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Purpose: We retrospectively researched the treatment outcome of proton beam therapy (PBT) and assessed its efficacy for inoperable
locally advanced pancreatic cancer (LAPC) at our institution.
Methods and Materials: Fifty-four patients (28 men and 26 women, median age 67 years ranging from 40-88 years) were diagnosed
with unresectable stage III LAPC and administered PBT from April 2009 to March 2020. Patients who could not complete PBT, had
new distant metastases during the treatment, or did not have enough follow-up time were excluded from this study. All patients were
clinically staged based on the International Union of Cancer TNM staging system (eighth edition) using computed tomography,
magnetic resonance imaging, and positron emission tomography and were diagnosed as stage III (histologic type: 18 patients with
adenocarcinoma and 36 clinically diagnosed patients). PBT was performed using the passive method, with a median total dose of 67.5
GyE (range, 50-77 GyE/25-35 fractions).

Chemotherapy was used in combination during PBT in 46 patients (85.2%). Overall survival (OS), local progression-free survival
(LPFS), progression-free survival, and median OS time were analyzed by Kaplan-Meier and log-rank tests. Univariate and multivariate
analyses were performed for the following factors: maximum standardized uptake value (SUVmax), Eastern Cooperative Group
performance status (PS), tumor site, total irradiation dose, concurrent chemotherapy, and primary tumor site. Cutoff values for
SUVmax and tumor diameter were estimated using receiver operating characteristic curves and the area under the curve based on OS.
Multivariate analysis was evaluated using the Cox proportional hazards models. Adverse events were evaluated using the National
Cancer Institute Common Terminology Criteria for Adverse Events version 5.0.
Results: The median observation period was 17.4 months, ranging from 4.0 to 89.7 months. The median tumor diameter was 36.5 mm,
ranging from 15 to 90 mm, the median SUVmax was 5.85 (range, 2.1-27.6), and their cutoff values were estimated to be 37 mm and
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4.8 mm, respectively. The 1- and 2-year OS was 77.8% and 35.2%, respectively, with a median OS time of 18.2 months, and only one
patient survived >5 years. Twelve patients (22.2%) developed local recurrence, and 1- and 2-year LPFS rates were 89.7% and 74.5%,
respectively; progression-free survival at 1 year was 58.8%. The PS score, tumor site, and irradiation dose were the prognostic factors
related to OS that showed a significant difference. On the other hand, there was a significant difference in factors involved in LPFS, at
96.7%/77.9% in the first year and 86.6%/54.4% in the second year in the groups with tumor dose ≥67.5 GyE and <67.5 GyE,
respectively (P = .015). Treatment-related acute toxicities were neutropenia (grade 1/2/3 at 3.7%/11.1%/31.5%, respectively),
leukopenia (grade 1/2/3 at 1.8%/7.4%/20.4%, respectively), and thrombocytopenia (grade 1/2 at 1.8%/7.4%, respectively), whereas the
late effects including peptic ulcer were captured only grade 2+. The late adverse events of grade 3 or higher were not observed.
Conclusions: PBT achieving 67.5 Gy combined with standard chemotherapy showed excellent local control for unresectable LAPC.
Total irradiation dose, tumor site, and PS score at an initial diagnosis could be important prognostic factors. In this study, the
dose-effect relationship was found, so an increase in dose should be considered to improve prognosis.
© 2024 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
It is well known that the prognosis of pancreatic cancer
is extremely poor, with an overall 5-year survival rate of
only 1% to 5%,1-3 and pancreatic cancer is one of the most
severe refractory malignant tumors, which is the fourth
leading cause of cancer deaths in Japan.4 Complete surgical
resection has traditionally been only considered as the
curative strategy. However, only 10% to 20% of all patients
with pancreatic cancer are indicated for surgical resection,
whereas the other 30% to 40% of patients with pancreatic
cancer are categorized as unresectable locally advanced
pancreatic cancer (LAPC) because of local invasion and
the other 50% to 60% patients show already distant metas-
tasis when they are diagnosed.5 The prognosis of pancreatic
cancer with a 5-year survival rate is estimated at only 10%
to 20%, even in the resectable patient group.6

Because the pancreas is located near the radiosensitive
gastrointestinal tract, it is difficult to deliver a sufficient
dose to the target site while minimizing the dose to the
organs surrounding the pancreas. Therefore, in many
clinical reports using conventional radiation therapy, a
dosage of about 50 Gy is selected. In contrast to conven-
tional radiation therapy, proton beam therapy (PBT)
takes advantage of Bragg peak properties and can deliver
a high radiation dose to the tumor while largely sparing
normal tissues. Based on these facts, PBT could be
expected to make local control more safe than conven-
tional radiation therapy.

