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Abstract. The aim of the present study was to investigate the 
effects on the dose distribution and beam delivery time in 
spot scanning proton beam therapy (PBT) incorporating the 
spot deletion technique. A spot scanning plan was created for 
30 patients with prostate cancer. The plan was then modified 
via two processes: Spots with lower weighting depositions 
were deleted (process A) and spots that were distant from the 
clinical target volume (CTV) were deleted (process B). The 
dose distribution to the organs at risk (OAR), the expanded 
CTV (exCTV), which was defined by a uniform expansion 
of the CTV by a radius of 5 mm, and the beam delivery 
time were compared among initial and modified plans. The 
V50 Gy [relative biological effectiveness (RBE)] to the rectum and bladder, and 
V60 Gy(RBE) to the urethral bulb, inhomogeneity index (INH) 
of the exCTV showed a difference (P=1.1x10‑14, P=6.4x10‑14, 
P=2.7x10‑7, P=3.2x10‑17), although only changes by process B 
were significant. Modified plan by process B showed the 
V50 Gy(RBE) to the rectum and bladder decreased by ‑2.4±1.6 and 
‑2.3±1.4%, and the V60 Gy (RBE) to the urethral bulb decreased 
by ‑15.9±19.4%. The INH of the exCTV increased by 
0.05±0.03%. On the other hand, modification of the initial plan 
by process A did not affect the dose of the OAR, exCTV or 
beam delivery time. In spot scanning PBT, modification of the 
initial radiotherapy plan by systemic deletion of spots distant 
from the CTV could result in a dose reduction to the OAR.

Introduction

Proton beam therapy (PBT) is characterized by the emission 
of high radiation energy after penetration of the beam up to 

a certain depth (1,2), and this therapeutic modality is widely 
used for the treatment of various cancers (3‑5). Techniques for 
the delivery of PBT have advanced over the last few decades. 
One of the most representative advances is the development 
of the spot scanning technique using pencil beams. In the 
spot scanning irradiation technique, a lesion is visualized as a 
mass of points and each point is irradiated individually, unlike 
in conventional passive‑scattered broad beam irradiation, in 
which a bundle of proton beams that are shaped to match the 
lesion is used. Scanning PBT is associated with superior beam 
flexibility that allows adaptation to complex‑shaped targets. 
Other advantages are the reduced cost of manufacture of 
patient‑specific apertures or compensators and the reduced 
time needed during delivery to change the devices (6‑8). The 
number of facilities offering spot scanning PBT is growing 
rapidly worldwide. Spot scanning PBT has been applied for 
the treatment of prostate cancers (9,10).

Several studies have investigated means to improve the 
image quality and/or shorten the beam delivery time, such 
as hardware or software modifications, including use of an 
improved collimator, spot resampling, or beam intensity adjust‑
ment (6,11‑18). Each of the methods has its own advantages, 
including reduction of the dose to the organs at risk (OAR), 
reduction of the out‑of‑field dose, improved optimization time, 
and shortened beam delivery time. However, some of these 
methods involve the use of special equipment that might entail 
huge costs and efforts for development and are not universally 
applicable in every facility. RayStation (RaySearch Medical 
Laboratories, Stockholm, Sweden) is a treatment planning 
system (TPS) which integrates a software package that allows 
definition of the doses to the target and OAR, management 
of the treatment plan and plan optimization, and provides 
delivery quality assurance (19). The TPS has the capability of 
allowing editing of the energy dose deposited on each spot 
even after optimization, such as adding, removing and/or 
multiplying the energy dose levels. Thus, it may be expected 
to allow modification of the dose distribution to make it closer 
to the ideal by deleting energy depositions of low importance.

The aim of this study was to investigate the effects of 
the spot deletion technique in spot scanning PBT in patients 
with prostate cancer, in whom the doses to the OAR are often 
controversial.
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Materials and methods

All the study procedures, which involved human participants, 
were conducted in accordance with the ethical standards of 
the institutional research committee and in compliance with 
the Declaration of Helsinki, and were approved by the Kobe 
Proton Center institutional review board. Patients' planning 
computed tomography data were used.

