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Abstract

We developed a synchrotron-based real-time-image gated-spot-scanning proton-
beam therapy (RGPT) system and utilized it to clinically operate on moving tumors
in the liver, pancreas, lung, and prostate. When the spot-scanning technique is
linked to gating, the beam delivery time with gating can increase, compared to that
without gating. We aim to clarify whether the total treatment process can be per-
formed within approximately 30 min (the general time per session in several proton
therapy facilities), even for gated-spot-scanning proton-beam delivery with
implanted fiducial markers. Data from 152 patients, corresponding to 201 treatment
plans and 3577 sessions executed from October 2016 to June 2018, were included
in this study. To estimate the treatment process time, we utilized data from proton
beam delivery logs during the treatment for each patient. We retrieved data, such
as the disease site, total target volume, field size at the isocenter, and the number
of layers and spots for each field, from the treatment plans. We quantitatively ana-
lyzed the treatment process, which includes the patient load (or setup), bone match-
ing, marker matching, beam delivery, patient unload, and equipment setup, using the
data obtained from the log data. Among all the cases, 90 patients used the RGPT
system (liver: n = 34; pancreas: n = 5; lung: n = 4; and prostate: n = 47). The mean
and standard deviation (SD) of the total treatment process time for the RGPT sys-
tem was 30.3 £ 7.4 min, while it was 25.9 £ 7.5 min for those without gating treat-
ment, excluding craniospinal irradiation (CSI; head and neck: n = 16, pediatric:
n = 31, others: n = 15); for CSI (n = 11) with two or three isocenters, the process
time was 59.9 £ 13.9 min. Our results demonstrate that spot-scanning proton ther-

apy with a gating function can be achieved in approximately 30-min time slots.
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1 | INTRODUCTION

The number of proton-beam therapy facilities is rapidly increasing
worldwide.! Among the several treatment delivery systems in pro-
ton-beam therapy, spot-scanning proton therapy (SSPT) is one of the
more promising technologies. In spot-scanning methods, the pre-
scribed dose for each field is delivered by thousands or tens of thou-
sands of pencil beams, spot-by-spot and layer-by-layer, from the
nozzle to the target.? This method has a higher beam utilization than
conventional methods such as the double scatter method. Further-
more, it does not require boluses or collimators and enables inten-
sity-modulated proton therapy (IMPT).2 Hence, this scanning method
has become the mainstay in many new facilities.

However, SSPT is sensitive to the large uncertainty in the dose
distribution due to the interplay effects between the time-dependent
scanning beam delivery and the tumor motion.* For example, when
the interplay effect, such as baseline shift or drift, occurs, it causes a
hot or cold spot in the target. To solve these problems, rescanning,
respiratory gating, and tumor tracking using implanted fiducial mark-
ers can be applied.>® These tools for motion management during
radiotherapy are effective. However, the beam delivery time is
longer, compared to the other approaches. As skin motion and inter-
nal tumor motion do not always correlate well with each other, it is
essential to identify the tumor itself from the fiducial marker
implanted adjacent to the tumor. Based on these considerations, we
developed and clinically operated a real-time-image gated-spot-scan-
ning proton-beam therapy (RGPT) system without using the respira-
tion waveform inherited from the basic properties of the x ray real-
time tumor-tracking radiation therapy (RTRT) system developed by
Shirato et al.*?~** Furthermore, the feasibility of synchrotron-based
SSPT with a gating function was demonstrated for clinical purposes.

It is important for proton therapy facilities to consider the treat-
ment-room throughput and efficiency. In previous studies, Suzuki
et al. evaluated the treatment time for passive scattering proton
therapy and SSPT in a multiroom facility.12*® Using the gating func-
tion, we can use a proton pencil beam to irradiate a moving tumor
with high accuracy, but the treatment-room throughput may be
reduced because of the longer beam delivery time compared to that
without the gating function.

At the SSPT facility, the daily treatment schedule for a patient is
divided into fixed 30-min time slots.® For pediatric patients who
require anesthesia, many proton facilities generally allot a fixed time
slot of 30-90 min for a treatment session depending upon the
patient characteristics. Farace et al.'* demonstrated that the average
total in-room time for craniospinal irradiation (CSI) pediatric patients
was 80 min, under anesthesia, and 67 min without anesthesia, which
included 32 min for beam delivery. Therefore, for efficient treat-
ment-room operation, it is important to complete the treatment
within 30 min, irrespective of beam delivery with or without gating.

A previous study by Vinogradskiy et al. demonstrated the treat-
ment time, with the real-time tumor-tracking method for pancreatic
stereotactic body radiation therapy (SBRT).}> However, to the best

of our knowledge, the treatment process time for synchrotron-based
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gated proton-beam therapy has not been analyzed. The results of
our study would be beneficial for many proton therapy facilities
planning to introduce marker-based gated proton-beam therapy. In
this study, we quantitatively analyzed the treatment process time

using the data from the machine log files in our facility.

2 | MATERIALS AND METHODS

2.A | Patient data

The quantitative analysis performed in this study includes 152
patients, who had previously received SSPT at our institution from
October 2016 to June 2018. We categorized patients based on the
disease site as liver, pancreas, lung, prostate, head and neck, pedi-
atric, CSI, and others. The number of patients for each category is
listed in Table 1. Moreover, we used the anesthesia machine for
pediatric patients, who needed anesthesia. This study is approved by
the ethics committee of our hospital (016-0454).