In Japan, the Japanese Society for Radiation Oncology
(JASTRO) established a unified protocol that led to a
proton treatment policy for LAPC in 2016, and it has
been covered by insurance since 2022. In recent years,
advanced photon-based technologies such as ablative
stereotactic magnetic resonance image-guided adaptive
radiation therapy (A-SMART) therapy have also received
attention for minimizing both acute and late toxicity
while increasing doses.

On the other hand, chemotherapy has made progress
in recent years.
An Eastern Cooperative Group (ECOG) compared che-
moradiation therapy (CRT) and chemotherapy alone with
gemcitabine (GEM) for LAPC. They reported that the
median overall survival (OS) time in the CRT group was
better than that of the chemotherapy-alone group7 (11.1
months vs 9.2 months; P = .017), and CRT was recom-
mended as one of the primary standard treatments for
LAPC. However, it is not enough to dramatically improve
treatment outcomes. After GEM was introduced as a key
drug, the prognosis for patients with pancreatic cancer
improved slightly.8,9 Since then, various systemic chemo-
therapy agents have been investigated solely and in combi-
nation for the treatment of advanced pancreatic cancer.10

The purpose of this study was to retrospectively evalu-
ate clinical outcomes of concurrent CRTs using a proton
beam for LAPC in our proton center.
Methods and Materials
Patients

Among patients with pancreatic cancer who underwent
PBT at our center between April 2009 and March 2020, 54
sequential patients with LAPC were selected. They were
defined as unresectable cancer without distant metastasis,
with an ECOG performance status (PS) score of 0 to 2 and
adequate physical condition to tolerate chemotherapy.
There were no patients who underwent dose escalation via
photons for the sake of comparison with protons.

The definition of “unresectable” in this study was
based on the general rules of the Japanese Pancreatic
Association Guidelines, seventh edition,11 and the
National Comprehensive Cancer Network Guidelines,
2024, version 2.0,12 as follows: tumors invading >180°
into the celiac artery, the common hepatic artery, or the
superior mesenteric artery on computed tomography
(CT) imaging, or arterial deformation or stenosis because
of tumor abutment. Inclusion criteria were as follows: (1)
localized pancreatic cancer with no distant metastases
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extending beyond the pancreatic surface and invading
surrounding blood vessels; (2) patients who completed
planned PBT and were followed after treatment; (3)
patients without distant metastases at diagnosis or during
PBT; and (4) patients with or without pre-PBT chemo-
therapy. Patients who underwent surgical pancreatectomy
after PBT or who had multiple cancers were excluded.

All patients were evaluated, and CT and positron emis-
sion tomography (PET)-CT were used to determine the
clinical tumor stage of pancreatic cancer based on the
International Union of Cancer-Tumor, Node, Metastasis
Classification of Malignancies, eighth edition. All primary
pancreatic cancers were also evaluated by maximum stan-
dard uptake value (SUVmax) on PET-CT.
PBT

A custom-made indexed vacuum lock bag was used for
immobilizing patients, and the Xio-MN (Hitachi) treatment
planning system was used to calculate the dose distribution
of PBT. A respiratory gating system (Anzai Medical) was
used during PBT planning and treatment. Anteroposterior
and lateral radiographs were taken for positioning every
day. Irradiation was usually performed 5 days a week. Pro-
ton energy levels were 150 MeV and 210 MeV at 2 to 3
portals, and the Bragg peak spread was adjusted as much
as possible until planned target volumes (PTV) was irradi-
ated at 90% isodose of the prescribed dose. Irradiation pro-
tocols varied widely, as shown in Table 1. In Japan, dose
fractionation by JASTRO has been regulated since 2016,
but before that time, various irradiation doses were
selected, such as 77.7 GyE/35 fractions (Table 1).

The representative 67.5 GyE/25 fractions protocol was
irradiated in field-in-field methods, and the others were
treated with conventional fractionated irradiation. The
gross target volume was defined as the area containing the
pancreatic tumor and metastatic lymph nodes based on
the information from dynamic contrast-enhanced CT,
magnetic resonance imaging (MRI), and PET. The clinical
target volume (CTV)1 was defined as the gross target
volume plus a 5 mm margin, but in the case of lesions
invading blood vessels, CTV1 included the area near the
root of the celiac and superior mesenteric arteries.

CTV2 was a combination of CTV1 added with a
prophylactic area containing regional lymph nodes. The 5
to 7 mm margins were provided for CTV1 and CTV2 to
create the PTV1 and PTV2. Irradiation ranged from 1.8
to 2.0 GyE/fraction for PTV1 and 0.7 to 0.9 GyE/fraction
for PTV2. For simple fractionation, the prescribed dose
was administered to PTV1.