Simulation planning. Simulation planning was performed 
in 30 patients with prostate cancer (47‑82 years old, T1 or 
T2 disease in all, according to the TNM classification). 
The clinical target volume (CTV) was defined as the whole 
prostate gland and the dose fraction to the isocenter of the 
CTV was 63 gray relative biological effectiveness [Gy (RBE)] 
with 21 fractions (20) The main parameter of the beam 
delivery system is shown in Table I; the beam direction 
was left and right opposition. The RayStation optimization 
algorithm is a sequential quadratic programming method 
that uses Broyden‑Fletcher‑Goldfarb‑Shanno updates of the 
quasi‑Newton approximation of the Hessian of the Lagrangian. 
Each beam included the range shifter of 0‑6 mm water equivalent 
thickness made up of polyethylene. Robust optimization with 
a 3‑mm setup and 3.5% range uncertainty for CTV was used. 
The robustness parameters were decided by our accumulated 
set‑up reproducibility data. Next, we calculated the perturbed 
doses due to the patient's positional variations (±3‑mm in 
6 directions and ±3.5% in range) and confirmed that the dose 
constraint was met. The dose constraints were determined by 
referring to a multi‑institutional research on Japanese proton 
beam facilities and a treatment plan was created (initial plan). 
Default optimization parameters and clinical goal are shown 
in Table II. The maximum number of iteration was 40.

Then, the initial plan was modified by 2 processes: 
process A, in which spots with lower weighting depositions 
were deleted, and process B, in which spots that were distant 
from the CTV were deleted. In process A, relative energy spots 
were deleted in ascending order by 0.01%. In process B, spots 
located away from the CTV were deleted at 1‑mm intervals 
(Fig. 1). We had checked, in a preliminary study conducted 
prior to this study, that the deletion of spots more than 15 mm 
away from the CTV had little effect on the plan quality. Thus, 
we started inward from a distance of 15 mm in process B. The 
step sizes in each process was such that they were clear‑cut 
and the classification of the two processes would be consistent. 
In both processes, the spot deletion procedure was performed 
for each beam individually and the optimization was repeated 
after that. After spot deletion procedure, we calculated 
re‑optimized plan and perturbed dose as same as the initial 
plan and confirmed that the dose constraint was met. Although 
this is a simulation study, we routinely setup using bone struc‑
ture at first and fine‑tune using implanted a pair of metallic 
markers by anterior and lateral X‑ray fluoroscopic images in 
clinical practice. The metallic markers (0.28 mm diameter, 
20 mm length) are implanted in bilateral lobes where one is 
ventral and the other is dorsal side of the prostate gland.

Data analysis. Both processes were continued while every 
dose constraint was maintained. We investigated the dose 
distribution to the OAR, to the target, and the beam delivery 

time. In the analysis of the dose distribution to the OAR, we 
calculated the V50 Gy (RBE) and Dmax of the rectum, V50 Gy (RBE) 
and Dmax of the bladder, and V60 Gy (RBE) and Dmax of the urethral 
bulb. In the analysis of the dose distribution to the target, the 
inhomogeneity index (INH) were calculated, as follows (21):

The expanded CTV (exCTV) was defined by a uniform expan‑
sion of the CTV by a radius of 5 mm for only plan comparison 
referring the method of Kirk et al (22). D5 and D95 are the 
doses to 5 and 95% of the exCTV, and Dpre is the prescription 
dose. The beam delivery time was calculated as the sum of the 
time spent on each layer and the time interval between layers. 
The time spent in each layer was calculated as follows:

Intensity means Monitor Unit/time and duty cycle means ratio 
of beam‑on time/beam‑on + off time.

We added examination to the patients with spacer implan‑
tation because separation effect due to the spacer might make 
it unnecessary to delete spots like process B. We examined 
whether the process B could reduce the dose of the rectum in 
8 patients with SpaceOAR® System (Augmenix, Inc.) implan‑
tation as adding trial.

Statistics. The values represent the means ± standard deviation. 
Single‑factor ANOVA with Bonferroni's correction was used 
for comparing the data between the initial and modified plan, 
and minimum value  in all modified plans was used as  the 
value of modified plan in the OAR dose and beam delivery 
time comparison and maximum value was used in INH 
comparison. P<0.05 was considered to indicate a statistically 
significant difference.

Results

In the plan modification by process A, that is, deletion of 
lower weighting spots, relative energy doses with weights 
of 0.02‑0.1% were deleted (0.02%: 5; 0.03%: 8; 0.04%: 10; 
0.05%: 4; 0.06%: 2; 0.1%: 1 patients). In the plan modification 
by process B, that is, deletion of distant spots, energy spots 
were deleted from 13‑9 mm away from the CTV (13 mm: 5; 
11 mm: 19; 10 mm: 1; 9 mm: 5 patients). Table III shows a 
summary of the data. Figs. 2‑4 show the changes in the data 
obtained by modification of the initial treatment plan by 
processes A and B.