2.B | Synchrotron-based real-time-image gated-
spot-scanning proton-beam therapy (RGPT) system

We used the gating function to manage the internal motions of the
liver, pancreas, lung, and prostate tumors. In the RGPT system, we
used a 1.5-mm or 2.0-mm diameter gold internal fiducial marker near
the tumor, before the treatment planning computed tomography

(CT) scan. The reference marker position was determined by the

TasLe 1 Characteristics of the patients in this study. Ten of 11
craniospinal irradiation (CSI) patients were pediatric. Two pediatric
CSI patients were treated under general anesthesia.

Age
n (%) Mean Range
Number of Patients 152 55.5 0-88
Sex
Male 106 69.7%
Female 46 30.3%
Categories
With gating
Prostate 47 30.9%
Liver 34 22.4%
Pancreas 5 3.3%
Lung 4 2.6%
Without gating
Head & Neck 16 10.5%
Pediatric 21 13.8%
Pediatric CSI 8 5.3%
Pediatric CSI with general 2 1.3%
anesthesia
Others 14 9.2%
Adult CSI 1 0.7%
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treatment planning CT, which was mainly taken with exhalation. No
training or visual monitoring of breath was used during the treat-
ment planning CT and the treatment was performed with free and
natural breathing.!® To gate the proton beam in this system, we
checked the location of the marker using two orthogonal sets of x
ray fluoroscopes during radiotherapy using real-time pattern recogni-
tion technology. This was applied for the automatic recognition of
the projected figure of the gold marker in fluoroscopic images. The
details of the inserted fiducial marker are shown in a previous
report.r” The pulse rate for fluoroscopy was set to 30 or 15 Hz for
liver, pancreas, and lung patients, whereas it was set to 1 Hz for
prostate patients.

In the RGPT system, the proton beam is gated when the marker
enters a preassigned gating window. The gating window tolerance in
the actual treatment for each patient was set to £2.0 mm, based on
a previous study, where the RGPT yielded good dose distributions
with a #2.0-mm gating window.'®1? Because the gold internal fidu-
cial marker is monitored through fluoroscopy, we can monitor not
only the internal movement due to breathing but also the peristaltic
movement of the intestinal tract, and gate irradiation is clinically per-
formed with an accuracy of +2.0 mm.

We installed a multiple gating beam delivery function as part of
the proton-beam control to improve the irradiation efficiency of the
gating technique. Details on multiple gating beam delivery for syn-
chrotron operation are mentioned in a previous study.?° As the syn-
chrotron operates, this function improves the gate irradiation
efficiency and reduces Tgsr(X,V,R). Figure 1 presents an overview
of the RGPT system.

2.C | Treatment planning

All the patients received a planning CT scan with a slice thickness of
1.25- or 2.5-mm. Treatment planning for all the patients was per-
formed using the VQA treatment planning system (TPS; Hitachi, Ltd.,
Tokyo, Japan) with single-field uniform dose (SFUD) proton

treatment or IMPT with robust optimization. In the treatment plan,
the dose was prescribed to the clinical target volume (CTV). In our
facility, the beam-specific optimization margins for the CTV are spec-
ified.?122 A treatment plan was prepared for each patient, and if
necessary, a replan or boost plan was devised. The number of treat-

ment plans for each category is listed in Table 2.

2.D | Treatment process

We used the synchrotron-based spot-scanning proton-beam system,
PROBEAT-RT (Hitachi, Ltd., Tokyo, Japan), in our facility to deliver
treatments. The synchrotron beam has a maximum range of 30 g/
cm? and an irradiation field size of 30 cm x 40 cm. The details of
our synchrotron-based spot-scanning proton-beam delivery system
with the gating function were provided in a previous report.2® We
used the TPS to calculate the proton dose and the electronic medical
record system MOSAIQ (Elekta Software, Sunnyvale, CA) to record
the pertinent patient, treatment, and machine parameters.

Bone matching for the patient setup was performed by compar-
ing the digitally reconstructed radiographs computed by the TPS
with the digital radiographs (DRs) produced by the orthogonal kV x
ray imaging systems. Moreover, orthogonal DRs for each isocenter
were obtained for a multi-isocenter plan, as in the CSI for a pediatric
patient.

When using the gating function, bone matching was performed
in a similar manner to that without gating. After bone matching, the
gantry was rotated from the setup angle to the treatment angle, and
marker matching was performed using fluoroscopy. The gate signal
was only activated when the internal marker was within the gating
window. In gated irradiation, the interfractional baseline shift or drift
should be considered. 224 If a baseline shift or drift occurred during
treatment, as in the case where it is necessary to move the couch
during irradiation, proton-beam irradiation was temporarily stopped,
and the couch was moved as per the amount calculated by marker

matching. In such a case, the physician permits the couch to be

X-ray tube 2

" Robotic couch

Fluoroscopy image

Fic. 1. Overview of the real-time-image
gated-spot-scanning proton-beam therapy
system in our facility. In the fluoroscopy
images obtained from two sets of flat
panel detectors (FPD 1 and FPD 2), the
dotted lines indicate the trajectory of the
marker in the patient body and box
indicates the + 2.0-mm gating window
from the marker coordinates in the
treatment plan.
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TasLE 2 Characteristics of the treatment plans in this study.

