in air, the small beam size cut in air would have 
resulted in little improvement due to the use of collimators. The second 
reason may be the large virtual SAD (VSAD) due to the equipment 
arrangement of the scanning magnets. The VSAD of our machine was 
2696 mm and 3029 mm for the magnets in the X- and Y directions, 
respectively; these are larger than the VSADs of other treatment ma
chines [13,20,31,32]. Charlwood et al. reported that collimation is less 
affected by penumbra reduction with shorter VSAD [33]. Our instru
ment has a larger VSAD than the hypothetical VSAD used in this study; 
thus, it is more affected. This study provides unprecedented and sig
nificant insight into the contribution of collimators to the improvement 
of penumbra depths greater than 150 mm. This information could have a 
significant impact on the future specification of proton beam system.

Generally, the main use of beams with collimators is limited to plans 
with RS at shallow depths. Notably, in this study, the improvement in 
the penumbra when collimators were used was greater for plans without 
RSs. As shown in Fig. 4c, in the range of 40–200 mm depth, the RS- 
negative plan with collimator showed an improvement of 1.2–5.1 mm 
(Table 2). Since the MLC, unlike the patient collimator, has no cost 
barrier to its use, the collimator should be used on all beams to improve 
the penumbra.

The current TPS dose calculations used in this study generally show 
worse measurement and calculation accuracies for plans with larger air 
gaps, collimators, and RSs as already found in the papers [15,17]. Some 
results below 90 % for gamma scores at 2 %/2 mm were observed mostly 
to targets present at depths <100 mm. This is similar to the results re
ported by Tominaga et al. [15]. This may be due to the presence of 
secondary particles generated by the MLC and RSs in the shallow region, 
not correctly reproduced by the TPS [34]. Furthermore, the deteriora
tion in the gamma scores was limited to the largest air gap. An air gap of 

Fig. 5. Representative verification results between the 2D-array measurements and TPS doses in gamma analysis at 2 %/2 mm with a 90 % threshold. The two left 
and two right columns of the figure show plans without- and with RSs, respectively. TPS, Treatment planning system; RS, Range shifters; MLC, Multileaf collimator; 
min, minimum; max, maximum.
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300 mm is unlikely to be employed in shallow areas. Thus, it can be 
assumed that agreement between the measurement and calculation is 
ensured in the clinical use range.

The penumbra differences in film validations were all 
within ±1.5 mm at the smallest and largest air gaps, which is compa
rable to the results of another type of collimation machine validated in 
previous studies, which were also within ±1.5 mm [11,13]. Our results 
showed that the beams used in this study have good penumbra agree
ment at all depths, with or without collimators, and with or without RSs, 
regardless of the air gap size.

The OAR doses for the collimated beams were lower than those for 
the uncollimated beams for all box plans in terms of both the mean and 
maximum doses while maintaining target coverages. Our box plan’s 
beams had a beam range of >200 mm, providing a treatment planning 
benefit for penumbra improvement even at treatment sites that cannot 
be improved beyond 150–200 mm, such as the machines used in the 
reports of Winterhalter et al. and Maes et al. [21,29]. The reduction in 
the mean dose to the OAR demonstrated the potential for a small 
reduction in the impact of late adverse effects. The disadvantage of using 
collimators is the generation of secondary neutrons [35]. Notably, 
RayStation’s MC dose engine does not simulate secondary neutrons 
[36]. Therefore, the number of secondary neutrons generated in this 
study could not be determined. Although the use of collimators increases 
secondary neutron production, the treatment planning benefits of 
collimating the primary beam are thought to outweigh the risks of 
neutron exposure [35,37].

Slit scattering effects have also been reported in the past [38]. Slit 
scattering occurs when protons are deflected by the edges of slits or 

collimators used to shape the beam profile, resulting in unintended ra
diation outside the target area. This effect can introduce dose inaccur
acies, particularly when high dosimetric precision is required, such as in 
the irradiation testing of electronic devices. Therefore, it is essential to 
consider and minimize slit scattering through careful collimator design 
and test setup.

This study has some limitations. This paper summarizes the pen
umbra improvements using single-field optimized plans. Intensity- 
modulated proton beam therapy beams that do not deliver a uniform 
dose to the target may result in minimal improvement of the penumbra. 
Furthermore, the smaller the margin between the target and MLC, the 
better the penumbra; however, the margin used in this study was only a 
clinically safe margin of 7.0 mm. If even smaller margins were used 
without sacrificing coverage, the difference between the uncollimated 
and collimated penumbrae would be greater. The optimal margin varies 
with the energy used (i.e., target depth), air gap, with and without RS, 
and target geometry. We plan to conduct a study of the optimal margin 
for each of these parameters while the target cover is not sacrificed in the 
future. Many optimal margin studies have been conducted not only in 
PBS but also in PSPT, and these findings should be considered in our 
MLC and PBS [20,24,39,40]. Further, research and development using 
dynamic collimation in this treatment system would be undertaken 
[41,42].

5. Conclusions

This study validated the 2D dose distributions and penumbra widths 
with or without MLC plans for various parameter changes, such as 

Fig. 6. Comparisons of film measurements (red scatter plots) and calculations (solid black lines) for uncollimated (first column), collimated (second column), 
uncollimated with RS (third column), and collimated with RS (fourth column) plans for a representative box target at the isocenter depth of 137 mm. TPS, Treatment 
planning system; RS, Range shifters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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energy ranges, air gaps, and RS with a thickness of 60 mm. Regardless 
of the use of RS, the collimated PBS beams could reduce the penumbra 
widths by 1.0–5.1 mm for all energy ranges. The collimated beams 
reduced both the mean and near-maximum doses of surrounding OARs 
than the uncollimated beams for both the RS-positive and RS-negative 
plans while maintaining target coverage. Although it has been a com
mon theory that the effective range of a PBS beam with MLC is up to 
150 mm, we have newly shown that this is not the case depending on the 
machine specifications.
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[36] Bäumer C, Plaude S, Khalil DA, Geismar D, Kramer P-H, Kröninger K, et al. Clinical 
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