Dose distribution to the OAR. The V50 Gy (RBE) of the rectum 
was between 3.5 and 16 (11.1±3.1)% as per the initial plan. It 
finally changed to between 3.1 and 15.8 (11.3±3.2)% following 
the initial plan was modified by process A; following 
modification of the initial plan by process B, it finally changed 
to between 3.4 and 14.9 (8.9±2.7)%. The V50 Gy (RBE) of the 
bladder was between 4.4 and 17.5 (9.7±3.6)% as per the initial 
plan. It finally changed to between 4.4 and 17.1 (10.1±3.7)% 
following the initial plan was modified by process A; following 
modification of the initial plan by process B, it finally changed 
to between 3.5 and 16 (7.4±3)%. The V60 Gy (RBE) of the urethral 
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bulb was between 80.6 and 100 (99.2±3.5)% as per the initial 
plan. It finally changed to between 81.4 and 100 (99.2±3.4)% 
following the initial plan was modified by process A; following 
modification of the initial plan by process B, it finally changed 
to between 33.6 and 100 (83.4±19.7)%. Thus, the V50 Gy (RBE) 
of the rectum, V50 Gy (RBE) of the bladder, and V60 Gy (RBE) of the 
urethral bulb showed a significant difference among groups 
(P=1.1x10‑14, 6.4x10‑14, and 2.7x10‑7, respectively) and following 
modification of the initial treatment plan by process B showed 
significant decrease, while no significant difference was noted 
with modification by process A.

Dmax of the rectum was between 54.2 and 64 (63±1.8) Gy 
(RBE) as per the initial plan. It finally changed between 53.7 
and 65.2 (63.2±2) Gy (RBE) following the initial plan was 
modified by process A. While, following modification of the 
initial plan by process B, it finally changed between 54.2 and 
64.2 (62.7±1.9) Gy (RBE). Dmax of the bladder was between 
62.6 and 64.4 (63.6±0.4) Gy (RBE) as per the initial plan. 
It finally changed  to between 62.4 and 65.9 (63.8±0.6) Gy 
(RBE) following the initial plan was modified by process A. 
While, following modification of the initial plan by process B, 
it finally changed to between 61.2 and 64.8 (63.5±0.9) Gy 
(RBE). Dmax of the urethral bulb was between 63.8 and 65.5 
(64.4±0.4) Gy (RBE) as per the initial plan. It finally changed 
to between 63.6 and 64.7 (64.2±0.3) Gy (RBE) following 
the initial plan was modified by process A. While, following 
modification of the initial plan by process B, it finally changed 
to between 62.7 and 65.0 (63.9±0.5) Gy (RBE). Thus, the Dmax 
of the rectum and bladder showed a significant difference 
among groups (P=6.1x10‑4 and 4.9x10‑3, respectively), but 
no significant difference was noted between initial plan and 
modification by process A or B (Fig. 2).

Dose distribution to the target. The INH was between 
0.03 and 0.1 (0.04±0.01) as per the initial plan. It finally changed 
to between 0.03 and 0.1 (0.05±0.01) following modification of 
the initial plan by process A. While, following modification 
of the initial plan by process B, it finally changed to between 
0.04 and 0.14 (0.08±0.03). The INH showed a significant differ‑
ence among groups (P=3.2x10‑17) and following modification 
of the initial treatment plan by process B showed significant 
increase (Fig. 3).

Beam delivery time. The beam delivery time was between 
238.4 and 424.4 (302.6±47.2) sec as per the initial plan. It 

finally changed to between 232.8 and 415.7 (296.9±46.5) sec 
following modification of the treatment plan by process A. 
While,  following modification of  the plan by process B,  it 
finally changed to between 217.2 and 412.5 (277.6±44.9) sec. 
The beam delivery time showed a significant difference 
among groups (P=2.5x10‑18), but no significant difference was 
noted with between initial plan and modification by process A 
or B (Fig. 4).

