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ABSTRACT

Background. The optimal treatment for isolated local
recurrence (ILR) of pancreatic adenocarcinoma (PDAC)
after surgical resection remains unclear. This study aimed
to evaluate the safety and efficacy of proton radiotherapy
(PRT) for ILR of PDAC after surgery.

Methods. The medical records of patients with ILR of
PDAC after surgery who underwent proton beam therapy
between 2011 and 2015 at Hyogo Ion Beam Medical
Center were retrospectively studied.

Results. The study analyzed 30 patients (14 women and
16 men) with a median age of 65 years (range
38-81 years) who had initially undergone pancreatoduo-
denectomy (n = 23) or distal pancreatectomy (n = 7) for
their primary tumors. Upon ILR, PRT was administered
with a median total cumulative dose of 67.5 gray equiva-
lent (GyE) (range 50-67.5 GyE) using 19 to 25 fractions.
For 25 patients, concurrent chemotherapy was adminis-
tered using gemcitabine (n = 18) or S-1 (n = 7). Four
patients (13.3%) experienced acute grade > 3 gastroin-
testinal toxicities. After a median follow-up period of
17.6 months (range 2.1-50.4 months), 23 patients had
experienced tumor progression and 10 had died. Nine
patients (30%) experienced local tumor progression. The
median overall, progression-free, and local progression-
free survival rates were 26.1, 12.3, and 41.2 months,
respectively. Pre-PRT serum levels of cancer antigen 19-9
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higher than 100 U/mL and duke pancreatic monoclonal
antigen type 2 higher than 150 U/mL were significantly
associated with shorter progression-free survival rates.
Conclusions. Proton radiotherapy for ILR of PDAC after
surgery is well tolerated and produces good locoregional
control and should be considered for eligible patients.

Despite recent advances in diagnostic and therapeutic
strategies, the prognosis for patients with pancreatic ductal
adenocarcinoma (PDAC) remains dismal.! Only surgical
resection is a potentially curative treatment. However,
approximately 80% of patients with PDAC experience
recurrences after surgery with curative intent.” Of these
patients, 20-30% experience locoregional recurrence
without distant metastasis (i.e., isolated local recurrence
[ILR]).>* To date, treatment strategies for these patients
are not well established. Because up to 30% of patients
with PDAC die of local destructive disease, those who
experience ILR can achieve extended survival by control-
ling locoregional recurrence.” Moreover, local recurrence
may be symptomatic if it involves adjacent structures such
as the abdominal nerve plexus or bile duct. Therefore, local
treatments such as repeat resection or radiotherapy have
been considered as therapeutic options for these
patients.®'?

Proton radiotherapy (PRT), a type of particle radio-
therapy characterized by the Bragg peak phenomenon,
enables coverage of the tumor volume with high accuracy
while the doses to surrounding normal tissue are reduced
much more effectively than with conventional photon
radiotherapy.'® Thus, proton therapy is of particular inter-
est for patients with tumors located close to radiation-
sensitive organs such as the gastrointestinal (GI) tract or
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spinal cord. As such, the utility of PRT for locally
advanced PDAC has been increasingly explored.'®"
However, the safety and efficacy of this method for patients
with ILR of PDAC after surgery is not well reported.
Therefore, we performed a retrospective analysis to eval-
uate  PRT for this specific group of patients and
investigated their prognoses.

METHODS
Ethics Statement

This study was approved by the institutional review
board of the Hyogo Ion Beam Medical Center and per-
formed in accordance with the ethical standards stated in
the 1964 Declaration of Helsinki and its later amendments.

Patients

The medical records of 30 consecutive patients with ILR
of PDAC after surgery who subsequently underwent PRT
between 2011 and 2015 at Hyogo Ion Beam Medical
Center, were retrospectively analyzed. The study defined
ILR as recurrence in the remnant pancreas, resection
margin of the remnant pancreas, pancreatic bed (i.e., the
surrounding locoregional structures such as the nerve
plexus), or adjacent lymph nodes in the absence of distant
metastasis.

