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Background and Purpose: Interfractional geometrical and anatomical variations impact the accuracy of proton
therapy for pancreatic cancer. This study investigated field-in-field (FIF) and simultaneous integrated boost (SIB)
concepts for scanned proton therapy treatment with different beam configurations.

Materials and Methods: Robustly optimized treatment plans for fifteen patients were generated using FIF and SIB
techniques with two, three, and four beams. The prescribed dose in 20 fractions was 60 Gy(RBE) for the internal
gross tumor volume (IGTV) and 46 Gy(RBE) for the internal clinical target volume. Verification computed to-
mography (vCT) scans was performed on treatment days 1, 7, and 16. Initial treatment plans were recalculated
on the rigidly registered vCTs. Vyggo and Dosy, for targets and D3y for the stomach and duodenum were
evaluated. Robustness evaluations (range uncertainty of 3.5 %) were performed to evaluate the stomach and
duodenum dose-volume parameters.

Results: For all techniques, IGTV Vjggy and Dgsy, decreased significantly when recalculating the dose on vCTs (p
< 0.001). The median IGTV V09 and Dgsy, over all vCTs ranged from 74.2 % to 90.2 % and 58.8 Gy(RBE) to
59.4 Gy(RBE), respectively. The FIF with two and three beams, and SIB with two beams maintained the highest
IGTV V1999 and Dgse,. In robustness evaluations, the AD%cm of stomach was highest in two beams plans, while the
AD3¢m of duodenum was highest in four beams plans, for both concepts.

Conclusion: Target coverage decreased when recalculating on CTs at different time for both concepts. The FIF
with three beams maintained the highest IGTV coverage while sparing normal organs the most.

improve the local control rate.
Particle therapy for abdominal targets is very complex because organ

1. Introduction

Various cancer treatment strategies, including intraoperative radio-
therapy, have been attempted to improve the prognosis of unresectable
pancreatic cancer [1,2]. The superiority of chemoradiotherapy remains
controversial [3]; however, particle therapy combined with systemic
chemotherapy improved overall survival compared to chemo-
radiotherapy using X-ray beams [4,5]. Several studies have demon-
strated that dose escalated particle therapy positively affected clinical
outcomes in patients with pancreatic cancer [5,6], and proton therapy is
considered a promising treatment strategy for these patients [7]. Proton
therapy using pencil-beam scanning (PBS) can deliver higher doses to
targets compared to conventional radiotherapy [8], which is critical to

motion and bowel gas movement may seriously affect particle range,
attenuation, and spot placement [9-13]. Various beam directions have
been investigated for carbon-ion radiotherapy of pancreatic cancer
[14,15], but studies on proton therapy are limited [16]. This study [16]
compared PBS proton therapy using two or three beam techniques and
reported that the three-beam technique achieved a homogeneous dose
distribution in the target. However, there is no consensus on the optimal
beam arrangement in proton therapy for pancreatic cancer even using
three beams showed to achieve a homogenous dose distribution in the
target [16]. To identify suitable beam arrangements robustness evalu-
ation is essential as recently demonstrated [17,18]. The simultaneous
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integrated boost (SIB) technique is more commonly used to deliver
higher doses to targets. Another technique is the field-in-field (FIF)
method, which consists of main field and sub-fields. The FIF technique is
not commonly used for PBS proton therapy but showed promising re-
sults for breast cancer photon therapy compared to SIB [19,20]. We
aimed to evaluate whether the FIF technique was equivalent to the SIB
technique regarding dose distributions in PBS proton therapy.

2. Material and methods
2.1. Study design and patient characteristics

Within this study we employed the imaging and structure data sets of
fifteen patients with pancreatic cancer who had been treated with pro-
ton therapy at our institution between July 2020 and August 2022. The
median age of the patients was 75 years (58-84 years), while the com-
plete patient characteristics are summarized in Table S1. The median
volumes of the gross tumor volume (GTV) and clinical target volume
(CTV) were 28 cm® (5-98 cm?) and 112 em?® (49-267 cm3), respectively.
The median volumes of the internal GTV (IGTV) and internal CTV
(ICTV) were 39 cm® (18-136 cmg) and 153 cm® (69-364 cmg), respec-
tively. The prescribed median doses to the IGTV and ICTV were a
biologically-weighted dose of 60 Gy(RBE) and 46 Gy(RBE), respectively,
in 20 fractions. In the clinical treatment, some patients received treat-
ment plans prioritizing the safety of organs like the stomach and duo-
denum, even if the target coverage might not meet constraints. For this
in-silico study dedicated treatment pans were created fulfilling compa-
rable clinical goals for the target regions and organs at risk (OARs)
instead of employing the clinical treatment plans. A compact proton
beam machine with single-field optimization PBS (Proteus® One, Ion
Beam Applications S.A., Belgium) were used. Written informed consent
was obtained from all patients for this treatment planning study. This
study was approved by the institutional review board at Narita Memo-
rial Hospital (No. R041041) and has been conducted in compliance with
the guidelines of the Helsinki Declaration.