Adding analysis to the patients with spacer implantation. The 
V50 Gy (RBE) of the rectum was 1.7% as per the initial plan. It 
changed to 1.1% in 15 mm, 1.1% in 13 mm, 0.8% in 11 mm, 
and 0.4% in 9 mm plans. Dmax of the rectum was also reduced 
from 49.7 Gy(RBE) in initila plan to 48.8 Gy(RBE) in 15 mm, 
46.6 Gy(RBE) in 13 mm, 41.0 Gy(RBE) in 11 mm and 
37.2 Gy(RBE) in 9 mm plans. On the other hand, D95 of the 
CTV was 100% in initial plan and 100% in 15‑11 mm plans 
and 99.9% in 9 mm plan.

Number of layers, spots and spots distribution. The number 
of layers was 34±3.1, 32.7±3.2, and 32±3.3 and the number of 
spots was 2288±632, 1461±472, and 1575±555 in initial plan, 
process A and process B (Fig. 5). Fig. 6 shows one example 
of spots distribution. Relatively high‑weighted deposition 
spots for each beam can be seen in the area beyond the CTV 
and relatively low‑weighted deposition spots are found in and 
around the CTV.

Case presentation. An 80‑year‑old man with prostate cancer. 
Deletion of spots was continued to the level of 9 mm from the 
CTV via process B. As the spot deletion range moved inward, 
the radiation doses to the rectum and bladder decreased. 
Also, the elevated and reduced dose distribution areas 
became mottled in the CTV and exCTV, which caused dose 
inhomogeneities (Figs. 7 and 8).

Discussion

It is extremely important to reduce late adverse events in the 
treatment of cancers with a long survival prognosis, such as 
prostate cancer. Hou et al conducted a meta‑analysis of 6 large 
randomized trials that included a total of 2822 patients, and 
reported that Grade 2 or more severe late GI toxicity occurred 
at a frequency of 18.6% in the cases receiving conventional 
radiotherapy and at a frequency of 28% in the cases receiving 
high‑dose radiotherapy (23). They also reported that Grade 2 or 
more severe late GU toxicity occurred at a frequency of 19.5% 
in cases receiving conventional radiotherapy and at a frequency 
of 22.6% in cases receiving high‑dose radiotherapy. In a more 
recent trial, Jolnerovski et al reported that the frequencies of 
Grade 2 or more severe late GI and GU toxicity at 5 years 
were 6.3 and 25.3% (24). They found from subgroup analyses 
that the total radiation dose was associated with the rate of GI 
toxicity and that the rate of GU toxicity was associated with the 
Dmax and D2% (24). A close relationship exists between the dose 
and late toxicities, and rectal toxicity is particularly commonly 
associated with a higher dose volume (25‑27). We examined 
the V50 Gy (RBE) of the rectum and bladder and V60 Gy (RBE) of the 
urethral bulb as an indicator of high‑dose volume besides Dmax 

in this study. Since the CTV had robustness, it was difficult to 

Table I. Beam parameters.

Parameters Value

Energy, MeV 70.7‑235
Energy steps, steps 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 σ 3.3‑12
Dose rate, Gy/(l min) 1
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reduce the Dmax of the rectum, bladder, and urethral bulb in 
contact with the prostate gland, but high dose volume could be 
reduced by process B. Our results indicated that modification 
of the initial dose plan by process B, which consisted of 
deletion of spots at a distance from the CTV can efficiently 
diminish the high‑dose volume of the rectum and bladder, 
which would be expected to contribute to a reduced likelihood 
of the occurrence of late toxicities.

To maintain dose homogeneity in the target, and reduction 
of dose variations inside the target is necessary and hot spots 
outside the target can be an obstacle (21,22). The spots will 
inevitably occur outside the CTV for the reason the irradiation 
dose around each spot is determined by the Gaussian function 
and there is a distance between the spots and CTV has 
robustness. As stated in Results, the INH showed substantial 
increase with the use of process B. The change was particularly 
prominent when spots that were 13‑11 mm away from the CTV 
were deleted. These results imply that extra spots at about 

1 cm or more for the CTV are necessary to maintain the dose 
homogeneity in the target. On the other hand, use of process 
A, which deletes spots with lower weighting depositions had 
not as remarkable change on the INH as process B, thereby 
the risk of compromising the dose homogeneity of the targe 
seems rather low.