All the patients underwent an abdominal contrast-en-
hanced computed tomography (CT) scan, chest CT scan,
and positron emission tomography (PET) with '®F-fluo-
rodeoxyglucose (FDG) to rule out distant metastasis. The
diagnosis of PDAC was histologically confirmed by
examination of the surgical specimens from all the patients.

Prt

The patients were treated with 150- to 210-MeV proton
beams using the passive-scattering method during the
exhalation phase using a respiratory gating system. This
setup was performed daily before irradiation using fiducial
markers and bony landmarks. Proton beam treatment plans
were developed using a CT-based three-dimensional
treatment planning system (Xio-M; Mitsubishi Electric
Corporation, Tokyo, Japan) (Fig. 1a, b).

Gross tumor volume (GTV) was defined as the recurrent
tumor including the surrounding soft tissue density. Clini-
cal target volume (CTV) comprised the GTV expanded by
5-mm margins in addition to prophylactic irradiation
regions such as the para-aortic lymph nodes and nerve
plexus surrounding the celiac artery or superior mesenteric
artery based on the sites of recurrence. Planning target

volume (PTV) was defined as CTV plus a 5-mm setup
margin and a 1- to 5-mm respiratory gating margin. The
three types of protocols used included the 67.5-gray
equivalent (GyE) in 25 daily fractions (determined from
the phases 1 and 2 study results for unresectable locally
advanced pancreatic cancer). The 50 GyE in 25 daily
fractions and the 52 GyE in 26 daily fractions (irradiated in
the preliminary study before this phases 1 and 2 study).'*

In the 67.5-GyE protocol, the field-in-field method was
used to irradiate 60 GyE or more while high-dose irradia-
tion to areas such as the GI mucosa was avoided.'* In
general, the dose restrictions to the digestive tract and
spinal cord were approximately 48 GyE and 45 GyE,
respectively.

Concurrent Chemotherapy

Concurrent chemotherapy was performed using gemc-
itabine monotherapy or S-1 (tegafur/gimeracil/oteracil)
monotherapy, if feasible. In general, gemcitabine (800 mg/
m2) was administered via intravenous infusion for the
initial 3 weeks of the 5-week proton therapy period, and
S-1 was administered orally at a dose of 80 mg/m” twice
daily on the day of PRT irradiation.

Follow-Up Evaluation

All the patients were examined every 3 months with
repeated measurements of cancer antigen 19-9 (CA19-9),
duke pancreatic monoclonal antigen type 2 (DUPAN-2),
and contrast-enhanced CT scans and/or FDG-PET. Local
progression was defined as tumor progression inside the
PTV, and diagnosed comprehensively based on the fol-
lowing findings: radiographic enlargement of the local
recurrence site, increased FDG accumulation at the local
recurrence site, and sustained increase in tumor markers for
at least 3 months with no distant metastases.

The National Cancer Institute Common Terminology
Criteria for Adverse Events (version 4.0) were used to
define and grade toxicity. All the patients underwent
endoscopic examinations from the esophagus to the hori-
zontal part of the duodenum after PRT for investigation of
acute radiation-related gastroduodenal complications.

Statistical Analysis

The demographic and treatment characteristics of the
patients were summarized using descriptive statistics, and
the y~ test was used to determine the relationship between
categorical variables. Kaplan—-Meier curves were used to
estimate survival outcomes such as overall survival (OS),
progression-free survival (PFS), and local progression-free
survival (LPFS). The Cox proportional hazards model was
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FIG. 1 a Contrast-enhanced computed tomography of the isolated
local recurrence after pancreatoduodenectomy for pancreatic ductal
adenocarcinoma. b Proton radiotherapy treatment planning for

used to assess differences between subgroups. A P value
lower than 0.05 was considered statistically significant in
all the analyses, which were performed using JMP 12 (SAS
Institute Japan, Tokyo, Japan).