Number of fields per
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Number of Number of session Optimization methods CTV (mL)
Categories treatment plans sessions Median Min-Max SFUD IMPT IMPT + SFUD Mean Range
Prostate 48 1280 4 2-4 39 9 0 67.2 31.4-126.4
Liver 40 610 2 2-4 39 1 0 288.8 1.7-2246.2
Pancreas 6 125 2 2-2 0 0 220.3 38.6-382.3
Lung 4 40 3 3-3 4 0 0 39.5 4.9-77.6
Head & neck 27 439 3 2-3 24 0 230.9 21.2-626.8
Pediatric 45 600 2 1-5 17 25 3 262.8 14.1-1423.1
csl 11 156 4 3-4 0 11 0 1602.0 1380.3-1897.6
Others 20 327 2 1-3 0 0 0 291.3 1.5-878.5
Total 201 3577 108 70 3
Field size [cross line Number of layers per

(mm)] Field size [in line (mm)] session Number of spots per session
Categories Mean Range Mean Range Mean Range Mean Range
Prostate 66.4 44.8-93.7 65.8 43.8-93.7 80 44-113 4447 2789-6810
Liver 83.7 39.9-196.0 81.2 39.9-217.0 67 25-1583 10 602 2297-49 950
Pancreas 115.8 75.5-134.0 106.3 97.1-117.5 63 43-73 10 146 4638-12 216
Lung 61.6 33.0-102.0 47.0 27.7-66.0 94 67-141 7120 2803-11 157
Head & neck 116.5 43.0-245.0 129.3 56.6-240.0 109 32-210 11 418 2957-26 562
Pediatric 97.7 36.0-225.0 101.6 30.2-308.0 107 27-237 9157 2106-26 869
Csl 128.7 56.0-189.0 283.0 182.0-396.0 211 174-229 59 605 40 913-72 362
Others 97.2 30.0-157.0 114.6 30.0-203.0 79 24-137 10 729 2095-24 442

Abbreviations: CTV, clinical target volume; IMPT, intensity-modulated proton therapy; SFU; single-field uniform.

moved within the shift tolerance for robust evaluation. Although this
tolerance for each direction is basically set at 8 mm at the maximum
for liver and 5 mm at the maximum for others in our institution,
often stricter tolerances are required. Physicians determined the final
tolerance range for a specific patient based on the robust evaluation.
The frequency corresponding to the baseline shift or drift was calcu-
lated as the ratio of the number of sessions, which required baseline
shift or drift, among all the sessions.

In this study, we used the machine log data to analyze the
patient treatment process flow. The treatment process time without
gating has already been defined in previous studies.'?*® However, in
order to include the gating function as the treatment process time,
we redefined the treatment process time up to the marker gated
irradiation, as presented in Table 3. Figure 2 depicts the differences
in the treatment process in a session with and without the gating
function.

We analyzed the treatment process time for one session, as
shown in Fig. 2. When the patient walked into the treatment room,
the therapists immobilized the patient on the couch using appropri-
ate immobilization devices. If general anesthesia was needed, seda-
tion was performed using an anesthesia machine prepared in the
treatment room. After the patient setup, the therapist performed
bone matching; the physician then approved the patient setup. The

therapist rotated the gantry from the setup angle to the irradiation

angle of the first field. When the first field was completed, the thera-
pist moved the gantry to the next irradiation angle. This treatment
process was continued until all the planned irradiation fields were
delivered. After the completion of all the irradiation fields, the
patient was unloaded from the couch.

Suzuki et al.®® demonstrated that the treatment process time
required for proton-beam irradiation depends on the numbers of
spots and layers, that is, the volume of the target, and that the total
treatment process time also depends on the number of irradiation
fields.

Suzuki et al. defined the total treatment process time (Tiotq (X, V))
without the gating function; it is the sum of the beam delivery time
(Tes(X,V)) and the number of field-related treatment process times
(T (0222

thtal(xs V) = TBS<X= V) + Tx(X), (1)

where X is the number of fields per session and V is the CTV. To
extend the definition of the treatment process for image gated pro-
ton-beam therapy, as indicated in Table 2, we redefined the total
treatment process time per session (Tyq (X, V,R)), the beam delivery
time per session (Tgsr(X, V,R)), and the number of field-related treat-
ment process times (Tx(X,R)) as functions of X, V, and R. This is

because the total treatment process time increases with the number
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TasLe 3 Definition of the symbols and terms used in this paper.

Defined in

Symbol Definition previous studies®
X Number of fields per session O
Vv CTV in cubic centimeters O
Totar (X, V) Total treatment time per session without the use of the gating function @)
Tes(X,V) Beam delivery time per session without the use of the gating function O
Tx(X) Number of field-related treatment process times per session without using the gating function O
R Usage of the gating function (with RGPT system: R = 1, without RGPT system: R = 0)
Tiota (X, V, R) Total treatment time per session for image gated proton-beam therapy
Twalk—in Logged time of patient walk-in to the treatment room
Twalk—out Logged time of patient walk-out from the treatment room
Tesr(X,V,R) Beam delivery time per session for image gated proton-beam

therapy, including the gating operation time
Tx(X,R) Number of field-related treatment process times per session for

image gated proton-beam therapy
Te(X) Equipment-related time per session for image gated proton-beam therapy, O

including the time for gantry rotation and couch movement
To(R) Patient-related time per session for image gated proton-beam therapy, including

the time for patient loading, immobilization, setup, bone matching, marker

matching, and unloading
Ty Patient loading time, including the time for patient immobilization from

patient walk-in to the treatment room
Ty Bone matching time per session
Tm(R) Marker matching time per session
T, Patient unloading time from the completion of irradiation to patient

walk-out from the treatment room
Tes(X,V,R) Beam delivery time per session for image gated proton-beam therapy
Tro(R) Gating operation time per session. This time is required for exchanging

signals between devices
Tae Process time to prepare the general anesthesia machine
Tas Process time required from the administration of anesthesia to the start of bone matching
Tar Process time required from the completion of irradiation to awakening O

of fields per session, the total target volume, and the use of the gat-
ing function. Here, R is an independent variable (with gating: R = 1
and without gating: R = 0).