The protocol was determined by the dose of irradiation
sustained in the gastrointestinal tract, primarily derived
from the tumor site. Maximum doses were not to exceed
50 GyE in the stomach, duodenum, and small intestine,
55 GyE in the colon, and 48 GyE in the spinal cord. Dose
constraints were Dmean < 30 Gy for the liver and V18 <
30% for the kidneys. The biologically effective dose (BED;
a/b ratio of 10) and 2 Gy fractional equivalent dose were
calculated for each dose group.
Concurrent and adjuvant therapy

A total of 26 patients had already received chemother-
apy at their initial hospitals before they came to our
center. Prechemotherapy was done at the previous physi-
cian’s discretion, and tegafur gimeracil oteracil potassium
(TS-1; 1 case), GEM (7 cases), TS-1 + GEM (7 cases),
GEM + nab-paclitaxel (9 cases), and FOLFIRINOX (fluo-
rouracil, leucovorin, irinotecan, and oxaliplatin; 2 cases)
were administered.

A total of 46 patients had received concurrent chemo-
therapy with PBT, including GEM, TS-1, nab-paclitaxel,
and their combination at the physician’s discretion in our
hospital. Concomitant chemotherapy was not selected for
the remaining 8 patients because of the patient’s age, renal
dysfunction, history of allergy, and myelosuppression.
The conditions for concurrent chemotherapy and pre-
treatment chemotherapy are shown in Table 1.
Clinical evaluation and follow-up

All patients were followed up every 3 months at our pro-
ton center and evaluated based on the results of physical
and imaging examinations. When patients were unable to
come to the hospital because of poor physical conditions,
we contacted them and confirmed their health conditions.
Acute adverse events were defined as those that occurred
during or within 90 days after completion of PBT. Late
adverse events were defined >90 days after completion of
PBT. They were evaluated according to the National Cancer
Institute Common Terminology Criteria for Adverse Events.
Imaging modality was done by CT, MRI, or 18F-fluoro-
deoxyglucose (FDG)-PET/CT. The response criteria in CT
and MRI have used the new Response Evaluation Criteria
in Solid Tumors version 1.1.
Statistical analysis

All statistical evaluations were performed with EZR
(Saitama Medical Center, Jichi Medical University, Saitama,
Japan), a graphical user interface for R (the R Foundation
for Statistical Computing). More precisely, a modified ver-
sion of R commander designed to add statistical functions
frequently used in biostatistics13 was used. The Kaplan-
Meier method and log-rank test were applied to estimate
survival probabilities and compare the survival rates,
respectively. Univariate and multivariate analyses with Cox
proportional hazards models were performed to determine



Table 1 Patients’ characteristics

Total irradiation dose

Patients’ characteristics. *Median (range)
BED
(Gy)*

EQD2
(Gy)*

No. of
patients

Age (y) 67* (40-88)

Sex (male/female)) 29/25 77 GyE/35 fr 93.9 78.3 19

ECOG-PS score (0/1/2) 27/17 /10 70.4 GyE/32 fr 85.9 71.6 1

T (3/4) 54 67.5 GyE/25 fr 85.7 71.4 15

N (0/1/2) 37/15/2 66 GyE/30 fr 80.5 67.1 5

Follow-up period (mo) 17.4* (4-89.7) 61.6 GyE/28 fr 75.2 62.6 2

Primary tumor sites (head/body) 28/26 60 GyE/30 fr 72 60 2

Tumor diameter (mm) 36.5* (15-90) 59.4 GyE/27 fr 72.5 60.4 3

CA19-9 185.5* (6-24,245) 56 GyE/28 fr 67.2 56 2

SUVmax of FDG-PET 5.85* (2.1-27.6) 55 GyE/25 fr 67.1 55.9 2

No. of patients 54 GyE/27 fr 64.8 54 2

>67.5 GyE 20 50 GyE/25 fr 60 50 1

(78.3 Gy: 71.6-78.3 Gy) Median 72.5 61.5 54

Total irradiation dose 60-67.5 GyE 24 * BED and EQD2 are calculated as a/b=10

(EQD2 median:range) (71.4 Gy: 60-71.4 Gy)

<60 GyE 10

(56.0 Gy: 50-60.4 Gy)