RESULTS
Patient Characteristics

Table 1 shows the patient characteristics. The study
investigated 30 patients (14 women and 16 men) with a
median age of 65 years (range 38-81 years). Of these 30
patients, 23 underwent a pancreatoduodenectomy for their
primary tumor, whereas 7 underwent a distal pancreatec-
tomy. All the initial surgeries were curative resections
(RO). Adjuvant chemotherapy was administered to 26
(86.7%) of the patients, and 12 (40%) of the patients
underwent systemic chemotherapy after local recurrences.
No patient was treated with radiation therapy before PRT.

The recurrence sites were the pancreatic bed (n = 15),
the resection margin of the remnant pancreas (n = 8), the
adjacent lymph nodes (n = 1), and the remnant pancreas
(n=1). Five of the patients experienced recurrences at
multiple sites.

From the day of surgery, the median time to the first
recurrence (i.e., the disease-free interval) was 13 months
(range 4-50 months), and the median time to the first day
of PRT  delivery  was 17.8 months  (range
6.4-60.7 months).

Treatment Characteristics

Three protocols were used for treatment: 67.5 GyE in 25
fractions (n = 23), 52 GyE in 26 fractions (n = 4), and
50 GyE in 25 fractions (n = 3). Of the 30 patients, 25
received concurrent chemotherapy with gemcitabine

isolated local recurrence after pancreatoduodenectomy  for

pancreatic ductal adenocarcinoma

TABLE 1 Patient characteristics

Variables

Total (N = 30)

Patient demographics
Median age: years (range)
Sex: n (%)
Female
Male
ECOG performance status score: n (%)
0
1
Median CA19-9: IU/mL (range)
Median DUPAN-2: U/mL (range)
Median SUV ., on FDG-PET: n (range)®
Previous treatments
Initial surgery: n (%)
Pancreatoduodenectomy
Distal pancreatectomy
Adjuvant chemotherapy: n (%)
None
Gemcitabine
S-1
Gemcitabine + S-1
Median DFI: months (range)

64.5 (38-81)

14 (46.7)
16 (53.3)

21 (70)
9 (30)
179.6 (0.1-1776)
76 (25-11,000)
4.4 (1.01-14.7)

7(23.3)
23 (76.7)

4 (13.3)
18 (60)
6 (20)
2(6.7)
13 (4-50)

ECOG Eastern Cooperative Oncology Group, CA79-9 cancer antigen
19-9, DUPAN-2 duke pancreatic monoclonal antigen type 2, SUV,,.
maximum standardized uptake value, FDG-PET '®F-2-fluoro-2-

deoxyglucose positron-emission tomography,

interval

“Data were available for 19 patients

DFI disease-free

(n =18) or S-1 (n = 7), whereas 5 received PRT without

concurrent chemotherapy.
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Feasibility and Toxicity

Acute and late toxicities of all grades are summarized in
Table 2. Acute grade > 3 toxicities experienced by 10
patients (33.3%) were hematologic (leukocytopenia, n = 7;
thrombocytopenia, n = 1) and non-hematologic (radiation-
induced GI ulcer/bleeding, n = 1; cholangitis, n = 1). Of
the 23 patients (47.8%) scheduled to receive an integrated
dose of 67.5 GyE, 11 experienced GI ulcer/bleeding of all
grades. This was more frequent among the patients
scheduled to receive 50 or 52 GyE (28.6%). Among the
patients who experienced GI bleeding, endoscopic minor
cauterization was needed for three patients and total par-
enteral nutrition for one patient. The remaining patients
received medical interventions only. No patient needed
transfusion, surgery, major endoscopic hemostasis, or
hospitalization for GI ulcer/bleeding.

Two patients failed to complete the prescribed protocol
of 67.5 GyE in 25 fractions because of GI toxicities. For
the first patient, the daily fractional dose was reduced to
1.8 GyE after the 16th fraction because of radiation-in-
duced gastroduodenal wulcer development (total of
58.5 GyE in 25 fractions). The second patient ceased
treatment after receiving a total of 51.3 GyE in 19 fractions
due to radiation-induced colitis.

All toxicities were treated adequately with conservative
therapy, and none of the patients died of treatment-related
adverse events. Concerning late toxicity, three patients
experienced a grade 3 spinal fracture 12, 13, and
36 months after the first day of PRT, respectively.