In this study, we logged the time of patient walk-in (Tyax_in) and
walk-out (Twak_out) from the treatment room. Hence, we defined
Ttotal(X, V,R) as the duration of each treatment session from patient
walk-in to walk-out:

Ttotal (X7 v, R) = Twak—out — Twalk—in = Tasr (Xr V7 R) +Tx (X7 R)7 (2)

where Tgsr(X, V,R) is the beam delivery time per session, Tx(X,R) is
the number of field-related treatment process times, Tyqk_in is the
logged time of patient walk-in to the treatment room, and Tyak_out iS
the logged time of patient walk-out from the treatment room. Tx (X, R)

is expressed as a linear function of the number of fields per session:
Tx(X,R) = Te(X) + Tp(R), (3)
where Tg(X) is the equipment-related time per session for image gated

proton-beam therapy including the time for gantry rotation and couch

movement, and Ty, (R) is the patient-related time per session.

The patient-related time per session (T,(R)) includes the times
for patient setup (or loading), bone matching, marker matching, and
unloading:

To(R) =T+ Ty + Tm(R) + Ty, (4)

where T, is the patient setup (i.e., loading) time including the time for
patient immobilization from when the patient walks into the treatment
room, T is the time for bone matching, T,(R) is the time for marker
matching, and T, is the time for patient unloading from the completion
of irradiation to when the patient walks out of the treatment room.

The beam delivery time per session for image gated proton-beam
therapy (Tgsr(X, V, R)) is defined as follows:

Tesr(X, V,R) = Tgs(X, V,R) 4+ Tro(R), (5)

where Tgs(X,V,R) is the beam delivery time per session, as rede-
fined in this study, and Tro(R) is the gating operation time.

As it is particularly difficult for patients under 3 years of age to
remain still on the couch, general anesthesia or sedation is widely
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Without gating With gating Time definitions
(Head & Neck, Pediatric, CSI, Others) (Prostate, Liver, Pancreas, Lung) (Symbols in this study)
r ] *Anesthesi hine setup }
1
v Tag
C Patient walk-in D) C Patient walk-in )
*Anesthesia i
T
I Immobilization, setup I | Immobilization, setup I Tas
| Bone matching | | Bone matching |
! | T»
| Physician’s approval | I Physician’s approval |
Treat Kth field Treat Kth field
Te(X)
I Move gantry and couch to Kth field I I Move gantry and couch to Kth field I
T X,V,R
| Marker matching I totai( )
| Tu(R)
I Fluoroscopy On I
[ k=k+1 | ] [ k=k+1 Tro(R)
I Proton Beam On I e e e e I Proton Beam On I*
1 l Tas(X,V.R) | Tasr(X.V.R)
| Proton Beam Off | I Proton Beam Off |
| Tro(R)
l Fluoroscopy Off ] ——
Te(X)
K= D—— ' —¢—
Tar
*Awake from anesthesia Ty

Patient walk-out

( Patient walk-out ) (

)

FiG. 2.

Difference in the treatment process flow for a spot-scanning proton therapy treatment session in our facility, which has X treatment

fields without and with the gating function. K is the index number of the field. The treatment process related to anesthesia for pediatric CSI
patients are indicated by dotted lines. The corresponding definitions, listed in Table 3, are indicated on the right.

used for safety during treatment.?® In the treatment process for
pediatric CSI patients with general anesthesia, an additional treat-
ment workflow pertaining to the patient setup and anesthesia
machine setup must be included in comparison to the treatment pro-
cess time for adult patients.

2.E | Statistical analysis

Linear approximations and the decision coefficient (R?) were obtained
to observe the variation between the CTV and beam delivery time per
field for each category. The Mann-Whitney's U test was used for all
statistical comparisons of T, and T, which is a common process for all
patients regardless of gated irradiation. A P < 0.05 was considered
statistically significant. All the statistical analyses were performed
using JMP Pro 14 (SAS Institute Inc., Cary, NC, USA).

3 | RESULTS

3.A | Patient data

We analyzed the characteristics of the patients in our facility, as

listed in Table 1. The patient data (age and sex) were as follows

(male:female = 106:46, average age: 55.5 yr, age range: 0-88 yr).
We categorized patients based on the disease site. The percentage
of patients treated with the gating operation was 59.2%. During the
measurement period in this study, there were two cases that
required general anesthesia.

3.B | Treatment planning

As listed in Table 2, we analyzed all 201 treatment plans including
the replan and boost plan. Depending on the patient characteristics,
as shown in Fig. 3, the numbers of layers and spots per session
increase with the CTV. For two pediatric CSI patients, the entire
spine was irradiated with one field.

3.C | Treatment process time

We evaluated the treatment process time, which included the dura-
tion of each process from when the patient walked into the treat-
ment room to when they walked out. Table 4 lists the measured
mean and standard deviation (SD) of the treatment process time
from the machine log system for patients of the same category. We

evaluated the frequency corresponding to the baseline shift or drift.
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Relationship between the clinical target volume and the numbers of layers and spots per session.
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TABLE 4 Results of the treatment process time for each category. N is the number of treatment plans.