2.2. Immobilization, imaging, and treatment planning

Patients were immobilized in a supine position with a body vacuum
bag system (ESFORM; Engineering System Co., Ltd. Nagano, Japan), and
four-dimensional computed tomography (4DCT) (SOMATOM Definition
AS; Siemens Healthineers AG, Bayern, Germany) scans were performed
nine days prior to the first fraction for treatment planning. The 4DCT
scan were acquired with a 2 mm slice thickness under shallow breathing.
The CT setting for the abdominal scans were 97.5 mAs and 120 kV. All
patients were trained to breathe shallowly and abdominal compression
was used to minimize the respiratory movements. The stoichiometric
calibration method was used to create the Hounsfield unit-stopping
power ratio calibration curve. Contouring was conducted on contrast-
enhanced CT images and/or '®F-fluorodeoxyglucose positron emission
tomography images. The GTV was defined as visible tumor, and the CTV
was defined as the GTV plus the prophylactic lymph node area around
the pancreas. The GTV and CTV were delineated in all phases of the
4DCT which consisted of 10 phases, and the delineations were summed
up. The delineations were defined as IGTV and ICTV. Delineated OARs at
the end-expiratory phase CT were the stomach, duodenum, small bowel,
large bowel, bilateral kidneys, spinal cord, spleen, thoracic vertebra, and
liver. Treatment plans for a compact proton beam machine with single-
field optimization PBS (Proteus® One, Ion Beam Applications S.A.,
Belgium) were generated using two different techniques. The charac-
teristics of the treatment machine were described in detail [21-23]. The
FIF technique consisted of one main field and one sub-field. The pre-
scribed dose to the main field encompassing IGTV and ICTV was 46 Gy
(RBE). The prescribed dose to the sub-field encompassing only IGTV was
14 Gy(RBE). The SIB technique consisted of only one field encompassing
IGTV and ICTV. A total of 90 initial treatment plans for fifteen patients
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were generated. The treatment planning was conducted in the RaySta-
tion planning system version 10.0 (RaySearch Laboratories, Stockholm,
Sweeden). The Monte Carlo dose calculation algorithm version 5.0 was
used in the RayStation planning system version 10.0. The calculation
settings were as follows: Monte Carlo optimization with 10,000 ions/
spot, a dose grid of 2.0 mm, and a final dose calculation uncertainty of
0.5 %. The RBE value of 1.1 was used. In the following context, the FIF
and SIB techniques using two, three, and four beams were expressed as
FIF-2-beam, SIB-2-beam, FIF-3-beam, SIB-3-beam, FIF-4-beam, and SIB-
4-beam, respectively. The beam incidence directions in FIF-2-beam and
SIB-2-beam were two dorsal beams with gantry angles of 150° (g150)/
couch rotations of 0° (c0) and g150/c180. The beam incidence di-
rections in FIF-3-beam and SIB-3-beam were three beams with g90/c0,
g150/c0, and g150/c180. The beam incidence directions in FIF-4-beam
and SIB-4-beam were four beams with g0/c0, g90/c0, g180/c0, and
g90/c180 following the beam arrangement of the previous studies
[15,16] and the irradiation techniques used in other Japanese proton
therapy facilities. Fig. 1 shows a representative example of dose distri-
bution of a patient with the tumor in the pancreas head. The dose con-
straints for IGTV and ICTV were as follows[24]: (a) Dgse, [GY(RBE)] >
99 % and < 101 % of the prescribed dose; (b) V1gg9 [%0] > 90 % of the
IGTV/ICTV volume; (c) Day, <115 % of the prescribed dose (IGTV); and
(d) Doy, <125 % of the prescribed dose (ICTV). The dose constraints for
the stomach and duodenum were as follows: (1) Dgcm < 60 Gy(RBE); (2)
stomach V4oGy(rpg) < 60 em®; and (3) duodenum VaoGymrsg) < 40 em®.
The constraints for other organs were equal to those of normal tissues in
three-dimensional conformal radiotherapy [25]. A robust optimization
with a setup robustness of 5 mm and a range uncertainty of 3.5 % was
performed in the initial treatment plan. The robust optimization was
applied for the IGTV and the ICTV in the initial treatment plan. The
homogeneity index (HI) was defined as Dj,/Dgge. The conformity index
(CD) was defined as Vpry/TVpy x Vry/TVpy (Vpry, target volume; Vv,
treatment volume of the prescribed isodose lines; TVpy, volume of Vpry
within the Vy). An experienced medical physicist created the treatment
plans, which were approved by an experienced medical doctor. One or
two gold fiducial markers (Gold Anchor; GA Japan Company, Tokyo,
Japan) were implanted in the pancreatic cancer lesion, and daily patient
alignments were achieved by matching the fiducial markers using X-ray
beams systems installed on the Proteus® One (Adapt Insight version
2.1.1.0) at the end-expiratory phase. See (Fig. 2).