Pre-RT chemotherapyy With/without 26/28

TS-1 1

GEM 7

TS-1 + GEM 7

GEM + nab-PTX 9

FOLFIRINOX 2

Concurrent chemotherapy with/without 46/8

Abbreviations: BED = biologically effective dose; CA19-9 = carbohydrate antigen 19-9; ECOG-PS = Eastern Cooperative Oncology Group perfor-
mance status; EQD2 = 2 Gy fractional equivalent dose; FDG = 18F-fluorodeoxyglucose; FOLFIRINOX = fluorouracil, leucovorin, irinotecan, and
oxaliplatin; fr, fraction; GEM = gemcitabine; nab-PTX = nab-paclitaxel; PET = positron emission tomography; RT = radiation therapy; TS-1 = tegafur
gimeracil oteracil; SUVmax = maximum standardized uptake value.
*BED and EQD2 are calculated as a/b = 10.
TS-1, GEM, nab-PTX, FOLFIRINOX.
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the factors associated with OS and local progression-free
survival (LPFS). All P values were 2-sided; variables with a
P value <.1 in univariate analysis were included in the
multivariate analysis, and those with P values were consid-
ered statistically significant. The cutoff values for SUVmax
and tumor diameters were estimated at 4.8 and 37 mm,
respectively, using the receiver operating characteristic
curve and area under the curve (AUC) based on median
survival time (MST). The cutoff values for SUVmax and
tumor diameters were used as reference values, and each
group was divided into 2 groups for univariate analysis.
The effect of multiple factors on survival, the hazard ratio,
and its 95% CI were evaluated using the Cox proportional
hazards models.

OS and progression-free survival (PFS) were defined as
the interval between the start of PBT and the date of the
last follow-up examination and death, and the date of
locoregional progression, respectively. Local progression
was defined as tumor progression inside the PTV and
diagnoses comprehensively based on the following find-
ings: enlarged tumor size and increased FDG accumula-
tion. LPFS was defined as the time interval between the
initiation of PBT and the detection of local progression or
death (all causes), whichever occurred first.
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Ethics statement

All treatments were discussed at the hospital cancer con-
ference, and written informed consent was obtained from all
patients and investigators who followed the recommendations
of the Helsinki Declaration. The Ethics committee of our
institution approved treatment methods and procedures.
Results
Figure 1 Overall survival (OS), local progression-free sur-
vival (LPFS), and progression-free survival (PFS) for all
patients. The OS rate at 1 and 2 years was 77.8% and 35.2%,
respectively, with an MST of 18.2 months. The LPFS rate at
1 and 2 years was 89.7% and 74.5%, respectively. The PFS
rate at 1 year was 58.8% (95% CI, 44.4%-70.6%).
Patients’ characteristics

Patients’ characteristics are summarized in Table 1. The
median age of patients was 67 years (range, 44-88 years). PS
scores (0/1/2 for 27/17/10 patients, respectively) for all
patients were evaluated on their first visit to our center. All
patients had T4 lesions. Seventeen patients (31.5%) had
lymph node metastases. Primary tumor sites were equally
distributed in the head (51.9%), body (48.1%), and the pan-
creas. The median size of the tumor was 36.5 mm (range,
15-90 mm), and the median SUVmax of PET-CT was 5.85
(range, 2.1-27.6). Receiver operating characteristic analysis
showed that the cutoff value for SUVmax was 4.8 (sensitiv-
ity, 0.786; specificity, 0.577; AUC, 0.6595; 95% CI, 0.5-0.8),
and the tumor diameter was 37 mm (sensitivity, 0.643; speci-
ficity, 0.654; AUC, 0.5501; 95% CI, 0.39-0.71).
OS, LPFS, distant metastasis control, and PFS

The median follow-up time was 17.4 months (range,
4-89.7 months). All patients died of pancreatic cancer (all
died of the original disease). Thirty-four patients (63%) had
recurrence after the treatment (local recurrence: 12 patients;
distant metastasis: 27 patients; both: 5 patients). No patient
was accepted for surgical resection after PBT in this study.

The OS rate at 1 and 2 years was 77.8% and 35.2%,
respectively, with an MST of 18.2 months. The 1- and
2-year LPFS rate was 89.7% and 74.5%, respectively, and
PFS at 1-year was 58.8% (95% CI, 44.4%-70.6%) (Fig. 1). Of
the twelve local recurrence patients, 9 (16.6%) had local
recurrence within 1 year. On the other hand, 40 patients had
no local recurrence during the follow-up period until death.

Distant metastasis after the treatment occurred in 27
patients (50%), in which 5 patients (9.3%) had both local
recurrence and distant metastasis. The liver was the most
common site of distant metastasis (12 cases), peritoneum
(6 cases), lung (6 cases), and bone (6 cases).
Total irradiation dose

Twenty patients (37%) were treated with >67.5 GyE,
24 patients (44%) with 60 to 67.5 GyE, the majority
(15/24 cases) with 67.5 GyE, and 10 patients with <60
GyE as conventional fractionation. The median total dose
was 67.5 GyE (range, 50-77 GyE/25-35 fractions), BED10
of 72.5 Gy (range, 60-93.9 Gy), and 2 Gy fractional equiv-
alent dose of 61.5 Gy (range, 50-78.3 Gy).