Treatment process (min)
With gating

T

Tp

Tm(R)

Tesr(X, V. R)

Tu

Te(X)

Teotal (X, V, R)

Treatment process (min)
Without gating

Ty

Tp

Tmn(R)

Tesr(X,V,R)

Ty

Te(X)

Ttotal (X, V. R)

Prostate
Mean = SD (n = 48)
4.1+05 14.9%
58+ 12 20.8%
34 +£0.9 12.4%
51+11 18.4%
3.0+0.7 10.8%
6.3 +0.7 22.8%
277 £ 2.6 100.0%
Head and neck
Mean * SD (n=27)
41+08 17.0%
63+14  262%
NA + NA NA
51+30 21.2%
31+08 12.9%
55+12 22.7%
240 +45 100.0%

Liver
Mean * SD

54+20
6.6 26
28+13
8.9 58
43 £29
43 £15
322+98

Pediatric
Mean * SD

27095

(n = 40)

16.7%
20.4%
8.7%
27.6%
13.4%
13.3%
100.0%

(n = 45)

20.1%
26.3%
NA
17.1%
15.2%
21.2%
100.0%

Pancreas
Mean + SD (n=6)
41+04 11.4%
57+0.7 16.0%
3.6+15 10.3%
134 +77 37.7%
44 £ 09 12.5%
43 +05 12.1%
35.5 £ 10.0 100.0%

Others
Mean + SD (n = 20)
55+x1.6 21.1%
7729  295%
NA + NA NA

38+12 14.6%
43+19  16.6%
47 * 1.7 18.2%
260 +4.9 100.0%

Lung
Mean * SD

55+12
62+10
26+03
9.7 +31
42 +17
5814
341 +£23

CSI
Mean * SD

90+71
173+ 3.6
NA £ NA
12.6 £ 1.2
7577
13,5+ 3.2
59.9 £ 13.9
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(n=4)

16.0%
18.3%
7.7%
28.4%
12.4%
17.1%
100.0%

(n=11)

15.0%
29.0%
NA
21.0%
12.6%
22.5%
100.0%

Abbreviation: CSI, craniospinal irradiation.

40.0

30.0

25.0

20.0

10.0

Average treatment process time [min]

5.0

0.0
Prostate

|
|
|
|
|
|
|
|
|
|

|

Liver

Pancreas

= <t— Ave. 30.3 [min]

Lung

Head & Neck

Pediatric

Others

FiG. 4.

With gating

Without gating
(excluding CSI)

Stacked column chart of the average treatment process time for each category.

Ave. 25.9 [min]

Tg(X)

Ty

TBSR (X, V, R)

T (R)




YOSHIMURA ET AL

“ | WiLEY

With gating I Without gating
y=0.0145x +4.1148 | ¥ =0.0152x+1.5662
, Prostate R2= 00911 | 5 Head & Neck *~ "¢, 200
z 1000 g Lo T
¥ 800 0 © 12 100 500
g 8 g o &
o %) | 2 800 -
g oo Wg%%'b 8 oo [Pz
g | n& &
§ 4.00 o E‘ 4 850
< 2.00 o 13 2.00
§ 0.00 I 5 0.00
2 .
0 50 100 150  © 0 200 400 600 800
CTV [mL] CTV [mL]
) y=0.0098x +6.03571 . y=00056x+3.1528
B Liver R2=07469 | § Pediatric R2=053
.% 35.00 I % 12.00
2 3000 @ Z 1000 -
” (=% Cd
% 25.00 - I 5_ so0 .
g2 20.00 - 8
2 15.00 Sz I ge o
E_ : - O I = 4.00
Z 1000 T s
° 5.00 I :
§ 0.00 § 000
@ : ] & 1500
0 1000 2000 3000
CTV [mL] I CTV [mL]
= y =0.0308x+6.6174 y =-0.0026x+16.973
£ Pancreas R2=0.3876 | _§ CSI R2=0.142
8 30.00 - | 8 1600
g 2500 g 1400
e _ I 5 1200 &
E7F 2000 -] €500 (€]
E - © B
F= 1500 - P2 800
= - I 2 o600
§ 1000 gl © 1'% 4w
g 5.00 o | E 200
a 0.00 | = o000
0 100 200 300 400 | 0 500 1000 1500 2000
CTV [mL] CTV [mL]
¥ =0.054x+7.5606 | =0.0027x+3.0094
Lung R=04L9 Others ¥~ 'p.Z 05356
=
g 16.00 -% 7.00 5
$  14.00 o I & 600 o
g 1200 e | & sow O
tx o [ =TT §g a0 _é)pg@g—'o
- =
28 800 e | FE30 8 I .
g= 600 |-O g 200 Fic. 5. Relationship between the clinical
g = . .
5 ;"% | T 100 target volume and beam delivery time per
b : | 0.00 . .
g 0.00 § " 200  400¢ 600' SO0, 1000 session for each category. The dotted2 line
4] 0 20 40 60 g0 100 | CTV [mL] is a linear approximation curve and R“ is
CTV [mL] 1 the decision coefficient.

The frequencies in each category were as follows: Prostate: 16.3%,
Liver: 19.7%, Pancreas: 48.8%, and Lung: 45.0%. The higher fre-
quency lead to longer Tgsp(X, V,R) due to re-setup.

The average Tioq (X, V,R) of all the patients during the observa-
tion period was 29.9 min, including CSI with anesthesia patients. Fig-
ure 4 shows the average treatment process time without gating
excluding CSI patients and the average treatment process time with
gating. The average Tioq(X,V,0) excluding CSI patients was
25.9 min, whereas the average Titq(X,V, 1) was 30.3 min.