The robustness evaluation for the stomach and duodenum in prox-
imity to the IGTV and ICTV was performed because the toxicity of the
stomach and duodenum were most clinically important. Dose changes
resulting from range uncertainty were calculated using robustness
evaluation considering range uncertainties of + 3.5 % but no setup
uncertainty. The differences in V4ogyrsE) and D3 of the stomach and
duodenum between the initial treatment plan and robustness evaluation
plan were analyzed. Verification CT (vCT) scans were conducted three
times, on treatment day 1, 7, and 16 (verification 1, 2, and 3: day 9, 17,
and 31 after planning CT acquisition) to investigate the effect of changes
in the anatomy. Rigid registration using the fiducial markers at the end-
expiratory phase was performed between planning and vCT. Thereafter,
the treatment plan was recalculated on the rigidly registered vCTs
(interfractional dose evaluation). IGTV, ICTV, and OARs were delin-
eated on all vCTs. Vg9 and Dgse, were evaluated for IGTV and ICTV on
the initial and all vCTs. The parameters of D3.m and V40Gy(RBE) Were
evaluated for the stomach and duodenum, and Dsgy and Dyy, were
evaluated for other OARs.

2.3. Statistical data analyses

The Wilcoxon signed-rank test was used to compare each pair of
dose-volume parameters for the initial treatment plans and interfrac-
tional dose evaluations, and the Benjamini-Hochberg correction was
used for multiple comparisons. The non-parametric Friedman test was
used to compare dose-volume parameters among different techniques. A
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Fig. 2. Box plots for dose-volume parameters for recalculated IGTV over all interfractional dose evaluations. The boxes contain data of all three interfractional dose
evaluations (n = 45). (A) V1004, the dose constraint is Vg, > 90 %. (B) Dose,; the dose constraint is 59.4 Gy(RBE) < Dgse, < 60.6 Gy(RBE); the median, maximum,
and minimum below the Figure indicates to the median value, maximum value, and minimum value of box plots for V;g, and Dgse, respectively. The symbol (*)

indicates significant differences.

p value < 0.05 was considered to indicate a significant difference. All
statistical analyses were conducted using open-source software, R
Version 4.1.3 (The R Foundation for Statistical Computing, Vienna,
Austria).

3. Results
3.1. Dose-volume parameters of the target
The dose-volume parameters for the IGTV and ICTV for the initial

treatment plans and the recalculations on the vCTs are summarized in
Table 1. There was no significant difference for the HI among different

techniques. The CI of ICTV for the FIF-4-beam technique was better by
10.5 % and 8.0 % compared to the FIF-2-beam and FIF-3-beam tech-
niques (p = 0.004 and p = 0.021). The CI of ICTV for the SIB-4-beam
technique was better by 14.9 % and 7.0 % compared to the SIB-2-
beam and SIB-3-beam techniques (p = 0.002 and p = 0.004). The
Vioo% and Dgsg, parameters of IGTV significantly decreased in all
interfractional dose evaluations compared to those in the initial treat-
ment plan (p < 0.001) as depicted in Figure S1 and S2. The FIF-2-beam,
FIF-3-beam, and SIB-2-beam techniques maintained the highest IGTV
V100% and Dgsy,. The IGTV Viggy, and the Dgsy, parameters significantly
decreased for the recalculation on all three vCTs. The ICTV Vg, and
the Dgso, parameters significantly decreased for the recalculation on vCT
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Table 1
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Target dose-volume parameters in the initial treatment plan, verification 1, verification 2, and verification 3. All parameters are presented as median (range).