Synchrotron‑based pencil beam scanning delivery systems 
are very complex and the beam delivery times are affected 
by multiple variables. The beam delivery times include 
the layer switch, spot switch, and spot spill times (28). As 
shown in Fig. 5 the number of layers was smaller in process 
B than in process A. On the contrary, the number of spots 
was smaller in process A than in process B. Considering that 
the beam delivery time was much shorter in process B, it 
appears that the beam delivery time is affected to a greater 
degree by the number of deleted layers rather than by the 
number of deleted spots. In fact, 2 patients in whom the beam 
delivery time was shortened by more than 50 sec showed 

Table II. Optimization parameters and dose constraints.

Organs Optimization parameters Weight Clinical goal

CTV Uniform dose, 63 Gy(RBE) 100 D2% <107%
   D98% >93%
   V60 Gy(RBE) 100%
Rectum Max DVH, 30 Gy(RBE), 30% 5 V30 Gy(RBE) <30%
 Max DVH, 50 Gy(RBE), 20% 5 V50 Gy(RBE) <20%
 Max DVH, 60 Gy(RBE), 10% 5 V60 Gy(RBE) <10%
Bladder Max DVH, 50 Gy(RBE), 30% 5 V50 Gy(RBE) <30%
 Max DVH, 60 Gy(RBE), 30% 5 V60 Gy(RBE) <15%
Femoral head Max dose, 45 Gy(RBE) 5 Dmax <45 Gy(RBE)
Colon and small intestine Max DVH, 50 Gy(RBE), 0.5 cm3 5 V50 Gy(RBE) <0.5 cm3

CTV, clinical target volume; DVH, dose‑volume histogram; RBE, relative biological effectiveness; Dmax, maximum dose.

Figure 1. Schematic diagram of process. Process A, the size of the circle represents the relative energy deposit of each spot. The energy was varied from 0.02 to 
0.1%. Spots with lower than specified energy deposit were deleted. Process B, the dotted line represents a certain distance from the CTV. Distance was varied 
from 9 to 13 mm. Spots outside the dotted line were deleted. CTV, clinical target volume; exCTV, expanded clinical target volume.
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Table III. Summary of data.

 Process A Process B
 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
  All Final  All Final
Parameters  Initial plan  (energy) (energy) (distance) (distance)

Rectum V50 Gy(RBE) 3.5‑16.0 (11.1±3.1) 3.1‑16.0 3.1‑15.8 3.4‑16.4 3.4‑14.9
  (11.5±3.0) (11.3±3.2) (10.4±2.9) (8.9±2.7)
Rectum Dmax Gy(RBE) 54.2‑64.0 53.7‑65.2 53.7‑65.2 54.2‑64.3 54.2‑64.2
 (63.0±1.8) (63.2±1.6) (63.2±2.0) (63.0±1.5) (62.7±1.9)
Bladder V50 Gy(RBE) 4.4‑17.5 4.4‑18.0 4.4‑17.1 3.5‑17.4 3.5‑16.0
 (9.7±3.6) (9.7±3.6) (10.1±3.7) (8.6±3.2) (7.4±3.0)
Bladder Dmax Gy(RBE) 62.6‑64.4 62.4‑65.9 62.4‑65.9 61.2‑64.8 61.2‑64.8
 (63.6±0.4) (63.6±0.5) (63.8±0.6) (63.6±0.6) (63.5±0.9)
Urethral bulb V60 Gy(RBE) 80.6‑100.0 77.7‑100.0 81.4‑100.0 33.6‑100.0 33.4‑100.0
 (99.2±3.5) (99.3±3.4) (99.2±3.4) (94.5±12.7) (83.4±19.7)
Urethral bulb Dmax Gy(RBE) 63.8‑65.5 63.6‑66.0 63.6‑64.7 62.7‑68.7 62.7‑65.0
 (64.4±0.4) (64.5±0.5) (64.2±0.3) (64.5±0.7) (63.9±0.5)
Inhomogeneity index 0.03‑0.10 0.03‑0.10 0.03‑0.10 0.03‑0.14 0.04‑0.14
 (0.04±0.01) (0.04±0.01) (0.05±0.01) (0.06±0.02) (0.08±0.03)
Beam delivery time, sec 238.4‑424.4 232.8‑425.0 232.8‑415.7 217.2‑421.8 217.2‑412.5
 (302.6±47.2) (290.2±38.7) (296.9±46.5) (290.4±45.0) (277.6±44.9)

All data are presented as the range (mean ± SD). RBE, relative biological effectiveness; Dmax, maximum dose.