Figure 5 depicts the relationship between the target volume and
beam delivery time per session for each category. The mean and stan-
dard deviation of the beam delivery time per session for each category
were as follows: Prostate: 5.1 = 1.1 min, Liver: 8.9 = 5.8 min, Pan-
creas: 134 + 7.7 min, Lung: 9.7 £ 3.1 min, Head and Neck:
5.1 + 3.0 min, Pediatric: 4.6 £ 2.0 min, CSI: 12.6 + 1.2 min,

others: 3.8 £ 1.2 min. We also fitted with the data by linear

and

approximation. As shown in Fig. 5, the beam delivery time per session
increases with the CTV.

For general anesthesia patients, the average general anesthesia
process time was 16.3 min for Tag, 15.4 min for Tas, and 18.0 min for
Tar. As shown in Table 4, Tt (X, V, R) is 1 h for CSI patients. Although
Tas and Tar are included in Ty (X, V,R), Tag is not included. As we
have only one treatment room, the actual occupancy time of the treat-
ment room requires Txe to be added to Tiq (X, V, R).

4 | DISCUSSION

In a previous study, the treatment process time for the passive scat-
tering and spot-scanning methods were analyzed,*?>* and a through-
put analysis model for SSPT without the use of the gating function

was developed. To the best of our knowledge, this is the first study
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on the treatment process time with image gated synchrotron-based
proton-beam therapy using data from the machine log.

Suzuki et al. showed that the daily treatment schedule based on
past treatment experience was divided into a fixed time slot of
30 min for a patient with two or three fields per session and 60 min
for more fields per session, such as the CS1.122 Similar to the previ-
ous study, our results also showed that in the without-gating cate-
gory, the treatment process time for each target (head and neck,
pediatric, and others) was at almost the same level.*>% |n our result,
the average Tiotai(X, V, 1) was 30.3 min, which is satisfactory for our
clinical purposes, and the 30-min treatment slot can be sufficient,
even if the gating function is used. Our study also indicates that it is
possible to treat patients using image gated proton-beam therapy
with the same treatment reservation time as that without the gating
function.

The average Tpsr(X,V, 1) and Tgsr(X,V,0) were 7.3 and 4.6 min,
respectively. On the other hand, the patient setup time, including T4,
Tp, and T, (R) was 13.9 min with the gating function and 12.0 min
without the gating function, excluding CSI. Thus, regardless of the
gating function, nearly half the time was spent on the patient setup
in the treatment room. The average values of T,, with and without
the gating function excluding CSI, were 6.2 and 7.0 min, respec-
tively. On the other hand, the average T, for CSI was 17.8 min. This
is because the duration for the bone matching process depends on
the number of isocenters. Moreover, in the process of bone match-
ing, Tp and its accuracy depend on the skill of the therapist. A reduc-
tion in the patient setup time will lead to improved patient
throughput. To shorten this time, it is expected that technology for
a more efficient setup will be developed, such as automatic position-
ing developed by utilizing big data gleaned from multiple treatments.

Motion management is important in SSPT. In gating irradiation,
the treatment process time required for irradiation needs to be
extended compared to the traditional case without gating irradiation.
In this study, the mean and SD of Tia(X, V,R) with the gating func-
tion was 30.3 + 7.4 min. Suzuki et al. demonstrated that the mean
and SD of T (X,V,R) without the gating function was
34.4 + 6.9 min for three fields and 36.9 + 6.0 min for four including
parallel operation, and the treatment reservation time was 30 min
for two or three fields per session.!® This indicates that the treat-
ment schedule for one session can be a 30-min slot, even with gat-
ing operation. Our study will be beneficial for many institutions that
are considering marker-based gated proton-beam therapy for moving
tumors.

To observe the difference between the CTV and beam delivery
time per session, we performed linear approximation. As shown in
Fig. 5, in the case without gated irradiation excluding CSI, the beam
delivery time per session increased almost linearly as a function of
the CTV. On the other hand, in the case with gated irradiation, the
beam delivery time per session had considerable variation, depending
on the patient-related factors such as respiration. To shorten
Tgsr(X,V,R), as Tpsr(X,V,R) depends on the number of layers and
spots, when calculating a uniform dose distribution with a proton
pencil beam, it may be effective to reduce the number of layers and
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spots by broadening the proton pencil beam.?® Matsuura et al.?”
developed and evaluated an applicator to broad the Bragg peaks by
a mini-ridge filter for treating superficial moving tumors.

Mizumoto et al.?®

showed that anesthesia preparation for pedi-
atric patient treatment is beneficial in reducing the treatment time.
We performed this preparation before treatment. However, as we
have only one treatment room, other patients cannot be treated dur-
ing the administration or preparation of anesthesia, and this limits
our throughput capacity. In this study, we recorded the treatment
process for anesthesia patients, for whom anesthesia was adminis-
tered in the treatment room. To increase the throughput capacity
for a gantry facility, the introduction of anesthesia before irradiation
and awakening from anesthesia after irradiation by anesthesiologists
outside the treatment room can be considered as one of the meth-
ods.

The average values of T, with and without the gating function
excluding CSI patients were 4.7 +1.5min and 5.0 £ 2.2 min
(P =0.22), respectively, and those for T, were 3.7 = 2.0 min and
3.8 £ 1.8 min (P = 0.34), respectively. There was no statistically sig-
nificant difference between the values with and without the gating
function. The average T, and T, for CSI were 9.0 + 7.1 min and
7.5 = 7.7 min, respectively, but this difference is because the general
anesthesia sessions were included.