IGTV

HI, CI

Parameter

Initial plan

Verification 1

Verification 2

Verification 3

FIF-2-beam

FIF-3-beam

FIF-4-beam

SIB-2-beam

SIB-3-beam

SIB-4-beam

ICTV
FIF-2-beam

FIF-3-beam

FIF-4-beam

SIB-2-beam

SIB-3-beam

SIB-4-beam

1.05 (1.03-1.07), 1.19 (1.10-1.39)

1.04 (1.03-1.07),
1.18 (1.10-1.32)
1.03 (1.02-1.22),
1.18 (1.10-1.36)
1.05 (1.04-1.07),
1.17 (1.08-1.26)
1.05 (1.04-1.07),
1.13 (1.08-1.19)
1.04 (1.03-1.06),
1.15 (1.07-1.22)
HI, CI

1.35(1.33-1.37),
1.80 (1.62-2.36)
1.35(1.33-1.43),
1.75 (1.51-2.24)
1.34 (1.33-1.41),
1.61 (1.42-2.15)
1.34 (1.32-1.38),
1.88 (1.64-2.38)
1.33 (1.32-1.37),
1.72 (1.50-2.28)
1.33 (1.32-1.36),
1.60 (1.53-2.21)

Vioow [%]
Doso, [Gy(RBE)]
Vio0% [%]
Doso, [Gy(RBE)]
Vioow [%]
Doso, [Gy(RBE)]
Vioo% [%]
Doso, [Gy(RBE)]
Vioow [%]
Dosy, [GY(RBE)]
Vioou [%]
Doso, [GY(RBE)]
Parameter
Vioou [%]
Doso, [Gy(RBE)]
Vio0% [%]
Doso, [Gy(RBE)]
Vioow [%]
Dgso, [GY(RBE)]
V100w [%]
Doso, [GY(RBE)]
Vioov [%]
Doso, [Gy(RBE)]
Vioow [%]
Doso, [Gy(RBE)]

96.1 (92.6-97.6)
60.0 (59.8-60.2)
95.5 (91.2-99.5)
60.0 (59.7-60.5)
95.2 (92.8-98.3)
60.0 (59.9-60.4)
95.1 (93.9-98.0)
60.0 (59.9-60.3)
95.0 (95.0-98.0)
60.0 (60.0-60.3)
95.6 (95.0-98.1)
60.0 (60.0-60.4)
Initial plan

96.5 (94.0-100)
46.3 (45.8-46.4)
96.5 (94.2-100)
46.2 (45.8-46.4)
96.3 (91.6-100)
46.4 (45.8-46.4)
95.9 (93.2-100)
46.1 (45.9-46.4)
96.0 (94.9-99.9)
46.1 (45.6-46.4)
96.3 (94.1-99.9)
46.2 (45.9-46.4)

91.8 (75.6-97.3)
59.6 (58.2-60.2)
87.7 (68.9-95.3)
59.4 (57.4-60.0)
78.9 (45.8-93.3)
59.3 (57.6-59.9)
88.9 (70.3-94.6)
59.4 (57.5-60.0)
75.0 (54.5-93.7)
58.7 (57.7-59.9)
72.5 (48.4-90.1)
58.7 (57.0-60.0)
Verification 1

95.2 (79.0-98.7)
46.1 (45.5-47.7)
95.9 (71.1-98.3)
46.1 (45.1-46.7)
94.5 (64.0-99.5)
46.0 (45.2-46.8)
95.4 (77.1-99.4)
46.1 (45.8-46.4)
94.9 (74.4-98.9)
45.8 (45.0-46.2)
95.0 (59.9-98.8)
46.1 (44.9-46.4)