Figure 2. Changes of the doses to the organs at risk. Rectum V50 Gy(RBE) of (A‑a) process A and (A‑b) process B. Rectum Dmax of (B‑a) process A and 
(B‑b) process B. Bladder V50 Gy(RBE) of (C‑a) process A and (C‑b) process B. Bladder Dmax of (D‑a) process A and (D‑b) process B. Urethral bulb V60 Gy(RBE) of 
(E‑a) process A and (E‑b) process B. Urethral bulb Dmax of (F‑a) process A and (F‑b) process B. RBE, relative biological effectiveness; Dmax, maximum dose.
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deletion of 2 and 4 layers, respectively. The most important 
significance of beam delivery time shortening is the possibility 
of stabilized daily practice of treatment. Usually, patients 
are obliged to lay still during the position set‑up and beam 
delivery with patience while the urinary bladder is filling up. 
As the treatment time progresses, it becomes difficult to hold 
the desire for urination. Although not too often, it becomes 
necessary in some cases to stop the radiation to allow the 
patients to go to the bathroom to avoid leakage of urine in 

the treatment room. Shortening trend of the beam delivery 
time, as by the use of process B, can help in stabilizing the 
daily practice of treatment. Another important benefit of beam 
delivery time shortening is improvement of the throughput of 
facilities. In Japan, according to a 2018 survey, approximately 
1700 prostate cancer patients are treated at 19 particle beam 
facilities (89.5 patients per facility on average; not disclosed 
in the data collected by the particle beam medical facilities), 
which is equivalent to 1879 treatment times by the 21‑fraction 

Figure 3. Changes of the INH. The INH of A: process A and B: process B. INH, inhomogeneity index.

Figure 4. Changes of beam delivery time. The beam delivery time of A: process A and B: process B.
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protocol and 3400 times by the 38‑fraction protocol per 
facility per year. The possible extent of beam delivery time 
shortening by the use of process A is 3 h in the 21‑fraction 
protocol and 5.4 h in the 38‑fraction protocol, and that by the 
use of process B is 13 h in the 21‑fraction protocol and 23.6 h 
in the 38‑fraction protocol.

Before we started this study, we thought that the optimization 
operation would result in high‑weighted deposition spots 
becoming densely gathered inside the CTV and low‑weighted 
deposition spots becoming scattered sparsely outside the CTV. 
However, actually, relatively high‑weighted deposition spots 

for each beam were located in the area beyond the CTV and 
relatively low‑weighted deposition spots were scattered in 
and around the CTV as shown in Fig. 6. As stated in Results, 
modification of the plan by process B was effective for reducing 
the dose to the OAR, whereas that by process A had little effect 
on the dose to the OAR, implying that relatively low‑weighted 
deposition spots are abundantly scattered not only outside, but 
also inside the CTV after the optimization operation. The merits 
of using process B are reduction of the dose volumes to the OAR, 
while an important demerit is the loss of dose homogeneity in 
the target. An optimal cutoff range should be determined based 

Figure 5. Numbers of layers and spots. (A) Number of layers. (B) Number of spots.

Figure 6. Energy deposit of each beam. Cross marks and circle sizes represent the location and energy deposit of the spots. Arrowheads show the beam 
directions. CTV, clinical target volume; exCTV, expanded clinical target volume.
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on the priorities set by the attending physician. On the other 
hand, use of process A seemed to have little clinical effect.

No study has attempted to improve the treatment 
planning using the same methods as ours, but some studies 
have focused on similar ideas. First, the challenge of the 
plan quality using direct spot reduction. Researchers 
in Paul Scherrer Institute, Switzerland reported spot 
reduction with their in‑house TPS which allowed randomly 

selected pencil beams with lower weights to be excluded 
and revealed that the plan quality was maintained or even 
improved using this technique (11,12). They also compared 
it with the commercial TPS (Eclipse™) and reported that 
the commercial TPS could cover the same target volume by 
reducing the spots to 1/3 or less (29). Second, application 
of a collimator and aperture system. The lateral size 
of a proton pencil beam, or spot, is characterized by the 

Figure 7. Dose‑volume histogram. Dose‑volume of the (A) rectum, (B) bladder, (C) CTV and (D) exCTV. CTV, clinical target volume; exCTV, expanded 
clinical target volume; RBE, relative biological effectiveness.