Patient Survival and Prognostic Factors

After a median follow-up time of 17.6 months (range
2.1-50.4 months), 10 patients (33.3%) died, and 23
(76.7%) experienced tumor progression. Local tumor pro-
gression occurred for 9 patients (30%). Of the remaining 20
patients, 17 experienced distant metastasis in the lung
(n = 6), liver (n =5), peritoneum (n = 3), and other sites
(n =3), and 3 experienced both local and distant tumor
progression. From the first day of PRT, the patients showed
a median OS of 26.1 months, a median PFS of
12.3 months, and a median LPFS of 41.2 months (Fig. 2a—
c¢). The 1-year OS and PFS rates were respectively 91.7%
and 51.7%.

In the univariate analyses of patient survival, a pre-PRT
serum CA 19-9 level higher than 100 U/mL was associated
with a shorter PFS, but not with a shorter OS (Table 3;
Fig. 2d, e). Concerning recurrence patterns, the patients
with a higher pre-PRT serum CA19-9 level (> 100 U/mL)
experienced significantly more distant metastases than
those with a pre-PRT serum CA19-9 level of 100 U/mL or
lower (64.7% vs 23.1%, respectively; P =0.021). A

TABLE 2 Acute and late toxicities in all grades for the patient who
underwent proton radiotherapy

Toxicity n=230n (%)
Acute toxicities
Hematologic
Leukocytopenia
Grade 1/2 12 (40.0)
Grade 3 7 (23.3)
Thrombocytopenia

Grade 1/2 12 (40.0)

Grade 3 13.3)
Gastrointestinal
Gastrointestinal bleeding/ulcer

Grade 1/2 12 (40.0)

Grade 3 13.3)
Nausea/vomiting

Grade 1/2 6 (20.0)
Diarrhea

Grade 1/2 4 (13.3)
Constipation

Grade 1/2 6 (20.0)
Anorexia

Grade 1/2 8 (26.7)
Epigastric pain

Grade 1/2 5 (16.7)
Others
Dermatitis

Grade 1/2 24 (80.0)
Cholangitis

Grade 2 4 (13.3)

Grade 3 13.3)
Fatigue

Grade 1/2 5 (16.7)
Late toxicities
Spinal fracture

Grade 3 3 (10.0)
Dermatitis

Grade 2 1(3.3)
Intestinal pneumonia

Grade 2 1(3.3)
Liver abscess

Grade 2 1(3.3)

similar correlation, although not significant, was observed
regarding pre-PRT DUPAN-2 (> 150 vs < 100 U/mL;
70% vs 35%, respectively; P = 0.068). In contrast, higher
pre-PRT serum CA19-9 and DUPAN-2 levels were not
associated with local progression (P = 0.466 and 0.388,
respectively).
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DISCUSSION

We found that PRT is a potentially safe and effective
treatment for patients with ILR of PDAC after surgical
resection. The study identified pre-PRT levels of serum
CA19-9 higher than 100 U/mL as a predictor of distant
metastasis after PRT in this group of patients.

The optimal therapeutic strategies for patients with ILR
of PDAC after primary resection are not well established.
Several previous studies showed that repeat resection is
beneficial for selected patients with ILR of PDAC®™'. The
median OS rate ranged from 16 to 44 months for the
resected patients (from the day of repeat surgery) and from
9.4 to 10.8 months for the non-resected patients. However,
most patients with locally recurrent PDAC cannot undergo
repeat resection because of tumor invasion into the major
adjacent vessels. Even with repeat resection, considerable
risk exists for incomplete excision.'® Moreover, repeat
resection for locally recurrent PDAC carries technical
difficulties due to intra-abdominal adhesions, often leading
to total pancreatectomy, which may significantly impair a
patient’s quality of life."’