90.0 (77.5-93.7)
59.4 (57.2-60.0)
86.7 (74.4-95.8)
59.3 (57.6-60.1)
81.5 (55.2-92.2)
59.4 (57.3-60.0)
86.7 (75.3-92.3)
59.2 (57.2-60.0)
84.5 (64.1-91.7)
58.8 (57.0-59.7)
79.4 (15.0-94.1)
59.3 (56.3-60.0)
Verification 2

93.3 (77.1-99.4)
45.7 (42.8-47.3)
94.4 (71.6-98.6)
45.7 (41.9-46.4)
94.3 (85.1-98.1)
45.7 (43.0-46.4)
95.3 (74.0-99.9)
46.0 (45.2-46.4)
94.3 (83.5-98.2)
45.8 (43.7-46.2)
94.4 (73.2-97.7)
45.9 (42.9-46.4)

85.6 (54.6-95.2)
59.3 (53.4-60.0)
84.9 (50.6-95.9)
59.1 (54.9-60.1)
73.2 (21.8-92.2)
59.2 (55.5-59.8)
82.1 (53.6-94.1)
58.8 (53.9-60.2)
79.8 (45.6-91.9)
58.7 (55.9-59.8)
66.4 (18.0-93.3)
58.6 (55.6-60.2)
Verification 3

94.2 (78.0-100)
45.8 (41.7-46.6)
93.4 (74.1-100)
45.7 (41.9-46.5)
93.9 (82.4-99.9)
45.6 (42.3-46.6)
93.5 (80.2-100)
46.0 (44.3-46.4)
92.4 (80.2-99.9)
45.6 (43.2-46.5)
93.7 (80.0-99.6)
45.8 (42.8-46.5)

Abbreviations: IGTV, internal gross tumor volume; ICTV, internal clinical target volume; FIF, field-in-field; SIB, simultaneous integrated boost; RBE, relative biological
effectiveness; HI, homogeneity index; CI, conformity index.

2 and 3. The significance values for the comparison of the initial doses
and the interfractional evaluation doses for all treatment techniques are

summarized in Table S2.

3.2. Dose-volume parameters of OARs, and robustness evaluation for
stomach and duodenum

The OARs dose-volume parameters in the initial treatment plans are
summarized in Table 2. The Dsgy, and Doy, of the small and large bowels
were the lowest when only using two beams, for both treatment con-
cepts. The Dsgy and Dag, of the kidneys, spinal cord, and thoracic

Table 2
Dose-volume parameters of organs at risk in the initial treatment plans. All parameters are presented as median (range).
FIF-2-beam FIF-3-beam FIF-4-beam SIB-2-beam SIB-3-beam SIB-4-beam
Stomach
V40Gy(RBE) [em®] 3.8 (0-46.5) 5.0 (0-47.7) 7.0 (0-50.7) 5.2 (0-54.4) 4.7 (0-56.1) 5.7 (0-54.6)

DS [Gy(RBE)]
Duodenum
V40Gy(RBE) [em®]
D3cm [GY(RBE)]
Small bowel
Dsoo, [Gy(RBE)]
Doy, [Gy(RBE)]
Large bowel
Dsoy [Gy(RBE)]
Doy, [Gy(RBE)]
Kidney (right)
Dsoo [Gy(RBE)]
Doy, [Gy(RBE)]
Kidney (left)
Dsoo [Gy(RBE)]
Doy, [Gy(RBE)]
Spinal cord
Dso0 [Gy(RBE)]
D2y, [Gy(RBE)]
Spleen

Dsoo [Gy(RBE)]
Doy, [Gy(RBE)]
Thoracic vertebra
Dsoo [Gy(RBE)]
D2y, [Gy(RBE)]
Liver

Dsoy [GY(RBE)]
Doy, [Gy(RBE)]

43.6 (4.6-57.6)

6.2 (0-29.5)
49.2 (28.0-56.2)

4.1 (1.8-29.5)
42.1 (24.0-49.2)

0.1 (0-12.5)
1.6 (0.1-50.2)

11.4 (3.2-19.6)
26.7 (18.6-40.2)

13.0 (1.6-21.3)
33.9 (20.4-52.8)

21.5(13.5-28.1)
36.8 (24.0-38.8)

4.8 (0-17.9)
17.2 (0-42.3)

28.4 (21.6-38.2)
48.2 (45.1-51.7)

1.8 (0.1-4.2)
24.3 (0.1-42.4)