Patients were divided into 2 groups according to total
dose (≥67.5 GyE and <67.5 GyE) and analyzed for OS
and LPFS. The median OS for the ≥67.5 GyE and <67.5
GyE groups were ≥19.3 months and 13.2 months, respec-
tively, and no significant difference was observed
(P = .413). LPFS for the ≥67.5 GyE and <67.5 GyE groups
were 96.7% and 77.9%, respectively, in the first year and
86.6% and 54.4%, respectively, in the second year, with a
significant difference (P = .015). There was a dose-effect
relationship for LPFS but not for OS. Based on the above,
the dose-effect relationship is shown for LPFS (Fig. 2).
Prognostic factors

As prognostic factors, patient age, gender, SUVmax, PS
score, tumor site, tumor size, pretreatment chemotherapy,
hyperthermia, and irradiation dose were analyzed in this
study. The results for each prognostic factor are shown in
Table 2. Favorable OS results were obtained only for the
tumor site (P = .014), total dose, and PS score (P = .001),
showing significant differences. Favorable OS results for
local control (LC) were obtained for total irradiation dose
(P = .009) and PS score (P = .001, Table 3). Other factors
did not show any significant differences in univariate
analysis (Fig. 3).



Figure 2 Overall survival rate and local progression-free survival (LPFS) rate for irradiation dose groups. MST at 1 and 2 years
was 19.3 and 13.2 months, respectively (P = .413). LPFS for the ≥67.5 GyE group at 1 and 2 years were 96.7% and 86.6%, respec-
tively. LPFS for the <67.5 GyE group at 1 and 2 years were 77.9% and 54.4%, respectively (P = .015). Abbreviation: MST =
median survival time.
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Treatment-related adverse events

Treatment-related adverse events were evaluated by
the National Cancer Institute Common Terminology
Criteria for Adverse Events version 5.0, and acute adverse
events were leukopenia (grade 1/2/3 at 1.8%/7.4%/20.4%,
respectively), neutropenia (grade 1/2/3 at 3.7%/11.1%/
31.5%, respectively), and thrombocytopenia (grade 1/2 at
1.8%/7.4%, respectively). Late adverse events were gastro-
intestinal ulcers (grade 1/2 for 2/2 patients, respectively),
and no grade 3 or higher late adverse events were
observed. Details of the acute and late adverse events are
Table 2 Analysis of prognostic factors for local progression-fr

Patients (%)

Age (≥67 y) 27 (50)

Gender (male) 29 (54)

PS score (ECOG-PS) 27 (50)

SUVmax (≥4.8) 33 (61)

Tumor site (head) 28 (52)

Tumor diameter (≥37 mm) 27 (50)

Irradiation dose (≥67.5 GyE) 35 (65)

Concurrent chemotherapy 46 (85)

Pre-RT chemotherapy (without neoadjuvant) 28 (52)

Hyperthermia (without hyperthermia) 41 (76)

Abbreviations: ECOG-PS = Eastern Cooperative Oncology Group per
SUVmax = maximum standardized uptake value.
*Significant P values (<.05)
shown in Table 4. Twenty-two patients (40.7%) had grade
1 nonhematologic acute toxicities (nausea 12 and
anorexia 10) but no grade 2+. Five patients (9.3%) had
grade 1 to 2 gastrointestinal late toxicities (gastric ulcer).
Discussion
Particle beam therapy is more dose-concentrating than
x-rays, and the heavier the particle mass, the less it scatters
in the body and the sharper the dose distribution. For areas
where the dose required for tumor control is higher than
ee survival

Univariate Multivariate
HR (95% CI) P value HR (95% CI) P value

0.80 (0.16-4.10) .789

1.51 (0.30-7.65) .619

10.4 (1.2-92.2) .001* 8.44 (0.88-80.6) .001*

0.39 (0.05-3.28) .389

1.13 (0.18-7.06) .892

0.75 (0.14-4.00) .739

0.14 (0.33-0.63) .009* 0.091 (0.01-0.66) .017*

0.49 (0.05-4.63) .892

2.85 (0.63-12.8) .173 3.221 (0.66-15.7) .148

0.64 (0.10-3.96) .627

formance status; HR = hazard ratio; RT = radiation therapy;



Table 3 Analysis of prognostic factors for overall survival

Univariate Multivariate

Patients (%) MST (mo) HR (95% CI) P value HR (95% CI) P value

Age (≥67 y) 27 (50) 18.3/16.7 1.19 (0.60-2.36) .409

Gender (male) 29 (54) 16.7/18.3 1.25 (0.58-2.67) .702

PS score (ECOG-PS) 27 (50) 26.1/13.4/7.9 11.2 (4.0-31.0) .001* 15.2 (5.04-15.9) .001*