As a less invasive therapy, conventional photon-based
radiotherapy is an alternative option for these patients. Two
previous studies showed that conventional radiotherapy
appeared to be effective for patients with ILR after initial

20 30 40 50

Time after PRT (Months)

survival and e progression-free survival were stratified by pre-proton
radiotherapy (PRT) cancer antigen 19-9 (CA19-9). Differences in
survival rates were compared using the Wilcoxon test

resection, with a median OS of 16 months in both stud-
ies.'""!? Stereotactic body radiation therapy (SBRT), which
delivers more conformal radiation doses than conventional
radiation therapy, enabled reduction of acute and late
toxicities, but the studies found no survival benefit for
SBRT over conventional radiation therapy.'®2°

In our study, the median OS for the patients who
received PRT for ILR of PDAC was 26.1 months, which
compared well with that for the patients who underwent
repeat resection and appeared to have yielded more
favorable results than conventional radiation therapy.
These results might have been partly due to the higher
radiation dose (median, 67.5 GyE) delivered to the tumors
with the aid of the high conformality of PRT compared
with conventional radiation therapy (45-60 Gy). More-
over, the improved local control (median LPFS,
41.2 months) also may have contributed to the prolonged
survival.''™"?

Previous studies evaluated local tumor control by mea-
suring tumor diameters.''™13 However, because of the
poorly defined edges of PDACs and post-radiotherapy
inflammation, it may be difficult to assess local progression
solely using this parameter.”' Therefore, we also consid-
ered FDG accumulation at the local recurrence site as well
as the sustained increase in tumor marker levels when
assessing local tumor progression.
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TABLE 3 Subgroup analysis
of the overall and progression-
free survival

Because no well-accepted criteria exist for diagnosing
local PDAC progression after radiotherapy, it is difficult
simply to compare the local progression rates between
studies. Standardized, well-designed criteria are required to
compare local control rates between different treatment

strategies.

Variables n (%) Overall survival Progression-free survival
HR (95% CI) P Value HR (95% CI) P value
Age (years) 0.491 0.559
<65 15 (50.0) 1 (reference) 1 (reference)
> 65 15 (50.0) 1.56 (0.44-6.11) 0.78 (0.33-1.79)
Sex 0.341 0.184
Female 14 (46.7) 1 (reference) 1 (reference)
Male 16 (53.3) 0.54 (0.14-1.91) 0.57 (0.24-1.30)
ECOG performance status 0.278 0.850
0 21 (70%) 1 (reference) 1 (reference)
1 9 (30%) 2.07 (0.53-7.33) 1.1 (0.42-2.57)
CA19-9 (IU/mL) 0.167 0.004*
< 100 13 (43.3) 1 (reference) 1 (reference)
> 100 17 (56.7)  2.45 (0.69-9.75) 3.52 (1.48-8.98)
DUPAN-2 (U/mL) 0.081 0.102
< 150 20 (66.6) 1 (reference) 1 (reference)
> 150 10 (33.3)  3.60 (0.85-15.4) 2.15 (0.26-5.09)
SUV,,ax on FDG-PET 0.901 0.271
<T4 7 (36.8) 1 (reference) 1 (reference)
>4 12 (63.2)  1.11 (0.19-6.68) 1.93 (0.61-7.38)
Initial surgery 0.421 0.621
Pancreatoduodenectomy 7 (23.3) 1 (reference) 1 (reference)
Distal pancreatectomy 23 (76.7)  1.79 (0.38-6.51) 1.30 (0.42-3.30)
Adjuvant chemotherapy 0.720 0.845
Yes 26 (86.7) 1 (reference) 1 (reference)
No 4 (13.3) 0.67 (0.04-3.74) 1.1 (0.26-3.37)
DFI, months 0.238 0.757
<12 8 (26.7) 1 (reference) 1 (reference)
> 12 22 (73.3)  0.45 (0.13-1.78) 1.16 (0.46-3.56)
Scheduled irradiation protocol 0.083 0.538
67.5 GyE/25 fractions 23 (76.7) 1 (reference) 1 (reference)
52 GyE/26 fractions 4 (13.3) 2.01 (0.29-8.80) 0.51 (0.08-1.77)
50 GyE/25 fractions 3 (10.0) 11.2 (1.29-98.8) 1.26 (0.29-3.89)
Concurrent chemotherapy 0.135 0.500
Yes 25 (83.3) 1 (reference) 1 (reference)
No 5(16.7) 3.10 (0.67-11.2) 1.48 (0.42-4.06)