47.6 (5.9-57.2)

7.0 (0-27.8)
49.4 (18.7-57.1)

11.2 (1.5-35.5)
42.5 (21.6-51.9)

4.2 (0-15.0)
15.7 (0.1-50.1)

9.6 (2.2-14.7)
18.1 (12.9-38.7)

9.1 (3.6-20.5)
29.7 (13.2-52.7)

14.5 (8.4-19.0)
24.8 (15.3-26.7)

3.4 (0-16.9)
12.2 (0-42.8)

22.7 (14.5-30.8)
46.1 (37.7-49.5)

1.7 (0.1-4.0)
25.3 (8.1-41.4)

46.7 (16.0-58.2)

6.9 (0-29.3)
48.9 (29.3-54.8)

12.1 (7.6-35.9)
42.2 (20.4-51.1)

6.2 (3.1-21.0)
12.1 (11.0-49.7)

1.9 (0.4-16.7)
12.7 (4.9-30.1)

3.0 (0.4-16.7)
25.3 (5.9-51.9)

7.0 (4.7-9.7)
10.7 (9.8-15.4)

0.5 (0-12.5)
5.9 (0-38.6)

15.4 (9.5-23.3)
44.1 (32.2-47.0)

3.4 (0.1 -6.6)
29.6 (9.0-41.9)

46.2 (4.9-58.0)

6.1 (0-30.7)
49.9 (25.7-55.5)

4.2 (1.8-32.2)
40.8 (24.5-48.4)

0.1 (0-13.9)
1.9 (0.1-53.4)

12.0 (1.5-21.2)
24.8 (17.7-41.1)

12.8 (1.5-21.2)
33.6 (19.5-52.5)

21.8 (14.1-28.1)
36.9 (26.6-39.7)

5.1 (0-17.8)
16.8 (0-43.8)

29.7 (20.7-39.0)
48.4 (41.6-52.3)

1.8 (0.1-4.3)
25.7 (1.0-42.2)

45.9 (6.1-57.0)

6.5 (0-28.0)
51.1 (22.2-56.6)

11.0 (1.7-37.7)
41.8 (19.8-52.5)

4.3 (0-16.2)
14.8 (0.1-51.7)

8.3 (3.5-19.9)
18.3 (12.7-32.8)

9.7 (3.5-19.9)
28.5 (12.9-50.9)

14.1 (9.4-19.0)
24.0 (17.6-26.1)

3.4 (0-16.8)
11.9 (0-41.4)

22.4 (14.7-30.8)
45.8 (37.7-49.3)

1.8 (0.1-3.8)
23.2 (10.0-42.5)

48.3 (15.4-58.6)

6.5 (0-32.5)
48.8 (28.7-54.2)

11.8 (7.1-36.6)
42.6 (22.7-52.1)

6.1 (3.1-20.7)
12.0 (10.6-50.9)

1.8 (0.4-17.3)
11.3 (5.2-27.5)

3.4 (0.4-17.3)
24.9 (7.1-53.3)

6.9 (5.0-9.3)
9.9 (9.3-16.7)

0.5 (0-12.3)
6.8 (0-39.1)

15.7 (9.3-24.2)
45.2 (33.0-47.7)

3.2 (0.1-6.6)
27.4 (8.9-42.5)

Abbreviations: FIF, field-in-field; SIB, simultaneous integrated boost; RBE, relative biological effectiveness.



T. Takaoka et al.

vertebra could be reduced the most when using four beams. The sig-
nificance values for the comparison of the initial doses of OARs among
different techniques are summarized in Table S3. No significant differ-
ence was observed between both treatment concepts with the same
number of beams.

The data of the robustness evaluation for the stomach and duodenum
dose-volume parameters in the initial treatment plan are summarized in
Table S4. For the stomach, the two-beam technique with a range un-
certainty of —3.5 % showed the highest median ADgcm (p < 0.05,
compared to three-beam and four-beam techniques, for both treatment
concepts). For the duodenum, the four-beam technique with a range
uncertainty of —3.5 % showed the highest median AD3., (p < 0.05,
compared to two-beam and three-beam techniques, for both treatment
concepts). Fig. 3 shows a representative example of robustness evalua-
tion for FIF-2-beam and SIB-2-beam techniques.