SUVmax (≥4.8) 33 (61) 23.7/14.2 1.23 (0.58-2.62) .351

Tumor site (head) 28 (52) 13.3/25.0 2.36 (1.16-4.80) .014* 2.822 (1.31-6.10) .001*

Tumor diameter (≥37 mm) 27 (50) 22.6/13.4 1.53 (0.80-2.91) .113

Irradiation dose (≥67.5 GyE) 35 (65) 13.2/19.3 0.51 (0.26-1.02) .058 0.420 (0.19-0.93) .032*

Concurrent chemotherapy 46 (85) 19.3/16.7 2.14 (0.75-6.10) .154

Pre-RT chemotherapy (without neoadjuvant) 28 (52) 18.8/15.9 1.03 (0.49-2.10) .808

Hyperthermia (without hyperthermia) 41 (76) 22.9/16.7 1.03 (0.48-2.20) .757

Abbreviations: ECOG-PS = Eastern Cooperative Oncology Group performance status; HR = hazard ratio; MST = median survival time;
RT = radiation therapy; SUVmax = maximum standardized uptake value.
*Significant P values (<.05).

Figure 3 Tumor sites with local progression-free survival (LPFS) rate (a) and overall survival (OS) rate (b). The LPFS rate of the
pancreatic head group at 1 and 2 years was 82.5% and 70.8%, respectively. The LPFS rate of the pancreatic body group at 1 and
2 years was 96.2% and 77.4%, respectively. The OS rate of the pancreatic head group at 1 and 2 years was 64.3% and 17.9%,
respectively, with an MST of 13.3 months. The OS rate of the pancreatic body group at 1 and 2 years was 92.3% and 53.9%,
respectively, with an MST of 25.0 months (P = .014).
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the tolerable dose of the surrounding normal tissue, even a
slightly more dose-intensive quality of radiation is advanta-
geous. If the tumor is in contact with an adjacent critical
organ, such as the gastrointestinal tract, the expected thera-
peutic effect will not be achieved if the dose of the tumor
is reduced because of safety considerations.

The significance of particle beam therapy lies in provid-
ing an uncompromised treatment by combining safety and
efficacy in severe conditions with adjacent critical organs.
Several previous studies of CRT for LAPC reported satis-
factory results that the MST for radiation therapy, including
3-dimensional CRT, Stereotactic Body Radio Therapy,
and intensity modulated radiation therapy, was 12 to
19 months,14-17 while the MST for PBT was 18.7 to
25.6 months.18-24 In addition, grade 3 or higher nonhemato-
logic adverse events occurred in 0% to 47% of patients
treated with conventional radiation therapy compared with
0% to 10% of those treated with particle therapy. From these



Table 4 Adverse events

CTCAE (v.5.0)
Acute Late

Grade 1 2 3 4 5 1 2 3 4 5

Hematologic Leukopenia 1 4 11 0 0 0 0 0 0 0

Neutropenia 2 6 17 0 0 0 0 0 0 0

Thrombocytopenia 1 4 0 0 0 0 0 0 0 0

Gastrointestinal* Nausea 12 0 0 0 0 0 0 0 0 0

Anorexia 10 0 0 0 0 1 1 0 0 0

Gastric ulcer 0 0 0 0 0 3 2 0 0 0

Abbreviations: CTCAE = National Cancer Institute Common Terminology Criteria for Adverse Events.
*Twenty-two patients (40.7%) had grade 1 acute toxicities but no grade 2+.
Five patients (9.3%) had grade 1 to 2 late toxicities.
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studies, particle beam therapy for LAPC is expected to have
better local control and fewer adverse events than conven-
tional radiation therapy18-24 (Table E1).

This study demonstrates that the combination of PBT
achieving a dose of 67.5 Gy and standard concurrent
chemotherapy provides excellent local control for unre-
sectable LAPC. In general, CRT for LAPC is performed at
a dose of around 50 Gy. According to Crane et al,25 local
control was good in the first year, but after 15 months, the
rate of local recurrence increased and eventually recurred
in most cases. This result showed that pancreatic cancer
might not be sufficiently controlled with 50 Gy.

On the other hand, photon beam therapy has made
remarkable progress in recent years, and Koay et al26

pointed out the possibility of dose escalation for LAPC
using Stereotactic Body Radio Therapy. Parikh et al27

used ablative radiation therapy for resectable, borderline
pancreatic cancer, and Reyngold et al28 used ablative radi-
ation therapy for unresectable pancreatic cancer, both
reporting good outcomes and few adverse events. Bryant
et al29 performed the first MRI-guided A-SMART for
unresectable pancreatic cancer in 5 fractions (hypofractio-
nation) and reported good long-term local control and
few adverse events. Their results showed good local con-
trol and few adverse events in the long term. Both are
photon-based therapies and are expected to evolve from
conventional radiation therapy to ablative radiation ther-
apy for pancreatic cancer.