As shown in Fig. 2, the time for marker matching does not exist
for the case without gating; hence, Tp,(R) is the additional time for
gating. Despite this, our results for Tgsp(X, V,R) were within the clin-
ically acceptable range. In addition, Tgsp(X,V,R) is affected by the
operation of the accelerator.’® Therefore, in order to improve the
gating efficiency, accelerator operation is also important for marker-
based gated proton-beam therapy. Tsunashima et al. simulated the
efficiency of respiratory-gated-delivery synchrotron operation for
passive scattered proton-beam therapy.” They concluded that the
respiratory gated delivery of synchrotron-based proton irradiation is
feasible and more efficient with a variable magnet excitation cycle
pattern.

This study has certain limitations. One is its dependence on
patient conditions. Because a patient-related treatment process for
gated irradiation is dependent on the physical and clinical conditions
of the patient, such as the state of breathing or peristaltic movement
of the intestinal tract, the variation in the treatment process time for
a patient-related treatment process is relatively large compared to
that of an equipment-related treatment process.

Another limitation is the availability of only one treatment room.
Our results indicated that the treatment process time depends on
the patient setup time. There are certain conditions that cannot be
recorded in this study, such as the room switch time. Hence, atten-
tion is required in applying the results of this study for multiroom
facilities. Moreover, for pediatric CSI with general anesthesia, we
need additional time for the anesthesia machine and patient setup
compared to the other patients. Additionally, we need a longer setup
time for multi-isocenter treatment plans because T, increases
depending on the number of isocenters. In our results, the average
Tiota(X,V,R) for anesthesia patients was 93.2 min (X =4) and
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66.2 min (X = 3). From these results, there is a possibility that the
general anesthesia time can be shortened by approximately 20 min.
The reduction in the number of fields decreases Tiotq(X, V, R), which
in turn reduces the anesthetic time for the patient. In our facility,
the maximum in-line length of the field size at the isocenter level is
40 cm. To reduce the number of fields for CSI, a longer in-line length
can be used. However, a field longer than 40 cm might not be

realistic.

5 | CONCLUSIONS

It is important for many proton therapy facilities to evaluate the
maximum daily treatment capacity that summation of the treatment
process time per session for each patient. For without gated irradia-
tion, treatment process time per session is generally set a 30-min
time slot. On the other hand, it was not clear whether a similar time
slot is acceptable even for gated-spot-scanning proton-beam delivery
with implanted fiducial marker. In this study, we evaluated the treat-
ment process time for an RGPT system using the data obtained from
the machine log files. Our results for the treatment process time
demonstrated that SSPT with a gating function can be achieved in
approximately 30-min time slots.

ACKNOWLEDGMENT

The authors wish to acknowledge the kind support of the therapists
and nurses at the Proton Beam Therapy Center, Hokkaido University
Hospital, Sapporo, Japan. Moreover, we would like to offer special
thanks to the advice and comments given by John W. Wong,
Department of Radiation Oncology, Johns Hopkins University, Balti-
more, Maryland. A preliminary version of this study was presented
at the 60th Annual Meeting of the American Society of Radiation
Oncology (ASTRO), 2018.10.21-24, San Antonio, TX. This research
was supported by JSPS KAKENHI, grant numbers JP18K15577 and
JP18H02758. This research was supported by AMED under grant
number JP18he1602004.

CONFLICT OF INTEREST

Dr. Shirato reports grants from Hitachi, Ltd. and Shimadzu Corporation
during the study. In addition, Dr. Shirato has a licensed patent titled
“Moving body pursuit irradiating device and positioning method using
this device” and a licensed patent titled “Charged particle beam sys-
tem” (US 14/524,495). Dr. Umegaki reports grants from Hitachi, Ltd.
during the study. In addition, Dr. Umegaki has a licensed patent titled
“Charged particle beam system” (US 14/524,495) and a licensed patent
titled “Radiotherapy control apparatus and radiotherapy control.” Dr.
Shimizu reports grants from Hitachi, Ltd. during the study. In addition,
Dr. Shimizu has a licensed patent titled “Charged particle beam sys-
tem” (US 14/524,495), and a licensed patent titled “Radiotherapy con-
trol apparatus and radiotherapy control program” (US9616249). The
other authors have no relevant conflicts of interest to disclose.

REFERENCES

1. Particle Therapy Co-Operative Group. Particle therapy facilities in clin-
ical operation. http://www.ptcog.ch/index.php/facilities-in-operation.
Accessed September 12, 2016.

2. Smith A, Gillin M, Bues M, et al. Anderson proton therapy system.
Med Phys. 2009;36:4068.

3. Lomax A. Intensity modulation methods for proton radiotherapy.
Phys Med Biol. 1999;44:185-205.

4. Shimizu S, Miyamoto N, Matsuura T, et al. A proton beam therapy
system dedicated to spot-scanning increases accuracy with moving
tumors by real-time imaging and gating and reduces equipment size.
PLoS ONE. 2014;9:€94971.

5. Zenklusen SM, Pedroni E, Meer D. A study on repainting strategies
for treating moderately moving targets with proton pencil beam
scanning at the new Gantry 2 at PSI. Phys Med Biol. 2010;55:5103—
5121.

6. Phillips MH, Pedroni E, Blattmann H, Boehringer T, Coray A, Scheib
S. Effects of respiratory motion on dose uniformity with a charged
particle scanning method. Phys Med Biol. 1992;37:223-234.