HR hazard ratio, 95% CI 95% confidence interval, ECOG Eastern Cooperative Oncology Group, CA79-9
cancer antigen 19-9, DUPAN-2 duke pancreatic monoclonal antigen type 2, SUV,,,, maximum standardized
uptake value, FDG-PET 'F-2-fluoro-2-deoxyglucose positron-emission tomography, DFI disease-free

interval

“Statistically significant (P < 0.05). The P values were calculated using the Cox proportional hazard model

In our study, the patients scheduled to receive an inte-
grated dose of 67.5 GyE experienced GI ulcer/bleeding
more frequently than those scheduled to receive 50 or
52 GyE. Moreover, non-completion of the prescribed
protocol occurred only among the patients scheduled to
receive 67.5 GyE. This may have been due to the higher
dose per irradiation session in the 67.5-GyE protocol
(2.7 GyE) than in the other protocols (2 GyE). The
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postoperative administration of PRT may have made it
more difficult to take precautions in terms of the target
volume’s proximity to the GI tract. However, GI toxicities
(including grade 3) were successfully managed by con-
servative treatments. We performed routine upper GI
endoscopy during PRT, and colonoscopy was performed
when radiation-induced colitis was suspected. Therefore,
we successfully diagnosed and treated GI ulcers and
bleeding before they became life-threatening. Whereas
routine upper GI endoscopy and coloscopy for selected
patients should be recommended, routine balloon-assisted
endoscopy should not be recommended because symp-
tomatic small bowel ulcer bleeding is rare.

For late toxicities, three patients experienced spinal
fracture, which was scarcely reported in previous studies of
radiotherapy for ILR after pancreatic resection. One reason
might have been that unlike conventional radiotherapy, the
proton beam was regularly delivered from the patient’s
dorsal side as part of multiple-field irradiation. Another
reason may have been the longer follow-up time. All three
patients experienced spinal fracture during the 12 months
after their first day of PRT. Because such fractures may
greatly impair a patient’s quality of life, efforts to reduce
spinal exposure to PRT should be made, particularly when
longer survival is expected.

In our analysis of prognostic factors, higher levels of
pretreatment CA19-9 were associated with lower PES rates
in our cohort. In particular, higher pre-PRT serum tumor
markers appeared to be associated with distant metastasis.
Considering that elevated serum tumor markers are asso-
ciated with hematogenous metastasis and peritoneal
dissemination, it is possible that our cohort included
patients who had sub-radiographic metastases when they
began PRT.*** In addition to concurrent/sequential sys-
temic chemotherapy, staging laparoscopy (a minimally
invasive technique to detect sub-radiographic peritoneal
dissemination or small liver metastases on the surface of
the liver) is an option for patients who show higher levels
of pretreatment tumor markers.>*

Our study had some limitations. First, it was a retro-
spective investigation performed at a single center and
included a relatively small number of patients with highly
heterogeneous backgrounds. Second, therapeutic approa-
ches might have changed since the time when our patients
were treated. New multi-agent therapies such as FOLFIR-
INOX and GEM + nab-PTX are increasingly administered
to patients with unresectable or recurrent PDAC.?**° The
impact of PRT on locally recurrent PDAC should be ree-
valuated in conjunction with these more potent therapeutic
agents.

In conclusion, PRT should be considered a therapeutic
option for patients with ILR of PDAC as part of a multi-
disciplinary approach. Thanks to the Bragg peak

phenomenon, PRT can target the tumor with high accuracy
while reducing the doses to the surrounding normal tissue.
This allows for dose escalation (in contrast to conventional
RT) with production of manageable toxicities, even in the
postoperative setting. Patients who show high pretreatment
levels of serum tumor markers should be managed with the
possible existence of subradiographic micrometastases
taken into account.
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