Figure 8. Subtraction dose distribution image to the initial plan. Upper panel, dose elevated area. Range represents the percentile of the prescription dose. 
Lower panel, dose reduced area. CTV, clinical target volume; exCTV, expanded clinical target volume.
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Gaussian σ of the lateral distribution. Past studies have 
shown that the quality of spot scanning PBT strongly 
depends on the spot σ and spot placements (13,14). The 
lateral penumbra of an  individual field of  spot  scanning 
beams is not usually sharper than that of passively scattered 
beams (30,31). The lateral penumbra can be reduced using 
a collimator and aperture (13,15‑17). Moreover, Hyer et al 
developed a dynamic collimation system which shaped 
the lateral extent of the beam separately for each energy 
layer (6). This system separates the target into individual 
layers and sets the collimator individually, thus making 
it possible to reduce the penumbra of each layer, even for 
complex‑shaped targets. Third, combining beams of various 
energies. Multiple energy extraction (MEE) is an advanced 
technology which was originally developed at Heavy Ion 
Medical Accelerator, Chiba, and has been incorporated in 
the Hitachi's PBT system (32). Younkin et al reported that 
MEE could shorten the beam delivery time by an average 
of 35% as compared to conventional method (18). The 
advantage of our method is simple. The parameters for 
optimization can be set in a large variety of combinations, 
but that also makes it difficult to decide whether to continue 
with the plan optimization or accept the current solution 
as the final treatment plan. The spot deletion technique 
can be implemented in a few steps to easily and directly 
approach the ideal dose distribution. Moreover, it can help 
in achieving both OAR dose reduction and shortening of 
the beam delivery time. In addition, it is extremely versatile 
in that a commercial TPS can be used and that no special 
equipment or expensive capital investment is needed.

Other than spot editing technique, spacer implanta‑
tion is known to reduce the dose of the rectum. The 
SpaceOAR® System (Augmenix, Inc.) is the only Food and 
Drug Administration‑approved absorbable polyethylene 
glycol (PEG) hydrogel available in the market that can 
be introduced between the prostate gland and the rectum 
to decrease the toxicity and minimize the changes in the 
quality of life (QOL) occurring after radiotherapy for pros‑
tate cancer (33‑35). In Japan, it was approved for coverage 
by the National Health Insurance in 2018. Space OAR 
implantation was already installed in our hospital. We 
examined whether the process B could reduce the dose of 
the rectum in 8 patients with space OAR implantation as 
adding trial. As shown in the results, process B was able to 
reduce V50 Gy (RBE) and Dmax of the rectum, and D95 of the CTV 
was almost maintaind to the level of 100%. We consider this 
spots deleting technique can reduce the irradiation dose of 
the rectum while maintaining the CTV dose even patients 
with spce OAR is implanted.

Using this spots deletion technique, avoiding the adverse 
events and maintaining of the patients' QOL is ideal. Late 
adverse events which was radiation induced proctitis (grade 2 
in Common Terminology Criteria for Adverse Events, ver 4.0) 
were found in 1 patient among the 12 patients who were 
treated before this study using conventional method. While, 
1 patients among the 30 patients of this study suffered from 
grade 2 radiation induced procitis. Kobe Proton Center is a 
new facility and does not have abundant data treated with 
conventional method. We plan to examine the clinical useful‑
ness of spots deletion technique with more number of patients 

and longer follow‑up periods, comparing with some historical 
literature data.

Operation time is an issue that needs to be considered and 
largely depends on the spot deletion procedure. Process A can 
be implemented within a few seconds because RayStation can 
delete spots with a weight greater than any threshold value all 
at once with just one operation. On the other hand, process B 
needs manual operation on the beams‑eye‑view image that 
takes about 10‑20 min and much labor. Automatic spot deletions 
using parameter settings could make the process smooth and 
quick. Spot editing still has room for improvement. We used 
only the spot deleting technique in this study. Process B 
allowed dose reduction to the OAR, but at the expense of the 
dose homogeneity at the target. RayStation has the capability 
of editing each spot not only by deleting, but also by adding, 
moving and multiplying the energy levels. It is expected that 
with full use made of the many available functions, more ideal 
planning can be accomplished.

We propose this spot deletion technique in that it can 
directly reflect the physician's intentions in the treatment 
plan, such as reducing the OAR dose while maintaining the 
CTV dose with a simple operation even after optimization 
procedure.

In conclusion, modification of the treatment plan by 
deleting the spots that are distant from the target can result in 
dose reduction to the OAR in spot scanning PBT for prostate 
cancer.
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