7. Tsunashima Y, Vedam S, Dong L, et al. Efficiency of respiratory-gated
delivery of synchrotron-based pulsed proton irradiation. Phys Med
Biol. 2008;53:1947-1959.

8. Matsuura T, Miyamoto N, Shimizu S, et al. Integration of a real-time
tumor monitoring system into gated proton spot-scanning beam
therapy: an initial phantom study using patient tumor trajectory data.
Med Phys. 2013;40:071729.

9. Shimizu S, Matsuura T, Umezawa M, et al. Preliminary analysis for
integration of spot-scanning proton beam therapy and real-time
imaging and gating. Phys Med. 2014;30:555-558.

10. Umezawa M, Fujimoto R, Umekawa T, et al. Development of the
compact proton beam therapy system dedicated to spot scanning
with  real-time tumor-tracking technology. AIP Conf Proc.
2013;1525:360-363.

11. Shirato H, Shimizu S, Shimizu T, Nishioka T, Miyasaka K. Real-time
tumor-tracking radiotherapy. Lancet. 1999;353:1331-1332.

12. Suzuki K, Gillin MT, Sahoo N, Zhu XR, Lee AK, Lippy D. Quantitative
analysis of beam delivery parameters and treatment process time for
proton beam therapy. Med Phys. 2011;38:4329-4337.

13. Suzuki K, Palmer MB, Sahoo N, et al. Quantitative analysis of treat-
ment process time and throughput capacity for spot scanning proton
therapy. Med Phys. 2016;43:3975-3986.

14. Farace P, Bizzocchi N, Righetto R, et al. Supine craniospinal irradia-
tion in pediatric patients by proton pencil beam scanning. Radiother
Oncol. 2017;123:112-118.

15. Vinogradskiy Y, Goodman KA, Schefter T, Miften M, Jones BL. The
clinical and dosimetric impact of real-time target tracking in pancre-
atic SBRT. Int J Radiat Oncol Biol Phys. 2019;103:268-275.

16. Harada K, Katoh N, Suzuki R, et al. Evaluation of the motion of lung
tumors during stereotactic body radiation therapy (SBRT) with four-
dimensional computed tomography (4DCT) using real-time tumor-
tracking radiotherapy system (RTRT). Phys Med. 2016;32:305-311.

17. Shirato H, Harada T, Harabayashi T, et al. Feasibility of insertion/im-
plantation of 2.0-mm-diameter gold internal fiducial markers for pre-
cise setup and real-time tumor tracking in radiotherapy. Int J Radiat
Oncol Biol Phys. 2003;56:240-247.

18. Kanehira T, Matsuura T, Takao S, et al. Impact of real-rime image
gating on spot scanning proton therapy for lung tumors: a simulation
study. Int J Radiat Oncol Biol Phys. 2017;97:173-181.

19. Nishioka K, Prayongrat A, Ono K, et al. Prospective study to evalu-
ate the safety of the world-first spot-scanning dedicated, small 360-
degree gantry, synchrotron-based proton beam therapy system. J
Radiat Res. 2018;59:i63-i71.

20. Yamada T, Miyamoto N, Matsuura T, et al. Optimization and evalua-
tion of multiple gating beam delivery in a synchrotron-based proton


http://www.ptcog.ch/index.php/facilities-in-operation

YOSHIMURA ET AL

21

22.

23.

24,

beam scanning system using a real-time imaging technique. Phys
Med. 2016;32:932-937.

Park PC, Zhu XR, Lee AK, et al. A beam-specific planning target vol-
ume (PTV) design for proton therapy to account for setup and range
uncertainties. Int J Radiat Oncol Biol Phys. 2012;82:329-336.
Yoshimura T, Kinoshita R, Onodera S, et al. NTCP modeling analysis
of acute hematologic toxicity in whole pelvic radiation therapy for
gynecologic malignancies - a dosimetric comparison of IMRT and
spot-scanning proton therapy (SSPT). Phys Med. 2016;32:1095-
1102.

Seppenwoolde Y, Shirato H, Kitamura K, et al. Precise and real-time
measurement of 3D tumor motion in lung due to breathing and
heartbeat, measured during radiotherapy. Int J Radiat Oncol Biol
Phys. 2002;53:822-834.

Takao S, Miyamoto N, Matsuura T, et al. Intrafractional baseline shift
or drift of lung tumor motion during gated radiation therapy with a

25.

26.

27.

28.

WILEY—-

real-time tumor-tracking system. Int J Radiat Oncol Biol Phys.
2016;94:172-180.

Anghelescu DL, Burgoyne LL, Liu W, et al. Safe Anesthesia for
Radiotherapy in Pediatric Oncology: St. Jude Children's Research
Hospital Experience, 2004-2006. Int J Radiat Oncol Biol Phys.
2008;71:491-497.

Courneyea L, Beltran C, Tseung HSWC, Yu J, Herman MG. Optimiz-
ing mini-ridge filter thickness to reduce proton treatment times in a
spot-scanning synchrotron system. Med Phys. 2014;41:061713.
Matsuura T, Fujii Y, Takao S, et al. Development and evaluation of a
short-range applicator for treating superficial moving tumors with
respiratory-gated spot-scanning proton therapy using real-time image
guidance. Phys Med Biol. 2016;61:1515-1531.

Mizumoto M, Oshiro Y, Ayuzawa K, et al. Preparation of pediatric
patients for treatment with proton beam therapy. Radiother Oncol.
2015;114:245-248.