Terashima et al18 classified 50 cases of LAPC of
50 GyE/25 fractions, 70.2 GyE/26 fractions, and
67.5 GyE/25 fractions according to the proximity of the
lesion to the gastrointestinal tract and reported the results
combined with chemotherapy with GEM. Among them,
the 67.5 GyE/25 fractions protocol used a technique called
the “concomitant boost method,” in which a dose-esca-
lated volume is superimposed in the area where the dose
can be safely increased within the irradiation field. This
method reduces the dose in the gastrointestinal tract and
maximizes the dose inside the tumor. Based on this tech-
nique, in PBT for LAPC, the standard fractionation
method (50-56 GyE/25-28 fractions) and simultaneous
boost irradiation method (60-67.5 GyE/20-25 fractions)
were unified protocols in JASTRO in April 2016. PBT,
with the simultaneous boost irradiation method, often
combines 1 to 2 subfields with 2 to 4 main fields.

In our center, 44 out of 54 patients (81.5%) were irradi-
ated with this method with a dose of ≥60 GyE. In particu-
lar, before the JASTRO unified the protocols in 2016,
77 GyE/25 fractions were selected for 19 of 54 patients
(35%) to increase chances for local control. Although
there was no significant difference, local control rates
were better with the higher doses group. The OS rate was
the highest for ≥67.5 GyE but the lowest for the 60 to
67.5 GyE unified protocol (>67.5 GyE/60-67.5 GyE/<60
GyE: 23.1/17.6/14.8 months, respectively). Thus, there is a
dose-effect relationship in the local control rate. An
increase in dose should be considered to improve progno-
sis. The survival rate by treatment site in this study was
significantly worse for pancreatic head tumors than for
pancreatic body tail tumors. The results reported for
heavy ion therapy were much better than those of our
study. However, the case selection may have affected the
outcome (MST 18.2 months vs 21.5-25.2 months) because
pancreatic body and tail tumors accounted for a large pro-
portion of the treated cases.

Hiroshima et al24 reported excellent results of PBT
combined with chemotherapy (GEM or TS-1) for LAPC
(54.0-67.5 GyE/25-33 fractions). The reported OS at 1
and 2 years were 77.8% and 50.8%, respectively, with an
MST of 25.6 months. LPFS at 1 and 2 years were 83.3%
and 78.9%, respectively. Compared with their study, our
study included slightly more patients without chemother-
apy. Although the MST at our center was inferior at 18.2
months, the OS and LC results were similar. Ogura et al19

treated 123 patients with LAPC with PBT (67.5 GyE/25
fractions) and chemotherapy (GEM) in combination with
GEM, showing comparable results for MST (18.7
months), OS, and LC.

Several studies reported the superiority of chemother-
apy alone versus CRT for LAPC. Chauffert et al17
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reported a randomized controlled study between the 5-
Fluorouracil/Cisplatin combined radiation therapy group
and the chemotherapy-alone group for 119 patients with
LAPC. In the report, the chemotherapy-alone group was
significantly better than the GEM/CDDP combined radia-
tion therapy group17 (median OS, 13.0 months vs 8.6
months). In contrast, an ECOG trial reported that GEM
combined radiation therapy (MST 11.1 months) had a
significantly better outcome compared with GEM mono-
therapy7 (MST 9.2 months). Wilson et al14 analyzed a
multicenter randomized controlled trial and showed no
significant difference between the 2 treatments. Based on
these results, at present, it is not possible to conclude the
superiority of either chemotherapy alone or CRT.

The purpose of neoadjuvant therapy is not simply to
improve outcomes but also to select outpatients with poor
biology and early metastases that will not benefit from
focal therapies. Some studies have reported relatively
good outcomes with neoadjuvant chemotherapy followed
by CRT, but superiority has not yet been achieved.30-32

The Japan Clinical Oncology Group trial 1106 completed
a randomized phase 2 study of CRT with or without
induction chemotherapy for LAPC.33 This study sug-
gested that the CRT using S-1 alone had more promising
efficacy with longer survival, compared with GEM induc-
tion followed by CRT for LAPC. However, the superiority
of neoadjuvant chemotherapy has not been proven in this
randomized controlled trial, and it is still in the research
stage. In our study, the neoadjuvant chemotherapy group
extended the MST by about 3 months compared with the
nontreatment group (with vs without: 18.8 vs 15.9
months), but this was not statistically significant.

There are several reports on prognostic factors for pan-
creatic cancer that the PS score34-36 and SUVmax37-39 affect
survival. Sperti et al40 analyzed the SUV of invasive pancre-
atic ductal carcinoma and reported that a median value of
≥4.0 was significantly associated with poor prognosis.