4. Discussion

This was the first study to investigate treatment strategies employing
various beam directions of FIF and SIB techniques using PBS for
pancreatic cancer and to evaluate the changes in target coverage based
on recalculations on three vCTs. This study revealed that IGTV coverage
of PBS proton therapy considerably decreased due to the effect of
changes in the anatomy. These include interfractional positional
changes of the pancreas [26,27] and changes in intestinal gas volume
[28-30]. A two-beam technique could achieve a high target coverage
while reducing the dose to small and the large bowels better than using
three or four beams for both treatment concepts. The reason was that the
beams did not pass through the bowels. On the other hand, the Dsg¢, and
Dyy, for organs located on the dorsal side (kidneys, spinal cord, and
thoracic vertebra) in the two-beam techniques were the highest
compared to the three-beam and four-beam techniques, for both treat-
ment concepts. The doses to the stomach in the FIF-2-beam and SIB-2-
beam techniques, as well as the doses to the duodenum in the FIF-4-
beam and SIB-4-beam techniques, showed the greatest variability.
More beams produced more robust plans in general. However, treatment
plans using four-beam technique resulted in the largest dose variations
for the duodenum. This variability could potentially lead to unexpected
complications such as gastrointestinal ulcers, hemorrhage, and perfo-
ration in the worst case. In proton therapy for pancreatic cancer, the

Robustness evaluation plan
x,y,z=0,0,0 mm
range uncertainty = -3.5%)

Initial plan

SIB
2-beam
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gastrointestinal toxicity risk remains high [31,32], prompting various
studies aimed to reduce the toxicity risk [33,34]. Robustness evaluations
for the stomach and duodenum during the treatment plan creation is one
approach to mitigate dose uncertainties. Beam arrangements consid-
ering the minimization of dose variability in the stomach and duodenum
are necessary to reduce the toxicity risk. Adaptive planning is an
increasing concern in particle therapy [35]. However, the optimal
method has not fully been established [36,37]. Through recalculation on
vCTs, it may be necessary to conduct re-planning at the beginning of
treatment in some cases.

Three-beam techniques were recommended in a previous study [16].
The results of our study are consistent with those findings. The FIF-3-
beam and SIB-3-beam techniques may be the most appropriate,
considering IGTV coverage and the sparing of OARs comprehensively.
The IGTV coverage of the FIF-3-beam technique was slightly higher than
that of the SIB-3-beam technique. However, intermittent irradiation was
required with the FIF technique due to the need for time intervals be-
tween the main field and sub-field irradiation. The time intervals be-
tween the main field and sub-field irradiation may require about five
minutes due to gantry rotation, fiducial markers re-matching, and sta-
bilization of respiratory cycles. Intermittent irradiation may result in the
anti-tumor effect reduction due to the recovery from sublethal damage
[38-40]. The SIB-3-beam technique has been used in clinical treatment
for pancreatic cancer at our facility. Although FIF techniques are not
commonly used, the results of this study suggest that FIF techniques may
be worth considering in some situations to prevent the decrease of target
coverage. Further studies are needed to establish which patients benefit
the most by the use of FIF techniques and the quality of FIF techniques
should be assessed in detail. Dose escalation has been attempted in
particle therapy for pancreatic cancer to improve local control [41,42].
The study results could provide useful information to determine the
beam arrangement of PBS proton therapy for pancreatic cancer.

This study had several limitations. First, the number of evaluated
patients was relatively small, and thus a larger sample size is needed for
a more detailed analysis. Second, the intrafractional motions of the or-
gans and the intestinal gas that affect target and OAR doses were not
evaluated. The target coverage might be further reduced due to intra-
fractional motions of the organs and the intestinal gas during irradia-
tion. There are several recent studies dealing with this topic [43,44].
Third, the robustness evaluation of the stomach and duodenum was

A dose between initial and
robustness evaluation plan

! ‘ ot e : [Gy(RBE)]
57
54 +10

+5

+1

Fig. 3. A representative example of robustness evaluation in FIF-2-beam and SIB-2-beam techniques. Yellow contours represent the stomach. Green contours

represent the duodenum.
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conducted, considering only the range uncertainty, without considering
motions of the targets and organs.

In conclusion, IGTV coverage recalculated on three CTs during
treatment decreased for both treatment concepts. The FIF with three
beams technique maintained the highest IGTV coverage and achieved
the sparing of normal organs the most.
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