In our study, only the tumor site and PS score were sig-
nificantly correlated with survival, and the SUVmax did
not show a significant difference. Although much has
been reported in the past about SUVmax as a prognostic
factor, this unit is not standardized and may be a contro-
versial biomarker because it depends on the PET protocol
and scanner. Tumor size at the first visit resulted favor-
ably by MST, but there was also no significant difference.
No reports on the relationship between tumor size and its
survival prognosis with Concurrent Chemoradiotherapy
were found, even after searching previous reports.

The effectiveness of hyperthermia has been covered by
insurance in Japan since 1990, based on reports that radia-
tion therapy and chemotherapy can be sensitized if the
tumor is heated to 42.5°C or higher. Although there are vari-
ous reports on hyperthermia therapy for pancreatic cancer,
we believe that the effectiveness of hyperthermia therapy is
limited because of the risk of increased adverse events
because of heating to gastric and duodenal temperatures
using the radiofrequency heating method with 2 pairs of
electrodes placed front and back, and the lack of proof that
the tumor is evenly heated to 42.5°C or higher so that the
therapeutic effect of hyperthermia is limited.41

A systematic review summarizing the adverse events of
PBT for pancreatic cancer has been reported, pointing out
that survival outcomes are comparable with those of con-
ventional radiation therapy but that nonhematologic
adverse events of grade 3 or higher are very low.42

In our study, no acute gastrointestinal adverse events
occurred. Although mild gastric ulcers (grade 1: 3; grade 2:
2) were observed as late gastrointestinal adverse events, they
did not affect the survival time. CT scans were taken every
week during PBT to ensure the correct position of irradia-
tion. This insurance may be one of the reasons why few radi-
ation adverse events occurred in this study. In addition, our
center had cases in which esophagogastroduodenoscopy was
not performed regularly during the treatment period, and
the possibility of asymptomatic gastrointestinal adverse
events cannot be ruled out. What should be emphasized
more is that our outcomes can be achieved with little to no
acute or late toxicities, even in comparison with the most
advanced photon-based technology, A-SMART. In recent
years, there have been reports that recurrence from gastroin-
testinal area does not necessarily increase, even if it is an
involved field.43-45 When concurrent CRT is scheduled, irra-
diation focused on the lesion has become mainstream in
consideration of reducing the risk of adverse events in the
gastrointestinal tract. In our study, because the prophylactic
region was included in CTV, it could be possible to reduce
gastrointestinal adverse events further with more localized
irradiation.

In abdominal solid tumors, the tolerable dose of the
adjacent gastrointestinal tract is low, limiting the dose
and range of irradiation. For such cases, positive results
have been reported using a 2-stage treatment in which a
spacer is surgically implanted in advance to ensure a
safety margin of ≥1 cm between the tumor and the intes-
tinal tract, followed by irradiation with a radical dose of
particle beams.46,47

This strategy can be safely implemented in pancreatic
cancer as well, and Matsumoto et al48 reported a 100%
local control rate with a radical dose (64-80 GyE/8-26
fractions) of PBT after spacer implantation. Although this
treatment is not indicated for pancreatic head cancer close
to the duodenum, it is the most indication for pancreatic
cancer confined to the pancreatic body tail without inva-
sion into the colon, stomach, or duodenum and marked
retroperitoneal invasion, including the celiac artery and
root of the superior mesenteric artery. If pancreatic body
and tail cancers can be safely irradiated with high doses
after spacer implantation, further improvement in prog-
nosis can be expected.

Furthermore, remarkable advances in chemotherapy
have improved the outcome of pancreatic cancer. There
are unresectable cases that respond well to chemotherapy,



10 I. Seto et al Advances in Radiation Oncology: October 2024
and long-term survival cases have also been reported.49,50

The new scanning techniques, such as spot-scanning,51

can irradiate more concisely. The scanned beam allows
the manipulation of beams from various angles and with
the required energies. In combination with advanced
computer science technology, intensity modulated proton
therapy can be achieved, and these strategies are expected
to spread to many facilities. Future chemotherapy could
control small distant metastases, thereby increasing the
importance of local control and further emphasizing the
role of radiation therapy. Thus, the combination of new
systemic chemotherapy, new radiation techniques, and
high-dose irradiation with preirradiation spacer implanta-
tion may lead to better outcomes and fewer adverse
events.
Conclusions
We reported an excellent local control in 54 patients
with LAPC treated with PBT, achieving 67.5 Gy and che-
motherapy. Total irradiation dose, tumor site, and PS
score at initial diagnosis could be important prognostic
factors. In this study, a dose-effect relationship was
observed, especially in LPFS, suggesting the need for dose
escalation to improve prognosis.
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